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Under air atmosphere, the photocatalytic discoloration of malachite green (MG) aqueous solutions (a
triphenylmethane dye) in the presence of TiO, and UV light followed an oxidative pathway, involving
an N-demethylation process evidenced by a blue shifting of the main absorption band with a maximum
at 618 nm. This oxidative process was affected by the nature of the dye counter-ion and the pH of the
solution. At pH 6.0, the oxidation was found to be faster than at pH 3.0, perhaps due to the poor
interactions between MG and the semiconductor surface. Furthermore, with the presence of oxalate as
counter-ion, the oxidative photocatalytic discoloration was negatively affected mainly at acidic pH.
Under nitrogen atmosphere, some evidence was found about the double behaviour of MG when
involved in the photocatalytic discoloration reactions pertaining to TiO, under these conditions. MG
could be simultaneously oxidized, forming N-demethlyated by-products, or reduced, thus leading to
leuco-malachite green (LMG) (a colorless and toxic substance) as the main product. The LMG
formation is favoured at low pH in the presence of oxalate as counter-ion.

1. Introduction

In the last 25 years, heterogeneous photocatalysis over TiO, has
generated growing interest as a promising technology to degrade
chemical substances and inactivate pathogen cells in aqueous
solution, since titanium dioxide presents suitable features such
as low cost and ready commercial availability.'?

This process consists in the generation of conduction band
electron and valence band hole pair (e"¢z/h*yg) on TiO, under
UV illumination. These charge carriers can migrate to the semi-
conductor surface and thus react with suitable electron donors and
acceptors producing oxidative and reductive reactions. This photo-
induced process leads to the generation of reactive oxygen species
(ROS) with high oxidative power such as the hydroxyl radical
(OH).** This process was used to oxidize organic pollutants
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of water.®* The photo-induced process could be summarized as
follows:

TiO, + hvyy — TiOs(e cs + h'yp) (1)
TiOs(h*vg) + HyOpay — "“OHyy + H* + TiO, )
TiOs (e cs) + O, — O, + TiO, 3)

0, + H — HO," (pK =4.5) @)

Heterogeneous photocatalysis over TiO, has often been used to
bleach and degrade aqueous solutions of organic dyes’ or, more
recently, biomolecules such as DNA with the aim of designing
biocaptors.®

Most of these studies have reported an oxidative photocat-
alytic discoloration of dye aqueous solutions.®'> However, some
authors'" have pointed out that in the particular case of
methylene blue (MB), it is possible that under acidic conditions
and N, atmospheres, or even under the presence of molecular
oxygen, the photocatalytic discoloration of MB solutions is carried
out by a reductive pathway involving the reaction of MB with
photo-produced e ¢ of the TiO,. This reductive reaction promotes
the formation of the doubly reduced form, leuco methylene blue,
a colorless substance stabilized at low pH.

Malachite green (MG) is a triphenylmethane dye often used
in the aquaculture industry to control fungal and protozoan
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infections of fishes.”® MG can be easily absorbed in fishs’ tissues
and then in situ converted into leuco-malachite green (LMG) as
the main metabolic by-product.'® Both MG and LMG (Fig. 1)
are substances considered to have a high teratogenic potential and
environmental persistence.!”
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Fig.1 Chemical structures of malachite green (MG) and leuco-malachite
green (LMG).

It is well known that MG solutions can undergo photochemical
oxidative and reductive fading.'®" The photochemical pathway of
fading oxidation, favoured under aerobic conditions, can induce
demethylation of N—Me dyes or the cleavage of the central Ar—
C bond, thus leading to amino-substituted benzophenones. The
reductive pathway generates LMG, the latest being favoured under
anoxic conditions and in the presence of a proton donor.

Only three studies reporting the oxidation of MG on TiO,
surfaces under UV irradiation have been published,**?? the most
interesting for us is the one by Chen et al?* In this paper, they
have demonstrated that under oxic conditions, MG can lead to
an oxidative degradation on TiO, surfaces thus producing N-
demethylated by-products during the first steps of the reaction.
This oxidation is promoted at neutral pH (7.0) and basic pH
(9.0). Under acidic conditions (pH 3.0), MG aqueous solutions are
photocatalytically bleached slowly, because under these conditions
TiO, surfaces are positively charged avoiding the interaction and
adsorption of MG.

To the best of our knowledge, the influences of the counter ion
of the dye onto the heterogeneous photocatalytic processes on
TiO, are rarely explored. In particular, there is no study on the
effect of the counter ions on the photocatalytic discoloration of
MG aqueous solutions and its reduction on TiO, nanoparticles.
This is an important issue, since it is necessary to know if the
photocatalytic discoloration of MG aqueous solutions can also
lead reductive processes on TiO, surfaces then generating its toxic
leuco form.

In the present work, the UV induced photocatalytic reactions
of MG oxalate (MG-oxalate/TiO,/UV) and MG chloride (MG-
Cl7/TiO,/UV) on TiO, Degussa P-25 were studied under air and
nitrogen conditions at two pH values: 3.0 and 6.0.

2. Experimental
2.1 Materials

A commercial powder of TiO, Degussa P-25 (70% anatase and
30% rutile with a specific surface area around 50 g m™ was

obtained from Degussa AG and used as received. Malachite green
oxalate (dye content > 90%) and malachite green chloride (pK, =
6.9)" (dye content > 96%) were purchased from Sigma-Aldrich
and Fluka respectively and used without further purification.
HPLC-grade acetonitrile was purchased from Fisher Scientist
and double-distilled Milli-Q water was used throughout this study.

2.2 Photocatalytic experiments under air (MG and nitrogen
atmospheres)

TiO, (1.0 g L™ this concentration showed the best photocatalytic
activity towards MG discoloration under the experimental condi-
tions used (data not shown) was added to malachite green aqueous
solutions containing 5.0 x 10~ M either oxalate or chloride into
the cylindrical Pyrex bottles (50 mL). Prior to UV irradiation,
the resulting suspensions were kept under magnetic stirring in the
dark for ca. 30 min to ensure that adsorption/desorption processes
dye/TiO, surface be reached. The solutions were then irradiated
by 5 black light lamps Phillips TLD 18 W (emission spectra in
the range of 330-400 nm) (Fig. 2), UV intensity between 300-
400 nm was around 38 W m™ and was monitored with a Kipp
& Zonen (CM3) power meter (Omni instruments Ltd, Dundee,
UK). Atmosphere into the cylindrical Pyrex bottles was controlled
by continuous bubbling of either natural oxygen (present in the
air) or nitrogen (99.999% Carbagas Switzerland) guaranteeing
saturated oxygen and nitrogen conditions. Samples were taken at
different illumination times filtered through 0.22 pm membranes
of pore size and the discoloration of MG solutions were followed
by UV-vis photo-spectrometry (Varian Cary 1-E) monitoring the
absorbance at 618 nm. The initial pH of each solution was tuned
and adjusted by adding either HCI or NaOH. pHs >6.0 were not
tested because the instability of MG at pHs above to its pK,. The
running temperature was never higher than 38 °C.

( OVTight

N or Air/

=

Magnetic stirrer

Fig. 2 Experimental set up used during the photocatalytic experiments
carried out under air and N, saturated atmospheres.

HPLC analyses were carried out on a Hewlett—Packard series
1100 apparatus equipped with a reverse phase silica column
(Phenomenex Luna 5 p C-18). The HPLC analyses were run at
1.0 mL min™', using an isocratic mode with a mobile phase made
of acetonitrile-water (10% acetic acid) at 40: 60 ratio. A diode
array detector (DAD) was used to monitor malachite green and
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leuco-malachite green at 618 and 260 nm, respectively. Their
absorption spectra were also recorded. The given results are
expressed by the average of three experimental runs taking in
account the spectrophotometric analyses (standard deviations
were found to be equal or lower than 8% for spectrophotometric
analyses)

3. Results and discussion

3.1 Photocatalytic discoloration of malachite green solutions
under air atmosphere.

Fig. 3a and 3b show the discoloration of an aqueous solution
containing 5.0 x 10~ M of MG oxalate (MG-oxalate/TiO,/UV)
and chloride (MG-CI-/TiO,/UV) respectively in the presence of
TiO, (1.0 g L™") under UV irradiation at pH 3.0 and 6.0. Control
experiments ran in dark conditions revealed that in both systems
(MG-oxalate/TiO, and MG-CI~/TiO,) the adsorption of MG on
TiO, was higher at pH 6.0 than at pH 3.0. UV light irradiation in
absence of TiO, did not induce any changes on the MG absorption
spectra.

0 10 20 30 40 50 60
Time (min)

0 10 20 30 40 50 60
Time (min)

Fig. 3 UV-induced photocatalytic discoloration of MG aqueous solu-
tions: oxalate (a) and chloride (b) carried out under oxic conditions in
presence of TiO,. (#) at pH 3.0, (W) at pH 6.0, (<) dark experiment at
pH 3.0, (1J) dark experiment at pH 6.0, (x) MG solution exposed under
UV light in absence of TiO,.

When MG solutions containing TiO, nanoparticles were ex-
posed under UV light, discoloration was observed in systems MG-
oxalate/TiO,/UV and MG-CI /TiO,/UYV whatever the pH under
study. Moreover, based on Fig. 3, is evident that pH plays a key role
on the photocatalytic discoloration of MG aqueous solutions since
this reaction proceeds faster at pH 6.0 than at pH 3.0. However,
on the other hand, there is also an effect caused by the counter ion
nature; Fig. 3 reveals also in system MG-oxalate/TiO,/UV that
the photocatalytic discoloration was negatively affected by oxalate
presence being this effect more pronounced at pH 3.0.

Photocatalytic discoloration under air atmosphere seems
to be oxidative. When the UV-Vis spectra of systems MG-
oxalate/TiO,/UV and MG-CI-/TiO,/UYV are considered (Fig. 4a
and 4b); blue shifting (hypsochromic) of the main absorption band
of MG with maximum at 618 nm is observed whatever the pH.
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Fig. 4 UV-Vis spectra of MG-oxalate in aqueous solution during
UV-irradiation and the presence of TiO, under oxic conditions at (a) pH 3.0
and (b) pH 6.0.

This hypsochromic shifting could be due to the formation of
oxidized N-demethylated substances such as monode-MG (A, =
605 nm) and/or dides-MG symmetrical (A,,,, = 594 nm).'® These
substances could be generated by oxidation, either directly by the
photo-induced valence band holes or indirectly by *OH radicals.

This reaction between MG and TiO, was already reported by
Chen et al.® but only at pH 7.0 and 9.0. At pH 3.0, they claim
that this effect was not observed. This was explained by the fact
that at pH 3.0, the positively charged MG is repelled by the TiO,
surface (also positively charged, pH,,. = 6.0%°) thus avoiding its
adsorption. The photo-degradation could then only be achieved
by "OH radicals able to migrate from the TiO, surface towards
some distance at the bulk solution as was recently suggested
by Enriquez et al.,*** thus destroying the whole conjugated
chromophore structure. At TiO, pH,,., the MG can be adsorbed
by hydrogen bonding interactions (physisorption) with the titanol
groups (Ti-OH) present at the TiO, surface.

However, it is not possible to mention that at pH 3.0, the entire
TiO, surface is positively charged. Kormann et al.?® demonstrated
by theoretical calculations that at pH 3.0 some Ti—-OH groups are
also present. Indeed, a lower adsorption of MG through hydrogen
bonding interactions results in a slower oxidation than at pH 6.0.
Moreover, it was also suggested that basic substrates can interact
with acidic Ti" sites.?*?” According to the chemical structure of
MG (Fig. 1), adsorption on acidic Ti" thus resulting in Ti"V—
N(CH,), interaction could not be neglected. All the mechanisms
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cited above could explain the hypsochromic shifting caused by N-
demethylation of MG at acidic pH since some MG molecules can
weakly interact with the TiO, surface and thus can be exposed
to the attack of oxidative species produced by the photocatalytic
process.

In addition, at pH 3.0, in the system MG-oxalate/TiO,/UYV, the
presence of oxalate produced a detrimental effect on the photo-
induced reaction.

Actually, oxalate can interact strongly with TiO, surfaces
at pH < pH,. by forming inner-sphere complexes, i.e.
chemisorptions.® During the photocatalytic process, organic
substances chemisorbed on TiO, can react rapidly with shallowly
trapped holes while weakly adsorbed molecules, i.e. physisorbed,
can react with deeply trapped holes, the latter being a slower
process.”? As a consequence, MG weakly adsorbed cannot react
efficiently with the photo-induced oxidative species (h*, *OH). This
effect is not observed for the system MG-CI"/TiO,/UV since
CI” does not compete with MG by valence band holes or *OH
radicals as already pointed out by Guillard ez al.*® when studying
the photocatalytic discoloration of methylene blue on TiO,. This
demonstrates that MG oxidation on TiO, is a process where the
interactions between dye and the photocatalyst surface play an
important role. At pH 6.0, the adsorption of oxalate is reduced”’
favouring a better interaction between MG and the TiO, surface,
thus, enhancing the photocatalytic discoloration.

3.2 Photocatalytic discoloration of malachite green solutions
under nitrogen atmospheres

When N, was continuously bubbled in the following systems: MG-
oxalate/TiO,/UV and MG-CI/TiO,/UYV, four interesting facts
could be pointed out (Fig. 5a and b): (i) MG adsorption in dark
conditions for the system MG-oxalate at pH 3.0 is enhanced;
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Fig. 5 UV-induced photocatalytic discoloration of MG aqueous solu-
tions: oxalate (a) and chloride (b) carried out under anoxic conditions in
presence of TiO,. (®) at pH 3.0, (W) at pH 6.0, (<) dark experiment at
pH 3.0, (O) dark experiment at pH 6.0.

(ii) there is a much faster photocatalytic discoloration mainly
for the system MG-oxalate/TiO,/UV at pH 3.0 compared to
oxic conditions (at the same pH); (iii) for all the systems, the
photocatalytic discoloration at pH 6.0 was faster than it was
already observed under air atmosphere (Fig. 3); (iv) in the system
MG-CI-/TiO,/UY, the solution discoloration was slow compared
to the system MG-oxalate/TiO,/UV (Fig. 5a and b).

According to the UV-Vis spectra depicted on Fig. 6a, the previ-
ously reported blue shifting for the system MG-oxalate/TiO,/UYV,
attributed to the N-demethylation of MG (induced by oxida-
tion, Fig. 4a) was not observed. In contrast, the system MG-
CI'/TiO,/UYV gave evidence of a slight blue shifting (at 605 nm)
but, only after 15 min of UV irradiation (Fig. 6b). Upon these
observations, two questions arise. How is it possible that under N,
atmosphere, where there is no electron acceptor able to avoid the
charge carrier recombination, the photocatalytic discoloration of
aqueous MG solutions can take place? Why was the adsorption
of MG enhanced in the system MG-oxalate/TiO,/UV at pH 3.0?
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Fig.6 UV-Visspectral changes induced by UV-irradiation of (a) MG-ox-
alate and (b) MG-chloride aqueous solutions in the presence of TiO, under
N, atmosphere at pH 3.0.

One of the possible explanations to the first question could
stem from the participation of MG as donor and/or acceptor
of electrons during the photocatalytic reaction. Furthermore, the
answer to the second question makes it clear that oxygen could
compete with MG for certain adsorption sites on TiO,. There
are some reports in the literature® claiming that reduction and
oxidation on TiO, nanoparticles is achieved on different sites or
crystalline faces. Thus, when oxygen is absent, reductive sites might
remain free and MG could be easily adsorbed and then reduced.

Under saturated N, atmosphere, the participation of MG as
electron donor or acceptor could be evidenced when following
the photocatalytic reaction by HPLC. For instance, for the system
MGe-oxalate/TiO,/UV at pH 3.0, HPLC analysis (recorded at
618 nm) at the beginning of the reaction revealed only one peak
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Fig. 7 Chromatograms using DAD detector at 620 nm (a) before
UV-irradiation and (b) after 1 h of UV-irradiation for the system
MGe-oxalate/TiO, under N, atmosphere at pH 3.0. Insert in Fig. 7a shows
the DAD spectrum of chromatographic peak with retention time 1.5 min
corresponding to MG.

at a retention time of 1.5 min corresponding to MG (Fig. 7a).
After 60 min under UV irradiation a new peak with a retention
time of 1.3 min was also observed (Fig. 7b). Deeper UV-Vis
analysis revealed that the maximum of absorbance of this product
is 605 nm. This new peak could correspond to an N-demethylated
by-product even if the UV-Vis spectra depicted in Fig. 6a did
not reveal it clearly and thus pointing out the possible role
of MG as electron donor in place of O,. In addition, when
recorded HPLC measurements were done at 256 nm, a new
peak corresponding to a more hydrophobic compound could
be observed at a retention time of 4.4 min after 1 h of UV
irradiation of GM-oxalate/TiO,/UV at pH 3.0 (Fig. 8). The UV-
Vis spectrum of this product is rather similar to that of leuco-
malachite green LMG as reported by Cho et al.'* HPLC analyses
performed for the systems MG-oxalate/TiO,/N,/UV at pH 6.0
and MG-CI"/N,/UV either at pH 3.0 or 6.0 did not show this
particular peak, but nevertheless the presence of N-demethylated
by-products were also detected (data not shown). These results
could point out the dual role of MG in photocatalytic reactions in
absence of oxygen. It suggests that this molecule could participate
either as electron donor or acceptor. Indeed, in the absence of
oxygen, MG could be reduced to LMG (through the radical anion
‘MG"), the photoreduction process was favored in the presence of
compounds which can be oxidized faster than MG and/or proton
donors.”®* Since proton donors stabilize MG~ radicals, the whole
reduction of MG leads directly to LMG in acidic medium.
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Fig. 8 Chromatograms using DAD detector at 256 nm in the system
MG-oxalate/TiO, after 1 h of UV light irradiation under N, atmosphere
at pH 3.0. Insert shows the UV-Vis spectrum of this peak.

e+ MG - ‘MG~ Q)

‘MG + H" - LMG (6)

It is also important to mention the role of the counter-ion.
At pH 3.0 for the system MG-oxalate/TiO,/UYV, the oxalate
adsorption is favoured, thus leading to an efficient trapping of
the photo-generated Valence band holes on the TiO,. In this case,
oxalate behaves as a sacrificial electron donor (SED) avoiding
the electron recombination, then inducing the reduction of MG to
LMG by the photo-excited electrons of the TiO, conduction band.
In contrast, for the systems MG-oxalate/TiO,/UV at pH 6.0 and
MG-CI/TiO,/UYV either at pH 3.0 or 6.0, the formation of LMG
would not be favoured. For the system MG-oxalate/TiO,/UV at
pH 6.0, oxalate adsorption is reduced within its h*y, scavenging
effect. Furthermore, in such pH conditions, the stabilization of
MG radicals by H* is also minimized preventing from the LMG
formation. For the system MG-CIl/TiO,/UYV, the formation of
LMG will also be negatively affected as Cl” is not a suitable
electron donor.? In this case, both MG and LMG could be
oxidised.

4. Conclusions

The results found in this study might suggest that under air
saturated atmospheres the photocatalytic discoloration of systems
MG-oxalate/TiO,/UV and MG-CI-/TiO,/UV was carried out
by an oxidative process, where the MG undergoes N-demetylation
reactions evidenced by a hypsochromic shifting of its main
absorption peak at 618 nm either at pH 3.0 or 6.0. The counter-
ion played an important role since when oxalate was present the
photocatalytic discoloration was negatively affected, mainly at
pH 3.0. This fact could be attributed to the oxalate adsorption
competing with the MG and thus leading to the scavenging of the
photo-generated holes h*yz. At pH 6.0, whereas MG can interact
strongly with the photocatalyst surface, oxalate adsorption is
reduced; therefore, MG oxidation would be enhanced in such
conditions.

Experiments carried out in the systems MG-oxalate/TiO,/UV
and MG-CI/TiO,/UV under N, saturated atmospheres might
allow suggesting the possible dual role played by MG: either as
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electron donor or acceptor depending on both the counter-ion
nature and the pH of the solution. When oxalate was strongly
adsorbed on the TiO, surface at pH 3.0, the reduction of MG to
LMG was favoured since oxalate could act as an efficient sacrificial
electron donor (SED) leaving the photo-generated electrons on
the TiO, conduction band available for the reduction of MG.
Adsorption of MG was probably enhanced in the absence of
oxygen at this pH. At pH 6.0, a stronger interaction between
MG and TiO, surface promotes the oxidation of the dye. Presence
of CI" as counter-ion diminishes the possibilities of MG to be
reduced, since this ion is a poorer electron donor than the oxalate
anion.

However, further studies must be done in order to confirm the
generation of LMG under N, saturated atmospheres. Further-
more, another key point to be studied would be the role of low
oxygen concentrations on the generation of LMG.
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