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Kinetic effects of cationic surfactants
on the photocatalytic degradation
of anionic dyes in aqueous TiO, dispersionsf
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In this study, oxidative degradation of Orange G (OG) and Eosin Y (EY) dyes with TiO, as the catalyst was
explored in air-equilibrated aqueous dispersions under UV light irradiation. To determine the optimal
operating conditions for degradation, various effects were investigated, such as the pH of the dye dispersion,
the addition of cationic surfactants and the specific additive. The photodegradation efficiency of both dyes
was significantly enhanced at alkaline pH, particularly in the presence of tetraalkylammonium bromide
surfactants, as they promote a mutual interaction between the dye and TiO, surface, otherwise prevented
due to their negative charge under basic conditions. The surfactant concentration also played an important
role, because it influences the state of surfactant aggregation on the semiconductor surface. The kinetic
trend of the fragmentation process was strongly affected by different hydrophobic and electrostatic
interactions that OG and EY and their derivative intermediates are able to establish with surfactant/TiO, in
various forms of aggregation, as well as by their redox properties. Density functional theory (DFT)
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DOI: 10.1039/d2nj04715b calculations of charge distribution and Gibbs free energy changes of solvation, performed on optimized

molecular geometry, were useful to support and rationalize the surfactant involvement in the degradation
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Introduction

Currently the textile industry represents the most expanding and
emerging sector worldwide. The various processing steps
and operations of fiber production involve different chemicals
and dyes, which then end up in wastewater discharge as toxic
pollutants. In particular, dyes are mainly heterocyclic aromatic
structures linked to polar groups, namely very stable compounds
with complicated degradation. Various technologies, such as
biological, chemical and physicochemical methods, of dye
removal from textile effluents to reduce water pollution have been
reported.'™ In general, biodegradation treatments are more effec-
tive than chemical ones because of the low production of by-
products, low processing costs and complete dye mineralization.
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Interestingly, as reported in recent studies, the emergent combi-
nation of chemical oxidative processes with biological treatment
methods seems to increase the biodegradability of pollutant
dyes.’

The considerable need to treat colored effluents before
discharging them into various water bodies has induced the
use of heterogeneous catalysis employing advanced oxidation
processes (AOPs) as potential destructive technologies leading
to the total removal of most organic pollutants.>” TiO,-based
photocatalytic reactions have been extensively used in these
works. Although this semiconductor is activated by UV light
rather than visible light, its use is advantageous over the others
because it is chemically inert, photocatalytically stable, cheap
and eco-friendly. As is well known, these types of reactions are
induced by absorption of a photon with a light energy greater
than the band gap (Ey = 3.2 eV, accordingly 2 < 385 nm)®
leading to electron and hole pairs (e, /hy, ') generated, respec-
tively, in the conduction and valence band (Scheme 1). In
aqueous dispersions, polluting dyes can be oxidized either
directly by the hole or by the powerful oxidant OH®, typically
produced from the reaction of h,," with H,O and OH™
adsorbed. In addition, molecular oxygen yields a superoxide
anion radical, which can lead to the formation of further
reactive oxygen species, such as O,H*, H,O,, and OH*.>"°
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Scheme 1 Production of reactive oxygen species under UV light irradia-
tion of TiO,.

The low quantum efficiency of TiO, due to the fast recombina-
tion of photogenerated electrons and holes is one of the main
problems in its use as a catalyst.

Extensive literature has covered the use of TiO, as a photo-
catalyst in wastewater dye treatment. Recently, several other
forms and structures of TiO,, also incorporating different
additives (such as, for example, carbon-based nanomaterials,
silver nanoparticles and various oxides) were evaluated in order
to improve the optical and photo-catalytic effects. In an
updated review, Ruan et al., collected and analyzed various
catalytic systems involving a TiO, semiconductor and their
effectiveness in the degradation of organic dye pollutants.''
Surfactants also play a key-role in this topic, generally favoring
the photodegradation process of organic pollutant dyes under
different pH conditions.’®> The degradation enhancement by
TiO, was mainly attributed to the increased adsorption of
pollutant dyes, assisted by differently aggregated surfactants
present on the solid surface of the semiconductor. In this
context, still little explored, we have previously reported the
use of amphiphilic molecules combined with Degussa P25 TiO,
as a strategy to reduce the coupling electron-hole, as able to
increase the adsorption of the donor (an organic compound) on
the TiO, surface."®™ Our recent developments in this area
have involved an improvement of the oxidative degradation of
pollutant organic dyes dissolved in an aqueous medium. This
was due to the introduction of different surfactants, which
induced an adequate environment for the aggregation of ionic
dyes at concentrations around the critical micelle concen-
tration (cmc). The addition of a surfactant has therefore proved
to be a convenient approach for covering TiO, and allowing the
dye to be more efficiently adsorbed on the semiconductor
surface.”®®! The role of surfactants as a mediator of the
interaction of dye and semiconductor in favoring the electron
injection from the dye to the photogenerated positive hole
proved crucial for the oxidative degradation process.** ™

In the present article, we attempted to determine the feasibility of
total degradation by UV/TiO, in the presence of cationic surfactants
of two dyes, both anionic at working pH, such as monoazo dye
Orange G (OG) and Eosin Y (EY), a brominated derivative of
fluorescein belonging to the xanthene group (Scheme 2). These
particular dyes, widely used for dyeing in the textile industry, were
selected due to the variety of functional groups in their structure.
Moreover, this choice was based on availability, potential suscepti-
bility to sensitized photolysis and chemical similarity to dyes of
commercial importance. With regard to surfactants, cationic alky-
lammonium bromides, with different headgroup size (cetyltrimethy-
lammonium bromide, CTABr, cetyltriethylammonium bromide,
CTEABr, cetyltributylammonium bromide, CTBABr) and aromatic
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Scheme 2 Dyes and surfactants used in this work.

structure tail (p-dodecyloxybenzyltrimethylammonium, p-DoTABr)
were used (Scheme 2). The effects of various parameters, such as
pH of the dye dispersion, surfactant concentration and addition of
specific additive, were investigated. However, the focus of this study
was not only to examine the potentiality of the UV/TiO,/surfactant
system to degrade the dyes, but also that to analyze the kinetic
aspects of the degradation process.

DFT calculations at the B3P86/6-311++G**/CPCM level of
theory were carried out in order to obtain information about
the charge distribution and the Gibbs free energy change of
hydration of OG and EY in different protolytic forms. Calcula-
tions allowed us to rationalize how the different structural
characteristics influenced not only the dye reactivity, but also
that of the intermediates involved in the photodegradation
process.

Experimental

Materials

Orange G (OG, Sigma-Aldrich), Eosin Y (EY, Sigma-Aldrich) and
TiO, (P25, Degussa, dried at 110 °C) were analytical grade
reagents. CTABr was purchased from Sigma-Aldrich and recrys-
tallized from the acetone/methanol mixture before use. CTEABr
and CTBABr were synthesized by quaternization reaction of the
correspondent tertiary amines with the appropriate alkyl bro-
mide and purified by subsequent crystallizations from acetone
or ethyl acetate with different amounts of methanol.>® Surfac-
tant p-DOTABr was synthesized by quaternization reaction of
trimethylamine with p-(dodecyloxy)benzyl bromide in ethanol
solution and purified by crystallization from dried THF.*’
Distilled water (pH 5.7) was used for all photodegradation
experiments. The pH values were adjusted using either NaOH
or HCL.

Photodegradation experiments

For the photocatalytic tests, the suspended mixture was prepared
by adding a weighed quantity of P25 TiO, powder (0.4 ¢ L™ ') and
surfactant (0—2.0x10~> M) to 50 mL of the dye aqueous solution
(2.0 x 10~* M) at a certain pH. This catalyst dose was found to be
the amount that best optimized the photodegradation efficiency.
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The suspension was then loaded into a reactor equipped with a
jacket filled with re-circulated water by means of a thermostat
set at 30 °C. Explorative irradiations were carried out in Applied
Photophysics multilamp apparatus equipped with 6-12 phosphor-
coated fluorescent lamps (15 W each) emitting at 355 nm (A, =
20 nm), wavelengths absorbed above all by TiO,.”® Before irradia-
tion, the suspension was magnetically stirred in the dark for
30 min to reach equilibrated adsorption between TiO,, dye and
atmospheric oxygen. The irradiated dispersion was kept under
constant air-equilibrated and stirred conditions.

Analytical procedures

With OG, in order to evaluate the percentage of degradation,
0.5 mL of mixture samples were collected at time 0 and after
irradiation. To recover quantitatively the dye adsorbed on TiO,,
3.5 mL of ethanol and 0.1 mL of HCI 1.2 M were added into the
sample. The same experimental procedure was followed with
EY samples, but by diluting 2 mL of dispersion with 2 mL of
ethanol, due to its lower extinction coefficient. Under the acidic
analysis conditions used, both dyes were determined as proto-
nated structures. Only with p-DoTABr, CH;CN was used for
sample dilution, as ethanol was unable to desorb completely
the components from the TiO, surface. The catalyst was sepa-
rated by filtration through a 0.2 pm-pore size membrane filter
(Minisart RC) after adequately shaking the reaction mixture.
The filtrate was then transferred into a 4 mL quartz cuvette for
UV/Vis analysis. Absorption spectra were recorded on an Agi-
lent 8453 Diode Array UV-Vis spectrophotometer.

Observed rate constants for OG and EY degradation were
determined by monitoring the change of absorbance at an
appropriate wavelength as a function of the irradiation time
at 30 °C. The k values were the average of at least three
determinations. The average error estimated on the observed
rate constants was +10%.

Product analysis of both dyes irradiated using 12 lamps, in
the presence of TiO, (0.4 g L") and CTEABr (1.0 x 10> M) at
pH 12 and 30 °C, was carried out following the above proce-
dure, using methanol instead of ethanol for the sample dilu-
tion. LCMS-ESI analysis was performed on the diluted samples
using an Agilent 1290 LC system coupled with an Agilent 6540
UHD accurate mass Q-TOF LC/MS instrument. The analysis of
the irradiated samples at different times was compared with
that of the corresponding not-irradiated samples, prepared
following the same experimental procedure.

Computational details

Unconstrained geometry optimizations were performed in
vacuo by means of Density Functional Theory (DFT),>° as
implemented in the Gaussian09 (G09) program package,
using B3LYP?'* as the exchange-correlation functional and
6-311++g** as the basis set.***> Molecular geometries were
optimized in water including solvation effects by means of
the conductor-like polarizable continuum model C-PCM,**78
as implemented in G09. The free energy of solvation (AGgqy)
was computed as the difference between the C-PCM energy of
the species optimized in solution and the reference calculation
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in vacuo, at the geometry optimized in solution. The molecular
electrostatic potential (MEP) maps were obtained by plotting
the electrostatic potential on the molecular density isosurface
with a cutoff = 0.01.

Results and discussion

TiO,-photocatalyzed degradation of OG assisted by surfactants
at different pH

Before carrying out the OG photodegradation, absorption spec-
tra were recorded in water at different pH. They showed
identical shape at all pH examined, both in terms of absor-
bance and position of the bands (Fig. S1 in the ESIt). The
visible band centred at 478 nm and a shoulder at ca. 400 nm
were attributed to the n — =* transition of the azo-bond
chromophore of hydrazon and diazo tautomers (Scheme 3a),
respectively, with the bands at 248 and 330 nm assigned to
benzene and naphthalene rings of both structures.*® A red shift
was observed increasing the pH up to 13, tested by color change
of the solution from yellow to orange, with maxima at 274, 390
and 504 nm, all assignable to the deprotonated structure
OG(-H")~ (Scheme 3a). Such spectral variations with pH are
in agreement with the pK, value of ca. 11.5*° (a value of 12.8 was
also reported),*" an unexpectedly high value for a delocalized
structure such as OG(-H')™, but in line with OG structures
stabilized by an internal hydrogen bond due to the ortho-OH
substituent. The presence of isosbestic points (Fig. S1, ESIt),
where all spectra intersect, confirms the existence of a single
pK, value in the pH range investigated.
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Scheme 3 Deprotonation steps in aqueous solution of OG (a) and EY
(b) dyes.
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Addition of CTEABr, CTBABr or p-DoTABr produced evident
changes particularly of the visible band shape. The spectra of OG
solutions at pH 5.7 in the presence of 1.0 x 10 ® M surfactants,
value higher than the corresponding emes (7.9 x 10™%,3.3 x 1074
and 5.0 x 107" M for CTEABr, CTBABr or p-DoTABr,
respectively)'®*> are shown in Fig. S2 (ESIt). As observed, the
absorbance band at 400 nm moved to 427 nm and increased in
intensity at the expense of absorption at 474 nm, which looked
vibronically more structured with a slight shift to the red. By
comparing with the spectral bands observed in water, it could be
hypothesized that the micellar aggregates influence the keto-enol
tautomerism equilibrium, shifting it towards the OG (diazo) form.
This could be due to the intervention of electrostatic interactions
between micellar surface headgroups and the OG diazo group,
which could influence the formation of a N-H bond. The spectra
of OG solutions recorded at pH 12 in the presence of CTEABr
concentrations from 2.0 x 10~* M (concentration close to cmc in
0.01 M NaOH, which is 2.5 x 10* M)"® to 5.0 x 10> M are shown
in Fig. S3 (ESIt). As observed, the spectral shape, assigned to
OG(-H")~, was quite different than that recorded at pH 12 without
surfactant, confirming a significant interaction between micelles
and dye at alkaline pH too. The spectra highlighted two isosbestic
points (at 530 to 443 nm), thus OG(-H')~ establishes an equili-
brium with the micellar aggregates.

Initially the photodegradation of OG with UV light was
performed at pH 5.7 under different experimental conditions
including: (i) dye alone, (ii) dye in the presence of TiO, and (iii)
dye in the presence of TiO, and cationic surfactants such as
CTEABr, CTBABr and p-DoTABr at 1.0 x 10~ M concentration.
Under UV light (12 fluorescent lamps), but in the absence of
catalyst, a negligible variation of the dye absorption spectra was
detected at various time intervals up to 180 min, as observed in
Fig. S4 (ESIt). After TiO, addition the characteristic absorption
bands at ca. 250, 330 and 495 nm decreased until they almost
disappeared after 180 minutes of irradiation, indicating that
both the aromatic moiety and -N=—N- group were being
destroyed (Fig. 1). The addition of all surfactants tested

0.8
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0.7 1 —0
H5.7 -
) p 5
0.6
S 05 2
-g ' 30
8 0.4+ — 60
< 031 o
0.2+ 180
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300 400 500 600

Wavelength (nm)

Fig. 1 Absorption spectra recorded during the photodegradation of
2.0 x 107* M OG (analysis at 2.5 x 107> M after dilution with ethanol in
acid solution) by TiO, (0.4 g L™) in aqueous dispersion at pH 5.7 as a
function of irradiation time (12 UV lamps).
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Table 1 Observed rate constants (kops) and the corresponding determi-
nation coefficients (R?), of the photodegradation of OG with TiO, in the
presence of different surfactants?

Surfactant kops (min™") (R?)

No surfactant 1.5 x 1072 (0.995)
CTEABr 9.9 x 107° (0.997)
CTBABr 7.5 x 10° (0.998)
p-DOTABr 4.4 x 10 (0.998)

?[0G] = 1.0 x 107" M, [TiO,] = 0.4 g L™ ", [surfactant] = 1.0 x 107> M,
PpH 5.7, 12 UV fluorescent lamps, 30 °C. kops values were determined by
pseudo first-order kinetic fitting.

inhibited the photocatalytic degradation of OG in TiO, aqueous
dispersions, as observed by the absorption spectra recorded in
the presence of CTABr and shown in Fig. S5 (ESI{) as an
example. In general, the shape of the absorption spectra
recorded over time in the presence of surfactant was very
similar to those recorded without surfactant; this indicates that
the surfactant role is mainly to affect the process kinetics. The
absorbance values elaborated in terms of ratios of residual OG
concentration (C) on its initial concentration (C,) as a function
of the irradiation time are collected in Fig. S6 (ESIT). In all the
cases, the reactions followed clean pseudo-first order kinetic
law with observed rate constants collected in Table 1. The
inhibiting effect is clearly due to the preferable electrostatic
interaction of OG with the denser positive charge on the
micellar surface as compared to that on the patchy bilayer
structures adsorbed on TiO,.">** The greater inhibition of
CTBABr compared to CTEABr, namely with decreasing of the
headgroup size, is in line with the more ionized CTBABr
(ionization degree, «, equal to 0.51, against 0.36 of CTEABr)."®
Therefore CTBABr will be able to interact more efficiently with
the negatively charged dye, subtracting it from the photode-
gradation process.'”” The slower dye degradation process
observed with p-DoTABr, despite an even smaller « value (0.25
in water),”” likely depends on n—r stacking as well as van der
Waals interaction due to the presence of aromatic rings in both
surfactant and dye. The intervention of specific chemical bonds
of one of the two negative -SO;~ groups of the dye with the
surface hydroxyl groups of the semiconductor at lower pH, as
suggested by Kordulis and coworkers,* could be a further
explanation of the increased reactivity due to TiO, alone.
Regarding the pH effect, the investigation involved in parti-
cular CTEABE, the surfactant showing a less inhibitory effect at
pH 5.7. Initially, the degradation reactions were carried out at
pH values of 5.7, 9.0 and 12 under UV light (6 fluorescent
lamps). Fig. 2a shows the degradation kinetics in the absence of
surfactant at the three pH investigated. The reactivity was
almost the same at pH values of 5.7 and 9 (see the k.ps values
collected in Table 2), but it increased about twice at pH 12. In
Fig. S7 (ESIT) the time resolved absorption spectra at pH 12 are
shown as an example. The two main factors that could influ-
ence the pH effect on degradation are the dye ionization state
and the charge of the catalyst surface. As the TiO, surface, it is
positively and negatively charged below and above its point zero
charge (pzc) (5.43 for TiO, P25),* respectively. To rationalize

New J. Chem., 2023, 47, 392-401 | 395
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Fig. 2 Photodegradation kinetics of OG (2.0 x 10~* M) catalyzed by TiO»
(0.4 g L™ in aqueous dispersion at pH 5.7 (@), pH 9 (B) and pH 12 (A)
without surfactant (a) and in the presence of 1.0 x 10~> M CTEABr (b);
Janal = 498 nm. The solid lines represent the corresponding first order
kinetic fittings.

Table 2 Pseudo-first order observed rate constants (ko) and the corres-
ponding determination coefficient (R%), of the photodegradation of OG
with TiO; in the presence of CTEABr at different pH?

pH kobsa (minil) (RZ)

No CTEABr With CTEABr
5.7 8.1 x 107 (0.9830) 4.7 x 107° (0.998)
9.0 8.0 x 10 ° (0.9914) 4.3 x 107° (0.991)
12 1.5 x 1072 (0.9975) 4.2 x 1072 (0.994)

4.9 x 1072 (0.987)°

?[0G]=2.0 x 107" M; [TiO,] = 0.4 g L™*; [CTEABr] = 1.0 x 107> M; 6 UV
fluorescent lamps; 30 °C. ks values were determined by pseudo first-
order kinetic fitting. ® In the presence of 1 M CH;OH.

the influence of the chemical structures of the differently
ionized dye, electrostatic potentials maps (EPMs), visualized
in Fig. 3, were calculated for the protolic and deprotonated
forms, after determining the conformers at the minimum
energy, optimized in water by the B3LYP/6-311++G**/C-PCM
method (Fig. S8, ESIT). As observed by chromatic variations, the
EPMs of the not deprotonated specie suggest that the con-
densed aromatic rings are weakly negatively charged with
respect to the -SO;~ groups. Passing to OG(-H')™, the whole
structure is almost more negatively charged, with the charge
density which gradually increases by shifting towards the
sulfonate group. The much higher value (—311.6 kcal mol ™)
of hydration Gibbs free energy changes of OG(-H')™ than that
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in the gas phase.

of 0G(diazo) and OG(hydrazon) (—160.5 and 160.2 kcal mol %,
respectively) is in line with a more intense and delocalized
negative charge as highlighted by EPMs. Therefore, on the base
of electrostatic interactions, slower photocatalytic degradation
should occur at higher pH, contrary to what was observed. This
result therefore supports the possibility of specific interactions
(chemical bonding) of -SO3~ groups of the dye with the surface
hydroxyl groups of the catalyst also at alkaline pH.** Besides,
the improved efficiency of OG degradation at pH 12 could
depend on production increase of OH® radicals, generated by
oxidation of hydroxyl ions more available on the TiO,
surface.*®*” The stabilization due to the electrostatic attraction
between the photocatalyst surface and the dye cation radicals,
which are the intermediates responsible for the degradation,
should also play a role. The absorption spectra recorded during
the photodegradation of OG catalyzed by TiO, and in the
presence of CTEABr (1.0 x 10 > M) at various pH values,
showed only a different rate as for the absorbance decrease
compared to those recorded without surfactant (Fig. S9 (ESIT),
pH 12 reported as an example), thus similar products can be
hypothesized (see below). The kinetic data reported in Table 2,
determined by correlation of C/C, values as a function of time
with pseudo-first order kinetic law (Fig. 2b), highlighted that
the reaction was more favored at pH 12 than at lower pH
(5.7 and 9), as already observed in the absence of surfactant.
Moreover, only an alkaline pH causes the photodegradation of
the dye to be favored by the intervention of the surfactant;
indeed, in the presence of 1.0 x 10™° M surfactant, kops
increased by a factor of ca. 3 (see Table 2). As previously
reported,”” ™ the cationic micelles adsorb directly (and then
rearrange into different aggregation structures)**** to the
negatively charged TiO, surface in alkaline medium. This
assists the approach of the dye to the surface of the semicon-
ductor, which prevails over the competitive association with the
micellar surface, despite the high negative charge density
positioned on the naphthalene system (Fig. 3). In addition,
the micellar aggregates on TiO, should increase the OH™
concentration near the surface, resulting in an enhancement
of OH" radical concentration responsible for photodegradation.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Scheme 4 Partition equilibria of dye with TiO, and micelles. The symbol
A indicates the molecule of dye.

A cartoon of the dye distribution for system OG/TiO,/micelle is
displayed in Scheme 4. At pH 5.7 and 9 the adsorption of the
dye on the TiO, surface is favored, likely due to specific
chemical bonds between -SO;~ and hydroxyl groups of the
semiconductor surface (equilibrium a); the intervention of
equilibrium b is the cause of the inhibiting effect of the
surfactant. By increasing the pH, the dye can interact with
TiO, by micelles or their different rearranged aggregation
structures®>** adsorbed on the semiconductor (equilibrium
c). The interaction of a preformed dye-micelle complex with
the semiconductor surface cannot be excluded (equilibrium d).

Finally, the photodegradation was investigated at different
CTEABr concentrations (up to 5.0 x 107> M) at pH 12. The
degradation profile, shown in Fig. 4, reported as a ratio of
residual OG concentration after 15 min irradiation (C;5) on its
initial concentration (C,) (both values determined by absor-
bance measurements, see the Experimental section) as a func-
tion of [CTEABr], highlighted that 6.0 x 10~* M represents the
surfactant concentration at which the amount of dye associated
with the semiconductor surface is maximum.

LC-MS analysis carried out on elaborated samples of
OG/TiO,/CTEABr (1.0 x 10~* M) dispersion picked up at an
intermediate time of 20 min and after 90 min of irradiation,
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Fig. 4 Photodegradation of OG (2.0 x 10™* M) by TiO, (0.4 g L™ in an

aqueous dispersion at pH 12 after 15 min of irradiation (12 UV lamps) as a
function of CTEABr concentration; A;na = 498 nm.
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when the dye mixture was drastically decolorized (Fig. S10,
ESIt). The intensity of the parent dye molecule decreased
substantially, however the intermediate products during the
degradation process were at very low concentrations due to
their fast transformation. It is already known that the OG
photodegradation products by TiO, arise from the OH* radical
attack at various positions on the OG structure, especially the
electron rich n diazo-bond followed by sulfonate and groups
and with less efficiency the less deactivated naphthalene
moiety. The detailed mechanism processes of the OG photo-
catalyzed degradation was reported by Meetani and
coworkers.*® In our case, only trace of 1,4-dihydroxybenzene
(CeHgO,, m/z = 110.04) was detected.

TiO,-photocatalyzed degradation of EY assisted by surfactants
at pH 12

The UV-Vis spectra of EY showed in aqueous solution both at
pH 5.7 and 12 an intense band at 517 nm with a shoulder at
490 nm due to the xanthene ring, the chromophoric part of the
molecule that is responsible for its red color. Less intense
bands at 343, 301 and 255 nm were assigned to m — w*
transitions of the aromatic electrons (Fig. S11, ESI{).*® Taking
into account the pK, values (2.02 and 3.80 for equilibrium of
-OH and -COOH deprotonation, respectively, Scheme 3b), EY
was exclusively present in its di-ionized quinonoid form,
EY(-2H")*" at both pH values investigated.’® On addition of
1.0 x 107> M cationic surfactants (such as CTABr, CTEABr,
CTBABr and p-DoTABr), a concentration higher than the cmc
value for all of them,'®*? a bathocromic shift of ca. 10-13 nm
was observed, as expected from the dye-surfactant interaction
due to coulombic attraction.”

All the photodegradation experiments with EY presented in
this work were carried out at pH 12, which is the experimental
condition in which the role of the surfactant was more intri-
guing. The absorption spectra of the degradation samples with
a hypothetical intermediate (A) absorbing around 350 nm,
which then evolved into uncolored forms up to 150 min of
irradiation (Fig. S12, ESIf). Indeed, the pseudo-first order
fitting of the decay at 512 nm produced a rate constant close
to that of the rise at 350 nm (2.2 x 10 2 and 2.1 x 10" > min™ %,
respectively), determined by a first order grow-decay fitting
(inset of Fig. 5). The A,g6 vs. time correlation clearly indicated
that both EY and intermediate A absorbed in this wavelength
region. Absorption spectra recorded for the EY photodegrada-
tion by TiO, in the presence of CTABr were similar as regards
the shape, but not from a kinetic point of view (Fig. S13, ESIf).
Effectively, the EY decay at 482 nm fitted the pseudo-first order
with a rate constant of 8.8 x 10> min~ ' (Table 3), a value lower
of ca. 2.5 times than that determined without surfactant, and
closely matched the rise rate of the degradation product A that
absorbs at 350 nm (kops = 1.0 x 102 min ', inset of Fig. $13,
ESIT). The pink color observed for the final dispersion indicates
that residual EY was still present (Fig. S14, ESIt).

The addition of CTEABr or p-DoTABr induced a significant
modification in the absorption spectra, as observed in Fig. 6
and Fig. S15 (ESIt), respectively. The visible band at 525 nm
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Fig. 5 Absorption spectra recorded during the photodegradation of 2.0 x
10™* M EY (analysis at 1.0 x 107* M after dilution with ethanol in acid
solution) by TiO, (0.4 g L™%) in aqueous dispersion at pH 12 as a function of
irradiation time (12 UV lamps). Inset: Change in absorbance at 286, 350 and
512 nm as a function of irradiation time. The solid lines represent the
corresponding kinetic fittings.

Table 3 Observed rate constants (kops) and the corresponding determi-
nation coefficients (R?), of the photodegradation of the EY decay with TiO,»
in the presence of different surfactants?

Surfactant kobs (min™") (R?)

No surfactant 2.2 x 1072 (0.998)
1.0 x 1072 (0.990)?

CTABr 8.8 x 10 (1.000)

CTEABr 5.3 x 1072, 1.2 x 1077 (0.998)
4.8 x 1072 (0.994)?

p-DOTABr 9.6 x 1072 (0.990)

“[EY]=2.0 x 10 * M, [TiO,] = 0.4 g L™, [surfactant] = 1.0 x 10 > M, pH
12, 12 UV fluorescent lamps, 30 °C. kops values were determined by
mono-exponential or be-exponential fitting. > In the presence of
CH,;0H 1 M.

observed with CTEABr, which shifted to 500 nm with p-DoTABr
due to the use of CH;CN instead of ethanol (see the Experi-
mental section), first decreased quickly and then exhibited a
slower decay with both surfactants (insets in Fig. 6 and Fig. S15,
ESIT), highlighting that besides EY other colored species
absorb. Indeed, although EY already appeared fully degraded
after ca. 50 min of irradiation with ks of 5.3 x 10> (obtained
by be-exponential fitting) and 9.6 x 10> min ' (Table 3),
for CTEABr and p-DoTABr respectively, both values were
significantly higher than that obtained with the catalyst alone
(2.2 x 107> min™ ).

The absorption spectra showed a residual UV-Vis absor-
bance even 250 min after irradiation, as visible to the naked
eye (Fig. S16, ESIt). Plausibly, structures similar to that of EY,
but with a lower bromide atom number, may have formed. As
known from available literature, independently of the degree of
(de)bromination (tribromo- and dibromofluorescein) the
UV-Vis spectra of the debrominated species are qualitatively
identical,”® with their main absorbance bands at wavelengths
of about 10-15 nm lower than that of EY.>> Accumulation of
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Fig. 6 Absorption spectra recorded during the photodegradation of
2.0 x 107% M EY (analysis at 1.0 x 10" M after dilution with ethanol in
acid solution) by TiO, (0.4 g L™ in aqueous dispersion at pH 12 in the
presence of CTEABr (1.0 x 10~ M) as a function of irradiation time (12 UV
lamps). Inset: Change in absorbance at 285, 340, 400 and 525 nm as a
function of irradiation time. The solid lines represent the corresponding
kinetic fittings.

debromination compounds is likely due to their more effective
interaction with CTEABr and p-DoTABr micelles, which slows
down the corresponding decay rates. This interaction could be
promoted by an increase of electronic density on the xanthene
moiety for this species compared to eosin, as attested by EPMs
calculation made for structures EY(-2H")*>", tribromofluores-
cein, FLBrj(-2H")*>~ and di-ionized fluorescein, FL(-2H")*~
(Fig. 3). The increase of Gibbs free energy change of hydration
as the number of bromine atoms decreases (—140.3, 143.5 and
183.4 kcal mol™ ', respectively) is in line with the polarity
increase of these structures. The band rising around 410 nm
with a similar rate to that of EY decay (kops = 5.7 X 1072 and
1.1 x 107" min~', with CTEABr and p-DoTABr respectively)
highlighted the formation of a further degradation product,
which then transformed into intermediate A (see above), which
decayed very slowly (insets in Fig. 6 and Fig. S15, ESIt). The
color observed for the final dispersion, although EY(-2H")*~
was not present anymore, indicated that other chromophores
still able to absorb light remained (Fig. S16, ESIT). Based on the
literature,”® the band at 410 nm was assigned to the final
debromination product of EY, namely fluorescein (FL). Really,
the absorption spectrum of pure FL, recorded under the same
acidic conditions, showed the main absorbance band at
443 nm (Fig. S17, ESIt), but this different spectral position
could be due to the overlap with the spectra of other compo-
nents of the photodegraded mixture. FL(-2H')>” xanthene
group is more negatively charged than that of brominated
anions, as observed by EPM data (Fig. 3). This favors its
interaction by coulombic attraction with the positive head-
groups of the micellar interface, which will facilitate the
accumulation of this photoproduct. Finally, on the basis of
the observations collected and the degradation scheme
proposed by Sonawane et al.,”* it seems reasonable to assign
to intermediate A (absorption around 350 nm, see above) a less
conjugated structure such as decarboxylated fluorescein. The

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 7 Absorption spectra recorded during the photodegradation of
2.0 x 107* M EY (analysis at 1.0 x 10~* M after dilution with ethanol in
acid solution) by TiO, (0.4 g L™Y) in aqueous dispersion at pH 12 in the
presence of CTEABr (1.0 x 107° M) and CHzOH (1.0 M) as a function of
irradiation time (12 UV lamps). Inset: Change in absorbance at 286, 340,
400 and 527 nm as a function of irradiation time. The solid lines represent
the corresponding kinetics fittings.

formation of this product could be due to the photo-Kolbe
decarboxylation reaction.**

Monitoring of photodegradation catalyzed by the TiO,/
CTEABr system under the identical experimental conditions
seen above, but with the addition of methanol, showed the
absorption spectra at various reaction times depicted in Fig. 7.
As observed, the visible band of EY at 527 nm disappeared
completely after ca. 60 min of irradiation with the same rate as
the appearance of the band centered at 400 nm assigned to
fluorescein (kops = 4.8 x 107> and 5.2 x 10”2 min~', for decay
and rise respectively). The expected inhibiting effect of metha-
nol, usually applied as hydroxyl radical scavengers,>® was quite
slight (kops value about 10% lower than that in the absence of
alcohol, Table 3). The faster degradation of partially bromi-
nated intermediates, therefore no longer observable in the
presence of methanol, clearly allows a greater accumulation
of fluorescein, which should then undergo decarboxylation.
One hypothesis for this behavior is that methanol acts as a
co-solvent destroying partially the CTEABr micelles, thus
increasing the aggregates in the form of hemi-micelles and
bilayer on the surface of the catalyst.> This effect should
promote the adsorption of different photoproducts on the
TiO, surface and their consequent degradation. This peculiar
action of the surfactant was endorsed by the observation that
methanol significantly inhibited the dye degradation in the
absence of CTEABr (Fig. S18, ESIt). In fact, the observed rate
constant determined in this condition (1.0 x 10~> min*,
Table 3) is more than halved compared to that without scaven-
ger (2.2 x 10~ > min~ ', Table 3).

To identify the photoproducts detected by the spectrophoto-
metric method, HPLC-HRMS analyses of photodegradated EY
samples were carried out in the presence of CTEABr at pH 12.
In all analyzed solutions, only one debrominted product with
the formula C,,HoOsBr; (m/z = 566.79), identified by mass
spectrum and UV-Vis absorption spectrum (Amax = 518 nm),>®
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Scheme 5 Schematic diagram of reaction intermediate formation during
Eosin Y photocatalytic degradation.

was detected (Fig. S19, ESIt). The tribrominated intermediate
was formed during the first 30 min of irradiation and then
degraded over time. Unfortunately, both in negative and posi-
tive mode, the supposed intermediates, namely fluorescein and
decarboxylated fluorescein, were not revealed. This could be
explained by either low ionization efficiency or because the
concentration of these intermediates was lower than the detec-
tion limit of the UV/Vis diode array detector. Based on the
identification of the intermediates by spectrophotometric ana-
lysis too, a tentative degradation pathway of Eosin Y is depicted
in Scheme 5.

OG and EY photodegradation compared

It is remarkable that a significant difference in the kinetic
evolution of the degradation process at pH 12 between OG and
EY was observed. The main dissimilarity lies in the fact that, as
evidenced by the spectroscopic analysis, with EY the intermedi-
ates are accumulated (this was significantly assisted by the
intervention of CTEABr and p-DoTABr), while the degradation
of OG evolved to mineralization products by means of fast
successive transformations. The decay of de-ionized EY, made
fast also by its very low oxidation potential (0.78 V vs. SCE in
CH;CN:H,0 1:1)*” leads to the formation of debromination
products which transform one after the other until a probable
complete debromination (Scheme 5). During these steps, the
decay slows down more and more as less bromine atoms are
bound to the aromatic system. In parallel, the tendency of the
intermediates to interact with the cationic micellar surface
increases as the aromatic system becomes more negatively
charged (Fig. 3). As to OG, it is more oxidizable than EY
(0.57 V vs. SCE in CH;CN:H,O 1:1),°® but the intermediates
formed before the breakdown of the aromatic structure, which
will then lead to discoloration of the dispersion, contain at least
one of the two -SO;~ groups of the initial OG structure. This
substituent preserves the specific interaction with the TiO,
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surface, whose negative charge due to the basic pH is partially
neutralized by surfactant aggregates formed on the semicon-
ductor surface. This interaction of dye and its derivative inter-
mediates, assumed to be a real chemical bonding,** prevails
over the competitive association with the micellar surface,
which otherwise would have removed them from the semicon-
ductor and then reduced the degradation rate.

Conclusions

Photocatalytic degradation of dyes OG and EY was carried out
under UV light over the TiO, Degussa P25 surface. Use of
cationic surfactants, pH change and additive addition have
helped to elucidate the photodegradation mechanism by
means of UV-Vis spectroscopic analysis. Generally, the degra-
dation reaction was faster in a basic environment and by
comparing the reactivity with and without surfactant at the
same pH, only at alkaline pH the catalytic synergistic effect of
the surfactant was remarkable. The peculiarity of OG was that
the intermediate products evolved rapidly until the complete
degradation of the dye. As for EY, the role of the surfactant was
that to slow down the degradation of the intermediate pro-
ducts, thus allowing their accumulation.

An interesting aspect of this study is that the involvement of
surfactants, even when it does not favor the complete degrada-
tion of the dye, which would be a desirable result from an
applicative point of view, is still useful to investigate more
mechanistic aspects. The electronic distribution and the hydro-
philic properties of the dyes, deduced by EPM data and AGs.y
values, related to the amphiphilic nature of the surfactant and
the charge of the semiconductor surface, supported the ratio-
nalization of the data obtained.
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