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The pharmaceutical industry is the branch of the chemical sector devoted to 

the development, fabrication and commercialization of drugs with therapeutic value. 

Active pharmaceuticals ingredients (APIs) may be fabricated by different processes 

such as extraction from natural biomasses (fermentation or natural extraction), 

synthesis via organic reactions or a combination thereof. Subsequently, the API is 

formulated with different excipients to obtain the commercial drug. Today, most of the 

APIs are fabricated by chemical synthesis in plants working under batch. Typically, 

the fabrication of a single API comprises various intermediate stages and plants 

fabricate more than one API at the same time. With this diversity of processes, comes 

a similarly diverse set of wastes, including wastewater. The wastewater generated in 

chemical synthesis pharmaceutical plants is generally toxic and poorly biodegradable, 

containing a wide range of inorganic and organic (mostly solvents) pollutants. The 

composition is quite heterogeneous and varies from one day to another, as a function 

of the production schedule. This complexity hinders the adequate management of 

those wastes. 

 With this background, the objective of the present PhD is the study of the 

particularities and the optimization of wastewater management in industries producing 

in batch. 

 In particular, the issues associated to wastewater management in industries 

working in batch are tackled in Chapter 5 by using a chemical synthesis 

pharmaceutical plant located in our region. Samples of every aqueous effluent from all 

the production processes were collected and analyzed, observing a huge diversity in 

their characteristics. Conductivity (as a globalizer parameter of inorganic 

concentration) ranged from 0.15 to more than 200 mS cm-1 and chemical oxygen 

demand (as a globalizer parameter of the organic pollution) varied from 0 to more than 

500,000 mg O2 dm-3). The effluents were classified into five groups as a function of 

their pollution load. Management strategies were proposed for each one according to 

the waste management hierarchy: individualized treatment, reutilization/recovery, 

organic-polluted, inorganic and organic polluted as well as management off-site. In 
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some cases, reutilization or valorization may not be technically possible or 

economically viable. Under those circumstances, an end-of-pipe technology is 

required to minimize the environmental impact of wastewater discharge.  

 Currently, the plant is equipped with a Wet Peroxide Oxidation (WPO®) 

reactor, a technology based on the Fenton reaction. A screening of potentially-

applicable technologies both for the elimination of organic compounds (coagulation, 

Fenton oxidation, conductive diamond electro-oxidation) or concentration of 

inorganics (electrodialysis and vacuum evaporation) was conducted. Coagulation was 

discarded as global technology. Fenton oxidation was effective in approximately half 

of the effluents but cannot achieve high mineralization percentages. Conductive-

diamond electro-oxidation (CDEO) was a robust and reliable technology. It could 

reduce the pollution with an outstanding performance in all the real effluents tested, 

but further research is needed to confirm the viability of this technology on a real 

scale. Vacuum distillation effectively separated inorganics from the residual effluent, 

but the distillated fraction was polluted with organic compounds. On its part, 

electrodialysis showed a positive performance with the real water but attention is to 

the paid to the fouling of the membranes.  

 Given the complexity of the situation, an informatic management tool was 

developed to predict the waste generated and the associated economic and 

environmental costs. The tool is flexible and could be adapted not only to the ever-

changing reality of the plant under study but also to any given chemical plant working 

in batch. 

 Considering that the most important cost of the WPO® reactor is the 

acquisition of hydrogen peroxide, in this work the viability of the in situ production 

via 2 e- electro-chemical reduction of oxygen was studied as an alternative to the 

acquisition in the market. Because of this, Chapter 6 was devoted to the study of 

technology to electro-generate hydrogen peroxide. 
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The first aspect to be studied is the cathodic material. For this purpose, a 

divided cell and a carbon cloth as gas diffusion electrode (GDE) were used. The main 

conclusion from this part of the work is that the deposition of carbon black and 

polytetrafluoroethylene (CB/PTFE) boosts the production of hydrogen peroxide.  

 In general, the main limitation of electro-chemical generation of H2O2 is the 

low solubility of oxygen in water (≅ 8 mg dm-3). Currently, the most effective aeration 

system is the use of GDEs, but it presents some disadvantages in terms of low oxygen 

utilization and scalability. Because of this, different alternatives were studied. The first 

one is the production of H2O2 under pressure to obtain higher concentrations of 

dissolved oxygen. Those experiments were conducted in the Università degli Studi di 

Palermo (Italy) under the supervision of Professor Scialdone. Concentrations up to 

7,650 mg dm-3 with an instantaneous current efficiency of about 100% were obtained 

at 30 bar of air pressure and 100 mA cm-2 using CB/PTFE carbon felt cathodes. The 

value of specific production rate (62.5 mg H2O2 cm2 h-1) represents the highest 

reported so far.  

 In all the H2O2 electrolyzers studied up to now, a compressor is required to 

supply the oxygen. Because of this, the use of a jet aerator, a simple and cheap device 

based on the Venturi effect, was proposed. It avoids the use of a compressor and the 

associated acquisition, maintenance and operating costs. In addition, it produces air 

bubbles and therefore supplies a stream with an oxygen concentration higher than the 

one of the equilibrium at a given pressure. An efficient production was obtained at 15 

mA cm-2 with an instantaneous production of around 9.2 mg H2O2 cm-2 h-1 and a 

corresponding current efficiency in the order of 90% also using a carbon felt cathode 

with a CB/PTFE deposition. 

 The next step in the development of the technology was the configuration of 

the cell. The objective of the innovative layout is the simultaneous optimization of two 

bottlenecks of electrochemical reactors: minimization of ohmic losses in the 

electrolyte and maximization of mass transport. The cell consists of placing 3D 
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electrodes very close (in the order of micrometers) and feeding the electrolyte through 

them. This geometry also solves the operative problem of classic microfluidic devices 

derived from gas evolution and allows the application of high current densities as well 

as coupling it with a jet aerator. In this case, rigid electrodes are required to avoid 

short-circuit at such small inter-electrode gaps (between 100 and 400 µm).  

 The two novel aeration systems studied so far (pressure and jet aerator) were 

synergistically combined in a new and powerful aeration system: the pressurized-jet 

aerator. The jet increases the aeration capacity of a pressurized circuit and the 

pressurized system facilitates the aspiration of the jet thanks to the higher density of 

the gas. The use of pressure required a complete re-design of the system (pipelines, 

connections, pump, cell, etc.) to withstand higher pressures. A new cathodic material, 

Duocel® aluminium foam with a deposition of CB/PTFE (Al-CB/PTFE) was used as 

the cathode in this cell. It is an attractive support thanks to its 3D structure, adequate 

mechanical resistance and high conductivity. The last characteristic not only reduces 

the ohmic drop but also improves current distribution, key for the scale up.  

 All those innovative solutions proved positive considering that the 

pressurized-jet MF-FT obtained the lowest specific energy consumption reported so 

far (3.65 kWh kg H2O2
-1) at 10 mA cm-3 in 0.05 M Na2SO4 medium. Also, this system 

is less sensible to electrolyte conductivity, thanks to the low inter-electrode gap, given 

that a reduction of 15 times in Na2SO4 concentration only results in an increase of less 

than 2 times in energy consumption (6.62 kWh kg H2O2
-1). A preliminary scale up was 

performed by increasing the electrode thickness (from 5 to 15 mm). Experimental data 

demonstrate that the system is readily scalable and theoretical calculations suggest that 

it could be expanded more than one meter under those aeration conditions (160 dm3 h-1 

and 6 bar).  

 However, for wastewater treatment the continuous production and activation 

of hydrogen peroxide (Electro-Fenton) is considered a better alternative than 

accumulation and further dosage. In addition, this strategy allows the integration of 

CDEO with Electro-Fenton, two of the appropriate technologies selected in Chapter 5. 
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Because of this, Chapter 7 is devoted to the development of a combined CDEO-EF 

reactor. 

 In that chapter, the first aspect to be analyzed was the effect of pressure in the 

Electro-Fenton process. It was concluded that pressure improves the process not only 

thanks to the faster generation of hydrogen peroxide, but also because of the 

promotion of a ●OH-induced side-mechanism in which dissolved O2 acts as an 

oxidant. However, the pressure may also result detrimental for H2O2 catalysis, mainly 

due to the faster oxidation of Fe2+ to Fe3+ species.  

 Next, the efficiency of mixed metal oxide (MMO) and boron-doped diamond 

(BDD) anodes for the electro-oxidation of a model organic pollutant was assessed. As 

expected, the BDD anode was more effective than the MMO anode. A comparison 

between the new MF-FT equipped with the BDD anode and a commercial cell 

(Diacell 101®) using conventional diamond flat electrodes, revealed that the novel 

MF-FT configuration was 4 to 10 times faster and required from 6 to 15 times less 

energy consumption to completely mineralize 100 mg dm-3 of a model organic 

pollutant.  

 The last part of the work was devoted to avoid the issues related to the use of a 

homogeneous catalyst by substituting it with a heterogeneous one. The latter may have 

several advantages such as low iron leaching (and therefore low secondary pollution), 

reusability, wide pH operation window or minimum occurrence of refractory Fe by-

products. Interestingly, it may not be affected by the increase in oxygen and also do 

not precipitate on the cathode, two of the most important operational problems 

observed in previous prototypes. With this aim, goethite was selected as a potential 

candidate. The main limitation of using a heterogeneous catalyst, i.e. mass transfer, is 

minimized by fluidizing the particles. Worth mentioning, the adequate dimensioning 

of the bed of particles can avoid the oxidation of H2O2 (a parasitic reaction) by 

separating the compartments, not by using a physical separator but thanks to a 

chemical reaction  
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 The final prototype (which integrates a pressurized-jet aerator, a MF-FT cell 

with state-of-the-art 3D electrodes and a fluidized bed of a heterogeneous Fenton 

catalyst) stand as a promising design to develop cost-effective electrochemical 

advanced oxidation processes for wastewater treatment. 
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2.1 The pharmaceutical industry 

The pharmaceutical industry may be defined as the branch of the chemical 

manufacturing industry devoted to the development, fabrication and 

commercialization of substances with therapeutic value for humans or animals [1-3]. It 

has undergone significant changes and a major development from the time it emerged 

during the 20th century [3].  

Today, the pharmaceutical industry is a key element of health systems and 

welfare societies. The perspectives are exciting and the possibility of offering 

personalized medicines for individual patients may become a reality in the near future. 

All new medicines introduced into the market are the result of a long, costly and risky 

R&D activity conducted by pharmaceutical companies [3]. The process is initiated by 

a screening of potential active substances and comprises different bureaucratic, 

technical, clinical and marketing operations. As a summary, the phases of the research 

and development of a new medicine are illustrated in Figure 2.1. 

The intense R&D activity has a considerable investment risk, as the average 

cost to develop a new medicine from inception to the commercialization stage is 

estimated about $1 billion and 10 – 12 years, with no guarantees of sustained success 

or longevity for any given during in the market [2, 3]. Because of this, it is a highly 

competitive and strictly regulated sector.  

The research-based pharmaceutical industry is a key asset of European 

economy. Figure 2.2 shows the evolution of key economic parameters of the 

pharmaceutical industry in Europe. It directly employs about 750,000 people and 

generates three to four times more employment indirectly. The research-based 

pharmaceutical industry invested approximately 35,200 Million € in R&D during 

2017 (see Figure 2.2). 
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Figure 2.1. Phases of the research and development of a new medicine. Reprinted from [4]. 

 

Figure 2.2 Evolution of key economic data of the pharmaceutical industry in Europe. Adapted 

from [4]. Values in millions of €, unless otherwise specified. * People. 
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However, Europe is now facing increasing competition from emerging 

economies, rapid growth in the market and research environments in countries such as 

Brazil or China are contributing to the outsourcing of the production and research 

activities out of the European community. Thus, the geographical balance of the 

pharmaceutical market is shifting gradually towards emerging economies [4].   

In Spain, the pharmaceutical industry also has considerable specific weight in 

the chemical sector. As can be seen in Figure 2.3, the pharma-chemistry 

(pharmaceutical raw materials + specialties) represents a 27.2 % of the total turnover 

of the chemical industry (total turnover 63.099 Million €) in Spain. Another important 

remark is that the pharmaceutical industry invests around 1,100 Million € per year in 

R&D activities, which represents the 21% and makes this industry the leader in R&D 

investment [5] in Spain. 

 

Figure 2.3 Sector distribution of turnover of the chemical industry [5]. 
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2.2 Pharmaceutical manufacturing process 

Basically, a commercial drug is composed of the API) and the excipients 

acting as fillers, binders or solvents to confer the final form of the pharmaceutical: 

pills, tablets, injectable, etc. From the chemical point of view, the manufacturing 

processes of APIs can be classified into three different groups [3, 6]: 

 Extractive: the drug is extracted and purified from biomasses of natural 

origin or obtained from inoculation and further fermentation (e.g. paclitaxel, 

lovastatin).  

 Semi-synthetic: a precursor compound is obtained from a natural source or 

fermentation and further converted to the target molecule by synthetic 

chemical modification (e.g. ampicillin, codeine). 

 Chemical synthesis: the desired compounapid is fully obtained by a series of 

chemical reactions of simple starting organic or inorganic materials or less 

simple intermediates compounds (e.g. fosfomycin, lobetalol) to produce drugs 

with defined pharmacological action or intermediates. 

In general, a pharmaceutical manufacturing process is usually a multistep 

process with a lot of intermediates and by-products. Because of a large number of 

steps, the atom economy is compromised including generation of important amounts 

of waste materials and energy consumption. The last step, common to all the routes 

enunciated previously, is the formulation of the commercial drug. The raw drugs are 

processed in the form of tablets, ointments, syrups and other dosage forms. Figure 2.4 

shows an overview of the different processes involved in the production of medicines. 

Natural product extraction consists in the extraction of  pharmaceuticals from 

natural material sources such as roots, leaves and animal glands [1]. In each step, a 

large volume of water input is required and the product recovery decreases until the 

final product is reached. Thus, a characteristic of those processes is the low ratio of 

finished product per amount of natural source material used.   
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Figure 2.4 Overview of the fabrication of medicines. 

Solvents are used to remove the lipophilic matter and to extract the desired 

product. The pH control of the extracted solutions requires the use of substantial 
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amounts of acids and bases. Also, metal addition for precipitation and phenolic 

compounds for disinfection increases the complexity of the residues to be disposed of. 

Typically, hexane is used as solvent for natural product of herbal extraction, which is 

often released into the air and the water [6]. 

The other extractive process, fermentation, is a controlled biological process 

in which selected microorganisms are used to fabricate the product of interest. It 

usually consists in three different stages: sown of microorganisms, fermentation and 

recovery/isolation of the product. The preparation of the inoculum starts with a sample 

of spores from a given bacterial strain. This strain is sown selectively, purified and 

developed. The spores are activated adding water and nutrients under 

environmentally-controlled conditions in a series of agar plates, test tubes or bakers.  

Subsequently, the microorganisms are transferred to a larger sterilized tank to promote 

the growing of the colonies. Sterilized nutrients and water are added to conduct the 

fermentation. The content of the fermenter is heated, stirred and aerated under 

controlled conditions. Once the fermentation is over, the fermentation broth is filtered 

and the pharmaceutical compound, either present in the broth or in the 

microorganisms, is recovered by using unit operations such as solvent extraction, 

precipitation, ionic exchange or absorption.   

However, at the present time, most of the APIs are manufactured by chemical 

synthesis [1], either by total synthesis from simple starting materials or more complex 

intermediate compounds. In this case, a series of chemical reactions are carried out in 

multipurpose reactors. The products are isolated by using different separation 

processes such as liquid−liquid extraction, leaching (solid−liquid extraction), 

crystallization, and filtration. The product is then usually dried, milled, and sent for 

further processing to the formulation unit. Figure 2.5 shows a general process flow 

sheet of a chemical synthesis route to obtain a medicine. 
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Figure 2.5 General process flow sheet of a chemical synthesis process. Reprinted from [6]. 

In a typical chemical synthesis manufacturing plant, APIs (or the 

intermediates) are fabricated in a series of batch operations. This mode of operation 

can be defined as the one in which a finite quantity of product is made during a period 

of time ranging from a few hours to days [7]. Typically, during a batch operation the 

raw materials are fed into a vessel followed by a series of unit operations (mixing, 

heating, reaction, distillation, etc.) taking place at discrete scheduled intervals. Then, 

the desired product is obtained together with different by-products and/or wastes. 

Finally, the equipment is cleaned and the cycle is repeated.  

Batch manufacturing is not only applied in the pharmaceutical industry but it 

is also used in other industries, such as in the manufacturing of specialty chemicals, 

cosmetics, pesticides, paints, polymers or food products [8-10]. The main advantage 

of batch processes is flexibility, given that the production can be adapted to comply 

with different product specifications or to process raw materials of a different nature 

[7, 11, 12]. It is probably the correct choice for the production of relatively small 

quantities (<5000 tonne per year, approximately) of different products using a variety 

of feed materials [8, 13]. Indeed, the production of up to 100 different products from 
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the same facility working under batch has been reported [14]. Unfortunately, with this 

diversity of raw materials and products comes a similarly diverse set of wastes. 

2.2.1 Waste generation  

Pharmaceutical industries generate waste in the form of air emissions 

(combustion gases, volatile organic compounds, etc.), solid residues (filtration sand, 

off-spec products, dirty containers, etc.) and liquid effluents. In general, this industry 

is characterized by a low ratio of finished products to raw materials, probably because 

most of the products marketed today were developed at a time in which the toxicity of 

some chemicals was yet to be discovered and such concepts as waste minimization 

and sustainability were largely unheard of.  

An illustrative example of this situation may be the case of Phloroglucinol, a 

substance used as an intermediate for the fabrication of pharmaceuticals. 

Phloroglucinol is obtained via the route described in Figure 2.4 with a large E-factor 

(kg waste/kg product), containing Cr2(SO4)3, NH4Cl, FeCl2 and KHSO4 [15]. 

Examining the stoichiometric of the production from 2,4,6-trinitrotoluene (TNT) 

shown in Figure 2.6, it predicts a copious generation of waste of around 20 kg waste / 

kg product, which amounts up to 40 kg waste / kg product due to the addition in 

excess of reagents: oxidant, base and sulfuric acid (which also has to be neutralized 

with a base) required to carry out the synthesis. The waste generation is problematic 

not only in terms of environmental footprint but also is an issue of such importance 

from the economic point of view that this process was discontinued due to the high 

costs associated with the disposal of this chromium-containing waste, comparable to 

the selling price of the product. 
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Figure 2.6 Manufacture of phloroglucinol from TNT and waste calculations.  

Indeed, this is the common picture of the pharmaceutical industry in which the 

production of complex structures and the widespread use of classical stoichiometric 

reagents, rather than catalyzed reactions, in multi-step processes entails a large 

generation of wastes as denoted by an E-factor, in average, superior to other chemical 

production processes (see Table 2.1). 

Table 2.1 E-factors in the chemical industry [15, 16]. 

Industry segment Volume / t year 
-1

 
E factor (kg waste / 

kg product) 

Oil refining 106 - 108 < 0.5 

Bulk chemicals 104 – 106 < 1 - 5 

Fine chemicals industry 102 - 104 5 - > 50 

Pharmaceutical industry 10 - 103 25 - > 100 

 

It is worth mentioning that the importance of a waste is not satisfactorily 

assessed simply considering its quantity. To this end, Sheldon proposed a further step 
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to evaluate the toxicity of a certain waste by using the Environmental Quotient (EQ) 

[17]. This parameter is calculated by multiplying the E-factor by an arbitrary quotient, 

which accounts for the toxicity of the substance. For example, innocuous salts such as 

NaCl are assigned a value of 1 whereas others such as heavy metal salts could be 

given a factor of 100-100, depending on toxicity. 

At the turn of the millennium, there was an intense discussion about what 

metric should be used to drive the change towards greener pharmaceutical processes. 

Other mass-based metrics such as mass efficiency, reaction mass efficiency, atom 

economy, space-time yield or process mass intensity (PMI) were proposed [18, 19]. 

The pharmaceutical industry, through the American Chemical Society Green 

Chemistry Institute Pharmaceutical Roundtable selected the PMI (defined in Eq. 2.1) 

as the key-mass based green metric [19-21]: 

𝑃𝑀𝐼 =  
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑎 𝑝𝑟𝑜𝑐𝑒𝑠𝑠 (𝑘𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑘𝑔)
                                                                      (2.1) 

Some years ago, seven pharmaceutical companies of the Roundtable agreed to 

participate in a bench-marking study where blinded data from 46 processes (from pre-

clinical to commercial stages, see Table 2.2) were submitted for analysis. 

As can be seen in Table 2.2, the median PMI was 120 with a minimum of 23 

kg and a maximum of 887 kg of mass per kilogram of active pharmaceutical 

ingredient (API). Interestingly, this study also revealed that almost 80% corresponds 

to liquid phases (solvent 49% and water 28%) [3, 22]. Quite often, both the solvent 

and the water constitute a unique phase after the process which, depending on the 

relative concentration of each one, is considered either as a residual solvent or a 

wastewater effluent. Table 2.3 is an example of the wide range of solvents used in 

pharmaceutical processes. 
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Table 2.2 PMI values of different PMI manufacturing processes [3, 22]. 

Phase No. of processes 
PMI median 

(kg material used / kg API) 

Preclinical 7 185 

Phase 1 5 123 

Phase 2 13 117 

Phrase 3 16 96 

Commercial 5 45 

 

Table 2.3 Typical solvents used in the pharmaceutical industry.  

Solvents 

acetone acetonitrile 
acetonitrile ammonia (aq.) 

n-amyl acetate amyl alcohol 

aniline benzene 

2-butanone n-butyl acetate 

n-butyl alcohol chlorobenzene 

chloroform chloromethane 

cyanide cyclohexane 

o-dichlorobenzene diethyl amine 

diethyl ether dimethyl sulfoxide 

N,N-dimethylformamide chloroform 

1,4-dioxane ethyl acetate 

ethanol ethylene glycol 
formaldehyde formamide 

furfural n-heptane 

n-hexane isobutyraldehide 

isopropyl ether methanol 

methyl amine methyl cellulose 

methylene chloride methyl isobutyl ketone 

N-methylpyridine petroleum naptha 

phenol PEG-600 

n-propanol pyridine 

tetrahydrofuran toluene 

triethylamine xylene 

  

Avoiding the use of solvents would considerably reduce the environmental impact 
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of the fabrication of APIs. In this regard, the development of solvent-free 

processes would be the ideal solution. Unfortunately, solvents are almost 

unavoidable due to their crucial role in dissolving solids, mass and heat transfer 

properties as well as in separation and purification steps [23-26]. Solvents such as 

ethyl acetate, alcohols or acetone are preferred over those highly toxic as for 

example benzene, chloroform or trichloroethylene. 

In this context, pharmaceuticals industries are implementing advanced 

environmental management systems which shift more and more from disposal to 

previous steps in the waste hierarchy to reduce the waste generation [27-29], in 

accordance with the principles of the European Industrial Emissions Directive [30] 

or the U.S. Environmental Protection Agency (U.S. EPA) [31]. Some of the 

measures to prevent and reduce pollution are listed below: 

 Recovery and recycle of materials. For example, solvent recovery 

and reutilization is today a common practice [32-34]. 

 Process optimization. It is important to note that the modification 

of a process, especially during the last stages of the development, 

may imply a considerable technical and economical effort. 

Therefore, it is highly recommended to include the environmental variable 

from the beginning of the development. In this context, the utilization of toxic, 

persistent and hazardous substances, such as heavy metals or methylene chloride, 

should be avoided. Water is considered an environmentally-friendly solvent and 

reaction or purification steps should be preferentially carried out in it. 

Unfortunately, a fraction of the substances must be irretrievably 

discharged and end up polluting the wastewater or the air. This represents a major 

environmental concern because some solvents are volatile organic compounds 

(VOC),  probed or suspected carcinogens and cause a wide range of adverse health 

effects [6, 35]. 

https://www.linguee.es/ingles-espanol/traduccion/ethyl+acetate.html
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Therefore, a logic consequence derived from the aforementioned data  is 

the interest of the pharmaceutical companies in water management and wastewater 

treatment to increase the sustainability of their production processes [36, 37]. 

2.2.2 Wastewater generation  

As in many other industries, water is a key and indispensable element. In fact, 

high-quality water supplies are required for a range of operations including 

housekeeping, maintenance and manufacturing operations [1]. As an example, Figure 

2.7 shows the use of water in a chemical synthesis process manufacturing plant 

producing paracetamol. 

While maintenance and housekeeping operations are similar in any given 

plant, the manufacturing wastewater vary widely not only from one plant to the next, 

but also from one product to another and, even worse, from one effluent to another in 

the same operation. In fact, the wastewater coming out of pharmaceutical units varies 

in content and concentration, and thus a unique treatment is not attempted since the 

volumes are small and different products are manufactured from the same battery of 

reactors and separators. Given the huge variability of the production processes, the 

composition of the wastewater of the pharmaceutical industry cannot be generalized 

and every effluent should be studied separately.  

Pharmaceutical wastewater may be classified according to the production 

processes in which they are generated [6]. The main and generic characteristics of the 

wastewater generated the two types of the most representative processes (chemical 

synthesis and fermentation) are described hereunder. 
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Figure 2.7 Water balance for a chemical synthesis process manufacturing plant producing 

paracetamol. Reprinted from [6]. 

On the one hand, wastewater from chemical synthesis operations is diverse 

due to the high number of steps in the synthesis from the raw molecule to the desired 

product. Almost every step produces a mother liquor containing unreacted reagents, 

unrecovered product and other by-products in the organic solvent base. Acids, bases, 

halides, nitrates, sulfates, cyanides and metals may also be present.  Normally, the 

recovery of the spent solvent leads to a polluted effluent in the scrubber after 

evaporation. Wastewater is also generated in purification steps.  In general, the 

wastewater is highly toxic with extreme pHs, large organic loads (high COD values) 

and considerable amounts of total suspended solids [1, 6]. 

On the other hand, fermentation-based processes generate a large amount of 

wastes such as spent fermentation broth and organic matter in the form of dead 

microorganisms [1, 6]. The waste stream has a large quantity of unconsumed raw 

materials required for microorganism growth such as the nutrient broth, metal salts, 

starch, nitrates or phosphates, also resulting in high COD, BOD and TSS values with a 

pH normally close to neutrality, generally between 4 to 8. Steam process and other 
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chemicals (phenol, detergents or disinfectants) are also used to maintain sterility in the 

plant and their leftovers may also be found in the wastewater stream.  

Due to the competitiveness of the pharmaceutical industry, companies are 

often unwilling to disclose details about their processes [1]. However, a brief 

compilation of composition of pharmaceutical wastewater generated in chemical 

synthesis and fermentation processes can be found in Table 2.4. 

A recent source of concern regarding wastewater in the pharmaceutical plants 

is the presence of the APIs themselves or the intermediates (some of them often 

referred to as persistent organic pollutants, POPs) produced in those facilities, since 

those compounds may exhibit biological activity and/or persistence in the environment 

[38-40]. Back in 1981, this study [41] identified in the river Lee traces of 

pharmaceuticals by-products including metabolites of the benzodiazepines, 

phenobarbitone, ethinyl estradiol, clofibric and salicylic acids [15]. Small quantities 

(1-2 ng dm-3) of Clofibric acid, a high-volume pharmaceutical used as blood lipid 

regulator, were also found in Swiss lakes and the North Sea [42]. In fact, the recent 

improvement in the analytics tools has revealed its ubiquity in surface, ground and 

drinking water [43-45]. 

It is worth mentioning that some studies presented in the 90s [46-50] 

concluded that sewage effluents from municipal treatment plants had estrogenic 

properties, feminizing the male individuals and causing the population living near the 

effluents to decline demonstrating, for the first time, that pharmacologically active 

substances could have significant long-lasting environmental effects. Subsequent 

works questioned if this fact possesses a threat to wildlife and public health and it is 

still debated today whether the occurrence of POPs entail a negative effect or not [51-

54]. Either way, caution must be taken in managing the wastewater containing POPs 

and the application of the precautionary principle is recommended [55]. 
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Table 2.4 Composition of pharmaceutical wastewaters. Adapted from [6]. 

Parameter / unit Chemical processes Fermentation processes 

COD / mg O2 dm-3 375 – 32,500 180 – 12,380 

BOD5 / mg O2 dm-3 200 - 600 25 – 6,000 

BOD5 / COD ratio 0.1 – 0.6 0.2 – 0.6 

TOC / mg C dm-3 860 – 4,940 N.A. 

TKN / mg dm-3 165 - 770 190 - 760 

NH3 – N / mg dm-3 143 - 363 65.5 - 190 

TDS / mg dm-3 675 – 9,320 1,300 – 28,000 

pH 3.9 – 9.2 3.3 - 11 

2.3 Pharmaceutical wastewater treatment 

The best way to manage a residue is to avoid its generation and fabricate via 

zero-discharge processes [1]. If the generation is unavoidable, according to the waste 

hierarchy, the most environmentally-friendly action would be the recovery of the 

unreacted reagents, solvents or products and re-reuse them. Unfortunately, it cannot be 

always put into practice because it proves technically difficult in some cases or is 

hardly interesting from the economic point of view in some others. Therefore, a 

fraction of the wastewater needs irremediably to be treated in order to eliminate or, at 

least, convert pollutants into less harmful compounds to minimize its impact before 

entering into the environment. 

The selection of the most appropriate treatment technology is a difficult and 

multi-criteria decision with many variables involved. Just to name a few: nature of the 

pollutant, concentration, flow, technological availability, investment and running 

costs, size, etc. A first approach to the adequate treatment selection is to consider the 

biodegradability of the wastewater. This characteristic can be estimated by means of 

the soluble BOD/COD ratio. As a general rule [54, 56]: 
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 BOD/COD < 0.2 is a poorly biodegradable wastewater. 

 0.4 > BOD/COD > 0.2 medium biodegradability. 

 BOD/COD > 0.4 is considered highly biodegradable. 

If the biodegradability is high, the prime option is wastewater treatment for 

the removal of dissolved organics is the use of a biological treatment (aerobic or 

anaerobic) due its reliability, relative simplicity and, above all, cost-effectiveness [57-

59]. Nevertheless, biological treatment are relatively slow and normally not efficient 

in the treatment of wastewater containing toxic compound, with low BOD/COD ratio, 

extreme pH or in a salty medium, as is normally the case of pharmaceutical 

wastewaters [58, 60].  

The abatement of organics in wastewater can also be carried out by means of 

common chemical oxidants such as chlorine (Cl2, Eº = 1.36 V vs SHE [61]) hydrogen 

peroxide (H2O2, Eº = 1.78 V vs SHE in acidic medium [62]), or ozone (O3, Eº = 2.08 

V vs SHE [63]), among others. The aforementioned treatments are normally more 

effective than biological treatments but at a higher cost. Unfortunately, these 

technologies are not powerful enough to completely degrade a wide spectrum of 

organics as required, for example, in the pharmaceutical industry and more powerful 

alternatives are required [63]. 

For a safer removal of organics from wastewater, a new class of more 

powerful oxidative technologies has been developed in the last decades. Those 

technologies are known, in general, as Advanced Oxidation Processes (AOPs) and are 

primarily based on the production of hydroxyl radical, a powerful oxidant (OH●, Eº = 

2.8 V vs SHE [64]). This radical reacts rapid and indiscriminately  with most organics, 

at a rate constants in the order of 106-1010 M-1 s-1 [65, 66], being extremely efficient in 

the destruction of organic pollutants in wastewater [63].  

This efficiency and versatility and  in the treatment of a wide range of toxic 

and recalcitrant compounds make AOPs truly attractive for wastewater treatment of 

http://www.linguee.es/ingles-espanol/traduccion/indiscriminately.html
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chemical synthesis PMPs [67]. Especially in the case of industries working under 

batch, those technologies allow the efficient and safe degradation of compounds even 

if the wastes of a different natured are mixed [68]. AOPs are envisaged as promising 

processes to comply with current and future framework of water policies [69].  

The most common AOPs are Fenton and Fenton-related processes (H2O2/Fe, 

H2O2/Fe/UV), ozone and ozone based processes (O3, O3/UVC, O3/H2O2, 

O3/H2O2/UVC) H2O2 with UVC radiation (H2O2/UVC) and titanium dioxide based 

processes (TiO2/UV, TiO2/H2O2/UV) [61]. The aforementioned technologies have 

been extensively tested in the treatment of both synthetic and real effluents containing 

every type of hard-to-degrade pollutants [61, 63, 68, 70-73]. 

2.3.1 Fenton reaction  

Among AOPs, the most popular processes are those based on the Fenton 

reaction. The classic Fenton reaction was discovered more than 100 years ago by 

Henry John Horstman Fenton [71, 74]. The main reaction mechanism consists in the 

catalyzed decomposition of H2O2 into HO● in the presence of Fe2+  [75] (Eq . 2.2): The 

mechanism is more complex and proceed via a radical pathway.  The reactions and the 

corresponding absolute second-order rate constant for a Fenton chemistry system at 

pH 3 are listed below [73]: 

Fe2+ + H2O2 → Fe3+ + HO● + OH−                                                         k = 55 M-1 s-1 (2.2) 

Fe3+ + H2O2 → Fe2+ + HO2
● + H+                                                k = 3.1·10-3 M-1 s-1 (2.3) 

Fe3+ + HO2
● → Fe2+ + O2 + H+                                                     k = 2 · 104 M-1 s-1 (2.4) 

Fe3+ + O2
● − → Fe2+ + O2                                                               k = 5 · 107 M-1 s-1 (2.5) 

Fe3+ + O2
● − + H2O → Fe2+ + H2O2                                                 k = 1 · 107 M-1 s-1 (2.6) 

H2O2 + HO● → H2O + HO2
●                                                      k = 3.3 · 107 M-1 s-1 (2.7) 

HO2
● ↔ H+ + O2

● −                                                                  k = 4.8 (equilibrium) (2.8)                                                   

https://en.wikipedia.org/wiki/Henry_John_Horstman_Fenton
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RH + HO● →R● + H2O                                                              k = 107 - 109 M-1 s-1 (2.9) 

ArH + HO● → ArHHO●                                                       k = 108 – 1010 M-1 s-1 (2.10) 

Fe2+ + HO● → Fe3+ + OH−                                                       k = 4.3 · 108 M-1 s-1 (2.11) 

Fe2+ + HO2
● + H+→ Fe3+ + H2O2                                             k = 1.2 · 106 M-1 s-1 (2.12) 

O2
● − + HO2

● + H+ → H2O2 + O2                                              k = 9.7 · 107 M-1 s-1 (2.13) 

HO2
● + HO2

● → H2O2 + O2                                                                                     k = 8.3 · 105 M-1 s-1 (2.14) 

HO2
● + HO● → H2O + O2                                                          k = 7.1 · 109 M-1 s-1 (2.15) 

O2
● −+ HO● → OH− + O2                                                        k = 1.0 · 1010 M-1 s-1 (2.16) 

O2
● −+ HO● +H2O→H2O2+OH−+ ½ O2                                               k = 9.7 · 107 (2.17) 

HO● + HO● → H2O2                                                                             k = 5.2 ·109 (2.18) 

The Fenton reaction is the basis of commercial AOPs such as the Wet 

Oxidation Peroxide (WPO®) technology [76]. Figure 2.8A shows a diagram of the 

sequence of the WPO® reactor and Figure 2.8B a picture of a real installation. 

This process is a modification of the Fenton reaction which operates at about 

105-130 ºC and a pressure of 1-4 relative bar. This technology is listed in the referent 

document as one of best available techniques (BREF) for the treatment of recalcitrant 

and toxic compounds in organic fine chemicals plants [77]. Some examples of the 

application of this process in industrial plants, including pharmaceuticals, can be 

found here [78].  

Some of the drawbacks of chemical Fenton processes, in which the hydrogen 

peroxide and the iron are added externally, arise from the cost, storage, transport and 

environmental impact of decentralized H2O2 production as well as the use of high 

amounts of iron salts with further sludge formation [61].  
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Figure 2.8 Wet peroxide oxidation reactor. A) Flow diagram. Adapted from [79], B) Real 

installation. Obtained from [80]. 

2.3.2 Electrochemical advanced oxidation technologies  

In the last decades, a new class of advanced oxidation process known as 

electrochemical advanced oxidation technologies (EAOPs) have emerged as a 

promising type of AOPs [61, 63]. The main feature of those processes is the use of the 

electron as an efficient, versatile, cost-effective and clean reagent [58]. Other 

advantages include [58, 63]: 

 Operation under soft conditions of temperature and pressure 

 Amenability to automation, easy control and safe operation  

 Versatility and efficiency   

However, today the market share of EAOPs for the treatment of wastewater 

on an industrial scale is relatively small and most of their applications remains on a 

bench/pilot plant scale [58]. Some of the main drawbacks that prevent the wide spread 

application of those technologies are the electrode lifetime, the costs associated to 
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energy supply or the limited reaction rate limited by the heterogeneous nature of 

charge transport processes.  

i)  Anodic oxidation 

The simplest and, probably, most popular EAOP is anodic oxidation (AO). 

Pioneering studies in the 70´s demonstrated that the reactions occuring during AO 

could be used for the degradation of organic pollutants in wastewater [81, 82]. During 

an AO treatment, pollutants can be removed by i) direct oxidation, where the pollutant 

is oxidized by direct electron transfer on the electrode surface ii) mediated or indirect 

oxidation, where the pollutants are oxidized by electro-generated species [58, 61]. 

Advances over the last decades led to the discovery of more efficient and stable 

coatings, such as boron-doped diamond [73], which paved the way for the 

development of AO reactors for wastewater treatment [58, 60, 83]. Figure 2.9 shows 

conceptually the reactions that may be involved in an electro-oxidation process, 

depending on the anodic material and electrolysis medium. 

ii) Electro-Fenton 

Back in 1882, M. Traube [84] demonstrated experimentally the possibility of 

electro-generating H2O2 via oxygen reduction (Eq. 2.19) in the cathode of an 

electrolytic cell. Approximately one century later, Sudoh et. al utilized this principle 

together with cathodic regeneration of Fe2+ (Eq. 2.20) to produce the Fenton reagent in 

situ and treat a wastewater polluted with phenol [85]. The electro-Fenton (EF) process 

was then popularized in the 90’s by Oturan’s (France) and Brillas’ (Spain) research 

groups [61, 71] and extensively developed by dozens of groups in the following years 

[54, 57, 86-90].  

𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂2                                                                                    (2.19) 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒2+                                                                                         (2.20) 
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Figure 2.9 Reactions involved in an electro-oxidation process 

The EF process can overcome some of the drawbacks associated with 

production, transport and handling of H2O2 given that it is produced in situ and 

reduces the sludge formation because it requires smaller additions of iron due to the 

regeneration of the catalyst, as shown in Figure 2.10. Despite the potentiality and the 

good perspective of EF and EF-related technologies, still work need to be done in the 

design of the reactor to make it competitive with current technologies and scale it up 

to a commercial scale [91]. 



Introduction 

 

33 
 
 

 

Figure 2.10 Simplified mechanism of the Electro-Fenton process. 

iii) Fundamentals of electro-chemical reactor design 

At the current level of development, the application of the aforementioned 

electrochemical technologies on an industrial scale has been limited by the design of 

appropriate reactors. Electrochemical engineering is a frontier disciple whose domain 

of knowledge lays in the interphase of diverse areas. For a successful electrochemical 

reactor design one should combine the knowledge of such chemical disciplines as 

thermodynamics or kinetics with those typically of engineering areas such as mass 

transport or process control.  

The term electrochemical reactor refers to one or various purpose-built 

electrochemical cell/s which performs a useful duty. The design of electrochemical 

reactors is a complex process during which many aspect should be taken into account 

[92]. The overall performance of the electrochemical reactor will be determined by a 
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complex interplay of different factors. Some of the most relevant are described in the 

following lines. 

a) Electrode materials 

The electrode material is the core of the cell. The selection of the appropriate 

electrode material is usually the cornerstone of electrochemical devices and, ideally, 

should meet the following requirements [92, 93]: 

 High activity, working at high current densities with low over-

potential and low catalyst loading. 

 High selectivity, promoting specifically the product of interest. 

 High stability in the electrolytic medium, maintaining a long service 

time. 

 High conductivity, ensuring a low ohmic drop and an adequate 

potential distribution. 

 Low cost, favoring the economic competitiveness of the process. 

 Low environmental impact, ensuring a clean overall production. 

 Use of renewable materials, avoiding the use of precious metal 

contributing to sustainable development. 

The selection of an adequate anodic material for chlor-alkali electrolyzers is a 

classic example of the importance of electrode materials. In this industry, the 

substitution of consumables graphite electrodes by dimensionally stable anodes 

(DSA®) developed by De Nora (Italy) in the 60s and commercialized soon after, 

meant a giant leap forward resulting in energy savings of about 20% and improved 

service lifetime, being able to operate under industrial conditions for more than 10 

years [94-96]. In wastewater treatment, the emergence of conductive-diamond 

electrodes during the 90’s also boosted the interest on anodic oxidation and opened a 

whole new era for this technology [97-99]. Compared with carbonaceous, platinum, 

metal oxide or other carbonaceous electrodes, conductive-diamond exhibit very 

special properties such as high over-potential for water electrolyses, excellent 
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chemical and electrochemical stability, satisfactory conductivity and the ability to 

generate various powerful oxidants depending on the wastewater composition and 

operation conditions [73]. 

a) Assessment of cell voltage 

The cell voltage is the potential difference between the anode and the cathode 

in an electrochemical cell. In an electrolytic or driven cell, it is the driving force for 

the current to flow through the system. The minimum or equilibrium cell potential for 

the current to flow, 𝐸𝑐𝑒𝑙𝑙
𝑒 , is related to the Gibbs free energy of the cell (∆𝐺𝑐𝑒𝑙𝑙, Eq. 

2.21).  

∆𝐺𝑐𝑒𝑙𝑙 = −𝑧𝐹𝐸𝑐𝑒𝑙𝑙
𝑒                                                                                                 (2.21) 

Where F is the Faraday constant and z is the number of electrons exchanged. 

This potential can only be reduced by changing the reaction/s taking place in the cell. 

For example, hydrogen evolution in the cathode can be substituted by oxygen 

reduction reaction in chlor-alkali electrolyzers with a 𝐸𝑐𝑒𝑙𝑙
𝑒  difference of 1.23 V in 

favor of the oxygen-based cathode [100]: 

2𝐻2𝑂 + 2𝑒− → 𝐻2 + 2𝑂𝐻−                                                                                   (2.22) 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−                                                                                   (2.23) 

When a current flow through the system, additional resistors are added to the 

equilibrium potential and the cell potential, 𝐸𝑐𝑒𝑙𝑙, is then a function of different 

contributing terms that can be expressed according to Eq. 2.24 [92, 101]: 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
𝑒 − |𝜂𝑎𝑐𝑡

𝑐 | − |𝜂𝑎𝑐𝑡
𝑎 | − |𝜂𝑐𝑜𝑛𝑐

𝑐 | − |𝜂𝑐𝑜𝑛𝑐
𝑎 | − ∑ 𝐼 · 𝑅                                (2.24) 

On the one hand, 𝜂𝑎𝑐𝑡
𝑐  and 𝜂𝑎𝑐𝑡

𝑎  are the overpotentials at the cathode and 

anode, respectively, arising from the need to drive the kinetics of the charge transfer at 

the two electrodes [101]. Those terms dominate at low current densities and can be 

minimized by selecting appropriate catalyst for the desired reaction and/or operating at 
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higher temperatures. On the other hand, 𝜂𝑐𝑜𝑛𝑐
𝑐  and 𝜂𝑐𝑜𝑛𝑐

𝑎  become important with low 

reactant concentrations and/or high current densities that result in the depletion of the 

reactant at the electrode surfaces. Therefore, an adequate approach to minimize 

concentration polarization over-potentials may be the use of high-surface electrodes 

and high mass transport conditions. In the previous example, a 10% of the reduction in 

energy consumption using DSA® anodes is attributed to a minimization in over-

potentials [94]. 

The last term, ∑ 𝐼 · 𝑅, is the sum of all the ohmic resistors that may be found 

in the system. i.e. cables, electrical connections, electrodes, current feeders, 

electrolyte, membrane, etc. The IR term always represent a loss of energy so in an 

adequate reactor design they must be as low as possible. Common strategies to reduce 

the ohmic drop consist in increasing electrolyte conductivity or reduce inter-electrode 

(IE) gap. In the previous example, the rest of the reduction was, approximately, 

attributed a) 20% to the smaller IE gap, give that DSA® were placed closer and with a 

constant IE gap whereas graphite electrodes widen the IE gap as they are consumed 

and b) 70% to the disappearance of the ohmic resistance caused by bubbles hold-up  

[94].  

In electrolytic systems, the objective is always to minimize cell potential to 

reduce energy consumption which, in synthesis, can be achieved by i) selecting 

adequate reactions ii) reducing over-potentials iii) minimizing ohmic losses. 

b) Reaction rate in electrochemical cells 

Back in 1834, Faraday observed experimentally and deducted that the mass of 

a given substance generated or converted during the electrolysis was directly 

proportional to the charge supplied to the system [102]. In his own words: 

“[…] that when subject to the influence of the electric current, a quantity of 

water is decomposed exactly proportionate to the quantity of electricity that has 

passed…[…]” 



Introduction 

 

37 
 
 

This observation, formulated mathematically as shown in Eq. 2.25, is referred 

to as Michael Faraday’s First Law of electrolysis and constitutes one of the 

fundamental laws of the Chemistry, in general, and the Electrochemistry, in particular: 

𝑚 =  
𝑄·𝑀

𝐹·𝑛
                                                                                                                 (2.25) 

Where m is the mass of the substance liberated at an electrode (g), F is the 

Faraday constant (96,487 C mol-1), M is the molar mass of the substance (g mol-1) and 

n is the number of mol of electrons exchanged in the electrolysis. If a new magnitude, 

intensity (I) is defined as the quantity of charge supplied per unit of time (C s-1), the 

molar transformation rate of a given reactant, A, can be expressed only as a function 

of the intensity (Eq. 2.26) [103]: 

−𝑟𝐴 =  
𝐼

𝑛·𝐹
                                                                                                     (2.26) 

However, this fact is strictly true when the transport of reactants to the 

electrode surface is faster than charge transfer, i.e. in charge-transfer controlled 

reactions. Quite often, electrochemical reactions are not controlled by charge-transfer 

but mass-transport. In such cases, the rate of the reaction is expressed according to Eq. 

2.27 [103]: 

−𝑟𝐴 =  𝑘𝑚 · 𝐴 · (𝐶𝐵 − 𝐶𝐴)                                                                                      (2.27) 

Where 𝑘𝑚 is the mass-transport coefficient (m s-1), A is the electrode surface 

(m2), 𝐶𝐵  and 𝐶𝐴 are molar concentrations (kmol m-3) of the reactant in the bulk and 

electrode surface, respectively. When an electrochemical process is under complete 

mass-transport control, the rate of reactant supply or product removal determines a 

limiting current, IL, which is the maximum possible current for a given reaction (Eq. 

2.28): 

𝐼𝐿 = 𝑛 · 𝐹 · 𝑘𝑚 · 𝐴 · 𝐶𝐵                                                                                             (2.28) 
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When the reaction rate is controlled by such phenomenon, it can be increased 

by ensuring a high mass transport coefficient, by operating at sufficiently high flow 

velocity or introducing turbulence promoters, using electrodes with high surface area 

and/or augmenting reactant concentrations. 

  



Introduction 

 

39 
 
 

2.4  Bibliography 

[1] EPA, Guides to Pollution Prevention: The Pharmaceutical Industry, US 

Environmental Protection Agency, Cincinnati, Ohio, 1991. 

[2] K. Gadamasetti, T. Braish, Process Chemistry in the Pharmaceutical Industry, 

Volume 2: Challenges in an Ever Changing Climate, CRC Press2007. 

[3] S. Nusim, Active Pharmaceutical Ingredients: Development, Manufacturing, and 

Regulation, Taylor & Francis2005. 

[4] The Pharmaceutical Industry in Figures. European Federation of Pharmaceutical 

Industria Assocciations. (2018) https://efpia.eu/media/361960/efpia-

pharmafigures2018_v07-hq.pdf (Accessed on 22/07/2018). 

[5] (FEIQUE (Federación Empresarial de la Industria Química Española), 2017. 

Radiografía del Sector Químico Español 2017 ). 

[6] C. Gadipelly, A. Pérez-González, G.D. Yadav, I. Ortiz, R. Ibáñez, V.K. Rathod, 

K.V. Marathe, Pharmaceutical Industry Wastewater: Review of the Technologies for 

Water Treatment and Reuse, Industrial & Engineering Chemistry Research 53 (2014) 

11571-11592. 

[7] R. Turton, R.C. Bailie, W.B. Whiting, J.A. Shaeiwitz, Analysis, Synthesis and 

Design of Chemical Processes, Pearson Education2008. 

[8] A.C. Dimian, C.S. Bildea, A.A. Kiss, Integrated Design and Simulation of 

Chemical Processes, Elsevier Science2014. 

[9] S.M. Englund, Chemical processing - Batch or continuous. Part I, Journal of 

Chemical Education 59 (1982) 766. 

[10] A.A. Aguilar-Lasserre, L. Pibouleau, C. Azzaro-Pantel, S. Domenech, Enhanced 

genetic algorithm-based fuzzy multiobjective strategy to multiproduct batch plant 

design, Applied Soft Computing 9 (2009) 1321-1330. 

[11] A.P. Barbosa Póvoa, S. Macchietto, Optimal design of multipurpose batch plants 

1. Problem formulation, Computers & Chemical Engineering 17 (1993) S33-S38. 

[12] C. Toulouse, J. Cezerac, M. Cabassud, M.V. Le Lann, G. Casamatta, 

Optimisation and scale-up of batch chemical reactors: Impact of safety constraints, 

Chemical Engineering Science 51 (1996) 2243-2252. 

[13] J.M. Douglas, Conceptual design of chemical processes, McGraw-Hill1988. 

[14] J. Chowdhury, Batch plants adapt to CPI's flexible gameplans, Chemical 

Engineering 95 (1988) 31-33. 

[15] P.J. Dunn, A. Wells, M.T. Williams, Green Chemistry in the Pharmaceutical 

Industry, Wiley2010. 

[16] R.A. Sheldon, The E Factor: fifteen years on, Green Chemistry 9 (2007) 1273-

1283. 

[17] R.A. Sheldon, Consider the environmental quotient, (1994). 

[18] D.J.C. Constable, A.D. Curzons, V.L. Cunningham, Metrics to ‘green’ 

chemistry—which are the best?, Green Chemistry 4 (2002) 521-527. 

[19] C. Jimenez-Gonzalez, C.S. Ponder, Q.B. Broxterman, J.B. Manley, Using the 

Right Green Yardstick: Why Process Mass Intensity Is Used in the Pharmaceutical 



Chapter 2 

 

40 
 

Industry To Drive More Sustainable Processes, Organic Process Research & 

Development 15 (2011) 912-917. 

[20] C. Jimenez-Gonzalez, D.J.C. Constable, C.S. Ponder, Evaluating the "Greenness" 

of chemical processes and products in the pharmaceutical industry-a green metrics 

primer, Chemical Society Reviews 41 (2012) 1485-1498. 

[21] D.P. Kjell, I.A. Watson, C.N. Wolfe, J.T. Spitler, Complexity-Based Metric for 

Process Mass Intensity in the Pharmaceutical Industry, Organic Process Research & 

Development 17 (2013) 169-174. 

[22] R.K.K. Henderson, J., J.B. Manley, Lessons learned through measuring green 

chemistry performance –The pharmaceutical experience. 

[23] M. Cvjetko Bubalo, S. Vidović, I. Radojčić Redovniković, S. Jokić, Green 

solvents for green technologies, Journal of Chemical Technology & Biotechnology 90 

(2015) 1631-1639. 

[24] F.M. Kerton, R. Marriott, Alternative Solvents for Green Chemistry, Royal 

Society of Chemistry2013. 

[25] V.S. Kislik, Chapter 5 - Examples of Application of Solvent Extraction 

Techniques in Chemical, Radiochemical, Biochemical, Pharmaceutical, Analytical 

Separations, and Wastewater Treatment, in: V.S. Kislik (Ed.) Solvent Extraction, 
Elsevier, Amsterdam, 2012, pp. 185-314. 

[26] L.K. Wang, V. Ivanov, J.H. Tay, Y.T. Hung, Handbook of Environmental 

Engineering: Environmental Biotechnology, Humana Press2010. 

[27] N. Sueviriyapan, U. Suriyapraphadilok, K. Siemanond, A. Quaglia, R. Gani, 

Industrial wastewater treatment network based on recycling and rerouting strategies 
for retrofit design schemes, Journal of Cleaner Production 111, Part A (2016) 231-

252. 

[28] M. Sala, M.C. Gutiérrez-Bouzán, Electrochemical treatment of industrial 

wastewater and effluent reuse at laboratory and semi-industrial scale, Journal of 
Cleaner Production 65 (2014) 458-464. 

[29] M. Hyman, Guidelines for National Waste Management Strategies: moving from 

challenges to opportunities, United Nations Environment Programme, 2013. 

[30] EP, Directive 2010/75/EU  of the European Parliament and of the Council, 2010. 

[31] EPA, An organizational guide to pollution prevention, Cincinnati, Ohio, 2001. 

[32] Y.-E. Li, Y. Yang, V. Kalthod, S.M. Tyler, Optimization of Solvent Chasing in 

API Manufacturing Process: Constant Volume Distillation, Organic Process Research 
& Development 13 (2009) 73-77. 

[33] R. Abejón, A. Garea, A. Irabien, Organic solvent recovery and reuse in 

harmaceutical purification processes by nanofiltration membrane cascades Chemical 

Engineering Transactions 43 (2015) 1057-1062. 

[34] P.I. Barton, Solvent recovery opportunities in the pharmaceutical industry, Curr 

Opin Drug Discov Devel 3 (2000) 707-713. 

[35] S. Perez-Vega, E. Ortega-Rivas, I. Salmeron-Ochoa, P.N. Sharratt, A system view 

of solvent selection in the pharmaceutical industry: towards a sustainable choice, 

Environment, Development and Sustainability 15 (2013) 1-21. 



Introduction 

 

41 
 
 

[36] C. Jimenez-Gonzalez, M.R. Overcash, The evolution of life cycle assessment in 

pharmaceutical and chemical applications - a perspective, Green Chemistry 16 (2014) 

3392-3400. 

[37] GlaxoSmithKline, GSK 2010 Corporate Responsibility Report, 2010. 

[38] J.M. Monteagudo, A. Durán, R. Culebradas, I. San Martín, A. Carnicer, 

Optimization of pharmaceutical wastewater treatment by solar/ferrioxalate photo-

catalysis, Journal of Environmental Management 128 (2013) 210-219. 

[39] W. Hua, E.R. Bennett, R.J. Letcher, Ozone treatment and the depletion of 

detectable pharmaceuticals and atrazine herbicide in drinking water sourced from the 
upper Detroit River, Ontario, Canada, Water Research 40 (2006) 2259-2266. 

[40] S. Esplugas, D.M. Bila, L.G.T. Krause, M. Dezotti, Ozonation and advanced 

oxidation technologies to remove endocrine disrupting chemicals (EDCs) and 

pharmaceuticals and personal care products (PPCPs) in water effluents, Journal of 
Hazardous materials 149 (2007) 631-642. 

[41] A. Waggott, Trace organic substances in the River Lee, Chemistry in Water 

Reuse: 2 (1981). 

[42] H.-R. Buser, M.D. Müller, N. Theobald, Occurrence of the Pharmaceutical Drug 

Clofibric Acid and the Herbicide Mecoprop in Various Swiss Lakes and in the North 

Sea, Environmental Science & Technology 32 (1998) 188-192. 

[43] M. Klavarioti, D. Mantzavinos, D. Kassinos, Removal of residual 

pharmaceuticals from aqueous systems by advanced oxidation processes, Environment 

International 35 (2009) 402-417. 

[44] D. Fatta, A. Achilleos, A. Nikolaou, S. Meriç, Analytical methods for tracing 

pharmaceutical residues in water and wastewater, TRAC Trends in Analytical 
Chemistry 26 (2007) 515-533. 

[45] M. Stumpf, T.A. Ternes, R.-D. Wilken, R. Silvana Vianna, W. Baumann, Polar 

drug residues in sewage and natural waters in the state of Rio de Janeiro, Brazil, 

Science of the Total Environment 225 (1999) 135-141. 

[46] C.E. Purdom, P.A. Hardiman, V.V.J. Bye, N.C. Eno, C.R. Tyler, J.P. Sumpter, 

Estrogenic Effects of Effluents from Sewage Treatment Works, Chemistry and 

Ecology 8 (1994) 275-285. 

[47] L.C. Folmar, N.D. Denslow, V. Rao, M. Chow, D.A. Crain, J. Enblom, J. 

Marcino, L.J. Guillette, Vitellogenin induction and reduced serum testosterone 
concentrations in feral male carp (Cyprinus carpio) captured near a major metropolitan 

sewage treatment plant, Environmental Health Perspectives 104 (1996) 1096-1101. 

[48] J.E. Harries, D.A. Sheahan, P. Matthiessen, P. Neall, R. Rycroft, T. Tylor, S. 

Jobling, E.J. Routledge, J.P. Sumpter, A survey of estrogenic activity in United 
Kingdom inland waters, Environmental Toxicology and Chemistry 15 (1996) 1993-

2002. 

[49] J.E. Harries, D.A. Sheahan, S. Jobling, P. Matthiessen, P. Neall, J.P. Sumpter, T. 

Tylor, N. Zaman, Estrogenic activity in five United Kingdom rivers detected by 
measurement of vitellogenesis in caged male trout, Environmental Toxicology and 

Chemistry 16 (1997) 534-542. 



Chapter 2 

 

42 
 

[50] C.M. Lye, C.L.J. Frid, M.E. Gill, D. McCormick, Abnormalities in the 

reproductive health of flounder Platichthys flesus exposed to effluent from a sewage 

treatment works, Marine Pollution Bulletin 34 (1997) 34-41. 

[51] S.D. Richardson, T.A. Ternes, Water Analysis: Emerging Contaminants and 

Current Issues, Analytical Chemistry 86 (2014) 2813-2848. 

[52] D. Fatta-Kassinos, S. Meric, A. Nikolaou, Pharmaceutical residues in 

environmental waters and wastewater: current state of knowledge and future research, 

Analytical and Bioanalytical Chemistry 399 (2011) 251-275. 

[53] I. Oller, S. Malato, J.A. Sánchez-Pérez, Combination of Advanced Oxidation 

Processes and biological treatments for wastewater decontamination—A review, 

Science of the Total Environment 409 (2011) 4141-4166. 

[54] S. Rahim Pouran, A.R. Abdul Aziz, W.M.A. Wan Daud, Review on the main 

advances in photo-Fenton oxidation system for recalcitrant wastewaters, Journal of 
Industrial and Engineering Chemistry 21 (2015) 53-69. 

[55] O.V. Enick, M.M. Moore, Assessing the assessments: Pharmaceuticals in the 

environment, Environmental Impact Assessment Review 27 (2007) 707-729. 

[56] JRC, Best available techniques reference document for common waste water and 

waste gas treatment/management systems in the chemical sector, 2016. 

[57] M. Umar, H.A. Aziz, M.S. Yusoff, Trends in the use of Fenton, electro-Fenton 

and photo-Fenton for the treatment of landfill leachate, Waste Management 30 (2010) 

2113-2121. 

[58] M. Panizza, G. Cerisola, Direct and mediated anodic oxidation of organic 

pollutants, Chemical Reviews 109 (2009) 6541-6569. 

[59] C.P. Huang, C. Dong, Z. Tang, Advanced chemical oxidation: Its present role and 

potential future in hazardous waste treatment, Waste Management 13 (1993) 361-377. 

[60] C.A. Martinez-Huitle, M.A. Rodrigo, I. Sires, O. Scialdone, Single and Coupled 

Electrochemical Processes and Reactors for the Abatement of Organic Water 

Pollutants: A Critical Review, Chemical Reviews (Washington, D. C.) 115 (2015) 

13362-13407. 

[61] F.C. Moreira, R.A.R. Boaventura, E. Brillas, V.J.P. Vilar, Electrochemical 

advanced oxidation processes: A review on their application to synthetic and real 

wastewaters, Applied Catalysis B: Environmental 202 (2017) 217-261. 

[62] J.M. Campos-Martin, G. Blanco-Brieva, J.L.G. Fierro, Hydrogen Peroxide 

Synthesis: An Outlook beyond the Anthraquinone Process, Angewandte Chemie 
International Edition 45 (2006) 6962-6984. 

[63] I. Sires, E. Brillas, M.A. Oturan, M.A. Rodrigo, M. Panizza, Electrochemical 

advanced oxidation processes: today and tomorrow. A review, Environ Sci Pollut Res 

Int 21 (2014) 8336-8367. 

[64] A. Babuponnusami, K. Muthukumar, A review on Fenton and improvements to 

the Fenton process for wastewater treatment, Journal of Environmental Chemical 

Engineering 2 (2014) 557-572. 

[65] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical Review of rate 

constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals 



Introduction 

 

43 
 
 

(⋅OH/⋅O− in Aqueous Solution, Journal of Physical and Chemical Reference Data 17 

(1988) 513-886. 

[66] R. Andreozzi, V. Caprio, A. Insola, R. Marotta, Advanced oxidation processes 

(AOP) for water purification and recovery, Catalysis Today 53 (1999) 51-59. 

[67] S. Palit, Advanced oxidation processes, bioremediation and global water shortage 

- a vision for the future, International Journal of Pharma and Bio Sciences 7 (2016) 

B349-B358. 

[68] J.F. Perez, J. Llanos, C. Saez, C. Lopez, P. Canizares, M.A. Rodrigo, Treatment 

of real effluents from the pharmaceutical industry: A comparison between Fenton 
oxidation and conductive-diamond electro-oxidation, Journal of Environment 

Management (2016). 

[69] A.R. Ribeiro, O.C. Nunes, M.F.R. Pereira, A.M.T. Silva, An overview on the 

advanced oxidation processes applied for the treatment of water pollutants defined in 
the recently launched Directive 2013/39/EU, Environment International 75 (2015) 33-

51. 

[70] S. Sabatino, A. Galia, O. Scialdone, Electrochemical Abatement of Organic 

Pollutants in Continuous-Reaction Systems through the Assembly of Microfluidic 
Cells in Series, ChemElectroChem 3 (2016) 83-90. 

[71] E. Brillas, I. Sirés, M.A. Oturan, Electro-Fenton process and related 

electrochemical technologies based on fenton's reaction chemistry, Chemical Reviews 

109 (2009) 6570-6631. 

[72] N. Oturan, E.D. Van Hullebusch, H. Zhang, L. Mazeas, H. Budzinski, K. Le 

Menach, M.A. Oturan, Occurrence and Removal of Organic Micropollutants in 

Landfill Leachates Treated by Electrochemical Advanced Oxidation Processes, 

Environmental Science and Technology 49 (2015) 12187-12196. 

[73] E. Brillas, C.A.M. Huitle, Synthetic Diamond Films: Preparation, 

Electrochemistry, Characterization and Applications, Wiley2011. 

[74] H.J.H. Fenton, LXXIII.-Oxidation of tartaric acid in presence of iron, Journal of 

the Chemical Society, Transactions 65 (1894) 899-910. 

[75] J.J. Pignatello, E. Oliveros, A. MacKay, Advanced Oxidation Processes for 

Organic Contaminant Destruction Based on the Fenton Reaction and Related 
Chemistry, Critical Reviews in Environmental Science and Technology 36 (2006) 1-

84. 

[76] H. Debellefontaine, M. Chakchouk, J.N. Foussard, D. Tissot, P. Striolo, 

Treatment of organic aqueous wastes: Wet air oxidation and wet peroxide oxidation®, 
Environmental Pollution 92 (1996) 155-164. 

[77] JRC, Reference document on the best available techniques for the manufacturing 

of organic fine chemicals, (2006b). 

[78] DEISA Tratamiento y Depuración de aguas, (http://www.deisa.es/proyectos-

destacados/ (accessed 10/01/2018)). 

[79] R.P. Cháves, Tratamiento de efluentes industriales mediante oxidación 

electroquímica con electrodos de diamante. Comparación con otros procesos de 

http://www.deisa.es/proyectos-destacados/
http://www.deisa.es/proyectos-destacados/


Chapter 2 

 

44 
 

oxidación avanzada.,  Departamento de Ingeniería Química, Universidad de Castilla-

La Mancha, Ciudad Real, 2007. 

[80] DEISA - Tratamiento y Depuración de Aguas, 

(http://www.deisa.es/portfolio/planta-de-tratamiento-oxidacion-avanzada-ohp/ 

(Access date 19/02/2018)). 

[81] C.P. Poon, T.G. Brueckner, Physicochemical treatment of wastewater-seawater 

mixture by electrolysis, J Water Pollut Control Fed 47 (1975) 66-78. 

[82] R.R. Keenan, J.D. Stuart, Anodic Oxidation of DDT, Methoxychlor, and Related 

Compounds, Journal of the Electrochemical Society 123 (1976) 1637-1642. 

[83] R. Kotz, C. Schuler, S. Stucki, Method for purifying industrial waste water by 

direct oxidation of the organic pollutants, Google Patents, 1989. 

[84] M. Traube, Ueber die Aktivirung des Sauerstoffs, Berichte der deutschen 

chemischen Gesellschaft 15 (1882) 2434-2443. 

[85] M. Sudoh, T. Kodera, K. Sakai, J.Q. Zhang, K. Koide, Oxidative degradation of 

aqueous phenol effluent with electrogenerated Fenton's Reagent, Journal of Chemical 

Engineering of Japan 19 (1986) 513-518. 

[86] G. Pliego, J.A. Zazo, P. Garcia-Muñoz, M. Munoz, J.A. Casas, J.J. Rodriguez, 

Trends in the Intensification of the Fenton Process for Wastewater Treatment: An 

Overview, Critical Reviews in Environmental Science and Technology 45 (2015) 
2611-2692. 

[87] N. Wang, T. Zheng, G. Zhang, P. Wang, A review on Fenton-like processes for 

organic wastewater treatment, Journal of Environmental Chemical Engineering 4 

(2016) 762-787. 

[88] P.V. Nidheesh, R. Gandhimathi, Trends in electro-Fenton process for water and 

wastewater treatment: An overview, Desalination 299 (2012) 1-15. 

[89] K.V. Plakas, A.J. Karabelas, Electro-Fenton Applications in the Water Industry, 

Springer Berlin Heidelberg, Berlin, Heidelberg, 2017, pp. 1-36. 

[90] P.V. Nidheesh, H. Olvera-Vargas, N. Oturan, M.A. Oturan, Heterogeneous 

Electro-Fenton Process: Principles and Applications, Springer Berlin Heidelberg, 
Berlin, Heidelberg, 2017, pp. 1-26. 

[91] M. Zhou, M.A. Oturan, I. Sirés, Electro-Fenton Process: New Trends and Scale-

Up, Springer Singapore, Singapore, 2018. 

[92] D. Pletcher, F.C. Walsh, Industrial Electrochemistry, Springer Netherlands1990. 

[93] J.F. Pérez, C. Sáez, J. Llanos, P. Cañizares, C. López, M.A. Rodrigo, Improving 

the Efficiency of Carbon Cloth for the Electrogeneration of H2O2: Role of 

Polytetrafluoroethylene and Carbon Black Loading, Industrial and Engineering 

Chemistry Research 56 (2017) 12588-12595. 

[94] S. Trasatti, Electrocatalysis: understanding the success of DSA®, Electrochimica 

Acta 45 (2000) 2377-2385. 

[95] P. Duby, The history of progress in dimensionally stable anodes, JOM Journal of 

the Minerals Metals and Materials Society 45 (1993) 41-43. 

[96] R.K.B. Karlsson, A. Cornell, Selectivity between Oxygen and Chlorine Evolution 

in the Chlor-Alkali and Chlorate Processes, Chemical Reviews 116 (2016) 2982-3028. 

http://www.deisa.es/portfolio/planta-de-tratamiento-oxidacion-avanzada-ohp/


Introduction 

 

45 
 
 

[97] M. Fryda, D. Herrmann, L. Schäfer, C.P. Klages, A. Perret, W. Haenni, C. 

Comninellis, D. Gandini, Properties of Diamond Electrodes for Wastewater 

Treatment, New Diamond and Frontier Carbon Technology 9 (1999) 229-240. 

[98] C. Indermuhle, M.J. Martin de Vidales, C. Saez, J. Robles, P. Canizares, J.F. 

Garcia-Reyes, A. Molina-Diaz, C. Comninellis, M.A. Rodrigo, Degradation of 

caffeine by conductive diamond electrochemical oxidation, Chemosphere 93 (2013) 

1720-1725. 

[99] A. Perret, W. Haenni, N. Skinner, X.M. Tang, D. Gandini, C. Comninellis, B. 

Correa, G. Foti, Electrochemical behavior of synthetic diamond thin film electrodes, 

Diamond and Related Materials 8 (1999) 820-823. 

[100] I. Moussallem, J. Jörissen, U. Kunz, S. Pinnow, T. Turek, Chlor-alkali 

electrolysis with oxygen depolarized cathodes: history, present status and future 

prospects, Journal of Applied Electrochemistry 38 (2008) 1177-1194. 

[101] D. Pletcher, Z.Q. Tian, D.E. Williams, Developments in Electrochemistry: 

Science Inspired by Martin Fleischmann, 2014. 

[102] R.G. Ehl, A.J. Ihde, Faraday's electrochemical laws and the determination of 

equivalent weights, Journal of Chemical Education 31 (1954) 226. 

[103] P. Cañizares, J. García-Gómez, I. Fernández de Marcos, M.A. Rodrigo, J. 

Lobato, Measurement of Mass-Transfer Coefficients by an Electrochemical 
Technique, Journal of Chemical Education 83 (2006) 1204. 

 

 

 

 

 

 

 

 

 

 



Chapter 2 

 

46 
 

 



 

47 
 
 

 

      
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BACKGROUND AND OBJECTIVES 

CHAPTER 3 



 

48 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Background and objectives 

 

49 
 
 

Since 1999, the Laboratory of Electrochemical Engineering and Environmental 

(E3L, inside the TEQUIMA group) of the Chemical Department of the University of 

Castilla-La Mancha has been working in the development of electrochemical 

processes for wastewater treatment. Until now, eight doctoral theses have been carried 

out in this topic, evaluating the applicability of electro-oxidation, 

electrocoagulation/electroflotation and electro-irradiated technologies for the 

treatment of both real and synthetic wastewater as well as in the production powerful 

oxidants. 

Taking advantage of the knowledge gained during these years and the need to 

develop new treatment technologies in the field of industrial wastewater, the E3L has 

also participated in numerous projects with private companies in the search of 

technological solutions for the management of their liquid wastes. In this context, in 

2009 a project was started with Laboratorios Servier with the ultimate goal of solving 

some of the problems associated with wastewater generation and treatment in the plant 

of Toledo. The wastewater in this chemical plant comes from the organic synthesis of 

pharmaceutical base products. The production varies according to the needs of the 

market, situation that affects directly the characteristics of the residual effluent that 

reaches the treatment plant. In addition, although the plant operates five days per week 

in two operation shifts, the daily flow is quite variable and depends on the 

characteristics and materials used in each process. 

At that time, the highly-polluted streams (mostly with organic solvent) were 

segregated and sent to a waste manager for recovery, valorization or an adequate 

disposal. The rest of the aqueous streams were mixed and derived to a wastewater 

treatment plant ubicated in situ that and equipped with a Wet Peroxide Oxidation 

(WPO®) reactor. As a positive result of the project initiated in 2009, an 

evaporator/concentrator was also installed in the wastewater treatment plant for the 

management of the most problematic (high conductivity and volume of generation) 

liquid waste produced in the main process of the plant. This solution has been 
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operating for several years with excellent results, both in terms of waste minimization 

and economic profit. The interesting results obtained in the aforementioned project 

were the seed of a new and more ambitious collaboration whose objective is not only 

finding immediate solutions but also the search of new and innovative solutions. 

In this context, in October 2013 a new project started, in parallel with the 

development of the present thesis. The global objective was optimizing the wastewater 

management in a chemical industry working in batch, both from the economic and the 

environmental point of view. Due to the dual nature of this technical and research 

work, the initial stages were primarily oriented to provide immediate solutions for the 

company and to stablish some general guidelines to manage the wastewater in any 

given batch industry. In the second stage, the efforts were focused on the development 

of technological and novel approaches that may require further development before its 

application on an industrial scale.  

Therefore, the global objective may be divided into three partial objectives: 

I. Optimization of the wastewater management system of the pharmaceutical 

plant as a case of study of a chemical industry working under batch, including 

the following stages: 

a. Characterization and categorization of the effluents generated in the 

production processes of the pharmaceutical industry.  

b. A technological screening to assess the potentiality of different 

technologies for the control of the pollution. 

c. Gather the knowledge gained during previous steps in an informatic 

tool. 

II. Development the technology to increase the production rate and minimize the 

energy consumption in the electrochemical production of hydrogen peroxide, 

based on the study of the following aspects: 

a. Study of electrode materials to produce hydrogen peroxide from 

oxygen reduction reaction. 
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b. Evaluate the pressure as an interesting and unexplored way to increase 

H2O2 production rate. 

c. Assess the performance of a jet device as a low-cost compressor-less 

alternative for the aeration of H2O2 electrolyzers. 

d. Study of the synergistic coupling of a pressurized circuit and a jet 

aerator to configure a powerful aeration system. 

e. Development of an innovative cell configuration (microfluidic flow-

through) to minimize ohmic drops and maximize mass transfer. 

III. Design of an integrated electrochemical reactor of anodic oxidation and 

Electro-Fenton for wastewater treatment, comprising the next steps: 

a. Investigate the effect of pressure on the Electro-Fenton process. 

b. Influence and selection of the anodic material and cathodic support 

for the catalyst. 

c. Minimization of the operational problems derived from the use of an 

homogeneous catalyst. 

To gain further insight in management of the effluents in the company and the 

main problems associated with it, and thus to attain the first partial objective, the first 

action of the project consisted in a short stay in the company for approximately one 

month. During this time, the day-to-day operation in the plant was witnessed, with 

special emphasis in waste management activities. It served to identify potential 

improvement areas to continue with the improvement policy of the company and, thus, 

set a series of milestones to reach during the project and the PhD. The difficulties and 

solutions found during the execution of the project are generalized to be of a wider use 

in any given plant working under batch, as it is further explained in Chapter 5. 

In particular, it was envisaged that electrochemical technologies could provide 

interesting solutions for this company. For example, the main cost of the wastewater 

treatment plant was the hydrogen peroxide employed in the WPO® reactor. Previous 

works demonstrated that this compound can be readily produced in situ and on 

demand in easy-to-control electrochemical cells, avoiding the negative aspects related 
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to the storage, manipulation and transport of this hazardous chemical. Thus, an 

important effort was devoted to the development of electrolyzers for the production of 

hydrogen peroxide. It is important to highlight that the E3L group had no previous 

experience on this field and the collaboration of Brilla’s Group (University of 

Barcelona, Spain) during a short internship in their laboratory in September 2015 was 

crucial to gain a deep knowledge on the state-of-the-art of the technology. Likewise, 

the development of the ambitious electrolyzer proposed in this work also required the 

collaboration of Scialdone’s group (Università Degli Study di Palermo, Italy) with a 

great experience in electrochemical processes under pressure and where I stayed for 3 

months. Therefore, Chapter 6 shows the main milestones reached in the study of 

innovative approaches to produce H2O2 electrochemically autonomously, on site and 

on demand in a typical vertical integration strategy.  

In the last Chapter, a final effort has been done to adapt the electrolyzer for 

H2O2 production to the treatment of wastewater by the continuous generation and in 

situ catalyzation of hydrogen peroxide: the well-known Electro-Fenton process. In 

addition, it can be combined in the same cell with an adequate anode to degrade 

pollutants by anodic oxidation. In this manner, Chapter 7 shows the successive steps 

taken to develop the prototype that integrates Electro-Fenton and anodic oxidation 

together with new technological solutions to optimize the performance for this 

particular application.  
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4.1 Chemical reagents  

In the present section, the main reagents used in this work are listed in 

Table 4.1: 

Table 4.1 Chemical reagents. 

Reagent Product CAS Use 

Sodium sulphate 

(Na2SO4) 
Panreac (Spain) 

 

7757-82-6 

Supporting 

electrolyte 

Sodium carbonate 

(CaCO3) 
Panreac (Spain) 497-19-8 

Supporting 

electrolyte in km 

determination 

Potassium ferrocyanide 

trihydrate 

(K4Fe(CN)6.3H2O) 

Panreac (Spain) 14459-95-1 
Km 

measurement 

Potassium 

hexacyanoferrate(III) 

K3[Fe(CN)6] 

Panreac (Spain) 13746-66-2 
Km 

measurement 

Iron (II) sulphate 

(Fe2SO4.7H2O) 
Panreac (Spain) 7782-63-0 Fenton catalyst 

Iron (III) sulphate 

(Fe2(SO4)3) 
Panreac (Spain) 10028-22-5 Coagulant 

Vulcan XC72 
Cabot 

corporation 
1333-86-4 

Fabrication of 

cathodes for 

H2O2 production 

Polytetrafluoroethylene 

(C2F4)n 

60% wt. 

supplied by 

Sigma-Aldrich 

(USA). 

9002-84-0 

Fabrication of 

cathodes for 

H2O2 production 

http://www.commonchemistry.org/ChemicalDetail.aspx?ref=7757-82-6
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=7757-82-6
https://www.cymitquimica.com/es/producto-quimico/3t-30870208/potassium-ferrocyanide-trihydrate/14459-95-1
https://www.cymitquimica.com/es/producto-quimico/3t-30870208/potassium-ferrocyanide-trihydrate/14459-95-1
https://www.sigmaaldrich.com/catalog/search?term=13746-66-2&interface=CAS%20No.&N=0&mode=partialmax&lang=es&region=ES&focus=product
https://www.sigmaaldrich.com/catalog/search?term=7782-63-0&interface=CAS%20No.&N=0&mode=partialmax&lang=es&region=ES&focus=product
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=10028-22-5
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Table 4.1 Chemical reagents (continuation). 

Reagent Product CAS Use 

Isopropanol (C3H8O) 
99% Sigma-

Aldrich 

(USA). 

67-63-0 
Solvent for 

CB/PTFE 

deposition 

Titanium (IV) 

oxysulfate solution 
1.9-2.1% 

Sigma-Aldrich 
13825-74-6 

Determination of 

hydrogen 

peroxide 

Hydrogen peroxide 

(H2O2) 
33% w/v 

Panreac 
7722-84-1 

H2O2 source in 

Fenton oxidation 

H2SO4 
Sigma Aldrich 

(USA) 7664-93-9 pH modifier 

NaOH 
Sigma Aldrich 

(USA) 1310-73-2 pH modifier 

Acid Orange 7 

(C16H11N2NaO4S) 

Sigma Aldrich 

(USA) 

 

633-96-5 

Model organic 

pollutant 

Clopyralid 

(C6H3Cl2NO2) 
Sigma Aldrich 

(USA) 
1702-17-6 

Model organic 

pollutant 

Formic acid (CH2O2) 
Sigma Aldrich 

(USA) 
64-18-6 

Mobil phase in 

chromatography 

 Methanol (CH3OH) 
Sigma Aldrich 

(USA) 
67-56-1 

Mobil phase in 

chromatography 

2,6 – 

Pyridinedicarboxylic 

acid 

Assay > 99.5% 

Sigma Aldrich 

(USA) 

499-83-2 
Mobil phase in 

chromatography 

Iron (III) oxide 

30-50 mesh, 

Sigma Aldrich 

(USA) 

20344-49-4 
Heterogeneous 

catalyst 

 

 

http://www.commonchemistry.org/ChemicalDetail.aspx?ref=633-96-5
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=633-96-5
https://www.sigmaaldrich.com/catalog/search?term=1702-17-6&interface=CAS%20No.&N=0&mode=partialmax&lang=es&region=ES&focus=product
https://www.sigmaaldrich.com/catalog/search?term=64-18-6&interface=CAS%20No.&N=0&mode=partialmax&lang=es&region=ES&focus=product
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4.2 Electrodes 

4.2.1 Mixed metal oxide  

The mixed metal oxides (MMO) DSA®-like electrodes were RuO2/IrO2 

supported on titanium were supplied by Tianode (India).  In this work, both plate and 

mesh electrodes were used. Plate electrodes have a circular shape with a diameter of 

10 cm. The external surface of the MMO meshes have form shown in Figure 4.1. The 

external surface area was calculated as explained in Section 4.4.8 with a resulting ratio 

surface / geometric area of 1.60 for those electrodes. 

 

Figure 4.1. Mixed metal oxides mesh electrode. 

4.2.2 Boron-doped diamond  

Boron-doped diamond (BDD) plate electrodes (10 cm diameter) were supplied 

by Adamant Technologies (currently NeoCoat/WaterDiam) and fitted in a commercial 

DiaCell® 101. Thin-film boron-doped diamonds electrodes (see Figure 4.2) supported 

on a niobium mesh (Diachem®) were supplied by Condias GmbH (Germany). The 

surface area was also calculated by using the aforementioned technique (using a 

negative mesh, due to the optic properties of the diamond film) with a resulting ratio 

of 1.5 surface / geometric area. 
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Figure 4.2 Conductive-diamond mesh electrodes. A) front view, B) lateral view. 

4.2.3 Carbon cloths  

The carbon cloths with different PTFE loadings (from 0 to 40% weight 

percentage) and a thickness of 0.4 mm were supplied by the Fuel Cell Store 

(www.fuelcellstore.com). Figure 4.3 shows the aspect of the material at different 

scales. 

 

Figure 4.3 Carbon cloth used as electrode. A) aspect to the naked eye, B) SEM image. 

i) Modification of carbon cloths by air-spraying 

A catalytic ink was prepared by dispersing the carbon black (Vulcan XC72) 

into isopropanol as solvent for 30 min in an ultrasound bath. After that, the ink was 

http://www.fuelcellstore.com/
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uniformly distributed along the carbon cloth (only in the face acting as catalytic layer) 

by means of an sprayer using nitrogen as carrier gas [93]. During this step, the carbon 

cloth is placed over a home-made hot plate at a constant temperature of 80 ºC. In this 

way, the solvent is evaporated and the carbon black particles are effectively deposited 

onto the surface. Once achieved the desired weight increase, the carbon cloth is 

annealed at 300 ºC for 1 h. 

4.2.4 Carbon felt  

The carbon felt materials (Sigratherm® GFA 10) were supplied by the SGL 

Group (Wiesbaden, Germany). The aspect of the material is shown in Figure 4.4. 

 

Figure 4.4 Carbon felt electrodes. A) aspect to the naked eye, B) SEM image. 

i) Modification of carbon felt electrodes 

Two different procedures were used to add the carbon 

black/polytetrafluoroethylene mixture to the carbon felts: ultrasonic immersion and 

hot dripping. 

Ultrasonic immersion: in this procedure, the electrode is modified following a similar 

to the one described originally by Yu [104]. It consists of three steps:1) Pre-treatment: 

15 minutes of ultrasound washing in acetone + water + water, followed by drying at 

80 ºC for 24 hours; 2) Immersion: the electrode is soaked for 30 minutes in an 
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ultrasound bath containing a sufficient volume of an ink with 10 mg/mL-ink of CB, 50 

mg/mL-ink of net PTFE and 20 mL/L-ink of n-butanol, and 3) Post-treatment: drying 

at 80 ºC for 24 hours and annealing at 360 ºC for 1 hour. 

Hot dripping: for the study of the CB/PTFE mass added to the cathode, the following 

procedure was used: 1) Pre-treatment: 3 hours in boiling NaOH 1 M and subsequently 

rinsed with deionized water up to neutrality and dried at 80 ºC for ºC; 2) Hot dripping: 

the carbon felt is weighted and put on top of a house-made hot plate at 100 ºC. Then, 

the CB/PTFE mixture is added slowly by dripping; and 3) Post-treatment: drying at 80 

ºC for 24 hours and annealing at 360 ºC for 1 hour. The weight increment was 

calculated as the difference between the initial and after-annealing mass of each 

carbon felt piece. 

4.2.5 Duocel® foams  

i) Reticulated vitreous carbon 

Pieces of Duocel® reticulated vitreous carbon (RVC - 45 pores per inch) with 

dimensions of 9.5 x 8 x 0.5 cm were supplied by ERG Materials & Aerospace (USA), 

as shown in Figure 4.5 A.  

ii) Aluminium faom 

The same company also supplied Aluminium Duocel® foams with the same 

dimensions, 40 ppi and a relative density 6-8% and thickness from 5 to 15 mm (Figure 

4.5 C). Both electrodes have a wet front area inside the reactors of 33 cm2. 

iii) Deposition of CB/PTFE on RVC and Al foams 

The CB/PTFE mixture was deposited in the central part of the electrodes 

following a procedure similar to the one described previously. The inks were prepared 

by dispersing 1 mg mL-1 of CB and 5 mg mL-1 of PTFE into isopropanol for 2 hours at 

50 ºC in an ultrasound bath. After this, the RVC or Al foams were placed over a 

home-made plate at 130 ºC and 200 mL of ink was sprayed (100 mL each side). For 
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larger electrodes, the ink volume was multiplied according the thickness (400 and 600 

mL for electrodes with 10 and 15 mm thickness, respectively). After this, electrodes 

were annealed at 360 ºC for 1 h starting from room temperature at a heating rate of 12 

ºC min-1. 

 

Figure 4.5 Aluminium foams (Duocel®) - 40 ppi – 6-8 % relative density A) RVC – 45 ppi, B) 

Foam after the deposition of CB/PTFE, C) Raw foams with thickness from 5 to 15 mm. 

 

4.3 Experimental procedures and setups  

4.3.1 Coagulation 

The coagulation experiments were carried out in a laboratory-scale setup 

consisting of a borosilicate glass beaker (0.25 dm3) over a magnetic stirrer plate as 

schematically shown in Figure 4.6. 
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Figure 4.6. Experimental setup used in the coagulation experiments. 

The experimental procedure is divided into three parts: coagulation, 

flocculation and sedimentation. 1,000 mg dm-3 of Fe3+ in the form of Fe2(SO4)3 are 

added to 0.15 dm3 of wastewater and the pH is adjusted to 9 prior to start the run. First 

step (coagulation) comprises a strong agitation (800 rpm) during a short time (3 min), 

second step (flocculation) is carried out under softer stirring conditions (200 rpm) 

during a longer time (10 min); whereas in the last step (sedimentation) the system is 

not stirred for 30 min, allowing the separation of the flocs by gravity. After this, 

samples of the supernatant are taken, filtered and measured. 

4.3.2 Fenton oxidation 

The Fenton oxidation experiments were carried out in the same setup 

described previously in Figure 4.6, 0.15 dm3 of wastewater were added to the reactor 

and the pH was adjusted to 3. Subsequently, hydrogen peroxide is added and the pH is 

re-adjusted, if needed. Prior to its addition to the reactor, FeSO4.7H2O (as source of 

Fe2+) was dissolved in Milli-Q in which the oxygen was stripped by bubbling N2 for 

ten minutes. The pH is controlled manually throughout the entire reaction time (4 h). 

After this time, the samples are filtered and measured. 

4.3.3 Electrodialysis 

The electrodialysis experiments were carried out in a system as the one shown 

in Figure 4.7. It consists in a commercial electrodialysis cell provided by PCCell 

(Germany) equipped with MMO meshes as both the anode and the cathode. The 

electrodes have a square grid-shaped geometry, of 7.5 × 7.5 cm and a thickness of 

0.2 cm. The ion exchange membranes (supplied by ASTOM Corp.) have a square 

https://www.sciencedirect.com/topics/chemistry/electrodialysis
https://www.sciencedirect.com/topics/chemistry/anode
https://www.sciencedirect.com/topics/chemistry/cathode
https://www.sciencedirect.com/topics/chemistry/ion-exchange-membrane
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geometry of 11 × 11 cm and a thickness of 0.17 mm for cationic and 0.14 mm for 

anionic. The cell was equipped with 3 cell pairs which equals to 3 anionic and 4 

cationic membranes. 

 

Figure 4.7 Electrodialysis cell (A) and setup (B). 

 At the beginning of the experiment, all the tanks were filled with the working 

solution. The wastewater contained in the dilute and concentrated tanks is then 

circulated at a fixed flow of 30 dm3 h-1 by means of centrifugal pumps, whereas 

anode/cathode rising solutions are pumped at 100 dm3 h-1. Once the power supply is 

switched on, the conductivity of the dilute decreases and, on the contrary, the 

conductivity in the concentrated increases. The variation in conductivity of the 

solution, the main operational parameter, is then monitored in-situ by means of a net 
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of conductivimeters inserted into the tanks. Temperature is controlled by supplying a 

thermostatic water solution to the cooling-jacket tanks. 

4.3.4 Vacuum evaporation 

 The vacuum evaporation experiments were conducted in a setup as the one 

shown in Figure 4.8. It consists in a discontinuous bench-scale plant made of 

borosilicate glass with a maximum capacity of 0.5 dm3. 

 

Figure 4.8 Scheme of the vacuum distillation setup. 

               The boiler is initially filled with 0.4 dm3 of wastewater together with a 

porous-plate to facilitate the bubbling and avoid over-heating of the solution. Then, 

the vacuum is connected to a vacuum pump, the heater and the refrigerant 

recirculation are switched on. Once achieved the boiling point, the temperature 

remains constant and the vapor is cooled in the condenser to obtain again a liquid 

phase which discharges by gravity in the deposit.  

i) Calculation of distillation fractions 

          During vacuum distillation experiments, four samples of each experiment were 

obtained. Three fractions correspond to distillate (D1, D2 and D3) and one to the 
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residue (R). The global distillate is calculated as the sum of the three fractions (D1, D2 

and D3).   

               On its part, the reduction in conductivity is calculated as the fraction of 

conductivity reduced in the distillate with respect to the initial sample.  

4.3.5 Electro-oxidation with commercial cells 

 Electro-oxidation tests were conducted in a bench-scale experimental setup 

whose diagram is shown in Figure 4.9 A. The electrochemical flow-by undivided cell 

(Figure 4.9 B) was a commercial Diacell® 101 (WaterDiam, Switzerland) equipped 

with a boron-doped diamond as the anode and a stainless steel AISI 304 plate as the 

cathode, both of them with an active superficial area of 78 cm2.  

 

Figure 4.9 Experimental setup for electro-oxidation with a commercial cell. A) diagram of the 

setup, B) electrochemical cell. 
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The experimental procedure is simple. At the beginning of the experiment, the 

reservoir tank is filled with 0.4 dm3 of wastewater. Once the setup is filled, the pump 

and the power supply are switched on and the electrolysis commences. The 

wastewater enters at the bottom and leaves at the top of the cell. The electrodes are 

arranged opposite and in parallel, allowing the wastewater to flow between them, as 

shown in Figure 4.9 B. 

4.3.6 Divided cell with a gas diffusion electrode  

The first experiments to produce H2O2 were carried out in a divided parallel-

plate flow-by cell with a gas diffusion cathode with an active area of 5 x 4 cm2. It 

consists of two separated hydraulic circuits, one for the anolyte and the other for the 

catholyte, as schematically shown in Figure 4.10 A. 

The cathode materials were the carbon cloths or carbon felts described 

previously. On its part, the anode was a flat IrO2-coated titanium supplied by Tianode 

(India) with an active area of 5 x 4 cm2. Cathodic and anodic compartments were 

separated by means of a cation exchange membrane (Nafion117®). The 

electrochemical cell is connected to a Delta Elektronika ES-030-5 DC power supply. 

The electrolyte solution is recirculated by two peristaltic pumps JP Selecta Percom N-

M whereas air is supplied by a JP Selecta Vacuum-Sel (Barcelona, Spain). The air is 

introduced bottom-up in the air chamber (number 3 in Figure 4.10 B). The flow is 

forced to pass through the gas diffusion electrode by installing and adjusting a back-

pressure valve in the outlet connection of the air chamber.  
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Figure 4.10 A) Experimental setup used in this work, B) Electrochemical cell. 1) Support 

plates, 2) Gaskets, 3) Air chamber, 4) Porous cathode, 5) Titanium current collector, 6) 

Cathodic chamber, 7) Cationic membrane, 8) Anodic chamber, 9) Counter electrode. 

 The first step is switching on the air pump to avoid the flooding of the 

cathodic chamber. Next, both circuits are filled with electrolyte (0.4 dm3 each). Once 

the liquid pump and the power supply are connected, the electrolyses starts. The 

samples are collected from the tank to monitor the evolution of different parameters 

with time.  

4.3.7 Pressurized electrochemical cell  

Electrolyses under pressure were performed in an undivided high-pressure 

AISI 316 stainless steel cell with a coaxial cylindrical geometry (Figure 4.11). A 
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borosilicate-glass beaker was placed inside the stainless steel body to confine the 

electrolyte (initial volume 0.05 dm3). The electrodes were submerged in the electrolyte 

inside the beaker with an inter-electrode gap of 2.5 cm and a stirring bar at 400 rpm. 

The anode was a IrO2Ta2O5/Ti with a total front wet area of 1.8 cm2 whereas the 

cathode was either compact graphite, unmodified or modified carbon felt all of them 

with a total wet geometrical area of 5 cm2. The not immersed surface of carbon felt 

was about 6.25 cm2. The high-pressure vessel was fitted with a thermocouple and a 

pressure gauge. The electrolyses were performed with amperostatic control (Amel 

2053 potentiostat/galvanostat) at room temperature. 

 
Figure 4.11 Experimental reactor used for the electro-generation of H2O2 under pressure. A) 

real setup, B) schematic representation, 1) sampling tube, 2) air inlet, 3) cathode, 4) dip tube, 

5) anode.  

 The beaker was filled with electrolyte and put inside the vessel. After that, the 

cap was thoroughly screwed. By means of connection 2 (Figure 4.11.B), pressurized 

air is introduced inside the reactor to achieve the desired experimental conditions. The 

stirred and the power supply are switched on and the electrolyses starts. The liquid is 

sampled by opening a valve placed in the dip tube (1 in Figure 4.11 B). Prior to the 

collection, 0.5 mL were purged to avoid the influence of the dead volume inside the 

dip tube. 



Materials, methodology and experimental procedures 

 

69 
 
 

4.3.8 Jet cell  

A picture of the experimental setup is shown in Figure 4.12 A. The core of the 

system is the electrochemical cell. An IrO2-coated titanium plate electrode with 50 

cm2 of active area is used as the anode and a carbon felt with an active area of 50 cm2 

and a geometric active volume of 20 cm3 (0.4 cm thickness) is used as the cathode. A 

plastic mesh is placed between the electrodes to enhance the structural resistance of 

the carbon felt and avoid the contact between the electrodes. The current is fed by 

means of titanium and steel plates acting as current collector in the case of the cathode 

and the anode, respectively. These current collectors are not in contact with the 

electrolyte. As can be seen in Figure 4.12 B, the electrolyte first flows through the 

cathode, then impact to the anode and leaves the cell back to the tank. 

The installation was operated under discontinuous mode. The electrolyte is 

stored in the tank and pumped at a fixed flow rate of 64 dm3 h-1 to the jet aerator. It is 

equipped with a check valve to avoid the liquid flow to exit via the air inlet. In the jet 

aerator, the air enters into the system due to a pressure difference between the throat 

and the atmosphere. A flow-meter connected to the suction point of the jet aerator 

enables the measurement of the air-flow. The bi-phasic electrolyte-air mixture is fed to 

the electrochemical cell in which the electrolyses takes places and samples are 

collected directly from the tank for analytical purposes.  
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Figure 4.12 Experimental setup. A) Compete view, B) diagram of the electrochemical cell, 1) 

Funnel-like piece, 2) Support plate, 3) Rubber gasket, 4) CF electrode, 5) Titanium current 

feeder, 6) Plastic supporting mesh, 7) Methacrylate spacer, 8) IrO2-based anode. 

4.3.9 Jet-aerated microfluidic flow-through  

A photography of the experimental setup is shown in Figure 4.13 A. The 

electrochemical cell is a home-made filter press fabricated in optically-transparent and 

chemically-resistant polycarbonate plates. The inter-electrode spacer was a plastic film 

(300 μm) and current collectors were fabricated using aluminium thin foils (50 μm 

each), producing 400 μm of inter-electrode gap. The current collectors are in contact 

with the electrodes but are not in the path of the fluid, as shown in Figure 4.13 C. The 

cross section of the fluid is 33 cm2. In this cell, mesh electrodes (MMO or BDD) were 

used as the anode and foams (RVC or Al) were used as the cathodes. In this cell, the 

bi-phasic mixture flows through both electrodes, as can be seen in Figure 4.13 C, and 

leaves the cell at the top. The operational procedure is identical to the one described in 

the previous setup (Section 4.3.8). 
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Figure 4.13 Photography and scheme of the of the jet-aerated microfluidic flow-through setup. 

A) Real setup, B) diagram of the installation, C) Microfluidic flow-through cell. 

4.3.10 Pressurized-jet microfluidic flow-through  

Figure 4.14 shows a picture of the pressurized-jet microfluidic flow-through 

setup. The cell is a microfluidic flow-through as described previously but accordingly 

modified to withstand higher pressures and ensure the sealing to avoid gas/electrolyte 

leakage. It consists in two symmetric pieces held together by compression (Figure 

4.14 B). Each piece holds one electrode which are separated by means of a solid PTFE 

plastic film (thickness 100 µm). Thin aluminum foils (≈ 25 µm) are attached at both 

sides of the PTFE film and are in contact with the electrodes (but no with the 

electrolyte) acting as current feeders, creating an inter-electrode gap of about 150 µm.  

Pipelining, tank, cell and jet (Figure 4.14 D) were fabricated in cheap plastic 

materials: polyvinyl chloride (PVC) and polyamide (Tecalan®). A transparent pipe 
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made up of crystal PVC (Figure 4.14 C) is placed right before the inlet of the 

electrochemical cell to observe the bubble pattern. The electrolyte is recirculated by a 

Micropump® GB – P25 J F5 S A head coupled to a DB 380 A 24 V motor with speed 

control 0-5V DC supplied by Techma GPM s.l.r. (Milan, Italy).  

 

Figure 4.14 Experimental setup. A) Overview, B) Microfluidic-flow through cell, C) 

Peephole, D) Jet aerator. 

At the beginning of the experiment, the tank (left side in Figure 4.14) is filled 

with the electrolyte solution (2.25 dm3) and pressurized up to the desired value by 

means of a connection to pressurized air and the manometer placed at the top of the 

tank. It is important to note that the upper part of the tank must not contain water 

liquid to allow the air suction from the jet. As in previous setups, the pump moves the 

fluid through the jet aerator in whose throat the pressure drop act as the driving force 

for suctioning air into the pipeline. Bubbles are visible to the naked eye right before 
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the entry of the cell. The bi-phasic mixture is fed to the cell and passes first through 

the anode (MMO mesh) and then through the cathode (CB/PTFE cathode). The 

samples are taken thanks to a valve placed at the bottom of the reactor. A purge 

volume of 5 mL was rejected prior to the extraction of the actual sample. 

i) Heterogeneous Electro-Fenton 

This setup was further modified to perform the treatment of aqueous wastes by 

means of a heterogeneous Electro-Fenton process. In this case, the MMO mesh anode 

was substituted by a BDD mesh and a bed of iron particles was placed at the outlet of 

the cell, as shown in Figure 4.15. In addition, the electrical connection was made by 

sewing a platinum wire along the electrodes to avoid corrosion of the aluminium foils. 

  

Figure 4.15 Detail of the bed of particles. 
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4.4 Analytical techniques 

4.4.1 pH and conductivity 

The pH was measured using a GLP22 pH meter and the conductivity using a 

GLP31, both of them supplied by Crison Instruments (Alella, Barcelona). 

4.4.2 Total organic carbon 

The Total Organic Carbon (TOC) concentration was measured using a Multi 

N/C 3100 Analytik Jena analyser. The measurement is obtained via calcination the 

liquid sample with a stream of pure oxygen at a temperature of 680 ºC in a furnace 

containing platinum supported on alumina. The carbon dioxide generated in the 

oxidation of the carbonaceous compounds is measured via infrared spectroscopy and 

related to the total organic carbon of the sample. 

4.4.3 Hydrogen peroxide 

The hydrogen peroxide concentration was measured by the potassium titanium 

(IV) oxalate method according to the standard DIN 38 409, part 15, DEV-18. It is 

based on a spectrophotometric determination of the absorbance of the solution 

containing the hydrogen peroxide after the addition of titanium (IV). The last 

compound forms yellow coordination complexes with the peroxo group and, thus, the 

concentration is related to the absorbance (color) of the sample at a wavelength of 

approximately 410 nm.  

i) Permanganometry 

The calibration is carried out by determining the real concentration of H2O2 

that corresponds to a certain absorbance via permanganometry. It consists in oxidizing 

the H2O2 of the sample, according to the following reaction (Eq. 4.1): 

𝐾𝑀𝑛𝑂4 + 3𝐻2𝑆𝑂4 + 5𝐻2𝑂2 → 𝐾2𝑆𝑂4 + 2𝑀𝑛𝑆𝑂4 + 8𝐻2𝑂 + 5𝑂2  (4.1)                  

The concentration of permanganate acting as titrant was previously 

standardized with sodium oxalate as primary standard according to the stoichiometry 

shown in Eq 4.2: 
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2𝑀𝑛𝑂4
− + 5𝐻2𝐶2𝑂4 + 6𝐻+ → 2𝑀𝑛2+ + 10𝐶𝑂2(𝑔) + 8𝐻2𝑂                             (4.2)         

Potassium permanganate has distinguished characteristics such as its high 

oxidizing power (Eº = 1.51 V vs. SHE) and intense color. It gives the solution a 

readily visible pale pink color indicating in this manner the equivalence point and, 

thus, the end of the titration. Each permanganometry was repeated 3 times so the final 

volumes required to reach the equivalence point were within the interval ± 0.1 mL.  

Once standarized the permanganate solution, samples with different 

concentration of H2O2 were prepared by dilution of a mother solution. The same 

sample was both titrated with the permanganate solution and its absorbance measured 

in an Agilent 300 Cary series UV-Vis spectrophotometer at 407 mm. For 

measurement purposes, 0.5 mL of sample was diluted in 4.5 mL and, finally, 0.5 mL 

of titanium solution were added. Figure 4.16 shows the experimental calibration curve. 

 

Figure 4.16. Calibration curve for the determination of concentration of H2O2. 

4.4.4 Chemical oxygen demand 

 The water sample is oxidized with a hot sulfuric solution of potassium 

dichromate, with silver sulfate as the catalyst, producing green Cr3+ ions, according to 

Eq. 4.3, that are then determined photometrically: 
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𝐶𝑟2𝑂7
2− +  14𝐻+ + 6𝑒− ↔ 2𝐶𝑟3+ + 7𝐻2𝑂                                                              (4.3) 

 Particularly, commercial kits of different COD ranges (Reference HC420871, 

recommended for samples between 500 - 10,000 mg O2 dm-3 and Reference 

HC550862, recommended for samples between 5,000 to 90,000 mg O2 dm-3) supplied 

by Merck (Darmstadt, Germany) were used. Chloride is masked in those tests with 

mercury sulphate up to 5,000 and 50,000 mg Cl- dm-3, respectively.  

 The analytical procedure consists in taking a given quantity of the sample and 

add it to the test tube, followed by a digestion step for 2 h at 148 ºC. Once the samples 

are at room temperature, the COD is measured by means of a Spectroquant Pharo 100 

also supplied by Merck KGaA. The methodology employed corresponds to DIN ISO 

15705 and is analogous to EPA 410.4, APHA 5220 D and ASTM D1252-06 B. 

i) Interference of hydrogen peroxide in COD measurement 

The oxidation potential of hydrogen peroxide, one of the reagents used in the 

Fenton oxidation, is significantly inferior to dichromate in acid medium, the oxidant 

used for the determination of COD by using the aforementioned methodology [105]. 

In consequence, if H2O2 is not totally consumed in Fenton reaction, it interferes in the 

measurement of COD (Eq. 4.4) [105]: 

𝐾2𝐶𝑟2𝑂7 + 𝐻2𝑂2 + 4𝐻2𝑆𝑂4 → 𝐾2𝑆𝑂4 + 𝐶𝑟2(𝑆𝑂4)3 + 7𝐻2𝑂 + 3𝑂2                     (4.4) 

According to the reaction shown in Equation 4.4, 1,000 mg H2O2 dm-3 have a 

theoretical COD value of 470.6 mg O2 dm-3, thus the ratio of hydrogen peroxide/COD 

is 0.4706. In a previous work [79], a close of 0.4449 was obtained experimentally 

within the interval 0-10,000 mg H2O2 dm-3. Considering this fact, the interference of 

hydrogen peroxide is deducted as in Eq. 4.5: 

𝐶𝑂𝐷𝑜𝑟𝑔𝑎𝑛𝑖𝑐𝑠 = 𝐶𝑂𝐷𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 0.4449 · [𝐻2𝑂2]                                                    (4.5) 
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Where CODorganics is the value of COD corresponding to the presence of 

organics (mg O2 dm-3), CODmeasured is the value obtained in the test in mg O2 dm-3 and 

[H2O2] is the concentration of H2O2 in mg dm-3. 

4.4.5 Organic compounds 

Organic compounds were identified and measured by means of the following 

techniques: 

i) High performance liquid chromatography  

Clopyralid and intermediates were measured by high-pressure liquid 

chromatography (HPLC) using an Agilent 1200 series coupled to a DAD detector and 

Zorbax Eclipse Plus C18 analytical column. The mobile phase consisted of 30% 

methanol 70% water with 0.1% of formic acid (flow rate 1 cm3 min-1). The DAD 

detection wavelength was 280 nm, the temperature was maintained 25ºC and the 

injection volume was 20 μl. The retention time of each compound is shown in Table 

4.2. Under these conditions, the retention time of clopyralid is 2.7 minutes. 

Table 4.2 Retention time of different compounds in the Agilent 1200 chromatograph coupled 

to Zorbax Eclipse Plus C18 column under the aforementioned conditions. 

Compound Retention time / min 

Picolinic acid 1.1 

Oxalic acid 1.5 

3-chloropicolinic acid 1.8 

Clopyralid 2.7 

6-chloropicolinic acid 3.6 

 

Concentration of maleic acid and main by-products such as carboxylic acids 

were evaluated by HPLC using an Agilent 1260 fitted with a Rezex ROA-Organic 

Acid column (Phenomenex) at 55 C° and coupled with a UV detector working at 210 
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nm. A water solution 0.005 N of H2SO4, was eluted at 0.5 mL min−1 as the mobile 

phase. Calibration curves were obtained by using the pure standards of the related 

carboxylic acid and identified by comparison of retention time. The retention time of 

each compound is shown in Table 4.3. 

Table 4.3 Retention time of different compounds in the Agilent 1260 chromatograph with the 

Rezex ROA column under the aforementioned conditions. 

Compound Retention time / min 

Oxalic acid 9.5 

Maleic acid 11 

Malonic acid 13 

Formic acid 18  

 

ii) Absorbance 

The removal of Acid Orange 7 was monitored from the decay of the 

absorbance at λ = 482 nm, according to the calibration curve shown in Figure 4.17. 

 

Figure 4.17 Calibration curve for the measurement of AO7 concentration. 
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4.4.6 Inorganic compounds 

The following techniques were used to determine the concentration of 

inorganic compounds. 

i) Ion chromatography 

In this work, an ion chromatograph Metrohm 930 IC Flex (Figure 4.18) was 

used to measure the concentration of such species as chloride, chlorate, perchlorate, 

sulphate, sodium, potassium or calcium. It consists of two blocks, anionic and 

cationic, each of which with a conductivity detector and a special column. The anionic 

part is equipped with a column Metrosep A supp 7 – 250/4.0 whereas the cationic one 

has a Metrosep C 6 – 250/4.0. 

The working pressure depends on the type of column and the mobile phase 

employed. In order to conduct the analysis, 20 µl of sample are automatically 

introduced at a flow rate of 0.8 mL min-1 (anionic block) or 0.9 mL min-1 (cationic 

block). The mobile phase for the determination of anions is an aqueous solution 

containing 3.6 mM Na2CO3 + 15% acetone. For the determination of cations, the 

solution employed contains 1.7 mM HNO3 + 1.7 mM 2,6 – Pyridinedicarboxylic acid. 

 

Figure 4.18 Ion chromatograph. 

https://www.linguee.es/ingles-espanol/traduccion/chromatograph.html
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 Table 4.4 shows the retention time of some inorganic substances applying the 

method described previously. 

Table 4.4 Retention time of some anions and cations. 

Compound Retention time / min 

Chloride 7.5 

Chlorate 10.9 

Nitrate 11.2 

Sulfate 20.8 

Perchlorate  40.0 

Sodium 11.4 

Ammonium  13.0 

 

ii) Inductively coupled plasma atomic emission spectroscopy (ICP-

AES) 

This technique uses an inductively coupled plasma (using Ar at approximately 

10,000 K in this case) to excite metallic ions that emit electromagnetic radiation which 

is characteristic of the element. Given that the intensity of the emission is proportional 

to the presence of the particular element, this technique also allows to determine the 

concentration of the species. In this work, it is employed to measure the concentration 

of Fe and Al in aqueous solutions.  The equipment is a Varian Liberty RL sequential 

ICP-AES for multi-element analysis, as shown in Figure 4.19: 
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Figure 4.19 Inductively coupled plasma atomic emission spectroscopy. 

4.4.7 Electro-analytical techniques 

Linear sweep voltammetries (LSV) were used to the compare the increasing in 

current circulated under the same applied cell voltage (between 0 – 10V) at a scan rate 

of 0.05 V/s using a Potentiostat-Galvanostat Autolab 302N controlled with NOVA 2.1 

software. 

Electrochemical impedance spectroscopy (EIS) was used to measure the 

electrical ohmic resistance (Rohm) using a sinusoidal perturbation with an amplitude of 

0.01 VRMS – between 1·105 and 0.01 Hz, using the Potentiostat-Galvanostat 

mentioned before. 

4.4.8 Characterization of electrode surfaces 

The images of the surface were obtained by means of a Scanning Electron 

Microscope (SEM) FEI model QUANTA 250 working under low vacuum with a 

detector of secondary electron (LFD) or a backscattered electron detector (BSED) as 

indicated in each caption. The Energy Dispersive Analysis X-Ray (EDAX) analyses 
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were performed with an Apollo X (Ametek, U.S.A.) coupled to the previous SEM 

system. The external area of the mesh electrode was calculated using a Rexcon DS3 

silver 3D scanner equipped with EZScan 8 and the Geomagic Wrap 2015 software. 

4.5 Calculus 

4.5.1 Specific energy consumption for hydrogen peroxide 

 The specific energy consumption (kWh kg H2O2
-1) for hydrogen peroxide is 

calculated as follows (Eq. 4.6):  

𝐸𝐶 =  
𝐼·𝐸𝑐𝑒𝑙𝑙·𝑡

𝐶𝐻2𝑂2
·𝑉

                                                                                                                                

(4.6)                                                                                               

Where I is the current intensity (A), Ecell is the cell voltage (V), t is the 

electrolysis time (h), 𝐶𝐻2𝑂2
 is the concentration of H2O2 in the bulk (g dm-3) and V is 

the solution volume (dm3). 

4.5.2 Current efficiency for hydrogen peroxide 

The current efficiency (CE) under galvanostatic conditions was calculated as 

the fraction of the applied charge employed in the generation hydrogen peroxide 

divided by the total applied charge, according to Equation 4.7 [106].  

𝐶𝐸 =  
𝑛𝐹𝐶𝐻2𝑂2 ·𝑉

𝐼·𝑡
                                                                                                         (4.7) 

Where n represents the stoichiometric number of electrons transferred in 

reaction (2), F is the Faraday constant (96 487 C mol-1), 𝐶𝐻2𝑂2
is the concentration of 

accumulated of H2O2 (M) in the bulk, V is the reactor volume (dm3), I is the current 

intensity (A) and t is the electrolysis time (s). 

4.5.3 Specific energy consumption for hydrogen peroxide production 

Specific energy consumption was calculated according to Eq. 4.8: 

𝐸𝐶 =  
𝐸𝑐𝑒𝑙𝑙·𝐼·𝑡

[𝐻2𝑂2]·𝑉
                                                                                                          (4.8) 
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Where Ecell is the average cell voltage (V), I is the intensity (A), t is the 

experimental time in h, [H2O2] is the concentration of H2O2 in g dm-3 and V is the 

electrolyte volume (dm3). 

4.5.3 Aeration capacity estimation  

The total oxygen mass flow (𝑚𝑂2,𝑡𝑜𝑡𝑎𝑙) is calculated as the sum of oxygen 

dissolved in water (𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑) plus the oxygen in the gas phase (𝑚𝑂2,𝑗𝑒𝑡). 

𝑚𝑂2,𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑 + 𝑚𝑂2,𝑗𝑒𝑡                                                                               (4.9) 

𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑 = 𝑄𝑙𝑖𝑞𝑢𝑖𝑑 · [𝑂2]                                                                                      (4.10) 

𝑚𝑂2,𝑗𝑒𝑡 = 𝑄𝑔𝑎𝑠 · 𝜌 · % (𝑂2, 𝑎𝑖𝑟)                                                                             (4.11) 

Where Qliquid is the flow measured in the liquid rotameter (dm3 h-1), [O2] is the 

equilibrium concentration at each pressure (g O2 dm-3) and 25 ºC estimated by Henry’s 

law [106], Qgas is the flow measured in the gas rotameter (dm3 h-1), 𝜌 is the density of 

air under calibration conditions (1,29 g dm-3) and % (O2, air) is the percentage of 

oxygen in air (21%). 

4.5.4 Mass-transfer coefficient 

The value of the global mass-transport coefficient (km, m s-1) was evaluated by 

means of the limiting-current technique using hexacyanoferrate (II)/(III) as redox pair 

according to a procedure described previously [103]. When the kinetics reaction 

control shifts from charge-transport to mass-transfer, km can be readily calculated 

according to Equation 4.12: 

𝑘𝑚 =
𝐼𝑙𝑖𝑚

𝑛·𝐹·𝐴·𝐶𝐵
                                                                                                        (4.12) 

Where Ilim es the limiting current intensity in amperes (obtained from the 

plateau of the I-V plot), n is the number of electrons exchanged in the reaction, F is 

the Faraday constant (C mol-1), A is the electrode area (m2) and Cb (kmol m-3) is the 

concentration in the bulk. 
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4.5.5 COD abatement efficiency  

COD abatement efficiency in Fenton experiments is calculated according to 

Equation 4.13: 

𝐶𝑂𝐷𝑎𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   (%) =  
(

(𝐶𝑂𝐷0·𝑉0−𝐶𝑂𝐷𝑓𝑉𝑓)

𝐶𝑂𝐷0·𝑉0
·100)

(
𝑉𝐻2𝑂2,𝑆

𝑉𝐻2𝑂2,𝑇
)

                                         (4.13) 

Where COD abatement efficiency (%) is the percentage of hydrogen peroxide 

effectively used to reduce COD, COD0 (mg O2 dm-3) is the COD value at the 

beginning of the experiment, CODf  (mg O2 dm-3) is the COD value at the end of the 

experiment V0 (mL) is the initial volume of the sample, CODf  (kg O2 m
-3) is the COD 

value measured at the end of the experiment, Vf (mL) is the final volume considering 

addition of acid and base, coagulant and hydrogen peroxide volumes added to the 

initial. VH2O2,S (mL) is the volume of hydrogen peroxide added and VH2O2,T is the 

theoretical volume of hydrogen peroxide to completely oxidize the organic matter. 

COD abatement efficiency in Conductive diamond electro-oxidation 

experiments is calculated according to Equation 4.14: 

𝐶𝑂𝐷𝑎𝑏𝑎𝑡𝑒𝑚𝑒𝑛𝑡 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦   (%) =
(𝐶𝑂𝐷0−𝐶𝑂𝐷𝑓)·𝐹·𝑉

8·𝐼·𝑡
· 100                                        (4.14) 

Where COD abatement efficiency (%) is the percentage of the current 

effectively used to reduce COD, COD0 (kg O2 m
-3) is the COD value at the beginning 

of the experiment, CODf  (kg O2/m
3) is the COD value at the end of the experiment, F 

(C/mol) is the Faraday constant (96,485),  V (dm3) is the sampling volume, I (A) is the 

applied current, t (s) is the experimental time and 8 is a dimensional factor for unit 

consistence (32 g-O2 mol-1-O2/4 mol-e mol-1-O2), according to the reaction below (Eq. 

4.15): 

𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂                                                                                              (4.15) 

4.5.6 Oxygen-equivalent chemical-oxidation capacity  

 This parameter is calculated in Fenton experiments as shown in Equation 4.16. 
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𝑂𝐶𝐶 = 0.471 · [𝐻2𝑂2]                                                                                           (4.16) 

 Where OCC is the oxygen-equivalent chemical-oxidation capacity (kg O2 m
-3) 

and [H2O2] is the initial concentration of hydrogen peroxide in kg m-3. 

OCC parameter is calculated in CDEO experiments as shown in Equation 

4.17. 

𝑂𝐶𝐶 =  0.298 · 𝑄𝑡                                                                                                  (4.17) 

 Where OCC is the oxygen-equivalent chemical-oxidation capacity (kg O2 m
-3) 

and Qt is the total applied electric charge in kAh m-3.  
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5.1 Introduction 

In the last decades, the increase of the population and the industrialization 

have led to a situation in which the future supply of natural resources is at risk. In the 

particular case of water, its scarcity is one of the main problems that societies are due 

to face during the present century [67, 107]. In this context, the industrial sector play 

an important role as a major consumer. In the case of Europe, in average, 45% of the 

water is used for industry, whereas 41% for agriculture and 14% for domestic needs 

[108]. Hence, the duty of industries is to make a responsible use of this resource. In 

fact, they are not only morally but also legally obliged to comply with an ever-

increasing regulatory framework [6, 51, 109].  

Industry is a wide denomination that comprises the activities involved in 

the process of transforming raw materials into goods for sale. In particular, industrial 

processes can be classified into continuous, batch or semi-batch as a function of time 

[110]. The typical mode of operation of continuous process is stationary and the 

variables that govern the process are independent of time. However, other industries 

are normally operated in batch. It can be defined as the one in which a finite quantity 

of product is made during a period of time ranging from a few hours to days [7]. 

Typically, raw materials are fed into a vessel followed by a series of unit operations 

(mixing, heating, reaction, distillation, etc.) taking place at discrete scheduled 

intervals. Then, the desired product is obtained together with different by-products 

and/or wastes. Finally, the equipment is cleaned and the cycle is repeated.  

This mode of production is widely applied in a number of industries, for 

example in the production of specialty chemicals, cosmetics, pesticides, paints, 

polymers, food products or pharmaceuticals [6, 8-10, 111]. The main advantage of 

batch processes is flexibility, given that the production can be adapted to comply with 

different product specifications or to process raw materials of a different nature [7, 11, 

12]. It is probably the correct choice for the production of relatively small quantities 

(< 5,000 tonnes per year, approximately) of different products using a variety of feed 

https://dictionary.cambridge.org/es/diccionario/ingles/activity
https://dictionary.cambridge.org/es/diccionario/ingles/involved
https://dictionary.cambridge.org/es/diccionario/ingles/process
https://dictionary.cambridge.org/es/diccionario/ingles/produce
https://dictionary.cambridge.org/es/diccionario/ingles/good
https://dictionary.cambridge.org/es/diccionario/ingles/sale
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materials [8, 13]. Indeed, the production of up to 100 different products in the same 

facility working under batch has been reported [14]. 

Unfortunately, with this diversity of feed materials, processes and products 

comes a similarly diverse set of wastes. This hinders its adequate management due to 

the changing nature of the residues with time. In the particular case of wastewater, the 

situation in the industry is far more complex than in the case of domestic effluents. 

The occurrence of a wide range of toxic and poorly biodegradable organic and 

inorganic substances difficult the selection and operation of methodologies to keep 

pollution under control. The situation is even more complicated when production 

schedule of the plant also varies with time. Those circumstances pose a problem for 

environmental managers that are often forced to deal with an overwhelming diversity 

of ever-changing aqueous effluents. 

In this Chapter, the intention is to offer a general view about wastewaters 

management in multipurpose manufacturing plants working under batch using a 

pharmaceutical plant as case of study. 

5.2 Objectives and experimental planification 

As mentioned previously in Chapter 3, the present PhD has been carried out in 

parallel with a research project to optimize the wastewater management of a 

pharmaceutical company located in our region (Castilla-La Mancha). The objective of 

the PhD is to go a step further and use the experience gained during the 

aforementioned project to stablish some general guidelines to manage the wastewater 

in any given batch industry. 

Therefore, in this chapter the intention is to provide an overview of the 

particularities of wastewater management in that type of industries. To do this, the 

difficulties and solutions found during the execution of the project are generalized to 

be of a wider use. During the planification of this project, a number of milestones 

were set as described below:  



Wastewater management in batch industries: a pharmaceutical plant case of study 
 

91 
 
 

 Preliminary analysis and collection data: The first stage of this work 

consisted in looking at the big picture and gain real insight into the 

day-to-day operation of the plant. 

 Wastewater characterization: including an extensive sampling period 

to analyse any generation of wastewater in the plant and its 

characteristics in terms of quantity and pollution load. 

 Discussion of management alternatives: to minimize the economic 

cost and the environmental impact of the wastewater generated.  

 Experimental assessment of technologies: to validate or test the ideas 

experimentally, estimate costs and identify operational problems. 

 Management planning tool: with the ultimate goal of making the 

information manageable and assist in a flexible and easy manner to 

the management of the wastewater. 

The project started in September 2013. The first, and compulsory step at the 

beginning of any project [112], is gathering the information from previous projects. 

This step also included an internship of approximately one month in the plant to 

experience in first person how the operations related to the environmental 

management in the plant are carried out.  

The next step consisted in an ambitious plan in which every wastewater from 

all the production processes (and most from auxiliary services) was sampled. It lasted 

for more than one year and about 150 samples from different processes were collected. 

This period also included the analysis of the physicochemical characteristics. 

Once the characterization was accomplished, it was possible to begin the 

brainstorming and discussion about what can be done to improve the management. 

One of the most important work lines consisted in the assessment of the potentiality of 

different end-of-pipe technologies. This activity comprised the largest body of 

experimental work of the present Chapter. It included the evaluation of 7 different 
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technologies in a wide selection of effluents and was conducted contemporaneously 

with the sampling plan. 

The last objective was the synthesis of the information gathered and the data 

obtained during previous and the present project in an informatic tool.  The objective 

is no other than convert bunches of scattered data into a useful source of information.  

5.3 Preliminary analysis of the plant 

For general information, it can be disclosed that this industry is located in the 

center of Spain and its activity focuses on the production of intermediates and active 

pharmaceutical ingredients via organic-synthesis routes. The production varies 

according to the needs of the market, which directly affects the characteristics of the 

liquid wastes and therefore complicates their management. A project was signed 

between the company and this research group in 2009 with the aim of optimizing the 

management of the wastewater. Figure 5.1 schematically shows the general 

wastewater management strategy in the plant in 2009. 

 

Figure 5.1 General scheme of wastewater management in the plant in 2009. 

In short, the wastewater with high concentration of solvents or significant 

amounts of chlorinated compounds were segregated and sent to a waste manager. A 
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complete set of the solvent used in the plant can be found in Table A.1 Section 5.9 - 

Appendix. The rest of wastewater was mixed in a tank and treated in a wet peroxide 

oxidation (WPO®) reactor. As mentioned in the introduction, this process is a 

modification of the Fenton process (H2O2/Fe2+) which operates at a temperature (105-

130 ºC) and pressure (1.5 - 4 bar) higher than room conditions [76].  It is listed as one 

of the best available techniques in the reference document (BREF) for the treatment of 

wastewater containing recalcitrant and toxic compounds in organic fine chemicals 

plants [77].  

After the treatment on site in the WPO®, the wastewater was discharged into 

the sewage, mixed with other industrial and domestic effluents and treated in the 

municipal WWTP. The discharge limits to the sewage for the PMP are based on sum 

parameters such as COD, conductivity and pH. Other parameters, such as 

concentration of suspended solids or heavy metals (Fe, Cu) are also restricted, as 

shown in Table 5.1. 

Table 5.1 Discharge limits. 

Parameter / units Maximum 

COD / mg O2 dm-3 2000 

DBO5 / mg O2 dm-3 800 

Conductivity / mS cm-1 20 

pH 6-9 

Toxicity / equitox m-3 30 

Oils and greases / mg dm-3 50 

Suspended solids / mg dm-3 600 

Cu2+ / mg dm-3 3 

Zn2+ / mg dm-3 5 
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In this first project, it was observed that there was a single effluent that 

represented an important contribution. Therefore, it was subject of a thorough 

investigation. The following paragraphs describe how the management of this effluent 

was optimized. Although this work was not carried out in the framework of this PhD, 

it stands as a perfect example of how a problem can turn into an opportunity via an 

adequate management. 

In a preliminary analysis, it was concluded that this effluent (encoded as 

TAP5) was particularly important (11 m3 per batch) and, therefore, it deserved a 

detailed analysis and evaluation of management alternatives. In particular, this effluent 

is the mother liquor obtained after a centrifugation step and showed the characteristics 

listed in Table 5.2. 

Table 5.2 Composition of TAP5. 

Effluent 
COD / mg O2 

dm
-3

 

Conductivity 

/ mS cm
-1

 
pH [Cl

-
] / g dm

-3
 

TAP5 50,000 150.0 2.01 60.1 

 

Further analysis concluded that most of the organic COD was the consequence 

of the presence of ethanol, the solvent used in the process. Thus, TAP5 can be 

considered as an aqueous solution of ethanol and potassium chloride. After a 

comprehensive study which included brainstorming, laboratory, plant pilot 

experiments as well as economic and legal assessment, a treatment consisting of a 

rectification, evaporation and crystallization was selected. Figure 5.2 shows a scheme 

of the treatment implemented. 
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Figure 5.2 Mass balance for the individualized treatment for TAP5. 

In the overall process, a minimum quantity of residues is produced from purge 

to prevent trace compounds accumulation and allows the recovery of 2% as ethanol, 

90% as water and 8% as KCl (mass units). Up to now, this individualized treatment 

has been operated for several years with great technical, economic and environmental 

benefits.  

Considering the costs of the raw materials re-used, by-products sold to third 

companies and savings in waste treatment, the initial investment was recovered after 

only one year. In this way, a problem is transformed into a business opportunity. After 

this optimization, the product is manufactured with a generation of less than 0.1 kg 

waste / kg product, well below the typical range of variation of this parameter in the 

pharmaceutical industry.  

Therefore, the wastewater management scheme of the plant after the project 

initiated in 2013, including the new individualized treatment for TAP5, is shown in 

Figure 5.3.  



Chapter 5 
 

96 
 

 

Figure 5.3 General scheme of the wastewater management in the plant under study at the 

beginning of the present project in 2013. 

 Therefore, the wastewater management scheme of the plant after this first 

project, and thus the start point of the present work, is shown in Figure 5.4. In this 

context, a new project started in 2013 with the aim of addressing more in depth the 

issues related to wastewater generation and, thus, improve the management of the 

aqueous effluents generated in the plant, according to the principle of continuous 

improvement adopted by the organization within its integrated management system. 

5.4 Wastewater characterization 

A key step for the optimization of the wastewater management is a deep 

knowledge of the residues generated in the plant. An appropriate characterization 

comprises not only the physicochemical characteristics but also the way in which the 

variation of the production affects to the generation of wastewater. The sampling 

period lasted for longer than a year, during which more than 140 samples from the 

wastewater of every production process or auxiliary services (heating, cooling, etc.) of 

the plant were collected. Table A.2 in Section 5.9 - Appendix includes a table with the 

characterization of all the samples. 
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For the physicochemical characterization of the effluents, the most important 

discharge parameters (COD, conductivity and pH) regulated by the water authorities 

for this pharmaceutical manufacturing plant were measured. In previous studies, 

biological oxygen demand (BOD) was also measured (data not shown) in some 

effluents and in most of them, BOD/COD ratio was found to be very low (< 0.1) and, 

therefore, this parameter was excluded from this characterization study. The high 

salinity, extreme pH, presence of toxic compounds or a combination of them could 

explain the low biodegradability of these effluents. 

5.4.1 Physicochemical characterization  

The first parameter to be analyzed is the COD. Although this parameter does 

not provide information regarding the exact composition of the sample, it is 

commonly used to indirectly measure the amount of organic compounds in water by 

measuring the mass of oxygen needed for their total oxidation to carbon dioxide [56]. 

Figure 5.4 shows a cumulative frequency graph for the values of COD measured in the 

samples collected during the reference year. This graph helps to determine the number 

of observations (streams, in this case) that lie above (or below) a particular value in a 

data set.  In this plot, COD (y-values) are arranged in ascending order. The 

corresponding value of x are calculated as follows (Eq.5.1):  

𝑥(𝑛) (%) =  
∑ 𝑛𝑛

0

∑ 𝑛𝑁
0

· 100                                                                                             (5.1) 

Where n is the position of each y-value in ascending order, x(n) the 

corresponding value of x for each n and N is the total number of points in the data set.  
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Figure 5.4 Cumulative frequency graph for COD vs number of samples in the reference year. 

A) full data set, B) zoomed data set. 

As can be seen, the variation interval is truly wide, ranging from 0 to more 

than 500,000 mg O2 dm-3. The distribution of wastewater streams is as follows: 25% 

of the samples have a COD value below the discharge limit (2,000 mg O2 dm-3) and, 

therefore, a priori would not need any further treatment in terms of COD reduction. At 

the other end of the spectrum, 20% of the samples have a COD value above 100,000 

mg O2 dm-3. Therefore, 55% of the samples are within the range 2,000-100,000 mg O2 

dm-3. It is worth mentioning that effluents already sent to a waste manager were not 

sampled as they were already characterized. Normally, those streams with high 

concentration of non-recoverable solvents or significant amounts of chlorinated 

solvents were already segregated and sent to a waste manager, as explained in a 

previous section. 

The next parameter to be analyzed is conductivity which is an indicator of the 

salinity of an effluent. The term salinity refers to the total concentration of inorganic 

ions in the wastewater [113]. The value of conductivity summarizes ionic-
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compound concentration in an aqueous sample. Figure 5.5 shows a cumulative 

frequency graph for this parameter. This plot was constructed following the procedure 

previously described for Figure 5.4. 

 

Figure 5.5 Cumulative frequency graph for conductivity vs number of samples in the reference 

year. A) full data set, B) zoomed data set. 

As in the case of COD, the variation interval of conductivity is truly wide, 

ranging from approximately zero to more than 200 mS/cm. It is important to note that 

up to 50% of the samples are below 5 mS/cm. On the other hand, 10% of the samples 

exhibited conductivity values higher than 100 mS cm-1. The rest of the samples (40%) 

show values within the range 5-100 mS cm-1. 

In this pharmaceutical manufacturing plant, the conductivity comes mainly 

from the addition of HCl as acid and NaOH as base. Also, metals (Fe and Cu) are used 

as catalyst in the Fenton-based Wet Oxidation Peroxide (WPO®) reactor but separated 

after the treatment by precipitation, promoting the formation of insoluble salts at pH > 
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9. It is worth mentioning that the highest values of conductivity correspond to solution 

with extreme pH and, after neutralization, the conductivity is considerably lower.  

Nevertheless, the above-shown analysis does not consider the relative 

importance of each effluent. Two new variables should be taken into account in the 

analysis: frequency of the synthesis and flow per operation. The frequency of the 

synthesis is particularly important in batch processing industries, since some product 

may be manufactured quite often while others are on production from time to time, 

depending on the market needs. Also, the flow per operation may be different from 

one synthesis to another, depending on the size of the lot and the product yield. To 

include the variables in the analysis, the Figure 5.6 shows COD and conductivity 

versus annual flow in the reference year. It is important to mention that the data from 

the process T, the most important product in terms of production, has been excluded 

from this and further analysis of the variability. 

 

Figure 5.6 Cumulative frequency graph for COD and conductivity vs annual flow in the 

reference year. ● COD; ∆ Conductivity. 

According to Figure 5.6, up to 15% of the annual flow is below the discharge 

limits (COD < 2,000 mg O2 dm-3) in terms of COD pollution. Besides, 65% of the 
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annual flow is within the range 2,000-10,000 mg O2 dm-3. Finally, 20% of the annual 

flow has a COD value above 10,000 mg O2 dm-3. As can be seen in the Figure 5.6, 

40% of the total wastewater produced meets by far the requirements for direct 

discharge in terms of conductivity (< 5 mS cm-1). Approximately half of the 

production is within the range 5-100 mS cm-1 and 10% is above 100 mS cm-1. 

On the other hand, the pH is a sum parameter of acids/bases presence in an 

aqueous sample. This pollution can be associated both to the presence of organic or 

inorganic compounds. It is important to highlight that some of the samples were 

collected after the partial neutralization of the wastewater, so the actual pH values of 

some of them are more extreme than the ones plotted in the graph. Figure 5.7 shows a 

histogram with the pH distribution vs the annual flow in the reference year. 

 

Figure 5.7 Histogram for pH values vs annual flow in the reference year. 

As in previous cases, a wide variety of values was measured in the case of the 

pH. In general terms, acid streams (pH < 4) predominate over alkaline ones (pH > 10), 

resulting in an acid overall effluent. On its part, close-to-neutral pH streams (within 

the range 5-9) practically represent 55% of the total effluents (data not shown).  
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As shown in Figure 5.7, approximately 65% of the total production of 

wastewater has a pH close to neutrality, being the rest of it mostly acid. On the other 

hand, strong-alkaline streams are negligible. Thus, it can be stated that most of the 

synthesis carried out in this facility take place in acid or neutral medium. Considering 

the aforementioned data, it would not be possible to achieve a neutral overall effluent 

by simply mixing acid and alkaline streams in an adequate proportion, making it 

necessary a pH-correction step. 

5.4.2 Analysis of the variability 

An important aspect to be considered in chemical synthesis pharmaceutical 

manufacturing plant is the seasonal production, that is to say, the fact that forecasted 

demand is aggregated and a series of batches of the same product are manufactured in 

a given period of time. As a consequence of this, the production schedule is quite 

changeable and, therefore, the wastewater generated varies over time. In Figure 5.8, 

the wastewater produced in different months during the reference year is shown. 

 

Figure 5.8 Cumulative frequency graph for COD vs monthly flow in the reference year. ― 
Month 3; ■ Month 5; ♦ Month 7; ▲ Month 10; ● Month 12. 
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As expected, the variations are large even considering a wide time interval (a 

month). As a way of example, approximately 48% of the wastewater produced in 

Month 10 is below the COD discharge limit (2,000 mgO2 dm-3). On the contrary, just 

15% meet the requierements for direct discharge in the case of Month 5 and Month 12. 

With respect to highly-polluted streams, 25% of the total wastewater produced in 

Month 5 is above 100,000 mgO2 dm-3 whereas less than 1% fall within this range in 

the case of Month 7.  

All in all, it can be concluded that the COD values measured in wastewater 

generated in the chemical synthesis pharmaceutical industry shows a wide range of 

variation. Also, the resulting overall effluent also fluctuates over time due to seasonal 

manufacturing and batch production method. 

Similarly to the case of COD, the seasonal and batch production also affects 

the characteristics of the wastewater produced in terms of conductivity, as shown in 

Figure 5.9. 

 

Figure 5.9 Cumulative frequency graph for conductivity vs monthly flow in the reference year. 

― Month 3; ■ Month 5; ♦ Month 7; ▲ Month 10; ● Month 12. 
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As can be seen in the graph, 40% of the wastewater produced in Month 5 is 

below the discharge limit for conductivity whereas just 25% meets the same condition 

in Month 3. At the other end of the scale, it can be seen that 40% in Month 7 is above 

100 mS cm-1 while less than 10% falls within this range in Month 5. This does nothing 

but confirm the marked variability of the wastewater generated even considering short 

periods of time. 

i) Variation of pollution load with time 

Considering that most of the processes are carried out under batch, the 

pollution load of a given effluent can also vary as the reaction progresses. For 

example, during a distillation step, the first fractions of the condensate are 

predominantly composed by the most volatile compound/s; whereas the last fractions 

are gradually more concentrated in the heaviest component due to the discontinuous 

nature of the operation. The same is applicable to other operations of the same type 

such as a centrifugation. To illustrate this aspect, the case of TAP2 and how it led to a 

reduction in the water consumption and the wastewater generated is offered in the 

following lines. 

This effluent is the second largest effluent of a product codified as T (6 m3 / 

batch). The characterization of TAP2 was particularly troublesome. The first sample 

received in March 2014 substantially differed from the second in September 2014. 

Another sampled was measured in May 2015, again with contradictive results, as 

shown in Table 5.3. 

Table 5.3 Physicochemical characterization of TAP2 received in different months.  

Sample Date pH 
Conductivity / 

mS cm
-1

 

COD / mg O2 

dm
-3

 

TAP2 March 2014 3.50 35.4 10,820 

TAP2 September 2014 2.87 20.7 5,510 

TAP2 May 2015 3.53 0.8 2,160 
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It was hypothesized that the cause of the variability might be found in the 

characteristics of the process. After revising the diagram of the process, it was 

concluded that TAP2 is produced in the discontinuous washing of the product of 

interest in a centrifugal according to the following operation sequence: 

 First washing: tap water / 16 minutes / 1,000 dm3 

 Second washing: deionized water / 6 minutes / 200 dm3 

After this sequence, the product is sampled and analyze to verify that is meets 

the quality in terms of chloride concentration. Otherwise, a new centrifugation step is 

performed. Therefore, it was reasoned that pollution may follow an exponentially-

decreasing response. If this assumption proves correct, the sampling time will strongly 

affect the characteristics of the wastewater and a single sample could not be 

considered as representative of the entire effluent. With this in mind, different samples 

were collected at different times (4, 8 and 12 minutes of operation) during five 

centrifugation processes.  

In the light of the results, the peak of the pollution load was always found in 

the first sample, which is in agreement with the expected behavior. However, the 

values differ from one another with the range 1,330 – 65,460 mg O2 dm-3 for COD and 

0.51 – 84 mS cm-1 for conductivity that may be put down to a certain lag in sampling. 

It is also important to mention that values of samples at 8 and 12 minutes are very 

similar in all the cases, which is also in good agreement with the behavior expected in 

a discontinuous centrifugation process. In order to confirm the results, a new set of 

samples was collected in February 2016 expanding the sampling time. The results of 

this new data are plotted in Figure 5.10 and once again an exponential-like decreasing 

tendency is observed for both COD and conductivity.  

It can also be seen that after 400-500 dm3, the properties of the effluent remain 

constant at a value below the discharge limits. Taking into account the aforementioned 

data, it was concluded that 1,000 dm-3 centrifugation-1 may not be necessary. It is 

therefore estimated that it could be reduced up to 50%, which implies a reduction of 
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50 m3 month-1 not only in water consumption but also in wastewater generated. It also 

reduces the costs due to the saving in manpower and electrical energy thanks to the 

reduction in the filtration time. Nevertheless, it is important to make sure that the 

product still meets the quality standards, so further research is now carried out in the 

company to confirm this point. Up to now, all the experiments advice in favor of this 

management action and it is expected to be implemented in the near future. 

 

Figure 5.10 Variation of COD and conductivity with time during centrifugation in the 
samples obtained in February 2016.  

In conclusion, the case of TAP2 is an example of how an adequate 

management can lead to significant environmental improvements at a minimum 

investment cost. It highlights the importance of a deep knowledge of the waste to 

optimize the management. In contrast to the traditional course of actions based on 

adapting or extend the capacity of end-of-pipe technologies, minimization by acting at 

the source is preferable because is normally more effective and economical but at the 

cost of a deeper understanding of the situation. 

5.4.3 Categorization of the effluents 

Given the variability described previously, the most straightforward solution 

may certainly be mixing all the wastewater in an equalizing tank. In this manner, the 

fluctuations are buffered and further treatments can be operated smoother. However, 

this strategy hinders the application of the most adequate management action on each 

effluent, preventing reuse, reutilization, product recovery and complicates the 
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selection of an adequate end-of-pipe technology. On the downside, a complete 

segregation increases the investment costs on treatment units, pipelining and 

instrumentation; requires a careful process control and a deeper understanding of the 

production processes. Hence, mixing is far from being the optimum strategy and full 

segregation is often complex and economically not favorable. Therefore, a 

compromised has to be reached.  

In a first approach, the effluents would be classified into four groups 

according to the two most important discharge parameters set by the authorities: COD 

and conductivity. Although the pH is of the utmost importance as it may significantly 

affect the performance of further treatments [114, 115], its variation is not considered 

in the classification because its correction simply consists in adding an acid or a base.  

Therefore, each one is classified under one of the four proposed groups, depending on 

their COD and conductivity values, as shown in Table 5.4: 

Table 5.4 Limit values of COD and conductivity for each group. 

Units Group 1 Group 2 Group 3 Group 4 

COD / mg O2 dm-3 < 2,000 
> 2,000 

< 100,000 

> 2,000 

< 100,000 

> 100,000 

Conductivity / mS cm-1 < 5 < 5 > 5 - 

 

The Group 1 contains those effluent with COD below the discharge limits and 

relatively low conductivity (2,000 mgO2 dm-3 and 5 mS cm-1, respectively, plotted in 

blue). On its part, Group 2 includes those effluents containing values of COD 

moderately above the discharge limits and low of conductivity (10,000 mgO2 dm-3 > 

COD > 2,000 mgO2 dm-3 and conductivity < 5 mS cm-1, plotted in green), Group 3 

those having high values of conductivity (conductivity > 5 mS/cm and COD < 100,00 

mgO2 dm-3, plotted in yellow) whereas effluents showing extremely high values of 

COD (COD > 100,000 mgO2 dm-3, plotted in grey) belong to Group 4.  
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In Figure 5.12, the effluents are represented in COD ascending order sorted. 

On the Y axis, the value of conductivity measured for each effluent is also plotted.  

 

Figure 5.11 Number of streams belonging to each group. ● Group 1; ■ Group 2; ▼ Group 3; 

▲ Group 4. 

As can be seen in Figure 5.11, there are 27 streams in Group 1 (27%), 18 in 

Group 2 and plotted in green (18%), 35 in Group 3 and plotted in yellow (the largest, 

35%) and 20 in Group 4 and plotted in black. The distribution described previously 

hugely changes if the volume of production is taken into account. In terms of volume 

generated 15% is classified under Group 1, 46% under Group 2 and 32% under Group 

3 and 8% under Group 4 (see Figure 5.12). The complete set of the data for 

characterization of each wastewater can be found in Table A.2 in Section 5.9 - 

Appendix. 
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Figure 5.12 Distribution of wastewater in terms of volume of generation in the reference year. 

However, wastewater is not only generated in production processes but also in 

other services and operations within the plant. For example, sanitary wastewater is 

generated in the canteen, bathroom, cleaning or other household activities. It is 

important to ensure that those effluents are not mixed with process wastewater 

because sending them to the industrial WWTP would increase artificially the volume 

to be treated.  

Less evident but of a considerable importance may be the contribution of other 

wastewater generated as for example in tightness tests or auxiliary services. In order to 

close the input balance to the WWTP, the contribution of different operations was 

monitored in 2015 and 2016 in the plant under study. The results are shown in Figure 

5.13. 

A total flow of 17,718 and 17,704 m3 per year was quantified in 2015 and 

2016, respectively, which is even superior to the annual flow generated in production 

processes. Among the most important contributors, specially attention should be paid 

to the wastewater generated in the boilers (8,000 m3), purge stream from cooling 

towers (7,822 m3) or the purge from the cooling jackets of the reactors (1,073 m3). An 

important contribution that is not depicted in Figure 5.13 is rainwater. It can add peaks 

of wastewater in rainy days if the rainwater drainage network discharges to the 
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industrial WWTP. In modern plants, rainwater drainage system is separated but 

attention should be paid in older installations. As stressed in the case of sanitary 

wastewater, part of those effluents may not require an expensive treatment and could 

be subject of different and more cost-effective management strategies such as 

reutilization or simply direct discharge into the sewage. 

 

Figure 5.13 Contribution of auxiliary services and operations to wastewater. 

5.5 Wastewater management 

The waste management hierarchy indicates an order of preference for action to 

manage waste in which prevention of pollution is preferred over reduction and this, in 

turn, over recycle, recovering and, finally, disposal [29]. Thus, advanced 

environmental waste management systems shift more and more from disposal to 

previous steps in the waste hierarchy [27, 28], in accordance with the principles of the 

European Waste Framework Directive [116]. As depicted in Figure 5.14, prevention 

of the waste is preferred over preparing for re-use, recycling and recovery. Disposal 

should be only considered when applying one or more of the previous steps is not 

possible.  
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Figure 5.14 Waste management hierarchy [116]. 

In our particular case, the mixing of effluents hinders the application of the 

most adequate management action on each effluent, preventing reuse, reutilization or 

product recovery. However, a complete segregation increases the investment costs on 

treatment units, pipelining and instrumentation; requires a careful process control and 

a deep understanding of the production processes. Hence, mixing is far from being the 

optimum strategy and full segregation is often complex and economically not 

favorable. Therefore, a compromised is to be reached. Our proposal is, therefore, a 

reasoned segregation based on 5 different groups, the 4 already described during the 

characterization (see Table 5.4) plus a new one: Group 0. The latter comprises those 

effluents whose characteristics justify an individualized treatment on-site. Figure 5.15 

shows schematically the wastewater management system proposed. 
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Figure 5.15 Strategy for the wastewater management in the pharmaceutical industry 
working in batch. 

5.5.1 Management of Group 0 

As mentioned before, individualized treatment is assumed not to be 

economically favorable in all the cases. However, in some plants a certain product 

may be of importance and its effluents may amount up to a substantial percentage of 

the total wastewater generation. Therefore, certain effluents may deserve an 

individualized treatment resulting in a positive environmental and economic impact. 

An example of Group 0 in this plant is TAP5 as described in Section 5.3. 

5.5.2 Management of Group 1 

This group includes those streams whose characteristics (COD, conductivity, 

etc.) are not superior to the discharge limits. By definition, such wastewater does not 

need any further treatment prior to their discharge, this way justifying the segregation 

from the rest of wastewater. The difference between Group 0 and 1 lies in the fact that 

the first include those streams that require an individualized treatment (due to the 
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volume generated or the physicochemical characteristics) whereas the second gather 

those that could be mixed and managed together. 

Three different alternatives are proposed to make of most of Group 1 streams: 

a) Direct discharge: collect the wastewater and by-pass directly to the 

sewage. 

This alternative seems to be the easiest to be implemented. The positive 

impact is that volume of wastewater to be treated is minimized. Although today there 

are not discharge limits for most of the micropollutants, several steps have been taken 

in this direction. In the particular case of the European Union, the European 

Parliament (EP) published the Directive 2000/60/EC with the aim of identifying 

priority substances [117], being finally agreed in 2001 by Decision 2455/2001/EC. A 

few years later, environmental quality standards for a list of 33 priority 

substances/group of substances was published in the Directive 2008/105/EC [118]. 

More recently, this directive has been amended by Directive 2013/39/EU, including 

up to 45 substances/group of substances and revised environmental quality standards; 

a next update in the water framework policy is expected this year [69, 119].  

Therefore, the toxicity of certain wastewater may not be  sufficiently 

expressed by their loads or concentrations and the impact of certain pollutants at small 

concentration can be signification in contrast to other less toxic at higher 

concentrations [77, 120]. Accordingly, this alternative may not be environmentally-

friendly nor legal in the future and the identification of micropollutants pollutants 

should be carried out before making a final decision. 

b) Reutilization: where not high-quality fresh water is needed. 

This option consists in using the wastewater for a purpose in which not high-

quality fresh water is needed, thus, reducing the input of fresh water. For instance, 

preparation of reagents in the wastewater treatment plant (acid, base, coagulants, etc.) 
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or as scrubbing solution in wet scrubbers. This alternative stands as a cost-effective 

solution to reduce discharge volume by means of reutilization. 

c) Treatment and reutilization: to obtain high-quality water and/or 

product recovery 

It is the best alternative for an efficient use of the water, reducing the volume 

and the hazardousness of the wastewater discharged to the sewage and contributing to 

zero discharge. However, it may not be economically possible in all the cases due to 

the relatively low cost of the fresh water and the restrictions imposed by good 

manufacturing practices (GMPs) in industries such as the pharmaceutical.  

For example, membrane-based technologies such as nanofiltration (NF) or 

reverse osmosis (RO) can be successfully applied to the simultaneous wastewater 

treatment and concentration of sometime valuable organic compounds [121]. Since 

many products (dyes, polymers, pharmaceuticals, etc.) have a relatively high 

molecular weight, low concentrated wastewater could be fed to NF or RO modules to 

obtain a clean permeate and a concentrated rejection stream [122, 123]. Other option 

may be adsorption through which an activated carbon (powder or granular) could be 

successfully applied for the removal of low concentration of industrial residues and 

micropollutants such as caffeine, butylparaben, galaxolide, meberine, just to name a 

few [124, 125].  

5.5.3 Management of Group 2 

Once the wastewater is generated, according to the waste hierarchy, the most 

environmentally-friendly action would be the recovery of the unreacted reagents, 

solvents or product and re-reuse them. In such cases, those streams would belong to 

Group 0 or 1. Unfortunately, this alternative proves technically difficult due to the 

complexity of real matrixes in some cases and hardly interesting from the economic 

point of view in some others. Irremediably, a fraction of the wastewater needs to be 

treated in order to eliminate or, at least, convert pollutants into less harmful 

compounds to minimize its impact before its release into the environment.  



Wastewater management in batch industries: a pharmaceutical plant case of study 
 

115 
 
 

The production of APIs or other specialty products often involves complex 

chemistry. This fact, together with the diversity of processes operated simultaneously 

in multi-purpose facilities implies that the wastewater generated is often a hazardous 

and toxic mixture of a wide range of organic pollutants [114, 126, 127]. Therefore, the 

technology/ies to be implemented in batch plants should be versatile and powerful 

enough remove complex mixtures of contaminants and meet the discharge limits 

stablished by the authorities.  

As mentioned in the introduction, selection of the appropriate wastewater 

technology is a complex and multi-variable decision and each case should be studied 

in detail. Among the technologically-viable alternatives, the COD value is, probably, 

the main parameter to be considered when it comes to decide between different 

alternatives, as it is intimately linked to the operating cost and, therefore, to the 

economic viability of the treatment. Figure 5.16 shows the range of application of 

different groups of technologies as a function of the COD value [63]. It can be seen as 

within the range of COD of the plant under study (≅ 10 g O2 dm-3), advanced 

oxidation processes (AOPs) compete with their electrochemical counterparts 

(EAOPs).  

It is important to highlight that the intervals of application showed in this 

figure provide only an orientation and the boundaries are often blurred. For a final 

decision, a detailed experimental validation and cost-analysis is recommended. 

Because of this, in the next section a classic AOP (Fenton oxidation) is experimentally 

compared with anodic oxidation with boron-doped diamond, a promising EAOP, for 

the treatment of real wastewater from the pharmaceutical industry under study. 
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Figure 5.16 Range of water treatment technologies as a function of COD organic load. 

Reprinted from [63].  

5.5.4 Management of Group 3 

Inorganics compounds are present in natural waters in the form of solved ions 

(SO4
2-, Cl-, NO3

-, Na+, K+, Ca2+, Mg2+, etc.) as a consequence of the dissolution of 

certain components of Earth’s crust. In general, living beings have been evolved for 

eons in water containing such ions and need them to survive. 

However, the wide variety of processes carried out in batch processes can lead 

to the occurrence of high concentration of dissolved ions together with organic 

compounds, as for example when techniques such as salting out or bulk neutralization 

are used as separation steps. Therefore, the problem arises when an abnormal 

concentration of ions is present, resulting detrimental for the balance of the ecosystem. 

In general, salinity is less dangerous but more persistent than organic compounds and 

the excessive discharge of salty effluents may lead to a steadily salinisation of rivers 

[128].  
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In quantitative terms, the most important inorganic compounds normally are 

such ions added in the form of sulfuric, hydrochloric or nitric acid and sodium, 

potassium or calcium hydroxide. Phosphorous and nitrogen species are also important 

because they are added as nutrients (or to buffer the pH) in significant quantities in 

fermentation processes [129]. Their inappropriate discharge into water bodies can also 

enrich natural media leading to an important environmental issue known as 

eutrophication. This is not a problem in the plant under study because it does not 

produce APIs by biological means. 

On the other hand, other ions may be less important in terms of quantity but 

much less toxic or dangerous. Some heavy metals, which are elements having atomic 

weights between 63.5 and 200.6 and a specific gravity greater than 5.0, are used as 

catalysts in chemical reactions [130]. In the last years, cadmium, lead, mercury, nickel 

and their compounds have been listed as priority pollutants in Directive 2013/39/EU 

and, thus, special attention has to be paid to those effluents containing them [69, 119]. 

Due to low concentration of those metals, it is highly recommended not to mix it with 

the rest of the effluents as it complicates the management.  

Considering the aforementioned reasons, the management of Group 3 

effluents is more challenging than those containing basically organic compounds. In 

Figure 5.17, the approximate cost associated to the reduction of salinity by different 

technologies as a function of salt concentration is shown.  

In general, ion exchange is only recommended to remove low concentration of 

salts; whereas electrodialysis, evaporation and reverse osmosis are competitive in term 

of costs for more polluted effluents. It is important to remember that those values are 

only indicative and other variables should be taken into account. 
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Figure 5.17 Guiding costs of the major desalination technologies as a function of salt 

concentration. Reprinted from reference [131]. 

5.5.5 Management of Group 4 

Due to the wide nature of the waste generated, it is normally difficult for the 

companies to dispose of the necessary technology and skilled personnel on-site to 

adequately manage every waste generated in the plant. In these cases, a plausible 

alternative is to transfer the waste to an authorized third-party to perform the treatment 

off-site. It allows more flexibility in the production by providing a safe disposal of any 

residue, minimizing inversion costs and/or coping with the overproduction of residues 

in case of need.  

Outsourcing is a common practice especially when the wastewater contains 

high amounts and/or mixtures of solvents (specially chlorinated) or heavy metals and 

cannot be managed economically by any other alternative on-site. At this point, the 

key point is to decide when this type of waste should be sent to a manager. 

 An easy-to-use and readily applicable methodology consists in a theoretical 

economic calculus of the stoichiometric dosage (or an equivalent parameter) of the 

most expensive input of the treatment on-site. If assuming a 100% efficiency scenario, 
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the cost of this sole reagent is superior to the alternative, the management of the waste 

should be outsourced. 

In our case of study, H2O2 is the most expensive reagent used in the plant 

under study. Stoichiometricallly, 1 mol of H2O2 takes 2 moles of electrons to be 

reduced to water (Eq. 5.2) whereas O2 takes 4 to be reduced to water (Eq. 5.3). 

𝐻2𝑂2 + 2𝑒− → 𝐻2𝑂                                                                                                  (5.2) 

𝑂2 + 4𝑒−+ 4𝐻+ → 𝐻2𝑂                                                                                           (5.3) 

Therefore, two moles of H2O2 are necessary per each of O2 (or COD) to 

oxidize to the same extent. In mass units, the ratio slightly changes because of the 

difference in molecular weight between H2O2 and O2 (Eq. 5.4):  

[𝐻2𝑂2]𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 (𝑚𝑔 𝑑𝑚−3) =  
[𝐶𝑂𝐷](𝑚𝑔 𝑑𝑚−3)

0.471
                                               (5.4) 

According to Eq. 5.4, a stream containing 100,000 mg O2 dm-3 would take 

212,000 mg H2O2 per dm-3. The cost of industrial-grade hydrogen peroxide is around 1 

€ kg-1, giving a cost of approximately 200 € m-3 only considering the cost of the main 

input reagent with a stoichiometric efficiency. According to the data of the company, 

the cost of this service is somewhat within 100-300 € m-3, depending basically on the 

presence of halogenated compounds. Hence, it can be concluded that streams around 

100,000 mg O2 dm-3 of COD should be considered for segregation, even though when 

mixed the affluent of the WWTP is well below this value. The cost of treating these 

highly concentrated streams may be somehow masked by the dilution when effluents 

are mixed, but still the H2O2 has to be added in the WWTP. 

5.6 Technological screening of wastewater treatments  

As mentioned before, a crucial aspect to decide the fate of a certain effluent 

may involve an experimental step to verify the effectiveness of a given alternative. In 
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this section, a series of experiments aimed at selecting the most adequate management 

of the effluents are presented.  

In particular, the objective is to verify the effectiveness of alternative end-of-

pipe technologies to the current Fenton-based WPO® reactor for Groups 2 and 3. 

Given the large variability of wastewater under study, optimizing the treatment 

conditions for each one and for each technology would require an excessive use of 

time and resources. Even though, the optimized conditions of each effluent separately 

may differ from the optimum of the mixed final wastewater. Therefore, a methodology 

was defined to obtain valuable information about the potentiality of different 

technologies in a fast and economical manner. This experimental planification, known 

as screening of technologies, consists in the selection of a fixed experimental 

conditions in such manner that they could be applied to every effluent. Those 

conditions are to be defined both via preliminary tests and according to the experience 

of the research group in this topic. 

 Approximately forty effluents were selected to study the potentially of 

applying an individualized treatment, not only coming from production processes but 

also from auxiliary services. According to the characteristics of the wastewater and the 

previous experience of the group, three technologies were selected for the reduction of 

COD: chemical coagulation, Fenton oxidation and conductive-diamond electro-

oxidation. In addition, two technologies aimed at reducing salinity were also 

evaluated: vacuum evaporation and electrodialysis. The results obtained in the 

technological screening of the aforementioned effluents is summarized in the 

following paragraphs.  

5.6.1 Chemical coagulation 

Firstly, the possibility of using coagulation as pre-treatment to separate part of 

the organic compounds is assessed. Chemical coagulation is based on the addition of 

certain compounds that promote the aggregation of the pollutants into particles by 

different mechanisms and are further separated by means of a solid-liquid separation 

step. The most popular coagulant agent, iron, was selected to perform the screening. 
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To define the coagulant dosage, a series of preliminary experiments were carried out 

varying this parameter between 250 and 3,000 mg dm-3 of Fe3+ per 10,000 mg O2 dm-3 

of COD in a given sample. Figure 5.18 shows the COD removal percentage attained 

during the coagulation of a given effluent as a function of the dosage of coagulant 

added.  

 

Figure 5.18 COD removal percentage for different coagulant concentrations in the effluent 3.3 

FA1. Iron concentration (mg dm-3) per 10, 000 COD (mg O2 dm-3).  

As can be observed, COD removal increases with coagulant concentration up 

to a value of 1,000 mg dm-3. Larger concentrations do not increase the removal and, 

therefore, COD value remains constant. Based on those results and previous 

experience of the group, a value of 1,000 mg dm-3 of Fe per 10,000 mg O2 dm-3 of 

COD was selected for the screening of coagulation. 

Those conditions were applied to most of the effluents selected to receive a 

treatment on-site (Groups 2 and 3). The results are shown in Table 5.5. 
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Table 5.5 Experimental results for COD reduction from the homogeneous phase via chemical 

coagulation. Dosage: 1000 ppm per g of COD. 

Effluent pH0 
0  

/ mS cm
-1

 

COD0 

/ mgO2 dm
-3

 

COD removal  

/ % 

3.3 
1 4.72 66.9 23,210 46.0 

2 8.99 49.3 32,950 16.2 

3.4 2 8.40 5.3 6,410 0 

4.3 

3 4.82 0.2 7,900 1.7 

4 5.08 1.2 59,920 0 

5 5.10 0.5 16,110 2.1 

4.6 3 7.17 107.9 34,800 0 

4.7 

1.1 7.74 0.5 10,395 5.7 

1.2 7.32 0.3 6,590 55.1 

3 10.17 0.3 45,020 0 

4 9.33 86.1 74,280 93.1 

5 7.00 0.5 15,480 0 

5.3 
2 8.59 42.5 78,300 10.7 

3 8.20 1.8 1,875 4.6 

7 2 3.76 2.4 5,980 0 

8 

1 2.58 2.5 11,450 0 

2 10.61 5.4 7,020 0 

1 bis 4.68 3.9 7,170 0 

2 bis 10.48 1.7 6,800 0 

9.3 
3 4.90 0.8 27,700 14.9 

6 12.90 132.8 22,900 43.2 

10.3 1 4.01 13.2 44,520 6.4 

12 
2 3.50 35.4 10,820 0 

6 4.22 37.2 8,980 0 
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Table 5.5 Experimental results for COD reduction from the homogeneous phase via 
coagulation. Dosage: 1000 ppm per g of COD (continuation). 

Effluent pH0 
0  

/ mS cm
-1

 

COD0 

/ mgO2 dm
-3

 

COD removal  

/ % 

13.2 1 4.69 19.1 78,230 0 

13.3 

2 12.31 6.2 22,285 0 

3 13.03 81.8 8,360 28.4 

5 4.13 88.3 37,400 14.6 

14 

1 9.63 60.4 44,700 3.6 

2 10.51 0.4 22,380 0 

3 6.93 39.7 34,800 0 

15 

2 5.43 2.1 13,160 76.0 

3 8.14 37.9 5,830 0 

4 7.22 45.2 5,060 4.7 

16 
1 7.48 14.2 83,860 4.9 

2 5.07 0.6 5,070 0 

  

In general, chemical coagulation is moderately effective in a limited group of 

effluents. The aqueous phases that show a considerable potentially to be pre-treated by 

this method (COD removal > 40%) are 3.3 FA1, 4.7 FA 1.2, 4.7 FA4, 9.3 FA6 y 15 

FA2. The efficiency of chemical coagulation in those aqueous phases, expressed as 

COD (mg O2) removed per mg of Fe3+ is shown in Figure 5.19. 

In the light of the data, an average efficiency of 6.5 mg COD / mg Fe3+ can be 

considered. This value is obtained under non-optimized conditions but then again it is 

valid as a first approximation. 

At this point, it is important to highlight that the addition of coagulant and 

acid/base in the form of salts increases the conductivity of the effluent giving rise to a 

secondary pollution. In addition, the value of COD corresponds to the homogeneous 

phase. In this process, the pollutants are not eliminated but embedded or concentrated 

in another phase, forming a sludge that would need further treatment.  
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Figure 5.19 Efficiency of the coagulation process in the removal of COD. Dosage: 1000 ppm 

per g of COD. 

Considering the aforementioned reasons, it is concluded that coagulation 

cannot be widely used to reduce or concentrate the organic content of the effluents 

generated in this plant. Its implementation is potentially recommended in a narrow 

selection of effluents and it is only economically interesting if such effluents represent 

a significant percentage of the wastewater. Therefore, coagulation was discarded as a 

wide-spectrum treatment and more effective end-of-pipe technologies should be 

studied. 

5.6.2 Fenton oxidation 

Further treatability studies were conducted by means of Fenton oxidation 

(FO), a classic AOP. The actual mechanism is rather complex but, in essence, is based 

on the production of oxidant radicals via catalyzed composition of H2O2, primarily via 

Eq. 5.5 [75]. This is the process that is currently in use in the WWPT because the 

WPO® is an optimization of Fenton oxidation. 

𝐻2𝑂2 + 𝐹𝑒2+ →  𝐻𝑂● + 𝐹𝑒3+ + 𝑂𝐻−                                                                    (5.5) 

As in the case of coagulation, preliminary experiments were carried out to 

define the experimental conditions of the screening. Figure 5.20 shows the variation of 
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COD as a function of the stoichiometric H2O2 dosage in Fenton oxidation of different 

effluents.  

 

Figure 5.20 COD abatement in real pharmaceutical wastewater samples for different 

H2O2 dosages in FO. H2O2/Fe 5:1 (mass units); pH = 3; ■ 14AP3 ◆ 9.3AP3 ● 9.3AP6  
□ 4.7AP5 ○ 4.7AP1.1 ◇ 8AP1  × 14AP3.                     

As expected, COD decreases with dosage of H2O2. Nevertheless, the trend is 

less pronounced as the addition of oxidant increases. It indicates that as the oxidation 

progresses, degrading the organics becomes increasingly difficult because of the 

generation of recalcitrant intermediates or the occurrence of parasitic reactions. It is 

worth mentioning that according to the tendency shown, even in the case of a high 

H2O2 dosage, a complete degradation of the contaminants and their reaction 

intermediates (mineralization) would not be reached and a plateau in the value of 

COD is expected [132]. In fact, a mineralization limit is one of the major drawbacks 

of classic Fenton oxidation with homogeneous iron catalysts.  

Previous works explained this fact with the formation of certain by-products, 

such as short-chain carboxylic acids (especially oxalic) and their complexes with iron 

ions, that are difficultly oxidizable by hydroxyl radicals produced from Fenton's 

reaction [133, 134]. The use of light as in photo-Fenton processes has been 
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successfully applied to solve this drawback [71]. However, such optimization is out of 

the scope of this work. 

A different behavior was observed in the case of Sample 39. The COD sharply 

decreased (from 30,000 to 5,000) even at the smallest dosage. No higher COD 

abatement was observed by increasing the dosage of H2O2. The sharp decrease in 

COD concentration suggests the contribution of overlapped mechanisms (different 

from oxidation by hydroxyl radicals) contributing to the overall removal of organic 

matter. A coagulation experiment varying the dosage of Fe was performed in this 

particular effluent to double-check the intuitive hypothesis. 50% and 80% of COD 

removal was achieved in the coagulation test by adding 500 and 2,000 ppm of Fe, 

respectively. In the case of FO, the highest COD removal was 85% which implies that 

adding H2O2 is not effective and coagulation is the prime COD removal mechanism. 

At the same time, the heat released during FO oxidation may cause the evaporation of 

volatile organic compounds (VOCs), such as dichloromethane (boiling point at 1 atm 

= 39.6 ºC) or acetone (boiling point at 1 atm = 56.6 ºC), used as solvent or generated 

during the treatment, contributing to the observed COD abatement. 

Oxidation of organics via FO was tested in a wide selection of samples from 

Groups 2 and 3, selecting the standard conditions of 100% theoretical H2O2 dosage 

and ratio 5:1 H2O2/Fe (in mass units) of catalyst. Unfortunately, adding the 100% 

stoichiometric dosage was not possible in all the cases. Especially in those highly 

polluted, a considerable amount of heat was released after the addition of the iron 

catalyst, probably due to the exothermicity of the oxidative mechanisms. It caused a 

runaway of the temperature because H2O2 decomposition to H2O and O2 is accelerated 

at higher temperatures and this reaction is also exothermic (-105.8 kJ mol-1) [135]. In 

addition, the fast release of O2 by decomposition of H2O2 together with the presence of 

surfactants in the wastewater caused the formation of a lavish foam, reaching the form 

of a volcano in the worst cases. Therefore, in some cases, the stoichiometric dosage 

was reduced. Table 5.6 shows the experimental results for the removal of COD in the 

aforementioned samples from Groups 2 and 3. 
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Table 5.6 Experimental results for Fenton oxidation. Ratio 5:1 H2O2/Fe2+ (mass units). 

Effluent pH0 
0 / mS 

cm
-1 

COD0 /  

mgO2 dm
-3

 

Stoc. 

dosage / 

% 

[H2O2]f 

/ ppm 

COD  

removal / 

% 

3.3 2 8.99 49.3 32,950 30 5,476 18.5 

3.4 2 8.40 5.3 6,410 100 0 91.4 

4.3 

3 4.82 0.2 7,900 100 2,872 0 

4 5.08 1.2 59,920 20 2,130 0 

5 5.10 0.5 16,110 100 2,662 7.4 

4.6 3 7.17 107.9 34,800 30 1,715 0 

4.7 

1.1 7.74 0.6 10,395 100 20,273 100.0 

1.2 7.32 0.3 6,590 100 8,542 87.9 

3 
10.1

7 
0.3 45,020 20 9,356 11.9 

4 9.33 86.1 74,280 10 15,107 94.6 

5 7.00 0.5 15,480 50 9,837 70.3 

5.3 
2 8.59 42.5 78,300 15 0 7.6 

3 8.20 1.8 1,875 100 1,500 0 

7 2 3.76 2.4 5,980 100 2,830 83.4 

8 

1 2.58 2.5 11,450 100 2,957 0 

2 
10.6

1 
5.4 7,020 100 2,234 0 

1 

bis 
4.68 3.9 7,170 100 8,607 100.0 

2 

bis 

10.4

8 
1.7 6,800 100 6,356 77.9 

9.3 
3 4.90 0.8 27,700 100 0 71.1 

6 
12.9

0 
132.8 22,900 100 0 61.9 

10.3 1 4.01 13.2 44,520 50 3,602 0 
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Table 5.6 Experimental results for Fenton oxidation. Ratio 5:1 H2O2/Fe2+ (mass units) 
(continuation). 

Effluent pH0 
0 / mS  

cm
-1 

COD0 /  

mgO2 dm
-3

 

Stoc. 

dosage / % 

[H2O2]f 

/ ppm 

COD  

removal / % 

12 
2 3.50 35.4 10,820 100 6,896 0 

6 4.22 37.2 8,980 100 16 49.8 

13.2 1 4.69 19.1 78,230 20 2,027 54.5 

13.3 

2 12.31 6.2 22,285 100 0 2.2 

3 13.03 81.8 8,360 100 28 73.3 

5 4.13 88.3 37,400 10 1,984 0 

14 

1 9.63 60.4 44,700 100 189 66.0 

2 10.51 0.4 22,380 100 241 62.2 

3 6.93 39.7 34,800 100 187 69.5 

15 

1 7.33 48.8 83,010 10 1,953 0 

2 5.43 2.1 13,160 100 2,027 46.2 

3 8.14 38.0 5,830 100 1,953 25.4 

4 7.22 45.2 5,060 100 7,495 35.6 

16 
1 7.48 14.2 83,860 10 1,953 0 

2 5.07 0.6 5,070 100 1,953 0 

 

It can be assumed that an effluent is potentially treatable by FO if the COD 

reduction is over 40% in the filtered phase. Taking this into consideration and 

according to Table 5.6, approximately 50% of the effluents are potentially treatable by 

means of FO. In 33% of them, a 0% of COD was removed. The result may be 

explained considering the difficulties in degrading linear carbonaceous compounds 

such as ketone, acetic acid, oxalic acid or certain paraffins [136]. It points out that 

those effluents must not be treated by FO but further experiments should be carried 

out to conclude whether WPO® is suitable or not. Higher abatement efficiencies are 

reported at 100ºC in comparison to room temperatures [76]. 

It is worth mentioning that H2O2 was measured in all the samples at the end of 

the experiment (see Table 5.6). This value was used to correct the calculus of COD 

removed, according to the procedure described elsewhere [105]. In most of the cases, 

important concentration of H2O2 remained in the final solution. This fact indicates 
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that, for such dosage the maximum COD removal has been reached and, thus, a larger 

addition of H2O2 would not lead to higher oxidation percentages. An interesting form 

of increasing the efficiency of FO might be a discontinuous addition of H2O2 and 

catalyst to promote the continuous formation of Fenton’s reagent [76]. According to 

previous studies, FO generates refractory by-products, particularly complexes of 

short-chain acids with iron [137, 138]. Therefore, complete mineralization cannot be 

achieved by FO. 

             As a summary, Figure 5.21 shows the efficiency (expressed as unit of COD 

reduced by unit of H2O2 added) of FO for the best cases, extracted from Table 5.6. As 

can be observed, the efficiency depends on the nature of the effluent tested, varying 

from 0.25 to 1.25 kg COD kg H2O2
-1. Nevertheless, an average efficiency of 0.55 kg 

COD eliminated per kg of H2O2 can be considered. 

 

Figure 5.21 Efficiency of COD removal via FO in the best cases. 

 

5.6.3 Conductive-diamond electro-oxidation 

Conductive-diamond electro-oxidation is an emerging electrochemical 

technology in which the oxidation of organics is mainly accomplished via ●OH 
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radicals generated from water oxidation. The experiments were carried out in a 

commercial Diacell® 101 parallel-plate flow-by reactor as described in Section 4.3.5. 

As in the case of FO, different samples with different initial COD values 

(from 5,000 to 60,000) mgO2 dm-3 were selected to perform preliminary CDEO 

experiments. The COD reduction trend in the aforementioned samples is plotted 

against the specific electric charge in Figure 5.22.  

 

Figure 5.22 COD abatement in real pharmaceutical wastewater samples as a function of the 

applied electric charge in CDEO. j = 30 mA cm-2; T = 25 ºC; ■ 13AP2 ♦ 13AP5  ● 14AP1  □ 

9.3 AP3 ◊ 4.7AP4 ○ 4.7AP5 ×  9.3AP7.                 

As can be observed, COD decreases quasi-linearly with the applied electric 

charge in all cases. Given the high concentration of pollutants in the sample, the 

process is probably under current control, that is to say, the applied current density is 

below the limiting one [139]. In contrast to FO, in the case of CDEO the COD value is 

constantly on the decrease in all the experiments and a mineralization limit is not 

observed nor expected. This behavior can be explained due to the high oxidizing 

power of CDEO, via formation of a variety of oxidants in the bulk together with direct 

oxidation at the electrode surface via ●OH radicals [73]. This fact makes CDEO one of 
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the most efficient and robust technologies in the mineralization of organic matter [60, 

73]. In fact, to the best of our knowledge, this technology has demonstrated to be 

capable of mineralizing almost every organic tested to this day [140], except for 

Bis(trifluoromethanesulfonyl)imid anion as recently reported [141]. This feature is an 

undoubtedly desired characteristic in organic-synthesis pharmaceutical facilities in 

which the wastewater is polluted with an enormous range of pollutants. 

As in the previous technologies, Table 5.7 shows the experimental results for 

the CDEO experiments of a wide selection of effluents from Groups 2 and 3. A 

normalized current density of 32 mA cm-2 was adopted in all the cases to apply the 

stochiometric charge shown in that table. The most important conclusion that can be 

drawn from this data is that CDEO can reduce COD in every sample tested, although 

with important differences in efficiency. For example, in some effluents (4.2 AP2, 4.7 

AP1.2 or 15 FA2) a reduction of about 60% COD is achieved after the application of 

large (150-250 %) stoichiometric electric charges. On the contrary, other effluents 

(such as 5.3 AP2, 9.3 AP3 or 16 AP2) are much more effectively treated by this 

technology.  
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Table 5.7. Experimental results of the reduction of COD in CDEO experiments. j = 32 
mA cm-2; T = 25 ºC. 

 

 

 

 

Effluent pHo 
0 / mS 

cm
-1

 

COD0 

/ mgO2 dm
-3 

Stochiometric 

dosage / % 

COD Removal 

/ % 

3.3 
1 4.59 57.5 12,680 83 96.1 

2 7.48 48.0 26,390 59 63.5 

3.4 2 8.22 5.3 6,445 50 63.7 

4.2 2 7.78 61.8 7,150 250 43.9 

4.3 

3 4.51 0.2 8,230 102 80.5 

4 5.08 1.2 55,820 36 20.0 

5 5.10 0.5 11,900 68 56.7 

4.6 3 6.79 107.1 35,840 55 59.5 

4.7 

1.1 7.16 0.8 7,940 72 70.6 

1.2 6.46 0.4 2,775 156 69.4 

 3 4.41 4.2 43,040 52 60.3 

5 6.97 0.6 10,790 59 19.0 

5.3 
2 8.62 38.3 76,150 37 59.6 

3 8.20 1.8 1,205 77 73.4 

7 2 3.76 0.5 5,610 44 50.2 

8 

1 2.37 2.6 11,450 53 56.9 

2 9.76 5.5 7,020 53 60.3 

1 bis 3.85 3.9 6,270 60 41.6 

2 bis 7.01 1,7 6,230 44 28.0 

9.3 

3 3.70 0.8 27,770 48 75.7 

6 12.00 118.6 24,340 34 32.1 

7 12.36 60.5 3,180 32 32.7 

10.3 1 3.92 10.9 47,610 36 48.6 

12 
2 2.97 35.4 13,320 42 50.3 

6 3.85 33.1 8.425 37 30.1 
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Table 5.7 Experimental results of the reduction of COD in CDEO experiments. j = 32 mA cm-

2; T = 25 ºC (continuation).                

 

                

 

 

 

 

 

               

 

             As a summary, Figure 5.23 shows the efficiency (expressed in terms of kg 

COD removed per kAh-1) for some of the most relevant results. The efficiency 

observed in the selected effluents is truly high. Considering that the stochiometric 

ratio is 0.298 kg COD/kAhm-3, it is even above the theoretical limit and it indicates the 

contribution of non-faradaic mechanisms. 

 

Effluent pHo 
0 / mS 

cm-1 

COD0 

/ mg O2 dm
-3

 

Stochiometric 

dosage / % 

Removal 

/ % 

13.1  1 y 3 3.24 30.7 331,680 6 12.4 

13.2 1 4.75 15.9 86,320 24 30.1 

13.3 

2 12.44 3.0 22,285 69 39.2 

3 12.27 51.3 7,140 60 58.4 

5 4.10 66.3 47,900 40 31.5 

14 

1 9.04 52.4 41,400 54 80.2 

2 8.39 2.2 22,380 67 62.8 

3 6.86 32.8 34,770 44 64.4 

15 

1 7.43 42.3 75,570 38 43.0 

2 5.32 2.3 4,615 175 44.6 

3 8.52 36.9 4,400 63 59.8 

16 
1 9.52 2.9 3,625 73 78.3 

2 4.31 0.6 77,810 35 67.2 
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Figure 5.23 Efficiency in the reduction of COD by CDEO in the samples with the best results.    

Previous studies have concluded that the powerful oxidizing ability is due to 

the promotion of a number of direct and mediated oxidative pathways [58, 61, 142]. 

However, few studies have been devoted to non-faradaic mechanisms during CDEO. 

Some of them are discussed here to explain the super-faradaic efficiencies obtained in 

the experiments.  

First of all, although overall temperature was controlled, local increases of this 

parameter occur in the vicinity of the electrodes as a consequence of Joule’s effect, 

may causing the evaporation of substances with low boiling point. Also, 

polymerization of radical products generated both anodically [139] or cathodically 

[143] may take place during the CDEO of organic compounds. In fact, deposition of 

solids over the electrode surface was observed on repeated occasions. The generation 

of micro-bubbles (oxygen or hydrogen evolution) may cause stripping of solvents in 

the liquid phase. Stripping has been effectively applied for the treatment of industrial 

wastewater containing VOCs [144, 145]. Another non-faradaic mechanism involves 

the oxidation via molecular oxygen. Kapalka et. al demonstrated that mineralization of 

organic compounds on BDD electrodes involves also molecular oxygen present in 

air/oxygen-saturated solutions and detected an additional 7% non-faradaic evolution 

of CO2 [146]. A diagram of the degradation organics on BDD anodes, including the 
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complementary O2 side-mechanism mineralization induced by ●OH radicals, is shown 

in Figure 5.24: 

 

Figure 5.24 Diagram of mineralization of organics including the ●OH-induced via dissolved 
oxygen mechanism; ---- Oxidation via ●OH radicals, ---- Generation of H2O2 and O3;   ̶ ̶ ̶

Mineralization via dissolved oxygen. Reprinted from [147]. 

An important point that deserves attention is that some of the effluent contain 

chloride in the order of grams per liter. This anion can be easily oxidized to chlorine 

gas, hypochlorite and other by-products. Those species may act as oxidizing species 

and represent a mediated mechanism that contributes to the removal of organic matter, 

as discussed in bibliography [98]. The formation of chlorine by-products is inferred 

from the reduction in chlorine concentration. Another indirect evidence comes from 

the pale yellow color of the solution observed and the characteristic smell of 

hypochlorite and chlorine gas detected. This is a topic of utmost importance because 
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one of the reasons that prevent the direct application of CDEO to real water is the 

formation of high oxidation states chlorine by-products (chlorate and perchlorate) and 

may limit the application of CDEO in real effluents. 

5.6.4 Comparison between CDEO and FO 

Once the general behavior processes have been described, the efficiency of 

both AOPs is to be compared using the screening methodology. The performance of 

both technologies is assessed in terms of COD abatement efficiency which quantifies 

what fraction of the oxidizing reagent (H2O2 in FO and electric current in CDEO) is 

being effectively used in the degradation of organics. It is calculated according to 

Equations 4.13 and 4.14 for FO and CDEO, respectively.  

For comparative purposes, the conditions of the screening were 50% of the 

stoichiometrically H2O2 in FO and 50% of the stoichiometrically electric charge in 

CDEO. Higher additions of H2O2 led to a fast increase of the bulk and larger applied 

electric charge implied inadmissible long experimental times when it comes to treat 

highly-polluted streams. The data is presented in the form of a cumulative frequency 

graph in Figure 5.25 in which it is possible to discern the number of experimental 

points that lie above (or below) a particular value in a data set. 

CDEO is more efficient than FO in terms of COD abatement efficiency in 

approximately 80% of the samples. Imporantantly, FO cannot reduce COD in every 

sample. In fact, in approximately 35 % of the samples the abatement efficiency is 

negligible. Those values below 10% (or even negatives) were arbitrarily set zero 

because of measurement uncertainty in the determination of H2O2, which is to be 

deducted from the total value of COD measured [105]. At the other extreme, FO 

obtained high values of efficiency, above 100%, in 20% of the samples. Considering 

simply an oxidation mechanism, obtaining such efficiencies is not possible. As 

explained in Section 5.6.2, the contribution of particularly coagulation and other such 

as heat release are expected to be of importance in those effluents. On the other hand, 

as in the case of FO, COD abatement efficiencies higher than theoretical upper-limit 
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were measured in CDEO. This fact implies that it does exist the contribution of 

different mechanisms, as discussed in detail in Section 5.6.3. 

 

Figure 5.25 Cumulative frequency graph for comparing COD abatement efficiency in CDEO 

(■) and FO (○). Stoichiometric dosage of oxidant: FO: 50% or less; CDEO: 50 %; FO: 

H2O2/Fe 5:1 (mass units); pH = 3; CDEO: j = 32 mA cm-2; T = 25 ºC. 

Results obtained in the previous tests are confirmed by means of two long-

term tests by treating a real mixture collected in the homogenization tank prior to 

WPO® reactor. For comparative purposes, COD removal is plotted against Oxygen-

equivalent Chemical-oxidation Capacity, calculated according to Eq. 4.16 y 4.17, to 

quantify in arbitrary units the oxidants added to the waste [79, 126, 137].  

As can be seen in Figure 5.26, CDEO depletes completely the organic load 

while FO is only able to decrease COD down to 45% of the initial load. It confirms the 

behavior observed in the treatment of the effluents treated individually. CDEO is a 

robust technology that is able to destruct any type of organic compound while FO 

cannot transform certain pollutants that will remain in the medium after the treatment. 



Chapter 5 
 

138 
 

 

Figure 5.26 Comparison of COD removal by CDEO (■) and FO (◇) in a mixture of 
wastes collected in the homogenization tank. Wastewater (initial values): COD: 6.000 

mg dm-3; TOC: 1.650 mg dm-3; Conductivity: 25 mS cm-1; pH0: 6.0; FO: H2O2/Fe 5:1 
(mass units); pH = 3; CDEO: j = 30 mA cm-2; T = 25 ºC. 

           Even then, FO is a suitable technology to treat real pharmaceutical wastewater. 

Nevertheless, two important aspects should be checked for an adequate application. In 

some effluents, just adding iron the efficacies with and without H2O2 are comparable, 

then a coagulation process is more appropriate. Also, the oxidizing power is limited so 

it may be not possible to mineralize to the desired extension. For the latter case, 

CDEO excels as a reliable and robust technology. Given the characteristics of the 

effluents and the current state of development of this technology, it is reasonable to 

argue that CDEO could be applied to treat pharmaceutical wastewater and it is, 

indeed, an interesting field of application for this technology, provided that the 

formation of chlorate and perchlorate is under control. 

5.6.5 Vacuum distillation 

           In this section, the potentiality of vacuum distillation is assessed. This 

technique is able to separate components from a liquid mixture by virtue of the 

difference in the boiling point of the substances. The interest in this technology is the 

possibility of recirculating the water obtained in the condensate to production 
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processes or any other second-quality use as well as the management of a fraction (the 

botton one) more concentrated and with a considerably lower volume. 

          A series of preliminary tests were carried out to select the operation pressure, 

the main variable of the process. A pressure of 85 mmHg, typical from commercial 

industrial equipment, provided an adequate separation in the samples tested and 

therefore was fixed for the rest of the trials. 

          Table 5.8 shows the results obtained in the screening of the technology. In 

contrast to previous sections, vacuum distillation is only applied to effluents from 

Group 3 (with conductivity > 5 mS cm-1). It is worth mentioning that interferences, 

particularly the high concentration of chlorides, hinder or even makes impossible the 

measurement of COD coming from organics with an adequate accuracy (tagged as no 

measurable, N.M.). 

          In general, conductivity reduction by vacuum evaporation is high, close to 

100% in most of the cases, producing a distillate with adequate characteristics in terms 

of conductivity. The greatest benefit of this process is that treatment cost is almost 

independent from conductivity and, thus, the saltier the effluent the more interesting is 

the technology 

          However, the COD values in the distillate indicate the presence of organic 

compounds. Some of the solvents used in the production process have a lower boiling 

point than water and, thus, are not effectively separated in a single equilibrium step 

distillation.  

          Therefore, the main conclusion is that vacuum evaporation cannot be applied as 

a single technology to replace the current WPO® reactor or treat effluents from Group 

3 because the distillate is still polluted with high concentration of organics. Even so, it 

has proved to be a great alternative for effluent TAP5 (for further details, see Section 

5.3) and could be considered for other Group 0 effluents with high conductivity and/or 

effluents with a heavy solvent. 
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Table 5.8 Experimental results for vacuum evaporation. 

  

Effluent 

COD0 / 

mg O2 

dm-3 

0 / mS 

cm-1 

Distillate Residue 

removal  

/ % 

COD0 / 

mg O2 dm-3 
 / 

mS cm-1) 

COD0 / 

mg O2 dm-3 

[Cl-] / 

g dm-3 

2 
2 180,000 87.1 98.7 174,965 12.3 0 44.1 

5 0 12.1 79.5 0 16.7 0 0.002 

3.3 
1 23,210 66.9 99.9 13,490 144.9 45,000 143.8 

2 32,950 49.3 99.9 31,540 255.0 <5,000 132.3 

4.2 2 7,150 75.1 99.7 245 147.7 13,550 133.7 

4.4 1 41,300 77.1 99.7 1,476 149.2 N.M. 8,927 

4.5 2 33,220 212.6 99.8 23,256 143.5 0 11,532 

4.6 

1.1 1,560 70.5 99.9 3,835 70.4 <5,000 505.7 

1.2 
1,208 12.7 99.8 448 

28.1 <5,000 93.1 

3 34,800 107.9 99.9 1,411 106.9 31,630 251.0 

4.7 4 19,140 86.1 99.9 233 370 6,140 274.8 

5.3 
1 155,650 40.6 99.9 31,498 104.9 16,140 69,0 

2 78,300 38.3 99.9 31,123 96.0 5,600 76.7 

9.3 
6 22,900 118.6 99.9 4,793 349.2 44,800 138.0 

7 3,180 60.5 99.9 201 254.7 5,000 123.9 

10.3 1 44,520 10.9 92.3 26,620 47.7 67,990 229.3 

12 
2 10,820 35.4 99.9 21,283 110.1 <5,000 85.1 

6 8,980 33.1 99.7 5,096 102.7 6,470 35.7 

13.2 1 86,320 15.9 99.7 2,553 35.9 N.M. 3,001.9 

13.3 
3 8,360 81.8 99.6 3,528 236.0 <5,000 202.3 

5 37,400 88.3 99.9 3,933 228.6 N.M. 3,301.1 

14 
1 44,700 60.4 99.4 31,403 89.9 5,000  303.1 

3 34,800 32.8 99.7 30,080 0.2 33,880 167.7 

15 

1 83,010 48.8 98.9 1,852 53.5 >90,000 9.5 

3 5,830 38.0 99.3 4,413 109.2 16,480 56.4 

4 5,060 45.2 99.6 3,040 210.0 10,760 94.5 

16 1 83,860 14.2 99.7 95,665 67.9 5,740 82.3 
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5.6.6 Electrodialysis 

Electrodialysis is a membrane-based electrochemical technology that can be 

applied for the desalination of water and wastewater [148]. The adequate layout of 

anion and cation exchange membranes upon the action of an electrical field allows to 

obtain a treated effluent with low conductivity (the dilute) and another with higher 

conductivity (the concentrate).  

i) Wastewaters from production processes 

A series of preliminary tests were carried out with a reduced selection of 

effluents from Group 3 to check the feasibility. Figure 5.27 shows the reduction in 

conductivity in the dilute compartment in four effluents with conductivities from 12.2 

to more than 100 mS cm-1 in an electrodialysis setup with 5 pair membranes and a 

driving force of 1 V per pair of membranes. The conditions were selected according to 

the experience of the group with this tecnology [149, 150]. 

 

Figure 5.27 Evolution of conductivity in the dilute compartment. Pair of membranes: 5; 

Driving force: 1 V / pair ■ 4.6 AP 1.2 (12.2 mS cm-1) ● 10.3 AP1 (12.7 mS cm-1) ◆ 3.3 AP1 

(85.7 mS cm-1) ▲ 4.7 AP4 (102.9 mS cm-1). 

 From those results it is clear that electrodialysis can reduce conductivity in the 

real wastewaters but with important differences in desalination rate. Figure 5.28 shows 
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the efficiency of the treatment expressed as mS cm-1 reduced in the dilute per Wh dm-

3, ranging from 0.20 to 1.97.  

 

Figure 5.28 Conductivity reduction as a function of normalized energy consumption. 

Considering that the initial concentration of effluents 4.6 AP 1.2 and 10.3 AP1 

is roughly the same (around 12 mS cm-1), the higher reduction rate and efficiency 

obtained in the former is thought to be the difference in the concentration of organic 

compounds. Indeed, 4.6 AP 1.2 has a COD value of 1,208 mg O2 dm-3 whereas in 10.3 

AP1 is as high as 44,520 mg O2 dm-3. It may lead to the most common operational 

problem in membrane technologies: fouling  [151-153]. It can cause not only a 

reduction in efficiency but also can render inoperative the setup. In fact, the test with 

4.6 FA3 and 9.3 FA6 after a few minutes the and the membranes appeared completely 

clogged. Therefore, it can be concluded that electrodialysis could be applied for 

desalination of this pharmaceutical wastewater but it had better be placed after the 

removal of organic matter. 

ii) Wastewater from boilers 

 Electrodialysis was also applied to an especial effluent generated in large 

volumes due to an operative problem that forced to the operation of the boilers in open 

circuit (with no recirculation of the condensate). This effluent has a conductivity of 
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1.1 mS cm-1 (and practically free of organics) and the intention of the study was to 

evaluate the possible reclamation of the water.  Evolution of conductivity in dilute and 

condensate as well as the energy consumption are plotted in Figure 5.29. 

 

Figure 5.29 Variation of conductivity of the dilute and concentrated streams during the 

electrodialysis of the condensate from boilers. ◆ dilute; ■ concentrate; ● energy consumption; 

Pair of membranes: 5; Driving force: 1 V / pair. Ratio dilute / concentrate 5:1. 

The results are very positive, obtaining a high-purity dilute stream as well as a 

concentrate stream well below the discharge limits. It is important to highlighting that 

under the applied dilute / concentrate volume, an 83% of the initial volume could be 

reclaimed and the rest (17%) could be readily discharged. With respect to energy 

requirements, an electrical consumption of 0.30 kWh m-3 is achieved to obtain a dilute 

of 10 µS cm-1. Despite the positive results, this alternative was no longer investigated 

because the problem in the boiler was solved and it was no longer operated in open 

circuit.   
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5.7 Wastewater management tool 

According to our experience, it is evident that the management of wastewater 

in a batch plant due to the toxic nature, huge variability and changing nature of those 

residues is a complex task. During the development of the project, an important 

amount of information about the quantity and pollution load has been gathered. 

Subsequently, different management strategies have also been described and 

discussed. At this point, the real challenge is how to canalize this flow of information 

to achieve real improvements in the day-to-day operation of the plant. 

With this in mind, the development of a Wastewater Management Tool 

(WMT) has been carried out. The objective is to systematize all the information of the 

plant from the environmental point of view to assist in the minimization of its impact. 

Figure 5.30 shows a conceptual picture of the informatic tool.  

 

Figure 5.30 Graphical representation of the information flow in the WMT. 
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The architecture used for the WMT is analogous to the matrix architecture 

used in chemical process simulators (Figure 5.31). The inputs would correspond to 

assigned variables, the environment to design variables and outputs to state variables.  

 

Figure 5.31 Architecture of the WMT. 

The informatic tool was initially programmed in Excel, a friendly-user and 

widely-employed software from the Microsoft® Office suite. The reason behind the 

selection of this software is meeting two of the most important conditions to make 

anything useful: ease of use and flexibility. The different sheets are differentiated 

using a code of colors in which red corresponds to the inputs (to be introduced every 

simulation), yellow to the outputs (to visualize the results of the simulation) and green 

to the environment (to be changed only from time to time), as shown in Figure 5.32: 

 

Figure 5.32 Structure of the sheets in the wastewater management tool. 
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a) Inputs 

In the particular case of this simulation, the main input is the number of 

batch/es of each process to be fabricated in a given interval of time. This is the only 

data that the user should provide to the WMT under normal circumstances to carry out 

the simulation. A series of input variables are also necessary: the environment. The 

difference between both categories of variable is their changing nature. While the 

input changes from one simulation to another, the environment is static and do not 

necessarily change from one simulation to the next. For example, the kg of certain 

wastewater per batch does not change unless a modification is introduced in the 

process. Figure 5.33 schematize the aforementioned concept. 

 

Figure 5.33 Inputs of the wastewater management tool. 

Thus, the production sheet in the Excel file includes the n processes of the 

plant in the first column and the interval time in the first row (one year divided per 
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months). The last column and the last row represent the total of batches produced per 

year or month, respectively, as shown in Figure 5.34. This is the only sheet that the 

user should modify under normal circumstances. 

 

Figure 5.34 Production sheet of the wastewater management tool. 

On the other hand, there are two types of sheets for the environment: sheets of 

process and stoichiometric matrix. In each one of the first type, a complete mass of 

balance for each process (nº of effluents, a brief description, kg of wastewater and the 

physico-chemical characterization) is included. According to the segregation strategy 

described previously, each residue is placed as a function of composition and pollution 

load. Interestingly, the company of the case of study has developed a formula that 

consider different economic, environmental and operational aspects to choose the 

most appropriate management of each effluent which is to be implemented in further 

iterations of the WMT. More details cannot be disclosed here in accordance with the 

confidentiality agreement. In the future, the development and widespread application 

of artificial intelligence could be applied to simplify and assist in this decision-making 

step. Figure 5.35 shows an example of a process sheet. 
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Figure 5.35 Example of a process sheet of the wastewater management tool. 

The intermediate action to transform the data included previously into an 

output is a matrix containing certain stochiometric coefficients. For example, if the 

output were the consumption of H2O2 in the WPO® by a given effluent, it could be 

estimated according to Equation 5.6:  

 

𝐾𝑔 𝐻2𝑂2 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑋
=  𝑁º 𝑏𝑎𝑡𝑐ℎ𝑒𝑠 ·  

𝑘𝑔 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑋

𝑏𝑎𝑡𝑐ℎ
· 𝐶𝑂𝐷 ·

𝑘𝑔 𝐻2𝑂2

𝑘𝑔 𝐶𝑂𝐷
                         (5.6) 
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The only variable that is required to complete the calculus is a stochiometric 

ratio to quantify the kg of H2O2 dosed per kg of COD. A similar procedure can be 

used to estimate other consumption or costs. The parameters required to do the 

calculus depends on the desired outputs. An example of a stoichiometric matrix with 

different parameters is shown in Figure 5.38.  

 

Figure 5.36 Example of a coefficient stoichiometric matrix. 

b) Outputs 

With the aforementioned structure and data, the WMT can estimate a wide 

range of outputs: quantity of each residue, consumptions, economic costs associated to 

the management of the wastewater, etc. as schematically shown in Figure 5.37, and 

also other interesting parameters such as the carbon/water footprint associated to the 

transformation of the raw materials into the pharmaceutical product.  

The calculation of the outputs corresponds, in general, to the formula shown in 

Eq. 5.7: 

𝐼𝑚𝑝𝑎𝑐𝑡 = 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑥 𝑖𝑚𝑝𝑎𝑐𝑡 𝑓𝑎𝑐𝑡𝑜𝑟                                                                    (5.7) 

Where impact is the parameter of interest (wastewater generation, cost, carbon 

footprint, etc.), quantity represent the amount (nº of batches, mass of reagent, kWh of 

electricity, etc.), the impact factor is the stoichiometric ratio between the quantity and 

the impact (kg of wastewater per batch, € per kg, emission factor, etc.) 
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Figure 5.37 Outputs of the wastewater management tool. 

Considering all the aforementioned information, the WMT is ready to offer 

the estimations to the user. Each output variable is presented in a different sheet, 

referred to as output sheet. For each variable, the matrix structure allows one to obtain 

the data individualized (for example, the H2O2 consumed per each stream) or 

aggregated (for example, H2O2 consumed by a given process in a year) by simply 

summing a range of cells. In the same sheet, the data can also be displayed in the form 

of plots for greater convenience. Figure 5.40 shows an example of an output sheet.  
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Figure 5.38 Example of an output sheet. 

Starting from this idea, the user can customize the WMT according to their 

particular needs. For example, create a summary sheet in which to display the most 

important parameters. In this sense, the WMT is a powerful tool to assist 

environmental departments of batch industries in the management of the wastewater.   
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5.8 Appendix 

Table A.1 Solvents used in the pharmaceutical plant and their main characteristics.  

Solvents 

1,1'-azobis(cyclohexanecarbonitrile) Ethyl glyoxylate 

1-Bromo-2,5-pyrrolidinedione (N-
Bromosuccinimide) 

Ethylene glicol 

1-Methyl-2-pyrrolidinone Formaldehíde 

2-Methylindoline Heptane 
2-Propanol Heptanoic acid 

3-Methoxybenzenethiol Hexane 

4-Methylbenzenesulfonic acid hydrate Metanol 

Acetic acid Methylcyclohexane 
Acetone Methylene chloride 

Acetonitrile Metoxitiocromano 

Acrilic acid N,N-Diethylethanamine 
Benzyl chloroformate (Cloroformiato de 

bencilo) 
N,N-Diisopropylethylamine (DIPEA) 

Cyanoacetic acid N,N-dimethylacetamide 
Dibutyl ether N,N-Dimethylformamide 

Dichloromethane N-Methylaniline 

E-Diisopropyl azodicarboxylate Paraformaldehyde 

Ethanol Tetrahydrofuran 
Ethyl acetate Toluene 

Ethyl chloroformate Vitride 
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Table A.2 Physicochemical characterization of wastewaters. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Process pH mS cm
-1

 DQO / mgO2 dm
-3

 [Cl
-
] / g dm

-1
 

1AP2 7.66 0.9 375 - 

2AP1 3.72 0.2 0 - 

2AP2 4.94 87.1 > 180,000 100.1 

2AP4 7.05 0.4 325,000 - 

2AP5 12.13 7.4 0 - 

3.3AP1 4.72 66.9 23,210 37.8 

3.3AP2 8.99 49.3 32,950 27.6 

3.3AP3 6.71 0.2 < 500 - 

3.4AP1 - 156.0 0 10.9 

3.4AP2 8.40 5.3 6,410 1.1 

3.4AP3 2.16 5.0 290 1.0 

4.1AP1 3.96 0.5 541,300 - 

4.1AP2 5.41 13.0 178,600 1.1 

4.2AP1 9.38 0.8 0 - 

4.2AP2 7.54 75.1 6,960 31.8 

4.2 AP3 10.03 0.2 370 - 

4.3AP1 9.86 0.2 40 - 

4.3AP2 3.62 0.3 437,500 0.07 

4.3AP3 4.82 0.2 7,900 0.07 

4.3AP4 5.08 1.2 59,920  

4.3AP5 5.10 0.5 16,110  

4.4AP1 5.61 77.1 41,300 389.9 

4.4AP2 7.72 0.1 145 - 

4.5AP1 7.69 0.2 26 - 

4.5AP2 0.11 212.6 33,220 961.7 

4.5AP3 8.05 0.3 559 - 

4.6AP1.1 8.43 70.5 1,560 12.1 

4.6AP1.2 2.92 12.8 1,208 3.9 

4.6AP2 4.81 0.06 1,020 - 

4.6AP3 7.17 107.9 34,800 199.5 
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Table A.2 Physicochemical characterization of wastewaters (continuation). 

Process pH mS cm-1 DQO / mgO2 dm-3 [Cl-] / g dm-3 

4.6AP4 6.51 0.3 939 - 

4.6AP5 6.75 0.4 0 - 

4.7AP1.1 7.74 0.5 10,395 - 

4.7AP1.2 7.32 0.3 6,590 - 

4.7AP3 10.17 0.3 45,020 - 

4.7AP4 9.33 86.1 19,140 120.7 

4.7AP5 7.00 0.5 15,480 - 

5.3AP1 8.46 40.6 155,650 399.0 

5.3AP2 8.59 42.5 78,300 0.06 

5.3AP3 8.20 1.8 1,875 - 

7AP2 3.76 2.4 5,980 - 

8AP1 2.58 2.5 11,450 0.4 

8AP2 10.61 5.4 7,020 0.5 

8AP4 4.33 0.2 114 0.1 

8AP1.bis 4.68 3.9 7,170 9.8 

8AP2.bis 10.48 1.7 6,800 - 

8AP4.bis 4.25 0.3 0 - 

9.3AP3 4.90 0.7 27,700 - 

9.3AP5 13.06 52.4 404,500 52.0 

9.3AP6 12.90 132.8 22,900 72.8 

9.3AP7 13.13 58.1 3,180 11.5 

10.3AP1 4.01 13.2 44,520 0.07 

10.3AP2 6.05 1.0 755 - 

10.3AP3 6.00 0.8 590 - 

10.3AP4 3.64 0.3 720 - 

11.1AP3 6.96 132.7 149,100 60.6 

11.1AP4 6.53 6.2 188,650 23.2 

11.1AP5 5.72 113.8 168,600 43.2 

11.1AP6 6.40 2.4 890 - 
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Table A.2 Physicochemical characterization of wastewaters (continuation). 

Proceso pH  / mS cm
-1

 DQO / mgO2 dm
-3

 [Cl
-
] / g dm

-3
 

12AP2 3.50 35.4 10,820 20.6 

12AP6 4.22 37.2 8,980 5.3 

12AP7 6.91 0.2 0 - 

13.1AP1&3 4.57 18.9 331,680 67.1 

13AP2 1.91 3.3 200,800 8.5 

13AP4 4.66 44.4 303,500 343.4 

13AP5 7.66 26.3 152,500 120.1 

13AP6 7.30 0.5 1,570 - 

13.2AP1 4.69 19.1 78,230 89.2 

13.3AP1 11.90 45.7 126,000 1262.7 

13.3AP2 12.31 6.2 22,285 169.0 

13.3AP3 13.03 81.8 8,360 51.8 

13.3AP4 6.83 0.3 121 - 

13.3AP5 4.13 88.3 37,400 946.1 

14AP1 9.63 60.4 44,700 92.4 

14AP2 10.51 0.4 22,380 - 

14AP3 6.93 39.7 34,800 8.4 

14AP4 6.81 0.4 169 - 

15AP1 7.33 48.8 83,010 0.3 

15AP2 5.43 2.1 13,160 - 

15AP3 8.14 37.9 5,830 7.7 

15AP4 7.22 45.2 5,060 15.6 

16AP1 7.48 14.2 83,860 5.25 

16AP2 5.07 0.6 5,070 - 

16AP3 9.57 2.9 86,660 - 
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6.1 Introduction 

Nowadays, the approximately 5 MMT of H2O2 consumed worldwide are 

almost entirely produced via the Anthraquinone process [62, 154] and is expected to 

be the technology of choice for large-scale productions in the years to come [154]. 

Basically, the process consists in successive cycles of oxidation and reduction 

of a quinone, usually 2-alkylanthraquinone (AQ) [62, 135, 154, 155]. First, AQ in an 

appropriate solvent is catalytically hydrogenated in the presence of a metallic catalyst 

(normally based on Pd, Ni or Pt) at temperatures of 40-50 ºC and H2 partial pressures 

up to 4 atm. The extent of this reaction is carefully controlled to minimize secondary 

hydrogenation reactions, as ring oxidation (route b in Figure 6.1). 

The so-called working solution containing the hydrogenated anthraquinone is 

then cooled and subsequently non-catalytically oxidized by bubbling air compressed at 

5 bar. After a typical residence time of 40 min in the oxidation reactor, a diluted 

solution of H2O2 at 0.9 – 1.8 wt % is obtained, along with regenerated anthraquinone 

(Figure 6.1). The loss of quinone in the reaction is compensated by addition of fresh 

anthraquinone to the working solution. 

Subsequently, H2O2 is separated from the organic phase using demineralized 

water in a counter-current liquid-liquid extraction column (> 30 m). The aqueous 

solution reaching the bottom of the column contains a 25-35 wt% H2O2; while the 

organic phase is pumped back to the hydrogenator. The aqueous phase is then purified 

and concentrated via distillation to different commercial grades, typically up to 70%. 

Prior to storage, stabilizers such as sodium pyrophosphate are added. Those chemical 

additives act by complexing with traces of transition metal that promote unwanted 

decomposition. The price of H2O2 produced by this method ranges from $700 to 1,200 

per ton, depending on the amount sold [154]. 
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Figure 6.1. Reaction scheme of the AO process. Reprinted from [62]. 

Although it has been optimized throughout the years to achieve a high yield 

(for example, in today’s plant, AQ is substituted by 2-amylanthraquinone to minimize 

over-hydrogenation of the quinone [154]), the process is only profitable on a large 
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scale and presents some disadvantages in environmental terms such as the use of 

organic solvents, metal catalysts and a considerable workout to purify the product. In 

addition, AO is a multi-step process in which the necessary supply of large amounts of 

hydrogen (normally obtained on site by methane reforming) and purification steps 

prevent its localized production and small-scale implementation [156]. Therefore, 

H2O2 has to be transported from the manufacturing point to the end user, posing a 

safety risk and increasing the overall energy consumption and carbon footprint of the 

process [93, 157]. Therefore, H2O2 is not as green as it would be desirable given that 

certain chracteristics of the AO process are in opposition to some of the green 

chemistry principles [158]. Taking into account that H2O2 is considered a key reagent 

in green chemistry, cleaner and cheaper production methods are of great interest [62, 

159]. 

At present, different approaches such as direct synthesis from O2/H2, 

photocatalysis over semiconductor oxides, fuel cells, oxidation of alcohols, mixtures 

of CO/O2/H2O or even plasma reactors or bioinspired approaches are under study [62, 

154]. Among the different alternatives, direct synthesis (H2 + O2) has received a great 

deal of attention given the outstanding atom-efficiency of this route [157]. It seems to 

be attractive for the small market (< 10,000 t per year) where the AO process cannot 

compete due to equipment complexity [160]. A successful attempt was carried out by 

a joint venture between a large H2O2 manufacturer Degussa (now Evonik) and a 

catalyst supplier (Headwaters Technology Innovation) in 2006 when they constructed 

a one-tone demonstration plant in Germany [154]. Although the commercialization 

was announced by 2009, it finally did not occur. The high cost of pure oxygen and/or 

the numerous technical difficulties (avoiding explosions of H2/O2 gas mixtures, 

selectivity of the catalysts, etc.) might be the reasons that are hindering the 

commercialization of this process on an industrial  level [154, 157]. 

6.1.1 Production of H2O2 via oxygen reduction reaction 

As early as in 1882, M. Traube demonstrated that H2O2 can also be produced 

via two-electron oxygen reduction reaction (ORR) on carbocenaous cathodes [84, 92, 
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161]. Electrochemical production of H2O2 can be divided into two types as a function 

of the power source, namely i) reduction of O2 with H2 through fuel cell reactions or 

ii) driven electro-reduction of O2 using an external electrical power source [159]. The 

latter route has attracted more interest mainly because it does not require a continuous 

supply of hydrogen. Theoretically, the driven electrochemical ORR route presents a 

number of advantages [162]: 

 Use of the electron and oxygen as reagents: which are clean and 

avoid the generation of toxic residues. 

 Fully electrically-powered: energy that can be obtained from 

renewable sources.  

 Easy automatization and control: electric current and liquid/gas 

flows are easily controlled via power electronics and classic control 

loops. 

 One-pot process: configuring a simpler reaction scheme than multi-

step AO technology. 

The aforementioned characteristics allow a decentralized production close to 

the final user. Unfortunately, at the current level of development, H2O2 electrolyzers 

are not mature enough to compete with the AO process. Probably the closest-to-

market design was a trickled-flow cell with a packed-bed carbon black/PTFE 

(CB/PTFE) coated graphite chips cathode developed by Dow Chemical/ H.D. Tech for 

the production of NaOH/H2O2 mixtures for paper and pulp bleaching [92, 161], via 

reactions 6.1 to 6.3 [62]: 

Anode: 2𝑂𝐻− → 𝐻2𝑂 + 1 2⁄ 𝑂2 + 2 𝑒−                                                                  (6.1) 

Cathode: 𝐻2𝑂 + 𝑂2 + 2𝑒− → 𝐻𝑂2
− + 𝑂𝐻−                                                             (6.2) 

Overall reaction: 𝑁𝑎𝑂𝐻 + 1 2⁄ 𝑂2 → 𝐻𝑂2𝑁𝑎                                                         (6.3) 

To the best of our knowledge, its application is restricted so far to one 

industrial-size (1 tonne day-1) plant built in the 80’s in Canada [92, 163]. 
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Unfortunately, this design is limited to the production of H2O2 in concentrated (≈1 M) 

alkaline solutions because cell potential becomes unacceptably large in more diluted 

NaOH solutions and also by the relatively low superficial current density and 

consequent high capital cost working under room pressure [92, 163]. For other uses of 

H2O2, such as organic synthesis or wastewater treatment, it had better be produced in 

neutral-to-acid media containing lower electrolyte concentrations [164]. To do this, 

the adequate and careful design of the electrolyzer is a key aspect.  

A considerable effort has been devoted to the study of the cathodic material 

and operational conditions [104, 165-167] but, comparatively, considerably less 

attention has been paid to other aspect of the design as for example the aeration 

system. It is a point that deserves consideration given that one of the main limiting 

factors for a fast and efficient electro-generation of H2O2 is the small solubility of 

oxygen in water under room conditions (≈ 0.25 mM / 8 mg dm-3) [162, 164, 168]. The 

most immediate solution is bubbling directly the gas in the electrolyte, as 

schematically shown in Figure 6.2. However, the low equilibrium concentration of 

oxygen also results in slow oxygen transfer to the cathode. Indeed, the limiting current 

density is < 1 mA cm-2 at a plate electrode under the above-said conditions because of 

mass transport limitations [164]. Different reactor configurations has been proposed to 

increase the oxygen transfer under these aeration conditions, as for example parallel-

plate microfluidic cells [169] or a reactor with rotating cathodes [170]. 

A more efficient approach consists in feeding the gas directly to the cathode as 

in gas diffusion electrodes (GDEs, see Figure 6.2) [164, 171-173]. This solution 

minimizes mass transfer limitation and yield much better results. However, it still 

presents some important drawbacks such as low oxygen utilization and the need of 

using a compressor during the whole operational time to maintain a delicate 

equilibrium of pressures at both sides of the electrode [161].  

In this chapter, innovative solutions for the fabrication of cathodes, new 

designs for the cell and pioneering aeration systems aimed at developing the 

technology to electro-generate hydrogen peroxide will be presented and discussed. 
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Figure 6.2 Schematic representation of classic aeration system in H2O2 electrolyzers. A) gas-

bubbling cell, B) gas diffusion electrode cell. 

6.2 Objectives and experimental planification 

Hydrogen peroxide is a valuable compound for the industry in general, and for 

the industry under study in this work in particular. Indeed, this compound is used in 

the wastewater treatment plant to eliminate the organic compounds that cannot be 

recovered, thus reducing the impact on the environment of the wastewater discharge. 

The cost of H2O2 is quite important for this company. Actually, it represents the 

largest expense among all the reagents used in the wastewater treatment plant. In 

addition, it is an strategic supply because peroxide business is fierce and the market 

has been historically dominated by a few producers  (Belgium’s Solvay, Germany’s 

Evonik, and France’s Arkema) holding > 50 % [154].  

In this context, the electrochemical production of H2O2 via ORR has a number 

of very interesting advantages. It not only represents a potentially greener alternative 

but also could be an interesting strategic decision to reduce costs and ensure the 

supply. Unfortunately, as stated before, H2O2 electrolyzers are not widely available 

commercially and, to the best of our knowledge, only HPNow (www.hpnow.eu), a 

start up from Denmark is commercializing those types of electrochemical reactors. 

http://www.hpnow.eu/
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However, this technology has a great potential but still requires a certain degree of 

development.  

Therefore, the objective of this Chapter is to study innovative approaches to 

produce H2O2 electrochemically autonomously, on-site and on-demand in a typical 

vertical integration strategy. The main objective is divided into different partial 

objectives: 

1. Study of cathodic materials to produce H2O2: which is the cornerstone of 

an efficient design. Different supports (carbon cloth, carbon felt, 

reticulated vitreous carbon and aluminium foam) and deposition 

techniques (air brushing, immersion or hot-dripping) of carbon 

black/polytetrafluoroethylene (CB) mixtures will be evaluated to create 

tailor-made electrodes for each particular cell design. 

2. Development of new aeration systems: to maximize oxygen supply at the 

minium energetic and investment costs. Simplicity and potential to be 

scaled- up are also desirable characteristics.  

3. Optimization of cell configuration: aimed at minimizing ohmic losses and 

maximize mass transfer, two of the most important bottlenecks of H2O2 

electrolyzers. 

4. Integration of technologies in a single prototype: design, construction and 

experimental validation of a bench-scale design that integrates the 

aforementioned technological solutions in a novel H2O2 electrolyzer. 

The present PhD is the first work devoted to electrochemical generation of 

H2O2 in the present research group. Hence, the development of the electrolyzer started 

from scratch.  

At that point, the collaboration of professor Enric Brilla’s Group from the 

University of Barcelona (Spain) was crucial. Professor Ignacio Sirés and the rest of his 

colleagues kindly helped me to learn the basic techniques to produce and measure 

H2O2 as well as to operate the state-of-the-art devices that they are using in their 
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research during a short internship in their laboratory in September 2015. Indeed, the 

first cell used in this work (parallel plate flow-by equipped with a gas diffusion 

cathode) was a home-made replicate of their system and the first cathode was based on 

the same support (carbon cloth) used by Brillas’ group.  

The next step of the development also required the collaboration of another 

research group. The Laboratorio di Tecnologie Chimiche ed Elettrochimiche from the 

Università Degli Study di Palermo (Italy) owned the technology to carry out 

electrochemical processes under pressure. Onofrio Scialdone and their people opened 

the gates of their laboratory in September 2016 and kindly allowed me to study the 

effect of air pressure on the electrochemical generation of H2O2 using different types 

of carbon felt cathodes.  

The following milestone revolved around the use of a jet aerator as a 

compressor-free oxygen supplier system for a H2O2 electrolyzer. It is a new concept 

that implied the development of a tailor-made electrochemical cell which was also 

equipped with carbon felt cathodes. 

After that, an optimization of the cell design aimed at simultaneously reduce 

energy consumption and maximize mass transfer limitations (two of the most 

important figures of merit in electrochemical reactors) is presented. In addition, it had 

to be compatible with the previously studied aeration systems. The proposed reactor 

concept met the above-said requirements configuring a novel and interesting cell 

geometry. It is important to acknowledge that the idea of the new cell was largely 

inspired by the previous work of Scialdone’s group on the application of microfluidic 

reactors to wastewater treatment. Particularly, the construction of the first microfluidic 

flow-through prototype implied the search, test and selection of a wide range of 

materials and a considerable effort, being one of the most time-consuming tasks 

performed during the PhD. With respect to cathodic materials, carbon felt was no 

longer an alternative because the extremely narrow inter-electrode gap required the 

use of rigid cathodes. Therefore, three-dimensional vitreous carbon and metal foams 

were used in this cell. 
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The last part of the present Chapter is devoted to the assessment of the final 

prototype that joins together all the aforementioned technological solutions. The 

biggest challenge was the use of pressure in the system which required a thorough re-

design not only of the cell, but also of the rest of the auxiliary equipment of the 

installation (pipelining, pump, etc.) to avoid leakages as well as withstand higher 

pressures.  

The objective is to produce hydrogen peroxide at the maximum rate 

(intimately with a high current density) and current efficiency at the minimum cost. As 

a summary of the evolution of the reactor and the cathodic materials, Table 6.1 shows 

a brief description of the elements used in the present Chapter. 

Table 6.1 Cells and electrodes used during the development of the technology. 

Cell type Cathode 

Flow-by parallel plate GDE cathode CB/PTFE Carbon cloth 

Stirred tank parallel plate CB/PTFE Carbon felt 

Pressurized stirred tank parallel plate CB/PTFE Carbon felt 

Flow-through jet aerated CB/PTFE Carbon felt 

Microfluidic flow-through jet aerated CB/PTFE Reticulated vitreous carbon 

Microfluidic flow-through pressurized-jet 
aerated 

CB/PTFE aluminium foam 

 

6.3 Cathodic materials for efficient production of H2O2 

As introduced before, H2O2 can be directly generated in water via 

electrochemical reactors using only electricity as input via ORR. This reaction is 

comprises different steps and follows a complex mechanism which, despite its 

importance in different areas of the electrochemistry, has not been fully understood 

yet [92, 174, 175]. In a simplified manner, the reaction can proceed directly via 4 e- 
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(Route A) to water or via 2 + 2 e- also to water, but yielding hydrogen peroxide as 

stable intermediate (Route B) [92]: 

 

Figure 6.3. Simplified reaction scheme of oxygen reduction reaction. 

The reason behind the selectivity between the two above-mentioned pathways 

is thought to be the inability of carbon to provide the catalytic sites for the dissociative 

adsorption of O-O molecules, thus leading to the reduction of oxygen (O2) to 

superoxide (𝑂2
−) (or 𝐻𝑂2

+ 𝑡𝑜 𝐻𝑂2
●) and, eventually, to the generation of hydrogen 

peroxide [92, 176, 177]. In this manner, certain materials such as mercury or carbon 

exhibit a high overpotential for Route A, most likely due to the difficulties in breaking 

down the strong O=O bond (498 kJ mol-1) [92, 174, 178], and thus ORR proceeds 

mainly via 2 e- pathway in those materials [165].- 

It is generally assumed that carbonaceous materials gather the most favorable 

characteristics (high selectivity, commercial availability, cost or environmental 

compatibility) for their use as cathodic materials in the electro-generation of H2O2 [71, 

164, 165]. A number of carbonaceous materials have already been tested as cathode 

for this purpose, namely graphite [165, 179, 180], carbon cloth [181], carbon sponge 

[167, 181], reticulated vitreous carbon [165, 182, 183] or carbon felt [104, 165, 181, 

184]. It is worth mentioning that an interesting catalytic effect have been obtained in 

those electrodes fabricated by mixtures of carbon and PTFE [104, 166, 171, 185].  

In this section, the influence of carbon black and PTFE supported over carbon 

cloth and carbon felt on the production of H2O2 is studied.  
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6.3.1 Carbon cloth  

A commercial carbon cloth with different PTFE loadings is used as support to 

deposit a catalytic layer of CB. The efficiency in the electro-generation of H2O2 is 

assessed in a divided filter-press electrolyzer using the above-said material as a GDE. 

More details about the experimental setup can be found in Section 4.3.6. 

i) Influence of PTFE loading  

Carbon cloths with different PTFE loadings (0, 5, 10, 20, 30 and 40%) were 

studied. Firstly, 0% PTFE carbon cloths were tested. After a few moments of 

operation water passed through the cathode to the adjacent compartment, resulting in 

the flooding of the air chamber and the leakage of the electrolyte. Thus, this material 

did not work as GDE and the H2O2 concentration obtained is represented as null in 

Figure 6.4.  

The same result was obtained in the case of 5, 30 and 40% PTFE carbon 

cloths. In the case of low PTFE content, the reason behind the failure of the cathode is 

thought to be the excessive wetting of the fibers of the carbon cloth, which eventually 

leads to water passing through them instead of through the pores where the pressure of 

the liquid flow can be compensated by the air flow. On the other hand, the excessive 

permeability of the high PTFE-content cloths (30 and 40%) makes impossible for the 

air flow to compensate the water pressure along the entire surface of the cathode, also 

leading to the flooding of the air chamber.  

However, carbon cloths with an intermedium degree of hydrophobicity (10% 

and 20%) worked correctly and separated both compartments. These results are in 

agreement with previous works in which the loadings of PTFE were within the same 

range as in the present work. As examples, Thiam et al. used 10% PTFE-carbon cloths 

as GDEs [186]; Forti et al. synthetized a GDE with 20% PTFE content [187]; Carneiro 

et al. used approximately 12% [188] whereas Barros et al. fabricated an electrode with 

20% PTFE [171]. Therefore, it was concluded that carbon cloths with 0, 5, 30 or 40% 

PTFE contents are not adequate for its use as GDEs whereas 10 and 20% PTFE 

carbon cloths could be used as materials for the construction of GDEs. 
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Electro-generation of H2O2 was then carried out using the 10 and 20% PTFE 

carbon cloths and the results are shown in Figure 6.4. 

 

Figure 6.4 Concentration-time curves for the electro-generation of hydrogen peroxide using 

carbon cloths with different PTFE contents. ■ 0% PTFE, ● 10% PTFE, ◆ 20% PTFE; j = 25 

mA cm-2; background electrolyte: Na2SO4 0.05 M; natural pH; anolyte and catholyte volume 

0.5 dm3 each; Qanolyte = Q catholyte = 28 dm3 h-1 and air flow = 200 Ndm3 h-1. 

 

H2O2 concentration increases with time using both materials. It reaches 

concentrations of 35 and 45 mg H2O2 dm-3 for 10 and 20% PTFE carbon cloths, 

respectively, after 120 min, yielding very low current efficiencies of 2 and 3 %. The 

aforementioned results are in agreement with previous results in which the 

accumulation of H2O2 using bare carbonaceous materials is low, generally in the order 

of dozens of ppm [104, 180, 181, 189].  

However, higher concentrations have been previously obtained in the 

electrochemical production hydrogen peroxide using GDEs operating at considerably 

higher current densities. For example, Barros et al. applied 212 mA cm-2 in a GDE 

fabricated from CB (Printex L6) - PTFE by the hot-pressing method [171], Kolyagin 

et al. applied 110 mA cm-2 using a CB (acetylene black) - PTFE cathode [190] or 

Panizza et. al. used a carbon-PTFE cathode in a system similar to the one in this study 

and obtained around 300 mg dm-3 of H2O2 after one hour of experiment working at 30 

mA cm-2 in a divided cell using atmospheric air to feed the GDE [172]. Those results 

indicate that there is still room to improve the performance of the carbon cloths. 
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ii) Influence of carbon black loading 

CB was added to the PTFE-carbon cloths via the air-brushing technique 

detailed in Section 4.2.3. The type of CB used was the most common used for electro-

catalytical applications, Vulcan XC72 a carbonaceous material with approximately 

250 m2 g-1 and a conductivity of 2.77 S cm-1 [191, 192]. In this manner, the face in 

which CB is deposited acts as catalyst layer whereas the unmodified is the gas 

diffusion layer. In a first attempt, 1.5 mg of CB per cm2 were deposited in the 10-20 % 

PTFE- carbon cloths. A comparison between the hydrogen peroxide electro-generated 

before and after the addition of CB is shown in Figure 6.5.  

 

Figure 6.5 Concentration-time curves for the electro-generation of hydrogen peroxide using 

carbon cloths with and without carbon black. ● 10% PTFE, ○ 20% PTFE, ■ 10% PTFE + 1.5 

mg CB cm-2, □ 20% PTFE + 1.5 mg CB cm-2; j = 25 mA cm-2; background electrolyte: Na2SO4 

0.05; natural pH anolyte and catholyte volume 0.5 dm3 each; Qanolyte = Q catholyte = 28 dm3 h-1 

and air flow = 200 Ndm3 h-1. 

The difference in H2O2 generation before and after the deposition is very 

important. After 15 min, the concentration using the unmodified carbon cloths is 

approximately 20 mg dm-3 whereas in the carbon cloths with the deposition of CB is 

as high as 130 mg dm-3, which implies a difference in current efficiency of 13 vs. 

83%. In the case of the unmodified, the concentration will increase only slightly with 

the electrolysis time, yielding 35 and 45 mg dm-3 as discussed before. In the case of 
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CB/PTFE carbon cloths, the concentration increases up to 630 mg dm-3 (50% current 

efficiency) after 120 min of electrolysis. 

However, the accumulation is not linear with time. Different side reactions 

can affect the accumulation of H2O2. Basically, H2O2 can undergo self-decomposition 

(Eq. 6.4, 6.5 a and b), be oxidized in the anode (Eq. 6.6) or reduced in the cathode (Eq. 

6.7) as widely discussed in bibliography [165, 172, 190, 193-195].  

𝐻2𝑂2 → 𝐻2𝑂 +
1

2
𝑂2                                                                                                  (6.4) 

𝐻2𝑂2 ↔ 𝐻𝑂2
− + 𝐻+                                                                                                (6.5a) 

𝐻2𝑂2 + 𝐻𝑂2
− → 𝐻2𝑂 + 𝑂2 + 𝑂𝐻−                                                                        (6.5b) 

𝐻2𝑂2 − 2𝑒− → 𝑂2 + 2𝐻+                                                                                        (6.6) 

𝐻2𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂                                                                                      (6.7) 

Once the addition and further calcination of CB has demonstrated to be 

efficient, by increasing the accumulation of H2O2 in more than one order of 

magnitude, its loading was optimized. Since no evident improvement results from the 

utilization of 20% PTFE carbon cloth, the amount of CB was optimized on the basis of 

10% PTFE carbon cloth. Figure 6.6 shows the influence of the CB loading (within the 

range 0.5 – 2.5 mg cm-2) in the electro-generation of H2O2. 

The concentration-time curves show the same tendency regardless of the 

addition of loading of CB in the carbon cloth. However, significant differences can be 

observed in the concentration of H2O2. The concentrations at 15 min are 153, 130, 111 

and 108 mg H2O2 dm-3 yielding current efficiencies of 97, 82, 70 and 68 % for the 

carbon cloths with 0.5, 1.5, 2 and 2.5 mg CB cm-2, respectively. It means that at the 

beginning of the electrolysis, H2O2 can be generated approximately at a rate of 15 mg 

h-1 cm-2 with a current efficiency close to 100% in the PTFE/carbon cloth with 0.5 mg 

CB cm-2. At 120 min of electrolysis, the concentrations measured in the bulk were 

832, 636, 479 and 260 mg H2O2 dm-3 for CB loadings of 0.5, 1.5, 2 and 2.5 mg cm-2, 

respectively.  
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Figure 6.6 Concentration of H2O2 vs. times for different CB loadings. ■ 0.5 mg CB cm-2, ● 1.5 

mg CB cm-2, ◆ 2 mg CB cm-2, ▲ 2.5 mg CB cm-2.  j = 25 mA cm-2; background electrolyte: 

Na2SO4 0.05 M; natural pH anolyte and catholyte volume 0.5 dm3 each; Qanolyte = Q catholyte = 28 

dm3 h-1 and air flow = 200 Ndm3 h-1. 

The improved electro-activity for hydrogen peroxide is attributed to the 

formation of a microporous, and partially hydrophobic, layer in which the formation 

of triple-phase (oxygen gas – electrolyte – electrode) contact points (TCPs) is 

promoted [159, 176]. In this manner, the deposition of CB constitutes a suitable 

method to easily enhance electro-activity of commercially-available carbon cloths for 

H2O2 electro-generation. 

Nevertheless, the efficiency gradually decreases with the addition of CB. 

Hence, contrary to what may be expected, the best electro-generation rate is obtained 

with the carbon cloth containing the lowest CB loading, that is, 0.5 mg cm-2. The 

explanation to this phenomenon may be found in the surface of the modified electrode. 

It was observed under a scanning electron microscope (SEM), as shown in Figure 6.7.  

          The carbon cloth presents a well-defined lattice structure in which the individual 

bare fibers are packed forming thicker wires that are knitted in the same way as a 

fabric and air can flow through the pores in between the wires. After the modification, 

the surface substantially changes. The fibers of the carbon cloth are coated with a 

gradually thicker and rough crust of CB. In this manner, the surface area and porosity 
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may be increased and so would do the number of triple contact points for oxygen-

reduction reaction, improving the efficiency of the process in comparison to the 

unmodified carbon cloth.  

 

 

Figure 6.7 Scanning electron microscope images of bare and CB/PTFE carbon cloths.   

 

          Nevertheless, the increasing addition of CB leads to a progressive covering of 

the surface. In fact, in the case of the cloth with 2.5 mg CB cm-2, the surface is so 

clogged that air may find important diffusion resistance and may not be equally 

distributed along the surface. In this manner, at high CB loadings the supply of oxygen 

to the gas-liquid-solid interface may be drastically reduced, slowing down the overall 

kinetics of the electro-generation of H2O2. Therefore, the deposition of CB in carbon 

cloth fibers is beneficial for the production of hydrogen peroxide but it has to be added 

in the right proportion in such a way that pores are not obstructed.  
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iii) Influence of current density 

            All the previous experiments were conducted under standard conditions to 

compare the performance of the different materials on equal terms. Once selected the 

best PTFE and CB loading, next parameter to be studied is current density. 

          This parameter usually determines kinetics and efficiency in electrolytic 

processes and is intimately linked to the economics of the process. Figure 6.8A shows 

H2O2 concentration-time curves whereas Figure 6.8B shows the current efficiency at 

15 min for current densities within the range 25 - 87.5 mA cm-2. 

 

Figure 6.8 Influence of current density on the electro-generation of hydrogen peroxide. a) 

Concentration-curves at ■ 25 mA cm-2, ● 50 mA cm-2, ◆ 75 mA cm-2, ▲ 87.5 mA cm-2. b) 

Current efficiency at 15 min. Electrode material: 10% PTFE – 0.5 mg cm-2 CB; background 

electrolyte: Na2SO4 0.05 M; natural pH; anolyte and catholyte volume 0.5 dm3 each, Qanolyte = 
Q catholyte = 28 dm3 h-1 and air flow = 200 Ndm3 h-1. 
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          As can be observed in Figure 6.8A, the production rate of hydrogen peroxide 

increases with current density. Particularly, instantaneous accumulation rates (after 15 

minutes) of 15.8, 25.3, 35.0 and 41.1 mg H2O2 h
-1 cm-2 were measured for 25, 50, 75 

and 87.5 mA cm-2, respectively, but with a concomitant decrease in current efficiency: 

99, 80, 73 and 59 % (Fig. 6.8B). 

          An increase in current density implies both the availability of more electrons for 

parasitic reactions and higher cell voltages that shifts cathodic potential to more 

negative values. Both aspects together may result in the promotion of side reactions, 

such as the cathodic decomposition of hydrogen peroxide (Eq. 6.7), the four-electron 

pathway (Eq. 6.8) or hydrogen evolution (Eq. 6.9) [196-198], giving rise to the 

observed tendencies.  

𝑂2 + 4𝑒− + 4𝐻+ → 2𝐻20    𝐸0 = 1.229 𝑉 𝑣𝑠 𝑁𝐻𝐸                                                (6.8) 

2𝐻+ + 2𝑒− → 2𝐻2                 𝐸0 = 0 𝑉 𝑣𝑠 𝑁𝐻𝐸                                                       (6.9) 

More details about this part of the research can be found in a paper published 

in the journal Industrial & Engineering Chemistry Research [93]. 

6.3.2 Carbon felt 

In the search of cheaper and more efficient electrodes for H2O2 electro-

generation, carbon felt electrode was selected as cathode because of its high and three-

dimensional surface area, chemical and mechanical resistance, low cost and 

commercial availability [199]. Comparing quotations obtained for both materials from 

The Fuel Cell Store (www.fuelcellstore.com), it can be estimated that carbon felt is 

around 10 times cheaper than carbon cloth (in terms of m2 of material), probably due 

to the mass-production of the former which is often used as high-temperature insulator 

in furnaces.  

In the previous section, it was concluded that the addition of CB and PTFE 

resulted in a great enhancement of H2O2 electro-generation using carbon cloths 

electrodes. Based on this idea, a series of electrolyses were carried out to compare the 

performance of a conventional carbon felt and a CB/PTFE modified one. The electro-

generation of H2O2 was carried out in a stirred-tank type cell (described in detailed in 
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Section 4.3.7) during the internship in the Laboratorio di Tecnologie Chimiche ed 

Elettrochimiche group from the Università Degli Study di Palermo (Italy). 

The CB/PTFE carbon felt cathodes were modified according to the procedure 

described in Section 4.2.4. Figure 6.9 shows the H2O2 accumulated in the bulk after 2 

hours of electrolysis for CF and CB/PTFE CF at different current densities. 

 
Figure 6.9 Concentration of H2O2 after 2 hours using of electrolyses the unmodified and the 

modified carbon felt cathodes. ○ Unmodified CF, ● CB/PTFE CF. Relative pressure: 0 bar; 

initial volume: 0.05 dm3; initial temperature: 20 ºC; supporting electrolyte: Na2SO4 0.05 M and 

natural pH. 

As shown in Figure 6.9, the concentration of H2O2 achieved using the 

CB/PTFE CF is tremendously superior to that measured using the unmodified CF. As 

an example, a maximum of about 1,000 mg H2O2 dm-3 was achieved at 30 mA cm-2 

whereas the maximum using the unmodified CF cathode was below 30 mg H2O2 dm-3 

at 3 mA cm-2. Therefore, this comparative confirms the positive effect of CB/PTFE for 

the electro-generation of H2O2. Previous studies using CB/PTFE CF also observed a 

better performance in the production of hydrogen peroxide, directly by measuring 

H2O2 concentration [104, 200, 201] or indirectly by obtaining better organic removal 

in an Electro-Fenton process [202].   

However, the reason behind the good performance of the CB/PTFE cathode 

has not been completely elucidated. The following deduction may be considered as 
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starting point to clarify the mechanism. First, it is assumed that production of H2O2 is 

a mass transfer-controlled reaction at the working current densities used in this work. 

Indeed, as mentioned before, the limiting current density is estimated < 1 mA cm-2 in a 

parallel-plate flat electrode. [164]. If the reaction is mass-controlled, the reaction rate 

is given by Eq. 6.10: 

𝑟𝐻2𝑂2
= 𝑘𝑚 · 𝐴 · (𝐶𝑂2,𝑏𝑢𝑙𝑘  − 𝐶𝑂2 ,𝑐𝑎𝑡ℎ𝑜𝑑𝑒)                                        (6.10) 

Where km is the global mass transport coefficient, A is the electrode surface 

and 𝐶𝑂2,𝑏𝑢𝑙𝑘  − 𝐶𝑂2,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 is the difference in oxygen concentration between the bulk 

and the surface of the cathode. Thus, a variation in one of more of those variables 

could induce the differences observed experimentally between both electrodes: 

i) km: in the system under study, km depends mostly on forced convection, 

which in turn depends mainly on stirring rate. It was fixed at the same value in all the 

experiments. 

ii) A: intuitively, the addition of a carbon powder may increase the surface 

area. Yu et al. measured the surface area by BET analysis and obtained an increase of 

about 2.4 times in surface area [104]. Nevertheless, the differences between both 

electrodes (about one order of magnitude) could not be explained considering this 

relatively small increase. 

iii) ∆𝐶𝑂2
: a higher driving force speed up the transport of oxygen towards the 

electrode surface, giving rise to an enhancement of the production. However, 

dissolved oxygen concentration mainly depends on pressure and it is the same using 

both electrodes.  

A plausible explanation for this enigma may be the formation of a porous 

surface after the addition of CB and PTFE, as schematically shown in Figure 6.10. In a 

plate electrode (or in a plain fiber) the oxygen must diffuse through the liquid to the 

surface of the electrode. As discussed before, the low concentration of dissolved 

oxygen together with a relatively low transport of oxygen (even under forced 
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convection) makes the process intensively mass-transfer controlled. This situation is 

represented in the left side of Figure 6.10. 

 

Figure 6.10 Mass transport intensification in CF electrodes. [O2]water  = 8 mg dm-3; [O2]air  = 256 

mg dm-3; 𝐷𝑂2(𝐻2𝑂) = 2.5 · 10-5  cm2 s-1  𝐷𝑂2(𝑎𝑖𝑟) = 1.8 · 10-1 cm2 s-1 [203]. 

On the contrary, if after the addition of CB/PTFE a rough pore-containing 

surface is created (right side of Figure 6.10), the pores may be filled with air 

(represented in white). Oxygen in air is far more concentrated (approximately 30 

times) and diffusion of oxygen in air is several orders of magnitude faster than oxygen 

in water (see caption of Figure 6.10). The pores could be water-proofed thanks to the 

superficial tension of the electrolyte and the hydrophobic character impressed by the 

PTFE. In the same BET analysis, indeed, Yu et al. measured an increase of more than 

20 in pore volume [104], which is in line with the expected increase in H2O2 

concentration. The SEM photography reveals the formation of a rough crust 

supporting this theory. For comparative purposes, the surface of an unmodified CF is 

also shown in Figure 6.11. According to the EDAX analysis (inset of Figure 6.11B), 

the crust is composed mainly by carbon and fluorine which are directly related to CB 

and PTFE content (light atoms such as hydrogen are not detected by this technique). 

This mechanism (formation of a porous and hydrophobic carbonaceous 

surface) might help to explain the performance of a hierarchically porous carbon 

[204]. The authors suggest that defects and sp3-C can act as active sites for catalytic 
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sites for oxygen reduction but admit that their correlation with H2O2 production has 

not been elucidated. The same group in a recent paper incorporated Fluorine in the 

hierarchically porous and they claim that this atom can tune the selectivity towards O2 

reduction [178] which suggest that PTFE might play a more important role that simply 

binder and hydrophobic agent in CB/PTFE cathodes. 

 

Figure 6.11 SEM images and EDAX analysis of the CB/PTFE CF (A and B) and an 

unmodified CF (C and D). 

The main conclusions of this part of the work is that the cathode must be 

composed of a mixture of both CB and PTFE for an efficient production of H2O2. It is 

a principle that will be applied to fabricate other cathodic materials during this work. 

Researchers are already on the lookout for cheap and renewable sources of carbon as 

for example Meng et al. who fabricated a carbonaceous material for H2O2 electro-

generation from a fungi residue [205]. The aforementioned findings open the 

possibility of using materials that today are considered residues to develop efficient 
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and cheap cathodic materials, at the same time that a substance is re-incorporated in 

the productive cycle in accordance with circular economy principles [206-211].  

6.4 Effect of pressure on the electro-generation of H2O2 

Apart from the cathode material, a key limiting factor in the efficiency of 

H2O2 via ORR is the low solubility of oxygen in water at room pressure. As briefly 

discussed previously, the use of GDE is much more effective than simply bubbling the 

gas directly into the electrolyte. However, GDEs still present some drawbacks on 

larger scale applications considering the energy consumption of the compressor, 

which has to be working during the whole operation time, the low oxygen utilization 

(especially in single-pass) and the difficulties found to avoid the excessive gas 

percolation or electrolyte penetration at gradients of botton-to-top hydraulic heads 

equivalent to more than 0.2-0.3 m [161, 212, 213]. 

When a process deals with gaseous reagents whose solubility in the solvent is 

low, it can be enhanced via increasing the partial pressure of the gas, according to 

Henry’s Law [214, 215]. Therefore, the use of pressurized electrochemical reactors is 

an interesting and little explored alternative to aerate H2O2 electrolyzers. To the best 

of our knowledge, only Gupta and Oloman in this work [163] and Scialdone’s group 

in this other [180] have used this approach for the electro-generation of H2O2. Thus, a 

collaboration with the last group was stablished to study the electro-generation of 

H2O2 under pressure using carbon felt cathodes. 

6.4.1 Electro-generation of H2O2 on a CF cathode under pressure 

A series of experiments were carried out with the unmodified CF cathode in 

the same system used in Section 6.3.2, under different air pressures (0, 5, 10, 15 and 

30 relative bar) and current densities (1, 3, 5, 10 and 20 mA cm-2). Figure 6.12 reports 

the concentration of H2O2 reached after 2 hours of electrolysis under the above-said 

conditions. 
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Figure 6.12 Effect of pressure and current density on the electrogeneration of hydrogen 

peroxide using a CF cathode. Initial solution volume: 0.05 dm3; temperature: 20 ºC; supporting 

electrolyte: Na2SO4 0.05 M and natural pH. 

 
As can be observed, for a given current density the increase in pressure always 

results in a higher concentration of H2O2. As an example, at 5 mA cm-2 the final 

concentrations at 0 and 30 relative bar were 5.1 and 493 mg H2O2 dm-3, respectively, 

which represents a change of about two orders of magnitude. Concomitantly, the 

increase in pressure also resulted in an enormous rise of CE from 1 to about 77% at 0 

and 30 relative bar, respectively. For a given value of pressure, it can be seen that 

there is a value of current density above which it results counterproductive for H2O2 

generation (except for the case of 30 bar). 

It is important to highlight that the maximum concentration (986 mg H2O2 dm-

3) achieved at 20 mA cm-2 and 30 bar with a moderately high current efficiency (40%) 

is, to the best of our knowledge, the highest concentration reported so far using carbon 

felt electrodes [104, 165, 167, 170, 181, 184, 189, 216, 217]. 
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The enhancement on H2O2 concentration is due to the increase of dissolved 

oxygen concentration at higher pressure. According to Henry’s law, the solubility of 

oxygen in water is expected to increase from about 8 to 370 mg dm-3 (more accurately, 

245 mg dm-3 if a non-ideal behaviour is considered) when the relative pressure is 

shifted from 0 to 30 bar at 23°C [203]. Thanks to the increase of dissolved oxygen, 

mass transport of oxygen to the cathodic surface also increases and so does the 

limiting current density, allowing a faster production of H2O2 and confirming the 

positive effect of pressure on the electro-generation of H2O2.  

Importantly, the concentration of H2O2 obtained with the bare CF under 30 

relative bar is similar than that measured in the case of CB/PTFE carbon felt without 

pressure. It suggests that the adoption of pressure and a CB/PTFE carbon felt could 

boost the production of H2O2. This hypothesis will be checked experimentally in the 

next section. 

6.4.1 Electro-generation of H2O2 on a CB/PTFE CF under pressure 

A number of electrolyses were carried out under pressure (10, 20 and 30 

relative bar) using the CB/PTFE CF at different current densities (10, 30, 50 and 100 

mA cm-2). Figure 6.13 shows a comparison of concentration time-curves for different 

current densities at 0 and 10 relative bar. 
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Figure 6.13 Effect of the increase of 0 (empty symbols) to 10 (solid symbols) relative 

bar on the production of hydrogen peroxide at different current densities. ■ 10 mA cm-

2,● 30 mA cm-2, ◆ 50 mA cm-2, ▲ 100 mA cm-2. Electrode: CB/PTFE CF; Initial 

volume: 0.05 dm3; initial temperature: 20 ºC; supporting electrolyte: Na2SO4 0.05 M 
and natural pH. 

 
At 10 mA cm-2, the pressure did not affect the concentration of hydrogen 

peroxide nor current efficiency. It means that at this value of current density, the 

process is not limited by oxygen mass transfer using the CB/PTFE carbon felt. 

Conversely, in the rest of current densities under study, an increase of the 

pressure from 0 to 10 relative bar allowed a drastic increase of the generation of H2O2 

(Figure 6.13.B-D). At 10 relative bar and 50 mA cm-2, the H2O2 was generated up to 

1,700 mg dm-3 with a CE close to 100% after about 30 minutes. For longer times (90 

min), concentrations of H2O2 of about 3,400 mg dm-3 were achieved with a slightly 

lower CE. At the highest current density under study (100 mA cm-2), the values of 

H2O2 concentration and CE were significantly lower compared to 50 mA cm-2 

indicating that 10 bar is not enough to sustain an efficient production at 100 mA cm-2. 

This result suggests once again that an excess of current density is detrimental for 
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H2O2 production. Thus, for an efficient production, current density and mass transport 

must be balanced. 

In the next series of experiments, the pressure was increased from 10 to 30 

(the maximum of the system) at a fixed current density of 100 mA cm-2. This value 

might be sufficiently high from an applicative point of view, considering that the 

chloro-alkali industry electrolyzers work within the range 150 – 700 mA cm-2 [96]. 

Figure 6.14 shows the concentration-time curves for the electro-generation of 

hydrogen peroxide at 100 mA cm-2 for different pressures (0 - 30 relative bar). 

 

 

Figure 6.14 Concentration – time curves for the electro-generation of hydrogen peroxide at 

100 mA cm-2 for various relative pressures. ■ 0, ● 10 relative bar; ◆ 20 relative bar; ▲ 30 

relative bar. Electrode: CF/PTFE CF; Initial volume: 0.05 dm3; initial temperature: 20 ºC; 

supporting electrolyte: Na2SO4 0.05 M and natural pH. 

 
Under these conditions, the effect of pressure on the electro-generation of 

H2O2 and CE was dramatic. As an example, the concentration of H2O2 after 90 min 

was 578 (5% CE), 2,346 (25% CE) and 3,978 mg dm-3 (41% CE) at 0, 10 and 20 

relative bar, respectively. A further enhancement of the pressure to 30 bar gave rise to 

a concentration of H2O2 of about 5,100 mg dm-3 after 90 min with a current efficiency 

of about 52%.  



Chapter 6 
 

190 
 

Quite interestingly, the instantaneous production rate (calculated considering 

the concentration after 3 minutes) at 100 mA cm-2 and 30 bar is 1.84 mmol H2O2 cm-2 

h-1 with a 98.9% CE. To the best of my knowledge, this value is superior to the highest 

one reported so far (1.59 mmol H2O2 cm-2 h-1 and 79.1% CE) in electrolytic cells for 

the production of H2O2 fed with air or oxygen [166]. 

In order to assess the potential of the pressurized technology, a series of longer 

electro-generation experiments (up to 240 min) were performed. The results are shown 

in Figure 6.15. 

 

Figure 6.15 Generation of H2O2 at CB/PTFE CF at 30 relative bar vs. time. Electrode: 

CB/PTFE CF. ■ 30 mA cm-2 ● 50 mA cm-2 ◆ 100 mA cm-2. Initial volume: 0.05 dm3; initial 

temperature: 20 ºC; supporting electrolyte: Na2SO4 50 mM and natural pH. 

 

Highly concentrated solutions of about 4,896, 6,392 and 7,650 mg dm-3 were 

obtained after 240 minutes at 30, 50 and 100 mA cm-2, respectively, under 30 bar of 

relative pressure. These values of concentration of H2O2 are, up to best of our 

knowledge, among the highest values reported for the generation of H2O2. It is worth 

mentioning that the highest value obtained at 100 mA cm-2 (7,650 mg dm-3) is close to 

the typical ones (8,500 – 17,000 mg dm-3) obtained in the oxidation reactor of the 

Anthraquinone process [154].  
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Table 6.2 shows various experimental approaches reported in literature to 

achieve very high concentrations of H2O2, but in almost all the cases more complex 

and, probably, more expensive systems and/or pure oxygen were used. As an example, 

to the best of our knowledge, the highest concentration (102,000 mg dm-3) was 

reported by Kolyagin and Kornienko [190] in a divided cell using a CB/PTFE cathode 

in the form of GDE fed with pure O2, probably thanks to the use of Na2SiO3 as a 

decomposition stabilizer of hydrogen peroxide.  

Yamanaka also reported the production of highly concentrated salt-free H2O2 

solutions in this work [185], achieving a maximum of 8 wt% (80,000 mg dm-3) at 25 

% CE using pure oxygen and 3 wt% (30,000 mg dm-3) at 11% CE with atmospheric 

air. This approach is undoubtedly interesting but hardly applicable to EF processes for 

wastewater treatment due to the fact that it is performed without initial water content 

in the cathode. 

Still high, but an order of magnitude lower concentrations, have been achieved 

using GDEs using non-stabilizing electrolytes. For example, Barros et al. reported a 

maximum concentration of 6,426 mg dm-3 in an undivided cell in 1 M KOH basic 

medium using pure O2 as oxygen supply. However, the use of oxygen may not be 

economically feasible both due to its high cost and low percentage utilization in 

single-pass GDE electrodes [162, 218]. Furthermore, the utilization of GDE requires 

more complex and expensive cells. Interestingly, Liu et al. reported a concentration of 

7,582 mg dm-3 using a novel porous carbon to produce hydrogen peroxide under 

dissolved oxygen. PTFE is not used in this cathode but it is likely that the formation of 

three phase contact points is achieved thanks to the highly porous structure of the 

material.  

The experimental results shown in this section confirm that the air pressure 

has a positive impact on the generation of H2O2. More details about this part of the 

research can be found in a paper published in the journal Electrochimica Acta [106]. 
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Table 6.2 Comparison of H2O2 concentration and CE with previous works. 

Process 

[H2O2] 

(mg 

H2O2 

dm
-3

) 

Current 

efficiency 

(%) 

Notes on operating 

conditions 
Reference 

Pressurized 

undivided cell with 

CB/PTFE CF 

4,180 

 
5,440 

 

5,270 
 

7,344 

 

74 

 
60 

 

55 
 

39 

 

 

30 mA cm-2 – 30 bar 
(180 min) 

50 mA cm-2 – 10 bar 

(180 min) 
50 mA cm-2 30 bar (180 

min) 

100 mA cm-2 30 bar 
(180 min) 

 

This work 

Divided filter press 

GDE cell 
102,000 64 

Utilization of oxygen 

and of Na2SiO3, a 

decomposition 
stabilizer for H2O2 

[190] 

Membrane 

electrode assembly 
80,000 25 

No initial water in the 

cathode 
[185] 

Undivided filter 

press GDE cell 
6,426 19 With oxygen [171] 

Hierarchically 

Porous Carbon 

cathode 

7,582 n.d. With oxygen [204] 

Undivided GDE 

cell 
2,176 30 With air [218] 
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6.5 The jet aerator as oxygen supplier for H2O2 electrolyzers  

In all the setups described so far, the external aeration is carried out by means 

of a compressor. It entails certain costs of acquisition of the equipment, running and 

maintenance expenses which are detrimental to the economics of the process. In this 

section, the application of a jet aerator as compressor-free aeration system is described 

for the first time to produce hydrogen peroxide in an electrochemical cell. 

6.5.1 The concept of jet aeration 

The present type of aerator is based on the Venturi effect. According to fluid 

dynamics, the velocity of a liquid circulating inside a pipe increases when the section 

is narrowed. When velocity increases, pressure decreases according to the law of 

Conservation of Energy. If the point at the lowest pressure, i.e. the throat, is opened to 

the atmosphere, a suction of atmospheric air occurs spontaneously. In this manner, O2 

is supplied to the system without a compressor, representing a clear advantage in 

terms of economy (avoiding investment and operating cost of a compressor) and 

simplicity during operation (no maintenance required and robustness due to the 

absence of moving parts). Figure 6.16 shows schematically a jet aerator as the one 

used in this work. 

 

Figure 6.16 Diagram of a jet aerator. 

Because of the high velocity in the throat of the jet aerator, the bubbles are 

broken into smaller pieces as a consequence of the high shear rates [219]. A fraction 

of the air flow drawn into the system is dissolved, saturating water in oxygen, while 
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the rest of it remains undissolved in the form of bubbles. In this manner, the water is 

supersaturated, i.e., it contains a concentration of oxygen higher than the one of the 

equilibrium described by Henry’s law in the pass through the reactor. If the electrode 

can use the bubbles to produce H2O2, the jet aerator not only avoids the use of a 

compressor but also provide larger oxygenation rates and, thus, faster H2O2 

production. 

In order to determine the fraction of air that is dissolved and what part remains 

in the form of bubbles, an aeration capacity test was carried out. The solution in the 

tank was initially bubbled with N2 to strip all the oxygen. After 15 minutes, the pump 

was connected to move the water and the jet aerator started to supply oxygen. The 

evolution of O2 vs. time was monitored (Figure 6.17) After just 1 minute, 75 % of 

saturation was measured and the 99% saturation level was reached after 5 minutes. 

 

Figure 6.17 Oxygenation capacity of the jet aerator. ● Experimental points, – Prediction of the 

fitted model; Electrolyte: 1 dm3 0.05 M Na2SO4. 

Equation 6.11 presents an oxygen mass balance in a discontinuous system as 

the one used in the present work. In this Equation, 𝐶𝑂2
 stands for the concentration of 

oxygen (mg dm-3), 𝐶∗
𝑂2

 for the saturation concentration (mg dm-3), KLa for the 

volumetric mass transfer coefficient (mg dm-3 h-1) and V for the volume of the system. 
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By fitting experimental data to the mass balance of oxygen shown in Eq. 6.11, the 

mass transfer coefficient can be obtained [220] and is related to the real oxygenation 

capacity (OC) by Eq. 6.12: 

𝑑𝐶𝑂2(𝑡)

𝑑𝑡
= 𝐾𝐿𝑎 · 𝑉 · (𝐶∗

𝑂2
− 𝐶𝑂2

(𝑡))                                                                       (6.11) 

𝑂𝐶 =  𝐾𝐿𝑎 · 𝑉 · 𝐶∗
𝑂2

                                                                                               (6.12) 

Considering the aforementioned equations, the mass transfer coefficient 

(KLaV) is 43.2 h-1 and the value of the OC is 0.35 g O2 h-1. According to the 

measurement of the flow meter in the inlet of the jet aerator, an oxygen flow of 4.13 g 

O2 h-1 is supplied. This means that the efficiency (percentage of oxygen that is 

transferred into the liquid) of the jet aerator is 8.5 % indicating that most of it (91.5 %) 

remains undissolved in the form of bubbles. 

6.5.2 Proof-of-concept of the jet-aerated cell 

A concept-proof experiment was conducted in a jet-aerated cell to demonstrate 

whether the electro-generation of H2O2 is possible or not. The use of a jet aerator as 

oxygen supplier required the design of a tailor-made electrochemical cell, originally 

baptized as jet cell [162]. Basically, the liquid electrolyte passeses through the jet 

aerator and then the bi-phasic air/electrolyte mixture is fed to a horizontal carbon felt 

electrode in flow-through. A conceptual representation of the cell is shown in Figure 

6.18. More details about the actual setup are given in Section 4.12.  

For comparative purposes, electro-generation of H2O2 was also performed in 

the conventional flow-by cell used in Section 6.3.1 using the same CB/PTFE CF 

electrode as GDE. A conceptual representation of this cell is shown in Figure 6.18B. 

To compare on equal terms, current density, anode material, electrolytic medium, 

inter-electrode gap and ratio electrical charge/electrolyte volume was kept constant in 

both cells.   
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Figure 6.18 Conceptual picture of electrochemical reactors. A) Jet cell B) GDE cell. 

The experiments were carried out in 1 dm3 0.05 M Na2SO4 medium at a 

current density of 50 mA per cm-3 of electrode material. All the experiments were 

performed in triplicate to ensure reproducibility being the value in Figure 6.19 the 

average of the three experiments (red lines represent the standard deviation). 

 

Figure 6.19. Concentration curves for hydrogen peroxide generation in the jet cell. ■ Jet cell, □ 

GDE cell; Current density 50 mA cm-3; Electrolyte: 0.05 M Na2SO4; Inter-electrode gap: 18 

mm. 
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Accumulation curves show a logarithmic trend, which is the typical dynamic 

response in non-divided electrochemical cells for the electro-generation of H2O2, as 

discussed previously [221, 222]. Concentrations and current efficiencies of 450 (75 

%), 725 (61 %) and 960 (51 %) mg H2O2 dm-3 were obtained after 1, 2 and 3 hours of 

electrolysis, respectively, in the jet cell.  

It can also be observed that the jet cell accumulates a higher concentration of 

hydrogen peroxide than in the case of GDE cell. As mentioned before, the 

accumulation rate is the difference between the generation rate at the cathode (Eq. 

6.13, equivalent to Eq. 6.2 but in acid medium) and the destruction rates, mainly as a 

consequence of anodic oxidation (Eq. 6.6) and cathodic reduction (Eq. 6.7) [165, 172, 

193]. 

𝑂2 + 2𝑒− + 2𝐻+ → 𝐻2𝑂2                                                                                      (6.13) 

At the beginning of the experiment, the destruction rates are necessarily low 

because H2O2 concentration is also low. Therefore, destruction of H2O2 may suffer 

from mass transfer limitations. It is precisely at this time when the generation and 

accumulation rates are quite similar and both reactors can be properly compared. 

According to Figure 6.19, the tendency lines are overlapped in the first instants of the 

experiments indicating that the generation is quite similar and GDE and a jet aerator 

do not limit the process at the current density under study.  

Therefore, the proof-of-concept is positive and it is demonstrated that H2O2 

can be generated using a jet aerator as oxygen supplier. More details about this part of 

the work can be found in a paper published in the journal Electrochemistry 

Communications [162]. 

6.5.4 Influence of CB/PTFE loading  

Figure 6.20 shows the evolution of H2O2 concentration conducted in the jet 

cell under a given current density of 20 mA cm-2 (1 A) using different carbon felts: 

unmodified, addition of CB only, PTFE only or both simultaneously.   
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Figure 6.20 Concentration – time curves for electro-generation of H2O2 on a jet-aerated cell 

with different CF. ■ CF, ● PTFE/CF, ◆ CB/CF, ▲ CB/PTFE CF; j: 20 mA cm-2; Electrolyte: 

0.05 M Na2SO4. 

As can be seen in Figure 6.20, the maximum concentration of hydrogen 

peroxide using the unmodified CF was as low as 33 mg dm-3 after 45 minutes of 

electrolysis. In the case of CB/CF, the concentration of H2O2 slightly increases at the 

beginning, probably due to an increase in the surface area. After 30 minutes of 

experiment, the concentration started to decrease. It was also observed that the setup 

(especially the pipelines) was gradually covered by a black dust. Therefore, the 

decreasing in the concentration may be explained by the detachment of the CB 

particles from the carbon felt fibers. The PTFE/CF performed poorly at the beginning, 

probably due to the surface coverage of the PTFE, but the concentration increased 

progressively up to 63 mg dm-3. This improvement is attributed to an increase in the 

hydrophobicity, preventing partially the wettability of the pores.  

As expected the concentration of H2O2 dramatically increased when the 

CB/PTFE CF was used. It can be seen in Figure 6.20 that this electrode clearly 

outperforms the rest of the electrodes, achieving an instantaneous (after 15 min) 

current efficiency of approximately 70%. In this case, no black dust was observed in 

the setup, probably thanks to the binding effect of the PTFE. This result is in 
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agreement with the conclusions of previous sections, and therefore it is double-

checked that CB and PTFE have a synergistic effect.  

Next parameter to be studied is the CB/PTFE loading at a fixed ratio 

CB/PTFE of 1:5. Using the ultrasonic immersion, it is difficult (not to say impossible) 

to control the total amount of CB/PTFE added to the carbon felt. Because of that, an 

alternative methodology for the modification of the carbon felt (described in more 

details Section 4.2.4) was applied: the hot dripping. In those experiments, the inks 

were prepared in every case with a fixed 1:5 ratio but a total volume of CB-PTFE so 

as to achieve a final increase of 0.1 - 1.3 g CB-PTFE / g CF in each piece of carbon 

felt. The electro-generation of H2O2 was evaluated under the same operating 

conditions of the previous experiments and the results are shown in Figure 6.21.  

 

Figure 6.21 Effect of CB-PTFE mass loading deposited onto CF for the electro-chemical 

production of hydrogen peroxide. ■ 0.1 g, ● 0.5 g, ◆ 0.7 g, ▲ 1 g, × 1.3 g; j = 20 mA cm-2; 

Electrolyte: 0.05 M Na2SO4; Ratio CB/PTFE 1:5.  

The concentration of H2O2 increases with CB-PTFE loading. At low loadings 

(0.1 g CB-PTFE / g CF), the catalytic effect is certainly small and the concentration 

obtained is similar to the one unmodified. Thus, this loading is clearly insufficient. 

This fact may be caused by a poor coverage of the electrode fibers. At 0.5 and 0.7 g 

CB-PTFE / g CF the effect is evident and the concentration is about one order of 
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magnitude higher than in the case of the unmodified, achieving 240 and 345 mg H2O2 

dm-3 after two hours. At high CB-PTFE loadings (1 and 1.3 g CB-PTFE / g CF), the 

concentration obtained after two hours is increasingly higher, achieving a maximum of 

445 and 583 mg H2O2 dm-3, respectively. However, at smaller reaction times (and 

concentrations of hydrogen peroxide), the difference between 1 and 1.3 g CB-PTFE / 

g CF is not that significant. The reason behind this behavior is found in the kinetics of 

the destruction of H2O2 in the anode (Eq. 6.6) and the cathode (Eq. 6.7), as widely 

described previously and in bibliography [193, 223, 224]. 

A degradation test was carried out to gain insight on degradation kinetics. It 

was performed adding 1,200 mg H2O2 dm-3 to the electrolyte at the beginning of the 

experiment using an unmodified carbon felt as cathode (Figure 6.22)- 

Three regions were identified in the kinetics of the destruction. At high 

concentration, the decay fits a straight line, indicating that the process in under current 

control (Region A in Figure 5). At approximately 200-300 mg H2O2 dm-3 appears the 

mixed control (Region B) and approximately and below 200 mg H2O2 dm-3 the 

destruction starts to be controlled by the mass transfer (Region C) of the hydrogen 

peroxide to the electrode surfaces. 
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Figure 6.22 Destruction of externally-added H2O2 in the jet reactor equipped with a bare CF 

cathode. j = 20 mA cm-2; Electrolyte: 0.05 M Na2SO4.  

Interestingly, the difference in the accumulation of hydrogen peroxide 

between 0.7, 1 and 1.3 g CB-PTFE /g CF in Figure 6.22 begins at 30 minutes 

approximately, when the concentration is around 200 mg H2O2 dm-3, that is to say, 

when the concentration is sufficiently high not to be controlled by mass transfer. It 

was hypothesized that the uneven distribution of the CB/PTFE along the thickness of 

the cathode would make that part of the fibers remain bare, without coverage, and this 

would also lead to a fast destruction of hydrogen peroxide. This is reasonable because 

the boiling of the solvent during the fabrication process lead to the accumulation of a 

bigger proportion of CB/PTFE in the surface of the cathode.  

This hypothesis was confirmed by observing different modified materials 

under a SEM microscope. As an example, the Figure 6.23 shows SEM images and 

EDAX analysis of the upper part (A and B) and a transversal cut (C and D) of the 

electrode. 
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Figure 6.23 SEM photographs and EDAX analysis of the upper (A and B) and transversal (C 

and D) areas of the CB/PTFE CF electrode. 

The fibers of the upper part are clearly coated with a rough crust with an 

average diameter in the order of 11 µm. A similar surface morphology was obtained 

by other authors using similar CB/PTFE deposition techniques [104, 200, 201]. The 

EDAX analysis indicates that this coverage is predominantly composed by carbon and 

fluorine, being the latter directly associated with PTFE content.  

However, the fibers of the core are predominantly uncovered, exhibiting a 

lower diameter (around 8 µm). The EDAX analysis confirms the absence of PTFE in 

the fibers of the core. In this manner, the uncovered fibers would lead predominantly 
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to the destruction of H2O2, affecting negatively to the accumulation of hydrogen 

peroxide. An important lesson to be learned from this observation is that, for an 

adequate fabrication of a CB/PTFE flow-through electrode, it is crucial to ensure the 

uniform coverage or deposition throughout the electrode. 

6.5.4 Influence of current density on the jet-aerated cell 

          The next objective is to measure experimentally the maximum current density at 

which H2O2 can be efficiently generated in the jet cell. It was studied within the range 

0.5 to 1.5 A, resulting in a current density from 10 to 30 mA cm-2 with respect to the 

geometrical area of the cathode. The concentration versus time curves obtained for 

two different electrodes are plotted in Figure 6.24A-B.  

In general, the higher the current density, the faster is the accumulation of 

hydrogen peroxide. In particular, there is an important improvement when the current 

density is shifted from 10 to 15 mA cm-2 whereas further increase to 20, 25 and 30 mA 

cm-2 does not lead to significantly better concentrations. This behavior may be 

explained considering the limiting current density [58, 73] according to which the 

production can only be increased if there is still oxygen available on the electrode 

surface, as discussed in previous sections. 

On the other hand, in Figures 6.24C-D the same experiments are plotted 

versus the applied electric charge. In fact, when the current density is increased from 

10 to 15 mA cm-2, an improvement in both production rate and current efficiency is 

observed, meaning that the process is under charge transfer control (below the limiting 

current density). However, when the current density is increased up to 20 mA cm-2 or 

higher, there is a slight increase in production rate because more current is passing 

through the system for a given period of time, but the current efficiency decreases in 

the order 20 > 25  > 30 mA cm-2.  
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Figure 6.24 Effect of the current density on the production of H2O2 versus time (A and B) and 

versus specific charge (C and D) for Electrode 1 and 2. ■ 10 mA cm-2, ● 15 mA cm-2, ◆ 20 

mA cm-2, ▲ 25 mA cm-2, × 30 mA cm-2. Ratio CB/PTFE 1:5; CB-PTFE load: 1 g / g CF.  

Considering the aforementioned results, the value that combines a high 

production rate and current efficiency turned out to be 15 mA cm-2. At this current 

density, an instantaneous (concentration after 8 minutes) production rate of 8.48 – 

9.84 mg H2O2 h-1 cm-2 and a corresponding CE of 88 – 98 % (Electrode 1 and 2, 

respectively) and accumulation rate (after 1 h) of 5.28 – 5.16 mg H2O2 h
-1 cm-2 with a 

CE of 55% were measured. A comparison can be performed with those studies that 

previously worked with CB/PTFE CF in flow-through reactors. In these cases, a 

maximum concentration of H2O2 around 60 [200] or 200 mg H2O2 dm-3 [201] was 

reported. Nevertheless, those authors focused mainly on the abatement of organics and 

the production of H2O2 was not comprehensively investigated.  
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The study of the current density also provides information about the 

performance of the jet aerator. Four current densities were studied under three aeration 

conditions: i) nitrogen bubbling ii) oxygen bubbling and iii) jet aerator.  

Under nitrogen bubbling, the jet aerator is closed and N2 is sparged in the tank 

for 10 minutes to strip the dissolved oxygen. After this time, the power supply is 

switched on and the concentration of H2O2 is measured each 10 minutes. After 30 

minutes, nitrogen bubbling is substituted by air bubbling, saturating the electrolyte 

with dissolved oxygen but keeping the jet aerator closed. Therefore, for the next 30 

minutes, the H2O2 is only produced from dissolved oxygen. For the last 30 minutes, air 

bubbling is stopped and the jet aerator is open. During this period, H2O2 would be 

produced both from dissolved oxygen and air bubbles. The experiments were 

conducted with the same electrode in the order 10 – 20 – 30 – 15 mA cm-2 and the 

results are shown in the Figure 6.25. 

 

Figure 6.25 Concentration – time curves for electrogeneration of H2O2 on a jet-aerated cell 

under different aeration conditions and current densities. A: low current densities (■ 10 mA 

cm-2 and ● 15 mA cm-2); B: high current densities (◆ 20 mA cm-2 ▲ 30 mA cm-2). Electrolyte: 

1 dm3 0.05 M Na2SO4. Electrode: MFC withh ratio CB/PTFE 1:5; CB-PTFE load: 1 g / g CF. 

In every case, the production under nitrogen bubbling is close to, but not 

strictly, zero probably because the anode produces small concentrations of oxygen 

from O2 evolution. Apart from this, different behaviors were observed at low (10 and 

15 mA cm-2) and high (20 and 30 mA cm-2) current intensities. At low current 



Chapter 6 
 

206 
 

densities, the dissolved oxygen is enough to sustain the production. In fact, after 

opening the jet aerator, and the concomitant super saturation of the solution, no 

differences are observed. 

On the other hand, at high current densities (20 and 30 mA cm-2) the 

concentration of H2O2 is much lower than in the case of low current densities. The 

explanation of this phenomenon is the same as before: above the limiting current 

density the production is negatively affected because the excess of charge is employed 

in parasitic reactions such as reduction of hydrogen peroxide (Eq. 6.7). However, as 

soon as the jet aerator is opened, even at high current densities, the concentration of 

hydrogen peroxide dramatically increases. 

Considering the aforementioned data, those results demonstrate that the 

limiting current density is higher when the jet aerator is used as a consequence of the 

generation of a super saturated solution with dissolved oxygen and undissolved air 

bubbles. Previous studies also concluded that carbon/PTFE cathodes can use oxygen 

produce hydrogen peroxide more efficiently when are fed with oxygen in gas phase 

[166, 185]. 

More details and conclusions about this part of the work can be found in an 

article published in the journal Electrochemica Acta [225].  

6.6 Design of a microfluidic flow-through cell 

Previous sections have been devoted to the study of the cathodic material and 

different aeration systems whereas the present will be focused on different aspects of 

cell design. In particular, the objective is to develop a cell geometry to optimize three 

of the most important issues of H2O2 electrolyzers: energy consumption, mass transfer 

limitations and the aeration system. 
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6.6.1 Challenges in cell design for H2O2 electro-generation 

i) Minimization of energy consumption via ohmic drop reduction 

Energy consumption in an electrolytic cell is the product of intensity and cell 

voltage (Ecell). The latter can be, in turn, subdivided into different contributing terms: 

reversible cell voltage 𝐸𝑐𝑒𝑙𝑙
𝑒  or  (𝐸𝑒

𝑐 − 𝐸𝑒
𝑎), cathodic/anodic overpotential (|η𝑐|, |η𝑎|) 

and the sum of the different ohmic resistors of the electrical circuit (∑ 𝐼 · 𝑅) as shown 

in Eq. 6.14  [92, 101, 226]. 

𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑐𝑒𝑙𝑙
𝑒 − |𝜂𝑎𝑐𝑡

𝑐 | − |𝜂𝑎𝑐𝑡
𝑎 | − |𝜂𝑐𝑜𝑛𝑐

𝑐 | − |𝜂𝑐𝑜𝑛𝑐
𝑎 | − ∑ 𝐼 · 𝑅                     (6.14) 

Therefore, the thermodynamic potential depends on the reaction/s taking place 

in the reactor while the over-potentials are mainly a function of the electrode materials 

and the current density. Thus, all the aforementioned parameters are largely 

independent from the electrode layout. Conversely, the term ∑ 𝐼 · 𝑅 strongly depends 

on cell design. Ohmic drops always represent an inefficiency and a loss of energy and, 

therefore, an adequate design must minimize them [92, 101].  

Electrical conductivity (reciprocal of ohmic resistance) of metals is, in 

general, several orders of magnitude higher than carbonaceous electrodes (except for 

graphene). In particular, metal conductivities are in the order of 108 mS cm-1 and 

carbon-graphite is around three orders of magnitude less conductive (105 mS cm-1) 

[92]. Therefore, the use of metallic electrodes is preferable to reduce undesirable 

ohmic resistances.  

The contribution of aqueous electrolytes is normally critical due to their low 

conductivity [101]. It depends not only on the concentration and mobility of ions but 

also on the length that charge is to be transported. Therefore, a plausible approach to 

minimize ohmic drops in the inter-electrode (IE) gap is the addition of large amounts 

of electrolyte, such as in the chloro-alkali industry or in water electrolyzers [96, 227]. 

This is also the case of H2O2 electrolyzers designed to produce it in strong alkaline 

medium (≈1 M) for paper and pulp bleaching [92, 161, 171].  
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For other uses, such as organic synthesis or wastewater treatment, H2O2 had 

better be produced in neutral-to-acid media containing lower or even null 

concentrations of electrolyte [164, 176, 177]. In this context, Yamanaka et al. reported 

the use of a membrane electrode assembly (MEA) with a solid polymer electrolyte 

(Nafion-H) to produce H2O2 in salt-free solutions [176, 185]. This is an adequate 

solution to carry out the production in the absence of a conductive liquid medium. 

Even if the use of a solid electrolyte is interesting, also increases manufacturing 

complexity and the limited lifetime and the high price of membranes result in higher 

operational costs. Therefore, simpler and more cost-effective alternatives to minimize 

ohmic drops in the electrolyte are of interest. 

An alternative is keeping the IE gap narrow, such as in microfluidic (MF) 

reactors [228-230]. By definition, a MF reactor deals with fluids constrained in 

environments with internal dimensions in the order of micro-meters (< 1,000 µm)  

[231, 232]. In this context, Scialdone’s group reported the use of MF flow-by (FB) 

reactors for wastewater treatment by means of anodic oxidation and/or Electro-Fenton 

processes [70, 169, 229, 233-235], obtaining high abatements of organic pollutants 

and low cell voltages even in the absence of supporting electrolyte. This group 

reported the first work in which H2O2 was produced in a MF cell, reaching a 

maximum concentration of 220 mg dm-3 at a current density of 2 mA cm-2 [169]. 

ii) Maximization of mass transport 

Mass transport is also a key aspect in electrochemical reactor design given that 

the charge transfer between the electrode and the species present in solution is, by 

definition, an heterogeneous process [198]. Thus the reaction rate is often determined 

by the rate at which the reactive species arrives at the electrode [60, 103]. The 

mathematical general expression that governs a mass-transport controlled process is 

Eq. 6.15 and, therefore, mass transfer can be enhanced upon the increase of any term 

in the right side of that expression. 

𝑟𝐵 = 𝑘𝑚 · 𝐴 · (𝐶𝐴,𝑏𝑢𝑙𝑘 − 𝐶𝐴,𝑠𝑢𝑟𝑓𝑎𝑐𝑒)                                                                       (6.15) 
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Where rB is the formation kinetics of a given species B, km is the mass-

transport coefficient, A is the surface area where the reaction is taking place, CA,bulk - 

CA,surface is the gradient of concentration of the species A.  

In conventional parallel-plate flow-by MF reactors, the small IE gap increases 

mass transfer, even under laminar flow, due to the low distance between electrodes 

that can lead to the overlapping of diffusion layers. Those characteristics allow the 

management of the reaction conditions by limiting the back-mixing of the solution and 

facilitating the effective control of the temperature along the bulk. Due to these facts, 

those systems are especially promising in organic synthesis [232, 236, 237]. 

However, the reduction of the IE gap in conventional parallel-plate flow-by 

MF reactors presents different drawbacks. It increases the pressure drop of the fluid 

passing by the reactor due to the higher surface area-to-volume ratio, which implies a 

higher relative friction. On the other hand, those reactors also suffer from partial 

clogging of the microchannel when gas-evolving electrodes are used [238, 239]. 

Figure 6.26 shows different bi-phasic fluid patterns within a 1-cm-size IE gap.  

 

Figure 6.26 Visualization of flow patterns inside an IE gap. a) j = 40 mA cm-2, flow velocity = 

0.17 m s-1; b) j = 150 mA cm-2, flow velocity = 0.17 m s-1; c) j = 150 mA cm-2, flow velocity = 

0.017 m s-1; d) j = 550 mA cm-2; flow velocity = 0.017 m s-1. Visualization width = 1 cm. 

Reprinted from [238]. 
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 As can be seen in Figure 6.26, the bubble pattern is influenced by current 

density and flow velocity. The occurrence of a gas phase is detrimental for the 

performance of the cell because it is non-conductive and bubbles hold-up over the 

electrodes results in additional ohmic drops and poor local current distribution [101] . 

The slow electrolyte flow used in microchannels (due to high pressure drops) together 

with a reduction of the channel aggravate the situation, restricting the use of high 

current densities. The reader is referred to bibliography for further information about 

two-phase flow characteristics in microchannels [240-242]. 

An interesting manner of increasing mass-transfer is substituting 2D plate 

electrodes by high-surface three-dimensional ones. In this context, different authors 

have proposed the use of 3D (including meshes, foams or packed) electrodes in 

different flow-through reactor concepts to increase mass transport rate, achieving 

interesting results [200, 201, 243-249].  

Apart from a higher electroactive area, mass transfer can be improved by 

augmenting km. It is known that km strongly depends on the fluid-dynamic conditions 

within the system. In particular, the local turbulence induced in flow-through 

electrodes create favourable mass transport conditions and the resulting km may be 

around 5 to 6 times as great as for a flow-by parallel plate reactor at similar linear 

empty tube velocities [198]. As an example, in a comparison FB vs. FT reactors for 

the degradation of methylene blue via EF, Ma et al. obtained better TOC removal 

(57.9 - 39.1%) in the FT system [19]. 

iii) Optimization of the aeration system 

As concluded previously, the aeration system is of utmost importance to 

achieve high working current densities and CEs [106, 213, 225]. GDEs have proved to 

be efficient but still present some drawbacks on larger scale applications as mentioned 

before. Thus, in this work alternatives (use of pressure and a Venturi-based jet aerator) 

have been studied with positive results. Therefore, the challenge is coupling the 
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above-said aeration systems with a cell design that also minimizes ohmic drops and 

maximize mass transfer. 

6.6.2 The microfluidic flow-through configuration 

The microfluidic flow-through (MF-FT) configuration consists in placing the 

electrodes very close at the same time that the electrolyte is fed perpendicularly 

through the electrodes. The concept was presented in this paper published in 

Electrochemistry Communications [250]. The idea behind this is schematized in 

Figure 6.27. 

 

Figure 6.27 Variation of cross section free for the electrolyte to pass in flow-by and flow-

through configurations. 

 In a flow-by configuration the reduction of the IE gap give rise to lower cross 

section, and the concomitants operational problems described before. Nevertheless, in 

the case of the flow-through configuration, the IE gap is reduced with no affection to 

the cross section. In this manner, a fast electrolyte flow can be stablished to strip out 

from the electrodes/IE gap the gases evolved during the electrolysis. Therefore, the 

operational problems associated to evolution of gases, particularly important at high 

current densities, should be avoided. Moreover, the direction of the flow forces the 

electrolyte to move away from the porous electrode which, according to Zhao et al., 

would help to minimize the reduction of H2O2 to H2O inside the porous structure 

[193]. 
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In addition, it is important to note that the electrodes used in a MF-FT cell 

must be three-dimensional. Those electrodes have a higher specific surface area than 

bi-dimensional (2D) ones and, therefore, allow the design of compact reactors [101, 

243]. As an example, a RVC (45 ppi) has a surface area per unit volume of 28 cm2 cm-

3 [245]. In addition, the local turbulence induced by those electrodes fed in flow-

through give rise to higher mass transfer coefficients (km) at similar flow velocities, as 

enunciated before [101, 198, 251]. Both characteristics should be positive to increase 

mass transfer in this reactor. 

Theoretically, the MF-FT configuration should provide a low ohmic resistance 

and a high mass-transfer with no operational problems derived from the gas evolved 

during the electrolysis. The above-said hypothesis will be experimentally tested in the 

following sections. A schematically picture of the cell configuration proposed is 

shown in Figure 6.28. 

 

Figure 6.28 Schematically picture of the MF-FT configuration. 

6.6.3 Evaluation of the ohmic resistance in the MF-FT reactor 

The ohmic resistance of the MF-FT reactor was evaluated at different IE gaps 

(6,000 – 1,000 and 400 μm) using electrolyte concentrations from 0.5 to 50 g L-1 of 

Na2SO4 (0.7 to 40.1 mS cm-1). For comparative purposes, ohmic resistance was also 

measured in a stirred tank (ST) reactor at 25,000 – 6,000 and 1,000 μm using the same 
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electrolyte solutions and electrodes employed in the MF-FT reactor. The results are 

shown in Figure 6.29. 

In all the cases, the ohmic resistance strongly decreases with the increase of 

the electrolyte concentration. The ohmic resistance in the ST at 25,000 μm, a 

commonly used IE gap in laboratory cells [104, 106], is as high as 346 Ω at 0.5 g L-1. 

A further increase up to 5 g L-1 (35 mM) reduces the ohmic resistance down to 33 Ω. 

As it was pointed out previously, the reduction of the IE gap is an effective way of 

reducing the ohmic losses. In fact, considerably smaller values were measured (145 

and 61 Ω) at IE gaps of 6,000 and 1,000 μm, respectively. The addition of 5 g L-1 of 

electrolyte at those IE gaps lowered the ohmic resistance to acceptable values of 24 

and 9 Ω, respectively. 

 

Figure 6.29 Comparison of the ohmic resistance measured in a conventional stirred tank and 

the MF-FT reactor for different IE gap and electrolyte concentration. Anode (both): MMO 

mesh; Cathode (both): stainless steel perforated plate; Flow rate (MF): 105 dm-3 h-1; Stirring 

rate (ST): 400 rpm; T = 20 ºC. 

For comparative purposes, the MF-FT was also assembled with IE gaps of 

6,000 and 1,000 μm. As shown in Figure 6.30, the ohmic resistance using 0.5 g L-1 is 

https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
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36 and 11 Ω, respectively, which represents a huge reduction of 300 and 450%. 

Reducing the IE gap down to 400 μm also resulted in a minimization of the ohmic 

losses. As a way of example, even using the least conductive electrolyte (0.5 g L-1) the 

ohmic resistance is remarkably low: 6 Ω. This value is even lower than the one (9 Ω) 

corresponding to 1,000 μm and ten-times higher concentration (5 g L-1) of supporting 

electrolyte in the ST reactor. It is worth mentioning that the increase of the 

concentration up to 50 g L-1 resulted in an ohmic resistance of approximately 1 Ω in 

both systems, which represents approximately the ohmic resistance of the system 

when the contribution of the electrolyte is minimum (short-circuited conditions). 

Therefore, according to the experimental data, it can be stated that the performance of 

the MF-FT is superior to that of the ST in terms of ohmic losses. 

Belmont and Girault also studied a microfluidic electro-chemical cell 

consisting in coplanar interdigitated band electrodes [228]. Values of 24, 12 and 6 Ω 

were obtained with 5, 10 and 25 mM of NaCl as electrolyte (which corresponds to 

0.29, 0.58 and 1.45 g L-1 NaCl). In comparison, 6, 4 and 2 Ω were measured in the 

flow-through microfluidic reactor for electrolyte concentrations of 3.5, 7.0 and 14.0 

mM (which corresponds to 0.5, 1.0 and 2.0 g L-1 Na2SO4). This comparison confirms 

the outstanding performance of the MF-FT configuration. 

Linear sweep voltammetries (LSV) were carried out under the same 

conditions described in the case of the electrochemical impedance spectroscopy (EIS). 

It allows to make sure that the electrodes are not in contact and double-check the 

effect of the IE gap. Figure 6.30 shows the slope of the LSV performed in both 

reactors varying the IE gap and the electrolyte concentration. 

https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
https://es.wikipedia.org/wiki/Omega
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Figure 6.30 Slope obtained from the LSV analyses. Anode (both): MMO mesh; Cathode 

(both): stainless steel perforated plate; Flow rate (MF): 105 dm-3 h-1; stirring rate (ST): 400 

rpm; T = 20 ºC. 

The tendency of the LSV slope is just the opposite of the ohmic resistance. 

Narrow IE gaps and high electrolyte concentrations lead to a fast increase of the 

current with the applied voltage. As an example, at 0.5 g L-1 and 1,000 μm, there is an 

order of magnitude (0.0132 vs 0.1628 A V-1) in the slope for the two reactors under 

study. In a broader sense, a difference of two orders of magnitude (2.89·10-3 vs. 

2.38·10-1 A V-1) are found between the ST (IE gap 25,000 μm) and the MF-FT (IE gap 

400 μm)  reactors for the lowest electrolyte concentration (0.5 g L-1). This fact 

highlights the importance of an adequate design of the electrochemical reactor to 

reduce energy costs, especially when it comes to treat poorly conductive wastewater. 

In order to explain the improved performance of the MF-FT reactor, the 

following deduction may be taken into account. Under the effect of an external electric 

field, it is well-known that ionic species can move between electrodes as a result of 

three different driving forces: molecular diffusion, migration and convection [92, 198, 

252]. When the latter is present, it is normally the predominant mode of transport [92] 

and important differences are found between both reactors designs in terms of forced 

convection.  
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The closer the electrodes the more constrained is the electrolyte within the IE 

gap in the ST reactor, limiting the contribution of forced convection. In addition, 

bubble hold-up may cause an important additional resistance [94].  However, in the 

case of the MF-FT, the circulation of the electrolyte through cell, and thus the forced 

convection, is not limited by the narrow IE gap because the hydraulic diameter is 

several orders of magnitude higher than the IE gap thanks to the geometry of the 

system. Therefore, the differences found in the performance of both systems may be 

attributed to the strong forced convection of the electrolyte solution within the IE gap.  

6.6.4 Evaluation of km in the MF-FT reactor 

A series of experiments were carried out to gain further insight in the mass-

transport conditions within the MF-FT reactor. The km was evaluated in the MF-FT 

reactor by means of the limiting-current technique using the redox pair 

ferri/ferrocyanide. It is important to mention that the surface area for the calculation of 

km is the one estimated by means of the 3D scanner, as described in Section 4.4.8. The 

results are also compared with the experiments previously reported by our group using 

a FB cell [103] in Figure 6.31 for different inlet flow velocities (U). 

 

Figure 6.31 Comparison of mass-transport coefficient as a function of flow velocity for a flow-

through (■) and a flow-by reactor (●). Anode/cathode (MF): MMO mesh, 400 μm IE gap; T = 

25 ºC.  
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For a given value of U, the km is considerably higher in the case of the MF-FT 

reactor. As an example, it is 70% higher at U = 0.78 ·10-2 m s-1 and differences are 

increasingly important at higher velocities. Interestingly, the higher slope indicates a 

stronger dependence with velocity. This means that increasing the velocity as a way to 

enhance mass transport is clearly more fruitful in the MF-FT configuration. In a 

previous study found in literature, Dos Santos et al. reported a km value of 2.0 ·10-5 m 

s-1 in a FB cell at a flow rate of 151 L h-1 which, according to the geometry of the cell, 

results in a U of 4.6 · 10-2 m s-1 [253]. Extrapolating the data of the MF-FT reactor, 

such value of km would be obtained at only 1.6 ·10-2 m s-1 approximately, a value of U 

three times smaller. 

A plausible explanation for the enhancement of mass transport in the FT 

configuration may be found in the local turbulence induced by 3D electrodes. In a 

planar electrode, the turbulent flow occurs at high velocities where the inertial are 

largely superior to the viscous forces (high Re number), a classic situation of internal 

flow [254].  

However, when a solid geometry is placed in the way of the fluid, as is the 

case of flow-through electrodes, the problem may be better regarded as external flow. 

In synthesis, any obstacle in the path of the fluid will cause the commencement of the 

turbulent flow at lower Re number, that is to say, at lower velocities [92, 110]. Indeed, 

it is not uncommon to introduce inert geometries such as nets or bars to act as 

turbulence promoters in advanced electrochemical cells designs [92, 255] or in other 

such as ultrafiltration systems [256, 257]. In this manner, the solid geometry induces 

the rotation of the flow lines and the formation of vortices, reducing the thickness of 

the boundary layer in the vicinity of the electrodes and, ultimately, favoring mass 

transport.  

In fact, Fimbres-Weihs and Wiley [258] reviewed 3D computer fluid dynamic 

(CFD) simulation studies of flow conditions in narrow spacer-filled channels and they 

concluded that vorticity play a primary role in mass transfer enhancement by 
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promoting mixing of low and high concentrations portions of fluid, increasing wall 

shear and reducing the thickness of the boundary layer [259].  

The limiting-current technique was also applied under different reactor 

layouts. The cyanoferrate (II)/(III) solution was prepared adding 0.1 M of the 

compound to be cathodically reduced (K3Fe(CN)6) in excess with respect to 

K4Fe(CN)6 (0.05 M). In this manner, the value of the limiting current intensity is given 

by the mass transport towards the anode. The I-V curves were obtained at different 

velocity flows varying the layout of the reactor in such a way that the flow passes first 

through the anode and then the cathode, or viceversa (A-C or C-A layouts). The 

results are shown in Figure 6.33.  

As it can be observed in Figure 6.32, the plots are overlapped at low applied 

voltages. Under these circumstances, the reaction is expected to be charge transfer 

controlled and thus independent from mass transport conditions. However, after the 

plateau and before water electrolysis begins, the reaction is expected to be mass 

transport controlled. In all the cases, it can be observed that the intensity is slightly 

higher when the anode (working electrode) is placed after the cathode. This 

information is useful for optimizing the electrode layout to maximize mass transport to 

the target electrode, and thus the overall performance of the cell, by simply re-

arranging the electrodes with no need of extra investment in the system. 
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Figure 6.32 I-V curves obtained for anode-cathode and cathode – anode layouts at different 

flow rates. Filled symbols: C- A; Empty symbols: A – C; ■ 30 dm3 h-1; ● 45 dm3 h-1; ◆ 70 dm3 

h-1; ▲ 90 dm3 h-1. Anode/cathode: MMO meshes, 400 μm IE gap; T = 25 ºC.  

More details about this part of the work are published in a paper published in 

Chemical Engineering Journal [251]. 

6.6.5 Production of H2O2 in a jet-aerated MF-FT reactor 

Next step is the assessment of the production of H2O2 in the MF-FT is using a 

jet-aerator as oxygen supplier. It is important to highlight that coupling a jet-aerator to 

a conventional microfluidic reactor is not possible because i) the low electrolyte flows 

used in those system are not sufficient to create a suction effect in a jet aerator and ii) 

perhaps more importantly, the gas bubbles generated in the jet would clog the IE gap. 

This should not be a problem in the case of MF-FT cell because the gases are easily 

stripped out. The possibility of coupling a MF-FT cell to a jet-aerator represents an 

additional advantage of the novel design with respect to conventional MF reactors. 
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The cathodic material used in the MF-FT as the cathode is RVC- 40 ppi. This 

material is a solid foam constituted by a network of open cells composed of vitreous 

carbon and gather some adequate characteristics such as high surface area, low 

pressure drop and rigidity [245]. Even if the volumetric mass transport coefficient 

(product of km· A) is superior in a carbon felt electrode [101, 244], RVC was selected 

because its open porous structure allows a considerable lower pressure drop and, thus, 

an smaller pump size and power consumption for electrolyte recirculation [245]. In 

addition to the above, the key feature that tipped the balance in favour of RVC was 

rigidity. The extremely small IE gap requires the utilization of electrodes that keep the 

original shape under the effect of the electrolyte flow. 

In previous sections, it was found that depositing a mixture of CB/PTFE on a 

carbon cloth [93] or CF [106, 225] boosted the production of H2O2. Thus, CB/PTFE 

mixture was also used in this work to cover RVC, a 3D carbonaceous support. The 

concentration curves and the corresponding CE for different current densities from 20 

mA cm-3 to 50 mA cm-3 are shown in Figure 6.33A. 

In general terms, H2O2 is produced faster at higher current densities but with 

lower CE within the range 20 to 50 mA cm-3. The accumulation reaches a 

concentration of 134, 156 and 204 mg H2O2 dm-3 after one hour of electrolysis at 20, 

30 and 50 mA cm-3, respectively. The same trend is observed for the instantaneous 

production rates (calculated after 5 minutes of electrolysis) which are 12.4, 16.2 and 

23.3 mg H2O2 cm-3 electrode h-1. It is important to note that, as explained before, the 

accumulation of H2O2 is not linear and tend to a plateau due to the occurrence of 

competing reactions, such as self-decomposition (Eq. 6.4, 6.5 a and b), anodic 

oxidation (Eq. 6.6) or reduction to water on the cathode (Eq. 6.7). 
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Figure 6.33 Hydrogen peroxide generation and current efficiency at different current densities 

in the MF-FT reactor. ■ 20 mA cm-3, ● 30 mA cm-3, ♦ 50 mA cm-3; Cathode: CB/PTFE-RVC ; 
Anode: MMO; Electrolyte: 1 dm3 0.05 Na2SO4; Liquid flow: 70 dm3 h-1. 

With respect to CE, Figure 6.33B shows that O2 can be reduced selectively 

(98.6 %) to H2O2 (Eq. 6.13) at 20 mA cm-3 on the CB/PTFE-RVC cathode. However, 

at higher current densities the process is expected to be mass-transfer controlled and 

the applied current density is above the limiting one. Under those operating 

conditions, electrons in excess are used to reduce H2O2 to H2O,  (Eq. 6), O2 directly to 

water (Eq. 7), or evolve hydrogen (Eq. 8) giving rise to an instantaneous CE below 

100% [106, 165, 193, 223, 225]. Because of this, it is once again observed that current 

density and oxygen supply must be balanced for an efficient H2O2 production. 

These results compare favourably with those reported in the literature with 

RVC using conventional cells. For example, Petrucci et al [165] tested RVC as 

cathode for H2O2 generation and obtained a better performance of this material in 

comparison to graphite and carbon felt. In that work, the RVC was operated at 10 mA 

cm-3 under oxygen atmosphere (dissolved oxygen > 20 mg O2 dm-3) in a divided cell, 

it reached a maximum instantaneous production rate of 4 mg H2O2 cm-3 electrode h-1 

and a maximum CE of 60%. Those values are lower than those provided by the jet-

aerated MF-FT (12.4, 16.2 and 23.3 mg H2O2 cm-3 electrode h-1 at 20, 30 and 50 mA 

cm-3), even considering that the aforementioned experiments were conducted in a 

divided cell fed with pure oxygen and using a denser RVC. It is important to take into 
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consideration that RVC with 100 ppi has approximately 3 times higher surface area 

per unit of volume [245]  than the electrodes used in our work.  

Specific energy consumption increased with current density both because of 

the lower CE and the higher cell voltage. Cell voltage reaches a value of 4.8, 5.3 and 

7.2 V resulting in an energy consumption of 7.8, 9.9 and 15.5 kWh kg H2O2
-1 at 20, 30 

and 50 mA cm-3, respectively. Unfortunately, specific energy consumption is not 

widely available in scientific reports. This fact, together with the wide variety of 

experimental conditions, hinder a detailed comparison at this point. 

However, the best results are obtained in those electrolyzers designed to 

produce a bleaching solution for the paper and wood industry in strong (≅ 1-2M 

NaOH/KOH) basic medium [161, 163, 171, 260]. It is important to mention that both 

i) the extremely high conductivity of the electrolytic medium and ii) the lower 

equilibrium potential for the reduction O2 to H2O2 in alkaline medium  (-0.065 V vs. 

SHE, 0.62 V lower than in acid-neutral medium, Eq. 1 [171]) are in favour of the 

alkaline process. In those works, specific energy consumption ranges from 5 to 8 kWh 

kg H2O2
-1, a similar value to the one obtained in the MF-FT reactor at 20 mA cm-3 (7.8 

kWh kg H2O2), even considering the use of an electrolyte 20 times less concentrated 

and the synthesis in neutral-acid medium. Moreover, the aforementioned calculus only 

considers the energy supplied to the cell but do not take into account the costs of 

aeration by compressors used in conventional systems (investment, maintenance and 

running expenses).  

In this manner, those results confirm the excellent performance of the jet-

aerated MF-FT and suggest that the development of the reactor moves in the right 

direction. 
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6.7 Production of H2O2 in a pressurized-jet microfluidic flow-

through cell 

In this section, a prototype integrating the aforementioned technologies 

(pressure, jet aeration, MF-FT cell and CB/PTFE electrodes) is described. The new 

design combines an optimized version of the MF-FT cell with a novel aeration system.  

With respect to the cell studied in Section 6.6, a number of modifications are 

proposed to optimize design and performance of the cell. In particular: 

i) The mechanical design withstands higher pressures and the sealing 

system prevents leakages. 

ii) IE gap is reduced to 150 µm (400 µm in the previous MF-FT).  

iii) Duocel® RVC is substituted by a Duocel® Aluminium foam as support 

of the active phase of CB/PTFE.  

As mentioned before, metals are about 3 orders of magnitude more conductive 

(and thus lower ohmic drop) than those materials based on carbon. Apart from the 

higher conductivity, the metallic support has other advantages. A higher electrical 

conductivity implies a better current/voltage distribution which may facilitate the scale 

up [92]. In addition, brittle electrodes (such as the RVC) pose a serious problem in the 

design of cells because the components are held together by compression. However, 

compression strength of Al foam is, at least, 5 times higher (2.53 MPa for 8% density 

alloy 6101-T6 8% nominal density vs. 0.10 to 0.52 MPa in the RVC  [261, 262]). 

 An important different in terms of mass transport comes from the fact that the 

Al foam used here (40 ppi) has lower surface area (18 cm2 of surface per cm3 of 

electrode [263]) while the RVC used in the previous section (45 ppi) has 28 cm2 cm-3 

[245]. Also, the maximum flow rate of the setup with the new pumping system 

increased up to 160 dm3 h-1.  In a flow system, the pressure drop over the porous 

electrode is an important variable since it directly affects the pump size and electrolyte 

circulation power requirements [245]. However, at the velocity used in this work (1.34 
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·10-2 m s-1) the pressure drop (∆𝑃/𝐿) through the Al foam, according to the data of the 

manufacturer [264], could still be considered negligible.  

 All things considered, the greatest improvement is the new aeration system 

thanks to the synergistic combination of a pressurized circuit and a jet aerator. It will 

be explained in detail in the following section. 

6.7.1 Concept of pressurized-jet aerator 

One of the most important conclusions from previous sections is that the 

supply of oxygen to the cathode is key for a fast and efficient electro-generation of 

hydrogen peroxide. The use of pressurized systems proved to be very efficient, 

achieving instantaneous CE of ≅ 100% at 100 mA cm-2 and 30 relative bar using a 

CB/PTFE CF cathode. Despite the fact that this current density may be regarded as an 

industrially-relevant [106, 161, 163], the application of pressures > 10 bar might 

compromise the economic viability of this process on an industrial scale [7]. In the 

case of using the jet aerator, the 100% efficient production was sustained up to 15 mA 

cm-2 using the above-said cathode, and even considering that there is an important 

difference in the size of the electrode used under pressure, higher working current 

densities would be desirable to reduce the size of the reactor. 

Thus, in this reactor we propose the combination of the two solutions studied 

before (pressure and jet aerator) to create an improved aeration system: the 

pressurized-jet aerator (PJA). Interestingly, this system could theorically supply high 

oxygen flow rates at moderate pressures thanks to the use of dissolved oxygen at 

higher concentration than under room conditions and pressurized air bubbles [213].  

The key of the PJA system is connecting the intake of the jet aerator to the 

biphasic reservoir tank, as shown in Figure 6.34. In this manner, the system can, 

indeed, be pressurized.  
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Figure 6.34 Schematic representation of the idea behind the pressurized-jet aerator. 

After pressurization, the system is in equilibrium as in the case of jet aerated 

under room pressure. When liquid flows through the Venturi, a difference of pressure 

appears between the tank and the throat of the jet serving as the driving force (∆𝑃) to 

aspire the gas, but in this case a pressurized liquid-gas mixture is obtained.  

It is important to highlight that the aspiration must be in the upper part of the 

reservoir and that it cannot be full of liquid. Otherwise, the jet aerator could not draw 

the gaseous reactant.  

6.7.2 Oxygenation capacity of the pressurized-jet aerator 

The total oxygen mass flow (𝑚𝑂2,𝑡𝑜𝑡𝑎𝑙) supplied by the PJA to the cathode is 

calculated as the sum of the flow of oxygen dissolved in water (𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑) plus the 

oxygen flow in the gas phase (𝑚𝑂2,𝑗𝑒𝑡 ), as shown in Eq. 6.16-18: 

𝑚𝑂2,𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑 + 𝑚𝑂2,𝑗𝑒𝑡                                                                             (6.16) 

𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑 = 𝑄𝑙𝑖𝑞𝑢𝑖𝑑 · [𝑂2]                                                                                      (6.17) 
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𝑚𝑂2,𝑗𝑒𝑡 = 𝑄𝑔𝑎𝑠 · 𝜌 · % (𝑂2, 𝑎𝑖𝑟)                                                                             (6.18) 

Where Qliquid is the flow measured in the liquid rotameter (dm3 h-1), [O2] is the 

equilibrium concentration at each pressure (g O2 dm-3) at 25 ºC estimated by Henry’s 

law [106], Qgas is the flow measured in the gas rotameter (dm3 h-1), 𝜌 is the density of 

air under calibration conditions (1.29 g dm-3) and % (O2, air) is the percentage of 

oxygen in air (21%).  

Figure 6.36A shows total oxygen mass flow for pressures for 1 and 6 bar of air 

pressure when the jet is closed (dotted line) or open (solid line) for different liquid 

flow rates. It is important to highlight that 𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑 was calculated considering a 

theoretical equilibrium concentration as indicated right before whereas 𝑚𝑂2,𝑗𝑒𝑡  was 

calculated experimentally by means of a gas rotameter placed in the green pipe 

(between the throat of the jet and the tank) in Figure 6.35. 

 

Figure 6.35 Oxygenation capacity of the system at different liquid flow rates and 

pressures. A) ■ 1 bar, ● 6 bar; B) ■ O2 dissolved ■ O2 in bubbles; Qliq = 160 dm-3 h-1. 

In general, 𝑚𝑂2,𝑡otal increases with liquid flow. In the case of working with 

the jet closed, 𝑚𝑂2,l𝑖𝑞𝑢𝑖𝑑  varies linearly with liquid flow. For a fixed value of liquid 

flow, 𝑚𝑂2,l𝑖𝑞𝑢𝑖𝑑  also varies linearly with pressure given that solubility of oxygen in 

water increases linearly according to Henry’s Law at low pressures [106, 265]. 

Unfortunately, at higher pressures (P > 10 bar), the solubility does not longer increase 
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linearly so the increase of pressure is progressively less effective in aerating the 

system.  

In economic terms, energetic costs for compression increases with pressure. 

With regard to processing equipment, as a rule of thumb it can be considered that 

materials and apparatus can withstand positive pressures up to 10 bar without much 

additional capital investment [7]. At greater pressures, thicker-walled and more 

expensive equipment are necessary, thus operate at values greater than 10 bar must be 

justified (for detailed calculations, see Appendix A of this reference [7]). All the 

aforementioned reasons seem to advice against using extreme pressures in H2O2 

electrolyzers.  

However, when the jet aerator is open,  𝑚𝑂2,𝑡𝑜𝑡𝑎𝑙 increases exponentially with 

liquid flow (see Figure 35.a) because higher velocities leads also to higher ∆𝑃 between 

the throat and the tank. This effect is present from 100 dm-3 h-1 on (lower values of 

liquid flow does not create a significant ∆𝑃 in the jet used in this study). As an 

example, values of  𝑚𝑂2,𝑡𝑜𝑡𝑎𝑙 equal to 7.6 and 21.9 g O2 h
-1 were calculated at 6 bar 

and 160 dm-3 h-1 for closed/open jet, respectively, which implies an improvement of 

approximately 3 times. It is important to highlight that even if the use of the jet aerator 

implies a pressure drop of the fluid stream, it allows an important increase of oxygen 

mass flow without the need to increase the operating and design pressure of the 

system. Indeed, to achieve an oxygen mass flow of 21.9 g O2 h
-1 without the jet, an air 

pressure of approximately 17-18 bar would be needed.  

The use of a pressurized system together with the jet present a synergistic 

effect. Figure 6.39B shows the contribution of the dissolved oxygen (𝑚𝑂2,𝑙𝑖𝑞𝑢𝑖𝑑, 

botton part of the column) and air bubbles generated in the jet (𝑚𝑂2,𝑗𝑒𝑡 , top part of the 

column) to 𝑚𝑂2,𝑡𝑜𝑡𝑎𝑙 at a fixed liquid flow. Interestingly, 𝑚𝑂2,𝑗𝑒𝑡  also increases with 

pressure from 5.7 at 1 bar to 14.2 g O2 h
-1 at 6 bar. This effect is due to the higher 

density of the gas under pressure, which results in a higher mass flow aspiration at a 

given value of liquid flow (i.e. ∆𝑃 in the jet). 
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On top of what have been discussed previously, the use of hermetic systems, 

pressurized or not, present another positive feature. Those systems can collect the 

oxygen evolved in the anode from water/H2O2 oxidation. This is an interesting manner 

of making the most of a by-product and reducing the energy consumption required for 

pressurization. It should not be considered as a negligible contribution because it can 

provide up to 50% of the stoichiometric oxygen required in the cathode. 

To confirm experimentally the synergistic combination of the pressure and the 

jet, H2O2 was electro-generated in the system under different aeration conditions at a 

fixed current density. A high current density was selected in such a way that the 

production of H2O2 is limited by oxygen mass transfer to the cathodic surface. The 

experimental results are shown in Figure 6.36. 

 

Figure 6.36 Concentration of H2O2 versus time under different aeration conditions. j = 60 mA 
cm-3; Cathode: Al/volume = 16 cm3; Q = 160 dm3 h-1; T = 25 ºC; V0 = 2.25 dm3; Electrolyte: 

Na2SO4 0.05 M. 

             Under room pressure and jet closed, H2O2 reaches a low concentration of 2.4 

mg dm-3 after 20 minutes, slightly increasing up to 4.0 mg dm-3 under jet aeration after 

next 20 minutes of electrolysis. A further accumulation, up to 12.5 mg dm-3, is 

observed when the electrolysis is run in a pressurized system at 6 bar. Interestingly, a 
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considerably higher concentration (33.4 mg dm-3) is measured using the PJA. The 

slopes of the graph clearly show that H2O2 is produced faster using the PJA in 

comparison to both jet aeration and pressurized system with the jet closed. Those 

results are in accordance with the aeration capacity shown in Figure 6.35 and 

demonstrate that the PJA is more efficient than either the jet aerator or the pressure 

separately. 

         The concept of pressurized-jet aerator as a new aeration system for high-

performance H2O2 electrolyzers was presented in a paper published in 

Electrochemistry Communications [213]. 

6.7.3 Effect of current density  

A series of experiments were performed to gain insight into the potential of 

the new reactor. An intermediate pressure of 6 bar (approximately the same as in the 

oxidizing reactor of the AO process [154]) for current densities from 10 to 60 mA cm-

3, defined with respect to the volume of the cathode. Figure 6.38 shows the evolution 

of H2O2 concentration with time at different current densities. 

As can be seen, Instantaneous production rate (for a fixed Q of 0.03 Ah dm-3) 

increases with current density up to 40 mA cm-3, ranging from 6.3 at 10 mA cm-3 to 

24.5 mg H2O2 h
-1 cm-3 at 40 mA cm-3. Further increase to 60 mA cm-3 does not lead to 

faster production. The production is not linear with time and H2O2 concentration does 

not increase with instantaneous production rate due to the occurrence of parasitic 

reactions, mainly anodic oxidation (Eq. 6.6) and cathodic reduction to water (Eq. 6.7), 

as discussed previously [93, 165, 193]. 
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Figure 6.37 Evolution of H2O2 concentration with time at different current densities. A) vs. 

time; B) vs. applied electric charge. ■ 10 mA cm-3, ● 20 mA cm-3, ◆ 30 mA cm-3, ▲ 40 mA 

cm-3, × 60 mA cm-3; P: 6 bar; Cathode volume = 16.5 cm3; Qelectrolyte = 160 dm3 h-1; T = 25 ºC; 

V0 = 2.25 dm3; Electrolyte: Na2SO4 0.05 M. IE gap = 150 µm.  

On its part, Figure 6.37B compares experimental with theorical concentration 

which assumes that all the charge is used in the production of H2O2. As discussed in 

several occasion during this Chapter, it follows a reverse trend with respect to current 

density. In the experiments discussed here, H2O2 is produced instantaneously with a 

selectivity of approximately 100% up to 20 mA cm-3 but decreases for higher current 

densities. The reason behind this is, as previously discussed, the limiting current 

density, according to which above a certain value the oxygen transport to the surface 

is not sufficient to sustain the production of H2O2 and parasitic reactions are promoted. 

6.7.4 Effect of electrolyte concentration  

On laboratory-scale H2O2 electrolyzers, the ohmic resistance is minimized by 

increasing electrolyte conductivity upon the addition of large concentration of salts, 

normally within the range 0.035 – 0.1 M Na2SO4 [104, 180, 266]. It avoids extreme 

Ecell and temperature rise as a consequence of high ohmic drops in electrolytic systems 

[60], but for many uses H2O2 had better be produced in salt-free media.  

The objective of this section is to quantify the effect of electrolyte 

concentration on ohmic resistance and, thus, on energy consumption. In Figure 6.38, 

the Nyquist plot and the corresponding ohmic resistance for electrolyte concentrations 

from 0.0035 M to 1 M of Na2SO4 of the MF-FT is calculated. 
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Ohmic resistance can be evaluated at the intersection of the plot with the X-

axis in the Nyquist plot. As shown in Figure 6.38A, ohmic resistance decreases with 

the addition of higher concentration salts. It varies one order of magnitude (from 6 to 

0.6 Ω) when the electrolyte concentration increases three order of magnitude (from 

0.0035 to 1 M) which clearly indicates that electrolyte concentration is progressively 

less effective in reducing ohmic resistance.  

In fact, as can be seen in Figure 6.38B, the variation of ohmic resistance with 

electrolyte conductivity is exponential. At low conductivities, small increments of 

electrolyte concentration lead to a considerable decrease in ohmic resistance. 

However, the increase of electrolyte of one order of magnitude (from 0.1 to 1 M) only 

leads to a reduction of 27% (0.83 and 0.6 Ω, respectively). The last value should be 

close to the ohmic resistance of the system excluding the contribution of the 

electrolyte, a condition that is strictly achieved at infinite concentration. Thus, it can 

be deducted that the ohmic resistance in the electrolyte is an important contributor to 

the overall ohmic resistance and represents a bottleneck, which is in agreement with 

the conductivity of the different component of the system, as discussed previously. 

The lower ohmic resistance, the lower cell voltage and also the electrical power, as 

shown in Figure 6.38C, following the same decreasing tendency as ohmic resistance. 

In comparison with previous systems, Lu et al. investigated the effect of 

electrode spacing on ohmic resistance in a stacked electrosynthesis reactor (SER) for 

the production of H2O2 [266]. Ohmic resistances of 4.5, 1.3 and 1.1 Ω were measured 

for IE gaps of 5, 2 and 1 mm, respectively, using a MMO as counter electrode and 0.1 

M Na2SO4 as supporting electrolyte. Using the same electrolyte concentration, the 

ohmic resistance in the present MF-FT is 0.8 Ω, approximately a 30% less.  
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Figure 6.38 Evaluation of ohmic resistance in the MF-FT for different electrolyte 

concentrations. A) Nyquist plot, B) Ohmic resistance, C) Cell voltage and electrical power (P) 

for 10 mA cm-3; ● 0.0035 M, ▲ 0.005 M, – 0.01 M, x 0.025 M, ♦ 0.05 M, ■ 0.1 M, ○ 1 M. 

Qelectrolyte = 160 dm3 h-1; T = 25 ºC; IE gap = 150 µm. 
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6.7.5 Comparison with state-of-the-art electrolyzers 

         To put into context the pressurized-jet aerated MF-FT, its performance is 

compared with state-of-the-art reactors described in bibliography. For comparative 

purposes, the most relevant parameters are summarized in Table 6.3. 

         To the best of our knowledge, the fastest production so far was reported in our 

previous work using CB/PTFE carbon felt electrodes in a reactor under pressure [106], 

as shown in Table 6.4. Working under 31 bar of air pressure, an instantaneous specific 

production of 62.5 mg H2O2 h
-1 cm-2 was measured. Despite this fact and the high CE 

(≅ 100%), the energy consumption is somewhat high (25.4 kWh kg H2O2
-1), probably 

because the use of a small anode, a carbonaceous support for the CB/PTFE mixture 

and, especially, a wide IE gap (25 mm). A considerable smaller production rate (12.4 

mg H2O2 h
-1 cm-2) but with a much lower specific energy consumption (7.8 kWh kg 

H2O2
-1) was measured in a jet-aerated MF-FT reactor using a CB/PTFE-RVC with 45 

ppi.  

         A similar value of energy consumption (8 kWh kg H2O2
-1) was reported by 

Barros et al. [171] for the production of alkaline H2O2 solutions which are employed 

as bleaching agent in the Kraft process. It is important to remember that production in 

strong alkaline medium has two important economic advantages, as enunciated in 

Section 6.6.5. Even smaller values (3.1 – 6.4 kWh kg H2O2
-1) were reported by Gupta 

et al. [163] in a pressurized system (9 bar) using CF cathodes in 2 M NaOH at high 

current densities of 100 – 500 mA cm-2 (referred to the current collector**). 

         In acid medium, the lowest energy consumptions have been recently reported by 

Lu et al. [266]. In this work, the effect of several parameters, including the IE gap and 

the influence of electrode pairs, was studied and for the best configuration (6 electrode 

pairs, 0.21 min hydraulic retention time and 1 mm IE gap), specific energy 

consumptions within 4.6 to 9.8 kWh kg H2O2
-1 were reported at 10-50 mA cm-2, but 

still using a salty electrolyte (0.1 M).  
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          In the present work, the lowest energy consumption in acid medium so far is 

reported (3.65 kWh kg H2O2
-1), even if half the concentration of electrolyte (0.05 M) 

in comparison to Lu’s work is used. Those results confirm the success of the design 

proposed. The pressurized-jet MF-FT reactor seems to be less sensible to electrolyte 

conductivity, thanks to the low IE gap, given that a reduction of 15 times in Na2SO4 

concentration (from 0.05 to 0.0035 M) only results in an increase of less than 2 times 

and yields an acceptable value of 6.62 kWh kg H2O2
-1 (see Table 6.3).  
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Table 6.3 Comparison of jet-aerated MF-FT reactor with bibliography. (*) Current density in 

mA cm-3 

 

6.7.6 Preliminary scale-up 

Given the promising results obtained so far, a preliminary attempt to the scale-

up of the reactor was conducted. The objective is to increase the production rate for 

which the cell was modified accordingly to fit thicker cathodes from 5 to 15 mm (16.5 

to 49.5 cm3). The results in terms of concentration vs. time and specific charge are 

shown in Figure 6.39. 

Ref. Cathode 
IE gap / 

mm 
Aeration Electrolyte 

Current 

density / 

mA cm-2 

Production 

rate / 

mg H2O2 h
-1 

cm-2 

EC / 

kWh 

kg 

H2O2
-1 

This 
work 

CB/PTFE
-Al (16.5 

cm3) 
0.15 

Pressurize
d-jet  

(6 bar) 

Na2SO4 0.05 
M 

10* 6.3 

3.65 

Na2SO4 
0.0035 M 

6.62 

[106] 
CB/PTFE

-CF (5 
cm2) 

25 

Pressurize
d air  

(31 bar) 

Na2SO4 0.05 

M 
100 mA cm-2 62.5 25.4 

[267] 
CB/PTFE

-RVC 
(16.5 cm3) 

0.4 
Jet aerator        

(1 bar) 
Na2SO4 0.05 

M 
20* 12.4 7.8 

[171] 
CB/PTFE
-GDE (20 

cm2) 
N.A. Oxygen  1 M KOH 212.5 25.7 8.0 

[163] 

CF (63 x 

4 x 0.3 
cm3) 

0.039 
(diaphrag

m 
tickness) 

Pressurize

d air  (9 
bar) 

2 M NaOH 100-500 ** n.a. 
3.1 – 
6.4 

[266] 
CB/PTFE
-GDE   (6 
x 7 cm2) 

1 
Air               

(0.150 mL 
min-1) 

Na2SO4 0.1 M 10 - 50 4.8 – 23.1 
4.6 - 
9.8 



Chapter 6 
 

236 
 

 

Figure 6.39 Results obtained in the preliminary scale-up of the MF-FT reactor. A) production 

rate vs. cathode thickness, B) concentration vs. applied electric charge; ● 5 mm, ■ 10 mm, ▲ 

15 mm; P: 6 bar; Qelectrolyte = 160 dm3 h-1; T = 25 ºC; V0 = 2.25 dm3; Electrolyte: Na2SO4 0.05 

M; IE gap = 150 µm. 

Specifically, a cathodic current density of 10 mA cm-3 was selected because it 

is a value at which the process is not mass-transfer controlled as discussed previously 

in Figure 6.37. According to Figure 6.39a, the increase in electrode thickness gave rise 

to a proportional increase in production rate when the electrode was two and three 

times thicker, obtaining 21.6, 41.9 and 65.2 mg H2O2 h
-1 for electrodes of 5, 10 and 15 

mm, respectively. As shown in Figure 6.39b, the current efficiency is kept constant in 

the scale-up (close to 100% in all the tests). In this manner, the increase in net 

intensity (from 0.165 to 0.495 A) gives rise to a proportional generation of H2O2, 

which indicate that the system is readily scalable.  

Theoretically, cathode thickness could be increased maintaining a high CE up 

to the point at which i) oxygen transfer to the cathodic surface is sufficient to maintain 

the production at the working current density ii) a uniform voltage/current distribution 

is achieved along the electrode surface, otherwise CE may decrease. According to 

Figure 6.37, the pressurized-jet aerator can supply an oxygen flow of 21.9 g O2 h
-1 at 6 

bar and 160 dm3 h-1 recirculation flow. It is the stoichiometric amount required to 

sustain the production of a cathode of 3,600 cm3 at 10 mA cm-3. In other words, a 

cathode with an equivalent length of 1 m, 70 times larger than the thickest cathode 

used in this study. However, precaution has to be taken with current distribution which 

may be a critical parameter in the scale-up [60, 92, 198]. A modelization step would 
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be interesting for predicting current, electrolyte and gas distribution as previously 

conducted for other electrochemical systems at a higher degree of development such 

as fuel cells or water electrolyzers [268-270]. 

With respect to ohmic resistance, it slightly increases from 1.2 to 1.7 Ω (see 

Figure 6.40A) when cathode thickness augmented from 5 to 15 mm. It is mainly 

attributed to the increase in electrode thickness, taking into consideration that ohmic 

resistance is not only a function of the material but also of conductor length. 

Theoretically, a linear relationship between distance and electrode thickness is 

expected. However, it is somehow blurred in the experimental data because ohmic 

resistance should also be a function of the thickness of the layer of CB/PTFE 

deposition. 

Importantly, cell voltage increases with electrode thickness (Figure 6.d) from 

2.3 V for the cathode of 5 mm thickness to more than 3.5 V in the case of the system 

equipped with the 15 mm cathode. The reason behind this is not only the increase in 

ohmic resistance and net current intensity but also the higher current density (and the 

concomitantly larger over-potential) with respect to the anode, whose size is constant 

in this work. For an adequate scale-up, also the anode needs to be augmented in size to 

keep the anodic overpotential under control. The development of three-dimensional 

electrodes with higher specific surface areas would be helpful on this regard. 

Interesting advances on this field have been recently reported such as metal-printing 

for electrode fabrication [244] or deposition of high-surface porous electrocatalysts 

[271, 272]. 

The rise of the cell voltage is reflected in an increase of the specific energy 

consumption from 3.65 to 5.65 kWh kg H2O2
-1 (Figure 6.40C). Considering a value of 

0.0816 € kWh-1 (average prize in Europe in 2016 for medium-size industries [273]), it 

would entail a cost of 0.30 – 0.47 € kg H2O2
-1. Although the present estimation only 

includes the energy consumption of the cell, the value obtained is comparable to the 

current value of this commodity in the market (around 1 € kg  H2O2
-1 [154]) which 

indicates that, after the adequate development of the process, electrochemical 
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production may become a commercial alternative for decentralized H2O2 production in 

future low-carbon economies. 

 

 

Figure 6.40 Ohmic resistance (A), cell voltage (B) and specific energy consumption (C) for 

different cathode thicknesses. 
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6.8 Perspectives for the electrochemical generation of H2O2  

In the present Chapter, a comprehensive analysis of the history of H2O2 

production, as well as an intense development of the electrochemical technology, has 

been offered. Considering that the objective of the present work is to apply this 

technology on an industrial scale, the important question is: could be the 

electrochemical generation of H2O2 an alternative to the Anthraquinone process in 

general and in our case of study in particular?. 

 The normal approach to answer to this question would be an economic 

analysis in which the cost of production of H2O2 electrochemically is compared with 

the market price of this product. However, at this level of development a detailed 

economic analysis is risky and may lead to misleading conclusions. In addition, it may 

not consider other aspects that could play in favor (or against) the technology in the 

future. Because of this, the perspectives are analyzed here by means of a strengths, 

weaknesses, opportunities and threats (SWOT) analysis. Figure 6.41 shows the matrix 

with the identify items for each aspect. 

Probably the most interesting feature is that the process is electrically 

powered. In a future energetic scenario in which the electricity is mainly produced by 

CO2-free sources, it could be of interest to accomplish the decarbonization of the 

economy. At the same time, it represents the biggest threat because it is highly 

dependent on electricity costs.  
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Figure 6.41 SWOT matrix for the electrochemical production of H2O2 

Other important strengths are the easy control and automatization of the 

process which can also be adapted to produce small quantities in situ (for example, as 

oxidizing agent in greener synthesis routes as to generate peroxoacetic acid for hands 

disinfection in hospitals). The use of oxygen and the electron as main reagents lead to 

a clean operation which may also results in opportunities derived to the wider social 

acceptation and a greater resistance to regulatory changes, particularly on waste 

generation (increase of disposal costs, restriction or taxes to the commercialization of 

noble metals, etc.).  

On the down side, there are not commercial reactors currently available in the 

market and, therefore, no experience in the long term operation has been gathered. The 
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reason behind this fact is that the technology is incipient and, despite the advances 

achieved during the last years, still a certain degree of development would be 

necessary to create a commercial product. In this context, other competitive routes 

today under study could enter in the market, particularly the direct synthesis from H2 

and O2.  

One important weakness detected is that current efficiency decreases 

considerably as the concentration increases, which may be an important drawback for 

the application under study. The maximum concentration obtained in this work is 

about 7,650 mg dm-3, which is equivalent to roughly 0.8%. Considering that the 

concentration of the commercial solution is 33%, it means that to achieve the same 

storage capacity of H2O2 a deposit volume 40 times larger would be needed. 

Generating H2O2 in this manner would also require an auxiliary liquid (water with 

electrolyte) where performing the electrolysis which, is turn, is to be added to the 

wastewater, increasing artificially the flow of wastewater discharged. Considering an 

average COD of 8,000 mg O2 dm-3 and the stoichiometric addition (2.7 mg H2O2 mg 

O2
-1), approximately 3 dm3 of H2O2 at 0.8% per dm3 of wastewater would be required.  

In addition, to generate such concentrations strong conditions (30 bar) were 

required, not to mention that CE decreases with concentration due to parasitic 

reactions.  Interestingly, Edwards et al. reported some years ago that an acid 

pretreatment of a carbon support for gold-palladium alloy catalysts switches off the 

decomposition of H2O2 to water in the direct process (gas mixtures of H2 + O2) [224]. 

The discovery of a similar effect in electrodes for the electrochemical process via 

ORR would mean a breakthrough to achieve high concentrations. 

 There are other options to achieve highly-concentrated solutions and minimize 

this drawback. It is important to note that also the Anthraquinone process produces 

relatively diluted solutions (0.9 – 1.8%) and requires a concentration step. There are 

different option to do this, such as the classic evaporation (used in the Anthraquinone 

process) or new alternatives as for example via the electrodialysis scheme shown in 

Figure 6.42 [274]: 
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Figure 6.42 Schematic representation of the electrodialysis principle to concentrate H2O2. 

Reprinted from [274]. 

In the central compartment, this research group achieved concentrations up to 

100 g dm-3 H2O2. However, those technical solution increase the workout and, thus, 

the costs. 

Alternatively, H2O2 can be produced and activated in situ. It implies zero need 

for storage and no auxiliary liquid is required. In addition, H2O2 is continuously 

generated in the reaction medium and decomposed into radicals, therefore avoiding 

the high concentrations that promote parasitic reactions such as decomposition on the 

electrodes or scavenging (competing with pollutants for degradation) effect. It makes 

this way of dosage more efficient. In addition, if it is combined with anodic oxidation 

processes it can lead to a more efficient wastewater treatment technology.  

Considering the aforementioned reasons, taking as a basis the lessons learned 

during this experience, the next Chapter will revolve around the adequate design of a 

combined reactor EF/AO-BDD for wastewater treatment. 
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7.1 Introduction 

The origins of the Electro-Fenton (EF) process can be traced back to the 70s in 

organic electrosynthesis, but it was soon adopted as a promising technology in the 

environmental electrochemistry field [91]. It was popularized in the 90’s and widely 

studied in the next years by the research groups led by Mehmet Oturan, in France, and 

Enric Brillas, in Spain [71, 91].  

             In contrast to classical Fenton in which the H2O2 is added externally, the 

differentiating element of the EF process is the production of hydrogen peroxide 

inside the system from the two-electron reduction of oxygen, as widely studied in the 

previous chapter, and its activation in situ to produce highly oxidizing radicals [61, 

71]. Hydrogen peroxide can be activated by different means as for example by 

homogeneous or heterogeneous transition metals (typically iron) electromagnetic 

radiation in the UV range or other molecules such as ozone [275-278]. 

               EF and related technologies have shown a great efficiency on a laboratory 

scale in the remediation of those effluents that are not efficiently treated using 

biological technologies [61, 69, 71]. Different strategies and combinations have been 

developed to improve the initial concept such as coupling with UV/solar light [279, 

280], ultrasounds [281, 282], ozone [283, 284], sacrificial [285, 286] or high O2 

overpotential anodes [287-289] and some others [71]. 

             Comparatively, most of the research have been focused on the influence of the 

electrode material, pollutant nature and operating conditions while less attention has 

been paid to other critical aspects such as cell design [60, 63]. Traditionally, EF has 

been extensively applied in either simple stirred tank reactors or parallel-plate flow-by 

cells [71, 290]. The Figure 7.1 shows examples of those cell configurations. Recently, 

some authors have proposed different reactor configurations.  
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Figure 7.1 Classic cells used in EF process. A) Stirred tank with bubbling of O2 Reprinted 

from [291]; B) Stirred tank with a gas diffusion electrode. Reprinted from [291]; C) Scheme of 

a flow-system. Reprinted from [285]; D) Detailed scheme of a parallel-plate flow-by cell 

equipped with a gas diffusion electrode. Reprinted from [292]. 

              A few years ago, Scialdone et al. proposed the use [169] and the combination 

in series [70] of microfluidic flow-by cells with graphite cathodes for the treatment of 

wastewater polluted with bio-refractory compounds, as shown in Figure 7.2. 
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Figure 7.2 Scheme and photographies of microfluidic cells. A) Scheme of microfluidic cell 1; 

B) Scheme of microfluidic cell 2; C) Setup with one cell D) Setup with three cells in series. 

Adapted from [70, 235]. 

These systems are characterized by very small distance between the 

electrodes. The main objective is to operate the electrochemical reactor in the absence 

of supporting electrolyte at a reasonable cell voltage. Those systems are also 

characterized by a faster mass transfer of the oxygen evolved in the anode to the 

reduced in the cathode, thanks to the overlapping of the diffusion layers. For example, 

a maximum concentration of 204 mg H2O2 dm-3 with a current efficiency of 33% 

under optimized conditions (inter-electrode gap of 120 µm and 1 mA cm-2), one order 

of magnitude higher in comparison with a macro cell, which also led to a superior 
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performance in terms of COD abatement when the micro device was used as an EF 

reactor [169]. The same authors also carried out a preliminary scale up by 

parallelization of microfluidic cells equipped with boron-doped diamond anodes for 

anodic oxidation and graphite cathodes for EF. They demonstrated that it is important 

to take into account the particularities of each technology to optimize the efficiency 

and costs of the treatment [70]. In particular, the best layout was placing first the EF 

reactor (lower investment and operative costs) and then the AO-BDD cell (higher 

ability to degrade refractory by-products but also higher operative and investment 

costs).  

Other authors have proposed different solutions to increase mass transfer 

towards the electrodes. Yu et al. [170] or Zhang. et al. [293] tested different system 

based on a rotating cathode, as shown in Figure 7.3.  

 

Figure 7.3 Reactors with rotating cathodes. A) Reprinted from [170]. B) Reprinted from [293].  

Yu et al. constructed a system with one stationary anode and two carbon felt 

rotating cathodes. A concentration of H2O2 of 117 vs. 37 mg dm-3 were obtained at 10 

and 0 rpm, respectively, after 1 h at 5 mA cm-2. This increment in H2O2 production 

rate also led to a faster removal of methyl orange, with a superior TOC removal (58.7 

vs. 14.9% after 2 h) using the rotating cathode. Zhang et. al fabricated a cathode with 

activated carbon/PTFE coated with magnetite and also found (using computational 

fluid dynamics analysis) that the rotating electrode enhanced mass transfer, obtaining 
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a faster degradation rate of tetracycline (from 67.2 to 94.2% after 100 min) when the 

rotating speed augmented from 100 to 300 rpm. 

Other researchers tried to improve mass transfer by using three-dimensional 

electrodes in which the wastewater is normally fed through them. For example, Gao et 

al. examined a carbon-nanotube membrane stack for the removal of oxalate [249], 

Chmayssem et al. designed and tested an EF reactor to remove bisphenol A with a 

fixed bed three dimensional cathode constituted by glassy carbon pellets [294], Let et 

al. assessed the performance of a trickle bed reactor with a cathode containing 

CB/PTFE-coated graphite chips [295] or Olvera-Vargas et al. presented an integrated 

dynamic cross-flow (or tangential flow filtration) system for the removal of 

acetaminophen (paracetamol) using a carbonaceous electrocatalytic membrane as the 

cathode [296], among others [200, 201, 297]. 

              Despite the positive results achieved by EF reactors so far, there is still work 

to be done to speed up and reduce costs of this technology in order to make it a 

reliable and competitive alternative on an industrial scale [89, 294].  

7.2 Objectives and experimental planification 

              As discussed previously, an interesting manner of degrading organic 

pollutants in water is the continuous generation and in situ catalyzation of hydrogen 

peroxide (Electro-Fenton). In addition, it can be combined in the same cell with an 

adequate anode to degrade pollutants by anodic oxidation. (such as a boron-doped 

anode as studied in Chapter 5).  

              A key step for the development of an adequate Electro-Fenton reactor is a fast 

and efficient production of H2O2 whose basis have been studied on Chapter 6. Based 

on this, the objective of the present chapter is to design a prototype based on 

electrochemical technologies for the treatment of wastewater. The starting point is the 

pressurized-jet MF-FT H2O2 electrolyzer described in Chapter 6 with new 
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technological solutions to optimize the performance for this particular application. The 

critical points to be studied are listed below. 

1. Effect of pressure on Electro-Fenton: to study the influence of high 

concentration of dissolved oxygen in the abatement of organics. 

2. Selection of the anode material: to maximize the abatement of organics by the 

combination with a powerful anode. 

3. Selection of the cathodic support: to optimize the performance of the cell. 

4. Catalysis of hydrogen peroxide: to avoid the drawbacks of using conventional 

catalyst, to expand the working pH range and to reduce the secondary 

pollution. 

In principle, higher oxygen concentration leads to faster production of 

hydrogen peroxide which, in turn, should speed up the degradation of organics. Still, 

the pressure may affect the catalysts and/or promote non-faradaic mechanisms to 

increase mineralization. This work was conducted in collaboration with Scialdone’s 

group using the same reactor as in the case of the production of H2O2 under pressure 

(Section 6.4). Two model organics pollutants (Acid Orange 7 and maleic acid) were 

selected for this study. The first one is a widely studied example of hardly-

biodegradable compound that is readily transformed by AOPs; whereas the second is a 

compound rather resistant to AOPs and often remains in the medium after the 

treatment. 

Hereafter, the contribution of the anodic processes to the degradation of 

pollutants is assessed. In particular, the MF-FT reactor was equipped with a boron-

doped-diamond mesh to degrade clopyralid. This compound is poorly biodegradable 

but amenable to be degraded by AOPs. It was also selected for comparative purposes 

given that the degradation pathway of this molecule is well-known and was evaluated 

in a commercial cell (Diacell 101®) in a previous work. The influence of the anodic 

process on the EF process was also evaluated by comparing a mixed metal oxide 

(MMO) and a BDD anodes. 
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The cathodic support (carbonaceous or metallic) of the CB/PTFE mixture was 

also subject of assessment. The physical characteristics of each one, cost and ohmic 

resistance are critically evaluated.  

The last section deals with one of the major problems of Electro-Fenton which 

hinders its application on a real scale. The substitution of the homogeneous catalyst by 

a heterogeneous one should overcome these drawbacks and pave the way for its 

industrial implementation. 

7.3 Effect of pressure on Electro-Fenton  

As mentioned in the introduction, different approaches have been studied for 

the intensification of the electro-Fenton process as for example in photo/photosolar or 

sono EF [61, 71, 91]. In previous section, the positive effect of higher pressure on 

production of H2O2 was demonstrated, key for this process. Despite its great influence, 

the effect of pressure has not been comprehensively studied in EF. Indeed, to the best 

of our knowledge, the only work devoted to the study of Electro-Fenton under 

pressure was published some years ago by Scialdone’s group [180]. 

In this section, the effect of using pressurized air to intensify the electro-

Fenton process or pressurized electro-Fenton (PrEF) is studied. It constitutes a 

promising and widely unexplored approach but may also have some drawbacks as will 

be discussed in the following paragraphs.  

7.3.1 Removal of Acid Orange 7 

A first series of experiments was performed with a water solution of Acid 

Orange 7 (AO7). This compound was chosen as model compound because is resistant 

to biological processes (but easily degraded by AOPs), easy to measure and it has 

been used in a number of studies which facilitates comparison with bibliography [169, 

234, 298-304]. 

Figure 7.4 shows the abatement of the molecule (quantified as % of color) and 

mineralization (expressed in TOC units) versus time in the EF experiments conducted 
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with carbon felt (CF) and CB/PTFE CF as cathodes at different current densities and 

pressures.  

 

Figure 7.4 Removal of color and TOC vs. time in a water solution of AO7 using CF (A and B) 

and CB/PTFE CF (C and D) cathodes. ■ 3 mA cm-2 0 bar, ● 10 bar, ♦ 30 bar, □ 0 bar 10 mA 

cm-2, ○ 30 bar 10 mA cm-2, ◊ 100 mA cm-2 0 bar, ∆ 100 mA cm-2 30 bar. [AO70] = 158 mg dm-

3; pH0 = 3; [FeSO4] = 0.5 mM; Supporting electrolyte: Na2SO4 0.05 M; V0 = 50 mL. Anode: 

mixed metal oxide (Ti/IrO2Ta2O5). 

In general terms, it can be observed that the higher the pressure, the faster the 

abatement of color and TOC. This fact is mainly attributed to the more efficient 

generation of hydrogen peroxide under pressure, the precursor of the oxidizing species 

responsible for the degradation of the organic molecules. The use of CB/PTFE 

cathode allowed to work at higher current densities (10 – 100 mA cm-2) because, 

according to the results shown in Chapter 6, H2O2 is generated with high current 

efficiencies under those conditions.  

However, the increase in the kinetics of the removal of organics via Electro-

Fenton is not in accordance with the tremendous different observed in Chapter 6 in the 
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case of H2O2 production (about two orders of magnitude). The reason behind this 

inefficient activation of the H2O2 may be attributed to one of more of the following 

reasons: 

 Catalyst dosage: an insufficient catalyst concentration may slow 

down the generation of oxidizing radicals. 

 Effect of pressure on iron: a higher oxygen concentration may speed 

up the oxidation of Fe2+ to Fe3+. 

 Competitive degradation: a weak activation of H2O2 would lead to 

the accumulation of this compound in the medium, competing with 

organics for oxidizing radicals. 

All the experiments shown in Figure 7.4 were carried out using the same 

catalyst concentration whereas the production of H2O2 is increased by more than an 

order of magnitude. This is a parameter that should also be subject of further 

optimization. 

In addition, the positive effect of pressure on the production on H2O2 is clear 

but it may also result counterproductive in terms of iron oxidation. Both Fe2+ and Fe3+ 

species can promote Fenton or Fenton-like reactions (Equations 7.1 and 7.2 [73, 91]), 

but with considerable differences in oxidizing power of the radicals generated and the 

kinetics of the process as evidenced by a kinetic constant 4 orders of magnitude slower 

in the case of the species with the highest oxidation state [305].  

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝐻𝑂• + 𝑂𝐻−           k2 (M
-1 s-1) = 55                                 (7.1) 

𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒2+ + 𝐻𝑂2
• + 𝐻+              k2 (M

-1 s-1) = 3.1·10-3                        (7.2)         

On this regard, Fe2+ is not only consumed by Eq. 7.1 but also by the reaction 

shown in Eq. 7.3 [306]. Kinetic studies show that the reaction rate is directly 

proportional to dissolved oxygen concentration [307, 308], which ultimately would 

affect negatively to the Electro-Fenton process. 
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4𝐹𝑒2+ + 𝑂2 + 4𝐻+ → 4𝐹𝑒3+ + 2𝐻2𝑂                                                                    (7.3)         

 A slow activation of H2O2 results in an accumulation of this compound in the 

medium, promoting not only the parasitic reactions in the electrodes (oxidation and 

reduction) but also a competition with the target molecule, via the scavenging reaction 

shown in Eq. 7.4: 

𝐻2𝑂2 + 𝐻𝑂• → 𝐻2𝑂 + 𝐻𝑂2
•                            k2 (M

-1 s-1) = 3.3 · 107                      (7.4) 

  This circumstance is expected to have a paramount importance, especially at 

high current densities and pressures, and therefore should be minimized by an 

adequate design of the setup. For example, at 100 mA cm-2 and 30 bar the 

concentration of H2O2 in the absence of iron was 4,500 mg dm-3 in the system, 

considerably superior to the initial concentration of AO7 (158 mg dm-3) [106]. The 

slower the reaction of hydroxyl radicals with the target pollutant, the more important 

this aspect is expected to be. Essentially, it depends on the attack mode of  ●OH, 

namely [65, 91]: 

 Dehydrogenation or abstraction of a hydrogen atom to form water, as occurs 

in the case of alkanes and alcohols, with k2 values in the range of 107-109 M-1 

s-1. 

 Hydroxylation or electrophilic addition to a double bond or aromatic ring, 

with higher k2-values in the order of 108-1010 M-1 s-1. 

Even considering the aforementioned circumstances, the effect of pressure 

was positive for the degradation of AO7, especially in terms of TOC reduction. Figure 

7.5 summarizes the final TOC abatement (after 7 h) as a function of current density 

and pressure.  
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Figure 7.5 Effect of pressure on final TOC abatement (after 420 min) at different current 

densities. [AO70] = 158 ppm; pH0 = 3; [FeSO4] = 0.5 mM; Supporting electrolyte: Na2SO4 0.05 

M; V0 = 50 mL. Anode: mixed metal oxide (Ti/IrO2Ta2O5).  

It can be seen that final TOC abatement always increases with pressure for a 

given current density. In particular, the effect is especially relevant in the case of 

carbon felt which is less efficient for the production of H2O2. For example, at 10 mA 

cm-2 the final TOC abatement augments from approximately 14 to more than 50 % at 

30 bar. 

The effect may not only be a consequence of higher production of H2O2 but 

also to the promotion of the side mechanism proposed by Kapalka et al. for the 

oxidation of organics at boron-doped diamond anodes [73, 146, 147]: 

              The mechanism is initiated by the formation of radicals and further 

dehydrogenation of an organic compound RH to form a free organic radical R● (Eq. 

7.5). Under these conditions, the addition of molecular oxygen was proposed to take 

place to form an organic peroxy-radical RO2
•  (Eq. 7.6). The mechanism would be 

propagated via dehydrogenation of RH resulting in the formation of RO2H and 
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regeneration of R● (Eq. 7.7); decomposition of RO2
•  leading to the regeneration of OH● 

and formation of RO (Eq. 7.8) or decomposition of RO2
•  to R● (Eq. 7.9) [309].  

𝐻𝑂• + 𝑅𝐻 → 𝑅• + 𝐻+ + 𝑒−                                                    (7.5) 

𝑅• + 𝑂2 → 𝑅𝑂2
•                    (7.6) 

𝑅𝑂2
• + 𝑅𝐻 → 𝑅𝑂2𝐻 + 𝑅•                               (7.7) 

𝑅𝑂2
 → 𝑅𝑂 + 𝑂𝐻•                                           (7.8) 

𝑅𝑂2
• → 𝑅• + 𝑂2                                                                                            (7.9) 

               Establishing a parallelism, the hydroxyl radicals generated in EF (Eq. 7.1) 

could also induce the reaction shown in Eq. 7.5 and the pressure may promote this 

side mechanism due to the higher concentration of dissolved oxygen. It is worth 

mentioning that this mechanism is independent of the applied electric charge, thus 

non-faradaic, and it could favor the mineralization of compounds resistant to ●OH 

attack (i.e. short-chain organic acids) in EF and AO under pressure. Other studies have 

concluded that dissolved oxygen also participate in degradation of pollutants in 

persulfate-based oxidation  [310] but more research would be of interest to understand 

and quantify this phenomenom.  

7.3.2 Removal of maleic acid 

Hence, some electrolyses were conducted with maleic acid, a short-chain acid 

which is rather resistant to oxidation by electrochemical methods, being normally 

found as by-product in the treatment of wastewater polluted with organics by EF [311-

313] and also other AOPs [314-316]. 

The removal of maleic acid was performed with a carbon felt as the cathode at 

10 mA cm-2 and various pressures (room conditions and 30 relative bar). The results 

obtained in terms maleic acid degradation, formation of formic acid and 

mineralization are shown in Figure 7.6.   
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Figure 7.6 Removal of maleic acid vs. time in water solution using carbon felt at 10 mA cm-2. 

A) Maleic acid and formic acid; B) TOC reduction. ■ Maleic acid - 0 relative bar, ● Maleic 

acid - 30 relative bar; □ Formic acid - 0 bar; ○ Formic acid - 30 bar; ♦ TOC – 0 bar; ▲ TOC – 

30 bar. [Maleic acid] = 81 mg dm-3; pH0 = 3; [FeSO4] = 0.5 mM; Supporting electrolyte: 

Na2SO4 0.05 M; V0 = 50 mL. Anode: mixed metal oxide (Ti/IrO2Ta2O5). 

It can be seen in Figure 7.6A that electrolyses under room pressure produced a 

continuous but slow removal of maleic acid, achieving a 40% of degradation after 4 h. 

Slightly lower abatements of TOC were achieved (33% after the same time), showing 

that a considerable part, but not all the malic acid, was oxidized to carbon dioxide. 

Indeed, an increasing concentration of formic acid was detected as by-product.   

The same experiment was repeated under pressure (30 relative bar). The 

utilization of pressurized air led to a dramatic acceleration of the abatement of maleic 

acid, reaching an abatement of 90% together with a reduction of 75% of TOC after 

240 minutes. In this case, no formic acid was detected, suggesting again that the 

higher concentration of dissolved oxygen may assist in the degradation of organics.  

The electrolyses were also performed using a CB/PTFE carbon felt cathode 

under room/30 relative bar of pressure, as shown in Figure 7.7. In the case of using the 

CB/PTFE CF, the removal of the maleic acid was considerably faster. After 1 hour, 95 

and 100% was removed under room pressure and 30 bar, respectively. As in the case 

of carbon felt, formic acid was detected under room pressure, but this compound was 

not found working under pressure, supporting the hypothesis that dissolved oxygen 

contributes to mineralization in AOPs. In the case of TOC (Figure 7.7B), also a faster 

reduction was observed, achieving a quite high mineralization percentage (86%) 
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working under pressure. More details about this research can be found in this 

communication [309]. 

 

Figure 7.7 Removal of maleic acid vs. time in water solution using CB/PTFE CF at 10 mA cm-

2. A) Maleic acid and formic acid; B) TOC reduction. ■ Maleic acid - 0 relative bar, ● Maleic 

acid - 30 relative bar; □ Formic acid - 0 bar; ○ Formic acid - 30 bar; ♦ TOC – 0 bar; ▲ TOC – 

30 bar. [Maleic acid] = 81 mg dm-3; pH0 = 3; [FeSO4] = 0.5 mM; Supporting electrolyte: 

Na2SO4 0.05 M; V0 = 50 mL. Anode: mixed metal oxide (Ti/IrO2Ta2O5). 

7.4 Selection of the anodic material 

In this part of the work, the effect of the anodic material in the degradation of 

organic compounds is studied. Firstly, the influence of the anodic oxidation in a MF-

FT (and compared with a commercial cell) for the degradation of clopyralid is 

evaluated. Finally, the role of the anodic material in the EF process using a MF-FT 

cell equipped with a H2O2-producing cathode and a jet aerator is studied. 

7.4.1 Anodic oxidation in a MF-FT cell 

To do this, MF-FT reactor (see Section 6.6 and following) is equipped with a 

BDD-mesh as the anode and a stainless perforated plate as the cathode. The 

wastewater to be treated is a synthetic soil washing effluent containing the pesticide 

clopyralid as model organic pollutant spiked in a relatively low conductive (1 mS cm-

1) aqueous matrix [317]. Clopyralid was selected as an example of hardly-

biodegradable organic compound. In addition, the performance of the new cell is also 

compared with a state-of-the-art commercial flow-by (FB) AO-BDD cell (Diacell® 

101). 
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The electrolyses for the abatement of the pollutant were performed at low (10 

mA cm-2) and high (100 mA cm-2) current densities in both reactors. These values 

cover practically the typical range of variation of this parameter in AO-BDD [318]. 

Figure 7.8 shows the reduction of clopyralid and TOC in both reactors as a function of 

the specific applied electric charge. 

Figure 7.8 Clopyralid and total organic carbon reduction in the FB and MF-FT reactors at 

different current densities. A) 10 mA cm-2; B) 100 mA cm-2. ● Clopyralid-FB; ○ Clopyralide 

MF-FT; ■ TOC-FB; ☐ TOC MF-FT; [Clopyralid]0 = 100 ppm; Conductivity = 1 mS cm-1; T = 

25 ºC; Volume = 1 dm3.  FB: flow rate = 50 dm3 h-1; Electrode area = 78 cm2; IE gap: 3000 
µm; U = 5.80 ·10-2 m s-1.  MF-FT: flow rate = 100 dm3 h-1; Electrode geometric area = 33 cm2; 

IE gap: 400 µm; U = 0.88 ·10-2 m s-1; Anode: BDD mesh; Cathode: stainless steel perforated 

plate. 

In general terms, it can be seen that BDD anodes can mineralize clopyralid. 

As expected, the degradation is more efficient at low current densities given that the 

process is less mass-transfer controlled and, thus, an smaller fraction of the electrical 

charge is wasted in parasitic reactions [319-321].  

Interestingly, the MF-FT cell performs better than the FB cell in terms of 

efficiency because it requires lower applied electric charge for the same mineralization 

percentage. Working at 10 mA cm-2, the complete removal of clopyralid and TOC 

requires 10.1 and 11.38 Ah dm-3, respectively, in the FB reactor. In contrast, only 2.37 

and 2.71 Ah dm-3 are required in the MF-FT which is traduced in a reduction of more 

than 4 times in specific electric charge. It implies four times higher current efficiency 

and, also, four times less treatment time to mineralize below the detection limit.  
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Similarly, at 100 mA cm-2, a reduction of more than ten times for total 

removal of clopyralid and TOC (78.50 and 93.04 vs. 6.83 and 8.54 Ah dm-3, 

respectively) is obtained thanks to the use of the MF-FT reactor. Interestingly, the 

performance of FB reactor only seems to be slightly superior to the MF-FT in the 

moments at 100 mA cm-2, probably as a consequence of a better current distribution in 

the commercial reactor [60]. This is a point that should be considered to improve the 

performance of the MF-FT in the future. At this current density the decay of 

clopyralid and TOC are more similar than in the case of 10 mA cm-2. It suggests that 

at higher current densities, the oxidation is stronger and, therefore, leads to the 

formation of less intermediates.  

It is important to highlight again that the MF-FT did not suffer from 

operational problems derived from the accumulation of gases (H2/O2 evolution) in the 

inter-electrode gap, even working at high current densities, one of the objectives of the 

design. 

Interestingly, the MF-FT reactor is more efficient at 100 mA cm-2 than the FB 

at 10 mA cm-2 given that it needs 25% less specific electric charge for the complete 

mineralization of clopyralid (8.54 vs 11.38 Ah dm-3). Also, it can be seen in Figure 7.8 

that FB reactor is considerably inefficient at low concentration of pollutant, in contrast 

to the MF-FT. This behavior is attributed to the improved mass transfer conditions in 

the MF-FT reactor as discussed previously. 

Regarding energy consumption, Figure 7.9 shows the specific energy 

consumption for different selected mineralization percentages at 10 (part A) and 100 

(part B) mA cm-2, respectively.  

As expected, specific energy consumption increases with mineralization 

degree and current density, as widely discussed in bibliography [58, 322]. Under the 

conditions tested here, the energy consumption is lower in the case of the MF-FT 

reactor, but not only due to the improved mass transfer and the smaller specific charge 

required, but also due to the lower Ecell. In particular, an average Ecell of 8.0 V in the 
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FB vs 5.2 V in the MF-FT (10 mA cm-2) and 20.3 vs. 13.9 V (100 mA cm-2), 

respectively, which represents a reduction of around 30-35% thanks to the 

minimization of the ohmic losses. 

 

Figure 7.9 Comparison of the energy consumption for different mineralization percentages in 

the FB (■) and MF-FT (□) reactor. A) 10 mA cm-2; B) 100 mA cm-2.  

For high mineralization percentages and current densities, the differences 

between both reactors is even more marked. At 99% of mineralization, energy 

consumption is 60.9 vs 12.1 kWh m-3 (at 10 mA cm-2) and 1,500 vs. 92.3 (at 100 mA 

cm-2). The FB reactor requires an important extra quantity of energy to attain 100% 

mineralization (75 and 1,786 kWh m-3 at 10 and 100 mA cm-2, respectively) which is 

not the case of the MF-FT (15.5 and 115 kWh m-3 at 10 and 100 mA cm-2, 

respectively). As a general conclusion, it can be stated that MF-FT needs within 6 and 

15 times less energy at 10 and 100 mA cm-2, respectively, to achieve the complete 

mineralization of 100 ppm of clopyralid, which represents a huge cut in energy 

consumption with respect to the conventional FB reactor.  

In comparison with bibliography, Lanzarini-Lopes et al. suggested the use of 

electrical energy per order (EEO, kWh m-3 order-1) as a figure of merit to compare the 

performance of EO reactors [322]. This parameter represents the energy per unit of 

volume required to reduce one order of magnitude (i.e. 90%) the initial TOC at a 

given current density. They reported an EEO value of 331.8 kWh m-3 order-1 in the 

degradation of a solution containing 142 ppm p-chlorobenzoic acid (n = 29) and 0.05 
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M Na2SO4 at j = 100 mA cm-2 in a stirred-tank reactor with 1 cm of IE gap. As can be 

seen in Figure 7.9A, the EEO for degradation of clopyralid (n = 26) is as low as 73 

kWh m-3 order-1 which implies a reduction in EC of 450%, even considering that the 

conductivity of the electrolyte is about 7 times lower in the MF-FT. 

Considering all the aforementioned reasons, it is clear that the MF-FT cell is 

an interesting approach for the development of electrochemical advanced oxidation 

processes. In addition, it can be concluded that the BDD-mesh anode is powerful to 

degrade organics and that it leads to mineralization with low formation of 

intermediates, especially at high current density. 

7.4.2 Influence of anodic material in EF process 

               Considering the positive results obtained so far for AO and production of 

H2O2, the next step in the development of the MF-FT reactor is adding an iron catalyst 

to perform the degradation by the combination of AO and EF.  

               The EF tests were conducted at a fixed current density of 20 mA cm-3 (10 

mA cm-2 with respect to the anode), a value at which H2O2 is produced with high 

current efficiency in this system according to the results shown in Section 6.6.5. The 

influence of the anodic material (MMO and BDD) under different catalyst (Fe) and 

supporting electrolyte (Na2SO4) concentrations was evaluated in the following 

paragraphs. 

               Firstly, a series of EF experiments were performed with a CB/PTFE-RVC 

cathode using two different anodic materials: an MMO or a BDD mesh. The first EF 

runs were conducted in a medium with 100 mg dm-3 of clopyralid at pH = 3, and two 

different values of initial catalyst (0.5 mM and 2 mM of Fe) and supporting electrolyte 

(7 mM or 50 mM Na2SO4). The decay of clopyralid concentration vs. time and applied 

charge is shown in Figure 7.10. 
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Figure 7.10 Clopyralid decay vs. time and specific applied electric charge using CB/PTFE-

RVC as the cathode and MMO or BDD as the anode: ■ MMO, 2 mM Fe, 50 mM Na2SO4; □ 

BDD, 2 mM Fe, 50 mM Na2SO4; ● MMO, 0.5 mM Fe, 7 mM Na2SO4, ○ BDD, 0.5 mM Fe, 7 
mM Na2SO4; j = 20 mA cm-3; Volume: 0.75 dm3; [Clopyralid] = 100 mg dm-3; Temperature: 

25 ºC; Liquid flow: 70 dm-3 h-1. 

It can be seen that BDD anode clearly outperforms MMO, regardless of 

catalyst dosage and electrolyte concentration. This observation is consistent with 

previous results found in bibliography where the BDD electrode is the most powerful, 

which is attributed not only to the oxidation of the pollutants on the surface but also to 

the formation of a mixture of oxidants in solution [61, 323].  

According to Figure 7.10, faster clopyralid decay is observed when 0.5 mM 

Fe is added. It has also been stablished that iron concentration affects the performance 

of EF process and that it exists an optimum value of catalysts above which the over-

dosage leads to poorer degradation results, probably due to scavenging effects or 

precipitation [324]. In our experience, 0.5 mM performed better than 2.0 mM. The 

smallest value is, indeed, closer to the optimum Fe concentration found in 

homogeneous EF in previous works, which is normally within the range 0.1 – 0.5 mM 

[279, 325, 326]. In addition, in AO processes, inorganics species used as supporting 

electrolyte may not be inert and, indeed, they may play a role in degradation 
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mechanisms. In particular, it has been previously reported the formation of persulfate 

(S2O8
2−) in sulphate-containing medium and its participation in the degradation of 

organics (Eq. 9) [289, 323]: 

2𝑆𝑂4
2− − 2𝑒− → 𝑆2𝑂8

2−                                                                                          (7.10) 

Apparently, higher concentrations of Na2SO4 does not lead to faster removal. 

Pignatello pointed out [75] that inorganics compounds may inhibit the degradation of 

organics as for example via scavenging of ●OH. Scialdone observed lower abatement 

with higher concentration of Na2SO4 using a microfluidic reactor [229]. These results 

suggest that there might be an optimum concentration of supporting electrolyte above 

which mediated oxidation does not benefit the degradation of pollutants. 

Under the best conditions so far, clopyralid is eliminated using BDD as 

counter-electrode after 120 min which corresponds to 0.88 Ah dm-3. Therefore, BDD 

was selected for the next experiments in which the influence of the cathodic material 

is discussed. 

7.5 Selection of the cathodic support 

               A new material, Duocel®Al foam, was selected for testing to minimize two of 

the problems found with RVC during operation. The Al foam is a material with a 

similar three-dimensional and porous structure on top of which the CB/PTFE mixture 

was deposited as in the case of RVC.  

             First, RVC is brittle and it poses a problem in the design of filter-press cells in 

which the components are held together by compression. Compression strength of 

RVC foams ranges from 0.10 to 0.52 MPa, while it is about 5 times higher in Al 

foams (2.53 MPa for 8% density alloy 6101-T6 8% nominal density) [261, 262]. 

              On the other hand, RVC is a carbon-based material. With exception of 

graphene, those materials are relatively poorly conductive. In fact, there is a difference 

of conductivity of approximately 4 orders of magnitude between both foams (1.4 107 
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mS cm-1 for the Al foam-8% density and 3.1 103 mS cm-1 for the RVC-45 ppi). Quite 

importantly, this difference in conductivity may lead to a better voltage/current 

distribution, a key aspect for an adequate scale-up of electrochemical cells [198]. 

Therefore, in the following tests, the CB/PTFE-RVC is replaced by an Al 

foam. Figure 7.11 shows degradation of clopyralid in different media using the BDD 

anode and CB/PTFE-Al cathode. 

 

Figure 7.11 Clopyralid removal vs. time and specific applied electric charge using BDD as the 

anode and CB/PTFE-Al as the cathode. ■ 2 mM Fe, 50 mM Na2SO4; ● 0.5 mM Fe, 50 mM 

Na2SO4 ♦0.5 mM Fe, 7 mM Na2SO4. j = 20 mA cm-3. Volume: 0.75 dm3. Temperature: 25 ºC. 

Liquid flow: 70 dm-3 h-1. 

In this case, under the best conditions (0.5 mM Fe/7 mM Na2SO4) clopyralid 

is not detected after approximately 1 hour (0.44 Ah dm-3) while for the same time, 

only 50% and 25% is degraded in those experiments with 0.5 mM Fe/50 mM Na2SO4 

and 2 mM Fe/50 mM Na2SO4, respectively. 

Interestingly, in those experiments with a concentration of 50 mM Na2SO4, the 

cell voltage was around 4.3 V and slightly increased up to 5 V in 7 mM Na2SO4. It 

means that the MF-FT is not very sensitive to conductivity of wastewater and could be 

economically used even in low-conductive media. 
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                  Figure 7.12 shows a comparison for clopyralid abatement (Figure 7.12A) 

using the different configurations of anode and cathodes in the jet-aerated MF-FT and 

the corresponding energy consumed by the power supply to eliminate 1 g of clopyralid 

(Figure 7.12B) in the same medium (0.5 mM Fe – 7 mM Na2SO4). For comparative 

purposes, clopyralid removal by AO-BDD using the same reactor (see Section 7.5.1) 

are included. 

Figure 7.12 Comparison of different anode/cathode configurations for the elimination of 

clopyralid. A) applied electric charge; B) energy consumption. ■ BDD + stainless steel (SS) 

from Section 7.4.1; ● MMO + CB/PTFE-RVC; ♦ BDD + CB/PTFE-RVC; ▲ BDD + 

CB/PTFE-Al; ■ Specific energy consumption; □ Cell Voltage. Electrolyte: 0.5 mM Fe, 7 mM 

Na2SO4 at pH = 3. Volume: 0.75 dm3. Temperature: 25 ºC. Liquid flow: 70 dm-3 h-1. 

             In general terms, it is clear that the EF process is faster than AO for the 

removal of clopyralid, regardless the electrodes used. It is also evident that coupling 

AO and EF is synergistic, due to the production of ●OH from both sources. 

Degradation kinetics varies in the order (AO + SS) < (MMO + RVC) < (BDD + RVC) 

< (BDD + Al).  

              Importantly, the cell voltage was as high as 8.2 V with RVC vs. 5 V in the 

case of the Al foam under the same conditions, which implies a 64% higher energy 

consumption in favour of the metallic one. This fact can be readily explained 

considering the huge difference in electrical conductivity between both supports. In 

the economic aspect, Al foams are around 30% more expensive than RVC ($0.1 vs 

$0.13 per cm3, before machining).  
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             Interestingly, the use of a CB/PTFE-Al as the cathode not only decreases cell 

voltage but also seems to be more efficient generating the Fenton reagent. It is not an 

obvious result given that, for the same volume of electrode, RVC has higher surface 

area than Al foams (18 vs. 28 cm2 cm-3, respectively) [245, 263]. The reason behind 

the good performance may be found in a more uniform potential/current distribution 

as a consequence of the higher conductivity of the electrode in comparison with the 

RVC.  

             The lower cell voltage and faster production of Fenton reagent is also 

reflected in the specific energy consumption (Figure 7.12B). Cell voltage is 

considerably lower when metallic cathodes are used (stainless steel or Al support). 

While anodic oxidation consumes around 0.13 kWh g-1 clopyralid, EF configurations 

consume 0.1 kWh g-1 clopyralid (MMO + CB/PTFE-RVC), 0.06 kWh g-1 clopyralid 

(BDD + CB/PTFE-RVC) and the best combination (BDD + CB/PTFE-Al) reduces 

this value by an order of magnitude, requiring only 0.02 kWh g-1 clopyralid.  

           Considering the aforementioned advantages exhibited by Al foams both in 

terms of electrical conductivity and mechanical resistance, it can be concluded that Al 

foam is the most suitable choice for this application. Also, the fastest clopyralid 

removal and the lowest energy consumption is obtained by the combination of BDD-

CB/PTFE-Al and, thus, is selected to continue the development of the reactor. 

7.6 Catalysis of hydrogen peroxide 

            Apart from a fast and efficient production of H2O2, an effective catalysis of 

this substance is also a key step in Fenton-based technologies [133, 327].  

             Traditionally, Fe2+ salts (normally FeSO4 or FeCl2) have been the catalyst of 

choice to promote the Fenton reaction. However, the use of iron salts has considerable 

drawbacks, mainly the limited range of operation (around pH 3 to avoid iron 

precipitation) and the generation of considerable amounts of iron sludge. Indeed, it is 

not only an economic drawback (due to the workout required for separation, treatment 
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and disposal) but also an environmental issue because the recovery of the metallic 

sludge generated in homogeneous Fenton is the most important aspect in terms of 

environmental impact [328]. 

            In conventional EF technologies, the amount of iron required is reduced thanks 

to the cathodic regeneration according to Eq. 7.11, which is an advantage of the 

electrically-driven technology. 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒2+                                                                                                (7.11) 

             Even so, the homogeneous catalyst may suffer problems derived from 

oxidation to Fe2+ to Fe3+ by dissolved oxygen (especially relevant in pressurized 

systems, as discussed in Section 7.3.1) which subsequently precipitates on the cathode 

(where the local pH is basic) in the form of insoluble iron compounds such as iron 

hydroxide (Fe(OH)3).  

             After the first experiments of EF using CF cathodes, a recognizable red color 

appears on the cathode after the EF experiments. To confirm the nature of this 

deposition, the electrodes were observed under a SEM microscope (Figure 7.13). 

 

Figure 7.13 SEM images (A) and EDAX analysis (B) of a CB/PTFE CF cathode after 
an EF trial. 

             The SEM analyses reveals the occurrence of particles over the cathode and the 

further EDAX analyses confirms the presence of Fe and O atoms (H is too light to be 
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detected by this method), which is directly associated to the presence of iron 

hydroxide. 

             Unfortunately, this is not only the case of CF electrodes. Figure 7.14 shows 

the aspect of CB/PTFE-RVC (part A) and CB/PTFE-Al (part B) cathodes after EF 

experiments.  

 

Figure 7.14 Aspect of an RVC (A) and an Al cathode (B) after the EF treatment.  

             The red color observed on the surface was attributed to the presence of iron 

hydroxide, which was confirmed also by SEM/EDAX analysis. The deposition of such 

substance represents a major operational problem because not only limits the useful 

life of the cathode but also removes the catalyst from the medium. Indeed, Figure 7.15 

shows as a way of example the concentration profile of dissolved iron in the BDD – 

CB/PTFE-Al of the EF experiments shown in Figure 7.12. According to this figure, 

the iron is disappearing from the medium which is consistent with the occurrence of 

iron hydroxide over the cathodic surface. 

              The EDAX analysis also revealed the presence of aluminum over the 

cathodic surface. In further experiments, Al concentration in solution was monitored 

(data not shown) and the increasing tendency revealed that it is generated in the 

system. This element may come from either the dissolution of the Al foam used as 

cathode or from the Al foil used as current collector. Given that no noticeable 
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differences in concentration were found in RVC and Al cathodes, the aluminum foils 

are the most probable contributor. 

 

Figure 7.15 Profile of iron concentration during an EF experiment. 0.5 mM Fe, 7 mM Na2SO4. 

j = 20 mA cm-3. Volume: 0.75 dm3. Temperature: 25 ºC. Liquid flow: 70 dm-3 h-1. Anode: 

BDD, Cathode: CB/PTFE-Al. 

             As in the case of iron hydroxide, aluminum hydroxide (Al(OH)3) has a low 

solubility in basic medium and, thus, may precipitate on the cathode. This is an 

undesirable situation because it gives rise to a scaling problem. However, the most 

important problem is that the dissolution of the current collectors would open the 

electrical circuit after a certain time, an undesired consequence that would increase the 

dead times for maintenance. Because of this, Al foils were substituted by wires of a 

noble metal (platinum) in both electrodes, avoiding Al depositions on the cathode and 

increasing the operation time of the cell.  

              In further tests, it was confirmed that the Al came from the dissolution of the 

current collector (and not from the cathode) because Al was no longer found in 

solution nor over the cathodic surface. To test the new current collectos, the reactor 

worked for more than 24 hours and no problems on electrical connection using the 

platinum wires were found. 
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7.6.1 Heterogeneous catalysts  

             To overcome the drawbacks regarding iron, the implementation of a 

heterogeneous catalyst to promote the Fenton reaction is proposed in this reactor.  

             The heterogeneous EF rectifies some of the drawbacks of conventional EF by 

using a solid catalyst for the generation of reactive hydroxyl radicals in water medium 

[90, 329]. In contrast to homogeneous process, heterogeneous EF uses insoluble or 

very slightly soluble iron sources.  Figure 7.16 shows some of the wide variety of 

substances used as heterogeneous catalyst in EF. 

  

Figure 7.16 Iron sources used as heterogeneous catalysts in EF. Inspired from [90]. 

             The main advantages of heterogeneous catalyst come from the fact that the 

catalysts are reusable, easily separated from the aqueous medium and allow the 

expansion of the reaction conditions over a wide range of pH [90, 305, 329]. It may 

also represent a more sustainable process. Rodriguez et al. carried out a comparative 

life cycle assessment and. revealed that heterogeneous Fenton is more 

environmentally-friendly than homogeneous Fenton for the treatment of 

pharmaceutical wastewater [328].  

             It is important to consider that heterogeneous catalysts are divided into two 

types, depending on the iron leaching characteristics [90]. Catalysts with high leaching 

of iron produce the radical oxidants mainly in solution; whereas stable catalysts 

promote the decomposition over the surface. If a catalyst of the second type is 

selected, the pressure may be increased with no affection on the oxidation state of the 
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catalyst and, thus, avoid the negative effect of dissolved oxygen observed in Section 

7.3.1, which is a definite advantage of using a heterogeneous catalyst. In addition, the 

absence of dissolved iron may limit the formation of refractory Fe complexes and, 

thus, improve the mineralization of organic compounds [329]. 

             However, the use of solid particles also has disadvantages. The most 

important may be the potential mass transfer control of the reaction rates. Because of 

this, the surface area, the distribution of active sites or the fluid-dynamic 

characteristics are of special importance for this process. In the proposed design, a bed 

of particles is incorporated at the outlet of the cell.  

            With the aim of minimizing the aforementioned mass transfer limitations, it 

should be operated in such a way that the velocity of the fluid is superior to the 

velocity of fluidization to obtain a fluidized bed of particles with excellent mass 

transfer characteristics. In addition, the bubbles present in the electrolyte may also 

promote turbulence, ultimately favoring mass transfer. 

            Interestingly, an adequate dimensioning of the bed of particles may have 

another important feature to optimize the performance. In EF reactors, one of the most 

important parasitic reactions is the consumption of H2O2 on the electrodes. Divided 

cells may be designed to partially avoid this issue. However, an undivided design is 

often preferred mainly to avoid the cost and the ohmic losses in the separator. In a 

MF-FT with a bed of particles, it would be possible to minimize this parasitic reaction 

even in the case of using undivided cell, as shown in Figure 7.17. 
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Figure 7.17 Schematic representation of the membrane-like effect. 

              At the beginning of the treatment, there is not H2O2 and, therefore, it cannot 

be oxidized on the anode. Given the narrow inter-electrode gap, it might be reasonable 

to think that hydroxyl radicals may overlap and reach the cathode. In this sense, 

Kapalka et al. modelled the concentration profile of ●OH during oxygen evolution on a 

BDD electrode and found that the reaction layer thickness (or reaction cage) at 30 mA 

cm-2 is about 1 µm in the absence of organics [73, 330]. If organics are present, it 

drops to tenths of nanometers, a distance several orders of magnitude smaller than the 

inter-electrode gap, thus, the anode is virtually separated from the cathode. 

               Then, the wastewater passes through the cathode where H2O2 is generated. A 

fraction of the oxygen evolved in the anode may also react in the cathode. The bed of 

particles is placed right at the outlet of the cathode, the point at which the 

concentration of H2O2 reaches a maximum. If the bed of particles is adequately 

designed, H2O2 would be completely catalyzed in such a manner that the concentration 

in the outlet is zero. Consequently, in the next pass through the anode no H2O2 is 

present in the wastewater, avoiding the aforementioned parasitic reaction. This is a 

sort of membrane-like effect in which the compartments are not separated by a 

physical item but by a chemical reaction configures a simple and elegant approach, 

which is normally the key to make a design attractive to users [101]. 
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7.7 Proof- of-concept of the new prototype 

              In this section, the final prototype is described first theoretically and then 

experimentally by conducting a proof-of-concept. 

7.7.1 Description  

           The prototype integrates the technological solutions studied in preceding 

sections combined with new strategies to minimize the drawbacks detected in previous 

setups. Most of the characteristics have been described in detail previous. The main 

modifications consist in i) the substitution of the MMO by a BDD mesh, ii) the 

improvement of the current distribution, changing the aluminum foils by a long-lasting 

platinum wire, iii) the incorporation of a bed of iron particles at the outlet of the cell to 

promote formation of radical species from H2O2 decomposition (Fenton reaction). A 

schematic picture of the final prototype is shown in Figure 7.18.  

 

Figure 7.18 Schematic picture of the final prototype. 

7.7.2 Experimental test 

              A preliminary test was conducted with the final prototype described in 

Section 7.7.1. The test was conducted at 20 mA cm-3 (1 A). Prior to the degradation 

test, the production of H2O2 was evaluated. It is important to note that the setup was 
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not equipped with the bed of particles during this experiment. Figure 7.19 shows the 

concentration of H2O2 versus the applied electrical charge obtained.  

             As can be seen, the instantaneous production of H2O2 is 100% and therefore it 

is confirmed that hydrogen peroxide is efficiently produced at this current density.  

 

Figure 7.19 Evolution of H2O2 concentration with time at 20 mA cm-3. P: 6 bar; Cathode: 

CB/PTFE-Al (49.5 cm3); Anode: MMO mesh; Qelectrolyte = 160 dm3 h-1; T = 25 ºC; V0 = 2.25 

dm3; Electrolyte: Na2SO4 0.05 M. IE gap = 100 µm.  

              Next step consisted in assessing the performance of the system in the 

degradation of a model organic pollutant. As in the previous section, the model 

wastewater contained 100 mg dm-3 of clopyralid and a low concentration of 

supporting electrolyte (0.5 g Na2SO4). In this case, the reactor was equipped with a 

bed of particles containing 100 g of zero valent iron (ZVI) with a granulometry in the 

order of the millimeters (mmZVI). Among the different heterogeneous catalyst shown 

in Figure 7.15, ZVI was selected because it not only promotes Fenton reaction but also 

dehalogenation of organochlorinated molecules (such as clopyralid) according to the 

general reaction shown in Eq. 7.12 [331-333]: 

𝐹𝑒0 + 𝑅𝑋 + 𝐻+ → 𝐹𝑒2+ + 𝑅𝐻 + 𝑋−                                                                (7.12) 

             The elimination of clopyralid and TOC are shown in Figure 7.20. 



 Chapter 7 
 

286 
 

 

Figure 7.20 Elimination of clopyralid and reduction of TOC versus applied electrical charge. 

P: 6 bar; Cathode: CB/PTFE-Al (49.5 cm3); Anode: BDD mesh; Qelectrolyte = 160 dm3 h-1; T = 

25 ºC; V0 = 2.5 dm3; Electrolyte: Na2SO4 0.5 g dm-3. IE gap = 100 µm. Catalyst: 100 g of 

mmZVI. 

              As can be observed, clopyralid is removed from the medium and partially 

mineralized. However, in comparison with previous EF experiments, the removal of 

clopyralid is slower. According to the results shown in Figure 7.10 and 7.11, the 

complete abatement of clopyralid was achieved at 0.4 Ah dm-3 whereas in this reactor 

still 10% of the pollutant remains at 4 Ah dm-3. 

               In addition, the chromatogram showed a small concentration of 

intermediates. Traces of picolinic and 6-cloro-picolinic acid were detected. Those 

compounds were identified as dehalogenation intermediates of the clopyralid, thus 

confirming that the dehalogenation of clopyralid by ZVI is taking place, most 

probably via Eq. 7.13 and 7.14 [331]. However, it is important to mention that 

reaction rate seems to be slower than the rest of electrochemical processes. 

𝐹𝑒0 + 𝐶6𝐻3𝐶𝑙2𝑁𝑂2 + 𝐻+ → 𝐹𝑒2+ + 𝐶6𝐻4𝐶𝑙𝑁𝑂2 + 𝐶𝑙−                                     (7.13)  

𝐹𝑒0 + 𝐶6𝐻4𝐶𝑙𝑁𝑂2 + 𝐻+ → 𝐹𝑒2+ + 𝐶6𝐻5𝑁𝑂2 + 𝐶𝑙−                                          (7.14) 
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             According to the previous experience, it is hypothesized that the behavior 

observed in the degradation pathway is typical of a purely anodic oxidation process 

(slow degradation of the initial molecule, low concentration of intermediates and 

direct mineralization) and not of an EF treatment (fast degradation of the initial 

molecule, high concentration of intermediates and no direct mineralization).  

            Within the two key processes of EF (production of H2O2 and catalysis) the 

reason behind the unexpected behavior was attributed to a problem with the activation 

of H2O2 given that it was previously double-checked that this compound is effectively 

produced in the system. A low decomposition of H2O2 would also result in its 

accumulation in the medium, competing for degradation with the organic pollutant. In 

this case, hydrogen peroxide acts as a scavenger because its reaction with hydroxyl 

radicals yields less powerful oxidizing species according to Equation 7.4.  

             Indeed, it is consistent with the degradation profile shown in Figure 7.18 in 

which both the elimination of clopyralid and reduction of TOC are slowed down after 

approximately 0.5 Ah dm-3. It is also important to consider that if activation of H2O2 

using ZVI proceeds via leaching of soluble iron, this mechanism is pH-dependent, 

whose optimum is around 3. Higher pHs converts ferrous and ferric from to their 

insoluble hydroxide complex (which are not able to generate hydroxyl radicals). 

During the proof-of-concept it ranged from 4 to 7.8 (data not shown) which also 

justifies a slow activation of H2O2. 

             To test the aforementioned hypothesis, a batch experiment with different iron 

catalyst was conducted. 1,000 mg dm-3 of an aqueous solution of H2O2 were initially 

added to four beakers. The first one did not contain any catalyst (control sample) and 5 

g of different iron catalyst were added to the rest:  mmZVI, nanoparticles of ZVI 

(nZVI) and goethite. The concentration of hydrogen peroxide was measured after 1 

hour under strong agitation conditions and the results are shown in Figure 7.21.  
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Figure 7.21 Concentration of hydrogen peroxide after 1 hour in the presence of different 

heterogeneous catalysts. [H2O2]0 = 1000 mg dm-3. Mass of catalyst: 5 g. 

            The decomposition rate of H2O2 with mmZVI is quite slow, less than 3% after 

1 one hour. After 10 hours, the decomposition only reached a 75%, confirming the 

slow catalytic effect of mmZVI. However, a 90% of decomposition was achieved with 

the nZVI particles in one hour. The difference between both catalysts can be attributed 

to the higher specific surface area of the nZVI particles. Interestingly, goethite showed 

the fastest decomposition and no H2O2 was remaining after 1 hour.  

            In view of the results obtained in the batch test, it was concluded that the 

reason behind the low degradation of clopyralid was a rather slow catalyzation of 

H2O2 by mmZVI. Given the low dehalogenation rate and also the high leaching of iron 

(probably promoted by the high concentration of O2 according to Eq. 7.15), ZVI was 

discarded as heterogeneous catalyst. 

2𝐹𝑒0 + 𝑂2 + 2𝐻2𝑂 → 𝐹𝑒2+ + 4𝑂𝐻−                                                                   (7.15) 

             To solve this issue, goethite was selected for the next tests not only because it 

showed the fastest catalyzation rate but also because it is a stable heterogeneous 

catalyst with low iron leaching. Goethite (α-FeOOH) is a widespread soil mineral 

[329]. It is one of the most stable iron oxides due to its orthorhombic structure, a 

hexagonally close-packed array of O2- and OH- anions with Fe3+ at the centre of the 
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octahedral [334]. It is known as an effective catalyst due to its abundance, high 

catalytic activity, wide range of operating pH, controllable leaching of iron into the 

solution, large surface area, and high surface hydroxyl content [335]. There are several 

examples, in which goethite has been used as Fenton's catalyst [336, 337, 338]. It is 

important to highlight that the low leaching of iron may minimize the appearance of 

refractory Fe-complexes [329]. 

             The stability of hydrogen peroxide in the absence and presence of goethite 

was monitored with time, as shown in Figure 7.22. 

 

Figure 7.22 Stability of hydrogen peroxide with (■) and without (□) goethite. [H2O2] = 1,080 

mg dm-3. V0 = 0.2 dm3; Catalysts: 5 g. 

            As can be seen in Figure 7.22, hydrogen peroxide is decomposed faster in the 

reactor containing goethite than in the control one. In a third reactor, 100 mg dm-3 of 

clopyralid were initially added and approximately 50% of the target pollutant was 

removed after 1 h, demonstrating that the heterogeneous catalyzation of H2O2 by 

goethite degrades clopyralid. Previous studies have proposed that degradation of 

persistent organic pollutants in goethite may take place in two different ways: via a 

radical and a non-radical mechanism [90]. 

             According to the radical mechanism of goethite proposed by Lin and Gurol 

[339], formation of a precursor surface complex of hydrogen peroxide on the surface 
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of goethite is the initial reaction (Eq. 7.16). Then the surface hydrogen peroxide 

undergoes a reversible electron transfer reaction (Eq. 7.17), which results in the 

formation of the excited state of ligands. This excited state is unstable and deactivated 

by the generation of hydroperoxyl radical and ferrous ion (Eq. 7.18). The ferrous ions 

generated from the above reactions react with either hydrogen peroxide (Eq. 7.19) or 

oxygen (Eq. 20). The reaction of surface ferrous ion with oxygen is too slow and can 

be neglected. The hydroperoxyl radical decomposes and forms oxygen radicals (Eq. 

7.21). The hydroperoxyl radical and hydroxyl radicals generated in the system react 

with surface ferrous ion (Eq. 7.22), ferric ion (Eq. 7.23), and hydrogen peroxide (Eq. 

7.24 and 7.25). Finally, these radicals react with each other as termination reactions 

(Eqs. 7.26 and 7.27). 

≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻2𝑂2 ↔ (𝐻2𝑂2)𝑆                                                                        (7.16) 

(𝐻2𝑂2)𝑆 ↔ ≡ 𝐹𝑒𝐼𝐼𝑂2
• + 𝐻2𝑂                                                                                (7.17) 

≡ 𝐹𝑒𝐼𝐼𝑂2
• ↔≡ 𝐹𝑒𝐼𝐼 + 𝐻𝑂2

•                                                                                     (7.18) 

≡ 𝐹𝑒𝐼𝐼 + 𝐻2𝑂2 → ≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻𝑂• + 𝐻2𝑂                                                    (7.19) 

≡ 𝐹𝑒𝐼𝐼 + 𝑂2 → ≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻𝑂2
•                                                                    (7.20) 

𝐻𝑂2
• ↔ 𝐻+ + 𝑂2

•−                                                                                                   (7.21) 

≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻𝑂2
• 𝑂2

•−⁄ → ≡ 𝐹𝑒𝐼𝐼 + 𝐻2𝑂 𝑂𝐻− + 𝑂2⁄                                      (7.22) 

𝐻𝑂•+≡ 𝐹𝑒𝐼𝐼 →≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻                                                                                (7.23) 

𝐻𝑂• + (𝐻2𝑂2)𝑆 → ≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻2𝑂 + 𝐻𝑂2
•                                                   (7.24) 

(𝐻2𝑂2)𝑆 + 𝐻𝑂2
• 𝑂2

•−⁄ →≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻𝑂• + 𝑂2 + 𝐻2𝑂/𝑂𝐻−                        (7.25) 

𝐻𝑂2
• + 𝐻𝑂2

•  → (𝐻2𝑂2)𝑆 + 𝑂2                                                                                (7.26) 

𝐻𝑂• + 𝐻𝑂2
• 𝑂2

•−⁄ → 𝐻2𝑂 + 𝑂2                                                                              (7.27) 
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              According to the non-radical mechanism proposed by Andreozzi et al based 

on the results obtained from 3,4-dihydroxybenzoic acid degradation [340], Goethite is 

in two forms according to the solution pH (Eqs. 7.28 or 7.29). Superficial sites of 

goethite are effective for the sorption of hydrogen peroxide and organic pollutants 

(Eqs. 7.30 and 7.31), where (*) indicates free catalyst sites and S represents the 

pollutant. The adsorbed pollutant and hydrogen peroxide react at the surface of the 

catalyst (Eq. 30), which results in the regeneration of active sites and the production of 

reaction products. 

≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 + 𝐻+ → ≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻2
+                                                                 (7.28) 

≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂𝐻 → ≡ 𝐹𝑒𝐼𝐼𝐼 − 𝑂− + 𝐻+                                                                   (7.29) 

𝐻2𝑂2 + (∗) → 𝐻2𝑂2
∗                                                                                                (7.30) 

𝑆 + (∗) →  𝑆∗                                                                                                          (7.31) 

𝑆 + 𝐻2𝑂2
∗ → 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 2 (∗)                                                                              (7.32) 

             In view of the information reported here, it can be concluded that all the 

constitutive parts of the system work. The system still requires a certain degree of 

development but paves the way for an effective application of EF technologies to 

wastewater treatment.  

7.7.3 SWOT analysis 

             In this last section, the strong and weak points of the reactor are analyzed by 

means of a SWOT analysis (Figure 7.23). 
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Figure 7.23 SWOT matrix for the pressurized-jet aerated microfluidic flow-through reactor for 

heterogeneous Electro-Fenton.  

                 The proposed design has a number of interesting strengths. It is fully 

electrically powered and, thus, amenable to be powered by renewable energies. 

Indeed, there is a research line in the E3L devoted to the coupling of electrochemical 

reactor for wastewater to renewable energies [341-344]. As in the case of 

electrochemical production of H2O2, this strength is also the main threat given that the 

costs of wastewater treatment are highly dependent on electricity. 

Another advantage is that the performance is expected to be excellent, thanks 

to the improved mass transfer, the reduced ohmic resistance as well as other 
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interesting features such as the membrane-like effect, the contribution of the dissolved 

oxygen or the capture and valorization of oxygen evolved in the anode.  

The system also includes a powerful aeration system that supplies large 

oxygen flow rates at moderate pressures. It is important to consider that the use of the 

jet aerator implies a pressure drop (and thus an energy consumption) that should be 

accounted for in future studies. Similarly, the use of pressurized air entails an 

energetic cost that has not been assessed in this work. However, the pressurized-jet is 

expected to be more efficient than a conventional gas diffusion electrode, mainly 

because the pressurization takes place at discrete intervals with a continuous 

recirculation of the O2, while the GDE is continuously working with low O2 

utilization, especially in single-pass electrodes. As recommendation for future works, 

pressure drop could be considerably reduced by optimizing the dimensions of the jet 

and pressurization costs could be minimized by using a pressure exchanger to pre-

pressurize the inlet with the outlet flow. 

In general, the setup is cheap thanks to the use of plastic materials (PVC, 

Tecalan®, etc.). The aluminium cathodes are also cheap but its durability is to be 

properly assessed in future works. The CB/PTFE coverage should be resistant for long 

operation times. The technical brochures of the Dow/H-D Tech process, which uses 

composite chips of CB/PTFE, reported a durability over 4,000 h with a loss of 

efficiency less than 20% [161]. Attention is to be paid to scaling when the wastewater 

contains suspended solids or species that may precipitate at basic pH (carbonate, iron, 

cupper, etc.)  

However, the cost of the BDD anode is expected to be significant. The 

application of this material to process such as water disinfection by manufacturers as 

for example Condias GmbH is expected to reduce the costs thanks to economy of 

scale [345, 346]. It could also be substituted by sub-stoichiometric titanium oxide 

electrodes (Ti4O7) which has demonstrated an oxidation ability similar to BDD but 

entailing a lower investment cost [287, 288, 347]. However, to the best of our 

knowledge there are no three-dimensional electrodes of this material available in the 
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market. In this sense, the development and commercialization of high-surface 3D 

electrodes is a business opportunity to develop cost-efficient EAOPs. 

One important feature of the system is the use of a heterogeneous catalyst. 

Heterogeneous catalysts, especially those which do not leach iron, are reusable in 

nature, widens the operation range of pH, minimize the occurrence of refractory by-

products and produce a very limited secondary pollution and neither require pH 

adjustment steps with further generation of sludge, all of them drawbacks of the 

homogeneous catalyst. In addition, it opens an interesting field of research to use 

waste materials (such as fly ashes [348-352], S-limonite [353], rice husk ash [354] or 

red mud [355]) as raw materials to prepare heterogeneous catalyst in such a way that a 

residue from one process is used in another, in accordance with circular economy 

principles. The use of a heterogeneous catalyst may result in a mass-transfer 

controlled reaction, which is to be minimized thanks to the fluidization of the bed of 

particles.  



Design of a combined CDEO-EF reactor for wastewater treatment 
 

295 
 

7.8 Bibliography 

[58] M. Panizza, G. Cerisola, Direct and mediated anodic oxidation of organic 

pollutants, Chemical Reviews 109 (2009) 6541-6569. 

[60] C.A. Martinez-Huitle, M.A. Rodrigo, I. Sires, O. Scialdone, Single and Coupled 

Electrochemical Processes and Reactors for the Abatement of Organic Water 

Pollutants: A Critical Review, Chemical Reviews (Washington, D. C.) 115 (2015) 

13362-13407. 

[61] F.C. Moreira, R.A.R. Boaventura, E. Brillas, V.J.P. Vilar, Electrochemical 

advanced oxidation processes: A review on their application to synthetic and real 

wastewaters, Applied Catalysis B: Environmental 202 (2017) 217-261. 

[63] I. Sires, E. Brillas, M.A. Oturan, M.A. Rodrigo, M. Panizza, Electrochemical 

advanced oxidation processes: today and tomorrow. A review, Environ Sci Pollut Res 
Int 21 (2014) 8336-8367. 

[65] G.V. Buxton, C.L. Greenstock, W.P. Helman, A.B. Ross, Critical Review of rate 

constants for reactions of hydrated electrons, hydrogen atoms and hydroxyl radicals 

(⋅OH/⋅O− in Aqueous Solution, Journal of Physical and Chemical Reference Data 17 
(1988) 513-886. 

[69] A.R. Ribeiro, O.C. Nunes, M.F.R. Pereira, A.M.T. Silva, An overview on the 

advanced oxidation processes applied for the treatment of water pollutants defined in 

the recently launched Directive 2013/39/EU, Environment International 75 (2015) 33-
51. 

[70] S. Sabatino, A. Galia, O. Scialdone, Electrochemical Abatement of Organic 

Pollutants in Continuous-Reaction Systems through the Assembly of Microfluidic 

Cells in Series, ChemElectroChem 3 (2016) 83-90. 

[71] E. Brillas, I. Sirés, M.A. Oturan, Electro-Fenton process and related 

electrochemical technologies based on fenton's reaction chemistry, Chemical Reviews 

109 (2009) 6570-6631. 

[73] E. Brillas, C.A.M. Huitle, Synthetic Diamond Films: Preparation, 

Electrochemistry, Characterization and Applications, Wiley2011. 

[75] J.J. Pignatello, E. Oliveros, A. MacKay, Advanced Oxidation Processes for 

Organic Contaminant Destruction Based on the Fenton Reaction and Related 

Chemistry, Critical Reviews in Environmental Science and Technology 36 (2006) 1-

84. 

[89] K.V. Plakas, A.J. Karabelas, Electro-Fenton Applications in the Water Industry, 

Springer Berlin Heidelberg, Berlin, Heidelberg, 2017, pp. 1-36. 

[90] P.V. Nidheesh, H. Olvera-Vargas, N. Oturan, M.A. Oturan, Heterogeneous 

Electro-Fenton Process: Principles and Applications, Springer Berlin Heidelberg, 

Berlin, Heidelberg, 2017, pp. 1-26. 

[91] M. Zhou, M.A. Oturan, I. Sirés, Electro-Fenton Process: New Trends and Scale-

Up, Springer Singapore, Singapore, 2018. 

[101] D. Pletcher, Z.Q. Tian, D.E. Williams, Developments in Electrochemistry: 

Science Inspired by Martin Fleischmann, 2014. 



 Chapter 7 
 

296 
 

[106] J.F. Pérez, A. Galia, M.A. Rodrigo, J. Llanos, S. Sabatino, C. Sáez, B. Schiavo, 

O. Scialdone, Effect of pressure on the electrochemical generation of hydrogen 

peroxide in undivided cells on carbon felt electrodes, Electrochimica Acta 248 (2017) 
169-177. 

[133] I. Sirés, J.A. Garrido, R.M. Rodríguez, E. Brillas, N. Oturan, M.A. Oturan, 

Catalytic behavior of the Fe3+/Fe2+ system in the electro-Fenton degradation of the 

antimicrobial chlorophene, Applied Catalysis B: Environmental 72 (2007) 382-394. 

[146] A. Kapałka, B. Lanova, H. Baltruschat, G. Fóti, C. Comninellis, 

Electrochemically induced mineralization of organics by molecular oxygen on boron-

doped diamond electrode, Electrochemistry Communications 10 (2008) 1215-1218. 

[147] O. Gustavo Rodrigues de, A. Cynthia Kerzia Costa de, M.-H. Carlos Alberto, S. 

Djalma Ribeiro da, Complementary Mechanism Model for the Electrochemical 

Mineralization, Current Organic Chemistry 16 (2012) 1957-1959. 

[161] P.C. Foller, R.T. Bombard, Processes for the production of mixtures of caustic 

soda and hydrogen peroxide via the reduction of oxygen, Journal of Applied 

Electrochemistry 25 (1995) 613-627. 

[169] O. Scialdone, A. Galia, S. Sabatino, Electro-generation of H2O2 and abatement 

of organic pollutant in water by an electro-Fenton process in a microfluidic reactor, 
Electrochemistry Communications 26 (2013) 45-47. 

[170] F. Yu, M. Zhou, L. Zhou, R. Peng, A Novel Electro-Fenton Process with H2O2 

Generation in a Rotating Disk Reactor for Organic Pollutant Degradation, 

Environmental Science & Technology Letters 1 (2014) 320-324. 

[180] O. Scialdone, A. Galia, C. Gattuso, S. Sabatino, B. Schiavo, Effect of air 

pressure on the electro-generation of H2O2 and the abatement of organic pollutants in 

water by electro-Fenton process, Electrochimica Acta 182 (2015) 775-780. 

[198] E. Heitz, G. Kreysa, Principles of Electrochemical Engineering: Extended 

Version of a DECHEMA Experimental Course, VCH1986. 

[200] L. Ma, M. Zhou, G. Ren, W. Yang, L. Liang, A highly energy-efficient flow-

through electro-Fenton process for organic pollutants degradation, Electrochimica 

Acta 200 (2016) 222-230. 

[201] G. Ren, M. Zhou, M. Liu, L. Ma, H. Yang, A novel vertical-flow electro-Fenton 

reactor for organic wastewater treatment, Chemical Engineering Journal 298 (2016) 
55-67. 

[229] O. Scialdone, C. Guarisco, A. Galia, G. Filardo, G. Silvestri, C. Amatore, C. 

Sella, L. Thouin, Anodic abatement of organic pollutants in water in micro reactors, 

Journal of Electroanalytical Chemistry 638 (2010) 293-296. 

[234] O. Scialdone, A. Galia, S. Sabatino, Abatement of Acid Orange 7 in macro and 

micro reactors. Effect of the electrocatalytic route, Applied Catalysis B: 

Environmental 148–149 (2014) 473-483. 

[235] O. Scialdone, A. Galia, S. Sabatino, G.M. Vaiana, D. Agro, A. Busacca, C. 

Amatore, Electrochemical Conversion of Dichloroacetic Acid to Chloroacetic Acid in 
Conventional Cell and in Two Microfluidic Reactors, ChemElectroChem 1 (2014) 

116-124. 



Design of a combined CDEO-EF reactor for wastewater treatment 
 

297 
 

[245] F.C. Walsh, L.F. Arenas, C. Ponce de León, G.W. Reade, I. Whyte, B.G. Mellor, 

The continued development of reticulated vitreous carbon as a versatile electrode 

material: Structure, properties and applications, Electrochimica Acta 215 (2016) 566-
591. 

[249] G. Gao, Q. Zhang, Z. Hao, C.D. Vecitis, Carbon nanotube membrane stack for 

flow-through sequential regenerative electro-Fenton, Environmental Science and 

Technology 49 (2015) 2375-2383. 

[261] ERG Materials & Aerospace, (http://ergaerospace.com/materials/duocel-

reticulated-vitreous-carbon-rvc-foam/ (access date 24/11/2017)). 

[262] ERG Materials & Aerospace, (http://ergaerospace.com/materials/duocel-

aluminum-foam/ (access date 24/11/2017)). 

[263] ERG, ERG Materials & Aerospace, http://ergaerospace.com/technical-

data/surface-area-of-duocel-foam/ (access date 15/11/2017). 

[275] S.O. Ganiyu, M. Zhou, C.A. Martínez-Huitle, Heterogeneous electro-Fenton and 

photoelectro-Fenton processes: A critical review of fundamental principles and 

application for water/wastewater treatment, Applied Catalysis B: Environmental 235 

(2018) 103-129. 

[276] A.D. Bokare, W. Choi, Review of iron-free Fenton-like systems for activating 

H2O2 in advanced oxidation processes, Journal of Hazardous materials 275 (2014) 
121-135. 

[277] G. Matafonova, V. Batoev, Recent advances in application of UV light-emitting 

diodes for degrading organic pollutants in water through advanced oxidation 

processes: A review, Water Research 132 (2018) 177-189. 

[278] G. Merényi, J. Lind, S. Naumov, C.v. Sonntag, Reaction of Ozone with 

Hydrogen Peroxide (Peroxone Process): A Revision of Current Mechanistic Concepts 

Based on Thermokinetic and Quantum-Chemical Considerations, Environmental 

Science & Technology 44 (2010) 3505-3507. 

[279] C. Ridruejo, F. Centellas, P.L. Cabot, I. Sirés, E. Brillas, Electrochemical 

Fenton-based treatment of tetracaine in synthetic and urban wastewater using active 

and non-active anodes, Water Research 128 (2018) 71-81. 

[280] A.M. Díez, E. Rosales, M.A. Sanromán, M. Pazos, Assessment of LED-assisted 

electro-Fenton reactor for the treatment of winery wastewater, Chemical Engineering 
Journal 310, Part 2 (2017) 399-406. 

[281] S.S. Martinez, E.V. Uribe, Enhanced sonochemical degradation of azure B dye 

by the electroFenton process, Ultrasonics Sonochemistry 19 (2012) 174-178. 

[282] F. Jaouen, E. Proietti, M. Lefevre, R. Chenitz, J.-P. Dodelet, G. Wu, H.T. 

Chung, C.M. Johnston, P. Zelenay, Recent advances in non-precious metal catalysis 
for oxygen-reduction reaction in polymer electrolyte fuel cells, Energy & 

Environmental Science 4 (2011) 114-130. 

[283] J. Staehelin, J. Hoigne, Decomposition of ozone in water: rate of initiation by 

hydroxide ions and hydrogen peroxide, Environmental Science & Technology 16 
(1982) 676-681. 

[284] M. Hou, Y. Chu, X. Li, H. Wang, W. Yao, G. Yu, S. Murayama, Y. Wang, 

Electro-peroxone degradation of diethyl phthalate: Cathode selection, operational 

http://ergaerospace.com/materials/duocel-reticulated-vitreous-carbon-rvc-foam/
http://ergaerospace.com/materials/duocel-reticulated-vitreous-carbon-rvc-foam/
http://ergaerospace.com/materials/duocel-aluminum-foam/
http://ergaerospace.com/materials/duocel-aluminum-foam/
http://ergaerospace.com/technical-data/surface-area-of-duocel-foam/
http://ergaerospace.com/technical-data/surface-area-of-duocel-foam/


 Chapter 7 
 

298 
 

parameters, and degradation mechanisms, Journal of Hazardous materials 319 (2016) 

61-68. 

[285] E. Brillas, J. Casado, Aniline degradation by Electro-Fenton® and peroxi-

coagulation processes using a flow reactor for wastewater treatment, Chemosphere 47 

(2002) 241-248. 

[286] E. Brillas, R. Sauleda, J. Casado, Degradation of 4‐Chlorophenol by Anodic 

Oxidation, Electro‐Fenton, Photoelectro‐Fenton, and Peroxi‐Coagulation Processes, 

Journal of the Electrochemical Society 145 (1998) 759-765. 

[287] N. Oturan, S.O. Ganiyu, S. Raffy, M.A. Oturan, Sub-stoichiometric titanium 

oxide as a new anode material for electro-Fenton process: Application to 

electrocatalytic destruction of antibiotic amoxicillin, Applied Catalysis B: 

Environmental 217 (2017) 214-223. 

[288] S.O. Ganiyu, N. Oturan, S. Raffy, G. Esposito, E.D. van Hullebusch, M. Cretin, 

M.A. Oturan, Use of Sub-stoichiometric Titanium Oxide as a Ceramic Electrode in 

Anodic Oxidation and Electro-Fenton Degradation of the Beta-blocker Propranolol: 

Degradation Kinetics and Mineralization Pathway, Electrochimica Acta 242 (2017) 
344-354. 

[289] V.M. Vasconcelos, C. Ponce-De-León, J.L. Nava, M.R.V. Lanza, 

Electrochemical degradation of RB-5 dye by anodic oxidation, electro-Fenton and by 

combining anodic oxidation-electro-Fenton in a filter-press flow cell, Journal of 
Electroanalytical Chemistry 765 (2016) 179-187. 

[290] M. Panizza, O. Scialdone, Conventional Reactors and Microreactors in Electro-

Fenton, The Handbook of Environmental Chemistry, Springer Berlin Heidelberg, 

Berlin, Heidelberg, 2017, pp. 1-35. 

[291] C.A. Martínez-Huitle, E. Brillas, Decontamination of wastewaters containing 

synthetic organic dyes by electrochemical methods: A general review, Applied 

Catalysis B: Environmental 87 (2009) 105-145. 

[292] C. Flox, P.-L. Cabot, F. Centellas, J.A. Garrido, R.M. Rodríguez, C. Arias, E. 

Brillas, Solar photoelectro-Fenton degradation of cresols using a flow reactor with a 
boron-doped diamond anode, Applied Catalysis B: Environmental 75 (2007) 17-28. 

[293] Y. Zhang, M. Gao, S.-G. Wang, W. Zhou, Y. Sang, X.-H. Wang, Integrated 

electro-Fenton process enabled by a rotating Fe3O4/gas diffusion cathode for 

simultaneous generation and activation of H2O2, Electrochimica Acta 231 (2017) 

694-704. 

[294] A. Chmayssem, S. Taha, D. Hauchard, Scaled-up electrochemical reactor with a 

fixed bed three-dimensional cathode for electro-Fenton process: Application to the 

treatment of bisphenol A, Electrochimica Acta 225 (2017) 435-442. 

[295] Y. Lei, H. Liu, Z. Shen, W. Wang, Development of a trickle bed reactor of 

electro-Fenton process for wastewater treatment, Journal of Hazardous materials 261 
(2013) 570-576. 

[296] H. Olvera-Vargas, J.-C. Rouch, C. Coetsier, M. Cretin, C. Causserand, Dynamic 

cross-flow electro-Fenton process coupled to anodic oxidation for wastewater 

treatment: Application to the degradation of acetaminophen, Separation and 
Purification Technology 203 (2018) 143-151. 



Design of a combined CDEO-EF reactor for wastewater treatment 
 

299 
 

[297] D. Fernández, I. Robles, F.J. Rodríguez-Valadez, L.A. Godínez, Novel 

arrangement for an electro-Fenton reactor that does not require addition of iron, acid 

and a final neutralization stage. Towards the development of a cost-effective 
technology for the treatment of wastewater, Chemosphere 199 (2018) 251-255. 

[298] A. Fernandes, A. Morão, M. Magrinho, A. Lopes, I. Gonçalves, Electrochemical 

degradation of C. I. Acid Orange 7, Dyes and Pigments 61 (2004) 287-296. 

[299] C. Zhang, J. Wang, T. Murakami, A. Fujishima, D. Fu, Z. Gu, Influence of 

cations during Orange-II degradation on boron-doped diamond electrode, Journal of 
Electroanalytical Chemistry 638 (2010) 91-99. 

[300] J.M. Peralta-Hernández, Y. Meas-Vong, F.J. Rodríguez, T.W. Chapman, M.I. 

Maldonado, L.A. Godínez, Comparison of hydrogen peroxide-based processes for 

treating dye-containing wastewater: Decolorization and destruction of Orange II azo 

dye in dilute solution, Dyes and Pigments 76 (2008) 656-662. 

[301] N. Daneshvar, S. Aber, V. Vatanpour, M.H. Rasoulifard, Electro-Fenton 

treatment of dye solution containing Orange II: Influence of operational parameters, 

Journal of Electroanalytical Chemistry 615 (2008) 165-174. 

[302] S. Garcia-Segura, F. Centellas, C. Arias, J.A. Garrido, R.M. Rodríguez, P.L. 

Cabot, E. Brillas, Comparative decolorization of monoazo, diazo and triazo dyes by 
electro-Fenton process, Electrochimica Acta 58 (2011) 303-311. 

[303] O. Scialdone, A. D’Angelo, A. Galia, Energy generation and abatement of Acid 

Orange 7 in reverse electrodialysis cells using salinity gradients, Journal of 

Electroanalytical Chemistry 738 (2015) 61-68. 

[304] S. Sabatino, A. Galia, G. Saracco, O. Scialdone, Development of an 

Electrochemical Process for the Simultaneous Treatment of Wastewater and the 

Conversion of Carbon Dioxide to Higher Value Products, ChemElectroChem 4 (2017) 

150-159. 

[305] A. Mirzaei, Z. Chen, F. Haghighat, L. Yerushalmi, Removal of pharmaceuticals 

from water by homo/heterogonous Fenton-type processes - A review, Chemosphere 

174 (2017) 665-688. 

[306] C.N. Sawyer, P.L. McCarty, G.F. Parkin, Chemistry for Environmental 

Engineering and Science, McGraw-Hill Education2003. 

[307] W. Stumm, G.F. Lee, Oxygenation of Ferrous Iron, Industrial & Engineering 

Chemistry 53 (1961) 143-146. 

[308] A.N. Pham, T.D. Waite, Oxygenation of Fe(II) in natural waters revisited: 

Kinetic modeling approaches, rate constant estimation and the importance of various 

reaction pathways, Geochimica et Cosmochimica Acta 72 (2008) 3616-3630. 

[309] J.F. Pérez, S. Sabatino, A. Galia, M.A. Rodrigo, J. Llanos, C. Sáez, O. 

Scialdone, Effect of air pressure on the electro-Fenton process at carbon felt 

electrodes, Electrochimica Acta 273 (2018) 447-453. 

[310] X. Xu, G. Pliego, J.A. Zazo, J.A. Casas, J.J. Rodriguez, Mineralization of 

naphtenic acids with thermally-activated persulfate: The important role of oxygen, 
Journal of Hazardous materials 318 (2016) 355-362. 

[311] T.X.H. Le, T.V. Nguyen, Z. Amadou Yacouba, L. Zoungrana, F. Avril, D.L. 

Nguyen, E. Petit, J. Mendret, V. Bonniol, M. Bechelany, S. Lacour, G. Lesage, M. 



 Chapter 7 
 

300 
 

Cretin, Correlation between degradation pathway and toxicity of acetaminophen and 

its by-products by using the electro-Fenton process in aqueous media, Chemosphere 

172 (2017) 1-9. 

[312] S. Ammar, M.A. Oturan, L. Labiadh, A. Guersalli, R. Abdelhedi, N. Oturan, E. 

Brillas, Degradation of tyrosol by a novel electro-Fenton process using pyrite as 

heterogeneous source of iron catalyst, Water Research 74 (2015) 77-87. 

[313] A. El-Ghenymy, R.M. Rodríguez, E. Brillas, N. Oturan, M.A. Oturan, Electro-

Fenton degradation of the antibiotic sulfanilamide with Pt/carbon-felt and 
BDD/carbon-felt cells. Kinetics, reaction intermediates, and toxicity assessment, 

Environmental Science and Pollution Research 21 (2014) 8368-8378. 

[314] Y. Wang, X. Lin, Z. Shao, D. Shan, G. Li, A. Irini, Comparison of Fenton, UV-

Fenton and nano-Fe3O4 catalyzed UV-Fenton in degradation of phloroglucinol under 
neutral and alkaline conditions: Role of complexation of Fe3+ with hydroxyl group in 

phloroglucinol, Chemical Engineering Journal 313 (2017) 938-945. 

[315] P.A. Soares, R. Souza, J. Soler, T.F.C.V. Silva, S.M.A.G.U. Souza, R.A.R. 

Boaventura, V.J.P. Vilar, Remediation of a synthetic textile wastewater from 
polyester-cotton dyeing combining biological and photochemical oxidation processes, 

Separation and Purification Technology 172 (2017) 450-462. 

[316] J. Araña, J.A. Ortega Méndez, J.A. Herrera Melián, J.M. Doña Rodríguez, O. 

González Díaz, J. Pérez Peña, Thermal effect of carboxylic acids in the degradation by 
photo-Fenton of high concentrations of ethylene glycol, Applied Catalysis B: 

Environmental 113–114 (2012) 107-115. 

[317] S. Cotillas, L. Cañizares, M. Muñoz, C. Sáez, P. Cañizares, M.A. Rodrigo, Is it 

really important the addition of salts for the electrolysis of soil washing effluents?, 
Electrochimica Acta 246 (2017) 372-379. 

[318] X. Yu, M. Zhou, Y. Hu, K. Groenen Serrano, F. Yu, Recent updates on 

electrochemical degradation of bio-refractory organic pollutants using BDD anode: A 

mini review, Environmental Science and Pollution Research 21 (2014) 8417-8431. 

[319] M. Skoumal, C. Arias, P.L. Cabot, F. Centellas, J.A. Garrido, R.M. Rodríguez, 

E. Brillas, Mineralization of the biocide chloroxylenol by electrochemical advanced 

oxidation processes, Chemosphere 71 (2008) 1718-1729. 

[320] A.H. Ltaïef, A. D'Angelo, S. Ammar, A. Gadri, A. Galia, O. Scialdone, 

Electrochemical treatment of aqueous solutions of catechol by various electrochemical 

advanced oxidation processes: Effect of the process and of operating parameters, 
Journal of Electroanalytical Chemistry 796 (2017) 1-8. 

[321] C. Flox, P.L. Cabot, F. Centellas, J.A. Garrido, R.M. Rodríguez, C. Arias, E. 

Brillas, Electrochemical combustion of herbicide mecoprop in aqueous medium using 

a flow reactor with a boron-doped diamond anode, Chemosphere 64 (2006) 892-902. 

[322] M. Lanzarini-Lopes, S. Garcia-Segura, K. Hristovski, P. Westerhoff, Electrical 

energy per order and current efficiency for electrochemical oxidation of p-

chlorobenzoic acid with boron-doped diamond anode, Chemosphere 188 (2017) 304-

311. 



Design of a combined CDEO-EF reactor for wastewater treatment 
 

301 
 

[323] X. Yu, M. Zhou, Y. Hu, K. Groenen Serrano, F. Yu, Recent updates on 

electrochemical degradation of bio-refractory organic pollutants using BDD anode: a 

mini review, Environ Sci Pollut Res Int 21 (2014) 8417-8431. 

[324] T. Yatagai, Y. Ohkawa, D. Kubo, Y. Kawase, Hydroxyl radical generation in 

electro-Fenton process with a gas-diffusion electrode: Linkages with electro-chemical 

generation of hydrogen peroxide and iron redox cycle, Journal of Environmental 

Science and Health - Part A Toxic/Hazardous Substances and Environmental 

Engineering 52 (2017) 74-83. 

[325] C. Salazar, C. Ridruejo, E. Brillas, J. Yáñez, H.D. Mansilla, I. Sirés, Abatement 

of the fluorinated antidepressant fluoxetine (Prozac) and its reaction by-products by 

electrochemical advanced methods, Applied Catalysis B: Environmental 203 (2017) 

189-198. 

[326] J. Tian, A.M. Olajuyin, T. Mu, M. Yang, J. Xing, Efficient degradation of 

rhodamine B using modified graphite felt gas diffusion electrode by electro-Fenton 

process, Environmental Science and Pollution Research 23 (2016) 11574-11583. 

[327] Z. Qiang, J.-H. Chang, C.-P. Huang, Electrochemical regeneration of Fe2+ in 

Fenton oxidation processes, Water Research 37 (2003) 1308-1319. 

[328] R. Rodríguez, J.J. Espada, M.I. Pariente, J.A. Melero, F. Martínez, R. Molina, 

Comparative life cycle assessment (LCA) study of heterogeneous and homogenous 

Fenton processes for the treatment of pharmaceutical wastewater, Journal of Cleaner 

Production 124 (2016) 21-29. 

[329] V. Poza-Nogueiras, E. Rosales, M. Pazos, M.A. Sanroman, Current advances 

and trends in electro-Fenton process using heterogeneous catalysts - A review, 

Chemosphere 201 (2018) 399-416. 

[330] A. Kapałka, G. Fóti, C. Comninellis, The importance of electrode material in 

environmental electrochemistry, Electrochimica Acta 54 (2009) 2018-2023. 

[331] J. Vidal, C. Saez, P. Cañizares, V. Navarro, R. Salazar, M.A. Rodrigo, ZVI – 

Reactive barriers for the remediation of soils polluted with clopyralid: Are they really 

Worth?, Chemical Engineering Journal 350 (2018) 100-107. 

[332] I. San Román, M.L. Alonso, L. Bartolomé, A. Galdames, E. Goiti, M. Ocejo, M. 

Moragues, R.M. Alonso, J.L. Vilas, Relevance study of bare and coated zero valent 
iron nanoparticles for lindane degradation from its by-product monitorization, 

Chemosphere 93 (2013) 1324-1332. 

[333] X. Li, M. Zhou, Y. Pan, L. Xu, Pre-magnetized Fe0/persulfate for notably 

enhanced degradation and dechlorination of 2,4-dichlorophenol, Chemical 
Engineering Journal 307 (2017) 1092-1104. 

[334] H. Liu, T. Chen, R.L. Frost, An overview of the role of goethite surfaces in the 

environment, Chemosphere 103 (2014) 1-11. 

[335] Y. Wang, Y. Gao, L. Chen, H. Zhang, Goethite as an efficient heterogeneous 

Fenton catalyst for the degradation of methyl orange, Catalysis Today 252 (2015) 107-
112. 

[336] M.C. Lu, J.N. Chen, H.H. Huang, Role of goethite dissolution in the oxidation 

of 2-chlorophenol with hydrogen peroxide, Chemosphere 46 (2002) 131-136. 



 Chapter 7 
 

302 
 

[337] A.M. Mesquita, I.R. Guimarães, G.M.M.d. Castro, M.A. Gonçalves, T.C. 

Ramalho, M.C. Guerreiro, Boron as a promoter in the goethite (α-FeOOH) phase: 

Organic compound degradation by Fenton reaction, Applied Catalysis B: 
Environmental 192 (2016) 286-295. 

[338] Z.-R. Lin, L. Zhao, Y.-H. Dong, Effects of low molecular weight organic acids 

and fulvic acid on 2,4,4′-trichlorobiphenyl degradation and hydroxyl radical formation 

in a goethite-catalyzed Fenton-like reaction, Chemical Engineering Journal 326 (2017) 

201-209. 

[339] S.-S. Lin, M.D. Gurol, Catalytic Decomposition of Hydrogen Peroxide on Iron 

Oxide:  Kinetics, Mechanism, and Implications, Environmental Science & Technology 

32 (1998) 1417-1423. 

[340] R. Andreozzi, V. Caprio, R. Marotta, Oxidation of 3,4-dihydroxybenzoic acid by 

means of hydrogen peroxide in aqueous goethite slurry, Water Research 36 (2002) 
2761-2768. 

[341] M. Millán, M.A. Rodrigo, C.M. Fernández-Marchante, S. Díaz-Abad, M.C. 

Peláez, P. Cañizares, J. Lobato, Towards the sustainable powering of the 

electrocoagulation of wastewater through the use of solar-vanadium redox flow 
battery: A first approach, Electrochimica Acta 270 (2018) 14-21. 

[342] E. Mena, R. López-Vizcaíno, M. Millán, P. Cañizares, J. Lobato, M.A. Rodrigo, 

Vanadium redox flow batteries for the storage of electricity produced in wind turbines, 

International Journal of Energy Research 42 (2018) 720-730. 

[343] R. López-Vizcaíno, E. Mena, M. Millán, M.A. Rodrigo, J. Lobato, Performance 

of a vanadium redox flow battery for the storage of electricity produced in 

photovoltaic solar panels, Renewable Energy 114 (2017) 1123-1133. 

[344] F.L. Souza, J. Llanos, C. Sáez, M.R.V. Lanza, M.A. Rodrigo, P. Cañizares, 

Performance of wind-powered soil electroremediation process for the removal of 2,4-
D from soil, Journal of Environmental Management 171 (2016) 128-132. 

[345] M. Fryda, T. Matthée, S. Mulcahy, A. Hampel, L. Schäfer, I. Tröster, 

Fabrication and application of Diachem® electrodes, Diamond and Related Materials 

12 (2003) 1950-1956. 

[346] J. Isidro, D. Brackemeyer, C. Sáez, J. Llanos, J. Lobato, P. Cañizares, T. 

Matthee, M.A. Rodrigo, Operating the CabECO® membrane electrolytic technology 

in continuous mode for the direct disinfection of highly fecal-polluted water, 

Separation and Purification Technology (2018). 

[347] F.C. Walsh, R.G.A. Wills, The continuing development of Magnéli phase 

titanium sub-oxides and Ebonex® electrodes, Electrochimica Acta 55 (2010) 6342-

6351. 

[348] B. Deka, K.G. Bhattacharyya, Using coal fly ash as a support for Mn(II), Co(II) 

and Ni(II) and utilizing the materials as novel oxidation catalysts for 4-chlorophenol 

mineralization, Journal of Environmental Management 150 (2015) 479-488. 

[349] Y. Li, F.-S. Zhang, Catalytic oxidation of Methyl Orange by an amorphous 

FeOOH catalyst developed from a high iron-containing fly ash, Chemical Engineering 

Journal 158 (2010) 148-153. 



Design of a combined CDEO-EF reactor for wastewater treatment 
 

303 
 

[350] A. Zhang, N. Wang, J. Zhou, P. Jiang, G. Liu, Heterogeneous Fenton-like 

catalytic removal of p-nitrophenol in water using acid-activated fly ash, Journal of 

Hazardous materials 201-202 (2012) 68-73. 

[351] F. Meng, W. Ma, P. Zong, R. Wang, L. Wang, C. Duan, B. Wang, Synthesis of a 

novel catalyst based on Fe(II)/Fe(III) oxide and high alumina coal fly ash for the 

degradation of o-methyl phenol, Journal of Cleaner Production 133 (2016) 986-993. 

[352] Z. Liu, D. Tian, J. Hu, F. Shen, L. Long, Y. Zhang, G. Yang, Y. Zeng, J. Zhang, 

J. He, S. Deng, Y. Hu, Functionalizing bottom ash from biomass power plant for 
removing methylene blue from aqueous solution, Science of the Total Environment 

634 (2018) 760-768. 

[353] K. Toda, T. Tanaka, Y. Tsuda, M. Ban, E.P. Koveke, M. Koinuma, S.-I. Ohira, 

Sulfurized limonite as material for fast decomposition of organic compounds by 

heterogeneous Fenton reaction, Journal of Hazardous materials 278 (2014) 426-432. 

[354] F. Adam, K. Kandasamy, S. Balakrishnan, Iron incorporated heterogeneous 

catalyst from rice husk ash, Journal of Colloid and Interface Science 304 (2006) 137-

143. 

[355] R.C.C. Costa, F.C.C. Moura, P.E.F. Oliveira, F. Magalhães, J.D. Ardisson, R.M. 

Lago, Controlled reduction of red mud waste to produce active systems for 
environmental applications: Heterogeneous Fenton reaction and reduction of Cr(VI), 
Chemosphere 78 (2010) 1116-1120. 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 7 
 

304 
 

 

 

 



 
 

305 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS AND 

RECOMMENDATIONS 

CHAPTER 8 



 

306 
 

 

 

 

 



Conclusions 
 

 

307 
 

8.1 Conclusions 

From the experience gained during this work, some useful conclusions can be 

drawn: 

I. The range of variation in the characteristics of the wastewater generated in a 

typical batch industry is enormous. In the pharmaceutical plant under study, 

COD ranged from 0 to more than 500,000 mg O2 dm-3 and conductivity 

between 0.15 to more than 200 mS cm-1. Because of this, an adequate 

characterization is highly recommended to optimize the management.  

II. The variability of the wastewater complicates the selection of the treatment 

technology. Among the end-of-pipe technologies tested in the case of study, 

coagulation was only effective in a very limited range of effluents and 

therefore was discarded as wide-spectrum treatment technology. Fenton 

oxidation was effective in approximately half of the effluents but cannot 

achieve high mineralization percentages. Conductive-diamond electro-

oxidation showed an outstanding performance in real wastewater but further 

research is necessary to study the viability of the technology on an industrial 

scale. Vacuum distillation was assessed for water reclamation and 

concentration of salty effluents. Unfortunately, the occurrence of volatile 

organic compounds polluted the condensate, preventing the re-use of it as 

fresh water. Nevertheless, it could be of interest for certain individual 

effluents. Electrodialysis showed a positive performance with the real 

wastewater but suffered from fouling, especially when it comes to deal with 

highly organic polluted samples.  

III. Due to the variability of the characteristics of the effluent, the management 

via segregation is highly recommended. According to their characteristics, the 

effluents are categorized into five groups: individualized treatment, 

reutilization/recovery, organic-polluted, inorganic and organic polluted and 

management off-site. 
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IV. The informatic management tool allows the prediction of waste generation as 

a function of the production of the plant as well as the prediction of economic 

and the environmental impacts associated with them. The tool is based on a 

flexible matrix system that could be adapted not only to the ever-changing 

reality of this plant but also to any given chemical plant working in batch. 

V. The key for an efficient generation of hydrogen peroxide from oxygen 

reduction reaction is the use of an active phase composed of carbon black and 

polytetrafluorethylene.  

VI. The pressure has a positive effect on the generation of hydrogen peroxide. 

Using a carbon felt cathode with a deposition of carbon black and 

polytetrafluoroethylene, a concentration up to 7.650 mg dm-3 with an initially 

current efficiency of approximately 100% and the highest specific production 

rate reported so far (62.5 mg H2O2 cm-2 h-1) was obtained at 30 bar relative bar 

of air pressure and 100 mA cm-2. 

VII. For an adequate production of hydrogen peroxide, current density and oxygen 

mass transfer to the cathode must be balanced. An excess of current promotes 

parasitic reactions, yielding lower accumulation of hydrogen peroxide in the 

bulk.  

VIII. The jet aerator can supply oxygen in the absence of a compressor using a 

simple and cheap device. In addition, it produces air bubbles and therefore 

supplies a stream with an oxygen concentration higher than the one of the 

equilibrium at a given pressure. Once proved that the cathode can use air 

bubbles as oxygen source, this fact allows an increase in the limiting current 

density. Efficient hydrogen peroxide generation was obtained at 15 mA cm-2 

with an instantaneous production rate of around 9.2 mg H2O2 cm-2 h-1 and a 

corresponding instantaneous current efficiency in the order of 90%, also using 

a carbon felt cathode with a deposition of carbon black and 

polytetrafluoroethylene. 

IX. The microfluidic flow-through configuration minimizes ohmic drop in the 

electrolyte and maximizes mass transfer towards the electrodes. This 
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geometry also solves the operative problem of microfluidic devices derived 

from gas evolution and allows the application of high current densities. In 

addition, it is fully compatible with the new aeration systems studied 

previously (a pressurized circuit and a jet aerator). 

X. The combination of a pressurized circuit and a jet aerator is synergistic, 

configuring a powerful aeration system. The jet aerator increases the aeration 

capacity of a pressurized circuit and the pressurized system facilitates the 

aspiration of the jet aerator thanks to the higher density of the gas. The 

production of hydrogen peroxide using a microfluidic flow-through cell in 

combination with the pressurized-jet aerator resulted in the lowest specific 

energy consumption reported so far (3.65 kWh kg H2O2
-1) in 0.05 M Na2SO4. 

The system is readily scalable by increasing the cathode thickness as 

demonstrated by preliminary experimental results. Theorical calculations 

suggest that it could be expanded up to one meter under the aeration 

conditions studied. 

XI. For wastewater treatment, continuous production and activation of the 

hydrogen peroxide (Electro-Fenton) is considered a better alternative than 

accumulation and further dosage. 

XII. The pressure has also a positive effect on the removal of organics via Electro-

Fenton. It is not only due to the faster and more efficient production of 

hydrogen peroxide but probably also due to direct O2 oxidation via an ●OH-

induce side mechanism. However, the increase in the degradation rate is not 

proportional to the improvement observed in the production of hydrogen 

peroxide. It indicates a poor H2O2 activation, probably due to a low catalyst 

dosage or a faster oxidation of Fe2+ to Fe3+ under pressure. An accumulation 

of H2O2 is also detrimental for the performance of the system because it gives 

rise to a competitive oxidation with the target molecule. 

XIII. Anodic oxidation using a BDD-mesh electrode contributes to the degradation 

of the pollutants in water. In comparison with a commercial cell (Diacell 

101®) using conventional diamond flat electrodes, the microfluidic flow-
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through reactor equipped with the new mesh electrode is from 4 to 10 times 

faster and requires from 6 to 15 less energy consumption to completely 

mineralize 100 mg dm-3 of a model organic pollutant. The use of a BDD-mesh 

as counter electrode in Electro-Fenton process resulted synergistic and 

achieved a faster degradation of the pollutants. 

XIV. The Duocel® aluminium foam is considered the best support for the carbon 

black/polytetrafluoroethylene mixture among the different material tested 

(carbon cloth, carbon felt and reticulated vitreous carbon). Simply the 

substitution of a reticulated vitreous carbon by an aluminium foam reduced 

the cell voltage by a 60 %. In addition, this material exhibited an adequate 

mechanical resistance and may facilitate the scale up thanks to a better current 

distribution. 

XV. The final prototype integrates a pressurized-jet heterogeneous Electro-Fenton 

process with conductive-diamond electro-oxidation in the same cell. The 

design has also a number of interesting features, such as a reduced ohmic 

resistance, an enhanced mass transfer, minimizes the parasitic reactions thanks 

to the membrane-like effect or the capture and valorization of evolved oxygen 

on the anode. Therefore, it constitutes an interesting starting point from the 

development of EAOPs for wastewater treatment to be applied on an 

industrial scale. 

8.2 Recommendations 

From the experience gained during this work, some useful recommendations 

for future works can be offered: 

I. To characterize the wastewater in other batch industries for its adequate 

management. 

II. To study the lifetime of boron-doped diamonds in the long term under real 

conditions (process wastewater, high current density, alternated current, 

etc.). 
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III. To determine the influence and mechanism in more details of dissolved 

oxygen for the mineralization of organic matter initiated by hydroxyl 

radicals. 

IV. To evaluate the lifetime of CB/PTFE-Al cathodes and to optimize the 

fabrication, including other types of high-surface supports. 

V. To modelise the current distribution and study the fluidodynamics of the 

system to optimize its performance. 

VI. To scale up the system to treat larger volumes of wastewater in 

continuous mode of operation. 

VII. To couple the electrochemical system with renewable energies to 

minimize the environmental impact. 

VIII. To calculate the treatment costs including all the components of the setup 

and compare it with the commercially-available alternatives. 
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