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Introduction

INTRODUCTION

In the last years many research groups have foctie®d attention on the
innovative chemical processes adopted for thernremt of water effluents polluted
by recalcitrant organic substances, i.e. substaresistant to biological treatment.
The main oxidative processes that could be used thee incineration, the wet
oxidation (realized at high pressures and temperatoy air or oxygen and at milder
conditions by stronger oxidants like hydrogen péafe) the anodic oxidation and
the electro-Fenton process. Some of these techieslage fully known and are
widely applied in the industries while others areekperimental route. In particular,
the latter two processes have been taken in caasioke in this work.

The electrochemical oxidation is one of the mongdistd technology because it
presents high versatility and low costs, it is imsad at mild condition of pressure
and temperature and generally not involve the tisexec substances.

The objectives of my PhD’s thesis were:

1. to study the influence of the operative parameterdhe electrochemical
incineration of some organic pollutants chosen agleh molecules, at different
anodes, in order to better understand and optithe@rocess;

2. to study different electrochemical approaches sashdirect processes,
oxidation by means of electro-generated chlorind alectro-Fenton to compare
their performances.

In particular, in the first year of my PhD, it waarried out an experimental
investigation aimed to study the influence of nuowsr parameters, such as the
current density, the flow rate, the initial conaatibn of the substrate, the nature of
the supporting electrolyte, the anodic materia¢ piH and the temperature on the
performances of the process of electrochemicalnération of oxalic acid to
individuate the optimal operative conditions. Ogaidicid is often the main and
ultimate intermediate for the chemical and eledtsonical oxidation of many

organic compounds that have more than two carbmmssain their cycle or chain. It
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was chosen as model molecule because it is geneedlistant to electrochemical

oxidation more than that of the starting compounds.

Experiments were performed at BDD (boron-doped dizdh), which presents a high

oxygen overpotential and is up to now one of theengromising materials for the

direct electrochemical incineration and #0a0s, which is known to present a
quite low oxygen overpotential and to give risdaw efficient removal of organics

and in particular of oxalic acid.

This study concerned the electrochemical directegsses, i. e. when the anodic
oxidation takes place directly at the anode or edisted by hydroxyl radicals.

Hence, in the second year of my PhD, several stuatiethe oxidation of the oxalic

acid in homogeneous phase by means of electro-g@deoxidants such as active
chlorine, were accomplished. In particular, in @tfimoment, a set of electrolyses
was carried out only with sodium chloride in ordemnderstand the mechanism of
development of active chlorine at different opematiconditions. In a second

moment, a study on the influence of the main operaparameters on the

electrochemical incineration of oxalic acid in thesence of sodium chloride was
carried out, focusing on how the presence of thi$ sould change the results
obtained before.

Moreover, in the last part of the second year anthe first part of the third, the

study of the electrochemical direct anodic oxidatizwas extended to other
carboxylic acids, such as formic and maleic adidgirder to evaluate the effect of
the nature of the substrate on the performanctsegirocess.

Theoretical considerations on the oxidation medrandf these organics at the two
different anodes employed were also included is thork. In particular, various

expressions were elaborated for the processes uhdemass transport control,
oxidation reaction control and mixed kinetic reggneFurthermore, different

considerations about the experiments conducted aittamperostatic and with a
potentiostatic alimentation, and in the presenceomé or more organics in the
electrolytic solution, were discussed. In each caseggood agreement between

theoretical predictions and experimental data vebserved.
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The second part of the third year was dedicateithdostudy of the degradation of
chlorinated aliphatic hydrocarbons, namely 1,2-dicbethane and 1,1,2,2-
tetrachloroethane, by anodic oxidation and by ebeEenton processes. In
particular, this last aspect was studied at theulBaof Chemistry of Barcelona,
during a stage of three months. Chlorinated aliphaydrocarbons are often toxic
and they are frequently found in many surface aodigd waters, as a result of their
widespread use in industry and in various houselprtosblucts and their poor
biodegradability. Since recent researches have dsirated that some advanced
oxidation processes, both simple and coupled, doferattractive alternative to
traditional routes for treating wastewaters cornt@jrtoxic and refractory organic
pollutants, these compounds were chosen as modetubes to reach our purposes.
Electro-Fenton, classified as one of the electrotbal advanced oxidation process,
is a coupled process in which hydrogen peroxidedpced by the two-electron
reduction of oxygen at an appropriate cathode tseaith iron (II) ions added in the
electrolytic solution to generate a very power @it specie that oxidize the
organic substrate. In particular, hydrogen peroxide be produced by reduction of
oxygen at certain electrodes such as reticulate@ouis carbon, graphite and gas
diffusion electrode, but also at the anode, espigdrathe case of anodes with high
oxidation power, by water discharge. Thus, throubis coupled process, the
pollutants can be destroyed by the simultaneousraof the Fenton'’s reaction and
of the anodic oxidation at the anode. A set of teteEenton experiments under
different operative conditions was carried out ndey to investigate the effect of
some operative parameters. Indeed, electrolyses penformed at various applied
current density values, initial chlorinated compdwoncentrations and at BDD and
Pt anodes. In particular, a time course of therinégliates detected during these
experiments, such as some short-chain carboxyldsamnd chlorinated ions, were

also reported.
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CHAPTER 1

ADVANCED OXIDATION PROCESSES (AOPs)

1.1 INTRODUCTION

In the last decades, industrial processes haveratedea large variety of
molecules that polluted air and waters due to megampacts for ecosystems and
humans (toxicity, carcinogenic and mutagenic priggx(Busca et al., 2008).
Furthermore,tie protection and conservation of natural resoucese of the main
priorities of modern society. Thus water, that éshaps our most valuable resource,
should be recycledIn particular, in appropriate circumstances, theaaic
pollutants contained in wastewaters can be ecoraiyicecovered, but usually the
best method to treat these streams involves thgudéen of these substances
(Caiiizares et al., 2009; Poyatos et al., 2010).

In this senseseveral research activities devoted to envirorinpeatection have
been recorded as the consequence of the speeiafiart paid to the environment by
national and international authorities (Andreozzle 1999).

In many cases organic substances are refradmbiological degradation processes
but they can be removed by chemical technologies.

Different chemical oxidation processes can be used. high concentrations of
organic substances, i.e., COD major than 20 gimaineration or wet air oxidation
processes are the most convenient ones, evenhfpn@ssure and high temperature
have to be settled.

For low concentrations of organics, advanced oiddatfprocesses (AOPSs) are
recommended.

These processes can be broadly defined as aqubass pxidation methods based
on the intermediacy of highly reactive species sashhydroxyl radicals in the
mechanisms leading to the destruction of the tapgdiitant (Comninellis et al.,
2008).

! recalcitrance is the ability of a substance toaienn a particular environment in
an unchanged form (Gulyas, 1997)
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AOPs —* OH "™ ¢0, + H:0 + inorganic ions
A chemical wastewater treatment using AOPs can ym®dthe complete
mineralization of pollutants to GQDwater, and inorganic compounds, or at least
their transformation into more innocuous producBoyatos et al., 2010). In
particular, the decomposition of non-biodegradairiganic pollutants can lead to
biodegradable intermediates, thus it can be recardetein some case to set AOPs
as pre-treatments, followed by biological processes
Key AOPs include photocatalysis based on nearvidtiet (UV) or solar visible
irradiation, electrochemical processes, ultrasalf) and chemical oxidation with
use of oxidants, in particular ozone and Fentor@agent, all these methods
producing "OH radicals. These radicals are very reactive,clttaost organic
molecules and are not highly selective (Skoumal.e2006).
Furthermore, less conventional but evolving proegsexist including ionising
radiation, microwaves, pulsed plasma and the atitis of ferrate reagent.
Furthermore, it has been shown that coupled AORslead to higher removal
efficiencies. Thus often more AOPs are used at#tme time as UV/E) UV/H,0,,
photo-Fenton, gH,0, and others.
Some authors, such as Poyatos et al., have ctabsKDPs, both singles and
combined, differentiating them as homogeneous éerbgeneous. Homogeneous
processes have been further subdivided into presdhst use energy and processes
that do not use energy as shown in Fig. 1.1 (Psyettal., 2010).
Interestingly, AOPs are considered as very importanls, particularly for two
reasons, namely the diversity of technologies wedland the areas of potential
application.
In fact, although water and wastewater treatmehyifar the most common area for
their utilization, AOPs have also found applicatiaas groundwater treatment, soil
remediation, municipal wastewater sludge conditignultrapure water production,
volatile organic compound treatment and odour abntr
Substantially, nowadays, AOPs can provide effecteehnological solutions for

water treatment, which are vital for supporting @mthancing the competitiveness of
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different industrial sectors, including the watechnology sector, in the global

market (Comninellis et al., 2008).

Fig. 1 Advanced oxidution
processes (AOPs) classifi-
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In the following paragraphs, a wide range of advanced atioth systems that are

used or currently being studied for their possiide in wastewater treatment will be

briefly described.

1.2 OXIDATIVE DEGRADATION WITH CHEMICAL OXIDANTS

Different chemical oxidants have been reporteddaétive in the oxidation

of recalcitrant substances in water solution. Thesthused are however, ozone and

hydrogen peroxide.

1.2.1 OXIDATIVE DEGRADATION WITH OZONE

Ozonationconsists in molecular ozone acting directly onribeleophilic sites

and unsaturated bonds of the organic compoundsnéOm one of the strongest
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oxidants technically applied, according to its higlduction potentials in principle
both at acid and basic pHs (Busca et al., 2008):

O3+ 2H + 26— O, + H,0O E=2.07 V/ISHE
O3 + H,0O + 26— 0, + 20H E=1.24 VISHE

The utilisation of ozone for the oxidative elimiiwat of wastewater components has
been known for a long time. This strong oxidant waed even earlier for the

sterilization of air and the treatment of drinkimgter. Its effectiveness is highly
dependent on the pH and is based essentially omigahanisms (Ullmann’s):

1) So- called direct oxidation occurs under acichoditions. This is a fairly slow

process, but the conversion can be acceleratedlygreshe energy necessary for
radical formation is provided in the form of UV ligfrom a Hg low-pressure

radiation source;

0, - 0 + 0,
O + H,0 — H,0,
HIOZ hv '21_]0.

2) Alkaline oxidation also takes place via the imediate formation of hydroxyl

radicals

O, + HO™ — HO; + 0O,
HO7 + 03 — 03 + 0, + HO'
H,0 + 05+ 05 — HO™ 420, + HO'

In the last reaction mechanism, Okbn has the role of initiator and the active
species is the conjugate base of hydrogen perokl@g,, which is formed from
ozone and whose concentration is strictly dependeoin pH. The increase of pH to
the aqueous Dsolution will thus result into higher rates ‘@H radicals production
and the attainment of higher steady-state condioniga of ‘OH radicals in the
radical chain decomposition process.

The action of ozone is selective, and the kinaticeeaction depends on the nature

of the organic compounds (Busca et al., 2008).
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As an example of application of ozonation in theatment of wastewaters, it can be
considered the degradation of phenol, a core thefrtbe contemporary research
mainly for two reasons, namely the high toxicityeevat low concentrations of this
compound and its presence in natural waters thatezal further to the formation of
substituted compounds during disinfection and didgaprocesses. Indeed, some
authors have observed that the kinetic of the imadietween ozone and phenol is
fast. In particular, Gimeno et al. (2005) have shawat ozone (6 10 mol/l)
allows the almost complete conversion of 200mgAngi in 2 h at 20C without
any buffer. However, the removal of COD is only 3a%d that of TOC is less than
20% since hydroquinone, benzoquinone, catecholnaaidly oxalic acid at higher
conversion are generated as main intermediateséBatsal., 2008.).

Nevertheless, some authors observed that the pesdrcatalysts, transition metal
ions such as M7, F&', Ni¥*, Ccd, zr?*, C#*, and Ag, may enhance the
conversion of ozone and of COD and TOC (Busca.e2608).

1.2.2 OXIDATIVE DEGRADATION WITH HYDROGEN PEROXIDHBusca et
al., 2008; Ulimann’s)

The direct oxidation of organic compounds by hydmgperoxide under
acidic conditions is a well-known but relativeljJdm-employed process.
The special advantage of this process is that ébbnblogical effort required is
small, an especially positive factor in the casedibdite wastewater (i.e., <10g
COoD/).
Oxidation with HO, proceeds at atmospheric pressure and room terapesaithin
60 —90 min.
Hydrogen peroxide is not toxic, has low cost, isyeand safe to handle and has an
environmentally friendly nature since it decompaosés oxygen and water.

The standard reduction potentials of hydrogen pdeox

H,0, + 2H" + 26 — 2 H,0 E=1.77 V/ISHE
HO, + H,O + 26— 3 OH E =0.87 V/ SHE

imply that it is a strong oxidant in both acididdmasic solutions.
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Large-scale use of this virtually universal oxidgiagent is restricted by the high
price of HO, itself, together with the fact that although sé#omposition proceeds
with the formation of oxygen according the nextctém, the resulting oxygen

contributing almost nothing to the oxidation prac€sg. 1.1).

H,0, — H,0 + % Q (1.1)

The reactivity of hydrogen peroxide is generallwland largely incomplete due to
kinetics, in particular in acidic media, while bgimuch enhanced by homogeneous

and/or heterogeneous catalysts.

1.2.2.1 PROCESS INVOLVING IRON CATALYSTS: FENTONR®CESS

The conventional Fenton reaction uses hydrogenxmlrdn conjunction with
an iron(ll) salt to produce high fluxes of hydroxsddicals which can oxidise
organic compounds in solution. Use of Fenton’s eaads one of the most effective
ways for’OH radical generation. In addition, due to the dioiy of equipment and
mild operation conditions (atmospheric pressureraodh temperature), this method
has been postulated as the most economic oxidaltiemative.

The mechanism 6OH generation, which has been well establishetierliterature,
is quite complex. Briefly, kD, decomposes catalytically by means of ‘Fat acid
pH giving rise to hydroxyl radicals (Eq. 1.2):

Fé* + H,0, —» Fe*+OH +°OH (1.2)
Fe" + H,0, —» F&"+ 00H+ H' (1.3)

Furthermore, Fécan react, at acid pH, with,B8,in the so-called Fenton’s reaction,
regenerating the catalyst and producing’H#®, radical, thus sustaining the process
(Eq. 1.3). The technique becomes operative if thetaminated solution is at the
optimum pH of 2.8-3.0, where it can be propagatedhle catalytic behavior of the
Fe*/Fé* couple. Interestingly, only a small catalytic ambwf F€* is required
whereas this ion is regenerated (see Eq. 1.3)I4Brit al., 2009). In particular,
reaction (1.3) is associated with a two-step tramsétion in which the adduct
[Felll(HO,)]*" formed in the equilibrium (1.3a) is subsequentynerted into F&
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and hydroperoxyl radical (H® following the first-order reaction (1.3b) (Bak et
al., 2009):

Fe" + H,0, — [Felll(HOy)]* +H' (1.3a)
[Fell(HO)]* — F&* + HO (1.3b)

Generated H@ exhibits such a low oxidization power comparethwOH that it is
quite unreactive toward organic matter. As can bseoved, Fenton-like reaction
(1.3) is much slower than Fenton’s reaction (1.Bprtunately, F& can be
regenerated more rapidly by the reduction of Reith HO,» from reaction (1.3c),
with an organic radical Re from reaction (1.3d) avith superoxide ion (&) from
reaction (1.3e) (Brillas et al., 2009).

Fe" + HO» — Fé'+ O, + H (1.3c)
Fe" +Re —» F&' + R (1.3d)
FE + Qs — FE'+0, (1.3e)

Interestingly, this process can lead to the corepfeineralization of the organics
and is considered an attractive oxidative systenwhistewater treatment due to the
fact that iron is a very abundant and non toxianglet even if usually significant
quantities of ferric salts need to be disposed dffirthermore, technical
requirements for optimization or monitoring of thenton’s reaction efficiency are
complex and costly (i.e., GC-MS), which inhibits @ommon usage. Moreover, it is
necessary to control pH carefully to prevent prggijon of iron hydroxide which
occurs at basic pH. Even with optimization of teagation efficiency this treatment
technique implies significant operative costs, ahian be an important limitation
in the choice of treatment.

Recently, the use of ferrous waste metals as acsanir iron ions to be used as
catalysts has been proposed. Indeed, in acidic itomsl the surface of iron
corrodes giving rise to ferrous ions and hydroges @he former, in the presence of
hydrogen peroxide, reacts rapidly to produce hydroxdicals in the normal Fenton
reaction and leads to the formation of ferric iohise zero-valent iron metal surface

can then reduce the ferric ions down to ferrousiifisoeasing the reaction rate) or

10
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indeed may interact with hydroxyl radicals resutin oxidation to hydroxide ions,

so limiting the reaction rate.

Furthermore, the application of conventional honmageis Fenton reaction is
complicated by the problems typical of homogenecatalysis, such as catalyst
separation, regeneration, etc. Thus, Fenton likerbgeneous catalysts, i.e., solids
containing transition metal cations (mostly iromsd have been developed and

tested.

1.2.2.2 PROCESSES INVOLVING NON-IRON CATALYSTS

Non-iron catalysts may also work to enhance wateroxide oxidation
reaction rate, namely copper containing micropormusesoporous materials such
as Cu-Al pillared clays and Cu-zeolite.

Additionally, it can be interestingly to cite thase of phenolic waste treatment with
peroxidase enzymes, about which the most commordgd uis horseradish

peroxidase, in order to remove phenols from aqueoligions in the presence of
hydrogen peroxide. In this treatment, phenolic conmas are polymerized through
a radical oxidation—reduction mechanism. High mallec weight polymers are

insoluble and non-toxic and can be easily separ@tediltration. It has been

indicated that by using enzymes, treatment costgldvbe less than those in the
conventional processes. In this case, treatmeit$ @ve significant not only due to
the price of the purified enzyme but, also, becapsmxidase is susceptible to
permanent inactivation by various undesirable sidactions of the treatment

process.

1.2.3 OXIDATIVE DEGRADATION WITH OTHER CHEMICAL OXDANTS
(Busca et al., 2008)

The oxidation of organic pollutants can be obtaiati using other efficient
oxidants as chlorine, chlorine dioxide and potamsspermanganate. In fact, some

authors, Throop et al. reported usage of theseaaxédor the destruction of phenol.
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These methods are certainly not environmentallgnftly, due in particular to the
formation of chlorinated organic compounds anddispersion of Mn compounds.
Furthermore, they are expensive due to the costeofeagents, as well as the need
for quite precise control of pH.

In recent years increasing interest has been da&vude ferrate (VI) ion as
environmentally friendly oxidant. The ferrate iavhose reduced form is ferric ions,
is in fact a strong oxidant:

FeQ? + 8H +3e — Fe"" + 4 HO E- = 2.20 V/ISHE

but its redox potential strongly decreases by asireg pH.

1.3 PHOTOCATALYTIC OXIDATION

Photocatalytic processes make use of a semicondmettal oxide as catalyst
and of oxygen as oxidizing agent. Many catalysteeHaeen so far tested for their
application to the destruction of environmentali¢gpollutants, although only TiO
in the anatase form seems to have the most integeattributes such as high
stability, in terms of resistance to photo-corrosigood performance, namely high
oxidative power and non-toxicity, and low cost. Adrnhally, it has a moderate
Lewis-type acid-base character, allowing the adsorpf pollutants but also the
desorption of intermediates and products (Buscalet2008; Andreozzi et al.,
1999).

The strong oxidizing ability of Ti@photocatalysts has been ascribed to highly
oxidative holes of the valence band and variousgerycontaining radical species
(e.g.,”OH, O,", HO,). Among these species, holes aB¢H radicals play the most
important roles in the photodegradation of orggmltutants.

As shown in Fig. 1.2, the primary event occurrimgtioe UV-illuminated TiQis the

generation of photo-induced electron/holél{® pairs.

TiDh2%e~ +h*
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Fig. 1.2 Schematic representation of
the generation of photo-induced
electron/hole (€h") pairs, referred
as an example, to the decomposition
' of harmful VOC (Volatile Organic
0:> > , Compounds) by oxidization.

Decompose harmful VOO
HDHl

“OH

These charge carriers can rapidly migrate to thfase where they are captured by a
suitable electron donor and acceptor, initiatingoaitation and reduction reaction,

and/or they are recombined, dissipating the infglittlenergy onto heat (Busca et
al., 2008).

The considerable reducing power of formed electraitavs them to reduce some
metals and dissolved oxygen with the formationhef superoxide radical io®,

as also shown in Fig. 1.2, whereas remaining hales capable of oxidizing

adsorbed KD or HO to reactivéHO radicals:
Ti0(h"y + HaOpg — TiD: +HO,3* +HY
TiOa(h*)y + HOps ~ — Ti02 + HOye*

These reactions are of great importance in oxidatiggradation processes due to
the high concentration of @ and HO adsorbed on the particle surface.
Some adsorbed substrate can be directly oxidizezldnyron transfer:

TiOa(h") + RXyg — Ti0y + RXps**

Unfortunately a significant part of electron-holains recombine thus reducing the
quantum yield. Thus, improving photocatalytic dffitcy requires primarily a
decreased ¢h' recombination rate, which is generally achievedthwsy increase of
the rate of photogenerated electrons transfered@xidant at the interface and/or the

capture of holes via oxidation process (Andreotail.e 1999).

13




Chapter 1

However, lomogeneous AOPs using UV radiation are generallgleyed for the
degradation of compounds that absorb UV radiatighimvthe corresponding range
of the spectrum. In fach consideration of the associated energy fastoosvs that
titanium dioxide absorbs light only at wavelengtiedlow 390 nm because of its
relatively large band gap of 3.2 eVhus, the compounds that absorb UV light at
lower wavelengths are excellent candidates for ggheigradation. Unfortunately, in
the treating wastewaters, the compounds to beutstt can be of very different
nature, thus the large band gap can dwe important drawback of TiOfor
photocatalysis (Busca et al., 2008; Poyatos e2@ilp).

For these reasons, various efforts for enhancirgoglatalytic efficiency have to be
studied and among these, the surface modificatibnTi®, seems the most
interesting. In fact, in order to reduce the tagéaband gap of Tigits surface can
be modified by depositing noble metal clusters tsnsurface, as platinum, carbon,
copper, fluorine and nitrogen. In this way, Fi@natase can be photocatalytically
active under visible light and thus more useful tfee degradation of a wide set of
pollutants.

As all the heterogeneous processes, one of the drnaaback of the photocatalytic
oxidation can be referred to optimize the massstearbetween the different phases.
Thus, reactors operating photocatalytically use isemductor such as TiOin
different ways, i.e. in suspension as a fluidised br internally supported as a fixed
bed. Generally the presence of a heterogeneoulystatiead to the advantage of a
easy separation and regeneration of themselves,ieiethis case, the formation of

a slurry of TiQ could lead to onerous and long recovering progesse

1.4 ELECTROCHEMICAL OXIDATION PROCESSES

Nowadays, electrochemical processes are also megeiivcreasing attention
for wastewater treatment. Indeed, recent researdiese demonstrated that
electrochemical methods offer an attractive altéveato traditional routes for
treating wastewaters containing toxic or/and reémgc organic pollutants (Chen,
2004; Martinez-Huitle and Ferro, 2006).
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This method is characterized by two processesatiwlic oxidation that usually
occurs with complete mineralization of organics #mel cathodic reduction which is
used to convert organic pollutants in not toxic tahces. Among these, the most
common is by far the anodic oxidation in which angapollutants are usually
destroyed withOH formed at the surface of the anode, by the dixideof water
(Guinea et al., 2009). Thus, electrochemical oxiteprocess is an AOP.

Recently, this electrolytic technology has beenehjdstudied with both real and
synthetic industrial wastes. The main results &eg this route allows the almost
complete mineralization of the organics contaimethe wastes with, in some cases,
very high current efficiencies (Cafiizares et 002).

The oxidation mechanisms involved in this technglbgve also been characterized
and include direct electro-oxidation, hydroxyl ralimediated oxidation, and
oxidation mediated by oxidants generated during tieatment from the salts
contained in the waste.

In the first case, direct electron transfer frora inode to the molecule occurs but
fast deactivation of the anode is often observed,td deposition of a carbonaceous
film. This condition is usually achieved in the eotial region before oxygen
evolution (water stability).

On the other hand, at high anodic potentials, thtemoxidation is involved giving
rise to the electro-generation of hydroxyl radicafsthe anodes. These species are
known as “active oxygen”, that can be physicalls@tbed (adsorbed hydroxyl
radicals,OH) or chemisorbed (oxygen in the oxide lattice, M In this case, total
mineralization of organic pollutants may occur witio anode deactivation.
Interestingly, the physically adsorbed “active osgy may cause the complete
mineralization of organic compounds, while the clsambed “active oxygen” may
participate in the formation of selective oxidatipmoducts. Thus, in generdQH is
more effective for pollutant oxidation than O in MQ(Busca et al., 2008; Kapalka
et al., 2008).

Besides the advantages typical of every AOP, tlaianoxidation does not need
additions of a large amount of chemicals to wastewawith no tendency of

producing secondary pollution.
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However, the effectiveness of the electrochemicaatinent depends on many
factors including the nature of the electrodic mate In fact, several anode
materials had been investigated, including graplitePbQ, IrO,, TiO,, SnG, and
diamond film. Among these, conductive-diamond anadgarticular boron-doped
diamond (BDD), is by far preferred, despite of égpensive costs, because of its
high over-potentials for ©evolution, high stability even in strong acid nsedind
wide potential window of water discharge.

Interestingly, this anode is among those interacly weakly with'OH (Eq. 1.4),
thus resulting in high organic removals.

BDD(H,0) — BDD(OH) + H" + € (1.4)

Interestingly, the high oxidation power of BDD alalbows the production of other
weaker oxidants such as reactive oxygen speciesHjk, and ozone, as well as
peroxo-derivatives coming from the oxidation of thaion of the background
electrolyte. These characteristics have led to CDECbnductive-Diamond

Electrochemical Oxidation (CDEQ)) being classifiesl an AOP (Cafiizares et al.,
2009).

1.5 PROCESSES INVOLVING ULTRASOUND (Poyatos et a010; Mahamuni
and Adewuyi, 2010; Oturan et al., 2008)

In recent years, ultrasound has been extensivelg as an advanced oxidation
process for wastewater treatment. This is owinthéoproduction ofOH radicals in
aqueous solutions and subsequent oxidation of tpollsi in the presence of

ultrasound.
H:D "= H 4+ OH
H +0, Y HOO

Pollutants + OH - Degradation products

Pollutants + HOOr — Degradation products

The well-known effect of ultrasound is the cavibati which is the formation,

growth and collapse of microbubbles that conceatithie acoustic energy into
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micro-reactors leading to extreme conditions withirshort time (<1 ns). In fact,
very high temperatures are reached during cavitageen in the range of 5200 K
and 1900 K in the cavity and interfacial regiorspectively.

In this scenario, the formation @H radicals takes place inside the cavity, whereas
these conditions are so extreme that they are tapEbbreaking up the water
molecules and producing radicals. Thosgrolysis of organics takes place inside the
cavity and near the interface of the cavity andaurding liquid at the time of
collapse of the cavity in the presence of ultrasbun

Moreover, during sonication, the formation of hygikea peroxide was observed that
also helps in the degradation of pollutants in esaster, according the following

reaction:
Pollutants + H.0, "' Degradation products

Process involving ultrasound has been studied fier wastewater treatment of
various pollutants such as aromatic compounds,ridialted aliphatic compounds,
explosives, herbicides and pesticides, organic,dyeganic and inorganic gaseous
pollutants, organic sulfur compounds, oxygenated altohols, pharmaceuticals,
personal care products, pathogens and bacteriaterwrhus, it has virtually been
proved beyond doubt that ultrasound can be useth®treatment of any kind of
wastewater.

Generally, this type of advanced oxidation progeskices costs since no radiation
is needed, and it can be combined with other okidgirocesses.

Nevertheless, due to the inefficient conversionenérgy in producing ultrasonic
cavitation and possible difficulties in its scalp, tno industrial installations for
waste water treatment have been reported in tkeatitre, sincehe technology
necessary is still in its initial phases, and thasas well developed as other options.
Finally, efforts have been matieuse ultrasound in the presence of ozone, hydroge

peroxide (see par. 1.6.7), Fenton’s reagent, patdabstsand enzymes.
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1.6 COMBINED PROCESSES

The combination of different techniques has beeundo frequently very
useful to improve the performances in organics aafion processes. Many
different solutions are reported in the literature.

Among these, the coupling of UV irradiation witherhical oxidation with ozone
or/and hydrogen peroxide has to be considered coene and seems to have
already industrial application in water treatménterestingly, according to Gimeno
et al. (2005)the coupling of ozonation with photochemical anddtiotocatalytic
oxidation are the most attractive technologies.

Furthermore, some authors have noted that the Réype oxidation is made more
efficient by coupling with sonication and hydrodyma cavitation. Additionally, the
coupling of adsorption on alumina with electricaaharges as well as of adsorption
on polymeric materials with sonication have begrorted as very efficient methods
to remove phenol (Busca et al., 2008).

Nevertheless, the most famous coupled processetharelectro-Fenton (EF) and
photoelectro-Fenton (PER),0,/UV and GQ/UV. In this frame, it is also important
to consider the possibility of the degradation afgamic pollutants by the
contemporary effectiveness of electrochemical anadd cathodic processes. AOPs
involving electrochemical process are also knowrEA©PSs, i.e. electrochemical
advanced oxidation processes (Brillas et al., 2009)

Finally, apart from the combination of AOPs, it ilportant to enunciate the
possibility of put in sequence some degradatiorcgsses in order to improve the
treating of wastewaters. In particular, whereaglatkbn processes could transform
refractory pollutants in more innocuous productsl dnus biodegradable, it was
considered that AOPs could be an optimal pretre@isrfer a successive biological
degradation step, to limit toxicity of the solutiomth respect to the microbial

cultures.
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1.6.1 ELECTROCHEMICAL REDUCTION AND OXIDATION (Scialdonest
al., 2010)

An electrochemical cell is a particular heterogerseceactor that, owing to
the charge conservation law, requires the couplirat least two spatially separated
redox processes: an anodic oxidation and a cattrediection. The most frequent
condition is that only one of these processes iapplicative interest and the other
one is simply used to close the circuit.

In particular, in the case of treatment of wastewnsat
- in adopted reduction process, oxygen evolution byewoxidation occurs
at anodic surface that is useless for the abateafehé organic pollutant;
- in the oxidation route, the cathodic process, fisanot of applicative
interest, is the hydrogen evolution.
Nevertheless in some cases, both anodic oxidatidrcathodic reduction processes
are useful for the abatement of pollutants, ashendase of chlorurated aliphatics.
Indeed, these substance can be mineralized to rcatiogide and water at anodic
compartment and de-halogenated to correspondesmedkat the cathodic one.
Interestingly, if we denote with E the cell voltagee can express the rate of
consumptionR of the pollutant and the molar energy consumptiprikd/mol)

respectively by the Eq. (1.5) and (1.6) both implidased on the Faraday law.

r=ICE (1.5)
nF

- NFE (1.6)
=

In particular, when the reactant is consumed inrgghianodic and cathodic

processes, aforementioned equations becomes:

n= FE _nFE 1 (1.7)
CE/n +CE,/n, CE 14 nCE,
n,CE,

r=15 4 CE - CE(,, NCE (1.8)
nF n,F nF n,CE,
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whereCE; andCE, are the faradic yields of the two redox reactiandn; andn,
the number of electrons exchanged for each them.

From these equations one can easily understanditien paired electrochemical
processes can be adopted for the abatement oflatgmd] without significantly
increase of the cell voltage E, it is possible biam a faster elimination of the
compound at the same current intensity coupled withetter utilization of the
electric power driving the reactor.

In this frame, some authors have coupled the anoxiitation of various organic
compounds with the cathodic formation of oxidaatsjn the electro-Fenton process
(Fockedey et al., 2002; Guinea et al., 2009; Maoataret al., 2008; Skoumal et al.,
2009) (see par. 1.6.2).

1.6.2 ELECTRO-FENTON PROCESS

EAOPs based on Fenton’s reaction chemistry are gingetechnologies for
water remediation. Over the past decade, they reperienced a significant
development showing great effectiveness for theoutenination of wastewater
polluted with toxic and persistent pesticides, oigaynthetic dyes, pharmaceuticals
and personal care products, and a great deal obtndl pollutants (Brillas et al.,
2009).

During the electrochemical treatment of wastewatbgglrogen peroxide can be
produced continuosly by the two-electron reductioh oxygen (Eq. 1.9) at
appropriate cathodic potential on certain electsodach as reticulated vitreous
carbon, graphite and gas diffusion electrode (Bucal., 2008) (as shown in Fig.
1.3):

0, +2H" +26 — H,0, (1.9)
Furthermore, water discharge at the anode ocaasdjrig, especially in the case of
anodes with high oxidation power, to the generatbmydrogen peroxide besides

oxygen and hydroxyl radicals. In the electro-Fentoocess, the oxidation ability of

electrogenerated J@, is strongly enhanced by adding to the solutionnaalk
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quantity of catalytic F& to producéOH thus following Fenton’s reaction (Skoumal

et al., 2009).

(f)
Gas diffusion
cathode Anode
o ®
il * 2+
Fe
*OH=
Oz — HzOz H.0
Treated solution

Fig. 1.3 A schematic representation of a bench-scale uddd/icell with a gas
diffusion cathode used in EF procéBsillas et al.,2009)

The major advantages of this indirect electro-otkidamethod compared with the
chemical Fenton process are (Brillas et al., 2009):

- (i) the on-site production of J@, that avoids the risks related to its
transport, storage, and handling,

- (i) the possibility of controlling degradation Ikitics to allow mechanistic
studies,

- (iii) the higher degradation rate of organic pdts because of the
continuous regeneration of ¥eat the cathode, which also minimizes sludge
production;

- (iv) the feasibility of overall mineralization at ralatively low cost if the
operation parameters are optimized.

In EF and most related technologies, solubl" Ean be cathodically reduced to
Fe&* by reaction (1.9b), which is known as electroctehéatalysis, withE® = 0.77
VISHE:

Feé'+ e » F&* (1.9b)
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The fast regeneration of £eby reaction (1.9b) accelerates the productiofO
from Fenton’'s reaction (1.2). This enhances theod&enination of organic
solutions achieved with these EAOPs, which possessh greater degradation

ability than similar anodic oxidation and Fentongasses used separately.

1.6.2.1 INFLUENCE OF OPERATION PARAMETERS (Brillas al., 2009)

The degradation rate of organic wastewater in thepEocess depends on
operation parameters such as @eding, stirring rate or liquid flow rate,
temperature, solution pH, electrolyte compositiapplied potential or current, and
iron catalyst and initial pollutant concentratioMost of these parameters are
optimized in the cell used for achieving the bestent efficiency and lowest energy
cost. High flow rates of pure Sor air are normally used either to feed the gas
diffusion electrode (GDE) cathode or maintain tlsduson saturated with Oto
obtain the maximum §D, production rate. Similarly, the solution stirrimgte in
tank reactors or liquid flow rate in flow cellsdhosen at sufficiently high values to
obtain fast homogenization of treated solutions antlance the mass transfer of
reactants toward the electrodes to yield the maxinates of electrode reactions.
Ambient temperatures are normally employed. A iiséemperature to 35-40 °C
increases the mineralization rate, but greater ¢zatpres are detrimental because of
the strong acceleration of chemicab@4 decomposition. Several authors have
reported that the maximum efficiency of the prodessndivided cells with carbon-
felt and GDE cathodes is achieved at pH 3.0, wiicblose to pH 2.8 where the
maximum production of OH is expected from Fenton's reaction (1.2). The
concentration of Fé required as catalyst, which is a function of thathode
employed, have not to be much higher. Indeed, farmple, values of 0.5-1.0 mM
are employed for carbon-PTFE/GDE cathodes, since Haher -catalyst
concentrations the following reaction should beofaed:

F€'+ 'OH — Fe'+ OH

An increase in initial pollutant concentration alwacauses its slower kinetic decay

and lower percentages of pollutant removals. Tketellyte composition is limited
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to sulfate and chloride ions, since media involvipgrchlorate ions with lower
complexing power are toxic and not environmentaigble. The oxidation power
related to the applied current in undivided twoetrlede cells depends on the
pollutant concentration, cell configuration, andodes utilized, which can
electrogenerate competitive strong oxidants sudB3('OH) (see section 1.4) . In
general, lower currents and greater organic cositea to higher current efficiency
with smaller energy consumption but requiring lonti@es for attaining acceptable

mineralization degrees.

1.6.3 PHOTOELECTRO-FENTON PROCESSES

In this scenario, an interesting possibility cobklto profit from the potential
oxidant power of electrogenerated,(d via photo-Fenton.Indeed, it was
demonstrated that the mineralization process can abeelerated using the
photoelectro-Fenton method, where the solution técbaunder electro-Fenton
conditions is exposed to an UVA light of wavelengthx = 360 nm (Gimeno et al.,
2005; Skoumal et al., 2009).

The photocatalytic action of this irradiation isngolex and its main effects can be
related to:
- the photolysis of Fe(OH}, which is the predominant Fe(lll) species at pH
3.0, regenerating greater amount of ‘Fend producing more quantity of
‘OH via photo-Fenton reaction, according Eq. 1.10:
Fe(OHY + v — Fé* + "OH (1.10)

- the photolysis of complexes of Fe(lll) with generhtcarboxylic acids
(Skoumal et al., 2009).
Nevertheless, some authors (Flox et al., 2007; &uit al., 2009; Skoumal et al.,
2009) have used sunlight irradiation as alternatiieatment, since it represents an
inexpensive and potent source of UV light, givingerto the so-called solar
photoelectro- Fenton method.
Hence, both these combined processes are an exteokiFenton process which

takes advantages from UV-VIS light irradiation (Aedzzi et al., 2009).
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Finally, to our knowledge, it is important to coshesi another kind of electro-
oxidation process, known as mediated electro-oiidatconcerning the oxidation
on an anode of metal ions, usually called mediaforsn a stable, low valence state
to a reactive, high valence state. Then, the ositlinediators, typically Aj, Co™,
Fe*, cé* and Nf*, attack organic pollutants directly, and may afsmduce
hydroxyl free radicals that promote destruction thfe organic pollutants.
Subsequently, these species are regenerated aattimle, forming a closed cycle.
This process was proposed for treating mixed ammhrdaus wastes (Busca et al.,
2008)

Onthe other hand, mediated electro-oxidation as agklectro-Fenton usually need
to operate in acidic media to avoid precipitatioh metal hydroxides and, in
addition, there exists the secondary pollution fritve heavy metals added. These

disadvantages limit the application of these preeg¢Busca et al., 2008)

1.6.4 OZONATION AND ULTRAVIOLET RADIATION (O3/UV) (Andreozzi et
al., 1999; Poyatos et al., 2010)

Oxidation processes using ozone and ultravioletatiadh is an advanced
water treatment method for the effective oxidatemd destruction of toxic and
refractory organics in water.

Basically, aqueous systems saturated with ozonaradiated with UV light of 254
nm; the photolysis of the ozonéeading to theformation of hydroxyl radicals as
shown in the following reaction (Eq. 1.11):

HO+O0;—20H+ G, (1.11)

The extinction coefficient of Qat 254 nm is 3600M cmi®, much higher than that
of H,O,. By the way, @UV oxidation process is more complex than the otmes,
since ‘'OH radicals are produced through different reacpathways. There is a

general agreement about involved reactions:
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o:Molpy+0;

113
oMD) + H10 — HaDa

;0.4 HO* + *0OH

By using an QUV process, as an example, Chen et(2007) obtained a very
effective mineralization of the total organic camb¢TOC) (94%) of a solution
containing dinitrotoluene (DNT) and trinitrotolueGENT), with a UV radiation of
96 W and an ozone dosage of 3.8 g/h. The use of reldfation improved
performance by 76.4% on the respect of resultsimddavhen only ozone was used

for the degradation of the compounds.

1.6.5 OZONATION WITH HYDROGEN PEROXIDEOs/ H,0,) (Poyatos et al.,
2010)

Hydrogen peroxide in an aqueous solution is pé#ytialissociated to
hydroperoxide anion (HO), which reacts with ozone giving rise to a seaéshain
reactions including hydroxyl radicals (Eq. 1.123):1
H,O, + 20; — 2°0OH + 3G, (1.12)
HO, + O; —» 'HO,+ 05 (2.13)

This method, which can be easily automated, camideel for the degradation of

practically all compounds.

1.6.6 HYDROGEN PEROXIDE AND ULTRAVIOLET RADIATIONH,0,/UV)
(Andreozzi et al., 1999; Poyatos et al., 2010)

This advanced oxidation process entails the foonatf hydroxyl radicals
generated by the photolysis ob® and the corresponding propagation reactions.
The photolysis of hydrogen peroxide occurs when rdifiation (withwavelengths
smaller than 280 n)ris applied, causing the homolytic cleavage eD§l as shown

in the following reaction:

Ha0s — ™o 20H"
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Moreover, the propagation reactions are the folhmyisinceH,O; itself is attacked

by OH radicals (Eq. 1.14)

H,0, +'OH — "HO,+ H,0 (1.14)
2'HO,; — H,0,+ O, (1.15)

Nevertheless, the major drawback of this procedsiésto the small molar extinction
coefficient of HO, which is only 18.6 M'cm* at 254 nm, thus only a relative small
fraction of incident light is therefore exploited.

Furthermore, the rate of photolysis of aqueoy®©Hhas been found to be pH
dependent and to increase when more alkaline donditare used. This may be
primarily due to the higher molar absorption cagéfnt of the peroxide anion HO
which at 254 nm is 240 Mcmi?, since hydrogen peroxide dissociate in agqueous
solution (Eq. 1.16).

H,0, — HO, +H' (1.16)

However, an HO,/UV system can totally mineralize any organic coonuab
reducing it to CQ and water. Indeed this method have been emplogedhe
mineralization of many toxic organics.

For instance, De Laat et al. (1994) demonstratedeffectiveness of this method
even for dilute aqueous solution of chloroetharlesparticular, using a D,
concentration of 0 mol/L, pH of 7.5, a temperature of 20°C, and atphiz flux

at 254 nm of 4,40 (Einstein &) to treating water with a 1,1,2-trichloroethane
concentration of 0.5 pmol/L, they observed a cosieer of the pollutant of about
87%.

1.6.7 OZONE, HYDROGEN PEROXIDE AND ULTRAVIOLET RAINTION
(O./H,0,/UV) (Poyatos et al., 2010)

When hydrogen peroxide is used in ag@¥ process, it accelerates the
decomposition of ozone and increases the generati®i radicals. This process is
the result of the combination of two binary syste@gUV and Q/H,0O,, in such a

way that the resulting action is the following:

26




Chapter 1

2054+ Ha0s — s 20H" + 304

Obviously, Q/H,0,/UV processes are the most expensive because aséhef two
types of reagents as compared to processes thanhlysene.

As an example, some authors used these methodsefatecolorization of a dye in
the textile industry. These authors found that Hh©®,/UV process took longer to
remove the color than ozonation. In contrast, th®,AJV method eliminated the
TOC from the effluent more efficiently (99%) thamomation (33%) for 160 min of
retention time. Consequently, a combination of bra#fthods was proposed in order
to reduce both of these parameters, thus, with ihSofrpre-ozonation followed by a

H,0,/UV treatment, the dye and TOC removal efficien@arev90%.

1.6.8 OZONE AND HYDROGEN PEROXIDE WITH ULTRASOUN(Poyatos et
al., 2010)

The reactions that occur in the presence of ozadeulirasounds (represented
as “)))") are shown below:

H,0 "= H* + OH*
03— 0s(g) +0O(P)
O(P)(g) + Hy0 — 20H"
03 + OH* — 0, + HO3
0, + H* — HOS

03 4+ HO3 — 20, +OH"
OH* + OH" — H,0,
HOS + OH* — Hy0 + 0y

Moreover, by combining ultrasounds and(i it was possible to achieve the
formation of free radicals in gaseous phase ofcthatation bubbles formed during
the US sonication, thus increasing the destrucyieid of organic pollutants. The
reactions produced are the following:

Hy0; — "~ OH* + OH®

H:05 + 05— HOS + HOS
H,0; +OH* — HO3 + H,0
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In fact, although hydrogen peroxide can be produmedpplication of ultrasounds
alone to a diluted aqueous solution, the amount beajoo small to be significant.
For this reason, it was considered best to add drder to speed up the oxidation
process of the substance to be degraded. On onsatfiese processes are enhanced

when UV radiation is also included because more rfaglicals are formed.
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CHAPTER 2

ELECTROCHEMICAL INCINERATION

2.1 INTRODUCTION

Electrochemical technologies have gained importamd¢be world during the
past two decades and offer promising approacheghfortreatment of industrial
effluents contaminated by organic and inorganidupenhts.

In particular, by an electrochemical treatment aktes, either a partial (reduction of
toxicity) or a complete decomposition of the pdilus can be achieved. In the
second case, the organic substances are totallizexio carbon dioxide and this
electrolytic approach is known as “electrochemiicalineration”, because of the
obvious similarity with the thermal incinerationogess (zhi et al., 2003).
Furthermore, removal and destruction of pollutg®cses can be carried out directly
or indirectly by electrochemical oxidation processa an electrochemical cell
without continuous feed of redox chemicals. Newd#ghs, the inherent advantage of
the electrochemical technology is its environmewrt@npatibility, due to the fact
that the main reagent, the electron, is a ‘clesageat’. In addition, the high
selectivity of many electrochemical processes hétpgrevent the production of
unwanted by-products, which in many cases have tindated as waste.

More specifically, attractive advantages of eledemical processes are generally
(Juttner et al., 2000):

1. Versatility — they are used for direct or indiremtidation and reduction,
phase separation, concentration or dilution, biecidunctionality,
applicability to a variety of media and pollutarits gases, liquids, and
solids;

2. Energy efficiency — electrochemical processes gdlyerhave lower
temperature and pressure requirements, as the Aes, and electrodes
and cells can be designed to minimize power lossassed by

inhomogeneous current distribution, voltage drog side reactions;
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3. Amenability to automation— the system inherent variables of
electrochemical processes, e.g. electrode poteatidl cell current, are
particularly suitable for facilitating process auation;

4. Cost effectiveness— cell constructions and peripheral equipment are
generally simple and, if properly designed, alsxpensive.

Therefore, this technology can be considered enwientally compatible, versatile,
safe and easy to handle.

Despite these advantages, electrochemical processesf a heterogeneous nature,
which means that the reactions are taking placthatinterface of an electronic
conductor (the electrode) and an ion conducting inmed(the electrolyte). This
implies that the performance of electrochemical cpeses may suffer from
limitations of mass transfer and the size of speeiectrode area.

Another crucial point is the chemical stabilitytb& cell components in contact with
an aggressive medium and in particular the lonm tstability and activity of the
electrode material. Therefore, an efficient, staduhel environmentally compatible
anode material is required for future technology.

Moreover, electrochemical methods are recommendetb¥ concentration (COD
< 5 g/L) of organics because in this way they carkwmore economically and

ecologically (Gulyas, 1997; Kapalka et al., 2008).

2.2 MECHANISM PATHWAYS

Electrochemical incineration processes can be @guuijp two categories
(Juttner et al., 2000; Zhi et al., 2003):

- direct oxidation at the anode;

- indirect oxidation involving the electrochemical ngeation of powerful
oxidants, such as &l hypochlorite, peroxide, ozone, Fenton’s reagent,
peroxodisulphate and metal ions with high oxidapotential.

Furthermore, most of the electrochemical incineraprocesses on the anode are
reported to be mediated by hydroxyl radicals aretioactive intermediates that are

produced on the anode surface by the dischargatafrw
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Generally, authors refer to this pathway as a dioe@ation process mediated by
‘OH radicals, physically or chemically adsorbed lwe anode surface, distinguishing

it from the direct electron-transfer reaction (2bil., 2003).

2.2.1 DIRECT OXIDATION MECHANISM

Electrochemical oxidation of pollutants can occuredly at the anode
through the generation of physically adsorbed Vactoxygen”, i.e. adsorbed
hydroxyl radicals’OH or chemisorbed “active oxygen”, i.e. oxygen I toxide
lattice MQ,4.

The overall electrochemical oxidation mechanismolnes the transferring of
oxygen from water to the organic pollutant usingctical energy. As an example,
here is reported the anodic oxidation of phenol ¢E#):

CeHsOH + 11HO — 6CQO, + 28H +28 € (2.1)

In this reaction, water is the source of oxygenretdor the complete oxidation of
phenol to CQ at the anode of the electrolytic cell. The libedaprotons in this

reaction are usually discharged at the cathodgdoolgen molecules (Eg. 2.2).

28H" + 28¢ — 14H, (2.2)

According to the literature (Juttner et al., 20B@palka et al., 2008), water is firstly
discharged (at potentials above 1.23 V/SHE underdstrd conditions) at the anode
active sites M producing adsorbed hydroxyl radi¢gls. 2.3).

H,O + M — M('OH)ys+ H + € (2.3)

These electro-generated hydroxyl radicals, thatessmt the “activated state” of
water in O-transfer reactions, are then involvedhia mineralization of organic
pollutants R (present in an aqueous solution) 2&4).

Riag)+ XM('OH)ags — XM + Mineralization products yH" + ye (2.4)

where x and y are the stoichiometric coefficients.

This reaction (Eq. 2.4) is in competition with tlséde reaction of the anodic
discharge of these radicals to dioxygen (Eq. 2iB)jnishing the current efficiency.
M('OH),gs = M+% QG +H +¢€ (2.5)
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Thus, for the direct oxidation, beside the progsréibove mentioned (see par. 2.1),
the most important request for a suitable anodkedshigh oxygen over-potential or
catalytic activity for the requisite anodic O-trégarsmechanism.

Several authors have employed the direct anoditativin process in their study on
the electrochemical incineration of organic polhita In particular, phenol and
derivates, likewise the carboxylic acids, their maitermediates, are the mostly
investigated examples of the electrochemical stufi@afizares et al., 2002, 2003,
2004a, 2004b; Chatzisymeon et al., 2010; Gandi@il.e2000; Martinez-Huitle et
al., 2004a, 2005a; Panizza et al., 2001). Generallyomplete oxidation of these
substances was achieved even if at optimum opereatinditions.

Other applications have been researched for diagctdic oxidation involving
sugars, alcohols, distillery effluents, dyes, artesaand many other compounds
(Juttner et al., 2000).

2.2.2 INDIRECT OXIDATION MECHANISM

The electro-oxidation of pollutants can be perfalmtirough indirect
oxidation, with the involvment of oxidants that che added or electrochemically
generated at the electrodes. The most known arg@ehaxide, Fenton’s reagent,
peroxidisulphate, besides chlorine, hypochloritel azone. These oxidants react
with the organic substrates, eventually leadingthteir complete conversion to
carbon dioxide or other innocuous components.

In particular, most of these compounds can be pedudirectly in the
electrochemical assay trough oxidation or reducpoocesses. In this case, some
specie present in the electrolytic solution araiced or oxidized with the formation
of oxidants which then oxidize the organic pollusaim the bulk of the solution (Fig.
2.1).

The most used electrochemical oxidant are by faoricte and/or hypochlorite,
(depending on the pH of the media), due to theiteqeffective action. In most cases
they could be anodically generated in the presesfcechlorides ions in the
electrolytic solution (Martinez-Huitle et al., 2006In this example of indirect

process, the possible formation of chlorinated oigaintermediates or final

32




Chapter 2

products could represents a possible limitation tfeg real application of this

technique.

/ Electrolytic cell

with mediator cycle (M)

-

A > g

organic
waste

anode

Mt — M

co,

+
NN N N NSNS

-

Fig. 2.1 Principle of the mediated electrochemical oxidatprocess

In particular, a whole paragraph will be dedicateate specifically to the influence
of the presence of NaCl in the electrolytic solation the electrochemical
incineration process (see par. 2.4.7).

As far as other chemicals agents are concernedr ttlo oxidants can be enounced
among those more diffused, able to degraded sevgmllutants, i.e.

electrochemically generated hydrogen peroxide ¢extrecally generated ozone.

2.3 INFLUENCE OF THE ANODIC MATERIAL

The effectiveness of the electrochemical incineratdepends on many
factors, but the nature of the electrodic mateisalby far the most important
parameter because it strongly influences bothehecsvity and the efficiency of the
process.

In order to discover an anode material with higibsity and high activity towards

organic oxidation, several electrodes have beettedesbut some of them
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demonstrated a rapid loss of activity due to serfémuling (as for the glassy
carbon), others gave only selective oxidation @sthe IrQ), others showed a
limited service life (as for the SpP (Panizza and Cerisola, 2005). Moreover,
although Pb@is a good anodic material for the detection ofanig pollutants, its
application in the water treatment may be limitgcthoe risk of lead contamination,
due to its dissolution under specific anodic palation and solution composition
(Murugananthan et al., 2007).

In particular, these conventional electrodes areadly used for anodic oxidation
even if they led to quite poor mineralization rates

On the contrary, one of the most promising anodatemial is the synthetic boron-
doped diamond, characterized by a high anodic lgtaldind a wide potential
window for water discharge. It has undoubtedly peb¥o be an excellent material
for the complete combustion of organics in wastewareatment and water
disinfection (Cafiizares et al., 2004b; Kapalka let 2008; Panizza and Cerisola,
2005). This table shows that the oxidation potéutizhe anode (which corresponds
to the onset potential of oxygen evolution) is dilerelated to the over-potential for
oxygen evolution and to the adsorption enthalpyyfroxyl radicals on the anode
surface i.e. for a given anode material the higherQ overvoltage the higher its
oxidation power. A low oxidation power anode is iGwerized by a strong
electrode-hydroxyl radical interaction resultingaitnigh electrochemical activity for
the oxygen evolution reaction (low overvoltage ajodnd to a low chemical
reactivity for organic oxidation (low current efffmcy for organics oxidation).
These anodes are called “active” electrodes arnypiaal example are the iridium
based anodes (see Table 2.1).

In contrast to this low oxidation power anode, ttigh oxidation power anode is
characterized by a weak electrode hydroxyl radictdraction resulting in a low
electrochemical activity for the oxygen evolutia@action (high overvoltage anode)
and to a high chemical reactivity for organics atidn (high current efficiency for
organic oxidation). These anodes are called “navelcelectrodes and a typical
example is the boron doped diamond (BDD) anode Tabée 2.1).
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Table 2.1 Oxidation power of the anode material used ingleetrochemical
mineralization process in acid media (Kapalka et 2008)

Oxidation | Orverpotential | Adssoption Orxidation
Electrode potential ol O, enthalpy of M- | power of
iV evolatiom /¥ o e amode
Chemisonption
Fwl-Tvl) 3
ﬂ'ﬂi-ﬂz; l.4-1.7 0% al OH radscal i
Iry-Taz 0y i 0
(DEA-D5) 515 =
TPt 1.7-1.9 0.3
TiFhy 1.E:20 0.5
TifSaly-5byd, | 1.5.22 0.7
p-SUBDD 22.26 1.3 mmmﬁﬁ "’}

Interestingly, many studies are conducted on thkience of the nature of the
anode, in particular comparing the performanceB@D and DSA anodes. Let us
consider, in particular, the case of carboxyliddaciand of BDD and iridum anodes
which are of particular interest for the objectiedshis thesis.

The group of research of Prof. De Battisti (Ferrale 2010; Martinez-Huitle et al.,
2004a) have carried out some cyclovoltammetrieshenelectroxidation of oxalic
acid on Ti/lrQ-Ta,0s. They observed that the addition of the organtssate had
no significant effect on the shape of the curvat the exception of a quite modest
increase in currents in the oxygen evolution pamange (E > 1.15V) at high
concentrations. This behavior could be due to akwieteraction between the
organic substrate and the oxide metal, leading poeéerential interaction between

active sites and hydroxyl radicals rather thaniexadid adsorption as well.

35




Chapter 2

On the contrary, the experiments performed at BeBahstrated that oxalic acid is
electroactive on this anode and its oxidation tgdase about 0.1 V before oxygen
evolution reaction. Hence, oxalic acid oxidationn ceake place even without
involvement of the adsorbed hydroxyl radicals.

Furthermore, these authors performed some elestrslgonfirming the different
performances of the anodes considered: a completenation of the organic
reagent has been achieved at BBIectrodes, while only a minor attack takes place
at the IrQ anode.

Analogue results were achieved by Martinez-Huitlale (2004b) who conducted
similar studies for the electrochemical oxidatidnchloranilic acid (CAA). At the
Ti/lrO, electrode, they observed a slower CAA electro-atkish, as indicated by
residual COD values that are very close to théalnine. Indeed, in the second case,
a complete elimination of CAA from the electrolyzsalution requires only about 4
Ahdm™ at 6.3 and 12.5 mAcH thus clearly showing the effectiveness of the BDD
electrode for the anodic mineralization of orgapallutants. Similar results were
obtained for a very large number of organics, twsfirming the crucial role of the
anode material on the elimination of organic commsy BDD being the electrode
at which the best incineration efficiency has ugua¢en attained.

In order to better understand the different pertmmoes of the two electrodes
considered in our discussion, let us focus on th@perties and on the interpretative
models elaborated by some groups of research orrasgective principles of

electrochemical oxidation process of organics.

2.3.1 IRIDIUM BASED ANODES

As before specified, a typical low oxidation powarode is the IrQbased
electrode.
It has been demonstrated, using differential edetiemical mass spectrometry
(DEMS) (Kapalka et al., 2008), that the interactioetween IrQ and hydroxyl
radical at this electrode is so strong that a highédation state oxide Irfcan be
formed. This higher oxide can act as mediator fothborganics oxidation and

oxygen evolution.
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Furthermore, Ir@Qbased anodes, and in particular the binary syB®m-Tg0s, are
reported to exhibit good anodic stability and elecatalytic activity towards the
oxygen evolution and are, actually, one of the nabtpted catalyst for oxygen
evolution in industrial electroplating processeo(htsu et al., 2000).

On the other hand, these anodes are reported ¢origier only to selective oxidation
of organics (Comninellis, 1994; Simond et al., 199%hus strongly limiting the
possible utilization of these materials for elechr@mical incineration processes.

A generalized scheme of the electrochemical ineithem of organics on oxide
anode (MQ) is shown in Fig. 2.2 (Comninellis, 1994; Simondk, 1997).

In the first step (Eq. 2.6), water is dischargedthet anode producing adsorbed
hydroxyl radicals:

MO, + H,O — MO(OH) + H + € (2.6)

H,0
@

H +e

MO, ("OH) MOy,

H* +e

Fig. 2.2 Schematic representation of the electrochemicalatiion of organics on
oxide anodes (MQ‘orming the higher oxide (M@,). @water discharge @ higher
oxide formation (3 organics oxidation® oxygen evolution (Simond et al., 1997).

In the second step (Eq. 2.7) the adsorbed hydmadicals may interact with the

oxygen already present in the oxide anode withiplesgransition of oxygen from
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the adsorbed hydroxyl radical to the lattice of é#imede, leading to the formation of
the active species (MQ), called higher oxide.
MO,(OH) —» MO, + H +¢€ 2.7)

This species is considered responsible for bottarieg oxidation (Eq. 2.8) and
oxygen evolution (Eq. 2.9). Thus, there is a coitipatbetween these two reactions
that give rise to the regeneration of the metatleQ,

MOys1+ R — MO+ RO (2.8)
MOy41 — MO+ %2 G, (2.9)

Moreover, Comninellis (1994) speculated that thetit@ oxygen” present in the
specie MQ('OH) is physically adsorbed and it should cause @médantly the
complete incineration of organics (Eq. 2.10), ia gresence of oxidizable organics,
while the “active oxygen” present in MQ is chemically adsorbed and participates
in the formation of selective oxidation products|(2.8).

R + MQ('OH), — CO, + zH" + z€ + MOy (2.10)

2.3.2 BORON DOPED DIAMOND (BDD) ANODES

Owing to its extraordinary chemical stability, diand undoubtedly is a
promising candidate as electrode material. Howeualike other carbonaceous
materials which have found practical use (graphidéssy carbon, pyrolytic
graphite, carbon fiber, etc.) for a long time, #iectrochemical studies of diamond
were started relatively late, approximately twethiyee years ago (Pleskov, 2002).
Initially, such studies were essentially impeded thwp factors: first, diamond
remained an exotic, hardly accessible material,setgreparation required very high
temperature and pressure, and second, diamondifsalator, it does not conduct
electric current and is therefore inapplicableraglactrode material as it is.

The situation changed basically upon invention of improved technology for
fabricating thin diamond films from a gas phasearslibatmospheric pressure.

Effective methods for growing polycrystalline dianabfilms on diamond and non-
diamond substrates were developed. These filmsulrtddly will be not very much

expensive if produced on a large scale.
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Additionally, to impart conduction to diamond filmthey are doped during their
growth with an acceptor impurity (boron); thugpdype semiconductor material is
obtained.

These first studies of diamond electrodes openeehaarea in the electrochemistry
of semiconductors: the electrochemistry of diamond.

Hence, highly boron-doped diamond exhibits sevéeahnologically important
properties that distinguish it from conventionaéatodes, such as (Panizza and
Cerisola, 2005):

B An extremely wide potential window in aqueous andn-sagueous
electrolytes: in the case of high-quality diamorgdrogen evolution
commences at about -1.25V versus SHE and oxygeliteroat +2.3V
versus SHE, then the potential window may exceedThé width of the
window decreases with the quality of the film anithwthe incorporation of
non-diamond spcarbon impurities its response resembles thatirwta
from glassy carbon and highly oriented pyrolytiaghite

B Corrosion stability in very aggressive media: therphology of diamond
electrodes is stable during long-term cycling fréwydrogen to oxygen
evolution even in acidic fluoride media;

B An inert surface with low adsorption properties andtrong tendency to
resist to deactivation: the voltammetric respomseatds ferri/ferrocyanide
is remarkably stable for up to 2 weeks of contiraipatential cycling;

B Very low double-layer capacitance and backgroundeot: the diamond-
electrolyte interface is ideally polarizable ané tturrent between -1000
and +1000mV versus SCE is < 50 Afcrithe double-layer capacitance is
up to one order of magnitude lower than that o§gyacarbon.

Depending on the applied potential, the oxidatiborganics at BDD electrodes can
follow two mechanisms: direct electron transfer the potential region before
oxygen evolution (water stability), and indirectiadation via electro-generated
hydroxyl radicals, in the potential region of oxygevolution (water decomposition)
(Panizza and Cerisola, 2005).
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It has been shown that only reactions involvingpdérelectron transfer processes
are active on diamond electrodes in the potenggion of water stability. For
reactions with more complex mechanism, oxidation take place on diamond
electrodes only in the potential region of supmartielectrolyte or/and water
discharge (Gandini et al., 2000; Iniesta et alQ130

Canizares et al. (2003)eported some ciclovoltammetric studies conducted o
different carboxylic acids where an anodic curneeék is observed at about 2.3V
versus SCE, close to the water decomposition redibey showed that this peak
often overlapped with oxygen evolution and that ¢herent density increased with
carboxylic acid concentration, thus suggesting plssible existence of a direct
electrochemical reaction involving oxidation of terboxylic acids.

In fact, some authors have observed that the graential of oxygen evolution
reaction on BDD surface is about 2.3 V, potentialvhich is thermodynamically
possible to form hydroxyl radicals (Kaplaka et a2009). The presence of
electrogenerated hydroxyl radicals on BDD surfaes wetected by means of spin-
trapping(Kapalka et al., 2008

Moreover, it has been reported that the BDD-hydroagiical interaction is so weak
(no free p or d orbitals on BDD) that ti@H can even be considered as quasi free
(Kapalka et al., 2008). In fact, the boron-dopedntbnd based anode (BDD) is a
typical high oxidation power anode and it is clfiedias a “non-active” electrode.
The reason of this weak interaction can be ascrittedhe surface of BDD,
consisting of spcarbon, responsible of its excellent chemicalitgbHence, this
type of stable surface might not favor adsorption awcumulation of polar

molecules, due to a lack of adsorption sites (Zlail.e 2003).

2.3.2.1 KINETIC MODELS

Kapalka et al. (2008) have proposed the followiagctions scheme for the
mechanism of electrochemical mineralization of aiga.on BDD anodes.
Water is firstly discharged at the BDD anode pradgdree or weakly adsorbed
hydroxyl radicals (Eg. 2.11). These species ardrtegmediated for both the main
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reaction of organics oxidation (Eqg. 2.12) and tide seaction of oxygen evolution

(Eq. 2.13).

H,0 + BDD — BDD(OH)ys+ H' + € 12)
R+ xBDD('OH) — xBDD + Mineralization products yH* + ye (2.12)
BDD(OH) — BDD +% Q+H' +¢€ (2.13)

When the rate of the mass transfer of the pollutadtamatically lower than that of
its anodic oxidation, the concentration of the pialht at the anodic surface/reaction
layer C is close to zero and the oxidation process is unuss transfer control.
This case arises, for an oxidation process thatgads up to the total oxidation of
the organic pollutant, when the limiting curreninsi¢y im = nFk[RH]® << iapp
ICE®® (wheren is the number of electrons exchanged for the anaxidation ofRH

to carbon dioxideF the Faraday constant (96487 C Mpl[RH]° and ks, the bulk
concentration and the mass transfer coefficiertheforganidRH, respectively|app
the applied current density an@E°C the instantaneous current efficiency for the
oxidation of RH under oxidation reaction control under adopted rafpe
conditions).

Conversely, whemy, >> iz ICE®®, mass transfer is significantly faster with regpec
to oxidation rate, &is very close to the concentration in the butka@d the process
is under reaction oxidation control. When more ytalhts are present in the bulk
during the electrolysis, one can focus on the chalmixygen deman@QOD of the
solution. In particular, the limiting current detysifor a process that proceed up to
the total oxidation of organics, is given by, = 4Fk,COD and a mass transfer
control will arise ifij, << iz, ICE® (WherelCE® is the average current efficiency
for a process under oxidation reaction control &@D the chemical oxygen

demand computed on a molar base).

The theoretical works of Comninellis and co-authors

Comninellis and co-authors observed that the oxidadf many organics proceeds
at BDD, under usually adopted operative conditiotmywards the complete

incineration with very high current efficiency ibrmass transfer limitations arise
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(Iniesta et al., 2001; Panizza et al., 2001; Radepal., 2001). On the bases of these

results, the authors developed a very simple kinetidel for a batch recirculation

system with galvanostatic alimentation based on absumption that when the

oxidation of organics is performed at BDD at higiodic potentials, close to oxygen

evolution, the electrochemical incineration of tbeganic compound is a fast

reaction and it is controlled by mass transportams the anode. Particularly,

authors assumed that:

* The reservoir volume\) is much greater than that of the electrochemical
reactor

» The electrochemical reactor and the reservoir arfeptly mixed.

e The oxidation in the bulk by electrogenerated omtdas not considered.

The limiting current density for the electrochenhicaineralization of an organic

compound under given hydrodynamic conditions cawtigen as (Eq. 2.14):

iim = 4Fk,COD 2.14)

where i, is the limiting current density for organics miakzation (A m?), 4 is the
number of electrons involved for one mole gf &, is the mass transport coefficient
(m s7), F is the Faraday constant (C mpland COD is the chemical oxygen
demand (mol@m™).

- for igpp < iim the concentration of organic is sufficiently higimd the
electrolysis is under current limited control, tharent efficiency is 100%
and the rate of COD removal decreases linearly;

- for izpp > iim the electrolysis is controlled by the mass transpontrol and
the instantaneous current efficiency (ICE) decreasice secondary
reactions, such as oxygen evolution, commencéignrégime the trend of
COD versus charge passed is exponential becausmast transport
limitation.

The equations that describe the trend of COD anl ({Dstantaneous current
efficiency) in the two regimes are:
- for iappi<ijim ICE=1 (2.15)

coD() = Do[l_ ACTW tj (2.16)
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- OF iappt™ i ICE = ex;{_ Akm, | 1‘6?} (2.17)
Vr a
COD(t€0D® exp{_ Akmg 1-aJ (2.18)
Vr a
where:

- COD?e is the initial chimical oxygen demand (ma/i@);
-V, is the reaction volume @

- ki is themass transport coefficient (m/s);

- Ais the electrode area fjn

-0 = Iappl/lolim.

As shown in Fig. 2.3, this model can predict veatisgactory the trend of COD and

of ICE for all the applied operative conditions.

e —— T
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Fig. 2.3 Influence of 4-chlorophenol (4-CP) concentration ttve trends of COD
and ICE (inset) during electrolysis on BDD anod$.3.9 mM 4-CP ; (x) 7.8 mM 4-
CP;and ¢) 15.6 mM 4-CP. Electrolyte 1 M sulphuricida T = 25°C; i = 30
mA/cni. (—Represents model predicti¢Rodrigo et al., 2001).

The same group of research have proposed a singulelrfor the oxidation of water

on BDD surface (Michaud et al., 2003), performiogng experiments with aqueous
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solutions 1 M of sulphuric and perchloric acids.eytobserved the formation of
peroxidisulfuric acid in the first case and of ogygin the second case, besides
ozone and hydrogen peroxide in both the cases.

The model proposed is shown in Fig. 2.4.

BDD =
- » .,
HO N '. 9
!{f«’ | & ™ WOy +H 42
// II /' _
5 i | 0O +H'+e |
H +e »—"| / \
' o |
|II D_'; ||
4
BDDc{i}H ") BD[:& HoOz)a—— (8 O am
)II\\\HHH ,..-*"-/
3 o
OO, + HY + e

Fig. 2.4 Scheme of the proposed mechanism for water oxidatioBDD electrode
in acidic solution containing a non electroactivepporting electrolyte (HCIQ)
(Michaud et al., 2003).

According to this model, the first step is watesatiarge on BDD with the formation
of hydroxyl radicals. Then, the electrogeneratedrbyyl radicals can be involved
in four parallel reactions:
0] Oxidation of supporting electrolyte: in the caseB80, supporting
electrolyte, electrogenerated hydroxyl radicalscresith sulphuric

acid giving peroxodisulphfuric acid:

2 H,SO, + 2(OH),gs 2 H.SG; + 2 H,O (2.19)
(ii) H,O, formation: mainly in the solution containing HGIO
2°0H > H,0, (2.20)

Then, it can diffuse through the bulk solution dr dan be

transformed into oxygen;
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(iii) O; production:
'OH > '0O+H +e (2.21)
0+ 0> G (2.22)

considering that atomic oxygen can be also evoivexkygen:
20> O, (2.23)

(iv) BDD corrosion: another possible reaction pathway fibe
electrogenerated hydroxyl radicals is the combunstioBDD to CQ
during the anodic polarization at high current dgns
Ceop + ZOH > CO, + 2H + 26 (2.24)

The theoretical works of Cafizares and co-authors

To describe the electrochemical oxidation of orgar@queous wastes, the group of
research of Prof. Cafizares (2002, 2003) proposeellanodel which relies upon

the existence of two zones in the electrochemgattor (Fig. 2.5):

- a first zone close to the anode surface with akif@ss equivalent to the
Nernst diffusion layer (reaction zone), where efmtttemical and fast
mediated oxidation processes take place;

- the remaining reactor volume (bulk zone), wherevsioediated oxidation
reactions can occur.

In both zones, the concentration of every compoisndonsidered to be constant
with position and only time-dependent. Mass transpoocesses between both
zones were quantified by assuming that the lodel sdexchange is proportional to
the concentration difference in the two zones.

This description allows one to simplify significgnthe mathematical complexity of
the reaction system and can yield, together witlagpropriate kinetic model, good
agreements between experimental and simulatiottsesu

Experimentally, inorganic oxidants were not foumdthe system although their
presence was confirmed by the increase in the argafidation rate observed in
sulfuric acid media. This fact indicates that thesmpounds must react rapidly with

carboxylic acids to form carbon dioxide or oxygesidé reaction), with both
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reactions developing mainly in the reaction zonecawuse the concentration of
oxidants is higher in this region. In this zoneg thature of the oxidation process
cannot be identified because there is no possibdit discerning whether the

oxidation of a carboxylic acid is performed dirgabh the electrode surface or by an

inorganic oxidant.
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Fig. 2.5 Sketch of the model for process characterizatidi], [concentration of
compound Si; M/M redox couple of an inorganic reagent;x, averag@eentration
of each organic compound in the two zones (Cafizatal., 2003).

For this reason, kinetic expression (Eq. 2.25)rgppsed to model the oxidation
process, wher&,, (the maximum oxidation rate) is multiplied by I1G& take into
account the oxidants that attack organic matteeutatal diffusion control and by
the adjustable parameteto determine the effectiveness of the oxidation.

r = kx(ICE)o (2.25)

Parameterk,, is assumed to include the oxidation carried outdlly by the

electrode surface and those performed by indirectereagents. Its value can be
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estimated from the current intensitfCs®) and the Faraday constant(96 485 C
mol™) using Eq. (2.26).
Kox = I/F (2.26)

The ICE can be calculated from the following ecuiagi
ICE=1 se I | (2.27)
ICE =[S}/ [S4] iim se | > (2.28)

Hence, it is assumed equal to unity under chargaster control, while it is
proportional to 1 the concentration of organics amdnass transport control.
Parametes depends on the waste composition and on the operedinditions.
Oxidation reactions in the bulk zone can only ocdar large excesses of
electrogenerated inorganic oxidants in comparison the carboxylic acid
concentration. The rate of this reaction must lve because such oxidizing species
are present in very low concentrations. A firstarrllinetic model was assumed (Eq.
2.29) in order to quantify their effect.

r = Ky[Sq] (2.29)

In this kinetic model, it is clear that the reaati@te in the bulk zone < 1,K, = 0,
than reaction rate is equal to zero. Thus, it doean that all inorganic oxidants
react in the reaction zone and therefore cannatréee bulk zone.

By using the mass transport and kinetics expresswaposed, they obtained and
resolved a system of differential equations leadhm to a mathematical model,
that have permitted to obtain a good agreement dmiwthe model and the

experimental data, as shown in the next figure.

The theoretical works of Polcaro and co-authors

Polcaro and co-authors reported a more complex meitle the aim of evaluating
the trends of the concentrations of the startintuf@ot and intermediate products in
the stagnant layer and in the bulk (Polcaro e28I03). Thus, it has been shown that
the incineration of some organics at BDD proceedagh the formation of some
intermediates. As an example, the oxidation of phe&an be represented by the

following schematic reaction path:
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Phenol- Cyclic intermediates» Aliphatic acids— CGO,
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Fig. 2.6 Results obtained [simulation (line) versus expental (points) data] for
three experimental run® |, formic acisl; ,oxalic diam, maleic acid. Experimental
conditions: f, 10 mmoldri; T, 20 °C; j, 30 mA cifi supporting medium,
H,SQ/Na,SQ, (Cariizares et al., 2003).

Furthermore, this model applies also to the casanobxidation process that gives
rise to a current efficiency lower than 100% in thlesence of mass transfer
limitations. The model was based on the followisguanptions:

e Oxidation of pollutants and intermediate compounti&kes place by
homogeneous chemical reaction with hydroxyl radigalith first order kinetic
with respect to both organics and hydroxyl radicatecentrations) in the
diffusion layer in competition with the chemical adtivation of hydroxyl
radicals which is described by a first order kioeédaction not depending on the
working potential;

» A diffusion-reaction model is used to model thefudifon layer while the bulk
of the solution is represented by a stirred-tamicter.

By a numerical solution of pertaining equations gmbalance equations in the bulk

and in the stagnant layer for the starting pollutand intermediates and in the

diffusion layer for hydroxyl radicals), authors weable to predict the trend with
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time of the different compounds present in the botkthe solution during the

electrolyses, as well as the evolution of the spaoéle of the species.

As an example, authors used their model to prediitt a good accuracy, for the

oxidation of phenol, the trend with time of the centrations of phenol and main
intermediates (aromatic and aliphatic acids) bynghag significantly the current

density and the flow dynamic regime and using anfg adjustable parameter (the
average kinetic constant between hydroxyl radicatel aromatic compounds)
(Polcaro et al., 2003). A good agreement betweesordtical predictions and

experimental data was reported by the authorsialdte cases of cyanuric acid and
atrazine by using in this case, as an adjustabtanpeter, the kinetic constant
between hydroxyl radicals and the adopted pollutBotcaro et al., 2003). As above
mentioned, the model involved also the calculatbithe concentration profiles in

the diffusion layer of hydroxyl radicals, pollutardnd intermediates with the time.
Quite interestingly, according to this model, hydraradicals diffuse in the stagnant

layer for few tens of hanometers in agreement litghature.

2.4 INFLUENCE OF SOME OPERATIVE PARAMETERS ON THE
ELECTROCHEMICAL INCINERATION PROCESS

Numerous authors have studied the effect of nunseoperative parameters,
such as the nature of the supporting electroly€, qurrent density and flow rate,
temperature, nature of the organic substrate aesepce of sodium chloride in the
electrolytic solution, on the performances of thieceochemical incineration
processes. In the following we will focus on thadis performed at BDD and/or
Iridium anodes. Studies on the abatement of calimagids will be, in particular,

reviewed with a more detail.

2.4.1 SUPPORTING ELECTROLYTE

Various authors have studied the effect of the sttpyy electrolyte on the
electrochemical oxidation of organics.
Cafiizares et al. (2003) have performed a set oéraxents in order to study the

effect of supporting electrolyte on the anodic atidn at diamond anodes of three
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carboxylic acids, namely formic, oxalic and malaaids. The average composition
of the wastewater used in the experiments was 1@Indm* of carboxylic acid,
5000 mg of N&SO, dm® and HSO, (pH of 2). In order to determine the influence of
supporting media, an experiment using®a,/H;PO, media was also carried out.
Authors observed a higher degradation rate in memtiataining sulfate ions
probably due to the generation of peroxodisulf&tq. (2.30), a powerful oxidizing
agent that can oxidize organic substrates.

2 H,SO, — H,S,05 + 2€ + 2H' (2.30)

Interestingly, this effect was marked for formiédaand very small for oxalic acid.
Same authors have reported the effect of suppoetiectrolyte also for the anodic
oxidation of three chlorophenols, namely 4-chlompdi, 2,4-dichlorophenol and
2,4,6-trichlorophenol (Cafizares et al., 2004akrkin this case, they observed that
the oxidation rate was higher in media containiniglsates than in media containing
phosphates.

Analogue conclusions are achieved by Muruganangham. (2007) who compared
the effect of sulfate and nitrate ions in the efdgtic solution on the
electrochemical degradation of 17R3-estradiol (EBRD thin film electrode. They
detected a poorer degradation efficiency, and auestqof three-fold higher
electrolysis time to attain about 75% degradatiorihe case of medium containing
NOj; than in the medium containing $Qon.

Quite different results were obtained by Michau@le{2003) when they performed
some polarization curves at Si/BDD in 1 M HGlénd 1 M HSQ, at a scan rate of
100 mV § They observed very similar current-potential cgre perchloric acid
and sulphuric acid media, although the reactioas tdike place are different: in | M
HCIO,4 the main reaction is oxygen evolution, while ipS), the main reaction is
the formation of HS,Os.

2.4.2 pH

The effect of pH on the electrochemical incinenatimf organics has been

investigated by many authors. Results are oftentradictory, thus probably
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showing that the effect of this parameter strond®pends on the nature of the
investigated organics and of the electrodes.

In particular, several authors have studied théuémfce of pH at BDD anode
obtaining very different results.

Murugananthan et al. (2007) analyzing the degradaif 1B-estradiol, at different
values of pH, precisely 2, 4, 6, 8 and 10, obsethet the rate of degradation was
highly depended on initial pH of the electrolytelanhanced in alkaline conditions.
In particular, a very rapid 100% degradation wasoawlished within a very short
period of 7.5 min at pH 10.

A very different result was achieved by Flox et @005) who found a higher
mineralization rate for 4,6-dinitro-cresol in acid medium by anodic oxidation at
BDD. They related this result to a faster reactifnntermediates formed under
these conditions witlOH produced on the anode surface.

Interestingly, concerning carboxylic acids, Martiftduitle et al. (2005b) observed
that low pH favours the incineration of OA at ptatin anode with respect to high
ones.

A more complicated scenario was shown by Polcaral.e2005), which in their
study on the electrochemical oxidation of triazinebserved a very complex
dependence of this process on pH. In particulahdrn abatements were evaluated
when the pH increased from 1 to 7, than worse t®swre obtained increasing the
pH until 12. They found a possible explanation listresult in a variation of
reactivity with pH of either the organic compound®©H radicals. In particular, the
oxidative potential of the latter decreases asmpifieiases while the reactivity of the
organic compound increases with pH, thus the gldtgald of reaction rate may
result as a combination of these two contrastifieced.

Interestingly, Cafizares et al. (2004b) observdfémint results depending on the
nature of the substrate. In particular they shothed incineration of chlorophenols
depends on the pH, alkaline pH favoring the accatran of carboxylic acid
intermediates and in particular of oxalic acid.féet, they observed that the initial
oxidation rate was higher in alkaline media, whis,the galvanostatic electrolysis

goes on, the oxidation rate in acidic media sugm#sose in the alkaline media.
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Furthermore, in the presence of 10 mM of formicalmxand maleic acids in water
(5000 mg NaSO, dm?> T = 25°C; i = 30 mAcm), they observed a lower
mineralization rate at pH 12, mainly for the maleicid case. Thus, the larger
amounts of aliphatic acids generated at alkalinevptie a result of the slower
oxidation rate for these compounds.

Nevertheless, when they used polyhydroxybenzenesilastrates (Cafiizares et al.,
2004b), they observed that the global oxidatioa odtthe electrochemical treatment
does not depend on the pH, at least in the expataheonditions studied. In fact, a

complete mineralization of organic waste was olgi@iboth at pH 2 and 12.

2.4.3 FLOW RATE AND CURRENT DENSITY

From a theoretical point of view, when the procisssinder mass transport
control regime, the flow dynamic conditions, impod®y the flow rate, are expected
to affect the mass transfer coefficient and as rmseguence the abatement of the
organics. Furthermore, under mass transfer conttd, oxidation rate is not
controlled by applied current density, thus higherrent densities does not affect
the abatement of the organic for a given time besgults in lower current
efficiencies. Conversely, when the process is umdaction oxidation control, the
flow dynamic conditions are not expected to affdet abatement of the organics
while a higher current density should determinedptimes of treatment (Scialdone
et al., 2010).

Many authors have performed some experiments ttrelehemical flow cell, thus

in order to study the influence of flow rate on thkectrochemical oxidation of

organics.

In particular, Martinez-Huitle et al. (2005a) haeeind that the anodic oxidation of
oxalic acid at BDD at a fixed current density of &0A/cn? is enhanced upon

increasing the flow rate.

Furthermore, different research groups have ingatd the effect of current density

at fixed hydrodynamics conditions.
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Gandini et al. (2000), studying the influence ofplégd current density on the
electrochemical oxidation of acetic acid, have fbuhat a decrease in the current
density (from 90 to 30 mA/cth influences the process resulting in higher faradi
efficiency only when an high degree of conversiaswachieved. In particular they
observed that, depending on the degree of oxidatim regions can be
distinguished:

1. at low degree of conversion (Q < 20 Ahdmthus under charge transfer
control, the oxidation rate of acetic acid is nofiienced by the current
density within the domain investigated,;

2. at high degree of conversion (Q > 25 Ah §nthus under mass transport
control, the oxidation rate of acetic acid decreasib increasing current
density.

This behaviour is due to the fact that at high degyf conversion the oxidation rate
is diffusion controlled and consequently the cutrefiiciency decreases with the
applied current density.

Interestingly, opposite results, but very similamsiderations were reported by
Cafiizares et al. (2004b) when they conducted soreetr@lyses using
polyhydroxybenzenes as substrates. In particutay bbserved that the oxidation
rate of these substances increases with the cutesrdity, altough this increase is
not proportional in the whole range of COD. In faittey explained taht at high
COD values the process is kinetically controlldtyst the increase in the oxidation
rate is proportional to the increase in currentsitgn while and mass transport
controls at low values of COD.

Similary, Brillas et al. (2005) detected an incee&s removed TOC with increasing
of the current, when some electrolyses with paesmet as substrate were
performed at BDD. They related this result to acoonitant generation of moré@H
on the anode surface.

For what concerning the electrochemical oxidatidnowalic acid at BDD, very
different results were obtained. Indeed, while lez-Huitle et al. (2004a) have
found that a dramatic improvement of the incineratiefficiency occurs by

decreasing the current density from 60 to 10 mA/c@®afizares et al. (2003)
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observed that an increase of current density fr@no360 mA/cm leads to a very
slight improvement of the performances.

Evidently, these strong observed differences daito arise from the fact that
different operative conditions were used in thesestigations.

Interestingly, for what concern the case of elattemmical oxidation of oxalic acid
at IrO-Ta0s, Martinez-Huitle et al. (2004a) have found thaghar current

densities give rise to lower abatement of oxalid a&s in the case of BDD.

2.4.4 INFLUENCE OF INITIAL SUBSTRATE CONCENTRATION

The concentration of organics can, in principldéectfthe kinetics of both its
mass transfer from the bulk of the solution to &lectrodic surface and of the
oxidation reactions which take place at the anadim dts proximity. The effect of
the organic concentration, at BDD anode, under rtrassfer control regimes was
studied by various authors. In particular, underséhoperative conditions, Palma-
Goyas R.E. and co-authors (2010) observed thatigieer was the concentration of
crystal violet, the higher was the initial decomifios rate, while Choi J.Y. et al.
(2010), in their study about the electrochemicabrddation of 1,4-dioxane,
observed that COD decreased firstly linearly, immdythat these reactions are in the
current control regime, and then exponentially, lyimgy mass transport control
regime.

On the other hand, it is difficult to found in ligdure data on the effect of the
organic concentration on the performances of tloegss when a fast mass transfer
kinetic is involved. More precisely, this latternthition was usually investigated at
BDD anodes under conditions when the current efficy of the process is close to
100 % so that no an appreciable effect of the acgawilutant concentration can be

expected.
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2.4.5 TEMPERATURE

Different authors have reported some studies oreffeet of the temperature
on the electrochemical oxidation process of orgapitutants at different electrodic
materials.

Canizares et al. have studied the influence of &ratpre on the electrochemical
oxidation of different organic substrates, as caybo acids, chlorophenols, phenol,
and polyhydroxybenzenes, at BDD anode (Cafizareal.et2002, 2003, 2004a,

2004b). They generally observed that direct eletiemical oxidation processes
remain almost unaffected by temperature, thuslaisgrithe effect of this parameter
to the presence of inorganic electrogenerated nésgenainly hypochlorite and

peroxodisulphates. In fact, the oxidation carried by these redox reagents is a
chemical reaction and, consequently, its rate ntlyrimcreases with temperature.

In particular they reported that peroxidisulfatecliemically decomposed at high
temperature and is transformed into oxygen (Eql)2ahd in hydrogen peroxide

(Eq. 2.32-2.33), thus the effect of this compournidh@gh temperatures is less

significant since these species are less powexideot than peroxidisulfate.

H,S,0g + H,O — 2 H,SO, + 2H + %4 O, (2.31)
H25208 + Hzo — H2505 + H2504 + 2H+ (232)
H2505 + Hzo — H202 + H2504 (233)

In the case of carboxylic acids (Cafiizares et2fl03), they have found a negative
effect of the temperature, obtaining lower abatemen he organics when they set
the temperature at 60°C instead of 20°C and tliéxtfvas more marked for formic
acid and very small for oxalic acid. They explairtbdse results considering the
effects of the temperature on the sodium sulphatsent as supporting electrolyte
in the electrolytic solution.

Different results were obtained in the case ofteb@bemical oxidation of aqueous
phenol and of chlorophenols when they observedhigdter temperatures leaded to
an increase in the mineralization process rate.

Thus, they enounced (Cafiizares et al., 2004b)tieapresence of peroxidisulfuric
acid in the electrolytic solution can lead to deafiént effect of the temperature on

the electrochemical oxidation process of organitglifierent nature, depending
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from which of these two processes is favored byeasing the temperature: the
oxidation rate of the organics with peroxodisulfafpositive effect) and
peroxodisulfate decomposition (negative effect).

Similar results were obtained by Panizza et al0{3Qhat have studied the effect of
temperature on the electrochemical oxidation ofaphthol at BDD anodes. They
observed different results at the beginning aner gfassing about 4.5 Ahdin the
first case, no significant differences were fouredween the different temperature
investigated (30, 40 and 60°C), while in the sec@ade higher removal was
detected probably for the production of peroxidiwiric acid, which can oxidize
more quickly the organic oxidation at high temperat whereas in these conditions,
the rate of this reaction increases.

Different results were obtained when were used @jT a,05 electrodes as anodes.
Chatizisymeon et al. have conducted a set of exmeris at different values of
temperatures (30, 60 and 80°C) in order to studyefiiect of this parameter on the
phenol oxidation rate (Chatzisymeon et al., 20I0ey observed that oxidation of
phenol was more efficient at high temperaturegesior example, at 80°C and after
48 Ahdm?® of charge passed, phenol degradation reached 7ifé at 30°C it was
only 42%.

Similar results were obtained by Martinez-Huitleakt (2004a) that have found a
drastic increase of the anodic oxidation of oxaad at, when temperature was
increased (25 — 40 — 60 — 80°C). They explaines tesult relating the effect of
temperature to the different activation energiearatterizing the different rate-
determining step for oxalic acid mineralization dod oxygen evolution reaction,
since the former reaction exhibits the higher @ion energy, with respect to the
latter.

Hence, the effect of the temperature on the pedogas of the process strongly
depends on the nature of the anodic material. iticodar, for example in the case of
carboxylic acids abatements, an increase of th@deature gives rise to a decrease
of some carboxylic acids abatement at BDD (Caf&atel., 2003) and to a drastic

increase at Ir@based anodes (Martinez-Huitle et al., 2004a).
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2.4.6 NATURE OF THE ORGANIC SUBSTRATE

Several authors have studied the influence of #itera of substrate on the
electrochemical oxidation process.
Cafiizares et al. (2004b) reported the electrochemioxidation of three
polyhydroxybenzenes, namely phenol, hydroquinorg h2,4-trihydroxybenzene,
at BDD anode. They observed a complete mineratimaif the organic matter in all
cases, thus the rate of mineralization does noemt#ppn the particular organic
compound. A very similar study was performed by Hane group of research
comparing the galvanostatic electrolysis of thre@omphenols, namely 4-
chlorophenol, 2,4-dichlorophenol and 2,4,6-tricblgienol, under the same
operation conditions (= 1.1 mM; T = 25°C; i = 30 mAcif) pH = 2; BDD anode)
in supporting media containing sulphates or phosgshan water. In this case, they
observed a smaller difference for the dichloroptamal trichlorophenol that can be
easily justified in terms of the formation of hyfbarite by means of the oxidation
of the chloride ions released from the chlorophgniol particular, the concentration
of hypochlorite increases with the chlorine contianthe organic pollutant and so it
also increases the rate of the oxidation proce&s®Sizares et al., 2004a).
Quite different results were obtained when carbioxgtids were used in order to
investigate the influence of the nature of the #albs on the electrochemical
oxidation process at BDD anode. In particular, scemhors observed a quite
complete oxidation indifferently for all the aciatwestigated, while others observed
a more precise order of mineralization rate.
Gandini et al. (2000) reported quite similar remewvaf formic, oxalic and acetic
acids, resulting on a complete oxidation to cardaxide on diamond electrodes
with current efficiencies, after a circulated cheaaf 12.0, 23.5 and 43.7 Ahdn
Very similar results were obtained by Cafiizaresalef2003) who detected the
evolution of the total organic and inorganic carbaoncentration in the
electrochemical oxidation of formic, oxalic and mial acids for a specific set of
experimental conditions ¢& 10 mM; T = 20°C; i = 30 mAcif) pH = 2; supporting
medium NaSQO,;, BDD anode). They observed that the electrochdnmpcacess

could successfully treat the three carboxylic acidder investigation, transforming
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these compounds into carbon dioxide, after a aitedl charge of about 18 Ahdm
The formation of intermediates could not be obsgreeiggesting that the oxidation
of the carboxylic acids can be considered as atrelthemical combustion reaction.
Nevertheless, the study of undoubted importandgritihs and coauthors (Guinea et
al., 2009) had lead to different results. They hatedied the degradation of
carboxylic acids, carrying out three comparativpegknents involving direct anodic
oxidation, anodic oxidation with addition of Fei® solution and anodic oxidation
with addition of Fe3in solution coupled with solar irradiation. Thegvie shown
that the degradation rate of carboxylic acids ddpem both the AOP employed and
the nature of the Acid. In particular, the testedla resulted more quickly oxidized
in direct anodic oxidation in the sequence: oxaiacetic < maleic < formic <<
pyruvic. Thus, the oxalic acid seemed to be theemmesistant, even in electro-
Fenton processes.

In order to better understand the effect of theireabf the organic substrate on the
electrochemical oxidation processes, Weiss eR@DY) conduced a very interesting
study. They demonstrated the presence of of oxald formic acids as the main
intermediates during the electrochemical oxidatidrmaleic acid at BDD. Thus,
they studied the influence of the presence of tlwesepounds adding them at the
initial electrolytic solution, containing maleic idcas substrate. Investigating
simultaneously formic and maleic acids, they obsérthat the latter was rapidly
oxidized while the first was slowly oxidized, sinttee rate of formic acid oxidation
increased as the concentration of maleic acid dserk They ascribed this result to
the different rate constants for the reaction betwhydroxyl radicals and formic
and maleic acids, of 1.3 x 4Dmol™*s* and 6 x 18Lmol’s™, respectively.

On the contrary, when maleic and oxalic acids awmé tpgether in the initial
electrolytic solution, they observed that the caniion of both acids decreased at
rates of same order. Since the rate constant ferrélaction between hydroxyl
radicals and oxalic acid is 1.4 x®1bmol™s?, this result could not ascribed to this

reaction, but to the possibility of a direct traarsdf electrons of the oxalic acid.
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2.4.7 INFLUENCE OF SODIUM CHLORIDE CONCENTRATION

The effect of chloride ions on the performanceshef process has been the
object of numerous researches (Martinez-Huitle &edro, 2006) for two main
reasons. First, the addition of chloride ions canse an increase in the removal
efficiency due to the involvement of active chlarinn the oxidation process.
Second, chloride ions are often present in ligUftluents and in natural waters,
which makes the involvement of active-chlorine liede media inevitable. On the
other hand, the addition of chloride ions can gige in some cases to the formation
of halogenated intermediates more toxic than thetisy compounds (Bergmann
and Rollin, 2007).
In order to explain the positive effect of the duehi of sodium chloride towards the
electrochemical oxidation of many organics, it bagn pointed out, since the first
works on the topic, that the chloride ions oxidatican lead to the formation of
chlorine, hypochlorous acid and/or hypochloritepeteding on the pH (Eqgs. 2.34-
2.36), that can oxidize the organics near to thedanor/and in the bulk of the

solution (Eq. 2.37 in alkaline medium).

2CI - Cl+2e (2.34)
Cl, + H,O — HOCI + H + CI (2.35)

HOCI - H" + OCI (2.36)
Organics + OCl- intermediates- CG, + CI + H,O (2.37)

These reactions should take place in competitidh @xygen evolution (Egs. 2.38-
2.39), chlorate chemical and electrochemical foromat(Egs. 2.40-2.41) and
cathodic reduction of oxidants in the presence nflivided cells (Eq. 2.42)

(Coninellis and Nerini, 1995; Szpyrkowicz et al949.

AOH - 2HO0+ O, +46 (2.38)
2H0 - 4H +0O,+4¢€ (2.39)
OCI' + 2 HCIO - ClO5 + 2 HCl (2.40)
60CI +HO0 - 2ClO; +4CI+6 H +15Q+6 € (2.41)
oCcl +H0+2é- CI'+20OH (2.42)
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To account for some experimental results and intiqéar for the different
distribution of byproducts observed in the eledterical treatment in the presence
of CI' and in the chemical oxidation with NaClO, somehats have suggested that
an important role can be played also by surfacetrelehemical reactions (Bonfatti
et al., 2000; Szpyrkowicz et al, 1994). In partigulsome authors (Bonfatti et al.,
2000; lIsraelides et al., 1997; Martinez-Huitle &t @005b) have proposed that
adsorbed chloro- and oxychloro-radicals could bgolved in the oxidation
mechanism (see as an example Eqgs. (2.43-2.44)daykychlroradicals).

MO,(OH) + CI - MO4(HOCI) +¢€ (2.43)
Organics + MQ(HOCI) - intermediates- MO, + CO, + CI + H,O + H  (2.44)

Furthermore, the possibility that some role cowddblayed by the anodic shift of the
oxygen evolution, caused by ‘Cbns in the solution, has also been taken in
consideration. Interestingly, up to now, it canbetexcluded that all these routes are
simultaneously involved in the anodic oxidation @fyanics in the presence of
chlorides. Furthermore, the oxidation performedntgans of active-chlorine could
coexist with the direct oxidation of the organitste electrode surface, the indirect
oxidation mediated by electrogenerated hydroxybxyrchloro radicals or with both
these paths thus giving rise to a complex systerithwbloes not easily allow to
predict the role of operative parameters on théopmances of the process.

The complexity of the system gives rise to a diffioptimization of the process and
to a discrepancy between literature data for wioatern the effect of the various
operative parameters on the performances of theepso As an example, Polcaro et
al. (2002) report that higher current density resin an higher abatement of 2,6-
dichlorophenol at Ti/Ru@in phosphate buffer at pH = 7, Panizza and Cexisol
(2003) do not observe a significant effect of therent density for the incineration
of 2-naphtol at Ti-Ru-Sn, while Comninellis and M&(1995) show that in the case
of the oxidation of phenol at Ti/lrQhigher current density leads to lower current
efficiencies. In this study, no effect of chloridencentration was observed, while
higher NaCl concentrations gave rise to higher rexhefficiencies in the treatment
of landfill leachate (Chiang et al., 1995). Impaoittg, many authors have shown that

the effect of NaCl drastically depends on the anadaterial. Coninellis and Nerini
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(1995) have studied the influence of this parametethe electrochemical oxidation
of phenol at Ti/IrQ and Ti/SnQ. They observed that the presence of chloride ions
resulted in an increase of the current efficiermythe former anode, in contrast to
the latter for which the presence of NaCl did ndtuence this value. Moreover,
Chiang et al. (1995), in their study about the redi oxidation effect in
electrochemical oxidation treatment of landfill dbate at Sn-Pd-Ru oxide coated
titanium (SPR) and at PAi anodes, observed that the treatment efficiesfche
SPR anode was higher than that of the other wéfratdition of chloride.
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CHAPTER 3

EXPERIMENTALS

In order to pursue the objectives of my thesis ftflewing kinds of study were

performed:

1) Electroanalytical experiments and polarizatiarves.

- chronoamperometric measurements and polarizationes conducted on the
carboxylic acids used as organic substrates ielgwrochemical oxidation process.
- current/potential curves for the couple’#ee* in order to determine the limit

current value at the different experimental assays.

2) Electrolyses experiments, conducted in two typesell, in order to study the
electrochemical and the Electro-Fenton oxidatiomcpsses of some organic
substrates;

- electrochemical oxidation of carboxylic acids.

- electrochemical oxidation of chlorinated alipbatydrocarbons.

- electro-Fenton oxidation of chlorinated aliphatipdrocarbons (study effectuated

at the faculty of chemistry of Barcelona).

3) Analytical methods for the detection of the arigasubstances used as substrates

and of the possible byproducts.

3.1 CHEMICALS

The electrolytic solution was constituted of distié water as solvent and
NaSQ, (Janssen Chimica) 0.035 M as supporting elec&olhe solution pH was
settled adding k80, (Sigma Aldrich) or NaOH (Applichem) in order totam acid

and basic solution, respectively.
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In some experiments, NaCl (Sigma-Aldrich) was adtiedhe system in order to
study the effect of the presence of chloride ionsthe electrolytic solution.

Moreover, in the solutions prepared for the studythe electro-Fenton process,
ferrous sulphate eptahydrate from Fluka was uset@ase of F& ions.

Several compounds were used as organic substrates:

- carboxylic acids, in particular bi-hydrate oxalwda99% (Aldrich), formic
acid 98% (J.T. Baker) and maleic acid >99% (Fluka).

- chlorinated aliphatic hydrocarbons, in particula2-@lichloroethane 99,8%
(Aldrich) and 1,1,2,2-tetrachloroethane 98% (Fluka)

All these chemicals were analytical grade.
Different electrodic materials were used duringdlectrolyses in dependence of the
process and organic substrate studied. In particula

- BDD and Iridium anodes were used as anodic matesapplied by
Condias and De Nora S.p.A. (Milano, ltaly), respety and nichel as
cathode, for the oxidation of carboxylic acids;

- BDD and Pt 99.99% purity anodes were used as anmodierial, supplied
by Adamant Technologies (La Chaux-de-Fonds, Swind) and
SEMPSA, respectively and Carbon-PTFE oxygen diffusirom E-TEK
8Somerset,Nj, USA) as cathode were used for thectiBl&enton
oxidation.

All the experiments with carboxylic acids as suditstr were conducted under
nitrogen atmosphere (Air Liquid-Rivoira), while #® conducted with aliphatic

chlorides were conducted in a sealed assay.

3.2 EXPERIMENTAL SETTINGS
3.2.1 ELECTROANALYTICAL EXPERIMENTS

Some electroanalytical experiments, in particulatapzation curves and
chronoamperometric measurements, were performethgduny PhD thesis as
preliminary studies in order to best understandntteehanism of oxidation of the

organic substances used as substrates in theoeleetnical processes, even at
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different operative conditions. In particular, sorné these experiments were
conducted at temperature higher than 25°C, at ba#fic and acid pH, at different
electrodes and at different potentials, with then &b evaluate the effect of these

parameters on the mechanism of oxidation and remtuof the organic substrates.

Chronoamperometric measurements

These electroanalytical experiments consist ormtbaitoring of the current versus

the time, at fixed potential. In this way, addingre concentrations of the organic
substrates step-by-step, at wished time, it isip@s$o detect the changing of the
current, relating to the organic concentration. d@leamperometric measurements
were performed by an Autolab PGSTAT12.

Polarization curves

Polarization curves are carried out monitoring therent at different potential
values which vary according to an imposed rateicilly of a few mV/s. In this
way, it is possible to detect the potential at ainithe oxidation of the organic
compound takes place at the used electrode. Am&B 2tentiostat, Amel 567
current integrator and HP 34401A multimeter weresdusfor quasi-steady

polarization curves.

Polarization curves for the determination of tmiticurrent

When the polarization curves are detected for theple F&'/Fe*, a very stable
redox couple, it is possible to determine the limgitcurrent value according the
following considerations.

During the electrochemical process, the followiegations take place at the two
electrodes, i.e. the reduction of thé ' Rgq. 3.1) and the oxidation of ¥4Eq. 3.2),
at the cathode and at the anode, respectively:

Fe(CN),” +e~ — Fe(CN)," (3.1)

Fe(CN),” - Fe(CN),~ +e (3.2)
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Known the ions concentration in the bulk of theusioh (C) and the limiting current
values |, obtained for the different concentrations of tteelox couple, it is
possible to determine the mass transfer coeffisigpt(Eq. 3.3) and consequently
the thickness of the stagnant lay&. (

kmzz;mx% 59
Polarization curves were conducted changing themiat from 0 to 1,3 V/SCE, by

a linear ramp with a rate of 3 mV/s, at both systeand Il (see par. 3.2.2) in order
to know the mass transfer coefficient for everyagssmployed.

The electrolytic solutions were constituted of amuge solutions of equitable
molarity of KsFe(CN) thrihydrate 99%, Carlo Erba reagents, an&d{CN) 99%,
Merk, with the concentrations of 10, 20 and 30 mbiking NaOH (99%,
AppliChem) as supporting electrolyte. The diffusiocoefficient D values for this
couple in aqueous solution was assumed of 6.631'°1®%s. The values ob
detected in the different electrolytic systems ¢hbeenext paragraph) and at different
operative conditions are shown in Table 3.1, wkiile values of D chosen from
literature data for the several organics investigat this work are reported in Table
3.2.

Tab. 3.1 Values of the thicknesses of the stagnant layer the different
electrolytic systems and operative conditions a€ldpt

Electrolytic systems and Operative conditions 3 *10°
(cm)
System Il at a flow rate of 1.2 I/min at 25°C 1.2
System Il at a flow rate of 0.2 I/min at 25°C 2.8
System | at 25°C 4
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Tab. 3.2 Values of the diffusion coefficient D for the istigated organic

Substrate D 10° (cnf/s)
Oxalic Acid 1.F
Formic and Maleic Acids b1

&Kulas J. et al., 1998
®Value assumed

3.2.2 ELECTRODIC OXIDATION SETTINGS

Electrolyses were performed in two different system

Systeml
This experimental setting was constituted of a beswale batch undivided or

divided glass cell (Fig. 3.1) equipped with a SGHerence electrode, an anode
(Ti/lrO,-Ta,0s or BDD) with a wet surface area in most cases.bfd@f, and a
nichel or silver cathode.

When the divided assay was employed, the anodicatithdic compartments were
divided by a cation-exchange membrane Nafion 32vadic solution was stirred by
magnetic stir bar at a rate o 600 rpm.The volumeagch compartment was generally
of 50 ml for the cathodic and 70 ml for the ancaie.

The temperature of the electrolytic solution wattlesg at 10°C for the chlorinated
aliphatic hydrocarbons (to prevent a massive eamor) and at 25 and 50°C for
carboxylic acids, thermostating the cell by thecaiation of a refrigerant liquid
(50% water and 50% ethylene glycol) kept at coristemperature by an
ULTRATEMO 2000 julabo F30, with regulation from —&®+200°C.
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Fig. 3.1 Scheme of a bench-scale batch glass divided fodiar@xidation

Systemll
This experimental system was constituted of a oowotis batch recirculation

reaction system equipped with:
« a filter press undivided micro flow cell ElectrdCAB with parallel and
thin sheets (Fig. 3.2);

Fig. 3.2 Scheme of &licro flow cell ElectroCell AB
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®,

< a centrifugal pump IWAKI mod. MD 70 RZM, with a mawum power

pumping of 40 I/min and a prevalence of 14.3 m;

+ a flowmeter model Picomag DMI 6530 equipped witvalve located at the

exit of the electrochemical cell, in order to regalthe flow rate solution;

% a jacketed glass solution reservoir equipped witled enters: one for the

circulation of the solution, one for the diffusefr @ continuous stream of

nitrogen dispersed in the liquid phase and a sermiter to let take samples

and measuring the temperature of the solution.

5
%
2
v 3
4 1 Figure 3.3 Simplified flow-sheet
QN gure 3.3 Simp

-—@8

—> s

of reaction system ;' 1,
Saturation jacketed tank; 2,
Electrochemical cell; 3, Thermal
exchange fluid; 4, Gas inlet and
outlet; 5, Centrifugal pump; 6,
Flow valve regulation; 7, Flow
indicator.

The tank is thermostated by the circulation of faigerant liquid (50% water and
50% ethylene glycol) kept constant temperature myJATRATEMO 2000 julabo

F30, with regulation from —50 to +200°C.

The volume of the electrolytic solution continugufgdd was 250 ml.

The system was washed by a continuous circulatfodigtilled water after each

experiments.

The overall arrangement of the batch pilot reait@hown in Fig. 3.3.
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The cell was equipped with a BDD-Nb or a Ti/jD&a,0s thin sheet anode (surface
area 9.14 cA) and a nickel cathode (distance between cathodeaode lower than

5 mm). Electrolyses were conducted with an Amel3205

3.2.3 ELECTRO-FENTON SETTING

Electrolyses were conducted in a system (systemn ¢ibnstituted of an
undivided cylindrical glass cell (Fig. 3.4) equippsith a BDD anode, a wet surface
area of 3 cf and a carbon-PTFE ,@iffusion cathode (air-diffusion electrode,
ADE) (Fig. 3.5).

The temperature was regulated at 10°C by circigatixternal thermostatated water
through the double-jacket of the cell. The volumi¢he electrolytic solution was of
about 130 ml and was stirred by magnetic stir bar.

This set of experiments was conducted with 1,2idicethane and 1,1,2,2-
tetracholoroethane as organic substrates and iforehason the cell was kept closed
with a glass covering in order to avoid the vapaian of the volatile chlorinated
compound.

The carbon-PTFE cathode was fed with an oxygen flae of 0.35 I/min, from an
oxygen generator KNF LAB LABPORT, to continuouslgarogenerate hydrogen
peroxide by oxygen electrochemical reduction (seg E9). In particular, the
carbon-PTFE electrodic material was placed at tittooln of a cylindrical holder of
polypropylene with an inner nickel screen of 125shes current collector in
contact with a nichrome wire as electrical conrgatti

Electrolyses were conducted with an Amel 2053.

69




Chapter 3

02 |(-)
flow | Nichrome
wire
) ’Holder of

polypropylene

Water to

thermostat

|i'-|"

Solution

Carbon-PTFE

Water from__J O,-fed cathode

thermostat =]
Magnetic bar

Fig. 3.4 Scheme of a bench-scaiedivided and thermostated cylindrical glass cell,
where the carbon-PTFE ADE cathode was directiywfitl pure Q

vf

(a) (b)

Fig. 3.5 (a) Oxygen-diffusion cathode. (b) Components ettthode: (1) carbon-
PTFE cloth, (2) polypropylene screw plug, (3) Nistmg(4) Ni-Cr wire, (5) silicone
gasket, (6) glass tube, (7) polypropylene suppod @) support tap
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3.3 ANALYSIS EQUIPMENTS

Samples of the electrolytic solutions were periatlyctaken and analyzed
during the electrolyses to evaluate the performsnmethe process in terms of
conversion of the substrates during the differéajess of the experiments and the
presence of possible byproducts.

This section is devoted to give detailed informatan the measurement of global
parameters such as COD, pH, TOC and active chlo@sewell as individual

parameters including qualitative and quantitatimalgsis of initial compounds and
their reaction intermediates. Moreover, we also ptgntion to the apparatus and

equipments utilized in this work.

Quantification of the carboxylic acids, present aganic substrates or reaction
intermediates, by HPLC

Carboxylic acids concentration was evaluated bwidicchromatographic analyses
using HP 1100 HPLC equipped with UV-Vis detectodqptedA=210 nm), and
performed with a Alltech Platinum EPS C18 colunar,the electrolyses with oxalic
acid as substrate, and a Prevail Organic Acid éuthiose conducted with formic
and maleic acids.

The samples of quasi 0.2 g were taken from thetrelgtic solution and were
diluted until 10 ml with the buffer solution, comag KH,PO, (Aldrich 99+%,
A.C.S. reagents) and;AQ, at pH = 2.5, prepared with water of Sigma-Aldrigh
chromasolv for gradient elution).

In the case of the oxalic acid detection, when legh Platinum EPS C18 column
was used, the mobile phase was constituted of g@dansolution for the 90%
(aqueous solution of KIPO/H;PO, at a pH of 2.5) and of methanol (99,9%, Fluka
chromasolv for hplc) for the remain 10%. Insteadthe case of the formic and
maleic oxalic acid detection, when a Prevail Orgaktid 5u was used, the mobile
phase was constituted by the tampon solution fo#4.0

When electro-Fenton oxidation process was studimsihhg chlorinated aliphatic
hydrocarbons as organic substrates, some sampies lfgen taken during the

experiments and have been analyzed by HPLC in owedetect the possible
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presence of electro-generated carboxylic acidspdrticular the analyses were
performed with an AMINEX Column and a mobile phasmstituted of HSO, 4

mM, fluxed of 0.6 mL/min.

Quantification of the chlorinated aliphatic hydrdmans by GC

The concentrations of 1,2-dichloroethane and 2it@rachloroethane were
monitored during some electrolyses by Gas Cromafgr using a Trace GC Ultra
(Thermo Scientific) System equipped with FID, a Plus Autosampler GC
Headspace and an Agilent J&W GC Column DB-624. Tenaipre at the oven was
settled according the following method: an initeiperature of 60°C, a ramp until
the final temperature of 220 °C at a rate of 8 degfmin and a final hold time of 5
minutes. The identification of halogenated compaunas generally performed by

GC analyses trough comparison with pure standards.

Quantification of ions released by IC

The presence of chloride, chlorate and perchldcate produced during the electro-
Fenton oxidation of chlorinated aliphatic hydroaard was determined by ionic
chromatography (IC). This is a liquid chromatognaptechnique, where the
stationary phase inside the column contains a syisthion-exchange resin with
charged groups as active sites. There are two tfpesins depending on the nature
of the ion to be retained:
- cationic ion exchange resins contain negativelyrgd@d groups such as
sulphonic or carboxylic acids (strong and weak aedpectively);
- anionic ion exchange resins usually contain padigicharged quaternary
or primary amines (strong and weak base, respégtive
Consequently, there are two types of IC systemided to separate either cations
or anions. Thus, in order to detect the presencanddns, the anodic one was
employed. In particular, anions concentration wealated using Shimadzu IC
equipped with a conductivity detector (CDD-10AVRInd performed with a
SHODEX Packed column SHIM-PACK IC-A15. The mobileage was constituted
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of an aqueous solution of tris(hydroxymethyl-)anmmahane 99%, from Lancaster

and phtalic acid 99%, from Lancaster.

pH

The pH measurements were carried out with a CrZ@®0 pH-meter, calibrated
with two buffers of pH 4 and 7 purchased from Paaréor the electro-Fenton
experiments and with a HI 8314 membrane pH-metdibrated with three buffers

of pH 4, 7 and 10 purchased from Hanna for the mnmddation experiments.

Active chlorine

When the electrolyses were conducted in the presefcodium chloride in the
electrolytic solution in order to study the infleenof the chloride ions on the
electrochemical oxidation of the oxalic acid, aetiehlorine concentration was
detected by the photometric method (Ocean Optic2DBIB) with a MerK Chlorine

test containing dipropil-p-fenilendiamina (DPD).

COD (Chemical Oxygen Demand)

The trend of some of the oxidative processes was mlonitored by measuring the

COD. This parameter represents the measuremetheodxygen equivalent to the
organic matter contained in a sample that is suddepgo be oxidizedy a strong
chemical oxidant. The COD value is given in concaitn of oxygen (mg /1)

COD has been determined by the potassium dichromatbod according to the
following reaction:

CxHyOz + mCr,0;% + 8nH" — x CO, + (y+8m)/2 H,0 + 2nCr** (3.4)

wherem= (2¢/3) +y/6 —z/3

The oxidation takes place by adding 2 or 3 ml dfitson (depending on the range of
the concentration of COD) to a Merck vial contagiboth silver compound as
catalyst to oxidize resistant organics and mercsadlphate to reduce interference
from the oxidation of chloride ions by dichromatesulphuric acid. After reaction

of the mixture for 2 h at 148 °C in a thermoreac{tMerck, Spectroquant

Thermoreactors TR320) and cooling at room tempegatthe COD value was
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obtained from the spectrophotometric absorbandertfformed, by an Ocean Optic
Spectrophotometer (DH-2000).

TOC (Total Oxygen Demand)

Total Organic Carbon (TOC) analysis of a solutienbased on the complete
conversion of all carbon atoms present in the sanypl to CQ and constitutes
another global parameter that serves to evalugeldigree of mineralization of a
pollutant during its destruction. This techniquéowak evaluating the degree of
mineralization of the starting pollutant during takectrochemical processes. This
parameter was monitored on a Shimadzu VCSN TOCyasial The TOC value is
given in milligrams of carbon per liter (m@)| performing the average of three
consecutive measurements with a precision of a@étit The calibration of the
equipment was made using potassium hydrogen phtataindards in the range
between 20 and 400 mg.|

Spectrophotometric_determination of electrogeneradteO, by its complex with
Ti(v)

Once titrated the D, standards, the spectrophotometric calibration edor the
peroxo-titanate complex was determined by measutiireg absorbance for each
standard using an Unicam UV4 Prisma double-beamctsgshotometer
thermostated at 25 °C. This method is based omehetion between Ti(IV) and
H,0, in sulphuric acid medium yielding a yellow-orangeroxo-complex with,ax

= 408 nm, according to the reaction:

Ti* + HO, + 2 SQ7 — (TIQ(SQy))* +2 H' (B.5

A reagent solution with Ti(IV) concentration close 20 mM was prepared by
heating a solution of solid TiO(SPin concentrated 50, until it turned colorless
and transparent. This solution was then cooledoamrtemperature before use.
Interferences of yellowish Fe(lll) hydroxo-complexevere easily masked by
addition of some drops of RO, to the samples prior to their spectrophotometric

analysis. The concentration 0f® accumulated in the medium was calculated from
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the absorbance measurements of the yellow-orangex@di(lV) complex in the

samples withdrawn at different electrolysis times.

Spectrophotometric _determination of °FEE® contents by reaction with 1,10-

phenantrolin
lons Fé* form a red colour complex with 1,10-phenantrolifthWhya, = 510 nm.

The analyses were effectuated by measuring therlzdosee for each sample using
an Unicam UV4 Prisma double-beam spectrophotonteégmostated at 25 °C. The
spectrophotometric calibration curves have beenemsing ammonium sulfate of
iron (1) which is more stable than the respecBu#fate.

In order to detect the concentration of iron (dh$ by spectrophotometric analyses,
samples were prepared putting 1 mL of phenantrelih mL of a buffer solution
constituted of sodium acetate/ acetic acid + xxahH,O if is necessary to dilute +
(4- xx mL) of the sample taken from the electrocluaincell during the experiments
or prepared for the calibration curve.

In order to estimate the concentration of totahifoe. iron (Il) and iron (1)), is
necessary to add some ascorbic acid, which byigts feducing power, reduce ¥e
ions to F&" and make the ionic form of iron (Il) stable. Af@ minutes is possible

to analyse these samples.

3.4 GLOBAL ELECTROCHEMICAL PARAMETERS

In order to estimate the features of the experimjersome global
electrochemical parameters were calculated su€taasnd ICE.
Thecurrent efficiency(CE) can be defined as the part of the current diracthd for
the oxidation reaction. The current efficiency (Ci)d the instantaneous current

efficiency (ICE) were then calculated using theris3.6 and 3.7, respectively.

CE=xcv °F (3.6)
Q

F
ICE = (Cq ~ CqupoV Z—Q (3.7)
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wherex is the conversion of the pollutant? @d G, are the concentrations of the
pollutant at the beginning of the electrolysis afteér Q passed charge, respectively,
Ca+ag is the generic value of the pollutant concentratidter the circulation of an
incremental amourAQ of the passed chargE.is the faraday constant (96487 C
mol™Y), V is the volume of the electrolyte ands the number of electrons necessary
for the conversion of the pollutant to carbon détexi

In particular, the number of electrons involved veestimated by considering the

following reactions:

- FOr OXAlIC ACIH. ... £,0, - 2CO +2 6+ 2H
- FOF TOPMIC ACIU. .. .eveeeeeeee e et eee e e eee e eees G, -~ CO,+2é+2H"
- for maleic acid.........ccooeueeeeeeeeeeeeeeeeeeeee e H,0, - 4CO+ 12 6+ 12H

- for 1,2-dichloroethane

................................................... GH.ClL+4H0-2CO,+12H +2CI+106é

..................................................... GH,Cl,+4H0- 2CO,+10H +4Cl+6 6
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CHAPTER 4

THEORETICAL CONSIDERATIONS AND MATHEMATICAL MODELS

4.1 INTRODUCTION

Quite often the high number of operative parametérsh may be adjusted
makes an empirical investigation exceedingly onersuorder to individuate the
conditions which allow the optimization of the dlechemical process. In this
perspective, theoretical models can offer usefaltsgies for both the individuation
of the parameters that affect the competition betwihne targeted reactive path and
side unwanted reactions and the design of new rab@pparatus that can favour
the selective occurrence of the desired route. €Rperimental validation of
mathematical models can, furthermore, furnish jesiindications for scale-up
stages and confirm the assumptions on which theetriscbased allowing a proper
description of the process. For what concern tleetalchemical abatement of
organic pollutants in wastewater, unwanted reastighmould be severely minimized
in order to avoid the formation of secondary pealhis and/or an increase of
energetic costs. Hence, the modelling of thesegas®s has attracted in the last
years the attention of numerous researchers (GaSiz al., 2002, 2004c, 2004d;
Comninellis, 1994; Israelides et al., 1997; Panigizal., 2001; Polcaro et al., 2003;
Rodrigo et al., 2001; Scialdone, 2009; Simond et1&897; Wiley, in press).
Particular attention was devoted to processes paeid at BDD, due to the extreme
efficacy of this electrode toward the oxidatiomaimerous pollutants. The modeling
of both direct and indirect oxidation processes atsmpted by various authors as
recently reviewed (Wiley, in press). In particultiie kinetic models proposed by
Comninellis, Canizares and Polcaro and their cbearst are reported in section
2.3.2.1. As an example, the simple theoretical tidtnenodel proposed by
Comninellis for the oxidation of organics in batslystems with galvanostatic
alimentation does not present adjustable parameteds it allows to fit with
accuracy experimental data when the current effagiein the absence of mass

transfer limitations is close to 100%. On the ottend, this model does not describe

77




Chapter 4

mixed kinetic regimes or the evolution of the camtcations of different specie
present in the system.

Hence, in this chapter, the oxidation of organicBRD and metal oxide electrodes
is proposed, taking in account both the direct anosidation and the oxidation of
the organic by hydroxyl radicals, that are usuahed as “direct processes”. Since
hydroxyl radicals are expected to be chemi-adsoabdde DSA and physi-adsorbed
at the BDD anode (see par. 2.3), quite differepressions were derived. Moreover,
a section will be dedicated at the theoretical rlindef electrolyses conducted with
a potentiostatic alimentation, taking in accourg tole of the potential. Finally,
theoretical considerations about the indirect axislaby means of active chlorine
generated by the oxidation of NaCl are also preskmt this chapter.

Theoretical predictions based on a simple theakticodel were compared with
experimental data with the aim to achieve, withausignificant computational
effort, a proper description of the effect of numes operative parameters such as
the current density, the flow dynamic regime arelgbllutants concentration on the
performances of the process for electrolyses peedrin the presence of one or

more organics .

4.2 THEORETICAL MODELLING

Theoretical considerations will be presented déiftiating the kinetic

regimes that can subsist during electrochemicatexnts.

4.2.1 MASS TRANSPORT CONTROL

When the rate of the mass transfer of the pollusadramatically lower than
that of its oxidation, the concentration of thelptant at the anodic surface/reaction
layer [RHY is close to zero and the oxidation process is un@sss transfer control.
This case arises, for an oxidation process thatgmads up to the total oxidation of
the organic pollutant, when the limiting curreninsi¢y ijm = nFk[RH]® << iapp
ICE®® (wheren is the number of electrons exchanged for the anaxidation ofRH
to carbon dioxideF the Faraday constant (96487 C Mel[RH]® andk, the bulk
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concentration and the mass transfer coefficiertheforganicRH, respectivelyjap,
the applied current density an@E°C the instantaneous current efficiency for the
oxidation of RH under oxidation reaction control under adopted raipe
conditions) e.g. when [RB]<< C* < C* ICE®® (where C* =i,,/(nFky)). Under
mass transfer control, the current efficien©E™" is given by the ratio between the
limiting current i;, and the applied current density,, independently by the
oxidation mechanism as previously proposed (Scied2009).

For [RH]® << C*ICE®®

ICE = ICEM" = [RH]|"/C* = nFky[RH] iapp (4.1)

where C* =i, INFky,.

TheICE should depend on the fluidodynamic of the systeough its effect ork,,),

on the applied current density and dRH" (with a linear dependence on this
parameter). It is important to observe that, untdlese conditions, the performances
of the process are readily predictable. Thus thesnteansfer coefficient is readily
given by the ratid,, = D/6 where the diffusion coefficient D can be often fdun
literature or can be estimated by electroanalytiogderiments or using the Wilke-
Chang expression while the thickness of the diffadayerd is easily estimated by
typical limiting-current essays using, as an exangthe couple hexacyanoferrate
(IN/hexacyanoferrate (Ill). Hence, it is also pibés to predict the organics
concentration as a function of the charge or oftime. Indeed, the instantaneous

current efficiency is given, by definition, by:

ICE = - nFVd[RH]"/dQ 4.2)

and eliminating the termCE by Eq.ns 4.1 and 4.2, one easily obtains the
relationships reported in Eq.ns 4.3-4.4 (whéiis the volumeA the anodic surface,

t andQ the time and the charge passed, respectively).

In[RH] ®Q/[RH] " = - Q/(nFVC*) (4.3a)
and then RH”?= [RH]"? =% exp[-Q/(NFVCY)] (4.3)
[RH*= [RH >~ ° exp[-(Aky/W)t] (4.4)
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It is important to stress also the fact that urnttiesse circumstances, the adsorption
of organics at the anode surface is prevented by fast reaction with hydroxyl
radicals, thus hindering passivation phenomena.iWvihere pollutants are presentin
the bulk during the electrolysis, one can focustanchemical oxygen dema@DD

of the solution. In particular, the limiting curtesensity, for a process that proceed
up to the total oxidation of organics, is givenipy= 4Fk,COD and a mass transfer
control will arise ifijy, << iz, ICE® (WherelCE®® is the average current efficiency
for a process under oxidation reaction control &@D the chemical oxygen
demand computed on a molar base). The COD is exghdct be given by the
following relationship, previously proposed by Cdneilis and co-authors (Panizza
et al., 2001; Rodrigo et al., 2001):

[COD]*'= [COD™' ~° exp[-(Aky/ V)] (4.5)

Please, consider however that under these conslitioe formation of significant
concentration of intermediates is expected to leeqgnted by the excess of hydroxyl

radicals available at the anodic surface.

4.2.2 OXIDATION REACTION CONTROL

For a process under the kinetic control of the ati@h reaction, the
instantaneous current efficiendYE° is determined by the competition between the
oxidation of the organic and the evolution of theygen. Please, consider that the
oxidation can take place by both an anodic reactawn by reaction with
electrogenerated hydroxyl radicals.

Under these conditions, the current efficiency barsimply estimated by Eq. 4.6.

For [RH]® >> C*ICE®®

|CE®C :iﬂ - IR — 1 — 1 (4.6)
iapp iRH +i02 1_,_.'& 1+[RH]*
. [RH]®
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and thus:

1 _, [RH™ )6
ICE [RH]®

whereigy andio, are the current densities involved in the oxidatid the organic
and in the oxygen evolution process, respectijétyd]* is defined as the value of
[RH]® which gives a current density for tfRH oxidationigy equal to the current
density involved for the oxygen evolution reactigs e.g. the value ofjH] that
givesICE = 50% (Scialdone, 2009). A similar expression vias proposed for the
oxidation of organics at metal oxide electrodesglfone, 2009).

Please consider, however, that the physical meaoinfRH]* depends on the
oxidation route and, as a consequence, on theenafuboth the organic pollutant
and the electrodic material. Thus, if the oxidatidrthe organic takes place by direct
anodic oxidation, RH]* is given by RH[*4 = 2(E)/nk(E) where k(E) is the
heterogeneous rate constant for the oxidatiorRHfand r(E) is the rate of the
solvent oxidation. Otherwise, if the oxidation takplace by means of hydroxyl

radicals, RH| o is given by:

[RH]* on= 2ko/Nkoz (4.79)
for physically adsorbed hydroxyl radicals;

[RH]* on= 2kg/nko (4.7b)
for chemically adsorbed hydroxyl radicals,

whereko, (s?) andk, (M?'s?) are the rate constants of the reactions repdrted
Eq.ns 4.8 and 4.9 respectivekg,andky are the kinetic constants of the reactions of
evolution of oxygen and organics oxidation by mearis“adsorbed oxygen”,
respectively, and is the number of adsorbed hydroxyl radicals nengs® convert
the substrate to carbon dioxide.

BDD(OH) -~ BDD+0.5Q+H + ¢ (4.8)
BDD('OH) + RH - BDD + H,0 + R (4.9)
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In particular, for an oxidation process mediated dwemical adsorbed hydroxyl
radicals, [RH]* describes the competition betwe&m tchemical reactions (the
oxidation of organics by means of adsorbed oxygwh its evolution towards the
formation of oxygen), does not depend on the waylpotential (Scialdone, 2009)
and hence is expected to assume a constant valuehdmyging the operative
parameters at a fixed value of the temperatureerdstingly, also RH]q* is

expected not to depend on the potential and ton@ssuconstant value for a fixed
value of the temperature if the transfer coeffitierassumes similar values for the

oxidation of water an&kH:

[RHsi* = 2(E)/nk(E) = (2/n) K/K°rr) exp[(1-a) FE°rx- E° w)/(RT) (4.10)

wherek' is given by the product of the standard rate tamisfor the oxidation of the
solvent and the solvent concentration &ft, is the standard potential for the
oxidation of the water.

Hence, in the case of a direct anodic oxidatiorcgsse, expression reported in Eq.
4.6 can be readily used to predict the effect ohesmperative parameters such as
current density and organic concentration on thdopmances of the process. A
more complex scenario is expected for an indireocgss mediated by physical
adsorbed hydroxyl radicals. In this case, in fERH]* is expected to depend on the
working potential (e.g. on the applied current dighsso that a less effective
prediction of the effect of operative parameterd@E is achievable. Anyway, this
aspect is of less practical relevance if the kinetinstant of mediated reaction is so
high that in any casd&RH]* is close to zero ankCE under oxidation control is close
to 1.

In particular, in the following a constant value[BH]* will be considered, for the
sake of simplicity. More in general, it is inteiiegt to observe that according to
Eq.ns 4.1 and 4.6, the instantaneous current efiligi of the process is expected to
depend on the concentration of the organic poltutathe bulk RH]” for both mass
transfer and oxidation reaction control. On theeothand, in the case of a mass
transfer control,ICE should depend linearly orRH]° while in the case of an

oxidation reaction control a linear relationship égpected between ICE and
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1/[RH°. Furthermore, if the kinetic constant of the reactbetween the organic
pollutant and hydroxyl radical is very high as geatly expected for diamond
anodes, the dependence of ti& by [RH]® can be practically observed only for
very low values of both{H]" and the applied current density (e.g. by workaman
example, with electrodes characterized by a vagelaurface area).

Please, note also that, under oxidation reactiotrob the process is expected to be
dramatically affected by the nature of the orgapailutant and of the anodic
material through their effect oRH]* but not by the flow dynamic regime while, in
the case of a mass transfer control, tBE depends strongly on the flow dynamic
regime (trough its effect on.k slightly on the nature of the organic pollutant
(trough the value of the diffusion coefficient) gt significantly on the nature of
the anode. It follows that the utilization of bordoped diamond anodes is expected
to affect positively the abatement of organic pwlhis in water if the process is
under oxidation reaction control but not if a maassfer control arises.

If more organics are present in the system frombiaginning or as a result of the
formation of intermediates, Eq. 4.6 can be readiygdified as follows (as an
example in the case of the presence of two orgardosed, respectivelyRH(I) and
RH(II)).

ICE®C(1) = Rra) _ Irno) _ 1 (4.11)

op Ty Firway oo g [RHOI* ) [RHADT"y
[RH(DP” ™ [RH(IN]*

ICE®C(Il) = = i (4.12)
L [RHODT RO
[RH(I)] [RH()]*

In Table 4.1 the fitting parameters found for &k torganics investigated, namely
oxalic, formic and maleic acids, at BDD and at D&Aodes, are reported. In
particular, [RH]* was estimated to lead to the bftsbf the experimental results
using Eqg. 4.6 for what concern the ICE or 4.1 aridfdr the concentration profiles

of the organics as a function of the charge paseduin the electrolysis was
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conducted under oxidation reaction control regisee(Fig. 4.1 as an example at
BDD anode). The values oRH]* relative to the oxidation reaction at DSA anode
were detected at different temperatures and atréift pH values, but only for the
oxalic acid. The differentRH]* observed for the investigated organics correspon

to different oxidation rates at BDD and at DSA aemd

Tab. 4.1 Fitting parameters and kinetic constants for teaction between hydroxyl
radicals and investigated organic for the BDD andde

Substrate [RH* n[RH* p. p

(mM) — (mM)
at DSA anode: Operative conditions
Oxalic Acid 18 36 T=25°C-pH?2
Oxalic Acid 250 500 T=25°C-pH12
Oxalic Acid 3-4 6-8 T=50°C—-pH?2
at BDD anode: kon” (I'mol™sh
Oxalic Acid 13 26 9.2 f0
Formic Acid 2 4 05-1.610
Maleic Acid 0.05 6 0.040.08 4.6 10

#System solvent supporting electrolyte (SSE): WS Q/H,SQ,. T = 25° and 10
°C for experiments performed in the presence otb@aylic Acids and Aliphatic
Chlorides, respectively.

P Rate constant for the reaction between hydroxgiaas and investigated organics
(Pimblott et al., 2005; Ross and ross, 1977).

In particular, for what concern the oxidation atB@node, the rate constant for the
reaction between hydroxyl radicals and investigatatboxylic acidsoy are also
reported in Table 4.1.

Please, note that, since maleic acid at BDD is ewgeto proceed with the
formation of three different products which arelmbly related to three competitive

oxidation routes, namely carbon dioxide, formicdaand oxalic acid (see section
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8.4.2.1), the competition between these routes degsribed by three competition
parameters namgg = roa/fya, P2 = realfva @andps = 1 -pg - P2 = reodrva (Where
rva is the total oxidation rate of maleic acid amg, rea andrco, the oxidation rate

of maleic acid to oxalic, formic and carbon dioxidespectively).

S0 m,
Z 40 m,
% \\\
R
> 20 - B
S O -

10 % A O o n

"""" A e AT
0 — SO N —
0 0,5 1 1,5

Fig.4.1 Anodic oxidation of formic 4), oxalic @) and 1,2-dichloroethaneoj
performed at BDD under oxidation reaction kinetmntrol. Electrolyses of formic
and oxalic acid were performed in system Il with, i= 1 and 17 mA/cfy
respectively, flow rate = 1.2 I/min, T = 25 °C. Etmlyses of 1,2-dichloroethane
were performed in system | witl= 15 mA/cr at 10 °C. Other experimental
conditions: Amperostatic alimentation, system suthsipporting electrolyte (SSE):
Water, NaSQ,, H,SQ, (pH 2). Theoretical curves (---) obtained by Egfhs and
4.6 with the values of [RH]* listed in Table 1"Gheoretical charge necessary for
the complete oxidation of the organic with a pracesth a current efficiency of 100
%.

Two of these parameters were obtained as fittimgmaters together witlRH]*
(see Table 4.1) by comparing the theoretical ptedtis with the experimental
trends of the concentration of maleic, formic amdliz acid with the charge passed,
while the last parameter was simply obtained byheraatical combination of the

other two.
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4.2.3 MIXED KINETIC REGIME

Let now us discuss the general case of a processemtate determining step
changes during the electrolysis from an oxidatieaction control in the first stages
to mass transfer control in the last part with aediregime between them. In order
to found a general expression fEE which can be easily used to predict the
performances of the process under different kinetigimes, it is necessary to
determine RH]°. Thus, let us consider that under pseudo-stesdie conditions,
prevailing during an electrolysis, carried out wiéimperostatic alimentation the

following expression should apply:

ke ([RH]*-[RH]%) = iap ICE/NF (4.13)

Hence, by combination of Eq.ns 4.10 and 4.13 amdirgtion of the termRH]°,
one can obtain, as previously reported in litee{@cialdone, 2009), the expression

for thelCE during an amperostatic electrolysis:

i : (4.142)
- 1+ 2[RH] *
[RHJ+([RH]”+4[RH * [RH]*)**

where RH]' = [RH]*- [RH]* — C*.

A first consequence of the above consideratiorikasthe current efficiency of the
process is expected to depend dramatically RH]J oni and k., through their
effects on the substrate concentration at the reldgetand onRH]*. The last is a
measure of the competition between the oxidationthef organics and oxygen
evolution processes and it is expected to depeadhatically for a given electrode
on the nature of the organic. Interestingly, alscthis case the value dCE is
readily predictable for different operative conalits if one estimatels, and RH]*

as above mentioned. As a consequence, also thdlepradf the organics
concentration during the electrolysis as a functércharge or time passed can be

numerically computed by combining Eq.ns 4.14 an@l #n particular, for what
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concern the dependence with the charge passediollbeiing equation can be

applied

d[RH]® = - dQICE/nFV (4.14b)

In the presence of two organics, the following diques can be applied:

kn(y (RHO-[RH(]®) = iapp ICE(1)/NF (4.15)
gy (IRH(AD]*-[RH(N]%) = iap, ICE(I)/NF (4.16)
\CE®(1) = 1 4.17)

1 [RHOI" | TRH(DP)
[RHO)* [RA(N]*
1 (4.18)

1 [RHODT* | [RHOOT
[RHANI” " [RH(D]*

ICE®C(ll) =

If kngy and RH(i)]* are estimated by proper experiments, one hasgstem of 4
equations and 4 variables that can be easily catipoally solved. Of course, a
simple extension of this approach is necessaryhén gresence of more organic

pollutants in the system.

4.3 THEORETICAL MODELING FOR LECTROLYSES PERFORMENITH A
POTENTIOSTATIC ALIMENTATION

Let now us consider the aspects of the mathematiodel when experiments
were performed with a potentiostatic alimentatibm.this case, the instantaneous

currentICE is given by:

i _  K(E)[RH]° (4.19)

ICE =- — =
i *lua  K(E)RH]® +K'(E)

wherek(E) is the heterogeneous rate constant for the oxidaif the generic RH

andK’(E) is given by the product of the heterogeneousaastant for the oxidation
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of the solvent and the solvent concentration. Téterdogeneous rate constak(E),

of electron transfer to RH, is given by

K(E) = k2, exp{ A-a)F (& _go, )} (4.20)
RT

whereF is the Faraday constant (96487 C Mt is the transfer coefficient arief

rn @andk’gy are the standard potential and standard rate aninigtr the oxidation of

RH, respectively .

Under pseudo-steady state conditions prevailingnduhe electrolysis:

K(E) [RH° = ko ([RH>-[RH]°) (4.21)

where [RH} andk,, are the bulk concentration and the mass transfefficient of

RH, respectively. Upon eliminatingRH]° by Egs. 4.19 and 4.21, one obtains:

1 1 (4.22)
k(E)+k, 1+ X
k(E)k,[RH]® [RH]

ICE =

1+Kk'(E)

where x = K'(E) (k(E}*+kn)/(K(E)k,) assumes a constant value during a single
potentiostatic experiment. Hence, Eq. 4.22 canrbpgrly used to describe the trend
of ICE in electrolyses with potentiostatic alimeia. In particular, according to
Eq. 4.22,ICE is expected to decrease during a potentiostagierarent for the
effect of the reduction of the organic compound camtration with a linear
relationship between IZE and 1/RH]".

1o X (4.23)
ICE [RH]"

It can be observed thatincreases with the potential as an effect of timitdtions
given by the mass transport rate assuming the saltie,= k'(E)/k(E) and ofx, =
K'(E)/k,, for low and high values dt, respectively (e.g. under charge transfer and

mass transfer kinetic control, respectively). Intigalar, if the transfer coefficiertt
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assumes similar values for the oxidation of watet axalic acidx; is given by the

following expression and does not depend on th&iwgrmotential:

% = (K/K°0n) exp[(1-a) F(E°oa- E°w)/(RT)] (4.24)

wherek' is given by the product of the standard rate tamisfor the oxidation of the
solvent and the solvent concentration &ft, is the standard potential for the
oxidation of the water.

A different scenario is present if a mediated otiata is involved, i.e. when
hydroxyl radicals are produced by the oxidationwafter at the anode, evolving
towards oxygen evolution with a rate ar towards organic compound oxidation
with a rate 5§ = kys [OH] [RH]° where [OH] is the average concentration of
hydroxyl radicals in a very small reaction volumenfined nearby the electrode
surface with a negligible thickness with respedhtt of the stagnant lay&r

In this scenario, the instantaneous current efficyds given by:

ICE = I’2/(I’1 + I’2) (5)2
where
r,+rn=AKk/(E)/2V under potentiostatic alimentation (4.26)

and under pseudo-steady state conditions prevailinigg the electrolysis:
r2= kig [OH] [RH]°= ko ([RH]*-[RH9)A/V (4.27)

Hence, thelCE can be calculated by solving the system composeéduwations
4.25, 4.26 and 4.27. When a process under massfdragontrol is performed with
potentiostatic alimentation, the expression of tB& depends on the mechanism
involved. Indeed, if an indirect mechanism occunsiependently by the oxygen
evolution mechanism, the instantaneous currentieffty is expected to depend
linearly on [OAf (see Eq. 4.28 derived by equations 4.25, 4.264a#d, while a
more complex relationship betwel®E and [RHY is expected in the case of a direct
mechanism (see Eqg.ns 4.29 and 4.30) which derivEdoy4.23 in the case of mass

transfer control
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ICE=M (4.28)
k (E)
_ 1 (4.29)
ICE=—F——
1+ K(E)
Kn[OA®
1 _,. kB 1 (4.30)
ICE k, [OAP

Let us now discuss the expected dependence of’[@if the charge and the time
passed for a direct process, which seems, accotdipgevious observations, likely
to be involved. For what concern the dependencé Wit charge passed, the

following equation can be applied

d[RH]? = - dQICE/(nFV) (4.31)

and as consequence for a direct process accowliag.t4.23,
d[RH]? = - ([RH’/([RH]+ X)) dQ/(nFV) (4.32)

Hence, by integration
([RH]*?- [RH]”9 + x In([RH]*Y“[RH]>9) = Q/(nFV) (4.33)

For what concern the dependence of [Ritfje variation of [RH] with time for a

direct process should be, simply, given by

d[RH]° = - dQICE/NFV = - (IInFV)ICE dt = -I" [RH]” A/V dt (4.34)

where ' = [K(E)(D/®)/(k(E)+(D/d))] can be approximated t&(E) and Db
respectively under charge transfer and mass transéatrol. Hence, in a

potentiostatic electrolysis, by integration, onéadtos:

In [OA]*Y[OA]*=°= -TA/V t (4.35)

and consequently,
[OA]*'= [OA]”° exp(-F AV t) (4.36)
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Interestingly, a slight different correlation beame]RHF and time is expected for an
indirect process with the exception of the elegses which occur under a mass
transfer control; as an example for oxidation neactontrolled processes, for an
oxygen evolution based on the oxidation of the bygl radical, the following

expressions should apply:

[RH]L[RH]P™® + ANV (kii/kes) Ln [RH]PY[RH]PF° = - AV K'(E) t (4.37)
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CHAPTER 5

ELECTROCHEMICAL INCINERATION OF OXALIC ACID AT BORO N
DOPED DIAMOND ANODES: ROLE OF OPERATIVE PARAMETERS

5.1 INTRODUCTION

The first part of the thesis was dedicated to thdysof the role of operative
parameters on the electrochemical incinerationxafio acid at BDD. The choice of
this anode material was dictated by its good ptigeeras reported in the paragraph
2.3.2.

Oxalic acid (OA) is often the main and ultimateeimediate for the chemical and
electrochemical oxidation of many organic compouttis have more than two
carbons atoms in their cycle or chain and in maases, its oxidation results to be
more difficult than that of the starting compour@afdini et al., 2000; Martinez-
Huitle et al., 2004a). Hence, this acid was choasna very interesting model
compound for its resistance to chemical and eleb&mical oxidation.

In particular, electrolyses were performed at \different operative conditions with
the aim of studying in a systematic way the infeeef numerous parameters, such
as the working potential (in potentiostatic elelytses), the current density (in
amperostatic ones), the flow rate, the OA concéotrathe nature of the supporting
electrolyte and the pH on the performances of tleegss and to individuate the
optimal operative conditions.

The first experiments were carried out by maintagrthe solution in acid conditions
(pH = 2), while, in the last part of the study,aedsed investigation on the effect of
pH was carried out.

Finally, an experimental validation of mathematicaddel discussed in the previous
chapter, in order to confirm the assumption on Whie model is based, is reported

in this chapter.
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5.2 EXPERIMENTS AT LOW pH.

521 QUASI-STEADY POLARIZATION CURVES AND
CHRONOMAPEROMETRIC MEASUREMENTS

Prior to electrochemical incineration experimemsasi-steady polarization
curves and chronoamperometric measurements wererdegt in background
solutions containing N&O, and HSQ,, in the absence and in the presence of

different concentrations of oxalic acid.

0,6 -
0,24 €
d
0,4 - <
< Cc
- b
0,2 ‘ ‘
0 0,04 0,08 0,12 3
[OAl/M
0,0 T T T T 1

400 800 1200 1600 2000 2400 2800
E/N vs. SCE

Fig. 5.1. Current-potential curves for the BDD electrode lie tpresence of different
amounts of oxalic acid: (d); (b) 10 mM; (c) 20 mM; (d) 50 mM; (e) 100 mM.éts
current vs. [OA] at different potentials: 2.3); 2.4 (0) and 2.5 V¢} and relative
regression lines. System solvent supporting elBt&¢SSE): Water, N&Q,, H,SQ,
(pH = 2).

As shown in Fig. 5.1, the polarization curve shifte less positive potentials in the
presence of OA and higher current densities arergbd upon increasing the acid
concentration. Quite interestingly, the current gignincreases with a linear
dependence on the acid concentration.
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Fig. 5.2 Chronoamperometric response of BDD anode to stegtdyy injection of
OA at different potentials: 2.4 V (a) and 2.7 V {®. SCE. Insert shows the
correspondent current increases as a function ofd@Acentration. System solvent
supporting electrolyte (SSE): Water, iS&),, H,SQ, (pH = 2).
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According to zhi et al. (2003), if the oxidation 6fA occurs exclusively by the
hydroxyl radical mediation, the current should beexted to be substantially
independent by the acid concentration. On the ol@rd, it has been recently
pointed out that a linear increase of the curramtsity can be theoretically related
also to the presence of an oxidation process netliag hydroxyl radicals or to a
direct anodic oxidation.

To achieve more information on the oxidation medran a series of
chronoamperometric measurements of current bytdpels/-step injection of oxalic
acid into the solution at different potentials (2@d 2.7 V vs. SCE) was carried out.
As shown in Fig. 5.2, an increase of the steadi-starrent was observed, with an
increasing concentration of OA, at both polarizetkptials examined. Furthermore,
in the adopted range of concentrations, currentreased linearly with OA
concentration (see inserts in Fig. 5.2).

522 INFLUENCE OF THE ANODIC POTENTIAL ON THE
POTENTIOSTATIC OXIDATION EXPERIMENTS

A first set of electrolyses was performed underepbbstatic alimentation in
the undivided bench-scale batch cell (see par2Ba.different applied potentials
with an initial [OAP of 0.2 M. As reported in Table 5.1, in all theattelyses the
final current efficiency CE) for the removal of oxalic acid was lower than 28Gas
a result of the competitive oxidation of the solvé#igher values oE resulted in a
marked decrease dCE (Table 5.1). In particular, when the experimentsrev
performed at the more positive potential adopte@Q2/ vs. SCE), a conversion of
about 99%, corresponding to a final concentratibralmut 2 mM, was obtained
after 938 minutes and a charge passed 1.3 timdwsehitpan that theoretically
required for the total conversion of the acid with = 100% ().

Hence, theCE was approximately 73%. When moderate increase& afere
adopted, to obtain the same values of conversionteshtimes and higher amounts
of charge (see Table 5.1 and Fig. 5.3a and 5.3b)ttngass and as consequence
lower CE were achieved. For the electrolysis performed @atenpositive potentials,

the conversion of 99% was obtained for Q = 4™w@h a final faradic efficiency of
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about 22%. Hence, the utilization of low valuegtt# working potential should be

preferred to obtain high CE.

Table 5.1 Influence of the Anodic Potential on the Incinesatof Oxalic Acid

E(V) CE Conversion Time Charge Initialand 10°x° 10° ¢

vs. ref (%) Passed passed final
Curre_nt

() min) Q) ey M s
2.30 73 99 938 1.03 34-5 1.07 1.00
2.35 62 99 800 1.06 98 -7 2.03 1.08
2.40 57 98 588 1.07 136-10 2.08 2.02
2.50 37 99 428  2.06 263-29 6.05 3.02
0,125 36 98 255 2.06 394-55 7.09 5.01
0,1319 26 99 272 3.06 477 -74 12.04 5.08
0,1354 22 99 228 401 906-123 16.06 5.09

2 potentiostatic electrolyses. Reference electrod&.S8&ystem solvent supporting
electrolyte (SSE): Water, BBO/H,SQ.. Initial oxalic acid concentration: 200 mM.
T =25°C.

®Q = charge passed, = charge necessary for a total conversion of thalic
acid with a CE = 100%.

¢ x was estimated to lead to the best fit of theegxyental results using Eq. 4.23
(Fig. 5.3e) or 4.33.

4 /~was estimated to lead to the best fit of the @rpertal results using Eq. 4.35
(Fig. 5.3f).

® Normalised time = time*(A/2.7)*(50/V) where A avicare the anode surface area
and the electrolytic solution volume, respectivély= 2.7 cnd and V = 50 crfor
the electrolyses performed at 2.30, 2.40 and 2.45VV= 25 cni for other
electrolyses; A = 1.3 chwhen E = 2.5 V, 1.0 when E = 2.6 and 2.7 V andcd®
when E =275 V.

As shown in Fig. 5.3c, a dramatic decrease of tiséahtaneous current efficiency
(ICE) with the charge passed occurred during eachrelgsis as a result of the
diminution of [OAF (Fig. 5.3d).
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Fig. 5.3 [OA]° vs. charge (a) and normalised time (b) passed, ¥SEcharge (c)
and [OA] (d), 1/ICE vs. 1/[OA] (e) and In[OAP=%In[OA]"! vs. time (f). Working
potential: 2.30 V (0), 2.35 VKX), 2.40 V (), 2.50 V (-), 2.60 V (x), 2.70 ¥)(and
2.75V ¢). Fitting curves (/) obtained by Eqg.ns 4.23 and 4.35 for Figures 2B8¢
5.3f, respectively. Experimental conditions as régmbin Table 5.1.
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In particular, it is evident that quite low valuesapplied potential are necessary if
one wants to achieve very low oxalic acid conceiutnain the system with at least
moderate faradic efficiency. On the other hand,eexpents performed at the less
positive potentials present the drawback of verw lourrent density values,
especially at the end of the electrolyses, thatympry long electrolysis time (see
Table 5.1 and Fig. 5.3b) to achieve high convession

It was observed (see Table 5.1) that during paistatic electrolyses a continuous
decrease of current density always occurred asuatref the consumption of the
acid, in agreement with the possible involvemenaadfirect oxidation of OA. As
mentioned above, for a direct process (Eq. 4.28eupotentiostatic alimentation,
1/ICE should present a linear trend with 1/[OAdr any value ofE. Indeed, when
1/ICE was plotted as a function of 1/[0’Athe experimental points were well fitted
by regression lines with an intercept close toot,dll the investigated electrolyses
including those operated at high values of the waylpotential (see, as an example,
Fig. 5.3e for experiments performed at 2.40 an@® ¥ Interestingly, as previously
mentioned, for a direct process mediated by hydreoxgicals under mass transfer
control (e.g. for very positive values of the apgdlpotential), thé¢CE should present
a linear variation with the oxalic acid concentratias shown by Eq. 4.1, that was
not observed in any electrolysis (see Fig. 5.3d).

For what concern the dependence with the chargeedasccording to Eq.ns 4.31-
4.33, plotting IN([OATY[OA]*?) versus -[OA]?° + [OA]”? + Q/(nFV) is
possible to observe a linearly dependence. Inquaati x was estimated from the
best fit of the results using Eq.ns 4.23 or 4.38 @n value increases with the
potential as expected on the basis of previousiderations (Table 5.1).

For what concern the dependence of [Dwijth the time, as observed in Fig. 5.3b,
the rate of the oxalic acid oxidation decrease# whe time passed and increases
with E. Indeed the experimental points arranged as tHOA]*“Y[OA]"" actually
follow a linear trend with time, as predicted by. BB5 (as shown in Fig. 5.4f, as an
example, for experiments performed at 2.40 and 2/JOthus leading to the
estimation ofl (see Table 5.1). Th€ value, in particular, increases with the

potential even if smaller variations are obsenadlie more positive potentials. It is
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useful to observe that, according with a roughnastion of the thickness of the
stagnant layer trough a typical limiting-currentsag using the redox couple
hexacyanoferrate(ll)/ hexacyanoferrate(lll), thesmé&ransfer coefficierk,, = D/J,

should assume, under adopted conditions, a valugppfoximately close to the

values obtained fdr at the more positive potentials adopted (Tablg 5.1

5.2.3 GALVANOSTATIC OXIDATION EXPERIMENTS

A wide set of galvanostatic experiments was peréatrnoth in the undivided
bench scale batch cell (Table 5.2) and in a coatisubatch recirculation reaction
system (Table 5.3) at different current densitiéth the couple HSO~N&SO, as

supporting medium.

Table 5.2. Influence of the Current Density on the Incinevatdf Oxalic

Acid®
I/A CE Conversion Time Charge Initial C*
(mA/cn?) (%) Passed passed and final (M)°
anodic
potential
- . SCE
(%) (mn) (©)
V)
37 49 99% 500 3950 2.35- 0.034
2.6
100 35 99% 263 5500 n‘a. 0.090
143 29 99% 215 6500 2.45-3.0 0.13

& Amperostatic electrolyses. Reference electrode Sy&tem solvent supporting
electrolyte (SSE): Water, BBQ,, H,SO, (pH = 2). Initial oxalic acid concentration:
200 mM. T = 25°C. V =50 ml.

PC* =i 4pp /(2FDIO).

“Not available.

For what concern the experiments performed in gydtés possible to observe that
higher values of current density resulted in a mdridecrease of the faradic
efficiency of the process (Table 5.2 and Figs. %&4a). In particular, in

experiments performed with the higher current dgnshe process is likely to be
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under mass transfer control for a large part ofdleetrolyses, since the oxalic acid
concentration [OA] is lower than C* (Table 5.2) with the exceptiontb& early

stages of the electrolysis. On the other hand,xjpeements performed with the
lower value of current density, the process islyiki® be under charge transfer

control for a large part of the electrolysis (e > C*) and to pass under a mass

transfer control only in the final part of the dletysis (e.g [OA] < C*).

0,25
0,20
s 015
<
O, 0,101
0,05+
0,00 ;
0 2000 4000 6000
Charge passed/C
(a)
1,0 1,0
)
0,81 — L Y 0,8 Y _
o - O
0.67 ¢ 0,61 ®
— LLI —
O o O
0,4 041
0,2 L] 0.2 e[
. ey —
0,0 ‘ w50 0,08 ‘ ; ‘
0 2000 4000 8000 0 0,05 0.1 0,15
Charge passed/C [OA/M

(b)

Fig. 5.4 [OA]® vs. charge passed (a), ICE vs. charge passed r{tl) [®A]° (c).
Current density: 143), 100 (-), 37 mA/cm(s). Amperostatic electrolyses in
system |. System solvent supporting electrolyt&)SSater, NaSQ,, H,SQ,. Initial
oxalic acid concentration: 200 mM. T = 25°C. Thearal curves (/) obtained by
Eq.ns 4.14 with the parameter C* reported in Tahl2 and with [RH]* = 0.013 M

(see Table 4.1).
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Hence, in order to improve the faradic efficiendytloe process, on the bases of
these preliminary results, it seems important iwekrate the mass transport and to
operate with low current density.

It can be observed (Table 5.2) that during ampatastklectrolyses, a gradual
increase of the potential with the charge passexlobaerved, as it is expected if a
direct process is involved. As a consequence, avsfsic experiments present
lower current efficiency with respect to the poiesitiatic ones performed at
comparable values of initial current density antahoxalic acid concentration as a
result of the increase d& which occurs during the amperostatic electrolyses
compensate the diminution of the acid concentra(g@e Tables 5.1 and 5.2). In
particular (see Figs. 5.4b and 5.4c), a dramaticedese of the instantaneous current
efficiency occurred in the last stages of the expent as a result of the low residual

acid concentration and the working potential inseea

5.2.3.1 INFLUENCE OF CURRENT DENSITY AND FLOW DYAMIC
REGIME ON THE FARADAY EFFICIENCY

As reported on paragraph 2.4.3, very different lteswere obtained by

different groups of researches when the influerfceuorent density and flow rate
are investigated separately. Thus, different operatonditions were used in these
investigations. In particular, it is possible tliae effect of the current density is
expected to depend drastically on the hydrodynanuoeslitions andiiceversa
With the aim of evaluating in a systematic way toenbined role of current density
and flow dynamic regime on the performances of th®cess, numerous
amperostatic experiments were repeated at diffdl@ntrates and current densities
(Table 5.3).
As shown in Tab 5.3 and in Fig. 5.5, the influenéd¢he flow rate on the process
dramatically depends on the adopied strong influence was observed for high
(Fig. 5.5¢) and intermediates values (Fig. 5.5bilevm the case of the electrolyses
performed at 17 mA/cf(Fig. 5.5a) a significant influence was observaty in the

final part of the experiments.
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Indeed, for the electrolyses performed at 17 mA/amite low values of C* occur

(see Table 5.3). Hence, the process is under cliengsfer control for the most part
of the electrolysis and as a consequence the flovamiic regime plays a role only
in the last part of the experiments. On the othardh when the experiments were
performed at higher current densities, C* assumdte chigh values and, as a

consequence, a high influence of flow dynamic regisnexpected.

Table 5.3. Influence of Current Density and of Flow rate be tncineration of
Oxallic Acid

Entry I/A Flow Current Conversion Time C*
(mAlcn?)  rate  Efficiency (%) Passed (M)"

(I/min) (%) (min)
1 17 1.02 67 — 69 98 - 99 778  0.006
2 39 1.02 64 — 66 94 - 96 334 0.015
3 56 1.02 63 — 66 90 - 92 233 0.021
4 17 0.05 65— 67 95-97 778  0.013
5 39 0.05 58 — 60 88 - 90 334 0.042
6 17 0.02 65— 67 93 -96 778  0.019
7 39 0.02 56 — 58 82-84 334  0.044
8 56 0.02 56 — 58 77-79 233  0.063

& amperostatic electrolyses. System solvent suppowriectrolyte (SSE): Water,
NaSQ, H,SQ. Initial oxalic acid concentration: 100 mM. T = 256. Charge
passed = 7000 C = 1.45"Qwhere ¢ = charge necessary for a total conversion of
the oxalic acid with a CE = 100%. V = 250 ml.

PC* =i 4pp /(2FDIO).
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Fig. 5.5a-5.5¢ Profile of oxalic
acid concentration vs. charge
passed for electrolysis
performed with 17 (a), 39 (b),
56 mA/crf (c) at different flow
rates. Flow rate: 0.2cf), 0.5,
(-) 1.2 I/min ). Amperostatic
electrolyses in system .l
Theoretical curves )
obtained by Eq.4.14 with the
parameter C* reported in
Table 5.3 and with [RH]* =
0.013 M (see Table 4.1).

System  solvent  supporting
electrolyte  (SSE):  Water,
Na,SQ,H,SQ. Initial oxalic

acid concentration: 100 mM. T
= 25°C.
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Fig. 5.5d and 5.5e Data of

figures 5.4a-5.4c re-plotted as
profile of oxalic acid

concentration vs. charge
passed for electrolysis
performed with 0.2 (d) and
1.2 (e) l/min at different
current  density.  Current
density: 17 ), 39 (-) and 56

(¢ mA/crd.  Theoretical

curves (J) obtained by

Eq.4.14 with the parameter
C* reported in Table 5.3 and
with [RH]* = 0.013 M (see

Table 4.1).

When one compares the experiments performed attamgndlow rate, the

consumption of oxalic acid strongly depends on ¢herent density at the lower

value of the flow rate while only a small influeniseobserved at the higher value of

flow rate (Figs. 5.4d and 5.4e).

5.2.3.2 INFLUENCE OF SUBSTRATE CONCENTRATION

To evaluate the role of the acid concentration lo& performances of the

process, amperostatic experiments were repeatdtieirbest adopted conditions
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(flow rate 1.2 l/min, current density: 17 mA/nat different values of the initial
oxalic acid concentration (0.01, 0.05, 0.1 and\)2
As shown in Fig. 5.6 and according with theoretmadvisions, the performances of

the process dramatically depend on the OA condgmtra
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Fig. 5.6 Oxalic acid concentration vs. charge passed (af 3. [OAf (b) and
1/ICE vs 1/[OAf (c). Initial substrate concentration: 0.01 (-), 6.¢¢), 0.1 ¢) and
0.2 M (0). Flow rate: 1.2 I/min. Current density7 ImA /cm. Amperostatic
electrolyses. System solvent supporting electrqlyg&E): Water, N&Q,,H,SQ,. T

= 25°C. Theoretical curves/{) in Fig. 5.6a obtained by Eqg.ns 4.14 with the
parameter C* reported in Table 5.3 and with [RH]*3:013 M. Theoretical curves
in Figures 5.6b and 5.6c¢ (---) obtained by Eq.rn® dnd 4.1 with the parameter C*
reported in Table 5.3 and with [RH]* = 0.013 M.
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In particular, the instantaneous current efficiedepends on [OA]and not on the
charge passed Q, thus confirming that the perfocemrof the electrode are not
affected by Q. In particular, the plot ¢€E vs. [OA] (Fig. 5.6b) has a profile
consisting in an initial very rapid linear rise lioked by a very slow increment
towards values higher than 90%. This kind of peofitn be associated to the fact
that at low substrate concentrations the processis transfer controlled ([ORk
C*) and as consequence t@E is a linear function of [OA](see Eq. 4.1) while at
higher values of concentration ([OA}> C*) the process is under charge transfer
control and 1/ICE is expected to be a linear fuorctf 1/[OAF (see Eq. 4.6).

Indeed, as shown by Figures 5.6b and 5.6c, theriexpetal data are well fitted by
Eq. 4.1 when [OA]< C* and by Eq. 4.6 when [OAp> C*.

5.2.3.3 EFFECT OF THE NATURE OF THE SUPPORTING EDRROLYTE

In order to study the influence of supporting elelgte on the performances
of the process, we have performed two set of exparis at very different operative
conditions:

« set 1 (Fig. 5.7a): initial acid concentration 0.1 ddirrent density 17 mA/ch
flow rate 1.2 I/min, supporting electrolytes: 48&,-H,SO, andK ;P Oy-H3P Oy,

« set 2 (Fig. 5.7b): acid concentration 0.01 M, cotrrdensity 39 mA/cr flow
rate 0.2 I/min, supporting electrolyte: }$2,-H,SQO,, HCIO, and KPO,-
H3PO,.

It can be observed (see Fig. 5.7) that in any ctse,nature of the supporting

medium has a marked influence on the degradatiaxaifc acid.

5.3 EFFECT OF pH

To investigate the role of pH, we have performediows experiments,
including quasi-steady polarization curves, chrenparometric measurements and
potentiostatic and galvanostatic incineration etdgses using different
concentrations of 80, and NaOH. As shown in Fig. 5.1 and 5.8, very défe

quasi-steady polarization curves were recordedcid and basic conditions. As
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previously mentioned, in acid conditions (pH = B¢ tpolarization curve shifted to
more positive potentials in the presence of OA thledcurrent density increases with

a linear dependence on the acid concentration §-lg.

[0A]"M
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? =
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0,06 0 < 00061
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i (0]
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o i 5
o u]
0 T T T 1 0,000 T T T 1
0 2000 4000 6000 8000 0 2000 4000 6000 8000
Charge passed/C Charge passed/C
a) b)

Fig. 5.7 Oxalic acid concentration vs. charge passed. Figa5initial substrate
concentration: 0.1 M, flow rate 1.2 I/min, curresénsity: 17 mA /cfn Supporting
electrolyte: NaSQ-H,SQ, (0) andKsPO,-H3PO, (-). Fig. 5.7b: initial substrate
concentration: 0.01 M, flow rate 0.2 I/min, curretensity: 39 mA /cfn Supporting
electrolyte: NaSQ-H,SQ, (0), HCIO, (o) and KPO,Hs:PO, (-). Amperostatic
electrolyses in system IT = 25°C. pH =2

On the other hand, when OA was added to the solatigpH of about 13, a very low
effect on the polarization curve was observed, thuggesting a lower effective
oxidation process.

Chronoamperometric measurements performed in lzagiditions are reported in
Fig. 5.9. At 2.4 V for the first three additioniet current remained constant or
decreased, but gradually increased with furtheitimsbdof OA, thus showing the
possible simultaneous occurrence of different gees such as an hydroxyl radical-
mediated reaction, a possible adsorption phenomemgh as that observed by
Chang et al. (2006) for the oxidation of formaldedyt BDD and a direct oxidation

at the electrode surface, the last one being ddilecat higher OA concentrations.
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Fig. 5.8 Current-potential curves in basic conditions foetBDD electrode in the
presence of different amounts of oxalic acid: §ajb) 10 mM; (c) 20 mM. System
solvent supporting electrolyte (SSE): Water, NaOR2g M).
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Fig. 5.9 Chronoamperometric response of BDD anode to stegtdyy injection of
OA at different potentials: 2.4 V (a) and 2.7 V (. SCE. System solvent
supporting electrolyte (SSE): Water, NaOH (inifid = 12).
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Fig. 5.10 Oxalic acid concentration vs. charge passed as r&ctfan of pH in
electrolyses performed under amperostatic (a) aotkmtiostatic (b) alimentation.
Initial pH: 0.3 (0), 2 @),and 12 ¢). Experimental conditions for amperostatic
electrolyses: initial substrate concentration: ML, Flow rate: 1.2 I/min, Current
density: 17 mA /cfnsystem II T = 25°C. Experimental conditions for potentioatat
electrolyses: initial substrate concentration: 02 E = 2.3 V vs. SCE, systenill=
25°C.

When the chronoamperometric measurements wererpexfbat 2.7 V, a higher
oxalic acid concentration was necessary to obsarskght increase of the current,
according to the fact that at higher potentialsrbygll radical-mediated reactions are
likely to be more favored with respect to direcidation.

As shown in Fig. 5.10, when selected experiment® wepeated at different values
of pH, both with galvanostatic and potentiostafimantation, the decrease of the
acid content in solution assumes different profilesacid and alkaline media. In
particular, according with literature data, higlferadic efficiencies are obtained in

acid media.

5.4 COMPARISON WITH A THEORETICAL MODEL

As previously presented, a good qualitative agre¢rbetween theoretical

predictions based on the direct anodic oxidatioroxdlic acid and experimental
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results collected at low pH was observed. In tHifiong we wish to evaluate if
also a quantitative agreement can be observed.

Let us focus our attention first, on a process tidadly controlled completely by
mass transfer. This was realised by an electrolysiformed in system | with an
amperostatic alimentation, a current density ofutd® mA/cnf and an initial acid
concentration of 7 mM. In these conditions C* canelstimated to be about 14 mM
and as a consequence [®A]C* for the entire electrolysis. Hence, accordingdeq.
4.3, in Fig. 5.11 is possible to observe that expental results are in good

agreement with the theoretical predictions.

0,008 57
O
4 1 ]
0,006 -
S 3
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0,004 - =z
O, 2 A
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0,002 - 1]
0,000 0 T T T T )
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0 200 aoc 400 600 QIFVCH
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Fig. 5.11 [OA]® vs. charge passed (a) and In[OADA]" vs. Q/(nFVC*) (b).
Amperostatic electrolyses in systenSystem solvent supporting electrolyte (SSE):
Water, NaSQ,, H,SQ. Initial oxalic acid concentration: 7 mM. T = 25°Current
density: 15 mA/cfn Theoretical curves /{) obtained by Eq. 4.3a with the
parameter C* = 0.014 M.

Let us consider now a process completely contrdigaxidation reaction control
regime. This situation arises if one considers,aasexample, the electrolyses
performed at maximum flow rate with the lower admpturrent intensity and the
higher initial oxalic acid concentrations. In tltiase, C* assumes a very low value
and as a consequence the process is under changéetrcontrol for the major part
of the electrolysis up to conversion of about 90%.

Hence, experimental data should be in agreemert piievisions of Eq. 4.6b.

Indeed, when a value of 0.013 M was usedRi]* experimental results are in a
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very good agreement with theoretical predictionsthia two particular cases of
processes purely controlled by charge transferagsntransfer.

Let now us discuss the general case of a processentate determining step during
the electrolysis changes from charge transfer obrntr the first stages to mass
transfer control in the last part with a mixed regibetween them. In this case a
general expression for the instantaneous currditiezfcy has to be adopted (see
Eqg. 4.14) and the profiles of the oxalic acid canragion during the electrolysis as a
function of charge or time passed can be numeyicalimputed by combining Eq.ns
4.14a and 4.14b, that are functions of the parasm¢RH]* and C*. The last
parameter has been estimated for all the expendeatzetrolyses (Tables 5.2 and
5.3).

Furthermore, by considering again, in a first agpmation approachiRH]* not to
be dependent on the working potential (see paragda#), this parameter should
assume a constant value during all the experimants as consequence can be

computed as a fitting parameter.
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Fig. 5.12 Data of electrolysis reported in figures 6a and iptted as ICE vs.
[OA]®. Electrolysis performed in system Il with 17 (8, mA/crf (b) at different
flow rates. Flow rate: 0.2 (), 0.5 (-) 1.2 I/min §).Theoretical curves/{{) obtained
by Eq.ns 4.14 with the parameter C* reported in [€ah3 and with [RH]* = 0.013
M.
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Indeed, all the performed experiments gave a grafflICE vs. [OAP (see as an
example Fig. 5.12a and 5.12b) and of [®A%. charge passed (see Figures 5.4a,
5.5a-5.5e and 5.6a) in very good agreement withthtberetical predictions when a
unique value of 0.013 M was used fBH]* (see Table 4.1).

It is interesting to observe that the parameterk’(E)/k(E) (see Eq. 4.23) can be
computed by the ratio between the intercgptad the slopes| of regression lines
relative to current densities data recorded imptiesence of different amounts of OA
when the oxidation process is under charge tramsfetrol (e.g. at very low values
of E). Since the current densities recorded during iegtaady polarization curves at
low pH present for each value Bfa linear dependence on the acid concentration, it
was possible to roughly compute this ratio as atfon of E and, interestingly, it
presents a lower value of about 0.014 M, very ctosthat derived by the fitting of

incineration data with theoretical predictions (abeve).
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CHAPTER 6

ELECTROCHEMICAL OXIDATION OF OXALIC ACID AT DSA ANO DE

6.1 INTRODUCTION

Among the operative parameters that can influeheeperformances of the
electrochemical oxidation process, anodic matésial far the most important.
In order to study the effect of the anodic matenaé have performed a set of
experiments on the electrochemical oxidation oflioxacid at IrQ/Ta,0Os anode.
As in the case of electrochemical oxidation at BBDxface, a comparison of
theoretical predictions and experimental data wasied out at the end of the
chapter.
Furthermore, a comparison between results obtaméite case of the experiments

performed at BDD and DSA anodes will be reported.

6.2 QUASI-STEADY POLARIZATION CURVES

Prior to electrochemical incineration experimermgasi-steady polarization
curves and chronoamperometric measurements wererdegt in background
solutions containing N8O, in the absence and in the presence of different
concentrations of oxalic acid both in acidic angibaonditions. As shown in Fig.
6.1, the polarization curves at pH of 2 and 12teflifo less positive potentials in the
presence of OA and current densityncreased with a linear dependence on the OA

concentration for a fixed value of the potenkal

6.3 CHRONOAMPEROMETRIC MEASUREMENTS
6.3.1 EFFECT OF THE POTENTIAL

To achieve more information on the oxidation meddan a series of
chronoamperometric measurements of current byttels/-step injection of oxalic
acid into the solution at different fixed potensigll.5 and 1.8 V vs. SCE) was

carried out at pH of 2.
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Fig. 6.1. Current density - potential curves for the kDa,Os electrode at pH of 2
(Fig. 1a) and 12 (Fig. 1b) in the presence of défé amounts of oxalic acid: (&),

(b) 10; (c) 20; (d) 50; (€) 100 mM. (Inset) Currerst [OAF at different potentials:
1.2 () and 1.4 &) V and relative regression lines. Temperature: @53ystem
solvent supporting electrolyte (SSE): Water,$@, H,SQO, (pH = 2) or NaOH (pH

= 12).
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Fig. 6.2 Chronoamperometric response of F0DaOs anode to step-by-step

injection of OA at different potentials: 1.5 V aadB V vs. SCE. Inset shows the
correspondent current increase as a function of €centration. Temperature:

25°C. System solvent supporting electrolyte (S8&ter, NaSQ,, H,SO, (pH = 2).

As shown in Fig. 6.2, an increase of the steadi-starrent was observed, with an
increasing concentration of OA, at both polarizeteptials examined.

Furthermore, in the adopted range of concentratiomsent increased linearly with
OA concentration (see inset in Fig. 6.2). Hencepwbamperometric measurements
and quasi-steady polarization may indicate thattedehemical incineration of OA
can be at least partially attributed to the diedettrochemical oxidation pathway on
the surface of the IrDbased anode. Interestingly, also in the case @fatiodic
oxidation of OA at BDD the occurrence of a diregidation process was observed,
as discussed in the precedent chapter. This isaptpliue to the fact that OA is
expected to be rather resistant to mediated oxidgtiocesses by means of hydroxyl
radicals (Scialdone, 2009) or “adsorbed oxygen’nf@mellis, 1994). For the sake
of comparison, let us compare the chronoamperometeiasurements of current by

the step-by-step injections of OA and of a phemoitive, the 4-methoxy-phenol.
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Fig. 6.3 (I-lw)/n detected during the chronoamperometric e of IrQ-Ta,0s
anode to step-by-step injection of OA &nd 4-methoxy-phenot)(at 25°C at 1.5 V
vs. SCE where Iw is the current recorded in thesabs of the organic and n is the
number of electrons necessary to achieve the tmtalation of the compound.
System solvent supporting electrolyte (SSE): Waa5$Q,, H,SQO, (pH = 2).

As shown in Fig. 6.3, the additions of the phermihtive gives rise to a negligible
increase of the current density normalized to thenlmer of electrons necessary for
the total oxidation with respect to the case of @As confirming that for the oxalic
acid the direct anodic oxidation is of particulatewance with respect to phenolic
compounds where, according to literature (Comnell994), the oxidation is

likely to take place by means of adsorbed “oxygen”.

6.3.2 EFFECT OF THE TEMPERATURE

A strong effect of temperature towards the elettengical incineration of
oxalic acid was reported by the group of prof. DattBti (see par. 2.4.5). Thus,
polarization curves, performed at DSA anode, wése gepeated at a pH of 2 and at
a fixed potential of 1.5 V at higher values of teenperature. As shown in Fig. 6.4,
higher temperatures resulted in a more marked aseref the current density with
the [OAP, thus probably indicating that at higher valuesterhperature the OA

anodic oxidation process becomes more favorite rgispect to water oxidation.
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Fig. 6.4 Chronoamperometric response of WFDa,Os anode to step-by-step
injection of OA at 25, 50 and 70 °C at 1.5 V vsESEig. 6.4a). Fig. 6.4b shows the
correspondent current increases as a function ofd@Acentration. System solvent
supporting electrolyte (SSE): Water, iS&),, H,SQ, (pH = 2).
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It is possible to observe that at temperaturesGofbd 70°C a linear relationship
between current density and [JAJoes not occur for the higher values of [QA]
thus probably reflecting the fact that at high O#xcentrations, quasi-saturation of

active sites is likely to be involved.

6.4 ELECTROLYSES
6.4.1 INFLUENCE OF SUBSTRATE CONCENTRATION

A first set of electrolyses was performed with arent density of 39 mA/cf
a flow rate of 0.2 I/min, a pH of 2, a T = 25 °Cdaan initial OA concentration of
0.1 M. The electrolyses were stopped when the ehpegsed was 7000 C = 1.45
Q™ where ' = charge necessary for a total conversion of gai@acid with aCE
= 100%. At the end of the experiments a conversibionly about 68% with a
current efficiency slightly lower than 50% was aohgd (Table 6.1, entry 1).
When the experiment was repeated with a lowemini®A]°, of 10 mM (Table 6.1,
entry 2), a dramatic decrease of the current efficy arises. Indeed, a conversion of
about 60 % was achieved after 3600 C = 7'5with a final CE of about only 8%
caused by the fact that [OA this case is always significantly lower than Ehopp
/(2FKy) so that the ratiog/iap, << 1 and as a consequence most part of the charge

passed gives rise to the oxygen evolution rea¢taraldone, 2009).

6.4.2 INFLUENCE OF pH

To investigate the effect of pH on the incineratioh OA at IrG, based
anodes, we have repeated some galvanostatic intimeexperiments at a pH of 12.
As shown in Fig. 6.5a and in Table 6.1 (entriend @), when the experiments are
carried with an initial OA concentration of 0.1 Mc¢cording with literature data,
higher faradic efficiencies are obtained in aciddime Otherwise, when the
experiments were carried out with an initial sudtgtrconcentration of 10 mM, a less
significant effect of pH on the abatement of OA w&served (Fig. 6.5b and Table
6.1, entries 2 and 8). This is probably due tofétee that under these conditions the

OA concentration is dramatically lower than C*, thecess is prevalently under
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mass transfer control and as a consequence therarices of the process are
expected to depend mainly on parameters which et dependent such as the
flow dynamic regime of the system, the current dgnand [OAP (Scialdone,

2009).

Table 6.1. Influence of Operative Parameters on the Incinerabf Oxalic Acid

Entry [OA]*= pH  I/A Flow Current Conversion Time C* (M)
(M) (mA/cn?)  rate Efficiency (%) Passed °
(I/min) (%) (min)
1 0.1 2 39 0.02 45 - 49 66 - 70 334 0.076
2 0.0f 2 39 0.02 6-10 59 -63 172 0.076
3 0.1 2 17 1.02 62 — 66 91 -95 778 0.009
4 0.1 2 39 1.02 61 — 65 90-94 334 0.020
5 0.1 2 17 0.02 62 — 66 91 -95 778 0.032
6 0.1 12 17 1.02 20-24 29 -33 778 0.009
7 0.1 12 39 0.02 20-24 30-34 334 0.076
8 0.01° 12 39 0.02 3-8 48 — 54 172 0.076
9 0.35° 12 56 1.02 61 - 65 97 - 99 847 0.028

& amperostatic electrolyses. System solvent supgoeiectrolyte (SSE): Water,
N&SQ, H,SQ, or NaOH. T = 25°C. V = 250 ml.

PC* = i 4pp /(2FDIO).

¢ Charge passed = 7000 C = 1.45"Qvhere {' = charge necessary for a total
conversion of the oxalic acid with a CE = 100%

4 Charge passed = 3600 C = 7.53"Q

® Charge passed = 25410 C = 1.5'Q
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Fig. 6.5 Oxalic acid concentration vs. charge passed asatfan of pH. Initial pH:

2 (@) and 12 ¢). Initial substrate concentration: 0.1 (a) and 0.Qb) M.

Experimental conditions: Amperostatic alimentatiéhow rate: 0.2 I/min, Current
density: 39 mA/ci T = 25°C.
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6.4.3 INFLUENCE OF CURRENT DENSITY AND FLOW DYNAMIREGIME

It has been previously shown that the flow rate #red current density can
affect dramatically the performances of the elaxtemnical incineration. Moreover,
we showed in the precedent chapter that the cudemgity and the flow rate effects
depend on each other.

Hence, in order to evaluate the effect of bothghemeters on the performances of
the process, some experiments were carried oud af @ by changing both the flow
rate (from 0.2 to 1.2 I/min) and the current dgnéfitom 17 to 39 mA/cr).

As shown in Table 6.1 and in Fig. 6.6, the influed the flow rate on the process
dramatically depends on the adopted current densitystrong influence was
observed for high values (Fig. 6.6a and Table éntrjes 1 and 4) while in the case
of the electrolyses performed at 17 mAfcthig. 6.6b and Table 6.1, entries 3 and
5) a very small effect was observed. Indeed, fer e¢lectrolyses performed at 17
mA/cn?, quite low values of C* occur (see Table 6.1). éterthe process is under
charge transfer control for the most part of trecblysis and as a consequence the

flow dynamic regime plays a role only in the laattmf the experiments.
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Fig. 6.6 Profile of oxalic acid concentration vs. charge gad for electrolysis
performed at pH = 2 with 39 (a) and 17 mAfcth) at different flow rates. Flow
rate: 0.2 @) and 1.2 I/min €). Experimental conditions: Amperostatic alimerdati
System solvent supporting electrolyte (SSE): WatesSQ,, H,SQ,. Initial oxalic
acid concentration: 100 mM. T = 25°C. Theoreticahees (7) obtained by Eq.ns
4.14 with the parameter C* reported in Table 6. HdRH]* = 0.018 M.

On the other hand, when the experiments were paeddrat higher current densities,
C* assumes quite high values when the experimertsaried out at low values of
the flow rate and, as a consequence, a high influexi flow dynamic regime is
expected. When one compares the experiments paxbanconstant flow rate, the
consumption of oxalic acid strongly depends on ¢herent density at the lower
value of the flow rate (when mass transfer contmises for a large part of the
process) (Table 6.1, entries 1 and 5) while nagaificant influence is observed at
the higher value of flow rate (Table 6.1, entriesn8@ 4).

When some experiments were carried out in basiditions with an initial [OAf of
0.1 M, no effect of a change of the current denaitd the flow rate was observed
(Table 6.1, entries 6 and 7 and Fig. 6.7). Thipnsbably due to the fact that

incineration in basic conditions gives rise to véaw OA abatement so that in all
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the employed experimental conditions the processal@ays under charge transfer
control ([OAF > C¥).
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Fig. 6.7 Profile of oxalic acid concentration vs. charge pad for electrolysis
performed at pH = 12 in the following operative ditions: 39 mA/cr and 0.2
I/min (¢) and 17 mA/cfand 1.2 I/min 6). Experimental conditions: Amperostatic
alimentation, System solvent supporting electro{@8E): Water, N&Q,, NaOH.
Initial oxalic acid concentration;: 100 mM. T = 25°Crheoretical curves /()
obtained by Eqg.ns 4.14 with the parameter C* reptrin Table 6.1 and [RH]* =
0.25 M.

6.4.4 INFLUENCE OF TEMPERATURE

In order to evaluate the effect of the temperatmethe process, we have
performed two set of experiments at different terapees at different operative
conditions:

«  Current density 39 mA/cfrand flow rate 0.2 l/min;
«  Current density 17 mA/cfrand flow rate about 1.2 I/min
Interestingly, as shown in Table 6.2 and in Fi®, &n increase of the temperature

gave rise, in all cases, to a drastic increas®tf ®A conversion and CE.
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Fig. 6.8 Profile of oxalic acid concentration vs. charge gad for electrolysis
performed at 17 mA/crand 1.2 I/min (Fig. 6.8a) and 39 mA/cand 0.2 I/min (Fig.
6.8b) at different temperatures. T = 25 (0), ®) and 70 °C §). Experimental
conditions: Amperostatic alimentation, System sulgeipporting electrolyte (SSE):
Water, NaSQ, H,SQ. Initial oxalic acid concentration: 100 mM. pH =.2
Theoretical curves/{) obtained by Eq.ns 4.14 with the parameter C* régb in
Table 6.2 and [RH]* = 0.018 M and 0.003 M for theperiments performed at 25
and 50°C, respectively
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In particular, under the best adopted operativalitioms (T = 50 °C, high flow rate
and low current density) after 6000 C (Q = 1.2% @ conversion of about 99% and
a current efficiency close to 80% was obtained Witiemonstrates that incineration
of oxalic acid can be carried out successfullyr@-1Ta0s anodes with very high
conversions and CE. In order to explain the pasitiffect of temperature on the
performances of the process, it is useful to rensnthat higher temperature,
according to chronoamperometric measurements gpae), favour the oxidation of

OA with respect to that of water.

Table 6.2 Influence of Temperature on the Incineration ofl@xAcid

Entry T I/A Flow Current Conversion Time C*
(°C) (mAlcn?) rate  Efficiency (%) Passed (M)"
(I/min) (%) (min)

1 25 39 0.02 45 - 49 66 — 70 334 0.076
2 50 39 0.02 59 - 63 90-94 3340J0.05
3 70 39 0.02 62 - 66 95 -98 334 n.d.
4 25 17 1.02 62 — 66 91 -95 778 0.009
5 50 17 1.02 68 -72 > 99 778 n.d.
6 25 39 0.02 71-75 > 98 334 0.076
7 25 39 0.02 71-75 > 99 334 0.076

& amperostatic electrolyses. System solvent supporiectrolyte (SSE): Water,
Na,SQ,, H,SQ. Initial oxalic acid concentration: 100 mM. pH = Zharge passed

= 7000 C = 1.45 &, where ' = charge necessary for a total conversion of the
oxalic acid with a CE = 100%. V = 250 ml.

PC* =i 4pp /(2FDIO).
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6.5 THEORETICAL CONSIDERATION

A general theoretical model for the anodic oxidataf oxalic acid has been
presented in the chapter 4, based on the occurrehdmth direct and direct
processes mediated by adsorbed hydroxyl radicasiswrbed “oxygen”.

In the following we wish to evaluate if a quaniiat agreement between the
developed theoretical models and the experimeesllts on the electrochemical
incineration of OA at Ir@based electrodes above presented can be observed.
Let us focus our attention first, on a process tika#ly controlled by oxidation
reaction. This situation arises if one performsebttrolysis with a very high initial
value of OA concentration so that [JA$ drastically higher of C* for the most part
of the charge passed. Thus, we have carried oeteantrolysis with a flow rate of
1.2 l/min and 56 mA/cfm(C* = 0.028 M) and an initial OA concentration@B5 M
(see Table 6.1, entry 9). Interestingly, as shawhig. 6.9, experimental data are in
quite good agreement with theoretical predictidres value offRH]* = 0.018 M is
used, which probably represefigH]* = k’(E)/k(E) since a direct anodic oxidation
mechanism is likely to be involved according to arfbamperometric and
polarization measurements.

Let us focus on a process kinetically controlledhptetely by mass transfer. This
was realised by an electrolysis carried out withratial OA concentration of 0.01
M, a pH of 2, a low flow rate and an high curreminsgity (Table 6.1, entry 2).
Indeed, under these conditions [RH§ expected to be drastically lower than C*

ICE®® during all the experiment, whel€E®©

is the instantaneous current efficiency
under oxidation reaction control (Scialdone, 2088 the expression of the current
efficiency in this case is reported in Eq. 4.1.

Indeed as shown in Fig. 6.10, experimental resuksin very good agreement with

the theoretical predictions, in spite of the fasattno adjustable parameters are

present.
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Fig.6.9 [OA]® vs. charge passed. Experimental conditions repoite Table 6.1,
entry 9. Theoretical curves for a process undedation reaction (---) (obtained by
combination of Eq.ns 4.6b and 4.14b and for a mikedtic regime {/) (obtained
by Eqg.ns 4.14) with [RH]*= 0.018 M).
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Fig. 6.10 ICE vs. [OAf (a) and [OAf vs. charge passed (b). Experimental

conditions reported in Table 6.1, entry 2. Theaaticurves (/) obtained by Eq.ns
4.1 for Fig. 6.9a and 4.3 for Fig. 6.9b with therpaeter C* reported in Table 6.1.

Let now us discuss the general case of a processentate determining step during
the electrolysis changes from charge transfer obrntr the first stages to mass
transfer control in the last part with a mixed regibetween them. In this cas€f

is given by the Eq. 4.14a. As shown by Fig. 6.1d &, experimental results are in
quite good agreement with theoretical predictidnsparticular, both the effects of
the current density and of the flow rate are welkdicted by the developed
theoretical model.

We have compared also the data obtained duringriexpets performed in basic
conditions with theoretical predictions based omEdl.14 and as shown in Fig. 6.7
also in this case a good agreement between exp#aidata and theoretical
predictions is obtained when a value[BH]* of about 0.25 M is used as fitting
parameter. Finally, let us study the effect of tda@perature on the process. Higher
temperature should result in higher values of tlassrtransfer coefficiekt, mainly

because the viscosity of a liquid solvent decreagpsnentially with T.
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Fig. 6.11 ICE vs. [OAf (a) and [OAf vs. charge passed (b) for electrolysis
performed at pH = 2 in the following operative citiwhs: 39 mA/crh and 0.2 I/min
(o) and 17 mA/cfand 1.2 I/min §). Experimental conditions reported in Table 6.1,

entries 1 and 3. Theoretical curveS) obtained by Eqg.ns 4.14 with the parameter
C* reported in Table 6.1 and [RH]* = 0.018 M.
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On the other hand, a higher temperature resultdnaatic increase of the CE also
when the process is likely to be under oxidatiaction control for the most part of
the experiment (see Table 6.2, entries 4 and 5hcélean increase of the
temperature is likely to result also in a signifitalecrease of the paramefBH]*
which is likely to coincide withk'(E)/k(E). Comparing theoretical predictions based
on Eq.ns 4.14 with experimental data achieved at@G0 = 39 mA/cnd, flow rate
0.2 I/min (Table 6.2, entry 2), quite interestinghygood fitting of experimental data
and theoretical predictions arise if one use a \@mnyvalue offRH]* of about 0.003
—0.004 M (see Fig. 6.8b).

6.6 COMPARISION BETWEEN RESULTS OBTAINED AT BDD ANAT DSA
ANODES

As mentioned in section 2.3, the role of the anodiaterial on the
electrochemical oxidation processes is determinadeed quite different reaction
pathways can take place at BDD and at DSA anodéh. thé aim of investigate the
influence of the nature of the anodic material lo@ ¢lectrochemical incineration of
oxalic acid, let now us observe some results afreacmined in this and in the
precedent chapter.

When electrolyses at the two anodes were perforated current density of 39
mA/cnt and a flow rate of 0.2 I/min, with an initial caration of oxalic acid 0.1
M, at room temperature and at acid pH, as shovi#ign6.12a, after a charge passed
of 7000 C = 1.45 & a significantly higher conversion is obtainedggter than
80%) at a boron doped diamond anode (Table 5.§ &jtrwhile at iridium based
anode the conversion is only of about 68% with aeni efficiency slightly lower
than 50% (Table 6.2 entry 1). The difference of peeformances of the two anodic
material decrease when the electrolyses were ctediat lower current density and
higher flow rate (see Fig. 6.12b), i.e. when thestrgart of the process is expected
to be under oxidation reaction control. IndeedB@D anode a conversion of oxalic
acid of about 99% was obtained, while a slight dase was detected in the case of
iridium based anode (conversion of oxalic acid 8%6) (Table 5.3 entry 1 and Table

6.2 entry 4, respectively).
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Interestingly, at both BDD and Ti/ltl'a,0s anodes in acidic conditions the process
is expected, according to polarization curves anbromamperometric
measurements reported in section 5.2.1 and 6.3 reSpectively, to take place at
least in part by a direct anodic oxidation procesdtherwise, when
chronoamperometric and polarization measurementse warried out at room
temperature in the presence of different amountSAfat BDD and IrG-Ta,0s, an
increase of [OA] results in the case of BDD in a higher increasehef current
density with respect to that observed at#i@,0s. This result, probably, indicates
that at room temperature the direct anodic oxigatib OA is more favorite with
respect to water oxidation at BDD anodes than@tTra,Os.

These data may indicate that different oxidant e&geninvolved at BDD and DSA
anodes. Thus, at active electrodes, such as I@3ed anodes, water oxidation
involves the formation of chemisorbed oxygen, thatcording to literature
(Comninellis, 1994; Comninellis and De Battisti, 989, is consumed in the
oxidation of organic compounds with the formatidnselective oxidation products
and in an easy oxygen evolution. On the contrdrgtisanond anodes, free or weakly
physical adsorbed hydroxyl radicals are generathithware expected to have a

stronger oxidizing power and to cause often a ceteptombustion of organics.
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Fig. 6.12 Profile of oxalic acid concentration vs. chargespad for electrolyses
performed with galvanostatic alimentation: at pH2=at 39 mA/cfh—0.2 l/min (a)
and at 17 mA/cim- 1.2 I/min (b); at pH = 12 at 17 mA/ém 1.2 l/min (c). System
solvent supporting electrolyte (SSE): Water, 3@, H,SO, or NaOH. Initial oxalic
acid concentration: 100 mM. T = 25°C.
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Furthermore, in the case of oxalic acid, a dirextdic oxidation process is likely to
be involved whose competition with oxygen evolutioecessarily depends on the
nature of the electrodic material.

A different scenario can be observed at pH 12.édddigher differences between
the performances of the two anodes can be notedjaital lower conversion values
are observed at DSA anode at both the oppositeatiperconditions. In particular,
conversions of about 32% and current efficiencie2% were detected. Thus at
basic pH, the influence of the anodic materialtisrggly enhanced, in particular in
the conditions of higher flow rate and lower cutreensity (see Fig. 6.12b and
6.12c).

Furthermore, when the electrochemical incineratibroxalic acid at DSA anode
was conducted at acid pH, at a temperature of 58°& flow rate of 1.2 I/min and a
current density of 17 mA/cima conversion of about 99% and a current effigienc
close to 80% was obtained (see section 6.4.4)]tseatileast comparable to that
obtained at BDD at room temperature (Table 5.3yehjr This surprising result
seems very interesting if one focus on the fact éheemperature of 50 °C is easily
achievable on applicative scale, that DSA anodesaédely industrially used, very
stable as confirmed also in our study (comparabléopmances were achieved after
several days of continuous operations), less expersan Si-BDD and presented
lower cell potentials (2.5 — 3.1 V) with respecBDD (3.2 - 4.7 V).
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CHAPTER 7

ELECTROCHEMICAL INCINERATION OF OXALIC ACID IN THE
PRESENCE OF SODIUM CHLORIDE

7.1 INTRODUCTION

As previously mentioned, electrochemical oxidatmiorganic compounds
can be performed by means of electrogenerated mtgidsuch as active chlorine,
peroxidisulfuric acid, In particular, we have dedlin detail the anodic incineration
of oxalic acid in the presence of NaCl with the aifrstudying in a systematic way
the influence of numerous parameters on the pedoces of the process and to
individuate the optimal operative conditions baiithe absence and in the presence
of NaCl. A particular aim of this study was to exate how the role of operative
parameters changes in the presence of chlorides.

Since the effect of NaCl on the process is expetdediepend on the nature of the

electrodic material, also in this case Tilf0a,0Os and BDD were used.

7.2 PRELIMINARY EXPERIMENTS PERFORMED IN THE ABSENE OF
ORGANICS

7.2.1 POLARIZATION AND CHRONOAMPEROMETRIC MEASUREENTS
IN THE PRESENCE OF NacCl

Quasi-steady polarization and chronoamperometricastmements were
recorded at BDD and Ir&Ta,05 in background solutions containing J$&, and
H,SO, or NaOH in the absence and in the presence ddrdiit concentrations of
NaCl. At pH of 2, according to the literature (Feet al., 2000; Trasatti, 1987), a
significant increase of the current density is obseé upon increasing the halide
concentration both at BDD (Fig. 7.1a) and #Ts0Os (Fig. 7.2a). Interestingly,
according to chronoamperometric measurements, eadgt state conditions an
higher increase of the current density arises@tTra,0Os with respect to BDD.
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Fig. 7.1 Chronoamperometric response of BDD to step-by-stiggtion of NaCl at
2.44 V vs. SCE at a pH of 2 (a) and 12 (b). Systelvent supporting electrolyte

(SSE): Water, N&Q,, H,SO, (pH = 2) or NaOH (pH = 12).
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Fig. 7.2 Chronoamperometric response of Ti/kDa,Os to step-by-step injection of
NaCl at 1.5 V vs. SCE at a pH of 2 (a) and 12 @)stem solvent supporting
electrolyte (SSE): Water, baQ,, H,SO, (pH = 2) or NaOH (pH = 12).
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At the DSA anode, a drastic increase of the curdsnsity is observed upon
increasing the NaCl concentration also in basiaditans (Fig. 7.2b) in spite of the
fact that the competition between chloride and watedation is expected to be
drastically affect by the pH of the solution, highpH favoring the water oxidation
(Trasatti, 1987).

On the other hand, one can consider that oxygehuiwo gives rise to local
acidification of the solution. In particular, oxidgectrodes prepared by thermal
decomposition of suitable precursors, as a rulasisb of porous layers of sintered
crystallites and the pH in the pores, as a redulh® oxygen evolution reaction, is
expected to be very low while mass transfer limota dampens its sensitivity to the
external acidity of the bulk of the solution (Trt#5al987), thus favoring the
chloride oxidation reaction.

When polarization and chronoamperometric measurtsvegre carried out at BDD
at a pH of 12, a decrease of the current densitées observed with respect to the
blank in the presence of small concentrations dfINAs shown as an example by
the chronoamperometric measurements carried dutdtV vs. SCE (Fig. 7.1b), an
increase of the NaCl concentration up to 50 mM g&eto a slight decrease of the
current density while above this value a reverdathe trend was observed. A
similar behaviour has been observed by Martinezieluet al. (2005b) for the
polarization curves of NaCl, NaBr and NaF at Pbasic solutions. Thus, Authors
supposed that the adsorption of &lthe anodic surface can cause the anodic ghift o
the oxygen evolution.

More in general, our data could be interpreted iclemgg that the adsorption of Cl
at the anodic surface from one side can hindero#tygen evolution reaction and
from the other side gives rise to the chlorine fation, resulting in a decrease or in
an increase, respectively, of the current densitidls respect to the blank. Which of
the two effects is prevailing should depend ongheand on the amount of NaCl
present in the system. In particular, the diffemesults achieved in the case of BDD
and iridium anodes may be tentatively attributedatdower selectivity of the
diamond towards the chlorine evolution in not vagid conditions or to a less

porous structure for BDD with respect to the metatle electrode, that could result
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in a more limited decrease of the pH at activessithen experiments are carried out

with high external pH.

7.2.2 ELECTROLYSES CARRIED OUT IN THE PRESENCE N&CI

The effect of some operative parameters on the dtom of active chlorine
during the electrolysis of aqueous solutions of Na&s investigated by performing
a series of electrolyses at both BDD and DSA anatlefferent values of pH, flow
rate and current density.

Table 7.1. Effect of operative parameters on the Active Ghkformation during
the electrolyses of a solution of )80, and NaCF

Entry Anode pH Current Flow Active chlorine
density rate concentration
(MA/CNT) | min) (mM)

BDD 12 39 0.02 5-7
IO, Ta,0; 12 39 0.02 26 — 28
BDD 12 17 1.02 <1
BDD 2 39 0.02 8- 10
IrO,Ta0; 2 39 0.02 21— 23
6 IrOyTa0; 2 39 1.02 17-19
7 IrOyTa0; 2 17 1.02 4-8

@ Amperostatic electrolyses in system II. Initial NaGncentration = 0.17 M, system
solvent supporting electrolyte (SSE): Water,$@, H,SQ, (pH = 2) or NaOH (pH
=12). T = 25 °C. V = 250 ml. Active chlorine comteation computed after a
charge passed of 2400 C.
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7.2.2.1 EFFECT OF THE ANODIC MATERIAL

As shown in Table 7.1 (Entries 1-2,4-5), a drastfect of the anodic material
on the formation of strongly oxidizing compoundsswabserved also during our
experiments. In particular, dramatically higher camrations of oxidants, computed
as active chlorine, were observed in analogousatiper conditions at the iridium
based anode with respect to BDD both in acidic iartshsic conditions. In order to
explain the different behavior of the two electreder what concern the formation
of oxidants in the solution, different hypothesem dbe made. First, it can be
supposed that at DSA anodes the formation of atdod more favored with respect
to the oxygen evolution. Second, some authors pawposed in order to interpret
the higher concentration of chlorate detected aDBMBith respect to ruthenium
oxide anodes, that, at diamond, active chlorine reaict with the weakly adsorbed
hydroxyl radicals or with the generated peroxide$orm CI, chlorite and chlorate
(Polcaro et al., 2008). In any cases, from theiegiie point of view, one has to
observe that BDD, in spite of the reported highesklity towards chlorine
evolution (Ferro et al., 2000), is a not very affit anode for the formation of active

chlorine at least under operative conditions adbptehis study.

7.2.2.2 EFFECT OF pH

As shown in Table 7.1, the pH affected the perforces of the process.
Indeed, pH is expected to affect both heterogenaadshomogeneous reactions as
synthetically reported below:

» for what concern the electrochemical reactions, ipléxpected to affect the
competition between water and chloride oxidatioocpsses, lower pH favoring
the chlorine evolution reaction. Furthermore, vieny pH gives rise to a lower
concentration of species as hypochlorite and hyjposhs acid that can be
further oxidized at the anode to form chlorate (@e&zki and Jansenn, 1992);

« the value of the pH affects also the homogeneogsrdposition of oxidants

through the reaction between hypochlorous acid fymbchlorite (Eq. 2.40)
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that is expected to assume the maximum rate at gaasal pH and the loss for

desorption of chlorine that is maximized for veswlvalues of pH (< 2).
In particular, in the experiments performed at BBxidde, a significant effect of the
pH on the performances of the process was obsdmadule 7.1, entries 1 and 4).
Indeed, in basic conditions lower concentration®oxiflants were computed. This
experimental evidence seems in agreement with #w fhat, according to
polarization curves and chronoamperometric measem&n very high NacCl
concentrations are necessary in basic conditionsletect a significant current
density increase. A different picture was obserivethe case of the iridium oxide
based anode. Indeed, at this anode slight highecertrations of oxidants were
observed in basic conditions (Table 7.1, entriag@5).
Hence, one may suppose that in the experimentsrpeetl at DSA, the variation of
pH affects more drastically homogeneous reactioitis Kgspect to electrochemical
ones. In particular, in basic conditions, reacticey®orted in Eq.ns 2.35 and 2.36 are
partially shifted towards the presence of chlotitels avoiding the loss of chlorine

by desorption.

7.2.2.3 EFFECT OF FLOW RATE AND CURRENT DENSITY

As shown in Table 7.1 (entries 1,3 and 5-7), whiem ¢lectrolyses were
performed at higher flow rate and lower currentdiign the final concentration of
active chlorine at fixed amount of circulated clengas dramatically lower. A
positive effect of higher current density towarlle formation of oxidants was also
observed by Bergmann and Koporal (2005) duringudyson the electrochemical
disinfectant production using anodes of Ruf® the absence of added supporting
electrolyte. Authors supposed that the positiveafbf current density was due to
the fact that, in drinking water, ion transfer rate significantly affected by
migration, that at its turn is accelerated by higberrent densities. On the other
hand, in our experiments a significant concentratibchloride ions and supporting
electrolyte was used and so migration should hawgnar role in the mass transfer
of ions to the anodic surface. Israelides et a@9{) argued that OCtan be

involved in mass transport controlled electrochahieactions (Eq.ns 2.41 and
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2.42), that are expected to have a more importietteon the performances of the
process in the presence of higher flow rate ancetosurrent density in terms of
current efficiencies for the formation of activdarime.

Hence, in order to explain the effect of flow raad current density on the
performances of the process, one may focus thetiaiteon the anodic processes. In
particular, the anodic oxidation of hypochlorusdaand hypochlorite is favorite at
higher pH when these specie present higher coratents. Otherwise, a different
local pH is expected at the anodic surface witpeesto the bulk of the solution as
a consequence of the oxygen evolution reactionrésatlts in the local acidification
of the anodic surface. Then, different values ef¢hncentrations of HCIO and OCI
can be expected in the bulk of the solution anthetanodic surface, the last being
probably affected by mass transfer kinetics andecitrdensity. Hence, on the bases
of these consideration one may tentatively speeulaat in the presence of low
current density and high flow rate, the anodic afiimh of these species can occur

with higher current yield.

7.2.2.4 EFFECT OF CATHODIC REDUCTION OF ACTIVE CBIRINE

Additionally, in order to evaluate the possibleeeffof the cathodic reduction
of active chlorine on the performances of the psscave have carried out two
electrolyses in another system, constituted of &hbalectrochemical cell in
undivided and divided cell, respectively. Similancentrations of active chlorine
were detected during all the experiments, thus estijgg that the cathodic reduction
of oxidants has not a significant effect on thecess, at least under the adopted

operative conditions.

7.3 POLARIZATION CURVES AND ELECTROANALYTICAL
MEASUREMENTS IN THE PRESENCE OF OXALIC ACID

In order to investigate the performance of eledtemaical incineration of
oxalic acid in presence of NaCl in solution, chramperometric and polarization

measurements were, previously, recorded. As showinei previous chapters, in the
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absence of NaCl at fixed potential at both ele@spdhe current increased linearly
with OA concentration.

Interestingly, when polarization curves and choemperomentric measurements
were recorded in the presence of NaCl, a changheopolarization curves occurs
both in acidic and basic conditions. In particutasth in the cases of lgGand BDD
anodes, for a fixed value of the potential, currdansities increased with a linear
dependence on the acid concentration. Otherwisetnease of the current density
was significantly lower if compared with that obsedt in the absence of NaCl, as
shown, as an example, by the comparison betweenckitenoamperometric
measurements carried out in acidic conditions énahsence and in the presence of
NacCl (Fig. 7.3).

Hence, it is possible to conclude that the direxdation of OA at the anodic surface
becomes drastically less relevant (and quasi netgigat Ti/lrO-Ta0Os) in NaCl

solutions, as a result of the chloride ions oxitati
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Fig. 7.3 Chronoamperometric response of BDD (a) and #f@,0s (b) to step-by-
step injection of OA in the absence (1) and inghesence (II) of NaCl 0,17 M at a
pH of 2. ' = i — i (where i and'l are the current densities observed in the presence
and in the absence of chloride, respectively). tni§évs. [AO] at the condition (1)
and (II) and relative regression lines. System aoi\supporting electrolyte (SSE):
Water, NaSQ,, H,SO, E = 2.44 V and 1.5 V vs. SCE for BDD and H»Og
anodes, respectively.

In order to have some preliminary information oe teactivity of active chlorine
with oxalic acid, some cyclic voltammograms wereorded without and with
addition of NaCl and OA at iridium anode in acidianditions.

As shown in Fig. 7.4, the addition of NaCl to a evasolution gives rise an anodic
wave and a small cathodic peak. According to ttedture, such behavior can be
attributed to oxidation of Clons to C} (Szpyrkowicz et al., 2005). The addition of
OA to the electrolyte gives rise to a very smalge of the voltammograms.

Only a small decrease of both anodic and cathagients at potentials close to 1 V
was observed, that can be tentatively ascribedstight passivation of the electrode
due to adsorption of OA as previously observed yyyEkowich et al. (2005) in the

case of a Red dye. An interesting feature of tlogsbc voltammograms is given by
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the fact that also at quite low scan rates of 0/4, the addition of OA has a very
small influence on the cathodic wave. Hence, inseeeasonable to assume that a
slow homogeneous reaction between active chlorime @A arises so that this
reaction is expected to take place mainly in thik lofi the solution. This result is
confirmed by the fact that a significant concernbratof active chlorine is detected

when electrolyses are carried out in the presehbeth NaCl and OA.

0,05 1

0,031

I/A

0,01

-0,01
0 0,5 1 15 2

E/V vs. SCE

Fig. 7.4 Cyclic voltammograms performed at WJa0Os (—) System solvent
supporting electrolyte (SSE): Water, JS&),, H,SQ, (pH = 2) alone, (---) with
addition of oxalic acid 5 mM—€) with addition of NaCl 0.17 M. Scan rate: 0.1 V/s.
T=25°C.V=25ml

7.4 EXPERIMENTAL INVESTIGATION ON THE EFFECT OF GERATIVE
PARAMETERS ON THE ELECTROCHEMICAL INCINERATION OF ® IN
THE ABSENCE AND IN THE PRESENCE OF NacCl

7.4.1. COMPARISON OF THE ELECTROCHEMICAL INCINERADN OF OA
AT BDD AND IRIDIUM ANODE AT DIFFERENT NaCl CONCENTRTIONS

To study the effect of the anodic material on thecpss, we performed two

series of electrolyses at BDD and jr@nodes in the presence of an initial OA
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concentration of 0.1 M, a quite low value of thewfl rate (0.2 I/min), a current
density of 39 mA/cth at different values of pH (2 and 12) and of NaCl
concentrations (0, 5, 10, 40 g/l). Electrolyses evgenerally stopped when the
charge passed was 7000 C = 1.45v@here ' = amount of charge necessary for a
total conversion of the oxalic acid withGE = 100%.

As shown in Table 7.2, the addition of NaCl to gmlution gives rise to very
different effects depending on both the naturéhefanodic material and the pH. Let
us first examine the experiments carried out a} hi&sed anodes (Table 7.2, entries
1-7). In this case, the addition of NaCl to theusioh gives rise, both in basic and in
acidic conditions, to a significant enhancemerthefOA abatement which increases
upon increasing the NaCl concentration. Quite egtngly in the presence of 5 g/l
of sodium chloride, a dramatic improvement of trefgrmances of the process
occurred and about 99 % of the initial OA conceigrawas removed with a CE
higher than 70 % (Fig. 7.9) while a further incieas NaCl concentration did not
affect significantly the conversion and the CE.

When electrolyses were repeated at BDD anodes,ita different picture was
observed (Table 7.2, entries 8-14). As reportechiapter 4, in the absence of NaCl,
a quite good removal of OA was achieved at BDD. @tdition of NaCl in acidic
conditions gives rise to a very low increase of @ abatement. Indeed, after 7000
C a conversion of OA of 83 and 90% was achievednwifie electrolyses were
performed in the absence and in the presence bébN§aCI, respectively.
Furthermore, when the experiments were performdzagic conditions a significant
decrease of OA abatement was observed upon inaogetit NaCl concentration.
This is probably due to the fact that in basic d¢tioids NaCl oxidation generates at
BDD a very low concentration of oxidants (see setti/.2.2) and that active
chlorine is mainly present as hypochlorite that lsss strong oxidant with respect to
hypochlorous acid (Deborde and Von Gunten, 2008t Ls focus on the
comparison between the electrolyses carried oD and iridium anodes. As
shown in Table 7.2 (Entries 1,8 and 4,11), in theeace of NaCl a dramatically
higher abatement of oxalic acid takes place at Biith respect to Ir@ Ta,Os both

in acidic and in basic conditions.
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Table 7.2. Incineration of Oxalic Acid in the presence andhe absence of

NaCF
Entry Anode Initial NaCl Charge Conversion CE
pH passed (C) (%)
(a/) (%)
1 IrO,Ta0s 2 - 7000 68 47
2 IrO;Ta0s 2 5 7000 99 73
3 IrO;Ta0s 2 10 7000 > 99 >70
4  Ir0yTa0s 12 - 7000 32 22
5 IrO;Ta0s 12 5 7000 39 27
6 IrO,Ta0s 12 10 7000 47 32
7 IrO;Ta0s 12 40 7000 78 53
8 BDD 2 - 7000 83 57
9 BDD 2 5 7000 90 66
10 BDD 2 10 7000 93 65
11 BDD 12 - 7040 81 56
12 BDD 12 5 7000 73 49
13 BDD 12 10 7000 72 48
14 BDD 12 40 7000 65 45
15 Ir0,Ta0s 9 10 7000 11 8

2 Amperostatic electrolyses in system Il. Currentsitgn39 mA/crh flow rate: 0.2
I/min. System solvent supporting electrolyte (SS8ter, NaSQ,, H,SQ, (pH = 2)
or NaOH (pH = 12). Initial oxalic acid concentratio100 mM. T =25 °C. V =250
ml. Charge passed was generally 7000 C = 1.45wpere ' = charge necessary

for a total conversion of the oxalic acid with a €BA.00%.
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Fig. 7.9 Oxalic acid concentration vs. charge passed as rctfan of NaCl
concentration. [NaCl]: 0 €), 5 () and 10 ¢) g/l. Experimental conditions:
Amperostatic alimentation, Initial substrate congation: 0.1 M, Flow rate: 0.2
I/min, Current density: 39 mA /éniT = 25°C. System solvent supporting electrolyte
(SSE): Water, N&Q,, H,SQ,. pH = 2.

Thus, after 7000 C an abatement of oxalic acidbofua 83 and 68% was detected,
as an example in acidic conditions, at BDD and{T@,0s, respectively.

Otherwise, as a result of the different effects tbé& NaCl addition on the
performances of the process observed at diamondrigigm anodes, when NaCl
was added to the system, the picture was readismgdd. In particular, in acid
conditions, an higher abatement of OA is obtairtdd@ anodes with respect to that
observed at BDD (see Table 7.2, entries 2,9 and) 30t any adopted concentration
of NaCl. As an example, when a NaCl concentratiohOg/l was used, after 7000 C
abatements of oxalic acid of about 93 and highan t99% were detected at BDD
and IrQ-Ta,0s, respectively. In basic conditions, a more compdernario was
observed: an higher abatement of OA is obtaind2Ddd with respect to IrgTa,0Os

at 5 g/l (Table 7.2, entries 5,12) and 10 g/I (€abl2, entries 6,13). Conversely, an
higher abatement is observed at iridium anode afdable 7.2, entries 7,14).

It is important to stress this result, since it dastrates, according to the theoretical

considerations above reported, that, in the presehsignificant amounts of NacCl,
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the usual picture on the effect of the anodic nitem the performances of the
process, which indicates BDD as more suitable fecteochemical incineration of
organics with respect to DSA characterized by lowgen overpotential, can be
completely inverted.

This complex effect is due to the fact that BDD ggiwise with respect to DSA
anode, from one side, to an higher current efficyefor organics oxidation at the
anodic surface with respect to oxygen evolution lbuat the other side, to a lower
current efficiency for the formation of oxidantsriohg the electrolysis of NaCl
solutions so that one can achieve higher abatewfentganics at BDD or DSA
anodes depending on the adopted operative consligad NaCl concentration.
According to the literature (Bergmann and Rollif0Z2), the addition of NaCl can
give rise to the formation of halogenated bypraslutlence, the final effluent of
two electrolyses carried out at BDD and Jr@hodes with an initial concentration of
chloride of 170 mM and of OA of 100 mM, were anagzo determine the presence
of halogenated products. Interestingly, the presesicchloroform was observed
during the electrolyses with a final concentrafimmer than 0.1 mM.

In particular, in the case of BDD a very low chraamaaphic peak was detected that

did not present a measurable area.

7.4.2 EFFECT OF pH

As shown in Table 7.2, at the two adopted anodgheh abatements of OA
were achieved in acidic conditions both in the abseand in the presence of
chlorides. Indeed, as an example, at iridium anondke presence of a concentration
of NaCl of 5 g/l, an abatement of OA of about 99 89% were observed in acidic
and in basic conditions, respectively (entries 2 &). This result seems quite
interestingly if one consider that in most of thadses reported in literature, the
electrolyses in the presence of NaCl are carrigdiroalkaline media in order to
minimize the loss of efficiency due to the freearhile evaporation. On the other
hand, our studies show that also low pH can bealskitfor the formation of strong
oxidants (see Table 7.1). Furthermore, at high {hid active chlorine is present as

hypochlorite that is a less strong oxidant towasdganic species with respect to
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hypochlorous acid which is the main species preaepH close to 2 (Deborde and
Von Gunten, 2008). In order to have more informatim the effect of pH on the
performances of the process, some electrolyses nepeated with an initial pH of 9
(Table 7.2, entry 15). Interestingly, very low abraent of oxalic acid were
observed. This is probably due to the fact thapldtclose to 7-8 the chemical
reaction between hypochlorous acid and hypochlgE 2.40) is expected to be
maximized since relevant concentrations of botlsegheobmpounds are present in the
solution.

It is important to observe that the pH of the doluichanges during the electrolyses.
In particular, in the electrolyses performed withiaitial pH of 2, an increase of the
pH was observed up to values between 4 and 5 whitbose performed with an
initial pH of 12, the pH decreased to 9-10. A smaltiation of the pH was also
observed for the experiment carried out with atidhpH of 9 that was concluded
with a pH of about 8.4. This behavior was similarthat previously observed by
Rajkumar et al. (2005) during the electrochemicbhtament of phenol in the
presence of chlorides. These authors, by changmdnitial pH from 3 to 10, found
always a final pH of about 8-8.5 that supposediwgitgd by the formation of a
bicarbonate buffer during the electrolytic degramtat

7.4.3 EFFECT OF CURRENT DENSITY AND FLOW RATE

According to theoretical considerations reported saction 2.4.3, the
performances of the electrochemical incinerationrgfnics can strongly depend on
the value of adopted current density and on the fiynamic regime. In order to
elucidate the effect of these operative parameteeshave carried out numerous
experiments at both BDD and lsGanodes in the presence of an initial OA
concentration of 0.1 M and different amounts of Na@der the following operative
conditions:

a) Current density 39 mA/cfrand flow rate 0.2 I/min
b) Current density 17 mA/cfrand flow rate 1.2 I/min
As pointed out in the section 7.2, in the abserfamexliators, lower current density

and higher flow rates are expected to give risaigher current efficiency for the
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anodic abatement of organics when the processdsrumass transfer control or
under mixed kinetic regime. Otherwise, when the anaansport of the organics
towards the anodic surface is not a rate limititggpsa not significant effect of these
two parameters is generally expected. In particaarshown in Table 7.3 (entries 1
and 2, 11 and 12, 13 and 14), when the electrolysee carried out in the absence
of chlorides, the best performances were obtaibeth at BDD and iridium anodes,
in the presence of the lower current density archibher value of the flow rate.
According to theoretical considerations reportedvat a different effect of these
key parameters is expected in the presence of Niadi#ed, as above shown, during
the electrolyses of NaCl solutions, an higher catre¢ion of oxidants was generally
obtained when lower values of the flow rate andhbigvalues of the current density
are adopted.

In particular, as shown in Table 7.3 (entries 58 47,18) when the experiments
were performed in basic conditions in the presexiddaCl in a concentration of 10
o/l, at both adopted anodes, a dramatically higlbatement of OA was achieved in
the presence of lower values of the flow rate agtidr values of the current density
and, as a consequence, in the conditions thatavatr fthe processes under mass
transport kinetic control.

Otherwise, no a significant effect of flow rate acdrrent density was observed
when the electrolyses were carried out in aciditd@ons (entries 3,4 and 15,16).

In order to decouple the effect of the flow ratel af the current density on the
performances of the process, some electrolyses mgpeated at pH of 12 and with
an initial concentration of NaCl of 40 g/l at inigh oxide electrodes by changing
separately the flow rate and the current densiabld 7.3).

When an high value of the flow rate was used, ghdii current density results in a
drastic increase of the OA abatement (Table 7.8iesn® — 10), while at low value
of the flow rate an insignificant role of the curtalensity was observed (Table 7.3,
entries 7 — 8).
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Table 7.3. Effect of flow rate and current density on thecetachemical

incineration of OA

Entry Anode pH NaCl Flow Current  Charge Conversion CE
rate density  passed (%)
(I/min)  (mA/cn?)

(9/) (©) (%)
1 Ir0,-Ta0s 2 - 0.02 39 7000 68 47

2 Ir0,-TaOs 2 - 1.02 17 7000 95 65

(3703)

-62 -81
3 Ir0,-TaOs 2 10 0.02 39 7000 > 99 >70

-3600 70 96
4  IrO,-Ta0s 2 10 1.02 17 3632 71 94
5 Ir0,-TaOs 12 10 0.02 39 7000 47 32
6 Ir0,-TaOs 12 10 1.02 17 7000 12 9
7  Ir0O,-TaOs 12 40 0.02 39 7000 78 53
8 Ir0,-TaOs 12 40 0.02 17 7000 82 55
9 Ir0,-TaOs 12 40 1.02 39 7000 60 42
10 IrG,-TaOs 12 40 1.02 17 7000 42 27
11 BDD 2 - 0.02 39 7000 83 57
12 BDD 2 - 1.02 17 7000 99 69
13 BDD 12 - 0.02 39 7000 81 56
14 BDD 12 - 1.02 17 7000 85 62
15 BDD 2 10 0.02 39 7000 93 65
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16 BDD 2 10 1.02 17 7000 93 65
17 BDD 12 10 0.02 39 7000 74 50
18 BDD 12 10 1.02 17 7000 67 44

@ Amperostatic electrolyses in system Il. Systenesbkupporting electrolyte (SSE):
Water, NasSQ, H,SQ, (pH = 2) or NaOH (pH = 12). Initial oxalic acid
concentration: 100 mM. T = 25 °C. V = 250 ml. Charpassed = 7000 C = 1.45
Q" where d' = charge necessary for a total conversion of tRalic acid with a CE
= 100%.

Otherwise, at both 17 and 39 mAfgna decrease of the current efficiency was
observed upon increasing the flow rate (entriesan®8,10).

Hence, it is possible to conclude that a dramaignge of the effect of the current
density and of the flow rate on the performancethefprocess arises when NacCl is
added to the system. As a consequence, and acgoxdith the theoretical
considerations reported in section 7.2, the corsparbetween the electrochemical
incineration performed in the absence and in tlesgmice of chlorides dramatically
depend on the adopted current density and on the flynamic regime. As an
example, when the anodic oxidation of OA is carrged at an initial pH of 2 at
BDD, an higher abatement of OA arises in the alsefidNaCl when higher values
of flow rate and lower values of the current dgnsite adopted (Table 7.3, entries
12 and 16). Anyway, when the opposite values of ftate and current density are
encountered, an higher abatement is achieved ipithgence of chlorides (Table
7.3, entries 14 and 16).

7.4.4 EFFECT OF THE INITIAL CONCENTRATION OF THEXALIC ACID

In order to evaluate the effect of oxalic acid camcation on the
performances of the process, several electrolysse vepeated in basic conditions
with an initial OA concentration of 10 mM. This ual of concentration was selected
to grant the direct process to be under mass #amsitrol for all the adopted
operative conditions. Indeed, [JAIn these experiments was always significantly

lower than C* =iap, /(2FKy) (Wherei,,, is the applied current densit, is the
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Faraday constant arg, the mass transfer coefficient) so that the ratifid, << 1.
As a consequence, in the experiments performetidrabsence of chlorides, most
part of the charge passed is expected to giveaaitee oxygen evolution reaction.
First experiments were carried out in the abserfc&aCl and were generally
stopped when the charge passed was about 360Qr€sponding to 7.5 ©®where
Q™ = amount of charge necessary for a total conversighe oxalic acid with CE =
100%. As shown in Table 7.4 (entries 1, 4 and éitent efficiencies from 5 to 12
% were observed as a result of the low oxalic acdcentrations, significantly
lower than that observed in the electrolyses peréat with an initial OA
concentration of 0,1 M (see Table 7.3).

As an example, when experiments were carried oBD& at pH 12 with a current
density of 39 mA/ch and a flow rate of 0.2 I/min, a conversion of 7G%s
obtained with a current efficiency of about 10 &6 for an initial oxalic acid
concentration of 0.01 and 0.1 M, respectively.

Interestingly, a dramatic effect of the OA concatitm towards the performances of
the process was observed also when experimentsoagied out in the presence of
NacCl. Indeed, as an example when similar experisnémder operative conditions
reported in Table 7.4, entry 3 and Table 3, enjrw&re carried out at BDD in the
presence of 10 g/l a conversion of 65% was obtaimiglal a current efficiency of
about 26 and 57% for an initial oxalic acid concatibn of 0.01 and 0.1 M,
respectively. The effect of OA concentration on plegformances of the process is
presumably due, according to the considerationgrteg in section 7.2.2, to the fact
that a lower bulk concentration exercises a negatffect both on homogeneous and
heterogeneous oxidation reactions. Indeed, a l@eaecentration of OA in the bulk
of the solution results in slower kinetics of horaogous and heterogeneous
oxidation of OA and in a slower mass transfer of ©#ards the anodic surface.

Let us focus on the effect of flow rate and curr@ensity. As expected for a direct
process under mass transfer control, when expetamsare carried out at BDD
with a low initial value of the OA concentration the absence of chlorides, a
dramatic increase of the current efficiency waseobesd when higher flow rates and

lower current density were adopted (Table 7.4, jentt and 4).
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Table 7.4. Effect of operative parameters in the presencelofv initial
concentration of OA

Entry Anode NacCl Flow Current Charge Conversion CE
rate density passed (%)
(I/min)  (mA/cn?)

(9/) © (%)
1 BDD - 0.02 39 3600 70 10
2 1 0.02 39 3846 73 9
3 10 0.02 39 3628 99 13
4 - 1.02 17 3600 98 12
5 10 1.02 17 3600 81 11
6 IrO,— - 0.02 39 3600 45 5
Ta05

7 1 0.02 39 3600 85 11
8 10 0.02 39 3628 98 13
9 40 0.02 39 3600 90 10
10 10 1.02 17 3600 21 3

@ Amperostatic electrolyses in system |l. Systenesbkupporting electrolyte (SSE):
Water, NaSQ,, NaOH (pH = 12). Initial oxalic acid concentratiod0 mM. T = 25
°C. V = 250 ml. Charge passed = 3600 C = 7.8 \ghere (' = charge necessary
for a total conversion of the oxalic acid with a €E.00%.

On the other hand, also in this case, when expeatsngere repeated in the presence
of NaCl, the opposite effect of flow rate and catrdensity was observed (Table
7.4, entries 3 and 5). Similar results were achlealso at iridium anodes (Table 7.4,
entries 8 and 10). Hence, it is possible to asstgasonably that in the presence of
chlorides, the oxidation of OA takes place mainjyam homogeneous process. To
support this hypothesis, one can consider thaalimement of OA, achieved in the

operative conditions reported in Table 7.4, entryis8higher than the maximum
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theoretical abatement for a direct process undessni@nsfer control computed
according to the literature (Panizza et al., 2q619. 7.5).

As shown in Table 7.4, the effect of NaCl additiars the performances of the
process is dramatically dependent on the adoptegrtudensities and flow rates.
An increase of the current efficiency was, in fadtiserved when higher values of
the flow rate and lower values of the current diesiwere adopted (Table 7.4,
entries 1-3) while a decrease was observed in gposite operative conditions
(Table 7.4, entries 4-5). In particular, the highmsisatement of OA was obtained at
BDD in the presence of 10 g/l (99% conversion vatiCE of 13% as reported in
Table 7.4 entry 3).

0,012
0,008
0,008 .
0,006

0,004 - ]

[Oxalic Acid]/M

0,002 1 u

0,000 — = | - | L
0 1000 2000 3000 4000
Charge Passed

Fig. 7.5 Oxalic acid concentration vs. charge passed for amperostatic
electrolysis in system Il performed at Da,Os. Initial substrate concentration: 10
mM. Flow rate: 0.2 I/min. Current density: 39 mAfcrAmperostatic electrolyse in
system |l System solvent supporting electrolyte (SSE): Wat@5Q,, NaOH (pH of
12). T = 25°C. Theoretical curve (---) obtained fardirect process under mass
transfer control computed according to chaptewth the parameter C* of 0.044.
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Finally let us observe that also in the presence &jw initial OA concentration,
higher abatement of OA are obtained at BDD in theeace of chlorides (Table 7.4,
entries 1 and 6) and at iridium anodes in the presef chlorides (Table 7.4, entries
2 and 7). In particular, it was sufficient to operavith a concentration of 1 g/l of
NacCl to observe an higher abatement at iridium.

Interestingly, the OA abatement at iridium anodaisas upon increasing the NacCl
concentration up to 10 g/l but a further increasgNaCl] to 40 g/l results in slightly
lower current efficiencies (see Table 7.4, ent6e8), thus showing that in the
presence of very high ratio [NaCl]/[OA] between thelk concentrations of NaCl
and OA, a negative effect of an increasing NaCkeatration can be encountered.
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CHAPTER 8

INFLUENCE OF THE NATURE OF ORGANIC SUBSTRATE ON THE
ELECTROCHEMICAL INCINERATION PROCESS: ANODIC OXIDAT ION
OF FORMIC AND MALEIC ACID

8.1 INTRODUCTION

A study on the influence of some operative parareaia the performances of
the electrochemical incineration of two other caglic acids, hamely formic acid
(FA) and maleic acid (MA), was performed in orderdompare these results to
those referring to oxalic acid (see chapters 5@navith the main aim of study the
influence of the nature of the organic substratehenelectrochemical incineration
process.

The choice of this kind of compounds was dictatedhe fact that carboxylic acids
are common intermediates of the oxidative degradatf several compounds.
Furthermore, they are rather stable (Gandini et 2800; Martinez-Huitle et al.,
2004a) and are often mineralized at longer timeth wespect to the starting
substrates (Cafizares et al., 2004a).

In this chapter, electrolyses and chronoamperoegeitbnducted at both Iridium
based anode and at BDD, with formic and maleicsaagisubstrates, are reported.
The first part will be dedicated to the study o€ timfluence of some operative
parameters on the electrochemical oxidation of filvenic acid, performing a
number of experiments under mixed, oxidation remctiontrol and mass transport
control regimes.

The second part of the chapter will be dedicatethéoelectrochemical oxidation of
maleic acid. A series of experiments performed batidivided and undivided
electrochemical cells were performed in this case.

Furthermore, we tried to compare the data obtaifitech the electrochemical
oxidation of formic and maleic acids with the thetizal predictions based on the
model presented in the chapter 4. For the malait the model was extended in

order to consider the formation of intermediatedus. In fact, unlike the anodic
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oxidation of oxalic and formic acids that lead he tformation of carbon dioxide
without the formation of intermediates, maleic aidich bigger molecule containing
four double bonds, that gives rise to the formatibeeveral intermediates during its
electrochemical oxidation or reduction. Thus, affenn the electrolyses conducted
in undivided cells, in the case of maleic acid eodexperiments was performed in a
divided cell, in order to achieve more informatmimout the nature of intermediates.
Therefore, a paragraph will be dedicated on thdysti the intermediates generated
by oxidation and by reduction of the maleic acaspectively.

Finally, a comparison with the result obtained e ttase of oxalic acid will be
accomplished, in order to focus on the influencéhefnature of the substrate on the

electrochemical oxidation process.

8.2 CHRONOAMPEROMETRIC MEASUREMENTS

Prior to electrochemical incineration experimenthronoamperometric
measurements were recorded in background solutammtaining NaSO, and
H,SQ,, in the absence and in the presence of differententrations of formic and
maleic acid at different operative conditions. Thexperiments were carried out
both at BDD and at DSA anodes. To achieve moratmétion on the mechanism of
oxidation of these carboxylic acids at the two vdifferent anodic materials, as
done in the case of oxalic acid (see par. 5.2Hiprwamperometric measurements
were carried out at different fixed potentials (artd 1.8 V vs. SCE for DSA anode
and 2.4 and 2.7 V vs. SCE for BDD ) and at diffétemperatures (25 and 50 °C).
As shown in Fig. 8.1, it is possible to observet,ttiar low acid concentrations
[OR]®, current densities change approximately linearith the acid concentrations
for all the investigated acids, even if the oxadice gives rise to higher current
densities. Conversely, for high acid concentratitims linear variation is maintained
for oxalic and formic acids, while a decrease @& turrent density occurred upon
increasing OR]® for the maleic one. Thus this result could suggesbccurrence of
the adsorption of maleic acid at anodic surfad@gt concentration of the substrate,
while at lower concentrations, a direct or medidbgdhydroxyl radicals oxidation

mechanism can be noted.

158




Chapter 8

These trends were explained in literature (RossRogs, 1977) assuming that, for
low concentrations of the acids, the oxidationte brganic by means of hydroxyl
radicals generated by the water oxidation is sbtéabe under the kinetic control of
the mass transport of the carboxylic acid fromhh of the solution to the anodic
surfaces, while for high acid concentrations, thée rof generation of hydroxyl
radicals is not sufficient to oxidize all the malées that approach the anode, thus
allowing the occurrence of lateral reactions, idahg direct anodic oxidation and
adsorption phenomena. Oxalic acid gave rise todrmighrrent densities than other
tested acids as a probable consequence of ththéddhis acid is involved in a slow
reaction with hydroxyl radicals (Ross and Ross, 7)9hus allowing a different
oxidation route concerning probably a direct anamhk@ation process also at low
concentrations. When experiments were repeated0atCs similar trends were
observed.

R T maleic acl
(0)] 1000 2000 3000

t/s

Fig. 8.1 Comparison of chronoamperometric response of BR¥atedde to step-by-
step injection of formic, maleic and oxalic acid2a? V vs. SCE at 25 (_ ) and 50
() °C. System solvent supporting electrolyte (S®&ter, NaSQ,, H,SQ, (pH =
2). i — iy (difference between the total current density dhe current density
recorded in the absence of the acid) vs. acid catnation.
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Interestingly, different results were obtained Ire tcase of chronoamperometric
measurements conducted at Iridium oxide based abotiefor formic and maleic
acid. Indeed, in the first case, the current dgnsétems to be constant or even
decreases with an increasing concentration of formcid, almost for low
concentrations. This result was detected at bathalod high temperature, and at the
two polarized potentials examined. However, at\ ¥s. SCE and at 50°C, current

density starts to increase when a concentrati@®ohM was reached (see Fig. 8.2).

1600
50 °C-1.8V

1200’JWMWW 25°C-1.8V

(\I‘E MWMMWWWMWW 50°C-1.5V
< 800

T e rcsregnnnnee 25 °C - 1.5V
400 / / / / / .
5mM 5mM 10 mM 30 MM 30 mM
O T T ]
0 1000 2000 3000

t/s

Fig. 8.2 Chronoamperometric response of DSA anode to stegidpyinjection of
formic acid at 25 and 50°C, at 1.5 and 1.8 V/SCHst&n solvent supporting
electrolyte (SSE): Water, BaQ,, H,SQ, (pH = 2)

Nevertheless, in the case of maleic acid, a velfgrént scenario was observed for
the chronoamperometry conducted at 1.5 V vs. SGE2&3C: the current density
remains constant for additions of the substratesoup0 mM and then it increases
quite linearly with higher concentrations (see FBBg3 a and b). Analogue results
were observed at the temperature value of 50°Caaitide higher potential value of
1.8 V vs. SCE, even if higher current densitiesenggtected.
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Fig. 8.3 (a) Chronoamperometric response of DSA anode to stegidpyinjection
of maleic acid at 25 and 50°C, at 1.5 and 1.8 V %@# (b) Correspondent current
density as a function of maleic acid concentrati®@ystem solvent supporting
electrolyte (SSE): Water, BaQ,, H,SQ, (pH = 2)
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In order to show the influence of the nature of tkabstrate on the
chronoamperometric measurements, let us plot tHereince between the total
current density and the current density recordesbsence of the acids versus time,
at iridium based anodes (Fig. 8.4). Then, a vefferint response was observed for
the investigated acids.As previously reported irageaph 6.3 in the case of oxalic
acid, an increase of the steady-state current visereed upon enhancing the
concentration of the acid, at both polarized paddsmtexamined, thus showing that
the oxalic acid is significantly oxidized at iridiuanodes in the range of potential of
oxygen evolution; while a quite different picturaswbserved for formic and maleic
acids. A current decrease was observed in the presa formic acid as a probable
consequence of adsorption phenomena which hindewtter discharge, while an
increase of [MA] does not occur upon enhancingnless higher values of [MA]
are achieved (higher than 20 mM), thus probabljecehg the fact that, at this

anode, the oxidation of MA is very limited.
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Fig. 8.4 Comparison of chronoamperometric response of,df@0Os electrode to
step-by-step injection of formic, maleic and oxald at 1.5 V vs. SCE. System
solvent supporting electrolyte (SSE): Water,,3@, H,SO, (pH = 2). i — |y
(difference between the total current density dreldurrent density recorded in the
absence of the acid) vs. time (Fig.8.4a) or acidaamtration (Fig. 8.4b)

8.3 INFLUENCE OF OPERATIVE PARAMETERS ON THE
ELECTROCHEMICAL OXIDATION OF FORMIC ACID

To study the effect of some operative parametersthen electrochemical
oxidation of formic acid, three different sets aperiments were carried out, under
different operative conditions, in order to achiet® kinetic regimes of mass

transport control, oxidation reaction control ancted regime.

8.3.1 MIXED REGIME CONDITIONS

Let us now take in account the general case of aess whose rate
determining step changes during the electrolysismfan oxidation reaction control
in the first stages to mass transfer control in lde part with a mixed regime
between them.
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A set of experiments was conducted with galvanizstatimentation in the
recirculation flow cell (see system Il in par. 2PRin order to study the influence of
some operative parameters, such as the anodiciahatee temperature and current
density and flow rate.

The electrolytic solution was constituted of sodigmifate 35 mM as supporting
electrolyte and of sulfuric acid in order to act@ev pH of 2. Initial concentration of
formic acid was in all the electrolyses of 100 mihtlahey were stopped when the
charge passed was 7000 C = 1.48 @here & = charge necessary for a total
conversion of the formic acid withGE = 100%.

When the electrolyses was performed at iridium das®des, with a current density
of 39 mA/cnt, a flow rate of 0.2 I/min and a temperature of’25 a conversion of
only about 60% with a current efficiency slightlywer than 50% was achieved at
the end of the experiment (Table 8.1, entry 1).

For the sake of comparison, an experiment was paéd at similar operative
conditions at a boron doped diamond anode (Talle éhtry 5), thus obtaining
higher conversions an higher faradic efficiency,%8&nd 57%, respectively.
Interestingly, this result is coherent with chromperometric measurements
previously reported. Indeed, in acidic conditioas, BDD anode the process is
expect to take place at least in part by a diraota oxidation process, giving rise
to higher conversion during the electrolysis, while Ti/lrO,-Ta,Os an evident
increase of the current with the concentrationhef substrate did not be achieved,
thus giving rise to low conversion in the electt@yexperiment. When the
experiment was repeated at different operative itiond, in particular with a
current density of 17 mA/ctma flow rate of 1.2 I/min (Table 8.1, entry 2 and
respectively), very higher conversions were obtirmth for the DSA and for the
BDD, even if the best results were observed usipBas anode(Fig. 8.5): a
conversion of about 100% was detected and a famffiiciency of 66%. These
results can be ascribed to the different kinetgimes involved for the most part of
the electrolysis, at the different operative caodi: a prevalent mass transport
control at higher current density and minor flowetaand a charge transfer control at

the opposite conditions.
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Table 8.1 Influence of some Operative Parameters on the aration of FA

Entry Temperature Anode Flowrate Current Conversion CE
density (%)

(mA/cnr)
°C) (/min) (%)
1 25 DSA 0.02 39 59-61 46-48
2 25 DSA 1.02 17 77-79 55-57
3 25 DSA 1.02 39 84-86 54-56
4 50 DSA 1.02 17 96 - 98 67 -69
5 25 BDD 0.02 39 87-89 56-58
6 50 BDD 1.02 17 99-100 65-67
7 25 BDD 1.02 17 99-100 65-67

& amperostatic electrolyses. System solvent supporiectrolyte (SSE): Water,
N&SQ, H,SQ, (pH = 2). T = 25°C. V = 250 ml.

In order to study the effect of the current densitiependently from the flow rate at
DSA anode, an experiment was conducted at 39 mA&md a flow rate of 1.2
I/min. Then, a slight higher conversion of the faracid with the increasing of the
current density was detected (Table 8.1, entri@sd23).

To investigate the effect of the temperature, thectemlyses conducted at 17
mA/cn? and 1.2 I/min, when the best results were achiewede repeated at 50°C,
at both the used anodes. In the case of the DSAramatic increase of the
conversion percentage was observed, from 78 to 9itte in the case of BDD, no
influence of the temperature was detected (Taldleeditry 4 and 6, respectively and
Fig. 8.6). In particular, the first result is quienilar to that obtained for the oxalic
acid when, at the equal operative conditions, higlemversions were obtained at

higher temperature at the DSA anode (see paragrdph).
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Fig. 8.5 Effect of flow rate and current density on teodic oxidation of formic
acid at BDD. Electrolyses performed in system IlL& I/min and 17 mA/cfr(o),

0.2 I/min and and 39 mA/énm). T = 25 °C. System solvent supporting electrolyte
(SSE): Water, N&Q,, H,SO, (pH 2). Theoretical curves (---) obtained by EdL4
with [RH]* = 0.002 M (see Table 4.1).
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Fig. 8.6 Formic acid concentration vs. charge passed. BDbden T = 25 (0) and
50 @) °C; IrO,/Ta,0s anode: T = 25 €) and 50 (-) °C. Flow rate: 1,2 I/min.
Current density: 17 mA /@mSystem solvent supporting electrolyte (SSE): Kate
NaSQ,H,SQ, (pH =2). Initial substrate concentration:0,1 M.
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These data indicate, according to the prof. Dei®a{Martinez-Huitle, 2004a), that
the rate determining steps for oxalic and formi@simxidation and for oxygen
evolution reaction at iridium oxide anodes, chagdzed by different activation
energy, are different. This result seemed very a@#tiimg, focusing on the fact that
working at a temperature of 50 °C, easily achiewatnh applicative scale, could
dramatically improve the performances of the DSAdes in the organic pollutants
abatement process via electrochemical oxidation.

Interestingly, as previously discussed in paragragi3, the value diCE is readily
predictable from Eq. 4.14 for different operativenditions if one estimatds, and
[RH* as above mentioned and consequently the trendthef formic acid
concentration vs. charge passed could be easileledd Indeed, a good agreement
between the mathematical model and the experimdatal was observed, as shown
in Fig. 8.5, where C* was calculated using the galof k, estimated according to
par. 3.2.1.

8.3.2 OXIDATION REACTION CONTROL REGIME

In order to achieve a process under the kinetictrobrof the oxidation
reaction, lower operative current density werdegttsatisfying the condition of C >
C*. In particular, an initial concentration of foitnacid of 10 mM was used in all
the electrolyses, to avoid very long duration & étectrolyses.

Even this set of experiments was conducted withiagedstatic alimentation and in
the recirculation flow cell (see system Il in par2.2). The electrolytic solution was
constituted of sodium sulfate 35 mM as supportiegteolyte and of sulfuric acid in
order to achieve a pH of 2. Electrolyses were stdpwhen the charge passed was
500 C, close to the value of the theoretical charge the charge necessary for a
total conversion of the formic acid withGE = 100%.

In particular, the influence of the current densitgd flow rate, of the initial
concentration of formic acid and of the electrodiaterial was investigated under
the adopted operative conditions.

As it is possible to observe in Fig. 8.7 and froable 8.2 (entries 1-3), a first set of

electrolyses at different current density and flate values was accomplished and,
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whereas the operative kinetic regime was undergehtaansfer control, no effect of

this two parameters was detected.

Table 8.2 Influence of Formic Acid Initial concentration, €ent Density and Flow
rate under charge transfer control kinetic regfime

[FA] Electrode i Flow Conversion Charge Time C* iim
rate (%) Passed Passed
(mM)® (mA/cr?)  (/min) (Q/QN (min) (M) for the
residual
concentratioh
(mA/ cnt)
10 BDD 1 1.02 80-82 1.01 814 0.07 2.09
10 BDD 1 0.02 79 - 81 1.01 832 1.06 1.04
10 BDD 2 1.02 81 -83 1.01 415 1.04 2.09
10 DSA 1 1.02 54 - 56 1.01 833 0.07 7.04
100 DSA 17 1.02 85- 87 1.00 540 10.0961.05.00
100 BDD 17 1.02 92 -94 1.00 533 10.09 12
50 BDD 5.05 1.02 87-91 1.00 870 3.06 8.08

& amperostatic electrolyses in system Il. Systemesblgupporting electrolyte
(SSE): Water, N&Q,, H,SQ,. T = 25°C. d" = charge necessary for a total
conversion of the Formic acid with a CE = 100%. \250 ml.

PC* =i 4pp /(2FDIO).
¢ ir']"“ = nFk.{RH]® computed for the residual concentration of Forritid for Q /7
!

d|nitial concentration of Formic Acid

Let now us consider the influence of the currentsity at the constant flow rate of
1.2 I/min. As shown in the Fig. 8.8, an increas¢hefcurrent density does not affect
the conversion of the substrate but results in sdefaabatement (e.g., in higher
productivity of the electrochemical cell).
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Please, observe as the mathematical model eladomuen the process is under the
kinetic control of the oxidation reaction (see p&f.2) can satisfactory predict the
variation of the applied current density. Indeedgaod agreement between the
experimental data and the mathematical model almerissed was detected. When
the electrolysis conducted at a current densit§ aiA/cnf and a flow rate of 1.2

I/min, at 25°C and with an initial formic acid candration of 10 mM was repeated
at iridium based anode, lower conversion values wlaisined. In particular, as

shown in Fig. 8.9 and Table 8.2 (Entries 1 andadgpnversion of about 55% at a
charge passed correspondent to the theoreticabehamns achieved used DSA
anode, while at BDD anode this value was of abd®68This result, obtained in

particular under the oxidation reaction controln dze ascribed to the theoretical

consideration of the involvement of an oxidationcimnism mediated by hydroxyl

radicals.
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Fig. 8.7 Formic acid concentration vs. charge passed at Biviode. Flow rate 1.2
I/min: current density 14 and 2 (-) mA /cf Current density 1 mA /ém1.2 ()
and 0.2 (o) I/min. System solvent supporting ebdyte (SSE): Water,
NaSQ,H,SQ, (pH =2). Initial substrate concentration:0.01 M.=T25 °C.
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Fig. 8.8 Trend of formic acid concentration vs. dimensiosileassed charge (a) and
vs time (b) for amperostatic electrolyses perforrae8DD in system Il at 1.2 I/min
and 1 @), 2 (0) and 5 @) mA/c. Initial concentration 10 mM. T = 25 °C. System
solvent supporting electrolyte (SSE): Water,,$@, H,SQ, (pH 2). Theoretical
curves (---) obtained by Eq.ns 4.2 and 4.6 Wi&H* = 0.002 M. Q" = charge
necessary for a total conversion of FA with a CEG9%.
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Fig. 8.9 Formic acid concentration vs. charge passed @tBDD and at (x) DSA
anodes. Flow rate 1.2 I/min and current density A renf. System solvent
supporting electrolyte (SSE): Water, jS&,H,SQ, (pH =2). Initial substrate
concentration:0.01 M. T = 25 °C.

Indeed, the kinetic constant of the reaction betw#®e organic pollutant and
hydroxyl radical is generally very high for diamoadodes, thus the utilization of
this anode is expected to affect positively thetednent of organic pollutants in
water if the process is under oxidation reactionticd but not if a mass transfer
control arises.

Interestingly, an other important parameter ingegéd, under the oxidation
reaction control regime, was the effect of theiahitormic acid concentration, since
it was difficult to found in literature data on teéfect of the organic concentration
on the performances of the process when a fast raassfer kinetic is involved (see
par. 2.3.4). In particular, as shown in Table &8&tfies 4 and 5) and in Fig. 8.10a, in
the case of the oxidation of formic acid at iridiamodes, for both the experiments
performed with C° of 100 and 10 mM, the curreniogfhcy of the process was
lower than 100 % and increased significantly upohamcing the concentration of
the organic. For BDD anodes, a different picturs whserved.
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Fig. 8.10 C/C° vs. Charge passed/Theoretical Charge for amgtatic electrolyses
of formic acid at IrQ-Ta,Os (8.10a) and at BDD (8.10b). For fig. 8.10a, C° 8 1
(m) and 100 mMd) (Experimental conditions reported in Table 7.@tres 4 and 5,
respectively). For fig. 8.10b, C° = 1G), 50 (®) and 100 mMf) (Experimental
conditions reported in Table 7.2, entries 1, 6 andrespectively). Electrolyses
performed in system Il. System solvent supportiecirelyte (SSE): Water, N&Q,,
H,SQ, (pH about 2). T = 25°C.
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Thus, for an initial concentration of the formicichof 0.1 M and 0.05 M, current
efficiencies were very close to 100 % for a larget pf the experiment so that the
effect of the organic concentration could not beadly appreciated (Fig. 8.10b and
Table 8.2, entries 6 and 7). On the other handnhwhe experiment was performed
with an initial concentration of formic acid of L@M, conversions decreased
appreciably, thus allowing to appreciate the eftddhe organic concentration (Fig.
8.10b and Table 8.2, entry 1).

8.3.3 MASS TRANSPORT CONTROL REGIME

When the rate of the mass transfer of the pollusdramatically lower than
that of its oxidation, the concentration of thelptnt at the anodic surface/reaction
layer [RH] is close to zero and the oxidation process is undess transfer control.
This case arises, for an oxidation process thatgwads up to the total oxidation of
the organic pollutant, when the limiting currennéity ijm << iap, €.9. when [RH)
<< C* (where C* =i4pd/(nFky)).

In order to better understand the mechanism ofatixid of the formic acid under
the mass transport control regime, a set of experimm was performed under
potentiostatic alimentation, at BDD anode. All thedectrolyses were performed in
acid media and in the batch bench-scale cell (sydtepar 3.2.2). In particular,
potential values were chosen in order to obtaiagplied initial current value from
three to six times the limiting current one.

Under mass transfer control, the current efficiet@f should depend on the flow
dynamic of the system (trough its effect ky), on the applied current density and
on [RH]® (with a linear dependence on this parameter) faee4.3.1).

Most of experiments were performed under nitrogenoaphere and mixing the
electrolytic solution by a magnetic stir bar. Ider to evaluate the influence of the
flow dynamic of the system, a set of experiments warformed stopping the
mixing and the introduction of nitrogen into thellcalternatively. As shown in
Fig.8.11, higher conversion were be obtained in pinesence of mixing and
nitrogen. Indeed, the same bubbles could let t@eed the mixing of the solution

near the anode, influencing the flow dynamic of siystem. As a general rule, an
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increase of the mixing rate, or of the flow rateéhe case of a ricirculation cell, lead
to a smaller diffusion layed, thus a bigger mass transport coefficient, sikge
D/3, and consequently to high@f, and lower C*, favouring the oxidation of
organics.

Since this set of experiments was performed wigiogentiostatic alimentation, the
applied potential was varied with the aim of vamg initial current values and thus
investigating the influence of this parameter. Aswn in the Fig. 8.12a, an increase
of potential leads to lower current efficienciesgarding with the theoretical model
(see EqQ. 4.1). In particular, increasifig the same values of conversion were
obtained at shorter times and higher amounts aeh@ee Fig 8.12b and 8.12c).

100% & g .
80% - 3 3 e
° 2
g\) 60% - o °
O 409 - 8
20% -
0% . .
0 300 600
Charge passed/C

Figure 8.11 C/C* vs. charge passed for electrolyses performd8dD anode with
an initial concentration of formic acid of 10 mM anvith a potential applied of
3.3V/SCE in a mixed and with nitrogen (0), in ami®ed and with nitrogem{ and

in a not mixed and without nitrogene)( system. System solvent supporting
electrolyte (SSE): Water, BaQ,,H,SQ, (pH =2) T = 25 °C.

Please, note that in this case conversion valwesrlthan those obtained in the case

of oxidation reaction control regime was observede(par. 8.3.2), since higher
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residual formic acid concentrations were detectatieend of the experiments (see
Fig. 8.12b).
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Fig. 8.12 Instantaneous Current Efficiencys. formic acid concentration (a) and
trend of dimensionless concentration C/C° vs. dsiarless passed charge (b) and
vs. time (c) for potentiostatic electrolyses perfed at BDD anode with a C° of 10
mM and a potential applied of 2.8)(and 2.75 &) V/SCE and with a C° of 20 mM
and a potential applied of 3.3 (0) and 3.7 Y/SCE in a mixed and with nitrogen
system. System solvent supporting electrolyte (S8&ier, NaSQ,H,SQ, (pH =2)

T = 25 °C. Theoretical curves (---) obtained by EdL.

Indeed, conversion values of 81 and 65% were obdemhen the electrolyses were
conducted at BDD anode at 2.6 and at 2.75 V/SCépedively. As mentioned in
par. 4.4, for a direct process under potentiostalimentation (Eq. 4.23), ICE
should present a linear trend with 1/[AJr any value of. Indeed, as shown in the
Fig. 8.13, when 1CE was plotted as a function of 1/[FAthe experimental points
were well fitted by regression lines with an inegtclose to 1. Furthermore, for a
direct process mediated by hydroxyl radicals undess transfer control (e.g. for
very positive values of the applied potential), l@E should present a linear
variation with the formic acid concentration as whoby Eq. 4.28, that was not

observed in any electrolysis (see Fig. 8.12a).
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Fig. 8.13 1/ICE vs. 1/formic acid concentration for potentag electrolyses
performed at BDD anode with a C° of 20 mM and aepté&l applied of 3.3 (0) and
3.75 () V/ISCE in a mixed and with nitrogen system. Syselvent supporting
electrolyte (SSE): Water, BaQ,H,SQ, (pH =2) T = 25 °C.
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Fig. 8.14 In[FA]*Y[FA]*° vs. -(A/V)t for potentiostatic electrolysis performed at
BDD anode with a C° of 10 mM of formic acid andaential applied of 2.6 V/SCE
in a mixed and with nitrogen system. System solsapporting electrolyte (SSE):
Water, NaSQ,,H,SQ, (pH =2) T = 25 °C.
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Let now us consider the aspects of the mathematicale! discussed in chapter 4,
when the experiments were carried out under maassport control regime,
relatively to the dependence of the concentratfdoronic acid on the charge and on
the time passed during electrolyses (see Eq.nsafA@ 4.4). Hence, plotting
IN[RH*Y[RH]"° versus -f/V)t is possible to obtain a line with a slope
correspondent to the, evaluated as described in paragraph 31,% (0.0025 cm/s
for the system I). As an example, this result isvetd in the Fig. 8.14 for the
electrolysis performed at 2.6 V/SCE.

8.4 INFLUENCE OF OPERATIVE PARAMETERS ON THE
ELECTROCHEMICAL OXIDATION OF MALEIC ACID

A quite different scenario was observed investigatthe electrochemical
oxidation of maleic acid, since several intermeatigproducts are generated during
the electrochemical degradation of this compourath kat the anode and at the
cathode. In particular, the compounds detectechduhiese electrolyses were oxalic
and formic acids, in higher concentrations and mialoand acetic acids in lower
guantities. These carboxylic acids, produced bydation of maleic one, also
detected by other authors (Dukkanci and Gunduz92Béng and Lee, 2003; Flox et
al., 2007; Johnson and Gilmartin, 1967; Johnsoal.etl999; Lee and Kim, 2000;
Weiss et al., 2007), give rise at their turns following oxidation to CQ.

Succinic acid was also detected, obviously as emlugroduct, according the
following reaction:

CHsOs+ 2 6 + 2 H — CHgO, (8.1)

Even fumaric acid, the isomer of the maleic acidaswdetected in all the
experiments. It is a chemically stable moleculeocatm temperature. Its presence in
the electrochemical cell is believed to be formawugh the cis-trans isomerization

of maleic acid (Lee and Kim, 2000).
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8.4.1 EXPERIMENTS PERFORMED IN AN UNDIVIDED CELL

A first set of experiment was performed in the wighd recirculation cell of
the system II, in order to study the influence ofng operative parameters on the
process of electrochemical abatement of the malgdtas starting compound.
Electrolyses at a current density of 39 mA?and a flow rate of 0.2 I/min at room
temperature, with an initial concentration of malacid of 0.1 M, were performed at
both BDD and DSA anodes. As shown in the Fig. 8.18gher abatements of
maleic acid were obtained at BDD anode.

When the experiment performed at iridium based anwedhs repeated at a
temperature of 50°C (see Fig 8.15b), no influerfcihis parameter can be detected,
according to the chronoamperometric measuremestspar. 8.2).

Moreover, a set of experiments were conducted dieroto investigate the influence
of current density and flow rate at DSA anodes.tBesults were obtained at the
higher flow rate of 1.2 I/min and at the lower @nt density of 17 mA/cf(see Fig
8.15c). The formation of fumaric and succinic awids observed at both anodes

while the presence of oxalic and formic acid watected only at BDD..
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Fig. 8.15 Maleic acid concentration vs. charge passed. Fid58: electrolyses
performed at a flow rate of 0.2 I/min and a currelensity of 39 mA /chat BDD
(o) and at IrQ/Ta,0s (¢) anodes at 25 °C; Fig. 815b: electrolyses perfaina¢ a
flow rate of 0.2 I/min and a current density of 8@ /cniat IrO,/Ta,0s anode at T
= 25 (») and 50 {) °C; Fig. 8.15c: electrolyses performed at ¥0aOs anode at
25 °C at a flow rate of 0.2 I/min and a current digy of 39 mA /cfY¢) and at a
flow rate of 1.2 l/min and a current density of @¥A /cni(0). System solvent
supporting electrolyte (SSE): Water, JS&,H,SQ, (pH =2). Initial substrate
concentration:0.1 M.
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When COD was detected for some electrolyses, atstijange of this value was
observed against the very fast decrease of theieredel concentration. This result
was explained considering that a consistent partefeic acid is cathodically
reduced to succinic acid, so that other electrolyese accomplished at a divided

electrochemical cell.

8.4.2 EXPERIMENTS PERFORMED IN A DIVIDED CELL

To overcome the drawback of the experiments pedrat an undivided cell,
the electrolyses with maleic acid as substrate wepeated in a divided cell in
system |, under similar operative conditions innterof current density and

thickness of the stagnant layer.

8.4.2.1 ANODIC COMPARTMENT

Let now us discuss the results obtained investigatine influence of some
operative parameters, as the current densitynitialiconcentration of the substrate,
the temperature and the anodic material, on thetrelshemical oxidation of maleic
acid, considering only the anodic compartment.

As mentioned in the introduction of paragraph 8ame by-products were detected
at the anodic compartment, such as fumaric, ox&ionic, malonic and acetic
acids, (see Table 8.3). In Fig. 8.16 and in TabB(Bntry 1) the trends of maleic,
oxalic and formic acids concentrations is shown dar electrolysis performed at
BDD anode, at a current density of 6.2 mAfcand a temperature of 25°C. An
abatement higher than 99% was obtained after jetigrassed of 2500 C = 1.58'Q
where @' = charge necessary for a total conversion of th&im acid with &CE =
100%. Please, note that in Fig. 8.16b the formid @gcesents a higher and lower
concentration of the oxalic acid in the first arabtl stages of the electrolyses,
respectively. This is due to the fact that a langgt of maleic acid is converted to
formic acid than to the oxalic one. On the othendhaoxalic acid is less easily
oxidized at BDD than the formic acid and, as a egngnce, tends to accumulate in

the system. Interestingly, a similar result wasaot#d by Weiss et al. (2007), who
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observed that the oxidation of maleic acid proceeils the formation of formic
acid as the main intermediate and of small amouwftsoxalic acid, whose
concentrations showed an increase in the first giattte electrolysis followed by a

marked decrease in the last stages of the experimen

Table 8.3 Effect of current density and initial concentratiof the organic on the
electrochemical oxidation of maleic acid and onpgogeducts detected at the anodic
compartment during the elcetroly8es

Entry [MA] [ Charge Conversion Yieldin Yieldin Yieldin
passed of maleic  oxalic formic other
acid (%) acid (%) acid (%) carboxyc!ic
7
(mM)° (mAvem?) (Q/Q) acids
(%)

1 20 6.02 1.05 99.08.00 08-21 13-0 0.34-0

2 2.05 1 2.00 99.07.00 0-10.2.7-13- -
-57 0
3 2.05 2 2.01 99.05.00 08-80-6-0 -
0
4 2.05 12.05 5.07 91 1.3-25 - -
-7.8
5 2.05 25 5.07 81 12-3.60-3.8 -
-0
6 20 12.05 2.03 99.09.00 34-14 51-04 0.33 -
0.09
7 20 25 1.08 96 1.7-34 23-12 0.024-0
8 83.5 25 1.05 99.09.00 0-12-227-0 0.08-0
0.5
9 42 25 2.09 99 19-15 6.8-0 0.79-0
10 5 25 5.09 98 0-0.67 - -

% Amperostatic electrolyses in system | performed®@D anode. System solvent
supporting electrolyte (SSE): Water, JS&, H,SQ,. T = 25°C. = charge
necessary for a total conversion of the maleic agith a CE = 100%. V = 70 ml.
®Initial concentration of maleic acid

° Values of yield detected after a charge passed06iC6and at the end of the
experiments. a third value is reported in some dasevidence the trend of the by-
products concentrations.

94 Other carboxylic acids detected such as malonit @retic acids
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Fig. 8.16 Profile of Maleic @), Formic (A) and Oxalic () acid concentration vs.
Charge passed/Theoretical Charge for amperostatectmlyses performed in
system | with 4y, = 6.2 mA/cri at 25 °C. System solvent supporting electrolyte
(SSE): Water, N&Q, H,SQO, (pH 2). Theoretical curves (---) obtained with the
values of [RH]*, p and p listed in Table 1.
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The effect of current density on the abatement alieio acid and on the formation
of formic and oxalic acids as by-products was &ddby performing a set of
electrolyses at different current densities (fronto125 mA/cri), with an initial
substrate concentration of 2.5 mM. As shown in Bid.7, at low current densities,
thus for a process under oxidation reaction kinetiotrol (see Table 8.3, entries 2
and 3), no significant effect of current densitysvadbserved (see triangle and circles
in Fig. 8.17a).

Conversely, for high current densities, when thecpss takes place under mass
transfer control (see Table 8.3, entries 4 andHs),abatement of maleic acid with
the charge passed decreased with current densitygspty and filled squares in
Fig. 8.17a).

Furthermore, for what concern by-products, at loa@mrent density it possible to
note, as an example, a yield in formic acid of ati% (Table 8.3, entry 2), while
at higher current densities no formic acid was et (Table 8.3, entries 4 and 5),
after a charge passed of 100 C, correspondentdimansionless charge of 0.4.
Hence, higher concentrations of by-products wersepnled for low current
densities, when the process is under oxidationtiracontrol. Similar results were
found by Polcaro et al. (2003) for the degradatdmphenol. To understand these
data, one can consider that, for a process undes rtransfer control, the by-
products are formed in an environment rich of hygitaadicals that can readily
oxidize the organics present in the proximity af #modic surface. Conversely, for a
process under oxidation reaction control the stgripollutant is in excess with
respect to the hydroxyl radicals so that directdim@xidation processes can take
place thus giving rise to less complete oxidatioocpsses. These results could be
noted even in Figures 8.18, as shown in Tab 8.8jearnl-6-7, where the trends of
maleic, formic and oxalic acids were plotted in #@me figure. Indeed, even at
higher initial maleic acid concentration, i.e. 20Mmhigher abatements of the
organic substrate were achieved at lower curremsitle In particular, a decrease of
the conversion values, from major than 99% at 64cm? to 96% at 25 mA/ch

was obtained.
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Fig. 8.17 Concentration profiles of MA (8.17a), FA (8.17b)da®A (8.17c) vs.
dimensionless passed charge obtained in amperostdctrolyses of a solution of
Maleic Acid at BDD with i = 1¢), 2 (4), 12 @) and 25 @) mA/cr. Initial [MA] =

2.6 mM. Electrolysis performed in system |, dividedl. SSE: Water, N&Q,,
H,SQ: (pH about 2). T = 25°C. B= charge necessary for a total conversion of MA
with a CE = 100%.

Furthermore, for what concern by-products, at loaement density it possible to
note, as an example, a yield in formic acid of 1@Ré&ble 8.3, entry 1), while at
higher current density this value is of only ab88% (Table 8.3, entry 7), after a
charge passed of 600 C, correspondent to a dimdasgcharge of 0.4.

These experimental data were modelled according ttieoretical modelling
discussed in chapter 4 relatively to the presericeare organics (see Fig. 8.16 and
Fig. 8.18). In particular, Eg.ns 4.11 and 4.12 wesed in the case of process under
oxidation reaction control, when the lowest currdansity value was applied (see
Fig. 8.18a) and Eq.ns 4.15-4.18 in the case ob@dnkinetic regime (see Fig. 8.18b
and 8.18c). Quite interestingly, a good agreemeivéen theoretical model and
experimental data was achieved. In particular, #tgoeffect of current density on
the concentration profiles of by-products was wedptured by the model, thus

showing its efficacy also in the presence of momganics in the electrochemical
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cell. It is well known that the concentration oftlrganic affects drastically the
performances of the process. In fact, both oxidat&actions and mass transfer rates

are expected to decrease linearly with the orgemncentration.
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Fig. 8.18 Effect of current density on the anodic oxidatidmmaleic acid at BDD
performed in system | at 6.2 (Fig. 8.18a), 12.59(F8.18b) and 25 mA/n{Fig.
8.18c). Profile concentrations of maleie){ formic (4) and oxalic @) acids were
reported. Initial concentration of maleic acid db@ut 20 mM. T = 25 °C. System
solvent supporting electrolyte (SSE): Water,,$@, H,SQ, (pH 2). Theoretical
curves (---) obtained with the values of [RH]* &sttin Table 4.1.

As discussed above, the same effect of the cudemsity was observed both at an
initial maleic acid concentration of 20 and 2.5 mden if lower abatements were
obtained at lower initial organic concentrationdéed, when the electrolyses,
performed at BDD anode, were conducted at a cudensity of 12.5 mA/cf at 25
°C and at acid pH, a conversion of 91% was deteet@d an initial maleic
concentration of 2.5 mM, while a value higher tH#8% was measured at higher
concentration (Table 8.3, entries 4 and 6). Thupfieared of a certain importance
to investigate the influence of this parameterfqramring some series of electrolyses
in the presence of maleic acid with various C°reweorder to observe the effect on
the by-products formation. As expected, higher emuent efficiency were obtained
increasing the initial concentration (Fig. 8.19&).particular, the reduction of C°
resulted in a dramatic decrease of the concentratiche formic acid (Fig. 8.19b)

but in a less drastic reduction of the oxalic corition (Fig. 8.19c).
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Fig. 8.19 Effect of the initial concentration C° on the anodixidation of maleic
acid at BDD performed with C° = 83..), 42 @), 20 ©) and 5 A) mM at i = 25
mA/cn? (correspondent to Table 8.3, entries 8-9-7-10peesively) and T = 25°C.
Profile concentrations of maleic (Fig. 8.22a), facn{Fig. 8.22b)and oxalic (Fig.
8.22c) acids are reported. Experiments performedsystem |. System solvent
supporting electrolyte (SSE): Water, 8&, H,SQ, (pH 2). Theoretical curves (--)
obtained with the values of [RH]* listed in Tablg 4

This result is effectively predicted by the modetiat can be attributed to the lower
oxidant ability of BDD for the oxalic acid that, asconsequence, survives in the
aqueous medium for longer times also in the preserican excess of hydroxyl
radicals (computed with respect to all the orgapiesent in the system). Thus, as
shown in Fig. 8.19, also in this case the model Wwagjood agreement with
experimental data.

Finally also the effect of the temperature andhefanodic material were studied. As
shown in Fig 8.20a, at room temperature and atreestidensity of 39 mA/cf
very high abatements were obtained at BDD anodé witconversion of about
100%, while at Iridium anodes a conversion of abbdfto was achieved. Similar
results were previous found by other authors. Quiterestingly, Li et al. (1981)
found that the oxidation of phenol at Ru oxide meded with the formation of

maleic acid which remained in the solution for ayMeng time.
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Fig. 8.20 Effect of the nature of the anodic material (a) afdhe temperature (b)
on the anodic oxidation of maleic acid at i = 39 fo#f. Electrolyses performed at
BDD (e) and at DSAK) anode at T = 25 °C and at DSA anode at 50°C I¢d)ial
maleic acid concentration: 20 mM. System solvemipstting electrolyte (SSE):
Water, NaSQ,, H,SQ, (pH 2).
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Moreover Bock and MacDougall (1999) showed that plkeeformances of iridium
anodes in the oxidation of maleic acid decreask thi¢ passed charge probably as a
result of irreversible interactions between thedinsurface and maleic acid and/or
its oxidation products.When the electrolysis at theium based anode was
conducted at higher temperature (Fig. 8.20b), nibuénce of this operative
parameter was observed.

This result confirm the high stability of this orge towards anodic oxidation at
oxide electrodes, as previously found in chronoampetric experiments, even at a

temperature of 50°C.

8.4.2.2 CATHODIC COMPARTMENT

Let now us make some considerations about the datlcompartment. In this
case, the only reactions of interest that takeepke the electro-reduction and the
isomerisation of the maleic to succinic and fumardids, respectively. Indeed, as
shown in the inset of the next figure, the numbemoles of maleic acid converted
resulted for each sample equal to those of succanit fumaric acids formed.
Moreover, since the number of electrons involvethereduction of maleic acid are
only 2 (see Eq. 8.1), the process results to bemunthss transport control kinetic
regime for all the electrolyses performed at BDDodey under the operative
conditions adopted. This consideration lead to dbeclusion that at the cathodic
compartment, the degradation of maleic acid, ifigalar its conversion to succinic
acid, presents lower current efficiencies with extfo its degradation by oxidation
at the anode. Conversely, an opposite results vbzereed for the electrolysis
conducted at DSA anode, where very low values oflanoxidation of the substrate
were detected.

Interestingly, the preparation of succinic acidpgass of great importance since it
finds extensive application in the synthesis ofidewariety of organic compounds,
is often accomplished by electrochemical reductidnmaleic acid (Arati et al.,
2004). In particular, many studies were conductedhe study of the influence of
some operative parameters on the electrochemichiction of maleic acid, in

sulphuric media and at different cathodic mateffdati et al., 2004; Kanakam et
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al., 1967; Kudryashov and Kochetkov, 1970). Destlit intersting nature of this

matter, this kind of studies were outside of thgeotives of this work. Thus, no

more investigations have been made in this sense.
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Fig. 8.21 Profile of maleic @), fumaric (x) and succiniai acids concentrations vs.
charge passed for amperostatic electrolyses peddrim system Il at BDD. The
inset reports the moles of maleic reactedl §nd the moles of succinic and fumaric
(o) formed during the electrolyses as a functiohef charge passed. Experimental
conditions: current density = 25 mA/&mnitial maleic acid concentration = 83.5
mM. System solvent supporting electrolyte (SSE)emwalaSQ, H,SQ, (pH about

2). T = 25°C.

8.5 EFFECT OF THE NATURE OF THE SUBSTRATE ON THE

AMPEROSTATIC ELECTROLYSES

With the aim of discuss on the influence of theuratof the substrate on the

electrochemical oxidation process, let now us olsesome results already

examined in this and in the precedents chaptessidering in this case COD values

in order to compare the obtained results.
As shown in Fig. 8.22, the abatement of the CODaioled by anodic oxidation
dramatically depends on the nature of both the araodl the acid. Indeed, at BDD,
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high and similar abatements of the COD were obthfoe formic and maleic acids
(Fig. 8.22a), while solutions of oxalic acid at Bjave a lower abatement of COD
for the same amount of charge passed with respetttet other acids (Fig. 8.22a).
Thus, formic and maleic acids are likely to be imed at BDD in a very fast
oxidation by means of free or weakly-adsorbed hydroadicals electrogenerated
by the oxidation of water, while oxalic acid is swerably less reactive towards
hydroxyl radicals (Ross and Ross, 1977), so thatlikely to be involved, at least at
low pH, in a direct electrochemical oxidation a¢ #nodic surface (see par chapter
5). At iridium anodes, a very different behavior svabserved. A slight higher
abatement of COD was observed for oxalic acid wépect to formic one. When
maleic acid was used, in agreement with chronoaompeiric measurements, very
low abatements of both COD (see Fig. 8.22b) and emncentration were observed.
Moreover, as shown in Fig. 8.22, a higher abateraE@OD was observed at BDD
for all the investigated acids and in particuldue rate of abatement observed was
FA OMA > OA, while at iridium anodes an opposite tremds observed and the

rate of abatement decrease as follows: OA > FA 3% M
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Fig. 8.22 Ratio between actual (COD) and initial (COD®) vémdnsionless passed
charge for amperostatic electrolyses of O#, (FA @) and MA ) performed at
BDD (8.25a) and Ir@Ta,0s5 (8.25b). Initial COD: 0.055-0.066 M. Electrolyset
OA and FA performed in system Il in un undividelllwih a flow rate of 0.2 I/min.
Electrolysis of MA performed in system |, dividedl. cCurrent density 39 mA/ém
System solvent supporting electrolyte (SSE): watesSQ,, H,SQ, (pH about 2). T
= 25°C. @" = charge necessary for a total conversion of oigawith a CE =
100%.
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Fig. 8.23 Trend of dimensionless concentration C/C° vs. dsimeress passed
charge for amperostatic electrolyses at 25 (fidgunbols) and 50 °C (open symbols)
at BDD (8.26a) and Ir@Ta,Os (8.26b) performed in the presence of Q& T =
25°C;AT=50°C), FA@ T=25°C;0 T =50"°C)and MA¢ T = 25°C;o T =50
°C). Initial COD: 0.055-0.066 M. Electrolyses of @Ad FA performed in system Il
with a flow rate of 1.2 I/min and current densitiy3® mA/cri Electrolysis of MA
performed in system |, divided cell, with currerendity of 39 mA/ctm System
solvent supporting electrolyte (SSE): water,8@;, H,SQ, (pH about 2). T = 25°C.
Q"= charge necessary for a total conversion of thgamic with a CE = 100%.

These data indicate that different oxidant agemésiavolved at BDD and DSA
anodes, as reported already in the section 2.%&hd~inally, for what concern the
effect of the temperature, the incineration of farmand oxalic acids was only
slightly enhanced by an increase of this opergiamameter at BDD anode (see Fig.
8.23a), while at iridium oxide anodes, a strongréase of the abatement was
observed by working at 50°C for both the acids (Big3b).

These data indicate, according to Martinez-Huitteak (2004a),that the rate
determining steps for oxalic and formic acids okimta and for oxygen evolution
reaction at iridium oxide anodes are different adidated by their different
temperature sensitivity that is attributed to d#éfeces in the activation energies of
the rate determining steps. Unfortunately the efficof temperature enhancement

with DSA electrodes is not general considering thdten experiments were
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performed in the presence of maleic acid, a venydbatement was obtained also at
50 °C (Fig. 8.23b).
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CHAPTER 9

COMPARISON BETWEEN ANODIC OXIDATION AND ELECTRO-
FENTON PROCESSES FOR THE TREATMENT OF SOME
CHLOROETHANES

9.1 INTRODUCTION

Chlorinated aliphatic hydrocarbons are frequendlynid in many surface and
ground waters, as a result of their widespread inséndustry and in various
household products and their poor biodegradab{iiyiemical and Engineering
Data, 2007). These substances are often toxic ame ©f them are present on the
US Environmental Protection Agency priority list pbllutants with very low limit
values in drinking water. Both destructive and m@structive methods have been
used to remove chlorinated aliphatic hydrocarboomfpolluted water.

Recent researches have demonstrated that some Afi#tsan attractive alternative
to traditional routes for treating wastewaters agmhg toxic or/and refractory
organic pollutants.

A study about the application of some AOPs, inipalar EAOPSs, to the oxidation
of two chloroethanes, namely 1,2-dichloroethane ApCand 1,1,2,2-
tetrachloroethane (TeCA), chosen as model compousdsported in this chapter.
A comparative study on the degradation of theséctorganics by simple anodic
oxidation and electro-Fenton coupled with anodiation process is proposed. For
more details about the electro-Fenton (EF) processsection 1.6.2.

The mineralization of the DCA and TeCA solutionssvessessed from the decay of
their dissolved organic carbon (DOC), which cancbasidered as the TOC when
treating completely solubilized compounds, as is\aall cases. For both kinds of
electrochemical experiments, electrolyses were gotedl with a galvanostatic
alimentation, at system Il (see section 3.2.3)erghan BDD/ADE (air diffusion
cathode, see experimental section for more detzél$)vas used, supplying nitrogen
instead of compressed air when the pure anodicatigid process had to be

accomplished.
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Interestingly, regarding the pure electrochemicaite, two different processes can
be used in principle for the removal of chlorinatdighhatic hydrocarbons: oxidation
to carbon dioxide (often called “electrochemicalineration”) (Eq. 9.1), that takes
place at the anode, and reduction to de-halogersdifghtic hydrocarbons (Eq. 9.2)

for the conversion of chloroalkanes to correspogdilkanes, that takes place at the

cathode.
CnHiClp + 2m HO - m CQ, + (n+4m) H + p CI + (4m+n-p) € 9.1)
CoHame2 Clp + 2p €+ p H = CyHomso+ p CI (9.2)

In particular, a BDD anode was chosen in this $edxperiments, because of its
better performance compared with the classical enothterials of industrial
electrochemistry, as reported in literature spealify for the oxidation of
chlorinated organic compounds (Fiori et al., 20@gjaldone et al., 2008). In
general, very few studies were dedicated up to rtowthe electrochemical
incineration of chlorinated aliphatic hydrocarbq@hen et al., 1999; Scialdone et
al., 2008). Recently, it was studied the effecthef anodic material on the anodic
incineration of 1,2-dichlorethane, by using numeralectrodes such as Pt, Au,
BDD, Ebonex, stainless steel, Ti/p®@a,0s and PbQ(Scialdone et al., 2008), and
the possibility of an electrochemical route basadle anodic oxidation to carbon
dioxide coupled with the cathodic reduction to @delgenated hydrocarbons, for the
first time proposed for the treatment of wastewat®mntaminated by chloroethanes
(Scialdone et al., 2010).

Furthermore, very few studies were found on thdiegiion of Fenton’s chemistry,
as single or coupled process, for chlorinated camgs. In particular, Vilve and co-
authors (2010) have studied the degradation ofditBloroethane using a simple
Fenton’s chemical oxidation in order to optimizeesal operative parameters such
as the HO,/F€** ratio, temperature, pH and treatment time, whitefRyuez et al.
(2005) have focused their study on the photo-Ferttegradation of chlorinated
solvents, such as 1,2-dichloroethane, dichloronmethand trichloromethane, with
the aim of study the influence of operative comdis also in this coupled process.
Nevertheless, no studies upon the application etted-Fenton process to the

oxidation of 1,2-dicholoroethane and 1,1,2,2,-itaroethane have been
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accomplished. Thus, the aim of this study was tivestigation of the effect of some
operating parameters, such as the current, nanglecancentration of the initial
substrate and anodic material on the electro-Femtocess and the comparison with

the anodic oxidation process.

9.2 ACCUMULATION OF ELECTROGENERATED i, IN THE
ELECTROLYTIC CELL

A fundamental task must be carried out before istartvith the study on the
degradation and mineralization of the chlorinatgdrbcarbons by electrochemical
advanced oxidation processes based on the elengrm®n of HO, using a
carbon-PTFE @diffusion cathode (air-diffusion electrode, ADH).order to assess
the ability of the ADE to electrogenerate®, several solutions containing 130 ml
of 0.035 M NaSQ, at pH 3.0 and at 10 °C were electrolysed by appglg constant
current of 300 mA for 480 min, in the presence abdence of P& catalyst and
organic compound. The,B, concentration accumulated in each solution during
the electrolyses was determined by the spectropiettic measurement of the
absorbance of the coloured complex formed betweé@W)Tand H,O, atA = 408 nm
(more detailed in the experimental section). Thaulte in Fig. 9.1 show the trends
obtained.

The first electrolysis was performed in the absemdecatalyst and organic
compound (i.e., anodic oxidation with,®, electrogeneration). Under these
conditions, HO, can be continuously supplied to the acidic aquesalsition
contained in the electrolytic cell from the two-@l®n reduction of oxygen gas —
directly injected as compressed air — by reacti@)(with E° = 0.695 V/SHE,
which takes place more easily than its four-electeruction to water from reaction
(9.4) withE° = 1.23 V/SHE (Brillas et al., 2009):

Oyg + 2H + 26 ~ H0, (9.3)
Oyg + 4H + 46 - 2HO (9.4)

There are major parasitic reactions which resulé ilmwer current efficiency. For

example, electrochemical reduction at the cathodiase from reaction (9.5) and, to
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a much lesser extent, disproportion in the bulkdgction (9.6) are given regardless
the cell configuration (Brillas et al., 2009):

H,O, + 2H + 2é - 2HO (9.5)
2H,0, - Oy + 2HO (9.6)

125 | | [ ————

100 - O/D/Q _

75

50

[H,0]/mM

25

0 \ \ \
0 120 240 360 480

Time / min

Fig. 9.1 Time course of the accumulatedd during the electrolysis of 130 ml of a
0.035 M NaSQ, solution, at 300 mA, pH 3.0, and at 10 °C usingzD/ADE cell.
[Fe®] (mM): (O) 0 and (@, A) 0.5; [DCA] (mM): (O,®) 0, (A) 2, and @) 4.

Since an undivided cell is utilized ,8, is also oxidized to @at the anode via HO
as an intermediate by the following reactions (Bsilet al., 2009):

H,0, - HO, + H + € 9.7)
HO, - Oy + H + € (9.8)

Consequently, the accumulation of®4 is lower than its electrogeneration. As
observed in Fig. 9.1, the accumulategDbiconcentration increased during the first
240 min, reaching a value of about 120 mM, whereupo steady state was
maintained because the rate ofCH formation at the cathode became equal to its

destruction rate at the cathode, at the anoderatigkibulk.
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1.6.2), the steady state,®, concentration decreased to about 50 mM due to its
destruction through the classical Fenton’s reaciioracidic medium (9.9) and
Fenton-like reaction (9.10), which entail the symctous formation of OH and
HO,". Also reaction (9.11) contributes to the destarctof HO,. Such phenomena
allow the mineralization of the organic pollutafi®&H) once they are present in the

solution bulk (apart from their destruction by {kH adsorbed at the anode).

FE' + O, + H - F€" + HO + "OH (9.9)
Fe* + HO, -~ Fé" + HO, + H (9.10)
H,0, + 'OH - H,0 + HQ (9.11)

Thus, a similar electrolysis was carried out in phesence of Féand 2 mM DCA.
As observed in Fig. 9.1, the maximum@j concentration was lower than that
obtained in the electro-Fenton process. In addittbe value decreased from 180
min. Such a lower accumulation is accounted foakhigher destruction caused by
some particular reaction. Indeed, in the presefie® @rganic compound, th®H is
continuously consumed by reaction (9.12), thus eaing the destruction of 40,
by Fenton’s reaction.

RH +'OH - R + HO (9.12)

Therefore, the destruction of,8, by reaction (9.9) to yieltlOH is directly related
to the use of thes®H in the destruction of the organic matter (iRGA and its

intermediates). The influence of the DCA on th&®kaccumulation was confirmed
by electrolyzing a 4 mM DCA solution. As observedmuch lower concentration
was accumulated along the trial due to the greatéant of reaction (9.12), which

had an immediate influence on the Fenton’s reaidant.

9.3 COMPARISON BETWEEN THE ADOPTED EAOPs ON THE
DEGRADATION RATE OF 1,2-DICHLOROETHANE

The oxidant ability of the EAOPs based okl electrogeneration was firstly
studied by treating DCA solutions. Fig. 9.2 showe tdecay of DCA vs. the
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electrolysis time during the degradation of 130ah4 mM DCA (i.e., 96 mg
DOC) in 0.035 M NgS0O, medium, at 300 mA, pH 3.0, and at 10 °C, by pmedéi
oxidation (i.e., 0 mM F& and N supply to the cathode to prevent theOhl
generation) and electro-Fenton (i.e., 0.5 mM*Fand air supply to the cathode)
using the same BDD/ADE cell. The decay of the D@Aaentration was studied by
GC/MS. Fig. 9.2 reveals that the trends in bothhoés were similar, but some
differences must be commented. In the absence ¢élnsatalyst, a progressive
destruction of DCA could be achieved due to maitioacof the BDD{OH) and

only 3% remained at 420 min.
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Fig. 9.2 Decay of the DCA concentration vs electrolysisetinring the degradation
of 130 ml of 4 mM DCA (i.e., 96 mg IDOC) in 0.035 M Nz5Q, medium, at 300
mA, pH 3.0, and at 10 °C, by} pure anodic oxidation (i.e., 0 mM £eand N
supply to the cathode) and) electro-Fenton (i.e., 0.5 mM Feand air supply to
the cathode) using a BDD/ADE cell. The inset shtives corresponding kinetic
analyses assuming pseudo first-order kineticsHerreaction witHOH.

A quicker decay was observed in electro-Fentonh wetal disappearance in 420

min, which confirms the higher oxidation power dfist process. The superior
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performance of electro-Fenton can be explained @Yy: the much higher
concentration of OH thanks to the simultaneity of two generation svdiye., the
synergistic action of the large amounts©H at the anode and in the bulk); and (ii)
the minimization of the mass transport limitatiagniserent to the electrode processes
at a given current value. Indeed, since the oxidizgpecies are not confined to the
electrode surface or its vicinity, the interactiogtween the organic molecules and

‘OH results to be easier within the whole bulk solu{Sirés et al., 2010).

9.4 INFLUENCE OF SOME OPERATIVE PARAMETERS ON THE
ELECTROCHEMICAL MINERALIZATION OF 1,2-DICHLOROETHANE AND
1,1,2,2-TETRACHLOROETHANE

Upon the application of the EAOPs, numerous by-potsl can be formed
because th&OH radicals do not exhibit high functional groupgesgivity. It is then
necessary to verify that the electrochemical tetdgyis able to mineralize such
compounds. Fig. 9.3 shows the effect of severadrpaters on the mineralization of
DCA solutions. In particular, Fig. 9.3a shows th@® decays vs. electrolysis time
for the treatment of 130 ml of 4 mM DCA (i.e., 9&m™ DOC) in 0.035 M NSO,
medium, at pH 3.0 and at 10 °C using the BDD/ADE @de anodic oxidation and
electro-Fenton trials were firstly compared in Fig.2 considering the DCA
concentration trends. To confirm those previousllisslet us now observe that a
slower mineralization was achieved by anodic oxadgtwith 91% DOC removal at
420 min, while a mineralization higher than 95% waached by EF. Interestingly,
the much higher values of DOC in comparison witbsth corresponding to the
carbon contained as DCA (calculated from the DCAcemtration values shown in
Fig. 9.2) suggests the presence of other organimapoonds dissolved in the
electrolytic solution (see par. 9.5).

Moreover, Fig. 9.3a shows the effect of the apptedent on the solution DOC
removal for the electro-Fenton treatment. The nailieaition rate was much lower at
100 mA due to the lower production rate "@fH. At 420 min, only 79.5% DOC

removal was achieved.
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Fig. 9.3 Effect of several parameters on the mineralizatddrDCA solutions. (a)
DOC decay vs. electrolysis time for the treatmdrit3® ml of 4 mM DCA in 0.035
M NaSQ, medium, at pH 3.0 and at 10 °C using a BDD/ADHE. §EE*] (mM):
(O) 0 (with N, supply to the cathode) and@®(®, A) 0.5; Current (mA): & 100,
(O,,) 300, and &) 450. The inset shows the DOC decay vs. the speh#rge for
the trials with F&*. (b) Evolution o#1(DOC),, vs. electrolysis time for®), which is
shown in plot (a), compared to: (x) a similar expsnt, with 2 mM DCA (i.e., 48
mg L* DOC and (+) a similar experiment, using a Pt anode
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The faster electrogeneration of® and regeneration of Feat 300 mA largely
contributes to the significant acceleration. Insiregly, the enhancement obtained
when increasing from 300 to 450 mA is not as remlald as that produced when
increasing from 100 to 300 mA. This result suggestgreater limitation by mass
transport under the experimental conditions testiedigh applied current (i.e., the
oxidation rate becomes mainly determined by thespart of oxygen and iron ions
toward the cathode). Therefore, a rise from 30056 mA did not improve the
degradation process.

The inset shows the DOC decay vs. the specificgehfor the three trials with Ee
The increase of the applied current causes a highesumption of specific charge
for attaining a given TOC value. For example, 8, and up to 3.5 Ah lwere
required to reach 50% mineralization at 100, 30@ 450 mA, respectively. This
result is due to the increasing extent of the pétazactions that do not consume
hydroxyl radicals to oxidize the organic matter,iethleads to the progressive waste
of the supplied current.

The effect of the initial pollutant concentrationasv studied by comparatively
treating a 2 mM (i.e., 48 mg'LDOC) and a 4 mM solution at 300 mA. As shown in
Fig. 3b, whered(DOC).,, is plotted against the electrolysis time for thesectro-
Fenton degradations, a larger amount of DOC wasveth when treating 4 mM
DCA at any time and, at 420 min, 42 and 91 nigDOC were removed from 2 and
4 mM DCA, respectively. This is an interesting feat because it means that the
electro-Fenton process can proceed more successfii#tn treating a high organic
content. Indeed, at a higher pollutant concentmata smaller fraction ofOH is
wasted in parasitic reactions because the oxidizgcies interact with a larger
number of organic molecules that are availableaAssult, a more efficient process
was obtained when treating 4 mM DCA.

Finally, the electro-Fenton treatment of 4 mM DCding the BDD/ADE cell at 300
mA was compared with the same treatment using AD®/cell. As observed, a
much poorer mineralization was achieved, with &6 DOC removal at 420 min
using the cell with a Pt anode. This confirms thgartant role of the oxidation

process at the anode, which supposes a fundansmaigistic contribution to the

206




Chapter 9

oxidation in the bulk. Such enhancement is consistéth other studies reporting
the different oxidation power of both anodes (sssisn 2.3).

The study of the effect of the same operative patara was also carried out for
TeCA solutions (see Fig. 9.4). The conclusions drane analogous to those from
Figs. 9.3a and 9.3b, although it is important tGagothat the mineralization rate was
higher than that obtained in the case of DCA sohdi Indeed, the solutions of 4
mM TeCA were completely mineralized at 420 min tgce&o-Fenton with BDD at
300 and 450 mA. Also in this case, higher abatememre detected using a BDD
anode; for example, only a 80% DOC removal was miesewith Pt anode at 300
mA. It was worth noting the poorer effectivenesdha anodic oxidation treatment,
also using TeCA as organic substrate, that led 4% DOC removal at 420 min,

instead of the high mineralization achieved by wete&enton oxidation.

100

DOC / mg L*

\ \ \ \
0 60 120 180 240 300 360 420 480

Time / min

Fig. 9.4 Effect of several parameters on the mineralizatibiTeCA solutions given
by the DOC decay vs. electrolysis time. Each symmepkesents the same
experimental conditions described in Figs. 3a ahdwith TeCA instead of DCA.
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9.5 TIME COURSE OF THE REACTION INTERMEDIATES AND
MINERALIZATION PATHWAYS

The previous mineralization and kinetic studieseén&een accompanied by
the identification of intermediates, such as cayfiox acids and inorganic
chlorinated ions. Indeed, sin®H is a non-selective oxidizing species, various by
products were formed at relatively low concentratievels. It is always of a great
interest to discuss the time course of the intefated in order to know their nature
and concentration, because a progressive transfiormef the starting substrates
into more biodegradable compounds can be relatélgetdecrease of the toxicity of
the solutions (Sirés et al., 2010).

Figs. 9.5-9.7show the time course of the concentration of thénmaermediates
accumulated in the electrochemical cell during #medic oxidation and electro-
Fenton treatments of solutions of DCA and TeCA. garticular, short-chain
carboxylic acids and chlorinated ions were detebieHPLC and IC, respectively.

It can be seen that the by-products are formedesthe very beginning of the
electrolyses in concomitance with the disappearafiche primary compound. For
the electro-Fenton of DCA, oxalic, formic, chloretic and acetic acids were
detected (see Fig. 9.5), while for the electro-Bentf TeCA, dichloroacetic acid
was observed besides the others (see Fig. 9.@s®laote that it was not possible
to determine the exact individual concentrationscblioroacetic and acetic acids,
since they displayed two overlapped peaks.

Let us now observe the trends of the carboxylidsidetected during the treatments
of DCA in Fig. 9.5. Fig.9.5a shows the chloroceticetic acids concentration,
present as the main intermediates, under diffeeglied operative conditions.
Thus, upon the application of the electro-Fentom teolution with 4 mM DCA at
300 mA using the ADE/BDD cell, these intermediatesmch their complete
mineralization at 420 min. A lower current of 10@\red to a significantly greater
accumulation of these intermediates, due to thergooxidizing ability of the
process at low current (see Fig. 9.3a). Accordinglyart of the DOC content for
this trial at 420 min can be justified by the prase of chloroacetic+acetic. On the

other hand, the accumulation-destruction profikelded at a higher current of 450
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mA was similar to that obtained at 300 mA, whichesg with the comments on the
DOC removal from Fig. 9.3a. Regarding the effectttaf initial concentration of
pollutant, it can be observed that a lower conegioin of these intermediates is

accumulated, finally disappearing at 420 min.
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Fig. 9.5 Time course of the concentration of the shortchearboxylic acid
intermediates accumulated during the treatment GADsolutions. (a) Total amount
of chloroacetic + acetic for different treatmentghere each symbol represents the
same experimental conditions described in Figsa@Bd 9.3b. (b) Trends ok(
oxalic and («) formic for (® shown in Fig. 9.3a.
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When the treatment of 4 mM DCA was comparativelyied out by EF at 300 mA,
with Pt as the anode, much higher values of chkticteacetic acids concentration
was observed.Furthermore, these acids were velyhaxidizable in this system
and they remained until the end of the experima&rntoncentration of about 35 mg
L™ was still present in the solution at 420 min, whieveals their persistence
towards oxidation at the Pt surface. It is intérgstto observe in Fig. 9.5b that,
although the concentration of all the carboxyliégdacdetected as intermediates in
the electro-Fenton experiment performed at 300 mith BDD anode firstly
increases and then decreases with the electrdiysés that of oxalic acid tends to
increase but is finally accumulated in the systérhis result, which was also
observed in the case of the study of the anodidatiin of maleic acid, where the
oxalic and formic acids were present as the magrinediates (see section 8.4), can
be explained considering the higher resistance xali® acid to oxidation at the
BDD compared to formic acid. Thus, despite forntkloroacetic and acetic acids
disappear after 420 min by electro-Fenton at 300 with a BDD anode, a certain
concentration of oxalic acid can still be detectgédlifferent scenario can be drawn
for the electro-Fenton of TeCA (see Fig. 9.6). A®wn in Fig. 9.6a, the main
intermediate product in this case is the dichloetiacacid, because of the higher
number of chloride ions present in the TeCA molecul

Also within this framework, the presence of thisgmpduct was monitored at the
different applied operative conditions. In partanlthe highest concentration of this
intermediate was detected for the electro-Fentqreement performed at 300 mA
with an initial concentration 4 mM TeCA. As in ttease of DCA, the profile
obtained at 450 mA was very similar. In contrastjower concentration was
detected at 100 mA, although the persistence oatiet was much higher and thus,
about 10 mg [* were still present in the solution at 420 min. Tise of the PYADE
cell instead of the BDD/ADE cell, as well as thesace of catalyst led to only a
partial destruction of this intermediate at the ehthe experiments. Fig. 9.6b shows
that the second major components present in saluds intermediates are
chloroacetic and acetic acids, while formic is prasin minor quantity. For oxalic

acid only a small amount was accumulated in comparto that observed for DCA
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and, consequently, all the acids could be finallgaralized at 420 min. Considering
the nature of the carboxylic acids detected, theerd reaction pathway for the
complete mineralization of 1,2-dIchloroethane ant,2,2-tetrachloroethane by the

EF process is also proposed.
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Fig. 9.6 Time course of the concentration of the short«chaarboxylic acid
intermediates accumulated during the treatmentesZ A solutions. (a) Total amount
of dichloroacetic for different treatments, wher@cle symbol represents the same
experimental conditions described in Fig. 9.4. Tognds of @) chloroacetic +
acetic, () oxalic, and () formic for (®) shown in Fig. 9.4.
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Fig. 9.7 General reaction schemes proposed for the comptéteralization of
acidic aqueous solutions of DCA (upper) and TeGAvér) by EAOPs using a
BDD/ADE cell."OH no drawn in stoichiometric quantities.
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The reaction pathways shown in Fig. ?volve the primary attack 6fOH on both
chlorinated hydrocarbons as the pre-eminent rdatthe case of DCA, chloroacetic
is formed as the main by-product, although oxatid @an also be formed following
this kind of process. One or two @ns are released, respectively (Pathways A and
B in Fig. 9.7). Acetic acid is formed by reductieith loss of a chloride ion, which
takes place after the attack’@H on DCA (Pathway C in Fig. 9.7). Acetic acid can
then be oxidized to oxalic and formic acids. An lagae reaction scheme was
proposed for TeCA. The main difference is the add#l formation of
dichloroacetic acid from the oxidation of TeCA witiss of two chloride ions. In all
cases, further attack byOH on the reaction intermediates leads to their
mineralization to CQ

The presence of reductive routes can be ascrilief) tthe direct reduction at the
cathode, and (ii) the presence of?Fén solution that can reduce the organic
compound in the bulk (Brillas et al., 2009), aswhan the following reaction:

R +Fé +H - RH + Fé& (9.13)

For the sake of simplicity, only the first alterivatis shown in the schemes, since
complexation of the intermediates with the ironces adds more complexity to the
reaction pathways.

Also the inorganic products, derived from the pnegeof chloride ions in solution,
were detected as intermediates during the elearten treatments of DCA and
TeCA. In particular, the trends of CCIO; and CIQ’ ions, which were obtained for
the electro-Fenton experiment conducted using th® Bnode at 300 mA and with
an initial concentration of the chlorinated alighahydrocarbons of 4 mM, are
reported in Fig. 9.8. Analogue considerations canade for the specie observed
for DCA (see Fig. 9.8a) and TeCA (see Fig. 9.8gattments. Indeed, higher
concentrations of chlorides were detected at thginbéng of the experiments, as
expected from the direct release of the chlorinataioed in the pollutants. The
maximum concentration of this ion was attained @&in@in. At about 120 min, the
concentrations of the three ions were almost edpgadause chlorate and perchlorate

are increasingly accumulated due to the oxidatiéncldoride. The maximum

213




Conceniration / mM

Chapter 9

concentration of chlorate was reached at aboutmiB0 From this time, chloride
and chlorate decreased up to very low values at Q) whereas perchlorate
continuously increased due to the oxidation of ddand chlorate, reaching a very
high value at 420 min.
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Fig. 9.8 Time course of the concentration of the chloridatas released during the
treatment of (a) DCA solutions in the conditiong @f shown in Fig. 9.3a, and (b)
TeCA solutions in the conditions a#)(shown in Fig. 9.4. lon:#) CI”, (A) CIO;s,
(#) CIO,, and (x) sum of the three ions.
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At this time, 0.2, 0.5 and 7.0 mM of CCIO; and CIQ" were obtained for DCA,
respectively, being 97% the total percentage obriié in the form of chlorinated
ions (the initial chlorine content in the solutislas 8 mM). Similar profiles were
yielded upon the treatment of TeCA, and 0.9, 1.8 28.5 mM of Cl, CIO; and
ClO4 were obtained at 420 min, respectively, being 9B total percentage of
chlorine in the form of chlorinated ions (the ialtichlorine content in the solution
was 16 mM).

9.6 STUDY OF THE ELECTRO-FENTON DEGRADATION OF A
MULTICOMPONENT SOLUTION

Multicomponent aqueous solutions containing botB-dichloroetane and
1,1,2,2-tetrachloroethane, each one at a concemtrat 2 mM, were electrolyzed at
300 mA by the EF process with 0.5 mM of‘Fat BDD. This is an interesting task
because organic pollutants usually occur simultasgoin wastewaters. Fig. 9.9
shows the decay of the normalized DOC of the mextower the electrolysis time.
The solution contained 96 mg'lDOC (as a result of a DOC of 46 mg for each
of the chlorinated aliphatic hydrocarbons). Alscthiis case, the production of by-
products was monitored by HPLC. As shown in theetinsf the Fig. 9.9,
dichloroacetic, chloroaceti+acetic, oxalic and faracids are present in quantities
comparable to those obtained for the chlorinatethpmunds alone at an initial
concentration of 2 mM. The time required to achigkie almost overall DOC
removal was longer than that observed for the tveonpmounds alone at a
concentration of 2 mM (see Fig. 9.3, Fig. 9.4 amgl B.9), as expected from the
higher content of organic matter. However, theadéhce was not very large and, in
fact, the mineralization rate was higher, sinc8@d mA the efficiency of the EF
treatment is higher whel®H can encounter a higher number of organic moéescul
For example, 34%/30% and 32% DOC removals wereesaeli after 60 min for
single DCA/TeCA and multicomponent solutions, respely; at 420 min, 87%,
91% and 90% DOC removal was reached for DCA, TeCGW #e mixture,
respectively. The mineralization degrees where efloee very similar, despite

treating twice the initial DOC value in the caselod mixture.
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Fig. 9.9 Study of the mineralization of solutions with DEACA given by the DOC
decay vs. electrolysis time. Mixtures of 130 mitaiming 2 mM DCA, 2 mM TCA,
and 0.5 mM F& in 0.035 M NaSQ, medium were treated at 300 mA, pH 3.0, and
at 10 °C by electro-Fenton treatment using a BDOEAE2II. The inset panel shows
the time course of the concentration of the shhett carboxylic acid intermediates
accumulated: #) chloroacetic + acetic, W) dichloroacetic, A) oxalic, and ()
formic.

216




Conclusions

CONCLUSIONS

The influence of numerous parameters, such as @haenof the electrodic
material and of the organic pollutant, the pH, floev dynamic regime, the current
density, the pollutant concentration and the teapee, on the electrochemical
incineration of some carboxylic acids and aliphattdorides, chosen as model
organic compounds, was studied in detail during”hP thesis. Moreover, different
electrochemical approaches such as direct processeésation by means of electro-
generated chlorine and electro-Fenton were invasty to compare their
performances.

It was observed that the performances of the diedettrochemical oxidation of
carboxylic acids in terms of final conversion andrrent efficiency depend
dramatically on the adopted operative conditionthtat iridium based electrodes
and BDD. Experiments performed for these purposasehshown that the
incineration of carboxylic acids was favored by tiffiow rate and low current
density, i.e. when the most part of the process wraer oxidation reaction kinetic
control. Moreover, the process resulted to be faddsy high initial concentrations
of the organic substrate and low pH but did notethel) under the adopted operative
conditions, on the nature of the supporting eldgteo The abatement and the
current efficiency of the process was also dependarthe flow dynamic regime
and on the current density when the process toa&eplinder mass transfer kinetic
control or mixed kinetic regime.

When the electrochemical incineration of maleicdagias studied performing
electrolyses in an undivided cell, a slight chanfi€OD was observed against the
very fast decrease of the maleic acid concentrafitis, the study of the effect of
some operative parameters on the process wasdaauiein a divided cell, where
different by-products were detected, specificallyc@nic acid in the cathodic
compartment, as a reduction product, and mainlyniorand oxalic acids in the
anodic one. Higher concentrations of by-productsewebserved for low current
densities, when the process is under oxidation tiaccontrol, since starting

pollutant is in excess with respect to the hydrosadicals formed at the anode.
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Finally, at room temperatures a higher abateme@®@b was observed at BDD for
all the investigated acids and in particular, thte rof abatement observed was BA
MA > OA, while at iridium anodes an opposite tremds observed and the rate of
abatement decrease as follows: OA > FA >> MA, thiztta indicating that different
oxidant agents are involved at BDD and DSA anotiédsile it has been confirmed
that electrochemical oxidation using diamond thitmf electrodes can be
successfully carried out for incinerating oxaliddagvastes, Ti/lrGQ-TaOs anodes
can be used with good effect for this aim onlyuftable operative conditions are
used. Indeed, very high oxalic acid and formic aallatements and current
efficiencies were obtained in this case by workimgcidic conditions at 50 °C and
relatively low current density and high flow raténfortunately, when experiments
were performed at iridium based anodes in the pre=sef maleic acid, a very low
abatement was obtained also at 50 °C.

Since in literature some authors had observed Higiter abatements of organic
pollutants could be obtained in the presence avacthlorine in the electrolytic cell,
sodium chloride was added to the electrolytic sotutn order to study the effect of
the chloride ions on the electrochemical incineratf oxalic acid at BDD and DSA
anodes. When experiments were carried out in tesemce of only sodium chloride,
a strong influence of pH on the active chlorinenfation was observed at BDD
(higher production at acid pH) but not at ¥0a,0s. Furthermore, active chlorine
production was favored for high current densityw [low rate and at Ir@Ta,0s
anodes. The effect of NaCl on the electrochemicadlagion of oxalic acid was
observed to depend on the nature of the anode manlkdeopH. The best results were
achieved at Ir@Ta0Os adding sodium chloride at acid pH. Moreover, in the
presence of NaCl, a dramatic change of the rolesarshe operative parameters
occurred. Indeed, in the presence of high amouhtsodium chloride, a higher
abatement of oxalic acid was obtained when highiertirdensities and low flow
rates were imposed and at }0a,0s.

Comparing the performances of electro-Fenton psocesupled with anodic

oxidation at BDD anode and simple anodic oxidatibigher abatements of 1,2-
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dichloroethane and 1,1,2,2-tetrachloroethane wetaimed in the first case thanks
to the presence of Edn the solution.

Higher applied currents led to a faster electroegation of HO, and regeneration
of Fe**, thus giving rise to a faster degradation of tizetisig compounds. When the
experiments were performed at Pt, much lower DO@Gomal was detected, thus
confirming the important role of the oxidation pess at the anode. A time course of
the concentration of the main intermediates accatedlin the electrochemical cell
during the treatments, in particular, short-chaamboxylic acids and chlorinated

ions, was also reported.

219




References

REFERENCES

Andreozzi R. et al.Advanced oxidation processes (AOP) for water matfon and
recovery Catalysis Today, 53 (1999) 51-59.

Arati V.M. et al., Reduction of maleic acid to succinic acid on titani cathode
Organic Process Research & Development, 8 (2008688.

Bergmann M. and Koparal AStudies on electrochemical disinfectant production
using anodes containing RyOJournal of Applied Electrochemistry, 35 (2005)
1321-1329.

Bergmann M. and Rollin JRroduct and by-product formation in laboratory siesl
on disinfection electrolysis of water using BDD dag Catalysis Today 124, (2007)
198-203.

Bock C. and MacDougall BThe anodic oxidation of p-Benzoquinone and maleic
acid, Journal of the Electrochemcial Society, 146 ()92%25-2932.

Bonfatti F. et al.,Electrochemical Incineration of Glucose as a Mod#iganic
Substrate 1. Role of Active Chlorine Mediatiodournal of the Electrochemical
Society, 147 (2000) 592-596.

Brillas E.et al. Mineralization of paracetamol in agueous mediunabgdic oxidation
with a boron-doped diamond electrodghemosphere, 58 (2005) 399-406.

Brillas E. et al.,Electro-Fenton Process and Related Electrochemiahnologies
Based on Fenton’s Reaction Chemisthemical Reviews, 109 (2009) 6570-6631.

Busca G.et al.Technologies for the removal of phenol from fluickams: A short
review of recent development®ournal of Hazardous Materials, 160 (2008) 265—
288.

Caifiizares P. et alElectrochemical oxidation of aqueous phenol wastesynthetic
diamond thin-film electrodedndustrial and Engineering Chemical Research, 41
(2002) 4187-4194.

Caiizares P. et alElectrochemical Oxidation of Aqueous Carboxylic AtVaste
Using Diamond Thin-Film Electrodesindustrial and Engineering Chemical
Research, 42 (2003) 956-962.

220




References

Caifiizares P. et alElectrochemical oxidation of several chlorophenots diamond
electrodes: Part Il. Influence of waste charactiecis and operating conditions
Journal of Applied Electrochemistry, 34 (2004a) 47—

Cafizares P. et alElectrochemical Oxidation of PolyhydroxybenzenesBmmon-
Doped Diamond Anodetndustrial and Engineering Chemical Research24®4b)
6629-6637.

Caifiizares P. et aModelling of wastewater electro-oxidation processtp. General
description and application to inactive electrodelndustrial & Engineering
Chemistry Research, 43 (2004c) 1915-1922.

Cafizares P. et alModelling of wastewater electro-oxidation procesartpll.
Application to active electrodesndustrial & Engineering Chemistry Research, 43
(2004d) 1923-1931.

Cafiizares P. et al.Costs of the electrochemical oxidation of wastergate\
comparison with ozonation and Fenton oxidation psses Journal of
Environmental Management, 90 (2009) 410-420.

Chang C. C. et alThe electro-oxidation of formaldehyde at a borompeid diamond
electrode Analytical Letters, 39 (2006) 2581-2589.

Chatzisymeon E. et al.,, mddic oxidation of phenol on Ti/lrO electrode:
Experimental studieatalysis Today, 151 (2010) 185-189.

Chemical and Engineering Data 87 (2007) Z%hlorinated Hydrocarbonsin
Ullmann's Encyclopedia of Industrial Chemistry, 8y#VCH Verlag GmbH & Co.
KGaAed. (2002), electronic edition.

Chen G. et al.Electrolytic oxidation of trichloroethylene using Geramic anode
Journal of the Applied Electrochemistry, 29 (19968}1-970.

Chen G.,Electrochemical technologies in wastewater treattn&eparation and
Purification Technologies, 38 (2004) 11-41.

Chen W. et al.pecomposition of dinitrotoluene isomers and 2, -#rjriitrotoluene in
spent acid from toluene nitration process by ozimmaand photo-ozonatigdournal
of Hazardous Materials, 147 (2007) 97-104.

Chiang L. et al.Indirect oxidation effect in electrochemical oxikat treatment of
landfill leachate Water Research, 29 (1995) 671-678.

221




References

Choi J.Y. et al. Anodic oxidation of 1,4-dioxane on boron-doped diathelectrodes
for wastewater treatmeniournal of Hazardous Materials 179 (2010) 762768

Comninellis Ch.,Electrocatalysis in the electrochemical conversiomibustion of
organic pollutants for waste water treatmgBtectrochimica Acta, 39 (1994) 1857-
1862.

Comninellis Ch. and Nerini AAnodic oxidation of phenol in the presence of NaCl
for wastewater treatmeniournal of Applied Electrochemistry, 25 (199528

Comninellis Ch. and De Battisti AElectrocatalysis in anodic oxidation of organics
with simultaneous oxygen evolutjodournal de Chimie Physique et de Physico-
Chimie Biologique, 93 (1996) 673-679.

Comninellis Ch.et al.Perspective Advanced oxidation processes for wadatment:
advances and trends for R&DJournal of Chemical Technologies and
Biotechnologies83 (2008) 769-776.

Czarnetzki L. R. and Jansenn L. J.Rbrmation of hypochlorite, chlorate and oxygen
during NaCl electrolysis from alkaline solutionsat RuQ/TiO, anode, Journal of
Applied Electrochemistry, 22 (1992) 315-324.

Deborde M. and Von Gunten WReactions of chlorine with inorganic and organic
compounds during water treatment-Kinetics and meigma: A critical review,
Water Research, 42 (2008) 13-51.

De Laat J.et al.Etude de I'oxydation de chloroethanes en milieueagudilue par
H,0,/UV, Water Research, 28 (1994) 2507-2519.

Dukkanci M. and Gunduz GQCatalytic wet air oxidation of butyric acid and rea
acid solutions over noble metal catalysts prepared TiO,, Catalysis
Communications, 10 (2009) 913-919.

Gimeno O. et al.Phenol and substituted phenols AOPs remediatitournal of
Hazardous Materials, B119 (2005) 99-108.

Gulyas H.,Processes for the removal of recalcitrant organfosm wastewaters
Water Science and Technology, 36 (1997) 9-16.

Feng Y.J. and Li X.Y.Electro-catalytic oxidation of phenol on severaltat®xide
electrodes in aqueous solutioWater Reasearch, 37 (2003) 2399-2407.

222




References

Ferro S. et al.Chlorine evolution at Highly Boron-Doped Diamonde&irodes,
Journal of the Electrochemical Society, 147 (2@&)4-2619.

Ferro S. et al.Electroxidation of oxalic acid at different electi® materials Journal
of Applied Electrochemistry, 40 (2010) 1779-1787.

Fiori G. et al., Electroreduction of volatile organic halides on iaeted silver
cathodesJournal of the Applied Electrochemistry 35 (20863-368.

Flox C.et al. Degradation of 4,6-dinitro-o-cresol from water bgaic oxidation with
a boron-doped diamond electrqd&lectrochimica Acta, 50 (2005) 3685-3692.

Flox C. et al..Solar photoelectro-Fenton degradation of cresolegis flow reactor
with a boron-doped diamond anqd&pplied Catalysis B: Environmental, 75 (2007)
17-28.

Fockedey E. et al.Coupling of anodic and cathodic reactions for phleakectro-
oxidation using three-dimensional electrod&¥ater Research, 36 (2002) 4169-
4175.

Gandini D. et al.Oxidation of carboxylic acids at boron-doped diamaglectrodes
for wastewater treatmentlournal of Applied Electrochemistry, 30 (2000)4%3
1350.

Guinea E. et alSolar photoassisted anodic oxidation of carboxgliads in presence
of F€* using a boron-doped diamond electrodépplied Catalysis B:
Environmental, 89 (2009) 459-468.

Iniesta J. et al.Electrochemical oxidation of phenol at boron-dopd@mond
electrode Electrochimica Acta 46 (2001) 3573-3578.

Israelides C. et al.Qlive oil wastewater treatment with the use of decteolysis
systemBioresource Technology, 61 (1997) 163-170.

Johnson J.W. and Gilmartin L.DThe anodic oxidation of maleic acid on platinized-
platinum, Electroanalytical Chemistry and InterfacElectrochemistry Journal of
Electroanalytical Chemistry, 15 (1967) 231-237.

Johnson S.K. et al.Electrochemical incineration of 4-chloro phenol aritle
identification of products and intermediates by mapectrometry Enviromental
Science and Technology, 33 (1999) 2638-2644.

223




References

Jiuttner K. et al.,Electrochemical approaches to environmental prolsleim the
process industryElectrochimica Acta, 45 (2000) 2575-2594.

Kanakam R. et al.Electroreduction of maleic and fumaric acids at atating
cathode Electrochimica Acta, 12 (1967) 329-332.

Kapalka A.et al.Kinetic modelling of the electrochemical minerafiaa of organic
pollutants for wastewater treatmediournal of Applied Electrochemistry, 38 (2008)
7-16.

Kapalka A. et al., The importance of electrode material in environraént
electrochemistry. Formation and reactivity of figgdroxyl radicals on boron-doped
diamond electrode£lectrochimica Acta, 54 (2009) 2018-2023.

Kudryashov I.V. and Kochetkov V.LKinetics of the reduction of maleic acid on
nickel catalyst D.I. Mendeleev Moscow Institute of Chemical Teclugy, 11
(1970) 692-695.

Kulas J. et al.Photocatalytic degradation rate of oxalic acid dretsemiconductive
layer of n-TiQ particles in the batch mode plate reactor PartMass transfer
limits, Journal of Applied Electrochemistry 28 (1998) 8BE3.

Lee D.-K. and Kim D-S,Catalytic wet air oxidation of carboxylic acids at
atmospheric pressuy€atalysis Today, 63 (2000) 249-255.

Li X. et al,, Reaction pathways and mechanisms of the eldwroical degradation of
phenol on different electrodg#&/ater Research, 39 (2005) 1972-1981.

Mahamuni N.N. and Y.G. AdewuyAdvanced oxidation processes (AOPs) involving
ultrasound for waste water treatment: A review wéthphasis on cost estimatjon
Ultrasonics Sonochemistry, 17 (2010) 990-1003.

Martinez-Huitle C.A. et al.Electrochemical incineration of oxalic acid. Rolé o
electrode materialElectrochimical Acta, 49 (2004a) 4027-4034.

Martnez-Huitle C.A. et al.Electrochemical incineration of chloranilic acid ing
Ti/lrO,, Pb/PbQ and Si/BDD electrodeglectrochimica Acta, 50 (2004b) 949-956.

Martinez-Huitle C.A. et al.Electrochemical incineration of oxalic acid: Reauty
and engineering parameterslournal of Applied Electrochemistry, 35 (2005a)
1087-1093.

224




References

Martinez-Huitle C. A. et al.Electrochemical Incineration in the Presence of iHes,
Electrochemical and Solid State Letters, 11 (20@x&f-D39.

Martinez-Huitle C. A. and S. Ferr&lectrochemical oxidation of organic pollutants
for the wastewater treatment: direct and indirecbgessesChem. Soc. Rev., 35
(2006) 1324-1340.

Michaud P-A. et al.Electrochemical oxidation of water on synthetic droidoped
diamond thin film anodegdournal of Applied Electrochemistry, 33 (200311554.

Montanaro D.et alanodic, cathodic and combined treatments for tieetebchemical
oxidation of an effluent from the flame retardandustry Journal of Applied
Electrochemistry, 38 (2008) 947-954.

Morimtsu M. et al.,Eletrochimica Acta, 46 (2000)140

Murugananthan M. et alElectrochemical degradation of g+#stradiol (E2) at
boron-doped diamond (Si/BDD) thin film electrod#ectrochimica Acta, 52 (2007)
3242-3249.

Oturan M.A. et al.,.Sonoelectro-Fenton process: A novel hybrid techmifpr the
destruction of organic pollutants in watetournal of Electroanalytical Chemistry,
624 (2008) 329-332.

Palma-Goyas R.E. et alElectrochemical degradation of crystal violet wiBDD
electrodes: Effect of electrochemical parameterd atentification of organic by-
products Chemosphere 81 (2010) 26-32.

Panizza M. et al Anodic oxidation of 2-naphthol at boron-doped diath@lectrodes
Journal of Electroanalytical Chemistry, 507 (2020%-214.

Panizza M. and Cerisola GElectrochemical oxidation of 2-naphthol with inusit
electrogenerated active chlorinEletrochimica Acta, 48 (2003) 1515-1519.

Panizza M. and Cerisola GApplication of diamond electrodes to electrochetnica
processesElectrochimica Acta, 51 (2005) 191-199.

Pimblott S. M. et al.Radiolysis of aqueous solutions of 1,1- and 1-dicidthane
Journal of Physical Chemistry A, 109 (2005) 1029841.

Pleskov Y. V., Electrochemistry of Diamond: A RevieMrRussian Journal of
Electrochemistry, 38 (2002) 1275-1291.

225




References

Polcaro A. M. et al.Kinetic Study on the Removal of Organic Pollutabys an
Electrochemical Oxidation Procesiidustrial & Engineering Chemistry Research,
41 (2002) 2874-2881.

Polcaro A. M. et. al.Electrochemical treatment of wastewater containptgnolic
compounds: Oxidation at boron-doped diamond ele@soJournal of Applied
Electrochemistry, 33 (2003) 885-893.

Polcaro A.M. et al.,Oxidation at boron doped diamond electrodes: arectiffe
method to mineralize triazingElectrochimica Acta, 50 (2005) 1841-1847.

Polcaro, A. M. et al.Product and by-product formation in electrolysis difute
chloride solutionsJournal of Applied Electrochemistry, 38 (2008) 9&34.

Poyatos J. M. et alAdvanced Oxidation Processes for Wastewater Trad#tnState
of the Art Water Air Soil Polluting, 205 (2010) 187-204.

Rajkumar D. et al.Indirect electrochemical oxidation of phenol in theesence of
chloride for wastewater treatmenthemical Engineering and Technology, 28
(2005) 98-105.

Rodrigo M.A. et al. Oxidation of 4-Chlorophenol at boron-doped diamatelctrode
for wastewater treatmendournal of The Electrochemical Society, 148 (J0D&0-
D64.

Rodriguez S.M. et al.Jreatment of chlorinated solvents by Tighotocatalysis and
photo-Fenton: influence of operating conditionsaisolar pilot plant Cremosphere,
58 (2005) 391-398.

Ross F.and Ross A. B., Belected specific rates of reactions of transiémis water
in aqueous solutionsNational bureau of standards Department of coroejer
Washington, DC 20234 (1977).

Scialdone O. et alElectrochemical incineration of 1,2-dichloroetharteffect of the
electrode materialElectrochemical Acta, 53 (2008) 7220-7225.

Scialdone O.Electrochemical oxidation of organic pollutantsvirater at metal oxide
electrodes: A simple theoretical model includingedi and indirect oxidation
processes at the anodic surfaB#ectrochimica Acta, 26 (2009) 6140-6147.

Scialdone O. etla Electrochemical abatement of chloroethanes in watedluction,
oxidation and combined process&fectrochimica Acta, 55 (2010) 791-708.

226




References

Simond O. et al.Theoretical model for the anodic oxidation of organon metal
oxide electrodesElectrochimica Acta, 42 (1997) 2009-2012.

Sirés |. et al.,Electrochemical degradation of b-blockers. Studies single and
multicomponent synthetic aqueous solutjdater Research, 44 (2010) 3109-3120.

Skoumal M. et al.Mineralization of paracetamol by ozonation catalyzeith F&€,
Cuw?*and UVA light Applied Catalysis B: Environmental, 66 (2006) 2280.

Skoumal M.et al.Electro-Fenton, UVA photoelectro-Fenton and solhofoelectro-
Fenton degradation of the drug ibuprofen in acicuagqus medium using platinum
and boron-doped diamond anod&lectrochimica Acta, 54 (2009) 2077-2085.

Szpyrkowicz L. et al.,Application of electrochemical processes for tagner
wastewater treatmenfToxicology and Environmental Chemistry, 44 (19949-
202.

Szpyrkowicz L. et al.Electrocatalysis of chlorine evolution on differenaterials and
its influence on the performance of an electrocloamireactor for in direct
oxidation of pollutantsCatalysis Today, 100 (2005) 425-429.

Trasatti, SProgress in the understanding of the mechanismhlufrine evolution at
oxide electrode<lectrochimica Acta, 32 (1987) 369-382.

Vilve M. et al.,Degradation of 1,2-dichloroethane from wash watEiom-exchange
resin using Fenton’s oxidatigrEnviromental Science and Polluting Research, 17
(2010) 875-884.

WastewaterJLLMANN’Sencyclopedia of industrial chemistry

Weiss E. et al.A kinetic study of the electrochemical oxidationnwdleic acid on
boron doped diamondournal of Applied Electrochemistry, 37 (2007}41

Wiley, Synthetic Diamond Films Preparation, Electrochergis€haracterization and
Applications Chapter 11, in press.

Zhi J-F et al.,Electrochemical incineration of organic pollutantsn boron-doped
diamond electrode. Evidence for direct electroctoainoxidation pathwayJournal
of Physical Chemistry B, 107 (2003) 13389-13395.

227




Pubblications and Communications

PUBBLICATIONS

* “Electrochemical incineration of oxalic acid at bordoped diamond

electrodes by potentiostatic and amperostatic mses: role of operative

parameters”, O. Scialdone, A. Galia, C. GuariscereBa RandazzdG.
Filardo, Electrochimica Acta 53 (2008) 2095-2108.

e “Electrochemical oxidation of organics at metal dielectrodes: The
incineration of oxalic acid at IrO2-Ta205 (DSA-C#jode”, O. Scialdone,
Serena RandazzdA. Galia, G. Filardo, Electrochimica Acta 54 (200
1210-1217.

e “Electrochemical oxidation of organics in water:leroof operative
parameters in the absence and in the presence ©f ,Na. Scialdone,
Serena Randazzd\. Galia, G. Silvestri, Water Research 43 (20P2§0-
2272.

+ “Electrochemical abatement of chloroethanes in wagsluction, oxidation

and combined processes”, O. Scialdone, A. Gakaer®a Randazzd. .
Gurreri, G. Silvestri, Electrochimica Acta 55 (20 1@1-708.

COMMUNICATIONS

» “Electrochemical oxidation of carboxylic acids airbn doped diamonds”,

O. Scialdone,_Serena Randazz&, Galia, C. Guarisco, G. Filardo,

comunicazione orale al GEI-ERA, 5 -10 Settembre02@bdena, Italy.

*  “Electrochemical incineration of organic pollutangsfect of the nature of
the pollutants and of the operative conditions”reba RandazzoG.
Filardo, A. Galia, G. Silvestri, O. Scialdone — VRhD-Chem Day,
CongressoCIRCC,
http://www.circc.uniba.it/conferenze/VIl_PhD_Chemfbadex.htm,

19 Febbraio 2010, Napoli, Italy.
» " Electrochemical incineration of organic pollutaneffect of the nature of

the pollutants and of the temperature”,— comunaaei orale al ‘2nd

228




Pubblications and Communications

European conference on environmental applicatidresleanced oxidation
processesHAAOP?2)9-11 Settembre 2009, Nicosia, Cyprus.

« “Effect of the temperature on the electrocheminalreration of carboxylic
acids”, Serena RandazzG. Filardo, A. Galia, G. Silvestri, O. Scialdone
poster presentato all'ISE, 16-21 Ago2@09Beijing, China.

» “Electrochemical incineration of oxalic acid in th@esence of NaCl”,
Serena Randazz&. Filardo, A. Galia, O. Scialdone - comunicazarale
al Convegno GRICU, 14-17 Settembre 2008, Le Cast&IR), Italy.

» “Electrochemical incineration of oxalic acid in pemce of NaCl”, O.

Scaildone, Serena Randazzo Galia, G. Filardo, G. Silvestri - Society of

Electrochemistry, 7-12 Settembre 2088siglia, Spain.

» “Influence of operative parameters on the electentical incineration of
oxalic acid”, O. Scialdone, Serena Randazfo Galia, C. Guarisco, G.
Filardo, G. Silvestri,— ISE, 16-19 Marzo 2008, Fazlguacu, Brazil.

» “Electrochemical incineration of oxalic acid at bardoped diamonds”, O.

Scialdone, A. Galia, G. Filardo, C. Guarisco, SareRandazzo G.
Silvestri, poster presentato al GEI-ERA, 15-20 a@007, Cagliari, Italy.

» “Electrochemical incineration of oxalic acid at bordoped diamond
electrodes: influence of operative parameters"S€@aldone, G. Filardo, A.

Galia, C. Guarisco, Serena Randazfa Silvestri - XXII Congresso

Nazionale delléSocieta Chimica Italianal0-15 Settembr2006, Firenze,
Italy.

229




Acknowledgements

ACKNOWLEDGEMENTS

Dott. Ing Scialdone Onofrio

Dott. Ing. Galia Alessandro

Prof. Filardo, Ing. Guarisco Chiara and the otluérsur laboratory
Prof. Brillas and his research group

Dr. Nacho Sirés

230




