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Abstract

In the last decades researchers have been studying the importance of antioxidants and in order to do
that they have developed methods to evaluate antioxidants capacity / activity as they are of major
importance for health and food industry

The application of electrochemical techniques for the characterization of antioxidants can bring
numerous advantages related to the use of less reagents and the miniaturization of the analytical
systems.

The present methods for the evaluation of antioxidants capacity / activity are classified according to the
type of reaction of the assay, as electron transfer reactions (ET) or hydrogen atom transfer reactions
(HAT). In both types of assays, antioxidants are tested in reactions with reactants or radicals that are
added or generated in-situ using specific reagents.

The characterisation of antioxidants by voltammetric techniques has attracted a growing number of
researchers that have demonstrated that electrochemical data provides similar information to the
classical ET methods concerning the antioxidants reducing power. The possibility of developing further
approaches for the characterization of antioxidants based on electrochemical methods has driven to
the present work.

In what concerns the characterization of antioxidants by ET-based assays two methodologies are
proposed based on direct electron transfer reactions with an anode. The first, denominated by RACE
(Reducing Antioxidant Capacity Evaluated by Electrolysis), is based on a coulometric assay. The second
consists in the chronoamperometric analysis of antioxidants using microchannel band electrodes
devices operating under thin-layer regime. Both methods have the advantage of allowing to characterize
antioxidants capacity by the amount of charge that species are able to transfer without the need of
calibration steps. The second methodology has further advantages related to the use of small sample
volumes and to the short time of analysis.

Regarding the characterization of antioxidants by HAT-based assays, it is proposed and demonstrated
the suitability of electrogenerated HO radical for this aim. Although the electrogenerated HO radicals by
the oxidation of water are well known in the scope of wastewater treatment using anodes as BDD
(boron doped diamond), their use in antioxidant assays was not reported. With this purpose it is
demonstrated that using a Pt anode it is possible to carry out hydroxylation reactions in galvanostatic
electrolysis, as with BDD anodes, although the reactions rates are lower and sensitive to the reactivity

of the organics. The possibility of carrying out reactions between electrogenerated HO radicals and



electroactive compounds was analysed and the proportion between the rates of the direct oxidation and
the mediated by HO radicals was shown to be controlled by means of the electrolyses charge density.
The apparent rate constant of consumption of organics by the HO radicals was shown to be related to
the species reactivity despite their electroactive nature.

A kinetic model that allows the evaluation of the rate constants of reactions between organics and
electrogenerated HO radicals is proposed and tested in different circumstances, namely for single
species and for mixtures of two organic compounds. The possibility of applying the developed

methodology in natural samples was also demonstrated using a commercial green tea-based beverage.
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Resumo

A importancia dos antioxidantes tem vindo a ser estudada nas ultimas décadas com a finalidade de
desenvolver métodos que avaliem a capacidade / atividade dos antioxidantes devido ao papel fulcral
gue desempenham na saude e na industria alimentar.

A aplicacao de técnicas electroquimicas para a caracterizacao de antioxidantes pode trazer inumeras
vantagens em relacédo a menor necessidade de utilizar reagentes e a possibilidade de miniaturizacéo
dos sistemas analiticos.

Os atuais métodos para a avaliacdo da capacidade / atividade de antioxidantes sdo classificados de
acordo com o tipo de reacdo de ensaio , tal como as reacdes de transferéncia de electrdes (ET) ou
reacoes de transferéncia de um atomo de hidrogénio (HAT). Em ambos os tipos de ensaios , os
antioxidantes sao testados em reacées com reagentes ou radicais que sao adicionados ou gerados in
situ, utilizando par isso reagentes especificos.

A caracterizacdo de antioxidantes por técnicas voltamétricas tem atraido um numero crescente de
investigadores que demonstraram que os dados electroquimicos fornecem informacdes semelhantes
aos meétodos ET classicos no que diz respeito a capacidade redutora dos antioxidantes. O presente
trabalho surge com a finalidade de criar uma nova abordagem baseada em métodos eletroquimicos
para avaliarem e caraterizarem a atividade / capacidade antioxidante.

Relativamente a caraterizacdo de antioxidantes baseada em ensaios ET sado propostas duas
metodologias que se baseiam na transferéncia electronica com o anodo. A primeira, denominada por
RACE (Reducing Antioxidant Capacity Evaluated by Electrolysis), & baseada num ensaio coulométrico. A
segunda consiste na analise cronoamperométrica de antioxidantes usando um dispositivo de
microcanais de bandas de elétrodos que operam sob um regime de camada fina. Ambos os métodos
tém a vantagem de permitir caracterizar a capacidade antioxidantes pela quantidade de carga que a
espécie é capaz de transferir, sem a necessidade de recorrer a curvas de calibracdo. O segundo
método proporciona ainda vantagens relacionadas com a utilizacao de volumes pequenos de amostra
e ao tempo curto de analise.

Relativamente a caracterizacao de antioxidantes baseada em ensaios HAT, propde-se o uso de radicais
hidroxilo gerados electroquimicamente e demonstra-se a sua aplicabilidade. Apesar de os radicais
hidroxilo eletrogerados, como produto da oxidacdo da agua, serem utilizados no ambito do tratamento
de aguas residuais usando anodos como o BDD (boron doped diamond), a utilizacdo destes radicais

HO eletrogerados em ensaios de avaliacdo da atividade antioxidante nao foi reportada. Com este

Vil



objectivo é demonstrado que utilizando um anodo de Pt é possivel realizar reacoes de hidroxilacao em
electrélises galvanostaticas, como acontece com os anodos de BDD, embora as velocidades de
consumo serem mais baixas e sensiveis a reatividade dos compostos organicos. A possibilidade de
levar a cabo reacdes entre os radicais HO eletrogerados e compostos eletroativos foi analisada e a
proporcao entre as velocidades de oxidacdo direta e a mediada por radicais HO foi controlada pela
densidade de carga da electrélise. A constante de velocidade aparente relativa ao consumo dos
compostos organicos por reacdo com os radicais HO relaciona-se com a reatividade das espécies
independentemente da sua natureza eletroativa .

Foi proposto e testado um modelo cinético, que permite avaliar as constantes de velocidade das
reacdes entre os compostos organicos e os radicais HO eletrogerados. Este modelo foi testado em
compostos organicos e em misturas de dois compostos organicos. A possibilidade de aplicar a
metodologia desenvolvida em amostras naturais também foi demonstrada utilizando uma bebida

comercial a base de cha verde.
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Preface

The work presented in this thesis is organized as follows: State of the Art, Results and Discussion and
Conclusion.

The State of the Artis presented in the form of a review article entitled Characterization of antioxidants:
electrochemical strategies and applications and provides the reader an overview of the most recent
work performed in the scope of the electrochemical methods for antioxidants characterization. This

paper has been submitted for publication.

In Results and Discussion is presented the outcome of the research conducted in the framework of this
PhD thesis. This section comprises six papers, four of which were published in journals in the field of

electrochemistry and analytical chemistry. The two other articles were submitted for publication.

Results comprising the direct evaluation of antioxidants by coulometry and chronoamperometry
resulted in the development of two analytical methods for the assessment of antioxidants capacity and
were published in the two first presented papers:

- Reducing Antioxidant Capacity Evaluated by Means of Controlled Potential Electrolysis

- Direct Electroanalytical Method for Alternative Assessment of Global Antioxidant Capacity Using

Microchannel Electrodes.

Studies performed on the electrochemical generation and reactions of HO radicals were published in
the following three papers:

- Aromatic hydroxylation reactions by electrogenerated HO radicals: A kinetic study,

- Reactivity of hydroxy-containing aromatic compounds towards electrogenerated hydroxyl radicals

- Electrogenerated HO radical reactions: the role of competing reactions on the degradation kinetics of

hydroxy-containing aromatic compounds.

Results concerning the application of electrogenerated HO radicals in the evaluation of the scavenging

activity of antioxidants are presented in the last paper:

- Radical scavenging activity of antioxidants evaluated by means of electrogenerated HO radical.



Besides the referred papers, the work carried out for this PhD thesis was presented in scientific
meetings as: one invited keynote, three oral communications and seventeen poster communications.

Furthermore one patent was published (PT 105103) and another is in process of analysis.
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1. Introduction

Compounds that have the ability to prevent or delay the oxidation of other substances are denominated
antioxidants (AOs). Besides antioxidant enzymes, low molecular weight molecules, such as vitamin C
and vitamin E (endogenous AOs), natural substances such as tocopherols, phenolic compounds,
carotenoids (exogenous AOs) and synthetic molecules like propyl gallate (PG), tertiary
butylhydroquinone (TBHQ), butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) are

also effective on preventing oxidation [1].

Although antioxidants are not a recent topic, it attracts a growing number of researchers as it is
demonstrated by the increasing number of publications through the last decade. Under this topic there
are listed: 326,361 publications in the last 10 years (32,636 publications per year); 213,865
publications in the last 5 years (42,773 publications per year) and 74,674 publications in the last year
(results from ISI web of knowledge until 2013/10/07).

The search for AOs with high activity has attracted chemists of different areas, namely food chemists,
natural products chemists and synthetic chemists. The identification of antioxidant rich-foods (goji,
berries, propolys, among others) and the synthesis of new compounds with antioxidant activity
(chalcones, flavones, among others) are important outcomes that chemists have brought to this
multidisciplinary area. The characterization of the antioxidant activity of compounds and antioxidant
capacity of samples demand the use of methods that are both reliable and fast. Also in this scope,
chemists gave important contributions. An example is the well-known ORAC assay (oxygen radical
absorbance capacity) that is currently one of the most used methods, developed by Cutler and Cao in

1993 [2].

This review focuses on the relevancy of electrochemistry for the development of new tools for
antioxidants characterization and provides the reader with an overview on the recent work (mostly after
2010) carried out in this scope. Rather than attempting a comprehensive review, we pretend to show
the diversity and relevancy of the electrochemical solutions for antioxidants characterization, allowing to

detect and characterize individual antioxidants or rather quantify capacity indexes.



2. Indirect characterization of antioxidants

The indirect characterization of antioxidants is the base of a broad range of analytical methods that
evaluate antioxidants and global antioxidant capacities by means of reagents or biomolecules. Most of
these methods involve the evaluation of: i) the extent of the reduction reaction involving a synthetic
oxidant (SOX) and the antioxidant; or ii) the damage degree of a molecular probe (biological or
synthetic) in the sequence of a step where it is exposed to a reactive oxygen species (ROS) in the
presence of the antioxidants, or iii) the products or mediators of enzymatic reactions involving the
antioxidants or reactive species. While chemical assays are mostly centred on the two first strategies,

biosensors generally employ the two last approaches.

2.1 Antioxidant capacity assays using electrochemical techniques

The conventional antioxidant capacity assays use spectrophotometric measurements [3,4] to monitor
the total antioxidant capacity, despite the electrochemical techniques are becoming more used [5-8].
Electrochemical techniques can introduce important advantages in this scope regarding the possibility
of performing experiments in coloured or turbid media and the simplicity of the instrumentation that

enable to construct sensors and miniaturized devices of simple operation and of low cost.

The well known assays Ceric Reducing Antioxidant Capacity (CERAC) [9], Trolox Equivalent Antioxidant
Capacity (TEAC) [10] and DPPH (2,2-diphenyl-1-picrylhydrazyl) [11] use the SOX Ce(lV), ABTS radical
and DPPH radical, respectively. They were conveniently used in the original assays as they can be
optically detected. The modification of these original methods by replacing the optical detection of the
SOX (either in the oxidized or in the reduced forms) by the electrochemical detection was accomplished
by several authors [12-15]. The determination of synthetic antioxidants and polyphenols was reported
using chronoamperometric detection of Ce(lll) [14]. Similarly the quantification of antioxidants was
carried out in beverages following the biamperometric detection of DPPH/DPPH radical [12] and the
amperometric detection of DPPH [13,15].

The electrogeneration of the radical cation ABTS is described in different works [16-18] and provides
significant improvement to the original TEAC assay [10]. By mean of coulometric titrations with optical
end-point detection were analysed wine [16,17], brandy and vinegar [17] samples. The total
antioxidant capacity of tea and coffee samples was characterized by a flow injection assay coupled with

spectrophotometric detection [18].



The electrogeneration of halogens as oxidants for the determination of antioxidant capacity is proposed
and applied by several authors [19-27]. The coulometric titration of antioxidants is reported using
biamperometric end-point detection [19-22,24-27]. Samples of teas [25], wines [20,22], extracts of
juices and vegetable [21], pharmaceutical formulations [26,27] and human blood [24] were analysed
using bromine. Similarly, electrogenerated chlorine was described for the evaluation of the total

phenolic content in wines by means of a potentiometric titration [23].

Electrogenerated hexacyanoferrate(lll) was also used as a SOX for the coulometric titration of

hydroxycinnamic acids in coffee bean with biamperometric detection [28].

2.2 Electrochemical sensors and biosensors

Electrochemical biosensors are devices that use a biological recognition element connected with an
electrochemical transducer. The antioxidants determination with this type of sensors is always indirect
in the electrochemical point of view as antioxidants are not directly involved in the electron transfer
process. In opposition, the response of an electrochemical sensor can be due to the direct or to the
indirect participation of the antioxidant on the electrode reaction. In this section only sensors which
functioning does not involve the direct electron transfer to antioxidants are reported. The
electrochemical sensors that detect antioxidants by means of their heterogeneous electron transfer

processed are addressed in section 3.1.

Biosensors devised for antioxidants evaluation can be classified in two main groups. The first group
relies on the direct interaction between the biological element (enzyme) and the AO, while the second
group involves the quantification of the concentration of reactive oxygen species (ROS), as H,0, or 0,"",
(using cytochrome C, superoxide dismutase and peroxidase) or the extent of the damages induced by
ROS on biological probes, such as DNA, purine bases and bovine serum albumin (BSA) in the presence

of antioxidants.

2.2.1 Enzymatic biosensors

From the selective interaction between the AOs and an enzyme is generated a primary signal that is
electrochemically detected at the electrode where the enzyme is immobilized. Antioxidant detection
using enzymatic biosensors mostly relies on the measurement of the catalytic current of the
enzymatically-oxidized antioxidant. Tyrosinase and laccase are used to detect phenolic antioxidants.

The oxidation products are electrochemical detected at low potentials minimizing electrochemical



interferences. The design of this type of sensors, as well as their functioning and performance, is varied
according to the enzyme type, the immobilization techniques and the catalytic properties of the

electrode.

Since the pioneering work of Wang and co-workers in 1989 [29], more than 400 original papers have
been published in this scope. The success of these sensors have been demonstrated by the diversity of
the matrixes analysed. Since 2010, there are 123 original papers published under this topic.
Concerning the applications in natural matrices, the detection of phenols is described in plants [30,31],
alcoholic beverage [32-37], in fruit juices [38], teas [35,36,39,40], pharmaceutical formulations
[35,36,41,42] and in propolis extracts [43,44].

Besides the nature and activity of the enzyme, the sensor performance depends strongly on the
catalytic properties of the transducer. Several electrode materials and modifications were used to
improve the antioxidant sensors performance. The addition of carbon nanotubes and cobalt

phthalocyanine to carbon paste electrodes is reported for the analysis of pharmaceutical samples [42].

Several works report the use of graphite screen-printed electrodes (SPE) with charge transfer
mediators, such as ferrocene [33], rutenium [45], as well as the modification of SPEs surface using:
conducting polymers, such as polyvinyl alcohol photopolymer [39]; nanoparticles, such as platinum
nanoparticles [40], tin oxide nanoparticles [43], reduced graphene oxide [40], carbon nanotubes [32]

[46]; and bismuth film [47,48].

The use of gold electrodes modified nanoparticles of silver [35], nickel [38] or copper [36] is also

reported for enzymatic biosensors of polyphenols.

Due to the free-radical-scavenging properties of uric acid it is considered to have a potential therapeutic
role as an antioxidant. Besides, uric acid is used as a marker of oxidative stress [49]. The
determination of uric acid by enzymatic biosensors was recently reviewed [50]. Since the first
electrochemical biosensor for uric acid proposed by Blanco [51] in 1996, more than 45 original papers

have been published, where 28 of these papers date from 2010.

Electrochemical biosensors of uric acid use urate oxidase, also denominated by uricase. For most
oxidases the detection strategy is based on the quantification of the concentration decrease of O, or on
the concentration increase of H,0, associated with the enzyme mediated oxidation of uric acid. These

sensors functioning have been validated in biological fluids such as serum [52-56], blood [57] and



urine [56,58]. Different sensor designs were suggested for this sensor by improving the immobilization
techniques [54,58-60], the catalytic properties of the electrode [53,55,61] or the nature of the charge

transfer mediators [54].

Nanoceria (CeO, nanoparticles) is known to be a powerful antioxidant [62]. The assessment of the
radical scavenging activity of nanoceria (CeO, nanoparticles) was evaluated by means of a cytochrome
¢ electrochemical biosensor by monitoring the concentration of extracellular O, released by cells in
the hippocampus of brain slices from mice [63]. Also following a similar approach, the antioxidant
capacity of commercial blueberry based capsules was characterized using an amperometric biosensor
based on superoxide dismutase [64]. Likewise the H,0, detection by an amperometric biosensor based
on peroxidases from Brassica napus hairy roots was used to determine the antioxidant content of wine

and tea samples [65].

2.2.2 DNA and BSA biosensors

Electrochemical DNA biosensors using double strand-DNA (ds-DNA), single strand-DNA (ss-DNA) or the
purine bases adenine and guanine are reported for the evaluation of antioxidants capacity. These
sensors operation is based on the monitoring of the electrochemical response of adenine and guanine

that varies according to the degree of damage of the immobilized biomolecules.

For biosensor using ds-DNA, the purine bases electrochemical response is residual for the undamaged
DNA and tend to increase after exposing the sensor to the presence of ROS [66-69]. In opposition, for
ss-DNA [70,71] and adenine/guanine [7/2-75] biosensors the electrochemical signal is maximum in
the absence of oxidative damage and tend to decrease by exposing the sensor to the action of ROS.
These DNA sensors were used to characterize the antioxidant activity of specific species, such as
ascorbic acid and rutin [69] and to evaluate the total antioxidant capacity of fruit juices [68,75], and

flavoured waters [70,72,73].

Bovine serum albumin (BSA) biosensors were devised for antioxidant capacity. The operating principal
of these sensors are based on the voltammetric response of poly-o-phenylenediamine immobilized on
the sensor [76] or of tris(2,2'-bipyridyl)cobalt(lll)perchlorate in solution [77] that depends on the

extension of the damages induced by HO radicals on BSA.



2.2.3. Chemical sensors

A voltammetric sensor for the evaluation of antioxidant capacity of edible oil samples was proposed
based on the measurement of the catalytic current associated to ABTS oxidation in the presence of

antioxidant species [78].

The scavenging ability of antioxidants was evaluated from their quenching effect in
electrochemiluminescence assays. This approach was described in the characterization of isolated

substances as quercetin [79] and phenolic compounds [80] and of food [81] and beverages [82].

The use gold nanoparticles and nanoshells was also reported for the detection of antioxidants following
a common strategy based on the evidence that antioxidants induce the growth of these nanostructures.
Following the response of K;[Fe(CN),] as a probe, two sensor configurations were proposed, one
employ gold electrodes modified with gold nanoparticles [83] and the other uses ITO (tin-doped indium

oxide) electrodes modified with gold nanoshells [84].

A sensor that aims to characterize the HO radical scavenging properties of antioxidants was devised
using ITO electrodes modified with palladium oxide nanoparticles [85]. The HO scavenging properties
of antioxidants is evaluated from the measurement of the catalytic current of the reduction of palladium
oxide nanoparticles in the presence of: hydrogen peroxide or dissolved oxygen and of the antioxidant
molecules.

The electrogeneration of superoxide radical and its use in voltammetric measurements of O, radical
scavenging activity is the base of operation of the sensors used in the characterization of flavonoids
[86], 3-hydroxycoumarin, carvacrol, vanillin and gallic acid [87], chrisin [88], polyphenols [89], blood

plasma samples [90] and plant extracts [91].

3. Direct characterization of antioxidants

As most of the antioxidants are electroactive, electrochemical techniques can be used to detect these
species in a straightforward way [92-96]. Besides the evaluation of antioxidants concentration, the
assessment of the antioxidants activity of species and of the antioxidant capacity of samples is widely
reported using electrochemical techniques. The electrochemical variables, potential, current and
charge, that are obtained directly from voltammograms, are pertinent for characterizing their electron

transfer reactivity. Besides the relevance of the electrochemical data, the direct characterization of
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antioxidants by electrochemical techniques presents important advantages related to the simplicity, low

cost and short time of analysis.

Although electrochemical techniques were not included by IUPAC in the group of the ET-based
methods for the characterization of antioxidants [4], there is a growing number of users that employ
electrochemical techniques for this purpose. Moreover, results of electrochemical direct assessment of
antioxidant activity / capacity are comparable with results from conventional methods, as showed by

different authors regarding different methodologies and samples [97-108].

3.1 Electrochemical sensors

There are more than one thousand original papers published on the use of electrochemical sensors
(excluding biosensors) for the direct assessment of antioxidants and particularly of polyphenols. The
increase of the average number of papers per year, from 82 in the last ten years to about 144 in the
last three years, demonstrates that the application of voltammetric or chronoamperometric techniques

for antioxidants characterization is quite well established and disseminated.

Voltammetric techniques such as cyclic voltammetry (CV), differential pulse voltammetry (DPV) and
square wave voltammetry (SWV) have been used for antioxidants characterization. The analysis of the
voltammograms usually focuses on peak or wave position (considering either E or E, ,) and on current
(considering either the peak current, |, or a limiting current plateau ,l). Alternatively to current, some
authors use the area under voltammograms integrated between fixed potentials. The potential where
oxidation occurs is taken as a measure of the antioxidants reactivity and is used to establish relative
scales of antioxidant activity [106,109-112], whereas current is used to assess the concentration of

the antioxidant.

In most of the reported works, carbon electrodes are used, due to their electrocatalytic activity for the
oxidation of a variety of organic compounds with antioxidant activity. In addition, carbon electrodes are
accessible in different forms (e.g., glassy carbon, carbon fibers, screen printed, carbon pastes) and
their cost is low. Besides, for increasing the sensitivity and selectivity of the detection, carbon
electrodes can be readily modified by incorporating reagents (including electrocatalysts, surfactants,
polymers and carbon or metallic nanoparticles) in graphite pastes and inks or by the immobilization of

reagents at the electrode surface (as for other electrodes).
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Different types of modifications have been developed for improving the performance of glassy carbon
electrodes for the selective determination of antioxidants. The selective determination of rutin is
described by coating the electrode with graphene nanosheets [113], or with a lead film [114].
Similarly, for the determination of ascorbic acid carbon supported palladium nanoparticles [115] were
used. The determination of catechin was also performed using a GC electrode modified with a film of
poly-aspartic acid [116]. The simultaneous quantification of the synthetic antioxidants tert-
butylhydroquinone (TBHQ) and butyl hydroxyanisole (BHA) in biodiesel was achieved using a GC
electrode modified with gold nanoparticles [117]. Also by modifying the GC electrode surface different
authors report the simultaneous detection of ascorbic acid (AA) and other important analytes. For the
determination of AA with paracetamol in pharmaceutical formulations, multi-wall carbon nanotubes
dispersed in polyhistidine were used [118]. The determination of AA and uric acid was achieved using
GC electrodes modified either with gold nanotube arrays [119] or with poly-xanthurenic acid / multi-
walled carbon nanotube [120]. The determination of AA and dopamine was performed by modifying
the GC electrode with docosyltrimethylammonium chloride [121] or with a poly(caffeic acid) thin film
[122]. For the determination of AA, dopamine and uric acid the GC electrode was modified with
polymeric films of sulfonazo Il [123], poly(4-aminobutyric acid) [124] and poly (3-(3-pyridyl) acrylic
acid) [125]. The determination GC modified with electroactive species doped PEDOT (Poly(3,4-
ethylenedioxythiophene)) films for the simultaneous determination of vitamins B2, B6 and C in orange
juices samples [126]. Using silver nanoparticles-decorated reduced graphene oxide it is reported the

simultaneous determination of ascorbic acid, dopamine, uric acid, and tryptophan [127].

A carbon fibber microelectrode modified with nickel oxide and ruthenium hexacyanoferrate was

successfully applied for the determination of ascorbic acid in human gastric juice [128].

Carbon paste electrodes (CPE) of graphite powder, carbon nanotubes or carbon microspheres are
reported for the detection of a wide variety of antioxidants [111]. The improvement of the performance
of carbon paste electrodes is reported by the incorporation of different reagents. The determination of
catechin in tea samples is reported using beta-cylcodextrin [129] and copper(ll) immobilized in a
polyester resin [130]. The use of a CPE modified with poly(vinylpyrrolidone) was used for the
determination of rutin [131]. The simultaneous determination of ascorbic acid and dopamine was
described using a CPE modified with a thionine-nafion supported on multi-walled carbon nanotube

[132].

12



Carbon screen-printed electrodes (SPE) were used to determine rutin in pharmaceutical formulation
[94]. By modifying SPEs with an c-aminophenol film the selective determination of ascorbic acid in
juices and vegetables [133] was accomplished. Gold electrodes modified with PEDOT were used for the

simultaneously determination of ascorbic acid and uric acid in human blood serum [134].

Besides the selective evaluation of antioxidants, electrochemical sensors are successfully used for the
characterization of the antioxidant capacity or for the evaluation of the total poliphenol content of
samples. Typically the current or area under voltammograms is quantified and is used to define
capacity parameters [135-138], or alternatively, these data are interpolated in calibration curves of a
reference antioxidant (typically gallic acid or trolox) and expressed as equivalent concentration units
[101,103,107].

Flow injection assay with amperometric detection was used for the evaluation of the total polyphenol

content of wine samples [138].

Cyclic voltammetry or linear sweep voltammetry assays have been used for evaluation of the overall
antioxidant capacity of different samples, such as cane and palm sugars [139], seaweeds extracts
[140], tea infusions [99,108,130,141-143], grape juices [144], wines [107,145-148],
pharmaceutical formulations [149], blood and saliva [136]. Besides cyclic voltammetry, differential
pulse voltammetry and square wave voltammetry were also employed to increase the sensitivity of the
detection. The use of DPV for the evaluation of antioxidant capacity is reported in wines
[101,103,107,150], fruit extracts [101,151], grape skin extracts [101,151], tea [151], wild medicinal
plants [152] and cotton cultivars [153]. The assessment antioxidant capacity by SWV is described in
the characterization of wines [154], teas [155], fruit extracts [156,157], fruit juices [105,156] and
blood plasma [158].

Despite antioxidants characterization is mostly performed in aqueous solutions, the use of organic
solvents is sometimes needed due to solubility constraints. The determination of lipophilic antioxidants
in methanol/hexane [159], flavonoids in acetonitrile [160] and propolis extracts in ethanol [100] have

been reported.

Following an alternative concept, it is proposed an innovative sensor-type microfluidic device [137] that
provides an absolute measure of the total antioxidant capacity of samples. The chronoamperometric
response of samples in a thin-layer regime is independent of the diffusion coefficient of the individual

antioxidants. Under this regime current is a direct measure of the total antioxidant capacity, defined as
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Qu,=2nc, where n, is the number of electrons and c, concentration of individual antioxidants in

mixtures.

3.2 Antioxidant capacity assays

Only one method is reported regarding the assessment of antioxidant capacity by means of
potentiostatic electrolysis assays: RACE (Reducing Antioxidant Capacity Evaluated by Electrolysis)
[102]. In these assays the action of a reactive oxygen species (ROS) are simulated by means of the
electrolyses potential that is settled at the formal potential of a specific ROS. The antioxidant activities

are estimated from the charge that antioxidants can provide to reduce the simulated ROS.
3.3 HPLC and CE coupled with electrochemical detection

The determination of antioxidants using high-performance liquid chromatography with electrochemical

detection has been reported for the analysis of olive oils [161], teas [162] and foodstuff [163,164].

Quantification of antioxidants in food by capillary electrophoresis and microchip electrophoresis with
electrochemical detection is reported by different authors. Characterization of antioxidants is described
in samples of rosemary [165], grapefruit peel and juice [166], pharmaceutical preparations [167],

orange and tomatoes [168] and plant extracts [169].

4. Electrogeneration of oxygen radicals relevant for HAT based assays

The concept of antioxidant activity deals with the ability of these species to react with radicals,
evaluated from a kinetic point of view [4]. A wide group of methods have been designed to characterize
the kinetics of antioxidants reactions. These methods are commonly denominated HAT assays. In HAT
assays, antioxidants are characterized following the consumption of a molecular probe exposed to

oxygen radicals in the presence of the antioxidants.

The in situ generation of peroxyl radicals is carried out in assays such as Oxygen Radical Absorbance
Capacity (ORAC) and Total Radical Trapping Antioxidant Parameter (TRAP). This radical is generated by
the thermal decomposition of peroxyl radicals generated through the thermal decomposition of
azoinitiators, mostly 2,2’ -diazobis(2-amidinopropane) hydrochloride (ABAP) and 2,2 -diazobis(2-

amidinopropane) dihydrochloride (AAPH) [170]. Other meaningful radicals that are used in antioxidant
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assays are the superoxide radical, usually generated by xanthine/xanthine oxidase system [171] and

hydroxyl radical, generally produced by Fenton reaction [172].

The production of oxygen radicals by electrochemical means can bring several advantages, such as the
minimization of the used reactants and the increased control of the generation process. Despite the
electrochemical processes of generation for superoxide and hydroxyl radicals were created in a
different context, their optimization and use for in the assessment of antioxidants is reported by several

authors.

The electrochemical generation of superoxide radical is carried out by means of the reduction of oxygen
[173] or by the oxidation of hydrogen peroxide [174,175]. These processes were integrated in the

design of some electrochemical sensors for the characterization of antioxidants activity [86-91].

Regarding the generation of HO radicals several electrochemical based methods are available, namely
electro-Fenton, the electroreduction of H,0, and the electrooxidation of H,0.

The electro-Fenton is a common designation for different methods that allow to generate HO radicals
by electrochemically assisted processes, involving one or more of the following reactions:
electrogeneration of H,0, by oxygen reduction [176]; electrogeneration of Fe?by the oxidation of iron
[177]; electrogeneration of Fe’'by the reduction of Fe* [178]. The use of OH radicals generated by
electro-Fenton reactions is described in references [74] and [75] regarding the evaluation of antioxidant
activity using adenine/guanine biosensors.

The electroreduction of H,0, or of O, at palladium dispersed carbon electrodes was described to
produce HO radicals [179]. Following a similar approach, it is described in reference [85] a sensor that
generates HO radicals and evaluates its consumption by the catalytic current of hydrogen peroxide or
dissolved oxygen reduction on palladium oxide nanoparticles.

The generation of HO radicals during the electrooxidation of water using different anode materials (e.g.
Pt, IrO,, SnO, and BDD) have been confirmed using spin traps, as N,N-dimethyl-p-nitrosoaniline [180]
or 5,5-dimethyl-1-pyrroline-N-oxide [181] and by the formation of hydroxylated products [182]. The
extent and rate of the oxidation reactions of electrogenerated HO radicals depend strongly on the
degree of adsorption of these radicals at the anode surface. While quasi-free HO radicals are formed at
BDD (boron doped diamond) anodes, strongly adsorbed HO radicals are formed at Pt anodes [183].
The generation of strongly adsorbed HO radicals in galvanostatic electrolysis assays was used to

compare the reactivity of different phenolic compounds [184].
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5. Conclusion

In this review we have identified a number of innovative methods and applications that employ
electrochemical strategies for the characterization and quantification of antioxidants. An important
number of works report the application of electrochemical techniques as transducers of sensors and
biosensors or in assays where the detection of antioxidants are made in an indirect way. Nevertheless,
most of the reported papers explore the ability of electrochemical techniques to detect and characterize
antioxidants following their direct electrochemical response in voltammetric or amperometric assays.
This approach is gaining popularity for the assessment of antioxidants capacity due to the simplicity,
low cost and the short time of the assays. Electrochemical methods are also reported in the in situ
generation of synthetic oxidants and oxygen radicals used in ET and HAT based assays. The growing
number of electrochemical based methods that are available and the diversity of applications reported

demonstrate the relevance of electrochemistry in the scope of antioxidants characterization.
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Abstract

An analytical method suitable for an antioxidant sensor is presented following the response of these
substances to an extensive oxidation imposed by electrochemical means. The electrochemical assay
simulates the action of a reactive oxygen species (ROS) by means of electrolyses carried out at a
potential which is settled at the formal potential of the ROS.

The antioxidant activities of trolox and ascorbic, gallic and caffeic acids and of mixtures of these
antioxidants were estimated from the charge required for the complete oxidation of the antioxidants

from assays where the oxidative attack by O,and by O, were simulated.

Keywords

Antioxidant activity; Electrolysis; Reactive oxygen species; Sensor
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1. Introduction

The characterization of the reactivity of substances usually denominated antioxidants (AOs) has
attracted the attention of many researchers. The importance of these substances is closely related to
their potential action in the prevention of oxidative stress [1-3]. Many studies are carried out with the
aim to establish correlations between the intake of AOs (in food or food supplements) and health
maintenance [4-6]. Other works deal with the possibility of detecting early stages of diseases or the
propensity for diseases associated with oxidative stress, from measurements of antioxidant capacity in
physiological fluids such as blood serum, saliva or urine [7,8]. Besides the importance of AOs in
health, their action in preventing the oxidative deterioration of food has also been widely studied, with
special focus on white wines, given the costs involved when its early deterioration occurs [9].

Several analytical methods have been proposed to characterize the action of AOs and quantify their
activity in preventing or delaying the oxidation of other species [10-15]. Most of the available methods
are based on the analysis of the response of AOs to an oxidative attack by reactive species that can be
either added or generated during the assay. Results of these assays often lead to the definition of a
scale of reactivity inherent to each method, enabling to compare different AOs. As these parameters
represent in most cases relative values of reactivity, the information that they contain is not easily
transposed in terms of the protection degree provided by AOs against an attack by a specific reactive
oxygen species (ROS). In recent years several reviews were published in this scope, where the available
methods for the evaluation of antioxidant activity are discussed [11, 12, 14, 16-19]. In these papers it
is possible to obtain information about the meaning of the parameters estimated from the different
methods, as well as the processes/reactions involved in the assays. Thus, there is a consensual
difficulty in establishing a relation among results from different methods even when the reactions
involved are identical, due to the use of different reactive species, different experimental conditions, or
because different parameters (e.g. time, absorbance) are monitored.

Usually the assays used to evaluate antioxidant activity are divided into two categories based on the
chemical reactions involved, namely assays based on hydrogen atom transfer reactions (HAT) and on
electron transfer reactions (ET) [13, 17, 19]. HAT assays monitor the kinetics of competitive reactions,
while ET assays involve a redox reaction with a synthetic oxidant (SOX). The Oxygen Radical
Absorbance Capacity (ORAC) and the Total Radical Trapping Antioxidant Parameter (TRAP) assays are
well-known examples of methods based on HAT reactions in which the antioxidant activity is evaluated

from the delay in the reaction between the peroxyl radical and an optical probe in the presence of an
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AO. Among the most widespread ET based assays are: Trolox Equivalent Antioxidant Capacity (TEAC),
the Ferric Reducing Antioxidant Power (FRAP) and the DPPH (2,2-diphenyl-1-picrylhydrazyl) Radical
Scavenging Capacity. These assays are based on the spectrophotometric quantification of the extent of
redox reactions between AOs and a SOX whose optical characteristics change during the reaction.

In recent years a rising number of methods has been proposed for the evaluation of antioxidant activity
based on electrochemical assays, given the relevance of electrochemistry in the context of the
production and monitoring of species with redox activity [19-26]. Beyond the simplicity that
electrochemical techniques can grant, there are recognized additional advantages related to the ability
of performing measurements in media with colour or turbidity. Examples are potentiometric titrations
[27, 28] and amperometric titrations using galvanostatic generated species such as the radical cation
ABTS, Ce(lV), Cl,, Br, and I, [7, 26, 29-35].

In a different approach from the above-mentioned the activity of AOs has been characterized by
voltammetric methods. In this context the popularity of cyclic voltammetry is growing and several
papers report the voltammetric characterization of a wide range of compounds with recognized
antioxidant activity [20, 22, 36-39]. The wide use of this technique is related not only with the
relevance of the information provided but also with the simplicity of the assay. Voltammetric techniques
such as cyclic voltammetry and differential pulse voltammetry have also been used for the
characterization of AOs mixtures [8, 39-41] Besides the identification of peak potentials or of wave
potentials, the estimation of antioxidant capacity was performed based on measurements of peak
current or of the area under voltammograms at fixed potential ranges. The use of voltammetry in
complex media like blood plasma [42] or skin and cosmetics [43] are recent examples that enabled
the characterization of the antioxidant properties of these natural matrixes. Voltammetric methods
constitute one of the most effective means to control and monitor electron-transfer reactions, although
quantitative information is not straight obtained from voltammograms of AOs mixtures. Recently it was
demonstrated that cyclic voltammetry is adequate for establishing robust multivariate control charts for
monitoring and diagnostic of the oxidation of white wines [44].

Based on voltammetric approaches two different antioxidant sensors were purposed based on the
electrogeneration of HO™ [45] or of H,0, [46] and on the monitoring of the elimination of these ROS by
AOs.

This paper presents an analytical method suitable for the development of an AO sensor, providing a

mode to discriminate antioxidants molecules by means of a selective interaction according to their
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reducing capacity based on the extensive oxidation of AOs. The AO detection is accomplished by a

coulometric analysis.

2. Experimental

2.1. Chemicals

All reagents employed were of analytical grade. Caffeic acid, 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) diammonium salt (ABTS), potassium persulphate, potassium chloride, were purchased
from Fluka. Gallic acid, L- ascorbic acid, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
(trolox), 2,2-diphenyl-1-picrylhydrazyl (DPPH), sulfuric acid were provided by Sigma-Aldrich. Phosphoric
acid, potassium dihydrogen phosphate and dipotassium hydrogenphosphate were obtained from
ACROS Organics. Other chemicals included hydroquinone (May & Baker Ltd), fructose (Vaz Pereira),
sucrose (HiMedia), methanol (Fisher Scientific), potassium ferricyanide (José Gomes Santos) and
ethanol (Panreac).

The concentration of buffer solution was 0.1 M. Buffer solution of pH 7.0, was prepared mixing
adequate amounts of dipotassium hydrogen phosphate and of potassium dihydrogen phosphate,
whereas buffer solution of pH 3.5, was prepared using potassium dihydrogen phosphate and

phosphoric acid.

2.2. Electrochemical measurements

Voltammetric measurements and controlled potential electrolysis were performed using a potentiostat

(Autolab type PGSTAT30, Ecochemie) controlled by GPES 4.9 software provided by Ecochemie.

2.2.1. Cyclic voltammetry

Cyclic voltammetric experiments were carried out from O to 1.4 V at a scan rate of 100 mV/s in an
undivided three-electrode cell. The working electrode was a 3 mm glassy carbon disk electrode
(CHI104, CH Instruments, Inc.), an Ag/AgCl/3 M KCI (CHI111, CH Instruments, Inc.), was used as
reference electrode and a platinum wire as counter electrode. The electrode surface of the working
electrode was cleaned between scans by polishing with polycrystalline diamond suspension (3F pum) for

1 min.
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2.2.2. RACE (Reducing Antioxidant Capacity Evaluated by Electrolysis) assays

Potentiostatic electrolyses were carried out at 0.81 V and 0.99 V in a divided three-electrode cell where
the two compartments are separated by a glass frit membrane. The volume of the anodic compartment
was 9.0 ml and the solution was mechanically stirred with a magnetic stir bar. The oxygen
concentration of the sample solutions did not affect results as similar coulometric data were obtained
from deaerated and non-deaerated solutions. The reference electrode was an Ag/AgCl/3 M KCI
(CHI111, CH Instruments, Inc.) electrode. The working and counter electrodes were made of a piece
(20 mm x 10 mm) of platinum gauze (52 mesh woven from 0.1 mm diameter wire, 99.9%, from Alfa
Aesar). Pt was selected as electrode material for electrolysis as in the course of bulk electrolysis no
significant passivation was noticed, in opposition to glassy carbon that suffered from severe
inactivation. The area of the working electrode, 5.6 cm? was determined using a 1.00 mM of
KsFe(CN), in 0.1 M KClI, in a cronoamperometry experiment. The diffusion coefficient was 7.63 x 10°
cm?s’ [47]. Before each experiment the anode was electrochemically cleaned at 2 Vina 1 M H,SO,

solution during 300 s to 1200 s.

2.3. Antioxidant capacity assays based on SOX

The antioxidant capacity assays of samples were carried out following procedures described by Rivero-
Pérez [48]. Absorbance measurements were transformed in antioxidant activity using a calibration

curve obtained with trolox.

2.3.1. TEAC assay

In this assay, radical cation ABTS" generated by reaction of a 7 mM ABTS with 2.45 mM K,0O.S, (1:1).
The mixture was held in darkness at room temperature for 20 h, to obtain stable absorbance values at
734 nm. The ABTS™" working solution was obtained by the dilution of the stock solution with 0.01 M
phosphate buffer (pH 7.4) to give an absorbance value of circa 0.70 at 734 nm. In this assay 100 uL
of each samples was mixed with 4900 pL of ABTS"" and absorbance was measured after 15 min of
reaction time. Solutions of 0.50 mM of single AOs and mixture of AOs were directly measured, except

for gallic acid containing solutions which were half-diluted before the mixture.

40



2.3.2. DPPH assay

The assay consist in mixing 4900 pL of a freshly prepared 60 uM DPPH" in methanol with 100 L of

sample solutions. The absorbance was measured at 517 nm after 2 h of reaction.

3. Results and discussion

3.1. Description of the method RACE (Reducing Antioxidant Capacity Evaluated by Electrolysis)

This paper proposes an analytical method to evaluate the antioxidant capacity of small molecules given
their reducing power. The reducing power of an antioxidant (AQO) is assessed by an electron transfer
(ET) reaction at an anode and does not rely on synthetic oxidants (SOX) as the available ET methods.
The oxidation of AOs occurs in large scale during a controlled potential electrolysis and its consumption
is directly monitored at the anode by the current decrease. The potential of the anode determines the
selectivity of the method in the same way that the reducing power of a SOX determines the selectivity
of a conventional ET assay. Thus, applying higher potentials, larger number of AOs will be quantified,
including AOs of smaller reducing power, like when a high oxidant power SOX is used, e.g. ABTS (E°=
0.90 V vs Ag/AgCl/3 M KCI). On the other hand, applying lower potentials only the AOs with higher
reducing power will be detected, as when a less reactive SOX, like DPPH (£°= 0.227 V vs Ag/AgCl/3
M KCI) is employed. The selection of the anode potential is one of the key variables, which determines
the method performance, namely the analytical selectivity and the trueness. For potential selection the
analytical context must be taken in account, considering both the nature of the relevant ROS and the
pH of the sample. Figure 1 shows the formal electrode potentials of major ROS as a function of pH, for
their reduction to water.

In the most widespread ET methods, like TEAC and DPPH, the extent of the reaction depends on
multiple variables such as the SOX concentration, the assay time and the difference £°/,,-£" oy, making
it difficult to control this variable. In opposition, in the RACE method the oxidative attack extension can
be easily controlled by the experimental variables that determine the conversion degree of an
electrolysis. These variables are the anode area (A), the sample volume (V), the mass transport
efficiency and the electrolysis time [49]. The possibility to control the extent of oxidation by means of
the electrolysis duration is an important advantage of the RACE method, allowing the characterization

of the antioxidant reducing capacity at different degrees of conversion without eliminating it from the
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sample. Thus, a moderate oxidative attack can be simulated by short electrolyses in order to achieve a
low degree of conversion of the AO into its oxidized forms. In contrast, a large oxidation degree of the
AO can be forced through long electrolysis enabling to estimate the antioxidant activity in the presence
of high concentrations of the AO oxidation products. Experiments carried out in these two extreme

situations may be important to detect pro-oxidant or synergistic effects.

EYvs Ag/AgCI, BM KCI /V

pH
Figure 1 - Formal electrode potentials of some significant reactive oxygen species (ROS) as a function of pH. The dashed

vertical lines indicate pH 3.5 and 7.0 which are typical values for drinks and physiological media, respectively.

When the oxidation is conducted in an extensive way, the steady consumption of AO can be monitored
through the decrease of current that is a measure of the rate of charge transfer between the AO and
the anode. The current decrease along time can be described by a first order kinetics and the charge

0O can be estimated from the integral of the exponential function given by a curve fit of experimental
data to ... This parameter corresponds to the charge needed for the complete oxidation of the active

AOs. In terms of the antioxidant activity this quantity measures the charge that the AOs are capable of

transfer to eliminate the ROS simulated. O, is an absolute measure whose determination does not
require any prior calibration and has a precise and unequivocal meaning. Q., can be easily converted

into the amount of ROS that the AOs present in the sample can eliminate.
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3.2. Characterization of electrolysis cell

Hydroquinone (HQ) (£’ = 0.263 V (vs Ag/AgCl/3 M KCl), pH 3.5) was used to characterize the
electrochemical cell and optimize its operating conditions as it is one of the simplest polyphenols
whose oxidation involves the hydroxyl groups conversion into the quinone form, which is a typical
reaction of antioxidants from different classes. Constant potential electrolyses of 0.50 mM HQ solutions
were carried out, at pH 3.5 and 7.0 during 1500 s, at potentials between 0.50 and 1.0 V. The charge
obtained in blank assays, from electrolyses conducted in buffer solutions during 500 s at £= 0.81 and
0.99 V, are less than 1.6% of the charge from electrolyses of 0.50 mM HQ solutions. The current
decrease during electrolyses of HQ follows an exponential decay, /= /,exp(-pf. In Figure 2, data from
an electrolysis of HQ at pH 3.5 is displayed with the curve obtained by an exponential fitting, which has
a correlation coefficient of 0.997. The average value of p calculated from three replicates is p = (2.12+
0.01) x 107 s™. This value was identical for the two solutions pH and for the two electrolyses potentials.
However, it was found that the p value was sensitive to the anode pre-treatment, namely the duration
of the electrochemical cleaning at constant current. For electrochemical cleaning times lower than 500
s, smaller p values were obtained, circa 30% of those obtained following electrochemical cleanings
conducted for 1000 s. For longer electrochemical cleaning there was no significant variations of p
values. A similar effect was observed for current. The variation of p and / with the electrochemical
cleaning time can be due to the variation of the anode active area that increases with the efficiency of
cleaning. Despite the variation of /and p, Q. values estimated from the ratio /,/ p (where /, is the
current extrapolated to t = 0 s) showed variations less than 14 %. This experimental observation is
consistent with the expected independence of the coulometric data from the working electrode area
[49].

Taking into account the average value of p, 2.12 x 107 s™, the time required to convert 50% of HQ to its
oxidized form is easily estimated, t,, = 327 s. Thus, to perform analysis simulating an extensive
oxidative attack, electrolysis times larger than ¢, should be considered. On the other hand, if it is
intended to characterize the AO behaviour in the absence of its reaction products, the electrolysis
should be carried out for times where low conversion degrees are attained. However, it should be
noticed that for a good definition of the exponential fitting, the conversion degree must enable to define

a curvature.
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Figure 2 - /- tcurve for the electrolysis of hydroquinone (HQ) carried out at £=0.81V, [HQ] = 0.50 mMina 0.1 M
buffer solution containing potassium dihydrogen phosphate and phosphoric acid (pH 3.5), anode area = 5.6 cm? and V/ =
9.0 ml. The line corresponds to the exponential curve fit: /= 1.74 x 10° exp(-2.12 x 10° # and r= 0.997.

3.3. Application of RACE to the characterization of antioxidants

The antioxidant activity estimation by the RACE method was performed with recognized AOs of different
classes, e.g., a sugar acid (ascorbic acid, AA), a tocopherol derivative (trolox, T), a hydroxycinnamic
acid (caffeic acid, CA) and a hydroxybenzoic acid (gallic acid, GA) in dilute AO solutions (0.50 mM) at
pH 3.5 and pH 7.0. The potentials used for electrolyses were selected so that the antioxidant activities
of these AOs could be estimated according to two relevant situations, namely in the prevention of
oxidative degradation of beverages (pH 3.5) by eliminating O, and in the prevention of oxidative stress
by the elimination of O, ” from physiological media. Considering data presented in Figure 1, the
potentials 0.81 V and 0.99 V were selected. The /- f curves presented in Figure 3 were acquired from
solutions of the different AOs when the applied potential (0.81 V) simulated the oxidative attack of O,.

The antioxidant activities estimated from electrolyses carried out for 500s, whose currenttime curves
are illustrated in Figure 3, are expressed as Q. (Figure 4). Q.. values were obtained directly from the /
vs. t curves. As charge is an absolute quantity, its meaning is unequivocal in the context of the
appraisal of the reducing power of a sample. Besides, this value can be easily converted to the

equivalent amount of a specific ROS.
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Figure 3 - /- t curves acquired from 0.50 mM solutions of the different AOs in a 0.1 M buffer solution containing
potassium dihydrogen phosphate and phosphoric acid (pH 3.5), when the applied potential (£ = 0.81 V) simulated the
oxidative attack of O,. Curves displayed are fitted to experimental data by exponential type functions. T: /= 1.23 x 10° exp(-
1.74 x10% 8, r=0.98; GA: /=2.66 x 10% exp(-2.11 x 10° 8, r=0.992; CA: /= 1.45 x 10° exp(-1.49 x 10° 8, r=0.98
and AA: /=1.56 x 10° exp(-1.85 x 10° #), r=0.98.
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Figure 4 - Antioxidant activities of the 0.50 mM solution of single AOs estimated by RACE method, expressed in units of
charge (Q.), from assays simulating the oxidative attack by O, (E=0.81V, in a 0.1 M buffer solution containing potassium
dihydrogen phosphate and phosphoric acid, pH 3.5) and by 0, (E = 0.99 V, in a 0.1 M buffer solution containing
dipotassium hydrogen phosphate and of potassium dihydrogen phosphate, pH 7.0). The assigned values of 0.44 C, 0.87 C
and 1.31 C correspond to the charge involved in the exhaustive oxidation of an AO given by Faraday's law for 1, 2 or 3
electrons for the experimental conditions of the assay: [AO] = 0.50 mM and V= 9.0 ml.
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From Figure 4 it can be concluded that the estimated antioxidant activity of each AO is similar
regarding the two electrolyses potentials, meaning that they are equally able to reduce O, and 0,"".
The charge obtained for the oxidation of HQ, T, CA and AA is close to the calculated value assuming
the involvement of two electrons (0.87 C). On the other hand, the charge obtained for GA is closer to
the calculated value for three electrons (1.31 C). The estimated antioxidant activities, presented in
Table 1, are expressed in equivalent concentration of the ROS whose attack was simulated by
electrolysis. Results expressed in equivalents of ROS indicate the maximum concentration of ROS that

the AO in the sample is able to eliminate by reduction.

3.4. Application of RACE to the characterization of antioxidants mixtures

Figure 5 presents antioxidant capacity data from mixtures containing two, three or four AOs obtained by
the RACE method regarding the simulation of the oxidative attack by O, at pH 3.5 (Figure 5A) and by
0, "at pH 7.0 (Figure 5B). Mixtures are composed by equimolar concentrations of each AO and the
total concentration of AOs was kept constant in all mixtures (0.50 mM). The striped bars correspond to
the experimental values of Q. whereas the grey bars represent the predicted values of charge, Q.

calculated from Q,, values of single AOs presented in Table 1 and attending to the AO concentration in

the mixture. The estimated antioxidant activity data expressed in units of charge and in equivalent
concentration of the simulated ROS are presented in Table 2. Data presented in Figure 4, show that

O do not differ significantly from @, attending to the uncertainties of these variables. Moreover, it

can be concluded that the antioxidant activities estimated by electrolyses conducted at the two selected

potentials are similar for all mixtures.

Table 1. Characterization of AOs by cyclic voltammetry and by RACE, DPPH and TEAC methods. E,7is the anodic peak
potential. Q. is the charge estimated for the complete oxidation of AOs. [0,] and [0,""] are the concentrations of the
simulated ROS that the AO can eliminate, calculated from Q.. Antioxidant activities by DPPH and TEAC assays are
expressed as the trolox equivalent concentration. [AO] = 0.50 mM and V= 9.0 ml. Uncertainties were estimated based on
standard deviation from 2 to 3 measurements.

E=0.81V,pH3.5 E=0.99V,pH7.0

. DPPH TEAC
Qe [0,] E,’ Q. [0,] E,’
(mMT) (mMT)
(c) (m) v) (c) (mM) v)
T 0.74+#0.08 0.21+0.02 0.327+0.005 0.74+0.06 0.28+0.02 0.213+0.003 0.49+0.02 0.452+0.006
GA 1.11+0.04 0.319+0.008 0.517+0.004 1.24+0.06 0.475+0.02 0.442+0.005 0.99+0.01 1.840.2
CA 1.03+£0.04 0.295+0.007 0.461+0.001 0.94+0.09 0.36+0.04 0.317+#0.002 0.66+0.02 0.726+0.003
AA  0.75+0.04 0.216+0.008 0.421+0.005 0.80+0.06 0.31+0.02 0.384+0.006 0.489+0.006 0.340+0.001
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3.5. Comparison with other ET methods

Results obtained by RACE assays from solutions of single AO and of mixtures of AOs were compared
with those given by other assays based on ET reactions. The methods used are well described in the
literature [48] and employ the ABTS radical cation (TEAC assay) and the DPPH radical as SOX. The
antioxidant activities estimated by these methods are presented in Table 1 as trolox equivalent
concentration and were obtained by interpolating the absorbance variation in calibration curves for
trolox, according to the description of the experimental part. The voltammetric characterization of the
antioxidant activities is based on the analysis of recorded voltammograms from O to 1.4 V as illustrated
in Figure 6.

As presented in Table 1, the antioxidant activities estimated by RACE are in agreement with results
from assays based on ABTS™ and on DPPH’, displaying higher activity values for GA, followed by CA. In
opposition, the relative antioxidant activity of AA and T depends on the method. AA has higher activity
then T by RACE, using DPPH" the activity of these two AOs is similar, whereas T is identified as being
more active than AA using ABTS™. In terms of the voltammetric analysis, the peak potentials of all AOs
are lower than the formal potentials of O, and of O," as it can be inferred by means of the
voltammaograms in Figure 6A and data from Table 1. As all AOs are able to reduce either O, or O,
they should be efficient on the elimination of these ROS. The absolute values of activity estimated on
the basis of both SOX are not comparable, though expressed in the same base. When ABTS™ is used
the antioxidant activities estimated for GA and CA are higher than those estimated with DPPH’. The
opposite is found for AA and T, where the estimated antioxidant activities are higher for the DPPH’
assay.

As results from RACE assays are expressed as a function of the concentration of simulated ROS, the
absolute values of the antioxidant activities cannot be compared with those obtained by the other
assays. Nevertheless, the relative magnitude of these values can be compared using a common
reference. Therefore, the activities ratio GA/T estimated by the different assays are: 1.5 for the RACE
simulation of the oxidative attack by O, (pH 3.5), 2.3 for the RACE simulation of the oxidative attack by
0," (pH 7.0), 2.0 for the DPPH" assay and 4.1 for the TEAC assay.

Antioxidant activity data estimated for the mixtures of AOs presented in Table 2 were acquired from
RACE, DPPH and TEAC assays, as well as by voltammetric analysis through the integrated area of the
anodic scan of voltammograms from mixtures of AOs. Figure 6B presents a voltammogram recorded
from the mixture containing 0.125 mM of the four AOs (AA, GA, CA and T) which illustrates a typical

response obtained from mixtures of these AOs. In Table 2, the higher values of antioxidant activities are
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highlighted. The mixtures identified with higher antioxidant activity by RACE assays simulating the O,
oxidative attack do not match those identified by means of voltammetric analysis, with exception of AA
+ GA + CA mixture, which is identified as having increased activity by both methods. The RACE assays
assigned higher antioxidant activities to three of the four mixtures containing GA. The antioxidant
activities estimated by the RACE simulation of O, " oxidative attack were higher for mixtures containing

GA. A similar result was obtained from voltammetric analysis and from DPPH and TEAC assays.
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Figure 5 - Antioxidant activities of mixtures of AOs estimated by RACE method expressed in units of charge (Q..). All
mixtures were composed by equimolar concentrations of each AO to fulfill a total concentration of 0.50 mM and V= 9.0 ml.
O, COrresponds to the predicted charge considering the contribution of each AO presented in Table 1, evaluated by RACE
method and attending to the AO concentration in each mixture. Results were obtained for the simulation of the oxidative
attack by: (A) O, (E=0.81V, in a 0.1 M buffer solution containing potassium dihydrogen phosphate and phosphoric acid,
pH 3.5) and (B) 0,"" (E=10.99 V, in a 0.1 M buffer solution containing dipotassium hydrogen phosphate and of potassium
dihydrogen phosphate, pH 7.0).
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Table 2. Characterization of AOs by cyclic voltammetry and by RACE, DPPH and TEAC methods. Aggg1vyy and Agoooy are
the areas under the voltammograms integrated in the anodic scan between O to 0.81 V or between 0 to 0.99 V,
respectively. Q. is the charge estimated for the complete oxidation of AOs in mixtures. [0,] and [0,""] are the
concentrations of the simulated ROS that the AOs in the mixture can eliminate, calculated from Q... Antioxidant activities by
DPPH and TEAC assays are expressed as the trolox equivalent concentration. The total concentration of AOs in each
mixtures is 0.50 mM and V = 9.0 ml. Uncertainties were estimated based on standard deviation from 2 to 3
measurements.

E=081V,pH3.5 E=099V,pH7.0
o DPPH TEAC
[Oz] A(O—O.SIV) [ 2 _] A(0—0.99V)
0 (C) 0 (C) (mMT) (mMT)
(mM) (uC) (mM) (uC)
0.25 mM CA +
0.82 0.235 42.6 0.88 0.34 439 0.572 0.77
0.25mMT
+0.03  +0.007 +0.5 +0.07 +0.03 +0.1 +0.008 +0.04
0.25 mMGA +
0.80 0.230 39.65 1.14 0.42 64.8 0.9 1.33
0.25mMT
+0.03  +0.006 +0.03 +0.05 +0.02 +0.2 +0.1 +0.02
0.25 mM AA
0.78 0.223 33.2 0.8 0.31 27.2 0.486 0.641
+0.25mM T
+0.01  +0.002 +0.5 +0.1 +0.04 +0.2 +0.001  +0.004
0.25 mM AA +
0.92 0.26 39.2 0.83 0.319 28.9 0.59 0.78
0.25 mM CA
+0.09 +0.02 +0.2 +0.02  +0.006 +0.9 +0.02 +0.09
0.25 mM AA +
1.09 0.314 38 1.00 0.384 52.2 0.84 1.39
0.25 mM GA
+0.03  +0.006 +1 +0.02  +0.007 +0.2 +0.04 +0.03
0.167 mM AA +
0.167mMGA+  1.05 0.30 44.4 1.22 0.46 61.7 0.849 1.08
0.167 mM CA +0.06 +0.01 +0.3 +0.01 +0.01 +0.3 +0.004 +0.01
0.167 mM AA +
0.81 0.232 38.0 0.904 0.347 335 0.563 0.61
0.167 mM CA +
+0.01  +0.002 +0.4 +0.002  +0.001 +0.2 +0.009 +0.01
0.167mMT
0.125 mM AA +
0.125mMGA+  1.07 0.307 37.9 1.00 0.39 43.8 0.741 0.86
0.125mM CA+  +0.06  +0.004 +0.4 +0.05 +0.02 +0.4 +0.002 +0.01
0.125mM T
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Figure 6 - Cyclic voltammograms recorded at a 3 mm glassy carbon electrode, v = 100 mV/s, 0.1 M buffer solutions
(potassium dihydrogen phosphate and phosphoric acid) from: (A) 0.50 mM solutions of single AO and (B) a mixture
containing 0.125 mM of each AO (AA, GA, CAand T).

3.6. Limit of quantification, linearity and sensitivity

The quantification limit estimated for the RACE method, based on standard deviation of the charge
from electrolyses carried out in 10 blank assays, is 7 uM for both potentials. The linearity was tested
using a set of solutions containing an equimolar mixture of AOs (AA+ GA+ CA+ T) at pH 3.5 and E =
0.81 V, varying the total concentration of AO between 10 uM and 2.0 mM. The straight line was
characterized by: Q. (C) = 1.1 x 10° + 1.78 [AO] (mM), r = 0.99995 and n = 8. This correlation

suggests that the method responds linearly to the concentration variation in this concentration range,
being sensitive to small changes in concentration in the order of 0.18 C by 0.1 mM of AO. This value
corresponds to an average value of sensitivity for the set of AOs used in this study and may vary with

the nature of the AO, namely with the number of electrons involved in the reduction.

3.7. Selectivity tests

The method selectivity was tested for ethanol, fructose and sucrose as these substances are hydroxyl
containing molecules that can be present in the natural matrixes where AOs occur. It is also known that
these sugars may interfere with methods for quantification of polyphenols, namely the Folin-Ciocalteu

method. Q,, obtained for 0.50 mM and 5.0 mM solutions of these species in electrolyses carried out at
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0.81 Vand 0.99 V, according to the solutions pH, were similar to those of blank assays, with deviations

not exceeding 6%.

4. Conclusions

In this work, it is proposed an electrochemical-based method for the characterization of AOs by means
of assays that simulate the oxidative attack of specific ROS. The method was characterized by means
of the following performance parameters: linearity (10 uM - 2.0 mM, r = 0.99995), sensitivity (0.18 C
/ 0.1 mM), quantification limit (7 wM) and selectivity (against ethanol, fructose and sucrose).
Antioxidant activities estimated for mixtures of AOs were identical to the calculated values assuming the
additivity of the O, values from single AOs.

The absolute values of antioxidant activity from single AOs and AOs mixtures estimated by TEAC and by
DPPH assays are different, despite expressed using a common reference AO. The antioxidant activities
estimated by RACE cannot be comparable to those from the other two methods once results are
expressed in different scales. While the antioxidant activity estimated by RACE assays account for the
amount of charge that the AO can transfer regarding a meaningful oxidative attack, data from DPPH or

TEAC assays are relative values that depend strongly on the reactivity of each used SOX.
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Abstract

A new electroanalytical method for the characterization of global antioxidant capacities is proposed
based on chronoamperometric responses monitored at microchannel band electrodes. This approach
does not require any titrating species, biological elements or pre-calibration curves. A thin-layer regime
is established at the working electrode according to the geometry of the device and hydrodynamic flow
rate. Under these conditions, the currents are directly proportional to the total concentration of
antioxidants and do not depend on their respective diffusion coefficients. Measurements were
performed with synthetic solutions and mixtures of four antioxidants used as sample tests: trolox,
ascorbic acid, gallic acid and caffeic acid. Operating potentials were selected at the formal potentials of
some reactive oxygen species to simulate their oxidative attacks. The very good agreement obtained
between simulations and experimental data validated this new electroanalytical procedure. These
results pave the way for the concept of innovative sensor-type microfluidic devices for an alternative

determination of antioxidant capacity.

Keywords

Microfluidics, antioxidant capacity, antioxidant sensor, amperometry, microchannel electrode.
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1. Introduction

The use of microfluidic devices for analytical purposes has been widely investigated during the past few
years. Advantages like low cost, portability, low volumes, shorttime analysis but also the ability to
perform separations and detections with high resolution and high sensitivity have been commonly
demonstrated [1]. Important efforts are now carried out for developing microfluidic devices for health,
[2,3] food [4] and environmental analysis [5]. In this context, microfluidic devices are currently under
development for the assessment of food safety and quality. The detection of food contaminants and
residues at low concentrations, such as (bio)toxins [6,7], chemical residues and pathogens [8,9] are
described either in synthetic or natural samples. Regarding food quality, the evaluation of organoleptic
properties [10-12] resulting from the presence of additives or compounds associated to food
degradation, as well as proteins [13,14] and antioxidants (AOs) [15-17] have been also reported. AOs
are currently added to foodstuff not only to prevent deterioration but also to increase their nutritive
value due to their recognized action on oxidative stress prevention. The determination of AOs is also
carried out in health industry, in pharmaceuticals screening [18] and in human biological fluids for
diagnostic of oxidative stress [19,20]. Most of the AOs analysis are performed through the evaluation of
their concentration after separation by capillary electrophoresis [21] or by chromatography [22]. The
detection is usually achieved by optical methods, such as chemiluminescence [19,23,24] and
fluorescence [25], by mass spectroscopy [26] or by electrochemical methods [15-17,27-29]. Instead
of quantifying antioxidant concentrations, activity and capacity of AOs are also evaluated through their
reactivity versus prooxidants or oxidant probes. These parameters are related to reactions involving
electron transfer (ET) or hydrogen atom transfer (HAT) [30]. In ET-based assays, the antioxidant action
is usually simulated via the reduction of an oxidizing agent. In HAT-based assays, it is evaluated
through its ability to quench generated oxygen radicals by H-atom donation. Depending on the nature
of the antioxidant and reactive species, one or both of these reactions can take place.

To our best of knowledge, there are only three examples in literature of microfluidic devices designed to
evaluate AO capacity. They are all based on HAT reactions. In two of them, the capacity was estimated
through the amount of reactive oxygen species (ROS), H,O, or radical O,"", reacting with AOs. H,0,
was detected either by chemiluminescence [31] or by the combination of fluorescence and
amperometry using horseradish peroxidase immobilized on gold electrode [32]. A third application was
reported where H,0, and O, were produced by an hypoxanthine/xanthine oxidase assay [33]. In this

last example, the AO capacity was determined using two amperometric systems operating at different
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potentials with cytochrome C modified electrodes. For ET-based assays, no attempts have been
reported to adapt a procedure with microfluidic devices. The antioxidant capacity is mainly estimated
under classical conditions by means of the color change of a redox probe simulating the action of ROS
[30]. Voltammetry has also been successfully used to characterize single antioxidants, antioxidant
mixtures or natural samples such as fruits [27], beverages [34], pharmaceutical formulations [35] and
biological fluids [36] but using standard-sized electrochemical cells.

Due to the great interest of methods based on direct evaluation of ET reactions, a novel
electrochemical procedure will be proposed to analyse AOs based on their direct amperometric
responses at microchannel electrodes. According to the hydrodynamic flow rate and geometry of the
devices, optimal conditions will be set to establish a method available for assessing the total AO
capacity of complex samples without any calibration steps. This approach will be based on specific
hydrodynamic regimes observed at microchannel electrodes in which quantitative electrolysis of AOs is
achieved during the detection process [37,38]. On the one hand, selected potentials will simulate the
redox potential of some ROS. On the other hand, the AOs oxidation will allow the evaluation of the
global charge that they are expected to transfer against some ROS [29]. This charge is an absolute
measure whose determination does not require any prior calibration. Although it is not directly related
to the radical scavenging capability, it is recognized to be a very important parameter for
characterization of antioxidants [30]. In order to demonstrate the validity of this innovative procedure,
chronoamperometric experiments will be carried out using synthetic solutions and mixtures of four AOs
belonging to two classes of compounds: phenolic compounds (gallic acid and caffeic acid) and non-
phenolic compounds (ascorbic acid and trolox). Experimental measurements of AO capacities will be

systematically compared to simulated data according to key parameters.
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2. Experimental

2.1 Chemicals

All reagents employed were of analytical grade. The AOs were caffeic acid (CA, Fluka), gallic acid (GA,
Acros Organics), ascorbic acid (AA, Sigma Aldrich) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (trolox T, Acros Organics). Phosphoric acid, potassium dihydrogen phosphate and
ferrocene methanol were purchased from Acros Organics. 0.5 mM of AO solutions were prepared in
0.1 M buffer containing potassium dihydrogen phosphate and phosphoric acid at pH 3.2.

The number of electron exchanged during the oxidation of each AO and their diffusion coefficient used
for calculations were respectively: n=2 and D= 2.3 x10° cm®s” for CA [39], n=3 and D= 2.3 x10°
cm?®s? for GA [40], n=2 and D= 2.4 x10° cm?s” for AA [41], and n=2 and D=5 x10° cm?s™ for T

[42,43]. The diffusion coefficient of ferrocene methanol was estimated to D= 7.6 x10° cm? s™.

2.2 Microfluidic devices

A schematic view of microfluidic devices used in this study is presented in Figure 1A. The microfluidic
device is based on two parts that are assembled together. The device fabrication has been already
described in some previous works [37,44,45]. One part is a polydimethylsiloxane (PDMS) block,
comprising a linear channel and reservoir elements, which were engraved on its surface and connected
to the inlet and outlet tubes across the PDMS matrix. The second part comprises a glass substrate on
which microband electrodes (Ti/Pt with 8 nm / 25 nm thickness) were patterned by optical lithography
and liftoff techniques. The dimensions of the working electrodes (WE, width w= 197 um and length
/=500 pum) and of the microchannel (height =20 um and width /= 500 um) were checked optically
before use. The counter electrode (CE) consisted of a larger microband electrode (width w= 600 pum)
located downstream the working electrodes. The reference electrode (Ref) was fabricated by sputtering
a 50 nm Ag layer onto an underlying Pt surface and oxidizing it by 5 mM FeCl, (Sigma). This electrode
was located at the entrance of the microchannel. In our experimental conditions, it was cheeked that
this reference electrode delivered a constant difference of 0.17 V versus an Ag / AgCl (3.0 M)
reference electrode, whatever the nature of the flowing solution.

During the experiments, only one microchannel was filled with solution, the others remaining empty.
The liquid flow in the microchannel was pressure driven using a syringe pump (Harvard Apparatus,

type 11 Pico Plus) employing an advanced microstepping techniques to eliminate flow pulsation and
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control low hydrodynamic flows. The average flow velocities were monitored in situ following a

procedure previously described [44] using a two-working-electrodes configuration.

(A)

Figure 1: (A) 3D scheme of a microband electrode integrated in a microfluidic channel with geometrical parameters (w, h,
). (B) 2D steady-state concentration profile across the microchannel at F=0.1 L min? in the vicinity of a microband
electrode (w= 200 um, /=500 pm). In this representation the y scale was expanded four times. The electrode operates
amperometrically on the plateau of the detected species having a concentration ¢® and a diffusion coefficient D=6 10°
®cm? s'. The white curve linking the microchannel entrance to the downstream edge of the electrode describes the
diffusion-convection layer probed by the electrode. All points located below this line hit the electrode while those located
above are carried away by the flow without reaching the electrode. The black curves represent 5 isoconcentration lines
corresponding to 0.05, 0.25, 0.5, 0.75 and 0.95¢°.

2.3 Electrochemical measurements

All electrochemical experiments (cyclic voltammetry and chronoamperometry) were performed at
room temperature using a potentiostat (Autolab type PGSTAT30, Ecochemie) equipped with the Bipot
module and controlled by the GPES 4.9 software. Pt working electrodes were electrochemically
activated before each measurement by applying 12 times a potential step from O V (1 s) to -0.5 V/Ref

(1 s) in the solution of interest.

2.4 Numerical simulations

Numerical simulations were performed as described in some previous works [37,38,46]. Under

laminar flow conditions the flow velocity profile is assumed to be parabolic across the microchannel.
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Since the length of the microband electrodes /is much larger than their width w, the formulation of
problem reduces to a two dimensional problem. The mass transport equation is then solved
numerically in a 2D space as shown in Figure 1B. Time-dependent concentration profiles are
established above microchannel electrodes before evaluating their chronoamperometric responses. All

computations were carried out using COMSOL Multiphysics 4.2 software.

3. Results and discussion

As most of AOs are electroactive, their electrochemical properties give informations about their
chemical reactivity. In this context, voltammetry is the method of choice since it can provide insights
about the thermodynamic of electron transfer and amount of AOs that can be oxidized under specific
potentials. Antioxidant activity in samples is then related to oxidation potentials whereas antioxidant
capacity is linked to current magnitude or charge measured at a given potential. Therefore, an
electroanalytical procedure for assessing antioxidant activity - capacity requires suitable potentials to
monitor the oxidation of AOs. Furthermore, its implementation in a microfluidic device necessitates

optimal flow rates to make it available for analysing complex compositions of samples.

3.1 Operating potentials

In Figure 2 are reported voltammograms monitored at a microchannel electrode for each of the four
AOs considered: ascorbic acid (AA), caffeic acid (CA), trolox (T) and gallic acid (GA). In order to
distinguish faradic currents from residual and capacitive currents, each response was systematically
compared with a voltammogram recorded in buffer solution. It can be observed that the oxidation
processes take place at potentials ranging from 0.2 to 1 V/Ref depending on the nature of the AO. T
and CA are oxidized at potentials below 0.7 V/Ref in contrast to GA and AA. As expected under these
experimental conditions, current plateaus can be monitored due to the limitation of mass transport by
a mixed convective-diffusive regime (see below) [37]. In each case, this regime is achieved at potentials
lower than 1.1 V/Ref before the oxidation of the medium. The selection of the potential is one of the
key parameter which determines the method performance, namely the analytical selectivity. To perform
the evaluation of antioxidant capacity, the operating potentials were then chosen to simulate to
simulate the action of ROS, respectively the oxidation power of O,, O, ~and H,0, into H,0. According to

the reference electrode and values of potentials reported in the literature, they correspond successively
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t0 0.66, 1.12 and 1.19 V/Ref at pH = 3.2. For the ease of comparison, these values were reported in
Figure 2 by some vertical dashed lines. It can be deduced from this figure that oxidation of the four AOs
are not fully achieved at 0.66 V/Ref since currents do not reach their limiting values. At 1.12 and
1.19 V/Ref, the convective-diffusive regime is established with a slight oxidation of the medium. It can
be underlined that at such potentials, additional species from complex mixtures or natural samples
other than AOs will be also oxidized. These potentials are probably the highest values that can be

selected for the application of this procedure.

i (LA)

05 1
E vs.Ag/AGCI (V)

Figure 2: Linear voltammograms recorded at a Pt band electrode (w= 197 pm) in a microfluidic channel (A= 20 um,
/=500 pm) filled with 0.5 mM AO solutions (solid lines) and 0.1 M buffer solution (dotted lines). v=0.2V s’ and
F=2.1 uL min™. The vertical dashed lines correspond to the applied potentials £=0.66, 1.12 and 1.19 V/Ref.

3.2 Optimal convective-diffusion regime

The prerequisite for an optimal evaluation of antioxidant capacity is then to perform a complete
electrolysis of the solution passing over the working electrode at each potential. This is the easiest way
to implement in microfluidics a procedure according to the local hydrodynamic regimes. This condition

is comparable to the one required for the anodic abatement of pollutants in microfluidic reactors [47].
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Nevertheless, the objective in this context is quite different. If conditions leading to full electrolysis are
needed for the implementation of high efficiency abatement, they are envisaged in this case for
analytical purposes only. Indeed, we demonstrated previously that under these conditions a thin-layer
regime [37] was achieved with current responses independent on the diffusion coefficient of the
analysed species. Actually, this is the property on which this novel procedure will be based for the
analysis of samples of unknown compositions. At steady state, the mass transport at microchannel
electrodes depends on the confining effect and hydrodynamic conditions according to two

dimensionless parameters:

h (1)

(2)

where w s the electrode width, A the microchannel height, Pe the Peclet number, u,, the average linear
flow velocity over the section of the microchannel and D the diffusion coefficient of the electroactive
species. As a limiting behavior, the thin-layer regime is reached within 5 % error when the following
conditions are met [37]:

W/Pe>12 and W>4.2 (3)

It corresponds to the situation where the convective-diffusion layer becomes restricted by the channel
height as depicted in Figure 1B. The steady-state current / tends thus to a limiting current i, ..., given
by [48]:

lipin tayer = M CUy AL (4)

where n is the electron number involved in the electrochemical reaction, F the Faraday’s constant and
c° the concentration of the electroactive species. In this regime, i becomes independent of the

diffusion coefficient of the species. As a consequence, the antioxidant capacity Q,, which isequal in this
case to:

Opo =nc® (5)

can be evaluated directly from i and the flow velocity. Since the average linear flow velocity u,, is
related to the volumic flow rate @ by:

D =u, hL (6)

the antioxidant capacity Q,, is given by:
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Ono =7 (7)

" Fu L
or.
iS
Opo = ro (8)

According to Wand Pe, u,, or @ have to be low enough to fulfil the requirements of a thin-layer regime
(Eq.(3)). Besides, values of Q,, can be easily converted to the equivalent amount of ROS. Note here
that Q,, is expressed in unit of concentration.

To investigate the influence of flow rate prior to the evaluation of antioxidant capacity,
chronoamperometric experiments were then performed at 1.12 V/Ref for different concentrations of
trolox and various flow rates (Figure 3). They were compared to corresponding theoretical values issued
from numerical simulations. Taking into account the geometric dimensions of the microchannel
electrode (w= 197 um, /=500 um and A= 20 pum) and diffusion coefficient of trolox (D=5 x10° cm?
s?), the optimal flow velocities estimated for a thin-layer regime (Eq.(3)) were found under these
conditions lower than 0.12 puL min™. Note that this range of flow velocities applies also for the other
AOs considered in this study since these latter have higher diffusion coefficients than trolox.
Experimental chronoamperometric responses reported in Figure 3A show that steady-state currents i
can be measured after a few seconds. However, residual currents are still observed for responses
monitored in buffer solution due to the slight oxidation of the medium at such a potential and possible
formation of platinum oxides [49] (see Figure 2). Values of i, were thus corrected from the residual
currents before being compared to simulated ones. A good fit was observed between data whatever the
range of concentration and flow rate investigated (Figures 3B and 3C). Knowing the concentrations c°
of trolox, values of Q,,/. estimated from Eq.(8) were very close to the predicted ones (ie.,
O/ = n=2) but only at a flow rate of 0.1 pL min™. One must point out that lower values of flow rate
were not investigated experimentally since they could not be controlled precisely with the experimental
setup used in this work. Within the accuracy of the measurements, these results were fully consistent

with the optimal flow rates evaluated above.

3.3 Control of thin layer regime

As the flow rate is a critical parameter to ensure a thin layer regime, its magnitude was measured in
situ using two microchannel electrodes WE; and WE, operating in generator-generator mode

(Figure 4A). Ferrocene methanol was introduced in the flowing solution as the redox mediator. The two
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working electrodes were biased independently and simultaneously at a constant potential of 0.3 V/Ref
corresponding to the oxidation plateau of ferrocene methanol. In this configuration, the current
response of WE, was fully determined by the performance of WE, located upstream. Indeed, the time
delay required for the perturbation generated by WE, to cross the distance separating the two
electrodes is related to the insitu flow rate [44]. As an example, the corresponding
chronoamperometric responses monitored at a flow rate of 0.1 uL min™ were reported in Figure 4B.
They were also compared to the simulated responses accounting for all the experimental parameters
including the diffusion coefficient of ferrocene methanol (D= 7.6 x10° cm?s?) [37]. The rather good
agreement observed between experimental and theoretical responses of WE, validated definitely the
experimental control of the flow rate. Moreover, the steady-state residual current monitored at WE,
demonstrated the complete abatement of ferrocene methanol in relation to the thinlayer regime

expected at such a flow rate.

3.4 Evaluation of antioxidant capacity from individual AO solutions

A flow rate of 0.1 pLmin™ was finally selected to evaluate antioxidant capacity from synthetic samples
since this value fulfilled the criteria of thin-layer regime for all AOs considered. It could be also imposed
with the adequate precision. Measurements were performed in solutions of individual AO (GA, CA, AA
and T). The three potentials mentioned above, 0.66, 1.12 and 1.19 V/Ref, were applied to monitor the
current responses at a single microchannel electrode. Figure 5 shows the chronoamperometric
responses measured experimentally in buffer solution alone and in a solution of 0.5 mM CA. Since the
current response in buffer was found to be dependent on the applied potential, this result confirmed
again the need to correct the response from the capacitive and residual contribution of the currents.
Following such a procedure, the time delay to reach steady-state currents was reduced to a few
seconds (approximately 2s) as expected under these hydrodynamic regimes for process controlled by
diffusion-convection [38]. The corrected currents agreed extremely closely with those simulated
whatever the potential considered. However, the quality of the fits along the responses was better for
currents close to the steady-state values. Indeed, the subtraction of currents is an approximate
procedure since Faradaic and capacitive contributions are physicochemical processes that are

intimately convoluted [38]. Furthermore, data at short time scale were not fully reproducible.
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Figure 3: (A) Experimental chronoamperometric responses (solid lines) obtained in trolox solutions at different
concentrations: 0.25 (a), 0.5 (b) and ImM (c). The dotted line represents the response recorded in 0.1 M buffer solution.
(B) Influence of trolox concentration on the steady-state current i for three volumic flow rates @=0.1 (d), 0.2 (e) and
0.4 uL min™ (). (C) Influence of the volumic flow rate @ on the steady-state current i, for three concentrations of trolox as in
(A). (D) Experimental values of Q,/c” estimated from data in (C) as a function of volumic flow rate @. The dashed line
corresponds to the predicted value of Qy/c® with Qy/c”=n=2. In (AC), E=1.12V/Ref. In (B-C), the experimental
currents (symbols) are subtracted from background currents and compared to predicted ones obtained by numerical
simulations (solid lines).

Similar experiments were also performed with 0.5 mM GA, AA and T solutions (data not shown). The
experimental values of the ratio Q,,/c® were reported in Figure 6 and compared with the predicted
ones. They were in good accordance for each AO. The experimental values were lower than the
predicted ones, by nearly 17 % at 0.66 V/Ref and by 10 % at higher potentials 1.12 and 1.19 V/Ref.
These discrepancies are probably due to the fact that the current plateau of each AO is not fully
reached at 0.66 V/Ref (Figure 2). Under these circumstances, the electrochemical reactions are
partially limited by the kinetics of electron transfer. Therefore, Egs. (7)-(8) do not any longer apply even
when a thin layer regime is locally achieved at the electrode with lower concentration gradients. One
must underline that n can still be estimated in this situation by taking into account the kinetics, i.e., the

difference between applied potential and half wave potential of each AO. Nevertheless, these
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evaluations were not carried out here. Since they depend on the nature of the AOs and ultimately on

the composition of samples, they were beyond the scope of the present investigation.
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Figure 4: (A) Top view of the microfluidic device showing the relative positions of the two working electrodes WE, and WE,.
(B) Chronoamperometric responses recorded at WE, and WE, operating in generator-generator mode. Comparison between
experimental (symbols) and theoretical currents (solid lines) in 1.2 mM ferrocene methanol / 0.1M supporting electrolyte.
Electrode widths w; = w, = 197 um, gap distance g= 800 um, channel height /=20 um and channel width /= 500 um.
F=0.1yL min?, E=0.3V/Refand D=7.6 x 10°cm?s™.

3.5 Evaluation of global antioxidant capacity from AO mixtures

In order to validate this new electrochemical procedure, measurements of antioxidant capacity were
also performed following the same procedure with mixtures of two, three or four different AOs. The
solutions were prepared with equimolar concentrations of each AO to achieve a total concentration of
0.5 mM. Figure 7 shows the values of global antioxidant capacity evaluated from steady-state currents
in each mixture. They were compared to the values of Q,, defined in case of AO mixtures by:

Opo = 21€; 9)
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where n and ¢ are respectively the number of electron and concentration of individual AO in the

mixture. As in Figure 6, a rather good agreement is observed between data even if experimental values

obtained at 0.66 V/Ref were systematically lower than at 1.12 and 1.19 V/Ref. As already mentioned,

this result is consistent with the oxidation of individual AO that mostly occurs above 0.66 V/Ref.
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Figure 5: Experimental chronoamperometric responses recorded in 0.5 mM CA (solid lines) and in buffer solution (dotted
lines) at different applied potentials. (A) £=0.66 V/Ref. (B) E=1.12 V/Ref. (C) E=1.19 V/Ref. In (A-C), the currents
subtracted from capacitive and residual currents (o) are compared to the predicted currents (dashed lines) obtained by
numerical simulations. F= 0.1uL min™.
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The good agreement observed at higher potentials shows that this analytical procedure is appropriate
for evaluating antioxidant capacity of samples of unknown compositions, provided that the
electrochemical reactions involved are fully controlled by the mass transport [37]. These results based
on these different mixtures demonstrate that the individual diffusion coefficients of AO or number of
electron exchanged during their oxidation have no influence on the determination of antioxidant
capacity. The accuracy of this evaluation is guaranteed also if residual currents are subtracted from the

global currents, in particular when the operating potentials are close from the oxidation of the medium.
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Figure 6: Experimental values of Q,/c° estimated from steady-state currents in 0.5 mM AQ solutions after subtraction of
residual currents. F=0.1uLmin™. The predicted values (dashed lines) are equal to QAO/CO = n=3 for GA and to OAO/CO =
n=2 for AA, CA and T. Uncertainties correspond to standard deviations of 3 successive measurements.

CA+T (A), GA+T (A), AA+CA+GA (O), AA+CA+GA+T (m).

3.6 Comparison with a method based on electrolysis

Finally, some of these results were compared with others reported in a previous work [29]. The latter
were obtained from coulometric experiments carried out with similar AOs mixtures. Under these
experimental conditions, partial electrolysis were performed in a conventional electrochemical cell
during an operating time of several minutes (through the RACE method) [29]. Figure 8 shows that the
performances achieved in both situations were comparable with discrepancies ranging from 10 to
15 %. This comparison between data demonstrates clearly the great benefit of using microchannel
electrodes to quantify antioxidant capacity while keeping identical or even better performances. Only
very low samples volumes are required (i.e., a few nanoliters) leading to fast determinations (i.e., in a

few seconds). Besides, the short duration of measurements should avoid longtime interferences
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between oxidized species due the large degree of oxidized AOs and the formation of oxidized products

during the electrochemical process.
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Figure 7: Comparison between experimental Qyp ., and predicted Qg 1, values of global antioxydant capacity for several
mixtures of AO and different applied potentials. (A) £=0.66 V/Ref. (B) £=1.12V/Ref. (C) E=1.19 V/Ref. In (A-C)

EC} =0.5 mM and F= 0.1 uLmin. Uncertainties correspond to standard deviations of 3 successive measurements.
The straight lines represent the equality O ey, = Oho, theo- AO Mixtures with AA+T (o), AA+CA (e), AA+GA (¢), CA+GA (V),
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Figure 8: Comparison between experimental antioxidant capacity Oy, «, €valuated at a microchannel electrode (data from
figures 6 and 7) and antioxidant capacity Quo, couiomety @5S€55€d from coulometric experiments® with same AO mixtures. The
data in (@) correspond to Qug, ex, aNd Oho, couiomerry OPtained respectively at £=0.66 V/Ref and 0.8 V/(Ag.AgCl 3M KClI). The
data in (o) correspond to Qug, ex, @Nd Oho, couiomerry OPtained respectively at £=1.12 V/Ref and 1.2 V/(Ag.AgCl 3M KClI). The
straight line represents the equality Qg ey, = Oho, coutometry-

4. Conclusion

These results clearly demonstrated the validity of this novel electrochemical procedure for evaluating
total antioxidant capacity of samples. From one side, the selection of the operating potentials, which
determine the analytical selectivity of the method, can easily simulate the oxidation power of many ROS
like O,"" and H,0,. On the other side, the use of a microchannel electrodes provide all the benefits of
confined environments such as the handling of low solution volumes and the setup of fast
electrochemical measurements. Under specific operating conditions, a thin layer regime may be
established at the microchannel electrode that allows antioxidant capacity of AOs mixtures or samples
to be analyzed without making any prior assumptions about their composition. This approach was
validated by performing measurements with synthetic mixtures of AOs having dissimilar diffusion
coefficients and involving different number of electron stoichiometries during their oxidation. This novel
method paves the way to high performance antioxidant assays combining advantages of

electrochemistry and microfluidics.
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Abstract

The oxidation of benzoic acid (BA) and of 4-hydroxybenzoic acid (4-HBA) by galvanostatic electrolysis
with simultaneous oxygen evolution, using BDD or Pt as anode materials is studied. Results concerning
the oxidation kinetics as well as the identification and quantification of hydroxylated products are
reported. First order kinetics are used to describe the consumption rates of both compounds despite of
the anode material and of the applied current density. A simple kinetic model that accounts for the
anode surface coverage by HO radicals is proposed. Based on this model it is possible to correlate the
apparent rate constant of the organic consumption with kinetic parameter related to the organics

reactivity and to the degree of the adsorption of HO radicals to the anode surface.

Keywords

Electrochemical oxidation; Kinetic model; Hydroxyl radical; Benzoic acid; Platinum; Boron-doped

diamond
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1. Introduction

Hydroxyl radical (HO"), the most reactive species among oxygen radicals, is quite relevant in different
fields, such as organic synthesis [1], oxidative stress studies [2] and environmental applications [3].
Reactions of HO with aromatic compounds have been extensively studied. It was demonstrated that
addition reactions are more likely to occur than oxidation, despite the high reducing power of HO
radical, E°(HO-, H"/H,0) = 2.72 V, pH 0 [4] and E°(HO-/HO) = 1.89 V [5], probably due to the large
solvent reorganization following the electron transfer reactions.

The addition mechanism of HO- was described as involving hydrogen atom abstraction and fast
nucleophilic addition with the formation of a hydroxycyclohexadienyl radical that undergoes different
reactions depending on the medium composition [6].

The production of HO radicals is an important issue that can be achieved by different approaches.
Pulse radiolysis and flash photolysis are among the cleanest and most reproducible methods, yet their
use is rather limited as the equipment required are not accessible to most research laboratories. In
opposition, chemical methods based on disproportionation of peroxynitrous acid or on decomposition
of hydrogen peroxide by metal ions, known as Fenton [7] or Fenton-like reactions [8] are the most
spread method despite of fundamental questions concerning the enrollment of reagents in the
oxidation process. A modification of the classic Fenton reaction, allowing for a controlled production of
hydroxyl radicals, was achieved by electrochemical means. The electro-Fenton reaction allows for the
generation of HO radical in a controlled manner by adjusting the homogeneous production of hydrogen
peroxide and Fe(ll) by means of the electrochemical reduction of oxygen and Fe(lll), respectively [6,9].
Hydroxyl radicals are also formed by direct electro-oxidation of water as mediators of oxygen evolution
reaction (Egs. (1) and (2) ). Although radicals formed by this process are adsorbed at the anode

surface they can be involved in reactions with organic compounds as expressed by Eq. (3) [10]:

H,O—=HO +H" +¢ (1)
2 HO = 0,+2H" +2¢" (2)
R+ nHO — products (3)

Most of the work concerning the electrogeneration of hydroxyl radicals is aimed to the detoxification of
effluents [11,12] where it is envisaged the total combustion of organic material. The reported
experimental conditions include high oxidation power anodes, such as Sb-Sn0O, [13], PbO, [14] or BDD

[15], high current densities, long electrolysis times and undivided electrochemical cells. Under these
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conditions an efficient decrease of the chemical oxygen demand (COD) is usually attained as CO, is
formed in a yield approaching 100% [3,16,17,18]. The benefits associated to this method of producing
of HO radicals are important due to the simplicity of the required instrumentation and also because it
does not require the use of any specific reagent. Despite its great success in environmental
applications, the use of this method has not been explored in other important areas such as organic
synthesis or oxidative stress studies.

This paper aims to demonstrate the potentiality of this method of production of HO radicals for other
application besides the elimination of organics. Experiments were performed in experimental
conditions that were selected to minimize the contribution from secondary reactions and from cathodic
reactions, like low concentrations of organics, short electrolysis times and a two-compartment
electrochemical cell. Benzoic acid and 4-hydroxybenzoic acid were chosen as model compounds as

they are frequently used for characterizing HO radicals mediated reactions.

2. Experimental

2.1. Chemicals

All reagents employed were of analytical grade: 3-hydroxybenzoic acid (3-HBA), 2,3-dihydroxybenzoic
acid (2,3-HBA), 2,4-dihydroxybenzoic acid (2,4-HBA), 2,5-dihydroxybenzoic acid (2,5-HBA), 2,6-
dihydroxybenzoic acid (2,6-HBA), 2,3,4-trihydroxybenzoic acid (2,3,4-HBA), phosphoric acid, potassium
dihydrogen phosphate and dipotassium hydrogen phosphate (all from ACROS Organics), potassium
ferricyanide (José Gomes Santos), potassium chloride (Fluka), benzoic acid (BA; Prolabo), 2-
hydroxybenzoic acid (2-HBA;Vaz Pereira), 4-hydroxybenzoic acid (4-HBA; BDH Chemicals), 3,4
dihydroxybenzoic acid (3,4-HBA; Aldrich), 3,4,5-trihydroxybenzoic acid (3,4,5-HBA; Sigma) and
methanol (Fisher Scientific).

Phosphate buffer pH 7.0 was prepared by mixing adequate amounts of dipotassium hydrogen
phosphate with potassium dihydrogen phosphate, whereas phosphate buffer pH 3.5 was prepared
using potassium dihydrogen phosphate and phosphoric acid. The concentration of the buffer solutions

was 0.15 M.
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2.2. Electrochemical measurements

Voltammetric measurements and galvanostatic electrolyses were performed using a potentiostat

(Autolab type PGSTAT30, Ecochemie) controlled by GPES 4.9 software provided by Ecochemie.

2.2.1. Cyclic voltammetry

Cyclic voltammetry experiments were carried out from -0.4 to 1.0 V vs Ag/AgCl, 3 M KCI at Pt disc
(area 0.63 cm? and from 1.0 to 2.2 V vs Ag/AgCl, 3 M KCI at a BDD disc (area 0.63 cm? at a scan
rate of 100 mV s’. The reference electrode was an Ag/AgCl, 3 M KCI electrode (CHI111, CH

Instruments, Inc.). The counter electrode was a platinum wire.

2.2.2. Electrolyses

Galvanostatic electrolyses were carried out at 50, 268, 625 and 1250 A m? in a two compartments
cell separated by a glass frit membrane. The volume of the anodic compartment was 9.0 ml and the
solution was mechanically stirred with a magnetic stir bar (300 rpm). Pt and BDD materials were used
as anode electrodes. The Pt anode (5.6 cm?) is made of a piece (20 mm x 10 mm) of platinum gauze
(52 mesh woven from 0.1 mm diameter wire, 99.9%, from Alfa Aesar). The BDD electrode (3.0 cm?
15 mm x 20 mm) characterized by a 800 ppm boron concentration and a BDD-film thickness of 2.7
um, on a substrate of monocrystalline silicon, p-doped was purchased at Adamant Technologies,
Switzerland. The area of the Pt working electrode was determined using a 1.00 mM of K;Fe(CN) in 0.1
M KClI, in a cronoamperometry experiment. The diffusion coefficient used was 7.63 x 10°® cm?s™ [19].
Before each experiment anodes were electrochemically cleaned by applying a constant current
according to its nature. The Pt anode was cleaned using 0.02 A in a 0.1 M phosphate buffer pH 3.5
during 600 s, whereas the BDD anode was cleaned using -0.01 A in a 0.1 M phosphate buffer pH 7.0
for the same period of time.

Apparent constant rate was determined by the average values of at least two electrolysis and its

uncertainty was estimated through the standard deviation of the slope of the straight-lines Eq. (5).
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2.3. HPLC

The reactions were monitored both by the concentration decrease of BA or of 4-HBA along time and by
the quantification of hydroxylated products formed at 360 s. Hydroxylated compounds were selected as
relevant reactive products as they are known to be the main products formed in the presence of
oxygen, as demonstrated for BA reaction with HO radicals generated by radiolysis [20,21,22], by
photochemistry [23,24] and by electro-Fenton reaction [25]. These products have also been detected
as intermediaries in the photocatalytic degradation of BA induced by TiO, [26], in photo-Fenton
oxidation of BA and in electrochemical oxidation of BA using BDD [18,27].

HPLC analyses were performed using a Jasco, PU-2080 Plus system equipped with a RP 18 column
from Grace Smart (250 mm x 4.6 mm, 5 um particle size) and Clarity HPLC software from Jasco. A
flow rate of 0.6 ml min™ and a loop of 20 pl were used. A mixture of methanol: water: phosphoric acid
(60:39:1) (v/v) was used as mobile phase. The detection was made at 230 nm and the quantification

was performed using standard curves for each substance.

3. Results and discussion

3.1. Voltammetry of benzoic acid and of 4-hydroxybenzoic acid at Pt and at BDD electrodes

The voltammetric responses of BA and of 4-HBA in phosphate buffer pH 3.5 at BDD and at Pt
electrodes are presented in Fig. 1 A and B, respectively. The voltammogram of BA using BDD displays
a not well-defined peak whereas the voltammogram of 4-HBA shows a well-defined peak at lower
potentials. This result shows that the presence of the hydroxyl group in the aromatic ring favors the
electron transfer reaction. Besides, these reactions are not reversible and the products formed tend to
block the electrode surface decreasing the current in sequential runs (results not shown), as it was
previously reported [18,28].

Voltammograms recorded for both compounds with the Pt electrode do not show a significant
difference from those recorded in the blank solution. This result shows that the present experimental
conditions did not allow the adsorption of BA or of 4-HBA for its subsequent oxidation, as it was

previously demonstrated to occur under controlled conditions [29].
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Figure 1. Cyclic voltammograms (100 mV s™) of benzoic acid 0.50 mM (- -) and of 4-hydroxybenzoic acid 0.50 mM (—)
in 0.15 M phosphate buffer solution pH 3.5, and of the blank (---) obtained at: (A) BDD and (B) Pt electrodes.

3.2. Galvanostatic electrolysis

Two sets of galvanostatic electrolyses of BA (0.50 mM) were conducted in 0.15 M phosphate buffer pH
3.5 using either a BDD anode (A = 3.0 cm?) or a Pt anode (A = 5.6 cm? at a current density of 625 A
m?. The concentration decrease of BA, quantified by HPLC, is expressed by means of the
concentrations ratio C/C, and plotted against the electrolysis time, where C is the concentration of BA
and C, its initial concentration. Results are shown in Fig. 2 A. The concentration profiles obtained using
both anode materials follow a first order kinetics characterized by an exponential decay of the

concentration with time according to following equations:

C=C, ex —Mt
~To Py, (4)

1. C

k
—In—=--"%y

A C Vv (5)

where, A is the anode area, Vis the volume of the solution in the anodic compartment, tis time and
k., is the apparent rate constant that characterizes the consumption of BA. While Eq. (4) is the most
common form of expressing the concentration variation with time, we chose to represent our data by
Eq.(5) to normalize the concentration ratio by the anode area in order to eliminate this variable that
would induce changes in the slopes due to the difference of the areas of the anodes. As Vis the same
for all experiments carried out with both anodes, the value of the slopes can be compared directly as a
measure of k,,,. The slopes of the two straight-lines presented in Fig. 2 A are clearly different, (1.79 +
0.03) x10° m s* for BDD and (3.6 + 0.3) x10° m s™ for Pt. The lower value obtained for Pt cannot be
attributed to a partial blockage of this anode surface as the simultaneous oxygen evolution keeps the

anode surface unobstructed. Therefore, this result indicates that k,,, depends strongly on the anode
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nature. Furthermore, the fact that BA oxidation is more effective when BDD is used, can be explained
by the larger reactivity of this material for HO- mediated oxidations.

The former reported experiments were repeated using 4-HBA instead of BA. The obtained results are
displayed in Fig. 2 B using an identical plot. In opposition to results from BA, for 4-HBA the slopes of
both straightines are identical (= (2.2+0.2) x 10°m s", average value). In opposition to BA the &,
values seem not to depend on the anode material nature. Despite the use of an identical configuration
of the electrochemical cell and that the solutions stirring was kept constant in all the experiments, it
was not expectable that results from 4-HBA were independent on the nature of the anode material.
Comparing the slopes obtained for both compounds for the same anode material it can be concluded

that k&

oo 1S related to nature of the organic compound. Furthermore, differences between k,,, values are

in agreement with the reactivity of the organic compounds, as k,,, values are larger for 4-HBA (either
using Pt or BDD) which is consistent with the larger reactivity of 4-HBA for electrophilic attack by HO-
[6,30]. Besides, it can be notice that there is a differentiating/leveling effect concerning the anode
oxidation power when BA or 4-HBA is used. The less reactive compound discriminate the oxidation
power of the two anodes, while 4-HBA, the most reactive compound, is consumed with similar rates at

both anodes.

3.3. Current density effect on the rate of organics oxidation

For a better understanding of the variables that affect k,,, galvanostatic electrolyses were carried out
with BA and 4-HBA at different current densities, between 50 and 1250 A m?, at both anodes. Koo
values were calculated for all the experiments from the analysis of the concentration decrease with
time. These values are reported in Fig. 3 as a function of the applied current density. For all current
densities oxygen evolution was detected at the anodes, which potential varied between 1.8 V (/=50 A
m?) and 2.6 V (i= 1250 A m?) for Pt and between 2.8 V (i= 50 A m?) and 4.6 V (i= 1250 A m?) for
BDD. Values of k,,, for both compounds follow a linear relation with the current density with an
intercept that is close to zero. This effect is quite remarkable as it is observed for the two compounds

and the two anode materials. Both, the linear trend and the null intercept can lead to the following

conclusions.
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Figure 2. Plot of the concentration decrease during galvanostatic electrolyses, linearized and normalized to the anode
area: (A) BA (C,/= 0.50 mM) at Pt anode (®) (1/AIn(C/C,) = -8.64 x 10*-3.60 x 10*t r=0.93) and at BDD anode (&) (1/A
In(C/C,) =-1.08 x 107- 1.79 x 10°¢, r=0.997) and (B) 4-HBA (C,= 0.50 mM) at Pt anode (®) (1/4In(C/C,) =-3.99 x 10 -
2.36 x 10t r=0.998) and at BDD anode (4) (1/AIn(C/C,) = -7.85 x 10™*- 2.13 x 10, r= 0.9994).

The fact that the intercept is almost zero means that when the current approaches zero (i.e. the water
decomposition process vanishes) k,,, tends to zero, which means that the oxidation of the organic
compound does not occur, even if the anode potential is always above the oxygen evolution limit. This
fact provides a clear evidence on the nature of the oxidation process, as a HO- mediated reaction and
not by heterogeneous electron transfer.

The linear increase of k,,, with the current density must be related to the increase of the surface
concentration of HO radicals. The surface concentration of HO radicals must increase with the rate of
the water decomposition as they are formed by this process (Eq. (1)). The importance of this effect is
measured by the magnitude of the slopes. The fact that the magnitude of the slopes depend on the
nature of the organic compound and of the anode material indicates that this parameter must

incorporate variables associated with the reactivity of the organic species.
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Figure 3. Effect of current density used in the galvanostatic electrolysis on the apparent rate constant for: (A) BA (C, =
0.50 mM) obtained at Pt anode (®) (k,,, =-3.13 x 107 + 5.26 x 10° j, r= 0.98) and at BDD anode (&) (k,,, = 1.28 x 10°
+2.69 x 10® / r= 0.997) and (B) for 4HBA (C, = 0.50 mM) obtained at Pt anode (®) (Kopp =-1.27 X 107 +3.63x 102/ r=
0.998) and at BDD anode (&) (k,,, = 2.09 x 10° + 3.23 x 10® , r=0.9992).

3.4. Analysis of hydroxylated products

Table 1 reports the results concerning the identification and quantification of the hydroxylated products
formed by galvanostatic electrolysis of BA and 4-HBA with Pt and BDD at 360 s, for the current
densities of 625 A m? and of 1250 A m?® The concentration products formed at lower current
densities are not reported because they were above the detection limits.

The hydroxylated products formed, assigned by the position of the hydroxyl groups, were identified by
comparison of the retention times with those of the standards. The concentration of each identified
hydroxybenzoic derivative is expressed as a percentage of the total concentration of hydroxybenzoic
products, [A/Z[F where the total concentration of hydroxylated products is expressed as 2 [P]. The
yield of hydrxylated products is quantified by the parameter X [A/[Rl.. Where [Rl., is the
concentration of the organic that was converted to products. Although the conversion degree of BA and

4-HBA is quite different (according to the reported values of k,,) and despite the difference between
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the anodes areas similar conclusions can be drawn concerning the effects of current density and of
anode material on the yields of hydroxylated products.The amount of hydroxylated products formed
when the Pt anode was used is higher than when the BDD anode was used, as it can be observed by
the values of 2 [A and of 2 [A/[A]., in Table 1. The fact that BDD seems to produce fewer
hydroxylated compounds and at lower concentrations can be related to the higher activity of this anode
material that might favor further oxidation of products into other forms, such as quinones, aliphatic
acids and even CO,.

On the other hand the increase of current density favors the formation of higher concentrations of
hydroxylated products when Pt is used, while for BDD the concentration of products are similar for both
current densities, even though higher amounts of the initial organic compound have been consumed.
As a global trend the yield of hydroxylated species tend to decrease with the increase of current density

indicating that hydroxylated products must be further oxidized.

Table 1. Identification of hydroxylated products of BA and 4-HBA formed by galvanostatic electrolysis after 360 s using
either Pt or BDD anodes. The initial concentration of BA and 4-HBA was 0.50 mM. Quantification of the total concentration
of hydroxylated products, 2 [F], and of the yield of hydroxylation £ [Pl/[Rlen- [Rleon iS the concentration of R that was
converted to products and [F] is the concentration of each identified hydroxylated product.

>
i Kapp [Rlcon Z[P] xHBA  [Pl/ Z[P]
) I ) [P)/ Rl
Am (109 m's mM (109 mM %
%
R Pt BDD Pt BDD Pt  BDD Pt BDD Pt BDD
4 37 45
625  0.360:0.003  1.79+0.03 0.0387  0.104 132 0777 34 7
345 63 55
3 8
4 31 44
BA 25 22
1250 0.61+0.02 3.51+0.03 0.0638  0.185 181 0674 28 4
34 29
234 18
345 - 48
24 1
34 46 43
625  2.4+0.4 2.13+0.08 0287  0.268 111 0.0341 39 1
234 18
4 345 35 57
HBA 24 8
34 44 90
1250 4.5:0.4 4.3:0.9 0.401  0.393 132 0.0343 33 1
234 25 10
345 24
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3.5. Kinetic model for organics reaction with electrogenerated HO radicals

A quantitative analysis of the electrogenerated HO radicals reactions with organics must take into
account the set of processes described by Egs. (1)-(3), as previously demonstrated by Comninellis et
al. [17,31]. If the organic consumption occurs solely by reaction with the HO radicals its rate of

reaction can be expressed by the following rate law:
v =k 0T Ck 6)

where, v, (mol m?s?) is the organic compound consumption rate, k. (m°mol™s?) the corresponding rate

constant, @ the anode surface coverage by HO radicals, I', (mol m?) the saturation concentration of
this species and Cg (mol m?) is the concentration of the organic compound at the electrode surface.

In order to calculate the surface concentration of HO radicals, 6I', one has to consider the kinetics of
formation (Eq. (1)) and of consumption of HO radicals, either in the formation of O, (Eq. (2)) or in the
organics reaction (Eq. (3)). Considering that steady-state conditions are attained, an equilibrium is
established between the rate of formation and the rates of consumption of these radicals:

Vo =2vO2 +nvp

(7)
where v, is the rate of formation of HO radicals by water dissociation (Eqg. (8)) and Vo, the rate of
formation of O, (Eq. (9)) and n is the number of HO radicals used in the reaction with the organic

compound:

vV, .=—

HO F (8)

Vo, =kp 0T
0~ )

From Eqgs. (6) to (9) the surface concentration of HO radicals at the anode can be expressed by:
_ i
F(2ky, +nkpCR)

s

(10)

The dependence of the surface coverage with the applied current and with the rate constants of the
reactions described by Egs. (2) and (3) was previously described by an equation similar to Eq. (10)
[17,31].

Following Eq. (10) the rate of the organic consumption can be expressed by:

ki P
R Rk N bR
zF( o, tnkp ®)

(11)
or by:
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R
K (12)
Therefore the apparent rate constant can be defined as:
ko b
app 2k
zF( %, +nC1§
kg
(13)

This equation predicts that the rate of the organics consumption is related with the rate constant of O,
formation, with the rate constant of the organics reaction, with the organics concentration and also with

the number of HO radicals used in the organic reaction. Two limiting situations can be define

depending on the relative magnitude of Cg toward ko/kR:

Forn Cg >>2 ky /ka

i
(kapp)O =

E
cE
Forn ~R <<2k02/k,?,
ik
(k, ) -t R
PPl 2zF kg, (15)

Therefore, for higher concentrations of organics Eq. (14) predicts that the apparent rate constant is a
function of the applied current, of the organics concentration and of the stoichiometric coefficient of the
HO radical in Eq. (3). Under these circumstances k,,,does not depend on the organics reactivity, k.
This approximation can also be attained by disregarding the first term of Eq. (7), which means that the
anode coverage by HO radicals depends entirely on the balance between the formation of HO- and its
use by the organics oxidation. Furthermore, the organics oxidation rate is predicted to follow a zero
order reaction (vg=// nF).

In opposition, for low concentrations of organics the apparent rate constant given by Eq. (15) increases

with the applied current and with A, and decreases with ka' In this situation the surface concentration

of HO- is mainly controlled by the balance between the formation of HO- and its consumption in O,
evolution. Moreover, reactions are expected to follow a first order kinetics.
The concentration effect on k,,, computed by means of Eq. (13) is reported in Fig. 4 Afor n=18, /=

1250 A m? and for different ko/kR values (5, 10, 25, 150 and 500 mol m?). The deviation of K., from

the two limiting situations described by Eq. (14) and Eq. (15) are reported in Fig. 4 B and C, where
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these deviations are expressed in percentage of the limiting values (), or (k,,,);. The selected value

o)1
for n (=18) corresponds to the number of HO radicals needed to oxidize BA completely. This high
number was considered as it corresponds to the less favorable situation for attaining the limiting
condition expressed by Eq. (15), i.e. to verify a first order kinetics.

From the reported values in Fig. 4 A one can observe that &, , displays a strong dependence on both

app

concentration and A, / ke The concentration effect on k,,, tends to be more significant for lower &, /&,

ratios. For higher k, / k- values k. tend to be approximately constant although dependent on the ratio
0 app

ko/kﬁ. The relative deviation of k,,, from (k,,), (Fig. 4 B) is considerable for higher values of the ratio

ko/kﬁ despite of the concentration. In opposition, for 5 mM solutions deviations lower than 10% can be

P

achieved if ko/kﬁ, < 5. On the other hand the deviations of k,,, to (k,,,), (Fig. 4 C) tend to decrease for
the higher koz/kﬁ, namely deviations lower than 10% are obtained for concentrations lower than 2 mM
if ka/kR215O.

The deviation between k,,, and (&,

o1 for a concentration of 1 mM as a function of current density is

illustrated in Fig. 5, where the k,, values (solid lines) are compared to (,,

different ko/kR, i.e. 25, 150 and 500 mol m® and n = 18 (Fig. 5 A), whereas values for ko/kR= 150

), (dashed lines) for

mol m*for different n, namely 2, 9 and 18 are reported in Fig. 5 B. Although a linear relation is always

obtained, the direct assessment of k./ k, from the slope can be erroneous depending on both &, /.
07

and n. The magnitude of these errors can be regarded through the discrepancy between the solid and

the dashed lines for identical ko/kR (Fig. 5 A). Deviations of about 26%, 5.7% and 1.8% are observed
for ko/kﬁequal to 25, 150 and 500 mol m?, respectively. On the other hand, for ko/kR= 150 mol m?

deviations of 5.7%, 2.9% and 0.7% are observed for nequal to 18, 9, and 2, respectively.

Besides the effect of the current density on k,, related to the increase of the electrode surface
coverage by HO radicals, the current increase can bring additional consequences related to the mass
transport efficiency. The oxygen evolution leads to the formation of small bubbles at the electrode
surface which produces an additional source of convection that will certainly disrupt the diffusion layer.
Therefore the current density increase can lead to an increase of the mass transport rate. Two different
situations can arise depending on the existence or not of a concentration polarization at the electrode

surface. In the first situation the increase of current density will affect the concentration gradient,

Ca—-CE (where €3 is the bulk organics concentration), as convection will tend to homogenize

solution. In opposition, when the concentration polarization can be neglected, i.e. Cy =C%, k,, does
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not depend on the diffusion rate of the organics toward the electrode and therefore the convection

increase (due to oxygen bubbles formation) associated to the current density increase should not affect
k
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Figure 4. Effect of concentration on: (A) the apparent rate constant, &, (B) relative deviation of k,,,from (k,,), and (C)
relative deviation of k,,, from (k,,), evaluated for n= 18, /= 1250 A m?and ko/kﬁ= 5, 10, 25, 150, 500 mol m*.

Following the above development and considering that our experimental results followed first order

kinetics, values of kz/ koz were estimated from the experimental k,,, of BA and of 4-HBA obtained using

Pt or BDD at different current densities (Table 2). The ratio between the rate constants of the two
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organic compounds, k,.z./ ks, for the same anode were estimated from k,,z,/ /f02 and kg,/ kozvalues.

Although this ratio is independent of the current density it depends strongly on the anode material. For
Pt (a low oxidation power anode) there is a higher ratio of k,,z./ ks ( = 6.8) showing that there is a
considerable difference between the two rate constants, whereas for BDD (a high oxidation power

anode) this ratio is lower ( = 1.3).

Table 2. Values of kg /ky, and of kyz./ko, estimated from k,,, of BA and 4-HBA for the two anodes at different current
densities. k,ga/ kga COrresponds to the ratio (kyuss/k02)/( Kea/ ko)

Pt BDD
i Kgn/ ko2 Kapea/ ko2 Kgn/ ko2 Kapea/ ko2
2 I'(4»HBA/ kBA I'(4»HBA/ kBA
(Am™) (10%) m®mol* (10%) m®mol* (10%) m*mol* (10%) m®mol*

50 1.45+0.08 9.9+0.02 6.9 11.840.5 16+1 14
268 0.87+0.05 6+1 6.5 5.8+0.2 8+2 1.3
625 1.11+0.01 7+1 6.6 5.53+0.09 6.6+0.2 1.2
1250 0.94+0.02 6.9+0.6 7.4 5.42+0.05 7+1 1.2

It is also noticeable that the values of k4_HBA/k02 and kBA/kOZ obtained for 50 A m? are higher than those
for the higher current densities. Despite this difference the value of the ratio &,/ ks, from 50 A m? is
similar to those obtained from the other current densities. The fact that the lower values of k4_HBA/k02
and kg,/ koz were obtained for the higher current densities is not expectable considering the convection

increase associated to the higher rates of oxygen evolution that occurs at the higher current densities.
Therefore it can be concluded that both O, formation and the organics reaction were not mass
transport limited. Instead, this effect can be explained considering a hindrance of the electrode surface
by the O, bubbles that is more important for higher current densities. This effect contributes to a

reduction of the available anode surface leading to a decrease of k,,, and consequently of k4_HBA/k02
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Figure 5. Effect of current density on k,,, (solid lines) and on (k,,,); (dashed lines) for ('//5'=1 mM: (A) for n = 18 and
ko/kR= 25, 150, 500 mol m* and (B) for kO/kR= 150 molm®*and n=2, 9, 18.

4. Conclusions

The oxidation of BA and of 4-HBA by galvanostatic electrolysis with simultaneous oxygen evolution,
using BDD or Pt as anode materials are examined. The products formed from the oxidation of the two
organic compounds at the two anodes include hydroxylated derivatives that are typical of HO radicals
reactions. The yields of hydroxylated products were rather low for BDD as compared with those
obtained when the Pt anode was used. The concentration decrease of BA and of 4-HBA follows first
order kinetics characterized by an apparent rate constant, k,,, that depends on the anode material and
on the current density used in the electrolysis. The existence of a direct proportionality between &,

and the current density demonstrates that the reaction does not occur when the production of O, does

not take place, despite the high potential of the anode in all experiments. Therefore it was concluded

99



that the oxidations of either BA or 4-HBA are started by HO radicals whose formation only takes place
in conditions where O, is produced. A simple kinetic model that accounts for the anode surface
coverage by HO radicals is proposed to interpret these results. This model predicts two limiting
situations according to the magnitude of the organics concentration in comparison with the ratio of the

rate constants &, /kﬁ. For higher concentrations it is predicted that the rate of the organics

consumption is independent of both its concentration and its reactivity, whereas for lower

concentrations first order kinetics is envisaged. Based on this model the ratios Ag,/ A, y Kingd k02 and k,

wss/ Kgy are estimated from experiments carried out with the two anode materials. The calculated
reactivity ratio k,.z/ kg, is higher than 1 as expected due to the higher reactivity of the hydroxylated
derivative. Furthermore, a higher ratio is obtained for experiments carried out with platinum, which is
also likely to occur due to the higher adsorption strength of HO radicals at this material, allowing for a

better differentiation of the reactivity of organics.
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Abstract

A kinetic study on the oxidation of hydroxy-containing aromatic compounds by electrogenerated HO
radical and simultaneous by direct electron transfer is presented. First order kinetics are used to
describe consumption rates of hydroquinone, benzoic acid and of hydroxybenzoic acid derivatives by
galvanostatic electrolysis with simultaneous oxygen evolution at a Pt electrode. Linear correlations were
established from the effect of electrolyses current density on k,,,. The meaning of the interceptand of
the slope is analysed. A good agreement is found between intercept values and the apparent rate
constants from potentiostatic electrolysis without O, evolution. Simultaneously, the slopes magnitude
corroborate the relative reactivity order of species that was established considering the occurrence of
positive charge densities on carbon atoms of the aromatic ring. Therefore, the present analysis
provides kinetic information concerning both, the direct electron-transfer and the reaction with HO

radical.

Keywords

Electrochemical oxidation; Hydroxyl radical; Hydroxybenzoic acid derivatives; Hydroquinone; Platinum
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1. Introduction

Electrochemical methods have proved to be adequate for the destruction of organics in aqueous
media. A significant number of researchers has sought new electrode materials and improved reactors
design to optimize mineralization indexes. Boron-doped diamond (BDD) was the most used anode
material for this purpose [1-7], allowing to an efficient decrease of the TOC (total organic content) of
aqueous solutions containing test compounds, such as phenol [8,9], benzoic acid [10,11], bisphenol A
[12] or gallic acid [13]. The efficiency of organics destruction, by means of their electrooxidation with
simultaneous oxygen evolution, was attributed to the formation of HO radicals as intermediaries of
water electrooxidation [14-16]. The formation of this radical was detected in assays using anodes of
Ti/IrO,, Ti/SnO, and Pt using a radical trap [15]. The following mechanism was proposed for the

oxidation of organics mediated by HO radicals [17].

H,0—k sHO +H* +¢ (1)
2 HO ——0, +2H" +2¢ (2)
R+ nHO —%4— products (3)

The adsorption of HO radicals at the anode surface has a significant effect on their reactivity. When
they are strongly adsorbed they display lower reactivity, as it happens for Pt or IrO,, whereas when the
adsorption strength is weak, as it happens for BDD, the reactivity of electrogenerated radicals is
important [7].

Although most of the available studies deal with high oxidation power anodes, the use of anodes with
low oxidation power can have important applications particularly when a certain degree of selectivity is
required for oxidation.

In a previous work [18] we have reported a kinetic study on the oxidation of two compounds (BA and 4-
HBA) using BDD and Pt, where it was shown that consumption of species occurred mainly by reaction
with electrogenerated HO radicals. Based on these results, a kinetic treatment was presented,

considering the relative magnitude of the organics concentration towards kp, 4 /k, , that allows the

interpretation of concentrations decay during galvanostatic electrolysis.

In this work, a kinetic study on aromatic compounds oxidation by electrogenerated HO radical with
simultaneous direct electron transfer is presented. The possibility of extending our previous analysis to
electroactive compounds is quite relevant as a great number of organic compounds is electroactive,

particularly the model compounds used in mineralization studies. Compounds used in this work were
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selected regarding the direct electron transfer reaction features namely, the number of electrons
involved (one or two) and the stability of the formed products (semiquinone radical or quinones).
Kinetic data is analysed considering the presumed reactivity of these species suggested from charge

density values on carbon atoms of the aromatic ring.

2. Experimental

2.1. Chemicals

All reagents employed were of analytical grade: benzoic acid (BA; Prolabo), 4-hydroxybenzoic acid (4-
HBA; BDH Chemicals), 2,3-dihydroxybenzoic acid (2,3-HBA; ACROS Organics), 2,4-dihydroxybenzoic
acid (2,4-HBA; ACROS Organics), 2,5-dihydroxybenzoic acid (2,5-HBA; ACROS Organics), 3,4,5-
trinydroxybenzoic acid (3,4,5-HBA; Sigma), hydroquinone (HQ; May & Baker, Ltd), potassium chloride
(Fluka), potassium ferrocyanide and potassium ferricyanide (José Gomes Santos), potassium
dihydrogen phosphate and phosphoric acid (ACROS Organics). Methanol was of HPLC grade from

Fisher Scientific.

2.2. HPLC

Oxidation reactions were monitored following the concentration decrease along galvanostatic
electrolyses by HPLC. HPLC experiments were performed using a Jasco, PU-2080 Plus system
equipped with a RP 18 column from Grace Smart (250 mm x 4.6 mm, 5 um particle size) and using
Clarity HPLC software from Jasco (Jasco 870 / UV detector). A flow rate of 0.6 ml min™ and a loop of
20 pl were used. A mixture of methanol, water and phosphoric acid (60:39:1) (v/v) was used as
mobile phase. The detection wavelength was selected according to species: 210 nm for 2,3-HBA and
2,4-HBA; 230 nm for BA, 4-HBA and 2,5-HBA; and 280 nm for 3,4,5-HBA and HQ. The quantification

was performed using calibration curves.

2.3. Electrochemical measurements

Voltammetric measurements and galvanostatic / potentiostatic electrolyses were performed using a
potentiostat (Autolab type PGSTAT30, Ecochemie) controlled by GPES 4.9 software provided by

Ecochemie.
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2.3.1. Cyclic voltammetry

Cyclic voltammetry experiments were carried out from -0.25 to 1.4 V using an undivided three-
electrode cell. The working electrodes were of glassy carbon (GC; 3 mm diameter disk electrode,
CHI104, CH Instruments, Inc.) and of Pt (EM-EDI, Radiometer Analytical). An Ag /AgCl, 3.0 M
(CHI111, CH Instruments, Inc.) was used as reference electrode and a Pt wire as counter electrode.
The surface of the GC electrode was cleaned between scans by polishing with polycrystalline diamond
suspension (3F um; Buehler) for =1 min. The Pt electrode was electrochemically cleaned in 0.10 M

phosphate buffer pH 3.5 at the oxygen evolution region (0.02 A) during 600 s.

2.3.2. Electrolysis

Galvanostatic electrolyses were carried out using current densities from 50 to 1250 A m? in a two
compartments cell separated by a glass frit membrane. The volume of the anodic compartment was
9.0 ml and the solution was mechanically stirred with a magnetic stir bar (300 rpm). The anode is
made of a piece (20 mm x 10 mm) of Pt gauze (52 mesh woven from 0.1 mm diameter wire, 99.9%,
from Alfa Aesar). Before each experiment the anode was cleaned electrochemically in 0.1 M phosphate
buffer pH 3.5 during 600 s at a constant current of 0.02 A. The area of the Pt working electrode (5.6
cm’) was determined in a chronoamperometry experiment using 1.00 mM of K;[Fe(CN)¢] in 0.1 M KCI
[19].

Reported apparent rate constants from oxidation of hydroxybenzoic acid derivatives and of HQ
were determined using data of at least two electrolyses and displayed uncertainties correspond to

standard deviations.

2.4. Diffusion coefficients

Diffusion coefficients () were estimated from the slope of /) vs. w2 (regarding voltammetric data
from 20 to 100 mV s™) for hydroxybenzoic acids derivatives whose first oxidation peaks involve a single
electron. a values were estimated considering (E,-£,,,) = 48 / (& n) (Table 1). The number of electrons
of the first oxidation peak in Table 1 were obtained from literature [20-23]. As the homogeneous rate

constants were not known, the selection of the scan rates was based on the fit to a linear dependence
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of /, and v!'2 in order to discard a pure kinetic behaviour (low scan rates) or distortions due to the
capacitive current (higher scan rates). Despite a pure diffusion behavior is not assured the introduced
uncertainty is known to be low for EC processes [24]. Validation of determined D values cannot be
performed as there are not available D values for most of the compounds analysed. For 3,4,5-HBA the
calculated value of D is in agreement with that reported elsewhere based on simulation results [22,25]
with a deviation of 5%. Reported uncertainties were calculated using the standard deviation of the slope

of ,vs. v/2.

Table 1: Voltammetric data (regarding the first oxidation peak) of the different hydroxybenzoic acid derivatives,
hydroquinone and of potassium hexacyanoferrate estimated from results in Figure 1. Diffusion coefficients of species whose

first oxidation peak involves a single electron were determined by from the slope of /, vs. vl/2 .

E, (V) /, (10°A) oo Be BB Y Dot emisy
(mv) (mv)

4-HBA 1.002 £+ 0.004 7.36+0.02 78 - 1[20] 062 35+0.1
2,3-HBA 0.496 + 0.007 10.54+0.07 69 - 1[21] 070 36+06
2,4-HBA 0.996 + 0.006 9.56 +0.04 74 - 1[20] 065 3.8+0.3
2,5-HBA 0.430 £ 0.004 8.75+0.04 51 135 2[27] a) -

3,45HBA 0527 +0.001 7.72+0.03 73 - 1[22] 066 37+02

HQ 0.477 £+ 0.004 591+0.03 71 288 2[23] a) -

[Fe(CN)s]*  0.281+0.001 3.07+0.02 60 65 1[24] b) 0.77 + 0.03

a) ECEC mechanism

b) reversible electron transfer

2.5. Hydrodynamics characterization of the electrolysis cell

The mass transport efficiency of the electrochemical cell was characterized by analysis of j - t curves
from electrolyses (1.2 V) of 0.50 mM K,[Fe(CN),] in 0.15 M phosphate buffer pH 3.5 (Eq. (4)) [24] .

i kypp A
L:exp(_&tJ
i V

Jo (4)

where, Ais the anode surface area, Vis the volume of the solution in the anodic compartment, &,,, is
the apparent rate constant that characterizes the consumption of the substrate and ¢t is time. As
oxidation of [Fe(CN),] * is a very fast one-electron transfer, the process is mass transport controlled

and therefore k., = k.
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k =

m

(5)

> o

where, k, is the mass transport coefficient and 6 is the diffusion-layer thickness.

From Eq. (5) 6 = 2.53 x 10° cm was determined using k, = 3.04 x 10° cm s’ (evaluated from j - ¢
curve of potentiostatic electrolysis) and D= 7.7 x 10° cm? s* (from voltammograms recorded in 0.15
M phosphate buffer pH 3.5 and using Cottrell equation). Calculated values of D for [Fe(CN)¢]* is in
agreement with that reported [22,25].

2.6. Charge density calculations

Charge density values were calculated using MarvinSketch, a Java based chemical editor, provided by

platform ChemAxon. Representation of molecules was drawn also using MarvinSketch.

3. Results and discussion

Electrogeneration of HO radicals from water occurs at potentials higher than those required for
oxidation of most hydroxybenzoic acid derivatives, therefore it is expected that their direct oxidation
occurs simultaneously with the oxidation via HO radicals. Characterization of voltammetric response of

these compounds is consequently relevant for interpretation of their oxidation kinetics.

3.1 Cyclic voltammetry and potentiostatic electrolysis

Cyclic voltammetry of 4-HBA, 2,3-HBA, 2,4-HBA, 2,5-HBA, 3,4,5-HBA and HQ in phosphate buffer pH
3.5 was carried out at Pt and GC electrodes. Voltammograms of BA (both at Pt and at GC) and of 4-
HBA (at Pt) are not significantly different from those of blank solution. For the other compounds,
voltammograms recorded at Pt electrode are not well defined due to Pt oxide formation current (not
shown). Fig. 1 reports voltammetric responses of 4-HBA, 2,3-HBA, 2,4-HBA, 2,5-HBA and 3,4,5-HBA at
a GC electrode in phosphate buffer pH 3.5. Voltammogram of HQ is also reported in Fig. 1 as a
reference compound. Table 1 contains voltammetric data from the first oxidation process (Ip, Ep, Ep-
Ep/2 and Epa-Epc) as well as experimental values of D (section 2.4).Oxidation of the
monohydroxybenzoic acid, 4-HBA, corresponds to a single electron transfer [20]. The peak potential,

Ep, is very positive as compared to HQ peak potential and no significant reverse peak is noticeable The
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oxidation process is assigned to the formation of a semiquinone and is accomplished by the
abstraction of a proton. The semiquinone radical is very unstable and therefore its formation is followed
by other reactions, including dimerization and polymerization [20,26].

Polyhydroxybenzoic acids with two or more HO groups can be oxidized by one or more electrons. This
is clearly observed in the voltamograms of 2,3-HBA and of 3,4,5-HBA where the HO groups are in
ortho position in respect to each other. In this configuration the semiquinone radical formed by the first
electron-transfer reaction is further oxidized to quinone in a second process [21,22]. In this case the
first oxidation is rather facilitated and occurs at a low potential, comparable to that of HOQ.
Nevertheless, no reverse.

peak is observed. Voltammogram of 2,4-HBA also displays two peaks (partially overlapped) that can
correspond to two successive electron transfer processes. The first oxidation peak occurs at a potential
comparable to that of 4-HBA and superior to that of 2,3-HBA and to that of 3,4,5-HBA. The HO groups
in 2,5-HBA are located in para position in respect to each other, like in HQ and both compounds are
oxidized in a single step involving the transfer of 2 electrons accomplished by the abstraction of 2
protons [23,27]. Although the processes are irreversible by an electrochemical perspective the formed
guinone can be reduced back in the reverse scan.

As global trend, it can be remarked that voltammograms of species that enable the formation of a para-
quinone (as for 2,5-HBA and HQ) display a single oxidation process with a reverse peak, while when a
ortho-quinone can be formed oxidation occurs by two one-electron processes and without reverse peak
(as for 2,3-HBA and 3,4,5-HBA). In both cases (formation of ortho or para-quinone) the first peak
potential is rather low compared to that of species that do not afford the formation of quinones (as for
4-HBA and 2,4-HBA).

Potentiostatic electrolysis were carried out with BA, 4-HBA, 2,4-HBA, 2,3-HBA, 2,5-HBA, 3,4,5-HBA and
HQ at 1.2 V. This potential is much higher than the peak potential of these species (of voltammograms
recorded in carbon electrodes) but is lower than the required for oxygen evolution. Concentration
decrease was monitored by HPLC and apparent rate constants were determined according to Eq. (6)

that is characteristic of 1% order kinetics:

€ exp[ K4,
c Py (6)

0
where, C is the concentration at a given time and C,is the initial concentration. Calculated values for
the apparent rate constant for 2,3-HBA, 2,5-HBA, 3,4,5-HBA and HQ are presented in Table 2 as k”app.

For BA and for 4-HBA current dropped to zero almost at the start of potentiostatic electrolysis,
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indicating that electron transfer reaction did not occur at Pt. For 2,4-HBA an abrupt drop of current was
observed at the first instants of potentiostatic electrolysis due to anode passivation probably due to
formation of polymers at the electrode surface. Values of &, calculated by means of Eq. (5), using D
values reported in Table 1, are much higher than experimental /(Oapp values (Table 2). The difference
between these two parameters is quite significant and cannot be assigned to the inaccuracy of D
values related to the presence of the coupled chemical reaction as previously discussed. The

discrepancy between k, and K

aop Provide a strong evidence that the electron transfer rate is low at the

present conditions and the electrolysis rate is not limited by mass transport.
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Figure 1: Cyclic voltammograms (from top to bottom) of 0.50 mM 4-HBA, 2,4-HBA, 2,5-HBA, 2,3-HBA, 3,4,5-HBA and
HQ in 0.15 M phosphate buffer solution pH 3.5, recorded at 20 mV s™ using a GC electrode.

3.2 Galvanostatic electrolysis

Galvanostatic electrolyses of BA, hydroxybenzoic acid derivatives and of HQ (0.50 mM) in 0.15 M
phosphate buffer pH 3.5 using Pt anode were conducted at a current density of 1250 A m? with
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simultaneous oxygen evolution. Concentration decrease, expressed by means of the concentrations

ratio C/C, was quantified by HPLC and is plotted against electrolysis time. Values of concentration

decrease of BA and of 3,4,5-HBA are presented in Fig. 2. Curves displayed are fitted to experimental

data considering Eq. (6).

Table 2: Apparent rate constants from potentiostatic electrolysis (kaapp) and from galvanostatic electrolysis (k,,,) at different
current densities. Values of (k,,,);,_, correspond to the intercept of the straight lines in Fig. 4. The mass transport coefficient
values (k,) reported were calculated using & = 2.53 x 10 ® m (according to results from [Fe(CN)q] * reported in section

2.5.) and the diffusion coefficients of Table 1.

12V 50(Am?)  268(Am?)  625(Am? 1250 (Am?)
K, (ko)
” e k,, (10°m s?) k, (10°m s7)
(10°m s (10°m s™)

BA a) 03+05  038+005 121:006 360003 610+001 o
4HBA  a) 0112 2574006 8+1 2444 45+ 4 138 + 21
23HBA 18206  21+1 211405 3042 3744 52+ 3 142 + 31
24HBA D) 9.8+02 1142 2241 41+3 67+3 150+ 26
25HBA  19.0+05  215+07  22+2 27+3 34+3 16+ 2 d
34,5HBA 30+8 30+2 32+2 39+3 4514 66+ 6 146 + 23
HQ 382404 381 396403 4741 53 + 2 7324 d

a) no faradaic current was measured

b) not possible to measure due to the anode passivation during potentiostatic electrolysis.

c) not determined as no voltammetric response was obtained.

d) not calculated as the 1% peak corresponds to a ECEC mechanism.

Concentrations decrease of 3,4,5-HBA can be assigned to its oxidation by electrogenerated HO radicals

and also by direct electron-transfer, while for BA is mainly due to oxidation by HO radicals (as there is

no evidence of direct electron transfer by voltammetric studies). Experimental k,,, value of 3,4,5-HBA
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(66 x 10° m s?) is quite different from that of BA (6.10 x 10® m s) and is considerable lower than the
calculated mass transport coefficient, k, (146 x 10° m s'). Values of k, are much higher than
experimental k,,, values for all the analyzed hydroxybenzoic acid derivatives (Table 2). If the process
was controlled by mass transport k,,, values should be higher than the calculated k,, values using the 6
obtained from potentiostatic electrolyses without O, evolution. Due to bubbles formation, convection is
increased and thus 6 must be thinner, what would imply a higher mass transport efficiency, in
opposition to what is observed. These results provide an unequivocal indication that k,,, is not limited
by mass transport. Instead k,,, provides a measure of the rate of whole oxidation reactions associated

to the consumption of species, by direct electron transfer and by electrogenerated HO radicals.

1.2
C/C
0

0.9 -

0.3+ .

0 \ \ \ \
0 500 1000 1500 2000 2500
t/s

Figure 2: Concentration decrease during galvanostatic electrolyses (Pt anode at 1250 A m?) of 0.50 mM solutions: (®)
BA (C/Cy=exp ((-3.8 £ 0.1) x 10* #, r = 0.99) and (M) 3,4,5-HBA (C/C,) = exp ((-3.6 £ 0.2) x 10°#, r = 0.99). Equations
and curves were obtained by regression analysis.

3.3 Current density effect

The effect of current density on the consumption of 2,4-HBA is illustrated in Fig. 3, where C/C, values
against time are reported for 50, 268, 625 and 1250 A m?. All galvanostatic electrolyses were
performed with simultaneous O, evolution. Experimental k,,, values are reported in Table 2 together
with the corresponding values of other hydroxybenzoic acid derivatives and of HQ. An increase of &,
with current density is evident for all the compounds studied. The origin of this variation cannot be
attributed to an increase of mass transport rate associated to a raise of oxygen bubbles formation as
the processes are not mass transport limited, as explained in the previous section. Therefore this

variation must be related to the kinetic variables that control the oxidation rates of these compounds.
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As consumption of hydroxybenzoic acid derivatives can be due to direct electron transfer as well as to
reaction with HO radicals, Eq. (7) must be considered in addition to Eq. (3):

R - ne’—*s products (7)

Therefore the rate of consumption of species results from the contribution of these two processes:

Ve =Vruo 1 Vre (8)

where v, is the rate of the reaction with HO radicals and v, is the rate of the oxidation by electron
transfer. Eq. (8) can be rewritten as:

Vi = (ke o O T +kg,) Cp (9)

where, kg, is the apparent rate constant of the reaction with HO radicals (Eq. (3)), 8 I is the HO
radical surface concentration at the anode, &, is the electron transfer rate constant (Eq. (7)) and Cyis
the concentration of the species. Hence k,,, in Eq. (6) corresponds to:

Kopp =Ko 0 T +kg, (10)

Analysis of k,,, variation with current density must take into account the effect of j on each variable in
Eq. (10). Whereas kg, and I, (saturation concentration of HO radicals) should not be affected by
current density, the anode coverage degree, 6, and the heterogeneous rate constant 4, can depend
on it.

The heterogeneous rate constant k,, may increase with current density if the reaction is not diffusion
limited as it is the present case. Although in voltammetric experiments a diffusion control regime was
achieved for all species for £ > 1.04 V, in electrolysis a diffusion control regime was not attained
because the diffusion layer is thinner due to forced convection. Therefore the increase of ;. may occur
if the anode potential increases with j. Indeed, when current density is varied from 50 to 268 A m? the
potential increase is not negligible in opposition to what happens for the subsequent variations of
current density (from 268 to 628 and from 628 to 1250 A m?) as the slope of £ - j curves tend to zero
for j= 268 A m? (results not shown). Thus variation of kg.could only explain an increase of k., for the
lower concentration densities. However, as the augmentation of k,,, is considerable for higher current
densities, the variation of k;,cannot be overall justified by &j.increase.

On the other hand, the rate of formation of HO radicals (Eq. (1)) is controlled by j [28]:

Yho zLF (11)

Furthermore, in conditions of low C, it was demonstrated that [18]:

o= 2zl£k02 (12)
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where, kO2 is the rate constant of O, formation (Eq. (2)).

From Eq. (12) it is expected that the surface concentration of HO radicals increases steadily with /. As a

consequence of this concentration increase, and based on Eq. (10) it is foreseen a linear variation of

K.pp With J.
1 k
k = —M 7 + k
app 2ZF koz .] R.e (13)

The observation of this linear trend implies that A, does not vary significantly with /.

1.2
C/C
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Figure 3: Concentration decrease during galvanostatic electrolyses of 2,4-HBA (C,= 0.50 mM) at a Pt anode: (®) 50 A m’
2(C/Cy=exp ((-0.7 £ 0.1) x 10° 4, r = 0.99), (W) 268 A m?, (C/C,=exp ((-1.36 = 0.02) x 10° 8, r = 0.999), (®) 628 A
m?, (C/C, = exp ((-2.6 = 0.2) x 10° 8, r = 0.99) and (4)1250 A m?, (C/C, = exp ((-3.9 = 0.5) x 10° 4, r = 0.99).
Equations and curves were obtained by regression analysis.

3.4 Correlation between apparent rate constant and current density

In Fig. 4 the apparent rate constant of BA, hydroxybenzoic acid derivatives and of HQ are plotted
against current density. Open symbols (k”app) correspond to potentiostatic electrolyses (£ = 1.2 V),
whereas solid symbols (k,,,) correspond to galvanostatic electrolyses. Straight lines were obtained from
regression analysis considering only k,,, values.

Plots in Fig. 4 for all species display linear trends of k,,, vs. j as predicted by Eq. (13). The magnitudes
of the intercept differ significantly among them. While a null intercept is found for BA and 4-HBA,
noteworthy intercepts are found for all the other species. The origin of the intercept can be explained as

follows. As current density approaches zero the amount of O, produced vanishes and no HO radicals

will be generated; therefore the oxidation reaction will only take place by direct electron transfer. The

117



fact that zero intercepts are found for BA and 4-HBA means that no significant consumption of these
species is observed in the absence of HO radicals, which is consistent with the absence of a
voltammetric response at Pt. Besides, the match between the straight lines intercept and 4°,,, values
from potentiostatic electrolysis (open symbols) provides a clear evidence that the intercept is a
measure of the apparent rate constant of oxidation via direct electron transfer. The similarity between

the experimental (K°

aop) @nd extrapolated (A,

o (Fig. 4(a) and Table 2) is also an evidence that &, , was

not significantly affected by current density increase (see section 3.3).
The meaning of the slope of &, vs. j was thoroughly discussed by us in a previous work considering

different conditions (i.e. different magnitude of C, wik, ,, / (2zF k,, ) th regard to &, / kg ., ) [18].

In brief, the slope is a measure of the degree of susceptibility of 4, to an increase of HO radicals

concentration at the anode, that is related to the relative magnitude of A, towards kO2 )

When pseudo-first order kinetics is achieved (characterized by a logarithmic concentration decay along

time) the slope of k,,, vs. jis given by k ,, /(2zF k) (Eq. (13)). Values of k, ,,, / k, displayed in

Table 3 were calculated from slopes of plots in Fig. 4.
Analysis of the intercept and slope contributions to k,,, can provide important insight on the reactivity of

the species accordingly to the meaning of each parameters.

3.5. Kinetic data analysis

As discussed in sections 3.3 and 3.4 the rates of consumption of all species are much below the
calculated values assuming mass transport control (Table 2), demonstrating that important kinetic
hindrances are present.

Regarding the contribution of direct electron transfer reaction for the global oxidation, evaluated
through the extrapolated (k,,,)., the obtained values depended on the nature of species. Moreover, a
correlation of 0.87 was observed between (k,,)., and the reciprocal of £, This serendipitous
correlation can be explained considering that both variables are affected by a common parameter, i.e.
the exchange current density (/). Low j, values can be at the origin of high £, and simultaneously of
low electron transfer rates. 4-HBA and 2,4-HBA display simultaneously the higher £, and the lower
(K.pp)-or @t the same time 2,3-HBA, 2,5-HBA, 3,4,5-HBA and HQ exhibit lower £, and have higher
values of (k,,,).,. A better correlation between these two variables is difficult to attain since potential
parameters reflect not only the kinetic but also the thermodynamic properties of a system [29],

whereas (k,,,)., reflects exclusively kinetic features.
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Figure 4: Effect of current density on the rate of consumption of: (a) (®) 3,4,5-HBA, (W) 2,3-HBA, (®), 2,5-HBA, (A) HQ;
(b) (W) BA, (A) 4-HBA, (®) 2,4-HBA. Solid symbols (k,,) correspond to electrolyses with simultaneous oxygen evolution
whereas open symbols (l(oapp) correspond to electrolyses carried out at £= 1.2 V (vs. Ag / AgCl, 3.0 M).

The evaluated ratios ky yo / ke, are listed in Table 3 along with structural representation of the HBA

derivatives and with charge density values on the carbon atoms of the aromatic ring. The increase of

kr.Ho ! ko, does not follow the number of HO groups of the molecule since the three most reactive

species comprise a tri-, @ mono- and a di-hydroxybenzoic acid derivative. Alternatively, this kinetic
parameter must be related to electronic properties of the species that can control reactions between
HO radical and aromatic compounds. The presence of HO groups bonded to the aromatic ring induces
negative charge densities on the carbon atoms of the ring. Considering the electrophilic nature of HO
radical, the presence of negative charge densities on carbon atoms of the aromatic ring bonded to a
hydrogen atom favours hydroxylation reaction resulting from HO radical electrophilic attack [30,31]. A
relative reactivity order is proposed taking in consideration the number of negatively charged carbons

as well as the magnitude of the charge density at positions where an HO group can be added (Table 3).
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The six compounds studied can be divided into three groups. The less reactive BA (with lower k,,, / k,,

) exhibits positive charge densities at C2, C4 e C6 and slightly negative charge densities (almost null) at

C3 and C5. The species 2,3-HBA and 2,5-HBA, more reactive than BA (higher &, /k,, ), have one

carbon with a significant negative charge density at C5 (-0.026) and C3 (-0.039), respectively. The
most reactive species 3,4,5-HBA, 4-HBA and 2,4-HBA have two carbons with negative charge density.
3,4,5-HBA, the less reactive of these three compounds, displays the lower charge densities (-0.010, -

0.010); 4-HBA (with higher &, /k,, ) has intermediary charge densities (-0.039, -0.039) and 2,4-HBA

the most reactive species exhibits the highest charge densities (-0.083, -0.063).

Table 3: Values of kg, /k,, calculated for benzoic acid and for hydroxybenzoic acid derivatives from the slope of k,,, vs.

J using Eq. (13). Values of charge density are reported for carbon atoms from the aromatic ring that are bonded to a
hydrogen atom. Negative values of charge density are in bold.

COOH COOH COCH

COOH COOH COOH
1 OH
6 2 OH OH
5 3 HO OH
y HO OH
OH OH OH
kR,HO /ko2
0.94 +0.08 40+0.8 47 +0.4 53+05 7.0+0.4 89+04
(10° m* mol)
C2 0.058 -0.010 0.059
C3 -0.002 -0.039 -0.039 -0.083
Charge
Cc4 0.049 0.014 0.008
density
Ch5 -0.002 -0.026 -0.039 -0.063
Cé6 0.058 0.013 0.026 -0.010 0.059 0.058
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4. Conclusions

Apparent rate constants were determined from the consumption of seven hydroxy-containing aromatic
compounds. These values are much lower than the calculated considering mass transport control and
depend on the nature of species, demonstrating that electrolyses rates are controlled by the kinetics of
oxidation reactions. Values of k,,, were found to increase linearly with the current density of
galvanostatic electrolysis with simultaneous O, evolution. The intercept, (k,,)., of the linear
dependence between k., and j matches the apparent rate constant of potentiostatic electrolysis
without O, evolution. Thus, (k,,,).,was deemed as a measure of the apparent rate constant of oxidation

by direct electron transfer. From the slope of ,,, vs. jvalues of kg ;o / ko, were determined for all

species. These ratios of rate constants provide information concerning the reactivity of the species

towards OH radicals. A good agreement between kp 4/ ko, Values and the occurrence of negative

charge densities on carbon atoms of the aromatic ring was observed. The consistency between the
determined kinetic ratios and electronic properties of molecules substantiates the presented
methodology for the kinetic study of oxidation by electrogenerated HO radical with simultaneous direct

electron transfer.
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Abstract

The rate of degradation of an aromatic compound by electrogenerated HO radicals is investigated
considering the effect of the presence of other species, that can either be a reaction product of the
target compound or not. The effect of the actual reaction products is also analysed. The action of these
secondary species is integrated in a general model that accounts for the dependency of the anode
coverage by HO radicals on the concentration and reactivity of HO radical scavengers. From the
magnitude of the effect of competing reactions the reactivity of a set of hydroxybenzoic acid derivatives
was estimated by the product between the stoichiometric coefficients and the rate constants. A
possible mechanistic interpretation is provided to explain the unexpected high values of the
stoichiometric coefficients estimated that largely exceed the number of radicals required for the species

mineralization.
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1. Introduction

Hydroxyl radical is one of the most powerful oxidant. Although it is best known for its deleterious action
against cell components in oxidative stress [1], its application in the destruction of pollutants is
particularly valuable regarding environmental friendly technologies [2]. Regardless of the research/
application field, the understanding of HO radical reactions is of great interest.

The generation of HO radicals is carried out in most laboratories by the so-called Fenton or Fenton-type
reactions that use metal ions such as Fe(ll) or Cu(ll) to reduce H,0, [3,4]. Despite the simplicity and
accessibility of such methods, alternative ways have been suggested for this purpose, including the
sono-Fenton [5], photo-Fenton [6], the electro-Fenton [7,8], sono-electro-Fenton [9] and photo-electro-
Fenton [10,11]. Besides, HO radicals can also be generated by the photolysis of H,0, [12] or by
sonolysis [13] or radiolysis of water [2,14].

Electrochemical techniques are also used to generate of HO radicals. Following the identification of
hydroxylated products [15] or using spin traps, as N,N-dimethyl-p-nitrosoaniline [16] or 5,5-dimethyl-1-
pyrroline-N-oxide [17], the formation of HO radicals verified during the electrooxidation of water at
different anode materials, such as Pt, IrO,, SnO, and BDD. Besides the well known advantages of
electrochemical techniques, e.g. low cost and easy automation, the degree of adsorption of the
electrogenerated HO radicals at the anode can be controlled by the nature of the anode material.
According to the adsorption strength of electrogenerated HO radicals to the anode surface [15,16] both
the extent and rate of oxidation reactions can be varied. While quasi-free HO radicals are formed at
BDD (boron doped diamond) anodes, strongly adsorbed HO radicals are formed at Pt anodes [18].

The generation of strongly adsorbed HO radicals can be rather interesting for comparing the reactivity
of different species [19] or else for mechanistic studies. As the oxidation tends to be more selective,
less reactive intermediaries can be stabilized. This possibility can be exploited in order to identify these
intermediaries or to obtain information on secondary or competing reactions.

In the present work we present a kinetic study on the consumption of aromatic compounds that aims
to elucidate the role of competing reactions. As HO radical is not selective it can react with a given
compound and simultaneously with its reaction products. Besides, in natural systems (e.g. biological or
wastewater) organic molecules occur in more or less complex mixtures. Therefore competing reactions

cannot be avoid.
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2. Experimental

2.1. Chemicals

All reagents employed were of analytical grade. Benzoic acid (BA; Prolabo), 2-hydroxybenzoic acid (2-
HBA;Vaz Pereira), 4-hydroxybenzoic acid (4-HBA; BDH Chemicals) and 2,3-dihydroxybenzoic acid (2,3-
HBA; ACROS Organics). Potassium chloride (Fluka), potassium ferricyanide (José Gomes Santos),
potassium dihydrogen phosphate and phosphoric acid (ACROS Organics). Methanol was of HPLC
grade from Fisher Scientific.

Solutions were prepared in 0.15 M buffer containing potassium dihydrogen phosphate and phosphoric

acid pH 3.2.

2.2. HPLC

Oxidation reactions were monitored following the concentration decrease along galvanostatic
electrolyses by HPLC. HPLC experiments were performed using a Jasco, PU-2080 Plus system
equipped with a RP 18 column from Grace Smart (250 mm x 4.6 mm, 5 um particle size) and using
Clarity HPLC software from Jasco (Jasco 870 / UV detector). A flow rate of 0.6 ml min™ and a loop of
20 pl were used. A mixture of methanol, water and phosphoric acid (60:39:1) (v/v) was used as
mobile phase. The detection wavelength was selected according to species: 210 nm for 2-HBA and

2,3-HBA and 230 nm for BA and 4-HBA. The quantification was performed using calibration curves.

2.4. Electrolysis

Galvanostatic electrolysis were carried out (using a potentiostat Autolab type PGSTAT30, Ecochemig) at
1250 A m? in a two compartments cell separated by a glass frit membrane. Volume of anodic
compartment is 9.0 ml and solution was mechanically stirred with a magnetic stir bar (300 rpm).
Anode is made of a piece (20 mm x10 mm) of Pt gauze (52 mesh woven from 0.1 mm diameter wire,
99.9%, from Alfa Aesar). Before each experiment the anode was electrochemically cleaned in the
phosphate buffer solution pH 3.2 during 600 s at a constant current of 0.02 A. The area of the Pt
working electrode (5.6 cm?) was determined in a chronoamperometry experiment using 1.00 mM of

K,[Fe(CN)<]in 0.1 M KCI [20].
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3. Results and discussion

Using Pt anodes fairly oxidized, in conditions where HO radicals are produced by oxidation of water, the
consumption of aromatic compounds is not limited by mass transport, but by the kinetics of charge
transfer and by the kinetics of reaction with HO radicals. The apparent rate constants, A°,,, of

degradation of aromatic compounds are related to the reactivity of the species, according to eq. 1 and

to eq. 2 for non-electroactive and for electroactive compounds, respectively [19].

o _ J 1
kapp - a 2k07 (1)
> 4[]
S,HO
] 1
A [ S 2)
app Zk S.e
2F| 2o, Ly 18]
S,HO

Where kOg is the rate constant of the reaction of O, evolution (according to eq. A.2, of appendix), A ,is

the rate constant of the consumption of a species S by reaction with HO radicals adsorbed at the
anode surface (according to eq. A.4), ng is the stoichiometric coefficient, k;, is the rate constant of the
oxidation of S by direct electron transfer, z is the number of electrons involved in the electrogeneration
of HO radical, jis the current density of the galvanostatic electrolysis and F is the Faraday constant.
The fact that k”app keeps constant during the electrolysis of a number of aromatic compounds, despite
the consumption of the compound, was taken as an indicator that ng/S] would be much smaller than

2k02/ ks o On the basis of this consideration, values of kg, / ko2 were evaluated from the slope of

the representation of A”,,,vs J. Indeed, as &’,,,was independent of the instantaneous concentration of
the organic species S it means that the HO surface concentration kept constant during the electrolysis.

Although this approach suited our previous results [15,19] it is not adequate to interpret the new
evidences provided by experimental data presented herein regarding the occurrence of competing
reactions. The oxidation of a target compound in the presence of a second species, that can either be a
reaction product of the target compound or not is considered in sections 3.1 and 3.2. The effect of the
actual reaction products is also analysed (section 3.3) in experiments where the oxidation of a single
starting compound is carried out at different initial concentrations, covering two orders of magnitude,

so that the concentration of the formed products can also vary significantly.
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3.1. Kinetic analysis of benzoic acid reaction with HO radicals in the presence of 2-hydroxybenzoic acid

or of 4-hydroxybenzoic acid

The consumption of benzoic acid (BA) by galvanostatic electrolysis along time is displayed in Fig. 1A
and 1B. The initial concentration of BA was 0.50 mM in all experiments. Circles correspond to results
from solutions containing only BA as the starting compound, whereas triangles correspond to data
obtained from solutions where BA is mixed with 2-HBA (Fig. 1A) or with 4-HBA (Fig. 1B). The
independent variable Tin Fig. 1 is time normalized for the geometric ratio of the cell V/A.

The solid line adjusted to circles was simulated using eq. A.13 and describes the concentration decay
of BA (C%, = 0.50 mM) in the absence of any other added organic compound. A value of 2331 mol m”

is assigned to (2 kog + CS) / Kgyhoin €q. A.13. The parameter CS, defined by eq. A.14, concerning BA

oxidation can be expressed as:
CS = ng kg, yol BA]+ EnPBAJ-kPBAV,.,HO[PBA,i] 3)

where kg, is the rate constant of BA reaction with HO radical and ng, is the corresponding
stoichiometric coefficient; Pg,, (i = 1, 2,..., n) is a reaction intermediary or product formed directly from

the oxidation of BA or from the oxidation of a BA product, ”PBA,-iS the stoichiometric coefficient of the
reaction of P, with HO radicals which rate constantiskp 5 and [Pgy;] is its concentration.

The fact that BA consumption is described by a pseudo-first order reaction indicates that °,,,remains
approximately constant along time. Considering eq. A.13 this result can be a consequence of one of
the following situations. First, the magnitude of /f02 is much larger than that of CS and even if CS can
vary along time, the sum 2 ko, + CS keeps constant. On the other hand, if CS is comparable to Koy it
must remain constant despite the consumption of BA. Considering eq. 3, in order that CS remains
constant the decrease of the rate of consumption of HO radicals by reaction with BA (first parcel of eq.
3) must be compensated by the increase of its rate of consumption by reaction with the formed
intermediaries or products Pg,; (second parcel of eq. 3).

The consumption of benzoic acid from the two mixtures (BA +2-HBA or BA + 4-HBA) show identical
features (Fig. 1) in the sense that the concentration decay is slower than the observed in solutions
where BA is the single starting compound and that the concentration decrease does not follow an
exponential function. These observations were interpreted considering that the reaction of BA with
electrogenerated HO radicals was significantly slowed down due to the competition between both
organic compounds towards electrogenerated HO radicals. The fact that k,,, (the rate constant of BA

consumption in the presence of a second organic compound) is lower than £°._ (rate constant of BA

app
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consumption in the absence of any added organic compound) is a direct consequence of the lower
concentration of HO radicals in the presence of two organics that can react with these radicals.
Therefore, 2-HBA or 4-HBA provide a kind of protective effect towards the consumption of BA by HO
radicals. This protective effect tends to decrease along time given that the consumption of BA tend to
accelerate vis-a-vis the predicted by a constant k,,,. This is illustrated in Fig. 1 by comparing the dotted
with the dashed lines.

These lines are simulated using eq. B.10 (dotted lines) or eq. B.8 (dashed lines) that assumes that the
concentration of HO radical at the electrode surface is influenced not only by the presence of the two
organic compounds initially present in the solution (BA + 2-HBA or BA + 4-HBA) but also by the
products of reaction of these compounds (Pg,, and P,.z,, or Py, and P,z ). The only difference
between the two equations is that for eq. B.8 (dashed lines) k,,, is constant while for eq. B.10 (dotted

lines) k,,, diminishes along time.

pp

c/e, c/C,

0.0 T
0 1 2 3 0 1 2 3

t(x10%) /sm™ t(x10%) /sm™

0.0

Figure 1: Concentration decrease of BA along time, €%, = 0.50 mM, electrolysis conducted at j= 1250 A m? alone (O)
and in the presence (A) of 0.50 mM: 2-HBA (A) or 4-HBA (B). Experimental data are plotted together with simulation
curves: using eq. A.13 (solid line), using eq. B.10 (dotted line) and using eq. B.8 (dashed line). Simulation parameters:

_ -3 _ -3 _ -5 -1
(2 ko, + C8) / kgypo = 2331 mol m*, n kz'HBA’PZ—HBA /kBA,HO = 1060 mol m*, kpppppap = 3.5 x 107 m s~ (A)

k Ik
4-HBAP, 115" 4-HBAP, 15, | "BAHO

2-HBAP, 50

and (2 ko, + CS) / kgayo= 2331 mol m® n = 36250 mol m? Kgzpap = 5.0 x 108 m s

(B).

In eq. B.8 the initial concentration of the species R (2-HBA or 4-HBA), C% (C°,,5,0r C°,.50), is taken as
an measure of the total concentration of the species that are able to react with HO radicals C’, (defined
by eq. B.4), assuming that the decrease of /R]is compensated by the increase of [P, .

At short times, T < 1 x10° s m’, experimental data are adequately simulated by this equation

demonstrating that there was no significant decrease of the total concentration C°,,5, and C°,, .
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In eq. B.10 it is considered that the total concentration of the species that are able to react with HO

radicals decrease with time (by a first order rate reaction with a rate constant of k. ,) (eq. B.5).

The parameters used in the simulation are listed in the legend of Fig.1. where n Ky risap

2-HBAP., > HBA

2-HBA

and n are the average values of the product between the stoichiometric

k4-HBA,F’

4-HBAP, A

4-HBA

coefficients and the rate constants of 2-HBA and 4-HBA respectively.

3.2. Kinetic analysis of 2,3- hydroxybenzoic acid reaction with HO radicals in the presence of 4-

hydroxybenzoic acid

Results of concentration decrease of 2,3-HBA are reported in Fig.2 in a similar study to that reported in
the previous section. The experimental conditions used for the electrolyses are similar regarding the
electrolysis cell, current density and concentrations of the organic compounds. Concerning the
electrolyses of 2,3-HBA as a single starting organic compound (circles), results are similar to those
obtained for BA, as an exponential decay is observed even though the consumption of 2,3-HBA is
much faster than that of BA (compare the electrolysis time scales of Fig. 1 and Fig. 2). Based on this
evidence, identical conclusions can be drawn concerning the establishment of a steady concentration
of HO radicals at the anode surface along the electrolysis of 2,3-HBA. The solid line fitted to
experimental data in Fig. 2 was simulated using Eq. A.15 in the same manner as it is done for BA.
Results from the electrolysis of 2,3-HBA (displayed as triangles) show that its consumption in the
presence of 4-HBA slows down appreciably. The concentration decrease follow an exponential decay
with an apparent rate constant, k,,, lower than the kaapp of 2,3-HBA. As with BA, experimental data
were simulated using eq. B.9 and eq. B.11. The curves adjusted using both equations fit quite well to
experimental data, showing that the protective effect of 4-HBA does not decrease noticeably in the
experimental time range. It should be mentioned that the value of the rate constant used to describe
the decrease of €’ along time (Kyzsap = 5.0 x 10° m s™) was identical to that used for BA in the
previous section.

These results, in conjunction with the reported in section 3.1 for BA, demonstrate that k,,, is
susceptible to the occurrence of further reactions involving HO radicals. Furthermore, depending of the

time span of the experiments, the effect can be rather constant or may decrease along time.
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Figure 2: Concentration decrease of 2,3-HBA, C= 0.50 mM during a galvanostatic electrolysis at 1250 A m?in the
absence (O) and in the presence (A\) of 4-HBA. Experimental data are plotted together with simulated curves considering
eqg. A.15 using (solid line), eq. B.11 (dotted line) and eq. B.9 (dashed line) and using the following kinetic parameters: (2 ka

+ CS) / Ky 3hano =419 mol m?, n Korap, ., | Koa rearo = 1906 mol M, ke =5.0x10°m s™, ks

4-HBAP, ,ip4

wane = 21 x 108 m s,

In order to validate the model and assumptions used to deduce eq. B.8, eq. B.9, eq.B.10 and eq. B.11
used to fit experimental data in Fig. 1 and Fig. 2, additional experiments were carried out regarding the
consumption of 2,3-HBA in the presence of different concentrations of 4-HBA. According to our
assumptions ,,, should decrease with regard to 4°,,, with the increasing concentration of 4-HBA. Eq.
B.12 predicts a linear relation between the reciprocal of the variation of the apparent rate constant
(Ak,, = K., - k) and the reciprocal of the total concentration C’,,,,. Indeed, experimental data
obtained from 0.50 mM 2,3-HBA with concentrations of 4-HBA ranging from 0.08 mM to 3.00 mM
show an excellent agreement with the predicted trend. By means of a linear regression, values of
intercept and slope were estimated for the straight-line represented in Fig. 3. According to eq. B.12,
the intercept corresponds to (/) (2 ko, + CS) / ks 318010 @nd allow to estimate a value of 431 mol m*
for (2 ko, + CS) / K, spanor that is comparable to 419 mol m” used to simulate the experimental data
in Fig. 2 concerning an initial concentration of 4-HBA of 0.50 mM. Regarding the meaning of the slope

given by Eq. B.12, and combining the values of the slope and intercept (intercept’/slope) a value of

!k

4-HBAP, o Kamaarp, o, | Koa-rearo thatis similar to the value (1906 mol

1992 mol m? is estimated for n

m*) used to simulate the experimental results in Fig. 2.

3.3. Effect of the presence of the actual reaction products

The formation of reaction products that can react with HO radicals was pointed out above as the
reason for obtaining constant values of &, . In terms of the model used to simulate experimental data

this effect is accounted by the term CSthat is defined by eq. A.14. The increase of concentration of the
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reaction products along the electrolysis could therefore compensate the concentration decrease of the
initial organic compound, thus keeping CS constant during an electrolysis. However considering
electrolyses with different concentrations of the starting organic compound, it is expected that the value
of k“app from each electrolyses is different due to the variation of CS with C (eq.A.16). The
concentration decrease of BA, 2-HBA, 4-HBA and 2,3-HBA from electrolyses conducted at different
initial concentrations is shown in Fig. 4. Despite the magnitude of the initial concentration, that was
varied between 0.05 to 5.00 mM, exponential concentration decreases are observed, that are
characteristic of pseudofirst order reactions. Results also indicate a pronounced dependency between
the rate of consumption of each compound and its initial concentration. The more effective
concentration decreases were obtained for lower initial concentrations, i.e. for the lower values of CS,
what is in accordance with the predicted by eq. A.13 and eq. A.15. This effect is more pronounced for
the non-electroactive BA and 4-HBA [15]. Indeed this fact can be easily understood, since for
electroactive species only the parcel of k”app associated to the reaction involving HO radicals, k"appyHO, is
affected by the variation of the initial concentration, while the rate constant of the direct electron

transfer reaction, k;,, does not depend on the species concentration.

2
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Figure 3: Representation of the reciprocal of the variation of k,,, of 0.50 mM 2,3-HBA as a function of the reciprocal of
concentration of 4-HBA. Dotted line is obtained by linear regression (1/Ak,,, = (3.3 + 0.1) x 10* + (7.2 + 0.2) x 10° 1/C°,

HBA) .

The dependency of ., on the initial concentration of the species in each electrolysis is illustrated in
Fig. 5. Concerning the non-electroactive species (Fig. 5A and Fig.5C) the representation is 1/ k"app VS
C% (eq. A.22), whereas for the electroactive species the corresponding representation (Fig. 5B and

Fig.5D) is 1/ K

oo VS Cs (€q. A.24).Values of K, .., were calculated by &°,,, - ks, where values of ks,

were estimated from the intercept of k”app vs f[19]. The obtained linear correlations are quite good for

the four aromatic compounds, demonstrating that the parameters ascribed to the intercept and to the
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slope remain constant despite the change of the initial concentration. Considering the relations
expressed by eq. A.22 and eq. A.24, from the intercept it can be estimated the value of kg, / kog.
Values of kg.p / kog for BA, 2-HBA, 4-HBA and 2,3-HBA are presented in Table 1, together with our
previous estimations [19] evaluated directly from the slope of the representation of k"app VS
(considering that the magnitude of koz is much larger than the concentration term). Despite the

introduced error in our previous estimations, the proposed reactivity order did not change considering

the present results.

0.0 0
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-1+
-0.5- ¢
-2-
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-2 1 L) 1 -3 L) 1
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Figure 4: Concentration decrease during galvanostatic electrolyses at 1250 A m? of BA (A), 2-HBA (B), 4-HBA (C) and
2,3-HBA (D) at different concentrations: 5.00 mM (4), 1.00 mM (=), 0.50 mM (e), 0.25 mM (%), 0.10 mM (®) and 0.05
mM (V).

From the slope of 1/ K%, vs C’s values of n

spksp ! Kspo (= Nsp K

sp Ksp ! Kspo) can be obtained. This
amount corresponds to the product of the average stoichiometric coefficients by the average rate
constants, regarding the original species S and products P, divided by the rate constant of S. An

estimation of the average stoichiometric coefficients, n._, , can be obtained by assuming that

sp !
@/kSHo ~1. The error of this estimation depends on the relative weight of &, on the calculation
of E (eq. A.19). As this average value is calculated by a weighted arithmetic mean, regarding the

concentrations of each species, the correspondence between E and K, can be fairly accepted for
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low conversion levels of S. On the other side, for experimental data that include high conversion levels
of S, the error of this approximation should not exceed one order of magnitude. This assumption is

made considering the differences between the values of ks, / kog (Table 1). Besides, if the difference

between kg, and E is significantly large, a steady 4°,,, will certainly not be obtained. As this was

not the case for any of the analysed set of data (in Fig. 4), we can therefore accept the assumption of

kS,P /ks,/-/o ~1.
The estimated values of E for BA, 2-HBA, 4-HBA and 2,3-HBA are displayed in Table 1. The quite

unexpected high values obtained for ng, require some reflection and careful analysis concerning a

possible mechanistic interpretation of this evidence.
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Figure 5: Representation of the reciprocal of k"app vs the initial concentration for: BA (A), and 4-HBA (C); and of the
reciprocal of k”aﬁp,Ho vs the initial concentration for: 2-HBA (B) and 2,3-HBA (D).

3.4 Mechanistic interpretation of the HO radical stoichiometric coefficients
The amazingly high values of n. , , that range from 190 (from 2-HBA) to 2,900 (from BA), can only be

SP !

explained considering that reaction products and intermediaries formed by reaction with HO radicals
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are involved in subsequent reactions that make possible to regenerate reactive species that persist in

scavenging HO radicals.

Table 1. Values of ks o/ ko, reported in literature and values of ksyo/ko, and ng, calculated from the intercept and from

the slope of K,y 07 Vs Chp.

ks io/kop (10°M® MoI)[19] k. yo/kep (10°m* mol)) g, (109)

BA 0.941 + 0.008 2.3+0.7 29.0+£0.9
2-HBA - 13.0+£0.9 1.9+04
4-HBA 7.0+04 24+ 4 4.32 £ 0.05

2,3-HBA 47+04 6.49 + 0.07 2.22 £ 0.06

Aromatic compounds with aromatic rings such as BA or 4-HBA are readily attacked by hydroxyl radicals
giving a variety of free radical aromatic species as it is shown in scheme 1. There are several reports
describing the reaction of aromatic compounds with HO radical [15,19,21]. The addition of HO radicals
to these type compounds gives hydroxycyclohexadienyl radical intermediates that are easily oxidized to
give several hydroxylated derivatives (scheme 1). The 4-HBA is one of the major products isolated from
the oxidation of BA [15]. This is probably due to the stability of the corresponding
hydroxycyclohexadienyl radical. Dehydration of the hydroxycyclohexadienyl radicals can also occur
giving a BA radical that can be decarboxylate or can regenerate BA. Benzoic acid can also be obtained
by an addition-elimination mechanism from hydroxycyclohexadienyl radicals. As the reactivity of
electrogenerated HO radicals can be quite low, as a result of the strong adsorption strength at Pt, the
rate of HO radical addition to aromatic ring can be lower than that of elimination or dehydration

reactions. As a result, the number of HO radicals involved in the reaction, ng, , can exceed the

number of radicals required for the species mineralization.
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Scheme 1. Possible reactions involved in the attack of hydroxyl radicals to benzoic acid.

4. Conclusion

The rate of consumption of aromatic compounds by electrogenerated HO radicals depends strongly on
the presence of other species that are potential HO radicals scavengers. The effect of the presence of
4-HBA on the apparent rate constants of BA and 2,3-HBA and the effect of the presence of 2- HBA on
the apparent rate constant of BA was similar, in the sense that a substantial decrease in the rate of
consumption of BA and of 2,3-HBA was noticed. The magnitude of this effect was shown to depend not
only on the concentration of the radical scavenger but also on its reactivity towards HO radical, that

was characterized by np p kg p , i.€. by the average value of the product between the stoichiometric

coefficients and the rate constants of reactions of R and its reaction products with HO radicals.

The products formed from the reaction between aromatic compounds and HO radicals can themselves
be HO radicals scavengers and therefore compete with the reactant for these radicals. This assumption
was considered and validated to explain the apparent disagreement between the dependency of
apparent rate constants (k”app) on the concentration of each species. While k”app depended on the initial
concentration of the species, 4°,, remained constant during each electrolysis (despite the

concentration decrease). By considering that the HO radical concentration is controlled by both,
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starting species and reaction products, an expression was deduced that allows to estimate important

reactivity parameters such as ks, /' ko, (ratio between the rate constant of reaction of S with HO

radical and the rate constant of O, formation) and @ (average stoichiometric coefficients regarding

the original species S and products and intermediaries A). The high values estimated for @ , from all

the analysed compounds (BA, 2-HBA, 4-HBA and 2,3-HBA), indicates that elimination or dehydration
reactions can play an important role in stabilizing reaction intermediaries in conditions where the
availability of HO radicals (with sufficient energy to react, as a result of their strong adsorption strength

at Pt) is quite low.

Appendix A

The consumption of an organic compound, S, by galvanostatic electrolysis, with simultaneous O,
evolution is considered in view of the following conditions and assumptions:

- The starting compound reacts with electrogenerated HO radicals and originate products that may also
react with these radicals;

- The starting compound and its reaction products may be electroactive;

- The rate of all reactions (including the heterogeneous charge transfer) is slow relative to diffusion, so

that concentration polarization can be neglected.

The consumption of organic compounds by galvanostatic electrolysis, with simultaneous O, evolution, is
related to the formation of HO radical, as an intermediary species, according to eq. A.1 and eq. A.2
[22,23].

H,0—HO +H" +¢ (A1)

2 HO ——0, +2H" +2¢ (A.2)

The rate of formation of radicals, v, is controlled by the current density j (A m?), according to

equation A.3 [22] [23].

J
o (A.3)

VHO

where z corresponds to the stoichiometric factor and F to the Faraday constant. The reaction between

HO radicals and a chemical species, S, is expressed by equation A.4. As the products formed by this
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reaction may also be react with HO radicals in subsequent reactions, eq. A.5 must be considered as

well:

S+nHO —Xsao . p (A.4)

By, 4, HO' Koo up (A.5)

where P, (i =1, 2, ..., n) corresponds to intermediaries or chemical species formed by direct or

subsequent reactions of S with HO radicals and kg0 and kp,, o are the corresponding rate
constants.

The rate of formation of HO radicals in steady state conditions can be defined as:

Voo = 2Vo, ¥ NsVs o+ DM Vi wo (A.6)

where Vo the rate of formation of oxygen according to equation A.2, can be defined as follows:

Vo, = ko, T'O (A7)

where I8 corresponds to the surface concentration of HO radicals at the anode surface; € is the
surface coverage degree and I” the saturation concentration of this species (mol m?). The rate of
reaction between the chemical species S and the HO radical is defined by:

Vs.no = Ks ol SITO (A.8)

Considering eq. A.3, eq A.7 and eq A.8, eq. A.6 can therefore be rewritten as follows:

LF = 2k, TO+n5ks o [SICO+ 30, Ky ol Py, 0O (A.9)
Z 2 K S8 ke

or in an equivalent form:

ro-- ! (A.10)
F 2ko2 + 15k o[ ST+ EnPSJ kPS.,,HO[RS',i]

Combining equations A.10 and A.8 it is possible to defined the consumption rate trough equation A.11:

Vs ho -1 s [S] (A.11)
zF 2ko2 + nSkS.HO [S] + E nPS.,kPS‘,A,HO[])SAj]

According to equation A.11 the apparent rate constant associated to the consumption of Sis described
by the expression:

0

K =L Ksmo (A12)
F 2ko2 + nsks,Ho[S] + 2 np kPS‘,».HO[I)S.i]

A simplified expression equivalent to equation A.12 can be defined as:

j 1
k(lpp T T Ao .
2F (2k,, +CS)/ kg o

0

(A.13)

By defining the quantity CS as follows:
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CS= ”sks,Ho[S] + EnPS_,kPS),,HO[PS,i] (A.14)

Eg. A.13 must incorporate an additional term concerning the consumption of the species by direct

electron transfer, k., for species that are electroactive [19].

ka =L;+
" IF 2y, +CS) kg o

0 (A.15)

kS e

At each moment the sum of the concentration of the species S and the concentration of all the
products Ps;is equal to C, according to eq. A.16.
Ci =[S1+3[P;,] (A.16)

where Cis related to the initial concentration of S, C’, by:

Ci=Cy e (A.17)

where kg5 is the rate constant that expresses the decay of concentration of the species, either S ou
Pg, that can act as HO radical scavengers.

Eqg. A.18 is defined combining eq. A.14 with eq. A.16:

CcS
ny ks p = (A.18)

i
N

This equation defines a weighted arithmetic mean of the product between the stoichiometric
coefficients and the rate constants of reactions (considering both species S and products P, ), where
the weigh is the concentration of each species.

In circumstances where a constant CS is predicted (i.e. the concentration decay follow a exponential
trend), C's = C%. This situation is likely to occur for short times where the extent of mineralization or

ring cleavage is low. Thus, eq. A.18 can be replaced by:

CcS
ok = (A.19)

N

The apparent rate constant can therefore be rewritten as,

K, =L — (A.20)
F (Zko2 I kg o + g pks pCs 1 ks o)

for a non-electroactive species or, as

kz(z:;)p = L 1 0 +kSe (A21)
F (2k02 [ kg o + g pks pCs 1k 10 ’

for an electroactive species.
For a non-electroactive species, a linear relation can be established between the reciprocal of £°,,, with

C’, as follows:
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kO J kS.HO kS.HO

app

1 _ i(ﬁ+ s pKs p cg) (A.22)

For an electroactive species, it is defined:

kc(l)pp,HU = ki;p - kS,e (A23)
and a relation similar to A.22 can then also be defined:
2k
1 H, Isikse o ) (A.24)
kamHO J kS,HO kS,HO
Appendix B

The consumption of an organic compound, S, by galvanostatic electrolysis, with simultaneous O,
evolution is considered in the presence of a second organic species, R, that compete with S to the
electrogenerated HO radicals. The conditions and assumptions considered are similar to those

presented in appendix A.

The reaction between HO radicals with the chemical species, R, as well as with the reaction products
or intermediaries of R, P, (i =1, 2, ..., n), can be described by equations similar to eq. A.4 and eq.

A5. For these reactions the rate constants are kg.o and kg 0 and the corresponding
stoichiometric coefficients are ng and np_ .

In steady state conditions the rate of formation of HO radicals is be defined by eq. B.1, that includes all
the processes involving formation / consumption of HO radicals already considered in eq. A.6 as well
as reactions with the species Rand Pg,;

Voo =2 Vo, Vs o+ 20 Vo o+ MgV o+ DM, Vi o (B.1)

Therefore, the apparent rate constant for the reaction of S with electrogenerated HO radicals in the

presence of R can be defined as:

[ K50 (B.2)
o ZF 2koz + nsks,Ho[S] + Enpl,,kPS_L,HO[Ps.i] + anR,HO[R] + EnPRJkPR_,.HO[PR,i]

in a similar way as for eq.A.12.
Defining the quantity CR as:
CR = nky olR1+ 31, Ky ol ] (B.3)

and C,as:
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Cr =[R1+ 3 [Py,] (B.4)

where C is related to the initial concentration of R, C’,, by:

Cl, =Cy e fcwrt (B.5)

where k., pis the rate constant that express the decay of concentration of the species, either R or P,
that can act as HO radical scavengers.

Eqg. B.6 is therefore defined combining eq. B.3 with eq. B.4:

CR

=C_}§ (B.6)

nR,PkR,P

Similarly to eq. A.18, eq. B.6 defines a weighted arithmetic mean of the product between the
stoichiometric coefficients and the rate constants of reactions.
For short times, the extent of mineralization or ring cleavage is low and a constant CR is predicted,

therefore C, = C’%

CR

=C_z (B.7)

nR,PkR,P

The apparent rate constant for short times can thus be defined attending to eq. B.2, eq. B.3 and eq.

B.7:

k, = ! (B.8)
2F 2k, +CS  ng ke o
2 +——=Cy
kS,HO kS,HO
for non-electroactive species, or by:
j 1
k,, =-— +k, (B.9)
2F 2k, +CS  ng ke, o )
2 +——=Cy
kS,HO kS,HO

for the case of electroactive species.

For long times, the apparent rate constant is defined on the basis of eq. B.2, eq. B.3 and eq. B.6:

1

Ky = (B.10)
zF ZkO2 +CS . Mg pkp p C,(; oo
kSAHO kS,HO
for non-electroactive species, or by:
1
K = +ks, (B.11)

J
app ZF 2]{02 +CS + nR,Pk

R.P CO e_k(‘(R_P)t
R

kS,HO kS,HO
for the case of electroactive species.
The effect of the presence of the species R can therefore be evaluated from the variation of the

apparent rate constants as Ak, = K,,,- k,,,- Considering the difference between eq. A.20 and eq. B.8

145



or the difference between eq. A.21 and eq. B.9, eq. B.12 is defined for both electroactive and non-

electroactive species.

2

kS,HO 1

0
Ny pk p Cr

| ZF 2k, +CS

Ak

app

2ko, +CS

(B.12)

kS,HO kS,HO
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Abstract

A method is proposed and tested concerning the characterization of antioxidants by means of their
reaction with electrogenerated HO radicals in galvanostatic assays with simultaneous O, evolution,
using a Pt anode fairly oxidized. The consumption of a set of species with antioxidant activity, ascorbic
acid (AA), caffeic acid (CA), gallic acid (GA) and trolox (T), is described by a first order kinetics. The rate
of the processes is limited by the kinetics of reaction with HO radicals and by the kinetics of charge
transfer.

Information regarding the scavenger activity of antioxidants was estimated by the relative value of the
rate constant of the reaction between antioxidants and HO radical, Ky / ko, The number of HO
radicals scavenged per molecule of antioxidant was also estimated as ranging from 260 (ascorbic acid)
to 500 (gallic acid). The method was applied successfully in the characterization of the scavenger

activity of ascorbic acid in a green-tea based beverage.

Keywords

Antioxidants, scavenging activity, HO radical generation, ascorbic acid, phenolic compounds
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1. Introduction

Oxidative stress is a condition of biological systems where there is a imbalance between the amount of
reactive oxygen species (ROS) and the ability of antioxidants to eliminate this species and/or repair the
caused damage [1]. Hydroxyl radical is undoubtedly the most deleterious species among ROS that can
be formed in vivo, being able to react with most cellular constituents including lipids, proteins and DNA.
The implication of hydroxyl radical in the pathogenesis of conditions, such as Parkinson’'s and
Alzheimer's diseases [2], cancer [3], and aging [4] has been suggested. Studies concerning
identification of oxidative damages originated by hydroxyl radical, recognition of oxidative stress
markers, or evaluation of the potential action of specific molecules as antioxidants require the in vitro
generation of this radical. The use of pulse radiolysis or ultraviolet photolysis is quite convenient for this
purpose although these methods are not accessible in most laboratories. For characterizing the HO
radical scavenging activity of antioxidants, either isolated or in complex samples, radicals generation is
conducted by several methods including Fenton [4-6], Fenton-like [7,8], electro-Fenton [9,10], or
organic Fenton [11] among others. Despite the differences between these methods the use of chemical
precursors is a common denominator.

Electrochemical generation of hydroxyl radicals can provide a significant contribution in this area as it
does not require the use of any specific reagent. The resulting benefits are varied, but of particular
relevance is the minimization of interferences from chemical species that are alien to the system under
study.

In the oxygen evolution reaction by electrooxidation of water, according to Eq. (1) and Eq. (2), hydroxyl
radicals are generated as intermediary species adsorbed at the anode surface [12,13].

H,0—>HO +H" +¢ (1)

2 HO ——0, +2H" +2¢ (2)

Where the rate of HO radicals formation, v, is controlled by the current density of the electrolysis, ;j (A

m?), according to Eq. (3).

ZLF 3)

The adsorption degree of these radicals at the anode surface depends on the anode material. Weakly
adsorbed radicals at boron dopped diamond or at PbO, were successfully used for organic compounds
mineralization [12,13]. In opposition, HO radicals strongly adsorbed at Pt were used to characterize the

reactivity of aromatic compounds with respect to these radicals [14,15]. The consumption of aromatic
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compounds in galvanostatic electrolysis, using Pt anodes fairly oxidized, is not limited by mass
transport, but by the kinetics of charge transfer and by the kinetics of reaction with HO radicals
[14,15]. The apparent rate constant, k‘)app, obtained for the aromatic compounds consumption was
related to the reactivity of the species, according to Eqg. (4) and to Eq. (5) for non-electroactive and for
electroactive compounds, respectively [14,15]:

: (4)

app

& |~

k
% 4 ng[S]
$,HO

' 1
k,p = ZLF +kg, (5)

2k,
% 4 ng[S]
$,HO

where ko, is the rate constant of the O, evolution reaction following the recombination of HO radicals,

ks 1o1S the rate constant of the reaction between species S and HO radicals adsorbed at the anode and
ns is the number of HO radicals scavenged by S. The constant kg, is the rate constant of the oxidation
of S by direct electron transfer, z is the number of electrons involved in the electrogeneration of HO
radical and jis the current density of the galvanostatic electrolysis.

For both electroactive and non-electroactive compounds, a linear correlation was found between the
apparent rate constant of the species consumption and current density. Whereas non-electroactive
compounds displayed a null intercept, the intercept from electroactive species was found to be a
measure of the rate constant of the species oxidation by direct electron transfer.

In this work it is demonstrated that electrogenerated HO radicals can be used for antioxidants
characterization concerning their radical scavenging ability. Four well-known species recognized by

their antioxidant activity are used as well as a commercial green-tea based beverage.

2. Experimental

2.1. Chemicals

All reagents employed were of analytical grade. Caffeic acid (CA) was provided by Fluka, gallic acid
(GA), L-ascorbic acid (AA) and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox, T) by
Sigma-Aldrich. Phosphoric acid and potassium dihydrogen phosphate were obtained from ACROS
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Organics whereas acetic acid and methanol of HPLC grade was from Fisher Scientific. Potassium
ferrocyanide and potassium ferricyanide were provided by José Gomes Santos.
Antioxidant solutions were prepared in pH 3.5 0.15 M buffer containing potassium dihydrogen

phosphate and phosphoric acid.

2.2. HPLC

Oxidation reactions were monitored following the concentration decrease along galvanostatic
electrolyses by HPLC. HPLC experiments were performed using a Jasco, PU-2080 Plus system
equipped with a RP 18 column from Grace Smart (250 mm x 4.6 mm, 5 um particle size) and using
Clarity HPLC software from Jasco (Jasco 870 / UV detector). The loop was 20 pl. The flow rate
selected was 0.6 ml min™ for AA, GA and CA and 0.8 ml min™ for T and for tea samples. A mixture of
methanol, water and phosphoric acid (60:39:1) (v/v) was used as mobile phase for GA, CA and T and
a mixture of water, methanol and acetic acid (94:5:1) (v/v) was used for AA and tea samples.

The detection wavelength was selected according to the species: 280 nm for GA and CA, 254 nm for

AA and tea samples, and 210 nm for T. The quantification was performed using calibration curves.

2.3. Electrochemical measurements

Voltammetric measurements and galvanostatic / potentiostatic electrolyses were performed using a
potentiostat (Autolab type PGSTAT30, Ecochemie) controlled by GPES 4.9 software provided by

Ecochemie.

2.3.1. Cyclic voltammetry

Cyclic voltammetry was performed using as working electrode a glassy carbon electrode (GC, 3 mm
disk diameter, CHI104, CH Instruments, Inc.) and a Pt electrode (3 mm diameter, EM-EDI, Radiometer
Analytical). The reference electrode was a Ag/AgCl/3 M KCI (CHI111, CH Instruments, Inc.) and the
counter electrode was a Pt wire. All experiments were carried out using an undivided three-electrode
cell.

The GC electrode surface was cleaned between scans by polishing with polycrystalline diamond

suspension (3F pum) for about 1 min. The Pt anode was electrochemically cleaned between runs in the
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blank solution (0.15 M phosphate buffer pH 3.5) by two different ways. In one procedure (P1), the
electrode was submitted to three potential scans, from -0.4 V to 1.2 V, whereas in the other procedure
(P2) the electrode was submitted to a galvanostatic treatment at the oxygen evolution region (0.02 A
for 600 s). Procedure P2 is identical to the anode conditioning performed before each electrolysis as
described below. In order to analyse the effect of the oxidation state of the anode surface on the
electron transfer kinetics, voltammograms were recorded after each electrochemical cleaning
procedure. After the cleaning procedure P1, cyclic voltammograms were recorded from -0.4 Vto 0.7 V
at 100 mV s™. In order to avoid the removal of the oxide layer formed during the cleaning procedure
P2, cyclic voltammograms were recorded from O V to 1.2 V in the direct scan and from 1.2 Vt0-0.4 V

in the reverse scan, at 100 mV s™.

2.3.2. Electrolysis

Galvanostatic electrolyses were carried out at different current densities from 50 to 1250 A m? and
potentiostatic electrolyses were conducted at 1.2 V. All electrolyses were performed in a two
compartments cell separated by a glass frit membrane. Volume of anodic compartment is 9.0 ml and
solution was mechanically stirred with a magnetic stir bar (300 rpm). Anode is made of a piece (20
mm x10 mm) of Pt gauze (52 mesh woven from 0.1 mm diameter wire, 99.9%, from Alfa Aesar).
Before each experiment the anode was electrochemically cleaned in the blank solution during 600 s at
a constant current of 0.02 A. The area of the Pt working electrode (5.6 cm?) was determined in a

chronoamperometric experiment using 1.00 mM of K;[Fe(CN),] in 0.1 M KCI [16].

2.4. Hydrodynamic characterization of the electrolysis cell

The characterization of the mass transport efficiency of the electrolysis assays was performed by
analysis of j- ¢ curves from electrolysis (1.2 V) of 0.50 mM K,[Fe(CN),] in 0.15 M phosphate buffer pH
3.5 using Eq. (6):

- kS A
4 = exp(——“”" t) (6)
Jo 4

where, Ais the anode surface area, Vis the volume of the solution in the anodic compartment, &°,,, is
the apparent rate constant that characterizes the consumption of the substrate in a potentiostatic

electrolysis and tis time.
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The diffusion-layer thickness & is determined by Eq. (7) considering that oxidation of [Fe(CN)¢]* is

mass transport limited, i.e. &%, = K,

k =

m

D
z 7
5 (7)
where, k, is the mass transport coefficient and D is the diffusion coefficient. A value of § = 2.53 x 10°
cm was determined using k, = 3.04 x 10° cm s’ (evaluated from j - t curve of potentiostatic

electrolysis) and D= 7.7 x 10° cm? s™ (from voltammograms recorded in 0.15 M phosphate buffer pH

3.5 and using Cottrell equation).

2.5. Sample characterization

A commercial beverage of green tea enriched with lemon juice (Pleno tisanas) was analysed. The
sample was characterized by cyclic voltammetry using a GC electrode. Voltammetry was carried out in
solutions prepared by dilution of the original sample with phosphate buffer pH 3.5. Voltammograms
recorded from the 1:2 diluted sample displayed two waves ((£;,);= 169 mV and (£, ,),= 335 mV vs
Ag/AgCl, 3 M KCI). From the area under voltammograms integrated from O V to 1.4 V a total
concentration of 3.5 + 0.3 mM of T equivalent was estimated for the undiluted tea sample by
interpolation in a calibration curve [17].

The HPLC characterization of the sample is presented in Figure 1. Despite the large amount of small

peaks detected, ascorbic acid was the only antioxidant detected from the set of antioxidants analysed.

400- 4
i
h
300 ]
= 1
£
< 2004
1004
C 1 — Ll
0 5 10 15

t (min)

Figure 1: Chromatographic profile of: (full line) sample of commercial green tea-based beverage and (dashed line) sample
enriched with ascorbic acid.
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3. Principle of the method

The proposed method for evaluation of antioxidant activity is based on the kinetic characterization of
the reaction between antioxidants (AOs) and electrogenerated HO radicals highly adsorbed at a Pt
anode, during a galvanostatic electrolysis with simultaneous O, evolution. The species consumption is
analysed in view of the following conditions and assumptions:

1. The starting compound reacts with electrogenerated HO radicals and originates products that may
also react with these radicals;

2. The starting compound and its reaction products may be electroactive;

3. The rate of all reactions (including the heterogeneous charge transfer) is slow relative to diffusion, so
that concentration polarization can be neglected.

Condition 3. is confirmed by means of a cyclic voltammetric study and potentiostatic electrolyses which
results and discussion are presented in sections 4.1 and 4.2 and by the fact that values of k,,
obtained for AOs are lower than the values of k, (according to results in Table 1 and Table 2).

Under these conditions the consumption of an antioxidants can occur by reaction with electrogenerated

HO radicals and by direct electron transfer:

k

AO+n,, HO'—42i0—»p (8)

AO - ne-—ae P, )

Simultaneously, the species P,,, can react with HO radicals:

k

PAO,i+nPA01H0' Laoslil0—P (10)

where P, (i=1, 2, ..., n) corresponds to an intermediary or a product formed directly from AO or by

subsequent reactions of AQ, either with HO radicals or by heterogeneous electron transfer. «,,, ,,, and

k are the rate constants of the reactions of AO and of £, with HO and k. is the rate constant

P40;,HO
of the oxidation of AO by direct electron transfer.

The steady state condition can be defined by Eq. (11), considering that HO radicals are consumed in
reactions described in Eq. (2), Eq. (8) and Eq. (10).

Vio = 2Vo, ¥ a0 Vao o * EnPAoy,- VP HO (11)

where v,,, the oxygen formation rate can be defined as follows:

vy, =k, 1O (12)
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10 corresponds to the surface concentration of HO radical at the anode; @ is the surface coverage
degree and " the saturation concentration of this species (mol m?).

The rate of reaction between HO radical and the AOis defined by:

Vaouio =Kaonol AOIT'O (13)

An identical equation can be written regarding between HO radical and P,

Vesgtio = ke ol Paoi 110 (14)

Considering Eq. (3), Eq. (12), Eq. (13) and Eq. (14), Eqg. (11) can be rewritten as follows:

LF = 2k, TO+ 0k ol AOITO+ 31, Ky [Py, 1T6 (15)
- Key,

i

or in an equivalent form:

_J !
zF 2k02 + 1,0k 40 ol AOT+ > nPAOJ-kPAUJ,HO [Pyo,]

(16)

Combining Eqg. (16) and Eq. (13) it is possible to define the rate of reaction between AO with HO

radical as:

L Kaoo [AO] (17)
zF 2k02 + nAOkAO,HO [AO]+ E nPAOYikPAO_I»,HO [PAO,i]

V40,10
According to Eq. (17) the apparent rate constant of this reaction is:

i kAO,HO (18)
2F 2k, + 1,0k, go [AO]+ EnPAO‘ikPAO‘i,HO [Pio;]

kapp,HO =

A simplified expression equivalent to Eq. (18) can be written as:

J 1
Kappo == (19)
PO ZF 2k, +Vse) koo
where g is defined as follows:
Ve =Naokso o [AOT+ EnPAOJkPAOJ,HO [Pro,] (20)

As most antioxidants are electroactive, the AO consumption will also occur by direct electron transfer
with the anode, and the apparent rate constant of the global process must also consider the
contribution from this process:

k, =k

app app,HO

+ kAO,e (2]-)

Therefore, the observed apparent rate constant of the AO consumption is defined as:

j 1
ka) = + k e
" ZF (2kg, + Vi) ko o 40

(22)
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At a given moment, the total concentration of HO radical scavengers is [SC]..
[SC], =[AO]+J[P,,,] (23)
A weighted arithmetic mean of the product between the stoichiometric coefficients and the rate

constants of reactions with HO radical (considering both species AO and P,,) can be defined,

combining Eq. (20) and Eq. (23), where the weigh is the concentration of each species:

T Vv
nAO,PkAO,P = [Ssg] (24)

The value of [SC], can be related to the initial concentration of the AO, assuming that the total

concentration of the species decay by an exponential law:
[SC], =Cy, e o (25)

where kg, 5 is the rate constant that expresses the total concentration decay of HO radical scavengers.
In conditions where the AO concentration decay follows a first order reaction, it implies that the value of
k., is constant during electrolysis. Thus, considering Eq. (22) and Eq. (24) it can be concluded that the

value of vy, and therefore the value of [SC]; are not likely to vary significantly along an electrolysis.
The values of [SC]; can only keep constant if the decrease of [A(] is compensated by the increase of
DIPo (according to Eq. (23)) . In this case the following approach can be considered:

[SC), =C}p (26)

where C},, is the initial concentration of the AO. The apparent rate constant can therefore be rewritten

as:

k,, =L ! —+k
zF (2k02 kom0 + a0 pka0.p ! Kao o Cao)

AO,e (27)

The values of n,, , ki p !/ kspyo (=n40p kuop!ksono) cOrresponds to the product of the average

stoichiometric coefficients by the average rate constants, regarding the AO and its products, P,

divided by the rate constant of the AO consumption.

The average value k,, , can be considered approximately equal to k,, ,,, . This assumption is based

on the following considerations. As k,, , is calculated by a weighted arithmetic mean, regarding the

concentrations of each species, for short times, i.e. low conversion levels of AO, it cannot differ

significantly from k,, ,, , as the AQ is the main species present. Regardless the extent of the reaction,

a constant k,, could not be observed if k,,, was significantly different from k,, ,, . Therefore
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whenever an exponential decay is observed k,, , = k,, ,, Can be considered valid. As a result, Eq.

(27) can be rewritten as:

1

J
k, =-—— +k,p., (28)
"ZF (2ko, I kpo 110+ Mao Clo) e
Similarly,
j 1
k, —ki,.=k, = (29)
v O ZF (Zko2 !k ao.10 F Mo p Cgo)
or,
1 F( 2k
e esClo (30
awpH0  J \®4a0.H0

To characterize the AO activity, relative values of the rate constant of the reaction between AO and HO

radical, A0 / K ” and the average number of HO radicals scavenged, n,, , , can be estimated from
the representation of (k,,, 0" as a function of C3, .

For antioxidant samples of unknown concentration, the assessment is performed in solutions prepared

by dilution of the original sample. By means of the representation of (lg,,ppﬂo)‘1 as a function of the

dilution factor, Df, values of k., / ko, and n,, , C3""* are estimated, according to Eq. (31).
, 0, AO,P ~ AO

2k S
k 1 = i %t Rho.p C}:(gnpleDf (31)

awpHO kAO,HO

Where C2"* is the antioxidant concentration of the original sample and Df = C52" / C$,, .

4. Results and discussion

4.1 Cyclic voltammetry

Cyclic voltammetry is a very convenient technique for the screening of antioxidant activity based on
measurement of the oxidation peak potentials [18]. Besides results are generally in agreement with
classical electron transfer based methods like DPPH [18,19].

The voltammetric response of T, CA, GA and AA in phosphate buffer pH 3.5 at a GC electrode are
displayed in Figure 2. Although two electrons are commonly assigned to oxidation of T, CA, GA and AA
by cyclic voltammetry [20-24], three electrons have been determinate for GA by electrolysis [16] and

by chronoamperometry [25]. While the voltammograms of T and CA display a reverse peak
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(electrochemical irreversible), those from GA and AA do not show a reverse process (due to the
irreversible nature of the coupled chemical reactions). From the position of the voltammetric peaks of
this set of antioxidants, it can be suggested a relative order for their antioxidant activity as follows: T >

AA> CA > GA.

I 2uA

QL

0.0 05 10 15
Evs Ag/AgCl, 3 M (V)

Figure 2: Cyclic voltammograms of 0.50 mM of T, CA, GA and AA in 0.15 M phosphate buffer solution pH 3.5, recorded
at 100 mV s at a GC electrode.

Voltammetry of T, CA, GA, and AA was also performed at a Pt electrode as the electrolysis assays are
carried out using this anode material. As during electrolysis the anode is polarized at very positive
potentials (O, evolution region) the Pt surface is extensively oxidized and a Pt oxide layer is likely to be
formed. In order to check the effect of this oxide layer on electron transfer rate, a voltammetric study
was carried out after submitting the electrode to two different electrochemical pre-treatments,
procedure Pland procedure P2, as described in the experimental section. While in procedure P1 the
electrode potential is cycled between -0.4 V to 1.2 V, in procedure P2 the electrode was strongly

oxidized at the O, evolution region.
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Figure 3A shows the voltammograms of T and of Fe(CN),* at a Pt electrode submitted to procedure P1.
Voltammogram of Fe(CN),* displays its standard response with a peak separation, AE,, of about 90 mV
(a bit higher than the typically 59 mV). The voltammogram of T obtained at the Pt anode is not as well
defined as that obtained at GC, nevertheless both direct and reverse processes are observed, with a

peak separation of about 400 mV (higher than the 185 mV obtained at the GC electrode).

2x10"

I (uA)

-0.5 0.0 0.5 1.0
E vs Ag/AgCl, 3 M (V)

-200 -

05 0.0 05 1.0 15
E vs Ag/AgCl, 3 M (V)

Figure 3: Cyclic voltammograms of the blank solution (...) and of 0.50 mM solutions of T (- —) and Fe(CN)¢*—), in 0.15
M phosphate buffer solution pH 3.5, recorded at 100 mV s’ using a Pt electrode electrochemically treated: (A) by potential
cycling from -0.4 Vto 1.2 V and (B) by anodic polarization /= 0.02 A.

The voltammograms of these two compounds recorded at oxidized Pt (following procedure P2) are
displayed in Figure 3B. It must be remarked that the current scale of Figure 3B differ by one order of
magnitude from Figure 3A, indicating that the Pt active surface area has increased by the
electrochemical pre-treatment. Besides, the voltammogram of Fe(CN),* exhibits a lower reversibility
degree (AE, = 813 mV), while voltammogram of T cannot be distinguished from the blank at the
anodic scan, despite a small difference in the reverse scan. These results suggests slower electron

transfer rates for both compounds at oxidized Pt, nevertheless diffusion control seems to be attained
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for Fe(CN),* at about 1 V (considering the peak shape of the voltammogram). Voltammograms of AA,
GA and CA are similar to that of T, in the sense that they are similar to the blank (results not shown),

demonstrating that the electron transfer rates at oxidized Pt are very slow.

4.2 Kinetic study of the antioxidant consumption by potentiostatic electrolysis

Potentiostatic electrolyses 1.2 V of AA, CA, GA and T (0.50 mM) in 0.15 M phosphate buffer pH 3.5
were conducted at using a Pt anode. Antioxidants consumption was evaluated by means of current
decrease and the kinetic characterization was performed considering Eq. (6). Values of koapp of each
compound were calculated. These values are presented in Table 1 together with the A values
calculated by Eq. (7) (using D values also displayed in Table 1 and & = 2.53 x 10° c¢m estimated in
section 2.4). As values of K, are significantly lower than k., it can be concluded that the oxidation
reactions are not limited by mass transport. This result is in agreement with the conclusions of the
voltammetric study regarding the oxidized Pt electrode (after cleaning procedure P2) where the

formation of an oxidation peak is not visible in the direct scan for all the AOs.

Table 1: Apparent rate constants from potentiostatic electrolysis (koapp), mass transport coefficient values (k) calculated
using 8 = 2.53 x 10 ® m (according to section 2.4.) and diffusion coefficients (D) of the species: ascorbic acid (AA), caffeic
acid (CA), gallic acid (GA) and trolox (T).

K (10°m s7) D (10° m?s?) k,(10°m s

AA 30+3 2.45 [21] 97
CA 37+9 2.30 [20] 91
GA 30+8 3.70 [16] 146
T 34+7

4.3 Kinetic study of the antioxidant consumption by galvanostatic electrolysis

Galvanostatic electrolyses of AA, CA, GA and T (0.50 mM) in 0.15 M phosphate buffer pH 3.5 using a
Pt anode were conducted at current densities of 50, 268, 625 and 1250 A m? with simultaneous

oxygen evolution. Concentration decrease, expressed by means of concentrations ratio /A0]/C°,,, was
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quantified by HPLC and is plotted against electrolysis time (Figure 4). Two relevant features must be
remarked concerning the concentration decrease of the different species along time and its
dependency on current density. First, the concentration variation along each electrolysis follows a first
order reaction and second, the rate of AO consumption increases with the current density. Curves

displayed are fitted to experimental data considering Eq. (32) that is characteristic of a 1% order

kinetics:
w2, (32)
AO

where [AOQ] is the concentration at a given time, C“)AO is its initial concentration, A is the anode area, Vis
the volume of solution and k,,, is the apparent rate constant. Values of k,,, from the consumption of all

AOs at different current densities are reported in Table 2.
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Figure 4: Concentration decrease during galvanostatic electrolyses of 0.50 mM solutions of: (A) ascorbic acid, (B) caffeic
acid, (C) gallic acid and (D) trolox, using a Pt anode at (®) 50, (M) 268 ,(A) 625 and (¥) 1250 A m™.

The apparent rate constants of antioxidants consumption from electrolysis with simultaneous O,
evolution (k,,,) (Table 2) are higher than those obtained by potentiostatic electrolysis in absence of O,
evolution (k"app) (Table 1). This result was already reported by us in a previous study regarding the

oxidation of a set of hydroxybenzoic acid derivative [15]. The increase of the effectiveness of the
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species consumption can be attributed to their oxidation by electrogenerated HO radicals in addition to
direct electron transfer. Furthermore, values of k., increase with current density. It can also be

observed that the values of &,,,

(Table 2) are lower than the values of k, (Table 1) indicating that the
oxidation rate is not limited by mass transport.
Table 2: Apparent rate constants from galvanostatic electrolysis (k,,,) at different current densities of the species: ascorbic

acid (AA), caffeic acid (CA), gallic acid (GA) and trolox (T). Values of (k,,);-, correspond to the intercept of the straight lines
in Figure 5.

(K)o 50 (A m?) 268 (A m?) 625 (A m?) 1250 (A m?)
(10°m s?) Kapp (10°m s7)
AA 37.1+£0.2 38+3 43+ 4 51+4 64 + 6
CA 39.9+0.9 48 + 2 49 + 3 56 + 4 67 +7
GA 302 32+2 39+3 45+ 4 66 + 6
T 35+2 35+2 45 + 3 51+5 68 +8

The representation of k,,, (open symbols), as a function of the electrolysis current density, is shown in
Figure 5. Values of k”app are also represented in Figure 5 (as solid symbols) and are placed at /=O0.

According to Eq. (22) the intercept of the straight line corresponds to k,,, . The match between the

intercept values, (k,,,)., and the values of k‘)app corroborates the meaning of the intercept as defined by

Eq. (22). Besides, the linear increase of k,,, with jindicates that (k, +Vvs.)/k,, 40 1S cOnstant. This

result is very important regarding the validity of Eq. (28) with respect of the assumptions of a constant

value of vgeand of k,,, , = kg 40 -
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Figure 5: Effect of current density on the apparent rate constant of consumption of: (A) ascorbic acid, (B) caffeic acid, (C)
gallic acid and (D) trolox. Solid symbols (k,,,) correspond to data from galvanostatic electrolyses with simultaneous oxygen
evolution, whereas open symbols (koapp) correspond to data from potentiostatic electrolyses carried out at £=1.2 V (vs. Ag /
AgCl, 3 M). The open circles in graphic (A) correspond to k,,, obtained from a sample of green tea-based beverage.

4.4 Characterization of HO radical scavenging activity of antioxidants

Galvanostatic electrolyses of AA, CA, GA and T in 0.15 M phosphate buffer pH 3.5 using a Pt anode at
1250 A m? were conducted using of different starting concentrations. The values of k,,, were estimated
for all electrolysis considering the concentration decay along time, as described in the previous section.
In order to characterize the scavenging properties of each AO, values of k,,,, were calculated
according to Eqg. (21).

In Figure 6 are represented the values of 1 / k,,, ,, as a function of the initial concentration of each AQ,
€%, according to Eq. (30). From the linear correlations defined for all the AOs values of Kiowo / kOZ,
and of m were estimated (Table 4).

Values of Ky 40/ko, are a kinetic measure of the reactivity of the species towards the electrogenerated
HO radicals and therefore can be used to characterize the HO radicals scavenging activity. By means of
these results AOs can be ordered by their scavenging activity as follows: GA>T>AA>CA.

In order to validate our results correlations were attempted between the values of k¢ o /ko, With

results reported in literature for the same AOs. Regarding the three AOs that are common between our
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work and reference [26], T, AA and GA, good correlations were obtained between our kinetic data and
the activity results reported regarding peroxyl radicals generated either by an enzymatic assay (using a
conjugate diene of linoleic acid as optical probe) (F°= 0.96) or by the oxidation of oxygenated methyl

esters by Fe(ll) (by EPR using PBN (a-phenyl-N-tert-butyl-nitrone) as a spin-trap) (F°= 0.97).
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Figure 6: Representation of the reciprocal of k,,, vs the initial concentration for: (A) AA, (B) CA, (C) GA, (D) T. In (E) the
reciprocal of &,

.o OF AA consumption in a sample of green tea-based beverage as a function of the dilution factor.
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The estimated average number of HO radicals scavenged per molecule of AO (or Py,), 40 p , range
from 260 (AA) to 500 (GA). The high values obtained for n,., » are in accordance with the fact that

AOs can be quite effective in scavenging radicals even if they are present in very low concentrations.

Table 3: Apparent rate constants from galvanostatic electrolysis (k,,,) for different AO concentrations. Values of

k lk, and n of were calculated from the intercept and slop of k,,, ,,” vs C%, , respectively (Eq. (30)).
a0.H0 ! Ko, AO.P oD,

6 -1 -
Kapp (10°m s7) Kuono/ ko, (10°m> mol ™) n,,,, (107

0.ImM 025mM 05mM 1ImM

AA - 737 64+x6 60=x7 6.3+0.9 26+0.6
CA 85z3 - 67+7 565 59+0.3 28+0.3
GA 82+7 - 66+6 49+5 12+2 5+1

T 87+9 - 68+8 H2+5 9.8+0.2 454 +0.08

4.5 Characterization of HO radical scavenging activity of a commercial tea-based beverage

The possibility of applying the electrochemical generation of HO radicals in assays with natural samples
is examined as interferences from the matrix cannot be discarded a priori.

The sample analysed in this study, a commercial green tea-based beverage enriched with lemon juice,
was used without any prior treatment. Sample was diluted with phosphate buffer pH 3.5. Galvanostatic
electrolyses were performed at two current densities, 625 and 1250 A m?, with simultaneous oxygen
evolution. Oxidation of the sample during galvanostatic electrolysis was monitored following the
consumption of AA by HPLC. Concentration decrease of AA in tea sample follows a 1 order kinetics
(results not shown). Values of k,,, estimated using Eq. (32) are plotted in Fig. 5A as open circles. As it
can be observed, k,,, values obtained from the tea sample are identical to those from AA solutions.
Galvanostatic electrolyses performed in diluted solutions of the sample allow to determine

Maop Cro" = (3.0 £ 0.4) x 10” mol m” and k ¢, 10/ ko, = (6.9 + 0.6) x 10° mol™ m*from the slope

and from the intercept of the straight line in Figure 6E, according to Eq. (31). By comparison of the

value of n,,, C;,"" obtained from the sample containing AA with the value of n,,, from AA
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solutions, it can be concluded that C3%"* =~ 1 mol m* (corresponds to 1 mM). This value is identical

to the AA concentration of the sample quantified by HPLC (section 2.5). With respect to the

k4010 ! ko, similar values are obtained from the natural sample and from the AA solutions.

These results demonstrate that both n,,, and k,,,, values of AA were not affected by matrix

composition.

5. Conclusion

The kinetic characterization of antioxidants consumption in galvanostatic assays with simultaneous
oxygen evolution was performed. All antioxidants exhibit a concentration decay typical of a first order
law. The apparent rate constants obtained for the four different AOs displayed a linear increase with
current density. The intercept of k,,, vs j was identified as the direct electron transfer constant rate.

Form the dependency between k,,, ,, estimated by k,, - k,,. on the initial concentration of the AQ,

api

values of Ky0/ko, and of n,, , are estimated. From the kinetic parameter ky;,0/ko,, it is proposed

the following order in terms of the scavenging activity of the antioxidants: GA>T>AA>CA. Results are in
agreement with the reactivity order pointed out for T, GA and CA from assays using peroxyl radical
generated either by enzymatic assay or by oxygenated methyl esters. Experiments performed using a
commercial green tea-based beverage demonstrates that the generation conditions of HO radicals as
well as the reactivity of AA were not apparently modified by the presence of the tea constituents. The
proposed method provides an interesting way for testing antioxidant activity that allow to estimate
simultaneously a kinetic parameter and a stoichiometric constant of the reaction between the AO and

HO radicals.
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Conclusion

An electrochemical-based method was developed for the direct evaluation of total antioxidant capacity
by means of controlled potential electrolysis. This method, denominated RACE (Reducing Antioxidant
Capacity Evaluated by Means of Controlled Potential Electrolysis), characterizes antioxidants capacity
by means of the amount of charge that antioxidants can transfer regarding a fixed electrode potential
that simulates the reactivity of a specific reactive oxidant species (ROS). This method was applied to

the characterization of isolated antioxidants and mixtures.

Using microchannel electrodes operating in a thin layer regime, a novel method for evaluating total
antioxidant capacity of samples was developed. This method combines the advantages of
electrochemistry and microfluidics. From one side, the selection of the operating potentials, which
determine the analytical selectivity of the method, can easily simulate the oxidation power of many ROS
like O, and H,0,. On the other side, the use of a microchannel electrodes provide all the benefits of
confined environments such as the handling of low solution volumes and the set-up of fast
electrochemical measurements. The antioxidant capacity of AOs mixtures or samples may be analyzed
without making any prior assumptions about their composition. This method was validated by
performing measurements with synthetic mixtures of AOs having dissimilar diffusion coefficients and

involving different number of electron stoichiometries during their oxidation.

Concerning the studies on the electrogeneration of HO radicals by galvanostatic electrolysis, the
consumption of hydroxybenzoic acid derivatives (HBA) was monitored and the hydroxylated products
were identified. The consumption rate of HBA was analyzed by means of a kinetic model that accounts
for the dependency of the HO radical concentration at the anode on the scavenger activity of the
species. Following this analysis, the reactivity of the scavengers was characterized by means of a
kinetic parameter ks, / ko, (ratio between the rate constant of reaction of the scavenger S with HO
radicals and the rate constant of O, formation). The average stoichiometric coefficients regarding

species S and their products and intermediaries, P, formed by reaction with HO radical,@ , is also
assessed. The high values estimated for n., , for all the analysed compounds, indicate that

SP !

elimination or dehydration reactions can play an important role in stabilizing reaction intermediaries in
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conditions where the availability of HO radicals with sufficient energy to react (as a result of their strong

adsorption strength at Pt) is quite low.
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