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ABSTRACT

Landfill leachate treatment by advanced oxidation processes has gained much attention in the
past decades. The removal of organic pollutants from landfill leachate in particular has been in
focus due to their detrimental effects on the environment. This fact also leads to increasingly
stringent regulations put in place by the authorities regarding the pollutant removal and
adherence to treatment goals. More stringent regulations for landfill leachate treatment are also
expected to be effective in Norway in the near future. The new regulations contain a list of
priority substances that need to be removed below their detection limit in order to release the
effluent after treatment into nearby waterbodies. An appropriate treatment process that is able
to accomplish the treatment goals and takes the given local climate conditions into
consideration is required. Low average temperatures in subarctic climates provide a significant

challenge.

The motivation of the present thesis was to find a suitable landfill leachate treatment process
that is able to remove priority substances while withstanding cold operating temperatures. An
extended literature study was the basis for choosing electrochemical oxidation, an advanced
oxidation process, as a suitable treatment process. The majority of electrochemical oxidation
studies have been carried out at room or elevated temperatures, while there is a lack of focus
on wastewater treatment in cold climates. Furthermore, none assessed the application of
advanced oxidation processes. This thesis bridges this knowledge gap and contributes to the
applied field of electrochemistry by assessing its applicability under cold operating
temperatures. The work is therefore of great interest in light of the increased focus on the

technology in arctic regions.
This thesis consists of three separate studies:

1. A mechanistic study that helps to understand the ongoing different oxidation processes
during the electrochemical oxidation of organic pollutants.

2. A laboratory scale study with a model organic pollutant from the priority list where
the influence of different parameters on its oxidation was assessed, with a special
focus on temperature.

3. A laboratory scale study with pre-treated landfill leachate that contains the same
model organic pollutant, where the matrix effect and more applied parameters were

assessed under cold climate conditions.



The mechanistic study of the model pollutant salicylic acid confirmed that three different
oxidation pathways take place during the electrochemical oxidation: Direct electron transfer
from the pollutant to the electrode surface, electrochemical oxygen transfer reaction from
hydroxyl radical to the organic pollutant, and mediated oxidation via an intermediately formed
oxidant, such as active chlorine. Density functional and natural bond theory were able to
successfully predict the salicylic acid intermediates that were formed during electrochemical

oxidation.

In the second study, Bisphenol A (5 pM) was used as the model compound as it is listed on the
Norwegian priority substance list. Complete removal of Bisphenol A was achieved at low
temperatures (6 °C) with the major drawback of extended treatment times. Besides
temperature, pH also had a significant effect on the removal of Bisphenol A, and an alkaline
pH (10) was found to be favourable. The anode material was found to have a major impact on
the formation of disinfection by-products, favouring perchlorate formation on BDD anodes and

trihalomethanes on Pt.

The final study confirmed increased treatment times at low operating temperatures (6 °C). The
study further showed that a relatively high current density (43 mA/cm?) has to be applied in
order to achieve complete Bisphenol A removal (5 pM) from the landfill leachate. The matrix
effect of the landfill leachate disclosed lower Bisphenol A degradation rates compared to the
ones obtained in the second study in clean electrolyte (3.3 mM NaCl & 0.3 mM Na;SOy).
Formation of disinfection by-products increased with the application of higher current densities
(10— 86 mA/cm?) and temperatures (6 — 20 °C) while the anode material influenced their nature

as previously.

The results of the three studies show that electrochemical oxidation is able to remove Bisphenol
A from landfill leachate under cold operating temperatures. Treatment goals regarding
Bisphenol A, given by the Norwegian authorities, were satisfied and indicate that results are
transferrable to other organic compounds on the priority list. The major drawback are the
increased treatment times, which subsequently result in higher energy demands, and ultimately
in higher costs. Norway is a country driven by hydropower and lower electricity prices than
the rest of Europe, so electrochemical oxidation is still a sustainable and economically feasible
choice. Attention has to be paid to the choice of electrode material as they are a major matter

of expense as well as influencing the disinfection by-products that are formed. This work sets

i



precedent with regards to applicability of electrochemical advanced oxidation processes under

cold operating temperatures.
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1 INTRODUCTION

This chapter gives a brief introduction to the motivation and background for this doctoral
study. It further includes the aim and scope of the work, the research questions that were raised
and addressed within the present research work. An overview of the thesis structure is given in

section 1.3.

1.1 PROJECT BACKGROUND & MOTIVATION

Disposal of waste in landfills leads to the generation of landfill leachate (LL) through
percolation of precipitated water through the soil. During this process, different environmental
pollutants are leached from the disposed waste to the percolating water [1]. Drainage systems
collect the percolating water in the landfill before it is discharged to a perceiving water body.
Environmental pollutants found in the LL can be present as solid or dissolved, organic or
inorganic and are highly persistent to biological degradation [2]. Therefore, regulations
regarding pollutant concentrations in the LL to protect the aquatic environment are required.

Consequently, adequate treatment processes to reach the treatment goals must be implemented.

As of spring 2020, no legal regulations or technical guidelines addressing these issues exist in
Norway. However, a list of priority substance exists that serves as guidelines when it comes to
the treatment of landfill leachate. It is awaited that this list of priority substances will be legally
effective in the near future. The landfill age, the hydrogeology as well as the climate at the
landfill site have a great impact on the formation and composition of the LL [3]. The climate
influences the chemical equilibria of dissolution and degradation/transformation reactions,
microbial activity, and metabolic processes that in the end determine the composition of the
landfill leachate. Moreover, it greatly impacts the treatment process of LL by impacting the
amount and form of precipitation that subsequently influences the LL formation. Furthermore,
the climate also impacts the prevailing temperatures, which in turn affects treatment of LL by
determining kinetics and in turn treatment times and costs. Finding an adequate treatment for
LL that is tailored to the Norwegian environmental conditions and able to meet the future

treatment goals is the incentive of this work.



1.2 AIMS AND SCOPE

This work has been aimed at the removal of organic pollutants from the LL. Anodic
electrochemical oxidation (EO), a process belonging to the group of advanced oxidation
processes (AOPs) was selected as the adequate treatment process (discussed in chapter 2.5).
The overall goal was to assess the applicability of the anodic EO to remove organic pollutants

and possibly other wastewater (WW) parameters under Nordic climate conditions.

Three different laboratory studies were carried out in order to accomplish the above mentioned
goal. First, a mechanistic study of a simple model organic pollutant (salicylic acid) was
performed to obtain a better understanding of the different degradation pathways during EO.
Secondly, the EO of an organic pollutant listed on the Norwegian priority substance list
(Bisphenol A) was evaluated under laboratory conditions. The focus has been laid on cold
temperatures, pH and anode material and how those parameters affect degradation kinetics,
treatment times and costs. Thirdly, the electrochemical degradation of Bisphenol A under
laboratory conditions was linked to real LL. Bisphenol A degradation was studied along with
common wastewater parameters, ammonium, nitrate, total organic carbon and chemical
oxygen demand. Matrix effects of LL, effect of cold temperatures as well as current densities
and anode materials were determined to get a comprehensive assessment for the applicability

of EO for the removal of organic pollutants from LL.

1.3 THESIS STRUCTURE

Chapter 1 provides a brief introduction to the background and the topics that are addressed in
this thesis. Chapter 2 describes the background in more detail and introduces the concepts of
landfill leachate formation, the pilot plant on site as well as advanced oxidation processes in
general and electrochemical oxidation in particular. Chapter 3 states the raised research
questions and the papers that addressed the questions. Chapter 4 introduces the research
methodology adopted and the experimental set-ups that were employed. Chapter 5 summarizes
the research articles and their main findings which resulted from this work and answers to the
raised research questions are given. Chapter 6 further discusses the main findings from the
research articles. Chapter 7 summarizes the conclusion of this work and gives an overarching
outlook and recommendations to future research and implementation of the technology.

Appendix A encloses selected papers. Appendix B includes tables and figures that with



supporting information that are of minor importance to the thesis. Finally, Appendix C contains

permissions and the co-author statements for the publication of this thesis.






2 BACKGROUND

This chapter encloses a detailed introduction into the project background and motivation. It
describes the geographical location of the landfill along with the disposed waste, leachate
Jformation and characteristics as well as the pre-treatment on site. An in-depth review of
advanced oxidation and electrochemical oxidation is given together with elucidations of the

challenges that accompany these processes.

2.1 LEGAL SITUATION IN NORWAY

The overall framework for regulations on landfills in Norway is defined by the European Union
(EU). The most important regulation in this regard is the ‘Council Directive 1999/31/EC (1999)
on the landfill of waste’ [4] which also applies in Norway under the name ‘Deponidirektivet’.
This directive regulates among others, the categories of waste that can be disposed on landfills
and the landfill leachate collection, treatment and control procedures during the operational
and after-care phase [5]. Furthermore, it defines that the leachate must be collected at each
point where leachate is discharged from the site. Monitoring of the surface water next to the
landfill have to be performed at minimum two locations, one upstream and one downstream of
the landfill. Additionally, the volume and composition of the leachate have to be measured in

regular time intervals [5].

Another important statement of the directive [4] affects the required quality of the leachate. It
states that the required water quality is subject to the national regulations and has to be defined
according to the kind of waste that is disposed in the landfill. The parameters must be laid down
in the permit of the landfill and must reflect the characteristics of the disposed waste [4]. The
threshold values have to be defined for each landfill separately. For this reason, no national
guideline for the treatment of landfill leachate has to be established by the states of the

European Union and the European Economic Area (EEA) of which Norway is a member.

A further directive that not only applies for EU countries but also for Norway is the ‘directive
2008/98/EC of the European Parliament and the council of 19 November 2008 on waste and
repealing certain Directives’ [6]. In this directive, several regulations and guidelines are
specified. Furthermore, Norway has its own and most important guidelines on environmental
risk assessments on landfill bottom liners and leachate collection TA-1995/2003 [7]. These

guidelines aim to control the diffuse pollution from landfills and stipulate three levels of



investigation [7]. In addition, Norway also provides guidelines on the monitoring of landfill
leachate TA-2077/2005, which ensure a controlled emission of landfill leachate [7]. An annual
sampling program to measure 24 parameters in the leachate and 16 parameters in the leachate
sediments are prescribed by the TA-2077/2005 guidelines [5]. Not all of these parameters have
defined threshold values (APPENDIX B). However, Norway also released a list of priority
substances whereby the compounds listed should be reduced to below the detection limit by
2020 [8]. The criteria of the priority substance list are that the pollutant is persistent, bio
accumulative, has serious long-term health effects and is highly toxic for the environment [8].
Many heavy metals as well as organic pollutants such as PAHs, PCBs and Bisphenol A are
subject of the priority list. A complete list can be found in Table 10 (APPENDIX B).

It is important to mention that the list of priority substances only sets goals for the reduction of
emissions [5]. However, it is not a legal regulation and it is therefore not mandatory to meet
the suggested treatment goals. Only the quality of drinking water is legally regulated by
threshold values in Norway [9]. Aside from the fact that there are no official legal requirements,
every county in Norway can still decide independently whether a certain basic or specific
treatment of landfill leachate should be carried out and what kind of treatment goals should be
reached. The local government of the Norland county (Norway) decided that from July 2011,
the leachate of all four landfills in the county needs to be treated [5]. In conjunction with this
decision, a study was carried out where the water qualities of the leachates were monitored
over the period of two years. Based on this data, the different leachate could be analysed and
compared. The treatment goals were then established by the operators based on the obtained
data and with regards to the Norwegian list of priority substance and were finally approved as
valid goals by the local government. Presently, the existing treatment on-site mainly consists
of removing turbidity and heavy metals but does not account for the removal of e.g. persistent

organic pollutants or ammonium.

2.2 GEOGRAPHICAL LOCATION

The landfill site (SHMIL IKS, Sendre Helgelands Miljeverk) is located in northern Norway in
the Norland county, at 65°50°9.60°” north and 13°11°26.74 east and its location is depicted in
Figure 1. Being only about 100 kilometres from the polar circle (66 ° north), the prevailing
climate is categorized as subarctic climate with long cold winters and rather short and cold or

mild summers. Yearly precipitation is moderate with an average of 128 mm and monthly



minimum of 6 mm and maximum of 429 mm in the last ten years (2009-2019) [10]. The
average yearly air temperature since 1961 is 3.6 °C varying from a monthly minimum of -6 °C

to a maximum of 13.8 °C [10].

Figure 1: Geographical location of Mosjeen at the bottom of Vefsnfjorden and the landfill site
(Norgeskart.no)

2.3 LANDFILL LEACHATE

2.3.1 Landfill site

The landfill site ‘Sendre Helgeland Miljeverk’ (SHMIL, Figure 2) not only consists of a landfill
dump but also optically sorts municipal waste in order to recycle materials from plastic and
metal packaging, bio waste, cardboard, glass and electronic waste [11]. Residual waste is
incinerated in Sweden whereby thermal energy is used to generate power and teleheating.

Waste that is actually disposed in the landfill are [12]:

e composted material, which does not fulfil quality requirements for conversion

e sand from sand traps (dewatered)



e slag from incinerators
e contaminated masses (below threshold values for hazardous waste)
e hazardous waste below certain threshold values, provided that it is stabilized and not

reactive anymore, e.g.: pesticides, herbicides, organic solvents, heavy metals etc.

The landfill leachate used in the present study is contaminated from the materials such as listed

above.

Figure 2: View on the local landfill sitt SHMIL in Aremma, Mosjoen (picture: Shmil.no)

2.3.2 Leachate Formation, Characteristics and Composition

Precipitation which percolates through the soil is the major transport phase for leaching and
migration of pollutants [13]. The moisture that is contained in the dumped waste may also lead
to leachate formation to a certain extent but the primary driver for leachate production is
considered to be the rainfall which infiltrates into the soil [13]. Generally, the pollutants that
are leached into the landfill can be divided in to four main categories; dissolved organic matter,
inorganic macro components, heavy metals and xenobiotic compounds [14]. Table 1 provides

an overview of those four groups:



Table 1: Common classification of pollutants contained in landfill leachate, source [14]

Dissolved organic Inorganic macro Heavy metals Xenobiotic organic
matter components compounds
(XOCs)

e Dissolved e Calcium (Ca*") e Cadmium (Cd*) Among others:
organic carbon e  Magnesium (Mg?") e Chromium (Cr**) e (Poly)
(DOC) e Sodium (Na®) e Copper (Cu?") aromatic

e Volatile fatty e Potassium (K¥) e Lead (Pb*) hydrocarbons
acids e Ammonium (NH4") e Nickel (Ni*") e Phenols

e Refractory o Iron (Fe*) o Zinc (Zn*) e Chlorinated
organic e Manganese (Mn?") aliphatics
compounds e Chloride (CI') e Pesticides
(fluvic and e Sulfate (SO %) e Plastizers
humic- like

Hydrogen carbonate
compounds) (HCO)

Composition of the landfill leachate is different for every landfill site. It depends on the
characteristics of the dumped waste as well as on the local climate and hydrogeological
conditions [13]. The composition of a landfill leachate changes as it ages, meaning the leachate
changes its properties and composition over time. The aging process can be divided into several
phases, which are depicted in Figure 4. The initial aerobic phase only lasts for several days
since oxygen is consumed rapidly and it occurs at neutral pH. Once all the available oxygen is
depleted, the anaerobic phase begins where fermentation reactions start and thus the production
of carboxylic acids and carbon dioxide (CO»), this phase is also referred to as the acid phase
[14]. The pH decreases during the acid phase and subsequently, the leachate becomes
chemically more aggressive, which in turn will increase the solubility of a large number of
compounds [14]. Usually, chemical oxygen demand (COD) and biological oxygen demand
(BOD) exhibit the highest concentration along with a rather high BOD/COD ratio of 0.4 during
the acid phase [14]. In the final methanogenic phase, the reaction products of the acid phase
get converted into methane (CH4) and CO;. On the basis of methane production, the acids are
consumed and as a consequence, the pH starts to increase again. After reaching a peak in CHy
production, initial methanogenic phase moves to the stable methanogenic phase or starts to

decrease since the soluble substrates begins to deplete [ 14]. The remaining COD in the leachate



are mostly persistent organic compounds of xenobiotic nature or humic/fluvic like substances.
During the operational phase of a landfill, the leachate consists of a mixture of different age
characteristics since the leachate of older, already sealed, and covered landfill compartments is

mixed with younger leachate.
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Figure 3: Gas- and leachate quality development in leachate over time, adapted from [14]

The landfill leachate coming from the SHMIL landfill was monitored continuously from 2006
until 2019. Samples are collected through drainage installations and partly analyzed on site and
partly at an external accredited laboratory. The mean values of a curtailed list of parameters is

given in Table 2. A full list of parameters is given in Table 11 (APPENDIX B).

Table 2: Summary of the landfill leachate composition from 2006 - 2019

Acronym Unit  Average Min. Max.
Common wastewater parameters:
Acidity pH [-] 6.7 6.3 7.4
Temperature oC 224 21.0 24.8
Conducitvity mS/m 2459 121.0 420.0
Suspended solids SS mg/l 82.6 27.0 360.0
Chemiccal oxygen demand COD mg/l 196.8 66.0 643.0
Biological oxygen demand BOD;s mg/1 15.08 2.0 160.0
Total organic carbon TOC mg/l 557 3.0 136.0
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Total nitrogen N-tot mg/l  97.8 43.0 200.0

Ammonium nitrogen NHs/NHs~ mg/l 904 27.0 210.0
Total phosphorus P-tot mg/1 0.5 0.1 23
Elements:

Chlorine Cl mg/l 165.8 98.4 208.0
Iron Fe mg/1 30.1 3.9 78.5
Manganese Mn mg/l 1.3 0.6 2.0
Zinc Zn ng/l 69.0 26.7 440.0
Copper Cu ng/l 10.1 1.3 152.0
Lead Pb ng/l 1.7 0.6 6.1
Cadmium Cd ng/l 0.1 0.1 0.5
Nickel Ni ng/l 15.5 6.9 50.5
Chromium Cr ng/l 14.6 33 48.4
Arsenic As ng/l 4.0 2.2 10.0
Mercury Hg ng/l 0.0 0.0 0.0
Calcium Ca mg/1 137.1 86.0 184.0
Potassium K mg/1 77.5 334 187.0
Magnesium Mg mg/l 265 13.6 42.9
Aluminum Al ng/l 321.0 86.8 986.0
Barium Ba ng/l 122.0 74.7 243.0
Cobalt Co ng/l 4.8 2.8 12.2
Vanadium \% ng/l 7.4 7.4 7.4
Organic compounds:

Polycyclic aromatic hydrocarbons PAH-16 X pg/l 2.7 0.0 8.6
Monocyclic aromatic hydrocarbons BTEX ng/l 18.7 0.2 230.0
Bisphenol A BPA ng/l 13.8 4.5 23.0
Alkylated phenols (%) ng/l 40.2 7.4 69.8

The SHMIL landfill was founded in 1995 and is still in use today (2020) and thus the leachate
is a mixture of the old already covered landfill compartments and the younger leachate coming
from newly filled compartments. Hence, arriving at the exact age of the leachate would be
difficult owing to the complex chemical nature of the leachate samples (APPENDIX C, Table
11). The neutral pH indicates the leachate is still in the aerobic phase but the BOD/COD ratio

of 0.08 suggests that the leachate is older and already in the stable methanogenic phase.
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Leachates from different landfill sites show large variations for the basic parameters COD,
BOD, pH, suspended solids (SS), ammonium nitrogen and total Kjeldal nitrogen (TKN). Table
12 in APPENDIX B gives an overview of these parameters for different landfill leachates form
different countries. A comparison of the average leachate composition from SHMIL and from
several countries adapted from Renou et al. [15] is given in Table 3. Compared to the average
parameters from leachates from other countries, the leachate from SHMIL exhibits a low COD
concentration and a low BODs/COD ratio. In addition, the nitrogen concentrations are also
considerably below average compared to other countries, along with the content of suspended
solids. The pH is slightly more acidic than the average given in Table 3. Further comparison
with domestic wastewater shows that besides ammonium and total nitrogen, all parameters in
the landfill leachate show lower concentrations than average domestic wastewater. In
conclusion, the landfill leachate from SHMIL can be characterized as low strength wastewater.
This basic landfill leachate characteristics of the leachate used in this study are important to
keep in mind with regard to the choice of a suitable treatment process.

Table 3: Comparison of average parameter values from landfill sites around the world to the leachate
from SHMIL Mosjeen, which was used in this work

COD BOD BOD/COD pH SS TKN NH3-N
[mg/L]  [mg/L] [-] [[1 [mgL] [mgL] [mgL]
Landfill leachate
11°038 3’900 0.24 8 1’241 27683 2°443
(Renou et al. [15])
SHMIL, Mosjeen
196 15 0.08 6.73 83 97 90
Domestic WW
750 350 0.47 - 350 60 45

(Henze et al. [16])

2.4 PI1LOT PLANT

On site, there is an existing pilot plant for the removal of turbidity and particles, which also
included the removal of heavy metals (Figure 4). The Pilot plant feed water is directly pumped
from the drainage tank of the leachate. First, the pH of the leachate is adjusted to about 10 with
NaOH and simultaneously aerated. Following pH adjustments, the leachate decants into a rapid
mixing tank where the coagulant (Ferric chloride, FeCls) is added. The positive charge of Fe**
neutralizes negatively charged colloidal particles, which induces their destabilization. In the

slow mixing tank, the neutralized particles are then given time to agglomerate due to van der
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Waal forces to form larger flocs that can be removed by sedimentation [17]. This sedimentation
is done by a lamella clarifier wherein the sludge is collected at the bottom of the tank and
regularly drained to the pumping basin and eventually discharged to the fjord. The present pilot
plant is only installed for experimental purposes and therefore the sludge as well as not
collected supernatant are returned to the pumping basin. The supernatant from the lamella
clarifier was collected, transported to the laboratory facilities and used within the experimental

studies conducted in this work.
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Figure 4: Pilot plant on site for particle and turbidity removal

The physical appearance of the leachate at different treatment steps in the pilot plant is depicted
in Figure 5. The intense orange color in the slow mixing tank is due to the addition of the ferric
chloride coagulant. After adding the ferric chloride, the Fe(Ill) concentration in the slow
mixing tank corresponded to on average 35 mg/L and was removed again to below detection
limit (0.2 mg/L) in the supernatant. Coagulation and the subsequent lamella separation thus
removed more than 99 % of the Fe(III) that was added. It is furthermore visible from Figure 5
that a greater part of turbidity also could be removed by the pilot plant. Initial turbidity values
ranged from 40 to 109 NTU and 83 % could be removed on average.
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Figure 5: Leachate at different treatments steps in the pilot plant

Landfill leachate was collected three times in the course of this study. As described above, the
leachate was collected after the pilot plant (supernatant) and is subsequently referred to as
pretreated leachate. The leachate was collected two times during the summer, July 2018 and
June 2019, and once in autumn in October 2018. Table 4 summarizes the properties of the
leachate at the times collected before and after the treatment with the pilot plant. More data is
available for the pretreated leachate than for the raw leachate. When looking at the different
concentration of the measured parameters, it is apparent that the season at which the samples
were gathered plays a role. The leachate collected in autumn exhibits lower concentrations in
general, which can be attributed to higher precipitation in autumn that consequently leads to a

dilution of the leachate due to more water percolating through the landfill.

Table 4: Summarized leachate composition before and after pilot plant (PP)

Summer 2018 Summer 2019 Autumn 2018

Parameter Unit before after before After before After
PP PP PP PP PP PP
pH - 6.7 9.9 6.5 10.6
COD mgO/L 129.6  120.0 87.0 98.0 51.0
BODS mgO/L  N/A N/A 57.0 <10 N/A 42.0
TOC mg/L 335 31.0 29.1 3 21.5
Turbidity NTU N/A N/A 109 16 40.1 7.4
sum PAH pg/L N/A N/A  <0.19 0.32 N.D. 0.6
BTEX pg/L N/A N/A 0.74 2.99 N.D. 1.4
Bisphenol A pg/L N/A N/A  <0.05 11 <0.05 8.4
Ammonium (NH4") pg/L 83.7 73.3 72.8 48.7 324

Most abundant heavy metals:
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Ni ugl NA NA NA NA 65 242

Cr gl  NA NA NA NA 44 13.7
Zn ugl NA NA NA NA 931 132
Cu ugl  NA NA NA NA 234 119
As ugl  NA NA NA NA 40 1.6

2.5 TREATMENT PROCESSES FOR LANDFILL LEACHATE

2.5.1 Biological Treatment

Landfill leachate can be treated by conventional biological processes, which has been shown
by several studies, summarized by Renou et al. [15] and Wiszniowski et al. [18]. Biological
treatments both, aerobic and anaerobic, are designed to degrade dissolved organic compounds
by microorganisms, which can use these compounds as energy source to live and reproduce
[19]. The most common applied biological treatments for landfill leachate are activated sludge
system, sequencing batch reactors (SBR), membrane biofilters, moving bed biofilm reactor
(MBBR) and up-flow anaerobic sludge blankets (UASB) [15]. Detailed description of these
processes can be found elsewhere, e.g. [17]. For biological treatment of wastewaters to be
successful, they have to fulfil certain requirements [20]: A high biodegradability, expressed in
a rather high BOD/COD ratio, preferably > 0.5; low toxicity of organic compounds, moderate
temperatures at which the microbial community thrives and a preferred pH range from 6.5 —

8.5.

As landfill leachate ages over time it changes its composition. Young leachate has a higher
BODs/COD ratio and is therefore better suited for biological treatment than medium age or old
landfill leachate (Figure 3). Comparison of the landfill leachate used in this study to the average
composition of the leachate in other countries (Table 3) and to domestic wastewater shows that
the SHMIL leachate has low biodegradability (BODs/COD = 0.08) and a rather high nitrogen
content. Low biodegradability is a poor prerequisite for a biological treatment process. In
addition, leachate in general and also the one used in this study contain many refractory organic
compounds (Table 4 and Table 11), which besides not being biodegradable can also be toxic
to the microbial community [21]. Furthermore, the average leachate temperature of 6 °C is
comparably low. Overall reaction rates for aerobic biological treatments are highest in the

mesophilic range from 31.0 to 35.5 °C and about 80 % less at 4 °C [22]. The same applies for
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anaerobic biological treatment where the ideal reactor temperature should be kept around 35
°C. Thus, the low average leachate temperature is a main obstacle that has to be overcome as
it slows down the microbial metabolism, regrowth and consequently the degradation process.
There are only a few studies that consider biological wastewater or leachate treatment at
temperatures at low temperatures (< 12 °C). Bandara et al. [23] showed that low strength
domestic wastewater treatment with an UASB reached less than 40 % COD removal during
winter (6 °C) with no biogas production while COD removal was up to 71 % during summer
(31 °C). Kettunen et al. [24] tested an USAB with landfill leachate and obtained a COD
removal of up to 65 % at 11 °C and a hydraulic retention time (HRT) of 2 days, while COD
removal was up to 70 % at 24 °C and an HRT of 10 hours.

The requirements for a successful biological treatment of the landfill leachate used in this study
are not satisfied due to considerably low average biodegradability and the low average
temperature. Nonetheless, prior to this work, a preliminary study using an MBBR was carried
out on-site. Results show that is was not possible to steadily operate the MBBR to a satisfactory
extent under the local conditions on site. MBBR carriers were obtained from the airport
wastewater treatment plant (Gardermoen, Oslo, Norway) to conduct biological nitrification
experiments. Initially, nitrification worked well but decreased from 34 % ammonium removal
to 0 % with increasing experimental time (8 days). It was assumed that the aeration oxidized
reduced metals that are contained in the landfill leachate (Table 2), which started to precipitate
and formed a thick metal layer at the outside of the biofilm. In addition, the toxicity of the
landfill leachate was suspected to have an adverse impact on the nitrification in the MBBR.
Furthermore, the cold temperatures on site are also disadvantageous for the MBBR treatment.
An overload of the reactor in terms of BOD was excluded as a possible cause to the decreasing

nitrification performance.

Based on literature, the present leachate composition and on the results from this preliminary
study, biological treatment was discarded as a possible treatment process for the landfill
leachate in this work. Instead, the focus was laid on more advanced oxidation processes, which

are discussed in the subsequent section.

2.5.2 Advanced Oxidation Processes

Advanced oxidation processes are often used as a polishing- or disinfection step after biological
and/or physical treatment of different kind of wastewater or drinking water. Oxidation is the

loss of an electron (e”) by an atom. The ultimate goal of any oxidation process is to mineralize
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an organic compound into harmless molecules like CO; or water (H2O) [25]. Inorganic
compounds can be oxidized as well whereby they reach a so-called higher oxidation state, e.g.
Fe?* is oxidized to Fe**. Charge must be preserved, that is why every oxidation occurs together
with a reduction reaction [26]. The standard enthalpy of formation (AtH©) of CO; (-393
kJ/mol) and HxO (-285 kJ/mol) as oxidation products from organic compounds are
thermodynamically favourable since a significant amount of energy is released via their

formation by an exothermic reaction [25].

Some common strong oxidizing agents are summarized in Table 5 together with their
corresponding standard reduction potentials. The higher the reduction potential, the more likely
the oxidant is to reduce itself and thereby oxidizing other compounds. The standard reduction
potential can be employed as a parameter to categorize different oxidizing agents after their
oxidation power, it is a measure of the tendency of a compound to accept electrons. Naturally,
the compounds listed in Table 5 can be seen to be associated with high electronegativity, the

ability to attract pairs of electrons [26].

Table 5: Oxidation potential of common strong oxidation agents. Adapted from [25].

Species Standard reduction
potential [V]
Fluorine 3.03
Hydroxyl Radical (HO") 2.80
Atomic oxygen (O) 242
Ozone (03) 2.07
Hydrogen peroxide (H20,) 1.78
Hypochlorous acid (HOCI) 1.49
Chlorine (Cly) 1.36

Radicals such as hydroxyl radicals (HO") have especially strong oxidation power since they
have a single unpaired electron, which makes them highly reactive. Hydroxyl radicals are non-
selective and therefore react with a broad range of organic compounds. They are also able to
oxidize persistent organic pollutants into less hazardous compounds, ideally completely
mineralizing them to CO and H>O [27]. This feature makes hydroxyl radicals a primary choice
when it comes to the removal of organic pollutants from drinking water and wastewater via

chemical oxidation [20].
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Hydroxyl radicals react with organic compounds via the following three common reactions
pathways: Hydrogen abstraction, addition to double bonds or aromatic rings and direct electron
transfer [28]. Double bond addition is a faster reaction pathway than hydrogen abstraction [20].
As a consequence, different organic compounds are reacting at different rates with hydroxyl
radicals, depending on their structure. Both organic compounds that were considered in this
work are phenolic (salicylic acid and Bisphenol A). Phenolic compounds are likely to undergo
an addition of the hydroxyl radical to the aromatic ring as a primary and rate determining step

of the of the hydroxyl radical attack [29].

An oxidation process that can produce such highly reactive hydroxyl radicals is considered an
AOP [30]. There are several ways to produce HO'. The most common ones are Fenton
oxidation, ozonation, catalysis, electrochemical oxidation and photo-, electro- or ultrasound

enhanced AOPs [25].

2.5.3 Principles, advantages, and drawbacks of common AOP used for landfill leachate

treatment

The above mentioned AOPs were assessed for landfill leachate treatment in several studies. In
the following, the principles, advantages, and drawbacks of three selected and commonly used
AOP in wastewater/landfill leachate treatment are presented, compared and summarized in

Table 6.
Fenton oxidation

One of the most the most thoroughly investigated processes for landfill leachate treatment is
Fenton oxidation, which can be enhanced by ultrasound (sono), by UV light (photo) and by
electrolysis (electro) or by a combination of different enhancements. The conventional Fenton

process builds on a sequence of reactions (equation la —1g) [31]:

Fe?* + H,0, > Fe3t + ¢« OH + OH™ (1a)
Fe3* + H,0, » Fe?* + HO; + H* (1b)
¢ OH + H,0, » HO; + H,0 (1¢)

e OH + Fe?* - Fe3* + OH™ (1d)
Fe3* + HO;, - Fe?" + 0,H" (Te)
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Fe?* + HO, + H* — Fe3t + H,0, (11)
2HO0; — H,0, + 0, (1g)

Fe?": ferrous iron, H,O,: hydrogen peroxide, Fe3': ferric iron, OH™: hydroxide ion, HO:

hydroperoxyl radical, O,H": protonated oxygen ion, O,: elementary oxygen

Ferrous iron (Fe?") is oxidized to ferric iron (Fe*") by hydrogen peroxide to form hydroxyl
radicals, whereby Fe?" acts as a catalyst and cycles between Fe?" and Fe**. Both, hydroxyl- and
hydroperoxyl radicals that are formed in this reaction sequence can react with organic
compounds contained in the leachate, leading to their partial or complete oxidation. The net
reaction of the Fenton process is the decomposition of H2O to H2O and O; catalyzed by iron

[31]. A simplified scheme for Fenton oxidation is shown in Figure 6.

OH- |+| HO - H,0,

H,0, Fe?* HO, +| H*

ON -

Figure 6: Simplified scheme for Fenton oxidation of organic compounds (R) to a product (P); adapted
from [32].

The pH plays a very important role in Fenton processes because it influences the iron speciation
and the H>O2 decomposition, its optimum is around pH 2 — 3 [33]. At a pH > 4, ferric salts start
to precipitate as ferric hydroxide and ferrous salts are in a dissolved state at pH 7 [34]. Thus,

Fenton oxidation requires strict acidic conditions (pH < 4) for effective wastewater treatment

[35].

Fenton oxidation has the following advantages: Rather simple reactor design, which is
commercially available and very low operational costs compared to other AOPs.
Unfortunately, Fenton oxidation also comes with a set of drawbacks: The iron sludge

production due to flocculation of the organic compounds and the catalyst, which requires

19



further sludge treatment and/or disposal. Furthermore, the addition of acid to lower the solution
pH, the addition and storage of liquid H2O and the very narrow optimum pH range are other
demerits that increase costs and risks of conventional Fenton oxidation. Some of these
disadvantages can be avoided by the use of enhanced Fenton oxidation. Electro-Fenton is the
combination of Fenton- with electrochemical oxidation, whereby H,0O is generated on-site via
the electrochemical reduction of O at the cathode [36]. Additionally, Fe*" is reduced at the
cathode to Fe*", which enhances the regeneration of Fe?" and thus reducing the iron sludge
production [36]. Combing Fenton oxidation with UV-irradiation is known as photo-Fenton
oxidation. Light energy is used to enhance the reduction from Fe** to Fe*" and direct photolysis
of H20; leads to the production of hydroxyl radicals. Photo-enhancement also leads to a
reduced iron sludge production and lower initial iron addition and increased hydroxyl radical
production [36]. However, the design of a photo-reactor leads to increased costs. During sono-
Fenton oxidation, the process is enhanced by ultrasound, which leads to direct degradation of
organic compounds via sonication and an enhanced hydroxyl radical production via sonication
of H>0, which in turn increases the degradation of organic pollutants via hydroxyl radicals
[37]. Sonication further enhances the regeneration of Fe’* to Fe?" and increases the contact

time of hydroxyl radicals and organic pollutants due to improved mixing [37].

Fenton oxidation and enhanced Fenton oxidation have been successfully applied for the
treatment of landfill leachate. Zang et al. [38] used electro-Fenton to remove COD from the
landfill leachate and achieved removal efficiencies of more than 80 %. It was further observed
that electro-Fenton was superior to conventional Fenton oxidation, both in terms of removal
efficiency, which was below 50 % for conventional Fenton oxidation, and in economic terms.
Applying Fenton oxidation at lower temperatures (10 and 13 °C) showed that COD removal
decreased with decreasing temperatures [33], [39]. Decreasing the temperature from 37 to 13
°C decreased the COD removal from 56 to 42 %. Sono-Fenton of landfill leachate also showed
very promising results with a COD removal efficiency of up to 95 % at pH 2 [40]. Despite the
successful application of Fenton oxidation to treat landfill leachate, the above-mentioned
drawbacks have to be kept in mind when comparing the process to other AOPs. In addition,
Fenton oxidation of landfill leachate leads to the formation of unwanted halogenated

disinfection by-products, like trihalomethanes, haloacetonitriles and halonitromethanes [41].
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Ozonation

Along with Fenton oxidation, the application of ozonation has been considered as suitable
advanced treatment process for landfill leachate [42], [43]. Hydroxyl radicals are hereby

generated via ozone (O3) as listed in the following reaction sequence (equation 2a — 2f) [20]:

OH™ + 05 » HO; + 0, (2a)
HO3 + 0; - 035 « + HO; (2b)
HO, s & 05 o+ HY (2¢)
05 o +05—> 05« +0, 2d)
03 o+ H* > HO; (2¢)
HO; — HO « + 0, ©2f)

OH': hydroxide ion, O3: ozone, HO,™: hydrogen peroxide, O,: elementary oxygen, O3™*: ozone radical,

HOe¢;: hydroperoxyl radical, O, dioxide ion, HOse: trioxydanyl radical, H': proton, HOe: hydroxyl radical
The net reaction and overall stoichiometry is given in equation (2g) below [20]:
305+ OH™ +HY > 40,4+ 2HO » g)

The produced hydroxyl radicals are finally reacting with the organic pollutants contained in
the landfill leachate, leading to their partial or complete oxidation. From equation (2a) it is
visible that the pH plays an important role in the ozonation process. A high pH (= 11) is
required for the reaction sequence to start with the hydroxide ions [20]. Unfortunately,
deprotonated carbonate ions (COs>) are prevailing over bicarbonate ions (HCO3") at a high pH,
which act as hydroxyl radical scavenger. This leads consequently to lower reaction rates of
hydroxyl radicals with organic pollutants. Despite the reaction of hydroxyl radicals with
organic pollutants, ozone can directly react with them, leading to their degradation and
formation of intermediate products. This is considered the direct pathway. Both pathways are

illustrated in Figure 7.
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Figure 7: Simplified scheme for ozonation of organic compounds (R) to a product (P)

A third important pathway to produce hydroxyl radicals via ozonation is the reaction of ozone

with NOM (equation 3) [20].

O3 + NOM — HO ¢ + byproducts 3)

Quenching of the hydroxyl radicals produced via the reaction of NOM and ozone can in turn
occur by NOM itself (equation 4). This quenching mechanism is usually more important than

the one by carbonate [20].

HO ¢« +NOM — byproducts 4)

If the direct or indirect ozonation pathway with organic compounds is dominating depends
greatly on the nature of the organic compound [20]. Elovitz and von Gunten [44] state that the

most important mechanism to destroy target compounds is via the reaction of ozone with NOM.

Ozonation, like Fenton oxidation, can be enhanced by different measures. The most common
enhancement is via the addition of hydrogen peroxide or UV-irradiation. Hydrogen peroxide
accelerates the transformation of ozone at pH > 6 when it is mainly present in its ionized form
(equation 2b) [45]. The combination of ozonation with UV irradiation also enhances the

formation of hydrogen peroxide via the photolysis of ozone [46].

Landfill leachate treatment by ozonation and enhanced ozonation has been reported in several
studies [43], [47]-[49]. Wu et al. [43] used ozonation of landfill leachate as a post-treatment
after coagulation by ferric chloride (FeCls), similar to the pre-treatment used in this work. They
observed a significant increase in biodegradability by an increase of the BODs/COD ratio from
0.06 to 0.5. These findings apply for pure ozonation and hydrogen peroxide- and UV-
irradiation enhanced ozonation. Furthermore, they achieved a color removal > 80 % for all
ozonation processes. Poznyak et al. [42] also used ozonation as a post-treatment of landfill

leachate after coagulation. Color was completely removed (100 %) after 5 min of treatment.
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Toxic compounds were formed during ozonation, but were further degraded to aliphatic
carboxylic acids, which are nontoxic and more readily biodegradable than the initial humic
substances. Another study by Geenens et al. [50] conducted ozonation experiments with
landfill leachate to reduce toxicity for a later activated sludge co-treatment with municipal
wastewater. They applied a temperature between 5 and 10 °C during ozonation (non-regulated
temperature) and achieved a COD removal up to 30 % while the BODs/COD increased from
0.06 to 0.17 after 2.2 hours residence time in the reactor. Other studies looked more specifically
into the removal of certain organic pollutants from wastewaters, which is summarized in a
review by Umar et al. [51]. The different studies report that ozonation is promising to remove

Bisphenol A from wastewaters, with removal efficiencies between 58 and 100 % [52], [53].

Successful landfill leachate treatment with ozonation has been reported as stated above. The
main advantages of ozonation are that when operated at a decently high pH (8 -10), the process
does not require the addition of hydrogen peroxide or UV-irradiation [20] to produce hydroxyl
radicals. In addition, ozonation processes are commercially available and have been established
as a treatment step in many wastewater treatments plants in Europe and the in the US to remove
organic (micro)pollutants [54] [55]. Furthermore, the process has been shown to be applicable
at temperatures as low as 5 °C [50], which is important for treatment of landfill leachate under
Nordic climate conditions. On the other hand, the main disadvantages are that ozone off-gas
has to be removed, a fairly high pH has to be maintained for conventional ozonation and
enhanced ozonation processes are expensive due to special reactor design. Furthermore, the
formation of by-products has been observed during the ozonation of wastewaters, mainly
aldehydes including formaldehydes, ketones and carboxylic acids were identified [56], [57].
Their formation increased with an increasing ozone concentration. If bromide is present,

bromated by-products like bromoform can also be formed [58].
Electrochemical Oxidation

The third AOP, that was assessed in this work, is electrochemical oxidation. It uses the
principle of electrolysis to produce powerful oxidants via anodic oxidation of water and ions
contained in an aqueous solution. These oxidants react with organic pollutants and other water
contaminants, leading to their partial or complete oxidation. A detailed description of

electrolysis principles can be found elsewhere, e.g. [59].
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Figure 8: a) direct anodic oxidation; b) oxidation via electrogenerated hydroxyl radicals; ¢) mediated
oxidation via active chlorine; R: organic pollutant, P: oxidation product or CO,

Electrochemical oxidation of organic pollutants can occur via different oxidation pathways.
These are distinguished based on oxidation via hydroxyl radicals produced from water
discharge and direct and mediated (also called indirect) oxidation [60], [61]. The different

electrochemical oxidation pathways are schematically illustrated in Figure 8.

Direct anodic oxidation, as its name suggests, takes place directly at the anode surface (Figure
8a). The organic pollutant (R) is adsorbed and oxidized at the anode surface by passing on an
electron (€") to the anode resulting in an oxidized organic pollutant (RO) (equation 5a) or in

complete combustion to CO2 and H>O (equation 5b) [62].
R—->RO+e” (5a)
R - CO, + H,0 + salts + e~ (5b)

Electrochemical oxidation via the transfer of oxygen from the water (H>O) results in reaction
products, which under an ideal scenario would be COy, i.e. complete mineralization [61]. For
water to be able to transfer an oxygen atom, it needs to be activated first. Electrolytic discharge
of water in the electrochemical cell results in the formation of adsorbed hydroxyl radicals

(equation 6, Figure 8b) [61]:

MO, + H,0 > MO,(s OH) + H* + e~ ©6)
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A competing side reaction may occur during the electrolytic discharge of water, called oxygen

evolution (equation 7) [61]:

1
MOy (s OH) > MOy +5 05 + H* + &~ )

The occurrence of oxygen evolution is subject to the oxygen evolution over-potential of the
anode material. In the same way, the transfer of oxygen from the adsorbed hydroxyl radicals
to the organic compound (R) depends on the anode material [63]. Commonly, two different
electrochemical oxygen transfer reaction (EOTR) mechanisms are distinguished [61]. The first
EOTR mechanism takes place at anodes that have a low oxygen evolution over-potential,
known as active anodes (e.g., platinum, Pt) [61]. Herein, the adsorbed hydroxyl radical reacts
with the anode surface, forming higher oxides (MOx+1), which in turn react with the organic

pollutant R (equation 8a and 8b) [61]:
MO,(s OH) > MOy, + HY + e~ (8a)
MOy4y1 +R—> MO, + RO (8b)

where MOx+1/MOx is the surface redox couple, called “active oxygen”. The second EOTR
mechanism takes place at anodes with high oxygen evolution over-potential, known as non-
active anodes (e.g., boron doped diamond, BDD). Herein, no formation of higher oxides
occurs. Instead, the adsorbed hydroxyl radicals react directly with the organic compound,

which in a best case scenario leads to its complete combustion to CO2 and H2O (equation 9):
MO,(s OH) + R » mCO, + nH,0 + H* + e~ )

Depending on the anode material, the active oxygen is termed chemisorbed (active anodes) or
physisorbed (non-active anodes). To be able to conduct electrochemical oxidation, the sole
presence of an organic pollutant and water molecules is not sufficient. Electrolytes need to be
present to transfer the charge across the electrochemical cell. Nearly all wastewaters contain
electrolytes of different natures and thus facilitate the treatment via electrochemical oxidation.
However, electrolytes do not only transfer charges. Electrochemically active electrolytes may
also undergo oxidation at the anode surface. Halide electrolytes will form active halide species,
for example, NaCl will react to active chlorine (HOCI/OCI', pH depending). These active
species also react with the organic pollutants, resulting in their partial chemical oxidation, a

process known as mediated or indirect oxidation (Figure 8c) [64]. Bonfatti et al. [65] proposed
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the following mechanisms (equation 10a — 10d) for active chlorine mediated electrochemical

oxidation:
2ClI” - Cly + 2e™ (10a)
Cl, +20H™ - ClO™ + ClI” + H,0 & HOCl+ Cl™ + OH™ (10b)
MO,(OH) + Cl™ = MO,(HOCI) 445 (10¢)
MO, (HOCl)gqs + R - CO, + H,0 + Cl™ (10d)

Halogenated organic pollutants however are not favoured reaction products, since they are
generally more toxic than the mother compound and thus disadvantageous for the treatment
process [66]. They are often referred to as “disinfection by-products” (DBPs) because active

chlorine is used for water disinfection.

Electrochemical oxidation of landfill leachate has been shown to be a powerful technology,
despite its energy consumption and potential to produce halogenated DBPs [67]. Anglada et al.
[68] successfully operated a pilot plant scale electrochemical oxidation process and report a
COD removal of more than 90 % within 8 hours of treatment on BDD anodes. An increasing
removal was observed with an increasing applied current. Bashir et al. [69] reported 70 % COD
removal after 4 hours of treatment on graphite carbon electrodes but they did not observed a
significant increase in biodegradability (BODs/COD). Furthermore, Moraes et al. [70] report
similar findings for the removal of total organic carbon (TOC) (57 %), COD (73 %), BODs
(71%) and ammonium (NH4-N, 49 %) from landfill leachate. That electrochemical oxidation
is a promising treatment step for ammonium removal from landfill leachate has also been
shown by Cabeza et al. [71]. They report total ammonium removal after 6 hours of treatment
on BDD anodes, whereby almost 50 % was oxidized to nitrate (NO3-N). However, no study
was found where temperatures below 10 °C were investigated for treatment of landfill leachate,
which are common for the Nordic climate. Only recently (2020), Pei et al. [72] investigated the
electrochemical removal of phenolic pollutants at 8.5 °C in clean electrolyte. They report a
satisfactory pollutant removal at low temperature which is comparable to the one obtained at
room temperature (23.5 °C) due to the effect of Joule heating, which results in higher interfacial
temperatures at the anode surface. Despite this very recent study, Panizza et al. [73] tested
temperatures between 25 and 50 °C, which showed that COD removal was accelerated with
increasing temperatures. Similar results are reported by the same group for the treatment of

Tannery wastewater [74]. A major reported disadvantage is the formation of DBPs during
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electrochemical oxidation of landfill leachate. Another work of Anglada et al. [75] reports the
formation of the following disinfection by-products on BDD anode: chloroform,
dichloroacetonitrile, 1,2-dichloroethane and 1,1-dichloroacetone. They further state that at an
applied current of 8.4 A and 12 A resulted in the same concentration profile whereas operation
at 18 A resulted in much higher concentrations. These findings indicate that the DBPs
formation can be controlled by the applied current. In addition, a study for electrochemical
treatment of latrine wastewater by Jasper et al. reports the formation of perchlorate formation

on BDD anode.

2.5.4 Selection of suitable advanced oxidation process

The advantages and drawbacks of Fenton oxidation, ozonation and electrochemical oxidation

are summarized in Table 6.

Table 6: Advantages and drawbacks of commonly used AOPs for landfill leachate treatment

Advantages Drawbacks
Fenton Commercially available Low pH required (2 - 3)
oxidation Easy to enhance with Storage of dangerous chemicals
electrochemical or UV- Extra costs for chemicals
processes Produced sludge requires further
Low operational costs treatment
Formation of halogenated
disinfection by-products
Ozonation Commercially available Off — gas has to be removed
Well established process Complex process & operation
Operates at high pH Ozone generation requires high
Tolerates low temperatures energy input
No addition of chemicals High operational costs
other than ozone Formation of recalcitrant
oxidation products
Electrochemical Commercially available High Acquisitions costs (BDD)
oxidation Low operational costs Formation of disinfection by-

Low space requirements
No addition of chemicals

Simple equipment

products
Electrode fouling

Replacement of electrodes
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e Low pressure and
temperature requirements

e No residual sludge

e Short retention times ->

large volumes can be treated

One aspect that was not taken into consideration yet is the acquisition- and operational costs of
the three different AOPs. Canizares et al. [76] compared the costs of electrochemical oxidation
with the ones for Fenton oxidation and ozonation. The operational costs for the removal of 1
kg Oz were estimated to 2.4 — 4.0 €/kgO; for electrochemical oxidation, 8.5 — 10.0 €/kgO; for
ozonation and 0.7 — 3.0 €/kgO: for Fenton oxidation. Comparison of the acquisition costs also
concluded that ozonation is the most expensive investment. A considerable matter of expense
for electrochemical oxidation is the purchase of BDD electrodes (15’000 €/m?), but it is
assumed that prices drop in the near future. The same study also compared the effectiveness of
the three processes for the removal of certain organic pollutants in synthetic and real
wastewater. Only electrochemical oxidation achieved complete removal of the organic
pollutants in all cases and the removal efficiencies for Fenton oxidation and ozonation strongly

depended on the nature and concentration of the pollutant.

In order to select the most suitable AOP for the treatment of landfill leachate in this study it is

important that the following criteria are fulfilled:

Low space requirements

Operation at high pH (after coagulation where pH is adjusted to =~ pH 10)
Effective at low average temperatures (< 6 °C)

Simple operation and equipment

Cost effective

vVVvyVvyvVvyYyvyy

High removal efficiency for organic pollutants

Based on this criteria, the local climate conditions, and the advantages that the different
considered AOPs have to offer, it was decided that electrochemical oxidation was the most
suitable process to remove organic pollutants from the leachate for the given conditions. Fenton
oxidation was quickly excluded due to the major drawback of a low operational pH and the
sludge production that would require further treatment and costs. Ozonation appeared to be a

suitable choice, especially the high operational pH. However, ozonation was excluded due to
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high operational costs and rather complex operation that would require specialized personnel
on site. Finally, electrochemical oxidation was chosen as the suitable process for landfill
leachate treatment under Nordic climate conditions because it fulfils all of the requirements
listed above. However, one important drawback of electrochemical oxidation is the formation
or halogenated disinfection by-products, whose formation is further discussed in the next

section.

2.5.5 Disinfection by-product formation by electrochemical oxidation

In this thesis, the focus was laid on the formation of two different DBPs. The formation of
perchlorate (ClO4) and trihalomethanes (THMs). The latter is a group of four different
compounds: trichloromethane (chloroform, CHCI;), bromodichloromethane (CHBrCL),
dibromochloromethane (CHBr:Cl) and tribromomethane (bromoform, CHBr3). Their

structures are shown in Figure 9.
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Figure 9: Structure of disinfection by-products investigated in this study.

Perchlorate is an anion that is highly soluble in water and relatively stable in surface- and
groundwaters [77]. It is similar in size to iodide (I') and can be taken up in place of it by the
mammalian thyroid, causing thyroid cancer [78]. Due to its persistence and toxic effect,
perchlorate is an unwanted DBP, which is formed via further oxidation of active chlorine

(HCIO) to chlorate (ClO3") and finally to perchlorate (ClO4’) (equation 11a and 11b):

3HCIO + 30H™ > Cl05 + 2C1~ + 3H,0 (11a)

ClO; + H,0 — ClOy + 2H* + 2~ (11b)
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THMs are volatile compounds and are adsorbed in the human body mainly by inhalation and
through the skin. Chloroform affects the central nervous system, liver and kidneys when
exposed to it over a longer period [79]. Bromoform and dibromochloromethane and
bromodichloromethane have the same toxic effect on the human health as chloroform, causing
liver and kidney damage [80]. The formation of THMs occurs via the reaction of i.a. active
chlorine with organic compounds. Gallard et al. [81] found that CHCl; is formed from mono-,
di-, tri- and tetrachlorinated phenols, which are incorporated by up to 12 % to CHCl3. Which

THMs are formed depends on the electrolytes present in the aqueous solution.

There are many important matters to look at: No legal regulations in place, finding an adequate
treatment process to adhere to suggested treatment goals and the formation of DBPs that are
detrimental to the aquatic and human environment. This project is aimed at bridging these
knowledge gaps and adding to the state of the art knowledge in the field of applied

electrochemistry.
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3 RESEARCH QUESTIONS

This chapter lists the research questions that were raised and gives an overview of the study

themes (Paper I — I1l) designed at addressing these issues.

The following research questions (Q1 — Q6) were identified and answered in order to evaluate
the suitability of EO for landfill leachate treatment under the given cold temperatures that

dominate Scandinavia.

Q1: Which electrochemical oxidation pathways take place during the electrochemical
oxidation of organic pollutants? Is it possible to predict oxidation derivatives of the

pollutant?

Q2: In which way does the existing pre-treatment of the landfill leachate impact the
electrochemical degradation of organic pollutants? What does this mean for its

application?

Q3: How do cold temperatures that are predominant in Northern Scandinavia affect the

electrochemical removal of organic pollutants form landfill leachate?

Q4: What major drawbacks and advantages accompany the electrochemical oxidation of

landfill leachate? Are there ways to overcome or reduce them?

Q5: To what degree does the landfill leachate matrix impact the removal (efficiency) of

organic pollutants?

Qo6: Can the future treatment goals for landfill leachate regarding organic pollutants be met

by electrochemical oxidation in Scandinavia where cold temperatures dominate?
The research questions are addressed in the following papers:

Paper I: Insights into the Kinetics of Intermediate Formation during Electrochemical

Oxidation of the Organic Model Pollutant Salicylic Acid in Chloride Electrolyte

Research outcomes disseminated as part of Paper [ address research question 1 (QI). It
includes the investigation of the three different oxidation pathways via cyclic voltammetry and
bulk electrolysis of the organic model pollutant salicylic acid. Further, the influence of
electrolyte composition and the anode material used on the manifestation of the three oxidation

pathways were assessed as part of Paper 1. Density functional theory and natural bond theory
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along with a kinetic model were employed to predict oxidation derivatives of the model

pollutant.

Paper II: Application of electrochemical oxidation in cold climate regions — Effects of
temperature, pH and anode material on the degradation of Bisphenol A and the formation of

disinfection by-products

Research outcomes disseminated as part of Paper Il address research questions 2 - 4 (Q2 —
Q4). Bulk electrolysis experiments were carried out with an organic model compound (salicylic
acid) listed on the list of priority substance in otherwise pure electrolyte, with concentrations
resembling the real landfill leachate. Cold experimental temperatures were applied and pH of
solution equal to the one before and after pre-treatment. The formation of disinfection by-

products was also monitored as part of the experimental testing program.

Paper III: Electrochemical removal of Bisphenol A from Landfill Leachate under Nordic

Climate Conditions.

Research outcomes disseminated as part of Paper III address research questions 4 - 6 (Q4 —
Q6). Bulk electrolysis experiments were carried out with real pre-treated landfill leachate
spiked with the same organic model pollutant as in Paper II. Cold temperatures were applied
and an overall assessment of the process applicability under cold operating temperature was
performed. Results from Paper I1I were juxtaposed with Paper II to estimate the influence of
the landfill leachate matrix on the removal of electrochemical oxidation of the model pollutant.

Additionally, the formation of disinfection by-products continued to be monitored.
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4 RESEARCH METHODOLOGY

This chapter describes the applied research methods. It summarizes the experimental set-ups

and analytical methods that were used to obtain the answers to the raised research questions.

4.1 FIELD WORK

Field work was carried on site of the landfill in Mosjeen, Northern Norway. The previously
mentioned pilot treatment plant was out of order when no field landfill leachate was collected
for this study. The main field work consisted in operating the pilot plant and collecting the
landfill leachate for further experiments in the laboratory. Three different sampling campaigns
were carried out in the course of ca one year. Summer (August) 2018, Autumn (October) 2018
and Summer (June) 2019. Sampling during winter and spring was not possible due to frozen

soil and consequently, due to no landfill leachate runoff during this time of the year.

4.2 EXPERIMENTAL SETUP

4.2.1 Cyclic Voltammetry

Cyclic voltammetry (CV) was used to partially answer research questions I — 2. CV
experiments were carried out with an pAUTOLABIII/FRA2 (Metrohm, Switzerland) using a
7.07 x 10" m? platinum rotating disc electrode (Pt-RDE, Metrohm), a 1.24 x 10 m? boron
doped diamond rotating disc electrode (BDD-RDE, neoCoat) and a 1.19 x 10* m? glassy
carbon rod (GC-rod) electrode (Metrohm). A Pt wire was used as an auxiliary electrode. Figure
10 depicts the CV set-up. The speed of the rotating disc electrode was set to 100 rpm for all
experiments. A platinum wire served as a counter electrode and an Ag/AgCl (3.0 M) was used
as a reference electrode. All experiments were performed at room temperatures (20 °C) using
25 mL electrolyte. The scanning rate was 1 V/s and 5 consecutive scan cycles were run at the
time and the potential was swept between —1 and 2 V. CV results were analyzed using NOVA

2.0 software (Metrohm).
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Figure 10: Set-up for cyclic voltammetry; 1) rotating mechanism, 2) working electrode, 3) auxiliary
electrode, 4) reference electrode, 5) potentiostat, 6) electrolyte

4.2.2 Bulk Electrolysis

Bulk electrolysis experiments were used to partially answer research questions 1 — 7.
Electrochemical oxidation was carried out with a micro flow cell (ElectroCell Europe AS,
Denmark). In general, two different anode materials were used: Platinum (Pt) with titanium
(T1) as supporting material and boron doped diamond anode (5 microns on both sides) on 2
mm niobium (Nb) as supporting material. A stainless-steel cathode (AISI 316) was used along
with both anode materials. Both the cathode and anode have active areas of 10 cm®. Two
polytetrafluoroethylene turbulence-enhancing meshes were placed between the anode and

cathode (4 mm inter-electrode cap). The electrolytic cell is shown in Figure 11.

turbulence i ® ;
enhancing mesh ; A

Figure 11: Electrolytical cell; left: turbulence enhancing mesh; right: both anodes (Ti/Pt and Nb/BDD) with
indicated active electrode area (10cm?).

The set-up (Figure 12) was placed in a fume hood since gaseous chlorine and other volatile

compounds were produced during the experiment, which could be compromising for the human
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health. The working- and counter electrodes were cooled from the rear side during the
experiment with a tab water stream (ca. 7 °C). The solution (2500 mL) in the glass tank was
magnetically stirred and pumped with a peristaltic pump (Masterflex, Cole-Parmer Instrument
Co, USA) via Teflon tubing to the micro flow cell with a flow rate of 380 mL/min. A cooling
coil (stainless steel) immersed into to the solution and connected to a chiller (FP50-ME, Julabo
GmbH, Germany) assured stable operating temperatures. All experiments were carried out in
a galvanostatic mode (constant current) with a default applied current of 43 mA/cm?. For some

experimental batches, the applied current was varied between 10, 43 and 86 mA/cm?.

= ]

Figure 12: top: Scheme of experimental set-up used; 1) solution tank, 2) peristaltic pump, 3)
potentiostat, 4) electrochemical cell, 5) magnetic stirrer, 6) chiller incl. cooling coil; bottom: actual
setup

4.3 SAMPLE ANALYSIS

The subsections below (4.3.1 - 4.3.6) are a summary of the sample analysis methods. A more

detailed description can be found in the corresponding papers (APPENDIX A: Selected Papers
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4.3.1 Ultra-Performance Liquid Chromatography (UPLC — MS)

Samples containing salicylic acid and dihydroxy benzoic acids (Paper I) obtained from bulk
electrolysis were analysed using an UPLC (Waters, USA) with XEVO TQ-XS triple
quadrupole mass spectrometer (Waters) with a 2.1 mm % 100 mm high strength silica HSS T3
column (Waters). The UPLC-MS/MS was operated in multiple reaction monitoring (MRM)
mode using electrospray ionization (ESI). A solution of water (HPLC grade, VWR) with 2 mM
ammonium formate (Sigma-Aldrich, Merck, Germany) and 0.1% formic acid (VWR
International LLC, USA) was used as solvent A and acetonitrile (HPLC grade, VWR) with 2
mM ammonium format (Sigma-Aldrich) and 0.1% formic acid (VWR) was used as solvent B.
A flow of 0.4 mL/min was constantly maintained. Data processing was carried out using the

‘Targetlynx’ software (Waters).

4.3.2 Ultra-Performance Convergence Chromatography (UPC? — MS)

Bisphenol A content in samples (Paper II & II]) was quantified by UPC2 (Waters, USA) with
XEVO TQ-S triple quadrupole mass spectrometer (Waters) with an Aquity UPC2 BEH 1.7 pm
column (Waters). Measurements were conducted in multiple reaction monitoring mode using
electrospray ionization. The mobile phases were compressed CO2 (solvent A), methanol
containing 10 mM ammonium acetate (solvent B) and 100 % methanol as makeup solvent. A
flow rate of 2.5 mL/min and a makeup flow rate of 0.8 mL/min were applied. The automated
backpressure was set to 1500 psi. The initial solvent gradient was 95 % A and 5 % B, hold for
0.3 min, increased to 70 % A and 30 % B from 0.3 to 1.3 min and hold for 0.4 min, then
decreased to 95 % A and 5 % B from 1.7 min to 1.8 min and hold for 0.7 min. Samples were
dried under vacuum (SpeedVac, Thermo Fischer Scientific, USA) at 45 °C and reconstituted
in isopropanol prior to analysis. Masslynx (Waters) and Targetlynx (Waters) where the

software used for measurements and data analysis respectively.

4.3.3 Gas Chromatography Head Space Mass Spectrometry (GC — HS — MS)

THMSs (Paper 11 & IIT) were identified and quantified using a headspace injector (Tekmar HT3,
Teledyne Technologies, USA) coupled to a GC-MS (GC/MS Triple quad 7000, Agilent, USA.
The samples or standards (10 mL) were placed in 20 mL headspace vials together with 20 uL
of internal standard (dichloromethane), and sealed with a crimp cap. A trap column (Purge/Trap
K Vocarb® 3000, Supelco, USA) and a DB-624 Ul GC column (Agilent) with a length of 30
m, 0.25 mm diameter and 1.40 um film thickness was used for the headspace GC analysis. The
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oven program for the GC started at 35 °C hold for 3 min followed by a ramp of 30 °C/min up
to 125 °C, hold for 1 min, followed by a second ramp of 50 °C/min up to 250 °C and a final
hold of 4 min. Masshunter (Agilent) was the software used for data gathering and Masshunter

Quant (Agilent) software was used for further data processing.

4.3.4 Ion Chromatography (IC)

Chloride (CI') and perchlorate (ClO4") anions (Paper Il & III) were measured using an ion
chromatography 940 Professional IC Vario (Metrohm, Switzerland) together with an 858
Professional Sample Processor (Metrohm) and a 10 mL 800 Dosino (Metrohm). A high-
performance separation column Metrosep. A Supp5 (Metrohm) was used with polyvinyl
alcohol with quaternary ammonium groups as column substrate and column dimensions of 250
x 4.0 mm and 5 pm particle size. Sodium bicarbonate Na;CO3 3.2 mM and sodium carbonate
NaHCO3; 1 mM (Sigma Aldrich) with 20 % acetone with HPLC grade (VWR Chemicals) was
used as eluent. The suppressor solution was 0.1 M sulfuric acid (Merck, USA) and 0.1 M oxalic
acid (Sigma Aldrich) in ultra-pure water. The flow rate was set to 0.7 mL/min and the
thermostat to 40 °C. MagIC Net 3.2 software (Metrohm) was used for measurements and

sample analysis.

4.3.5 Total Organic Carbon (TOC) Analyser

TOC (Paper 1II) was measured with the TOC analyser Apollo 9000 (Tekmar). Prior to
measurement, samples were diluted 10 times and preserved by adding an adequate amount of
concentrated phosphoric acid to obtain a final sample pH between 2 - 3. Measurement

procedure followed the Norwegian standard NS EN 1484 [20] and had an LOQ of 0.5 mgC/L.

4.3.6 Hach-Lange Tests

Cuvette tests from Hach (Hach Co., USA) were used to measure the following parameters
(Paper I1I): ammonium NH4"/NH3 (LCK 303, 2- 47 mgNH4-N/L), nitrate NOs~ (LCK 339,
0.23- 13.5 mgNO3-N/L) and chemical oxygen demand COD (LCK 314, 15- 150 mgO»/L). The
cuvette tests were analysed with a Hach DR3900 laboratory spectrophotometer for water
analysis. Free chlorine (HCIO/CIO") in samples (Paper I -1IT) was measured with a with a Hach
Pocket Colorimeter™ II, using the N,N-diethyl-p-phenylenediamine (DPD) method with a
LOQ of 0.1 mgCI2/L.
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4.4 STATISTICAL ANALYSIS

The experiments (Paper Il & III) followed a full factorial design with three factors (A, B, C)
at two or three levels. The investigated factors were: Temperature, electrode material and pH
(Paper 1I) and temperature, electrode material and applied current (Paper III). A linear
regression model (equation 12) was used to estimate the intercept (b0), the model constants
(b1-b7), where Y is the response and factors A to C assumed to be independent variables. The
regression model also accounts for the product terms of the independent variables to model a

possible interaction between two or three factors.
Y = by + byA+ byB + b3C + byAB + bsAC + bgBC + b;ABC (12)

Since the full factorial included replicates (r=2), the model has 8 degrees of freedom ((r -1)2).
The experimental order was randomized and analysis of variance (ANOVA) was done using
Minitab. The null hypothesis (Ho) stated that no effect is significant (Effect; = 0) and alternative
hypothesis (H1) assumed at least one effect is significant (Effect; # 0). A significance level of
5% (oo = 0.05) was chosen.

4.5 DENSITY FUNCTIONAL THEORY SIMULATIONS

Density functional theory (DFT) simulations (Paper I) were performed to study the relative
stability of different products, as well as the electronic property of SA in reaction. All
calculations were done with the Gaussian 09 package [82]. Unrestricted spin calculation using
Lee-Yang-Parr (B3LYP) [83] functional and def2-TZVPP basis set [84], [85] were employed.
An implicit solvation model for water was considered using a solvation model based on the
quantum mechanical charge density (SMD) [86]. Natural bond theory (NBO) [87] was used to
analyse the spin and charge density of the molecules. The default values of Gaussian 09 were
used for the convergence of energy and force in the DFT calculations. A similar set up was

successfully employed to study the electro-chemical reaction [88].

4.6 KINETIC MODELLING

Mathematical models (Paper I — III) predicting the degradation or formation of different
compounds were applied. First order (equation 13) or zero order (equation 14) kinetics were

assumed depending on the fit of the experimental data to the integrated rate law.
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_da_ integrated: [A] = [A], — kt (13)

dt

_% = k[A] integrated: [A] = [A], * e~ (kD) (14)

A: concentration at time t, Ao: initial concentration, k: rate constant, t: time

Computations of reactions rates were done both in Matlab (Mathworks, USA) and in RStudio
(RStudio, USA). An ordinary differential equation solver (Runge-Kutta) was used to find the
numerical solution of the set of differential equations. Rate constants were determined by

fitting the experimental data to the model using the least square method.
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5 SUMMARY OF KEY FINDINGS OF THE PAPERS

This chapter gives an overview of the main research outcomes from three journal articles that
were published or forthcoming in international and relevant research journals. The focus lays

on the main findings which answered the research questions that were identified in Chapter 3.

5.1 PAPERI

Insights into the Kinetics of Intermediate Formation during Electrochemical Oxidation

of the Organic Model Pollutant Salicylic Acid in Chloride Electrolyte
Contribution to research questions 1:

Electrochemical oxidation of organic compounds/pollutants is an intricate process and is
generally divided into three distinct oxidation pathways [61], [63]. The direct electron transfer
from the organic pollutant to the anode surface, the oxidation via electrochemical oxygen
transfer reaction (EOTR) from water and the indirect oxidation via a mediating oxidizing
species. Paper I was aimed at identifying these three oxidation pathways with the help of the
organic model pollutant salicylic acid. A priori density functional theory (DFT) simulation was
done in order to foresee which salicylic acid derivatives would be formed. EOTR is expected
to form hydroxylated salicylic acid derivatives since EOTR occurs via hydroxyl radicals (e
OH). Indirect oxidation depends on the electrolyte used and the consequently formed oxidizing
species. Direct electron transfer was identified via cyclic voltammetry experiments. EOTR and
indirect oxidation were investigated by bulk electrolysis experiments. The latter one strongly
depends on the supporting electrolyte (NaCl or Na;SO4) while EOTR depends more on the
used anode material (Platinum, Pt or boron doped diamond, BDD). Therefore, both mentioned
electrolytes and anode materials were evaluated. Further, a kinetic model was developed to
model the EOTR and indirect oxidization pathways and was validated by comparison to the

experimental data.

Results showed that salicylic acid was directly oxidized at the Pt anode surface while no direct
electron transfer was observed at the BDD anode. Hydroxylated salicylic acid derivatives (2,3-
dihydroxybenzoic acid and 2,5-dihydroxybenzoic acid) were identified and confirmed EOTR
of salicylic acid (Figure 13b and d). This oxidation pathway was identified independently of

anode material or electrolyte. Indirect oxidation of salicylic acid was determined by the
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observation of chlorinated salicylic acid derivatives, 3-chlorosalicylic acid, 5-chlorosalicylic
acid and 3,5-dichlroosalicylic acid (Figure 13a and c). Their formation was observed in the
NaCl electrolyte. As a consequence of the absent NaCl, chlorinated salicylic acid derivatives
were not present in Na;SOy electrolyte. The observed chlorinated and hydroxylated salicylic
acid derivatives matched the ones predicted by DFT simulations. Apart from DFT simulations,
the kinetic model also predicted the formation of the hydroxylated and chlorinated derivatives

to a satisfactory extent (Figure 13a-d).
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Figure 13: Key figure Paper I; Salicylic acid degradation via intermediate oxidation (active chlorine)
to chlorinated salicylic acids on BDD anode (a) and Pt anode (c). Salicylic acid degradation via EOTR
to dihydroxybenzoic acids on BDD anode (b) and Pt anode (d) from Ambauen et al. [89].

5.2 PAPERII

Application of electrochemical oxidation in cold climate regions — Effects of temperature,
pH and anode material on the degradation of Bisphenol A and the formation of

disinfection by-products.

Contribution to research questions 2-4:
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Nordic climate is generally characterized by a lot of precipitation (2000 mm/year) and cold
average yearly temperature (3.6 °C). The latter greatly affects the kinetics of chemical and
biological reaction rates. Consequently, treatment times and costs are generally presumed to
be negatively affected as well. The adverse impacts of cold temperatures on reaction rates,
treatment times and costs of electrochemical oxidation of the organic model pollutant
Bisphenol A has been addressed in this study. Bisphenol A is both originally contained in the
landfill leachate and listed on the Norwegian list of priority substances to be removed from
landfill leachate. Bulk electrolysis was applied in an electrolyte composition resembling the
real landfill leachate with a solution pH equal to the one after the landfill leachate pre-treatment
(pH = 10). The identification and formation of the unwanted disinfection by-products,
perchlorate and trichloromethane (chloroform) was monitored and quantified. The study was
carried out after a full factorial design, which also included a full set of replicates. Three factors
were investigated: Temperature (6/20 C°), anode materials (Ti/Pt & Nb/BDD) and pH (7/10).
Their influence on the Bisphenol A degradation and disinfection by-product formation was

assessed and conclusions were drawn, particularly for cold temperatures and alkaline pH.

Findings from this study demonstrated that cold applied temperatures (6 °C) significantly
impacted the electrochemical oxidation of Bisphenol A (99 % removal) (Figure 14a). Longer
treatment times (up to 71 %) and higher energy consumption (up to 21%) were observed, which
ultimately are associated with higher costs. Furthermore, it showed that a high pH (= 10) is
beneficial for the electrochemical oxidation of Bisphenol A because at pH 10 Bisphenol A is
present as bisphenolate ion (pKa=9.6), which is more prone to electrophilic attack than
Bisphenol A. Consequently, a faster degradation of Bisphenol A was achieved. Another active
chlorine species was formed at higher pH (OCI’) than at neutral pH (HOCI) and Bisphenol is
present in its deprotonated form, which lead to a more efficient oxidation. The formation of the
disinfection by-products was strongly influenced by the anode material. Perchlorate was only
formed on BDD anodes (Figure 14¢) while trichloromethane was formed faster on Pt than on
BDD anodes (Figure 14b). Temperature only significantly affected the formation of
trichloromethane but not the formation of perchlorate. It could be concluded from Paper II that
by accepting longer treatment times and energy consumptions and by choosing an appropriate
anode material, electrochemical oxidation can be a suitable choice for organic pollutant

removal in Nordic climate areas.
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5.3 PAPERIII

Electrochemical removal of Bisphenol A from Landfill Leachate under Nordic Climate

Conditions
Contribution to research questions 4 — 6:

The final paper of this thesis investigated the applicability of electrochemical oxidation for
landfill leachate treatment under simulated real local conditions. Pre-treated landfill leachate
was spiked with the organic model pollutant Bisphenol A, which is naturally present in the
landfill leachate and listed on the Norwegian list of priority substances. This list itemizes
substances that will have to be removed from the landfill leachate to below detection limit in
the near future. The electrochemical oxidation of Bisphenol A from the landfill leachate was
monitored over time (4 hours), along with several common wastewater parameters. Formation
of disinfection by-products was monitored in addition. A full factorial design was applied, with
3 factors: temperature (6/20 C°), anode material (Ti/Pt & Nb/BDD) and current density (10, 43
and 86 mA/cm?). Obtained results were finally compared to the findings from Paper II, in order
to assess the effect of the landfill leachate matrix on Bisphenol A removal efficiency, treatment

time and energy consumption.

The paper shows that Bisphenol A could also with the leachate matrix present be removed to
>99 % within the given treatment time (4 hours), provided that a current of at least 43 mA/cm?
is employed (Figure 15). Comparing the degradation of Bisphenol A in landfill leachate (Figure
15b) revealed that removal is always faster (50 — 68 %) in the pure electrolyte. This was
attributed to competing reactions caused by the matrix of the landfill leachate, which contains
a large number of unknown compounds. Slower degradation kinetics of Bisphenol A in the
landfill leachate consequently leads to longer treatment times and higher energy consumption
and costs. The average energy consumption for 99 % Bisphenol A removal was found to be 35
% higher at 6 °C compared to 20 °C. However, this study showed that the priority substance
Bisphenol A can efficiently be removed from the landfill leachate by electrochemical oxidation
even when Nordic climate temperatures apply. TOC was constant throughout all experiments
which indicates no complete mineralisation of the organic content. Up to 23 % COD was
removed, mostly at higher temperature and increased applied current. Trihalomethanes were

mainly formed on Pt anodes in the ppb range, while perchlorate was primarily formed at BDD
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anodes in the ppm range.
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From Ambauen et al.[91].
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6 DISCUSSION

The raised research questions are discussed in this chapter based on results obtained from

Paper I —111.

6.1 OXIDATION PATHWAYS & PREDICTION OF OXIDATION PRODUCTS (Q1)

As discussed in Section 2.5.3.3, three different oxidation pathways can take place during the
electrochemical oxidation of an organic compound/pollutant. Cyclic voltammetry confirmed
the oxidation of the organic model pollutant salicylic acid via direct electron transfer (DET) at
the anode surface. DET was only confirmed at the “active” platinum electrode but not at the
“non-active” BDD electrode. The absence of DET of salicylic acid on BDD anode was
attributed to its low affinity towards organic compounds contained in the solution. Oxidation
of salicylic acid via electrochemical oxygen transfer reaction, i.e. via the reaction of hydroxyl
radicals, was observed by identifying hydroxylated salicylic acid derivatives. Similarly,
intermediate oxidation via a mediating oxidizing agent, i.e. active chlorine, was confirmed by

identifying chlorinated salicylic acid derivatives.

DFT simulations along with natural bond theory (NBO) to analyse the spin and charge density
were able to predict the derivatives of the electrochemical oxidation of the organic model
pollutant salicylic acid. Both, hydroxylated and chlorinated derivatives of salicylic acid were
adequately predicted by DFT and NBO. The predicted derivatives were later observed during
the bulk electrolysis of salicylic acid. The simple first order kinetic model satisfactorily
predicted the degradation kinetics of salicylic acid via the a priori predicted derivatives. A
better model fit was observed for the chlorinated salicylic acid derivatives than for the
hydroxylated ones. This can be partly explained by the fact that the model assumed first order
kinetics which is not clearly exhibited in the hydroxylated derivatives. In addition, the

hydroxylated derivatives were formed to much lower extent than the chlorinated ones.

The application of DFT and NBO coupled with a kinetic model to predict the degradation
behaviour of an organic model pollutant during electrochemical oxidation has been done for
the first time in this study. It appeared to be a suitable tool kit for the accurate prediction of
organic pollutant derivatives formed via electrochemical oxidation. This method can be
transferred to any organic pollutant. It allows to foresee derivatives and helps to make

evaluations of the harmfulness of such derivatives, which often are more hazardous than their
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parent compound, e.g. [92]. Thus, it can be concluded that electrochemical oxidation of organic

pollutants can be predicted to a satisfactory extent by simulations and modelling.

6.2 IMPACTS OF LANDFILL LEACHATE PRE-TREATMENT (Q2)

The existing pre-treatment on the landfill site consisted of aeration, coagulation/flocculation,
and lamella clarification). The pH of the landfill leachate was adjusted with sodium hydroxide
(NaOH) in order to achieve proper coagulation (coagulant: ferric chloride, FeCls). This led
subsequently to an elevated pH (= 10). The natural pH of the landfill leachate corresponds to
on average 6.7 (Table 2). It was anticipated that the pH increase may impact the
electrochemical oxidation of organic pollutants contained in the landfill leachate. The pre-
treatment was installed with the intention to remove particulate matter, part of the organic
matter and heavy metals by chemical precipitation, to provide a higher quality feed water for
the subsequent electrochemical oxidation. It is further assumed that pre-treatment of the landfill
leachate is beneficial for the subsequent electrochemical oxidation with regard to electrode
fouling due to depositions on the electrodes, scaling of Ca®>" or Mg?", and clogging of the
electrolytical cell. This work did not investigate these aspects, but it is recommended to include
them into further research, especially when testing a large-scale pilot plant under more applied

conditions.

With the on-site pre-treatment, the majority of the initial turbidity could be removed from the
landfill leachate. On average, 83 % of the initial turbidity for the leachate batches collected in
Autumn 2018 and Sommer 2019 was removed. The pre-treatment also removed a greater part
of the heavy metals that are contained in the landfill leachate. Zinc (Zn), copper (Cu) and
arsenic (As) were removed to 86 %, 49 % and 60 % respectively (Table 4). According to the
residual concentration of Zn, Cu and As in the pre-treated leachate, the values would classify
the leachate as Class III - Moderate for As, Class IV - poor for Zn, and Class V - Very poor
for Cu [93]. This means that with regard to heavy metals, the leachate after pre-treatment
would still have toxic effects on the environment. In addition, the settled sludge from the
lamella clarifier contains a moderate concentration of heavy metals and thus requires
appropriate disposal. Up to now, the pre-treatment was not in full use and only operated
intermittent to test its capacity and treatment efficiency, and the sludge was returned to the

leachate collector system after pre-treatment.
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Results obtained in Paper II demonstrated that a higher pH clearly influences the formation of
the active chlorine species that are formed. Active chlorine is present to 100 % as ClO™ at pH
10. At pH 7, the pH comparable to the one of the untreated landfill leachate, active chlorine is
present to 77.2 % as HCIO and to 22.8 % as CIO". The organic model pollutant, Bisphenol A,
was also affected by the augmented pH. Bisphenol A has a pKa of 9.6, which entails that at
alkaline pH it is present in its deprotonated form as bisphenolate ion [94]. The higher pH was
found to be beneficial for the electrochemical degradation of Bisphenol A. The benefits can be
attributed to a combination of two different events. First, ClIO™ (pH 10) lead to faster
degradation rates of Bisphenol A than the combination of CIO™ and HCIO (pH 7), whereby
HOCI was predominant. This identifies ClO" to be the stronger oxidant to oxidize Bisphenol
A. Second, the deprotonated form of Bisphenol A has been demonstrated by others [94] to be

more prone to electrophilic attack by hydroxy radical on the aromatic ring.

The electrochemical oxidation was designed as final treatment step with the main goal to
remove persistent organic pollutant from the landfill leachate. The finding from Paper Il shows
that the existing pre-treatment, which results in an alkaline solution pH is affecting the
electrochemical oxidation of the organic model pollutant Bisphenol A in a beneficial way. It
can therefore be concluded that the pre-treatment has a positive impact on the subsequent

application of electrochemical oxidation.

6.3 EFFECT OF COLD TEMPERATURES (Q3)

The temperature at which the experiments were carried out corresponds to the average landfill
leachate temperature (6 °C) and room temperature (20 °C). Removal of 5.0 pM Bisphenol A
was investigated at both temperatures and in pure electrolyte (0.0033 M NaCl & 0.0003 M
NayS04) as well as in landfill leachate. The law of Arrhenius describes the temperature
dependence of chemical reaction rates (k). Based on that, it was anticipated that a cold applied

temperature results in slower degradation kinetics of Bisphenol A.

Results clearly show that the a priori made anticipation can be confirmed. In all tested cases
with an applied current of 43 mA/cm? or higher, removal of Bisphenol A to below detection
limit was observed at cold temperature (6 °C) within the experimental time of 240 min. In pure
electrolyte, Bisphenol A degradation rates were on average 37 % faster at 20 °C than at 6 °C.
In landfill leachate, the average degradation rates were 49 % faster at 20 °C than at 6 °C.
Treatment times for 90 % removal of 5.0 uM Bisphenol A were on average 37 % (26 min) and
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23 % (8 min) longer at cold temperature compared to room temperature for landfill leachate
and pure electrolyte respectively. These findings were specific for the case of the investigated

organic model pollutant Bisphenol A.

Degradation rates of COD were on average 25 % slower at 6 °C than at 20 °C. Slower
degradation kinetics lead to longer treatment times, higher energy consumption and finally
operating costs. The average non-household electricity price in Europe (2019) is 0.1306 €/kWh,
while it is 0.0829 €/kWh in Norway [95]. Electricity is on average 36 % cheaper in Norway
than in the rest of Europe. In addition, 97.8 % of electricity in Norway is produced by renewable
energy (hydropower and wind power) [96]. The relatively low electricity prices along with the
sustainable electricity production can justify the application of electrochemical treatment of
landfill leachate under cold temperatures with regards to increased energy demand. Moreover,
all in chapter 2.5.2 considered AOPs require a certain energy input, which most likely will also
increase at low temperatures. Particularly ozonation requires an additional high energy input
for the generation of ozone, 6 -13 kWh/kgO3, depending on the input gas [97], [98]. Thus, an
increased energy demand for EO at low temperatures can be put into perspective compared to

other advanced oxidation treatment options.

Furthermore, it has to be considered that this study was conducted on a laboratory scale with a
recirculating batch reactor. Upscaling to a pilot plant or full-scale reactor would mean that
several electrodes have to work in parallel to provide a large enough total electrode area.
Anglada et al. [99] implemented such a parallel electrode system on a pilot scale. In their study,
rainwater was used to cool the leachate in order not to overheat the electrolytic cell above a
critical temperature of 35 °C. There is heat development that naturally occurs in the electrolytic
cell due to electrical resistance. This heat development in the cell may be beneficial for the
electrochemical oxidation of cold temperature landfill leachate. Warmer leachate leads to faster
reaction rates and consequently to lower energy consumption and costs. It is however difficult
and was beyond the scope of this work to estimate to what extent the heat development would
warm up the cold landfill leachate in a large-scale set-up. It may also be likely that the heat
development in the cells can increase the solution temperature to an extent where electrode
cooling would be required. A large-scale study on site is required to evaluate the heat
development within the electrolytic cell and to estimate to what extent it would be beneficial

for cold temperature leachate treatment.
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6.4 DRAWBACKS & ADVANTAGES (Q4)

The results from Paper II & III show that electrochemical oxidation of a chloride containing
solution results in a considerable disadvantage. The formation of active chlorine species via
the CI" oxidation leads to the formation of unwanted DBPs. Experiments in pure electrolyte
have shown that perchlorate as well as chloroform are formed. Chloroform belongs to the group
of THMs, volatile halogenated compounds. The same was observed during the electrochemical
oxidation of landfill leachate and besides chloroform other chlorinated and bromated THMs
were identified. Perchlorate was only formed on BDD anodes and its formation was negligible
on Pt anodes. THMs on the other hand were mainly formed on Pt anode and to a much lesser
extent on BDD anodes. This behaviour was attributed to the fact that more organic compounds
are completely mineralized on BDD anodes, while only partial oxidation takes place on Pt
anodes. The partially oxidized organic compounds further react with active chlorine or bromine
to form THMSs. These findings are in line with the literature provided in Chapter 2.5.5. The
formation of those DBPs is a major drawback since they are harmful to the environment [79],
[100]. It is difficult to argue which anode material is the better choice with regards to the
formation of DBPs. Both, THMs and perchlorate are compromising for the health of living
organisms by affecting the thyroid, kidney, liver and central nervous system (Chapter 2.5.5).
Perchlorate is very stable in the water while THMs are volatile compounds and are likely to
volatilise into the air. Shorter treatment times on BDD anodes will limit the formation of
perchlorate. Toxicity tests of both, perchlorate and chloroform show that chloroform is toxic
for fish (rainbow trout) and crustacean (daphnia magna) at lower doses than perchlorate. The
lethal concentrations (LC) at which 50 % of the daphnia magna population dies (LCso) are
estimated to 29 — 65 mg/L for chloroform [101], [102] and 490 mg/L for perchlorate [103].
The values were obtained for an exposure of 48 hours in a flow through reactor. Corresponding
LCsp values for an exposure of 96 hours for the rainbow trout are 36 mg/L for chloroform [102]
and 2 mg/L for perchlorate [103]. Maximum perchlorate concentration that was reached on
BDD anode was 237 mg/L and 16 mg/L on Pt anode. The maximum chloroform concentration
reached on BDD anode was 15 pg/L and 136 pg/L on Pt anode. This implies that the
perchlorate LCso for fish was exceeded on both anode materials but was much higher on the
BDD anode. The perchlorate LCso for daphnia magna was not exceeded at neither BDD nor Pt
anode. The chloroform LCs was neither exceeded for daphnia magna nor for fish at both anode
materials. Thus, it assumed that perchlorate causes more toxic harm to the aquatic environment

and therefore Pt anode would be a favourable choice over BDD. One option to minimize the
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production of perchlorate is the application of graphite cathodes, which are known for high
cathodic hydrogen peroxide (H202) production [104]. The cathodic reduction of oxygen (O2)
leads to the formation of H2O> which is able to inhibit perchlorate formation [105][106].
Perchlorate production is minimized by scavenging of the precursors HOCI/OCI™ by H»O»
whereby chloride (CI'), H20 and O> are formed [107].

Table 7 summarizes the advantages and disadvantages associated with the anode material. The
different electrode materials (BDD & Pt) did not only have an impact on the formation of DBPs
but also showed to be significantly influencing the degradation kinetics of the organic model
pollutant Bisphenol A (Paper Il & III). The use of BDD anodes lead to an overall faster
degradation of Bisphenol A than the use of the Pt anode. On one hand, faster oxidation of
organic pollutants means shorter treatment times when comparing both anode materials with
the same anode area. On the other hand, it means that the total anode surface area could be
reduced when BDD anodes are used instead of Pt anodes due to the more effective degradation
on BDD anodes. At first, this implies that BDD would be the anode material of choice when
implementing a large scale treatment. However, anode material costs cannot be ignored and
neither their lifetime. Caiiizares et al. [76] compared the operational costs of electrochemical
oxidation of wastewaters with ozonation and Fenton process. It was found that Fenton process
is the cheapest process with 0.7 — 3.0 € per kgO, removed followed by electrochemical
oxidation (BDD) with 2.4 — 4.0 € per kgO2 removed and finally ozonation with 8.5 — 10.0 € per
kgO, removed. It was further stated that the operational costs are mainly higher for
electrochemical oxidation than for Fenton process due to the high costs of conductive BDD
electrodes which are estimated to 15°000 €/m”. The support material of BDD anode that was
used in this study, niobium (NDb), is also very expensive and has been replaced by silicon (Si)
for large scale applications by the market leader WaterDiam (former: Adamant Technologies).
The cost for platinum coated titanium electrodes are estimated to be around a factor 2.5 lower
than for BDD electrodes. ElectroCell Europe AS [108] states an electrode price for their
laboratory scale electrochemical flow cell for Ti/Pt (0.001 m?) of 238 € while the same size
Nb/BDD anode costs 600 €. It is thus assumed that the electrode price difference for large scale
electrochemical flow cells differs by the same factor. Both, BDD and Pt anodes are known to
have high conductivity, chemical stability and a long service life [109]. BDD anode is
additionally popular due its low adsorption property which resists a polymer layer formation
[110]. Keeping the price and the development of DBPs in mind, Pt anode is the more feasible

material when it comes to a possible large-scale implementation of the electrochemical process.
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Table 7: Overview of anode materials and their associated advantages and disadvantages

Material Advantages (+) Disadvantages (-)
Boron doped e fast degradation kinetics e production of perchlorate
diamond e negligible THMs formation e more expensive material
(BDD) e shorter treatment times e toxic concentrations of

e lower energy costs DBPs

e DET not detected for

model compound SA

Platinum e negligible perchlorate formation e slower degradation
(Pt) e less expensive material kinetics
e nontoxic concentrations of e production of THMs
DBPs e longer treatment times
e DET of model compound SA e higher energy costs

As mentioned above, Fenton process is the most economical AOP, but comes with a major
drawback, which is the production of iron sludge. This sludge needs further treatment or
disposal which again is associated with more costs and which also is a secondary source of
pollution [111]. Electrochemical oxidation on the other hand has the major advantages that no
residual waste is produced and no O3 has to be fed to the cathode like for the Electro-Fenton
process and only a clean reagent, the electron, is used [112], [113]. This includes also that the
storage of potentially dangerous chemicals can be avoided, which increases the process safety
[114]. Similar to electrochemical oxidation, ozonation does not require the addition of
chemicals. However, the production of ozone as well as the treatment of off-gas to remove
hazardous residual ozone before release, add additional costs and risks to the process. In
addition, ozonation is a more complex process than electrochemical oxidation that requires
complicated equipment and reactor design [115]. The afore mentioned production of mediating
oxidizing agents is another advantage compared to other AOPs, as they improve the overall
oxidation efficiency [114]. This advantage has to be put into perspective to the formation of
DBPs. Finally, a last disadvantage of electrochemical oxidation includes the fact that the
process is not easily scalable, which requires extensive pilot studies prior to implementation
[114]. All AOPs come with advantages and disadvantages. The most suitable process depends
therefore on: Power availability and costs, sludge disposal, space on site, safe chemical storage

and personnel that can handle the process complexity. With regard to the oxidation efficiency
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and DBPs formation, the leachate composition is most important. It will also decide if
electrochemical oxidation will be a standalone process or a polishing step [114]. In this study,
the advantages of electrochemical oxidation as discussed here and in Chapter 2.5.3 outweighed
the disadvantages. The most significant advantages of electrochemical oxidation compared to
other AOPs are: No sludge production, no chemical addition, and the possibility of successful
operation at low temperatures. In retrospective, more weight should have been given to possible
by-production formation, based on the water composition in order to choose the most suitable

treatment process.

6.5 LANDFILL LEACHATE MATRIX EFFECT (QS)

Juxtaposing the results from Paper II & Il allows to draw conclusions about the effect of the
landfill leachate matrix on the electrochemical degradation of the model organic pollutant
Bisphenol A. In Paper II, 5.0 uM Bisphenol A was degraded in clean electrolyte containing
similar amount of NaCl and Na;SOj4 as the landfill leachate. In Paper Il the same initial
amount of Bisphenol A was degraded in landfill leachate. The remaining parameter settings,
applied current (43 mA/cm?), temperature (6 & 20 °C), anode material (BDD & Pt), pH (10)
and the flow rate (384 mL/min) were maintained at the same levels in both studies. Reaction
rate constants of Bisphenol A (kgp4) were compared for both applied temperatures (6 and 20
°C) and both anode materials. Table 8 summarizes the effect of the matrix on the degradation
kinetics of Bisphenol A [116]:

Table 8: Landfill leachate matrix effects on the degradation kinetics (kgpa) of Bisphenol A, adapted
from Ambauen et al. [116].

clean landfill Reduction
electrolyte leachate
k [1/min] k [1/min] AK [ %]
6 °C/Pt 0.072 0.023 68
6 °C/BDD 0.097 0.044 55
20 °C/Pt 0.087 0.036 59
20 °C/BDD 0.187 0.093 50

Larger differences of kpp4in the two different matrices were observed when the temperature
was low or on Pt anode. The presence of hydroxyl radical scavengers in form of inorganic

anions such as Cl” and bicarbonate lead to a decelerated oxidation of Bisphenol A. The
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scavenging effect of the inorganic anions also contributes to slower degradation kinetics kzp..
There is are also unknown constituents in the landfill leachate which compete with Bisphenol
A for oxidants, which could also slow down the degradation of Bisphenol A. The degradation

over time of Bisphenol A in landfill leachate and clean electrolyte is shown in Figure 16.
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Figure 16: Comparison of Bisphenol degradation in landfill leachate (a) and clean electrolyte (b),
adapted from Ambauen et al. [117] & Ambauen et al. [116]. Error bars show the standard deviation of
replicate experiments.

It can be seen that the degradation pattern of Bisphenol A was similar in both solutions. In
landfill leachate (Figure 16a), degradation only starts immediately at BDD anode while a small
time delay is observed on Pt anodes. In clean electrolyte (Figure 16b) degradation started
immediately on both anode materials. The matrix effect decreased the degradation speed but
the different parameter settings (temperature & anode material) lead to the same order of kzp4
from slowest to fastest (Table 8). The initial delay in landfill leachate matrix is caused due to
the slower formation of active chlorine in the landfill leachate which results in less mediated

oxidation.

Not only is Bisphenol A facing competition during oxidation but also chloride ions have to
compete during electrochemical oxidation with other leachate constituents. The landfill
leachate matrix also affected the formation of chloroform on Pt anode, but in the opposite way.
Formation of chloroform is the result of the reaction between an organic compound and active
chlorine [81]. The presence of many unknown organic compounds along with Bisphenol A
leads therefore to the formation of more chloroform than in the clean electrolyte. Besides, the

leachate most likely contains compounds that readily react with active chlorine to form
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chloroform, while Bisphenol A first has to be partially oxidized before reacting to form
chloroform. For perchlorate, the opposite than for chloroform was observed. The landfill
leachate matrix affected the perchlorate formation on BDD anode in a positive way in the sense
that about 96 % less perchlorate was formed in landfill leachate compared to clean electrolyte.
Perchlorate (ClOy4) is the highest oxidation state of CI” which is formed via the intermediate
formation of active chlorine (or ClO™ at pH 10). Since there is more scavenging of active
chlorine in the landfill leachate, the active chlorine is used for mediated oxidation and only a

small part is further oxidized to perchlorate.

Thus, the landfill leachate matrix decelerates the oxidation of Bisphenol A due to the
competition with other unknown constituents. This leads consequently to longer treatment
times and costs to remove the same amount of Bisphenol A from the two different solutions.
This competition also has a negative effect when it comes to the formation of chloroform, a
THM and DBP, since its formation is higher than in clean electrolyte. On the other side the
competition caused by the matrix effect reduces the formation of perchlorate, which is

beneficial with regard to effluent toxicity.

6.6 ADHERENCE OF TREATMENT GOALS (Q6)

Adherence of treatment goals was assessed based on the results from Paper II & Ill. As
mentioned in Chapter 2.1, the goal of an adequate treatment is to remove compounds listed on
the Norwegian list of priority substances (Table 10, APPENDIX B) to below their detection
limit. In the case of the organic model compound (Bisphenol A) used in this study, which is
listed on the Norwegian priority substance list, the detection limit was found to be 5.0 nM (1.1
ug/L) with the applied UPLC-MS? method. The removal of 5.0 uM Bisphenol A from landfill
leachate to below detection limit within the given experimental time of 4 hours was successful
as long as an applied current of at least 43 mA/cm? was maintained. For lower currents (i.e. 10
mA/cm?) 4 hours of treatment were not enough for any applied temperature or anode material

used.

The initial Bisphenol A concentration was spiked by a factor 100 to be able to better follow its
degradation over time. In the pre-treated landfill leachate, a Bisphenol A concentration of 11
ng/L (50 nM) was found, while it was increased to 1.1 mg/L (5000 nM) for the purpose of this
study. Taking this fact into consideration, means that the treatment time to remove Bisphenol

A below its detection limit may be much shorter in practice. The real treatment times can be
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roughly estimated by using the obtained reaction rate constant for the different experimental
settings. Such estimations show that treatment times to remove Bisphenol A to below detection
limit would approximately be 66 % reduced. Consequently, operational costs to remove

Bisphenol A would be reduced accordingly.

Under the challenging conditions of the Nordic climate in the subarctic climate zone,
electrochemical oxidation showed to be a suitable process to successfully remove the chosen
model compound to below its detection limit. Thus, electrochemical oxidation was able to
adhere to the given treatment goals. However, this study only focused on one particular organic
pollutant, yet many other organic pollutants are found on the Norwegian list of priority
substances (APPENDIX B, Table 10) and of course also in the leachate matrix (APPENDIX
B, Table 11). Based on the behaviour of Bisphenol A, it is expected that electrochemical
oxidation also is a suitable AOP to remove organic pollutants in general from the landfill
leachate. Nonetheless, treatment times may vary a lot based on the complexity of the other
organic compounds. The ultimate goal is to remove all the compounds from the Norwegian list
of priority substances to below detection limit. To get an appropriate estimate of corresponding
treatment times and costs, it is suggested to measure sum parameters (e.g. PAH, BTEX) for the
different organic compounds. The above made suggestion were not investigated in this study
because setting up chromatographic methods for e.g. PAH is very time consuming and costly
and could not be covered by the project funding. The same applies for the identification of
heavy metals. One time analysis of raw and pre-treated landfill leachate was done in an external

lab and gave an idea of the content of organic sum parameters and heavy metals (Table 4).
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7 CONCLUSIONS

This chapter summarizes the answers to the identified research questions, the contribution of
the study and discloses the common thread for this thesis. It also states the limitations and

questions for further research.

7.1 ANSWERS TO THE RESEARCH QUESTIONS

In the following the 6 research questions are recommenced and concisely answered:

Q1: Which electrochemical oxidation pathways take place during the electrochemical
oxidation of organic pollutants? Is it possible to predict oxidation derivatives of the

pollutant?

Al: Oxidation via direct electron transfer from the organic compound to the anode, direct
oxidation via oxygen transfer reactions and mediated oxidation via an intermediate
oxidant are the three identified pathways. It was possible to predict the formation of
hydroxylated and chlorinated oxidation derivatives of the organic model compound

via density functional theory simulations along with natural bond theory.

Q2: In which way does the existing pre-treatment of the landfill leachate impact the
electrochemical degradation of organic pollutants? What does this mean for its

application?

A2: The alkaline pH after pre-treatment affects the dissociation of the organic model
pollutant and the dominating active chlorine species. Both factors have a beneficial

effect on the degradation kinetics.

Q3: How do cold temperatures that are predominant in Northern Scandinavia affect the

electrochemical removal of organic pollutants form landfill leachate?

A3: Colder temperatures lead to longer treatment times and consequently to higher energy
demands and ultimately to higher costs. Despite the higher energy consumption and
higher operating costs, a satisfactory removal of the target model compound could be
achieved. The all-renewable energy production in Norway delivers comparably cheap
power, which justifies a higher energy consumption and thus the application of the

process in Northern Scandinavia.

59



Q4:

A4:

Qs:

AS:

Q6:

A6:

7.2

What major drawbacks and advantages that accompany the electrochemical

oxidation of landfill leachate? Is there a way to overcome or reduce them?

The major disadvantage is the formation of unwanted disinfection by-products,
perchlorate and trihalomethanes. Their formation can be reduced by either choosing a
rather low applied current or by specifically choosing an anode material. Perchlorate
is primarily formed on BDD anodes while trihalomethanes were mainly formed on Pt
anodes. The major advantages of electrochemical oxidation of landfill leachate is its
relatively simple application and its effectiveness to degrade the target compound to

below the detection limit.

To what degree does the landfill leachate matrix impact the removal (efficiency) of

organic pollutants?

The landfill leachate contains scavenging compounds that lead to reduced kinetics of
the electrochemical oxidation of the target compound. The matrix effect of the landfill
leachate slowed down the degradation of the target compound between 50 % and 68
%, depending on the applied current and temperature. The degradation pattern of the
target compound at different applied currents and anode materials was however the

same for both clean electrolyte and landfill leachate matrix.

Can the future treatment goals for landfill leachate regarding organic pollutants be

met by electrochemical oxidation in Scandinavia where cold temperatures dominate?

Yes, future treatment goal can potentially be met by the application of electrochemical
oxidation, but further studies need to be conducted to get an appropriate estimate of

treatment times and costs.

CONCLUSIONS

The incentive of this work was to find and assess an adequate treatment for landfill leachate

that meets the challenging Norwegian environmental conditions and that is able to comply

future treatment goals. Different research questions were formulated and subsequently

answered by three separate studies. The aims and objectives were addressed by laboratory

studies combined with kinetic modelling. Field work on the landfill site was also a relevant

part of this study.
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The findings of this thesis show that the Nordic climate, i.e. the cold operating temperatures
significantly affect the electrochemical treatment of landfill leachate. A major effect and
disadvantage are the increased treatment times and the subsequent higher energy demand
ultimately leading to higher operational costs. However, the study also shows that the landfill
leachate can be treated successfully by electrochemical oxidation under the given conditions.
The organic model pollutant was successfully removed to below the detection limit and thus
adhering to the constituted treatment goals. Further, this implies that the process is also suitable
for the removal of other organic compounds, listed on the Norwegian list of priority substances.
The study also stresses the importance of individual process parameters, whereas the applied
current as well as the anode material were identified as paramount when it comes to disinfection

by-product formation and operational matters of expense.

The findings of this thesis contribute to the field of applied electrochemistry and the general
emerging interest of different technologies in artic regions. A novel cornerstone for advanced
oxidation treatments and their application under cold operating temperatures could be set with
this study, which is of great profit for any future application under similar environmental
conditions. Furthermore, the present study is a valuable contribution to help to evaluate and
estimate process performance and associated costs, which is indispensable for future design,
implementation, and operation. This makes the findings of this study not only interesting for
suppliers of electrochemical oxidation- or advanced oxidation systems in general, but also for
the operators of landfills or wastewater treatment plants that are compelled to meet the future

more stringent treatment goals in Norway.

This thesis could successfully answer all the objectives and research questions, yet it also
encountered its limitations. Focus was given to the removal of organic pollutants while the
landfill leachate contains a lot of other pollutants such as heavy metals and inorganic
compounds. The latter ones were not addressed in this study, except during the pre-treatment
on site. The study was also limited to lab-scale experiments and thus neglected the importance
of a pilot plant, which is important for design optimization for a later large-scale

implementation.

7.3 OUTLOOK AND RECOMMENDATIONS

There is room for future work on the application of electrochemistry to treat landfill leachate.

This study mainly focused on the removal of one specific organic pollutant and on the
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formation of disinfection by-products. However, the landfill leachate consists of a very
complex matrix containing a lot of unknown and only few known compounds. In addition, all
studies in this work were carried out in a lab scale unit in a very controllable environment. Very
few large scale studies are found up to date that investigated the application of electrochemical
oxidation for landfill leachate of wastewater in general. Future work that would complement

this thesis could include the investigation of the following points:

e Focus on the removal of compounds other than organic pollutants, with a
special focus on the removal of heavy metals and nitrogen.

e Implementation of large scale units on site to assess the proper configuration
and design such as parallel units or units in series.

e Attention to the heat development within large scale applications that may be
favourable towards the challenge of the cold leachate temperatures.

e Comparison to other advanced oxidation processes such as ozonation to be able
to find the most suitable advanced oxidation process, also with regard to the
removal of heavy metals and nitrogen.

e Possible change of composition and concentrations due to change in disposed

waste or climate change that may affect the landfill leachate matrix.

This study did roughly estimate the energy costs to remove the organic model pollutant
from the landfill leachate. However, a proper assessment of a potential large-scale unit
that includes energy consumption, material costs, maintenance and life expectancy
would be of interest as well for future work. Last but not least, an environmental impact
analysis could help in the decision making process of finding the appropriate landfill

leachate treatment for Nordic climate areas.
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Abstract: The present study investigated the kinetics and formation of hydroxylated and chlorinated
intermediates during electrochemical oxidation of salicylic acid (SA). A chloride (NaCl) and sulfate
(NaySOy) electrolyte were used, along with two different anode materials, boron doped diamond
(BDD) and platinum (Pt). Bulk electrolysis of SA confirmed the formation of both hydroxylated and
chlorinated intermediates. In line with the density functional theory (DFT) calculations performed in
this study, 2,5- and 2,3-dihydroxybenzoic acid, 3- and 5- chlorosalicylic acid and 3,5-dichlorosalicylic
acid were the dominating products. In the presence of a chloride electrolyte, the formation of
chlorinated intermediates was the predominant oxidation mechanism on both BDD and Pt anodes.
In the absence of a chloride electrolyte, hydroxylated intermediates prevailed on the Pt anode and
suggested the formation of sulfonated SA intermediates on the BDD anode. Furthermore, direct
oxidation at the anode surface only played a subordinate role. First order kinetic models successfully
described the degradation of SA and the formation of the observed intermediates. Rate constants
provided by the model showed that chlorination of SA can take place at up to more than 60 times
faster rates than hydroxylation. In conclusion, the formation of chlorinated intermediates during
electrochemical oxidation of the organic model pollutant SA is confirmed and found to be dominant
in chloride containing waters.

Keywords: electrochemical oxidation; organic pollutant; salicylic acid; disinfection by-products;
boron doped diamond; hydroxyl radicals; chlorinated intermediates; density functional theory

1. Introduction

Mono- and polycyclic aromatic compounds present in wastewaters such as landfill leachate, pose
a special challenge when it comes to their removal from the water matrix. Greater parts of them are
non-biodegradable, persist in the aquatic environment and demand a dedicated treatment step for
their removal. Such persistent organic pollutants can be produced intentionally, such as pesticides,
or are unintentionally produced during water disinfection [1]. They may enter the human body
through the food chain via bioaccumulation [2]. Many persistent organic pollutants are suspected to
be carcinogenic or have other detrimental effects on the aquatic environment [3]. Studies have shown
that advanced oxidation processes (AOP) in general [4], and thereof electrochemical oxidation (EO) [5]
specifically, are effective treatment processes for the removal of persistent organic pollutants. AOPs
mainly focus on the formation of hydroxyl radicals by different means [6,7]. Hydroxyl radicals are

Water 2019, 11, 1322; d0i:10.3390/w11071322 www.mdpi.com/journal/water
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non-selective, highly reactive oxidants and their presence leads to partial degradation or even complete
oxidation to CO, of organic pollutants. During EO, adsorbed hydroxyl radicals are formed via the
electrolytic discharge of water in the electrochemical cell (Equation (1)) [8]:

MOy + Hy0O — MOy (-OH) + H* + e~ )

A competing side reaction may occur during the electrolytic discharge of water, the so-called
oxygen evolution (Equation (2)) [8]:

MOy (-OH) — MOy + %oz +H' e )

The occurrence of oxygen evolution is subject to the oxygen evolution over-potential of the anode
material. In the same way, the transfer of oxygen from the adsorbed hydroxyl radicals to the organic
compound (R) depends on the anode material [9]. Commonly, two different electrochemical oxygen
transfer reaction (EOTR) mechanisms are distinguished [8]. The first EOTR mechanism takes place at
anodes that have a low oxygen evolution over-potential, also known as active anodes (e.g., platinum,
Pt) [8]. Hereby, the adsorbed hydroxyl radical reacts with the anode surface, forming higher oxides
(MOx+1), which in turn react with the organic pollutant (Equation (3)):

MOy (-OH) - MOy + H" + e~

MOy1 + R — MOy + RO ®

where MO, 1/MOy is the surface redox couple and also called active oxygen. The second EOTR
mechanism takes place at anodes with high oxygen evolution over-potential, also known as non-active
anodes (e.g., BDD). Hereby, no formation of higher oxides occurs. Instead, the adsorbed hydroxyl
radicals react directly with the organic compound, which at best leads to its complete combustion to
CO; (Equation (4)):

MOy (-OH) + R — MOy + mCO, + nHyO + H 4 e~ @)

Depending on the anode material, the active oxygen is called chemisorbed (active anodes) or
physisorbed (non-active anodes). In order to be able to conduct EO, the sole presence of an organic
pollutant and water molecules is not enough. Electrolytes need to be present, to transfer the charge
across the electrochemical cell. Almost all wastewaters contain electrolytes of different natures and thus
facilitate the treatment via EO. However, electrolytes do not only transfer charges, but electrochemically
active electrolytes may also undergo oxidation at the anode surface. Halide electrolytes will form
active halide species under such circumstances, for example NaCl will react to active chlorine. These
active species will in turn react with the organic pollutants, resulting in their partial chemical oxidation,
a process also known as mediated oxidation (MEO) [10]. Bonfatti et al. [11] proposed the following
mechanisms for active chlorine mediated electrochemical oxidation:

2C1I" - Clp + 2e~ (5)

Clp +20H™ — ClIO™ + CI” +2H" « HOCl+H™ + CI™ (6)
MOy (-OH) + CI~ = MO (HOCI) .44 @)
MOx(HOCI) ;4s + R — CO, + H,O + CI™ (8)

Halogenated organic pollutants however are not favored reaction products, since they are generally
more toxic than the mother compound and thus disadvantageous for the treatment process [12]. In the
same way as the electrolytes, the organic pollutants can also be directly oxidized at the anodes surface,
via a direct electron transfer (DET) between the organic pollutant and the anode [13]. DET is restricted
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and only occurs within the particular electrochemical window specific to a certain anode material,
which in turn is limited by the above-mentioned oxygen evolution over-potential.

In this study, salicylic acid (SA) is used as a model compound for organic pollutants. SA is
the main metabolite of acetylsalicylic acid, a commonly known and widely used painkiller. SA has
aromatic properties and can be used to represent organic pollutants during electrochemical oxidation.
Furthermore, chlorinated SA intermediates have been recently assigned to the group of disinfection
by-products (DBP), which are not only of concern due to their cytotoxicity and growth inhibition ability
but also because they act as a precursor to form regulated DBPs such as trihalomethanes (THMs).
Consequently, this study investigates the degradation of SA in chloride and non-chloride electrolytes
and investigates the different oxidation processes and the corresponding formation of intermediates.

Degradation pathways for SA during EO have been reported on previously. Guinea et al. [14]
proposed a degradation pathway via hydroxylation of SA, using a BDD anode and cathodic generation
of hydrogen peroxide. In the first oxidation step, SA reacted with the hydroxyl radicals originating from
the hydrogen peroxide to form three different dihydroxybenzoic acids (dHBAs): 2,3 dihydroxybenzoic
acid (23dHBA), 2,5 dihydroxybenzoic acid (25dHBA) and 2,6 dihydroxybenzoic acid (26dHBA).
The different dHBAs were next proposed to be further oxidized to lower molecular weight carboxylic
acids such as maleic or «-ketoglutaric acid. In a third oxidation step, the low molecular weight
carboxylic acid was then degraded to oxalic acid and finally carbon dioxide (CO,). Others suggested
trihydroxybenzoic acids (tHBA), namely 234tHBA, 235tHBA and 246tHBA as possible degradation
products of SA [15]. However, chlorinated products of SA formed during EO have not been reported.
It is anticipated that chlorine atoms originating from the MEO primarily substitute at the para position
of the hydroxyl group of SA, followed by a second substitution at the ortho position [16]. This
assumption is endorsed by Broadwater et al. [17], where they identified different chlorinated SA
intermediates by the simple chlorination of SA via the addition of NaOCI. Thus, it is expected that we
will mainly find 3-chlorosalicylic acid (3CISA) and 5-chlorosalicylic acid (5CISA) and the combined
product 3,5-dichlorosalicylic acid (35dCISA). The uncertainty that comes along with the expected
chlorinated SA products can be reduced further by the implementation of preliminary density function
theory (DFT) computations. These computations will help us to anticipate possible reaction products
and thus facilitate the analytical process for their identification. The oxidation pathway of SA via DET
is also included in this study as only a few studies investigated the DET of SA. Torriero et al. [18], used
cyclic voltammetry (CV) to demonstrate irreversible DET of SA on a glassy carbon (GC) electrode, and
Woudarska et al. [19] reported on the electro-reduction behavior of SA and acetylsalicylic acid during
CV using a Pt electrode

The aim of this study is to gain more insight into the degradation of SA during EO with emphasis
on the formation of chlorinated SA intermediates. Chlorinated intermediates, unlike their mother
compound SA, belong to newly defined DBPs and therefore it is essential to elucidate their formation
during EO and fill this gap of knowledge. Hydroxylated intermediates are also investigated, since they
originate from the reaction with hydroxyl radicals, which are important for the removal of persistent
organic pollutants. Kinetic models for the degradation of SA and the formation of intermediates are
developed using DFT and tested through bulk electrolysis in different electrolytes. Model results
provided rate constants that are used to assess the importance of different oxidation processes
contributing to the degradation of SA. In addition, CV on BDD electrodes for SA are reported and
add valuable information on the electroactive behavior of SA, which has been previously reported for
different electrode materials and electrochemical reduction by [18,19], respectively.

2. Materials and Methods

Investigation of EOTR and MEO for SA was done by bulk electrolysis. Different mechanisms were
identified via the reaction products of the parent compounds. The expected reaction products during
bulk electrolysis were anticipated based on DFT computations for both EOTR and MEO. In addition,
two different anode materials were tested, BDD and Pt, due to EOTR being highly dependent on the
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anode material. MEO is greatly affected by the supporting electrolyte, hence two different electrolytes
were compared (NaCl and NaySOy). A kinetic model has been developed in order to predict the
degradation of SA and the formation of the reaction products during bulk electrolysis. Furthermore,
CV was used to gain information about the electro-activity of SA. Its fate during CV was assessed by
using different supporting electrolytes and anode materials. The CV results allow for conclusions to be
drawn about the presence or absence of the DET mechanism during bulk electrolysis of SA.

2.1. Cyclic Voltammetry

SA and the two electrolytes (NaCl and Na,SO,) were purchased from VWR international AnalaR
NORMAPUR. Stock solutions of SA were prepared with demineralized water with a concentration of
1 g/L. The stock solution was kept up to a month and stored in the dark at 4 °C. Electrolyte solutions
were prepared with demineralized water. Cyclic voltammetry experiments were carried out with an
pAUTOLABIII/FRA2 (Metrohm) using a 7.07 X 107® m? platinum rotating disc electrode (Pt-RDE,
Metrohm), a 1.24 x 1075 m? boron doped diamond rotating disc electrode (BDD-RDE, neoCoat) and
a 1.19 x 107* m? glassy carbon rod (GC-rod) electrode (Metrohm AG, Hersiau, Switzerland). A Pt
wire was used as an auxiliary electrode. The speed of the rotating disc electrode was set to 100 rpm
for all experiments. A platinum wire served as a counter electrode and an Ag/AgCl (3M) was used
as a reference electrode. All experiments were performed at room temperature (20 °C) using 25 mL
electrolyte at a concentration of 0.1 M and a SA concentration of 500 mg/L. The scanning rate was 1 V/s
and 5 consecutive scan cycles were run at the time and the potential was swept between —1 and 2 V.
CV results were analyzed using NOVA 2.0 software (Metrohm).

2.2. Bulk Electrolysis

The same chemicals as for CV were used and stock solutions were prepared and stored likewise.
Bulk electrolysis experiments were carried out, using a micro flow cell (ElectroCell Europe AS,
Denmark). Experiments were conducted in galvanostatic mode with an applied current density
(app) of 43 mA/cm?. Two different anode materials were used, platinum (Pt) with titanium (Ti), as
supporting material and a boron doped diamond (BDD) with niobium (Nb) as supporting material
together with a stainless-steel cathode. Both, cathode and anode had an active area of 10 cm?. Two
polytetrafluoroethylene turbulence-enhancing meshes were placed between the anode and cathode
(4 mm inter-electrode cap). The working- and counter-electrode were cooled during the experiment
with a tab water stream (ca. 7 °C) from the rear side. The solution (2500 mL) in the tank was
magnetically stirred and pumped with a peristaltic pump (Masterflex Cole-Parmer Instrument Co.,
Vernon Hills, IL, USA) via Teflon tubing to the micro flow cell with a flow rate of 380 mL/min. A cooling
coil (stainless steel) immersed into to the solution and connected to a chiller (FP50-ME, Julabo GmbH,
Seelbach, Germany) assured a stable temperature (25 °C) during all experiments. The electrolyte
concentration used during bulk electrolysis was 0.05 M for both, NaCl and Na;SOj. Figure 1 depicts
the scheme of the electrolysis set up.

Ul LF §

Figure 1. Scheme of electrolysis setup; a: chiller; b: tank; c: cooling coil; d: peristaltic pump; e:
electrolytical cell; f: power supply.
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The mass transfer coefficient (km) was obtained by the diffusion limiting current technique [20]
according to Chatzismyeon et al. [21]. Different concentrations (4-24 mM) of potassium ferro cyanide
(K4[Fe(CN)¢]) and ferri cyanide (K3[Fe(CN)g]) in 2:1 ratio were anodically oxidized and polarization
curves were generated. The limiting currents were determined by the formula:

Lim = (AnFkm)Cp ©)

where Ijy,: limiting current (A), A: electrode surface (m?), n: number of exchanged electrons (n = 1 for
ferro/ferri cyanide couple), F: Faraday constant (C/mol), kp,: mass transfer coefficient (m/s), Cp: bulk
concentration of ferro cyanide (mol/m?3). The ratio of Iji, to Cy, is obtained from the slope when plotting
different ferro/ferri cyanide concentration versus the limiting current (plateau) from the polarization
curves. The calculated kp, value is inserted into the following Equation (10), describing the initial
limiting current density (jiim(t = 0)) for the given experimental conditions when BDD anodes are
used [22]:

jiim (1) = nFkyn COD(t) (10)

where: n: number of electrons exchanged with anode (n = 4 when considering chemical oxygen
demand (COD)), COD (t): initial bulk COD concentration at time t = 0).

2.3. Sample Analysis

Samples obtained from bulk electrolysis were analyzed using an UPLC (Waters, Milford, MA,
USA) with XEVO TQ-XS triple quadrupole mass spectrometer (Waters) with a 2.1 mm x 100 mm high
strength silica T3 column (Waters). The UPLC-MS/MS was operated in multiple reaction monitoring
mode using electrospray ionization. Water (HPLC grade, VWR) with 2 mM ammonium formate
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and 0.1% formic acid (VWR International LLC,
Radnor, PA, USA) was used as solvent A and acetonitrile (HPLC grade, VWR) with 2 mM ammonium
formate (Sigma-Aldrich) and 0.1% formic acid (VWR) was used as solvent B. For the SA method, a
flow of 0.4 mL/min was constantly maintained and deuterated SA (SA-d6, Sigma-Aldrich) was used as
an internal standard. Standards for the selection of expected SA products 23dHBA, 25dHBA, 26dHBA,
3CISA, 4CISA, 5CISA and 35dCISA were purchased from Sigma-Aldrich, all analytical grade. Data
processing was carried out using the “Targetlynx’ software (Waters).

Active chlorine in bulk electrolysis samples was measured with the DPD (N, N-diethyl-
p-phenylenediamine) colorimetric method using DPD powder pillows for 5 mL (Hach, Loveland, CO,
USA) and a portable DR300 colorimeter (Hach).

2.4. Density Functional Theory Simulations

DFT simulations were performed to study the relative stability of different products, as well as
the electronic property of SA in reaction. All calculations were done with the Gaussian 09 package [23].
Unrestricted spin calculation using Lee-Yang-Parr (B3LYP) [24] functional and def2-TZVPP basis
set [25,26] were employed. An implicit solvation model for water was considered using a solvation
model based on the quantum mechanical charge density (SMD) [27]. Natural bond theory (NBO) [28]
was used to analyze the spin and charge density of the molecules (Figure 2). The default values of
Gaussian 09 were used for the convergence of energy and force in the DFT calculations. A similar set
up was successfully employed to study to electro-chemical reaction [29].
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Figure 2. Electronic structure of salicylic acid (SA) radical: ppin density calculated by natural bond
theory (NBO) method (left) and highest occupied molecular orbital—lowest unoccupied molecular
orbital (HOMO-LUMO) (right).

2.5. Kinetic Modelling

A mathematic model predicting the degradation of SA and its intermediates with different
electrode materials was developed. A degradation mechanism of SA with NaCl as the supporting
electrolyte is proposed in Figure 3. Note that in the case of using Na,;SOy as supporting electrolyte, the
formation of chlorinated intermediates does not take place.

COOH

k SA
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kq
ke ks
y Y
Product

(CO,. H20. organic compounds...)

35dCISA

Figure 3. Simplified chemical kinetic model for the degradation of SA.

A first order kinetic equation was chosen to describe each reaction rate (Equation (11)). Calculations
were performed in Matlab (version 2017, The MathWorks, Inc., Natick, MA, USA) to find the numerical
solution to the set of ordinary differential equations. Reaction rate constants were determined by fitting

the experimental data to the model using the least squares method. The fitting quality was estimated
by the correlation coefficient R2.
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3. Results and Discussion

3.1. Prediction of Salicylic Acid Intermediate Formation by DFT Simulations

Considering the formation of hydroxylated and chlorinated products, there are six possibilities to
bond to a carbon atom (from C1-C6) of SA (Figure 2). However, due to steric effects, the attacking
position at C1 and C2 is very unstable, hence the possibility to bond with OH™ and CI~ at position
C3, C4, C5, and C6 was investigated. Table 1 presents the relative stability of the products, the most
stable one (relative energy = 0.00 kJ/mol) was chosen as reference. For both the hydroxylated and
mono-chlorinated products, the most stable structure is at position C4, while position 4,5 and position
3,5 are the most stable structures for di-chlorinated species. When looking at the experimental data, it
shows that the most favorable attacking positions are at C3 and C5 position (discussed in Section 3.2.2
& 3.2.3). Thus, the most favorable intermediates observed during the experiments cannot be fully
explained by the relative stability of products based on DFT calculations. It is therefore proposed that
the mechanism and kinetics play an important role here. Consequently, further investigations of the
electronic structure of the radical SA by DFT and NBO theory were performed. In particular, the spin
density (Figure 2) shows that its maximum is at position C3 and C5. The spin density corresponds
to the reactivity of the SA radical in the electrochemical oxidation reaction. Simply based on this
assessment, it is possible to predict that the attraction of OH™ and C1~ will be favorable at the C3
and C5 position. This is in agreement with the experimental data, where the byproducts for both
hydroxylation and chlorination were observed at the C3 and C5 position.

Table 1. Relative energy of hydroxylated and chlorinated products.

Position Relative Position Relative Position Relative
Hydroxylate Energy Mono-Chlorinated Energy Di-Chlorinated Energy
Product (kJ/mol) Product (kJ/mol) product (kJ/mol)

4 0.0 4 0.0 45 0.0

6 10.8 5 3.9 3,5 0.1

5 15.7 3 9.7 34 4.8

3 18.2 6 29.6 4,6 17.0

n/a n/a n/a n/a 3,6 25.5

n/a n/a n/a n/a 5,6 32.6

3.2. Oxidation of Salicylic Acid and Intermediate Formation

3.2.1. Electro-activity of Salicylic Acid

CV has been used to evaluate the electro-activity of SA. First, a GC rod was used as a baseline
for the later comparison with different anode materials. GC is not prone to fouling, unlike the Pt
electrode, yet it has an active surface, unlike BDD, meaning that compounds contained in the water
matrix have a proper affinity to the anode surface. In a second step, the electro-activity of SA was
assessed with a Pt and BDD electrode, which corresponded to the anode materials used for the bulk
electrolysis experiments. CV using a GC anode revealed that SA is electro-active, as indicated by the
anodic oxidation peak potential Ep, observed during the forward scan (Figure 4a).
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Figure 4. Cyclic voltammetry (CV) for SA in different supporting electrolytes and different anode
materials (1V/s, 5 consecutive scan, current normalized for working electrode area). (a) GC, (b) Pt,
(c) BDD.

No reversibility of the oxidation peak was observed during a reverse reduction scan of SA. This is

in agreement with electrochemical irreversibility being a typical feature for phenolic compounds [30].
The use of two different supporting electrolytes, NaCl and Na,SOy, indicates that NaCl leads to a
higher anodic peak current iy, (Figure 4a, peak nr. 1) than Na;SO, (Figure 4a, peak nr. 2) for SA.
A higher anodic peak current for one supporting electrolyte indicates that the diffusion of the model
compound towards the electrode surface is more efficient in NaCl than in Na;SO,, which can be
associated to the different size of anions (Cl~ and SO4%7) [31]. Looking at the Eypq for GC and Pt anode,
there is a slight shift towards a more positive potential for SA when NaCl is used instead of Na;SOj.
The exact values for Ep, for each electrode material and supporting electrolyte are presented in Table 2.

Table 2. Overview of peak potentials Ep, (V) vs. Ag/AgCl (3M) for different anode materials and

supporting electrolytes (scan rate: 1 V/s).

Anode GC Pt
Electrolyte NaCl NapSOy NaCl NaySOy NaCl
Epa (V) SA 1.20 1.07 1.22 1.15 n/a
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In addition, SA exhibits a higher iy, and a shift in Ep, in the first scan cycle compared to scan
cycles 2-5 when using GC (Figure 4a) and Pt (Figure 4b, peak nr. 3 & 4) anodes. A lower Ep, in the
second and more consecutive scan cycles can be attributed to the formation of a polymeric layer during
the EO, which covers the electrode surface [32]. This results in a decreased iy, for the consecutive scan
cycles. Only a slight or no decrease of ipa is observed after the second scan cycle which suggests that
the polymeric layer is not developing any further. CV of SA on the BDD anode exhibited no oxidation
peak Ep, (Figure 4c), which shows that SA does not undergo oxidation by DET. This is attributed to
the non-active nature of BDD anodes, and results in a low affinity towards compounds contained in
the water matrix. This behavior makes BDD anodes less prone to polymeric fouling than the active
Pt anodes [8]. Contrary to our findings, Louhichi et al. [33] observed that SA is electro active on
BDD electrodes during CV. They further state that a decreasing oxidation peak with increasing cycle
numbers suggests a polymeric layer built up on the BDD anode. Furthermore, Montilla et al. [34]
observed an anodic oxidation peak of the structurally similar benzoic acid on BDD anodes during CV.
Differences in both studies include higher analyte concentrations, a different electrolyte (1M H,SOy or
0.5 M HCIOy) and a considerably lower pH. In addition, the setup used in this study includes an RDE
while it was not specified in the above-mentioned studies. Despite the fact that DET of SA on BDD
electrodes was not observed in this study, BDD anodes are expected to outperform Pt anodes during
bulk electrolysis of SA due to less electrode fouling and the formation of the more freely available
physisorbed hydroxyl radicals [8].

CV results could verify the electro-activity of SA on active anodes (GC and Pt). The results confirm
that electrons are directly exchanged between SA and these anodes, which contributes to the partial
oxidation of SA. Thus, the use of different anode materials and electrolytes emphasized their impact
on DET. Recorded anodic peak currents on Pt and GC electrodes showed that NaCl facilitated the
transport of SA towards the electrode transport compared to Nay;SOj.

3.2.2. Formation of Hydroxylated Salicylic Acid Intermediates

Bulk electrolysis was performed to investigate the oxidation of SA via EOTR. The original
experimental data can be found in the supporting material (Tables S1-S4). With the NaCl-BDD setting,
two hydroxylated products (23dHBA and 25dHBA) could be identified and quantified whereas the
third expected hydroxylated product (26HBA) could not be detected at any time. Detected dHBAs
were present after 10 min and they remained at a constant concentration throughout the experiment
(Figure 5b). A concentration of 1.07 x 107 M and 4.85 x 10~® M for 23dHBA and 25dHBA, respectively
suggests a balanced formation and degradation during EO. Guinea et al. [14] also identified 25dHBA to
be the most abundant among the three investigated dHBAs. A higher SA concentration (1.20 x 1073 M)
and cathodically generated hydrogen peroxide were used in that study, resulting in a significantly
higher amount of each dHBA product. This explains why 26dHBA (limit of quantification (LOQ)
of 10 nM) was not found in the present study but was found as a degradation product of SA by
Guinea et al. [14].

When the NaCl-Pt setting was used, both, 23dHBA and 25dHBA could be identified and quantified,
but 26dHBA could not be detected. In contrast to the BDD anode, the hydroxylated products do not
show a constant production rate but do reach a maximum concentration after 60 min with 0.24 x 1075 M
and 0.69 x 107> M for 23dHBA and 25dHBA, respectively (Figure 5d). It is also notable that, after
reaching a maximum concentration, both hydroxylated products are only eliminated again to a certain
extent, similar to the observation on the BDD electrode. The final concentration was 0.13 x 10~ M for
23dHBA and 0.56 X 1075 M for 25dHBA. It should be noted that the absolute concentration of dHBAs
detected was considerably higher than with the BDD anode, specifically 18% higher for 23dHBA and
13% higher for 25dHBA. This behavior can be attributed to the quasi freely available physisorbed
hydroxyl radicals on BDD, which readily react with SA and lead to its complete mineralization
(Equation (4)). However, on Pt anodes the hydroxyl radicals are chemisorbed (Equation (3)) and thus
exhibit a lower oxidation power, which results in a lower amount of complete mineralized SA and
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a higher amount of the intermediate degradation products such as 23dHBA and 25dHBA. Similar

findings have been reported by Madsen et al. [35].
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Figure 5. Experimental data and model with chloride (NaCl) as the supporting electrolyte: boron
doped diamond (BDD) anode (a) and (b), Pt anode (c) and (d); normalized concentrations with respect
to initial SA concentration.

Using the NaySO4-BDD setting, 23dHBA and 25dHBA could also be identified and are depicted
in Figure 6a,b, but 26dHBA was not detected. Both hydroxylated compounds were present as when
NaCl was used. 23dHBA is present after 10 min at constant concentration of 1.3 X 107° M. 25dHBA
shows the same pattern as 23dHBA with a concentration of 5.7 X 107¢ M.

With the NaySO4-Pt setting, 23dHBA and 25dHBA could be observed yet 26dHBA could not
be detected. However, the hydroxylated products differ in the concentration profile from the results
obtained with the other three settings. A clear increase over time of both 23dHBA and 25dHBA is
shown in Figure 6d with 3.24 x 107 M and 1.24 x 10~° M as final concentrations for 22dHBA and
25dHBA, respectively.
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Figure 6. Experimental data and model with sulfate (Na;SO,) as the supporting electrolyte: BDD anode
(a) and (b), Pt anode (c) and (d); normalized concentrations with respect to initial SA concentration.

3.2.3. Formation of Chlorinated Salicylic Acid

On the BDD anode with NaCl as the supporting electrolyte, the formation of 3CISA, 5CISA and
35dCLSA was observed instantly after the beginning of the experiment (Figure 5a). 3CISA reached the
maximum concentration (4.10 x 1075 M) after 45 min and was further oxidized completely after 180 min.
Likewise, 5CISA reached its peak concentration (6.72 x 1075 M) after 45 min and was almost completely
oxidized (4.64 x 107® M) by the end of the experiment. 35dCISA reached its peak concentration
(5.80 x 107> M) after 120 min and exhibited a final concentration of 2.56 x 10~ M. The observed
chlorinated salicylic acid products were formed as expected based on the previous DFT calculations
and as suggested by Farinholt et al. [16] and Broadwater et al. [17].

Using a Pt anode showed the same chlorinated product formation i.e., 3CISA, 5CISA and 35dCISA
(Figure 5¢). All three identified chlorinated products were observed right after the beginning of
the experiment. 3CISA reached its peak concentration (4.17 x 10> M) after 150 min and decreased
thereafter to a final concentration of 3.19 x 10~ M. The peak concentration of 5CISA (6.90 x 1075 M)
was reached after 180 min and decreased to a final concentration of 6.49 x 10~ M. For 35DCISA a
steady formation and no point of concentration inflection was reached until the end of the experiment
where the final concentration amounted to 4.11 X 107> M.

Comparing the formation of the chlorinated products on BDD and Pt electrode (Figure 7) it shows
that the maximum concentration of 3CISA (BDD: 4.10 x 105 M, Pt: 4.18 x 10> M) and 5CISA (BDD:
6.77 x 107> M, Pt: 6.90 x 107> M) are about equal. The LOQ corresponds to 1.50 x 10~7 M for both,
3CISA and 5CISA. For 35dCISA, a peak concentration (5.80 x 10> M) was only detected with the BDD
electrode (Figure 5a). The experimental time of 240 min was too short to detect a peak concentration of
35dCISA with the Pt electrode and no apparent plateau was reached by the end of the experiment
(Figure 5c).
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Figure 7. Normalized concentration profiles with respect to initial molar SA concentration [C0]: SA
(a) chlorinated degradation products (b-d) on BDD and Pt electrodes.

3.2.4. Influence of Electrolyte Mediated Bulk Oxidation on Intermediate Formation

The two electrolytes form different reactive species that contribute to the MEO of SA. According
to the reactivity of the oxidizing species formed, they also have a major impact on the degradation
kinetics. The production of free chlorine was lower with the NaCl-Pt than with the NaCl-BDD
setting. A final concentration of 9.3 mg Cl,/L was measured with the Pt anode by the end of the
experiment compared to 166 mg Cly/L with the BDD anode. This demonstrates that BDD not only
favors the production of quasi-free hydroxyl radicals [8], but also favors the production of active
chlorine Equations (7) and (8) and the consequent chlorine oxidation of organic compounds, which is
the governing oxidation mechanism during EO when using NaCl as a supporting electrolyte. However,
the similar production of hydroxylated products of SA on NaCl-BDD, NaCl-Pt and Na;SO4-BDD
indicates that the hydroxylation takes part to the same extent regardless of electrolyte and anode
material for the three mentioned parameter combinations. These findings show that in all three cases,
hydroxylation competes with MEO since the formation of hydroxylated products does not increase.
That leads to the further conclusion that despite the hydroxylation of SA there is also an MEO process,
which governs the oxidation of SA on Na;SO4-BDD. This assumption is endorsed by the results of
Farhat et al. [36] whereby they confirmed the important role of sulfate radicals formed on BDD anodes
on the degradation of organic pollutants. Farhat et al. [36] suggested two possible pathways of sulfate
radical formation on BDD anode, either via DET of SO42~ or by the reaction of HySO, or HSO4™
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with the anodically generated hydroxyl radicals. Further, they suggest a nonradical activation of
persulfate (5,04%7) that involves increasing the oxidation rate of organic contaminants. The NaySO4-Pt
parameter setting differs in its result compared to the other three parameter settings with regards to
the concentration profile of the two hydroxylated compounds. The maximum concentration of both
23dHBA and 25dHBA differ by more than a factor 2 compared to the obtained concentration with the
three other parameter settings. Since hydroxyl radical production is less on Pt than on BDD there
is less mediating oxidizing species formed, as confirmed above concerning active chlorine species.
Additionally, sulfate active species are not present when the Pt anode is used since the oxidation
potential of sulfate (2.01 V vs. standard hydrogen electrode) exceeds the potential window of the Pt
anode (depicted in Figure 4b) and oxygen evolution starts before sulfate oxidation. Thus, oxidation of
SA at the Pt anode and Na;SO4 supporting electrolyte is governed by the higher oxides formed at
active electrode surfaces, which are less reactive than the physically adsorbed hydroxyl radicals at
the BDD anodes. This is reflected in slower overall degradation kinetics. Thus, the lack of oxidative
species other than the higher oxides at the Pt anode surface explains why the partial oxidation of
23dHBA and 25dHBA is governing the process and not complete mineralization.

3.3. Owverall Degradation Kinetics of Salicylic Acid

A degradation of 50 mg/L (362’004 nM) SA was followed over time for all four parameter settings
and the apparent first order rate constants (kg ) are presented in Table 3. Figure 5a depicts the results
using BDD in combination with NaCl as the supporting electrolyte. SA could not be detected after
120 min (LOD of 30 nM). The kinetic behavior observed for SA was in accordance with the theory
of the chosen mass transfer limiting conditions on BDD electrodes [22], where the applied current
was higher than the limiting current (8§ mA/cm?). Oxidation of SA on Pt followed the same pattern
as on the BDD anode and is depicted in Figure 5c. However, no complete degradation of SA was
achieved during the experimental time whereby 7% of the initial SA concentration was still present at
the end of the experiment. When Na,SOy; is used as the electrolyte the degradation of SA proceeds at a
more moderate rate than with NaCl. For the NaySO4-BDD setting, 66% of the initial SA concentration
could still be observed at the end of the experiment (Figure 6a). The NaySOy-Pt setting leads to a
nearly constant concentration of SA with a final concentration corresponding to 84% of the initial SA
concentration (Figure 6¢).

The proposed chemical kinetic model (Figure 3) was fitted to the experimental data of SA,
hydroxylated and chlorinated products and the corresponding computed results are depicted in
Figures 5 and 6. In addition, Table 3 summarizes the rate constants (k) and the fitting quality (R?) for
the four different parameter settings.

The formation of hydroxylated products (k, and k3) of SA are adequately described by the model
and exhibit a R? between 77% and 88% for all four parameter settings. The only exception is 25dHBA
with the NaySO,4-Pt setting and a R? of 64%, which means a less adequate fit of the model and the
experimental data. This discrepancy can be explained by the scattered experimental data of SA and in
consideration of the low amount of 25dHBA that is produced, i.e., less than 3% of SA is degraded to
25dHBA (Figure 6d). Because the kinetic model is assuming first order kinetics and the experimental
data of 25dHBA does not exhibit clear first order kinetics, the fitting of the model to the experimental
data is less accurate. Looking at the rate constants of the hydroxylated degradation products, it is
evident that 25dHBA is formed faster (k3) than 23dHBA (k;) for all four parameter settings. These
results are supported by the DFT calculation where the relative energy for 23dHBA was calculated to
be higher than for 25dHBA, which means that 25dHBA is the more stable product. The degradation
of the hydroxylated products to other organic products or complete combustion to CO; is expressed
through k¢ and ky for 23dHBA and 25dHBA, respectively and is generally faster than their formation.
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Table 3. Summary rate equations and fitting quality of the kinetic model.

Rate Constants (1/min) NaCl/BDD NaCl/Pt Nap;SO4/BDD NaySO4/Pt
k1 1.28 x 1072 224 %1073 3.32x 10714 222 %1071
k2 1.75 x 1074 2.89 x 1074 2.41x 1074 3.87 x 107°
k3 7.62 x 1074 8.17 x 1074 1.71 x 1073 7.82x 1074
kg 8.56 x 1073 227 x 1073 n/a n/a
ks 1.10 x 1072 2.75 %1073 n/a n/a
ke 3.63 x 1073 2.53 x 1072 5.07 x 1072 320x 10713
ky 2.89 x 1073 1.80 x 1072 8.70 x 1072 3.05x 1072
ks 222 x 10714 2.22x 10714 n/a n/a
ko 9.81 x 1073 222 x 10714 n/a n/a
k1o 2.59 x 1072 5.96 x 1073 n/a n/a
k11 3.55x 1073 253 x 1073 n/a n/a
k12 9.96 x 1073 7.71 x 1073 n/a n/a

ksa, Z(k1—ks) 3.33 x 1072 8.37 x 1073 1.95%x 1073 821 x 107*
Fitting Quality, R? (%)

SA 98% 96% 95% 92%
23dHBA 77% 88% 87% 88%
25dHBA 78% 80% 88% 64%

3CISA 94% 95% n/a n/a
5CISA 96% 97% n/a n/a
35dCISA 93% 96% n/a n/a

Formation and degradation of chlorinated products of SA are described to an exceeding extent by
the suggested kinetic model. R? for both, BDD and Pt anode are between 93% and 97%. The formation
of 5CISA proceeds at a faster rate (ks) than the formation of 3CISA (k4) on both anode materials.
Similar to the hydroxylation of SA, this can also be explained by the preliminary DFT calculations
with the predicted relative energy for each compound (Table 1). The relative energy is lower for 5CISA
than for 3CISA making 5CISA the more stable product. The decrease of 3CISA and 5CISA consists
of the formation of 35dCISA (ki & kq1) and the degradation to other organic products or complete
combustion to CO; (kg & ko). The sums of kg and kg for 3CISA and kg and k; for 5CISA represent
their degradation rate and show that 5CISA is degraded at faster rate than 3CISA on both anode
materials. The degradation rate (kq2) of 35dCISA is slower than the one of the mono chlorinated SA on
both, BDD and Pt anode.

When comparing the rate constants of hydroxylation and chlorination of SA it becomes evident
that chlorination takes place at considerably faster rates than hydroxylation. On BDD anodes, the
formation of 3CISA is a factor 49 and 11 faster than the formation of 22dHBA and 25dHBA, respectively.
Likewise, the formation of 5CISA is a factor 63 and 14 faster than the formation of 23dHBA and 25dHBA,
respectively. The same pattern can be observed for when the Pt anode is used yet the hydroxylation
and chlorination rates differ less than with the BDD anode. 3CISA is formed by a factor 8 and 3 faster
than 23dHBA and 25dHBA, respectively. According to this, the formation of 5CISA is a factor 10 and 3
faster than the formation of 23dHBA and 25dHBA, respectively. In conclusion, chlorination governs
the degradation of SA during electrochemical oxidation, no matter the electrode material.

Finally, the kinetic model also provided the apparent rate constant of the SA degradation (ksa),
which consists of the sum of k; to ks. Whereby k; accounts for the formation of other, not investigated
organic products, the oxidation product of SA resulting from DET or other oxidation mechanisms of
SA (Figure 3). Further, the degradation of SA to hydroxylated (k; and k3) and chlorinated (k4 and ks)
products are also accounted for in the apparent rate constant kga. The proposed kinetic model does
not provide an individual rate constant for DET and thus its contribution to the degradation of SA is
out of scope of this study. However, when NaCl is used instead of Na;SOy, k; is more than a factor
1.01 x 10! higher for both anode materials and thus contributing to a higher degree to ks as when k;
is obtained with NapSOy. It indicates that if chlorination is not contributing to k; in terms of complete
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combustion of SA to CO2 or by the formation of other, not investigated chlorinated compounds the
value of k; becomes significantly lower. This suggests that DET of SA, remains a mechanism that
contributes to k; but plays a minor role in its degradation pathway. By comparing the different values
for kga for the four parameter settings (Table 3) it becomes evident that the degradation of SA is in
general faster with NaCl is used than with Na;SO4. However, among experiments using the same
electrolyte, the use of a BDD anode resulted in a higher ksa than with a Pt anode. On a BDD anode, the
ksa is a factor 17 higher for NaCl than for Nay;SOy4, and on a Pt anode the kgp is a factor 10 higher for
NaCl than for Nap;SOy. Regardless of the parameter settings, the proposed kinetic model describes the
experimental data of the SA degradation via kg to an exceeding extent with an R? of 92% or higher.

4. Conclusions

e  This study confirms the formation of chlorinated intermediates. Three different chlorinated
oxidation products were identified, 3CISA, 5CISA and 35dCISA, whereby 5CISA was more
frequently detected than 3CISA and 35dCISA.

e  Hydroxylation of salicylic acid via anodically generated hydroxyl radicals was confirmed via the
identification and quantification of 23dHBA and 25dHBA. 25dHBA was more frequently formed
than 23dHBA.

e Density functional theory and natural bond theory computations revealed the highest spin density
at the C3 and C5 atom of salicylic acid. This explains the formation of the observed chlorinated
and hydroxylated intermediates of salicylic acid, and why other intermediates like 26dHBA or
4CISA were not detected.

e Inchloride electrolyte, oxidation via mediating oxidizing species was found to be the governing
oxidation process on both tested anode materials, whereas hydroxylation took place but at much
lower rates than chlorination.

e Cyclic voltammetry confirmed of direct electron transfer of salicylic acid on Pt anodes, but not on
BDD electrodes. The proposed kinetic model adequately describes the degradation of salicylic
acid, and the formation of its chlorinated and hydroxylated intermediates and corresponding rate
constants could be derived.
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ARTICLE INFO ABSTRACT

Editor: Yunho Lee This study assessed the feasibility of electrochemical oxidation (EO) for the removal of organic compounds in
cold climate regions. A two-level full factorial design was used to test the effect of three factors, temperature (6/
20 °C), anode material (Pt/BDD) and pH (7/10) on the degradation of Bisphenol A. Due to the use of a chloride
electrolyte, the formation of the disinfection by-products, perchlorate and trichloromethane was assessed too.
The 90 % removal of the initial Bisphenol A concentration took up to 71 % (30 min) longer and up to 46 % more
power input was required at 6 °C than at 20 °C. At pH 10, degradation and formation kinetics of Bisphenol A and
trichloromethane were faster due to the higher oxidation power of OCl~ than HOCI (pK, = 7.5) and the for-
mation of bisphenolate ions (pK, = 9.6), which are more prone to electrophilic attack than Bisphenol A.
Temperature and anode material were the two factors that significantly affect the trichloromethane formation.
Trichloromethane was formed up to 45 % faster at 20 °C than at 6 °C and up to 23 % faster on Pt than on BDD
anodes. However, higher trichloromethane concentration were reached on BDD anodes, but were formed at
slower rates. The anode material was the only factor, which had a statistically significant influence on for the
formation of perchlorate. On BDD anode up to 89 % more perchlorate was formed than on Pt anode. The present
study shows that the application of EO for organic pollutant removal in regions with low average temperatures is
a feasible treatment step although it is associated with higher energy demand and consequently higher costs. The
formation of unwanted disinfection by-products in chloride containing waters could not be avoided, but it was
shown in this study, that it can be limited by an adequate choice of treatment time, pH and anode material.

Keywords:

Bisphenol A
Electrochemical oxidation
Disinfection by-products
Low temperatures

1. Introduction responsible European commission furthermore proposed a benchmark
value of 0.01 ug/L BPA to be included in the EU directive on the quality
of water intended for human consumption [8].

However, BPA is still worldwide detected at different concentrations

Bisphenol A (BPA) is an important plastic monomer and plasticizer
[1,2] and several million tons are produced and consumed annually

[3,4]. BPA does not occur naturally in the environment and the large
amounts are synthetized to produce polymers present in everyday use
items including food and water containers, cans, bottles, sunglasses,
electronic equipment and thermal paper [2,5]. BPA is a xenoestrogen
and is classified as an endocrine disruptor as it is structurally similar to
the hormone estrogen and interacts with the estrogen receptors and
thus modulates the endocrine system [6]. BPA was currently (2018)
added to the regulation of the European Union (EU) REACH (Regis-
tration, Evaluation, Authorization and Restriction of Chemicals) can-
didate list, classified as a chemical of very high concern [7]. The
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in water and effluents [9]. Thus, the removal of BPA from wastewaters
and landfill leachate (LL) is a pervasive topic and has been successfully
addressed in the past by the use of different advanced oxidation pro-
cesses (AOP). All AOP have in common, that they produce the highly
reactive hydroxyl radicals, which non-selectively react with organic
pollutants contained in the water matrix, leading to their partial or
complete oxidation [10]. The different AOP produce hydroxyl radicals
via different mechanisms, e.g. regular and enhanced Fenton oxidation
as well as ozonation (e.g [11,12].). Different studies reported complete
removal of BPA from wastewater and LL by electrochemical oxidation
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(EO) [13-15]. Adsorbed hydroxyl radicals are produced during EO via
the electrolytic discharge of water (Eq. (1)) [16].

MO, + H,0 — MO,(+OH) + H* + e~ @
MO, (+OH) — MOyy, + H* + ¢~ )
MO,;1 + R = MO, + RO 3)
MO, (sOH) + R = mCO, + hH,0 + H* + e~ (4)

"OH: hydroxyl radical, MO,('OH): adsorbed hydroxyl radical, MOy, 1:
higher oxide, R: organic pollutant, RO: oxidized organic pollutant

The further transfer of the oxygen from the hydroxyl radicals to the
organic pollutants depends on the anode material. Hereby it is dis-
tinguished between active and non-active materials [16]. Active anodes
such as platinum (Pt) form higher oxides at their surface via the reac-
tion with the adsorbed hydroxyl radical, which then reacts with the
organic pollutant (Egs. (2) & (3)). Non-active anodes, e.g. boron doped
diamond (BDD), don’t form higher oxides, instead the adsorbed hy-
droxyl radical reacts directly with the organic pollutant (Eq. (4)) [16].
Both, active and non-active materials have been tested during EO of
BPA such as Pt, glassy carbon (GC) or BDD [17]. It was found that the
use of BDD anodes is most effective to mineralize BPA compared to Pt
anodes, where the formation of intermediate products prevailed over
complete mineralization [17,18]. However, BDD anodes do not only
favor the mineralization of BPA, but also the formation of undesirable
halogenated organic by-products such as trichloromethane (CHCl3)
[19], a compound belonging to the group of trihalomethanes (THMs).
THM formation has been confirmed by simple chlorination experiments
of BPA with sodium hypochlorite [20]. Also, the formation of the per-
sistent perchlorate ion (ClO4 ") is favored on BDD anodes [21], which
has a detrimental effect to the aquatic environment [22]. Since 2011,
the US EPA regulates perchlorate under the safe drinking water act, but
as per today, they did not establish a maximum contamination goal yet
[23]. However, a maximum contaminant level goal of 56 ppb of ClO4~
is suggested in public water supplies [24]. Two states in the USA set a
limit for perchlorate in drinking water to 2 ppb (Massachusetts) and
6 ppb (California). The WHO defined a limit of 0.7 mg/L for chlorate
(Cl037), a precursor ion of perchlorate, which was recently deemed too
high by the council of the EU. They proposed to lower the chlorate limit
to 0.25mg/L [8]. Despite the formation of by-products, EO is con-
sidered to be an efficient and suitable process, when it comes to the
removal of BPA and other organic pollutants [25-27]. and other or-
ganic pollutants [16,28] from aqueous solutions. The major advantage
of EO compared to other AOPs is that no residual sludge is produced
that would require further treatment or disposal [29].

Most of the studies investigating the effect of temperature on the
electrochemical removal of BPA or organic pollutants were carried out
at room temperature or above [30]. An increase of temperature from
25 °C to 40 °C resulted in an apparent increased oxidation rate of the
organic load of 44 % from 2.7 to 3.9 x 10~ * s respectively. Turro
et al. [31] found that the total carbon removal during EO of LL at 30 °C
was negligible, but increased to 15 % after increasing the treatment
temperature to 60 °C, while COD removal performed equally at all
tested temperatures and did not seem to be affected by an increased
temperature. Furthermore, Panizza et al. [32] stated an enhanced oxi-
dation reaction of organics by free chlorine species, when temperature
was increased from 25°C to 50°C during anodic oxidation of LL.
However, Darsinou et al. [33] found that an increase from 30 °C to 70 °C
lead to a six-fold higher reaction rate of BPA during sono-activated
persulfate oxidation. Unfortunately, little is known about the perfor-
mance of EO for the organic pollutant removal at temperatures lower
than room temperature. Anglada et al. [34] reported a decreasing mass
transfer coefficient with decreasing temperature from 40°C to 10°C
during EO of LL.

Only few studies exist that investigated the effect of cold tempera-
tures on water and wastewater treatment. Kettunen et al. [35]
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compared an anaerobic LL treatment at 11 and 24 °C and observed a
hydraulic retention time (HRT) of 1.5-2 days and 65 % COD removal
and a HRT of 10h and 75 % COD removal respectively. Smith et al.
[36] reported a stable COD removal during psychrophilic anaerobic
wastewater treatment and concluded a promising potential for its ap-
plication in cold climate regions. Apart from those findings, it is obvious
that more knowledge is needed in order to estimate their applicability
for climate regions where cold temperatures prevail. Hence, this study
investigates EO process for the removal of organic pollutants from
aqueous solutions at low temperatures (6 °C). BPA was chosen as the
organic model pollutant as it is well studied and abundant in waste-
waters. Additionally, this study also investigates the formation of the
unwanted chlorination by-products ClO,~ and CHCls. Egs. (5)-(10)
depict the generation of HCIO/CIO ™~ and the formation of ClO4- in the
electrolytical cell [37]:

2C1 — Ch + 2e” (5)
CL + H,0 — HCIO + CI~ + H* (6)
HCIO < ClO~ + H* @)
2HOCI + ClO~ = ClO;y + 2Cl™ + 2H* (8)
6HCIO + 3H,0 — 2ClO; + 4CI~ + 12H* + 1.50, + 6e~ 9
ClO5 + H,0 — CIOy + 2H* + 2¢~ 10)

Cl™: chloride ion; Cl,: gaseous chlorine, HCIO/CIO™: free chlorine;
OCl3 ™ : chlorate; OCl, " : perchlorate

Several studies show the formation of CHCl; as a result of free
chlorine reacting with chlorinated BPA congeners [19,38,39]. Gallard
et al. [40] found that CHCl; is formed from mono-, di-, tri- and tetra-
chlorinated phenols, which are incorporated by up to 12 % to CHCl3
under their given experimental conditions. These aforementioned
chlorinated phenols are reported metabolites from BPA chlorination,
either formed during direct chlorination [41] or indirect chlorination
during EO [19]. This study does not investigate the reaction pathway
from BPA to CHCl; yet it is plausible to assume CHCI; formation takes
place in the above-described way.

This study is part of a larger project, that investigates the landfill
leachate treatment by EO in Northern Norway, which lays in the sub-
arctic climate zone. A particle separation step (coagulation / sedi-
mentation) is already implemented on site, which will provide the
feedwater to a potential EO treatment. The effluent after coagulation
(coagulant: FeCl;) has an alkaline pH (= 10) which is beneficial for the
particle formation [42]. The solution pH affects the dissociation of
active chlorine (Eq. (7)) as well as the dissociation of the organic pol-
lutant BPA, which has a pK, of 9.6 [43]. Thus, besides the influence of
temperature and anode material, this study also investigates the pH as
an important parameter of the EO of BPA and the formation of
chlorinated by-products. The influence of the applied current was not
investigated since many other studies have studied addressed its in-
fluence on the degradation of organic pollutants [44-47]. However, it
was addressed in a subsequent study (under review) under more ap-
plied conditions, since energy costs strongly depend on the applied
current. This study is intended to get a conclusion on whether EO is a
suitable treatment step to remove organic pollutants in cold climate
regions.

2. Material and methods
2.1. Chemicals

Bisphenol A for bulk electrolysis was purchased from Sigma-Aldrich
(Merck, Germany) with a purity grade = 99 %. Stock solution (0.5 M)
of BPA was prepared with acetonitrile and stored up to a month.
Working solutions (2.5L) were prepared by adding 25 pL of the stock
solution to obtain the desired BPA concentration of 5.0 mM. Sodium
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chloride (NaCl) and sodium sulfate (Na,SO4) were both purchased from
VWR (Avantor, USA) with ISO standard purity grade. The electrolytes
were added daily to the working solution to obtain a concentration of
0.0033 M NaCl and 0.0003 M Na,SO,. Deuterated Bisphenol A (d16)
was used as internal standard for BPA and was purchased from Dr.
Ehernstorfer (LGC, UK) with certified reference material standard. A
certified reference standard calibration mix of THMs (tri-
chloromethane, bromodichloromethane, dichlorobromomethane, tri-
bromomethane) was purchased from Sigma Aldrich. Dichloromethane
was used as an internal standard for the THMs and purchased from
Sigma Aldrich with certified reference material standard. Solvents used
for UPC? analysis, water and methanol were purchased from VWR and
were both HPLC grade (= 99.5 %) ammonium acetate (7.5M) was
purchased from Sigma Aldrich. Isopropanol HPLC grade (= 99.5 %) for
the reconstitution of BPA was purchased from VWR.

2.2. Electrochemical experiments

Bulk electrolysis was conducted with an electrolytical cell
(ElectroCell Europe AS, Denmark) with either an Nb/BDD or Ti/Pt
anode and a stainless-steel cathode. Both, anode and cathode are plate
electrodes with an active area of 10 cm? and an interelectrode gap of
4mm and a PFTE turbulence enhancing mesh in between. The elec-
trodes are cooled with tap water (ca. 7 °C) from the rear end. The
electrolytical cell is connected via Teflon tubing to the solution tank
(5L glass beaker) and the solution is pumped with a peristaltic pump
(Masterflex Cole-Parmer Instrument Co., USA). All experiments were
carried out under galvanostatic conditions with an applied current (jo,)
of 42.7 mA/cm? (limiting current density) and a flow rate of 384 mL/
min. The pH of the solution was adjusted to either 7 or 10 by adding
either H,SO4 (0.1 M) or NaOH (0.1 M). The working solution was kept
at constant temperature by a cooling coil (stainless steel) connected to a
chiller (FP50-ME, Julabo GmbH, Germany) and regulated with a pro-
portional-integral-derivative controller. Temperature was set at 20 °C
or at 6 °C. Fig. 1 depicts the set-up that was used in the present study.

2.3. Analytical methods

BPA was quantified by UPC? (Waters, USA) with XEVO TQ-S triple
quadrupole mass spectrometer (Waters) with an Aquity UPC? BEH
1.7 um column (Waters). Measurements were conducted in multiple
reaction monitoring mode using electrospray ionization. The mobile
phases were compressed CO,, (solvent A), methanol containing 10 mM
ammonium acetate (solvent B) and 100 % methanol as makeup solvent.
A flow rate of 2.5 mL/min and a makeup flow rate of 0.8 mL/min were
applied. The automated backpressure was set to 1500 psi. The initial
solvent gradient was 95 % A and 5 % B, hold for 0.3 min, increased to
70 % A and 30 % B from 0.3 to 1.3 min and hold for 0.4 min, then
decreased to 95 % A and 5 % B from 1.7 min to 1.8 min and hold for
0.7 min. BPA samples were dried under vacuum (SpeedVac, Thermo
Fischer Scientific, USA) at 45 °C and reconstituted in isopropanol prior

Fig. 1. Experimental set-up used; A: Tank, B: electrolytical cell, C: turbulence
enhancing mesh, D: potentiostat, E: peristaltic pump, F: magnetic stirrer plate,
G: cooling coil, H: chiller.
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to analysis. Masslynx (Waters) and Targetlynx (Waters) where the
software used for measurements and data analysis respectively.

THMs was quantified using a headspace injector (Tekmar HT3,
Teledyne Technologies, USA) coupled to a GC-MS (GC/MS Triple quad
7000, Agilent, USA). The method used was adapted from Perkin Elmer
[48]. The samples or standards (10 mL) were placed in 20 mL head-
space vials together with 20 uL of internal standard (dichloromethane),
and sealed with a crimp cap. A trap column (Purge/Trap K Vocarb®
3000, Supelco, USA) and a DB-624 Ul GC column (Agilent) with a
length of 30 m, 0.25 mm diameter and 1.40 pm film thickness was used
for the headspace GC analysis. The oven program for the GC started at
35 °C hold for 3 min followed by a ramp of 30 °C/min up to 125 °C, hold
for 1 min, followed by a second ramp of 50 °C/min up to 250 °C and a
final hold of 4 min. Concentrations were determined by a linear cali-
bration curve that included 6 calibration points (3 ppb-100 ppb).
Masshunter (Agilent) was the software used for measurements and
Masshunter Quant (Agilent) software was used to integrate concentra-
tion peaks, to determine the calibration curve and for further data
analysis.

Free chlorine was measured with a portable colorimeter (DR 300,
Hach, USA) using the N,N-diethyl-p-phenylenediamine (DPD) method.
The limit of detection is 0.1 mg/L.

Chloride and perchlorate were measured using an ion chromato-
graphy 940 Professional IC Vario (Metrohm, Switzerland) together with
an 858 Professional Sample Processor (Metrohm) and a 10 mL 800
Dosino (Metrohm). A high-performance separation column Metrosep. A
Supp5 (Metrohm) was used with polyvinyl alcohol with quaternary
ammonium groups as column substrate and column dimensions of
250 X 4.0mm and 5um particle size. Sodium bicarbonate Na,CO3
3.2mM and sodium carbonate NaHCO3; 1 mM (Sigma Aldrich) with 20
% acetone with HPLC grade (VWR Chemicals) was used as eluent. The
suppressor solution was 0.1 M sulfuric acid (Merck, USA) and 0.1 M
oxalic acid (Sigma Aldrich) in ultra-pure water. The flow rate was set to
0.7 mL/min and the thermostat to 40°C. MagIC Net 3.2 software
(Metrohm) was used for measurements and sample analysis.

2.4. Factorial design

The experiments followed a full factorial design with 3 factors (A, B,
C) at two levels (Table 1). This results in a 23 factorial design with 8
treatment combinations and seven degrees of freedom. A linear re-
gression model (Eq. (11)) was used to estimate the intercept (by), the
model constants (b; ), where Y is the response and factors A to C
assumed to be independent variables [49]. The regression model also
accounts for the product terms of the independent variables to model a
possible interaction between two or three factors.

Y = by + by A + by B+ by C + by AB + bs AC + bs BC + b; ABC
an

Since the full factorial has replicates (r = 2), the model has 8 de-
grees of freedom ((r -1)25.

The experiments were completely randomized and Analysis of var-
iance (ANOVA) was done using Minitab. The null hypothesis (Hy) stated
that no effect is significant (Effectj = 0) and alternative hypothesis (H;)
assumed at least one effect is significant (Effectj = 0). A significance
level of 5 % (a = 0.05) was chosen.

3. Kinetic modelling

Reaction rate constants (k) of the BPA degradation were obtained by
a first order kinetic model (Egs. (13) — (17)). The model is based on the
mass action law by Guldberg and Waage [50], stating that the chemical
reaction rates (R) are proportional to the masses of the reactants, which
mathematically results in Eq. (12) [51]:



N. Ambauen, et al.

Table 1
Overview of factorial design.

Factor Low level value (-) High level value (+)
A: Temperature [°C] 6 20
B: Anode material Pt BDD
C: pH 7 10
dCy
Ry = — —= = k*(Ca)P*(Cp)™(Cc)"
A o (CPH(Cp)™(Ce) a2

Ra: reaction rate C: concentration of reactants, k: reaction rate constant,
t: time, A-C: stochiometric constants, p-r: reaction order

The formation of CHCl3 involves the reaction between HCIO/ClO™
and unknown, not measured intermediate products of BPA. The per-
centage of the formed HCIO/CIO ™ that is incorporated into CHCl; is
very small, i.e. the concentrations measured of CHCl; and HCIO/CIO ™~
differed by a factor of 10° [M]. For modelling purposes, it was therefore
assumed that the HCIO/CIO~ concentration remains constant. The
model for BPA degradation and the formation of BPA is given in Egs.
(13) & (14):

d[BPA]
—— = —(k k *[BPA
o (kppa + kcnci) [ ] a3)
d[CHCI
AICHEL] ~ ey — 1BPA] - [CHEBD) — Kaopcner (CHCB] 1

BPA: Bisphenol A; CHCl3: Trichloromethane

The conversion of Cl~ and the formation of HCIO/CIO™ and ClO4~
were modelled with Eq. (15)—(17). The oxidation pathway of chloride
(Egs. (5)-(10)) is underlying the model for the formation of free
chlorine and perchlorate.

d[Cl]

= (ke + kucioycio J*[CL7] 1s)
d[HCIO/ClO] _ et » :
% = krciorcio*[CI] = kegyrcioscio~ * [HCIO/CLO™] a6)
d[Cloy] _ _

S = kaop [HCIO/CIO7] = Kaspiop *[CI07] an

Cl™: Chloride; HCIO/ClO ™ : free chlorine; ClO4 ™ : perchlorate

A nonlinear regression was performed to fit the model to the ex-
perimental data using the least square method (RStudio, USA) and the
rate constants as the fitting parameters. The mean squared error (MSE)
was chosen as the parameter to measure the goodness of fit of the
nonlinear regression model to the experimental data [52].

4. Results & discussion
4.1. Factorial effects on Bisphenol A degradation

The statistical approach of a full factorial design was chosen to
evaluate the effects and interaction effects of the three factors (A, B and
C) presented in Table 1 on the EO of BPA. The response (Y;-Y3) was
measured using the corresponding normalized first order apparent rate
constant of the BPA degradation (kgpa) of each individual experiment
(Table 2), which were calculated using the kinetic model (Egs. (13) &
(14)). The obtained values for each factor level combination are sum-
marized in Table 2.

An experiment had a duration of 4h and in all cases the con-
centration of BPA was below the method detection limit of 5.0 nM at
the end of the experiment (SI:1, SI:6). The Pareto plot (SI:2) showed
that one-way, two-way and three-way interactions all have a significant
effect on the BPA degradation since the effects are all larger than the
reference line. The value of the reference line was obtained from
Student’s t-distribution and corresponded to tq/2q¢ = 2.31 for the
chosen significance level a of 5 % and 7 degrees of freedom (df). From
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the Pareto plot, it can be further seen that the pH (factor C) has the
largest effect on the BPA degradation followed by temperature (factor
A), and the anode material (factor B). The interaction factor AB of
temperature and anode material has the largest effect among the two-
way interaction effects. This means that the performance of the anode
material also depends on the applied temperature, whereby the per-
formance is measured as the degradation rate of BPA (kgpa). For in-
stance, on BDD electrodes kgpy is faster than on Pt electrodes, yet the
BPA degradation on BDD electrodes decreases when 6 °C instead of
20 °C are applied, thus kppa also depends on the applied temperature.
The interaction effect of BC, anode material and pH as well as AC,
temperature and pH, almost exhibit the same effect magnitude. ABC,
the three-way interaction effect of temperature, anode material and pH
exhibits the least effect on the BPA degradation. Since all main effects
and higher order interaction effects were found to be significant, they
all have to be included in the linear regression model. The relationship
between the response Y; (kgps) and the 3 factors, temperature (A),
anode material (B) and pH (C) is thus given in the following linear
regression equation:

kgpa = 0.0338 — 0.0061 A — 0.0093 B + 0.0018 C — 0.0031 AB
+ 0.0010 AC — 0.0001 BC + 0.0006 ABC (18)

The goodness of fit for the linear regression model was examined by
using the residual plots (SI:3). The normal probability plot showed that
the residuals are normally distributed, and no outliers were detected.
Evaluation of the residual versus fit plot, shows that the residuals have
a constant variance and the residual versus order plot showed no cor-
relation among the residuals. These findings allow to conclude that the
estimated coefficients (bo-b;) can be determined with the least square
regression model represented in Eq. (18), with a coefficient of de-
termination Rﬁdj 0f 96.11 %. The adjusted R® was chosen to describe the
fit of the model because it adjusts the model for the numbers of pre-
dictors in the model and thus avoids that the model fit increases by
simply adding more predictors to the model. Finally, this leads to the
conclusion that the null hypothesis (Hy), which stated that no effect
significantly affects the BPA degradation (kgpa), is rejected with the
probability of less than 5 % of a wrongful rejection (Type 1 error).
Consequently, the alternative hypothesis H; is accepted, which stated
that at least one effect is significant.

Fig. 2 depicts the interval plots of the 3 response variables, kgpa,
kcnais and kejoq.. The x-axis shows the three different factors, which are
grouped such that the mean response for every factor combination is
depicted as well as the standard error of the mean, when duplicate
measurements were made. It can be seen from Fig. 2a, that the best
performance in terms of BPA degradation was found with the factor
combination 20 °C/BDD/pH10 (green upwards pointing triangle, run 3
and 13). The average kgpa of both replicates corresponds to 0.1845 [1/
min], which is a factor 3.6 faster than for the lowest kgps obtained
(0.0506 [1/min]) at 6 °C/BDD/pH?7 (red, downwards pointing triangle,
run 1 and 6) (Fig. 2a). A pH of 10 and warmer temperatures of 20 °C are
thus favorable over 6 °C and pH 7. However, the anode material for
both, the slowest and fastest BPA degradation was BDD. This observa-
tion is against the initial assumption that chemisorbed hydroxyl radi-
cals formed on Pt anodes, which are less freely available and which
therefore result in less oxidative power than the physisorbed hydroxyl
radicals formed on BDD anodes [16]. In addition, bulk homogenous
chemical reactions, such as reactions with free chlorine typically are
more influenced by changes in temperature than surface electro-
chemical reactions. Therefore, it was anticipated that Pt, which is as-
sumed more dependent on free chlorine mediated oxidation to be more
influenced by the change in temperature than BDD. Consequently, it
was expected that Pt anodes would be involved in the factor level
combination that leads to the least favorable degradation kinetics of
BPA. This observation allows concluding that the anode material for the
slowest scenario factor combination is outcompeted by the other two
tested factors (temperature and pH) in terms of effect on the
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Table 2
Experimental design matrix of all factor (X;) level combinations and observed response factors (Y;).
Run order A B C Y Y2 Y3
Temperature Anode material pH Kgpa Kenas Keioa—
10~ (1/min) 10 [1/min] 107> [1/ming
1 - + - 55.4 0.15
135
2 - - - 48.2 0.59
0.6
3 + + + 175.0 0.62
N/A
4 - - + 71.2 0.70
1.0
5 + + - 76.6 0.55
N/A
6 - + - 45.7 0.20
N/A
7 - - - 60.2 0.30
N/A
8 - - + 62.1 0.56
N/A
9 + - + 80.4 0.91
N/A
10 - + + 95.0 0.44
18.2
11 + + - 85.8 0.71
17.0
12 + - - 50.5 0.77
0.7
13 + + + 193.9 0.76
18.8
14 + - - 53.1 0.91
N/A
15 - + + 75.9 0.33
N/A
16 + - + 82.2 0.72
0.8

degradation kinetic (kgpa). However, for the remaining factor combi-
nations, the mean kgps was always higher when a BDD anode was used
instead of the Pt anode (Fig. 2a), which supports the initial assumption
of BDD anodes contributing to a faster kgpa.

BPA has a dissociation constant of pKa = 9.6, hence at pH 10, the
BPA is present in the form of bisphenolate anion [43] and the free
chlorine is present as a 100 % ClO ™. On the other hand, at pH 7, BPA is
present in its protonated form and free chlorine is prevailing in the form
of HCIO (77.2 %) yet ClO™ is still present (22.8 %). As it was hy-
pothesized based on the results from Deborde et al. [53], CIO ™~ shows to
be the stronger oxidant for BPA than HCIO. These findings are also
confirmed by Li et al. [19] where they state that in alkaline solution (pH
11) the CIO™ exhibited higher reactivity with the phenolic group of
BPA than HCIO in acidic conditions (pH 3), which the authors attrib-
uted to the negative electron activity of the phenolic group. However,
Gallard et al. [38] observed the maximum apparent first order rate
constant of BPA chlorination between pH 8 and 9 with a decrease after
pH 9 and attributed it to the low reactivity of CIO ™. They furthermore
state that the increase of the apparent rate constant with increasing the
pH up to pH 9 is solely due to the ionized form of BPA and its reaction
with HCIO. Furthermore, Comninellis et al. [54] observed a higher
electrochemical oxidation index (EOI) in alkaline media (pH 12-13) for
phenol and attributed this to the fact that the deprotonated form of
phenol (phenolate ion) is more reactive towards the electrophilic attack
of hydroxyl radicals on the aromatic ring. The EOI is the average cur-
rent efficiency and a measure of the efficiency of the EO on phenol or
any other organic compound [54]. In conclusion, a high pH is favoring
faster degradation kinetics of BPA by means of intermediate oxidation
via the more reactive CIO~ free chlorine species and by facilitating the
electrophilic attack of the deprotonated BPA.

Looking at the effect of the temperature, the hypothesis that the
degradation kinetics of BPA is slower at 6 °C than at 20 °C could be

confirmed. These findings were anticipated based on Arrhenius’s law,
which describes the temperature dependence of chemical reaction rates
(k), whereby lower temperatures result in lower reaction rates.
Nonetheless, even at 6 °C the removal of BPA below LOD (5.0 nM) was
still reached in less than 60 min with a total experimental time of 4 h.
An average treatment time for 90 % removal of 29 min was observed,
varying from 12 —42 min (71 %) for 20 °C/BDD/pH10 and 6 °C/Pt/pH7
respectively. This suggests, that even at low temperature of 6 °C the EO
of BPA is still a suitable process for the removal of the model organic
compound BPA. Thus, the applicability of EO in climate regions where
cold temperatures prevail is feasible in terms of degradation goals.
However, one has to keep in mind that the treatment time will have to
be longer at lower temperatures as Fig. 3a depicts when looking at the
time where complete degradation of BPA was achieved. As a con-
sequence, the energy consumption and thus the costs of the treatment
will be higher for EO treatment at lower temperatures, posing a dis-
advantage of the EO process in cold climate regions. Specific energy
consumption (Ep) to remove the initial BPA concentration to 90 %
showed that the average Eg, at 20 °C is 21 % lower than at 6 °C with
2302 kW h/kgO, and 2920 kW h/kgO,, respectively, given in equivalent
oxygen consumption for full BPA mineralization. Eg, was calculated
according to Eq. (19) [55] and based on the calculated theoretical
oxygen demand for BPA, which equals 2.52 mgO,/mg BPA [16].

_ Eea'T*At
7 y*acoD 19)

When looking at the extreme cases for both 20 and 6 °C the Eg, differ-
ence is 46 % with 1788 kW h/kgO, (20 °C/BDD/pH10) and 3291 kW h/
kgO-, (6 °C/BDD/pH7) respectively. On the other hand, the electrodes in
this study were cooled and the solution temperature was willingly kept
stable at 6 °C, but under more applied conditions the solution tem-
perature would most likely rise due to heat production within the
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Fig. 2. Interval plots with 1 standard error for response factors for a) BPA, b)
CHCl3 and ¢) ClO4 .

electrolytical cell, which in turn would warm up the recirculated aqu-
eous solution and thus accelerate the degradation kinetics. No reported
case of a multiple single passes pilot plant could be found in literature,
but it is assumed that the solution temperature would increase less
compared to a batch mode. It is therefore of interest to further in-
vestigate the role of cold temperatures on the performance of EO under
more applied conditions.

4.2. Formation of hazardous disinfection by-products

4.2.1. Trichloromethane

To statistically evaluate the influence of the factors and factor in-
teraction given in Table 1 on the production of CHCl3, the same sta-
tistical assumptions as for BPA degradation were made. As the response
factor (Y,), the first order kinetic rate constant of CHCl; formation,
kcnais [1/min] was chosen. Kcpcz was obtained by solving the differ-
ential equation system given in Egs. (13) & (14) and by nonlinear fitting
of the model to the data by means of the least square method. In ad-
dition, a time lag was built into the model due to the lack of mea-
surements and thus missing information of BPA intermediates, which
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are precursors of CHCl;. The time lag was specifically adjusted for every
experiment such that the standard error between the data and model
was minimized. Fig. 4a depicts a typical lag for the formation of CHCl3
for 20 °C/BDD/pH?7.

CHCl; was formed during all experiments, i.e. for each factor
combination, but differed in the formation rate and thus in the max-
imum observed concentrations and the final concentrations (SI:5, SI:7).
BPA was in all cases not detectible anymore after 60 min, but CHCl3
production continued over the experimental time of 4 h. This indicates
that CHCl; is formed from intermediate BPA products, which were not
measured in this study. The concentration of CHCl; was normalized by
the corresponding initial BPA concentration. The Pareto plot (SI:2) for
the effects and interaction effects shows that only factor A (tempera-
ture) and factor B (anode material) are significantly affecting the re-
sponse factor kcpcis. Factor C (pH) and all factor combinations have no
significant effect on kcycys. The corresponding linear regression model,
which describes the response factor kepcis, is given in Eq. (20):

kcnc, = 0.000265 + 0.000024 A — 0.000107 B (20)

The goodness of fit of the linear regression model was again mea-
sured by looking at the residual plots (SI:3). It was confirmed that the
parameters (bo-b,) of the significant factors can be estimated by the
least square regression model presented in Eq. (20) with a coefficient of
determination RZg; of 72.18 %.

The temperature had the largest effect on the formation of CHCl3. At
6 °C the average kcyciz was 0.00041 [1/min] compared to 0.00074 [1/
min] at 20 °C, meaning that the reaction kinetics were on average 45 %
faster at higher temperature. For the extreme events (20 °C/Pt/pH7)
and (6 °C/BDD/pH7) kcucis even differs by 79 % (Fig. 3b). This ob-
servation comes to no surprise as the CHCl3 formation depends on the
degradation of BPA, which was highly affected by temperature and
consequently temperature affects the CHCl; formation in the same way.

The anode material is the second factor (B), which significantly
affects kepcis during the EO of BPA. This can be seen in Fig. 3b, which
depicts the fastest and slowest formation of CHCl; along with the data
from the respective other anode material. On average, CHCI3 forma-
tions was 21 % faster on Pt than on BDD anodes.. Interestingly, peak
concentrations during the 4 h experiments were on average higher on
BDD anodes than on Pt anodes, with 16.2 and 12.5 ug/L respectively
(SI:4). Thus, a CHCl; concentration plateau or subsequent degradation
was reached faster, when a Pt anode was used, while a higher con-
centration was reached at slower rates on BDD. Even though kcpciz was
faster on Pt anode, Pt remains the favorable choice of anode material
due to a lower final CHCl3 concentration regarding the hazardous im-
pact of CHCl; on the aquatic environment. Jasper et al. [56] report
results contrary to this study, stating that peak CHCl3 concentrations
were reached faster on the non-active BDD than on the active TiO5/IrO,
anode. They attributed their findings to the fast mineralization of CHCl3
precursors on the BDD anode. They further observed a complete de-
gradation of CHCl; during the course of the experiments (12 h), which
was not observed in this study due to the shorter duration of experi-
ments (4 h).

In this study, the effect of the pH on the formation of CHCl; was not
found to be statistically significant but other studies state the opposite.
Deborde et al. [53] observed that the reaction rate of BPA with HCIO/
ClO™ to form disinfection by-products such as CHCl3 or chloramines is
higher at a pH = 8 than at pH < 7 with 10 [M/s] and 10'7° [M/s]
respectively and corresponds to a difference of a factor 1.78. In this
study, the mean kcycys value for experiments at pH 10 is 0.00063 [1/
min] and 0.00052 [1/min] for experiments at pH 7, which differs by a
factor 1.2, whereby the mean value is based on all experiments at dif-
ferent anode materials and temperatures, which may explain the ob-
served difference. Even though the pH does not significantly affect the
formation of CHCl3, the reason for a faster kcucis at pH 10 than at pH 7
is similar to the one for BPA. ClO~, which is the prevailing form of free
chlorine at pH 10 is considered more reactive towards phenolic
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compounds than HCIO, prevailing at pH 7 [53]. This means that not
only is the degradation of BPA faster at pH 10 but consequently also the
formation of CHCl3, which is a product of BPA intermediates and free
chlorine. Additionally, the fact that BPA is more prone to electrophilic
attack when present in its deprotonated form at higher pH is also
contributing to a faster keyciz and enhances the effect of C1O™.

When comparing the degradation of BPA and the formation of
CHCls; it has to be kept in mind that BPA is depleted within 60 min to
below the detection limit in most of the factor combinations.
Consequently, the EO of BPA under applied conditions would not
continue beyond this time. Thus, the formation of CHCl3 would stop
before higher concentration can develop. The maximum observed
CHClI; concentration during the experimental time of 4 h was 19.7 ppb
(20°C/BDD/pH10). US EPA proposes a relevant standard for THMs in
drinking water of 100 ppb [57]. In the case of this study, no bromated
THMs were observed because no bromide was added to the aqueous
solution. CHCl; was below the proposed standard of 100 ppb at all
times.

4.2.2. Perchlorate formation

The statistical analysis of the effects of the factors and factor in-
teractions given in Table 1 were done by means of a full factorial design
but without replicates since the analytical measurement of ClO4~ was
very time consuming (> 1h/sample) and thus a replicate analysis was
economically not feasible. Besides no replicates, the analysis was the
same as for the replicated experiments but Lenth’s method was used to
calculate the unstandardized effects as the standardized effects cannot
be calculated when no replicates are used [58]. The 3-way interaction
effect (ABC) was excluded from the analysis since otherwise the degree
of freedom for error equals zero due to the lack of replicated experi-
ments. The first order kinetic rate constant k¢jo4. [1/min] for ClO4~
formation was chosen as response factor (Y3). Kcio4. was estimated by
solving the differential equation system (Egs. (15)-(17)) whereby
concentrations were normalized by the initial chloride ion (C17) con-
centration (SI:8). Fig. 4b shows the model output for the formation of
ClO,~ for the parameter settings 20 °C/BDD/pH7. The model fit for
HCIO is lower compared to the fit for Cl- and ClO4~ due to the lack of
measurement of products other than Cl0,~ that are formed from HCIO.
A poorer fit is reflected in a higher standard error (SE) which is 0.003
for HCIO and 0.0003 for both Cl- and ClO4 . The Pareto plot (SI:2)
clearly shows that among all the tested factors and factor interactions
only factor B (anode material) has a significant effect on kgjo4.. The
linear regression for the response factor kcjo4. is described in Eq. (21):

kcioy = 0.00883 + 0.00806 B @1

The goodness of fit of the linear regression model was again esti-
mated with the residual plots (SI:3) of k¢jo4.. The parameters (b0-b1)
can be estimated by the least square regression model presented in Eq.
(20) with a coefficient of determination Rgdj of 96.3 %.

Perchlorate was detected (LOD =0.094 mg/L) during all experi-
ments whether a BDD or Pt anode was used. Other studies confirm that
ClO4~ is formed during EO where Cl- or ClO3- is involved as an elec-
trolyte [59,60]. On BDD anode, kcjos. was 95.4 % faster than on Pt,
with a respective average kcjo4. of 0.0169 [1/min] and 0.0008 [1/min].
The data underlying the fastest and slowest kcjo4. is depicted in Fig. 3c,
together with the experiments on the respective other anode material
and illustrates the influence of the anode material on the ClO4~ for-
mation. The maximum ClO,~ concentration on BDD anode was
90.4mg/L and 10.4mg/L on Pt, resulting in a difference of 89 %.
Bergmann et al. [21] observed similar results using rotating disc elec-
trodes whereby they observed 98 % more ClO,~ and a final con-
centrations of 123 ppm and 2.35ppb for BDD and Pt respectively.
Polcaro et al. [59] could only find traces of ClO4- when an active anode
(Ti/Ru0O,) was used, but found considerable amount of ClO4- when they
used a BDD anode. Azizi et al. [60] proposed a reaction mechanism for
the formation of ClO,- from ClO3- on BDD anodes. They suggest that on
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Fig. 3. Degradation of BPA (a); formation of CHCl; (b); formation of ClO4- (c)
for the factor level combinations resulting in the fastest (dark green diamond,
solid line) and slowest (dark red triangle, solid line) reaction rates.
Corresponding data on the other anode material is also depicted for the fastest
(light green diamond, dashed line) and for the slowest (light red triangle, da-
shed line) kinetics for comparison reason. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article).

BDD anodes, ClO4~ can be formed by oxidation of ClOs- via the for-
mation of ClO5  from direct electron transfer at the anode surface fol-
lowed by the reaction with hydroxyl radicals ('OH) to form ClO,4-. Jung
et al. [61] confirmed the formation of ClO4- during electrolysis using a
Ti/Pt anode. They found concentrations of ClO4- up to 4 mg/L with an
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initial Cl- concentration of 30 mg/L and a corresponding electrolysis
time of 40 min. Their results are comparable to the ones in this study
with a final ClO,4- concentration of 10.4 mg/L on Pt anode, an initial Cl-
concentration of 45mg/L and an electrolysis time of 240 min. Jung
et al. and Azizi et al. [60,61] propose the same reaction mechanisms for
the formation of ClO4- from ClOs-. However, due to the active nature of
Pt anodes, the ClO5" and the "OH are chemisorbed on the anode surface,
which in theory makes them less freely available [16] and thus lower
oxidation rates of ClOs- to ClO,4- are expected with the Pt anode. The
findings of this study are in agreeance with literature and confirm that
the use of BDD anodes leads to the production of fairly high con-
centrations of the unwanted disinfection by-product ClOy4-. In fact, all
the measured ClO4~ concentrations in this study are well above the
suggested maximum contaminant level (US EPA) of 56 ppb for drinking
water. One has to keep in mind that EO of BPA in this study is intended
to remove organic pollutants from wastewater and not drinking water
and thus, as the effluent is usually discharged to a water body, re-
maining ClO4- would be diluted many times. This suggests that even
though ClOy- is formed, it can be limited and controlled by the right
choice of electrodes and treatment time. Hence, EO for chloride con-
taining wastewaters can still be a feasible treatment to remove organic
pollutants like BPA.

5. Conclusions

o All 3 tested factors, temperature, anode material and pH as well as
their higher order interactions have a statistically significant effect
on the degradation of Bisphenol A during electrochemical oxidation.
The pH was found to have the highest effect on the electrochemical
removal of Bisphenol A, whereby a pH 10 is favorable over pH 7.
This is attributed to the higher oxidation power of hypochlorite
(ClO ™) species prevailing at pH 10 and the fact that deprotonated
Bisphenol A at pH 10 is more prone to electrophilic attack on the
aromatic ring than the protonated form at pH 7.

Decreasing the temperature of the solution to 6 °C to mimic cold
climate temperatures showed that Bisphenol A was still removed
below the detection limit (5.0 nM) within the experimental time of
4h. However, a considerable difference of power input of on
average of 20 % was observed between 6 °C and 20 °C for 90 %
Bisphenol A removal, which needs to be considered from an eco-
nomical point of view.

Further studies are suggested to evaluate the cold temperature im-
pact on electrochemical oxidation of Bisphenol A under more ap-
plied conditions due to heat development within the electrolytical
cell that may lessen the adverse impact of cold temperatures. It is
further suggested to compare batch mode and single pass mode with
regard to heat development in the cell and the solution.
Temperature and anode material significantly  affect
Trichloromethane formation. Up to 45 % faster Trichloromethane
formation rates were observed at 20 °C compared to 6 °C. Higher
trichloromethane concentrations were measured when BDD anodes
were used but formation rates were on average 23 % faster on Pt
anodes.

In all experiments, the final concentration of Trichloromethane
stayed below 100 ppb, the standard proposed by US EPA for THMs
in drinking water.

Cold temperatures do not significantly influence the production of
perchlorate and neither does the pH. Only the anode material, Pt or
BDD, has a significant influence on the production of perchlorate,
with Pt being the more favorable material in terms of less per-
chlorate production.

Perchlorate was observed at the end of every experiment at a higher
concentration than the suggested limit of US EPA of 56 ppb for
drinking water with up to 90.4 ppm on BDD and up to 10.4 ppm on
Pt anodes. However, the treated water is subject to dilution after
discharge to the water body, which will most likely decrease the
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Fig. 4. Kinetic model output for 20 °C/BDD/pH7 (experiment 11); model: line,
data points: experimental data; a) BPA and CHCl; with a delay for CHCl3; b)
Cl™, HOCI and ClO4 .

perchlorate concentration below the limit of 56 ppb.

e The present study shows that the application of EO for organic
pollutant removal in regions with low average temperatures is a
feasible treatment step but the choice of electrode material, solution
pH and treatment time needs to be carefully considered.
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Abstract

This study investigated the applicability of electrochemical oxidation for landfill leachate treatment in climate areas, where
cold temperatures prevail (like Northern Norway). Experiments were completed with pre-treated (coagulation/flocculation
and separation) landfill leachate at 6 and 20 °C in order to assess the temperature influence on the degradation of the organic
pollutant Bisphenol A and the fate of the ordinary wastewater parameters COD and nitrate. Furthermore, two different anode
materials (Ti/Pt and Nb/BDD) and three different current densities (10, 43 and 86 mA cm™2) were compared. Addition-
ally, the formation of the two groups of disinfection by-products, trihalomethanes and perchlorate, was monitored. A 99%
removal of Bisphenol A was confirmed at 6 °C on both tested anode materials, but a current density of at least 43 mA cm™
must be applied. Removal rates were on average 38% slower at 6 °C than at 20 °C. For comparison, Bisphenol A removal
in clean electrolyte disclosed faster degradation rates (between 50 and 68%) due to absent landfill leachate matrix effects.
The energy consumption for 9% Bisphenol A removal was 0.28 to 1.30 kWh m~3, and was on average 14% higher at 6 °C
compared to 20 °C. Trihalomethanes were mainly formed on Pt anodes in the ppb range, while perchlorate was primarily
formed at BDD anodes in the ppm range. Formation of disinfection by-products increased with increased applied current
and temperature. Electrochemical oxidation was found to be a suitable treatment process for landfill leachate in cold climate
areas by successfully meeting treatment goals.
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1 Introduction

Several advanced oxidation processes (AOPs) have been
assessed for their suitability to treat different kind of waste-
waters. Among AOPs, electrochemical oxidation (EO) has
gained great attention because large amounts of water can
be treated, no residual waste is produced, and no addition
of chemicals is needed [1]. Several studies investigated the
performance of EO to remove common wastewater param-
eters form landfill leachate (LL). For instance, Panizza et al.
[2] successfully removed chemical oxygen demand (COD)
from LL to below the disposal limit (160 mg L") and de
Oliveira et al. [3] reported a COD removal of 90% or higher.
Satisfactory removal of ammonium nitrogen (NH;—N) from
LL of up to 100% by EO has been reported by Li et al. [4].
A substantial advantage of using EO to treat LL and other
wastewaters is that also refractory organic compounds can
be removed due to the production of the highly reactive
hydroxyl radicals [5]. Hereby, it has to be distinguished
between active and non-active anode material, which either
form chemisorbed or physisorbed hydroxyl radicals [6, 7].
Oxidation of refractory organic compounds can also take
place via indirect oxidation [8]. The most prominent indi-
rect oxidation pathway is via the oxidation of Cl~ ions to

@ Springer

active chlorine (HOCI and OCI™ depending on pH), which
further react with organic pollutants leading to their partial
oxidation [9]. Oxidation via hydroxyl radicals or mediating
oxidizing species, allows for the removal of e.g. pharmaceu-
ticals and personal care products (PPCPs) [10] or fulvic- and
humic like substances [11]. Other recalcitrant compounds
being leached from everyday items such as Bisphenol A
(BPA) [12] can also be removed successfully by EO [13].
Oturan et al. [14] specifically studied the degradation of
polycyclic aromatic hydrocarbons (PAHs), volatile organic
carbons (VOCs) and polychlorinated biphenyls (PCBs) con-
tained in LL and observed an electrochemical removal of
those compounds between 80 and 100%.

The above-mentioned studies were all completed either
at room temperature or in climate areas, where fairly warm
temperatures dominate. In general, wastewater treatment
systems typically work more efficiently in moderate to warm
temperatures because growth rates are higher, chemical reac-
tions are faster, treatment times are shorter and consequently
energy costs are lower [15]. A few studies can be found
on psychrophilic biological wastewater treatment. Smith
et al. [16] reported a stable COD removal during psychro-
philic anaerobic wastewater treatment, indicating a prom-
ising potential for its application in cold climate regions.
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Kettunen et al. [17] compared anaerobic and sequential
anaerobic treatment of LL at 11 and 24 °C. They reported
that at 11 °C and a hydraulic retention time (HRT) of 1.5 to
2 days, a COD removal of 65% was achieved while at 24 °C
and an HRT of 10 h 75% of the COD was removed. These
findings suggest a clear adverse impact of cold temperatures
on the wastewater treatment efficiency. However, no stud-
ies exist up to date that assess the performance of chemi-
cal wastewater treatment like EO in cold climate regions,
a knowledge gap addressed in this article. This is also very
relevant with regard to an increased focus on the technology
in arctic regions. The LL for this study is collected on a site
close to the city of Mosjgen, Norway, which lays in the sub-
arctic climate zone with an average yearly air temperature of
3.6 °C. The yearly average LL temperature is 6 °C, which is
higher than the average air temperature due to the isolating
properties of the soil. A preliminary study [18] showed that
BPA can be successfully removed from a model electrolyte
solution at 6 °C by EO experiments.

The aim of this study was to assess the impact of the
Nordic climate on the performance of EO treatment for
LL and evaluate its feasibility for application at low tem-
peratures. Due to LL treatment regulations, an important
focus was the removal of specific organic pollutants such as
BPA. BPA is abundantly present in the collected leachate
from the landfill in Mosjgen and is listed on the Norwe-
gian list of priority substance and must be removed below
detection limit (0.11 pg L™" or 5 nM) after treatment. EO
performance at the yearly average temperature of the LL
(6 °C) was compared to room temperature (20 °C) and two
different anode materials (active: Ti/Pt and non-active: Nb/
BDD) as well as three different applied currents (10, 43 and
86 mA cm™2) were evaluated. Additionally, the formation
of trihalomethanes (THMs) and perchlorate were studied as
known disinfection by-products (DBPs) during EO of chlo-
ride containing waters and are of major concern [19, 20]. A
full factorial design approach with replicates was chosen to
conduct the study.

2 Methods
2.1 Landfill leachate characteristics

LL for this study was pretreated on-site with coagulation/
flocculation using FeCl; as a coagulant, followed by a
lamella clarifier. The pH was adjusted with NaOH to about
pH 10 in order to have optimum conditions for particle and
heavy metal removal during coagulation/flocculation. The
supernatant of the lamella clarifier was used to perform the
experiments carried out in this study. The LL was spiked
with additional BPA before experiments to obtain an initial
concentration of 5.0 pM. 100-fold higher concentration for

the experiments was chosen for a better monitoring of the
degradation over time due to the detection limit of the ana-
lytical method. Furthermore, due to batch variations, the
original BPA concentration varied a lot, spiking of BPA
allowed to obtain equal initial concentrations. No house-
hold waste is disposed in the SHMIL landfill. Solely special
industrial waste like gypsum and asbestos waste, sand from
sand traps, slag, sludge from oil separators and hazardous
waste such as caustic, toxic and highly flammable waste are
disposed on site. Consequently, the leachate composition
is based on the disposed waste. Its characteristics are sum-
marized in Table 1.

2.2 Experimental set-up

The experimental set-up (Fig. 1) consisted of an electro-
chemical flow cell (ElectroCell Europe AS, Denmark), a5 L
solution tank, a chiller (FP50-ME, Julabo GmbH, Germany)
and a peristaltic pump (Masterflex Cole-Parmer Instrument
Co., USA). Anode material was either Nb/BDD or Ti/Pt
and cathode was stainless steel. The square shaped active
electrode area is 10 cm? with an interelectrode gap of 4 mm
(Fig. 1). A turbulence enhancing mesh was installed between
anode and cathode. Both electrodes were cooled with tab
water from their rear side. The LL was pumped via Teflon
tubing from the tank through the electrochemical flow cell
and back. LL in the tank was continuously stirred by means
of a magnetic stirrer and its temperature was kept stable
with the connected chiller. The experiments were carried out
under galvanostatic conditions, i.e. with a constant applied
current, a duration of 240 min and volume of 2.5 L.

2.3 Experimental design

The experiments were carried out following a full factorial
design. An overview of the factors and factors level is given
in Table 2.

A total of 24 experiments have been conducted, including
replicates. Several response factors (Y;) have been chosen
and are described by their corresponding linear regression

Table 1 Overview of landfill leachate characteristics

Parameter Unit LL (pre-treated)
pH - 9.9

CoD mgO, L~} 99.5

BOD; mgO, L~} <10

TOC mg L™ 39.5

sum PAH pg L7 0.32

BTEX pg L7 2.99

Bisphenol A pg L™ 11

Ammonium (NH,*) mg L™! 72.8
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Fig. 1 Experimental set-up; 1: solution tank, 2: peristaltic pump, 3: potentiostat, 4: electrochemical flow cell, 5: magnetic stirrer, 6: chiller with

cooling coil

Table 2 Overview of factors and factor levels implemented in the full
factorial design

Factor Level of factor

Temperature (°C) 6 20

Anode material Pt BDD

Applied current (mA cm™2) 10 43 86

model (Eq. 1). The statistical software Minitab (Minitab
Inc., USA) was used for statistical analysis and estimation
of the model parameters (b;—b,). Experiments also followed
arandom order generated by Minitab.

Y =by+bA+b,B+b;C+ bAB+ bsAC + bgBC + b,ABC

)]
Y: response variable; b0: constant (intercept); b1-b7: coef-
ficients; A-ABC: main- and interaction effects.

The null hypothesis (H) assumed that no factor is signifi-
cantly affecting the response variable (Effect;=0), while the
alternative hypothesis (H;) assumed that least one factor sig-
nificantly affected the response (Effect; #0). A significance
level of 5% (a=0.05) was chosen.

2.4 Chemicals

Bisphenol A was used to spike the LL was purchased from
Sigma-Aldrich (Merck, USA) and had a purity grade of
99%. BPA stock solution was prepared in 100% acetoni-
trile (VWR, Avantor, USA). Deuterated (d16) Bisphenol A
(analytical grade) was used as internal standard for BPA
and purchased from Sigma-Aldrich. THMs standard mix
(analytical grade) and the corresponding internal standard
dichloromethane (analytical grade) were purchased form
Sigma-Aldrich. Orthophosphoric acid (85%), used to pre-
serve TOC samples was purchased from VWR. Sodium thio-
sulfate was used to quench the samples and was purchased
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from Sigma-Aldrich. Solvents used for liquid chromatogra-
phy, methanol, acetonitrile, as well as ammonium acetate
were purchased from VWR (HPLC purity grade). Chemicals
and solvents used for ion chromatography, sodium bicarbo-
nate, sodium carbonate, acetone, oxalic acid and sulfuric
acid were purchased from Sigma-Aldrich (analytical grade).
Deionized water was provided in the local laboratory by an
Elga PURELAB® Ultra, Type I +device.

2.5 Analytical methods

Cuvette tests from Hach (Hach Co., USA) were used to
measure ammonium NH,* (LCK 303, 2-47 mgNH,~N
L"), nitrate NO;~ (LCK 339, 0.23-13.5 mgNO,-N L") and
chemical oxygen demand COD (LCK 314, 15-150 mgO,
L71). The cuvette tests were analyzed with a Hach DR3900
laboratory spectrophotometer for water analysis. Free chlo-
rine (HCIO/C10™) was measured with a Hach Pocket Col-
orimeter™ II, using the N,N-diethyl-p-phenylenediamine
(DPD) method with a LOQ of 0.1 mgCl, L™\,

Total organic carbon (TOC) was measured with the TOC
analyzer Apollo 9000 (Tekmar, Teledyne Technologies,
USA). Prior to measurement, samples were diluted 10 times
and preserved by adding an adequate amount of concentrated
phosphoric acid to obtain a final sample pH between 2-3.
Measurement procedure followed the Norwegian standard
NS EN 1484 [21] and has an LOQ of 0.5 mgC L1,

Perchlorate measurements were conducted with an ion
chromatography 940 Professional IC Vario (Metrohm,
Switzerland) along with a 858 Professional Sample Pro-
cessor (Metrohm). A high-performance Metrosep A Supp5
(Metrohm) separation column was used with dimensions
250%x4.0 mm and a 5 pm particle size. A flow rate of
0.7 mL min~! was applied and a LOQ of 0.32 mg L™' was
determined. The software MaglIC Net 3.2 (Metrohm) was
used to measure the samples and results were analyzed using
Excel (Microsoft, USA).
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Quantification of Bisphenol A (BPA) was done by a
UPC? (Waters, USA) with XEVO TQ-S triple quadrupole
mass spectrometer (Waters) with an Aquity UPC> BEH
1.7 pm column (Waters). Compressed CO, (solvent A)
and methanol with 10 mM ammonium acetate (solvent
B) were used as liquid phases and 100% methanol for
the make-up flow. The respective flow rate and make-up
flow rate were set to 2.5 mL min~' and 0.8 mL min~! and
an automated backpressure of 1500 psi was applied. The
LOQ was determined to 5.0 nM BPA. Masslynx (Waters)
and Targetlynx (Waters) were the softwares used for
measurement and data analysis respectively. Samples
were dried using a SpeedVac vacuum concentrator SPD-
300DDA (Thermo Fischer Scientific, USA) and recon-
stituted in analytical grade 2-isopropanol (VWR) prior
to measurement.

THMs were quantified with a headspace injector
(Tekmar HT3, Teledyne Technologies, USA) coupled
to a GC-MS (GC/MS Triple quad 7000, Agilent, USA).
Quenched samples (10 mL) were placed in 20 mL crimp
cap sealed head space vials. Headspace analysis was
done using a trap column (Purge/Trap K Vocarb® 3000,
Supelco, USA) and a DB-624 UI GC column (Agilent)
with a length of 30 m, 0.25 mm diameter and 1.40 pm
film thickness. The LOQ for trichloromethane (CHCl5),
bromodichloromethane (CHCI,Br), chlorodibromometh-
ane (CHCIBr,) and tribromomethane (CHBr3) are 3 ppb,
6 ppb, 6 ppb and 6 ppb respectively. Samples were meas-
ured using Masshunter software (Agilent) and Masshunter
Quant software (Agilent) was used for sample analysis
and quantification.

3 Results and discussion
3.1 Experimental reproducibility

The experimental design was carried out with replicates.
Table 3 summarizes the averaged response parameters (SI:1)
together with their coefficient of variation (CV), which is the
ratio of the standard deviation and the mean of the two rep-
licate experiments. The CV is unitless and allows therefore
to compare the dispersion of the two replicated values also
in between two different factors. A high CV value indicates
higher dispersion. As can be seen in Table 3, the CVs vary
greatly between the different factors for the same experimen-
tal conditions. This observation may be explained by the dif-
ferent measurement methods for the corresponding response
factor (BPA, COD, NO;™ and THMs), which are afflicted
with different measurement uncertainties. In addition, the
different measurement methods were carried out by differ-
ent personnel, another source contributing to the observed
inter-factor CV variation. CV also shows variability for the
same response factor but different experimental conditions.

3.2 Removal of Bisphenol A

The degradation of BPA over time at different applied cur-
rents and temperatures is shown in Fig. 2. No complete
removal could be achieved at 10 mA c¢cm™2, but higher
removal of BPA was reached at BDD anodes (Fig. 2b,
d) than at Pt anodes (Fig. 2a, c), while the applied tem-
perature only played a secondary role. At higher applied
currents, 43 and 86 mA cm™2 (Fig. 2), complete BPA
removal was achieved for all experimental conditions. At

Table 3 Average response factor of each replicated experiment, grouped after experimental factorial combination

Temp (°C)  jopp (MA em™) Anode (-) BPA (min™!) CVpps (%) COD (%) CVcop (%) NO;~ (%) CVyos (%) ETHM (ppb) CVrypypy (%)
6 10 Pt 0.002 85.8 0.3 0.6 15.9 15.5 6.8 64.0
6 10 BDD 0.007 10.4 10.4 24.6 72.7 59 10.0 1.6
6 43 Pt 0.023 10.1 10.1 554 41.1 35.0 72.8 33.0
6 43 BDD 0.044 39 8.9 344 40.3 8.9 27.6 1.7
6 86 Pt 0.118 9.9 16.2 0.4 85.0 4.0 200.8 6.9
6 86 BDD 0.070 7.5 9.9 3.8 343 10.4 27.0 2.1
20 10 Pt 0.003 18.2 1.6 74.7 14.4 13.6 8.1 25.6
20 10 BDD 0.006 6.6 12.5 3.0 82.0 7.8 5.1 9.9
20 43 Pt 0.036 79 15.7 14.9 68.4 17.4 88.0 10.5
20 43 BDD 0.093 0.4 13.7 9.3 69.8 35 23.9 42
20 86 Pt 0.164 1.7 23.5 8.0 99.6 10.5 143.3 21.0
20 86 BDD 0.220 21.6 16.9 3.6 55.2 5.3 30.1 21.1

Corresponding coefficient of variation is given to the right
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Fig.2 Degradation of BPA in LL vs specific charge (Ah L") until complete removal or maximal experimental time was reached: a Pt and 6 °C,
b BDD and 6 °C, ¢ Pt and 20 °C, d BDD and 20 °C; Error bars indicate the standard deviation of the two replicate experiments

Pt anode (Fig. 2a, c), complete BPA removal was reached
at 86 mA cm™! after less specific charged passed than
at an applied current of 43 mA cm™!. A higher applied
temperature did not change the specific charged passed
at 86 mA cm™! for complete BPA removal but lead to
a lower specific charge passed at 43 mA cm™' to com-
pletely remove BPA. On BDD anode (Fig. 2b, d) at 6 °C
a higher specific charged passed at 86 mA cm™! than at
43 mA cm~! until complete removal of BPA. This behav-
iour was also observed at BDD anode and 20 °C but the
difference in the specific charge passed between 43 and
86 mA cm™! for complete BPA removal is marginal com-
pared to 6 °C. This may be attributed to the higher applied
current that not only favours BPA degradation, but also
unwanted side reactions, which are more expressed for
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BDD and can be confirmed by a lower charge efficiency
constant (Fig. 3b), as discussed below.

These above made observations are supported by the sta-
tistical analysis of variance. Current density, temperature
and the interaction between those two and the interaction
between temperature and anode material were identified
as significant effects (SI:2). The corresponding regression
equation is given in SI:4 with an adjusted coefficient of
determination (R2adj) corresponding to 88.9%. These obser-
vations are confirmed when looking at the reaction rate con-
stants (kpp,), graphically summarized (Fig. 3a, ¢) and their
exact numbers can be found in Table 3. The reaction rates
were calculated using a first order kinetic model fitted to the
experimental data over time. The difference for kyp, for the
two different anode materials at 10 mA cm™2 corresponds to
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72% and 55% at 6 and 20 °C respectively. At the same cur-
rent, the temperature difference only altered kyp, by 25% and
20% for Pt and BDD anode respectively. This clearly shows
that the temperature influence was considerably smaller than
the influence of anode material, when the lowest current was
applied (10 mA cm™2). The influence of the different applied
temperatures was bigger at 43 mA cm ™2 where kg, differed
by 35% and 52% on Pt and BDD anode respectively. The
effect of the anode material was in the same range for 10
and 43 mA cm™2 and caused a difference of kpp, of 47% and
61% at 6 and 20 °C respectively. It is visible that the cold
temperature plays a more important role by causing a larger
difference in kyp, at a higher applied current (43 mA cm™)
than at 10 mA cm ™2, where the anode material had a higher
impact. Still, the anode material causes a larger difference
of kyp, than the temperature, also at 43 mA cm™2. At the

highest applied current (86 mA cm™2), the influence of tem-
perature on kpp, wWas lower on Pt anode than on BDD anodes
and caused differences of kgp, of 28% and 68% respectively.
The anode material caused a variation of kp, at 86 mA cm™2
of 68% and 25% for 6 and 20 °C respectively.

From the results above it can be concluded that 6 °C
lead in general to a slower kgp, than 20 °C. An exception
to this statement is the parameter combination BDD and
10 mA cm™2, where 6 °C resulted in a factor 1.3 (20%)
faster kpp, than 20 °C. According to literature [22, 23] and
the Arrhenius’s law that predicts slower kinetics at lower
temperatures, it was expected a priori that the parameter
combination 6 °C, Pt anode and 10 mA cm~2 would lead
to the slowest BPA degradation. On the other side, the fast-
est BPA degradation was expected at 20 °C, BDD anode
and 86 mA cm™2. Both presumptions were confirmed with
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respective reaction rate constants, which differ by 99%. It
can further be concluded that BDD anode resulted generally
in faster kgp, than Pt anodes. Again, there is one exception
to this statement where the opposite was observed. At 6 °C
and 86 mA cm™2, a factor 1.7 (68%) faster kgp, Was observed
at Pt than on BDD anode (Fig. 3a) %. Lastly, when compar-
ing the different kyp, among the different current densities
(Fig. 3a, c) it is evident that an increasing applied current
results in increasing kpp,, which applies for both anode
materials and both temperatures, with no exception. A lin-
ear correlation between an increasing kgp, and the increasing
applied current density could be found for BDD but not for
Pt anode (SI: 8).

The reaction rate constants (kgp,) give valuable insights
into the rate of degradation, but they do not account for the
current efficiency during EO of BPA. In order to consider
the relative current efficiency, the charge efficiency constant
(kq) for BPA was calculated, adapted from Muff et al. [24]
(Eq. 2):

d[BPA] _
do

Q: specific charge (Ah L"), kgt charge efficiency constant
[(Ah L)', [BPA]: BPA concentration, normalized.
Figure 3 depicts the calculated kgp, and k, for BPA. At
6 °C. An increase of kpp, is observed with increasing applied
current, valid for both, Pt and BDD anode (Fig. 3a). On Pt
anodes 6 °C, k, increases with an increasing applied cur-
rent similarly to kzp, (Fig. 3b). However, the relative dif-
ference between the different applied currents is smaller for
the charge efficiency constant than for the reaction rate con-
stants. The ratio of the charge efficiency constant is 2.1:2.4
and 11.9:5.1 for the reaction rate constant for the three dif-
ferent applied currents and increasing order. On the other
hand, no increase of kq for BDD anode at 6 °C is observed.
In fact, k, remains in the same range for all three different
applied current and is slightly smaller at 86 mA cm™ than at
10 mA cm™2 (Fig. 3b). This shows that the current efficiency
is not lost at higher applied current, which is important in
order maintain a fast and efficient process. The same pat-
tern can be observed for the reaction rate constant at 20 °C
(Fig. 3¢). An increase of k, on Pt anode with increasing
applied current is observed, with a ratio (2.0: 2.3) similar
to the one at 6 °C (Fig. 3d). Contrary to the observation at
6 °C, an increase of kq can be observed on BDD anode at
20 °C (Fig. 3d). Muff et al. [24] observed that k, increased
when the oxidation rate (k) of their model organic compound
(naphthalene) decreased. They attributed this behaviour to
the suppression of the water oxidation side reaction, which
is known to be more expressed at higher applied currents.
This trend can be seen in the present study only for BDD
anodes at 6 °C. The best current efficiency at 6 °C was

—k, = [BPA] )
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obtained at 43 mA cm ™ for BDD anode and at 86 mA cm ™2
for Pt anode. At 20 °C, the best current efficiency was at
86 mA cm™ for both, Pt and BDD anode.

A preliminary study by Ambauen et al. [18] explored the
degradation of 5.0 uM BPA at 43 mA cm™ and pH 10 in
clean electrolyte solution, containing NaCl and Na,SO,. Con-
centrations of NaCl and Na,SO, were the same as found on
average in the LL, 0.0033 and 0.0003 M respectively. All the
other experimental settings, pumping rate, experimental time
and solution pH were the same as in the present study. Fig-
ure 2b depicts the degradation in the LL matrix for the same
experimental conditions as in the preliminary study. Table 4
summarizes the corresponding first order BPA reaction rate
constants and their differences between the distinct solutions.
Reaction rates for BPA in clear electrolyte solution (Table 4)
were adapted from Ambauen et al. [18]. It is evident that BPA
degradation followed the same pattern in both solutions. How-
ever, the matrix effect causes a reduction of BPA degradation
rates of at least 50%. Although the differences reductions are
in the same range of magnitude, an increase is observed with
decreasing temperature and when switching from BDD to Pt
anode. An initial delay is observed on Pt anode (Fig. 2b) in the
LL, whereas in the clean electrolyte BPA degradation started
immediately. In clean electrolyte, active chlorine is formed at
slower rates on Pt anodes than on BDD anodes [25]. The LL
contains inorganic anions like C1™ and bicarbonate, which can
act as hydroxyl radical scavengers. In turn, those scavenging
reactions decelerate the EO of organic pollutants such as BPA.
CI™ and the hypochlorite ion (OCI™), the form of active chlo-
rine present at pH 10, react with hydroxyl radicals and thus act
as scavengers (Eq. 4a, 4b) [26]:

CI” + HO" — CIOH™™ (4a)

OCI” + HO® — CIO" + H,0 (4b)

Bicarbonate (HOC;™) and carbonate (CO32’) ions are con-
tained in most aqueous solutions [27]. At pH 10, these anions
are present to 30% as CO,*~ and to 70% as HCO;™. Equa-
tion (5a) and (5b) depict the reactions for bicarbonate and car-
bonate ions with hydroxyl radicals [28].

Table 4 comparison first order BPA degradation rates (min~") in dif-
ferent solutions for 43 mA cm™2, pH 10 and 240 min treatment time

Clean electrolyte  Landfill leachate k Reduction

k (min~!) (minh) Ak (%)
6 °C/Pt 0.072 0.023 68
6 °C/BDD 0.097 0.044 55
20 °C/Pt 0.087 0.036 59
20 °C/BDD 0.187 0.093 50
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HCO; + HO® — HCO; + OH™ (5a)

CO%™ +HO" - COy + OH~ (5b)

This circumstance combined with other occurring com-
peting reactions caused by the LL matrix content constitu-
ents can explain the initial observed delay of BPA degrada-
tion on Pt anodes. The complex LL matrix slows down the
degradation of BPA and consequently longer treatment times
are required and are accompanied by higher costs.

In conclusion, these results show that it is possible to effi-
ciently degrade the organic pollutant BPA to below detection
limit under cold operating temperatures that are dominating
in subarctic climate regions. The removal of the initial BPA
concentration of 11 pg L™ to below detection limit further-
more upgrades the effluent from class 3 (no chronical long
term toxic effects) to class 2 (no toxic effects) according to
the Norwegian guidelines for water classification [29]. How-
ever, the applied current densities must be reasonably high,
i.e. at least 43 mA cm™2, in this study, in order to achieve
complete BPA degradation within 4 h treatment time. Addi-
tionally, when choosing BDD over Pt as anode material,
BPA degradation is in general promoted faster.

3.3 Removal of COD

While the TOC content remained relatively stable, a
decrease of COD could be observed, indicating that most
of the organic content of the LL was oxidized, but not min-
eralized (SI: 6). The applied current was the most signifi-
cant factor influencing the COD degradation (Fig. 4). By
increasing the current density from 10 to 86 mA cm~2, COD
removal at 20 °C increased from 2 to 23% and 13 to 17% for
Pt and BDD anode respectively. At 6 °C, COD removal was
around 10% for BDD for all applied current densities. After

=3
«©
H Pt/6°C
w || O BDD/6°C
o B Pt/20°C
B BDD/20°C
& &1
©
>
g @
£ -
o
8 o
0 -
o
10 mA cm™ 43mAcm™ 86 mA cm™

Fig.4 COD degradation at different applied currents

a slight increase of COD at the start, the COD was reduced
by 16% at 6 °C on Pt anode.

Under similar conditions, the COD removal was in
general higher on Pt anodes compared to BDD, except for
10 mA cm™2. This is supported by the statistical analysis,
that finds a significant interaction effect between the anode
material and the applied current (SI: 2).

Zhou et al. [30] observed an increase in COD removal
from reverse osmosis concentrate with increasing applied
current, but stated that COD removal was always highest
at non-active BDD compared to the active Ti/IrO,-RuO,
anode, no matter the applied current. Contrary to this, de
Moura et al. [30] found a higher COD removal percentage
at Ti/Pt than at BDD anode for real waste water samples
with an initial concentrations of 341 mg L™! COD and
208 mg L~! CI7 (0.0036 M). After 2 h of treatment at
25 °C, they observed a COD removal of 25.2 and 1.0% for
Pt and BDD anode respectively. They further observed an
increase in COD removal by doubling the applied current
from 25.2% to 30.5% at Pt anode and from 1.0% to 4.5%
on BDD anode. This study observed the same as Zhou
et al. [30] for 10 mA cm™2 but this behavior changes for
43 and 86 mA cm~? where the observations are similar to
the ones from de Moura et al. [31]. A possible explanation
for this change in behavior might be the increasing current
efficiency (CE) with decreasing applied current on BDD
(Fig. 5). CE was calculated according to Eq. 6 [7]:

(cop, - cob,,,,)

6
8IAt ©

CEqop =FV
F: Faraday constant (As mol™"); V: volume (L); COD
(molO, L~Y): I: current (A); t, t+ At: time (s).

This leads to a reduced side reactions such as oxygen
evolution [7] and thus COD is removed more efficiently
at lower currents. The current efficiencies at Pt anodes are
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Fig.5 ICE [%] for COD removal at different temperatures and anode
materials
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lowest at 10 mA cm™2 and highest at 43 mA cm™2. Fur-
thermore, current efficiencies at 43 and 86 10 mA cm™2
are always better at Pt than BDD anodes which is reflected
in higher COD removal (Fig. 4) for those higher applied
currents.

3.4 Ammonium removal and nitrate formation

The pH of the LL after pre-treatment was 9.9, which means
that active chlorine species are present to 99.54% as OCI™ and
to 0.46% as HOCI. At pH 9.9, 30.1% of the ammonium is
present as NH," and the remaining 69.9% are present in form
of NH; (aq). A blank test with no applied current (data not
shown) revealed that no NHj; is lost into the gas phase dur-
ing the experimental time of 4 h. During the EO of NH; via
indirect oxidation by HOCI [32] (Eq. 7) or OCI™ [33] (Eq. 8)
monochloramines (NH,CI) can be formed. Their formation is
assumed to have caused a large variance during NH," meas-
urements [34], which lead to discarding the measurements.
Apart from chloramines, NH; and NH,* can also be oxidized
to elementary N, or to NO;™ respectively via indirect oxida-
tion by HOCI (Egs. 9, 10) [35]. As most of the ammonium is
present as NH; and most of active chlorine as OCI™ due to the
high LL pH, the indirect oxidation to N, or NO;™ are assumed
to take place but they only account for a marginal part. In
addition, direct electron transfer at the BDD anode surface
can lead to the oxidation of NH; to N, at high pH (Eq. 11) and
1.6 V vs. MSE (2.2 V vs. SHE) [32]. On Pt anode, direct oxi-
dation of NH; to N, cannot take place due to the low oxygen
evolution overpotential that starts at 1.9 V compared to BDD
anode where oxygen evolution first starts at 2.6 V vs. SHE [7].
This suggest that the pathway proposed in Eq. 11 most likely
took place on BDD anode. However, only the formation of
NO;™ could be measured in this study (Fig. 6) confirming only
the pathway suggested in Eq. (10).

W Pt/6°C
O BDD/6°C
< - | B Pt/20°C
- @ BDD/20°C
L
o
L
o°
3
E
L
Zz o
g
-4
o
10mA em™ 43 mAcm™ 86 mA cm™

Fig. 6 Formation of nitrate (NO;") at different applied currents
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HOCI + NH; — NH,Cl + H,0 @)
OCI™ 4+ NH; — NH,CIl + OH™ @®)
2NH, + 3HOCI — N, + 3H,0 + 3H" + 3CI~ )
NHj + 4HOCI — NOj + 6H* +4CI~ (10)
2NH; = N, 4+ 6H* + 6¢~ 1)

HOCI: active chlorine; NH5: ammonia; NH,Cl: chloramine;
NH4+: ammonium; NO;™: nitrate.

Figure 6 shows that an increased current did increase the
formation of NO;™ on Pt anode at both, 6 and 20 °C. In con-
trary, NO;~ formation decreased with increasing current on
BDD anodes at both temperatures (additional data are given
in SI: 7). This behaviour may be explained by the fact, that
with an increasing current, the direct oxidation of NH; to N,
governs NH; oxidation on BDD anodes, while indirect oxi-
dation via active chlorine becomes inferior. No direct NH;
oxidation takes places on Pt anodes but indirect oxidation
of NH,* via HOCI to NO;™ is promoted by increasing the
applied current [36]. This leads consequently to higher for-
mation of NO;~ with an increased applied current. Cabeza
et al. [37] observed an increase of NH,* removal from LL
with an increasing applied current. This is because NH,*
oxidation is attributed to mainly occur via indirect oxidation
by active chlorine generated via chloride oxidation in the
electrolytic cell [38].

3.5 Formation of disinfection by-products

Formation of THMs was observed during all experiments
(Fig. 7a—c), and statistical analysis of the total measured
THM concentration for each experiment indicates that the
applied current and the anode material, as well as their inter-
action effect, are significantly influencing their production.
At 10 mA cm™2, the anode material has only a minor influ-
ence CHCl; formation shows to be slightly higher at BDD
anodes while formation of CHCIl,Br, CHCIBr; and CHBr;
seems to be favored at Pt anode. Increasing the current to
43 or 86 mA cm™2 increased the THMs formation propor-
tionally. THM production is favored at Pt anode and dif-
fers by a factor a 1.8 (6 °C and 43 mA cm™?) to 8.3 (6 °C
and 86 mA cm™2), whereby it is always less at BDD anodes
for the same experimental settings. Jasper et al. [19] also
observed a much lower THMs production on the non-active
BDD anode compared to an active TiO,/IrO, during EO
of latrine wastewater. They attributed this observation to
the fact that organic THMs precursors are much more rap-
idly mineralized to CO, on BDD than on Pt anodes and
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Fig.7 Formation of THMs at three different applied currents

therefore less THMs are observed on BDD anodes. This is
also in line with state-of-the-art literature that non-active
anodes generally lead to faster mineralization of organic
compounds than active anodes [7]. CHCl; and CHCl,Br are
formed in a greater amount than CHBr; and CHCIBr,, which
is explained by the different initial C1~ and Br™ concentra-
tions of the LL, 157.0 and 2.1 mg L™! respectively. Tem-
perature had no statistical influence on the THMs formation.
For 43 mA c¢m™2, 20 °C leads to a factor 1.8 higher THMs
concentrations than 6 °C, but for 86 mA cm™> the oppo-
site is observed (factor 1.9). Thus, it can be concluded that
low temperature is of little importance for THM formation,
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Fig. 8 Perchlorate Production at different temperatures, applied cur-
rent and anode material (current is given per cm? of active electrode
area)

while the anode material must be carefully considered, and
an appropriate applied current must be chosen in order to
minimize their formation.

Based on the formation of THMs, BDD is the better
choice. However, other studies showed that an extensive
amount of perchlorate can be formed on BDD anodes during
EO of chloride containing waters [39]. In the present study
final concentrations of perchlorate (C10,~) were measured to
proof its presence or absence during EO. Figure 8 shows the
measured final CIO,~ concentrations after an experimental
time of 240 min. On BDD anode, 96 mg L™! of C10,~ were
produced, which corresponds to an 83% higher concen-
tration than on the Pt electrode, where 16.1 mg L~! have
been found with otherwise similar experimental conditions.
Furthermore, Cl10,~ increased when either the temperature
(140.2 mg L") or the applied current (248.8 mg L™") were
increased. Compared to 6 °C and BDD anode, increasing the
current caused the biggest difference in C1O,~ production of
158%. At an applied current of 10 mA cm~2 no ClO,~ was
detected for any temperature or anode material and is there-
fore not shown in Fig. 8. The observed formation of C1O,” in
line with literature [19], where perchlorate was only discov-
ered at the none-active BDD anode and THMs only at the
active TiO,/IrO, anode during EO of latrine wastewater. The
fact that this study observed a small amount of perchlorate
on Pt anode may be explained by the difference in the used
active anode material and slightly different experimental
conditions such as a higher applied current.

While THMs are volatile compounds that may disappear
other time from the water phase, C1O,~ may be of higher
concern since it remains in the aqueous solution. In addi-
tion, THMs are formed in the ppb range on Pt anodes while
ClO,~ was formed in the ppm range on BDD anodes. Toxic-
ity tests (96 h, flow through) for fish (rainbow trout) show
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that the concentration which is lethal for 50% of the popula-
tion (L.Cs,) corresponds to 36 mg L™ for chloroform [40]
and 2 mg L~! for perchlorate [41]. Maximum perchlorate
concentration reached on BDD anode was 237 mg L™" and
16 mg L™! on Pt anode. The maximum chloroform concen-
tration reached on BDD anode was 15 pug L™! and 136 ug
L~" on Pt anode. This means that the perchlorate L.Cs, for
fish was exceeded on both anode materials but to a much
higher extent on the BDD anode. The LCj, for chloroform
was not exceeded at neither anode material. In that regard,
final perchlorate concentrations in this study cause higher
toxicity than chloroform. This leads to the conclusion that
Pt anode would be the favourable material with respect to
DBP formation.

3.6 Energy consumption

The amount of energy, which was necessary for 99% removal
of BPA and 1 kg of COD respectively, was estimated for
the different experimental conditions (Fig. 9). The energy
consumption was found to be on average 6% less on BDD
anodes than on Pt when the same temperature and current
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Fig.9 a Energy consumption (kWh m~>) for 99% BPA removal; b
estimated energy consumption for 1 kg COD removal
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were applied, since degradation of BPA was generally faster
on BDD electrodes (Fig. 9a).

However, the applied current does affect the energy
consumption to a greater extent. The average difference
of energy consumption between 6 and 20 °C corresponds
to 12% (0.1 kWh m~>). A bigger difference of the aver-
age energy consumption corresponding to 74% (0.9 kWh
m~>) was observed between 43 and 86 mA cm™2. It should
be noted that no results are shown for a current density of
10 mA cm~2in Fig. 9a, since BPA removal was not sufficient
under these conditions. In other words, increasing the cur-
rent from 43 to 86 mA cm™> means increasing the average
energy consumption by 74% but reducing the treatment time
by 48%. Additionally, a LL temperature of 6 instead of 20 °C
increases the energy consumption on average by 12% and the
treatment times by 25%. Even though a high current would
reduce the treatment time and higher energy consumption
could be justified by low energy prices in Norway, it has to
be kept in mind that a higher applied current also leads to
the formation of more unwanted DBPs and thus the lower
current seems to be the favorable choice. On the other hand,
due to low energy prices in Norway (0.11 € kWh™') and the
rather moderate difference in energy consumption between
6 and 20 °C, the EO of cold LL to remove organic pollutants
like BPA is absolutely feasible. Almost 100% of the energy
in Norway is produced by hydropower plants which also
makes a higher energy consumption ecologically more rea-
sonable. Furthermore, heat development in the electrolyti-
cal cell as well as the installed on-site pre-treatment would
likely increase the LL temperature under more applied con-
ditions, thus reducing the energy consumption during EO.

The COD removal within 240 min was linearly extrap-
olated to obtain the theoretical energy demand to remove
1 kg COD. Similar to BPA, an increasing energy consump-
tion with increasing applied current of 7% and 65% for an
increase from 10 to 43 mA cm™2 and from 43 to 86 mA cm™>
respectively was observed. As an exception to this observa-
tion, the removal of COD on Pt anode and 6 °C, as can be
seen in Fig. 9b, has a higher energy demand at 10 mA cm™>
than at 43 or 86 mA cm™2. Only 0.3% of the initial COD
concentration (99.6 mgO, L~!) were removed during
240 min for the given experimental conditions, resulting in
an extraordinary long treatment time and subsequently in
a higher energy consumption. Correspondingly, treatment
times were shorter at the higher applied current, i.e. 92% and
25% for an increase from 10 to 43 mA cm~2 and from 43 to
86 mA cm™ respectively. It can further be seen (Fig. 9b) that
the energy consumption for COD removal is higher at 6 than
at 20 °C for the otherwise same conditions, on average 55%.
The rationale for and against a higher current or temperature
is the same as for BPA, stated above.
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4 Conclusions

The 99% removal of the organic pollutant Bisphenol A was
achieved within the experimental time of 240 min on both
tested anode materials (Pt and BDD) and at both tested
temperatures (6 and 20 °C). However, a current of at least
43 mA cm~ must be applied. Corresponding treatment times
differed on average by 25% (24 min) and the equivalent energy
consumption by 12% (0.1 kWh m™>) between 6 °C and 20 °C.
The best current efficiency was achieved at 86 mA cm™ except
for 6 °C and BDD where 43 mA cm™2 showed to be the most
efficient current. The higher energy costs to maintain the most
efficient current can be justified by low energy prices in Nor-
way and thus making the process feasible for application.

Similar to Bisphenol A, a higher COD removal (6%) was
reached on average at 20 °C than at 6 °C for all experimental
conditions and was higher on Pt than on BDD anodes except
for 10 mA cm™2. No complete COD removal was reached
within the experimental time whereby maximum COD
removal was 23%.

The formation of trihalomethanes was observed during all
experiments. On average, up to 76% (60 ug L™") more trih-
alomethanes were formed on Pt than on BDD anode and their
formation increased with an increasing applied current. The
temperature did not show a significant influence on the forma-
tion of the trihalomethanes. Contrary to the trihalomethanes,
perchlorate formation mostly took place on BDD anodes with
a maximum concentration of 260 mg L™! while it was almost
negligible on Pt anodes with a maximum observed concentra-
tion of 16 mg L', The formation of perchlorate was generally
a factor 1000 higher than the formation of trihalomethanes,
attaching more importance to the Pt anode that minimizes
perchlorate production.

The findings of this study show that the electrochemical
removal of organic pollutants (Bisphenol A) is possible from
the leachate at cold temperatures without more extensive pre-
treatment like TOC, COD or NH4+ removal. Nonetheless,
further studies are suggested with a large-scale pilot plant
to investigate the heat development within the electrolytical
cells since this could be a beneficial aspect with regard to the
removal kinetics in cold climates.
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APPENDIX B: ADDITIONAL DATA

Table 9: List of parameters that have to annually monitored in landfill leachate in Norway, from [7]

Sigevann Sigevannssediment
Kvartalsvis 1 1 gang per art

Parameter Best. gren- Best. gren-

Kort-navn Enhet se2 Enhet se2

ARLIG PROGRAM
Surhetsgrad pH
Temperatur
Ledningsevne
Suspendert stoff 55
Tarrstofl innhold TS
Komgradering
Sporingsstoff
(se omtale i kapittel 4.2.1)
Kjemisk oksygenforbruk KOF
Biokjemisk oksygenforbruk BOF
Total organisk karbon TOC
Total nitrogen N-tot
Ammonium nitrogen NH3 / NH4+
Total fosfor P-tot
Jern Fe mg/l 1 mg/kg TS 1
Mangan Mn mg/l 0,1 mg/kg TS 0,1
Sink Zn ng/l 3 mg/kg TS 3
Kobber Cu ng/l 1,5 mg/kg TS 1,5
Bly Fb ng/l 1 mg/kg TS 1
Kadmium Cd ng/l 0,1 mg/kg TS 0,1
Nikkel Ni ng/l 5 mg/kg TS 5
Krom Cr ng/l 1 mg/kg TS 1
Arsen As ng/l 2 mg/kg TS 2
Kvikksalv Hg ng/l 0,01 mg/kg TS 0,01
Fenoler ng/l 0,5 mg/kg TS 0,5
Oljeforbindelser Upclare HC | pg/l 100 mag/kg TS 100
Polysykliske aromatiske PAH16 pal 0,2 mg/kg TS 0,01
hydrokarboner
Monosykliske aromater BTEX
Polyklorerte bifenyler PCB7
Akutt toksisitet screening
TILLEGG HVERT 5. AR3

Bred analyse av tungmetaller pgfl mg'kg TS
Polybromerte difenyletere2 PBDE pall 0,001 mg/kg TS 0,001
Heksabromcycklododekan2 HBCD ng/l 0.01 mg/kg TS 0.01
Tetrabrom bisfenol A TBBPA ng/ 0.005 mg/kg TS 0.005
Bisfenol A ng/l 0.001 mg/kg TS 0.001
Alkylfenoler og -etoksilater2 ng/l 0,5 mag/kg TS 0,05
Fenoler2 ng/l 0,5 mg/kg TS 0,5

! I etterdrifisfasen kan hyppigheten reduseres ndr overvikningen viser at utlekkingen fra
deponiet har stabilisert seg.

? dnalyse md gjennomfores slik at bestemmelsesgrensen ikke er ddrligere enn de angitte
verdiene.
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Continuation of Table 9:

Sigevann Sigevannssediment
Kvartalsvis1 1 gang per art

Parameter Best. gren- Best. gren-

Kort-navn Enhet se2 Enhet se2
Klorfenoler2 ua/l 0,5 mg/kg TS 0.5
Tinnorganiske forbindelser na/l 0,01 mg/kg TS 0,01
Ftalater2
Klorbensener2
Flyktige klorerte hydrokarbo-
ner2
Linezere alkylbenzensulfona- | LAS
ter
Fenoksysyrer2
Klorerte paraffiner2 | 0,001
Polyklorerte naftalener2 0,1
Polyklorerte dibenzodioksi- 0,000001
ner/furaner2 |
Klorerte pesticider2 | _ 0,05
Akutt toksisitet vannplan-
tefalge
Akutt toksisitet krepsdyr
Mutagenitetstest
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Table 10: List of Norwegian priority hazardous substances from [5], [8]

Substance (short)
1) Arsenic
2) Bisphenol A
3) Brominated flame retardants
4) DEHP
5) Certain surfactants (DTDMAC, DSDMAC, DHTDMAC)
6) 1,2-Dichlorethane (EDC)
7) Dioxins and furans
8) Cadmium
9) Chlorinated alkyl benzenes (CABs)
10) Chromium
11) Hexachlorbenzene
12) Lead
13) Medium-chain chlorinated paraffins
14) Mercury
15) Musk xylenes
16) Nonylphenol and its ethoxylates
17) Octylphenol and its ethoxylates
18) PAHs
19) Pentachlorphenol (PCP)
20) Polychlorinated biphenyls (PCBs)
21) PFOA
22) PFOS
23) Short-chain chlorinated paraffins
24) Siloxane-D4
25) Siloxane-D5
26) TCEP (tris(2-chloroethyl)phosphate)
27) Tetrachloroethene (PER)
28) Tributyl tin compounds
29) Trichlorobenzene
30) Trichloroethene (TRI)
31) Triclosan
32) 2.4.6 Tri-tert-butylphenol
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Table 11: Complete list of parameters measured in the landfill leachate from 2006-2019

Parameter Forkortelse Enhet Gjenomsnitt
(2006--2019)
Surhetsgrad pH 6,732075
Temperatur, maling pH °C 22,35789
Ledningsevne mS/m 245,9444
Suspendert stoff SS mg/1 82,64444
Sporingsstoff Na mg/1 186,3962
Kjemisk oksygenforbruk KOF-Cr mg/1 196,7593
Biokjemisk oksygenforbruk BOF5 mg/1 15
Total organisk karbon TOC mg/1 55,63077
Total nitrogen N-tot mg/1 97,82963
Ammonium nitrogen NH3/NH4+ mg/l 90,42296
Total fosfor P-tot mg/1 0,485926
Klorid Cl mg/l 165,8
Jern Fe mg/1 30,086
Mangan Mn mg/l 1,312113
Sink Zn ng/l 68,97222
Kobber Cu ug/l 10,12979
Bly Pb pg/l 1,714644
Kadmium Cd ng/l 0,1381
Nikkel Ni ng/l 15,4487
Krom Cr ng/l 14,60278
Arsen As ng/l 4,009375
Kvikkselv Hg ng/l 0,029688
Kalsium Ca mg/l 137,1176
Kalium K mg/l 77,47647
Magnesium Mg mg/l 26,47647
Aluminium Al ng/l 320,99
Barium Ba ng/l 121,975
Kobolt Co ng/l 4,824737
Tinn Sn ng/l
Vanadium \% ng/l 7,4
Oljeforbindelser Upolare HC
- fraksjon >C10-C12 ng/l 31,07
- fraksjon >C12-C16 ng/l 45,09574
- fraksjon >C16-C35 ng/l 101,1172
- fraksjon >C35-C40 ng/l 18
- olje >C10-C40 ng/l 206,075
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Polysykliske arom. hydrok.

- naftalen

- acenaftylen

- acenaften

- fluoren

- fenantren

- antracen

- fluoranten

- pyren

- benso(a)antracen”

- chrysen”

- benso(b)fluoranten”

- benso(k)fluoranten”

- benso(a)pyren”

- dibenso(a,h)antracen”
- benso(ghi)perylen

- indenol(123cd)pyren”
- PAH-sum

- PAH-sum carciogene”
Monosykliske aromater
- benzen

- toluen

- etylbenzen

- o-xylen

- m/p-xylener

- sum aromater (BTEX)

AKutt toksisitet screening

Fluorid

PAHI16
PAH-NAF
PAH-ANY
PAH-ANA
PAH-FLU
PAH-FEN
PAH-ANT
PAH-FLA
PAH-PYR
PAH-BAA
PAH-CHR
PAH-BBK
PAH-
PAH-BAP
PAH-DAH
PAH-BGP
PAH-IPY

BTEX

Microtox

*Analysen akkreditert fra 2009

g/l
pg/l
g/l
g/l
pg/l
pg/l
pg/l
pg/l
ng/l
g/l
pg/l
ng/l
g/l
pg/l
g/l
pg/l
pg/l
ng/l

pg/l
ng/l
pg/l
pg/l
pg/l
g/l

ng/l
TU

mg/1

2,320086
0,027556
0,449882
0,317388
0,302318
0,047657
0,065065
0,047478
0,021111
0,034917
0,03
0,016
0,016333
0,011
0,016667
0,017
2,704577
0,065364

6,414444
8,5225
6,552222
3,303617
8,742143
18,7213
7,582353

391

1) Terskelverdi ut fra "Veileder om miljerisikivurdering av bunntetting og oppsamling av

sigevann ved deponier" TA-1995/2003 vedlegg IV.

3) Summen av benso(b)fluoranten og benso(k)fluoranten.

N/A = not available

Sigevann - hvert 5. ar
Kvartal:

Uttaksdato:

Lab.nr.:
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Parameter Forkortelse Enhet average

(hvert 5. ar)

Polybromerte difenyletere PBDE ng/l

- PBDE-99 ng/l 0,001062
- PBDE-154 ng/l 0,00041
- PBDE-203 ng/l

- PBDE-209 pg/l

Heksabromcyklododekan HBCD ng/l

Tetrabrom bisfenol A TBBPA ng/l 0,039
Bisfenol A ng/l 13,76667
Alkylfenoler og -etoksilater ng/l

- nonylfenolmonoetoksilat NP1EO ng/l 0,667333
- nonylfenoldietoksilat NP2EO ng/l 0,4645
- oktylfenolpolyetoksilater ng/l

--OPI1EO ng/l 0,0415
--OP2EO pg/l 0,028
--OP3EO ng/l 0,047
--OP4EO ng/l 0,074
--OPSEO ng/l

--OP6EO ng/l

- 4-n-nonylfenol ng/l

- 4-t-oktylfenol pg/l 0,281417
Fenoler ng/l

- fenol ng/l 5,546
- o-kresol ug/l 1,025
- m-kresol ng/l 4,41
- p-kresol ng/l 13,59167
- 2,3-dimetylfenol ng/l 0,397778
- 2,4-dimetylfenol ng/l 1,138
- 2,5-dimetylfenol pg/l 0,295
- 2,6-dimetylfenol pg/l 0,991818
- 3,4-dimetylfenol ng/l 0,886667
- 3,5-dimetylfenol ng/l 3,140833
- 2,4,6-trimetylfenol ng/l 0,343333
- 2,3,5-trimetylfenol ng/l 0,211667
- 2-n-propylfenol pg/l 0,113333
- 4-n-propylfenol ng/l 0,265
- 2-isopropylfenol ng/l 0,880833
- 3-tert.butylfenol pg/l
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Sum alkylfenoler
Klorfenoler

- pentaklorfenol
Tinnorganiske forbindelser
- tributyltinn

- trifenyltinn

Ftalater

- diisononylftalat

- di-(2-etylhexyl)ftalat

- diisodekylftalat
Klorbenzener

- 1,2,3-triklorbenzen

- 1,2,4-triklorbenzen

- 1,3,5-triklorbensen

- hexaklorbenzen

Flyktige klorerte hydrokarb.
- 1,2-dikloretan

- triklormetan

- 1,1,1-trikloretan

- 1,1,2-trikloretan

- trikloreten

- tetrakloreten

Linez. alkylbenz.sulfonater
- C9-alkyl-bensensulfonat
- C10-alkyl-bensensulfonat
- C11-alkyl-bensensulfonat
- C12-alkyl-bensensulfonat
- C13-alkyl-bensensulfonat
- Cl14-alkyl-bensensulfonat
- C15-alkyl-bensensulfonat
Fenoksysyrer (pesticider)

-2,4-D

- MCPA
- MCPP
-2,4,5-T
-2,4,5-TP
-MCPB
-2,4-DB
-2,4-DP

PCP

TBT
TFT

DINP

DEHP
DIDP

HCB

EDC

TRI
PER
LAS

131

g/l
pg/l
g/l
g/l
pg/l
pg/l
pg/l
pg/l
ng/l
pg/l
pg/l
pg/l
g/l
pg/l
ng/l
pe/l
pg/l
ng/l
pg/l
pg/l
pg/l
pg/l
pg/l
g/l
g/l
ng/l
g/l
pg/l
pg/l
g/l
pg/l

pg/l
ng/l
g/l
ng/l
g/l
pg/l
pg/l
g/l

40,1925

0,00595

0,022

0,023875

1.9

0,11

2,2
3,1
1,1

0,069
1,0915
2,05944

0,305182



Sum fenoksysyrer ng/l 2,518231
Akutt toksisitet vannpl./alge Scen.Subsp. TU 1,875
Akutt toksisitet krepsdyr Daphnia M. TU 1,666667
Mutagenitetstest (AMES test)

1) Terskelverdi ut fra ""Veileder om miljorisikivurdering av bunntetting og oppsamling av
sigevann ved deponier' TA-1995/2003 vedlegg IV.

2) Ikke akkrediterte analyser fram til desember 2006.

N/A = not available
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Table 12: Landfill leachate composition around the world, adapted from [15]; all values except for
pH [-] given in [mg/L].[118]

Age*  Landfill COD BOD BOD/ pH SS TKN  NH;-N
site COD
Y Canada 13,800 9660 0.7 5.8 - 212 42
Y Canada 1870 90 0.05 6.58 - 75 10
Y China, Hong 15,700 4200 0.27 7.7 - - 2,260
Kong
Y China, Hong 17,000 7300 0.43 7.0—- >5000 3,200 3,000
Kong 8.3
Y 13,000 5000 0.38 6.8— 2000 11,000 11,000
9.1
Y 50,000 22,000 0.44 7.8— 2000 13,000 13,000
9.0
Y China, 1900- 3700-8890  0.36—  7.4- - - 630—
Mainland 3180 0.51 8.5 1,800
Y Greece 70,900 26,800 0.38 6.2 950 3,400 3,100
Y Italy 19,900 4000 0.2 8 - - 3,917
Y Italy 10,540 2300 0.22 8.2 1666  — 5,210
Y South 24,400 10,800 0.44 7.3 2400 1,766 1,682
Korea
Y Turkey 16,200— 10,800— 0.55- 73— - - 1,120—
20,000 11,000 0.67 7.8 2,500
35,000— 21,000— 0.5-0.6 5.6~ - - 2,020
50,000 25,000 7.0
Y Turkey 35,000— 21,000— 0.5-0.6 5.6~ 2630—- 2,370 2,020
50,000 25,000 7.0 3930
Y Turkey 10,750— 63809660  0.52—  7.7- 1013— - 1,946—
18,420 0.59 8.2 1540 2,002
MA  Canada 3210- - — 6.9— - - -
9190 9.0
MA  China 5800 430 0.07 7.6 - - -
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MA

o O

o

o

(0]

China,
Hong
Kong
Germany
Germany
Greece
Italy
Italy
Poland
Taiwan
Turkey
Brazil
Estonia
Finland
Finland

France

France

France

Malaysia

South
Korea

Turkey

7439

3180
4000
5350
5050
3840
1180
6500
9500
3460
2170
556
340-920

500
100

1930
1533—
2580
1409

10,000

1436

1060
800
1050
1270
1200
331
500

150

800

62
84

48-105

62

* Age: Y: young, MA: medium age, O: old

0.19 8.22
0.33 =
0.2 -
0.2 7.9
0.25 8.38
0.31 8
0.28 8
0.08 8.1
- 8.15
0.04 8.2
0.37 11.5
0.11 -
0.09- 7.1-
0.25 7.6
0.01 7.5
0.03 7.7
= 7
0.03—- 7.5—
0.04 9.4
0.04 8.57
- 8.6
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784

130
13—
1480

159-

233

404

1600

1,135

1,100
1,670

540
5-960

141

1,680

884
800
940
1,330

743
5,500
1,270
800

159
330-
560
430
0.2

295

1,522

1,590
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