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SUMMARY
The disposal of sewage, agricultural and industrial wastewaters should be
avoided to prevent further damage to the ecosystem and to ensure access to
clean water in the future. In this thesis, the removal of carboxylic acids from
salty wastewaters is investigated. Carboxylic acids have been found as
end-products and/or (accumulating) intermediates in various industrial
purification processes. In addition, salts (such as sodium sulphate) form a
major problem in the disposal of industrial water streams. This work studies
purification methods for the removal of carboxylic acids from salty wastewater
under mild conditions. The choice has been made to focus on the
electrochemical oxidation and the use of Fenton’s reaction for the purification
of these salty wastewaters.
Chapter 2 describes the oxidation of formic acid by the Fenton reaction, which
is known as the reaction between an iron(II) salt and hydrogen peroxide to
generate •OH radicals. A high initial reaction rate is observed in oxidation of
formic acid by the Fenton oxidation under industrial conditions. This is
interesting from an industrial point of view, because a significant part of formic
acid can be removed without the need for large reactors, long residence times
or an excess of hydrogen peroxide. The oxidation rates observed in the reaction
between iron(III) and hydrogen peroxide (the Fenton-like reaction) with
formic acid are slower and more constant. These differences in reaction rates
between the Fenton and Fenton-like reaction cannot be explained by models
proposed in literature. Our work shows that including the formation of ferric
complexes into the kinetic model improves the fit to the experimental data.
Nevertheless, kinetic modelling of the Fenton reaction remains challenging due
to the large amount of (radical) reactions that need to be considered and the
uncertainties related to measuring the reaction constants.
Electrochemical oxidation of organic pollutants has shown to be effective on
boron doped diamond (BDD) electrodes. To further the research onto
i

electrochemical oxidation on BDD, it is essential to understand both the
kinetic parameters and the effect of mass transfer of the electrochemical
reaction. Chapter 3 studies the formic acid and formate oxidation using
electrochemical set-ups in which mass transfer is well defined. Voltammetry
experiments demonstrate that formic acid and formate show increased current
densities before water oxidation, which indicates that the oxidation takes place
via a direct electron transfer (DET) mechanism. It was found that the mass
transfer effects observed in linear sweep voltammetry (LSV) experiments, were
not seen in chrono-amperometry experiments. This difference was attributed
to a surface modification at the electrode. The lower and more stable current
densities in the chrono-amperometry experiments suggest the existence of a
second oxidation mechanism. These experiments show that at a potential of
2.3V (vs Ag/AgCl), oxygen evolution is suppressed and formic acid and
formate are selectively oxidized. Moreover, we found indications that current
densities at higher potentials can exceed the theoretical current density
possibly due to enhanced mass transfer by oxygen bubble formation or the
formation of free •OH radicals.
Chapter 4 compares the oxidation of acetic, glycolic, glyoxylic, oxalic and
formic acid at different potentials. The voltammetry study shows no difference
between acetic acid and water oxidation, which suggest that acetic acid can
solely be oxidized by •OH radicals. In contrast, the other carboxylic acids
show an increase in current density before water oxidation, which indicates
they can react via a DET mechanism. Moreover, this chapter investigates the
intermediate formation in the oxidation of these carboxylic acids. As expected,
no intermediates were detected in the oxidation of formic and oxalic acid,
which react in 2-electron transfers to CO2. Interestingly, no glyoxylic acid is
formed in the oxidation of glycolic acid. Oxalic acid has been found as an
intermediate in the oxidation of glyoxylic and glycolic acid. The observed
selectivity towards oxalic acid in the glyoxylic acid and glycolic acid oxidation
suggests that these compounds further oxidize to CO2, which could be
confirmed by the electron balances. High current efficiencies were observed for
oxidation of glycolic, glyoxylic, oxalic and formic acid at 2.3V (vs Ag/AgCl),
whereas at higher potentials (2.4V and 2.5V) significant amounts of oxygen
are formed resulting in lower current efficiencies.
ii

The carboxylic acids discussed so far are small C1 and C2 carboxylic acids,
which react in relatively short pathways towards CO2. In the case of benzoic
acid, the reaction involves a 30-electron transfer to CO2. Chapter 5 shows the
electrochemical oxidation of benzoic acid and its aromatic intermediates on
BDD in voltammetry and chrono-amperometry experiments. It was found that
the main pathway for the oxidation of benzoic acid is the formation of
4-hydroxybenzoic acid, hydroquinone, and benzoquinone. Voltammetry
experiments show that 4-hydroxybenzoic acid and hydroquinone show
increased current densities before water oxidation and react most likely via a
DET mechanism. In contrast, benzoic acid and benzoquinone oxidation
presumably takes place by radical species formed in the water oxidation.
Finally, the effect of mass transfer is described. It is shown that the conversion
rates of benzoic acid, 4-hydroxybenzoic acid and benzoquinone are (far) below
the limiting mass transfer rates. The results indicate mass transfer limitation
in the oxidation of hydroquinone.
In conclusion, electrochemical oxidation can be an efficient purification method
for salty wastewaters, especially in view of the expected energy transition.
However, for carboxylic acids that cannot react via a DET mechanism it is
questionable whether this oxidation can take place at high oxidation rates with
high current efficiencies. For these components that solely react with
•

OH radicals, the Fenton reaction can be a suitable alternative.

iii
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SAMENVATTING
Het lozen van huishoudelijk, landbouw en industrieel afvalwater moet
vermeden worden om verdere beschadiging aan het ecosysteem te voorkomen
en om ook in de toekomst toegang tot schoon water te behouden. In dit
proefschrift wordt het verwijderen van carbonzuren uit zout afvalwater
beschreven.

Carbonzuren

worden

gevonden

als

eindproducten

en/of

(accumulerende) tussenproducten in de zuivering van industriële afvalwater
stromen. Daarnaast bevatten deze

afvalstromen

vaak

zouten (zoals

natriumsulfaat) waardoor het lozen van industrieel afvalwater niet mogelijk is.
In deze studie worden verschillende zuiveringsmethoden beschreven voor het
verwijderen van carbonzuren uit zoute afvalstromen onder milde condities.
Zowel de oxidatie met het Fenton reagens als de elektrochemische oxidatie
worden in dit proefschrift onderzocht.
In hoofdstuk 2 wordt de oxidatie van mierenzuur in de Fenton reactie onder
industriële condities bestudeerd.

De reactie tussen een ijzer(II) zout en

waterstofperoxide genereert •OH radicalen en is bekend als de Fenton reactie.
Een hoge initiële reactiesnelheid wordt waargenomen in de Fenton reactie met
mierenzuur in de eerste twee minuten van de reactie. Dit is interessant vanuit
een industrieel oogpunt omdat een significant deel van het mierenzuur kan
worden verwijderd zonder dat hiervoor grote reactoren, lange verblijfstijden of
overmaten van waterstofperoxide nodig zijn. De reactiesnelheden die worden
waargenomen in de reactie tussen ijzer(III) en waterstofperoxide (de
Fenton-like reactie) met mierenzuur zijn langzamer en laten een meer constant
verloop zien. Het is niet mogelijk om deze verschillen tussen de Fenton en
Fenton-like reactie te verklaren met de huidige kinetische modellen zoals deze
beschreven zijn in de literatuur. Het toevoegen van de reacties die de vorming
van ijzercomplexen beschrijven verbetert de voorspelling van het model. Toch
blijft het lastig om de Fenton reactie in een model te beschrijven, mede door
de vele (radicaal) reacties en de onzekerheden met betrekking tot de meting
van reactie constanten.
v

Het is aangetoond dat de elektrochemische oxidatie van organische
verbindingen effectief kan worden uitgevoerd op met boor gedoopte diamant
(boron doped diamond, BDD) elektrodes. Om het oxidatie proces op deze
elektrodes beter te begrijpen is het essentieel om zowel de kinetische
parameters als de effecten van stofoverdracht te begrijpen. Hoofdstuk 3
beschrijft de oxidatie van mierenzuur en formiaat in opstellingen waarin
stofoverdracht goed gedefinieerd is. De voltammetrie experimenten laten een
toename in stroomdichtheid zien voor zowel mierenzuur als formiaat voor de
oxidatie van water, wat suggereert dat er een directe elektronenoverdracht
plaatsvindt. De stofoverdracht limiteringen die worden waargenomen in de
voltammetrie experimenten, worden niet gezien in de chrono-amperometrie
experimenten. Dit verschil kan worden toegeschreven aan een verandering van
het

elektrode

oppervlak

tijdens

de

oxidatie.

De

lagere,

stabielere

stroomdichtheden in de chrono-amperometrie experimenten suggereren de
aanwezigheid van een tweede oxidatie mechanisme. Deze experimenten laten
de selectieve oxidatie van formiaat en mierenzuur zien op een potentiaal van
2.3V (vs Ag/AgCl). De stroomdichtheden op hogere potentialen overschrijden
de stofoverdracht limiteringen, wat impliceert dat zuurstofbellen of de diffusie
van •OH radicalen (beide gevormd in de water oxidatie) de stofoverdracht
zouden kunnen verhogen.
De oxidatie van azijn-, glycol-, glyoxyl-, oxaal- en mierenzuur wordt vergeleken
op verschillende potentialen in hoofdstuk 4. De voltammetrie studie toont geen
verschil tussen de azijnzuur oxidatie en de oxidatie van water, wat suggereert
dat azijnzuur alleen kan worden geoxideerd door •OH radicalen. De andere
carbonzuren kunnen ook reageren via een mechanisme waarbij de elektronen
direct worden overgedragen. Daarnaast wordt in dit hoofdstuk de vorming van
tussenproducten in de oxidatie van de carbonzuren bestudeerd. Zoals verwacht
worden er geen tussenproducten gevormd in de oxidatie van mierenzuur en
oxaalzuur, beide reageren in een 2-elekronen overdracht naar CO2. Het is
opvallend dat er geen glyoxylzuur wordt gevormd in de oxidatie van
glycolzuur. Oxaalzuur is het enige tussenproduct dat wordt gevormd in de
oxidatie van zowel glycolzuur en glyoxylzuur. De waargenomen selectiviteit
naar oxaalzuur suggereert dat beide componenten verder oxideren tot CO2,
wat wordt bevestigd door de elektronenbalansen. In de experimenten van
vi

glycol-, glyoxyl-, oxaal- en mierenzuur op 2.3V worden hoge Faraday
rendementen waargenomen. In tegenstelling tot de hogere potentialen (2.4V
en 2.5V), waar het Faraday rendement significant lager is door de grote
hoeveelheden zuurstof die worden gevormd.
De kleine C1 en C2 carbonzuren die tot dusver beschreven zijn reageren via
relatief weinig reactiestappen naar CO2. De oxidatie van benzoëzuur naar CO2
is een overdracht van 30 elektronen, wat betekent dat veel tussenproducten
gevormd kunnen worden. Hoofdstuk 5 toont de elektrochemische oxidatie van
benzoëzuur op BDD in voltammetrie en chrono-amperometrie experimenten.
De

oxidatie

van

benzoëzuur

verloopt

via

de

vorming

van

4-hydroxybenzoëzuur, dat verder reageert naar hydrochinon en p-benzochinon.
De oxidatie van benzoëzuur en deze tussenproducten laat zien dat zowel
4-hydroxybenzoëzuur en hydrochinon kunnen reageren voordat wateroxidatie
plaatsvindt, wat suggereert dat deze componenten via een mechanisme
reageren waarbij de elektronen direct worden overgedragen. Voor de oxidatie
van benzoëzuur en p-benzochinon zijn hoogstwaarschijnlijk

•

OH radicalen

nodig, die gevormd worden in de oxidatie van water. Tenslotte worden ook de
effecten van stofoverdracht beschreven en wordt aangetoond dat de conversies
van benzoëzuur, p-benzochinon en 4-hydroxybenzoëzuur ver onder de
limiterende stofoverdracht liggen. De resultaten suggereren stofoverdracht
limiteringen in de oxidatie van hydrochinon.
Op basis van dit onderzoek kan geconcludeerd worden dat elektrochemische
oxidatie een efficiënte zuiveringsmethode voor zoute afvalstromen kan zijn.
Een vraag die echter gesteld moet worden, is of dit ook het geval is voor
carbonzuren die niet kunnen reageren via een directe elektronenoverdracht op
BDD-elektrodes. Voor deze carbonzuren die alleen met •OH radicalen reageren
kan de Fenton reactie daarom een geschikt alternatief zijn.

vii
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CHAPTER
ONE
Introduction

Chapter 1

1.1

Wastewater challenges

The United Nations stated in 2010 that the discharge of wastewater is widely
considered to be one the most important threats for nature and humanity.[1]
The disposal of sewage, agricultural and industrial wastewaters should be
avoided to prevent further damage to the ecosystem (e.g. the reduction of the
aquatic biodiversity in fresh waters)[2] and to ensure access to clean water in
the future. The following paragraph illustrates the contribution of the industry
to wastewater disposal by giving an example of the chemical industry in the
Netherlands.
Data on water usage and waste disposal were obtained from the CBS (centraal
bureau voor statistiek), the central agency for statistics in the Netherlands.
Between 2005-2016 the water usage by the chemical industry, mainly
withdrawn from surface water, was on average 2.2·109 m3, which accounted
for 13.6% of the total water usage in the Netherlands.[3] After processing (part
of) the water is disposed to surface waters or to the sewage.
These industrial wastewaters contain different groups of pollutants, such as
heavy metals, salts and organic pollutants. Table 1-1 shows an overview of the
yearly disposal of various pollutant groups by the chemical industry in the
Netherlands monitored by the CBS.
Table 1-1. Average yearly discharge (in kg) of different groups of pollutants in
effluents of the chemical industry in the Netherlands between 2009 and 2015.[4]
Pollutant group

Heavy metals
Fertilizers (phosphorus, nitrogen)
Organic micro-pollutants
COD / TOC
Others (e.g. cyanides, chlorides)

Average yearly disposal (kg)
2.1 · 104
9.5 · 106
9.9 · 103
5.5 · 107
5.2 · 108

It can be seen that a large group of pollutants is the COD/TOC. The total
organic carbon (TOC) and chemical oxygen demand (COD) are measures for
the amount of organic matter in wastewaters. The COD and TOC values
generally provide an indication of the quality of the wastewaters without
qualifying and quantifying the different chemicals in the wastewaters. The
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data of the CBS show that TOC and COD are mainly disposed into the
sewage, which is presented in Figure 1-1.

Figure 1-1. Average yearly discharge of total organic carbon (TOC, left) and chemical oxygen
demand (COD, right) in industrial effluents to sewage (dashed) and surface water (solid) in
the Netherlands. Graphs are based on data obtained from CBS.[4]

In addition to the organic pollutants, salts (such as sodium sulphate) form a
major problem in the disposal of industrial wastewaters. No data are available
on the yearly disposal of sodium sulphate into wastewaters. However, it is
stated that the maximum permissible concentration for sulphate in surface
water in the Netherlands is 100 mg/L.[5] This gives considerable limitations to
the amount of sodium sulphate that can be disposed.

3
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1.2

Purification processes

In the ideal case chemicals will no longer be disposed to the sewage or to
surface waters. The discharge of chemicals should be minimized and companies
should be directed towards zero liquid discharge (ZLD), a strategy that aims
at the removal of pollutants and the re-use of both water and salt in the
wastewaters.[6] That means that purification methods are needed to remove
contaminants from these streams. Numerous purification methods have been
reported for the purification of waste streams contaminated with organics,
which all have their advantages and disadvantages. A summary of these
purification processes is presented in Table 1-2.
To achieve ZLD, the process should be aimed at complete removal of the
organics, preferably under mild conditions. The latter condition makes the
processes at higher temperature such as wet air oxidation unfavorable. High
salt concentrations limit the use of biological purification processes, because of
reduced microbial activity.[7] Furthermore, the need of regeneration steps in
the case of reactive extraction and adsorption is undesirable. These processes,
like membrane purifications, are aimed at accumulation and transfer of
pollutants rather than pollutant removal. Therefore, it was chosen to focus
this study on electrochemical and advanced oxidation processes. Both
processes have shown to be non-selective and therefore applicable to a wide
range of organic compounds.[8][9][18][19][10]–[17] The advanced and electrochemical
oxidation processes are described in more detail in the next paragraphs.
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Table 1-2. Purification methods reported for removal of carboxylic acids from wastewater
including pros and cons of these processes: adsorption [20]–[23], biological purification [7],[24]–[26],
electrochemical oxidation [17][27]–[29], electrodialysis [30]–[32], electro-sorption [33][34], Fenton’s
reaction [35][36], membrane processes [37]–[39], photo-catalysis [40]–[46], reactive extraction [47]–[51],
and wet air oxidation [52]–[55].

Adsorption

Biological purification

+ Low cost adsorbents available
+ Relatively simple design and operation

+ Economically attractive
+ Relatively simple operation

- Regeneration is required
- pH dependent process

- Salts negatively impact microbial activity
- High sludge production

Electrochemical oxidation

Electrodialysis

+ No secondary waste
+ Mild process conditions

+ No product destruction
+ No secondary waste

- Electrode materials
- Limited developed
- Chlorine formation

- High equipment cost
- Limited choice of membranes
- Concentration polarization

Electro-sorption

Fenton’s reaction

+ In-situ adsorbent regeneration
+ Low cost electrode materials

+ Rapid and complete mineralization
+ Ambient conditions
+ Non-selective reaction

- High potential drops

- Production of iron sludge
- pH dependent process

Membrane processes

Photo-catalysis

+ No chemical addition
+ No product destruction

+ Low cost
+ Mild conditions
+ Minimal secondary waste

- Fouling of membranes
- Membrane lifetime

- Salts decrease degradation
- Low photo-efficiencies

Reactive extraction

Wet air oxidation

+ No product destruction
+ High yield

+ Suitable for high concentrations of
organics

- Regeneration is required
- Toxicity of solvents
- Salts affect extraction

- Low MW organics might remain in
solution
- High pressure and temperature
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1.3

Oxidation of carboxylic acids

This study focuses on the removal of carboxylic acids in salty wastewaters,
more specifically the oxidation of benzoic, glycolic, glyoxylic, acetic, oxalic and
formic acid (as shown in Figure 1-2) in sodium sulphate waste streams.

Benzoic acid

Glycolic acid

Glyoxylic acid

Acetic acid

Oxalic acid

Formic acid

Figure 1-2. Structural formulas of the carboxylic acids of interest in this work.

Despite the fact that these compounds are generally biodegradable, the
presence of salts in wastewaters negatively impacts bio-degradation
processes.[7] Moreover, carboxylic acids have been reported as intermediates in
the oxidation of compounds that are in general more persistent to biological
purification processes.[56]–[59] The fact that carboxylic acids have been found as
end-products and/or (accumulating) intermediates in various purification
processes highlights the importance of a further study on the oxidation of
carboxylic acids in wastewaters.[15][60]–[62] For example, acetic acid has been
reported as an end product in the wet air oxidation of benzene

[60]

and

accumulation of carboxylic acids (such as oxalic and maleic acid) has been
observed in the oxidation of chloro-phenols.[63]
The electrochemical and advanced oxidation of these carboxylic acids has been
reported in literature.[8][9][27][28][64]–[68] However, the majority of this research has
been focused on the decrease in chemical oxygen demand (COD) over time
rather

than

on

studying

reaction

pathways

and

quantification

of

intermediates. To gain more understanding on these oxidation mechanisms, it
is important to identify the specific steps in each process. The research
described in this thesis provides more details on both kinetics and mass
transfer in electrochemical and advanced oxidation processes.
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1.4

Fenton’s reaction

Advanced oxidation processes (AOPs) are powerful and non-selective
oxidation processes that generate •OH radicals.[69] Examples of AOPs are ozone
assisted oxidations (O3/H2O2), photocatalytic processes and the Fenton
reaction.[69] The latter was first discovered by H.J.H Fenton [70] and is nowadays
known as the reaction between an iron(II) salt and hydrogen peroxide to
generate •OH radicals:
Fe(II) + H2O2  Fe(III) + •OH + OH-.
The most interesting aspects of this method are the complete mineralization
of a wide range of components [8]–[12] and the relatively simple process operation
without expensive equipment. A disadvantage of this method is the addition
of iron, which results in the generation of an iron sludge that needs further
processing.[36] Furthermore, the optimal pH of this process should be around 3,
which limits the application range of this method.[71][72]
In addition to the Fenton reaction, the Fenton-like reaction can be performed
by a reaction between an iron(III) salt and H2O2, which generates a
hydroperoxyl radical:
Fe(III) + H2O2  Fe(II) + HOO• + H+
It has been shown that the Fenton-like reaction is generally slower compared
to the Fenton reaction.[73] This is an important detail since the regeneration
step from Fe(III) to Fe(II) can be a limiting step in the purification process.
The Fenton and Fenton-like reactions are schematically depicted in Figure 1-3.

Figure 1-3. Schematic overview of the Fenton (H2O2/Fe(II)) and Fenton-like (H2O2/Fe(III))
reaction.

7
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The Fenton reaction has proven to be an efficient purification method for the
complete oxidation of a wide variety of compounds; e.g. formic acid,[8][9] benzoic
acid,[10] p-hydroxybenzoic acid

[11]

and atrazine.[12] To extend the knowledge on

the oxidation by the Fenton reaction, it is essential to understand the different
steps of the reaction mechanism. The Fenton reaction initiates a great number
of reactions involving both organic and inorganic species. The uncertainty
related to the measurements of reactions involving radical species makes it
more challenging to get a complete overview of the reaction mechanism.
An experimental study and a kinetic model of the Fenton and Fenton-like
reaction for the oxidation of formic acid is described in Chapter 2. In
comparison to what has been reported before, our work focuses on conditions
that are more relevant for industrial processes. Moreover, the extent to which
the different reactions contribute to the model is shown in a sensitivity
analysis.

8
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1.5

Electrochemical oxidation

For electrochemical oxidation processes a differentiation can be made between
indirect and direct oxidation, which is schematically depicted in Figure 1-4.
In the former, the oxidant is electrochemically produced at the electrode
surface, which oxidizes the organic pollutant in a non-electrochemical
consecutive step.[74] An example of an indirect oxidation is the electrochemical
formation of chlorine (from chloride), which can oxidize compounds in the
bulk of the solution. In the case of direct oxidation, the organic pollutant is
oxidized at the electrode surface.

Figure 1-4. Schematic overview of direct and indirect electrochemical oxidation processes.

Despite the clear distinction between direct and indirect oxidation, there is
some controversy surrounding the definition of these oxidation processes. For
example, •OH radical formation on electrodes is considered a direct oxidation
process.[74]
•

However,

OH radicals

[75][76]

some

studies

demonstrated

the

formation

free

which could react in the bulk of the solution,[64] suggesting

that it is an indirect oxidation process.
In order to use the direct electrochemical oxidation method for a broad range
of components it is important to select a suitable electrode material. A wide
potential range is required to be able to oxidize compounds that take place at
high overpotentials. Electrodes like SnO2, TiO2 and boron doped diamond
(BDD)[77]–[79] have wider potentials windows compared to more common
electrodes materials such as platinum. Because BDD has the highest overpotential for oxygen evolution, it was selected as electrode material in the
electrochemical oxidation study described in this thesis. On BDD electrodes,
9
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diamond characteristics are combined with boron dopants to improve the
electrical properties, making it a semi-metallic electrode.[80] The most common
production method for BDD electrodes is a chemical vapor deposition (CVD)
process,[80] which is schematically depicted in Figure 1-5.

Figure 1-5. Chemical vapour deposition process for the production of boron doped diamond
electrodes.[81]–[83]

The gas mixture in the CVD process consist of hydrogen, a carbon-containing
gas (e.g. methane), and boron (e.g. B2H6).[80][81] The diamond film is deposited
on the substrate after (thermal or plasma) dissociation of the carbon source,
which produces species that initiate the growth and nucleation of diamond.
The hydrogen removes the non-diamond carbon content, such as the graphite
formed on the diamond surface.[81] The deposition conditions during the CVD
process limit the substrates that can be used for this type of electrode.
Generally, silicon or self-passivating metals (for example tantalum, titanium
or niobium) are used as substrates for the BDD films.[84]
The oxidation of different organics (such as phenol
carboxylic acids

[17]–[19]

[13][14]

, amines

[15][16]

and

) on BDD electrodes has shown to be successful in

laboratory experiments. Furthermore, some pilot scale studies have been done
on BDD using total electrode areas up to 1.05 m2.[85]–[88] To further this research
to ultimately use these electrodes on an industrial scale, it is essential to
understand both the kinetic parameters and the effect of mass transfer on the
electrochemical reactions on BDD. This is important because the effects of

10
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mass transfer are different in industrial electrolyzers due to the increase in size
of the reactors.
The existence of mass transfer limitations in electrochemical experiments can
be observed by the presence of plateaus in cyclic voltammetry. These plateaus
have been observed for formic acid oxidation on BDD.[27][28][64][65] However, most
of these studies have been limited to the use of conventional three electrode
setups, which have poorly defined mass transfer characteristics. More
information about the mass transfer and kinetics can be obtained using
rotating disk electrodes (RDE) and flow cells. Chapter 3 studies the formic
acid and formate oxidation using these electrochemical setups in which mass
transfer is well defined. Furthermore, it shows the selectivity at different
potentials for formic acid and formate oxidation in chrono-amperometry
experiments,

rather

experiments.

[17][27][28]

than

the

previously

reported

galvanostatic

These experiments also give insights about the current

efficiency of the process, i.e. the faradaic losses in unwanted side reactions
(oxygen evolution).
The selectivity of BDD for the oxidation of different carboxylic acids is
discussed in Chapter 4. It compares the oxidation of acetic, glycolic, glyoxylic,
oxalic and formic acid at different potentials. Moreover, this chapter
investigates the intermediate formation in the oxidation of acetic, glycolic and
glyoxylic acid to further elucidate the reaction mechanisms of these reactions
on BDD. Finally, the electron balances of the oxidation reactions and the
insights into the mass transfer in the different setups are described.
The carboxylic acids discussed so far are small C1 and C2 carboxylic acids,
which react in relatively short pathways towards CO2. In the case of benzoic
acid, the reaction involves a 30-electron transfer to CO2. Because the boron
doped diamond electrode is known for its high reactivity, numerous
intermediates are formed in the (unselective) oxidation of benzoic acid to CO2.
Previous work reported on the electrochemical oxidation of benzoic acid has
been mainly focused on the decrease in benzoic acid concentration or chemical
oxygen demand (COD) over time.[66]–[68] Some studies have reported the
formation of intermediates; however, this was often done in a qualitative rather
than quantitative way. Chapter 5 shows the electrochemical oxidation of
11
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benzoic acid and its aromatic intermediates. Furthermore, it compares the
activity of these intermediates on BDD in relation to their formation in the
benzoic acid oxidation.
To conclude this thesis, Chapter 6 presents the main highlights of this work
and gives an outlook for future research on purification of salty waste streams.
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acid by the Fenton reaction

Chapter 2

Abstract
The present study investigates the oxidation of formic acid by the Fenton and
Fenton-like reaction. An experimental study was performed at industrially
relevant conditions, which means that the concentrations of reagents were
generally higher than concentrations previously reported. The most interesting
result is the fast oxidation rate of formic acid in the first two minutes of the
Fenton (Fe(II)/H2O2) reaction. In an industrial setting this fast initial
oxidation can be used to remove a significant part of the formic acid without
the need for large reactors with long residence times and large excesses of H2O2
and Fe(II). In contrast, the Fenton-like (Fe(III)/H2O2 ) reaction shows a
slower, constant decrease of formic acid over time strongly depending on
temperature and H2O2 concentration. The initial decrease in formic acid
concentration in the Fe(II)/H2O2 reaction could not be explained by previously
proposed kinetic models for formic acid oxidation by the Fenton’s reagent.
The specific conditions used require a more elaborate kinetic model to describe
the results obtained. In the Fe(II)/H2O2 reaction, the formic acid reacts with
the •OH radical and forms an

•

OOH radical that regenerates the Fe(II). The

reaction of Fe(III) and the OOH radical to regenerate Fe(II) and thereby
•

restart the Fe(II)/H2O2 reaction can most likely explain the fast initial decrease
observed. Furthermore, the addition of reactions describing the formation and
decomposition of inorganic and ferric-formate complexes to the kinetic model
improved the fit to all experimental data, in particular for the initial part of
the reaction of Fe(II)/H2O2 with formic acid.
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2.1

Introduction

In the next decade a considerable rise is expected in the need of purification
technologies for the treatment of wastewater from various industries.[1] The
predicted reuse of wastewater results from various drivers, such as stricter
environmental regulations, higher costs for waste disposal and water scarcity.[2]
Advanced oxidation processes (AOPs) are generating considerable interest in
the field of water purification.
•

AOPs produce powerful and non-selective

OH radicals at ambient temperature and pressure,[3] which makes them an

interesting alternative for biological purification and wet oxidation processes.
An example of an AOP is the Fenton reaction, discovered by H.J. Fenton,[4]
which is a reaction that produces •OH radicals for the oxidation of organic
compounds by mixing an iron salt with hydrogen peroxide.
Although there is ample scientific literature on the Fenton reaction,[5]–[10] there
is a lack of systematic experimental data and reliable models that can describe
oxidation under industrially relevant conditions. With industrially relevant
conditions we mean a pollutant concentration in the order of 1-100 mM, a low
iron concentration to avoid a too high iron content in the outgoing stream, a
sufficient but not excessive amount of hydrogen peroxide and an acceptable
residence time for the total process (from some minutes to a maximum of one
hour) to avoid the need for very large vessels. The aim of this chapter is to
investigate these industrially relevant conditions for one common pollutant,
namely formic acid. Reason for choosing formic acid is that it can only be
oxidized to CO2 and that the oxidation does not involve any long-term stable
intermediates. In this way we minimize the extra complexity that comes on
top of the complex Fenton reaction mechanism.
The mechanism of the Fenton reaction was (amongst others) presented by
Barb et al.[11] and Haber and Weiss,[12] suggesting the following initial reaction:
Fe(II) + H2O2  Fe(III) + •OH + OH-. This first reaction initiates a chain of
radical reactions, which are either propagating or terminating this chain cycle
(reactions 2-9, Table 2-1). Despite the fact that many kinetic studies use these
reactions to describe the oxidation of various organic compounds,[5]–[7] the exact
mechanism for the Fenton reaction and its active species is still under debate.
An alternative theory is the formation of iron(IV)complexes instead of
21
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•

OH radicals as active species.[13]–[15] Furthermore, reaction mechanisms

describing the coexistence of the •OH radical and the iron(IV)complexes are
proposed.[16]
Kinetic modelling can potentially give insights whether the proposed reaction
mechanisms are valid for describing experimental data. Kinetic modelling of
the oxidation of organics by Fenton’s reagent has been studied for a wide
variety of compounds, such as phenol,[8][17] p-hydroxybenzoic acid
atrazine

[19]

[18]

and

. The complete oxidation of these compounds involves the formation

of several intermediate compounds. These intermediate compounds have to be
taken into account in the reaction mechanism, which complicates the kinetic
modelling. In the oxidation of simpler organic molecules such as formic acid,
fewer intermediates are formed which limits the number of reactions in the
kinetic model. Previous research has shown that formic acid can be oxidized
to CO2 in the Fenton reaction.[9] In addition, a number of kinetic models for
the formic acid oxidation in the (photo-)Fenton reaction were reported.[10][20][21]
A kinetic model by Duesterberg et al. describes the oxidation of formic acid
by Fenton’s reagent with a set of 10 reactions (reaction 1-10, Table 2-1).[10]
These reactions include both the reaction of H2O2 with Fe(II) and Fe(III).
The reaction of Fe(III) and H2O2 (reaction 2, Table 2-1) is known as the
Fenton-like reaction. It has been shown that the oxidation of organic
compounds in the Fenton-like reaction is slower than in the Fenton reaction
(further referred to as Fe(II)/H2O2) compared to the Fenton-like reaction
(Fe(III)/H2O2).[19] This can be explained by the different rate constants for
Fe(II) and Fe(III) with hydrogen peroxide. Although the rate constants for
these reactions vary between studies, the values found for the reaction of Fe(II)
with H2O2, i.e. 51-63 M-1 s-1,[18][10][22] are generally higher compared to the
reaction

constants

0.002-0.01 M s .
-1

reported

-1 [18][23][24]

for

the

Fe(III)/H2O2

reaction,

i.e.

Furthermore, the OH radical produced in reaction 1

is more powerful than the

•

•

OOH radical that is produced in the second

reaction and it is thus assumed that the •OH radical predominantly oxidizes
the organic compounds.[25] The reduction of Fe(III) to Fe(II) in reaction 2 is a
crucial step in the reaction, because the regenerated Fe(II) reacts rapidly with
H2O2 to form new •OH radicals (reaction 1, Table 2-1).
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Fast degradation of organics is observed for high ratios of hydrogen peroxide
and Fe(II) to the organic compound, since in that case regeneration of Fe(III)
to Fe(II) is not needed. For example, complete degradation of formic acid
(2·10-7 M) is seen within 10 minutes for initial molar ratios of formic acid to
Fe(II) and H2O2 of 1:1000:5000.[10] Similarly, atrazine (4·10-7 M) oxidation was
achieved within 60 seconds using molar ratios of atrazine to Fe(II) and H2O2
of 1:1250:625.[19] The surplus of Fe(II) and H2O2 ensures production of sufficient
•

OH radicals in reaction 1, which gives rise to the fast and complete oxidation

of the organic compound.
If Fe(II) is not in excess compared to the organic compound, regeneration of
Fe(II) (reaction 2 or 4, Table 2-1) is required to continue the generation of
•

OH radicals in reaction 1. Because the reduction of Fe(III) to Fe(II) is seen

as the rate-limiting step, it is essential to know the factors affecting this
regeneration reaction. For example, (intermediate) organic compounds like
quinones, cysteine and 3-hydroxyanthranilic acid are known to accelerate the
iron cycling of Fe(III) to Fe(II).[18][26]–[28] Humic acids either enhance or inhibit
this iron cycling to Fe(II).[29] According to Duesterberg et al. the carboxyl
radical formed in the oxidation of formic acid in the Fenton reaction also
affects the iron cycle by reducing oxygen to superoxide.[10] This superoxide
either oxidizes Fe(II) or reduces Fe(III), which means it can either accelerate
or decelerate the reaction. In the absence of oxygen (in an argon-saturated
solution), the carboxyl radical reduces the Fe(III), which results in an
accelerated regeneration of Fe(II) and thus accelerated oxidation of formic
acid. This effect of carboxyl radicals influenced by the oxygen in the system
was included into their kinetic model by the addition of 10 reactions
(reaction 11-21, Table 2-1). According to the authors these reactions should
be taken into account when the concentration of formic acid is high compared
to the amount of dissolved oxygen (2.7·10-4 M at 25 °C

[30]

).

Another factor that has a significant effect on the iron cycling in the Fenton
reaction is the availability of free iron. Ferrous iron is available as free iron
below pH 6, whereas ferric ions form complexes below pH 6
[Fe(III)(OH)] , [Fe(III)(OH)2] and [Fe2(III)(OH)2] .
2+

+

4+ [32]

[31][32]

such as

These inorganic ferric

complexes decelerate the regeneration to Fe(II) because the formation of these
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complexes from Fe(III) and H2O or H2O2 is faster

[32][33]

compared to their

decomposition into Fe(II).

[34]

In addition to the inorganic species in solution, it is believed that some organics
can

form

ferric-organic

complexes,

such

as

ferric-oxalate

and

ferric-formate.[31][35][36] It was shown that in a solution of 2.0 mM formic acid
and 8.0 mM Fe(III) a minor part of the formate forms a complex with the
Fe(III). Whereas this might not influence the availability of formic acid, it
could have an effect on the availability of free iron in solution. If the
concentration of iron is low, and regeneration of Fe(II) is required to continue
the oxidation of the organic compound in solution, the formation of
ferric-organic complexes should be included (reactions 29-31, Table 2-1).
Adding these reactions describing the formation and decomposition of ferricformate complexes to the kinetic model, gives a total of 31 possible reactions
to take into account.
To conclude this section, the literature identifies many different possible
reactions and compounds formed. The aim of this work is to gain
understanding in the oxidation of formic acid by Fenton’s reagent, which will
extend the work of Duesterberg et al..[10] The main difference compared to that
study is the higher concentrations of reagents, which are closer to industrial
conditions. The large variety of species that have to be taken into account
and the countless number of reactions that these species might undergo
complicates the modelling of the Fenton reaction tremendously. The lack of
direct measurement techniques for the determination of radical species adds
to the difficulties of describing this system in a kinetic model. The sensitivity
analysis presented in this study gives insight into the importance of the
suggested reactions on the formic acid oxidation by Fenton’s reagent.
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Table 2-1. Reactions involved in the Fenton reaction with formic acid.
Reaction
1

Fe(II) + H2O2  Fe(III) + OH + OH
•

-

Constant

Ref.

53 M s

-1

[37]

63 M-1 s-1

[38]

-1

51 M-1 s-1

2
3
4
5
6
7

Fe(III) + H2O2  Fe(II) + HOO + H
•

-3

H2O2 + •OH  HOO• + H2O
Fe(III) + HOO  Fe(II) + O2 + H
•

[10]a

2.0·10 M s

+

+

-1

[39]

3.3·107 M-1 s-1

[10]a

7.8·10 M s

[10]a

-1

[40][10]a

2.3·108 M-1 s-1

[41]

Fe(II) + HOO  Fe(III) + HO2

1.3·10 M s

[10]a

HOO• + HOO•  H2O2 + O2

2.7·106 M-1 s-1

[42]

6.7·105 M-1 s-1

[43]

2.3·10 M s

[10]a

•

6

-1

-1

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

-1

-1

•

OH + HOO•  H2O+ O2

7.1·109 M-1 s-1

[39] [10]a

•

OH + •OH  H2O2

6.0·109 M-1 s-1

[44]

6.0·10 M s

-1

[45]

4.0·109 M-1 s-1

[46]

5.2·109 M-1 s-1

[10]a

6.5·10 M s

[47][10]a

9

10

-1

3.2·108 M-1 s-1

6

8
9

[10]a

1.27·1010 M-1s-1
5

Fe(II) + •OH  Fe(III) + OH-

-1

•

OH + HCOOH/HCOO  CO2 + HOO / O2
-

•

•

OH + HCOOH  HCOO• + H2O

•

OH + HCOOH  CO2

•-

+ H2O + H

-•

-1

8

+

-1

-1

1.4·108 M-1 s-1

[48]

1.3·108 M-1 s-1

[10]

6.5·10 M s

[10]a

8

-1

-1

HCOO• + O2  CO2 + HOO•

3·109 M-1 s-1

[49]

CO2•- + O2 + H+  CO2 + HOO•

4.2·109 M-1 s-1

[50][10]

CO2

1.4·10 M s

[51][10]a

•-

+ CO2

•-

 int [C2O4 ]
2-

9

-1

-1

int [C2O42-] + 2H+  CO2 + HCOOH

1.0·1010 M-1 s-1

[51][10]a

int [C2O42-]  C2O42- (oxalate)

1.6·106 M-1 s-1

[51][10]a

HCOO

1.7·10 M s

[52][10]a

•

+ HCOO  CO2 + HCOOH
•

9

-1

-1

HCOO• + CO2•- + H+  CO2 + HCOOH

1.7·109 M-1 s-1

CO2•- + Fe(III)  CO2 + Fe(II)

9.83·106 M-1 s-1

[10]

3.55·10 M s

[10]

HCOO

•

+ Fe(III)  CO2 + Fe(II) + H

Fe(III) + H2O ⇌ Fe(OH)2+ + H+

Fe(III) + 2 H2O ⇌ Fe(OH)2+ + 2H+
2 Fe(III) + 2 H2O ⇌ Fe2(OH)2

6

-1

-1

2.89·10-3 M

[33]

7.62·10-7 M

[32]

0.8·10 M

[53]

Fe(III) + H2O2 ⇌ Fe(III)(OH)22+ + H+

3.1·10-3 M

[32]

FeOH2+ + H2O2 ⇌ Fe(III)(OH)(HO)2+ + H+

2.0·10-4 M

[32]

2.7·10 s

-1

[19]

Fe(III)(OH)(HO)2+  Fe(II) + HOO•

2.7·10-3 s-1

[19]

Fe(III) + HCOO- ⇌ Fe(III)HCOO2+

6.43·102 M

Fe(III)(OH)

2+
2

4+

+ 2H

+

[10]a

+

-3

 Fe(II) + HOO

•

Fe(III)HCOO2 + COO
+

•−

-3

 CO2 + Fe(II) + HCOO

−

Fe(III)HCOO2++ HOO•−  O2 + Fe(II) + HCOOH

8.0·10 M s
9

-1

[36]b
-1

5.83·104 M-1 s-1

[36]b
[36]b

a

Reaction constants used in the kinetic models of Duesterberg et al.[10]

b

The constants used by Simunovic et al. are based on the literature values of equilibria and reactions of iron and oxalate.[36]
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2.2

Materials and methods

2.2.1 Materials
The following chemicals were used as received without further purification;
formic acid (99-100%, VWR chemicals), ferrous sulfate heptahydrate
(>99%, Honeywell Fluka), ferric sulfate (Fluka analytical), hydrogen peroxide
(30wt%, VWR chemicals), catalase (1-4·10-4 units/mg protein, SigmaAldrich) and sodium hydroxide (50%, VWR chemicals).

2.2.2 Methods
Fresh solutions of formic acid (0.01M) mixed with ferric sulfate (0.001M) or
ferrous sulfate (0.001M) were prepared before the start of each experiment.
Batch experiments of 30 minutes were performed in a jacketed beaker, which
was kept at constant temperature. The experiments were started by adding
the H2O2 solution (0.2-2.0 ml) to the formic acid/iron solutions (198-199.8 mL,
to obtain a total volume of 200 mL). The pH of the solution was continuously
monitored using a pH meter and stayed below 3 over the course of the reaction.

2.2.3 Analytical method
Samples of 1.5mL were withdrawn from the solution at set intervals
(5 minutes) to analyze the concentration of formic acid. To quench the
reaction, sodium hydroxide was added to the samples to precipitate the iron
and catalase (100μL, 0.65 mg/mL) was added to decompose the remaining
hydrogen peroxide. The precipitated iron was filtered from the solution by
PTFE membranes (0.45μm). High-performance liquid chromatography was
carried out to determine the concentrations of formic acid, using a Schimadzu
shim-pack C18 column (250·3.0mm, 5µm) equipped with a pre-column.
H3PO4 (0.01M) was used as mobile phase, with a flow rate of 0.5 mL/min. The
injection volume was set to 0.5 μL.
Absorbance spectra of samples taken from the reaction solutions were recorded
from 200 to 800 nm with an offline UV-2501 PC spectrophotometer
(Schimadzu).
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2.3

Kinetic modelling

Kinetic modeling of the oxidation of formic acid by Fenton’s reagent was
performed in Matlab using ODE15s to solve the differential equations.
The change in concentration of each of the different compounds was described
by a set of differential equations. The change in concentration of species i (Ci)
over time multiplied by the volume (V) equals the rate of formation of species i
(ri) multiplied by the volume.
𝑑𝑑𝐶𝐶𝑖𝑖
𝑑𝑑𝑑𝑑

Equation 2-1

· 𝑉𝑉 = 𝑟𝑟𝑖𝑖 ·V

To solve this set of equations, a number of vectors, matrices and equations
was used. Firstly, the initial concentrations (c0,i) for the ith species in the model
are described in vector C0. The initial conditions were used as input parameter
and set to the same values as used in the experimental part of this study.
𝐶𝐶0 = [𝑐𝑐0,1

⋯

𝑐𝑐0,𝑖𝑖 ]

Vector K defines the reaction rate constants for the reactions j used to
calculate the reaction rate. The reaction rates constants (kj) were obtained
from literature (Table 2-1). Equilibria are defined as a forward reaction and
a backward reaction with rate constants kf and kb respectively. The equilibrium
constant is equal to kf/kb.
𝐾𝐾 = [𝑘𝑘1

⋯

𝑘𝑘𝑗𝑗 ]

The reaction matrix (M) describes which of the species i determine the reaction
rate of reaction j and to what order. If the element (yij) is unequal to 0, species
i reacts in reaction j. If a species is not present in the reaction equation the
element it set to 0.
𝑦𝑦11
𝑀𝑀 = � ⋮
𝑦𝑦1𝑗𝑗

⋯
⋱
⋯

𝑦𝑦𝑖𝑖1
⋮ �
𝑦𝑦𝑖𝑖𝑖𝑖

Vector RR contains the reaction rates of each reaction j, which are obtained
by multiplying the reaction rate constant of reaction j (kj) by the
concentrations of each of the ith species determining the reaction rate to the
power yij in the reaction matrix M.
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𝑅𝑅𝑅𝑅 = 𝑘𝑘𝑗𝑗 ∙ 𝐶𝐶𝑖𝑖 𝑦𝑦𝑦𝑦𝑦𝑦

Equation 2

The stoichiometric matrix (N) contains the stoichiometric coefficients (vij) of
the ith species in the jth reaction.
𝑣𝑣11
𝑁𝑁 = � ⋮
𝑣𝑣1𝑗𝑗

⋯
⋱
⋯

𝑣𝑣𝑖𝑖1
⋮ �
𝑣𝑣𝑖𝑖𝑖𝑖

The total rate of formation of compound i is obtained by the inproduct of the
reaction rates (RR) with the stoichiometric matrix (M).
𝑟𝑟𝑖𝑖 = 𝑅𝑅𝑅𝑅 ∙ 𝑀𝑀

Equation 2-3

The sensitivity analysis examines the contribution of the different reactions in
the model to the overall oxidation of formic acid. It evaluates the effect of the
increase of a rate constant by a factor 5 on the rate of formic acid oxidation.
The conversion of formic acid using the k-values presented in Table 2-1 at
time t (X1) is calculated using the moles of formic acid reacted (NFA1) and the
initial concentration of formic acid (NFA,0). Similarly, the conversion of formic
acid based on the model with a different rate constant for one of the reactions
(X2) is calculated using the moles of formic acid reacted using the adjusted
model (NFA2) and NFA,0. The sensitivity analysis (SA) gives the percent change
in conversion of formic acid.
𝑋𝑋1 =

𝑁𝑁𝐹𝐹𝐹𝐹,0 −𝑁𝑁𝐹𝐹𝐹𝐹1

Equation 2-4

𝑋𝑋2 =

𝑁𝑁𝐹𝐹𝐹𝐹,0 −𝑁𝑁𝐹𝐹𝐹𝐹2

Equation 2-5

𝑋𝑋2 − 𝑋𝑋1
∙ 100%
𝑋𝑋1

Equation 2-6

𝑆𝑆𝑆𝑆 =
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2.4

Results and discussion

2.4.1 Experimental results
Figure 2-1 shows the results of the oxidation of formic acid by the Fe(II)/H2O2
and Fe(III)/H2O2 reaction at different temperatures. In line with previous
studies, it was found that the oxidation rate of formic acid is higher for the
Fe(II)/H2O2 reactions compared to the Fe(III)/H2O2 reactions.[19] A steep
decrease in formic acid concentration is observed in the initial stage of the
Fe(II)/H2O2 reaction (measurements at 1 and 2 minutes), which is independent
of temperature. Interestingly, this decrease in formic acid concentration is
30-40% in the first 2 minutes. This is surprising given the amount of Fe(II)
present in the system, which is only 10% of the formic acid concentration. If
the •OH radicals formed by Fe(II) (reaction 1) would be responsible for the
fast initial drop, one would only expect a 10% decrease when every •OH radical
would enable the oxidation of one formic acid molecule. However, the initial
decrease of 30-40% suggests that 3-4 times more •OH radicals need to be
generated than what would be expected based on the initial Fe(II)/H2O2 ratio.
This suggests that an accelerated •OH radical generation takes place.

Figure 2-1. Effect of temperature on formic acid oxidation by Fe(II)/H2O2 (left) and
Fe(III)/H2O2 (right); 0.01M Formic acid, 0.001M Fe and 0.02M H2O2. Datasets represent
different temperatures of the reaction solution: ○: 30°C, ∆: 20°C and □: 10°C.

After this initial stage, a lower reaction rate and a strong temperature
dependency on the oxidation of formic acid can be seen for the Fe(II)/H2O2
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reaction. From then onwards, the reaction rates become quite comparable to
Fe(III)/H2O2, which does not show the sharp initial decrease. This confirms
that the sharp initial decrease is related to the presence of Fe(II) and probably
•

OH radicals.

The experimental results of the oxidation of formic acid by Fe(II), including
the steep initial decrease in concentration of formic acid in the Fe(II)
experiments, seem comparable to those reported by Zazo et al.[9], although the
longer timescale in that work makes it difficult to see whether the decrease is
as sudden or more gradual. In our own work we attempted to take more
samples in the beginning of the reaction to gain a better insight in how fast
the initial decrease is, but this was not feasible due to the time required for
manual steps such as quenching.
The sharp decrease is not a result of unique conditions used in this single
experiment. Other experiments, available in the appendix, also show the steep
decrease in the initial phase of the reaction. For example, it is also seen when
ferrous perchlorate is used instead of sulphate. The fast initial degradation of
formic acid suggests an accelerated regeneration of Fe(II). Based on the
reactions suggested in Table 2-1, this regeneration effect could be explained
by different pathways as shown in Table 2-2.
Table 2-2. Possible pathways that could explain the fast initial oxidation of formic acid.

Step 1:
Fenton reaction

Fe(II) + H2O2 Fe(III) + •OH + OH-

Option 1

Step 2:
Formic acid oxidation
Step 3:
Regeneration

30

•

OH + HCOOH/HCOO- CO2 + HOO•/O2-•

Fe(III) + HOO• Fe(II) + O2 + H+

Option 2
•

OH + HCOOH  HCOO• + H2O

HCOO• + Fe(III) CO2 + Fe(II)+ H+
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Another important variable is the concentration of H2O2. Ideally for an
efficient industrial process one would like to use just enough H2O2 to react the
formic acid, but this should not come at the expense of reaction speed.
Figure 2-2 shows results for both the Fenton and Fenton like system at varying
H2O2 concentrations. Surprisingly, the degradation of formic acid in the first
minutes of the reaction of Fe(II) and H2O2 is faster with lower amounts of
H2O2. This initial faster oxidation rate of formic acid with lower H2O2
concentration might be attributed to a scavenging effect of •OH radicals by
H2O2 (reaction 3, Table 2-1),[34][54] in this way reducing their ability to oxidize
multiple formic acid molecules.

Figure 2-2. Formic acid oxidation by Fe(II)/H2O2 (left) and Fe(III)/H2O2 (right) at 25°C;
0.01M formic acid and 0.001M Fe. Datasets represent different concentrations of H2O2 added
to the reaction solution. Experimental data: ∆: 0.01M, o: 0.02M and □: 0.05M H2O2. Model
data lines: ….: 0.01M, __: 0.02M and ---: 0.05M H2O2. Reaction constants used for reaction 2
and 6: 2.3 ·10-3 and 1.6 ·108 M-1 s-1.

After the fast initial conversion the Fe(II)/H2O2 system shows slower oxidation
rates, with higher H2O2 concentrations leading to faster oxidation. This
behavior is also seen for Fe(III)/H2O2, which again shows no initial fast
conversion. These higher oxidation rates of formic acid with increasing H2O2
concentration are consistent with the findings of previous studies regarding
oxidation of various organic compounds in the Fenton reaction.[5][10][55] Similar
effects of the H2O2 concentration are observed at 10°C and 30°C, as shown in

31

Chapter 2

the appendix. It has been chosen to use 25°C throughout this chapter, because
most kinetic parameters found in literature are based on this temperature.
Other important variables in the Fenton reaction are the formic acid and iron
concentration. Figure 2-3 shows the effect of increasing Fe(II) concentration.
The graph shows that the fast initial conversion increases with increasing
Fe(II) concentration and can be extended up to 60%. Interestingly, for the
highest iron concentration the reaction also seems to stop after the fast initial
decrease. A probable explanation is that all H2O2 has reacted. This means that
60% of the H2O2 has been used for the oxidation of formic acid, whereas the
other 40% is likely converted into oxygen. Yet, the results at the high iron
concentration should be interpreted with caution because of the solubilities of
the Fe(III) species formed, since there is the risk of precipitation.

Figure 2-3. Effect of Fe(II) concentration on formic acid oxidation by Fe(II)/H2O2;
Concentrations: 0.1M Formic acid, 0.1M H2O2. Datasets represent different Fe(II)
concentrations; ∆: 0.001M, o: 0.005M, ◊:0.01M and □:0.1M. Experiments performed at 21°C.

A high iron concentration is unattractive from an industrial perspective,
because of the substantial amount of iron that remains in the purified stream.
Therefore, it has been decided to focus this study on the lower concentration
of formic acid (10 mM) and lower concentrations of iron (1 mM).
To get a better understanding about the differences between the Fe(II)/H2O2
and Fe(III)/H2O2 system, the reactions were followed spectrophotometrically.
The absorption spectra shown in Figure 2-4 reveal that there are major
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differences between the spectra at the start of the experiment for both the
Fe(II)/H2O2 and the Fe(III)/H2O2 system. A peak is observed for the Fe(III)
solution in the region of 290-300 nm. In contrast, the Fe(II) solution does not
absorb at the measured wavelengths. After 1 minute both systems show an
increase in the region of 290-300 nm. Afterwards only a minor increase in
absorption is observed for both systems, although the absorbance remains
higher for the Fe(III)/H2O2 system.

The complete comparison of the

absorption spectra for Fe(II)/H2O2 and Fe(III)/H2O2 for the different
concentrations of H2O2 can be found in the appendix.

Figure 2-4. Absorption spectra for formic acid oxidation by Fe(II)/H2O2 (left) and
Fe(III)/H2O2 (right); 1·10-3 M formic acid, 2·10-3 M H2O2 and 1·10-4 M Fe at 25°C. Datasets
represent different sampling times (minutes after reaction started) ― 0 minutes (before addition
of H2O2), ∙∙1 minutes and --- 30 minutes.

The absorption spectra give information about iron complexes that are formed
during the Fenton reactions. Both reactions show a peak in the region of
290-300nm.

Previous studies have shown that both [FeIII]3+, [FeIIIOH]2+,

[FeIII(OH)2]+ and [Fe2III(OH)2]4+ absorb at these wavelengths.[32][53] Because the
existence of [Fe2III(OH)2]4+ and [FeIII(OH)2]+ below pH 3 is unlikely,[32] these
compounds are not taken into account as possible intermediates in our study
of the Fenton reaction. Therefore,
attributed to [Fe OH]
III

2+

the absorbance can most likely be

and [Fe ] .

III 3+ [32]
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2.4.2 Kinetic modelling
This section shows whether kinetic models obtained from literature can predict
our experimental results and where necessary need improvement, especially
with regard to the fast initial conversion. The two kinetic models for the
oxidation of formic acid by Fenton’s reagent proposed by Duesterberg et al.[10]
were used to describe our experimental results. The first proposed one
describes the oxidation of low concentrations of formic acid by Fenton’s
reaction, the second one is an extended model for higher concentrations of
formic acid and experiments performed open to the atmosphere. Figure 2-5
compares these model predictions of the Fe(II)/H2O2 and Fe(III)/H2O2
reaction to our experimental data. Furthermore, Figure 2-5 shows the effect
of using alternative kinetic constants that have been suggested in literature
(shown in Table 2-1) in the kinetic modelling of both the Fe(II)/H2O2 and
Fe(III)/H2O2 reactions.

Figure 2-5. Parity plot for formic acid oxidation by Fe(II)/H2O2 (left) and Fe(III)/H2O2
(right); 0.01M Formic acid, 0.001M Fe and 0.05M H2O2. The data sets present the model
predictions (reaction 1-10 of Table 2-1 as used by Duesterberg et al.), rate constants for
reaction 1 and 10; o: 51 and 6.5·10-8 M-1 s-1, x: 63 and 1.4·10-8 M-1 s-1. The model predictions
of the extended Duesterberg model (◊) are based on reaction 1-9 and 11-21 (Table 2-1).

Figure 2-5 and graphs in the appendix show that the first model (Duesterberg)
cannot describe the Fe(II)/H2O2 reaction accurately. The initial decrease in
formic acid (corresponding to the higher concentrations of formic acid in the
graph) that is observed in the experimental data is underestimated in the
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model prediction, whereas the subsequent reaction is overestimated. For the
Fe(III)/H2O2

reaction,

the experimental dataset describing the lower

concentrations of H2O2 (0.01M and 0.02M) can be reasonably well predicted
with the model. However, significant differences are observed for the highest
concentration of H2O2 (0.05M), which is shown in Figure 2-5. It can thus be
concluded that reactions 1-10 and the corresponding rate constants used by
Duesterberg et al. are unable to give an accurate prediction of the complete
experimental data set for both the Fe(II)/H2O2 and Fe(III)/H2O2 reaction. It
can be seen that the correlation between the experimental data and model
prediction increases for the Fe(III)/H2O2 system when different kinetic
constants are used for reaction 1 (63 M-1 s-1 instead of 51 M-1 s-1) and 10
(1.4·10-8 M-1 s-1 instead of 6.5·10-8 M-1 s-1).[38][48] However, replacing these kinetic
constants does not improve the fit of the initial values of the Fe(II)/H2O2
system. The model prediction deviates significantly from the experimental
data, especially for high formic acid concentrations (the initial stage of the
reaction).
The Duesterberg model predicts an initial decrease of 10% of formic acid in
the first two minutes of the Fe(II)/H2O2 reaction. This result of the model can
be explained by the initial molar ratio of formic acid to Fe(II), which is 10:1.
It is predicted that all the Fe(II) reacts with H2O2 in this initial stage of the
reaction to generate •OH radicals for the oxidation of formic acid, which results
in a 10% decrease in formic acid. Once the Fe(II) is depleted and Fe(III) is
formed, the regeneration of Fe(II) becomes the limiting step. This limits the
generation of •OH radicals and thereby the oxidation rate of formic acid
decreases. In contrast to this model prediction, the experimental data of the
Fe(II)/H2O2 reaction (Figure 2-2) show an initial decrease in formic acid of
30-40%. These results suggest an accelerated cycling of the Fe(III) to Fe(II) in
the first minutes of the reaction. Therefore, a more elaborate set of reactions
is required to describe this initial stage of the formic acid oxidation by
Fe(II)/H2O2.
For higher concentrations of formic acid and experiments performed open to
the atmosphere, Duesterberg et al. suggested to include the effect of oxygen
and the formation of carboxyl radicals into the kinetic model. The carboxyl
radical species are formed in the oxidation of formic acid with a hydroxyl
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radical (reaction 11 and 12, Table 2-1). These radicals react in consecutive
reactions with either O2 (reaction 12 and 14, Table 2-1) or Fe(III) (reactions
20 and 21, Table 2-1). The iron concentrations in the study of Duesterberg et
al. are lower compared to the oxygen solubility in water (2.7·10-4 M at
25 °C

[30]

), which clarifies the significance of reactions 12 and 14 in their study.

Including these (radical) species into the model (reactions 11-21, Table 2-1)
did not improve the fit to our experimental data, which is shown in Figure 2-5.
Because the iron concentrations in our study are one order of magnitude
higher, the oxygen reaction has less impact on the formic acid oxidation and
therefore the effect of oxygen was not further investigated. According to
Duesterberg et al. the formation of a Fe(III)-HCOOH complex is included in
their model by reaction 20 and 21, describing the reactions between Fe(III)
with a carboxyl radical. However, the specific formation, decomposition and/or
reaction of the complex is not given. It was therefore decided to include the
effect of ferric complexes formed more specifically into our kinetic model.
Based on the spectrophotometric results (Figure 2-4) it was decided to include
the reaction describing the formation and decomposition of [FeIIIOH]2+
(reaction 22) into the model. The other inorganic ferric complexes were
excluded because it is unlikely that these complexes are formed at the specific
reaction conditions. In addition to the ferric-inorganic complexes, a number of
studies have reported the formation of ferric-organic complexes.[31][36] Figure 2-4
shows that the addition of the reactions describing the formation and
decomposition of these ferric-complexes (reactions 22 and 29-31, Table 2-1)
significantly improves the fit to the experimental data. Both the initial
decrease and the second part of the reaction are described more accurately by
adding these reactions. The improvement of the model becomes clear from the
parity plots in Figure 2-6, which shows the comparison of the experimental
data to the Duesterberg model and the new model.
The model prediction has also been compared to the experimental data
presented in Figure 2-3 and is shown in the appendix. It can be concluded that
the slope of the second part of the reaction can generally be estimated by the
model. The initial decrease in formic acid concentration is more difficult to
predict.
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The data reported here appear to support the assumption that the formation
of ferric-complexes influences the oxidation rate of formic acid in both the
Fe(II)/H2O2 and Fe(III)/H2O2 reaction. In the Fe(II)/H2O2 system, the iron
reacts with hydrogen peroxide thereby forming •OH radicals (reaction 1),
which react with formic acid (reaction 10). The •OOH radicals formed in
reaction 10 react with Fe(III) and regenerate Fe(II) (reaction 4). After the
initial stage of the reaction, the Fe(III) is captured in the ferric-formate
complex and the limiting step is the decomposition of this complex.

Figure 2-6. Parity plot for formic acid oxidation by Fe(II)/H2O2 and Fe(III)/H2O2 for the
Duesterberg model (reactions 1-10, Table 2-1) and our new model (reactions 1-10, 22, 29 and
31, Table 2-1). Conditions: 0.01M Formic acid and 0.001M Fe.

To verify our kinetic model, Duesterberg’s data was compared to our model
(the graphs can be found in the appendix), which reveals that trends can be
predicted reasonably well. It should be mentioned that Duesterberg et al. used
lower concentrations of iron and varied rate constants for reaction 20 and 21
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depending on the formic acid concentration. Furthermore, their model was
solely based on a fit to Fe(II) experiments.

2.4.3 Sensitivity analysis
A sensitivity analysis has been made to show to which extent the reactions in
the suggested kinetic model contribute to the overall oxidation of formic acid
in the Fenton reaction. Our sensitivity analysis evaluates the effect of
increasing a rate constant by a factor 5 on the overall conversion of formic
acid. The conversion of formic acid predicted by our model (using the k-values
given in Table 2-1) is known at different time steps. This conversion could be
influenced by increasing one of the rate constants. The sensitivity analysis
evaluates the percent change in these conversions, which gives information
about the contribution of a reaction to the overall formic acid oxidation in the
model. The results of the sensitivity analysis after 1 minute and after 30
minutes are presented in Figure 2-7 for both the Fe(II)/H2O2 and Fe(III)/H2O2
reaction.

Figure 2-7. Sensitivity analysis for the Fe(II)/H2O2 and Fe(III)/H2O2 reaction at 1 min (left)
and 30 minutes (right). The data bars show the percent change in conversion of formic acid;
describing the difference in conversion of formic acid predicted by the model using the suggested
k-values (as shown in Table 2-1) and the conversion of formic acid predicted of this model with
an increase of one of the rate constant by a factor 5.

For the Fe(II)/H2O2 reaction, it can be seen that an increase in the kinetic
constants for reactions 3, 5, 6 and the decomposition of the ferric-organic
complex (29f) decrease the formic acid conversion in the first minute of the
reaction. This shows that the reactions between radical species and H2O2 or
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Fe(II) have a negative impact on the overall oxidation of formic acid. In
contrast, the sensitivity analysis shows that reactions 1, 10 and 31 increase
the formic acid conversion in the Fe(II)/H2O2 reaction significantly in the first
minute of the reaction. Reaction 1 and 10 describe the formation •OH radical
and reaction between an •OH radical and formic acid. The effect of reaction
31 can be explained by the fact the ferric-organic complex either decomposes
to form Fe(III) (reaction 29f), or reacts with an •OOH radical to form Fe(II)
(reaction 31). An increase in formic acid oxidation is observed for reaction 31,
which directly regenerates Fe(II). In the sensitivity analysis of the
Fe(III)/H2O2 reaction, reactions 1 and 2 (Fe(II) regeneration and •OH radical
formation and the decomposition of the ferric-organic complex (29f) mainly
increase the conversion of formic acid in the first minute upon increasing the
rate constants.

Furthermore, an increase is observed for reaction 10 (the

reaction between formic acid and an •OH radical). This could be explained by
the increasing generation of

•

OOH radicals in that reaction which can

regenerate Fe(II) in a consecutive step. The sensitivity analysis after 30
minutes shows that the reactions affecting the conversion of formic acid are
comparable for both Fe(II)/H2O2 and Fe(III)/H2O2.
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2.5

Conclusions

The oxidation of formic acid in the Fenton reaction at industrial relevant
conditions shows a fast initial decrease, which is not observed in the
Fenton-like reaction. This fast initial decrease is probably related to the fast
regeneration of Fe(II) by the reaction of an •OOH radical (formed in the formic
acid oxidation) and Fe(III).

After the initial phase (1-2 minutes) a more

gradual decrease is observed that is more comparable for the Fenton and
Fenton-like reaction, which is clearly affected by H2O2 concentration and
temperature. The distinct differences in reaction rates could not be predicted
by models proposed in literature for the oxidation of formic acid in the Fenton
reaction. The absorbance spectra of the reaction solutions indicate that iron
complexes are formed during the Fe(II)/H2O2 experiment while the spectra
suggest that these iron complexes are present from the start in the
Fe(III)/H2O2 experiment. Including these ferric complexes in the kinetic model
improved the fit to the experimental data, which gives a better prediction for
formic acid oxidation closer to industrial conditions. These findings contribute
to the development of Fenton processes at an industrial scale. Especially, the
fast initial formic acid removal makes it possible to remove a significant
fraction of the formic acid in a very short time with limited iron use and
stoichiometric amounts of H2O2. In this way, the use of big reactors with long
residence times can be avoided. A simple addition to the wastewater pipeline
might already be sufficient. To increase the total amount of formic acid
oxidation one could consider installing multiple addition points for Fe(II) and
H2O2. It is not unlikely that a similar mechanism can be used for the rapid
oxidation of other organic molecules.
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CHAPTER
THREE
Kinetics and mass transfer in
formic acid and formate oxidation
on boron doped diamond

Chapter 3

Abstract
This chapter describes the electrochemical oxidation of formic acid (pH 2) and
formate (pH 6 and pH 10) on boron doped diamond electrodes and separates
kinetic and mass transfer information using rotating disk electrodes and flow
cell experiments. The voltammetry experiments show that the oxidation of
formic acid and formate takes place before water oxidation, which indicates
that the oxidation takes place via a direct electron transfer (DET) mechanism.
The current densities measured in the linear sweep voltammograms were in
line with the expected limiting current densities confirming mass transfer
limitations. During chrono-amperometry experiments current densities were
significantly lower, indicating a decrease in the kinetic rates. This is probably
related to a surface modification at the electrode. This modification is
reversible as bringing the electrode to low potentials restores the activity. The
stable currents observed in the chronoamperometry experiments in the region
before water oxidation indicate that there is probably a second DET
mechanism, which has a much higher overpotential and a different pH
dependency than the first DET mechanism. Koutecky-Levich plots showed
clear mixed kinetic and mass transfer control and were used to deduce the
Tafel slopes of this second mechanism. The observed high Tafel slopes of 240
300 mV dec-1 are in line with values reported for other reactions on BDD.
Experiments in a parallel plate electrolyser show that the current efficiency is
approximately 100% at 2.3 V (vs Ag/AgCl) for all pHs. At higher potentials
current efficiency decreases due to the water oxidation. Interestingly at these
potentials the formic acid oxidation exceeds the limiting current density,
possibly related to the diffusion of •OH radicals or other oxidation mediators
to the bulk solution or the formation of oxygen bubbles on the electrode.
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3.1

Introduction

Electrochemical oxidation is a promising water purification technology for
waste streams. The use of boron doped diamond (BDD) electrodes in these
electrochemical oxidation processes is attracting increasing interest due to its
unique properties such as a wide potential window and a high anodic
stability.[1] In addition, it has been shown that organics such as carboxylic
acids can oxidize completely to CO2 on BDD electrodes with high current
efficiencies up to 90%.[2][3] In this chapter we focus on the oxidation of one of
these carboxylic acids, namely formic acid.
To use BDD electrodes in wastewater treatment processes on an industrial
scale, it is important to understand both the kinetic and mass transfer
limitations of the different reactions at the electrode. The existence of mass
transfer limitations has been indicated by various authors for the oxidation of
formic acid on BDD.[3]–[5] However, most research on the electrochemical
oxidation of formic acid on BDD has been carried out in a conventional three
electrode setup

[6]–[8]

rather than using rotational disk electrodes (RDE) or flow

cells. Therefore, there is still a need for a detailed study on these mass transfer
effects, combined with a study on the kinetic limitations. Hence, the aim of
our work is to study the oxidation of formic acid and formate with a focus on
both kinetic and mass transfer limitations. The first indications of mass
transfer limitations can be found in voltammetry experiments from literature,
where some studies observe a (pseudo-)plateau in the cyclic voltammogram
close to the oxygen evolution region in the presence of formic acid.[3][6][7] The
height of this plateau increases linearly with the formic acid concentration,
which could be an indication for mass transfer limitations.
The oxidation of organics on BDD has been shown to take place by
•

OH radicals formed via water oxidation or by a direct electron transfer

(DET) mechanism.[9] A DET mechanism has been previously reported for
phenol,[10] oxalic acid

[11]

and formic acid

[12]

oxidation on BDD based on the

observation that the compounds can be oxidized prior to the occurrence of
water oxidation.
Apart from the DET route formic acid can potentially also be oxidized via
•

OH radicals. It is generally accepted that these hydroxyl radicals can be
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generated on boron doped diamond electrodes at potentials close to oxygen
evolution. However, literature is inconsistent whether these hydroxyl radicals
are adsorbed at the electrode surface

[13]

or appear as free hydroxyl radicals

(proven for example by means of spin trapping techniques or the formation of
H2O2 [14][15]). In the latter case, there has been some controversy surrounding
the reaction zone of the free hydroxyl radicals. A few suggest that these free
hydroxyl radicals react in the bulk of the solution.[3] Others speculate that
these radicals react in a region close to the anode surface (<20 nm), [16][17] which
means that reactions with hydroxyl radicals can be neglected in the bulk of
the solution.[4] In general, most studies assume that the hydroxyl radicals react
on the surface or close to the surface of the electrode, meaning that mass
transfer of formic acids towards the electrode can still be rate limiting.
Deconvolution of kinetic and mass transfer contributions also gives valuable
information on the kinetics as it allows determination of overpotentials and
construction of Tafel plots. High Tafel slopes ranging from 120 to 500 mV dec-1
have been reported for the oxygen evolution reaction (OER) on BDD.[18]–[21]
Similar values have been reported for the oxidation of formaldehyde and oxalic
acid oxidation on BDD.[22][23] These unusual high Tafel slopes were attributed
to the semiconductor behavior at the electrode or electrode surface blockage
by bubbles and/or oxygen species. [18][20][21]
This chapter examines the electrochemical oxidation of formic acid and
formate on BDD electrodes using different electrochemical techniques, in
which mass transfer is well defined (i.e. rotating disk electrodes and a divided
flow cell). Moreover, the study investigates the current efficiency at different
potentials where the formic acid oxidation overlaps the oxygen evolution peak.
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3.2

Materials and methods

3.2.1 Materials
The following chemicals were used as received: formic acid (99-100%, VWR
chemicals), sodium sulphate (99.8%, VWR chemicals), sodium dihydrogen
phosphate (100%, VWR), di-sodium hydrogen phosphate (99.5%, VWR
chemicals), sulfuric acid (95-97%, Merck) sodium borate (99%, Sigma Aldrich)
and sodium hydroxide (Merck).

3.2.2 Methods
All electrochemical measurements were performed using a potentiostat
(Autolab PGSTAT 30, Metrohm) and an Ag/AgCl reference electrode
(Qm713X, Prosense).
The electrochemical measurements using rotating disk electrodes were
performed

with

an

electrode

rotator

(MSR,

Pine

research

instrumentation Inc.). The working electrode was a boron doped diamond disk
(DIACHEM®, Condias) with a diameter of 5 mm and a platinum mesh
(8.0∙3.0 cm) was used as counter electrode.
A two compartment flow cell (Micro Flow Cell, Electrocell) has been used for
cyclic

voltammetry

and

chrono-amperometry. Boron doped diamond

(DIACHEM®, Condias) and nickel were used as working and counter electrode
respectively. The dimensions of both the electrodes was 9.5·4.6 cm, whereof
a rectangular of 10 cm2 was in contact with the solution. The inter electrode
gap was 8 mm. A Nafion 117 membrane (Electrocell) separated the catholyte
from the anolyte part of the cell. The electrolytes were stored in two vessels
(150 mL) and recirculated through the reactor by means of peristaltic and gear
pumps. The reference electrode was connected to the flow path of the
electrolyser to minimize the ohmic drop.
Samples of 1.5 mL were taken at set intervals to analyze the concentration of
formate or formic acid using high-performance liquid chromatography with a
Shimadzu shim-pack C18 column (250 ∙ 3.0mm, 5µm) equipped with a

pre-column. H3PO4 (0.01M) was used as mobile phase, with a flow rate of
0.5 mL min-1. The injection volume was set to 5 μL.
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The current efficiencies of the chrono-amperometry experiments were
calculated using the currents densities measured in the experiments and the
concentrations of formic acid or formate determined using HPLC, assuming a
2-electron transfer in the oxidation of formic acid or formate to CO2.
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3.3

Results and discussion

Figure 3-1 shows the linear sweep voltammograms (LSV) of the oxidation of
formic acid (pH 2) and formate (pH 6 and pH 10) on rotating disk electrodes
(RDE) at different rotation rates. A (pseudo-)plateau close to the oxygen
evolution region is observed in the presence of formate and formic acid around
2.2V (vs Ag/AgCl). The height of these plateaus increases for higher rotational
rates, which is more pronounced at pH 6 and 10. Previous research indicated
that the plateau height is proportional to the formic acid concentration,[3][7]
which is an indication for mass transfer limitations. Our results confirm this
by showing that an increase in rotation rate and therefore in mass transfer
results in a higher current density of the plateau. The plateau heights at pH 6
and 10 are in line with the theoretical limiting current densities for a RDE
based

on

the

reported

diffusion

coefficient

of

sodium

formate

of

1.39∙10 m s .
-9

2 -1 [24]

Figure 3-1. Linear sweep voltammetry of 0.005M formic acid, pH 2(left) and formate, pH 6
(center) and pH 10 (right) on rotating BDD electrodes (0.2 cm2) at various rotational speeds.
Scan rate: 0.05V s-1. Conditions pH 2: 0.5M Na2SO4 + H2SO4, pH 6: 0.4M Na2SO4, 0.1M
NaH2PO4 and Na2HPO4 and pH 10: 0.025M Na2B4O7 + NaOH + 0.5M Na2SO4.

A similar effect of flowrate on the plateau height is observed in the parallel
plate flow cell (results are available in the appendix). The results clearly show
that the depicted formate oxidation occurs via a DET mechanism, since it
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occurs well ahead of the oxygen evolution peak by a difference of over 300 mV
for pH 6 and pH 10.
Figure 3-2 shows the cyclic voltammograms (CVs) in presence of formic acid
(pH 2) and formate (pH 6 and 10). It can be seen that the current density of
the forward plateau is not reached in the backward scan. Normally the
backward scan should reach the same current density in a mass transfer
limited reaction. This indicates a decreasing reactivity of the electrode surface,
which results in slower kinetics and consequently, the reaction is no longer
solely limited by mass transfer.

Figure 3-2. Cyclic voltammetry of 0.005M formic acid and formate on rotating BDD electrodes
(0.2 cm2) at 200 RPM. Scan rate: 0.05 V s- 1. The inset shows a zoom-in of the CVs. Conditions
pH 2: 0.5M Na2SO4 + H2SO4 or pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4 and pH 10:
0.025M Na2B4O7 + NaOH + 0.5M Na2SO4.

This is further corroborated by Figure 3-3, where the LSV directly followed
by a chrono-amperometry experiment is shown. For LSVs up to 1.75 and 2.0V
the following chrono-amperometry experiment shows that the current density
strongly decreases, a clear indication of a decreasing reactivity as a result of
an electrode surface modification.

A lower decrease is seen for the

chrono-amperometry experiment at 2.2V, which seems to reach a stable
current density that is somewhat lower than the theoretically limiting current
density, suggesting mixed kinetic and mass transfer control.
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Figure 3-3. Linear sweep voltammetry up to 1.75, 2.00 or 2.25V vs Ag/AgCl (indicated by
different colors) directly followed by chrono-amperometry at the stop potential of the LSV.
Oxidation of 0.005M formate on rotating BDD electrodes (0.2 cm2) at 200 RPM. Scan rate:
0.05V s-1. Conditions: pH 6 (0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4).

For all pHs the original activity of the surface could be regenerated by
scanning back to 0V. The back scan to 0.5V shows partly regeneration of the
surface. Scanning back to higher potentials did not regenerate the electrode
surface, as shown in Figure 3-4 for formate oxidation at pH 6 (results of pH 2
and 10 are shown in the appendix). This implies that the observed deactivation
is reversible and suggests that a reduced BDD surface is much more reactive
towards formate and formic acid oxidation than an oxidized surface.
The decreasing reactivity of the electrode at high potentials can most probably
be attributed to the presence of different functional groups on the electrode
surface, which have shown to significantly affect the charge transfer of the
DET.[9] A clear distinction can be made between as-deposited BDD being
hydrogen terminated and oxygenated BDD. The latter consists of a wide
range of functional groups, e.g. hydroxyl, carbonyl and carboxyl groups.[25]–[27]
It has been suggested that further oxidation of these oxygenated groups could
generate carbon radicals and deprotonated hydroxyl radicals, which could be
the active sites on the surface.[28] The oxygenated groups on the surface have
shown to affect the oxidation of species with a negative charge such as
Fe(CN)64− and IrCl63−.[29] In addition to these inorganic species, a decrease in
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electrode activity has been observed for oxalic acid and ascorbic acid oxidation
on oxygenated BDD.[11][30] It is therefore hypothesized that a similar effect
related to the surface modification of oxygenated groups is causing the lower
reactivity of formic acid and formate oxidation. Our results suggest the
existence of different surface groups that show a clear potential dependency.
This change in functional groups as a function of the potential has also been
highlighted in other studies.[31][32] Furthermore, the regeneration of the surface
by scanning back to 0V suggest a reduction of the oxygenated surface. This
has for example been shown in the work of

Notsu et al., describing the

reduction of carbonyl groups on BDD to hydroxyl groups.[30]

Figure 3-4. Cyclic voltammetry of 0.005M formate on rotating BDD electrodes (0.2 cm2) at
200 RPM. All voltammograms have the same forward scan, starting at 0V to 2.4V vs Ag/AgCl
(first scan). The end point of the back scan (and thus the starting point of the second scan)
differs for the datasets: 0, 0.5, 1.0 and 1.5V. Scan rate: 0.05V s-1. Condition: pH 6 (0.4M
Na2SO4, 0.1M NaH2PO4 and Na2HPO4).

The exact mechanism for formic acid and formate oxidation in the DET region
remains unclear, which makes it difficult to further speculate on what surface
groups are key in the DET with formic acid. The oxidation of formic acid with
•OH

radicals on BDD has been suggested to proceed via the H-abstraction of

the formyl, with the remaining COOH reacting further to CO2 .[33] However, at
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the potentials we are looking at, •OH radicals are not yet expected to form.
In comparison, the oxidation of formic acid on platinum can proceed via an
indirect mechanism (involving adsorption of CO on the surface) or a direct
pathway.[34] The latter involves either intermediates such as (bridge-bonded)
formate or proceeds via a weakly adsorbed precursor.[35] However, since the
interaction of BDD with components is much less strong than platinum, it is
unlikely that a similar mechanism occurs on BDD. An interesting observation
is that the DET mechanism seems to show a strong pH dependence with lower
overpotentials for pH 6 and pH 10 compared to pH 2. This suggests that the
observed DET mechanism is enhanced by an alkaline environment or that
formate reacts easier than formic acid.
Despite the lower activity observed in the chrono-amperometry experiments
shown in Figure 3-3, stable current densities are observed that are still
significantly higher than currents observed in the absence of formic acid. This
means that the formic acid oxidation still occurs prior to the oxygen evolution
and •OH radical formation. Therefore, it seems that a second DET mechanism
is occurring. This second DET mechanism has a much higher overpotential
than the first mechanism but does not suffer from deactivation. The differences
in overpotential of these mechanisms can be illustrated by comparing the
current density observed in the LSVs to the chrono-amperometry experiments.
For example, the current density observed in the oxidation of formate at pH 6
at 1.900V in the LSV is 18.9 Am-2, whereas a similar current density in the
chrono-amperometry experiments is reached at 2.225V, which gives a
significant difference of 325mV.
To investigate the mass transfer limitations for the second DET mechanism
in the potential region 2.25-2.35V, chrono-amperometry experiments were
performed using rotating disk electrodes. Potentials above 2.35 V were not
included because of the interference with water oxidation at these potentials,
which will be shown in the chrono-amperometry experiments discussed in later
sections.

Figure 3-5 presents the results of these experiments in a

Koutecky-Levich plot. The given trendlines are based on the diffusion
coefficients obtained from literature for formic acid (1.52∙10-9 m2 s-1)[36] and
sodium formate (1.39∙10- 9 m2 s-1)[24]. Whereas these trend lines for formate
(both pH 6 and pH 10) give a reasonably fit with the experimental data, the
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trend lines do no match the experimental data for formic acid (pH 2). Possibly
this is related to the inaccuracy of the measurements, which is significant at
pH 2. Regarding the oxidation of formate at pH 6 and pH 10, it can be seen
that the oxidation of formate in the region of 2.3V is under mixed control.

Figure 3-5. Koutecky-Levich plots for the oxidation of formic acid, pH 2 (left) and formate, pH 6
(center) and pH 10 (right) on BDD RDE electrodes (0.2 cm2). The currents have been obtained
from chrono-amperometric measurements (the data points at 115 seconds were used in these plots).
Conditions pH 2: 0.5M Na2SO4 + H2SO4 or pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4 and
pH 10: 0.025M Na2B4O7 + NaOH + 0.5M Na2SO4.

The Koutecky-Levich plots were used to construct the Tafel plots presented
in Figure 3-6. The corresponding Tafel slopes are 236 mV dec-1, 244 mV dec-1
and 308 mV dec-1 for pH 2, 6 and 10 respectively, which is in agreement with
previously reported Tafel slopes on BDD electrodes.[18][19] These results
indicate that the first electron transfer is rate limiting and the anodic transfer
coefficient is significantly below 0.5. For example, anodic transfer coefficients
on BDD for oxygen evolution of 0.14 and 0.25 have been suggested in
literature.[18][37] It is interesting to note that this second DET mechanism
(observed for the potentials in the Tafel plot) has a weaker pH dependence
than to the first mechanism. This suggests that the reaction mechanism is
clearly different.
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Figure 3-6. Tafel plots for the oxidation of formic acid (pH 2 □) and formate (pH 6 ◊ and

pH 10 ○) on BDD electrodes (0.2 cm2). Data points have been obtained from the extrapolation
to the y-axis of the datasets in the Koutecky-Levich plot. Conditions pH 2: 0.5M Na2SO4 +

H2SO4 or pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4 and pH 10: 0.025M Na2B4O7 +
NaOH + 0.5M Na2SO4.

In addition to the RDE experiments, chrono-amperometry experiments were
performed in a parallel plate flow cell at different potentials (2.3 to 2.6V).
Figure 3-7 shows the decrease in formic acid (pH 2) and formate (pH 6 and
pH 10) concentration as function of potential. The current densities measured
in these experiments are shown in Figure 3-8, which are in good agreement
with the current densities observed in the chronoamperometry RDE
experiments for the second DET mechanism. Furthermore, Figure 3-8 lists the
current densities that can be ascribed to the formic acid or formate oxidation.
These were calculated from the experimentally observed decrease in formic
acid and formate concentration. These numbers were also used to calculate
the current efficiencies for formic acid and formate oxidation, which can be
seen in Figure 3-8.
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Figure 3-7. Oxidation of formic acid, pH 2 (left) and formate pH 6 (center) and pH 10 (right)
on BDD electrode (10 cm2) at various potentials vs Ag/AgCl. Conditions pH 2: 0.5M Na2SO4
+ H2SO4 or pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4 and pH 10: 0.025M Na2B4O7 +
NaOH + 0.5M Na2SO4. Electrolyte flow rate: 20 L h-1.

Figure 3-8. Average current densities (A m-2) during the oxidation of formic acid pH 2 (left)
and formate pH 6 (center) and pH 10 (right) on BDD at various potentials vs Ag/AgCl. The
stacked columns show the current densities that can be ascribed to the oxidation of formic
acid/ formate (white columns) and to the water oxidation (dark columns). The current
densities for the oxidation of formic acid (pH 2) and formate (pH 10) at 2.6V are the averages
based on the time needed to completely oxidize the formic acid or formate (25, and 35 minutes
for pH 2 and pH 10 respectively). The vertically aligned percentages give the calculated current
efficiencies for formic acid/formate oxidation. Conditions pH 2: 0.5M Na2SO4 + H2SO4 or pH 6:
0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4. Electrolyte flow rate: 20 L h-1.
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The results show that at 2.3V the current efficiency for formic acid oxidation
is close to 100% for all pH levels. At higher potentials the current efficiency
for formic acid oxidation decreases, which can be explained by the fact that
the formic acid oxidation becomes mass transfer limited and starts to overlap
with water oxidation.
The theoretical limiting current densities for the parallel plate electrolyser
used in this study can were determined using the Sherwood correlation shown
in Equation 3-1

[38]

and are listed in Table 3-1.

𝑆𝑆ℎ = 1.05 𝑅𝑅𝑅𝑅 0.44 𝑆𝑆𝑆𝑆 0.33

Eq. 3-1

Sh, Re and Sc are the dimensionless Sherwood number, Reynolds number and
Schmidt number respectively.
Table 3-1. Calculated limiting current densities for the oxidation of formic acid and formate at
BDD electrodes (10 cm2) in a parallel plate reactor. The concentration shown is the formic acid
or formate concentration at the beginning of the experiment at 2.3V, which varies slightly for the
different experiments. Variables: flow rate: 20 L h-1 and number of electrons: 2.
Compound

Diffusion
coefficient
(m2 s-1)

Reynolds
number
(-)

Sherwood
number
(-)

Concentration
2.3V (mM)

Limiting current
density (A m-2)

t=0

t=45

t=0

t=45

Formic acid
(pH 2)

1.52 ∙ 10-9

259

108

5.8

5.3

25.8

23.6

Formate
(pH 6)

1.39 ∙ 10-9

259

111

5.2,

2.9

21.6

12.2

Formate
(pH 10)

1.39 ∙ 10-9

259

111

5.8

4.0

25.8

16.8

[36]

[24]

[24]

It can be seen that the observed current density at 2.3V at pH 6 and 10 are
relatively close to the theoretical current density, which suggests that the
reaction is predominantly limited by mass transfer. This is in line with our
observations in the Koutecky-Levich plots in Figure 3-5, also taking into
account that the mass transfer in a parallel plate cell is poorer than in a RDE.
The observed current density at pH 2 is lower compared to the theoretical
current density, which can be attributed to the slower kinetics at pH 2.
Interestingly, at higher potentials the deduced current densities for formate
oxidation in Figure 3-8 significantly exceed the theoretical current densities.
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This means that the observed oxidation rates are higher than what is
theoretically possible based on the mass transfer correlation for the parallel
plate setup. These higher oxidation rates observed could be explained by 1)
diffusion of •OH radicals to the bulk of the solution or 2) an increased mixing
effect induced by the oxygen bubbles formed at higher potentials. Previous
research has established that the generation of bubbles at the electrode surface
can significantly enhance mass transfer by affecting the boundary layer near
the anode.[40]–[42] We attempted to calculate the effect of these bubbles on the
limiting current density using available mass transfer correlations,[43][44]
however the calculated values were significantly lower than the experimentally
observed values. It should be noted that most studies focus on the effect of
gas evolution at the counter electrode on the mass transfer of the working
electrode

[43][44]

convection.

[41]

and/or the mass transfer effect in the absence of forced

To the best of our knowledge, the effect of bubble generation in

a side reaction at the same electrode on the desired organic oxidation has not
been reported.
On the other hand, the faster oxidation of formic acid (pH 2) at 2.5V and 2.6V
cannot solely be attributed to the effect of oxygen bubbles, because the oxygen
evolution is lower at pH 2 compared to pH 6 and 10 while the formic acid
oxidation is faster at pH 2. This indicates that there is likely also a significant
influence of •OH radicals, most probably taking place at higher potentials. In
this light it is interesting to note that at low potentials slow kinetics are
observed for formic acid oxidation at pH 2, whereas at higher potentials the
oxidation of formic acid is faster compared to formate oxidation at pH 6 and
pH 10. It has been suggested that the formation of
dependent and more profound in acidic media.

[45][46]

•

•

OH radicals is pH

The faster generation of

OH radicals at lower pH and the diffusion of these •OH radicals to the bulk

of the solution might explain the higher oxidation rates observed for formic
acid at 2.5V and 2.6V. Therefore we can conclude that •OH radicals probably
play an important role at high potentials. Nevertheless, this does not exclude
O2 bubbles from also playing a role.
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3.4

Conclusions

The results presented in this work suggest the existence of two direct electron
transfer (DET) mechanisms for formic acid and formate oxidation on boron
doped diamond. The voltammograms of formic acid and formate oxidation
show clear plateaus, which can be related to the oxidation by the 1st DET
mechanism. Fast deactivation was observed for this mechanism, which was
shown to be reversible by scanning back to 0V. The second DET occurs at
higher overpotentials and was found to be more stable compared to the first
mechanism. The high Tafel slopes for formic acid and formate oxidation in
this region were in line with the previously reported values for oxidation on
BDD. The chrono-amperometry experiments performed in the parallel plate
in this region show that formic acid and formate can be selectivity oxidized on
BDD at rates close to the mass transfer limited values by selecting the optimal
potential (2.3V vs Ag/AgCl). We also found some indications that water
oxidation at higher potentials can increase the oxidation rate of the formic
acid and formate to values exceeding the mass transfer limited value. Possible
reasons are enhanced mass transfer by oxygen bubble formation at the
electrode or the diffusion of •OH radicals to the bulk of the solution. In the
context of industrial implementation of these processes it is crucial to find
other ways to improve mass transfer, such as the use of 3D electrodes.
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CHAPTER
FOUR
Electrochemical oxidation of C1 and C2
carboxylic acids on boron doped diamond:
mass transfer and current efficiency

Chapter 4

Abstract
The oxidation of acetic, glycolic, glyoxylic, oxalic and formic acid has been
studied on boron doped diamond electrodes. Our voltammetry study on
rotating disk electrodes shows that there was no difference between the water
oxidation and acetic oxidation suggesting that acetic acid can only be oxidized
via

•

OH radicals. In contrast, an increased current density before water

oxidation was observed for the other carboxylic acids studied, which suggest
that these compounds react via a direct electron transfer mechanism.
Chrono-amperometry experiments were performed in a flow reactor to
investigate the formation of intermediates and the current efficiency as
function of potential. As expected, no intermediates were detected in the
oxidation of formic and oxalic, which are 2-electron transfers to CO2. We found
that oxalic acid is the main intermediate formed in the oxidation of glycolic
and glyoxylic acid and small amounts of formic acid were detected in the
oxidation of glycolic acid at 2.5V (vs Ag/AgCl). Surprisingly, glyoxylic acid
could not be detected as an intermediate in the glycolic acid oxidation. The
observed selectivities towards oxalic acid in the glyoxylic (31-51%) acid and
glycolic acid (28-51%) oxidation suggest that these compounds further oxidize
to CO2, which could be confirmed by the electron balances. High current
efficiencies were observed for all carboxylic acids at 2.3V, whereas at higher
potentials (2.4V and 2.5V) simultaneous water electrolysis results in lower
current efficiencies. Finally, the mass transfer effects in the oxidation of the
carboxylic acids were studied. The selective oxidation at 2.3V takes place
below (formic and acetic acid) or close to (oxalic, glycolic and glyoxylic acid)
the mass transfer limitations. At higher potentials the conversion rates
exceeded the mass transfer limiting rates, which might be attributed to effects
related to water oxidation (i.e. O2 evolution and •OH radical formation).
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4.1

Introduction

The purification of wastewater in the chemical industry is important to ensure
future availability of clean water. The removal of organics from waste streams
has been reported for many toxic compounds such as phenol, 4-chlorophenol
and benzene.[1]–[3] The final stage of these processes is often the oxidation of
carboxylic acids to CO2. For example, C1 and C2 carboxylic acids have been
found as end-products and/or (accumulating) intermediates in electrochemical
and wet air oxidation processes.[3]–[5] Electrochemical oxidation on boron doped
diamond (BDD) electrodes has shown to be an effective method to oxidize
carboxylic acids.[6][7] BDD electrodes have been proven to perform better than
more common electrode materials such as platinum, because of characteristics
such as a wide potential window and a high anodic stability.[8] For example,
it has been reported that glycolic acid cannot be completely converted to CO2
on platinum electrodes acid.[9] Given the importance of carboxylic acid removal
in wastewaters it is needed to broaden current knowledge of oxidation
processes on BDD. This work extends the research of the electrochemical
oxidation of carboxylic acids, more specifically the oxidation of acetic, glycolic,
glyoxylic, oxalic and formic acid on boron doped diamond electrodes. An
important research question we want to answer is to see whether it is possible
to oxidize these compounds with a good current efficiency (hence avoiding
water electrolysis), while at the same time being close to mass transfer
limitation. If these two requirements are met, it should be possible to design
the electrochemical oxidation wastewater oxidation process on an industrial
scale.
Different oxidation mechanisms have been reported for the oxidation of
carboxylic acids on BDD. In the region prior to water oxidation, compounds
can react via a direct electron transfer mechanism (DET). This mechanism
has been shown for the oxidation of different compounds, such as phenol,
oxalic acid and formic acid.[10]–[12] It has been shown that carboxylic acids on
BDD can also be oxidized by •OH radicals formed via water oxidation.[6][13][14]
In addition, alternative oxidation mechanisms have been proposed, such as the
oxidation of carboxylic acids by (radical) species formed in the oxidation of
sulphate.[7][15]
69

Chapter 4

The electrochemical oxidation of formic on BDD electrodes has been shown
by several studies by means of cyclic voltammetry. In the presence of formic
acid a (pseudo-)plateau was observed close to the oxygen evolution
region

[16]-[18]

indicating mass transfer limitations. In the previous chapter we

showed that the reaction slows down during the oxidation process, as
evidenced with chrono-amperometry experiments. This difference was
attributed to a surface modification at the electrode. Furthermore, we found
that

formic

acid

and

formate

can

be

selectively

oxidized

in

a

chrono-amperometry experiment with a current efficiency of ~100% at 2.3V
vs Ag/AgCl while being almost completely mass transfer limited.
Oxalic acid showed an increased current before oxygen evolution,[6][7] but, no
apparent plateau. These studies further showed low current efficiencies
(<35%) for the oxidation of oxalic acid in galvanostatic experiments.[6][7] No
intermediates have been found in the oxidation of formic and oxalic acid. It is
generally accepted that oxalic acid and formic acid react in a 2-electron
oxidation to CO2.[7][12][19][20]
In the oxidation of glyoxylic and glycolic acid the formation of intermediates
should be taken into account to evaluate the efficiency of the process. A
number of studies suggest that photo-degradation, enzymatic and/or
electrochemical oxidation of glycolic acid yields glyoxylic acid, which further
reacts to oxalic and formic acid and ultimately to CO2.[21]–[25] Figure 4-1 depicts
this suggested reaction mechanism. The overall reactions of glyoxylic acid and
glycolic towards CO2 are oxidations that involve 4 and 6 electron transfers
respectively. To our knowledge, no cyclic voltammetry of glyoxylic acid and
glycolic acid on boron doped diamond has been reported.
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Figure 4-1. Oxidation pathway of glycolic acid based on reaction mechanisms suggested in
literature.[21]–[24]

A larger number of intermediates has been reported in the oxidation of acetic
acid. Kapalka et al suggested that the oxidation of acetic acid proceeds via
the formation of methanol, methyl acetate and ethane. This suggested reaction
mechanism is based on a DEMS study

[26]

and is shown in Figure 4-2. The

main product was found to be CO2, which is an 8-electron oxidation from
acetic acid. Additionally, the formation of formic acid was suggested despite
the fact that the DEMS study was unable to detect it.[26] Gandini et al. found
low amounts of formic acid and traces of oxalic acid during the electrochemical
oxidation of acetic acid on BDD,[14] which has also been suggested by other
authors.[19][20][27] Although these studies did not describe these pathways in
detail, others have shown that methanol oxidation proceeds via formic acid
towards CO2 on electrodes such as PtRu and gold.[28]–[30] These steps have been
added to the reaction pathway in Figure 4-2. The galvanostatic oxidation of
acetic acid on BDD has shown to be slower in comparison to formic and oxalic
acid.[6] Voltammetry studies showed that no peak is observed before the water
oxidation region in the presence of acetic acid.[6][31]
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Figure 4-2. Oxidation pathway of acetic acid, based on reaction mechanisms suggested in
literature.[14][26][28]–[30]

Although reaction mechanisms for the oxidation of these C1 and C2 carboxylic
acids have been suggested in literature and galvanostatic electrolysis has
shown some intermediate formation during the scope of the reaction, there is
still considerable ambiguity with regard to the selectivity and intermediate
formation in the oxidation of carboxylic acids at different potentials. Also,
there has been limited research on the effect of mass transfer. This chapter
investigates the oxidation of acetic, glycolic, glyoxylic, oxalic and formic acid
on BDD and aims to further elucidate the reaction pathways. In contrast to
previously reported work on the oxidation of carboxylic acids on BDD, this
study describes the oxidation on rotating disk electrode experiments and
chrono-amperometry experiments in a two-compartment flow cell. Both setups
were used because of the well-defined mass transfer.
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4.2

Materials and methods

4.2.1 Materials
The following chemicals were used without further purification: formic acid
(99-100%, VWR chemicals), oxalic acid (Acros organics, 98%), acetic acid
(Sigma Aldrich, 100%), sodium sulphate (99.8%, VWR chemicals), glycolic
acid (Alfa Aesar, 98%), glyoxylic acid solution (50% solution in water, Merck),
sulphuric acid (95-97%, Merck) sodium phosphate dibasic (≥99.5%, VWR),
sodium phosphate monobasic (100%, VWR), sodium hydroxide (0.1M, Merck)
and methylacetate (Alfa Aesar, 99%).

4.2.2 Methods
Buffer solutions of 0.5M Na2SO4 were prepared and adjusted to pH 2 by the
addition of sulphuric acid. The starting concentration of the carboxylic acids
was 5 mM. All experiments were performed at room temperature.
An Autolab PGSTAT 30 potentiostat was used for the electrochemical
measurements. All experiments were performed with an Ag/AgCl reference
electrode (Qm713X, Prosense).
Experiments were performed with an electrode rotator (MSR, Pine research
instrumentation Inc.) and rotating disk electrodes (E4TQ change disk Tip,
Pine research instrumentation). The rotation rate of the electrode was varied
between 50 and 1800 RPM. A boron doped diamond disk (5 mm diameter,
DIACHEM®, Condias) and a platinum mesh (8.0∙3.0 cm) were used as
working and counter electrode respectively. The working volume of the cell
was 70 mL.
A divided flow cell (Micro Flow Cell, Electrocell) was used to perform
chrono-amperometry experiments. The boron doped diamond (DIACHEM®,
Condias) and nickel electrodes were separated by a Nafion 117 membrane
(Electrocell) with an inter electrode gap of 8 mm (4 mm on each side of the
membrane). On both electrodes (9.5∙4.6 cm), a square of 10 cm2 was in contact
with the solution. The anolyte (150 mL, starting volume) and catholyte (130
mL, starting volume) were pumped through the reactor and recirculated to
the vessels using a peristaltic pump for the catholyte side and a gear pump for
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the anolyte side. The reference electrode was connected to the flow path of the
electrolyser to minimize ohmic losses. Samples of 1.5 mL were taken from the
anolyte vessel at 5 minutes intervals.
To determine carboxylic acid concentrations, measurements were performed
with high-performance liquid chromatography (HPLC) using a Shimadzu
shim-pack C18 column (250∙3.0mm, 5µm) equipped with a pre-column. The
temperature was 60 °C, the injection volume was 1 μL for oxalic acid and 5
μL for acetic, glyoclic and formic carboxylic acids. The flow rate of the mobile
phase (0.01M H3PO4) was 0.5 mL min-1. The determination of glyoxylic acid

was performed using a RHM-Monosaccharide H+ (8%, 150∙7.8mm)
Phenonomenex column. A mobile phase of 0.5mM H2SO4 was used (flow rate:
0.8 mL min-1). The oven temperature was set to 70 °C, and 5 μL of each
sample was injected.
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4.3

Data analysis

4.3.1 Conversion, selectivity and yield
The conversion of the carboxylic acids in the chrono-amperometry experiments
was defined as:
𝑋𝑋𝑖𝑖 =

𝑁𝑁𝑖𝑖0 − 𝑁𝑁𝑖𝑖
𝑁𝑁𝑖𝑖0

Equation 4-1

in which Xi is the conversion of compound i, Ni and Ni0 are the number of
moles of compound i (mol) at time t and time t=0 respectively.
The selectivity of the intermediates formed was calculated using:
𝑆𝑆𝑗𝑗 =

𝑁𝑁𝑗𝑗
𝑁𝑁𝑖𝑖0 − 𝑁𝑁𝑖𝑖

Equation 4-2

in which Sj is the selectivity of intermediate j and Nj is the number of moles
of intermediate j (mol) formed.
The selectivity and conversion were used to calculate the yield:
𝑌𝑌𝑗𝑗 = 𝑋𝑋𝑖𝑖 ∙ 𝑆𝑆𝑗𝑗

Equation 4-3

where Yj is the yield of compound j.

4.3.2 Current efficiency
The current efficiency is defined as the charge that is used in the desired
reaction over the total charge:
𝐶𝐶𝐶𝐶 =

𝑞𝑞𝑗𝑗
· 100%
𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡

Equation 4-4

where CE is the current efficiency, qtot is the total charge (coulomb) and qj
charge in the reaction of compound i to j (coulomb). The latter can be
calculated using:
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𝑞𝑞𝑗𝑗 = 𝑁𝑁𝑗𝑗 ∙ 𝑛𝑛𝑗𝑗 ∙ 𝐹𝐹

Equation 4-5

in which F is the Faradays constant (96485 C mol-1) and nj the number of
electrons in the formation of the intermediate.

4.3.3 Mass transfer
To assess the effect of mass transfer on the oxidation of the carboxylic acids,
it was decided to compare the rate of mass transfer towards the electrode and
the conversion rate of the carboxylic acids at the electrode. The mass transfer
rate of the carboxylic acids towards the electrode was calculated using:
𝑀𝑀𝑀𝑀 = 𝑘𝑘𝐿𝐿 �𝑐𝑐𝑖𝑖,𝑏𝑏 − 𝑐𝑐𝑖𝑖,𝑠𝑠 �

Equation 4-6

in which MT is the rate of mass transfer (mol m-2 s-1), kL the mass transfer
coefficient (m s-1) and ci the concentration of the oxidized compound (mol m-3)
in the bulk and surface (subscripts b and s respectively). The bulk
concentration was measured at set intervals (as described in the previous
section). In case of mass transfer limitations, the surface concentration is 0.
The mass transfer coefficient was calculated using:
𝑘𝑘𝐿𝐿 =

𝑆𝑆ℎ 𝐷𝐷
𝑙𝑙

Equation 4-7

in which, Sh is the dimensionless Sherwood number, D the diffusion coefficient
(m2 s-1) and l the characteristic length (m).
The Sherwood correlation below has been established for the Electrocell

[32]

used in this work:
𝑆𝑆ℎ = 1.05 𝑅𝑅𝑅𝑅 0.44 𝑆𝑆𝑆𝑆 0.33

Equation 4-8

where Sh, Re and Sc are the dimensionless Sherwood number, Reynolds
number, Schmidt number respectively.
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The mass transfer rate was compared to the conversion rate that was
normalized to the surface area of the electrode, which was defined as:
𝑟𝑟2 =

𝑚𝑚
𝐴𝐴 𝑡𝑡

Equation 4-9

where r2 is the conversion rate of the starting compound (mol m-2 s-1), m the
number of moles of compound converted (mol), A is the electrode surface (m2)
and t is the time (s).
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4.4

Results and discussion

4.4.1 Formic, oxalic and acetic acid
Figure 4-3 shows the cyclic voltammograms in the presence of formic, oxalic
and acetic acid on a rotating disk BDD electrode at 200 and 1800 RPM. As
we have reported in the previous chapter, for formic acid a pseudo-plateau can
be observed at 2.1V (vs Ag/AgCl), the height of which depends on the
rotational speed. Lower current densities are observed in the case of oxalic
acid, which slightly increase at higher rotational speed. Acetic acid is not
oxidized prior to water oxidation. The results suggest that formic and oxalic
acid are oxidized by a direct electron transfer (DET) mechanism, because
increased current densities are observed prior to water oxidation. It has
previously been suggested that acetic acid cannot be oxidized via the DET
mechanism,[33] which could explain the absence of current density measured
before water oxidation.

Figure 4-3. Cyclic voltammetry in the presence of 5 mM formic acid, oxalic acid and acetic
acid on rotating BDD electrodes (0.2 cm2) at different rotation rates. Scan rate: 0.05V s-1.
Solution: 0.5M Na2SO4 + H2SO4 (pH 2).

It is interesting to note that for formic acid and oxalic acid the current
densities in the backward scan are lower than in the forward scan. In the
previous chapter we have suggested that this decreasing reactivity might be
related to a reversible change in surface groups at higher potentials, which
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influences the oxidation by the DET mechanism. As a result, the current
densities observed in chrono-amperometry experiments are lower than
expected based on the forward scan in the voltammetry experiments.
Figure 4-3 suggests that a similar process could occur for oxalic acid. For acetic
acid this effect is not observed.
The chrono-amperometry experiments of formic, oxalic and acetic acid in a
parallel plate flow reactor at different potentials are shown in Figure 4-4. The
current densities measured in these experiments can be found in the appendix.
At 2.3V vs Ag/AgCl similar conversions are observed for formic and acetic
acid, while the oxidation rate of oxalic acid is slightly higher. This is in
apparent contrast with the cyclic voltammetry experiments where acetic acid
oxidation is much slower and confirms that the oxidation rate of formic acid
and oxalic acid are slowed down during oxidation. This is also in line with the
observed currents, which are lower than in the forward scan in the cyclic
voltammetry. At higher potentials the oxidation rates increase more
significantly for formic and oxalic acid than for acetic acid. These results are
in line with previously reported experiments; for example the galvanostatic
experiments of Aquino de Queiroz et al., who showed that the oxidation of
formic and oxalic acid is faster in comparison to acetic acid oxidation.[6]

Figure 4-4. Oxidation of 5 mM formic, oxalic and acetic on a BDD electrode (10 cm2) in an
Electrocell parallel plate flow cell at various potentials (vs Ag/AgCl): 2.3V (o), 2,4V (◊) and
2.5V (x). Solution: 0.5M Na2SO4 + H2SO4 (pH 2). Electrolyte flow rate: 20 L h-1.
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No intermediates could be detected during the course of the reaction for oxalic,
formic and acetic acid. Based on the reaction mechanism in Figure 4-1 it is
assumed that both formic acid and oxalic acid oxidize directly to CO2 without
the formation of intermediates. Contrary to expectations, no intermediates
were found in the oxidation of acetic acid. It is most likely that in the oxidation
of acetic acid some intermediates are formed that were not found using HPLC.
For instance, according to the DEMS study of Kapalka et al. 43% of the total
current (at 2.65V vs Ag/AgCl) could be attributed to the oxidation of acetic
acid to CO2, whereas the remaining current was ascribed to the formation of
methanol, ethane and methyl acetate (as shown in Figure 4-2). Although in
our work we were capable of detecting methyl acetate in the HPLC, we did
not observe it. This makes the formation of methanol or ethane more likely
(which could not be detected by the HPLC method used).

This can be

supported by the fact that in additional experiments at higher concentrations
(0.2M) of acetic acid, minor amounts of formic acid have been detected (results
can be found in the appendix), which is the product formed in the oxidation
of methanol.
The assumption that the carboxylic acids of interest are completely converted
to CO2 on BDD can be verified by examining the electron balance of the
experiments. Figure 4-5 relates the electrical charge passed based on the
measured current density and time with the conversion of the reactant
multiplied by Faraday’s constant. The slope of the graph is equal to the
number of electrons per molecule of reactant converted.
It can be seen that in the oxidation of oxalic and formic acid at 2.3 V ~2
electrons are used, which is equal to the number of electrons needed for the
conversion to CO2. This implies that oxalic acid and formic acid are selectively
oxidized to CO2 and that water oxidation does not yet occur at a significant
rate, which means that the current efficiencies are close to 100%. Higher
numbers of electrons are observed in the oxidation at 2.4V and 2.5V, which
can be explained by concurrent water oxidation. At these potentials the
current efficiencies decrease significantly to respectively 61.6% and 22.3% for
formic acid and 36.4% and 15.2% for oxalic acid.
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Figure 4-5. Charge passed based on Faradays law (q = m·F) versus the electrical charge
passed (q = i·t). The amount of mol oxidized (m) is based on the measured degradation of
the carboxylic acid. Data based on oxidation of 5 mM formic, oxalic and acetic acid on a BDD
electrode (10 cm2) in an Electrocell at different potentials (vs Ag/AgCl): 2.3V (o), 2.4V (∆)
and 2.5V (◊). Solution: 0.5M Na2SO4 + H2SO4 (pH 2). Electrolyte flow rate: 20 L h-1.

Although the oxidation of acetic acid to CO2 is an 8-electron reaction,
Figure 4-5 suggests that only 2 electrons are involved per acetic acid molecule
in the oxidation reaction at 2.3V. As suggested before this is probably due to
intermediates that are formed, but were not be detected. The reaction
mechanism in Figure 4-2, suggests that these 2 electrons could lead to the
formation of methyl acetate, ethane or methanol. Given that methyl acetate
was not formed, its most likely that ethane or methanol are formed according
to:
2 CH3COOH  C2H6 + 2 CO2 + 2e- + 2H+
CH3COOH + H2O  CH3OH + CO2 + 2H+ + 2e-.

The increasing numbers of electrons at higher potentials could be related to
the formation of more intermediates or full oxidation to CO2. However, the
numbers of electron observed at 2.4V (8.7) and 2.5V (27.4) are higher than
the number of electrons required in the oxidation of acetic acid to CO2 (8),
which shows that (significant) water oxidation should be considered at these
potentials. We can therefore not conclude whether full oxidation of acetic acid
to CO2 takes place or not.
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An important aspect that needs to be considered in electrochemical
experiments is the effect of mass transfer, which is generally evaluated by
calculating the limiting current density. This calculation requires a number
of electrons that is involved in the oxidation of each carboxylic acid. This is
possible for formic and oxalic acid, which react in 2-electron transfers to CO2,
as shown in the previous paragraph. However, for acetic, glyoxylic and glycolic
acid (which are discussed in the next section), the formation of intermediates
complicates the calculation of the limiting current density. It has therefore
been decided to compare the limiting transfer rate of the carboxylic acids to
the electrode (Equation 4-6) to the conversion rate (Equation 4-9).
Figure 4-6 shows the comparison of the limiting mass transfer rate to the
conversion rate for the oxidation of formic, oxalic and acetic acid at different
potentials.

Figure 4-6. Comparison of the mass transfer limiting rates (MT, dotted column) to the initial
conversion rates in the oxidation of formic, oxalic and acetic at various potentials vs Ag/AgCl
(solid grey columns). Data based on oxidation on a BDD electrode (10 cm2) in an Electrocell.
Solution: 0.5M Na2SO4 + H2SO4 (pH 2). Electrolyte flow rate: 20 L h-1. Diffusion coefficients
for acetic: 1.25·10-9 cm2 s-1 [34], formic: 1.52·10-9 cm2 s-1 [34] and oxalic acid: 1.33·10-9 cm2 s-1
(estimated using a modified Wilke-Change equation [34][35], as shown in appendix). Mass transfer
based on starting concentration of the carboxylic acids (5 mM), Reynolds number: 259 and
Sherwood numbers: 108, 113 and 115 for formic, oxalic and acetic acid respectively. The
conversion rate is based on the initial datapoints (t=0 to t=15).
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At 2.3V the theoretical mass transfer rates are higher compared to the
conversion rates for formic, oxalic and acetic acid. This shows that the selective
oxidation (close to 100% current efficiency) that takes place at this potential
is mainly limited by kinetics and not yet limited by mass transfer. At higher
potentials the oxidation rates are closer to or even exceed the mass transfer
limitation rates for oxalic (2.4V and 2.5V) and formic acid (2.5V), but this
comes at the price of decreased current efficiency (see Figure 4-5). In the
previous chapter we have suggested that conversion rates that exceed the mass
transfer rate could be related to O2 bubble formation or the diffusion of
•

OH radicals, which are both linked to water oxidation. It can be speculated

that •OH radicals formed could diffuse to the bulk of the solution.[7] In this
situation the carboxylic acids react in the bulk of the solution as well as on
the electrode surface. On the other hand, the oxygen bubbles formed at higher
potentials might induce an increased mixing effect. Multiple studies have
shown improved mass transfer at the working electrode as a result of gas
evolution at the counter electrode.[36]–[38] A similar effect could explain the
improved mass transfer of the carboxylic acids in this chapter.
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4.4.2 Glyoxylic and glycolic acid
Figure 4-7 shows the cyclic voltammograms of glyoxylic and glycolic acid at
200 and 1800 RPM. Both glyoxylic and glycolic acid show increased current
densities prior to water oxidation, which suggest DET mechanisms. The
observed current densities are higher compared to the oxidation of acetic,
formic and oxalic acid shown in Figure 4-3. The voltammograms show a clear
dependence on rotation rate suggesting mass transfer limitations. Similar to
formic acid, the current densities observed in the backward scan are lower
compared to the forward scan, which is most significant in the oxidation of
glycolic acid. The comparison of glyoxylic and glycolic oxidation in the forward
scan shows higher current densities for glycolic acid. However, the backward
scan shows comparable current densities for glyoxylic and glycolic acid
(comparison can be found in the appendix).

Figure 4-7. Cyclic voltammetry in the presence of 5 mM glyoxylic (left) and glycolic acid
(right) on rotating BDD electrodes (0.2 cm2) at 200 and 1800RPM. Scan rate: 0.05V s-1.
Solution: 0.5M Na2SO4 + H2SO4 (pH 2).

Figure 4-8 shows the conversion of glyoxylic and glycolic acid and the
formation of intermediates at varying potentials in a parallel plate flow cell.
The conversion of glyoxylic and glycolic acid is comparable at 2.3V at 2.4V,
which is in line with the current densities observed in the backward scan of
the cyclic voltammograms. The oxidation rate of glycolic acid is higher at 2.5V
compared to glyoxylic acid. Oxalic acid was found to be the main intermediate
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formed in all glycolic and glyoxylic acid experiments. Furthermore, minor
amounts of formic acid are formed at 2.5V in the oxidation of glycolic acid,
which is not observed in the oxidation of glyoxylic acid.

Interestingly,

glyoxylic acid formation is not observed in the glycolic experiments, in contrast
to what would be expected based on the reaction mechanism presented in
Figure 4-1.

Figure 4-8. Conversion of 5mM glyoxylic acid (●) and glycolic acid (■) and formation of
intermediates (oxalic acid: ∆ and formic acid: ◊) at various potentials (vs Ag/AgCl): 2.3V
(left), 2.4V (center) and 2.5V (right) on a BDD electrode (10 cm2) in an Electrocell. Solution:
0.5M Na2SO4 + H2SO4 (pH 2). Electrolyte flow rate: 20 L h-1.

The comparison of the formation of oxalic acid in the glyoxylic acid oxidation
at different potentials shows that the selectivity towards oxalic acid in the
oxidation of glyoxylic acid is slightly higher at 2.3V (51%), compared to 2.4V
(31%) and 2.5V (37%). Comparing Figure 4-8 to Figure 4-4 shows that the
oxidation rates of oxalic acid and glyoxylic acid are similar for 2.4V and 2.5V,
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whereas the oxidation of oxalic acid is slower at 2.3V. This could explain the
higher accumulation of oxalic acid at this potential. Yet, we do not see the
same effect in the oxidation of glycolic acid, where the amount of oxalic acid
after 40 minutes is respectively 37%, 51% and 28% at 2.3V, 2.4V and 2.5V. It
is further interesting to note the formation of formic acid at 2.5V in the
oxidation of glycolic acid, which is not observed at lower potentials. It might
be the case that higher overpotentials are required for the C-C cleavage in
glycolic acid that results in formic acid, which has for example been shown in
the oxidation of ethylene glycol on Pt and Au.[9]
The fact that glyoxylic acid was not detected in the oxidation of glycolic acid
cannot be explained by comparison of the individual oxidation rates. The
individual reaction rate at 2.5V is lower for glyoxylic acid in comparison to
glycolic acid and therefore one would expect the accumulation of glyoxylic acid
in the reaction. This suggests that if glycolic acid reacts via glyoxylic acid
towards oxalic acid (the most logical pathway), the glyoxylic formed at the
electrode directly reacts further towards oxalic acid and does not enter the
solution. Similar results have been reported for the oxidation of glycolic acid
on platinum electrodes with the difference that glycolic acid cannot be
completely converted to CO2. The main intermediate of glycolic acid oxidation
on Pt was found to be oxalic acid and less than 2% of the intermediates was
glyoxylic acid,[9] which is in line with our results on BDD.
Comparing the yield of oxalic acid to the conversion of the starting compound
(glycolic or glyoxylic acid) shows that more moles of starting compounds are
oxidized than moles of oxalic acid are formed. This could be explained by the
formation of CO2 (which was not measured) or the presence of undetected
intermediates. The former explanation is most likely and consistent with
previous findings in the literature. Most studies report a minor formation of
intermediates and suggest that carboxylic acids completely convert to CO2.
For example, in the oxidation of succinic acid (C4H6O4) on BDD, minor mole
fractions of oxalic (10%), formic acid and glyoxylic acid (<4%) were
detected.[21] Similarly, small amounts of formic acid and oxalic were formed in
the oxidation of maleic acid (C4H4O4) on BDD.[39]
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The assumption that glyoxylic and glycolic acid convert to CO2 was verified
by the electron balances. The electrical charge passed based on the measured
current density and time was compared to the charge calculated based on the
conversion. The latter is calculated using Faradays law based on the yield of
oxalic acid (n=2 or 4 for glyoxylic and glycolic respectively) and the
assumption that the remaining part is converted to CO2 (n=4 or 6 for glyoxylic
and glycolic respectively). Figure 4-9 compares the charge measured (i·t) to
the charge based on the conversions of glyoxylic and glycolic acid and the yield
of oxalic and formic acid (m·n·F).

Figure 4-9. Comparison of the charge based on the observed current densities (●, q= i·t) to
the charge calculated based on Faradays law (stacked columns, q = m·n·F). The latter is a
combination of the conversion to oxalic acid (dotted column, n=2 or n=4, for glyoxylic and
glycolic respectively) and the assumption that the remaining fraction is converted to CO2 (solid
column, n=4 or n=6, for glyoxylic and glycolic respectively). Data based on oxidation of 5mM
glyoxylic and glycolic acid on a BDD electrode (10 cm2) in an Electrocell. Solution: 0.5M
Na2SO4 + H2SO4 (pH 2). Electrolyte flow rate: 20 L h-1.
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The comparison shows that at 2.3V the measured charge is comparable to the
charge calculated based on the conversion for glyoxylic and glycolic acid. This
calculation confirms the assumption that the remaining fraction at this
potential can be attributed to CO2 formation. The water oxidation is most
likely still negligible at this potential, which was also seen for formic and oxalic
acid oxidation. This means that these compounds can be oxidized with close
to 100% current efficiency at 2.3V. Increasing the potential shows that there
is a significant gap between the measured charge and the charge calculated
based on the conversion, which can be attributed to water oxidation at 2.4
and 2.5V. The current efficiencies at 2.4V (20% and 19%, for glyoxylic and
glycolic respectively) and 2.5V (12% for both glyoxylic and glycolic acid)
decrease as a result of significant water oxidation.
Figure 4-10 compares the conversion rates (Equation 4-9) to the limiting mass
transfer rates (Equation 4-6) for glyoxylic and glycolic acid oxidation. At 2.3V
the conversion rate is close to or above the limiting rates for both compounds.
It is interesting to note that Figure 4-9 suggests that glyoxylic and glycolic
acid can be selectively oxidized, while the conversion rates are close to the
mass transfer limiting values as shown in Figure 4-10. At higher potentials
the experimental values exceed the limiting current densities, similarly to
formic, oxalic and acetic acid oxidation. These results suggest that there is an
enhanced mass transfer effect, which has been discussed in the previous
section.
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Figure 4-10. Comparison of the mass transfer limiting rates (dotted column) to the initial
conversion rates in the oxidation of 5 mM glyoxylic and glycolic at various potentials vs
Ag/AgCl (solid columns). Data based on oxidation on a BDD electrode (10 cm2) in an
Electrocell. Solution: 0.5M Na2SO4 + H2SO4 (pH 2). Electrolyte flow rate: 20 L h-1. Diffusion
coefficients for glyoxylic acid: 1.23·10-9 cm2 s-1 and glycolic acid 1.27· 10-9 cm2 s-1 (estimated
using a modified Wilke-Change equation, [34][35] as shown in the appendix). Mass transfer based
on starting concentration of the carboxylic acids (5 mM), Reynolds number: 259 and Sherwood
numbers: 116 (glyoxylic) and 115 (glycolic). The conversion rate is based on the initial
datapoints (t=0 to t=15).

In the context of industrialization of this process it is important to select the
optimum potential for the oxidation of the carboxylic acids. For a costeffective process, one would like to operate at a potential where the reaction
has a high current efficiency, full conversion to CO2 and is close to mass
transfer limitation in order to be able to operate the reactor at high current
densities. This work has shown that formic acid can be selectively oxidized at
2.3V, although it is not completely mass transfer limited at this potential. The
selective oxidation of oxalic acid takes place close to the mass transfer limiting
value at 2.3V. The oxidation of glycolic and glyoxylic acid can be oxidized
with high current efficiencies at 2.3V. Although these compounds are not
completely converted to CO2, the oxalic acid that is formed should not be
problematic as its easily oxidized on BDD. Finally, the oxidation of acetic acid
cannot be selectively oxidized on BDD. This might be related to the fact that
acetic acid solely reacts with •OH radicals, while the other carboxylic acids
can also react via the DET mechanism.
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4.5

Conclusions

We have presented the oxidation of formic, oxalic, glyoxylic, glycolic and
acetic acid on boron doped diamond electrodes to gain better understanding
on the selectivity, intermediate formation and mass transfer effects. The cyclic
voltammograms showed that formic, oxalic, glyoxylic and glycolic acid react
via a direct electron mechanism that occurs prior to water oxidation. Acetic
acid is not oxidized prior to water oxidation, but seems to need •OH radicals
to be oxidized. The backward scans of the cyclic voltammograms show a
decreasing reactivity, which might be linked to a modification of surface groups
on the electrode. This effect significantly decreased the oxidation rates of the
carboxylic acids, especially formic and glycolic acid. Chrono-amperometry
experiments in a parallel plate setup showed that formic acid and oxalic acid
react in 2-electron transfer reactions towards CO2 without the formation of
intermediates. The intermediate formed in the oxidation of acetic acid is most
likely methanol and/or ethane. The oxidation of glycolic acid and glyoxylic
acid proceeds via the formation of oxalic acid. The carboxylic acids can be
oxidized at a high current efficiency in the parallel plate flow reactor below or
close to mass transfer limited rates at 2.3V (vs Ag/AgCl). At higher potentials
the current efficiencies significantly decrease due to simultaneous water
oxidation. At these potentials conversion rates exceed the mass transfer
limiting values, which is most likely related to water oxidation effects; i.e.
•

OH radicals that diffuse to the bulk of the solution and/or oxygen bubbles

improving mixing near the electrode.
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Abstract
This chapter shows the oxidation of benzoic acid on rotating disk electrodes
and flow cells, which allows to study the effect of mass transfer on the
oxidation process. The oxidation of benzoic acid on boron doped diamond
proceeds via the formation of 4-hydroxybenzoic acid, which reacts in
consecutive steps towards hydroquinone and benzoquinone. The ring opening
in the oxidation of benzoquinone results in the formation of aliphatic
carboxylic acids. Benzoic acid and its aromatic intermediates were studied in
voltammetry and chrono-amperometry experiments. It was shown that
4-hydroxybenzoic acid and hydroquinone can be oxidized prior to water
oxidation, which suggest the reaction via a direct electron transfer mechanism
for these compounds. Benzoquinone is not oxidized before water oxidation and
can presumably solely be oxidized by
•

•

OH radicals. This suggest that

OH radicals are needed to completely oxidize benzoic acid towards CO2.

Finally, the effects of mass transfer were analysed. It was shown that the
conversion rates of benzoic acid, benzoquinone and 4-hydroxybenzoic acid were
(far) below the limiting mass transfer rates. In contrast, the results suggest
mass transfer limitations in the oxidation of hydroquinone.
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5.1

Introduction

The purification of industrial wastewater is an important topic in the chemical
industry and is expected to become even more important in the decades to
come due to the stricter environmental regulations. The removal of aromatic
pollutants, such as benzoic acid, is one of the challenges in water treatment.
Various purification methods have been reported for the removal of benzoic
acid from (industrial) wastewaters; for example adsorption, reactive
extraction, photo-catalytic degradation and electrochemical oxidation.[1]–[4] The
latter method is attracting widespread interest due to its performance under
mild conditions and the absence of secondary waste generation. It has been
shown that benzoic acid can be completely oxidized to CO2 on boron doped
diamond (BDD) electrodes.[1]
The oxidation of benzoic acid is a 30-electron transfer towards CO2, which
means that a great number of intermediates can be formed. A good
understanding of the reaction pathway and the reactivity can be useful for
optimizing the oxidation process regarding key variables such as conversion
and current efficiency. Yet, most of the research work has been limited to the
measurement of the benzoic acid concentration or chemical oxygen demand
(COD) over time.[1][5] Furthermore, if the determination of intermediates was
reported, this was done in a qualitative rather than quantitative way.[5][6] Many
intermediates

have

been

suggested

for

benzoic

acid

oxidation

in

electrochemical, photo-catalytic and advanced oxidation processes. Most
studies report the initial formation of hydroxy-, di-hydroxy-, and/or
tri-hydroxybenzoic acids.[5]–[10] Consecutive oxidation steps have found to be
the formation of hydroquinone,[5][10] which also has been reported in the
oxidation of (di-)hydroxybenzoic acids.[9] Other compounds that have been
found in the oxidation of hydroxybenzoic acids are benzoquinone,[11]
1,2-benzenediol

[12][13]

and 1,4-dihyxoybenzene.[14]

Further oxidation steps

involve the opening of the aromatic ring resulting in the formation of at least
one of the following carboxylic acids: fumaric, maleic, formic, oxalic, glycolic,
glyoxylic, malonic, malic, tartaric, fumaric and muconic acid

[5][8][11][14][15]

prior

to the formation of CO2.
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Different oxidation mechanisms have been reported for the oxidation of
(aromatic) organics on BDD electrodes: a direct electron transfer (DET)
mechanism and a mechanism via oxidation by •OH radicals and persulfates
formed by water and sulphate oxidation respectively.[16]–[18] The oxidation
mechanism influences the intermediate formation in the oxidation process. For
example, the oxidation of phenol on BDD in the region before water oxidation
presumably takes place via DET, which mainly results in the formation of
aromatic intermediates.[19] In contrast, formation of aliphatic acids and CO2
was reported for the oxidation of phenol at higher potentials (in the region of
water oxidation). It has been suggested that benzoic acid is oxidized by both
DET, •OH radicals and persulfates.[1] However, this has been mainly based on
galvanostatic experiments, which complicates the separation of oxidation
processes due to the changing potential.
Selecting the optimal potential and current in the oxidation of benzoic acid is
a challenge in the design of electrochemical wastewater oxidation. Increasing
the potential generally increases the oxidation rate, reducing the size of the
required electrochemical stack. However, at higher potentials the reaction can
become limited by mass transfer and simultaneous occurrence of other
reactions such as water oxidation can decrease current efficiency. Ideally one
would like to selectively oxidize compounds at near mass transfer limiting
conditions. In the previous chapter we have shown that C1 and C2 carboxylic
acids can be selectively oxidized (current efficiencies ~100%) close to the mass
transfer limited rates. Montilla et al. have shown that the current densities
<100% are observed under mass transfer control in the galvanostatic oxidation
of benzoic acid on BDD.[5] However, these results were based on measurements
of chemical oxygen demand (COD) and inconclusive about the specific mass
transfer of benzoic acid towards the electrode.
The aim of the study described in this chapter is to further develop knowledge
of benzoic acid oxidation on BDD electrodes in systems with well-defined mass
transfer. The focus of this study is on the identification and quantification of
the aromatic intermediates in the oxidation of benzoic acid. Furthermore, the
individual oxidation rates of these intermediates on BDD are also investigated
to be able to explain their possible build-up during benzoic acid oxidation. In
contrast to previously reported studies on the electrochemical oxidation of
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benzoic acid on BDD, this work shows the experiments performed under
potentiostatic conditions in RDE and two-compartment flow cell set-ups. The
well-defined mass transfer in the setups allows us to discern possible mass
transfer limitations.
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5.2

Materials and methods

5.2.1 Materials
The following chemicals were used without further purification: sodium sulfate
(≥99.8%, VWR), sodium phosphate dibasic (≥99.5%, VWR), sodium
phosphate monobasic (100%, VWR), sulfuric acid (≥98%, Merck), sodium
hydroxide (0.1M, Merck), acetic acid (Merck), formic acid (99-100%, VWR),
oxalic acid (≥98%, Acros Organics), maleic acid (≥98%, Sigma Aldrich),
L-tartaric acid (≥99.5, Sigma Aldrich), glycolic acid (≥98%, Alfa Aesar),
glyoxylic acid (≥98%, Sigma Aldrich), phenol (≥99%, Alfa Aesar),
p-benzoquinone (≥98%, Sigma Aldrich), hydroquinone (≥99.5%, Merck),
catechol (≥99%, Sigma Aldrich), resorcinol (<99%, Merck), 3-hydroxybenzoic
acid (≥99%, Sigma Aldrich), 4-hydroxybenzoic acid (≥99%, Sigma Aldrich),
benzoic acid (≥99.5%, Sigma Aldrich) 2-hydroxybenzoic acid (≥99%, Sigma
Aldrich),

2,4-dihydroxybenzoic

acid

(97%,

Sigma

Aldrich)

and

3,4-dihydroxybenzoic acid (>97%, Sigma Aldrich).

5.2.2 Methods
Buffer solutions of 0.4M sodium sulphate and 0.1M sodium phosphate dibasic
and sodium phosphate monobasic were prepared using demineralized water.
Sodium hydroxide was added to obtain a final pH of 6. The starting
concentration of the organics in the solution was 10 mM. All experiments were
performed at room temperature.
The electrochemical measurements were controlled using a potentiostat
(Autolab PGSTAT 30, Metrohm). RDE measurements were performed in a
three-electrode set-up (70 mL electrolyte volume) using a MSR electrode
rotator with a E4TQ change disk Tip (Pine research instrumentation). A
boron doped diamond disk electrode (DIACHEM®, Condias) with a diameter
of 5 mm was used as working electrode. The rotation rate was varied between
50 and 1800 RPM. The counter electrode was a platinum mesh (8.0 x 3.0 cm)
and the reference electrode an Ag/AgCl electrode (Qm713X, Prosense).
Bulk oxidation experiments were perfomed in a flow cell (Micro Flow Cell,
Electrocell), divided by a Nafion 117 membrane (Electrocell). The boron doped
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diamond (DIACHEM®, Condias) anode and nickel cathode were positioned
parallel to each other, with an inter electrode gap of 8 mm (each electrode was
positioned 4 mm from the membrane). Both electrodes were 9.5 x 4.6 cm, with
an effective area of 10 cm2 in contact with the solutions. The electrolytes
(150 mL) were pumped through the reactor by means of peristaltic (catholyte
side) and gear pumps (anolyte side). An Ag/AgCl reference electrode
(Qm713X, Prosense) was connected to the flow path inside the the electrolyser
to minimize the ohmic drop.
At given time intervals (15 minutes), samples of 1.5mL were withdrawn from
the

reaction

solutions

and

subjected

to

high-performance

liquid

chromatography to identify the organic compounds. The compounds were
separated using a Shimadzu shim-pack C18 column (250∙3.0mm, 5µm)
equipped with a pre-column. Aromatics were analyzed using a mixture of 60:40
(v/v) methanol:water (0.01M H3PO4) as mobile phase at a total flowrate of
0.5 mL min-1 and an oven temperature of 40°C. To identify aliphatic carboxylic
acids the mobile phase was 0.01M H3PO4, the flowrate was 0.5 mL min-1 and
the oven temperature was set to 60°C.
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5.3

Data analysis

5.3.1 Conversion, selectivity, yield and current efficiencies
The conversion, yield and selectivity were calculated (equations 5-1 to 5-3) for
each bulk experiment performed. The conversion of compound i was obtained
by:
𝑋𝑋𝑖𝑖 =

𝑁𝑁𝑖𝑖0 − 𝑁𝑁𝑖𝑖
𝑁𝑁𝑖𝑖0

Equation 5-1

in which Xi is the conversion of compound i, Ni and Ni0 are the number of
moles of compound i (mol) at time t and time t=0 respectively.
The selectivity of the oxidation of i towards intermediate j was defined as:
𝑆𝑆𝑗𝑗 =

𝑁𝑁𝑗𝑗
𝑁𝑁𝑖𝑖0 − 𝑁𝑁𝑖𝑖

Equation 5-2

in which Sj is the selectivity of intermediate j and Nj is the number of moles
of intermediate j (mol) formed.
Finally, the yield of intermediate j was obtained by:
𝑌𝑌𝑗𝑗 = 𝑋𝑋𝑖𝑖 ∙ 𝑆𝑆𝑗𝑗

Equation 5-3

where Yj is the yield of compound j.
To evaluate the current efficiency, the total charge was compared to the charge
in the reaction of compound i to j. The latter was obtained by:
𝑞𝑞𝑗𝑗 = 𝑁𝑁𝑗𝑗 ∙ 𝑛𝑛𝑗𝑗 ∙ 𝐹𝐹

Equation 5-4

in which, qj is the charge in the oxidation of i to j (qj), F is the Faradays
constant (96485 C/mol) and nj the number of electrons in the formation of the
intermediate. Table 5-1 shows the numbers of electrons used in the current
efficiency calculation for benzoic acid oxidation.
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Table 5-1. Number of electrons involved in the oxidation benzoic acid towards different
intermediates.
Compound

Number of electrons

4-hydroxybenzoic acid

2

Type

3-hydroxybenzoic acid
2-hydroxybenzoic acid
hydroquinone

4

aromatic intermediates

2,4-dihydroxybenzoic acid
3,4-dihydroxybenzoic acid
catechol
benzoquinone

6

maleic acid

18

aliphatic intermediate

CO2

30

ultimate step

5.3.2 Mass transfer
The effect of mass transfer was analyzed by comparing the mass transfer rate
of a compound towards the electrode and the conversion rate of the compound
at the electrode. Firstly, the mass transfer rate towards the electrode was
defined by:
𝑀𝑀𝑀𝑀 = 𝑘𝑘𝐿𝐿 �𝑐𝑐𝑖𝑖,𝑏𝑏 − 𝑐𝑐𝑖𝑖,𝑠𝑠 �

Equation 5-5

in which MT is the rate of mass transfer (mol m-2 s-1), kL the mass transfer
coefficient (m s-1) and ci, the concentration of the oxidized compound (mol m- 3)
in the bulk and at the surface (subscripts b and s respectively). The bulk
concentration was measured as described in the materials and methods section.
In the mass transfer limiting case, the surface concentration is zero.
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The mass transfer coefficient was calculated using:
𝑘𝑘𝐿𝐿 =

𝑆𝑆ℎ 𝐷𝐷
𝑙𝑙

Equation 5-6

in which Sh is the dimensionless Sherwood number, D the diffusion coefficient
(m2 s-1) and l the characteristic length (m).
The following Sherwood correlation has been established for the Electrocell
parallel plate reactor used in this work
𝑆𝑆ℎ = 1.05𝑅𝑅𝑅𝑅 0.44 𝑆𝑆𝑆𝑆 0.33

[20]

:
Equation 5-7

which relates the dimensionless Sherwood number (Sh), Reynolds number
(Re), and Schmidt number (Sc).
To compare the conversion to the mass transfer rate, it was decided to
normalize the conversion rate to the surface area of the electrode according to:
𝑟𝑟2 =

𝑚𝑚
𝐴𝐴 𝑡𝑡

Equation 5-8

in which r2 is the conversion rate of the starting compound (mol m-2 s-1), m is
the number of moles of compound converted (mol), A is the electrode surface
(m2) and t is the time (s).
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5.4

Results and discussion

5.4.1 Benzoic acid
A voltammetry study of benzoic acid oxidation on BDD is presented in
Figure 5-1. Increased current densities are observed in the forward scan of the
voltammogram compared to the blank, but pseudo-plateaus indicative of mass
transfer limitations as reported in literature

[1][5]

were not observed. This might

be related to the use of RDE electrodes in our work, which improves the mass
transfer towards the electrode.

Figure 5-1. Cyclic voltammetry of 10 mM benzoic acid on rotating BDD electrodes (0.2 cm2)
at 200 RPM (forward and backward scan) and 1800 RPM (forward scan) compared to the
blank (forward scan, 200 RPM). Scan rate: 0.05V s-1. Conditions pH 6: 0.4M Na2SO4, 0.1M
NaH2PO4 and Na2HPO4.

In addition to the forward scans at 200 and 1800 RPM, Figure 5-1 also shows
the backward scan at 200 RPM. The current densities observed in the
backward scan in the oxidation of benzoic acid are lower compared to the
forward scan, which suggests a decreasing oxidation rate during the reaction.
Based on the forward scan it could be argued that benzoic acid can be oxidized
by a direct electron transfer (DET) mechanism. However, it is more
questionable whether this can be concluded from the current densities observed
in the backward scan, which are closer to the oxidation current densities
observed in the water oxidation. In chapter 3 we have shown that the current
densities observed in the forward scan in the oxidation of formic acid were not
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reached in the backward scan. This was attributed to a surface modification
at

the

electrode,

which

results

in

lower

current

densities

in

chrono-amperometry experiments compared to the voltammetry experiments
at the same potential. A similar decrease in electrode activity has been
reported for the oxidation of ascorbic and oxalic acid on BDD.[21][22]
Besides the RDE experiments, the oxidation of benzoic acid has been studied
in a parallel plate reactor. Figure 5-2 shows the conversion of benzoic acid
and the yield of the different aromatic intermediates formed in the oxidation
of benzoic acid at different potentials in this reactor.

Figure 5-2. Conversion of 10mM benzoic acid (●) and yield of 4-hydroxy-benzoic acid (□),
hydroquinone (◊), benzoquinone (∆) and total amount of aromatic intermediates (+) at various
potentials vs Ag/AgCl: 2.1V, 2.2V 2.25V. Experiments performed in a flow cell (Electrocell)
on a BDD electrode (10 cm2), flowrate: 20 L h-1. Conditions pH 6: 0.4M Na2SO4, 0.1M NaH2PO4
and Na2HPO4.

The

main

aromatic

intermediates

that

have

been

detected

were

4-hydroxybenzoic acid, hydroquinone and benzoquinone. The highest
selectivities towards aromatic intermediates were observed at 2.1V and 2.2V
(vs Ag/AgCl). The decreasing selectivity over time is most likely related to
further oxidation steps: the formation of aliphatic carboxylic acids and CO2.
It has been chosen to exclude these compounds in the graphs because of
difficulties regarding the separation and thus qualification of these
intermediates in the HPLC. The aromatic intermediate with the highest yield
is found to be 4-hydroxybenzoic acid, which is the first intermediate formed
in the oxidation of benzoic acid. It is interesting to note that at 2.1V and 2.2V
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the formation of benzoquinone is slightly higher compared to the hydroquinone
formation, whereas at 2.25V a higher yield of hydroquinone is observed.
The current efficiency of the benzoic acid oxidation experiments is shown in
Figure 5-3, which shows the charge allocated to each of the aromatic
components as a fraction of the total charge. The measured current densities
used for these calculations can be found in the appendix.

Figure 5-3. Current efficiency distribution in the oxidation of 10mM benzoic acid towards
4-hydroxybenzoic acid (2 electrons), hydroquinone (4 electrons), benzoquinone (6 electrons)
and other aromatic intermediates at various potentials vs Ag/AgCl: 2.1, 2.2 2.25V.
Experiments performed in a flow cell (Electrocell) on a BDD electrode (10 cm2), flowrate: 20
L h-1. Conditions pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4.

The highest charge fraction for aromatic intermediates can be observed at
2.1V vs Ag/AgCl and decreases for 2.2V and 2.25V. In general, a relatively
small fraction of the total charge (<25%) is ascribed to the formation of
aromatic intermediates. These low current efficiencies might be related the
number of electrons involved in the different oxidation steps. The maximum
number of electrons in the formation of the aromatic intermediates is 6, which
is related to the formation of benzoquinone. In contrast, further oxidation
steps require a significantly higher number of electrons as benzoic acid is a
30-electron transfer towards CO2. Although the mole fraction of aliphatic
intermediates formed can be small, the high numbers of electrons involved in
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these steps significantly contribute to the total charge. Another explanation
for the low current efficiencies observed could be water oxidation.
The assumption that the remaining yield could be ascribed to the formation
of aliphatic acids was verified by examining the electron balance. The total
charge minus the aromatic charge fraction presented in Figure 5-3 gives the
remaining charge. Similarly, the mole fraction that was not ascribed to the
formation of aromatic intermediates gives a remaining mole fraction. This
information can be used to calculate an average amount of electrons involved
in the oxidation of benzoic acid to non-aromatic intermediates (neglecting
water oxidation). The graphs linked to these calculations can be found in the
appendix and show that the number of electrons found are 18, 21 and 24 for
2.1V, 2.2V and 2.25V respectively. Although this method cannot give a clear
view of the specific intermediates formed, it indicates the formation of aliphatic
intermediates because the number of electros calculated was above 18. This
number of electrons is related to the oxidation of benzoic acid to maleic acid
and several studies have shown the formation of maleic acid as an (first)
intermediate in the oxidation of benzoquinone

[23]–[25]

which has been found as

an intermediate in our experiments as well. It is unlikely that the low current
efficiencies observed in Figure 5-3 are related to water oxidation, given that
these results are in the range of numbers expected for aliphatic intermediate
formation and other aromatic intermediates have not been detected. Hence,
these results support our assumption that the remaining yield can be ascribed
to the formation of aliphatic acids, which means that benzoic acid can be
selectively oxidized at these potentials.
The flow cell used for the chrono-amperometry experiments was chosen
because of its relatively well described mass transfer. The limiting current
density is typically used in electrochemical experiments to determine mass
transfer limitations. However, this calculation requires an exact number of
electrons involved in the oxidation of benzoic acid, which is not possible due
to the formation of numerous intermediates. Therefore, we compare the
theoretical maximum mass transfer of benzoic acid towards the electrode to
the conversion of benzoic acid, which is shown in Figure 5-4. The oxidation
of benzoic acid at 2.1V and 2.2V is far below the mass transfer limitation rate.
At 2.25V the conversion is closer to the mass transfer limited rate, but still
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below the limiting value. This means the reaction is not mass transfer limited
at these potentials, which is in line with the voltammograms shown in
Figure 5-2.

Figure 5-4. Comparison of the theoretical mass transfer limiting rates (striped column) to the
initial conversion rates in the oxidation of 10 mM benzoic acid at various potentials vs
Ag/AgCl (grey columns). Based on experiments performed in a flow cell (Electrocell) on a
BDD electrode (10 cm2), flowrate: 20 L h-1. Conditions pH 6: 0.4M Na2SO4, 0.1M NaH2PO4
and Na2HPO4. Diffusion coefficient used: 0.96·10-9 m2 s-1, (based on [26] and [28]). Mass transfer
based on starting concentration of benzoic acid (10 mM), Reynolds number: 259 and Sherwood
number: 126. The conversion rate is based on the initial datapoints (t=0-30 minutes).

Figure 5-5 shows a reaction pathway that is proposed for the oxidation of
benzoic acid on BDD based on the intermediates found in the chronoamperometry experiments. The HPLC chromatograms related to these
experiments can be found in the appendix. The results suggest that the first
oxidation step is the formation of hydroxybenzoic acids, predominantly
para-hydroxybenzoic

acid

(4-hydroxybenzoic

acid).

Trace

levels

of

2-hydroxybenzoic acid and 3-hydroxybenzoic acid were also detected.
4-hydroxybenzoic acid reacts in consecutive steps towards hydroquinone and
benzoquinone. In addition, trace levels of di-hydroxybenzoic acids (2,4- and
3,4 di-hydroxybenzoic acid), catechol and phenol have been detected. Further
oxidation steps are related to the formation of aliphatic carboxylic acids.
HPLC peaks have been observed in the region of maleic, fumaric, tartaric,
malic, glycolic, oxalic and formic acid, which can be seen in the supporting
information. The formation of various carboxylic acids in low concentrations
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and the difficulties to separate these in the HPLC complicates the possibility
to draw firm conclusions on the rection mechanism after ring opening.
Nevertheless, based on the information we suggest the pathway via maleic acid
and fumaric in the oxidation of benzoquinone. These compounds react further
towards C1 and C2 carboxylic acids, which are ultimately oxidized to CO2.
The formation of these C4 aliphatic acid and the consecutive steps to C1 and
C2 carboxylic acids and CO2 is in agreement with the findings of previous
studies.[25][28]
The reaction mechanism we suggest for the oxidation of benzoic acid on BDD
is comparable to the electrochemical oxidation on PbO2 electrodes, for which
He et al. reported the formation of 4-hydroxybenzoic acid, hydroquinone and
benzoquinone.[10]

Similarly,

it

has

been

found

that

the

major

mono-hydroxybenzoic acid formed on TiO2 in the oxidation of benzoic acid is
4-hydroxybenzoic acid.[7]
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5.4.2 Aromatic intermediates
The main aromatic intermediates that were detected in all benzoic acid
experiments (4-hydroxybenzoic acid, hydroquinone and benzoquinone) were
studied in more detail. Figure 5-6 shows a voltammetry study of the oxidation
of these compounds.

Figure 5-6. Cyclic voltammetry of 10mM 4-hydroxybenzoic acid, hydroquinone and
benzoquinone on rotating BDD electrodes (0.2 cm2) at 200 RPM (forward and backward scan)
and 1800 RPM (forward scan) compared to the blank (forward scan, 200 RPM). Scan rate:
0.05Vs-1. Conditions pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4.

The highest current densities are observed for hydroquinone which shows a
plateau that increases in height upon increasing the rotational speed, clearly
indicating mass transfer limitations. The voltammograms show lower current
densities and no dependency on the rotational speed for 4-hydroxybenzoic acid.
In contrast to the decreasing current densities seen in the backward scan in
the oxidation of benzoic acid, similar current densities are observed in the
forward and backward scans of 4-hydroxybenzoic acid (up to 1.7V) and
hydroquinone, suggesting that no surface modification affecting the oxidation
rate takes place. The current densities observed before water oxidation for the
oxidation of 4-hydroxybenzoic acid and hydroquinone indicate that these
compounds react via a DET mechanism. This is probably not the case for the
oxidation of benzoquinone. A slight increase in current density is observed in
the oxidation of benzoquinone at lower potentials, whereas at higher potentials
the current densities observed in the oxidation of benzoquinone are equal to
or below the current densities observed for water oxidation. The oxidation of
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benzoquinone, hydroquinone and 4-hydroxy benzoic acid observed in the
voltammograms is in good agreement with previously reported studies on
BDD.[29][30]
In the case of hydroquinone, it was possible to construct a Koutecky-Levich
plot to calculate the diffusion coefficient, which is shown in the appendix. Our
calculated diffusion coefficient for hydroquinone on BDD: 6.6·10-10 m2 s-1 is in
line with previously reported diffusion coefficients (in the range of 2.7·10-10
and 7.1·10-10 m2 s-1).[31]–[34] Furthermore, the corresponding Tafel plot gives a
slope of 151 mV dec-1, which suggests that the first electron transfer is rate
limiting.
The oxidation of the aromatic intermediates was studied in the parallel plate
reactor. It was decided to compare the reaction rates of the aromatic
intermediates formed in the benzoic acid oxidation at 2.1V vs Ag/AgCl, where
•

OH radical formation is still limited and oxidation by the DET mechanism

is expected to be dominant. The results of these experiments are presented in
Figure 5-7. The highest conversion is observed for hydroquinone, which was
expected based on the voltammograms shown in Figure 5-6. Similarly, the
lower oxidation rate observed for benzoquinone is in agreement with the
voltammetry

study.

The

oxidation

rates

of

hydroquinone

and

4-hydroxybenzoic acid are higher in comparison to the oxidation rate of
benzoic acid and benzoquinone. These results suggest that hydroquinone and
4-hydroxybenzoic acid can be oxidized by a DET mechanism, because the
minimal water oxidation at 2.1V cannot provide sufficient •OH radicals to
oxidize these components. It is questionable whether the oxidation of
benzoquinone oxidation takes place via a DET mechanism, since the
conversion is low and water oxidation cannot be completely excluded at this
potential. Bejan et al. have suggested that the oxidation of benzoquinone
cannot proceed via DET reactions and solely reacts with
produced in the water oxidation region.

[35]

•

OH radicals

Previous research on BDD has

shown that the oxidation by the DET mechanism of p-substituted phenols is
more difficult for phenols with electron-withdrawing groups compared to
electron-donating groups.[36] The OH group in the para position of
hydroquinone and 4-hydroxybenzoic acid is electron-donating and therefore
probably more easily oxidized by the DET mechanism.
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Figure 5-7. Conversion of 10mM 4-hydroxybenzoic acid (◆), hydroquinone (■) and
benzoquinone (▲) and the yield of intermediates: hydroquinone (□), benzoquinone (∆),
3,4-dihydroxybenzoic acid (-) and total aromatic intermediates (+) at 2.1V vs Ag/AgCl.
Experiments performed in a flow cell (Electrocell) on BDD electrode (10 cm2), flowrate:
20 L h-1. Conditions pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4.

Higher selectivities towards aromatic intermediates are observed in the
oxidation of 4-hydroxybenzoic acid and hydroquinone in comparison to
benzoic acid oxidation at 2.1V, which can be related to the higher reactivity
of these compounds compared to benzoic acid and the slow conversion of
benzoquinone into carboxylic acids. The minimal formation of hydroquinone
in 4-hydroxybenzoic acid oxidation can be related to its faster oxidation
compared to 4-hydroxybenzoic acid. The average current efficiencies in the
oxidation of 4-hydroxybenzoic acid (68%) and hydroquinone (33%) are higher
compared to the current efficiencies observed for benzoic acid at 2.1V. The
graphs can be found in the appendix.
The effects of mass transfer in the oxidation of the aromatic intermediates
were evaluated in a similar way as described for benzoic acid. Figure 5-8 shows
the comparison of the conversion rates to the limiting mass transfer rates for
4-hydroxybenzoic acid, hydroquinone and benzoquinone.
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Figure 5-8. Comparison of the mass transfer limiting rates (striped column) to the initial
conversion rates in the oxidation 4-hydroxybenzoic acid (4HBA), hydroquinone (HQ) and
benzoquinone (BQ) at 2.1V vs Ag/AgCl (solid grey columns). Based on experiments performed
in a flow cell (Electrocell) on BDD electrode (10 cm2), flowrate: 20 L h-1. Diffusion coefficients
for 4-hyroxybenzoic acid

[37]

: 6.5·10-10 m2 s-1, hydroquinone: 6.6·10-10 m2 s-1 and

benzoquinone [38]: 4.2·10-10 m2 s-1. Mass transfer based on starting concentration of the
organics (10mM), Reynolds number: 259 and Sherwood number: 143, 165 and 142 for
4-hydroxybenzoic acid, hydroquinone and benzoquinone respectively. The conversion rate is
based on the initial datapoints (t=0-30 minutes).

The conversion rates observed for both 4-hydroxybenzoic acid and
benzoquinone are lower compared to the theoretical mass transfer limited
rates. In contrast, for hydroquinone the observed conversion rates are higher
than the theoretical limiting mass transfer rates. The reason for this rather
contradictory result is still not completely clear, but it could be due to
inaccuracies in the used Reynolds-Sherwood correlation. It has been suggested
that the mass transfer performance of the electrolyzer used is strongly affected
by inlet effects that can promote turbulence, implying that small changes in
the inlet (e.g. caused when assembling the cell) can have significant impact on
the mass transfer performance.[20] Despite the limitations of this method, and
consequently the discrepancies in Figure 5-8, our findings suggest that
hydroquinone oxidation is mass transfer limited. In contrast, all other
experiments

showed

that

benzoic

acid,

4-hydroxybenzoic

acid

and

benzoquinone are converted below the limiting mass transfer rates.
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This work has shown the opportunities and the limitations of benzoic acid
oxidation on BDD. It was found that 4-hydroxybenzoic acid and hydroquinone
could react via a DET mechanism, which has also been shown for C1 and C2
carboxylic acids in the previous chapter. We have shown that the oxidation of
benzoic acid and the oxidation of benzoquinone presumably takes place by the
oxidation of radical species. These findings suggest that •OH radicals are
needed to completely oxidize benzoic acid towards CO2. It is questionable
whether this can be achieved at higher oxidation rates with high current
efficiencies.
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5.5

Conclusions

Benzoic acid oxidation on BDD can be oxidized prior to water oxidation,
although low oxidation rates are observed in this region. The main aromatic
intermediates formed in the oxidation of benzoic acid have found to be
4-hydroxybenzoic acid, hydroquinone and benzoquinone. Further oxidation
results in the formation of aliphatic carboxylic acids. The highest selectivity
towards aromatic intermediates in the oxidation of benzoic acid is observed at
2.1V (vs Ag/AgCl). The oxidation rate of benzoic acid was therefore compared
to the aromatic intermediates at this potential. High oxidation rates were
observed for hydroquinone and 4-hydroxybenzoic acid, which indicates that
these compounds can react via a direct electron transfer mechanism. In
contrast, it was shown that low oxidation rates are observed for benzoquinone.
No oxidation of benzoquinone was observed prior to water oxidation in the
voltammograms, which suggest that the ring opening of benzoquinone solely
takes place by the oxidation of •OH radicals. In view of the removal of benzoic
acid from wastewater this could be a bottleneck. The higher potentials
required for the sufficient formation •OH radicals via the oxidation of water
will most likely decrease the current efficiency of the process.
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6.1

Conclusions

This study has gone some way towards enhancing our understanding of
advanced and electrochemical oxidation of carboxylic acids in wastewaters.
The main conclusions and outlook are presented in this chapter. In general, it
can be concluded that both the Fenton reaction and electrochemical oxidation
on boron doped diamond can be efficient purification methods for wastewaters
contaminated with carboxylic acids.
The formic acid oxidation by the Fenton reaction under industrial conditions
that was presented in chapter 2 showed a fast initial oxidation of formic acid,
which was not observed for the Fenton-like reaction. This fast oxidation step
removes a substantial amount of formic acid in the first minutes, which means
that residence times of this process can be significantly reduced. It is quite
possible that this fast initial oxidation can be used for the oxidation of other
organic compounds. This is interesting for compounds that can solely be
oxidized by •OH radicals, which are the key oxidant species in the Fenton
reaction. Furthermore, the Fenton reaction is a fast and relatively easy process
in comparison to the electrochemical process. However, a major drawback of
the Fenton reaction is the generation of a secondary waste stream that requires
further purification.
In chapter 3-5 the electrochemical oxidation of carboxylic acids has been
described. This study has shown that both aliphatic and aromatic carboxylic
acids can be completely oxidized to CO2 on boron doped diamond electrodes.
We have shown that the determination of the intermediates helps to elucidate
pathways of the oxidation on BDD and helps to find possible bottlenecks of
the processes. A distinction can be made between the compounds that can be
oxidized via the direct electron transfer (DET) mechanism and compounds
that can solely be oxidized by •OH radicals formed via water oxidation. We
have shown that formic, oxalic, glyoxylic and glycolic acid, 4-hydroxybenzoic
acid and hydroquinone can be oxidized via this DET mechanism. Chapter 3
has shown that the oxidation by DET is influenced by a change in surface
groups on the electrode, which decreases the oxidation rate of formic acid at
higher potentials. This decrease in reactivity was also observed in the
oxidation of oxalic, glyoxylic and glycolic acid. Despite the surface
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modifications, it has been shown that these compounds can be selectively
oxidized with current efficiencies close to 100%. Acetic acid and benzoquinone
did not show an increased current density before water oxidation in the
voltammetry experiments, which suggests that these compounds cannot react
via the DET mechanism. In that case, the compounds react with •OH radicals
formed in the water oxidation. It has been shown for acetic acid that these
reactions are generally slower and the oxidation is not selective; the generation
of O2 lowers the current efficiency of the process.
Another important topic that has been addressed in the electrochemical study,
is the effect of mass transfer on the oxidation process, which has received little
attention in most other studies. The setups used in our work (rotating disk
electrodes and flow cells) gave more information about possible mass transfer
limitations. The oxidation of benzoic acid was below the mass transfer limiting
rates, hence mostly kinetically limited. The selective oxidation of formic,
oxalic, glyoxylic and glycolic acid can take place close to the mass transfer
limited rates. This means that current densities could be increased when the
mass transfer in the reactor is improved, which would not be possible for
kinetically limited reactions. This is interesting from an industrial point of
view, because in a cost-effective process the electrolyzer should operate at high
current densities, especially if this is possible with high current efficiencies. At
higher potentials the current efficiencies decrease significantly. We have found
that the oxidation rates of formic, oxalic, glyoxylic and glycolic acid exceed
the mass transfer rates at these potentials, which was linked to the species
formed in the water oxidation: the formation of O2 bubbles and the diffusion
of •OH radicals to the bulk of the solution.
The absence of a secondary waste stream in the electrochemical oxidation
makes this process more interesting for future applications, especially in the
view of the expected energy transition. However, for compounds that cannot
react via a DET mechanism it is questionable whether this process can be
performed in an efficient and cost-effective way due to poor current efficiencies.
For compounds that solely react with •OH radicals, the Fenton reaction might
be a more feasible option.
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6.2

Outlook

The study described in this thesis has given rise to many questions in need of
further investigation on advanced and electrochemical oxidation of carboxylic
acids in wastewaters.

6.2.1 Fenton
The Fenton study in this work has been conducted in the absence of salt.
Future work needs to be performed to establish whether the fast initial
oxidation of the Fenton reaction is influenced by the presence of salts. For
example, it is suggested that chloride, nitrate and perchlorate do not influence
the reaction rate in the Fenton reaction, whereas higher reaction rates were
observed in the presence of sulfate.[1] Furthermore, it has been shown that
further reaction steps that are related to the formation of chloro-and
sulfato-Fe(III) complexes decrease the regeneration of Fe(II).[2] The addition
of the reactions in which the salt is involved further complicates the kinetic
modelling of the Fenton reaction. For example, it has been suggested that
12-16 reactions can be added to the kinetic model of the Fenton reaction in
the presence of sulfate or chloride.[1][2]
As mentioned before, the iron that remains in the water after the Fenton
reaction generates a secondary waste stream. It has been suggested that this
iron can be recovered using nanofiltration and reverse osmosis.[3] A possibility
to overcome the generation of a secondary waste streams is by the application
of heterogeneous Fenton processes, which use iron catalysts supported on
porous material.[4] A drawback of this method is the need for the development
of an inexpensive and stable heterogenous catalyst.[5]

6.2.2 Electrochemical oxidation
It has been suggested that boron doped diamond (BDD) is a ‘designer
electrode material for the twenty first century’.[6] Nonetheless, further
improvements are needed to use these electrodes in large scale wastewater
purification processes. Future studies should aim at increasing the surface
active area of the parallel plate electrodes,[7] which could for example be
achieved by the use of 3D electrodes.[8] Furthermore, the surface effects on the
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BDD electrode should be a focus point in future work. We have shown that
surface modifications on the electrode significantly influence the oxidation
process of carboxylic acids. Santos et al. showed that the generation of
different oxidative species is dependent on the BDD surface.[9] It is
recommended to examine these surface termination changes on BDD using
techniques such as X-ray photoelectron spectroscopy (XPS).[10][11]
From an economical point of view the combination of the anodic wastewater
treatment could be combined with a cathodic process such as the generation
of hydrogen.[7]
To use electrochemical oxidation for a wider range of waste streams, the waste
waters with NaCl should be considered. However, the presence of chloride
results in the formation of chlorine. When chlorine is produced in the
electrochemical process, the organics in solution can be either oxidized at the
electrode or by the chlorine in the solution.[12][13] It should be investigated
whether chlorine can completely oxidize the organics to CO2, because the
standard
•

reduction

OH radicals

[14][15]

potential

of

chlorine

is

lower

compared

to

and chlorine is therefore considered a weaker oxidant

species. Another important attention point of this process is the formation of
chlorinated organic compounds,[16]–[18] which could possibly increase the toxicity
of the wastewaters and should therefore be considered in this process.
Finally, to achieve zero liquid discharge, the following criteria need to be met:
(1) complete removal of pollutants and (2) re-use of water and salt.[19] The
study in this thesis has shown that the complete removal of pollutants in waste
streams is possible using electrochemical oxidation using BDD electrodes. To
meet the second criteria, the sodium sulphate could be removed using an
electro-electrodialysis process.[20][21] In this process, cation and anion exchange
membranes separate sodium and sulphates ions. These ions further react with
electrochemically produced H+ and OH- to produce sodium hydroxide and
sulfuric acid. The overall reaction of this process is:
Na2SO4 + 2 H2O  H2SO4 + 2 NaOH.
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Chapter 6

Chapter 2

Figure S2-1. Experimental data and model prediction for Formic acid oxidation by
Fe(II)/H2O2; 0.01M Formic acid and 0.001M Fe(II). Datasets represent different concentrations
of H2O2 added to the reaction solution. Experimental data: ∆: 0.01M, ○: 0.02M and □: 0.05M.
Model predictions: --: 0.01M, ∙∙: 0.02M and -: 0.05M for reaction 1-10 (left) and
reaction 1-9, 11-21 (right) based on Duesterberg model.

Figure S2-2. Experimental data of Duesterberg et al. and our model prediction (grey line) for
formic acid oxidation by Fe(II)/H2O2. Experimental datasets represent the experiments of
Duesterberg et al. without (o) or with argon (∆) sparging. Experimental conditions; top figures:
2·10-3 M formic acid, 2·10-4 M Fe(II) and 2·10-4 M (left) or 2.2·10-3 M H2O2, bottom figures:
2·10-4 M formic acid, 2·10-4 M (right) or 2·10-4 M (left) Fe(II) and 1.1·10-3 M (right) or
2.2·10-3 M (left) H2O2.
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Chapter 3

Figure S3-1. Linear sweep voltammetry of 0.005M formic acid, pH 2 (left) and formate, pH 6 (center)
and pH 10 (right) on BDD electrodes (10 cm2) in a parallel plate flow cell (Electrocell) for different
flowrates. Scan rate: 0.05V s-1. Conditions pH 2: 0.5M Na2SO4 + H2SO4, pH 6: 0.4M Na2SO4, 0.1M
NaH2PO4 and Na2HPO4 pH 6: 0.4M Na2SO4 and 0.1M NaH2PO4 and Na2HPO4 and pH 10: 0.025M
Na2B4O7 + NaOH + 0.5M Na2SO4.

Figure S3-2. Linear sweep voltammetry up to 2.25V directly followed by chrono-amperometry at 2.25V
of 0.005M formic acid and formate on rotating BDD electrodes (0.2 cm2) at 200 RPM. Scan rate:
0.05V s-1. Conditions pH 2: 0.5M Na2SO4 + H2SO4 or pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4
and pH 10: 0.025M Na2B4O7 + NaOH + 0.5M Na2SO4.
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Figure S3-3. Cyclic voltammetry of 0.005M formic acid, pH 2 (left) and pH 10 (right) on rotating
BDD electrodes (0.2 cm2) at 200 RPM. The inset shows a zoom in of the CV´s. Scan rate: 0.05V s-1.
All scans started at 0V and were scanned to 2.5V. The back scan was towards 0V (graphs above) or
1.5V (graphs below), which was the lower potential for the consecutive scan. Conditions pH 2: 0.5M
Na2SO4 + H2SO4, and pH 10: 0.025M Na2B4O7 + NaOH + 0.5M Na2SO4.
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Figure S4-1. Oxidation of acetic acid on BDD electrode (10 cm2) in a parallel plate flow cell
(Electrocell). Decrease in acetic acid concentration (left) and the formation of formic acid (right).
Conditions pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4. Electrolyte flow rate: 20 L h-1.

Calculation of oxalic and glyoxylic acid diffusion coefficient
Equation to calculate diffusion coefficient according to Wilke-Chang:
(𝑥𝑥𝑥𝑥)1/2 𝑇𝑇
𝐷𝐷 = 7.4 ∙ 10−8
𝜂𝜂𝑉𝑉 0.6
D
x
M
T
η
V

Diffusion coefficient
Association parameter
Molecular weight of the solvent
Temperature
Viscosity of the solution
Molar volume of the solute (at normal boiling point)

cm2 s-1
2.6 for water
°K
cP
cm3 mol-1

Bidstrup et al. have shown a modified equation for carboxylic acids:
(𝑥𝑥𝑥𝑥)1/2 𝑇𝑇
𝐷𝐷 = 6.6 ∙ 10−8
𝜂𝜂𝑉𝑉 0.6

Wilke, C. R. & Chang, P. Correlation of diffusion coefficients in dilute solutions. AIChE J. 1,
264–270 (1955).
Bidstrup, D. E. & Geankoplis, C. J. Aqueous Molecular Diffusivities of Carboxylic Acids. J.
Chem. Eng. Data 8, 170–173 (1963).
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Figure S5-1. Remaining charge (qR) versus the remaining intermediates (NR) times the faradays
constant at various potentials vs Ag/AgCl: 2.1, 2.2, and 2.25V. Experiments perfomed in a flow cell
(Electrocell) set-up (flowrate: 20 L h-1) on BDD electrode (10 cm2). Conditions pH 6: 0.4M Na2SO4,
0.1M NaH2PO4 and Na2HPO4. The slope is equal to the number of electrons involved in the oxidation
of the benzoic acid fraction that is not ascribed to the formation of aromatic intermediates.
Numbers are calculated using the following formulas:
𝑁𝑁𝑅𝑅 = 𝑁𝑁𝑖𝑖0 − 𝑁𝑁𝑖𝑖 − � 𝑁𝑁𝑗𝑗

𝑞𝑞𝑅𝑅 = 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡 − � 𝑞𝑞𝑗𝑗

NR, number of moles remaining
Ni, number of moles of benzoic acid
Nj, number of moles intermediates formed

qR, remaining charge
qtot, total charge measured
qj, charge in formation of Nj

Figure S5-2. Average current densities in the oxidation of 10 mM benzoic acid at various potentials
vs Ag/AgCl: 2.0V, 2.1V 2.2V (left) and 4-hydroxybenzoic acid, hydroquinone and benzoquinone at
2.1V vs Ag/AgCl (right). Experiments performed in a flow cell (Electrocell) on BDD electrode
(10 cm2), flowrate: 20 L h-1. Conditions pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4.
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Figure S5-3. Koutecky-Levich (left) and Tafel plot (right) for the oxidation of 10 Mm hydroquinone
on BDD RDE electrodes (0.2 cm2). The currents have been obtained from chrono-amperometry
measurements (the data points at 115 seconds were used in the Koutecky-Levich plot). Data points
for the Tafel plot have been obtained from the extrapolation to the y-axis of the datasets in the
Koutecky-Levich plot. Solution: pH 6: 0.4M Na2SO4, 0.1M NaH2PO4 and Na2HPO4.

Figure S5-4. Current efficiency in the oxidation of 10mM 4-hydroxybenzoic acid and hydroquinone
towards aromatic intermediates at 2.1V vs Ag/AgCl. Experiments perfomed in a flow cell
(Electrocell) set-up (flowrate: 20 L h-1) on BDD electrode (10 cm2). Conditions pH 6: 0.4M
Na2SO4, 0.1M NaH2PO4 and Na2HPO4.
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Figure S5-6. HPLC chromatogram measured in the oxidation of benzoic acid at 2.25V at t=20
minutes (top) and 60 minutes (bottom). HPLC column: Shimadzu shim-pack C18 column
(250 ∙ 3.0mm, 5µm) equipped with a pre-column. Method: 60:40 (v/v) methanol:water (0.01M
H3PO4) as mobile phase at a total flowrate of 0.5 mL min-1, oven temperature of 40°C.

Figure S5-7. HPLC chromatogram of carboxylic acids measured in the oxidation of benzoic
acid at 2.25V (t=120 minutes). Column: Shimadzu shim-pack C18 column (250 ∙ 3.0mm, 5µm)
equipped with a pre-column. Method; mobile phase: 0.01M H3PO4, flowrate: 0.5 mL min-1
and oven temperature: 60°C. Retention times (minutes) of carboxylic acids: Oxalic: 2.4,
Glyoxylic: 2.6, Tartaric: 2.8, Glycolic: 2.9, Formic: 3.1, Malic: 3.3, Maleic: 3.9, Acetic: 4.3,
Fumaric: 5.7.
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Figure S5-8. HPLC chromatogram of individual aromatic compounds. HPLC column:
Shimadzu shim-pack C18 column (250∙3.0mm, 5µm) equipped with a pre-column. Method:
60:40 (v/v) methanol:water (0.01M H3PO4) as mobile phase at a total flowrate of 0.5 mL min-1,
oven temperature of 40°C.
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