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Abstract

Removal of recalcitrant pollutants from water is a major challenge, to which the
photoelectrocatalytic processes may be a solution. Applied potential plays a key role in the
photocatalytic activity of the semiconductor. This paper investigated the effect of applied potential
on the photoelectrocatalytic oxidation of 2,4-Dichlorophenoxyacetic acid (2,4-D) with TiO;
nanotubular anodes under solar light irradiation. The process was investigated at constant
potentials in different regions of the polarisation curve: the ohmic region, the saturation region and
in the region of the Schottky barrier breakdown. PEC tests were performed in aqueous solutions of

2,4-D, and in the presence of methanol or formic acid, as scavengers of OH* radicals and holes.
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Results showed the main mechanism is oxidation by OH* radicals from water oxidation, while runs
with hole scavenger revealed a second mechanism of direct oxidation by holes photogenerated at

the electrode surface, with high removal rates due to current doubling effect.

Keywords: photoelectrochemical degradation, TiO,-NT structures, scavenger, current doubling

effect, Schottky barrier breakdown

1. Introduction

Recalcitrant compounds such as pesticides and pharmaceuticals, are resistant to conventional
chemical and biological processes [1]: very low concentration levels are required by legislation for
such toxic compounds, and their removal from water remains a major challenge all over the world
[2]. Among the others, 2,4-Dichlorophenoxyacetic acid (2,4-D), has been classified as the most
commonly used herbicide for agricultural purpose in the last decade [3]. Due to the relevance of the
possible negative effects on the environment, the degradation process of this compound has been
studied for a long time and various techniques have been proposed [4][5][6][7]. A recent review [8]
showed that processes such as adsorption, biological degradation, electrochemical treatments,
ozonation, Fenton process, and photocatalysis, all gave good results in 2,4-D degradation. A
comparison between pros and cons of the different techniques indicates adsorption as one of the
best, due to its low cost, availability and ease of operation and efficiency, even if it takes higher
operating time. Biological processes are considered cost effective and environmentally sustainable,

but they are slow and with limited success in removing potentially toxic substances, such as
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herbicides. High costs are expected for electrochemical treatment, which however may allow high

removal yield, working with low-volume and high-concentration.

In order to, either limit costs or shorten treatment times, combination of techniques may be
suggested, rather than a single technology, as a viable solution that synergistically contributes
improving the performance of the final process [9][10][11][12]. Thus, for example, an
electrochemical treatment can be coupled with a biological, in order to increase the biodegradability
of the wastewater and shorten the treatment times. The costs of the process can be reduced by
using photoelectrochemical (PEC) technologies, in which the energy need for the electrochemical

process is compensated by the photocatalytic process.

Application of PEC processes is reported in literature in both organic synthesis [13][14] and in the
removal of several organic pollutants [15]. One of the advantages of photo-assisted electrolysis is
the cathodic production of H, which can be a process of interest along with the anodic oxidation of
the pollutant [16]. Core of the PEC process is the semiconductor material where e’/h* couples are
originated by the incident radiation of suitable wavelength. On the other hand, the applied potential
plays a key role in a PEC process, which mainly assists the transfer of photo-generated electrons
towards the external circuit. It generates an increase in the potential gradient within the space
charge of the semiconductor (SC), so that the recombination of the e /h* pairs may be decreased or
totally prevented, thereby improving the photocatalytic performance [17]. Actually, charge
recombination, along with the side reaction of holes and water to give O,, may be the main
responsible for low yield of a PEC process. The low economic value of O, makes this latter an
unwanted reaction, especially when oxidation of the reactant is addressed to obtain compounds of
higher added value [18]. In PEC systems, the applied potential may allow controlling the process

also with respect to this possible side reaction.
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Moreover, the applied potential may exert a strong effect on the photocatalytic activity of the
semiconductor, which is mainly due to its defectivity. For example, in the case of TiO different kinds
of defects, such as oxygen vacancies or interstitial Ti*?, may be located at different energy levels
more or less far from the conduction band (CB) [19]. During the PEC process, light of a suitable
wavelength causes the charge to be trapped on the defect, while the application of an oxidative
potential causes its subsequent emptying. Thus, application of an increasing oxidative potential, in
addition to favoring the possible O, evolution reaction, may lead to an increasing involvement of

these defects in the oxidation reaction, and in turn, enhancing the photoactivity.

PEC activity of many SC has been tested for removal of organics: the trend of the involved reactions,
as well as the performance of the process, strictly depends on the structure of the SC material, as
well as on the involved pollutants and their reciprocal interactions. Typical organic pollutants such
as dyes, phenol or its derivatives are generally taken as model molecules [20][21][22]: the activation
of the process always originates from the formation of the e’/h* pairs, but the whole path of the

reaction depends on the ability of the system to exploit the charges before they recombine.

From the above, we understand the importance of studying the operating mechanism of these
structures, to address their synthesis towards final electrodes with such characteristics specifically
optimized with respect to the compound which has to be treated: such aspects as the photo-
catalyst-dependence of a specific degradation reaction and the substrate-dependence of a given

photo-catalyst are less investigated and understood so far [23].

In previous work nanotubular (NT) structures of TiO,, obtained by oxidation of Ti sheets in the
presence of fluorides, have been analysed under different operative conditions [24]; different
morphologies have been synthesised, also in combination with other metal oxides and noble metals

[25][26][27][28][29], to obtain electrodes that may be effective in exploiting the light at different
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wavelengths, in view to broaden the application of such systems with solar light. The complex
dependence between characteristics of the organic compound, such as diffusivity and reactivity,
and the potential distribution has also been modelled: depending on the operative conditions, only
part of the whole length of the NT was found to be active in the oxidation reaction, and in the OH

radical generation [30].

Usually, investigation of PEC processes, is made in the ohmic range and in the range of saturation
of the photocurrent, whereas the range where potential is higher than the SC band gap is less
frequently investigated in the literature. In most of the cases at these high potentials, the physics of
the diode-like behaviour of the structure was only investigated [31]. As the application is concerned,
the synthesis of porous silicon structures [32][33] was studied as well as the behaviour of TiO;
nanotubes under high potential to control wettability of the structures [34]. In these studies, pseudo
photocatalytic reactions in the absence of light were observed with applied potential larger than
band gap of the SC: under these conditions, the so called “Schottky barrier breakdown” occurs,
where the applied voltage generates valence-band holes. Depending on doping of the
semiconductor material and width of the space charge, this effect may result either in the avalanche
effect or in the Zener effect [35]. In the avalanche effect, high electric field inside the space charge
of the SC accelerates the charge carriers, which have enough kinetic energy to cause the generation
of new electron-hole pairs. However, when the charges have not sufficient energy to break covalent
bonds by impact, the electric field may enable the tunnelling of the electrons from the valence (VB)
to the conduction band (CB), leading to a large number of free minority carriers which sudden
increase the reverse current (Zener effect). Recent literature demonstrated that the Zener effect

could be also active for undoped semiconductor materials [36].

In the present paper TiO, has been selected as electrode material due to its well-known

characteristics of low-cost, high availability and stability [37], and a nanostructured morphology has
5
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been prepared, so that high porosity and high defectiveness allowed increasing the response to light
in a larger range of wavelength, and the challenge was to exploit this nanostructured material in the
removal process of 2,4-D under solar light irradiation. Starting from the analysis of the 2,4-D removal
kinetics and the efficiency of the process, we investigated the operating mechanism of the NT
structure at three potential values belonging to different potential ranges of the polarization curve.
The aim of the work was also understanding whether and how the different phenomena influence
2,4-D removal process in the different potential ranges. To the best of our knowledge this work
presents the first study on catalysis of TiO, nanotubes under solar light irradiation with applied

potential higher than the band gap.

2. Experimental

All the electrochemical measurements were performed with a potentiostat-galvanostat (Metrohm
Autolab 302N, Metrohm Switzerland). Reagents were used as received by the producer, without

any further purification. Deionised water was used to prepare aqueous solutions.

Figure 1 shows the schematic view of the electrochemical (EC) and photo-electrochemical (PEC)
two-electrode cells, respectively used to prepare the TiO; samples, and to perform the PEC tests:
they were obtained from PTFE hollow cylinders (inner diameter = 4.4 cm; height =5 cm). In the first
one (Figure 1A), with electrodes horizontally oriented, the working electrode (geometrical area of
13,5 cm?) was located at the bottom of the cell, while a grid of platinized Ti, placed in front of the
anode at 1 cm distance, constituted the counter electrode. The second one, in which the electrodes
were vertically oriented, was equipped with a quartz window (PEC cell - Figure 1B) to allow the
irradiation of the anode: in this case, the counter electrode was a Pt ring, located in the inner surface

of the cylindrical body, in order to do not shadow the correct irradiation of the sample.
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To obtain TiO2 nanotubular structures, Ti discs (0.25 mm thickness, 99.7 % metal basis, Aldrich) were
firstly submitted to three ultrasonic treatments in acetone, isopropanol and methanol (10 minutes
each), then rinsed with deionized water, and dried with a nitrogen stream. Oxidation of the so-
prepared Ti samples was performed in 0.14 M NH4F water/glycerol solution (10/90 v.v). A potential
ramp was imposed starting from the open circuit voltage (OCV) to a fixed potential E =20 V with a
scan rate of 100 mVs?, then maintaining this fixed potential value for 4 h. In order to transform the
amorphous structure into crystalline one, a final annealing treatment was performed at 400°C for 1

h, under air atmosphere.

Photocurrent measurements were carried out by linear sweep voltammetric technique (LSV),
starting from the OCV (generally measured in the range of -0.3 V to -0.2 V in dark conditions, and
-0.6 V under irradiation) to 4 V at a scan rate of 10 mVs™. A 300 W xenon lamp equipped with air
mass (AM) 0 and 1.5 D filters was used to simulate the solar radiation. During the runs, at regular
intervals of time, the light was turned off to measure possible contribute of the dark current.
Photocurrent was calculated by subtracting the stable value measured in the dark, from that

obtained under irradiation.

Figure 1.

For the degradation experiments the PEC cell was inserted in a hydraulic circuit, in which the
electrolyte (V = 80 cm3) was pumped by a peristaltic pump from the reservoir throughout the cell
and back in a closed loop (Figure 1 C). PEC oxidation of aqueous solutions of 2,4-
Dichlorophenoxyacetic acid (2,4-D) was carried out by potentiostatic runs: a constant initial
concentration of the organic compound of 50 mg dm= was used, in 0.1 M NaClO4 supporting

electrolyte. Depending on the runs, either methanol (MeOH) or formic acid (FA) 0.2 M were added
7
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to the solution. PEC tests were performed at three different cell potential values, namely 0V, 2.5V

and 4V.

During the runs, the disappearance of the reactant, as well as the possible formation of reaction
intermediates were monitored by UV-Vis spectrophotometry (Agilent Technologies Cary Series

Spectrophotometer).

Figure 2.

Spectra recorded for solutions prepared at different concentrations of 2,4-D are shown in Figure 2:
according to the literature [38][39] the two peaks, at 229 nm and 283 nm, were attributed to 2,4-D.
However, due to possible overlapping with the peak related to formic acid (also revealed at 229
nm), quantification of data related to 2,4-D has been made by following the trend of the peak at

283 nm.

Depending on the runs, samples were also analysed by HPLC (Waters 600-2487 dual A) equipped
with a C18 column (Varian); the mobile phase was CH3CN and 0.1% H3PO4 = 40:60 with a flow rate
of 1 mL min™t. The UV-vis detector was set at 229 and 283 nm. Standard solutions of 2,4-D and some
typical intermediates has been also analysed. Under these analytic conditions the retention time of
2,4-D was 11 minutes. Comparison with standard solutions of 2,4-D, allowed quantification of the
related peak, and in turn to confirm the data of UV spectra within a 10% of error, possibly due to
the overlapping with other aromatic compounds. An example of HPLC analyses is shown in figure 3
for samples taken during a degradation test. As can be observed at 283 nm, the peak of 2,4-D
decreases and two waves appear at low retention times (4-6 minutes). Although not yet specifically

identified, these peaks can be attributed to aliphatic acids with low MW. At high treatment times a

8
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shoulder at 12 minutes can be also observed which has been identified as 2,4-dicholorophenol
(2,4DCP) formed as reaction intermediate. Better resolution of the peaks related to 2,4-D and
2,4DCP has been obtained depending on the amount of 2,4DCP formed and on the 2,4-D residual

(as an example, see inset of figure 3).

Figure 3.

3. Results and Discussion

Figure 4.

Figure 4 shows an example of the final structure obtained by Ti oxidation. The tube dimensions
depended on the specific conditions adopted: in detail, water percentage used in the oxidation bath,
and duration of the potential step, were crucial in determining diameter of tubes and their length,
respectively [40]. Under the experimental condition adopted in the present case, a mean diameter
of tubes ranged between 40 — 50 nm, and a tube length of around 700 nm were measured, from
which a real superficial area could be estimated very higher than the geometrical one. However,
rather than the effective value of the surface area, the actual penetration of the electrolyte inside
the pores is worth to be considered. And the choice of using glycerol as organic in the anodizing
bath is based on this fact. Of note, in a previous work [40] the internal and external capacity of NT
structures obtained in water/glycerol (W/G) and water/ethylene glycol (W/EG) oxidation bath, were

derived by a voltammetric study: the results showed that with glycerol the micro-porosity of the
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structure was limited and the electrolyte was able to exploit most of the NT structure. Instead,
smaller pore diameters and a minor accessibility for the electrolyte were obtained in W/EG media,
where the external area was not coincident with the total one.

Prepared samples were firstly characterized by polarization test. Figure 5

shows the linear potential sweeps in solution of 50 mg dm™ 2,4-D, for electrodes irradiated with
constant power light. A typical trend [41][42] is observed in the polarization curve, which may be

divided in three potential regions:

Figure 5.

i) region 1 - from the OCV value, up to about 1 V: an initial ohmic trend is observed which can be
directly connected to the response of the space charge, that is originated at the surface of the
nanotube walls, in the electrode/electrolyte interface. As long as the space charge extends in the
wall thickness, the increase in the applied potential generates higher depletion in the space charge,
which enhances the separation of the photo-generated charges, and in turn, increases the measured

current.

ii) region 2 - 1V < E < 3V: a current plateau is observed, related to the saturation range of the
photocurrent. In this range, an equilibrium is reached between the rate of photo-charge generation
and the rate of charge transport within the space charge layer. The electrical field established in the
space charge region, separates all the photo-generated charges, so that increasing the potential

does not appreciably modify the measured current.

iii) region 3 - E > 3V: the potential is higher than the value of band gap of the SC, the photocurrent

is increased by a dark current due to the barrier breakdown.
10
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In order to study the photoelectrocatalytic process in the three potential regions, potentiostatic
runs with 2,4-D solutions were carried out at three cell potentials equalto0V, 2.5V and 4V, being

the other operative conditions (irradiation and electrolyte flow rate) the same.

Quantification of the UV spectra of samples withdrawn during electrolyses performed at the
different cell potentials, allowed deriving data in Figure 6: indication on the kinetics can be deduced
from figure 6 a) where the logarithm of 2,4-D concentration, normalized with the initial value, is
reported as a function of time, while the trend of fraction of the removed reactant as a function of
the specific supplied charge (Figure 6b) gives indication on the yield of the process. Data indicate
that while the highest reaction rate is achieved for runs at 2.5V, (region 2 of figure 5), the highest
yield of the removal process is measured at the lowest potential, in region 1: in this region most of
the current causes the removal of the reactant (70% removal is measured after 150 C dm3), while
at 2.5 V (region 2), and especially at 4 V (region 3), the reagent removal efficiency is significantly
lower (60% removal, and 20% after about 300 C dm3, respectively), and wide part of the charge is

dedicated to other reactions, namely O; evolution from oxidation of the solvent.

Figure 6.

Additional electrolysis was carried out at 4 V under dark conditions and no appreciable decrease in

the peak of the main reactant was revealed.

In the next phase of the work, attention was paid to investigate whether, in addition to a different
performance, operating at different potentials also led to a different reaction mechanism. To this

aim, data on the reagent oxidation were analyzed in the presence of a scavenger.
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Generally, scavengers are used to improve the process of interest: a hole scavenger is adopted to
make free the electrons and speed the reduction process up, while an electron scavenger is adopted
to release the holes and increase the rate of the anodic process. In our case, to investigate on the
oxidative reaction mechanism of 2,4-D, we used two kinds of scavengers, which were both expected
to affect the anodic process: i) methanol (MeQOH), which is a typical scavenger of OH* radicals
originated from the oxidation of water by the holes; ii) formic acid (FA) which is a typical hole

scavenger.

The results, as semi-logarithmic trend of normalized concentration of 2,4-D are reported in figure 7.
Data indicated that a different effect was exerted by the two scavengers, depending on the applied
potential. In region 1 both scavengers determined a negative effect on the process: lower removal
yield was measured, when either MeOH or FA were present in solution. In this potential range, the
electron transport within the TiO; film is the rate-limiting step and the system behaves like a pure
resistor [41]; the increase in applied potential enhances the separation of the photo-generated
charges, making a higher h* concentration available to react with the donor. The effectiveness of
the organic removal process depends on the reactivity of the compound towards OH® radicals or

holes: any side process that subtracts either OH* radicals decreases the yield of the main process.

The two scavengers had different effects when runs were performed at 2.5 V and 4 V: in regions 2
and 3 the negative effect of MeOH still resulted in a lower 2,4-D removal yield, while FA exerted a
positive effect, resulting in a slight increased yield in region 2, which became more evident in region

3.

Figure 7.

12
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The kinetics of the 2,4-D removal was also analyzed: the trend with time of 2,4-D concentration is
linear in a semi-logarithmic plot, both in solutions with only 2,4-D and in the presence of scavengers
(data not reported). The pseudo-first order kinetic constants, evaluated by linear regression of data,

are shown in Figure 8.

Figure 8.

As can be observed, regardless the presence of scavengers, the main reaction is faster in region 2;
moreover, MeOH always has a negative effect and it tends to slow reaction rate down. Different
effect of FA is revealed also from these data: as for yield data, it has a positive effect in regions 2
and 3; while in region 1, where a negative effect on the yield was recorded, an almost negligible

effect on the kinetics is also measured.

To complete the analysis of the PEC processes under the different conditions, also the values of
current measured at the different potentials are compared (Figure 9): of note, even if the reactant
concentration decreased with time, a nearly constant value of current was recorded after the initial
few seconds, due to water electrolysis. During the runs, dark currents were also measured, turning
the light off: this allowed verifying the absence of current dark contribute in regions 1 and 2; the
dark currents for runs in region 3 are reported in figure 9. Of note, the dark current contribute is
almost constant, regardless the presence of scavenger. An increase in photocurrent is instead

measured especially when FA is added to the solution.

Figure 9.
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Considering the total current measured during PEC runs, except in region 1, where the MeOH effect
seems to be almost negligible, the addition of the two scavengers always generates an increase in
the total current, compared to that measured when only 2,4-D is in solution; however, the increase

measured in the presence of FA is significantly higher.

On the basis of the presented results the removal of 2,4-D at NT TiO> may be described by two
mechanisms: the first one, which appears to predominate in most cases, occurs by OH* radicals
generated by water oxidation, while the second one may also be active in parallel, through direct
oxidation of 2,4-D by the photo-generated holes. Previous work, indicated that a different
distribution of reaction products should be expected depending on the prevailing mechanism [43]:
if the process took place by direct oxidation by the holes, the reaction was mainly localized on the -
COOH group linked to the aromatic ring, and the products were 2,4-dichlorophenol, 2,4-
dichlorophenol formate, formaldehyde and CO;. When the process occurred by OH radical, the yield
in these products was low, indicating that in this case the aromatic ring was directly involved in the

reaction.

In the present work the competitive effect exerted by MeOH has been already highlighted as
indication of a reaction contribution mediated by OH* radicals. HPLC analysis of samples withdrawn
during the runs, confirmed this mechanism in most of PEC experiments. Figure 10 shows the
comparison between chromatograms obtained for samples treated at 0V, 2.5V and 4 V under solar
light irradiation, the supplied electric charge being the same. In the three regions the decrease of
the 2,4-D peak, due to the opening of the aromatic ring, and the related appearance of aliphatic

intermediates can be observed. Different trend is observed at 4V under dark conditions, where a

14
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direct oxidation by the holes may occur. As can be seen (see black line in figure 10) the initial peak
at 11 minutes does not change during the electrolysis, even if aliphatic intermediates are formed:
this behaviour can be explained considering the conversion of 2,4-D in aliphatic acids and 2,4DCP

which overlaps with the signal of 2,4-D.

Figure 10.

To correctly describe the working mechanism of the structure and to understand the prevailing
oxidative pathway under the different operative conditions, several factors need to be considered,

mainly connected to both the electrochemical and photo-chemical response of the system.

From the photo-chemical point of view, it must be considered that we are in the presence of a
heterogeneous PEC process, in which TiO2 is working as a photo-anode. The light with energy
greater than the band gap, which arrives on its active sites, is able to generate electrons and holes:
they must diffuse towards the external circuit, the former, and towards the interphase surface, the
latter. Then, holes may be trapped on the surface sites where they will meet the surface-adsorbed
reducing agents, thus activating the direct oxidation reactions of the organic contained in the
electrolyte. Bulk recombination represents the main competitor to this process. Since
recombination is an ultrafast process, to allow the slower chemistry to effectively compete with

recombination, donors need to be pre-adsorbed at the photo-anode surface sites [44].

In aqueous solution, hydroxyl ions OH™ or water molecules must be considered among the possible
competitors, for photo-generated holes [45]. An additional donor, such as a hole scavenger, may

also compete with the organic, both in terms of oxidation, i.e. possibility of exploiting the photo-

15
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generated holes, and of adsorption: a strongly bounded scavenger can decrease or even totally

prevent the adsorption of the organic.

Preliminary indications on the reactivity of the two scavengers have been derived from

potentiostatic tests, carried out with solutions only containing the scavengers (Figure 11).

Figure 11.

During the tests with MeOH in the ohmic range, a high current spike is measured which drops rapidly
due to recombination: MeOH reacts mainly with OH* radicals, so that it is not able to directly

interfere with the e /h* recombination process.

Higher current values are recorded in the presence of FA in the three regions, and a flat step of the
current is measured even at low potential: FA mainly reacts by direct oxidation with holes, keeping
them separated from the e thus avoiding recombination. At the highest potentials, in region 3, an
increasing trend of the recorded current with FA is observed, which may be attributed to the so-
called "current doubling effect" [46]. Such a phenomenon is generally observed when an organic or
inorganic sacrificial agent is added to the electrolyte in a PEC cell. The effect was firstly observed, in
the presence of HCOONa, during the water photo-electrolysis on ZnO [47]: in the presence of
HCOONa, the photo-generated holes interact with HCOO ions producing intermediate radical

species.

HCOO™ + h* — HCOO*

Such radical is unstable, and it decomposes liberating a hydrogen ion and an electron which is
injected into the conduction band of the semiconductor:

16
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HCOO® - CO; + H" + e

Therefore, for one photon absorbed, one electron is photo-generated and one is injected by the
radical, i.e. two electrons are produced for one photon absorbed, so that the final current is

doubled.

The above effect could be responsible for the higher currents recorded in the three regions, related

to FA, compared to those related to MeOH.

In this framework, the effect of the two scavengers may be described as follows:

MeOH - while not causing an increase in current, it subtracts OH* radicals, and therefore, electrical
current being the same, the final effect is a decrease in both the kinetics and the reactant removal

efficiency.

FA - the addition of FA raises the current, since both the doubling effect and the capture of holes
release a greater amount of e towards the external circuit; however, the presence of FA reduces

the removal efficiency because part of the total current is used for its oxidation.

The fact that in region 1 the reactant removal rate is not modified by the presence of FA, indicates
the reactions of 2,4-D removal and FA oxidation are independent: two different sites could be
involved in the two reactions. In a previous work on oxidation of FA with Degussa P25, two kinds of
sites were mainly involved with different adsorption strength [48]. In particular, oxygen vacancies,
identifiable as Ti*3, which normally accounts for about 10-12% of the defectivity [49], are likely to
accommodate the dissociated form of the molecules (i.e. FA"), while the undissociated form was
more weakly linked on Ti** sites [48]. Other authors determined that FA adsorbs on two adsorption
sites in TiOy: the first site (25% of the total) is selective towards formate ions, the second towards
undissociated acid. The two forms of adsorbed formate react with significantly different rates

[50][51].
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The different nature of active sites could partially justify the trend of the removal data recorded in
regions 2 and 3. Moreover, the effect of pH could be also considered because it may influence both
the superficial charge of the electrode (pzc = 6) and the dissociation equilibrium of reactant (pKa of
2,4-D =2.9 [43]) and scavenger (pKa of FA =3.77 [52]), and in turn the reaction mechanism. pH values
of the 2,4-D solutions were always in the range of 3.8 — 4, and they did not change appreciably in
the presence of MeOH. The highest pH variation was measured in the presence of FA, with a value
of 2.6. Under these conditions, a decrease in adsorption could occur, due to the weaker interaction
between the undissociated FA molecule and the TiO, surface, positively charged [23]: the
consequent lower reactivity of the scavenger makes it less interfering with the main reaction. Such
effects can justify the result obtained in region 1, in which the kinetics of the 2,4-D removal is not
modified by the presence of the FA. However, it cannot justify the result obtained in regions 2 and
3, in which the presence of FA accelerates the 2,4-D removal. This suggests that other factors are
influencing the electrode activity: since we are dealing with a PEC process, the effect of the applied

potential cannot be neglected.

As pointed out in our previous work [30], the applied potential may determine the fraction of NT
surface which remains active in the oxidation reaction, and in the OH radical generation; moreover,
it determines the involvement of the different kinds of defects, located at different energy levels in
the band gap. Thus, depending on the distribution of surface and bulk defects, and on the potential
gradient within the structure, the quasi-Fermi level could be pinned at the surface and, at the same
time, it can be strongly shifted to higher potentials, in the bulk of the structure, so that in some
points it could reach or exceed the energy level of the valence band (VB). Thus, as mentioned in
Introduction, when the applied potential is higher than the band gap of the SC, the Schottky barrier
breakdown may occur which could activate pseudo photocatalytic reactions by valence-band holes

generation [34]. Under the operative conditions of this work, the width of the space charge is
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constrained in the NT walls and the Zener effect is likely responsible for the high dark current in this
range [53]. The additional run, performed in the dark conditions at 4V, shows that most of the holes
originated at this high potential react with water to give oxygen via OH radicals so that low reactant
removal is measured. As pointed out above, this low reactant removal seems to proceed via direct
hole reaction involving the carboxyl group of the molecule, rather than the aromatic ring, being
2,4DCP found in the intermediate products of the reaction [38]. The low reactant removal may be
attributed to the low conductivity of the structure in dark condition, which leads to potential
distribution within the NT. Under these conditions, the highest values of potential, and the
consequent breakdown of the barrier could be only reached on the final part of the NT, in direct
contact with the Ti substrate where the transfer of electrons can be easier. The external part of the
NT in direct contact with the bulk electrolyte, could not be active. Thus, reaction rate may be limited
by diffusion of the reactant within the pores, with the reactive part of tubes only partially reached

by the organics.

When light is on, the photo-response of NTs is activated, its conductivity increased and also their

outermost part could take part to the process.

The positive effect of FA on 2,4-D removal process may be due to the synergistic effect of the light,
which starts the current doubling effect, and of the applied potential, which activates deep

energetic levels far from the conduction band of the SC.

4. Conclusions
The present work tested the performance of simple NT TiO; structure as anodes for photo-
electrolysis of 2,4-Dichlorophenoxyacetic acid (2,4-D) under solar light irradiation. The work allowed

to clarify the complex working mechanism of the electrode, under the different operative
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conditions: several factors has been considered connected other than to the nature of the organic
to be removed, also to the morphology of the structure, to its semiconductor behaviour, and to its
response to the contemporary action of light and applied potential.

The results demonstrated that the synthesized NT TiO> structure is able to remove 2,4-D by two
different parallel mechanisms, which can be activated at different sites of the structure. The most
important one occurs trough OH® radicals originated by the water oxidation: in fact, the yield of the
reactant removal is always lowered by the presence of MeOH, which is a typical OH® radical
scavenger. The reaction proceeds via aromatic ring attack, and the most probable products are
aliphatic ones. A second mechanism, by direct oxidation due to the holes photogenerated at the
electrode surface, has been revealed by using FA as hole scavenger: its extent depends on the
conditions. When runs are performed in region 1, FA causes a decrease in the removal yield, while
the kinetics of the process is almost the same as in absence of scavenger; positive effect of FA starts
becoming evident for runs in region 2 in terms of removal yield and especially of kinetics. The
greatest differences between runs with- and without- FA are measured in region 3, both in terms of
yield and kinetic constants. Particular attention has been paid to analyse the behaviour of the
structure in the highest ranges of potential.

In addition to assisting the transfer of photogenerated electrons towards the external circuit, the
applied potential contributes to increase the electric field inside the charge space of the SC, which
in turn may determine a different reactivity of the NT surface, also involving energetic levels deeply
located in the band gap. The dark current connected to the possible barrier breakdown effect,
resulted less active for the removal of the reactant, which occurs by direct attack of holes to the
carboxylic group, rather than by the aromatic ring opening. Thus, the effect of current doubling
activated by the FA can be assumed as responsible for the increase in the reaction rate of removal

of the reactant recorded in region 2 and especially in region 3.
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641  Figure 3. Example of HPLC chromatograms recorded at 283 nm for samples withdrawn during

642  degradation test at 2.5 V. Inset shows HPLC chromatogram for a sample with high conversion of

643  2,4-D.
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645  Figure 4. SEM images of surface (a) and of FIB cross section (b) of TiO> nanotubes synthesized in

646  glycerol solution.
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649  Figure 5. Polarization curve recorded in 50 mg dm3 of 2,4-D (0.1 M NaClO4 supporting electrolyte),

650 atascan rate of 10 mV/s.
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Figure 6. a) Trends of In C/Co vs time during runs performed with 2,4-D solution (Co = 50 mg dm™) at
different applied potentials. b) fraction of reactant removed as a function of the specific charge

supplied during the related runs.
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657  Figure 7. Normalized concentration of 2,4-D vs supplied specific charge, measured during PEC tests

658  performed in the three potential regions, in absence or in the presence of scavengers.
659
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Figure 8. Kinetic constants of the reactant removal process performed in solutions of 50 mg dm3

2,4-D, in absence or in the presence of scavengers.
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Figure 9. Total currents measured at the electrodes during PEC runs performed in the three potential

regions, in the presence or in absence of scavenger.
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670  Figure 10. HPLC chromatograms of samples treated under different conditions, being the electric
671  charge the same: 4 V (pink line), 2.5 V (green line) and 0 V (blue line). Black line refers to 4 V under

672  dark condition.
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675  Figure 11. Potentiostatic tests performed in solutions of 0.2M MeOH (a) or 0.2M FA (b) in 0.1M
676  supporting electrolyte. Each scavenger was tested at the three potential ranges (only in the step at

677 4V, the graph does not start from the horizontal axis, due to the contribution of the dark current).
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Captions

Figure 1. Axonometric sections of the cells used in Ti foil anodization (EC cell -A) and photo-

electrochemical tests (PEC cell — B); sketch of the apparatus used for PEC experiments (C).

Figure 2. UV spectra of aqueous solutions at different concentration of 2,4-D. Inset: calibration line

of absorbance vs 2,4-D concentration

Figure 3. Example of HPLC chromatograms recorded at 283 nm for samples withdrawn during
degradation test at 2.5 V. Inset shows HPLC chromatogram for a sample with high conversion of

2,4-D.

Figure 4. SEM images of surface (a) and of FIB cross section (b) of TiO2 nanotubes synthesized in

glycerol solution.

Figure 5. Polarization curve recorded in 50 mg dm of 2,4-D (0.1 M NaClO4 supporting electrolyte),

at a scan rate of 10 mV/s.

Figure 6. a) Trends of In C/Co vs time during runs performed with 2,4-D solution (Co = 50 mg dm™) at
different applied potentials. b) fraction of reactant removed as a function of the specific charge

supplied during the related runs.

Figure 7. Normalized concentration of 2,4-D vs supplied specific charge, measured during PEC tests

performed in the three potential regions, in absence or in the presence of scavengers.

Figure 8. Kinetic constants of the reactant removal process performed in solutions of 50 mg dm-3

2,4-D, in absence or in the presence of scavengers.

Figure 9. Total currents measured at the electrodes during PEC runs performed in the three potential

regions, in the presence or in absence of scavenger.
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Figure 10. HPLC chromatograms of samples treated under different conditions, being the electric
charge the same: 4 V (pink line), 2.5 V (green line) and 0 V (blue line). Black line refers to 4 V under

dark condition.

Figure 11. Potentiostatic tests performed in solutions of 0.2M MeOH (a) or 0.2M FA (b) in 0.1M
supporting electrolyte. Each scavenger was tested at the three potential ranges (only in the step at

4V, the graph does not start from the horizontal axis, due to the contribution of the dark current).
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Figure 1. Axonometric sections of the cells used in Ti foil anodization (EC cell -A) and photo-

electrochemical tests (PEC cell — B); sketch of the apparatus used for PEC experiments (C).

Figure 2. UV spectra of aqueous solutions at different concentrations of 2,4-D. Inset: calibration line

of absorbance vs 2,4-D concentration

Figure 3. Example of HPLC chromatograms recorded at 283 nm for samples withdrawn during
degradation test at 2.5 V. Inset shows HPLC chromatogram for a sample with high conversion of

2,4-D.

Figure 4. SEM images of surface (a) and of FIB cross section (b) of TiO2 nanotubes synthesized in

glycerol solution.

Figure 5. Polarization curve recorded in 50 mg dm of 2,4-D (0.1 M NaClO4 supporting electrolyte),

at a scan rate of 10 mV/s.

Figure 6. a) Trends of In C/Co vs time during runs performed with 2,4-D solution (Co = 50 mg dm™) at
different applied potentials. b) fraction of reactant removed as a function of the specific charge

supplied during the related runs.

Figure 7. Normalized concentration of 2,4-D vs supplied specific charge, measured during PEC tests

performed in the three potential regions, in absence or in the presence of scavengers.

Figure 8. Kinetic constants of the reactant removal process performed in solutions of 50 mg dm-3

2,4-D, in absence or in the presence of scavengers.

Figure 9. Total currents measured at the electrodes during PEC runs performed in the three potential

regions, in the presence or in absence of scavenger.
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Figure 10. HPLC chromatograms of samples treated under different conditions, being the electric
charge the same: 4 V (pink line), 2.5 V (green line) and 0 V (blue line). Black line refers to 4 V under

dark condition.

Figure 11. Potentiostatic tests performed in solutions of 0.2M MeOH (a) or 0.2M FA (b) in 0.1M
supporting electrolyte. Each scavenger was tested at the three potential ranges (only in the step at

4V, the graph does not start from the horizontal axis, due to the contribution of the dark current).
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