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Abstract

In this work, electrochemical oxidation of landfill leachate on boron-doped diamond

anodes was studied. The study is collocated in a broader research project that aims at

establishing a treatment scheme for removing organic pollutants from a landfill leachate

collected at a municipal landfill in Northern Norway. A laboratory plant with an elec-

trode surface of 70 cm2 was used. The reactor was operated in batch mode with a feed

stream of 15 L. The limiting current density that results from the reactor hydraulics

was estimated by studying the anodic oxidation of potassium ferrocyanide with linear

sweep voltammetry. A limiting current density of 18.13 A/m2 was obtained at a flow

rate of 300 L/h and 30.72 A/m2 at a flow rate of 600 L/h, respectively. The corre-

sponding values for the limiting current are 127 mA at 300 L/h and 215 mA at 600 L/h.

Preliminary experiments were conducted with potassium indigotrisulfonate as a model

substance to study the performance of the reactor and to adjust treatment conditions.

The degradation of potassium indigotrisulfonate followed first order reaction kinetics

with k1 = 0.02315 min−1 and k2 = 0.03017 min−1 for applied currents of 300 mA and

1 A, respectively. Complete elimination was achieved after 180 min and 120 min, re-

spectively. The cumulative energy consumption for complete elimination of potassium

indigotrisulfonate was 4 Wh for I = 300 mA and 14 Wh for I = 1 A, showing that the

current efficiency decreases for intensities significantly above the limiting current.

A 23 full factorial design of experiments was established to assess the influence of current

intensity, pH and temperature on the treatment efficiency. A high and a low level were

defined for every influencing factor: T (4 ◦C, 20 ◦C), pH (5, 10) and I (110 mA, 320 mA).

The criteria for evaluation of treatment efficiency were the degradation of COD, TOC

and ammonium as well as the evolution of nitrate during the treatment. Statistical

analyses suggested that in the range of tested conditions, only the pH had a significant

influence on the treatment efficiency. COD and TOC concentrations decreased slightly

during 4 hours of treatment at pH 5 with a maximum removal of 11 % for COD and 13 %

for TOC. At pH 10, no removal of organic matter could be ascribed to electrochemical

processes. In contrast, ammonium degradation was more pronounced at pH 10 with

a maximum of 25 %. Nitrate generation fluctuated strongly for both levels of pH and

ranged from 14 to 94 %.

Because of the poor elimination of organic matter achieved under the tested conditions,

an additional experiment was run at I = 7 A. Eliminations of 42 % COD, 28 % TOC

and 3 % ammonium-nitrogen were obtained. Nitrate-nitrogen evolution was 54 %. The

cumulative energy consumption was 303.8 Wh after 240 min of treatment.





Kurzzusammenfassung

Gegenstand der vorliegenden Arbeit ist die elektrochemische Oxidation von Deponie-

sickerwasser mit bordotierten Diamantelektroden. Die Arbeit fand ihm Rahmen eines

Projekts statt, in dessen Mittelpunkt die Entwicklung einer Methode zur Reduk-

tion der organischen Belastung in Deponiesickerwasser steht. Das verwendete Sicker-

wasser entstammt einer Deponie in Nord-Norwegen. Die Experimente wurde in einem

Reaktor im Labormaßstab durchgeführt, mit einer Elektrodenfläche von 70 cm2 und

einem Batch-Volumen von 15 L. Die sich aus der Reaktorhydraulik ergebende Gren-

zstromdichte wurde anhand der elektrochemischen Oxidation von Kaliumferrocyanid

ermittelt.

Für einen Durchfluss von 300 L/h ergab sich eine Grenzstromdichte von 18,13 A/m2

und für einen Druchfluss von 600 L/h eine Grenzstromdichte von 30,72 A/m2. Der

entsprechende Grenzstrom beträgt 127 mA für 300 L/h und 215 mA für 600 L/h.

Vorversuche mit der organischen Modellsubstanz Kaliumindigotrisulfonat wurden durch-

geführt, um die Oxidationseffizienz des Reaktors zu evaluieren und die Behandlungspa-

rameter bestmöglich einzustellen.

Der Abbau folgte einer Reaktionskinetik 1. Ordnung mit den entsprechenden Reak-

tionskonstanten k1 = 0,02315 min−1 und k2 = 0,03017 min−1 für die Stromstärken

300 mA und 1 A. Der vollständige Abbau des Kaliumindigotrisulfonats war bei einer

Stromstärke von 1 A nach 120 Minuten der elektrochemischen Oxidation erreicht. Bei

einer Stromstärke von 300 mA war die Testsubstanz nach 180 Minuten vollständig abge-

baut. Die vollständige Oxidation beanspruchte einen kumulativen Stromverbrauch von

14 Wh für I = 1 A und 4 Wh für I = 300 mA. Es wurde deutlich, dass eine Stromstärke

nahe des Grenzstroms maßgeblich für die Energieeffizienz ist.

Eine faktorielle Versuchsplanung wurde durchgeführt, um den Einfluss der Parameter

Stromstärke, pH und Temperatur auf die Effizienz der elektrochemischen Oxidation

zu evaluieren. Jedem der Einflussfaktoren wurde ein hoher und ein niedriger Wert

zugeschrieben: T (4 ◦C, 20 ◦C), pH (5, 10) und I (110 mA, 320 mA). Die Effizienz der

Behandlung wurde auf Grundlage der Faktoren COD-, TOC- und Ammonium-Abbau

sowie Nitrat-Entwicklung bewertet. Die statistische Auswertung offenbarte, dass unter

den getesteten Bedingungen einzig der pH eine statistisch signifikante Auswirkung auf

die Oxidationseffizienz hatte. Für pH 5 betrug der maximale COD-Abbau 11 % und

der maximale TOC-Abbau 13 %. Bei einem pH von 10 konnte keine Elimination von

Organik auf elektrochemische Prozesse zurückgeführt werden. Ammonium-Stickstoff

wurde hingegen bei pH 5 nicht abgebaut. Bei pH 10 betrug die maximalen Stickstoff-
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Elimination 25 %. Der Abbau von Nitrat-Stickstoff unterlag in saurer und in basischer

Lösung starken Schwankungen und reichte von 14 bis 94 %.

Wegen des geringen Abbaus organischer Substanz unter den getesteten Bedingun-

gen wurde ein zusätzliches Experiment mit einer Stromstärke von 7 A durchgeführt.

42 % COD, 28 % TOC und 3 % Ammonium-Stickstoff wurden abgebaut und 54 %

Nitrat-Stickstoff entstand. Der kumulative Energieverbrauch betrug 303,8 Wh nach

240 Minuten elektrochemischer Oxidation.
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A. Quality Data for SHMIL Åremma Landfill Leachate 89

B. Run Order for DoE 97

C. Pareto Charts and Residual Plots for DoE 99

VII



VIII Contents

D. Chromatogram THMs 102



List of Figures
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A.8. Other parameters for SHMIL Åremma Landfill Leachate (2006-2015). . 92

A.9. Substances from the EU-LoPS that have been detected in SHMIL Åremma
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1. Introduction

Water has become a scarce and valuable resource in the industrialized world, where

waste water is produced in nearly every sector. In order to address the need of our

society for clean water, effective treatment of aqueous waste streams is imperative.

Leachates from municipal landfills arise as a consequence of rainwater percolation

through the waste, decomposition of organic waste and its inherent water content

(Cabeza et al., 2007c). The result is a foul-smelling aqueous waste that typically holds

a high concentration of persistent and eco-toxic organic contaminants, as well as ni-

trogen compounds, heavy metals, xenobiotics and inorganic salts. In consequence,

leachate poses serious risk to aquatic organisms and public health when infiltrating

surface and groundwater (Urtiaga et al., 2009).

The leachate collected at SHMIL Åremma Landfill in Mosj�oen, Norway, is currently

discharged into the neighboring fjord, without undergoing previous treatment to re-

duce its contaminant load. Therefore, within the scope of a wider project, a treatment

scheme was developed taking into account the specific conditions of the landfill site

and characterizations of the effluent. The combination of those two factors dictates

some essential requirements for the treatment scheme. Concerning the site specifics,

a major challenge is the cold climate in Northern Norway, reflecting in leachate tem-

peratures between 4 ◦C and 8 ◦C in the course of the year, as well as the restricted

available space of about 50 m2 for installing a treatment plant. With a view to the

leachate characteristics, major challenges arise from the high variability of its amount,

composition and concentration of compounds, low biodegradability, and presence of

recalcitrant, eco-toxic substances.

Having these prerequisites in mind, biological treatment is not viable as the leachate

temperature is too low for respective microorganisms and the leachate generally fea-

tures low biodegradability. Common physical-chemical methods often fail to remove

persistent organic compounds and require high amounts of chemicals. Therefore, elec-

trochemical oxidation (EO) has gained interest in the field of leachate treatment, as

it has been showing high effectiveness in the elimination of persistent pollutants while

no addition of chemicals is needed. Other advantages of EO include the use of simple

equipment, easy operation, robustness and amenability to automation. Moreover, a

prominent benefit for its application in landfill leachate treatment is its high versatility

regarding the amount of effluent treated, the wide range of concentrations as well as

treatment settings like temperature and pH.



2 Introduction

EO is a process based on effluent electrolysis in an electrolytic cell, where strong oxi-

dants are generated at the anode surface and attack organic compounds in the effluent.

With the only mandatory input being electrical energy, EO enjoys the reputation of

being an environment-friendly technology. Energy demands could furthermore be met

by using the methane gas naturally evolving on a landfill as energy source. Moreover,

depending on the chosen treatment scheme, EO treatment plants have a rather low

space requirement.

EO can lead to the complete mineralization of organic compounds; however in leachate

treatment, often a partial oxidation is sufficient to reduce toxicity. With CO2 and

water being the main output, EO presents a final solution without facing the problem

of contaminants shifting from one phase to another (Mart́ınez-Huitle and Ferro, 2006).

Landfill leachate is a complex, multicomponent mixture of various pollutants, mak-

ing the prediction of its behavior during the treatment process difficult. Competitive

reactions may occur and different species may interact creating complex scenarios.

Therefore, a detailed study of chemical properties of the leachate and the influence of

relevant treatment parameters on the EO is mandatory in order to establish an effective

treatment scheme. A variety of influencing factors like pre-treatment methods, anode

material, temperature, pH, current density and present electrolytes, can considerably

effect the performance (Anglada et al., 2009b).

The present work aims at evaluating the influence of the parameters temperature (T),

pH and applied current (I) on the EO treatment of the landfill leachate generated at

SHMIL Åremma Landfill. The results contribute to the elaboration of effective oper-

ating conditions, that guarantee a safe disposal of the discharge while promoting an

economical use of energy and other resources.

The leachate is treated in a laboratory plant with a batch feed of 15 L and an electrode

surface of 70 cm2. The electrode material is boron-doped diamond (BDD).

The experimental part of this work can be subdivided into two fractions: First, suitable

operating levels for pH, T and I have to be identified, and second, the importance and

magnitude of the influencing factors are evaluated applying a factorial design of ex-

periments.In order to fulfill the first part, the practicability of operating the treatment

plant with the chosen settings is assessed, e.g. adaptions are made to facilitate the

operation under desired conditions.

One level of pH is given by the inherent characteristic of the pretreated leachate (ap-

prox. pH 10). The other setting (pH 5) is taken from suggestions in literature. The

lower value for T is chosen to be 4 ◦C, which is remarkably low in comparison with

temperatures applied in similar studies. One aim of this work is to verify that EO can

be used in cold northern climate without the need to preheat the water. This rather

extreme setting is compared to the upper value of 20 ◦C, which is a setting often chosen

in comparable research projects. The identification of appropriate settings for I is a cru-
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cial task when implementing an EO treatment, and demands preliminary experiments.

The current dictates the transport mechanisms prevailing in the cell and therefore has

a strong influence on the reaction rate and mechanism as well as the specific energy

consumption. A limiting current (Ilim) can be identified, at which the mass transport

of organic compounds equals the rate of electron transfer at the electrode surface. At

that current, pollutants reaching the anode surface are oxidized immediately and the

current efficiency is close to 100 %. Exceeding this level, secondary reactions arise

that lower the current efficiency. Therefore, in electrochemistry it is desired to work

close to Ilim, where a reasonable share of elimination rates and energy efficiency can be

yielded. Ilim is highly influenced by the reactor design, e.g. the hydraulic characteris-

tics (Schmidt, 2003). A mathematical model as well as a potentiostatic experiment are

employed in order to estimate Ilim. To validate the results, a test series with textile

dye (potassium indigotrisulfonate) is established, wherein the oxidizing efficiency in

terms of elimination and energy consumption is assessed at different current densities.

Furthermore, the removal rate of the dye diluted in landfill leachate is compared to

the removal rate using sodium sulfate as supporting electrolyte, to reassure the good

electrolyte properties of the leachate.

Once the operating conditions are specified and the reactor is adjusted to meet the

correspondent standards, a factorial experimental design is established to evaluate the

importance and magnitude of the three chosen influencing factors (T, pH, I) on the

EO of the real leachate.

For each factor, two operating levels are chosen, a high and a low one. In conse-

quence, eight combinations of settings for temperature, pH and current are tested.

The evaluation relates to the degradation of Total Organic Carbon (TOC), Chemical

Oxygen Demand (COD) and ammonium-nitrogen (NH4-N) as well as the evolution of

nitrate-nitrogen (NO3-N). A statistical analysis is employed to identify the significance

of factors and derive further research demands.

In addition, the evolution of free chloride during the EO treatment is traced. Chlorine

species are strong oxidants that can enhance the organics elimination rate but also

promote the generation of unwanted chlorinated byproducts. Therefore, when treat-

ing chloride-containing wastewaters, it is essential to monitor the evolution of harmful

byproducts.





2. Characteristics and Quality of
Landfill Leachate

2.1. Landfill Leachate

Sanitary landfills are still a wide-spread method for the ultimate disposal of solid

wastes. Through precipitation and degradation processes of organic compounds in the

waste, a foul-smelling effluent known as landfill leachate is produced. Surface water

percolates quite easily through the layers of a landfill because of the heterogeneous

nature of solid wastes and different compaction densities. By passing through the solid

wastes, the water leaches soluble compounds and degradation products from the refuse,

accumulating organic and inorganic contaminants. The composition of landfill leachate

as well as its grade of contamination can be subject to high variations, emanating from

a wide range of influencing factors such as type of wastes, precipitation rate, moisture

content, landfill design and operation age (Ozkaya, 2005).

Pollutants commonly found in sanitary landfill leachate can be classified into four main

groups: (1) dissolved organic matter including volatile fatty acids and more recalcitrant

material such as humic and fulvic acids, (2) inorganic ions like ammonium, chloride,

potassium and sodium, (3) heavy metals and (4) xenobiotic organic compounds origi-

nating from industry and households (e.g. aromatic hydrocarbons, phenols and pesti-

cides) in low concentrations (Moreira et al., 2015). Depending on rainfall conditions,

the color of leachate varies from black to brown. Decomposition of solid wastes in a

landfill occurs through combined physico-chemical and biological processes. Changes

in volume, size and components account to the physical processes while biological

processes include decomposition of organic compounds by bacteria, fungi and other

micro-organisms(Kurniawan, 2012). The biological decomposition of landfilled waste

can be divided into four mayor stages: (1) an initial aerobic phase, (2) an anaerobic

acid phase, (3) an initial methanogenic phase and (4) a stable methanogenic phase.

Due to depletion of oxygen, aerobic decomposition only lasts for a few weeks. Then,

anaerobic processes take over and dominate until the total decomposition of organ-

ics, which may take over 50 years (Kjeldsen et al., 2002). Landfill leachate can be

categorized according to the life span of the treatment plant into young, intermediate

and stabilized, resulting in differences in pH and compound concentrations. Table 2.1

summarizes the characteristics for the different stages of landfill leachate.

Young leachate is characterized by high levels of BOD and COD as well as a high
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Table 2.1.: Classification of landfill leachate (Kurniawan, 2012; Deng and Englehardt,

2007).

Type of leachate Young Intermediate Stabilized

Age of landfill [years] < 1 1− 5 > 5

pH < 6.5 6.5− 7.5 > 7.5

BOD/COD > 0.5 0.1− 0.5 < 0.1

COD [g/L] > 15 3− 15 < 3

NH3-N [mg/L] < 400 NA > 400

TOC/COD < 0.3 0.3− 0.5 > 0.5

Kjeldahl nitrogen [g/L] 0.1− 2 NA NA

Heavy metals [mg/L] > 2 < 2 < 2

Chloride (Cl−)[mg/L] 200-3000 NA 100-400

BOD/COD ratio, underlining the good biodegradability of leachate compounds in the

early stage. Volatile fatty acids represent the biggest part of biodegradable organic

compounds to be found in this type of leachate.

With proceeding age, organic compounds get degraded by micro-organisms such as

methane-forming bacteria, breaking down the acids into methane and CO2 with hydro-

gen. This transformation leads to a rise in pH above 7 and to a lower biodegradability

of organic compounds in the leachate. The stabilized leachate, which is dominated by

anaerobic decomposition processes, is commonly characterized by high concentration

of ammonia (NH3-N), moderate concentrations of COD and a drop of BOD/COD ratio

below 0.1 (Kurniawan, 2012).

There are several treatment options for sanitary landfill leachates: In the young stage,

leachate can be effectively treated with biological approaches, including anaerobic and

aerobic processes. However, for leachates featuring a low BOD/COD ratio or high

concentration of toxic metals, these processes are unsuitable. Hence, physical-chemical

approaches are the common choice for pre-treatment or full treatment of leachates.

They include flocculation/precipitation, activated adsorption, membrane technologies

and chemical oxidation (Deng and Englehardt, 2007).

2.2. Legal Situation in Norway

Regulations on landfills in Norway are adapted to the legislation of the European

Union. The Council Directive 1999/31/EC of April 26 1999 on the landfill of waste

(in Norwegian Deponidirektivet) builds an important framework. Therein, regulations

for the collection and treatment of leachate can be found. However, no generally valid

threshold values are given for the discharge of landfill leachate. Instead, regulations on
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water quality of leachate are subject to the national governments. Threshold values

should be derived from the characteristics of the disposed waste. Therefore, local gov-

ernments are encouraged to establish suitable regulations according to the individual

conditions found for each landfill site (European Council, 1999).

In Norwegian law, the Guidelines on risk assessment of landfills contain threshold

values for diffuse emissions of 42 parameters like TOC, Total-N, Total-P and metals.

However, there are no thresholds defined which apply directly to the quality of leachate

to be discharged into the receiving water body. The Guidelines on leachate monitoring

set up an annual sampling program with 24 parameters for leachate and 16 parame-

ters for sediment, but again, threshold values for discharge of leachate are not given

(Harstad, 2006).

This brief check-up on the legal situation regarding the treatment of landfill leachate

reveals a lack of legal regulations, especially threshold values, for the discharge into

water bodies.There is, however, a directive in European law referring to the general

water quality of water bodies. In this directive, the so called List of Priority Substances

(EU-LoPS ) is published. It contains threshold values for 33 substances that are haz-

ardous to ecosystems and human health. By law, these threshold values are not to be

exceeded in water bodies (European Parliament and Council of the European Union,

2012). This directive applies to concentrations in water bodies, not to the leachate

per se. The effect of leachate pollution is dependent on size and hydrodynamics of

the receiving water body. Nevertheless, the EU-LoPS indicates on which compounds

to focus when assessing the potential environmental harmfulness of the leachate and

for implementing a treatment scheme. The list and corresponding threshold values are

given in Appendix A.

The Norwegian government established an additional Norwegian List of Priority Sub-

stances (N-LoPS ), that refers to emissions of over 30 substances believed to be espe-

cially harmful to the environment, due to high persistence, bio-accumulation, serious

long-term health effects or high ecotoxicity. The set aim is to reduce the emission of

these substances to zero by the year 2020. For now, the list represents a suggestion

only, without legal liability (The Norwegian Environment Agency, 2018). The list is

added in Appendix A.

2.3. Location and further Description of SHMIL

Åremma Landfill

Søndre Helgeland Miljøverk IKS (SHMIL) is an intermunicipal waste company located

near the city of Mosj�oen (Municipality Vefsn, Province Nordland) in Northern Norway.

Its location in Norway is specified in Figure 2.1. SHMIL was founded in 1995 to safe-

guard the owner municipalities’ obligations in the area of waste treatment. The eleven

owner municipalities count a total of approximately 41,000 inhabitants.
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The landfill is approved for receiving non-hazardous domestic wastes as well as con-

taminated masses. Methane gas outlets can be used for energy supply.

As for now, the leachate produced in SHMIL Årmenna Landfill is collected and dis-

charged into the neighboring Vefsnfjord untreated (SHMIL IKS, 2019).

Potential stricter regulations in the future and a rise in environmental awareness pro-

voke the need for a treatment scheme to reduce the environmental impact on ecosystems

and human health.

Figure 2.1.: Location of SHMIL Åremma Landfill in Norway (Google Maps, 2019).

The landfill has an elevation range from 70 - 80 m above sea level. Figure 2.2 shows

the monthly average precipitation and temperature in Mosj�oen. The respective values

are listed in Table 2.2. With an average yearly precipitation of 1996 mm, the climate in

Mosj�oen can be classified as wet according to the Köppen-Geiger climate classification

(Michael and Munt, 2012). The season with the highest average monthly precipitations

lasts from September to March with the highest value of 247 mm in October. April to

August are the dryer months with the least average precipitation of 91 mm in May.

The yearly average temperature is 5.4 ◦C. The warmest month of the year is August

with an average temperature of 13.9 ◦C. Lowest temperatures are reached in January

with an average of -1.6 ◦C.
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The amount of precipitation and its monthly variation is an important factor as it

strongly influences the amount and grade of dilution of the landfill leachate. The

difference in average monthly precipitation between the wettest month October and

the driest month May accounts to 156 mm.

Figure 2.2.: Average monthly precipitation and temperature in Mosj�oen, Norway

(1982-2012), modified after Merkel (2013).

Table 2.2.: Average monthly precipitation (P) and temperature (T) in Mosj�oen, Nor-

way (1982-2012) (Merkel, 2013).

Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

P [mm] 194 151 169 124 91 125 139 144 212 247 180 220

T [◦C] -1.6 -1.5 0.4 3.5 7.2 11.2 13.5 13.9 10.1 6.3 2.1 -0.3

The amount of leachate produced at SHMIL Åremma Landfill is highly variable.

Within a monitoring program from 2006 to 2015, the daily leachate volume ranged

from around 30 m3/d measured in August 2012 to approx. 500 m3/d in March 2007.

For these measurements, leachate was collected at one specific day during the month.

2.3.1. Pretreatment on-site

A physio-chemical pretreatment scheme for the collected landfill leachate was elabo-

rated and realized in a pilot plant on-site. It consists of aeration, precipitation and

coagulation-flocculation. In the first tank, the leachate is aerated through a pipe. This

step aims at the oxidation of organic compounds which often prevail in their reduced
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forms in leachate due to the predominant anaerobic conditions in landfills. The ox-

idation of these easily oxidized compounds as a pretreatment step promises a more

efficient treatment of more recalcitrant compounds with EO.

A pH around 11 is adjusted by dosing sodium hydroxide (NaOH). The addition of

NaOH has two purposes: (1) At alkaline pH, ammonia-nitrogen (NH3-N) prevails in

its undissociated form and can move into the air phase during aeration. This process

is known as ammonia stripping. As NH3-N is a compound known to accumulate in

landfill leachate, this pretreatment step is imperative to avoid competition with COD

removal during the EOP; (2) NaOH is an effective agent for heavy metal precipitation

(Kurniawan, 2012).

In the fast-mixing tank, iron(III)-chloride (FeCl3) is added as an coagulant to promote

particle growth and therefore sedimentation. High turbulence keeps the solid particles

in suspense and enhances the reaction with FeCl3. The subsequent step is a slow-mixing

tank to promote flocculation, followed by a lamella clarifier for solid/liquid separation.

The inlet is located at half of the depth of the tank. Solids sink to the bottom and

evacuate through a sludge outlet. The clear liquid phase discharges through a hole at

the top of the clarifier.

The last column of Table 2.3 summarizes physio-chemical properties of the pre-treated

leachate.

2.3.2. Water Quality Data

In order to assess the water quality of the leachate produced at SHMIL Årmenna

Landfill, relevant parameter were measured over a period of 9 years, from 2006 to 2015.

In total, 51 samples were taken and statistically analyzed. During a field trip in October

2018, values for the raw leachate were measured, as well as values after pretreatment

in the pilot plant described above. A sample of the pre-treated leachate was sent to

Trondheim Kommune Analysesenteret for further analyses. The mean values for some

characteristic parameters are shown in Table 2.3, along with the measured values for

the leachate collected in October 2018.

By comparing the characterizing parameters for the raw leachate to the classification for

landfill leachate given in Table 2.1, SHMIL Årmenna Landfill Leachate can be classified

as intermediate to stabilized. This is indicated by the neutral pH, the low BOD5/COD

ratio of 0.1 and the TOC/COD ratio between 0.3 (mean values 2006 - 2015) and 0.5

(October 2018). The low BOD5/COD ratio suggests that the biodegradability of the

leachate is very low and therefore biological treatment is no option. In total, the organic

load is rather low and fits to the characterization of stabilized leachate. In contrast,

the nitrogen pollution of the leachate is high, as can be derived from the Total-N/COD

ratio of 0.5. A large proportion of nitrogen is present in the form of NH4-N.

The BOD5/COD ratio of 0.8 obtained for the pre-treated leachate collected in October

2018 is surprisingly high and indicates the biodegradability of young leachate.
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Table 2.3.: Characterizing parameters for SHMIL Årmenna Landfill Leachate.

Mean 2006-2015: includes mean values from 51 samples taken during 9

years. Oct ’18 raw: measured values for the raw leachate during the field

trip 2018. Oct ’18 pre-treated: measured values for the pre-treated leachate

during the field trip 2018, or after the field trip by an external laboratory

for inputs marked with (*).

Parameter Mean 2006-2015 Oct ’18 raw Oct ’18 pre-treated

pH 6.8 7.0 10.6

Conductivity [mS/m] 257.1 121.0 484.0

Turbidity [NTU] NA 40.10 7.39

COD [mg/L] 211.5 61.6 53.0 (51.0*)

BOD5 [mg/L] 20.7 NA 42.0*

BOD5/COD 0.1 NA 0.8

TSS [mg/L] 86.56 26.14 15.63

TOC [mg/L] 59.5 31.0 22.45

TOC/COD 0.3 0.5 0.4

Total-P [mg/L] 0.55 NA NA

Total-N [mg/L] 102.2 NA 40.8

Total-N/COD 0.5 NA 0.77

NH4-N [mg/L] 95.15 28.4 25.3 (32.4*)

NH3-N [mg/L] NA NA 4.94*

Chloride [mg/L] NA NA 118*

Sulfate [mg/L] NA NA 28.8*

Fluoride [mg/L] NA NA 3.04*

Phosphate [µg/L] NA NA 26.0*

The concentrations for COD, total suspended solids (TSS), TOC and NH4-N measured

in October 2018 are significantly below the mean values for 2006 to 2015. This can be

ascribed to the fact that October is the month with the highest average precipitation

of the year. Therefore, the leachate has a high dilution index. This also reflects in a

lower conductivity of the raw leachate. However, after pretreatment in the pilot plant,

the conductivity is about four times higher than in the raw leachate. This is due to

the addition of FeCl3 as a coagulant in the pretreatment plant, although the biggest

portion of Fe2+ and Fe3+ precipitates and is disposed in the sludge. The conductivity

of 484 mS/m is sufficient for electrochemical treatment without further addition of

electrolytes. The pH is neutral in the raw leachate. After pre-treatment, the pH is

alkaline due to the addition of NaOH.

The elimination rate for COD is about 15 %, for TOC around 30 % and for NH4-N

approximately 10%. TSS are reduced by around 60 % and the turbidity decreases by

approximately 80 %. The rather low elimination of organic matter and NH4-N em-
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phasize the difficulties involved in treating this type of aqueous solution expected to

include various persistent compounds.

The raw leachate samples taken during 2006 and 2015 were further tested for alkaline

earth metals, heavy metals, polycyclic aromatic hydrocarbons (PAHs), BTEX (Benene,

Toluene, Ethylbenzene, Xylene), herbicides and hydrocarbons as well as some other pa-

rameters including acute toxicity. The results can be consulted in Appendix A. It can

be concluded, that the overall grade of pollution is rather low in this leachate com-

pared to leachate characterizations found in literature (Harstad, 2006). However, 16

of the priority substances from the EU-LoPS and three additional ones listed on the

N-LoPS have been detected in the leachate. Therefore, the treatment should aim at

the removal of specific hazardous and recalcitrant organic compounds, like PAHs and

BTEX. These compounds usually need to be oxidized in order to mineralize them or,

at least, to increase their degradability.

Furthermore, the share of nitrogen compounds, mainly NH4-N, is remarkably high and

therefore NH4-N should also be regarded during the treatment. The third relevant

group of pollutants identified for SHMIL Årmenna Landfill Leachate are metals, in-

cluding heavy metals. In general, their concentrations are low but some of them are

classified as priority substances (Gröhlich, 2015). However, heavy metals are sufficiently

reduced by chemical precipitation in the pretreatment plant.

Table 2.4.: Concentrations of organic target substances in the pretreated leachate.

Substance Concentration (µg/L) EU-LoPS N-LoPS

BPA 8.4 x

Sum PAH16 0.62 x x

Naphthalene 0.549 x

Acenaphthene 0.054

Fluorene 0.021

Sum BTEX 1.49

Benzene <0.2 x

Toluene <1.0

Ethylbenzene 0.44

o-Xylene 0.25

m/p-Xylene 0.80

A sample of the pretreated leachate was sent to an analytical laboratory (ALS Labora-

tory Group Norway AS) and tested for PAHs, BTEX and bisphenol A (BPA), as those

are compounds identified to be relevant for the treatment of the leachate. The results

are shown in Table 2.4. The table furthermore gives information which of the listed

compounds and cumulative parameters are mentioned in the EU-LoPS and N-LoPS,

marked with an (x).



3. Theoretical Background

3.1. Electrochemical Advanced Oxidation Processes

As described in Chapter 2.1, landfill leachates are highly complex effluents that feature

high variability in composition and concentrations. Further characteristics are a low

BOD/COD ratio and the presence of recalcitrant and toxic compounds. Therefore,

biological abatement is often not feasible and physical-chemical methods are preferred.

In this context, so called advanced oxidation processes (AOPs) are of high relevance.

AOPs are based on the in-situ production of hydroxyl radicals (•OH), that present

high reactivity towards most organics. In fact, with a standard redox potential of

E0(•OH/H2O) = 2.80 V/SHE (measured against standard hydrogen electrode (SHE)),

hydroxyl radicals are the second strongest oxidants known after fluorine and are able to

degrade even highly recalcitrant organics. In consequence, AOPs allow the total min-

eralization of organic pollutants or, at least, their transformation to harmless products

and present a complete solution rather than only a phase separation with the problem

of final disposal still remaining.

The most common AOPs are hydrogen peroxide (H2O2) with Ultraviolet-C (UVC)

radiation, ozone (O3) and ozone based processes, titanium dioxide based processes

and Fenton’s reaction based methods (Moreira et al., 2017). Advanced oxidation ap-

proaches involving ozone or chlorine dioxide are not always effective and transportation

as well as storage of reactants pose cost and safety issues. Electrochemical advanced

oxidation processes (EAOPs) are a subcategory of AOPs that present a promising al-

ternative for the treatment of complex effluents, as no addition of chemicals is needed

and electricity is the only mandatory consumable (Mart́ınez-Huitle and Ferro, 2006).

Three key techniques can be summarized for advanced electrochemical treatment of

waste waters (Moreira et al., 2017):

− Electrochemical Oxidation, where organics are oxidized directly at the an-

ode surface by electron transfer or indirectly by •OH from the anode surface

or oxidizing agents like active chlorine, O3, persulfates and H2O2 from the bulk

solution,

− Electrochemical Oxidation with electrogenerated H2O2, where anodic ox-

idation is combined with cathodic electrogeneration of H2O2,

− electro-Fenton, where Fe2+ is added to the bulk solution in order to induce

the so called Fenton’s reaction, which results in the generation of the oxidizing
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agent H2O2. Further developments of this technique are the photoelectro-Fenton

and solar photoelectro-Fenton processes, where artificial light or natural sunlight

provides irradiation to enhance the reaction.

The major advantages of EAOPs are:

− Environmental compatibility because the main reagent is the electron, which

is produced in-situ and regarded as clean. Wastewaters like landfill leachate often

exhibit medium to high salinity, which is conjoined to high conductivity and make

the addition of further electrolytes obsolete,

− Versatility in terms of nature and concentration of pollutants to be treated,

treatment conditions like pH and temperature as well as volume of effluent,

− Energy efficiency in comparison to non-electrochemical approaches like incin-

eration due to applicability at room temperature and efficient design of reactors

to reduce power losses through inhomogeneous current distribution, voltage drop

and side reactions and

− Amenability to automation of the inherent process variables like electrode

potential and cell current.

Furthermore, EO holds some advantages over the other EAOPs, bein no requirement of

addition of chemicals or feeding of O2 (as in Fenton processes), no tendency to produce

secondary pollution and fewer accessories required (Mart́ınez-Huitle and Ferro, 2006).

Downsides to electrochemical approaches are high operation costs due to the high

energy consumption and expensive anode material, potential formation of recalcitrant

byproducts, limitations in the long term stability and activity of electrode material

and inherent procedural limitations. Latter generate mainly from the heterogeneous

nature of electrochemical processes, where the reactions take place at the interphase of

an electronic conductor (the electrode) and an ion conduction medium (the electrolyte).

Therefore, the rate of mass transfer of target compounds to the interphase and the size

of specific electrode area limit the performance of electrochemical processes (Jüttner

et al., 2000).

3.2. Electrochemical Oxidation

3.2.1. Fundamentals

Electrochemistry describes chemical reactions that involve electron transfer through

an outer conductor circuit. In consequence, one reaction partner is always given by

an electrode receiving or releasing electrons. That means, in electrochemistry not only

mass and energy balance need to be considered but also charges, i.e. electrical current
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flow. Inside the reactor, the charge is carried by ions in mostly liquid electrolytes.

The electrolyte also carries the reactants and products of the electrochemical reaction

and is furthermore where up- or downstream chemical reactions take place. Figure 3.1

illustrates a simple composition for an electrochemical reactor.

Figure 3.1.: Scheme of an electrochemical reactor (Anglada et al., 2009a).

Control variables for electrochemical cells are the potential, the current and the resis-

tance. When applying a current, charge is carried through the outer electrical circuit

by electrons and through the electrolyte by ions. The cell potential becomes a function

of the applied current.

The equilibrium potential is the potential that prevails when no current is applied to

the cell. By inducing a potential different from the equilibrium one, electrochemical re-

actions are commenced, forcing a transfer of charges between electrode and electrolyte.

The difference between the electrode potential when applying a current and the equi-

librium potential is called overpotential. It is defined by Equation 3.1. In order to

promote oxidation processes, the cell potential needs to be higher than the equilibrium

potential:

η = ϕ− ϕ0 (3.1)

where:

η = overpotential

ϕ = applied potential

ϕ0 = equilibrium potential

When applying a positive overpotential, the anode absorbs electrons from the reactants

(Red) present in the electrolyte, oxidizing them according to Equation 3.2:

Red −−→ Ox + ne− (3.2)
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where:

Red,Ox = ions or neutral compounds

n = number of transferred electrons per reactive particle

In electrochemistry, the current flow through the electrodes is expressed as current

density, referring it to the electrode area:

i =
I

A
(3.3)

where:

i = current density [Acm−1]

I = applied current [A]

A = electrode area [cm]

Whenever an electrode is immersed in an electrolyte, a boundary layer builds up. In

this boundary layer electrochemical reactions take place. It is therefore also called

reaction layer. With an inevitable need for the involvement of two phases in electro-

chemistry (the solid electrodes and the aqueous electrolyte), electrochemical reactions

are inherently heterogeneous. Figure 3.2 depicts the physical-chemical processes that

can occur in the reaction layer during EO.

Red’ Red’ Red Red

Ox’ Ox’ Ox Ox

ne-

Electrode
Reaction

Layer
Electrolyte

adsorption

desorption

chemical

reaction

mass

transfer

electron transfer

adsorption

desorption

chemical

reaction

mass

transfer

Figure 3.2.: Possible physical-chemical processes in the boundary layer between elec-

trode and electrolyte during EO, modified after Schmidt (2003).
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In the course of EO treatment, the concentration of the target compound decreases in

the reaction layer. New molecules have to be transported from the inner of the elec-

trolyte towards the electrode surface constantly to keep the reaction ongoing. Mean-

while, the oxidized compounds have to be removed from the reaction layer. Two con-

trolling mechanisms can be distinguished for EO; the reaction rate, or more precisely

the electron transfer at the anode surface itself and the rate of transport of reactants

and products through the electrolyte.

The applied current dictates which of the two controlling regimes is effective in each

individual setup, as further described in Chapter 3.2.4.

3.2.2. Electrode Material

The electrode material is an important parameter in EO as different materials promote

different oxidation mechanisms leading to varying intermediates. The nature of elec-

trode material has a strong influence on the selectivity as well as the efficiency of the

EO process (Mart́ınez-Huitle et al., 2004). Main requirements for electrode materials

are high stability in the electrolysis medium, low cost and high activity toward organic

oxidation whereas the activity toward secondary reactions such as oxygen evolution

should be low (Panizza, 2010).

Previous studies showed that some anodes favor the partial and selective oxidation

of pollutants, while others favor complete combustion to CO2 (Comninellis, 1994).

On grounds of this observation, a model for the oxidation of organics at metal oxide

electrodes with simultaneous oxygen evolution was proposed, distinguishing between

so called active and non-active electrode materials. For both materials, the first step

is the discharge of water molecules, leading to the formation of adsorbed hydroxyl

radicals on the electrode surface (M), according to Eq. 3.4:

MOx + H2O −−→ MOx( •OH) + H+ + e− (3.4)

The further steps differ for active and non-active electrode materials:

1. Active electrodes

For these materials, higher oxidation states are available on the electrode surface,

leading a path to interactions of the adsorbed hydroxyl radicals with the anode.

Higher oxides may be formed on the anode surface according to Eq. 3.5:

MOx( •OH) −−→ MOx+1 + H+ + e− (3.5)

Subsequently, the surface redox couple MOx+1/MOx can act as mediator in the

selective oxidation of organics according to Eq. 3.6:

MOx+1 + R −−→ MOx + RO (3.6)
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2. Non-active electrodes

These materials do not promote the formation of higher oxides, but allow non-

selective oxidation of organics (R) via hydroxyl radicals, according to Eq. 3.7:

MOx( •OH) + R −−→ MOx + mCO2 + nH2O + H+ + e− (3.7)

These mechanisms may result in the complete combustion to CO2.

For both mechanisms, competitive side reactions can occur, such as oxygen evolu-

tion. However, in the EO mechanism on active electrodes, the hydroxyl radicals are

chemisorbed at the electrode surface whereas for non-active electrodes, they are ph-

ysisorbed. In consequence, the interaction with the electrode surface is stronger for

active electrodes. As a general rule, the electrochemical activity toward oxygen (O2)

evolution rises with the strength of interaction between hydroxyl radicals and anode

surface, while the chemical reactivity toward organics oxidation decreases. In conclu-

sion, higher potentials can be applied when working with non-active electrodes, without

facing a decrease in EO efficiency due to oxygen evolution. In addition, larger •OH
concentrations have been found to occur on non-active electrodes than on active ones

(Comninellis, 1994).

Table 3.1 shows the oxygen evolution potential for selected common anode materials.

Typical active anodes are irridium dioxide (IrO2), ruthemium dioxide (RuO2), platinum

(Pt) and other carbon based electrodes. Their potential for O2 evolution is usually

below 1.8 V/SHE.

Examples for non-active anode materials are lead dioxide (PbO2), tin dioxide (SnO2)

and BDD. With an O2 evolution potential between 2.2 and 2.6 V/SHE, the BDD anode

is the most potent non-active anode known and therefore enjoys great popularity in

the application of EAOPs (Moreira et al., 2017).

Table 3.1.: Potential for O2 evolution at common anode materials, modified after Mor-

eira et al. (2017).

Anode material Potential for O2 evolution (V/SHE)

RuO2 1.4-1.7

IrO2 1.5-1.8

Pt 1.6-1.9

Graphite 1.7

PbO2 1.8-2.0

SnO2 1.9-2.2

BDD 2.2-2.6
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3.2.2.1. Boron-Doped Diamond Anodes

BDD anodes consist of a boron-doped diamond film maintained on a silicon substrate.

Boron provides the required electrical conductivity (WaterDiam, 2015).

BDD anodes have widely been used for EO processes due to their outstanding qualities

such as stability up to high anodic potentials and high overpotential for oxygen evo-

lution. Furthermore, BDD electrodes have a high corrosion stability in strong acidic

media (Polcaro et al., 2003; Fernandes et al., 2015).

In comparison with other electrode materials, BDD anodes achieve high organic oxi-

dation rates and great current efficiencies (Anglada et al., 2009a). This is believed to

be mainly a result of the weak adsorption of hydroxyl radicals to the anode surface,

leading to high reactivity towards organics oxidation (Panizza and Martinez-Huitle,

2013).

Figure 3.3 shows the cyclic voltammogram of BDD electrodes compared to platinum

electrodes in 1 M sulfuric acid (H2SO4) solution. It can be seen that BDD electrodes

have a wide working window, which can range from -1.5 V in cathodic polarization to

3 V in anodic polarization. This range allows the operation at exceptionally high po-

tentials compared to other electrode materials, promoting the generation of a multitude

of active compounds that benefit the EO treatment (WaterDiam, 2015).

Figure 3.3.: Cyclic voltammograms for BDD and platinum electrodes in 1 M H2SO4

solution (Kapalka et al., 2010).

Due to their outstanding properties, BDD anodes have been used in many EO appli-

cations and shown effective for complete mineralization of several phenolic compounds
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(Sun et al., 2012; Rabaaoui et al., 2013; Rodrigo et al., 2001; Pereira et al., 2012; Muru-

gananthan et al., 2008), industrial wastewater from a fine chemicals plants (Cañizares

et al., 2006b), olive mill wastewaters (Chatzisymeon et al., 2009) and landfill leachate

(Cabeza et al., 2007a).

However, there are some downsides to the application of BDD electrodes for EO.

Apart from high material and manufacturing costs, the possible evolution of chlori-

nated byproducts is a major drawback. Reactive chlorine can be produced during EO

on BDD electrodes when treating chlorine containing waters. While active chlorine

enhances organic matter removal, it can also form organochlorine intermediates, such

as trihalomethanes (THM). These compounds are resistant towards further oxidation

and some are toxic (Wu et al., 2016).

3.2.3. Direct and Indirect Oxidation

Two pathways for EO of organics have been reported and are schematized in Figure

3.4:

1. direct oxidation, where the electron transfer takes place directly at the elec-

trode surface, through adsorption of reactants and intermediates. Oxidation is

promoted by hydroxyl radicals forming at the anode surface. No other compounds

are involved in this oxidation mechanism (Mart́ınez-Huitle and Panizza, 2018).

The two steps required for direct oxidation are diffusion of pollutant from the

bulk solution to the electrode surface and subsequently their oxidation. Direct

oxidation can again succeed via two different pathways (Anglada et al., 2009a):

− electrochemical conversion, which only partially oxidizes organic com-

pounds:

R −−→ RO + e− (3.8)

− electrochemical combustion, where organic compounds are transformed

into water, carbon dioxide and other inorganic substances:

R −−→ CO2 + H2O + Salts + e− (3.9)

2. indirect oxidation, where electroactive compounds such as chlorine/hypochlorite

and persulfate are generated at the electrode surface and function as mediators

for the electron transfer from the anode to the target compounds. For indirect

oxidation, the main reaction stages occur in the solution bulk rather than directly

at the anode surface. Therefore, electrode fouling is avoided by this mechanism

(Mart́ınez-Huitle and Panizza, 2018). The indirect oxidation mechanism plays an

important role in EO of landfill leachate, most commonly mediated by chlorine,

which forms strong oxidants and is a ubiquitous compound in wastewater (Deng

and Englehardt, 2007).
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Figure 3.4.: Schematic description of EO via (a) direct and (b) indirect pathways

(Anglada et al., 2009a).

3.2.4. Limiting Current Density

The limiting current density (ilim) defines the intensity at which the rate of electron

transfer at the anode equals the diffusion rate of organics into the boundary layer.

At this current, all molecules reaching the anode surface are theoretically oxidized

immediately. The concentration of elements carrying electrical charges is near zero

at the anode surface and the current efficiency is 100 %. The current density does

not rise any more when increasing the overpotential. According to previous studies

((Rodrigo et al., 2001), (Panizza et al., 2001b), (Panizza et al., 2001a)), two regimes

can be distinguished based on the applied current (schematized in Figure 3.5):

1. i < ilim
With the applied current being lower than the limiting one, the electrolysis is

under current control. The charge transfer from electrode to active compounds

in the electrolyte is the rate-determining step. The transport of active compounds

to the boundary layer has no influence on the voltage-current-behavior (Schmidt,

2003). Working with a current below the limiting one, the instantaneous current

efficiency is close to 100 %. The degradation of organic matter proceeds linearly

with time and intermediates are formed (Panizza et al., 2008).

2. i > ilim
When working with a current higher than the limiting one, the transport of active

compounds and charge carriers to the electrode, e.g. to the electrode/electrolyte

interphase, is the rate-determining step. The electrolysis is under mass transfer

control. In this case, the current density is determined by the particle current

density of the particles to be oxidized. ilim does not accelerate with further in-

crease of the over-potential anymore (Schmidt, 2003). The instantaneous current



22 Theoretical Background

efficiency sinks under 100 % because secondary reactions such as oxygen evolu-

tion start to arise. The organics degradation follows an exponential trend. A

complete combustion of organic matter to CO2 can be achieved (Panizza et al.,

2008).

Figure 3.5.: Course of ilim over time during EO at a constant operating current. The

vertical dashed line indicates the transition between the two operating

regimes, from current control to mass transfer control (Panizza et al.,

2008).

As ilim depends on the concentration of target compounds in the effluent, its level sinks

in the course of the treatment and a shift in oxidation regimes can occur.

The limiting current density can be increased by two methods (for a given electrode

area and effluent volume):

1. Higher concentration of electrochemically active compounds

2. Higher mass transfer coefficient km

The first option is not desirable as it implies further addition of chemicals. In contrast,

increasing km is a feasible and realistic approach. km is correlated to the diffusion coeffi-

cient of electrochemically active substances and inversely proportional to the thickness

of the reaction layer. The diffusion coefficient, in turn, is correlated to the mobility

of compound in the electrolyte, which increases with temperature. However, km is

usually enhanced by minimizing the reaction layer. In order to do so, convective mass

transport is promoted by either stirring the electrolyte inside the reactor, letting the

electrolyte pass the electrodes or moving the electrodes themselves. km is further en-

hanced when the electrolyte flow through the electrodes is turbulent. When moving
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the electrolyte passed the electrodes at a defined flow rate, the conditions of convective

mass transport are known and can be described mathematically (Schmidt, 2003).

3.2.4.1. Empirical Determination of the Limiting Current Density

The limiting current density for a given setup can be calculated by implying a simple

mathematical model proposed by Kapalka et al. (2010), that links ilim directly to the

concentration of organic matter:

ilim = nFkmCorg (3.10)

where:

ilim = limiting current density [Am−2]

n = number of electrons exchanged during EO [-]

F = Faraday constant [C ·mol−1]

km = mass transfer coefficient [ms−1]

Corg = concentration of organics in solution [mol ·m−3]

Three assumptions underlie this model:

(1) Adsorption of the organic compound at the electrode surface can be neglected,

(2) The diffusion coefficient D is equal for all compounds,

(3) The electrochemical oxidation of organic compounds via BDD electrodes is a fast

reaction which is controlled by mass transport of organics to the electrode surface.

With mass transport assumed as main driver for the reaction, the chemical nature of

the organic reactants does not influence the oxidation rate and can be neglected.

In order to estimate the mass transfer coefficient, a set of dimensionless equations

is applied. They are derived from similitude theory and make use of experimentally

established constants and exponents. These equations include (Schmidt, 2003):

− Sherwood number Sh, that represents the ratio of mass transfer and diffusion

Sh =
k̄mdh
D

(3.11)

where:

k̄m = average mass transfer coefficient [ms−1]

dh = hydraulic diameter [m]

D = molecuar diffusivity of compounds [m2s−1]

The Sherwood number can also be calculated through the following universal

equation, fitting the parameter a, b and c to the particular case of application:
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Sh = K ·Rea · Scb · Γc (3.12)

where:

K = constant for flow conditions [-]

Re = Reynolds number [-]

Sc = Schmidts number [-]

Γ = geometric number [-]

When using Eq. 3.12 to calculate the Sherwood number, Eq. 3.11 can be applied

to calculate km.

The experimentally identified values for the fitting-parameters for turbulent flow

through plane-parallel electrodes are as followed: K = 0.023; a = 0.8; b = 0.33

and c = 1.

− Reynolds number Re, which is the ratio of inertial forces to viscous forces

within a fluid

Re =
ρ · dhyd ·Q
Aflow · µ

(3.13)

where:

ρ = density of the fluid [kg m−3]

dhyd = hydraulic diameter [m]

Q = flow rate [Lh−1]

Aflow = throughflow area [m2]

µ = dynamic viscosity of the fluid [m2s−1]

The flow-through area for a rectangular duct can be calculated with Eq. 3.14:

Aflow = bh (3.14)

where:

b = inner electrode gap [m]

h = electrode diameter [m]

With the electrodes being circular, their diameter can be calculated through their

area Ae = π(h/2)2.

The hydraulic diameter for a rectangular duct is calculated as follows:

dhyd =
4Aflow

P
=

4Aflow

2(h+ b)
=

2Aflow

h+ b
(3.15)
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where:

P = wetted perimeter [m]

If the width of the duct is significantly smaller than the height (b << h), b can

be erased from the denominator in Eq. 3.15.

− Schmidt number, defined as the ratio of momentum diffusivity (kinematic vis-

cosity) and mass diffusivity:

Sc =
ν

D
=

µ

ρ ·D
(3.16)

where:

ν = kinematic viscosity [m2s−1]

D = molecular diffusivity [m2s−1]

µ = dynamic viscosity [kg(m ∗ s)−1]

ρ = density of the fluid [kgm−3]

3.2.5. Experimental Determination of Mass Transfer Coefficient

km is a crucial factor for describing the macrokinetics in the reactor, as it determines

the maximum possible current density in the cell.

Apart from estimating km by a theoretical model, it can also be determined experimen-

tally by means of Linear Sweep Voltammetry (LSV). This method is known under the

name diffusion limiting current technique. Fixed current-voltage characteristics, also

called polarization curves, are generated under well-defined hydrodynamic conditions.

A fixed potential range is scanned from a lower to an upper voltage limit. A predefined

parameter, most commonly the concentration of electrochemically active compounds,

is varied. For each variation the corresponding polarization curve is measured by means

of a potentiostat. Typical plots of current versus applied potential at different con-

centrations are shown in Figure 3.6 on the left. They feature a plateau region which

indicates the limiting current. The characteristic plot results from the transition from

current control to mass transfer control, as described in Chapter 3.2.4. Starting at the

equilibrium potential, no current is measured. When increasing the voltage gradually,

a rising number of electrons are transferred from the reactants to the anode, leading

to a concomitant increase in current. When reaching the point where mass transfer

of reactants into the reaction layer equals the rate of electron transfer, the current

does not respond to further increase of potential anymore, as the current density is

at its maximum. Therefore, the polarization curves show a plateau region, indicating

the limiting current for each individual concentration of active compound. When the
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overpotential is high enough to induce oxygen evolution, the polarization curve rises

again.

The graph on the right side of Figure 3.6 shows the limiting current values as a function

of respective concentrations of active compound. A straight line is obtained. From the

slope, km is calculated according to Eq. 3.10 (Schmidt, 2003). Subsequently, km can

be engaged to calculate ilim for the landfill leachate, again with Eq. 3.10, applying the

respective organic concentration.

Figure 3.6.: Scheme of current-voltage characteristics obtained for different concen-

trations of electrochemically active compounds, modified after Schmidt

(2003).

This experiment also enables a quick check regarding the influence of various param-

eters, such as temperature and flow rate, on the mass transfer coefficient. A well

studied model reaction for determining km is the anodic oxidation of potassium fer-

rocyanide (K4Fe(CN)6) to potassium ferricyanide (K3Fe(CN)6) in sodium hydroxide

(Chatzisymeon et al., 2009), (Cañizares et al., 2006a).

3.3. Influencing Factors

In this work, the influence of three parameters on the performance of EO of landfill

leachate is investigated. These parameters are pH and temperature of the treated water

as well as the applied current. In the following, findings from previous studies on the

influence of the chosen factors are summarized.

− pH

Different aspects have to be considered when evaluating the influence of the

solution pH on oxidation efficiency.

First, it should be noted that the solution pH defines the oxidative power of the

hydroxyl radicals formed at the anode, according to the Nernst equation:
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E0( •OHaq/H2O) = 2.59− 0.059 pH (3.17)

where 2.59 V is the redox potential of •OHaq/H2O at pH 0 at standard condition.

It is easy to see that the oxidative power of •OH lowers with the rise of pH (Wu

et al., 2016).

Wu et al. (2016) found, that for EO of BPA, the difference in TOC removal ef-

ficiency for alkaline and acidic conditions is not as significant as it is for other

tested electrode materials. They attribute this observation to an improvement

of mass transfer at alkaline conditions due to ionization of BPA. With a disso-

ciation constant (pKa) between 9.6 and 10.2, deprotonation reactions take place

in strongly alkaline solution. Bisphenolate anions form and are drawn to the

anode surface by electric potential or attacked by mediators. This effect of mass

transfer enhancement at high pH offsets the higher oxidation power of •OH at

acidic conditions.

Second, the formation of carbonate (CO2−
3 ) and hydrocarbonate (HCO−

3 ) is pro-

moted by alkaline conditions. These species are known to be effective •OH scav-

engers and are likely to be present in landfill leachate (Anglada et al., 2011). They

are furthermore products of alkaline solution of CO2, which is a main product

of EO (Wu et al., 2016). It is favorable to work at acidic conditions, considering

that hydroxyl radicals are the main drivers for organic oxidation on BDD anodes.

Moreover, free chlorine, that forms at the anodes when chlorine-containing so-

lutions are oxidized, is more reactive when it is present as hypochlorous acid

(HOCl) rather than as its alkaline equivalent hypochlorine ions (OCl−) (Anglada

et al., 2011).

Anyhow, when revising existing literature with regard to the influence of solution

pH on EO, ambiguous findings have been published.

Cañizares et al. (2004, 2005) studied EO of 4-nitrophenol and several phenolic

aqueous wastes on BDD electrodes. They report higher removal efficiencies when

working at acidic pH. This observation is ascribed to a higher extend of polymer-

ization and enhanced formation of organic intermediates at alkaline conditions.

Fernandes et al. (2015) state that EO efficiency for landfill leachate at Pt/Ti

electrodes rises with increasing pH, with the highest applied pH being 9. One

benefit from operating at alkaline pH is that nitrogen is likely to be transformed

into nitrogen gas whereas at low pH organic and ammonium nitrogen is oxidized

to nitrates. Furthermore, it is reported that acidic conditions favor the forma-

tion of chloramines. With more byproducts being formed, the specific energy

consumption was found to be higher at low pH.

Murugananthan et al. (2008) studied the oxidation of BPA on BDD anodes and

report that the removal rate of BPA and TOC increases with pH. At pH 10, BPA
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was removed completely after three hours of electrolysis whereas at pH 2 and 6,

it took five hours to eliminate BPA; applying the same current, temperature and

initial BPA concentration. They explain the higher removal efficiency at pH 10

with the fact that BPA exists predominantly in its ionized form in this regime,

as mentioned above. It is further argued that an electrolysis at strongly acidic

pH is less efficient in TOC removal due to neutralization of •OH by H+.

− Temperature

The influence of temperature on EO has not been of major interest in past stud-

ies. Literature research shows that in most studies on EO treatment of wastewa-

ter temperatures around 20 ◦C were employed (Mart́ınez-Huitle and Ferro, 2006;

de Oliveira Campos, 2018; Cabeza et al., 2007b; Urtiaga et al., 2009; Muruganan-

than et al., 2008). One of the perks of EO treatment is its applicability at a wide

range of temperature. In electrochemisty, working at ambient temperature is

desired to reduce energy consumption and consequently operation costs.

However, a rise in temperature is believed to have a positive impact on removal

efficiency. Sahiri (1995) reported that an increase in temperature is associated

with enhanced mobility of chemical compounds, which is concomitant to a rise

in the diffusion coefficient. Cañizares et al. (2006b) studied the influence of tem-

perature on removal efficiency in the EO of effluent from a fine chemicals plant,

employing temperatures of 25◦C, 40◦C and 60◦C. They found that the removal

efficiency increased with temperature but argue that the temperature does not

have a major affect on direct oxidation processes, as the diffusion coefficient is not

expected to be greatly modified in the range of temperature studied. They do,

howsoever, imply that the rate of indirect oxidation by electrogenerated reagents

is significantly improved by temperature. Anglada et al. (2010a) studied EO of

landfill leachate at laboratory scale, operating at 10◦C, 20◦C and 40◦C. They

report that the mass transfer coefficient enhances with temperature and ascribed

this finding to enhancement of diffusivity.

Moreira et al. (2015) did extensive studies on the application of EAOPs for the

treatment of landfill leachate and suggest an optimal working temperature of 20
◦C for the EO on BDD anodes. de Oliveira Campos (2018) reported a removal

of more than 97 % of organic matter from petrochemical effluent in a pre-pilot

reactor operating at 25◦C using BDD anodes.

No literature was found on the application of EO for landfill leachate at a tem-

perature as low as 4 ◦C, as intended in this work.

− Applied Current

The current density is a parameter often discussed in studies about EO, because

it determines the reaction rate and the current efficiency for a given setup. There-

fore, this variable has been modified in most works investigating on influencing



3.4 Response Factors 29

parameters for EO. As a general rule, the oxidation rate rises with the applied

current, but the current efficiency decreases (when operating under mass transfer

control). The higher the current density, the faster the electron transfer from the

anode to the compounds in the solution, but the higher the side reactions like

oxygen evolution. In electrochemistry, the goal is to work close to the limiting

current as, in this range the best ratio of organics removal and current efficiency

is yielded (Schmidt, 2003).

3.4. Response Factors

To monitor the chemical reactions proceeding during EO of landfill leachate, a group

of parameters is measured. Those factors and their importance for wastewater and its

electrochemical treatment are introduced in the following.

− Total Organic Carbon

The total organic carbon (TOC) is a common bulk parameter to measure the

overall pollution of drinking, surface and wastewaters. It indicates the concen-

tration of the totality of organic compounds present in a sample. In order to

identify the TOC of a sample, the organic substance is oxidized to CO2 through

incineration or wet-chemically by oxidizing agents. The released CO2 is measured

and determines the overall organic load in the sample (Koppe and Stozek, 1990).

− Chemical Oxygen Demand

The Chemical Oxygen Demand (COD), likewise the TOC, is a bulk parameter

widely used for estimating organic concentrations in waters. The information

given by COD measurement is the amount of O2 needed to completely oxidize

organic compounds in the sample to CO2 and H2O. Strong oxidizing agent are

used to oxidize organic compounds present in a sample. As the TOC does not

deliver information on the oxidizablitity of detected carbons and the amount of

needed oxygen to reduce them, the ratio of COD to TOC gives valuable insights

on the nature of organic compounds in the analyzed sample (e.g. on the pres-

ence of alcohols, proteins, etc.). Therefore, a shift in COD/TOC ratio can reveal

ongoing chemical processes during wastewater treatment. Some inorganic com-

pounds, like NO−
2 , are included in the COD and interfere with the measurement

of organics concentration (Gujer, 2007).

− Ammonium

Ammonium (NH4) is a ubiquitous compound of wastewater. It leads to oxygen

depletion in water bodies due to microbial processes that induce its oxidation

to nitrate and nitrite. Therefore, NH4 should be removed before discharging

wastewater. The chemical equilibrium between ammonium and ammonia (NH3)

is a function of pH:
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NH4
+ ←−→ NH3 + H+ (3.18)

If the pH exceed a value of approximately 9.3, NH3 concentration exceeds NH4

concentration. NH3 is gaseous and is highly toxic to fish.

Organic nitrogen, that prevails in its reduced forms, is transformed mainly to

NH4 during the removal of organic substances. Nitrogen compounds can be

converted to elementary nitrogen, which is gaseous and consequently leaks into

the atmosphere (Gujer, 2007).

− Nitrate

Nitrate (NO3) is the highest oxidized form of nitrogen. In the presence of O2,

nitrogen is accumulated as NO3. In the course of oxidation, NO−
2 is an interme-

diate. Alike NH3, NO
−
2 is toxic to fish and should be removed before releasing

effluents into water bodies (Gujer, 2007).

− Free Chlorine

Chlorides are a common substance found in wastewater. Because of their ubiq-

uitous appearance and the strong oxidizing properties of active chlorine, it is

widely employed for EO of wastewater. Active chlorine can be produced anodi-

cally forming gaseous chlorine, hypochlorous acid or hypochlorite ions, according

to Eq. 3.19 - 3.21 (Mart́ınez-Huitle and Panizza, 2018):

2 Cl− −−→ Cl2 + e− (3.19)

Cl2 + H2O −−→ HOCl + e− + Cl− (3.20)

HOCl −−→ H+ + OCl− (3.21)

Apart from enhancing the EO of organic compounds, active chlorine has been

found to trigger ammonium oxidation (Cabeza et al., 2007b). However, EO

through active chlorine can lead to the formation of chlorinated byproducts. In

fact, several sources agree on that especially when treating chloride-containing

effluents on BDD anodes, the formation of perchlorate (ClO4) and chlorinated

organic compounds is promoted (Anglada et al., 2011; Li and Ni, 2012; Donaghue

and Chaplin, 2013). This is a problematic finding, as ClO4 features a resistance

to further oxidation and its consumption poses several health risks such as car-

cinogen potential (Urbansky and Schock, 1999; Urbansky, 2002).

Murugananthan et al. (2008) studied the influence of different supporting elec-

trolytes for EO of BPA on BDD anodes and report that, when using Na2SO4

and NaNO3 as supporting electrolyte, the organics removal efficiency is signifi-

cantly higher than when using NaCl. The comparably poor performance of NaCl

was attributed to formation of chlorinated organic byproducts which are more

resistant to further oxidation.
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In this chapter chemicals, instruments and methods applied in the experiments and

analyses carried out in the frame of this study are specified. Test records are given

for the conducted experiments. The landfill leachate referred to in this work was

collected at SHMIL Åremma Landfill in Mosj�oen, Norway. The experiments were

carried out in the Drinking Water Laboratory and in the Water Analysis Laboratory at

the Department for Civil and Environmental Engineering of the Norwegian University

of Science and Technology (NTNU).

4.1. Sampling and Storing of Landfill Leachate

The landfill leachate was collected in October 2018 from the municipal landfill site

SHMIL Åremma. The raw leachate was initially treated on-site by a physical-chemical

process, as described in Chapter 2.3.1. Around 600 L of pre-treated leachate were

bottled in a 1 m3 plastic container and transported to the laboratory facilities in

Trondheim. At the Department of Civil and Environmental Engineering at NTNU, the

leachate was bottled in 10 and 20 L plastic containers and stored in a cooling chamber at

2 to 4 ◦C, for stabilization. Before feeding leachate samples from the containers into the

tank of the EO reactor, the containers stirred to homogenize compound concentrations.

4.2. Electrochemical Reactor

Experiments are conducted in a DiaClean R© single-compartment electrolytic flow-cell

manufactured by WaterDiam Sarl in Switzerland. The DiaClean R© unit is embedded

in a treatment plant, that connects the cell to a leachate feed tank and a power supply,

as can be seen in Figure 4.1. The respective flux scheme is given in Figure 4.2.
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Figure 4.1.: Treatment Plant, with (1) feed tank, (2) power supply for pump, (3) cen-

trifugal pump, (4) flow-meter, (5) filter, (6) electrolytic flow-cell, (7) tank-

outlet, (8) sample port and (9) power supply for electrolytic cell.

Figure 4.2.: Flux scheme of the treatment plant (WaterDiam, 2015).

In the following, the individual components of the treatment plant are further specified.

The numeration refers to the labels given in Figure 4.1:

(1) Feed Tank

The feed tank enables the storage of up to 20 L of fluid. The tank material is polypropy-
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lene (PP), which is inert and thus does not interact with the fluid. A lid can be put on

the tank, which has a hole in it to permit the evacuation of gases produced during the

electrolysis, measurement of the solution temperature and pH and their maintenance

within the treatable range (below 35 ◦C). An outlet permits effluent transportation to

the electrolytic cell via the centrifugal pump. After passing the cell, the leachate is

carried back into the tank. A draining valve (7) is located at the bottom of the tank,

to enable the discharge of the effluent into a container.

(2) Power Supply for the Pump

The power supply provides the pump with 25 A and 230 V. If the flow-rate sinks below

a minimum value, the pump is emergency-stopped to prevent dry working of the system.

(3) Centrifugal Pump

To enable the recirculation of the batch feed, a vertical multi-level centrifugal pump is

applied. The pump model KVC 20/50 M provided by DAB Pumps Germany GmbH

is used. The maximal pump rate is 4800 L/h and the pumping head is 27.4 m.

(4) Flow-meter

The flow-meter is installed between the pump and the electrolytic cell, to control the

flow rate. Inside the plexiglass cylinder floats a metallic cone that indicates the flow

rate on a scale from 100 to 1000 L/h. A low level sensor defines the minimum level

for the flow rate and cuts the power supply when the feed stream drops to this threshold.

(5) Filter

Before entering the DiaClean R© unit, the solution is transmitted through a filter that

retains particles bigger than 50 µm to prevent the hydraulic canals in the compartment

from getting blocked.

(6) Electrolytic Cell

The DiaClean R© single-compartment electrolytic flow-cell consists of two circular elec-

trodes. BDD on silicon is the material used for both electrodes. The electrodes are

manufactured by NeoCoat SA. The area of each electrode is 70 cm2. The electrode gap

is 1 mm. The silicon support has a thickness of 2 mm and a resistivity of 100 mΩcm.

The BDD film is 2 to 3 µm thick and contains a boron concentration of 500 to 1000

ppm. The cell is crossed by an electric stream as well as an hydraulic stream. The

connection to the poles of the power supply defines which electrode is used as a cathode

and which as an anode. Switching the cable connections, e.g. for each experimental

run, provides for equal erosion. The hydraulic stream enters at the bottom of the cell

through an O-ring. It then proceeds vertically through the cell and exits at the top.

The vertical upstream flow enhances the evacuation of produced gases.

To preserve their functionality, all parts of the cell that get in contact with the effluent

are kept in polypropylene or elastomer (Viton).
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(7), (8) Valves

Valve (7) is used to open the drain of the tank and release the effluent. Valve (8) can

be operated to take samples. It is located between the filter and the electrolytic cell.

Another sampling port can be found between filter and pump. In the same location, a

valve with an orange handle (see Figure 4.1) can be manipulated to adjust the flow rate.

(9) Power Supply for the Electrolytic Cell

Two different DC power supplies are used for the EO experiments. The DiaClean R©

PS-1000 works in a range from 0.6 to 20 A. The ES 0300 by Delta Elektronika is used

for small current values up to 450 mA. The power supplies deliver a continuous current,

that is specified by the user. The voltage is floating and fitted to the current value.

The maximum potential for the electrolytic cell is 12 V. For the DiaClean R© PS-1000, a

reversal mode can be chosen. When applying this mode, the polarity of the electrodes

is interchanged with a tunable frequency (5 - 70 min). Thereby, both electrodes are

fretted equally and their life cycle is extended. Similarly, when working with the ES

0300, the poles are interchanged after each experimental run.

Refrigerated Circulator

Continuous pumping of the effluent and electrochemical processes lead to fluctuations

in temperature. To cool the effluent down and keep the temperature constant during

the experimental runs, a spiral coil is immersed in the tank, circulating a refrigerating

fluid. For this use, the F25-ME Refrigerated/Heating Circulator by Julabo GmbH is

applied. A Pt100 External Sensor is immersed in the bath fluid, measuring the exter-

nal temperature of the effluent in the reactor. In accordance, the internal temperature

of the refrigerating fluid is adjusted to cool the effluent down to the desired working

temperature, i.e. to maintain the temperature constant. The refrigerating fluid (Ther-

mal H10 distributed by Julabo GmbH) can be cooled down to approx. -20 ◦C. For

optimization of the temperature control, a set of parameters can be adjusted to fit the

application at hand:

− Xpext describes in which approximation to the setpoint the cooling capacity is

reduced, so that the temperature reaches the setpoint slowly, without exceeding

it. The possible range for Xpext is 0.1 to 99.9. A level of 0.7 is applied in this

work.

− Tvext can be adjusted to minimize the transient time. If high overshooting of

the setpoint is observed, the Tvext level is too low. Excessive values for Tvext
manifest themselves in instabilities and oscillations. The possible range for Tvext
is 0 to 999. A level of 45 is chosen in this work.

− Tnext defines the reset time for a proportional regulation. An insufficient value

may cause instabilities, whereas excessive values prolongate the compensation
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process unnecessarily. The possible range for Tnext is 3 to 9999. A level of 720

is applied in this work.

Neoprene covers are installed around the tubes that connect the spiral coil to the Ju-

labo Refrigerating Circulator and around the tank to prevent heating effects through

interaction with the ambient air.

To cool the leachate down to 4 ◦C, an additional cooler is needed. In that case, the

C1G Refrigerated Immersion Cooler distributed by Grant Instruments Ltd is used.

The internal temperature is set to 0 ◦C. This device does not dispose of a sensor to

measure the effluent temperature. The temperature control is still performed by the

Julabo Refrigerated Circulator.

4.3. Chemicals and Measuring Instuments

In the following, all chemicals used in the experiments conducted in the frame of this

work are listed:

− Potassium indigotrisulfonate, by Sigma-Aldrich, CAS Number: 67627-18-3,

Empirical Formula: C16H7K3N2O11S3, Molecular Weight: 616.72 g/mol, Struc-

tural Formula: see Figure 4.3.

Figure 4.3.: Structural formula of potassium indigotrisulfonate (Sigma-Aldrich, 2019).

− Potassium hexacyanoferrate(II) trihydrate, by Sigma-Aldrich, CAS Num-

ber: 14459-95-1, Linear Formula: K4Fe(CN)6 · 3 H2O, Molecular Weight: 422.39

g/mol.

− Potassium hexacyanoferrate(III), by Sigma-Aldrich, CAS Number: 13746-

66-2, Linear Formula: K3Fe(CN)6, Molecular Weight: 329.24 g/mol.

− Sodium hydroxide, by Sigma-Aldrich, CAS Number: 1310-73-2, Linear For-

mula: NaOH, Molecular Weight: 40.00 g/mol.

− Sodium sulfate, by Sigma-Aldrich, CAS Number: 7757-82-6, Linear Formula:

Na2SO4, Molecular Weight: 142.04 g/mol.
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− ortho-Phosphoric acid, 85%, by Merck KGaA, Article Number: 100573.

− Milli-Q R© water, by Merck KGaA, purified water Type 1.

Table 4.1 contains a list of all measuring instruments that are used in the analysis

of experiments conducted in the frame of this study and that are not already specified

elsewhere.

Table 4.1.: Measuring instruments.

Type of Device Manufacturer Model

UV/Vis Spectrophotometer PerkinElmer Lambda 650

Total Organic Carbon Analyzer TeleDyne Tekmar Apollo 9000

Potentiostat Gamry Instruments Reference 600

Portable Spectrophotometer Hach-Lange GmbH DR1900

pH and ORP Meter Hach-Lange GmbH Sension+ PH 31 GLP

Microprocessor Conductivity Meter WTW LF 537

Analytical Balance Sartorius AG A200S

For determining the concentrations of follow-up parameters during the EO treatment,

a set of cuvette-tests provided by Hach-Lange GmbH are employed. They are spec-

ified in the following:

− COD

COD concentrations are analyzed with the Cuvette-Test LCK 314. It is appli-

cable in a working range of 15 to 150 mg/L O2. Potassium dichromate is used

to oxidize organic compounds in the sample. The digestion solution contains

sulfuric acid and mercuric sulfate. A sample volume of 2 mL is needed for the

analysis. The sample is heated to 149 ◦C for 2 hours in the LT200 Thermostat

by Hach-Lange GmbH, then cooled at room temperature for one hour. The ab-

sorbance is measured at a wavelength of 694 nm. The cuvettes are stored at room

temperature (Hach Lange GmbH, 2014).

− NH4-N

For the determination of NH4-N concentration, Cuvette-Test LCK 303 is used.

It is applicable in a working range of 2.0 to 47.0 mg/L NH4-N. The colorimetric

analysis is based on the reaction of NH4-N with hypochlorite and salicylate ions

to indophenol blue at pH 12.6. Sodium nitroprusside is used as a catalyst. A

sample volume of 200 µL is needed for the analysis. The final absorbance is

reached after 15 minutes and can be determined photometrically at a wavelength

of 694 nm. The cuvettes are stored in a refrigerator at 2 to 8 ◦C (STEP Systems

GmbH, 2000; Hach Lange GmbH, 2019).
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− NO3-N

Cuvette-Test LCK 339 is applied to determine NO3-N concentrations. The work-

ing range of this test is 0.23 to 13.5 mg/L. The colorimetric analysis is based on

the reaction of NO3-N with 2.6-dimethylphenol to 4-nitro-2.6-dimethylphenol in

sulphuric and phosphoric acids. The product gives the solution a yellow color,

which is more intense at higher concentrations of NO3-N. A sample volume of

1 mL is needed for the analysis. The final absorbance is reached after 15 minutes

and can be determined photometrically at a wavelength of 370 nm. The cuvettes

are stored at room temperature (Hach Lange GmbH, 1995).

− Free Chlorine

The concentration of hypochlorous acid and hypochlorite is determined by means

of the USEPA DPD Method. The working range of this test is 0.1 to 8.00 mg/L

Cl2. An indicator powder containing N,N-diethyl-p-phenylenediamine (DPD) is

added to the sample. Free chlorine immediately reacts with DPD to form a pink

color, which is proportional to the chlorine concentration. The sample volume

needed for this analysis is 5 mL. Color intensity is measured using the POCKET

Colorimeter by Hach-Lange GmbH (Hach Lange GmbH, 2018). The first leachate

sample, taken at t = 0 min, is used for calibration.

4.4. Design of Experiments

To assess the significance of the tested influencing parameters for the EO process, a

design of experiments (DoE) is applied for statistical analysis. For that purpose, the

software Minitab 18 is used. A 23 (three influencing parameters with two values each)

full factorial design is performed to investigate on the effect of the independent vari-

ables pH, temperature and current. Each variables is ascribed a high and a low level,

which are specified in Table 4.2. Each experiment is repeated once, resulting in a total

of sixteen experiments required. The run order is randomized to reduce bias of the

results by uncontrolled interference. The results obtained are evaluated in terms of

concentrations of COD, TOC, NH4 −N and NO3 −N . Analyses involve the estima-

tion of average effect, main effects of each individual variable as well as their two and

higher order interaction effects based on a multiple linear regression model. Effects

that fall below the standard error are considered insignificant.

Table 4.2.: Independent variables of the 23 factorial design of experiments.

Level of Value pH Temperature (◦C) Current (mA)

- 5 4 110

+ 10 20 320

To visualize the significance of the different factors, a Pareto chart is generated. It
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shows the absolute values for the standardized effects in descending order. To stan-

dardize the effects, t-statistics are used with the underlying null hypothesis that the

effect is 0. The statistical significance of the tested factors is indicated by a reference

line, using a confidence level of 95 %. If the absolute value of a factor exceeds the level

indicated by the reference line, the factor can be considered as statistically significant

at a significance level of α = 0.05 . Subsequently, variation of this factor is associated

to changes in the response factors.

Residual plots are consulted to check the model and the underlying assumptions on

normality. Four different kinds of residual plots are generated by Minitab 18 (Minitab

Inc., 2017):

− The Normal Probability Plot verifies a normal distribution of the residuals

by displaying them against their expected values. The plot should approximately

follow a straight line.

− The Histogram shows the distribution of residuals for all observations and re-

veals skewed data and outliers.

− The Residual vs. Fits Plot is used to check the residuals for constant vari-

ance. The points should be randomly distributed on both sides of 0, without

recognizable patterns.

− The Residual vs. Order Plot is applied to ensure that the residuals are not

correlated with each other. Displaying the residuals in time order should not

show a trend or pattern; they should fall randomly around the center line.

4.5. Experimental Procedure

In this section, the procedure adopted during the three experimental series conducted

in the frame of this study are explained in detail.

4.5.1. Linear Sweep Voltammetry

To determine km for the hydraulics of the reactor, the diffusion limiting current tech-

nique as described in Chapter 3.2.5 is applied. Two settings for the flow rate are tested

and compared: 300 L/h and 600 L/h.

The redox couple K4Fe(CN)6/K3Fe(CN)6 is used and the oxidation of Fe2+ to Fe3+

at the anode is followed by potentiostatic measurements. 2:1 mixtures of K4Fe(CN)6
(as potassium hexacyanoferrate(II) trihydrate) and K3Fe(CN)6 (as potassium hexy-

cyanoferrate (III)) in different concentrations ranging from 4 to 24 mM K4Fe(CN)6 are

employed and polarization curves are recorded. The exact molecular concentrations

and corresponding masses of K4Fe(CN)6 and K3Fe(CN)6 are given in Table 4.3.
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Table 4.3.: Molecular concentrations and corresponding masses of K4Fe(CN)6 and

K3Fe(CN)6 for the LSV experiment.

Polarization Curve cK4Fe(CN)6 mK4Fe(CN)6 cK3Fe(CN)6 mK3Fe(CN)6

(mM) (g) (mM) (g)

1 4 22.100 2 9.876

2 8 44.201 4 19.752

3 12 66.301 6 29.628

4 16 88.402 8 39.504

5 24 132.602 12 59.256

The electrodes of the DiaClean R© electrolytic cell are connected to the correspondent

cell cables of the Reference 600 Potentiostat. One cell is defined as working electrode.

It is connected to the blue and the green cell cable. The other electrode functions

as reference/counter electrode and is connected to the red and the white cell cable.

Gamry software (Gamry Framework and Gamry Echem Analyst) is used to write the

correspondent scripts for recording the polarization curves and analyzing the data. A

scan rate of 100 mV/s and a scan interval from -0.5 to 3.5 V are applied.

NaOH is used as supporting electrolyte. 300 g NaOH pellets are diluted in 3 L of

Ultrapure Milli-Q R© water (Milli-Q). The reactor tank is filled with 12 L of Milli-Q and

the NaOH solution is added, summing up to 15 L 0.5 M NaOH solution in the tank. A

blank curve is recorded for cK4Fe(CN)6 = 0mM , for both Q = 300 L/h and Q = 600 L/h.

For each polarization curve, the correspondent weighted samples of K4Fe(CN)6 and

K3Fe(CN)6 are prepared. A flow rate of 300 L/h is adjusted and the weighted samples

for Polarization Curve 1 are added to the tank. When K4Fe(CN)6 and K3Fe(CN)6 are

dissolved, the polarization curve is recorded. Subsequently, the flow rate is adjusted

to 600 L/h and again a polarization curve is recorded. The second pair of weighted

samples is added and dissolved. The added masses of K4Fe(CN)6 and K3Fe(CN)6 cor-

respond to the mass difference needed for Polarization Curve 1 and Polarization Curve

2. Polarization Curve 2 is recorded for both flow rates. This procedure is repeated for

all polarization curves.

The current-voltage characteristics show a plateau region which indicates the limiting

current. The limiting current values for each polarization curve are applied as a func-

tion of the correspondent K4Fe(CN)6 concentrations. A straight line is obtained and

km is calculated from the slope.

When finishing the experimental run, the effluent is discharged through the outlet

valve. The filter is removed and rinsed; then build in again. To clean the reactor, 15 L

of Milli-Q are filled in the tank and recirculated for about 10 minutes. This procedure
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is repeated two times.

4.5.2. Electrochemical Oxidation Experiments with Potassium

Indigotrisulfonate

Preliminary experiments are conducted with potassium indigotrisulfonate (PI) as a

model organic substance. PI is a textile dye of deep blue color. Its concentration can

be tracked via absorbance measurement using UV-Vis spectrophotometry.

In a first set of experiments, the dye degradation in leachate is compared to the dye

degradation in 0.05 M Na2SO4 solution at a flow rate of 300 L/h. 15 L of effluent

(leachate or Na2SO4 solution) are spiked with 50 mg/L PI. Experiments are performed

at 100 mA and 7 A.

In a second set of experiments, the rate of dye degradation in leachate is analyzed for

different current intensities at 4 ◦C and 600 L/h. The leachate is spiked with 50 mg/L

PI.

To spike the effluent with PI, a solution of 750 mg PI in 0.5 L Milli-Q is prepared.

For the experiments in 0.05 M Na2SO4 solution, 14.5 L Milli-Q are filled in the reac-

tor tank and 106.53 g Na2SO4 are added. For the experiments in leachate, 14.5 L of

leachate are filled in the tank. The dye solution is added. The desired temperature

and flow rate are adjusted. pH and conductivity are measured continuously in the

reactor tank. Once the setpoint for temperature is reached, the first sample is taken

and the power is switched on immediately after sampling. The DiaClean R© PS-1000

power supply is used for I = 7A and I = 1 A. The polarity reversal function is enabled

to switch polarities of the electrodes every 30 minutes. The ES 0300 power supply is

used for I = 100 mA and I = 300 mA. The polarities of the electrodes are switched

for each run by switching the cable connections. Every 20 minutes, a sample volume

of approximately 10 mL is discharged from the sample port into a 20 mL beaker glass.

5 mL are pipetted into a glass tube containing thiosulfate as inhibitor to stabilize the

sample. The remaining sample volume is loaded back into the tank. pH, temperature,

potential and conductivity for every time step are noted down in a test protocol. The

test protocols can be found in the supplementary material.

After the experiments, the reactor is cleaned as described in Chapter 4.5.1.

The samples are diluted 1:5 with Milli-Q, using 25 mL flasks. The dilution is needed

to degrade the dye concentration down to the linear range of absorbance measurement.

The Lambda 650 UV/Vis spectrophotometer is used to determine the absorbance of

the samples at a wavelength of 600 nm, which is the absorbance maximum of PI. The

measurement is started with the last taken sample which has the lowest dye concentra-

tion. In this way, interference through carry-over of concentrations from one sample to
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the next is minimized. The silica glass cuvette is rinsed three times with Milli-Q after

each measurement.

Calibration curves are prepared to find the linear correlation between absorbance and

dye concentration. Standards with concentrations from 0.1 to 10 mg/L PI are em-

ployed. Blank samples are taken, measuring the absorbance of effluent without PI

added. The calibration curves are given in Figure 4.4. The correspondent data is given

in Table 4.4.

(a) Calibration Curve in Milli-Q (b) Calibration Curve in Leachate

Figure 4.4.: Calibration curves for the determination of PI concentrations through ab-

sorbance measurements in (a) Milli-Q and (b) leachate.

Table 4.4.: Standard concentrations of PI and corresponding absorbance (Abs) at

λ = 600 nm.

CPI (mg/L) 0 0.1 0.5 1.0 2.5 5.0 10.0

AbsMilli−Q 0.0004 0.0127 0.0730 0.1428 0.3682 0.7588 1.5013

AbsLeachate 0.0003 - 0.0352 0.1436 0.3736 0.7224 1.4041

The equations for the linear trendlines given in Figure 4.4 are inversed to obtain the

PI concentration as a function of the absorbance:

cPI,Milli-Q = 6.6357 · Abs+ 0.0192 (mg/L) (4.1)

cPI,Leachate = 7.0472 · Abs+ 0.0197 (mg/L) (4.2)

The concentration for samples in Na2SO4 solution is calculated by Eq. 4.1. Eq. 4.2

is applied to determine PI concentration in leachate. To evaluate the degradation effi-

ciency, normalized concentration profiles of PI are produced.

The correspondent rate constants (k) are calculated for the concentration profiles.

Curves with a constant slope are best described by zero order reaction kinetics. The
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linear trend suggests that no concentration term affects the rate of reaction. An expo-

nential trend, in contrast, suggests that k is directly proportional to the concentration

of the reactant ([A]). The reaction is described by first order kinetics. Table 4.5 sum-

marizes the rate laws needed to calculate the rate constant k for zero and first order

reactions (Upadhyay, 2006):

Table 4.5.: Rate laws for zero and first order chemical reactions (Upadhyay, 2006).

Reaction Order Rate Law Integrated Rate Law

Zero Order −d[A]/dt = k0 [A] = [A]0 − k0t
First Order −d[A]/dt = k1[A] [A] = [A]0 · e−k1t

The integrated rate law can be used to calculate k:

k0 = 1/t · ([A]0 − [A]) (4.3)

k1 = 1/t · ln([A]0/[A]) (4.4)

k is calculated for every time step t between two measurements and a final average is

built.

Additionally, a kinetic model previously proposed by Cabeza et al. (2007c) for the

removal of organic matter in landfill leachate on BDD anodes is applied to evaluate

its applicability to the study at hand. The model is described by Equation 4.5 and

assumes that the oxidation of organic matter takes place mainly at the electrode surface

and that the limiting step is the organics transfer from the electrolyte to the anode:

Corg = Corg,0 · exp[−(
A · km
V

)] · t, (4.5)

where A is the anode area and V is the treated volume.

As electric energy is the main consumable of EO processes, it is important to moni-

tor the energy consumption. A useful method is to illustrate the cumulative energy

consumption as a function of removal rates. This plot allows to compare current effi-

ciencies regarding elimination rates for different applied currents.

The electrical work (W) consumed in an electric circuit for moving charge against the

electric field forces at constant levels of current and voltage (U) can be expressed with

Eq. 4.6 (Schmidt, 2003):

∆W = U · I ·∆t (4.6)

The cumulative energy consumption is evaluated for every experimental run of this

series and presented as a function of the correspondent PI elimination.
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4.5.3. Electrochemical Oxidation of Landfill Leachate

To evaluate the influence of the factors pH, T and I on the efficiency of EO treatment of

real leadchate, a factorial design of experiments is established as described in Chapter

4.4. Each factor is assigned a low and a high level. For pH, the high level (approx.

pH 10) is given by the inherent pH of the pre-treated leachate. The low level (pH 5)

is suggested by literature (Anglada et al., 2011; Vlyssides, 2003)). For temperature,

the aim is to evaluate the treatability of the leachate at low levels, being 4 ◦C a good

average for leachate temperatures in winter. The high level of 20 ◦C is a common

setting in EO of landfill leachate (Cabeza et al., 2007b; Urtiaga et al., 2009; Anglada

et al., 2010b)) and is therefore chosen as a reference point. As for the applied current,

the aim is to have one value below and one value above the limiting current. The

high level of 320 mA corresponds to approximately 1.5 Ilim. The low level of 110 mA

corresponds to approximately 0.5 Ilim.

The run order is suggested by the Minitab 18 software and is based on a random dis-

tribution to minimize data bias. A list of the settings for each experiment and the run

order are given in Appendix B.

A fixed flow rate of 600 L/h is applied in all runs. The batch volume of leachate is

15 L. pH and conductivity are measured continuously throughout the experimental

runs. For those experiments where the effluent’s inherent pH is adjusted to acidic

conditions, the appropriate amount of 85 % ortho-Phosphoric acid is added. For those

experiments where the effluent is cooled down to 4 ◦C, the C1G Refrigerated Immer-

sion Cooler is applied. The experiment is initiated once the setpoints for T and pH

are reached. After the first sample is taken, the power supply ES 0300 is switched

on immediately and the time is taken. During the first hour, samples are taken every

20 minutes. Starting from minute 60, the sampling frequency is set to 30 minutes. The

last sample is taken after 240 minutes. A sample volume of approximately 100 mL is

discharged from the sample valve into a 200 mL beaker glass. pH, temperature and

conductivity are noted for every sample time. The cuvette-tests for determination of

NH4-N and NO3-N concentrations are prepared and the absorbance is measured after

15 minutes. The Portable Spectrophotometer DR1900 by Hach-Lange is used, which

is pre-programmed for determining the concentrations of Hach-Lange cuvette-tests.

The COD cuvette-test is prepared and disposed in the LT200 Thermostat, where it

is heated for 2 hours at 149 ◦C. The COD test is cooled down at room temperature

for another hour, after which the COD concentration is determined in the Spectropho-

tometer DR1900. Free chlorine is measured using indicator powder. The first sample

is used to calibrate the POCKET Colorimeter. 5 mL of sample are pipetted into the

dedicated cuvette, one sachet of indicator powder is added, the cuvette is closed and

shook for 20 seconds. The concentration of HOCl and OCl– is determined with the

colorimeter. 40mL-glasses for TOC measurement are filled with sample and acidified
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with ortho-phosphoric acid. The samples are given to the Water Analysis Laboratory

at the Department for Civil and Environmental Engineering, NTNU, where the TOC

concentrations are determined.

After each experimental run, filter and tank are rinsed as described in Chapter 4.5.1.

The cable connections of the power supply to the electrolytic cell are switched for each

run to erode both electrodes equally.

Protocols documenting the measured data for each of the 16 experimental runs are

attached in the supplementary material. The measured data is read into the Minitab 18

Software for statistical analysis. The corresponding Minitab file containing regression

models for all factors is likewise attached in the supplementary material.
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5.1. Limiting Current Density

Two methods are applied to determine the limiting current density for the given reactor

hydraulics; an empirical model and an experimental approach.

5.1.1. Empirical Determination of the Limiting Current Density

The model presented in Chapter 3.2.4.1 is implemented to estimate ilim for EO of or-

ganic compounds in SHMIL Åremma Landfill Leachate. The values for the parameters

used in Eq. 3.10 to 3.16 are given in Table 5.1. The molecular diffusivity needs to

be estimated, as it is not known for the landfill leachate. In this study, the molecular

diffusivity of BPA is employed, as it is an organic compound which has been detected

in the landfill leachate and is a target to EO. For Eq. 3.15 the width of the duct is

neglected because it is significantly smaller than the height.

Table 5.1.: Parameters used in Eq. 3.10 - 3.16 for empirical estimation of ilim.

Parameter Symbol Unit Value

Exchanged electrons n [-] 4

Concentration of organics in solution Corg mol ·m−3 1.51

Hydraulic diameter dhyd m 2 · 10−3

Molecular diffusivity of BPA DBPA m2s−1 5.89 · 10−10

Faraday constant F C ·mol−1 96485.33

Density of water ρ kg ·m−3 998.29

Flow rate Q L · h−1 600

Flow-through area Aflow m2 9.44 · 10−5

Electrode area Ae m2 0.007

Electrode diameter h m 9.44 · 10−2

Inner electrode gap b m 1 · 10−3

Dynamic viscosity of water µ kg(m · s)−1 1.002 · 10−3

Table 5.2 provides the results obtained through Eq. 3.10 to 3.13 and 3.16 when inserting

the values given in Table 5.1.
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Table 5.2.: Results obtained through Eq. 3.10 to 3.13 and 3.16

Parameter Symbol Equation Unit Value

Schmidt number Sc 3.16 - 1704

Reynolds number Re 3.13 - 3517

Sherwood number Sh 3.12 - 184.1

Mass transfer coefficient km 3.11 ms−1 5.42 · 10−5

Limiting current density ilim 3.10 Am−2 31.68

By multiplying the limiting current density with the electrode surface, the limiting

current is obtained:

Ilim = ilimAe = 0.222A

5.1.2. Experimental Determination of the Limiting Current Density

For the determination of km, the diffusion limiting current technique as described in

Chapter 3.2.5 and Chapter 4.5.1 is applied. The experiment is performed at two differ-

ent flow rates to evaluate the influence of the flow rate on the limiting current density.

At 300 L/h, the flow through the electrolytic cell is laminar (Re = 1758). The polar-

ization curves for this experiment can be seen in Figure 5.1. Applying a flow rate of 600

L/h, a turbulent flow (Re = 3517) arises in the cell. The corresponding polarization

curves are depicted in Figure 5.3. For the experiment at 600 L/h no curve is obtained

at a K4Fe(CN)6 concentration of 24mM .

For both flow rates, the plateau region can be observed approximately between 1.5

and 3 V. It was decided to select the current value at 2.5 V for each run to determine

the limiting current. Figures 5.2 and 5.4 show the limiting current plotted against the

corresponding concentration of K4Fe(CN)6 for 300 L/h and 600 L/h, respectively. In

both cases, a good linear fit can be observed and km is calculated from the slope. Ta-

ble 5.3 summarizes the values for the limiting current and the respective mass transfer

coefficient for each concentration of K4Fe(CN)6. The average km values are calculated

from the experimental data, resulting in an average km of 3.10 · 10−5 for a flow rate of

300 L/h and 5.26 · 10−5 for 600 L/h. ilim for the oxidation of organic matter in the

leachate is determined by applying k̄m and the initial COD concentration to Eq. 3.10,

resuling in:

ilim,300L/h = 18.13 A/m2

ilim,600L/h = 30.72 A/m2

ilim is multiplied by the anode area to obtain the limiting current of 127 mA for 300 L/h

and 215 mA for 600 L/h.
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Figure 5.1.: Polarization curves for different molar concentrations of potassium ferro-

cyanide at Q = 300 L/h.

Figure 5.2.: Limiting current as a function of potassium ferrocyanide concentration for

Q = 300 L/h.
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Figure 5.3.: Polarization curves for different molar concentrations of potassium ferro-

cyanide at Q = 600 L/h.

Figure 5.4.: Limiting current as a function of potassium ferrocyanide concentration for

Q = 600 L/h.
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Table 5.3.: Limiting current and mass transfer coefficient for different molar concen-

trations of potassium ferrocyanide.

cK4Fe(CN)6,n (mM) Ilim,n (mA) km,n (10−5· m/s)

300 L/h 600 L/h 300 L/h 600 L/h

4 89 146 3.29 5.4

8 172 288 3.18 5.33

12 248 426 3.06 5.26

16 326 544 3.02 5.03

24 479 - 2.96 -

k̄m 3.10 5.26

5.2. Electrochemical Oxidation of Potassium

Indigotrisulfonate

Figure 5.5 shows the normalized concentration profiles of PI degradation in Na2SO4

solution and in landfill leachate for the applied currents of (a) 100 mA and (b) 7A at

a flow rate of 300 L/h. The blue dots show the degradation curves in sodium sulfate

solution, likewise the gray dots in landfill leachate. Furthermore, the model predictions

obtained through the application of Equation 4.5 are compared to the experimental

data recorded in this study.

Both curves obtained at I = 100 mA are best fitted with zero order reaction kinetics.

The coefficients of determination (R2) for the respective extrapolated linear trends are

specified in Table 5.4, along with the values for k calculated according to Equation

4.3. The curves obtained at I = 7 A show first order reaction characteristics, therefore

Equation 4.4 was applied to calculate k. The respective values for k and R2 are likewise

listed in Table 5.4.

Figure 5.6 depicts the cumulative energy consumption for the performed experiments as

a function of PI elimination. In Na2SO4 solution, about 1.5 Wh of energy are consumed

during 4 hours of treatment at 100 mA, yielding a PI elimination of 24 %. In Leachate,

1.2 Wh are consumed, yielding 36 % of PI removal after 3 hours of oxidation.

At a current intensity of 7A, PI is degraded completely from the leachate after 2 hours

of treatment with a total energy consumption of approx. 180 Wh. For the same

treatment duration, PI elimination yields 49 % in Na2SO4 solution, consuming around

120 Wh of energy.
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(a) 100 mA (b) 7 A

Figure 5.5.: Normalized concentration profiles of PI degradation at 300 L/h in 0.05 M

Na2SO4 solution and in landfill leachate for (a) 100 mA and (b) 7A, com-

pared to the model assumption. The experiments in Na2SO4 solution are

run at a temperature of 20 ◦C, the experiments with landfill leachate at

4 ◦C.

(a) 100 mA (b) 7 A

Figure 5.6.: Cumulative energy consumption as a function of PI elimination at 300 L/h

in 0.05 M Na2SO4 solution and in landfill leachate for (a) 100 mA and (b)

7A. The experiments in Na2SO4 solution are run at a temperature of 20 ◦C,

the experiments with landfill leachate at 4 ◦C.
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Table 5.4.: Reaction constants and coefficients of determination for the degradation of

PI in Na2SO4 and in landfill leachate at 300 L/h.

I 100 mA 7 A

Na2SO4 Leachate Na2SO4 Leachate

k 1.60027·10−7 · M
min

2.25763 ·10−7 · M
min

0.00553 min−1 0.03211 min−1

R2 0.9896 0.9695 0.8891 0.9361

Figure 5.7 shows normalized concentration profiles for PI oxidation in landfill leachate

operating at 4 ◦C with a flow rate of 600 L/h for different applied currents. The curves

show a good fit for first order reaction kinetics. k was calculated according to Equation

4.4. The corresponding values as well as R2 for the extrapolated exponential curves

are listed in Table 5.5. It can be observed, that k enhances with the applied current.

Figure 5.8 shows the cumulative energy consumption as a function of PI removal for

the different applied currents. At 100 mA, 41 % of PI is eliminated after 200 minutes of

treatment, consuming close to 1.5 Wh. For both 300 mA and 1 A, complete elimination

of PI is achieved. The treatment duration is 3 hours at 300 mA, consuming around

4 Wh of energy. For I = 1A, 14 Wh are consumed during 2 hours of EO.

Figure 5.7.: Normalized concentration profiles of PI for EO in landfill leachate at 4 ◦C

and 600 L/h applying different currents.
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Figure 5.8.: Cumulative energy consumption as a function of PI elimination in landfill

leachate at 4 ◦C and 600 L/h for different currents.

Table 5.5.: Reaction constants and coefficients of determination for the degradation

of potassium indigotrisulfonate in landfill leachate at different currents for

Q=600L/h and T=4◦C.

I 100 mA 300 mA 1 A

k (min−1) 0.00239 0.02315 0.03017

R2 0.9957 0.9674 0.9857

5.3. Factorial Design Experiments

5.3.1. Statistical Analysis

The software Minitab 18 is used to analyze the statistical importance of the influencing

factors as described in Chapter 4.4. Pareto charts are generated to show the magni-

tude and importance of effects of the three factors pH, T and I. Residual plots are used

to check the model for normal distribution and validate underlying assumptions. In

Figure 5.9 and Figure 5.10, the Pareto chart and residual plots for the response factor

TOC are given. For the other response factors, the respective charts can be consulted

in Appendix C.

The red line in the Pareto chart for TOC removal indicates the minimum absolute value

for the standardized effects to be of significant importance, which is 2.447. The only

factor exceeding this threshold is the pH. The effects of temperature and current, as

well as all higher interactions of variables, are below the threshold value for significant

importance. Similarly, this can be concluded for COD and NH4-N.

NO3-N evolution is significantly influenced by pH, current and the interaction of pH
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and temperature in descending order.

Figure 5.9.: Pareto chart for TOC.

Figure 5.10.: Residual plots for TOC.

The normal probability plot approximately follows a straight line and therefore encour-

ages the assumption of normal distribution. The points lying away from the line imply

a distribution with outliers. The histogram displayed in Figure 5.10 similarly shows

the presence of some outliers, indicated by the two bars on the far left and far right

that show distance to the other bars. For all response factors, a similar pattern can be

seen in the histograms. Skewness, as indicated by a long tail in one direction, is not

suggested by the pattern. Again, this observation refers to all response factors. The
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residual vs. fits plot suggests constant variance of the residuals but again outlines the

existence of some outliers, indicated by data points lying far away from zero.

The residual vs. order plots show a random distribution around the center line for

all response factors and therefore confirm the independence of the residuals from one

another.

5.3.2. Evaluation of Response Factors

As the pH is the only influencing factor of statistical importance, the factorial design

experiments are interpreted by comparing the evolution of response factors at the dif-

ferent pH levels. Each experiment is replicated once. In Figures 5.11 to 5.18 mean

values of total degradation e.g. evolution of the response factors during the 4 hours of

EO treatment are depicted. The ratio of final and initial concentration is analyzed. The

error bars on each column indicate the degree of dispersion between the two equal runs.

Two additional experiments are performed to help interpret the results: One at pH 5,

T = 20 ◦C and I = 7 A and one at pH 10, T = 20 ◦C and I = 0 A. The experiment with

no current applied elucidates which effects may occur independently from the applied

current. The experiment at 7 A is performed to have evidence of the system behavior

when a current significantly higher than the estimated limiting current is applied.

Figures 5.11 and 5.12 show the extent of total TOC degradation during 4 hours of

oxidation at pH 5 and pH 10, respectively. For pH 5, the ratio of final and initial TOC

concentration ranges from 9 % to 13 % for the different settings. At I = 7 A the total

removal rate reaches 28 %.

At pH 10, the removal rate ranges from 3 % to 7 % for the different settings. Operating

the reactor without applying any current resulted in a TOC degradation of 6 %. Only

one setting from this series includes the averaged results of two runs. Three runs are

excluded from the evaluation because of strong oscillation in the measured values.



5.3 Factorial Design Experiments 55

Figure 5.11.: Total degradation of TOC at pH 5 for different settings of temperature

and current.

Figure 5.12.: Total degradation of TOC at pH 10 for different settings of temperature

and current.

Figures 5.13 and 5.14 show the rate of total COD degradation during 4 hours of ox-

idation at pH 5 and pH 10, respectively. For the setting pH = 10, T = 20 ◦C and

I = 110 mA, COD was only measured in the second run. Therefore, there is no error

bar on the respective column.

For operation at pH 5, COD removal ranges from 5 % at 4 ◦C and 110 mA to 11 %

at 20 ◦C and 110 mA. The variance in COD degradation for the different settings is

small, as well as the removal rate per se. The two experiments at 20 ◦C yield slightly
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higher removals as compared to the two experiments at 4 ◦C. The COD removal for

an applied current of 7 A is 42 %.

In contrast, the experiments run at pH 10 all show negative values for COD degrada-

tion, meaning that COD increases instead of being degraded. The two runs at 4 ◦C

and 320 mA show an especially high COD evolution of 14 % in average. The COD

upgrowth observed for the other settings moves in the small range from 4 % to 5 %.

When no current is applied, the COD evolution equally amounts to 5 %.

Figure 5.13.: Total degradation of COD at pH 5 for different settings of temperature

and current.

Figure 5.14.: Total degradation of COD at pH 10 for different settings of temperature

and current.
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Figures 5.15 and 5.16 show the rate of total NH4-N degradation during 4 hours of

oxidation at pH 5 and pH 10, respectively.

Figure 5.15.: Total degradation of ammonium at pH 5 for different settings of temper-

ature and current.

Figure 5.16.: Total degradation of ammonium at pH 10 for different settings of tem-

perature and current.

It can be observed that for pH 5 the value for NH4-N degradation is negative for all

settings, implying that NH4-N was generated rather than degraded. The mean values

range from 6 % NH4-N evolution for the two experiments at 4 ◦C to 9 % NH4-N
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evolution for the experiment at 20 ◦C and 320 mA. In contrast, when applying a

current of 7 A, a slight degradation of 3 % of NH4-N is achieved.

The experiments at pH 10 all yield a positive value for the percentage of degradation,

meaning that ammonium is actually removed. For operating at 4 ◦C, around 10 %

of NH4-N is eliminated. At 20 ◦C, average removal of over 20 % is achieved for both

applied currents. The run without applied current showed neither removal nor evolution

of NH4-N.

Figure 5.17.: Total evolution of nitrate during EO at pH 5 for different settings of

temperature and current.

Figure 5.18.: Total evolution of nitrate during EO at pH 10 for different settings of

temperature and current.
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Figures 5.17 and 5.18 show the total NO3-N evolution during 4 hours of oxidation at

pH 5 and pH 10, respectively. The results show that in all runs nitrate is generated.

The range of NO3-N evolution for the different settings is remarkably high, reaching

from 6 % at pH 5, T = 20 ◦C and I = 110 mA to 94 % at pH 10, T = 4 ◦C and

I = 320 mA. For operating the reactor without applying a current, NO3-N evolution

reaches 17 %. 54 % NO3-N is generated during the run at I = 7 A.

Normalized concentration profiles for the response factors TOC, COD, NH4-N and

NO3-N as well as the evolution of free chlorine concentration during the 4 hours of EO

treatment are depicted in 5.19 and 5.20. In contrast to the total degradation and evo-

lution which are presented above and only relate the final concentrations to the initial

ones, these graphs allow to discuss the transformation of parameters in the course of

time. For each factor, the run without applied current and the run at 7 A are compared

to each one run at 320 mA and 110 mA with the same settings for temperature and pH.

Figure 5.19 summarizes the concentration profiles for all factors at pH 10 and 20 ◦C

for no applied current, I= 320 mA and I = 110 mA. For TOC, no remarkable dif-

ference can be constituted for the three profiles. The values range around one with

only a slight decrease over treatment time. COD degradation similarly ranges around

one with even a slight increase in COD/COD0. For NH4-N, almost no transformation

can be seen in the course of EO when no current is applied. For the applied currents,

NH4-N concentration sinks gradually during the treatment with a slightly higher rate

at I = 32 mA as compared to I = 110 mA. NO3-N concentration rises slightly for the

experiment at 110 mA and more distinct for the experiment at 320 mA. In contrast,

when no current was applied, NO3-N concentration first increases scarcely but then

decreases in the second half of the experiment, especially during the last hour of the

run.

The last subfigure depicts the evolution of free chlorine concentration during the 4

hours of EO. The concentration ranges from 0 to 0.2 mg/L for 110 mA and for 0 A.

For 320 mA, free chlorine concentration shifts between 0 and 0.1 mg/L. No clear trend

can be observed for free chlorine evolution.

Figure 5.20 summarizes the concentration profiles for all factors at pH 5 and T = 20 ◦C

for I = 7A, I = 320 mA and I = 110 mA. The TOC profiles show a continuous decrease

in TOC concentration for all applied currents, with a slightly higher degradation rate

for 320 mA as compared to 110 mA. For 7A, TOC elimination is considerably faster

and best described by an exponential trend. The rate constant is calculated according

to Eq. 4.4, resulting in k = 0.00143 min−1.
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(a) TOC (b) COD

(c) NH4-N (d) NO3-N

(e) free chlorine

Figure 5.19.: Normalized concentration profiles for (a) TOC, (b) COD, (c) NH4-N, (d)

NO3-N and (e) free chlorine at pH 10 and 20 ◦C for different current

intensities and no applied current.
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(a) TOC (b) COD

(c) NH4-N (d) NO3-N

(e) free chlorine

Figure 5.20.: Normalized concentration profiles for (a) TOC, (b) COD, (c) NH4-N,

(d) NO3-N and (e) free chlorine at pH 5 and 20 ◦C for different current

intensities.

The normalized COD profiles are similar for 320 mA and 110 mA. A slight decrease in

the COD/COD0 ratio can be observed after approximately 90 minutes of treatment.

The profile at I = 7 A shows a significantly higher COD removal rate with a good

exponential fit. The correspondent rate constant is k = 0.00251 min−1.
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No clear trend can be seen for NH4-N concentration. The normalized concentration

ranges around one for all currents with a slight increase for 320 mA and 110 mA and

a slight decrease for 7 A.

NO3-N concentration shows an approximately continuous rise for I = 7 A. At lower

currents, no clear trend can be observed. However, all concentrations measured during

EO are higher than the initial one.

The concentration of free chlorine shifts between 0 and 0.1 mg/L for I = 320 mA and

between 0 and 0.2 mg/L for I = 110 mA. When applying a current of 7 A, a clear trend

in free chlorine evolution can be observed. The concentration rises to 1.2 mg/L after

2 hours and then drops to 0.9 mg/L at the end of the experiment.

As accelerating chlorine concentrations have been reported to promote the formation

of chlorinated byproducts, a random sample is taken and checked for trihalomethanes

(THMs). High-performance liquid chromatography (HPLC) is applied to detect THMs.

Samples were taken for I = 7 A and I = 320 mA at pH 5 and T = 20 ◦C. The cor-

responding chromatograms can be consulted in Appendix D. For I = 320 mA, no

significant evolution of THMs is observed. In contrast, for I = 7 A, trichlormethane,

bromodichlormethane and dibromochlormethane are detected in the leachate.

5.3.3. Energy Consumption

For the experimental run at 7 A, the cumulative energy consumption is presented as a

function of COD removal. The plot is compared to the cumulative energy consumption

for PI elimination at the same current intensity.

As can be seen, PI is eliminated completely with an energy consumption of 177.7 Wh.

The treatment duration is 2 hours. In contrast, COD is eliminated by 42 % during

4 hours of EO with a total energy consumption of 303.8 Wh.
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Figure 5.21.: Cumulative energy consumption as a function of COD and PI elimination

at 7 A and 20 ◦C. For COD elimination, the flow rate is 600 L/h and the

pH is 5. For PI elimination, the flow rate is 300 L/h and the pH is 10.





6. Discussion

In this chapter, the results reported in the previous chapter are discussed against the

theoretical background and findings reported from similar applications of EO for waste

water treatment presented throughout this thesis.

6.1. Preliminary Experiments

The first task for finding appropriate treatment settings was to identify the limiting

current density for the given reactor design. The mathematical model proposed by

Kapalka et al. (2010), introduced in Chapter 3.2.4.1, suggests a limiting current of

222 mA. This is in good agreement with the LSV experiments presented in chapter

5.1, that resulted in Ilim = 215 mA for Q = 600 L/h.

However, both methods have some limitations that need to be considered, being the

most fatal one that they are mainly based on the reactor hydraulics, neglecting the

molecular diffusivity and consequently the complex matrix of the landfill leachate. The

mathematical model makes use of various empirically established equations to estimate

km. These equations are built on assumptions and have a limited range of validity. In

consequence, their application arises some uncertainties. One of the assumptions is that

the molecular diffusivity, e.g. the diffusion coefficient (D), is equal for all compounds.

As the exact composition of the leachate is unknown, D had to be estimated. In this

work, the diffusion coefficient for BPA was employed, as BPA is a target compound

found in the leachate. However, its concentration in the leachate is low (8 µg/L) and

therefore, DBPA might not be representative for the overall diffusivity of the leachate.

Furthermore, the only transport mechanism taken into account with this model is dif-

fusion; migration and convection are neglected.

The experimental determination of km with LSV is a common method, that has proven

efficient in several papers published on EO of real waste waters (Chatzisymeon et al.,

2009; Cañizares et al., 2006a). It is more reliable than the purely empirical deter-

mination, because the actual oxidative behavior in the reactor is evaluated and no

assumptions are needed. On the other hand, the composition of the treated effluent is

not considered at all.

Both methods neglect the complex composition of landfill leachate and can therefore

only be seen as reference point.

Another series of preliminary experiments was conducted, wherein the degradation
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of a test substance (potassium indigotrisulfonate) during EO in the pilot plant was

recorded. The results are shown in Chapter 5.2. In the frame of this experimental

series, the overall performance of the setup was validated, the electrolyte qualities of

the leachate were tested against Na2SO4 as supporting electrolyte, the influence of the

flow rate was evaluated and different currents were applied in order to validate the

experimentally and mathematically obtained values for ilim.

Figure 5.5 shows the concentration profiles for indigo trisulfonate in landfill leachate

and in 0.05 M Na2SO4 solution for the applied currents of 100 mA and 7 A at a flow

rate of 300 L/h. For 100 mA, the reaction shows zero order characteristics. The re-

action constants are 1.60027·10−7M ·min−1 in Na2SO4 and 2.25763·10−7M ·min−1 in

leachate. For I = 7A, first order kinetics are applied, resulting in k = 0.00553 min−1 for

Na2SO4 and k = 0.03211 min−1 for leachate. As can be seen, for both applied currents,

the elimination rate is higher in the real leachate than in Na2SO4 solution, even though

the conductivity in Na2SO4 solution was about three times higher (8-10 mS/cm).

The faster degradation in leachate can be attributed to the presence of powerful oxi-

dizing species like chlorine, that promote the indirect EO pathway.

In Figure 5.6, the cumulative energy is shown as a function of PI removal. At 100 mA,

for the experiment in Na2SO4 solution 24 % PI elimination were achieved in 4 hours,

consuming 1.5 Wh. The degradation was 12 % higher in leachate, for only 3 hours of

treatment and nearly the same energy consumption.

At 7 A, PI was removed completely from the leachate after 2 hours. For the same

treatment time, only have of the PI was eliminated in Na2SO4 solution. The energy

consumption was 180 Wh and 120 Wh, respectively.

The plot suggests, that PI degradation in Na2SO4 solution at 7 A reaches a critical

value were the elimination does not accelerate any further with the consumed energy.

This can be attributed to competing chemical processes proceeding in the bulk solu-

tion.

It can be concluded, that the electrolyte properties of the leachate, like salinity and

consequently conductivity, allow a treatment via EO without the addition of further

electrolytes.

The model proposed by Cabeza et al. (2007c) for organic matter oxidation during land-

fill leachate on BDD anodes satisfactorily predicts the potassium indigotrisulfonate

degradation at I = 100 mA in Na2SO4 solution. At increased intensities, however, the

oxidation rate is higher than predicted by the model. This is ascribed to a change of

oxidation mechanism at high current densities, were indirect oxidation processes gain

more importance.

In order to evaluate the influence of the flow rate on the EO performance, LSV exper-

iments were conducted at 300 L/h and at 600 L/h. The mass transfer coefficient and

hence the limiting current density were enhanced significantly with the flow rate. For
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Q = 300 L/h, km is 3.10 ·10−5 and ilim is 127 mA. For Q = 600 /h, km is 5.26 · 10−5

and ilim is 215 mA. The higher mass transfer at 600 L/h can be ascribed to higher

turbulence. For 300 L/h the flow-through is laminar, whereas for 600 L/h it is tur-

bulent. With increased convective mass transport, the thickness of the reaction layer

decreases, which at its turn leads to a rise in km.

It was decided to work at a flow rate of 600 L/h, because a higher mass transfer is

concomitant to faster organics degradation.

Subsequently, a series of experiments was run to identify the elimination rate of potas-

sium indigotrisulfonate in real leachate at different current densities. This test aimed

at validating the transferability of the experimentally and mathematically estimated

values for ilim to EO in the leachate. Figure 5.7 shows the concentration profiles of

potassium indigotrisulfonate during electrochemical treatment in leachate, operating

at 4 ◦ C and 600 L/h, at different currents (100 mA, 300 mA and 1 A). As expected,

the elimination rate enhances with the current. All three curves are best fitted with

first order kinetics, resulting in k100mA = 0.00239 min−1, k300mA = 0.02315 min−1 and

k1A = 0.03017 min−1.

k300mA is about 10 times higher as compared to k100mA. In contrast, the ratio of k1A

and k300mA is 1.3. Therefore, a shift of the oxidation mechanism is concluded current

intensity range between 100 mA and 300 mA.

In Figure 5.8, the correspondent energy consumption for the three experiment is de-

picted as a function of PI elimination. At 100 mA, 41 % removal were achieved after

200 minutes, consuming a total of 1.5 Wh. At both 300 mA and 1 A, total PI degra-

dation was achieved. The treatment time was 3 hours at 300 mA and one hour less

at 1 A. However, the energy consumption accelerates between these two current levels.

At 300 mA, 4 Wh of energy were consumed, whereas energy consumption amounts to

14 Wh at 1 A. For 1 A, the ratio of energy consumption and removal rate rises quickly,

showing a weak energy efficiency. This is due to secondary reactions, like oxygen evo-

lution, arising at i >ilim.

The great jump in the oxidation rate and the rising rate of energy consumption between

100 mA and 300 mA suggest that ilim is settled in that range. However, according to

the theory presented in Chapter 3.2.4, the concentration profile is expected to follow a

linear trend for i < ilim, whereas in this case, for 100 mA an exponential trend is the

best fit. This deviance from the theory is believed to be a consequence of the complex

leachate matrix, complicating the prediction of its behavior during EO.

In conclusion, the findings of this experimental series suggest a limiting current level

between 100 mA and 300 mA, which is in good agreement with the estimation of ilim
discussed above. Therefore, it is assumed that the estimated ilim can be applied to the

EO of real leachate.
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6.2. Electrochemical Oxidation of Landfill Leachate

Chapter 5.3 includes the statistical analysis of the designed experiments and detailed

evaluations of the eight different settings tested. As the statistical analysis suggests

that pH is the main influencing factor for EO of landfill leachate under the given con-

ditions, the evaluation of the follow-up parameters concentrates on the comparison

between the two pH levels.

6.2.1. Electrochemical Oxidation at pH 10

For TOC degradation at pH 10, the ratio of final and initial concentration is depicted

in Figure 5.12 and concentration profiles at different currents are given in Figure 5.19.

The total degradation ranges from 3 % to 7 % and yields 6 % even for no applied

current. For three experimental runs of this series, the measured TOC values showed a

strong oscillating behavior. These runs were excluded from the evaluation. The error

bar for the repeated experiment indicates a high dispersion between the two runs. It

can be concludes, that for pH 10 the TOC reduction is too small to allow reliable

measurements.

The concentration profiles show no distinct trend for TOC degradation during the

treatment. The behavior is similar for the applied currents as compared to no applied

current. In conclusion, the electrochemical treatment cannot be found responsible for

TOC removal at pH 10 under the tested conditions.

In accordance with the findings from TOC removal, the total COD degradation (see

5.14) as well as the COD concentration profiles (see Figure 5.19) show no elimination of

organic matter for EO at pH 10. In fact, during all runs, COD increased. The extend of

COD evolution is similar for no current and for the two applied currents (4 - 5 % COD

evolution). The only exception are the experiments at 4 ◦ C and 320 mA, that yielded

an average COD evolution of 14 %. As the standard deviation is relatively high for all

settings, this exception is believed to be an outlier.

In other studies, similar behavior of COD during EO of landfill leachate (Anglada

et al., 2011) and olive mill wastewaters (Chatzisymeon et al., 2009) on BDD anodes

have been reported. Several explanations have been found for the increase in COD:

(1) oxidative polymerization of certain landfill leachate constituents like phenols, (2)

dissolution of unfiltered solids releasing organic matter in the liquid phase and (3)

interference of unreacted compounds with the COD test. Oxidative polymerization

of unreacted compounds can be rejected, because TOC measurement indicates that

organic matter oxidation is inhibited. Dissolution of solids promoted by the recircula-

tion during the treatment is a possible scenario. However, solubility of salts is higher

at lower pH (Kurzweil, 2015). In consequence, this effect would be more distinct at

pH 5. In contrast, a removal of TOC and COD concentration was observed at pH 5
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(see Figure 5.11). Moreover, this effect would also present itself in rising TOC con-

centrations at pH 10 and does not deliver an explanation to why COD increases while

TOC decreases.

Because of this discrepancy, interference of the COD test with inorganic compounds is

suspected. The interference of chloride is prevented by complex formation with mer-

curic sulfate during COD measurement. Other inorganic compounds that can cause

interference are ferrous ions, sulfides and nitrite (Gujer, 2007). As described in Chapter

2.3.1, FeCl3 is added as a coagulant during the pre-treatment of the leachate, leading

to the release of Fe2+ and Fe3+ ions. Most of the ions are flocculated, but a residual

concentrations of 0.23 mg/L Fe2+ and 0.62 mg/L Fe3+ were detected in the pre-treated

effluent. Fe2+ is easily oxidized in presence of abundant oxygen or other oxidizing

agents (Kurzweil, 2015). For pH 10, however, TOC and COD measurements suggest

that EO of organic matter is inhibited. Therefore, an explanation for the rise in COD

is release of Fe2+ during the treatment and its subsequent oxidization by the COD test,

resulting in an overestimation of organic matter concentration.

The presence of iron ions can furthermore give an explanation to the slight decrease

in TOC, that was observed for all runs at pH 10, including at I = 0 A. These ions

can build complexes with organic compounds, hence removing them from the leachate.

This hypothesis is supported by a moderate amount of orange precipitate found in

the filter and at the bottom of the tank after conducting experiments at pH 10. The

turbulence induced by the recirculation of leachate is believed to promote the release

of iron ions and subsequently the precipitation process. In addition, basic pH favors

the precipitation.

In conclusion, as a possible scenario, Fe2+ and Fe3+ build complexes with organic

matter, leading to organics precipitation, hence, elimination of TOC. Fe3+ has been

reported to strongly promote flocculation, while precipitation with Fe2+ is relatively

rare (Nierop et al., 2002). Released and unreacted Fe2+ interferes with the COD mea-

surement, leading to values above the initial one.

This explanation demands the assumption that the effect of released Fe2+ interfering

with the COD measurement superposes the effect of organic matter precipitation and

that Fe2+ oxidation via indirect processes is not significant.

Another possible cause for interference is the generation of NO2
– as intermediate of

NH4-N oxidation. NO2
– is instable and quickly oxidized to NO3

– . However, the rate of

ammonium oxidation recorded is relatively low, supporting the assumption of interme-

diates presence. NH3 is also an intermediate of NH4 oxidation. In general, dichromate,

the oxidizing agent used for COD determination, does not oxidize NH3 into NO2
– .

However, Kim (1989) found, that in the presence of free chlorine ions, NH3 can indeed

cause interference with COD analysis and that the interference increases with NH3

concentration.
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In order to identify the cause of interference in COD measurement, more data from

additional measurements are needed. First, a plausibility test of measured values by

dilution and/or stocking of samples is suggested. If plausibility is given, concentrations

of NO2
– , Fe2+, S2– and NH3 should be determined. When the cause of interference is

found, the COD test results can be adjusted accordingly.

The inhibition of organics oxidation at pH 10 is ascribed to the presence of CO2 in

form of carbonate and hydrocarbonate at alkaline pH. As described in Chapter 3.3,

CO2−
3 and HCO−

3 are effective •OH scavengers. Furthermore, according to the Nernst

equation (3.17), the oxidative power of •OH lowers with the rise of pH.

NH4-N concentration, conversely to COD, slightly decreases at pH 10. The total NH4-

N degradation at pH 10 is more pronounced for T = 20 ◦ C (23 - 25 %) than for

T = 4 ◦ C (8 - 14 %, see Figure 5.16). For I = 0 A no elimination is recorded. Hence,

the removal of NH4-N at 110 mA and 320 mA is attributed to electrochemically in-

duced oxidation processes. It is reported in literature, that organics removal is favored

by direct oxidation mechanisms while NH4-N removal is promoted through mediated

oxidation and that chlorine species are particularly effective for the indirect oxidation

of NH4-N (Anglada et al., 2011; Cabeza et al., 2007c; Fernandes et al., 2015). It was

already argued, that direct oxidation at pH 10 is inhibited due to the presence of •OH

scavengers. Therefore, indirect oxidation by chlorine prevails, resulting in decreasing

NH4-N concentrations. The observation, that temperature seems to enhance the re-

moval rate, supports this theory. Temperature has a greater affect on indirect oxidation

than on the direct mechanism (Schmidt, 2003).

In agreement with the oxidation of NH4-N, a rise in NO3-N is detected for pH 10.

Nitrate is the highest oxidized form of nitrogen and therefore expected to accumulate

during EO. When no current is applied, a decrease in NO3-N concentration is recorded

(see Figure 5.18). The ratio TOC240min/TOC0min suggests a total NO3-N degradation

of 17 % for I = 0 A. When looking at the correspondent normalized concentration

profile given in Figure 5.19, it can be seen that NO3-N concentration is nearly constant

during the first three hours of treatment, and only drops in the last hour.

NO3-N is the only response factor, that according to the statistical evaluation, is not

only influenced by pH, but also by current intensity and the interaction of pH and

temperature. NO3-N evolution is more pronounced at higher current intensities. This

is in line with the expectation, that EO accelerates with rising current density. How-

ever, enhanced oxidation through higher current densities would have an impact on all

response factors, not only on NO3-N.
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6.2.2. Electrochemical Oxidation at pH 5

The values for total TOC removal obtained for the experiments at pH 5 can be con-

sulted in Figure 5.11. They range between 9 % and 13 % and are holistically higher

than the respective values at pH 10. At 7 A, a total TOC removal of 28 % is recorded.

No experiment was run at pH 5 without applying a current, therefore, no random noise

can be applied to these results. Concentration profiles for TOC removal are shown in

Figure 5.20. They show, that TOC degraded continuously during the EO treatment.

The evaluation of COD degradation at pH 5 leads to a similar conclusion. Total COD

elimination varies between 5 % and 11 % for the different settings, as seen in Figure

5.13. The experiment at 7 A yields a considerably higher removal rate of 42 %.

From the decrease in TOC and COD, it can be concluded that at pH 5, EO leads to

organic matter elimination. However, the elimination rate is low.

The statistical analysis shows, that the applied current does not have a significant in-

fluence on elimination in the range of the two current levels tested. For the additional

experiment at 7 A, the removal rates are considerably higher and are well fitted with

an exponential trend, yielding kTOC = 0.00143 min−1 and kCOD = 0.00252 min−1.

Therefore, it is assumed, that the current has a significant influence on organic matter

removal when higher intensities are applied and/or when the gap between the tested

values is greater.

As can be derived from the rate constants at 7 A, TOC degrades faster as compared

to COD. Similar findings have been reported previously in literature and are explained

in terms of accumulation of resistant compounds as final products of the EO (Anglada

et al., 2009b; Cañizares et al., 2006b).

The normalized profiles of COD concentration (see Figure 5.20) show, that for both 110

mA and 320 mA COD degradation initiates after around 90 minutes of EO. Likewise,

for the correspondent NH4-N profiles obtained during the same experimental runs a

slight increase can be seen during the first hour of treatment, followed by a drop be-

tween minute 60 and 90. For the run at 320 mA, TOC was removed by 2 % during

the first 90 minutes of EO and degraded by another 12 % during the further course of

treatment. Therefore, a change in the oxidizing mechanism is assumed to occur after

approx. 60 to 90 minutes of treatment, enhancing the removal efficiency. Formation

of mediators, that induce indirect oxidation processes, is thought to be responsible for

this behavior.

NH4-N concentration, conversely to COD, slightly increases at pH 5. The total NH4-N

evolution is similar for all settings (6 - 9%, see Figure 5.15). Only for 7 A, a marginal

removal of 3 % can be observed. This is attributed to the fact, that at higher current

intensities, the extend of indirect oxidation increases and therefore NH4-N is oxidized.

According to the literature (Chiang et al., 1995; Deng and Englehardt, 2007), NH4-N
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removal is mainly driven by indirect oxidation mediated through in-site electrochem-

ically produced hypochlorite. The concentration profiles for free chlorine evolution at

pH 5 are depicted in Figure 5.20. As can be seen, free chlorine generation accelerates

during the run at 7 A, reaching a maximum of 1.2 mg/L, while at lower currents HOCl

and OCL−1 concentrations stay nearly constant at low levels (0 - 0.2 mg/L). In conse-

quence, the NH4-N removal observed at 7 A can be attributed to higher hypochlorite

availability and better kinetics at higher current densities.

However, at acidic pH a part of the chloride ions forms gaseous chlorine, which man-

ifests itself in a characteristic smell. It has been reported, that in order to efficiently

eliminate NH4-N and organic compounds at the same time, current densities signif-

icantly higher than ilim have to be applied (Fernandes et al., 2015; Anglada et al.,

2011) studied EO of landfill leachate on BDD anodes and found that NH4-N removal

was low during the first four hours of treatment and then accelerated. They explain

this behavior with the dominance of direct oxidation during the initial stages of EO.

Similarly, Cabeza et al. (2007c) observed that during EO of landfill leachate on BDD

anodes NH4-N removal accelerated when most of the COD had been degraded. As

COD is removed by only 42 % during the four hours of treatment at 7 A, the small

extend of NH4-N oxidation is in agreement with the cited literature.

Even though no removal of NH4-N was recorded, NO3-N was generated during all runs

(see Figure 5.17). NO3-N evolution ranged from 6 % to 29 % at 110 mA and 320 mA

and yielded 54 % at 7 A. In accordance with the observation that more NH4-N is

oxidized at alkaline conditions, NO3-N evolution is more pronounced at pH 10 as com-

pared to pH 5. Similarly to the findings for pH 10, NO3-N evolution accelerates with

increasing current intensity.

Further studies are needed to identify the cause for the rising NH4-N concentrations

and the contradictory evolution of NO3-N.

6.2.3. Evaluation of Influencing Factors

Applied Current

From the low removal rates for organic matter and ammonium obtained for EO at

110 mA and 320 mA it can be concluded, that the range of applied currents is too

low for an effective treatment of the leachate. The evaluation of experiments with

real leachate suggest that the experimentally determined km-value and hence the es-

timated ilim underrate the km of the leachate. The discrepancy can be attributed to

the fact, that the matrix (ferro/ferri-cyanide) employed to determine the coefficient is

substantially different from the actual leachate. To evaluate the transferability of the

estimated ilim to the leachate matrix, preliminary experiments have been conducted

on EO performance in leachate. The results are in good agreement with the exper-

imentally determined ilim. However, the evaluation is based on the degradation of
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potassium indigotrisulfonate, a dye that was added to the leachate and traced via UV-

Vis spectrophotometry. It is suspected, that the behavior of PI is not representative

for the organic matter found in the leachate.

The UV-Vis measurement is based on the degradation of color intensity. The deep

blue color of PI is easily removed by breaking a double bond it its structure (see Figure

4.3). However, the educts of this reaction are intermediates that still contribute to the

COD concentration and might be more recalcitrant to further oxidation. Therefore,

recording the degradation of PI does not permit direct conclusions on the removal ef-

ficiency concerning COD.

To gain more insights on the correlation between PI and COD elimination, rate con-

stants and energy consumption during EO were compared for PI and COD. PI degra-

dation at 7 A (at 300 L/h, 4 ◦ C and pH 10) proceeded with a rate constant of 0.03211

min−1. In comparison, the rate constant for COD degradation at 7 A (at 600 L/h,

20 ◦ C and pH 5) is 0.00251 min−1. Higher flow rates and an acidic pH have shown

to favor organics oxidation. Nevertheless, k is over ten times lower for COD than for

PI, supporting the assumption that PI is degraded significantly faster than the organic

matter inherently present in the leachate.

Figure 5.21 shows the cumulative energy consumption against the elimination of COD

and PI, respectively. PI is degraded completely from the leachate matrix after 2 hours

of treatment, consuming 180 Wh. COD elimination yielded 42 % during 4 hours of

EO with a total energy consumption of 300 Wh. It can be seen, that COD elimina-

tion tends to a critical level, where it does not increase with further rise of the energy

consumption anymore. This observation indicates, that higher intensities have to be

applied in order to achieve complete removal of organic matter.

In conclusion, ilim needs to be reevaluated for the EO of SHMIL Åremma Landfill

Leachate, for example through COD measurements at varying current levels, that are

higher than the ones applied in this study.

In several other studies, the applied current has been found to have a significant effect

on EO performance on BDD anodes. It is believed, that the intensity did not show

significance in this study, because the applied currents were below the limiting current

and the overall oxidation rates were low. Several observations concerning the behavior

of response factors are ascribed to chemical properties that depend on pH, indepen-

dently from oxidation processes. Therefore, it is proposed to reevaluate the significance

of I at higher current densities.

Higher currents lead to a decline of current efficiency when working under mass trans-

port control, as described in Chapter 3.2.4. Therefore, the instantaneous energy effi-

ciency should be considered when working with i >ilim to safeguard a reasonable ratio

of elimination rates and energy consumption.

Another affect of applying currents densities above ilim is the accelerating evolution
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of free chlorine. This effect has been observed for the experiment at 7 A (see Figure

5.20). Apart from having a positive influence on NH4-N removal, free chlorine has been

found to promote the formation of chlorinated byproducts. Therefore, EO at higher

current densities should be accompanied by the evaluation of chlorinated byproducts

formation.

The formation of Trihalomethanes (THM) was measured via high-performance liq-

uid chromatography (HPLC) for each one random sample at 7 A and 320 mA. The

corresponding chromatograms can be consulted in Appendix D. For 320 mA, no sig-

nificant evolution of THMs was observed. In contrast, for 7 A, trichlormethane, bro-

modichlormethane and dibromochlormethane were detected in the leachate. The for-

mation of those compounds is problematic, as they are considered to be environmental

pollutants and have carcinogenic properties (Hood, 2005).

Temperature

The preliminary experiments with potassium indigotrisulfonate show good elimination

rates for EO at 4 ◦C. Concerning the factorial design experiments, no significant influ-

ence of temperature was detected on the removal rates of organic matter and NH4-N.

Therefore, it is believed that EO can successfully be applied at low temperatures and

further experiments with this setting are encouraged.

pH

The evaluation of the effect of pH on the oxidation performance provides ambiguous

findings. At alkaline pH, COD is not removed from the leachate, whereas a low removal

of NH4-N can be observed at 110 mA and 320 mA. In contrast, at acidic pH, COD

is removed slightly, whereas no NH4-N removal is yielded. Further studies at more

intense conditions, specifically higher current densities, are suggested to reevaluate the

influence of pH on the EO performance.

Further Influencing Factors

Chatzisymeon et al. (2009) report that higher initial COD concentrations lead to

higher removal rates for the EO of olive mill wastewaters on BDD anodes. The ini-

tial COD concentration of 53 mg/L of the pre-treated leachate from SHMIL Åremma

Landfill is remarkably low in comparison with leachates that were used in other studies

on EO on BDD anodes. The initial COD concentrations reported range from 380 mg/L

to 4000 mg/L (Anglada et al., 2011; Urtiaga et al., 2009; Anglada et al., 2009b, 2010b;

Cabeza et al., 2007b; Pérez et al., 2012; Cabeza et al., 2007c). The COD of SHMIL

Åremma Landfill Leachate varies strongly and is highly dependent on the season, as

the dilution index is significantly higher during winter time. The average COD con-

centration is 211.5 mg/L (see Table 2.3). Further studies with leachate samples that

are taken in summer and therefore have a COD concentration above the average, can

give insight on the effect of higher initial COD concentrations on the EO efficiency.
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Apart from the mass transport coefficient, the specific electrode area (ratio of elec-

trode area to feed volume) plays an important role for achieving high space-time yields

(Jüttner et al., 2000). In accordance, the kinetic model proposed by Cabeza et al.

(2007c) presented in Chapter 5.2 suggests an increase in removal efficiency of organic

matter with a rise in A/V ratio (see Equation 4.5).

Cabeza et al. (2007c) report complete COD removal during the EO of landfill leachate

on BDD anodes at 6.3 A after 6 hours of treatment. The feed stream was 1 L and the

electrode area was 70 cm2, yielding an specific electrode area of 7 m−1. In contrast, a

feed stream of 15 L was applied in this study, for the same electrode area. The resulting

specific electrode area is 0.05 m−1. Subsequently, the low A/V ratio is thought to be

responsible for the lower COD oxidation achieved in this study.

In agreement, Anglada et al. (2011) report COD removal rates below 20 % for oxidation

of landfill leachate on BDD anodes at 8.4 A with a specific electrode area of 0.7 m−1.

In consequence, it is believed that significantly higher removal rates can be achieved

by lowering the feed stream.

In other studies on wastewater treatment on BDD anodes, the treatment time

has shown to have a significant effect on removal efficiencies (Anglada et al., 2011;

Chatzisymeon et al., 2009). Especially if both organic matter and ammonium are to

be removed, higher treatment times need to be applied, as the degradation mechanisms

responsible for COD and NH4-N degradation compete with each other. NH4-N removal

has been reported to accelerate once most of the COD is degraded.

6.3. Evaluation of Error Sources

In this section, some error sources are discussed, that might bias the measurements

conducted in this study.

Concerning the exhaustion of the reactor, it is not possible to clear all liquids from the

setup. A small volume remains at the bottom of the tank and in the pipes. In order to

minimize the impact from one experimental run on the following one, the reactor was

flushed three times with 15 L of Milli-Q after each run. In consequence, slight dilution

of the treated effluent occurs.

In addition, the adjustment of the flow rate with the flow-meter is not exact. A valve

is adjusted until the floater indicating the flow rate meets the corresponding tic on

the scale satisfactorily. Slight deviations in the flow rate are expected for the different

runs.

In some experiments, precipitate built during the EO and was restrained by the filter.

In this case, the filter resistance rises. This has an impact on energy consumption and

can also increase the heat generated during the treatment.

Temperature deviation was observed in a range of +/- 2 ◦ C with respect to the setpoint.
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In the factorial design experiments, 58.2 mL of sample volume per data point was

needed for the analyses. Ten samples were taken in each experimental run. Conse-

quently, in the course of the experiment a volume of almost 600 mL is removed from

the reactor. As discussed above, the A/V ratio plays a significant role on EO efficiency.

The decrease in volume positively influences the elimination efficiency. However, as the

removed effluent volume is the same for all runs, no significant interference of the eval-

uation is attributed to this.

For the runs at pH 5, the appropriate amount of ortho-phosphoric acid was added to the

effluent to lower the pH. This acid was chosen, because no major interference is asso-

ciated to it. However, as already stated above, the leachate matrix is complex and not

entirely known. The addition of external substances can lead to undetected side-effects.

The leachate was collected in October 2018 at SHMIL Åremma Landfill in Mosj�oen and

carried to the laboratory facilities in Trondheim in a 1 m3 tank. It was than bottled

immediately in 10 and 20 L containers and put into the cooling chamber. As the tank

was carried on a trailer, circulation was given. However, the discharge of the leachate

into containers demanded some time during which sedimentation of solids could have

occurred. Therefore, slight variations are given in the exact composition for the dif-

ferent containers. This effect is manifested in the deviation of initial pH measured at

different experimental runs, ranging from 10,19 to 10,99.

The pH appeared to be decreasing with the storing time. Experiments were performed

from October 2018 to March 2019. The change of pH indicates that the effluent is not

entirely stable during the storage.

However, initial concentration of NH4-N, NO3-N, COD and TOC are distributed ran-

domly, without showing a trend.

The statistical analysis of the factorial desing experiments revealed some outliers in the

residual plots. It can be argued, that the data set is rather small for conducting robust

statistical analysis. In addition, for various experiments no distinct trend was shown

in the behavior of response factors. Therefore, a greater set of experiments under more

intense conditions needs to be conducted to generate reliable and robust predictions of

the system behavior.
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The aim of this study is to assess the viability of EO treatment for organic matter

removal from a physio-chemically pre-treated municipal landfill leachate on BDD an-

odes. EO is a popular method in the treatment of complex effluents as it versatile in

terms of the nature and concentration of compounds to be treated as well as operating

setting like pH and temperature. For EO on BDD anodes, high effectiveness in the

removal of recalcitrant compounds has been reported.

The subject of this work is landfill leachate, a real waste water with a complex compo-

sition. In contrast to synthetic effluents, the exact matrix of compounds is not known.

Therefore, assumptions for the system’s behavior under EO are speculative. The main

focus is on the characteristics of species known to be present in the leachate. In order

to achieve a broad understanding of the entirety of chemical and physical processes

during EO, extensive analysis are needed that extend the scope of this thesis. In this

section, the main results of the performed studies are summarized and recommendation

on further in-depth studies to broaden the understanding of the EO process are given.

Preliminary experiments showed that the electrolyte properties of the leachate are suf-

ficient to allow EO treatment without further addition of electrolytes like chlorine.

Furthermore, the experiments suggest that a good performance is given at a flow rate

of 600 L/h.

A main task was to find appropriate treatment conditions regarding pH, temperature

and current density. Levels for pH and T were given by the inherent characteristics

of the leachate and extracted from literature research. In order to find appropriate

settings for the applied current, preliminary experiments were conducted to determine

ilim for the given reactor hydraulics. An empirical model and a practical experiment

using linear sweep voltammetry provided consistent results for the value of ilim, being

31.68 Am−2 and 30.72 Am−2, respectively. Relating to the electrode area of 70 cm2, a

limiting current of 215 mA was estimated.

The performance of the setup was further investigated by conducting preliminary ex-

periments with potassium indigotrisulfonate as a model substance. The leachate was

spiked with PI and normalized concentration profiles as well as energy consumption

were recorded at different current intensities. PI was successfully removed from the

leachate at pH 10 and 4◦C after 2 hours of treatment at 1 A and 3 hours of treatment

at 300 mA. However, energy consumption was about 3.5 times higher for the treatment
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at 1 A.

A factorial design experimental series was established to evaluate the treatment ef-

ficiency of EO for real leachate on the basis of the evolution of the factors nitrate,

ammonium, COD and TOC. With the attempt of testing one level of applied current

intensity above and one below the limiting current, 110 mA and 320 mA were chosen

for the factorial design experiment. However, overall removal efficiencies were low and

the statistical analysis indicated no effect of the applied current. Only the pH was

identified as an influencing factor of statistical importance. At pH 10, no reduction of

organic matter could be ascribed to EO processes. The presence of carbonate and hy-

drocarbonate as effective scavengers of hydroxyl radicals in alkaline solutions is thought

to be responsible for the inhibition of COD reduction. For NH4-N, elimination of up

to 25 % proceeded during EO treatment at pH 10. Conversely, at pH 5 no removal

of NH4-N could be attributed to electrochemically induced processes, whereas up to

11 % of COD was removed. The results suggest, that when no inhibition of COD re-

moval occurs, the elimination of organic matter dominates over the removal of NH4-N.

COD degradation is believed to mainly be driven by direct oxidation, whereas NH4-N

removal is promoted by indirect oxidation mechanisms.

As a result of NH4-N oxidation, the concentration of nitrate ions increased during the

treatment. A post-treatment has to be considered to compensate the NO3-N accumu-

lation in the final effluent. In previous studies, ion exchange for reverse osmosis was

proposed as a possible post-treatment step (Cabeza et al., 2007a).

Due to the poor removal efficiencies achieved with the chosen settings of current in-

tensity, an additional experimental run was performed at 7 A, pH 5 and 20 ◦C. 42 %

of COD and 3 % of NH4-N were eliminated during four hours of treatment. Energy

consumption amounted to approximately 300 Wh. The ratio of consumed energy to

COD elimination accelerated quickly during the treatment, suggesting that under the

tested conditions complete removal of organic matter can not be achieved with a pro-

portionate consumption of energy.

During the treatment at 7 A, the amount of in-situ generated free chlorine acceler-

ated, leading to the generation of THMs. In consequence, a continuous measurement

of chlorinated byproducts is recommended when working at high current densities. To

assess if the chlorinated byproduct formation increases the ecotoxicity of the effluent,

acute ecotoxicity can be determined before and after the treatment. If the formation

of chlorinated byproducts turns out to be critical, the usage of BDD anodes has to be

reevaluated, as they have been reported to especially promote chlorinated byproducts

formation for chloride containing wastewaters (Wu et al., 2016).

A rise in the COD/TOC ratio for the experimental run at 7 A and the great deviance
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between the removal rate for PI and COD suggest that recalcitrant compounds accumu-

late in the leachate. In consequence, removal rates slow down and energy consumption

increases in the course of the treatment.

The goal for the treatment of SHMIL Åremma Landfill Leachate is to significantly de-

crease the overall organic load with special regard to recalcitrant, ecotoxic compounds.

Therefore, an objective at the beginning of this study was to trace the removal of BPA,

a recalcitrant compound which is detected in the leachate and named in the Norwe-

gian List of Priority Substances. However, the BPA concentration in the pre-treated

leachate is low (8 µg/L) and no method could be developed in the scope of this study to

reliably determine such small concentrations in the leachate samples taken during the

EO treatment. Therefore, a promising approach for further studies is to spike the feed

stream of leachate with a pre-defined concentration of BPA to ensure concentrations

high enough for tracing degradation effects in the course of time. Additionally, degra-

dation mechanisms could be studied in detail by means of HPLC analyses. However,

it is of special interest to study the degradation mechanism for the actual concentra-

tion found in the leachate. Therefore, efforts are still made to establish a method for

reliably determining low BPA concentrations.

The assessment of EO performance under the given conditions revealed that further

treatment optimization is needed in terms of removal efficiency and energy consump-

tion. The elimination of organic matter was enhanced by applying a current intensity

of 7 A. However, energy consumption rose unproportional and chlorinated by-products

were produces. Therefore, the application of higher current densities needs to be ac-

companied by further modifications of the treatment scheme.

Several approaches for optimizing the reactor design can be realized. Two essential

factors for obtaining high space-time yields are the mass transport coefficient and the

specific electrode area. Different types of cell constructions have been designed to op-

timize these factors: (1) circulating electrodes and turbulence promoters, to enhance

mass transport, (2) multiple-anode cells to accommodate large electrode areas in small

cell volumes and (3) three-dimensional electrodes to improve the mass transport coef-

ficient and enlarge the specific electrode area (Jüttner et al., 2000). A first approach

for enhancing the specific electrode area for the given reactor is to apply lower feed

volumes of leachate. It is recommended to reevaluate the batch volume as an initial

step of treatment optimization.

Another measure for maximizing the current efficiency is the application of multi-step

electro-oxidation, as proposed by Panizza et al. (2008). Furthermore, an extension of

treatment time promises higher removal efficiencies.
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Cañizares, P., Lobato, J., Paz, R., Rodrigo, M. A., and Sáez, C. (2005). Electrochemical
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A. Quality Data for SHMIL Åremma
Landfill Leachate

Figure A.1.: Characterizing parameters for SHMIL Åremma Landfill Leachate (2006-

2015)(Gröhlich, 2015).

Figure A.2.: Concentrations of alkaline earth metals for SHMIL Åremma Landfill

Leachate (2006-2015)(Gröhlich, 2015).
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Figure A.3.: Concentrations of (heavy) metals for SHMIL Åremma Landfill Leachate

(2006-2015)(Gröhlich, 2015).
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Figure A.4.: Concentrations of PAHs for SHMIL Åremma Landfill Leachate (2006-

2015)(Gröhlich, 2015).

Figure A.5.: Concentrations of BTEX for SHMIL Åremma Landfill Leachate (2006-

2015)(Gröhlich, 2015).
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Figure A.6.: Concentrations of hydrocarbons for SHMIL Åremma Landfill Leachate

(2006-2015)(Gröhlich, 2015).

Figure A.7.: Concentrations of herbicides for SHMIL Åremma Landfill Leachate (2006-

2015)(Gröhlich, 2015).

Figure A.8.: Other parameters for SHMIL Åremma Landfill Leachate (2006-

2015)(Gröhlich, 2015).
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Figure A.9.: Substances from the EU-LoPS that have been detected in SHMIL Åremma

Landfill Leachate (Gröhlich, 2015).

Figure A.10.: Substances from the N-LoPS that have been detected in SHMIL Åremma

Landfill Leachate (Gröhlich, 2015).
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Figure A.11.: EU List of Priority Substances, Part 1 (European Parliament and Council

of the European Union, 2012).
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Figure A.12.: EU List of Priority Substances, Part 2 (European Parliament and Council

of the European Union, 2012).
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Appendix I 

IX 

Table 32: List of Norwegian priority hazardous substances  
(Miljødirektoratet, 2015) 

 Substance (short) 

1) Arsenic 

2) Bisphenol A 

3) Brominated flame retardants 

4) DEHP 

5) Certain surfactants (DTDMAC, DSDMAC, DHTDMAC) 

6) 1,2-Dichlorethane (EDC) 

7) Dioxins and furans 

8) Cadmium 

9) Chlorinated alkyl benzenes (CABs) 

10) Chromium 

11) Hexachlorbenzene 

12) Lead 

13) Medium-chain chlorinated paraffins 

14) Mercury 

15) Musk xylenes 

16) Nonylphenol and its ethoxylates 

17) Octylphenol and its ethoxylates 

18) PAHs 

19) Pentachlorphenol (PCP) 

20) Polychlorinated biphenyls (PCBs) 

21) PFOA 

22) PFOS 

23) Short-chain chlorinated paraffins 

24) Siloxane-D4 

25) Siloxane-D5 

26) TCEP (tris(2-chloroethyl)phosphate) 

27) Tetrachloroethene (PER) 

28) Tributyl tin compounds 

29) Trichlorobenzene 

30) Trichloroethene (TRI) 

31) Triclosan 

32) 2.4.6 Tri-tert-butylphenol 

 

 

 

 

 

 

 

 

Figure A.13.: Norwegian List of Priority Substances (The Norwegian Environment

Agency, 2018).
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98 Run Order for DoE

B. Run Order for DoE

Figure B.1.: Run order of the factorial design of experiments.



C. Pareto Charts and Residual Plots
for DoE

Figure C.1.: Pareto chart for COD removal.

Figure C.2.: Residuals for COD removal.
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100 Pareto Charts and Residual Plots for DoE

Figure C.3.: Pareto chart for NH4 −N removal.

Figure C.4.: Residuals for NH4 −N removal.
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Figure C.5.: Pareto chart for NO3 −N removal.

Figure C.6.: Residuals for NO3 −N removal.



D. Chromatogram THMs

Figure D.1.: Chromatogram detecting THMs for random samples taken during EO of

landfill lechate at 20 ◦C and pH 5 for 7 A and 320 mA.
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