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Abstract

The major project of SHMIL landfill’s leachate aims at finding a complete treatment
scheme that leads to stay below the limits of the polluted compounds defined by legis-
lation before 2020. The presented work is part of the initial phase and it focuses on an
advanced oxidation process, which uses radicals to oxidize pollutants, in particular the
organic matter. The process is called electrochemical oxidation and it uses electrodes
that generate radicals on the anode surface which oxidize hazardous compounds.
The Chemical Oxygen Demand (COD) has not been reduced at all by the same re-
dox reactions, as some organic substances are more persistent and must be treated
with more advanced techniques. Oxidation by radicals is the most efficient and quick-
est way that leads to the increament of BOD5/COD, meanwhile the concentration of
the pollutants decreases, because the radicals react with both, biodegradable and non
biodegradable organic matter. Furthermore, other studies prove a good removal ratio
for heavy metals and ammonia nitrogen using electrochemical oxidation. Because of
this, it can be argued the treatment can reach good results for the application on the
complex matrix of landfill leachate.

From a theoretical perspective, the treatment is challenging because the specific as-
pect of the radical oxidation are not completely known and the techniques are not
developed enough to test it. Also from a practical considerations, the setup is new and
finding the methodology to carry out an experiment requires a creative effort.
In the reported work, different configurations of the setup are analyzed. In the elec-
trolytic cell, the electrodes are made of a cover of BDD (boron-doped diamond) on a
silicon support. The evaluated aspects are the following: the electrolyte nature of NaCl
and NaSO4, the concentration of it in the solution (0,05 M and 0,1 M), the application
of reversal mode or not, the applied current (1 A, 3,5 A and 7 A), the pH of the solution
(3, 7 and 12) and the temperature (13◦C, 20◦C and 27◦C).
The collected data for every experiment are temperature, conductivity, applied current,
voltage, pH of the solution, absorbance spectrum an TOC concentration.

The experiments carried out with NaCl demonstrates a higher removal rate compared
to the ones with other electrolyte. Moreover, the comparison between the different ap-
plied currents, indicates a better efficiency for the higher current. For the second round
of experiments, it can be argued that at higher temperature, as well as higher pH, the
absorbance value at the peak of 298 nm, decreases faster than the other configurations.
The results of the TOC analysis, instead, shown the removal ratio is basically the same
for all the configurations with a slightly higher carbon concentration of the last sample
for the experiments at 13◦C. The final result of the carbon concentration together with
the ones of the absorbance, indicate the generation of the intermediates is influenced
by different parameters, but the final carbon concentration does not change. It seems
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that the carbon content is removed with a lower rate than the compounds responsible
for the absorbance at 298 nm.

Keywords: advanced oxidation processes, BDD, wastewater treatment, landfill’s leachate,
salicylic acid
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Sommario

Lo scopo del progetto riguardante il percolato prodotto dalla discarica SHMIL è quello
di trovare una catena di trattamenti che permettano il soddisfacimento dei limiti per
tutte le varie sostanze specificate dalle normative prima del 2020.
Il qui presente lavoro di tesi va ad introdursi nella fase iniziale di tale di progetto e
focalizza l’attenzione su un processo di ossidazione chimica avanzata, il quale si serve
di radicali liberi per ossidare gli inquinanti, principalmente la sostanza organica. Tale
trattamento è chiamato ossidazione elettrochimica e utilizza due elettrodi che fungono
da anodo e catodo per generare radicali sulla superficie dell’anodo che successivamente
vanno ad ossidare gli inquinanti in soluzione.
L’ossidazione mediante radicali è la più efficace e veloce se paragonata ai classici mec-
canismi redox e permette di aumentare il rapporto BOD5/COD, nello stesso tempo
in cui la concentrazione di inquinanti diminuisce, poichè i radicali nel loro processo di
ossidazione reagiscono sia con la sostanza organica biologicamente degradabile che non.
Inoltre, altri studi dimostrano che tale AOP ha la capacità di ossidare altri composti
quali i metalli pesanti e l’ammoniaca, prospettando esiti positivi per l’applicazione di
tale trattamento su di una matrice complessa come il percolato da discarica.

E’ un trattamento innovativo e stimolante sia dal punto di vista teorico, perchè es-
istono ancora molti aspetti poco conosciuti sul processo di degradazione da parte dei
radicali e poche tecniche per indagarli, sia dal punto di vista pratico, poichè l’impianto
utilizzato è un recente acquisto del dipartimento e comporta un certo sforzo creativo
identificare la metodologia dell’esperimento.
Nel lavoro presentato in questa tesi sono state analizzate e confrontate possibili config-
urazioni dell’impianto. La reazione di ossidazione avviene nella cella elettrolitica, nella
quale sono presenti due elettrodi di silicio ricoperti di BDD di forma circolare. Sono
stati valutati diversi aspetti: la natura dell’elettrolita paragonando NaCl e NaSO4,
la sua concentrazione in soluzione analizzando 0,05 M e 0,1 M, l’applicazione o meno
della modalità reversal, la corrente applicata di 1 A, 3,5 A e 7 A, il pH della soluzione
confrontando 3, 7 e 12 ed infine la temperatura analizzata per 13◦C, 20◦C e 27◦C.
Per le differenti configurazioni sono stati collezionati dati di temperatura, conduttività,
corrente, voltaggio, pH, istante temporale, spettro di assorbimento e TOC.

Gli esperimenti effettuati con NaCl dimostrano un tasso di rimozione superiore a quelli
con NaSO4; inoltre il confronto tra i risultati ottenuti con diverse correnti applicate in-
dicano un’efficacia maggiore quando la corrente applicata è di 7 A. Per quanto riguarda
gli altri parametri di temperatura e pH, si può notare che a temperature superiori,
cos̀ı come a pH maggiori, l’assorbanza al picco a 298 nm, si abbassa più velocemente,
indicando una trasformazione più repentina dell’acido salicilico nei suoi composti in-
termedi a peso inferiore. Osservando i risultati dell’analisi del TOC le differenze nel
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decadimento di concentrazione di carbonio non sottolineano particolari discrepanze, an-
che se per gli esperimenti condotti a 13◦C si nota un decadimento leggermente inferiore
nell’ultimo campione analizzato. Concludendo, i risultati ottenuti dall’analisi del TOC
e dello spettro di assorbimento, provano che la generazione di prodotti intermedi è in-
fluenzata dai parametri applicati, mentre il decadimento di concentrazione di carbonio
non cambia in funzione di questi.

Parole chiave: processo di ossidazione avanzata, BDD, acque reflue, percolato da
discarica, acido salicilico
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Chapter 1

Introduction

Nowadays one of the most applied choice for the end of life cycle of municipal solid
waste (MSW) is land filling. The storage of different materials in combination with the
rainwater percolation cause spillage of leachate, that is a potentially polluting liquid.
It may cause harmful effects on the environment: especially if it comes in contact with
the groundwater and surface water surrounding the landfill site [11].
Landfill leachate has different composition and concentration of pollutants depending
on several factors: the kind of waste, the compaction of the stored wastes, the amount
of precipitation, the design cover, interaction with outer environment and the age of the
landfill. All these aspects are interconnected and their combination determines quality
and composition of the leachate [12].

The AOPs are a widely accepted treatment used for the landfill leachate for their
capability of these processes to remove complex, recalcitrant and organic substances
not easily degradable by biological mechanisms. The organic substances can be oxi-
dized completely to carbon dioxide and water, but in most cases a partial oxidation
results sufficient to reduce the toxicity of the leachate [9].

Electrochemical oxidation is an advanced oxidative process that uses hydroxyl radi-
cals and other powerful oxidative agents to oxidize pollutants into an electrolytic cell.
It is based on two different mechanisms: direct oxidation and indirect oxidation. The
first one can directly form radicals that attacks the harmful substances and lead them
to mineralization, instead the second one uses mediators to oxidize the pollutants. Im-
portant mediators are chloride-ions or sulphate-ions.

In this master thesis, the main goal is the examination and the determination of the re-
moval efficiency for different configurations of the electrochemical oxidation for a model
substance (salicylic acid) and the relative kinetics. The setup used for the experiment
part is a lab unit which comprehensives of tank, flowmeter, pump and electrolytic cell.
The experimental part has been carried out in the laboratory of Institutt for vann
og miljøteknikkat at the department of Hydraulic and Environmental Engineering at
NTNU.

The work is presented in the further chapters. The initial focus is on the description
of the Åremma landfill and its leachate in the chapter 2, together with a short back-
ground about the legal situation in Norway. Afterwards there is a theoretical part in

1
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chapter 3, in which the advanced oxidative processes are reported and the electrochem-
ical oxidation is widely described. A particular section is dedicated to the importance
of the electrodes material, instead another section is occupied by the presentation of
the chosen model compound and the last one is for the calculation of the limiting cur-
rent density. With chapter 4, the attention moves to the experimental part and to the
description of the setup used, the materials and applied methodology. In chapter 5 the
results and the respective discussion are presented. Finally the chapter 6 presents the
conclusions and a proposal for further research.

1.1 Objectives of the work

This thesis is collocated in a wider project related to the definition of a treatment
scheme with the goal of treating the leachate of the Åremma landfill near Mosjøen.
The first part of the work aims to develop a possible treatment, which could be used
as first step in the plant. Moreover it focuses on testing the optimized parameters to
use in a laboratory plant and further in situ.
According to the leachate data and the list of European priority hazardous substances
(6.2) and other legal regulations, the significant substances to treat are COD, NH3,
heavy metals and micropollutants.
The low BOD/COD ratio, the possibility to use energy directly provided by the landfill
and the low temperature are aspects that make interesting an AOPs instead a conven-
tional biological sector; in particular an electrochemical oxidation for different reasons
explained in the chapter 3.
The second part of the thesis is an experimental work in which the degradation of
salicylic acid is tested in a setup under certain conditions. The density current applied
and the electrolyte nature and molarity have been investigated to find a stable and sig-
nificant system, instead the pH and the temperature are well evaluated with UV/VIS
spectrum and TOC measurement.
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Chapter 2

Description of the Landfill
Leachate

The landfill leachate is the spillage caused principally by precipitation percolating
through stored waste. The percolating water that comes in contact with solid waste
gets contaminated and the result is termed as leachate.
Usually leachate has high values of COD, pH, ammonia nitrogen and heavy metals as
well as strong color and odor. The composition varies according to different param-
eters of the landfill including: age, degree of compaction, waste composition, climate
and moisture content in waste [13].
Generally it is characterised with the age of landfill: young landfills (1-2 years) have
BOD5/COD ratio> 0.6, while old landfills (more than 10 years) have a lower biodegrad-
ability with a ratio < 0.3. These characterizations underline the biodegradability of the
system that is higher in the first years because of the amount of organic compounds,
easily biodegradable.

During the storage in the landfill, there are 3 important processes going on: hydrolysis,
fermentation and methanogenesis [14]. The hydrolysis of organic matter leads to a
lower molecular weight compound and afterwards a rapid anaerobic fermentation gen-
erates volatile fatty acids (VFA). This phase is the step of young landfills and is called
acidogenic phase, which releases large quantities of VFA [15]. The phase of the older
landfill is the methanogenic phase and it is characterized by the conversion of VFAs
into biogas (CH4), that can be used to generate energy. The leachate in this last phase
contains high concentration of ammonia nitrogen, several harmful compounds for the
environment and slower biodegradable organic compounds like recalcitrant compounds,
heavy metals and other micropollutants.

In addition to the organic load, ammonia nitrogen is released from the wastes mainly by
decomposition of proteins and its concentration does not have a linear decrease trend
with age of the landfill, like the BOD5/COD ratio. The dilution effect can help in the
reduction of ammonia nitrogen concentration.
Usually the investigated parameters reguarding leachate are: COD,BOD5, BOD5/COD
ratio, ammonia nitrogen, color, pH, alkalinity, oxidation-reduction potential and heavy
metals [16].

Depending mainly on the composition of sanitary landfill leachate, different mecha-
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nisms can be indicated as suitable treatments. Different treatments have been in-
vestigated, such as flocculation-precipitation [17], activated adsorption carbon [18],
membrane technologies [19] and chemical oxidation [11]. Advanced technologies have
received increasing attention in the last years and they are described in chapter (3).

2.1 SHMIL Åremma landfill

The Søndre Helgeland Miljøverk (SHMIL) Åremma is located close to the town of
Mosjøen in the central part of Norway. Mosjøen is situated in the municipality of Vefsn
in the southern part of Nordland County (Fig. 2.1). The Figure (2.2) focuses on the
SHMIL Åremma location near Mosjøen.

The landfill is owned by eleven municipalities and ensures the disposal of waste from

Figure 2.1: Position of SHMIL Åremma

Figure 2.2: Location of the landfill
close to Mosjøen

41000 inhabitants. It was founded in the year 1995 and it collets non-hazardous waste.
So far no treatments for the landfill leachate are expected. The leachate flows out in
a collector and discharges directly into the fjord by a pump. A treatment plant for
SHMIL is planned to be operative from 2017.
The location of the landfill is an important aspect to keep in consideration during the
decisional process part. In fact the low temperature is a parameter that can influence
the efficiency of the treatment plant, especially the biological sector, if expected. The
landfill is approximately 70-80 m above sea level. The average monthly temperature
and precipitation are shown in Table (2.1) and they are evaluated between 1961 and
1990, a time frame long enough to argue a monthly trend.
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Month T [◦C] Precipitation [mm]

Jan -5,7 186
Feb -4,5 135
Mar -1,6 150
Apr 2,4 99
May 7,6 79
Jun 11,6 80
Jul 13,4 100
Aug 12,8 116
Sept 8,6 191
Oct 4,6 230
Nov -1,4 181
Dec -4,2 198

Year 3,6 1745

Table 2.1: Average monthly temperature and precipitation (1961-1990)

The average temperature of the year is 3,6 ◦C and the total average precipitation
is 1745 mm.
It can be easily infered from the Figure (2.3) the fact that the precipitation is higher in
winter time than during summer with a peak in October. The precipitation influences
the amount of leachate formed in the landfill and also its dilution index.
Aiming to develop a optimized treatment scheme for this case study, there are these

Figure 2.3: Average temperature and average precipitation for Mosjøen (1961-1990)

three characteristics to focus on:

� low temperature;

� restrictive amount of space (approximately 50 m2) available to build a treatment
plant;

� available energy derivated by methane gas generated inside the landfill.
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2.2 Background about the legal situation

The legal situation in Norway regarding leachate treatment is rather complicated.
There are some guidelines with some requirements that the leachate has to fulfill, but
a complete list of parameter limits are not defined up to now.
The guidelines in consideration are given by the European Union (see Table 6) and
also by the Deponidirektivet and Rammedirektivet for avall, that are applicable even in
Norway. There are thresold values tabulated for the following parameters: total organic
carbon, total nitrogen, total phospforous, iron, zinc, copper, lead, nickel, chromium,
manganese, arsenic, mercury, tin-organic compounds, volatile chlorinated compounds
phthalate, polycyclic aromatic hydrocarbon (PAH), chlorobenzene, chlorophenol, her-
bicides.
For those parameters that do not have regulation, there is a supplementary ”list of
priority substances” available, which summarize the substances to reduce and reduced
to zero by 2020. The list is presented in Appendix (2.4).

2.3 Characteristics of leachate by water quality data

For Åremma landfill leachate, several parameters have been investigated over the years
with the goal of understanding in a clear way the data, a summary is necessary.
The parameters can be split in different chategories, which are [20]:

� Characterising parameters (pH, conductivity, suspended solid concentration, COD,
BOD, TOC, Total-P, Total-N and NH4 −N)

� Alkaline earth metals (Ca, K, Mg, Na)

� Heavy metals (Fe, Al, As, Ba, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Zn, V)

� Polycyclic aromatic hydrocarbons (Naphthalene, Acenaphtylene, Acenaphtene,
Fluorene, Phenanthrene, Andthracene, Fluoranthene, Pyrene, Benzanthracene,
Chrysene, Benzofluoranthene, Benzopyrene, Dibenzanthracene, Benzoperylene,
Indenopyrene, PAH cancerogenic)

� BTEX (Benzene, Toluene, Ethylbenzene, O/M/P/xylene)

� Herbicides (2,4-D, MCPA, MCPP, 2,4,5-T, 2,4,5-TP, MCPB, 2,4-DB, 2,4-DP)

� Hydrocarbons.

The data is recorded every three months for a interval of 9 years, from 2006 up to
now. In total there are 51 measurements and the complete list can be found as attach-
ment in Appendix (6.2). Figure (2.2) and (2.3) shows the basic parameters measured.

The unclear legal situation causes problems on how individuate the compounds to
treat and what is the thresold value. For most of the parameters, the thresolds are not
overcome from european requirements, but they exceed for PNEC-values (Predicted
Non Effective Concentrations), that are an index which determine the possible hazards
on the environment, due to the exceede concentrations. PNEC values are often below
legal thresold values and they are not a mandatory limitation for the norwegian land-
fills, but they are useful to get an overview of which substances are more toxic and how
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they could be treated.

Comparing the data and the literature values [21], inferences can be drawn. COD,
BOD5 and TOC are consistently low, which suggests a small organic pollution. Even
if the leachate contains only a small amount of COD, the BOD/COD ratio is less than
0,1: hence it can be argued that the landfill is old and some biological treatment may
not be the preferable solution.
The pH is nearly neutral and the suspended solids concentration shows values in the
same range as per literature. Total nitrogen is quite high compared to the organic pa-
rameters and it is present mostly in ammonia nitrogen form; only a small fraction of it,
is in nitrate form, that is the one which creates problem of eutrophication. Instead the
total phosphouros has low values. Furthermore the conductivity is in the same range
of literature values.

The load of these parameters is not stable in time and it is not straight forward to
find a correlation between cause and effect. There are more than one reason for the
variability of loads: precipitation amount, saturation of the ground, season of the year
and so on. All the combinations of these factors provocates a variable load of pollutants.

From the analysis of the characterising parameters and of the others from the dif-

Parameter Average Standard Deviation Max Min Unit

pH 6,8 0,3 7,4 6,4 -
COD 211,5 108,8 643 72 mg/L
BOD5 20,7 28,6 160 4 mg/L
TOC 59,5 29,8 135 3 mg/L

Total P 0,55 0,40 2,3 0,1 mg/L
Total N 102,2 41,3 200 22 mg/L
NH4 −N 95,2 39,4 210 20 mg/L

Suspended solids 86,6 56,3 360 27 mg/L
Conductivity 257,1 70,4 420 122 mS/m

Table 2.2: Concentrations of the characterising parameters (2006-2015)

Parameter Average Standard Deviation Max Min Unit

COD 40,98 57,62 320,0 2,6 kg/d
BOD5 3,36 4,02 16,9 0,2 kg/d
TOC 10,43 11,63 47,7 0,9 kg/d

Total P 0,08 0,09 0,35 0,01 kg/d
Total N 15,94 16,66 79,6 2,2 kg/d
NH4 −N 14,99 15,67 74,7 2,1 kg/d

Suspended solids 11,64 8,92 49,8 1,5 kg/d

Table 2.3: Loads of the characterising parameters (2006-2015)

ferent categories, it can be argued that the leachate of Åremma is principally not
strongly polluted and most of the parameters undergo the thresold value for its case.
On the other hand, this consideration does not permits the underestimation of problem
at hand. Some parameters exceed the limit anyway and a specific treatment must be
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studied. The final list with the focus on the priority substances to treat before 2020 for
the case in question is reported in Table (2.4).
For most of the parameters of the characterising list and even of the other categories,

Priority Substance Median Unit

Anthracene 0,031 µg/L
PBDE-99 0,001 µg/L
PBDE-203 0,002 µg/L
Naphtalene 1,735 µg/L

Octylphenole 0,318 µg/L
Trichlorobenzene 0,020 µg/L

Cadmium and Organic Cadmium compounds 0,092 µg/L
Lead and Organic Lead compounds 1,380 µg/L

Mercury and Organic Mercury compounds 0,026 µg/L
Nickel and Organic Nickel compounds 16,100 µg/L

Tributyltin 0,002 µg/L
Benzene 0,200 µg/L

Terbutryn 0,237 µg/L
PFOS 0,090 µg/L

Nonylphenol 1,050 µg/L
PAH 0,060 µg/L

Arsenic 3,790 µg/L
Bisphenol A 15 µg/L
Chromium 11,700 µg/L

Table 2.4: Priority substances in the leachate (2006-2015)

the standard deviation has a high value, which indicates a large variability in the pollu-
tant outlet. In particular, the deviation standard is higher for those substances having
a higher measured value. When the detected value is low, even the variability of it is
not consistent.
The unpredictability of the pollution adds a difficulty grade for identifying an adequate
treatment.

As shown, the substances in the list belong to different categories and this makes
it harder to define a specific treatment type for any particular pollutant. This is an
added reason as to why the AOPs is a good solution for treating different pollutant
compounds as organic matter, ammonia nitrogen and micropollutants at the same time.
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Chapter 3

Theoretical background

3.1 Advanced Oxidation Processes (AOPs)

Since the 1970s advanced oxidation processes (AOPs) have received attention as a pos-
sible approch to oxidize compounds that are resistant to biological oxidation processes.
These chemicals include agricultural pesticides, herbicides, fuel, solvents, human drugs
and endocrine disruptors.
The fulfillment of new quality standards refers especially to those substances with a
toxic effect on the biological sphere, preventing the well working of the biological degra-
dation process. Obviously must be guarantee destruction of toxic pollutants as well as
of recalcitrant compounds.
Usually AOPs are applied at ambient temperature and pressure and have a versatile
capability, because of the different ways for hydroxyl radicals (HO·) production, thus
allowing a wide possibility of applications. They can be used as an integration of the
biological compartment, to degradate toxic and refractory substances. Furthermore
AOP application is suitable when wastewater have a low COD concentration otherwise
the application of these reactants is not economical sustainable [22].
AOPs aim at the complete mineralization of the contaminants or at least, at their
transformation into less harmful products. In many cases a complete oxidation to CO2,
water and inorganics is not necessary, because after the first oxidation step the new
compounds lose their harmful characteristic and are more amenable to a subsequent
biological treatment. AOPs are preferential over other processes because contaminants
can be destroyed completely and thus avoiding the mass transfer in a different phase.
Consequently there is no need for an additional treatment like stripping or adsorption
[23].
AOPs are often used in combination with other processes, either as a pretreatment
for a biological compartment for increasing the biodegradability of the matters or as
a post-treatment for oxidizing the remaining toxic and refractory compounds after a
conventional biological treatment.
AOPs generate HO· at room temperature and pressures.
Radicals are molecules containing an orbital with a single unpaired electrone; usually
the notation is an abbreviated version of Lewis structure with only one dot that symbol-
izes the electrone in the outer orbital. The reactions with hydroxyl radicals are efficient
and non selective due to the high reaction rate (on the order of 108 − 109L/mol · s)
with the most part of organic compounds in water.
As shown in Table (3.1), hydroxyl radical is one of the most reactive oxidants, only
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flourine is more reactive.

Oxidizing agent Electrochemical oxidation potential, E◦[V]

Fluorine 3.06
Hydroxyl radical 2.8
Oxygen (atomic) 2.42

Ozone 2.08
Hydrogen peroxide 1.78

Hypochlorite 1.49
Chlorine 1.36

Chlorine dioxide 1.27
Oxygen (molecular) 1.23

Table 3.1: Electrochemical oxidation potential for different oxidizing agents (table chap-
ter 11-10 [9])

The pollutants react with the hydroyl radicals, as shown in (3.1), generating byprod-
ucts. ·OH-radicals destroy refractory organic compounds in a non-selectively way.

·OH +R −→ byproducts (3.1)

The hydroxyl radical can degrade organic molecules by radical addition, hydrogen
abstraction, electron transfer and radical combination [9].

� Radical addition: it is the reaction of an unsaturated alphatic or aromatic organic
compound with a hydroxyl radical. The product of this reaction is a radical
organic compound, reactive for further oxidation to a stable end product;

R+HO· −→ HOR· (3.2)

� Hydrogen abstraction: a hydrogen atom is removed from the organic compound
by the hydroxyl radical. This newly formed radical initiates a chain reaction with
oxygen;

R+HO· −→ R ·+H2O (3.3)

� Electron transfer: it is used to form ions of higher valence;

Rn +HO· −→ Rn−1 +HO− (3.4)

� Radical combination: two radicals combine together to generate a stable product.

HO ·+HO· −→ H2O2 (3.5)

The efficacy of an AOP depends primarily on the capability of the system to generate
radicals. Each process has a different mechanism to form radicals, but once HO· are
generated, the following reactions are the same in all AOPs. In the subsequent sections
ozonation and Fenton process are reported: both methods are applied for the waste
water as well as for landfill leachate treatment.
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Ozonation

Ozone (O3) can oxidize by conventional oxidation or advanced oxidation processes. The
difference between two methods are the target compounds to degrade and the opera-
tional condition, especially the pH value. Considering ozonation an AOP, the hydroxyl
radicals are formed according to reaction (3.6), which is effective at an alkalyne pH.
Usually the pH of the solution is increased (pH>8) before the treatment by ozonation
to enhance the process. If the raw water contains a moderate concentration of carbon-
ate ion (CO2−

3 ), another treatment is chosen because the pH is spontaneously kept low
[24]. The higher the pH, the faster is the reaction, with a optimum at pH 11.

HO ·+O3 −→ HO−2 +O2 (3.6)

Organic compounds can be oxidated directly by O3 molecules or by indirect reactions
with HO·. Consequently the oxidation rate is given by both reactions: direct oxidation
and AOP.
Ozone can be combinated with UV light irradiation at 254 nm or by adding hydroxyl
peroxide (H2O2) to increase its performance in terms of time and reaction products
[23].

Fenton process

Fenton process was discovered by Henry J.H. Fenton in 1894 and it is nowadays con-
sidered a promising application for wastewater treatment [25]. It includes ferrous or
ferric ions which react with hydrogen peroxide to generate hydroxyl radicals and other
highly reactive radical compounds, by reaction (3.7) and by the so-called ”Fenton-like”
reaction (3.8) [22].

Fe2+ +H2O2 −→ Fe3+ +HO ·+OH− (3.7)

Fe3+ +H2O2 −→ FeOOH2+ +H+ (3.8)

It is a method widely invistigated for wastewater treatment and it has been demon-
strated that it is effective in destroying toxic compounds such as phenols and herbicides.
The Fenton process is efficient when pH of the solution is in a acid condition (between 2
and 3.5) in order to increase the kinetic of the reaction (3.8). The low pH requirement
is the main drawback of this method, because most of the treated solutions have an
initial pH in the range of 5-9 and thus require a preliminar acidification before the
treatment.
The Fenton processes can be divided in two different categories: homogeneous Fenton,
which requires the addition of the reagent in liquid form and heterogeneous Fenton
which uses iron in the solid phase. Iron can be added as salt or by generation at the
sacrificial anode while hydrogen peroxide is a molecule easy to handle and environmen-
taly friendly.

3.2 Electrochemical Process

Electrochemistry is already widely applied for environmental problems as a technique
of monitoring and trace level detection of pollutants in the air, water and soil, on thus
help to prevent pollution caused by industrial processes. There are applications also in
the field of drinking water, waste water treatment for tannery, electroplanting, dairy,
textile processing, oil industries etc [22]. This particular application is also investigated
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for the treatment of landfill leachate.
The technologies are based on electron transfer between electrodes and electrolytic
solution, due to an applied current between the anode and the cathode. The difference
of potential promotes oxidation/reduction reactions of the pollutant compounds [26].
There are several advantages related to an electrochemical treatment applications [27]:

� Environmental compatibility: the electron is a clean reagent, because the
production of unwanted sideproducts is avoided.

� Versatility: it can involve direct or indirect oxidation and reduction, phase
separation; it is applicable to a variety of media and pollutants in different phases
and treat large or small volumes with high or low concentration of pollutants.

� Energy efficiency: electrodes and electrolytic cells can be designed to minimize
power losses and to allow experiments at lower temperature compared to their
equivalent non-electrochemical counterparts.

� Amenability to automation: the electrical variables are particularly suitable
for automatized processes and data acquisition.

� Cost effectiveness: the required equipment is simple to construct and if cor-
rectly designed, inexpensive.

The high effectiveness in the elimination of persistent pollutants led to an increased
number of experiments in the field of water and wastewater treatment; particularly
focused on electro-Fenton and electrochemical oxidation methods [26].

Electro-Fenton process

The electro-Fenton process involves the mixture of H2O2 and ferrous ion (Fe2+) to
generate hydroxyl radicals, very strong oxidizing species.
The main advantages of this process are its efficiency in COD removal and BOD5/COD
ratio increament, furthermore only a short operating time is needed and the volume of
sludge produced is lower than regular Fenton process [28].
The electro-Fenton process is based on an electro-catalytically generated, hydroxyl
radicals in an acidic solution containing a suitable amount of dissolved oxygen and
ferric/ferrous ions. This process starts with the generation of hydrogen peroxide from
the reduction of oxygen and, if present, the simultaneous formation of ferrous ions
from ferric ions on the cathode surface. After this first step, the Fenton reaction takes
place between hydrogen peroxide and ferrous ions to generate hydroxyl radicals. The
hydroxyl radicals produced in this way are used in the oxidation of harmful chemicals
which can be hazardous for the environment.

3.3 Electrochemical Oxidation

Electrochemical oxidation is one of the most popular electrochemical procedure for
removing organic pollutants from the wastewater [29].
The process is based on the effluent electrolysis and consists in an electrolytic cell,
where the oxidation is carried out by two different mechanisms:
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� direct anodic oxidation: pollutants exchange electrons directly on the electrodes
surface and depending on the anode material, hydroxyl radicals can promote
selective oxidation and also complete mineralization. The oxygen is transfered
from the water, that is the source of oxygen atoms, to the reaction products.

� indirect oxidation using oxidants or mediators, such as chlorine, persulfate and so
on, instead of hydrogen peroxide radicals. Usually to promote indirect oxidation,
oxidants are added from outside. However, even without any external adding, the
raw leachate already contains some of these promotors and the indirect mecha-
nism can take place anyway.

Figure 3.1: scheme of direct and indirect oxidation of pollutants [1]

These concepts are better explained in the further sections.

The choice of focusing on electro oxidation (EO) has been motivated by different reasons
[26]:

� pH can be maintained at the same value as the raw leachate without conducting
an acidification as required for the Fenton process. In the pH range of 6-9 the
efficiency of EO increases, in particular for ammonia nitrogen removal, that is
transformed into nitrogen gas at alkaline conditions;

� with EO, recalcitrant and toxic compounds are oxidized with a good removal
efficiency as well as ammonia. By using other AOPs, ammonia is not significantly
removed. There are studies ([30], [31] and [32]) that demonstrate effectivness of
EO in COD oxidation compared with other process for landfill leachate;

� the addition of reagents such as iron salts or ozone is not required;

� EO is also promising for the successful removal of heavy metals: Fernandes et al.
[33] performed a system which combines in a first step EC with a iron consumable
electrode and in a second step EO with boron-doped diamond (BDD) electrodes
and they could prove a total removal of chromium and zinc. After the first step
chromium is almost completely removed, instead zinc is only partially removed
and it needs EO to be efficient.

Even after plenty experimetal trials, no complete agreement has been attained on
the nature of adsorbed inermediates and the details of the reaction mechanism are not
completely eluciated so far. Inside the same process different mechanisms coexist and

13



Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

contribute to the global degradation.

3.4 Direct Oxidation

In the direct oxidation, the generation of active oxygen occurs at the anode surface in
a physical way, producing HO· or in a chemisorbed way, by the oxide lattice (MOx+1).

The mechanism is schematically shown in Figure (3.2). The oxidation can follow

Figure 3.2: Mechanism of direct anodic oxidation [2]

two pathways: the complete combustion, thus the production of CO2 and water or the
conversion to other biological compounds, those need a further treatment. In particu-
lar, these processes coexist during the oxidation and the final products present in the
solution, are a combination of both the ways.
Describing the scheme, the first step in Eq. (3.9) shows the water in an acidic media,
produces hydroxyl radicals, at the anode surface (the same products can be formed in
an alkalinic condition with OH−). The oxygen is given by the water, through the dis-
sociative adsorption of it or through the electrolytic discharge of it at potentials above
its thermodynamic stability [34]. The second step is the formation of the higher oxide
MOx+1, described in Eq. (3.10), in which the adsorbed hydroxyl radicals interact with
the oxygen in the oxide anode.

MOx +H2O
k1−→MOx(·OH) +H+ + e− (3.9)

MOx(·OH)
k2−→MOx+1 +H+ + e− (3.10)

To conclude the loop, there are reactions which are competitive with the organic matter
oxidation. If there is any oxidable organics, the reactions lead to the production of
dioxygen (3.11 and 3.12); otherwise the chemisorbed ”activate oxygen” participate in
the formation of selective oxidation.

MOx(·OH) −→ 1

2
O2 +H+ + e− +MOx (3.11)

MOx+1 −→MOx +
1

2
O2 (3.12)
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Selective oxidation

The electrochemical conversion transforms mainly ”non-biocompatible” organics into
”biocompatible” organics, increasing the possibility of a further biological treatment, if
the BOD/COD ratio reachs a higher value. Selective oxidation is enhanced when the
condition (3.13) is satisfied.

k2� k1 (3.13)

If the second reaction is faster than the first one, the concentration of hydroxyl radicals
is almost zero at the anode surface, infact they have been used for the generation of
higher oxides. Efficient anodes for selective oxidation of organics are those with low
concentration of active sites and high concentration of the so-called ”oxygen vacancies”
in the oxide lattice. MOx+1 is an example of an oxide having a high concentration of
”oxygen vacancies”.

Complete combustion

The electrochemical combustion carries out the complete mineralization to CO2 and
water. High concentrations of hydroxyl radicals on the anode surface are involved in
the oxidation of the organic matter. Thus, the second reaction is faster than the first
one.

k2� k1 (3.14)

The condition (3.14) is satisfied with anodes having a large number of active sites for
the adsorpion of hydroxyl radicals and low concentration of ”oxygen vacancies” in the
oxide lattice. An example of this is an oxide with an excess oxygen in the oxide lattice,
which can be an oxide doped with a metal oxide with a higher oxidation state.
To arrive at the complete combustion, there are other intermediate reactions but the
specific mechanism is complex and not completely known. It can be simplified with the
following formation of organic radicals (3.15), reaction with dioxygen (3.16), formation
of hydroperoxide (3.17) and further decomposition of intermediates, due to the instable
nature of hydroperoxide [2].

RH + ·OH −→ R ·+H2O (3.15)

R ·+O2 −→ ROO· (3.16)

ROO ·+R′H −→ ROOH +R′· (3.17)

Depending on the anode material, conversion or combustion is increased. For this rea-
son anode material is an important parameter to set and according with the literature,
several materials have been investigated.

3.5 Indirect Oxidation

The electrochemical oxidation can be performed also in a indirect way. Organic pol-
lutants exchange electrons through the mediation of some electroactive species, which
act as an intermediary between the electrode and the organics [34]. Concerning the
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indirect oxidation, the most used electrochemical oxidants are chlorine, hypochlorite
or sulphate. In the presence of a high chloride concentration, inorganic and organic
pollutants are mostly eliminated.
This technology has also two important drawbacks: the possible formation of chlo-
rinated organic intermediates or final products and the need of salt addition, if the
concentration of chlorine is low in the raw leachate.

Another kind of indirect oxidation is the one which uses mediators. Metal ions, called
mediators are oxidized at the anode surface from a stable state to a more reactive and
high-valence state. In this form the mediators can directly attack and oxidize organic
pollutants. Typical mediators are Ag2+, Co3+, Fe3+, Ce4+ and Ni2+. The drawback
of this method is the production of sludge polluted from heavy metals, which limits
its application. Furthermore an acidic media is necessary to avoid precipitation of the
metals before the reaction with the organic matter [22].

3.6 Electrodes Material

As already introduced, the nature of the electrodes material influences the selectivity
and the efficiency of the electrochemical oxidation process. It is possible to distinguish
between two classes of electrodes, defined as active and non-active [35].

� An active electrode has higher available oxidation states on the electrodes sur-
face and this means the adsorbed hydroxyl radicals interact mainly with the
anode to form higher oxide. The reaction is the (3.18) and it uses the so-called
chemisorbed active oxygen as a mediator to form intermediary oxidated products.
Active anodes have low oxygen evolution overpotential and consequently are good
electrocatalysts for the oxygen evolution reaction.

MOx+1 +R
kd−→MOx +RO (3.18)

� A non-active electrode avoids the formation of higher oxides and hydroxyl radicals
oxidate in a nonselective way to the complete combustion, thus to CO2 and
water (3.19). Non-active anodes have high oxygen evolution overpotential and
consequently are poor electrocatalysts for the oxygen evolution reaction.

MOx(·OH) +R
k0−→MOx + CO2 +H2O +H+ + e− (3.19)

According to the literature, many anodic materials have been tested to find those
that are more efficient for different kinds of pollutants. Some active anode materials
are carbon and graphite, platinum-based anodes, iridium-based oxides and ruthenium-
based oxides. Instead the most used non-active anode materials are antimony-doped
tin oxide, lead dioxide and boron-doped diamond [34].

3.7 Boron-doped Diamond (BDD)

Boron-doped diamond is one of the most widely studied materials for wastewater and
water disinfection. It is also promising in the field of the organic pollutants removal

16



Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

from leachate, in a lab scale [36] as well as pilot plant [37].
BDD has an inert surface with low adsorption properties, strong corrosion stability
and high oxygen evolution overpotential. The large amount of ·OH produced have
high reactivity for organic oxidation, due to their weakly interaction with the anode
surface.
In many papers BDD efficiency is demonstrated; several compounds reach complete
mineralization, such as carboxylic acids [38], herbicides [39], benzoic acid [40], naphthol
[41], phenol [42], cyanides [43] and others.
Compared to platinum, BDD has a wider working window, as shown in Fig. (3.3), that
means it can reach cathodic and anodic potentials and it can generate a multitude of
active elements. For these properties it is often applied for landfill leachate treatment.

However, diamond electrodes have some drawbacks as well, like their high cost and

Figure 3.3: Comparison between cyclic voltammogram of platinum and BDD [3]

the difficulties in finding an appropriate substrate, where to deposit the thin diamond
layer. Tantalum, Niobium and Tungsten are expensive, instead Silicon is brittle and
poor conductive [34].

3.8 Salicylic acid

Aiming to the oxidation of organic matter, salicylic acid is chosen as a model organic
molecule [44]. The choice of this compound has been made due to its ability to act
as a spintrap for free hydroxyl radicals in the biological system and for its structure,
containing an aromatic ring.
With these characteristics, it is a good model to prove that the system uses hy-
droxyl radicals to oxidize organic matter. Its rate constants with OH radicals is
2,2·109L/mol−1s−1 [45].

The salicylic acid is a colorless crystalline organic acid. The IUPAC name is 2-hydroxy
benzoic acid. It is widely used in organic synthesis and it is identified as a plant hor-
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mone. The molecular formula is C7H6O3 and the OH group is ortho to the carboxyl
group.
It is well known for its medical application: as a skin-care product and as an impor-
tant active metabolite of aspirin. It has particular properties to ease aches and pains
and reduce fever. Bbecause of these abilities has been used since ancient time as an
anti-infiammatory drug. It is used also to treat seborrhoeic dermatitis, acne, psoriasis,
calluses, keratosis pilaris, acanthosis nigricans, ichthyosis and warts as other hydroxy
acids.
It is even used as a bactericidal, as a food preservative, as an antiseptic and in some
shampoo.

The mineralization process of the salicylic acid is a mechanism that can involve

Figure 3.4: Process of mineralization of salicylic acid with possible intermediates cre-
ation [4]

different intermediates depending on the pathway the system enhances and on the
electrode material used. A simple scheme of the oxidative reactions is presented by
Rabaaoui and Allagui [4] and is described in Figure (3.4). It involves hydroxylation,
decarboxylation, opening of the benzenic ring and further oxidation. A possible first
step is the hydroxylation of the salicylic acid by hydroxyl radicals until the formation
of dihydroxylated intermediates (1) and the decarboxylation with the formation of cat-
echol and hydroquinone (2). The intermediates emit at a wavelength close to the peak
at 298 nm of the salicylic acid, that can avoid an easy determination of them in the
solution. It can be used a technique for identify the different present compounds [46].
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Afterwards aliphatic carboxylix acid are formed with the cleavage of the benzenic ring
(3), which are consequently oxidized to formic acid (4) and at the end mineralized to
carbon dioxide and water.
Different aromatic intermediates and generated carboxylic acid, formed during the
degradation of salicylic acid, can be detected by HPLC.

The solubility in water is reported in Table (3.2). Experimentally, the solution of
salicylic acid in water is not easily soluble and it is advisable to stay below the limit of
the table and shake strongly.

Temperature [◦C] Solubility [g/L]

0 1,24
25 2,48
40 4,14
75 17,41
100 77,79

Table 3.2: Solubility of salicylic acid in water

3.9 Limiting current density

A further important parameter to keep in consideration is the applied current used.
In particular the definition of limiting current density is necessary to understand the
mechanism difference fot both of the schemes.
Panizza et al. [5] developed a simple mathematical model that describes the direct
oxidation and hydroxyl radicals oxidation mechanism. First of all, the limiting current
density is espressed by the Eq. (3.20) and it is directly proportional to COD(t).

ilim = nFkmCOD(t) (3.20)

where

ilim A/m3 limiting current density
n - number of exchanged electrones involved in the reaction
F C mol−1 Faraday’s constant
km m s−1 average mass transport coefficient in the elecrochemical

reactor
COD(t) molO2m

−3 chemical oxygen demand at a given time t

Depending on the applied current density, there are two possible operating regimes:

� i < ilim
if the applied current density is below the limiting current density, the electrolysis
is under current control. That means the organic intermediates are formed during
the oxidation and COD decreases linearly with time, according to Eq. (3.21).

COD(t) = COD0

(
1− αAkm

V
· t
)

(3.21)
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Figure 3.5: Schematic curves showing the different trends of the limiting [5]

where

α [-]
i

ilim
A [m2] anodic area (surface of the electrode)
V [m3] treated volume

� i > ilim
if the applied current density is above the limiting current density, the electrol-
ysis is under mass transport control. In this case, the organic compounds are
completely combusted to CO2 and the COD decay follows an exponential trend,
showed in the Eq. (3.22).

COD(t) = COD0 · exp
(
−Akm

V
· t
)

(3.22)

When the intermediate situation happens, the applied current density is for a certain
time above the limiting current density and then, when this one decreases, below it.
For this situation, the COD(t) can be calculated by the Eq. (3.23).

COD(t) = αCOD0 · exp
(
−Akm

V
· t+

1− α
α

)
(3.23)

The COD depends on time and it deacreases with the passing of the minutes. In
Figure (3.5), it is shown the possible situations, in the intermediate case. The curve is
linear until the ilim reaches the iappl, when it becomes exponential.

20



Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

Figure 3.6: Profile of the throughflow area inside the cell

In the following sections, the calculations for the specific coefficients used in the Eq.
(3.20) are reported.
All the parameters used are mentioned in the Table (3.3).
The throughflow area is the profile of the area between the electrode circular plates,

Parameter Symbol Unit Value

molecular diffusivity of salicylic acid [47] DSA(20◦C) m2

s 7,43 ·10−10

dynamic viscosity of water µ(20◦C) kg
ms 1,002 ·10−03

water density ρ(20◦C) kg
m3 998,29

Faraday’s constant F C
mol 96485,33

molar weight oxygen MWO2

g
mol 32

exchanged electrones for salicylic acid n e−
mol 4

molar weight salicylic acid MWSA
g

mol 138,12
inner-electrode gap b m 0,001
throughflow-area A m2 9,44 ·10−05

flow Q L
h 300

hydraulic diameter for rectangular ducts D = 4A
P m 2·10−03

Table 3.3: Characteristics of the DiaClean Lab Unit system

as indicated in Fig (3.6).

Theoretical Oxygen Demand of salicylic acid

In a system where the only external organic addition is the amount of salicylic acid, it
can be assumed that the ThOD is equivalent to the COD.
The ThOD is the theorical demand of oxygen for oxidize the organic matter. To cal-
culate it, the oxidation reaction of the salicylic acid is studied in Eq. (3.24): 7 moles
of O2 are necessary to oxidize 1 mole of salicylic acid.
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C7H6O3 + 7O2 → 7CO2 + 3H2O (3.24)

The conversion factor from milligrams of salicylic acid to milligrams of oxygen is ex-
plained in the Eq. (3.25).

7
molO2

molSA

32 mgO2

molO2

138, 12 mgSA
molSA

= 1, 62
mgO2

mgSA
(3.25)

ThOD = 300
mgSA

L

1, 62 mgO2

mgSA

32mgO2

L

= 15, 20
molO2

L
(3.26)

For the experiment it has been hypotized the only organic addition is the salicylic acid,
that means the ThOD is at the same time also the COD.

Average mass transport coefficient

The mass transport coefficient depends on the characteristics of the system as well
as on the flow, if it is a laminar or a turbulent regime.
Initially the Schmidt’s number and the Reynolds’s number are calculated, following the
Eq. (3.27) and (3.28).

Sc =
µ

ρDSA
= 1351 (3.27)

Re =
ρDQ

Aµ
= 1759 (3.28)

D is the hydraulic diameter for a rectangular duct and is calculated by Eq. (3.29).

D =
4A

P
=

4A

2(h+ b)
=

2A

h
= 0.002m (3.29)

where P is the wetted perimeter. If the condition b << h is satisfy, the hydraulic
diameter can be calculated by the last part of the formula.
With the Schmidt’s number and the Reynolds’s number, it is possible to calculate the
Sherwood’s number by the Eq. (3.30).

Sh = 0.54Re0.385Sc0.2 = 41 (3.30)

At this point the average mass transport coefficient can be found with the Eq. (3.31).
In particular, it has to be mentioned that the mass transport coefficient is in the same
range of the one given by the setup supplier.

km = Sh
DSA

L
= 1, 51 · 10−5 (3.31)

Limiting current density

Once all the parameters have been determinated, the limiting current density is easily
calculated by (3.32).

ilim = nFkmCOD(t) = 8, 84
mA

cm2
(3.32)

Considering the electrodes area is 70 cm2, the limiting current is 0,62 A.
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Several authors tried to focus on different parameters, how they enhance direct
oxidation or indirect oxidation. The electrode material is the most important factor,
that influences mostly the hydroxylation mechanism. Other parameters can be changed
to have an overview about the working of the setup: the inner electrodes gap, the
electrolyte concentration and type, the applied density current. All these parameters
have been already tested by different authors in a batch reactor experiment.
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Chapter 4

Experimental part

In this chapter, the description of the laboratory experience is briefly reported. In the
relative sections it can be found the chemicals used, a detailed description of the setup
and the devices for the absorbance measurements and TOC analyze. Furthermore it is
specified the experiment with potassium indigo trisulfonate and the calibration curve,
which is useful for the transformation of absorbance value to effective concentration,
contained in the system.

4.1 Chemicals

The following list contains all the chemicals used in the experiments.

� Milli-Q water (MQ) is the water prepared by a purification system. It has been
used to dilute samples and prepare the solution. The purification processes in-
volve successive steps of filtration and deionization to achieve a purity expediently
characterised in terms of resistivity. The ultrapure water is of ”Type 1”, which is
the grade required for critical laboratory applications such as HPLC mobile phase
preparation, blanks and sample dilution in GC, HPLC, AA, ICP-MS and other
advanced analytical techniques. The resistivity is 18.2 MΩcm at 20 ◦C and the
TOC is 0.04;

� Salicylic acid provided by VWR, 100% pure, CAS 69-72-7, molar mass of 138,12
g/mol;

Figure 4.1: Structural formula of salicylic acid [6]
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� Sodium chloride (NaCl) by SDS, CAS 764714-5, molar mass of 58.44 g/mol;

� Sodium sulfate (NaSO4) by EMSURE, CAS 7757-82-6, molar mass of 142.04
g/mol (anhydrous);

� Potassium Indigo trisulfonate by Sigma-Aldrich, CAS 67627-18-3, molar mass of
616.72 g/mol;

Figure 4.2: Structural formula of potassium Indigo trisulfonate [7]

� Chloride acid (HCl): a solution of 1 M as acidifier;

� Sodium hydroxide (NaOH): a solution of 2 M as basifier;

� Dihydrogen phosphate (H2PO
−
4 ): concentrate as acidifier.

4.2 DiaClean Lab Unit

The WaterDiam Sarl developed a compact lab unit that aims to the generation of
oxidants for disinfection, with a particulat application for swimming pool and legionella
inactivation and even for the destruction of organics for wastewater treatments.

The setup in Figure (4.3) is depicted in the scheme (4.4). The initial solution vol-
ume is inside the tank, where a cooling system with a double cooling loop maintains
the temperature constant during the experiment. When the setup is in operation, the
solution goes into the pump and then through the filter and then into the cell where
two BDD electrodes on a silicon support are inserted. A flowmeter detector allows to
check and modulate the transient flow.
In the following list, the different compartments of the setup and their specific charac-
teristics are briefly described.

� Tank: it can store a volume up to 20 liters and it is made of polypropilene (PP),
which is an inert material to avoid the contamination of the solution. This is
where the initial solution is inserted and where the pH and the temperature are
measured. From the tank, the solution goes into the pump through an opening
valve and through another pipe the investigated solution flows back into the same
tank.
Moreover when the experiment is finished and the setup needs to be cleaned,
another opening valve is located at the bottom of the tank, that permits to empty
it. At the top of the tank there is a hole for the evacuation of the gases produced
during electrolysis.
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Figure 4.3: DiaClean Lab unit

Figure 4.4: Flux scheme of the compartment of DiaClean Lab unit [3]

� Refrigerator and heating circulator Julabo FP 50: with the aim of main-
taining the temperature constant during the experiment, it is necessary to use a
refrigerator control device. The instrument uses an external pump to recirculate
oil (8940114 H10) at low temperature into a system of a double cooling loop, ly-
ing inside the tank. There is an external sensor which measures the temperature
inside the tank and in function of the variability of it, the main device changes
the temperature of the oil bath, mantaining the fluctuations into the tank below
a certain limit.
The refrigerator can reach the temperature of -94 ◦C.
To insulate the system from the laboratory environment and to accelerate the
cooling, a stable temperature a cover in neoprene is installated around the tubes.
Different parameters can be changed to improve the efficiency of the cooling sys-
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tem. The set values are reported below in the bracket.

– XPext range: 0,1÷99,9 (0,3) is the range below the setpoint, in which the
control circuit reduces the heating capacity from 100 % to 0 in an energy
safe mode.

– Tnext range: 3÷9999 (1350) is the reset time necessary at the system for a
proportional regulation. If it is too low it may cause instabilities, otherwise if
it is excessive, it may cause an unnecessary prolongation of the compensation.

– Tvext range: 0÷999 (3) is the differential component, that reduces the tran-
sient time. An insufficient value may cause a high overshooting during the
running up and an excesssive value may cause instabilities and oscillations.

– XPU range: 0,1÷99,9 (0,6) is necessary only for external control and it is
paragonable to XP ext.

– pump level (4) is the speed of the pump.

Even with this improvement, the pump as well as the electrolytic cell heats the
solution into the system relatively fast and the control temperature device is not
that effective to reach and mantain temperature lower than 12◦C. For this reason
the experiments have been carried out in a range of 13-27◦C.

In Fig. (4.5) and (4.6) the details of the double cooling loop are reported to-
gether with the remote control of the refrigerator respectively.

Figure 4.5: Detail of the double loop
inside the tank

Figure 4.6: Detail of the remote control
of the refrigerator Julabo FP 50

� Pump: it is made of inert materials. It is connected to the low contact switch
(LiSL), in function of stopping the system if the flow is below a certain limit. The
pump is provided by DAB and it can work in the range 0.6-4.8 m3/h. For the
specifics, the technical scheme is reported in Figure (4.7).

� Flowmeter: it is a transparent plexiglass cylinder where a metallic cone moves
up and down in function of the transient discharge of the system. It can be
adjusted by turning a valve in the range between 100 and 1000 L/h. The security
system to stop the running of the pump is a magnetic plate and it can be set in
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Figure 4.7: Characteristics of the pump
DAB KVC 20/50 M Figure 4.8: Details of the flowmeter

a low position of the cylinder, corresponding to the minimum discharge. When
the metallic cone reachs at the same level of the magnetic plate, the system is
running with a low level of water in the tank and this may cause the backwash
of air bubbles in the pump and damage it.
The cone indicates the transient discharge value, when the base matches with the
level. As it can be seen in the Figure (4.8), the flowmeter shows 300 L/h.

� Filter: it avoids the entrance of particles or solid elements in the electrodes cell,
the most delicated compartment of the system. The filter stoppes particles with
a width more than 50 µm.
Considering the experiments carried out, the presence of the filter is not manda-
tory because the model compound is in the solution and there is no production
of sludge or precipitate. From the other hand, it is an important instrument for
the application of the real landfill leachate.

� Sampling valves: there are two different sampling valves. One is before the
filter and the other is after it. As already mentioned, the system is completed
mixed and there are no particles, which can be stopped by the filter, so there
should not be differences between both samples taken from the sampling valves.
Furthermore the system is running in a continous mode, hence the concentration
should be the same in every compartment of the setup.
The procedure used during the experiments, is to use the valve before the filter.

� Power supply DiaClean PS-1000: it is a power supply at low voltage, current
tunable and polarity reversal function with tunable frequencies. The range of
possible applied current is between 0.6 up to 20 A.
It is possible to use the polarity reversal function and switch the anode and cath-
ode inside the cell according to a fixed time, that can be between 5 minutes up
to 70 minutes. It is even possible to use the device without the reversal function
in a manual mode. Reversing the polarity is important to protect the electrolytic
cell and let the electrodes last longer.
By the power supply, applied current and relative voltage can be measured in-
stantaneously.
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Figure 4.9: Detail of the power supply
DiaClean PS-1000

Figure 4.10: Detail of the electrolytic
cell DiaClean

Parameter Value Unit

Thickness 2 mm
Resistivity 100 mΩcm

Film thickness 2÷3 µm
Boron concentration 500-1000 ppm

Table 4.1: Characteristics of BDD/Si electrodes

� Electrodes cell DiaClean: it is an electrolytic cell with a single compartment.
It contains two circular BDD electrodes on a silicon support; their surface is 70
cm2. The BDD electrodes on silicon substrate are produced by NeoCoat SA
based in La Chaux-de-Fonds, that optimize the properties of the electrodes in
accordance to the geometry of the DiaClean. The characteristics of the electrodes
are those reported in Table (4.1).

The gap between the electrodes is 1 mm and the current applied to both of the
electrodes, permits to define an anode and a cathode, that are interchangable, in
function of the reversal role.
DiaClean enables oxidant production by direct electrolysis for diverse water treat-
ment applications. The separating electrodes are floating bipolar diamond elec-
trodes (patented concept).

In conclusion, it can be summarized the usual procedure during the laboratory ex-
perience with the flow chart of Figure (4.4) and the following short explaination.

The balance Sartorius Analytic A200S in Figure (4.11) has been used to weigh 3 grams
of salicylic acid. The balance has a sensitivity of ±0,0001 g. The amount of acid is
added into a flask and mixed in 2 liters of distilled water. To help the mixing of the
solution, it is advisable to shake strongly and warm the flask, because, as already said,
the solubility of salicylic acid in water increases with the temperature.
Once the solution of salicylic acid is at room temperature, the flask is filled up to the
level of 2 liters with a disposale glass pasteur pipette and added to the tank in the
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system. Afterwards the support electrolyte is added and the tank is filled up to 10
liters with distilled water.

Figure 4.11: Balance Sartorius Ana-
lytic A200S

Figure 4.12: HACH sensION+ PH31
pHmeter

Figure 4.13: ODEON Classic conductimeter

The final solution is stirred before with a spoon for a raw mixing and consequently
the system is switched on, let the pump helping it. In the meanwhile the temperature
control system is set at the fixed temperature and it starts to cool down the oil bath as
well as the cooling loop, modifying the entire solution temperature. It takes approxi-
mately one hour to reach the desidered temperature.
Before applying the current, the pH is adjusted with a base (NaOH) or an acid (HCl)
in function of the required pH. When the solution is at a stable temperature as well as
stable pH, the DiaClean power supply is turned on and set on the fixed current. The
chosen mode of the power supply is the automatic one and the reversal time is set on
30 minutes.
The first sample is taken directly before the application of the current and the con-
ductivity, the absorbance with the UV/VIS spectrophotometer and TOC are analysed.
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Parameter Value Unit

Flow 300 L/h
Volume 10 L

Salicylic acid concentration 300 mg/L
Electrode gap 1 mm
Reversal mode 30 min

Table 4.2: Constant parameters of the experiments

Prior the TOC analyses, the samples have been acidified with phosphoric acid and
stored in a refrigerator.
For all the further samples, conductivity and absorbance measurements have been col-
lected, instead every 60 minutes another sample is stored for the TOC analysis.

Some parameters have been set and mantained constant for each experiment. The
other parameters instead will be specified for every experiment.

4.3 UV/VIS spectrophotometer PerkinElmer LAMBDA
650

Ultraviolet-visible spectrophotometry refers to absorption or reflectance spectroscopy
in the ultraviolet-visible spectral region. It uses light in the visible range or adjacent
as near-UV and near-infrared.
The UV/VIS spectrophotometer measures the intensity of the light passing through a
sample. The intensity of the direct light is I0 and the intensity of the light passing
trough the sample is called I. The ratio I/I0 is the trasmittance (T) and it is usually
expressed as a percentage.
The absorbance instead, is a function of the percentage trasmittance, that follows the
Equation (4.1).

A = − log

(
%T

100%

)
(4.1)

In the scheme of Figure (4.14) it is depicted the function of the instruments inside the
UV/VIS spectrophotometer. The basic parts are a light source, a holder for the sample
cuvette, a prism to separate the different wavelengths of light and a detector. The
radiation source is given by a tungsten lamp, which emits between 300 and 2500 nm
and by a deuterium arc lamp, which emits instead in the ultraviolet region between 190
and 400 nm.
The detector is a photomultiplier tube, that is usually used with scanning monochro-
mators. With these latter ones, the light is filtered and only a single wavelength can
reach the detector. In this way, a single value of intensity is associate at a specific
wavelength.
The spectrophotometer UV/VIS PerkinElmer LAMBDA 650 uses a single beam, in
which all of the light passes thrught the same cell and the only possibility to measure
the I0 is by removing the sample, procedure mandatory before every round of experi-
ments, through the button Autozero.
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The absorbance spectrum has been taken from 220 nm up to 500 nm, that is a

Figure 4.14: Scheme of the UV/VIS spectrophotometer [8]

wide range to contain all the oscillation of the salicylic acid samples.

4.4 Apollo 9000 Total Organic Carbon (TOC) Analyzer

The TOC analyzer measures the effective carbon inside every samples. It uses com-
bustion at temperature in the range of 680-1000◦C with a patented reusable platinum
catalyst for the lowest detection limits.
In a combustion analyzer, the sample is splitted in two. Half of it is injected into a
chamber where it is acidified with phosphoric acid, to turn all of the inorganic carbon
into carbon dioxide as per the following reaction (4.2):

2H+ + CO3
2+ −→ CO2 +H2O (4.2)

The other half of the sample is injected into a combustion chamber, where all the car-
bon, organic and inorganic, reacts with oxygen, forming carbon dioxide. Afterwards
it’s sent into a cooling chamber and finally both of the sample are put into the detector
for measurement. The amount of organic carbon is determined by subtracting the total
inorganic carbon to the total carbon content.
The detector is a Non-Dispersive Infra-Red (NDIR), which is sensitive for very low
levels of TOC. Each sample is diluted 100 times and measured together with two stan-
dards s1 and s2, that correspond to the minimum level of the TOC expected into the
sample and the maximum.
The sample has been taken every hour, acidified with the dihydrogen phosphate ion

(H2PO
−
4 ) and stored in a refrigerator. For each experiment there are a number of 6

samples for the TOC analyze.
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Figure 4.15: Apollo 9000 Total Organic Carbon (TOC) AnalyzerTM Tekmar

4.5 Experiment with potassium indigo trisulfonate dye

As first trial, the setup has been tested with potassium Indigo trisulfonate, a dye
supplied by SIGMA-ALDRICH. This experiment has been carried out mainly to have
a visible evidence of the potential of the setup. Beside the color removal, the absorbance
has been measured.
The potassium indigo trisulfonate has been chosen for two different reasons: its colored
characteristic and also its organic nature. Because of this last property, it is possible
to compare the kinetic of the indigo degradation with the one of salicylic acid.
The volume of the solution inside the system is 10 liters and the added mass of dye is
0,4626 g. The concentration of indigo into the water is not relevant, because the main
goal is to see a gradual disappearence of the color. The initial concentration gives a
strong and omogeneous coloration into the tank, as supporting electrolyte, 18 g of NaCl
were added. The temperature during the experiment was around 24◦C.
In 45 minutes the blue color was removed and regarding the adsorbance, the results are
shown in the Table (4.3). The blank sample is Milli-Q water.
For each experiment a blank sample at the beginning of the measurement and another
one at the end was taken.
The results in Table (4.3) are an average of three measurement with a set wavelength
at 298 nm. In the Figures (4.16), (4.17), (4.18) and (4.19) there are respectively the
details of the samples and the inner part of the tank for the first and the last sample.
The effectivness of the system for removing the dye has been proved.
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Time [min] Absorbance

blank 0.0374
0 6.66
5 10
10 2.58
15 2.00
20 1.51
25 0.91
30 0.44
35 0.16
40 0.053
45 0.045
50 0.046
55 0.047
60 0.047
65 0.045
70 0.048

blank 0.0371

Table 4.3: Results of the experiment with potassium indigo trisulfonate at 298 nm

Figure 4.16: Sample of indigo solution
at t=0 Figure 4.17: Detail of the indigo solu-

tion inside the tank at t=0
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Figure 4.18: Sample of indigo solution
at t=70 minutes

Figure 4.19: Detail of the indigo solu-
tion inside the tank at t=70 minutes

4.6 Calibration curve

In order to use the UV/VIS spectrophotometer for quantify the concentration inside
the system, the calibration curve has to be determined.
The measured standards are 1 mg/L, 5 mg/L, 10 mg/L, 50 mg/L and 100 mg/L.
Those standards are prepared by 1 liter of 500 mg/L of salicylic acid solution. From
the stock solution, the dilutions used are prepared as shown in the Figure (4.20), where
MQ is the Milli-Q water.

The calibration curve is shown in Figure (4.21). The standards absorbance fits per-
fectly with the linear equation, in fact the correlation factor R2 is 1.

The inverse of the equation (4.3) allows to relate the real concentration into the
sample from the measured absorbance at 298 nm.
The calculation of the concentration are reported in the final table for every experiment
in the Appendix (6).

x = 40, 486y − 1, 798 (4.3)

36



Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

Figure 4.20: Dilution of the salicycilic acid standards

Figure 4.21: Calibration curve with standards of salicylic acid at 298 nm
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Chapter 5

Results and discussion of the
results

In this chapter, the results of the different experiments carried out in the laboratory of
drinking water at NTNU (Department for Water and Environmental, S. P. Andersens
veg 5, 7031 Trondheim, Norway) are reported.

For every single experiment, the sampling time (min), pH, temperature (◦C), con-
ductivity (µS/cm), applied current (A), voltage (V), absorbance at 298 nm have been
measured. The details of the experiments can be consulted in the Appendix (6).

5.1 Determination of the salicylic acid degradation kinetic

For each experiment the kinetic of salicylic acid degradation has been calculated.
The kinetic order can be zero, first or second, depending if the extrapolated trend fits
better with a linear, an exponential or a second order kinetic curve. As said in the
theoretical chapter (3), the expectation of the decay is a first order kinetic (5.1), that
means the trend of the experiments correspond to an exponential curve. The results
prove a good fit with the first order kinetic for all the experiments. This is due to the
applied current (7 A) that is above the limiting density current (0,62 A) for all the
configuration analyzed.

For every time frame the k has been calculated and the final average has been used to
plot the extrapolated curves. Furthermore the σ2 has been found by the least squares
method, that uses the technique of minimize the residual of the function. The resid-
ual is defined as Eq. (5.2), where f(xi) is the value of the fitting curve and yi is the
measured value. The least squares method is optimum when the sum is minimum (5.3).

1

t2 − t1
· ln

(
c1

c2

)
= k (constant) (5.1)

ri = yi − f(xi) (5.2)

σ2 =

n∑
i=1

ri
2 (5.3)
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The related kinetic rate and σ2 are reported in Table (5.1) and Table (5.2) in the re-
spective following sections and also in the Appendix (6) with the partial calculation.

5.2 Calibration

The first part of the experiments, as already said, is the calibration of the system. The
setup is a new instrument that needs a certain number of experiments for working in a
proper way. It is important to identify its peculiarity and the aspects needing attention
during the preparation and the running of every single experiment.
Many parameters have to be set before testing the influence of temperature and pH,
like the initial concentration of salicylic acid in the system, the volume treated, the
flow velocity passing through the cell, the applied current, the electrolyte nature and
its molarity.

After several experiments some of the basic conditions have been set. It has been
chosen 10 liters of a solution of salicylic acid at 300 mg/L in the system, processed at
300 L/h.
In particular, the range of the initial concentration and the discharge are parameters
suggested by the setup provider to have a good working conditions for the system.

In the Table (5.1) a summary of the kinetic calculation for the different experiments
are presented. For the detailed sheets, see Appendix (6).

electrolyte molarity [M] current [A] equation R2 k [min−1] σ2

NaCl 0,05 7 e−0.00479 0.99117 0.005068 0.0000258
NaCl 0,05 7 (no rev.) e−0.00585 0.99107 0.005964 0.0000295
NaSO4 0,05 7 e−0.00181 0.98854 0.001902 0.0000263
NaSO4 0,05 7 (no rev.) e−0.00191 0.99686 0.001877 0.0000049
NaCl 0,1 7 e−0.00795 0.99405 0.007687 0.0000679
NaSO4 0,1 7 e−0.00196 0.98610 0.001773 0.0000511
NaSO4 0,05 1 e−0.00130 0.98593 0.001411 0.0000185
NaSO4 0,05 3,5 e−0.00169 0.99748 0.001710 0.0000135

Table 5.1: Summary of the kinetics for calibration experiments

The first parameter investigated and evaluated is the influence of the electrolyte:
NaCl and NaSO4.
In an electrochemical oxidation process, an important rule is given by the electrolyte
nature. The electrolyte enhances the movement of the charged ions in the system and
promotes the indirect oxidation by mediators.
It has been added to the system, 0.05 M of sodium sulphate or sodium chloride. The
results of the experiments are shown in Figure (5.1) with a graph of the results of the
UV/VIS spectrophotometer measured at a wavelenght of 298 nm and in Figure (5.2)
with an extrapolation curve of the exponential decay of the salicylic acid degradation,
calculated by k. The tests are carried out with 7 A as applied current and 20◦C.

It is easily concluded that the NaCl as support electrolyte is more effective than
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Figure 5.1: Evaluation of the electrolyte influence with experimental results of ab-
sorbance at 298 nm - NaSO4 and NaCl

Figure 5.2: Evaluation of the electrolyte influence with trend extrapolation - NaSO4

and NaCl

the NaSO4. The kinetic values, that are the exponential coefficient, are respectively
−0.005 and −0.002. This means the solution with NaCl reaches the complete mineral-
ization after 1000 minutes, against the 2400 minutes, necessary time for the one with
sodium sulphate.

From the results in Figure (5.3) it can be noted a slight oscillative behavior in the
decay. This can be due to the mechanism of the degradation of the organic compound
or to the influence of the switching in application of the current from one electrode to
the other one. Aiming to check if this second hypotesis is the real cause of the oscil-
lations, the same experiment has been carried out without the reversal of the applied
current. As reported in the Appendix (6) and also explained in the chapter (4), the
applied current changes its value switching between +7 A to -6,4 A every 30 minutes,
the reversal mode is chosen to protect of the electrodes and to use both of them with
the same frequency.
The next round of experiments compare the reversal mode to the ones with a fix cur-
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Figure 5.3: Detail of the oscillative behavior in the experiment with NaSO4

rent, set at 7 A. The manual mode is used to avoid the switching of the electrodes.
The results shown in Figure (5.4) and (5.5) demonstrate that the change of the current
inside the system is not the cause of the oscillative behavior because this behavoir is
visible for both of them and the final trend of the experiments is not widely influenced.
For the experiments with sodium chloride as support electrolyte, a small difference can
be noticed, probably due to the application of a contiunous current (7 A) that is higher
for the whole time, compared to the one that switches between 7 and -6.4 A. With an
effective higher current, the removal rate is enhanced. Instead for the experiments with
NaSO4, no differences can be mentioned.
It could be argued that the oscillative behavior is provocated by the creation of some
intermediates during the mineralization that are more or less degradable and they pro-
duce a different peak in the absorbant spectrum. To verify this assumption, another
technique should be involved, like for example the HPLC. This is also a natural further
step for better understanding the oxidation mechanism.

Figure 5.4: Evaluation of the influence of the reversal of the current with experimental
results of absorbance at 298 nm - NaSO4 and NaCl
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Figure 5.5: Evaluation of the influence of the reversal of the current with trend extrap-
olation - NaSO4 and NaCl

Figure 5.6: Evaluation of the influence of the electrolyte molarity with experimental
results of absorbance at 298 nm - NaSO4 and NaCl

Figure 5.7: Evaluation of the influence of the electrolyte molarity with trend extrapo-
lation - NaSO4 and NaCl
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Once it had been figure out that the reversal mode of the system does not influence
the behavior of the decay, the further parameter to evaluate is the concentration of the
electrolyte. It has been tested a molarity of 0.05 M and 0.1 M for sodium chloride as
well as for sodium sulphate.
The results plotted in Figure (5.6) and (5.7), show the influence of the concentration
of the salt. In particular it can be noticed that the difference in the model, obtained
by the kinetic, is wider for results of the experiments with the sodium chloride than for
the others with NaSO4. The results of the kinetic coefficients are between -0.0051 and
-0.0077 for NaCl and from -0.0019 to -0.0018 for NaSO4 (see Table 5.1). In the case
of sodium sulphate, the kinetic value for the higher molarity is even smaller than the
one at 0,05 M, but it can be considered of the same order.

In the end, the influence of the concentration of the electrolyte is well demonstrated
for the experiments with NaCl but it is not obvious for the ones with NaSO4.
Despite of the experiments with sodium chloride as support electolyte are promising,
the electrolyte chosen for the following experiments has been the NaSO4 for safety rea-
sons. During the experiments using NaCl, chlorine gas was formed and could be smelled
in the whole laboratory which represented a health issue. Due to the gas nature, these
substances are difficult to hold inside the system without a proper insulation. In the
future developments of the system, the setup can be modify and improved to make it
completely insulated, also in a perspective way for the treatment of the real leachate.
By the way for the present project, the chosen electrolyte is the NaSO4.

Another important parameter to set is the applied current during the oxidation. The
limiting current density calculated in the theoretical part is 8, 8mA/cm2 (chapther 3),
that corresponds to 0,62 A for 70 cm2. Currents with higher intensity had been tested
with the aim of finding an exponential trend because the value is above the limit.
The experiments in Figure (5.8) and Figure (5.9) have been carried out at 20◦C, 0,05
M NaSO4 and with an applied current of 1 A, 3,5 A and 7 A.

Figure 5.8: Evaluation of the influence of the current applied with experimental results
of absorbance at 298 nm - NaSO4 and NaCl

The results show a proportional increment of the degradation rate with the increment
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Figure 5.9: Evaluation of the influence of the current applied with trend extrapolation
- NaSO4 and NaCl

of the applied current and the most effective experiment is the one carried out at 7 A.
It can be argued the kinetic rate is improved, when the applied current passes from 1
A to 3,5 A and up to 7 A. The current chosen for the following experiments is 7 A.

5.3 Evaluation of the pH and temperature variation

The second part of the experimental work is the comparison of the different decay for
pH 3, 7 and 12 and in parallel at the temperature of 13, 20 and 27 ◦C.
As mentioned in the previous section, two type of graphs corresponding to different
data, are reported. The graph described by points indicators is derivated by the values
of the absorbance at the peak, instead the one with a continuous line is obtained by
the model that uses the kinetic coefficient. Furthermore, the TOC analysis has been
collected and reported as well as the complete absorbance spectrum has been reported
in Appendix (6).

pH T [◦] equation R2 k [min−1] σ2

3 13 1e−0.00158 0.99537 0.00161 0.00048
3 20 1e−0.00179 0.99357 0.00178 0.00080
3 27 1e−0.00218 0.99735 0.00218 0.00045
7 13 1e−0.00140 0.99109 0.00133 0.00082
7 20 1e−0.00196 0.99161 0.00204 0.00089
7 27 1e−0.00245 0.99126 0.00250 0.00059
12 13 1e−0.00186 0.99207 0.00182 0.00062
12 20 1e−0.00224 0.99630 0.00222 0.00050
12 27 1e−0.00295 0.99757 0.00297 0.00030

Table 5.2: Summary of the kinetics for pH and temperature experiments

In the Table (5.2) the extrapolate exponential equation and the relative correlation
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Figure 5.10: Expertimental details of the experiment carried out the 4th February 2016
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Figure 5.11: Absorbance spectrum for pH 12 at 27◦C

Figure 5.12: Total organic carbon for pH 12 at 27◦C

Figure 5.13: Absorbance at wavelenght of 298 nm for pH 12 at 27◦C
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coefficient are reported, the kinetic rate are calculated by the Eq. (5.1) and the σ2

calculated with the least square method expressed in Eq. (5.2).

It is shown an example of the data collected for every single experiment. First of
all, there is a complete table with sampling time, pH, temperature, absorbance at 298
nm, applied current, voltage, calculated kinetic, σ2 and concentration, derivated by the
calibration curve of (5.10). Moreover it is plotted the absorbance spectrum with wave-
lenght in the range 220-500 nm for all the sample time (5.11), the total organic carbon
measurament with the relative depicted deviation standards (5.12) and absorbance de-
cay of the peak at 298 nm (5.13).

The complete results for the experiments are reported in Appendix (6).

The absorbance decay is a good index of the degradation of the organic compounds
by oxidizing agents, but this does not inform about the mineralization of the organic
compounds. Therefore the analyze of the total organic carbon is necessary. The docu-
mented decay of TOC analysis is a sure evidence that the oxidation is going on inside
the system and the carbon becomes CO2. Without the TOC results, it can be argued
that the decay of the peak at 298 nm is an index of the generation of new intermedi-
ates that absorbe at different wavelengths, but there is no proof of the mineralization
process. Introducing the TOC analysis, it can be demonstrated the process leads to
the mineralization.

To compare the different experiments, the histograms (5.14) and (5.15) are presented.
The values on the columns are the coefficients of the exrapolated curve from the kinetic.
It can be observed that the tendency is having a higher degradation rate when one of
the two parameters, temperature or pH, is higher.
In particular, the Figure (5.15) shows how the rate constant split in categories in
function of the temperature are increasing. The 3 experiments at 27◦C have higher
coefficients (or at least a similar value) than the 3 experiments at 20◦C, that in turn
have higher coefficients than the ones at 13◦C. From these histograms, the biggest
influence is due to the temperature and consequently the pH.

The experiment with the highest rate constant is the one carried out at pH 12 and
27◦C, instead the one with the lowest rate constant is the one at pH 3 and 13◦C. The
influence of the temperature on the oxidative reactions is already described in literature
and the experiments confirm the prediction of an increment of the efficiency with the
temperature.

About the pH, there are different opinions in the literature. Some authors describe
the pH as a parameter with a marginal influence on the system, in some other scientific
papers the low pH favors the oxidation and others the high pH is preferable in function
of the organic compound to degrate and even in function of the used electrolyte.
It is easily shown for the applied configuration, that the influence of the pH is clear
and for a higher pH corresponds a higher kinetic coefficient.

During the sampling a different coloration of the samples has been noticed according
with the pH of the experiment. For pH 3, the collected samples had no color, instead
for the ones for the experiments carried out at 7 and 12, the tendency of the coloration

48



Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

Figure 5.14: Comparison of degradation rate at different pHs at a given temperature
with NaSO4 as supporting electrolyte

Figure 5.15: Comparison of degradation rate at different temperatures at a given pH
with NaSO4 as supporting electrolyte

is to become yellow with the running of time. In the Figure (5.16) an example of the
change of samples colour in time for pH 12 is reported.
The natural colour of the sulfur is yellow and some reactions of the NaSO4 at high pH
can lead to the formation of derivates of sulfur with its tipical coloration.

Despite a different trend in the comparison of the absorbance at 298 nm is visible,
for the same experiment the TOC analyze does not show a difference in the oxida-
tion. This means that for the experiments which have a faster decay of the peak of
the absorbance spectrum, more intermediates are generated from the system but the
mineralization is not enhanced. The salicylic acid is degradated by the radicals in a
shorter time, but does not reach complete mineralization because the intermediates
are still in the system. This hypothesis is confirmed by the gain of the absorbance at
different wavelenghts, in particular at 255 nm.
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Figure 5.16: Details of the samples for TOC analyze of the experiment at 27◦C and
pH 12

Two opposite situations can be compared to underline the difference and make them

Figure 5.17: TOC measuraments at 27◦C for different pH

evident.
In the first Figure (5.19), the difference between the first and the last sampling is less
wide for the peak at 298 nm, and it basically non existent for the 254 nm where the
minimum of the spectrum is recorded. Instead for the second spectrum in Figure (5.20)
the distance between the curves is wider in both of the cases and the consequent con-
clusion is that the investigated compound (salicylic acid) is degradated faster into its
intermediates and derivates for the second configuration. These new compounds prob-
ably absorb at wavelenghts close to the visible light at 254 nm.
It is important to say that a parallelism between the increment of the minimum at
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Figure 5.18: Absorbance values at 298 nm at 27◦C for different pH

254 nm and the increment of the yellow color can be done. The color arises when a
molecule absorbs certain wavelengths of visible light and transmits or reflects others,
due to the chromophores, part of a molecule responsible for its color.

Figure 5.19: Absorbance spectrum for the experiment at 27◦C and 3 pH

Figure 5.20: Absorbance spectrum for the experiment at 27◦C and 12 pH

51



Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

5.4 Istantaneous Current Efficiency (ICE)

The ICE is a parameter of efficiency and it is calculable by Eq. (5.4), that uses the
COD as indicator.

ICE =
(CODt − CODt+∆t)

8I∆t
FV (5.4)

where:

CODt chemical oxygen demand for the instant t (mgO2L
−1);

CODt+∆t chemical oxygen demand for the instant t+ ∆t (mgO2L
−1);

I applied current (A);
F Faraday’s constant (96487 C eq−1);
V volume of the electrolyte (L).

A wide difference of ICE at certain times indicates that the anode material promotes
the electro-oxidation and inhibits the side reaction of oxygen evolution. If the hydro-
dinamic conditions are not favorable and the organic species are in a small amount in
the solution, a slow decay of ICE curve can be obtained because not enough species
reach the anodic surface. This is due to the mass transfer coefficient limitation, that is
a critical parameter for the determination of the anodic activity, despite of the oxygen
evolution reaction [48].
If the anode operates with an applied current higher than the limiting current, its in-
stantaneous current efficiency is lower than its maximum value, this means ICEt < 1.
The experiments done are referable to this case.

The ICE% has been normalized with the maximum value referred to the experiment
at pH 12 and temperature 27◦C, in particular at the first sampling time.
The results are summarized in the Figure (5.21) and some aspects have to be com-
mented.
The instantaneous current efficiency is progressively higher with the increament of the
temperature. It can be argued that the temperature has an important influence in the
efficiency of the electro-oxidation.
The initial trend (the first 60-80 minutes) is not stable as it is shown in Figure (5.21)
and for some experiments it has a more oscillative behavior than for the others. It is
difficult to give a concrete explanation to this trend, because there are different factors,
which can influence it. For istance if the tendency is a flat line, the oscillations could
be visible because the ordinate axis is too much zoomed. Another important factor to
keep in consideration, is the amount, as well as the adding time, of the buffer solution
to maintain the pH stable: for every experiment the addition happens in different times
and this can modify the efficiency of the instantaneous degradation.

Analizing the trend after 80 minutes, the curves with a highest rate are the ones
with highest temperature and consequently, the lowest the ones at 13◦C. The only
exception is the experiment carried out at pH 3 and temperature 27◦C, that is located
in the range of the middle temperature curves with an oscillation range around 0.5.
This peculiarity brings to light another interesting behavior shown in Figure (5.22).
The trend of the experiments at pH 3 is similar: there is a step in all the 3 cases at 60
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Figure 5.21: Comparison between of the temperature and pH influence on istantaneous
current efficiency normalized

and 80 minutes.
This behavior could be explained by the fact that the initial pH of the solution is around
3, that is the natural pH of the acidic solution, being the salicylic acid, an acid. The
natural oxidation mechanism expects to stay in the range of low pH and the system
leads the lower pH. The experiments carried out at low pH are more close to the nat-
ural oxidation process, that involves a rapid degradation of some compounds after 80
minutes. This reactions can be postponed or even taken more time for experiments at
higher pH.
To confirm or deny this hypothesis, another technique, capable to distinguish the par-
ticular intermediates, has to be applied.

Figure 5.22: Istantaneous current efficiency percentage: comparison for different tem-
peratures at pH 3
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Chapter 6

Conclusions and further studies

The present work is part of a major PhD project. The studied topic is very challenging
and there are some aspects not completely understood. First of all, not all the reactions
are known and in particular it is unpredictable which degradation is attributable to the
direct oxidation or other mechanisms. The discussion about the total oxidation rate can
be done even without knowing which oxidant agent works on which compound. The
complete mechanism that leads mineralization is different, depending on many factors
for instance the initial compound concentration, the electrode material, the applied
current, the mass transfer coefficient and so on.

Since the used devices have been tested for the first time for this project, an important
part of the poject is the calibration of the system. The combination gave a positive
result for the oxidation of the salicylic acid, which is, as said in the theoretical chapter
(3), a radical probe. The fact the degradation takes place consists in an evidence of the
radicals reactions. It can be concluded that the system is suitable for organic removal
applications even if it can be improved in different ways.

The clear influence of the NaCl as support electrolyte, suggests the application of this
one for further experiments to enhance the kinetic of the oxidation. With this aim, it
is necessary to develop an isolation around the tank, that connect this last one directly
to the hood for a laboratory test.

Moreover the influence of the temperature has been demonstrated, as well as the influ-
ence of the pH in the chapter (5). Higher temperature and high pH leads to a faster
generation of intermediates, but it not corresponspond to a more rapid mineralization,
as proved by the TOC analyze.

The innovative part of the present work is to test the influence of the parameters,
in particular the temperature, with a new setup, created for the disinfection of drink-
ing water, with a special application for the legionella virus, but only in the recent
period enlarged to water with a higher pollutant index, as wastewater and leachate
treatment. Since the set-up is new, the future works can follow many different ways
and investigate several specific aspects.
First of all, there are some pratic aspects to improve. The setup can be optimized cre-
ating a new sample port directly after the electrolytic cell, with the aim of measuring
the degradation as soon as it happens; a closing valve between the tank and the pump,
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for mantaining the aqueous solution inside the pump during the cleaning procedure.
As mentioned in the chapter (4.2), the installed pump is a submersible pump and it is
mandatory mantaining water inside the system to preserve its lifetime and to make the
system running in a short time.

Talking about further possible techniques, the following step can be the evaluation
of the hydroxylation of the salicylic acid with a high-performance liquid chromatogra-
phy (HPLC and LC-MS). With this technique, the identification and quantification of
intermediates in the degradation chain is possible and the reaction mechanisms can be
better understood. To follow the reactions inside the system and argue which one is
the step of the mineralization, this is an important experiment to carry out.

Furthermore, the next step is the evaluation of the degradation of other compounds
present inside the leachate for example ammonia (NH3) or other organic pollutants.
The final goal is testing the setup for the real landfill leachate coming from Åremma
to evaluate if this process is valide as first treatment. In particular, verify the effective
oxidation rate of organic compounds, ammonia and heavy metals and also the real
change of BOD5/COD ratio for low temperatures.

In addition, the influence of some other parameters influencing the degradation of the
salicylic acid as the electrode material, the gap beween the electrodes and the applied
current density, could be investigated.
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posso stare qui ad elencare. I miei fantastici coinquilini di Piedicastello con le nostre

61



Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

cene stravaganti, le partite a calcetto e ping pong, le birre al Picaro e le interminabili
sessioni di esami durante le quali ogni superficie veniva ricoperta di libri, quaderni e
fogli. Grazie ad HIMYM per avermi insegnato che un gruppo di amici può rimanere
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dei periodi migliori. Ognuno di voi è stato importante per qualche motivo e ci tengo a
dirvi grazie!

62



Appendix

Substance

1 Arsenic
2 Bisphenol A
3 Brominated flame retardants
4 DEHP
5 DTDMAC, DSD;AC, DHTDMAC
6 1,2-Dichloroethane (EDC)
7 Dioxins and furans
8 Cadmium
8 CABs
10 Chromium
11 Hexachlorobenzene
12 Lead
13 Medium-chain chlorinated paraffins
14 Mercury
15 Musk xylene
16 Nonylphenol and its ethoxylates
17 Octylphenol and its ethoxylates
18 PAHs
19 Pentachlorophenol (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
28 Tributyl tin compounds
29 Trichloroethene
30 Trichloroethene (TRI)
31 Triclosan
32 2.4.6 Tri-tert-butylphenol

Table 6.1: List of Norwegian hazardous substances ([10])
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Number Name of priority substance CAS number EU number Priority category

1) Alachor 15972-60-8 240-110-8 B
2) Anthracen 120-12-7 204-371-1 B*
3) Atrazine 1912-24-9 217-617-8 B*
4) Benzene 71-43-2 200-753-7 B
5) Bromiinated diphenyletheriv not relevant not relevant A
6) Cadmium and Cadmium compounds 7440-43-9 231-152-8 A
7) Chloroalkanes, C10-13 iv 85535-84-8 287-467-5 A
8) Chlorfenvinphos 470-900 207-432-0 B
9) Chlorpyrifos 2921-88-2 220-864-4 B*
10) 1,2 - Dichloromethane 107-06-2 203-458-1 B
11) Dichloromethane 75-09-2 200-838-9 B
12) Di((2-ethylhexyl)phthalate (DEHP) 117-81-7 204-211-0 B*
13) Diuron 330-54-1 206-354-4 B*
14) Endosulfan 115-29-7 204-079-4 B*
15) Fluoranthene 206-44-0 205-912-4 B
16) Hexachlorobenzene 118-74-1 204-273-9 A
17) Hexachlorobutadiene 87-68-3 201-765-5 A
18) Hexachlorocyclohexane (HCH) 608-73-1 210-401-2 A
19) Isoproturon 34123-59-6 251-835-4 B*
20) Lead and its compounds 7439-92-1 231-100-4 B*
21) Mercury and its compounds 7439-97-6 231-106-7 A
22) Naphtalene 91-20-3 202-049-5 B*
23) Nickel and its compounds 7440-02-0 231-111-4 B
24) Nonylphenols 25154-52-3 246-672-0 A

(4-nonylphenol) 104-40-5 203-199-4
25) Octylphenols 1806-26-4 217-302-5 B*

(4-(1,1’,3,3’-tetramethylbutyl)phenol) 140-66-9 not relevant
26) Pentachlorobenzene 608-93-5 210-172-5 A
27) Pentachlorophenol 87-86-5 201-778-6 B*
28) Polyaromatic hydrocarbons (PAH) not relevant not relevant A

Benzo(a)pyrene 50-32-8 200-028-5
Benzo(b)fluoranthene 205-99-2 205-911-9
Benzo(g,h,i)perylene 191-24-2 205-883-8
Benzo(k)fluoranthene 207-08-9 205-916-6

Indeno(1,2,3-cd)pyrene 193-39-5 205-893-2
29) Simazine 122-34-9 204-535-2 B*
30) Tributyltin 688-73-3 211-704-4 A

(Tributyltin-cation) 36643-28-4 not relevant
31) Trichlorobenzenes 12002-48-1 234-413-4 B*
32) Trichloromethane (chloroform) 67-66-3 200-663-8 B
33) Trifluralin 1582-09-8 216-428-8 B*
34) Dicofol 115-32-2 A
35) PFOS 1763-23-1 A
36) Quinoxyfen 124495-18-7 not relevant A
37) Dioxins and dioxin-like compounds not relevant not relevant A
38) Aclonifen 74070-46-5 277-704-1 B
39) Bifenox 42576-02-3 255-984-7 B
40) Cybutryne 28159-98-0 257-842-9 B
41) Cypermethrin 52315-07-8 257-842-9 B
42) Dichlorvos 62-73-7 200-547-7 B
43) Heabromocyclododecanes (HBCDD) not relevant not relevant B
44) Heptachlor and heptachlor epoxide 76-44-8 200-962-3 A
45) Terbutryn 886-50-0 212-950-5 B

Table 6.2: European list of priority substances (European Parliament and of the Council
EU 2013)
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6.1 Total organic carbon analyze

Figure 6.1: Total organic carbon at pH 3 - 13◦C

Figure 6.2: Total organic carbon at pH 3 - 20◦C

Figure 6.3: Total organic carbon at pH 3 - 27◦C
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Figure 6.4: Total organic carbon at pH 7 - 13◦C

Figure 6.5: Total organic carbon at pH 7 - 20◦C

Figure 6.6: Total organic carbon at pH 7 - 27◦C
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Figure 6.7: Total organic carbon at pH 12 - 13◦C

Figure 6.8: Total organic carbon at pH 12 - 20◦C

Figure 6.9: Total organic carbon at pH 12 - 27◦C
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6.2 Absorbance spectrum

Figure 6.10: Absorbance spectrum at pH 3 - 13◦C

Figure 6.11: Absorbance spectrum at pH 3 - 20◦C

Figure 6.12: Absorbance spectrum at pH 3 - 27◦C
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Figure 6.13: Absorbance spectrum at pH 7 - 13◦C

Figure 6.14: Absorbance spectrum at pH 7 - 20◦C

Figure 6.15: Absorbance spectrum at pH 7 - 27◦C
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

Figure 6.16: Absorbance spectrum at pH 12 - 13◦C

Figure 6.17: Absorbance spectrum at pH 12 - 20◦C

Figure 6.18: Absorbance spectrum at pH 12 - 27◦C
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6.3 Comparison pH and temperature

Figure 6.19: Comparison of different temperature at pH 3

Figure 6.20: Comparison of different temperature at pH 7

Figure 6.21: Comparison of different temperature at pH 12
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

Figure 6.22: Comparison of different temperature at pH 3

Figure 6.23: Comparison of different temperature at pH 7

Figure 6.24: Comparison of different temperature at pH 12
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

Figure 6.25: Comparison of different pH at 13◦C

Figure 6.26: Comparison of different pH at 20◦C

Figure 6.27: Comparison of different pH at 27◦C
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material

Figure 6.28: Comparison of different pH at 13◦C

Figure 6.29: Comparison of different pH at 20◦C

Figure 6.30: Comparison of different pH at 27◦C
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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Electrochemical oxidation of salicylic acid using BDD/Si as electrode material
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