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Abstract

The discoloration of methylene blue in aqueous solution was studied under illumination by a fluorescent lamp, LEDs of red,
green, and blue light, and a UV-A black light bulb. Overall results showed that methylene blue was discolored with and without
the presence of any photoactive semiconductor. Outcomes depended on the combination substrate-light source employed.
Photosensitization was assumed as the discoloration mechanism followed upon visible light irradiation. Fluorescence spectros-
copy and high-performance liquid chromatography were used to investigate the possible intermediates formed in the irradiated
solutions. The detailed nature of formed species was not stablished, but it was proved that the dye molecule photo-bleached and
partially defragmented in several intermediates including leuco dyes, demethylated phenothiazine dyes, and probably humic
substances. Since the fluorescence intermediates found were similar for most of the irradiated solutions, it was assumed that
comparable reactive species were responsible for the discoloration of the molecule in solution. Results proved the misconception
of discoloration experiments found in the literature when employing visible light near the absorption region of the dye.

Keywords Methylene blue - Photosensitization - Fluorescence intermediates - Type I mechanism

Introduction

The photo-assisted decomposition of organic pollutants has
been adopted as a method to evaluate the photocatalytic activity
of certain materials [1-14]. Authors employ dyes such as meth-
ylene blue (MB) [8-14], alizarin red [1], rhodamine B [2],
orange II [5], and indigo carmine [15], among others, to mon-
itor the photocatalytic efficiency. Nevertheless, it has been pro-
posed that a different degradation pathway of the dyes takes
place when wavelengths in the UV or visible interval are used
for these experiments [1-7]. Findings suggest that conversely
to photocatalytic degradation, photosensitization of the dyes
occurs when visible light is employed [8, 12, 13, 15-23].
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Such transformation has been associated to the characteristic
region of absorption of these dyes in the visible range. As a
result of absorption, a phenomenon that triggers intersystem
crossing or energy transfer within the target molecule proceeds.
Such process derives in the generation of reactive species, in-
cluding the production of highly reactive singlet oxygen or
hydroxyl radical. These species are presumably similar to the
ones formed by the interaction of electrons and holes that arise
from the excitation of semiconductors. The presence of these
species could therefore cause the transformation of the dyes.
Notwithstanding, a controversy about the true photocatalytic or
non-photocatalytic nature of the reactions involved within the
use of these substances has arisen [4, 6, 24]. Authors argue that
only discoloration (partial degradation) instead of mineraliza-
tion of the dye takes place when photocatalyst / dye systems are
exposed under a light source. In consequence, it has been sug-
gested that standard photocatalytic tests based on dyes discol-
oration (only optically) should be avoided [6, 7, 24]. Until now,
several groups continue to analyze possible visible light acti-
vated photocatalyst and photoactive nanostructures in order to
clarify such interrogatives [11, 25, 26]. On the other hand,
researchers have redirected attention towards the study of other
materials that can act as photosensitizers, e.g. porphyrins, metal
complexes, semiconductors [16, 17, 27] and composites [19,
28]. These studies are based on the well-known oxidizing
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power of the reactive species produced upon photosensitization
[8, 12, 13, 17, 19-23, 27].

Conventional broadband light sources such as Xenon or
Mercury lamps are commonly used to evaluate the photocata-
lytic property of materials. However, the different wavelengths
provided can interfere in their interaction with the dye-material
and present long-term power instability. Therefore, it is believed
that within the utilization of monochromatic or nearly mono-
chromatic light sources [7, 11, 16, 22, 29-34], the reduction of
time required for the transformation of the target pollutants is
achieved [29, 33] and a more reliable assessment of the inter-
action of dye-irradiation source-material can be attained.

This work summarizes the effect of different illumination
sources in the UV and visible wavelengths onto aqueous MB
solutions in contact with bare borosilicate glass (BGS) sub-
strates. A sample of Ti oxide coated ZnO nanorods grown
onto BGS glass was employed for comparative purposes.
After all irradiation experiments, the amount of MB solutions
discoloration was calculated, and the irradiated solutions (de-
graded products) were studied by fluorescence spectroscopy
(FS) and high-performance liquid chromatography (HPLC).
The later with the aim to monitor the progressive changes of
the MB molecule as studied by Tsuchiya et al. only with UV
irradiation [35], here the wavelength interval was extended to
the visible region. The analysis of the products made possible
to determine if degradation or photo-bleaching of the dye
occurred after being exposed to the various light sources.

Materials and Methods
Microstructure and Optical Properties

Clean pieces of BGS were used as non-reactive surfaces to
study the discoloration of MB. In addition, a sample com-
prised of TiO, coated ZnO nanorods deposited onto BGS
(sample T) was used in further experiments. The nanostruc-
tured materials were grown via aerosol assisted CVD
(AACVD) method. Synthesis conditions, reactants, and sys-
tem configuration used for the preparation of sample T were
reported elsewhere [36, 37]. Surface morphology of sample T
was studied by field emission scanning electron microscopy
(SEM) in a JEOL JSM-7401F operated at a voltage of 2 kV.
The microstructure of the sample T was analyzed by high-
resolution scanning transmission electron microscopy (HR-
STEM) in a JEOL JEM-2200FS microscope equipped with
a spherical aberration probe corrector. The equipment was
operated at an accelerating voltage of 200 kV. ZnO nanorods
of sample T were scratched directly on TEM grids. The total
transmittance and reflectance spectra of the BGS substrate and
sample T were measured in the 300 to 1000 nm interval, using
a UV-Vis-NIR CARY 5000 spectrophotometer with a
DRA2500 integrating sphere accessory.
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Characterization of the Light Sources

Different light sources were employed for the discoloration
experiments: a commercial 15 W fluorescent lamp (F15T8D),
and three commercial LEDs. A black light bulb (F15T8BLB,
named BLB) of emission in the UV-A region, was employed
for further comparative purposes. The qualitative emissions
provided by the fluorescent lamp and each LED were estimated
with a Thorlabs CCS200 compact spectrophotometer coupled
to a multimode optic fiber (active in the range from 200 nm to
1000 nm). The irradiance of the individual LEDs was deter-
mined using a Thorlabs PM 100D spectrophotometer equipped
with a Thorlabs S120VC power sensor of 50 mW and 9.5 mm
of diameter that works in the 200 to 1100 nm interval. The
number of photons provided by each illumination device was
computed from irradiance measurements.

Dye Discoloration Tests

The discoloration of aqueous solutions of MB at an initial
concentration of 10> mol.dm > was studied as a function of
irradiation time using different light sources. The pH of the
prepared MB solutions had a value of 4. The experiments
were carried out employing 5 cm® and 10 em® of the probe
solution; for both a teflon ring reactor was employed to en-
close the probe solution. The ring had 21 mm of internal
diameter and 19 mm (for 5 cm®) or 31 mm (for 10 cm®) of
height. The ring reactors were bounded at the bottom with a
tightly attached clean piece of BGS or sample T, and covered
at the top with a fused quartz cover to protect the MB solution.
The ring reactor containing the MB solution was placed onto a
supporting platform inside of an irradiation chamber. A small
eccentric mass attached to a DC motor rotating at 2582 +
40 rpm was placed under the platform to promote the contin-
uous agitation of the probe solution over the essayed surfaces.

Initial discoloration experiments were carried out using the
BGS substrates exposed to the different light sources.
Additional tests performed with the BGS substrate and sample
T were accomplished using solely the UV-A light source. The
exposition time was set to 960 min for all trials. Since the
values of irradiance of the light sources differed at a great
extent when set at the same distance from the detector, each
LED was located at a different distance from the BGS in order
to balance the amount of incident light with that provided by
the fluorescent lamp (30 W.m 2). The temperature of the
chamber was in the range of 294-310 K.

Absorbance spectra of all MB solutions were measured
in a 200 to 800 nm interval in a UV-Vis-NIR CARY 5000
spectrophotometer using a 1 cm quartz cuvette. The MB
absorbance peak located at 664 nm was correlated to dye
concentration and was monitored as an indicator of the
discoloration efficiency.
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The computation of the photonic efficiencies was achieved
following Eq. 1.1, employing the discoloration tests data and
the values of irradiance of the different quasi monochromatic
sources at A. Effective photonic efficiency €,,(A) describes the
number of reactant molecules transformed or product mole-
cules formed divided by the number of incident photons, at a
given wavelength [38]:

_ #tmoleculesconverted
 #incidentphotons(\)

(1.1)

epn(A)

Analyses of Irradiated MB Solutions Using
Fluorescence Spectroscopy and High-Performance
Liquid Chromatography

The effect of each light source on the MB solutions was mon-
itored using FS and HPLC. The fluorescence emissions of irra-
diated solutions were acquired with a Horiba Fluorolog-3 mod-
ular spectrofluorometer that utilizes a 450 W Xenon CW lamp
as the excitation source. Samples were contained in a 1 cm path
length quartz cell at room temperature (298 K). The interval of
excitation wavelengths was from 300 nm to 700 nm using
increments of 25 nm. The interval of emission wavelengths
was from 300 nm to 800 nm with steps of 5 nm. A 5 nm slit
was used for excitation wavelengths, while a 1 nm slit was used
for emitted wavelengths. The irradiance of the spectrofluorom-
eter was obtained at different wavelengths (from 335 nm to
687 nm) using the Thorlabs PM100D spectrophotometer and
related sensor (as described in "Characterization of the light
sources" section), in order to correlate the intensity of the fluo-
rescence emissions of the dye with the number of photons pro-
vided by the excitation source. Further analyses of the dye
discoloration products were achieved via reverse phase chro-
matography in a HPLC-DAD Thermo Scientific Ultimate 3000
series. The products were separated using an Acclaim 120 C18
column (150 mm X 4.6 mm) that was kept at 20 °C. The
detection system was a diode array detector (DAD) that works
in the range from 200 nm to 800 nm. The signals acquired by
the detector were recorded in a Chromeleon Chromatography
Data System software. The isocratic mobile phase consisted of
two solutions namely eluent A and eluent B. Eluent A was
made of trifluoroacetic acid in water (0.01% v/v) while eluent
B was methanol. The sample injection volume was 80 uL and

the flow rate was 1 mL.min .

Results and Discussion
Microstructure and Optical Properties of the Samples

The morphology and crystalline structure of sample T used as
reference are shown in Fig. 1. Top surface SEM micrograph in

Fig. 1 a Secondary electron SEM micrograph of the surface of sample T.
b HR-STEM micrographs of sample T. The inset shows the analyzed
zone in b)

Fig. la exhibits elongated structures having a hexagonal
cross-section morphology. The depicted shape matched with
the formation of one-dimensional nanorods. Lattice fringes
observed in the HR-STEM micrograph of scratched nanorods
of sample T (see Fig. 1b) confirmed the crystalline character-
istic of the nanostructures. This information was in agreement
with the formation of monocrystalline ZnO wurtzite [39].
Furthermore, the evident development of a thin layer (having
a thickness of 15+4 nm) of amorphous Ti oxide grown onto
the ZnO nanorods was noted. Inset in Fig. 1a shows the exis-
tence of the TiO, coating. All attributes were in accordance
with the information reported earlier in [36, 37] for ZnO-TiOy
core-shell materials. Sample T was selected as a reference
because the integrity of the ZnO core was preserved after
several extended tests performed in an aqueous medium
[37]. Besides, the photocatalytic activity obtained with sample
T was similar to that obtained using bare ZnO nanorods.

The absorptance spectra of the bare BGS glass and sample
T are shown in Fig. 2. Both spectra were obtained from total
transmittance and reflectance measurements. Figure 2 evi-
denced that the region of absorption of the BGS glass differed
to a great extent from that of the nanostructured sample T.
Bare BGS exhibits a negligible absorption in the visible
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Fig. 2 Optical absorptance as a function of photon energy of the BGS
substrate and sample T

interval but important in the UV region above 3.5 eV. On the
other hand, sample T exhibited a sharp absorption edge at
around 3.2 eV (congruous with the existence of the synthe-
sized metal oxides) and optical absorption of about 20% to 5%
extending from the visible to the infrared region. Outcomes
confirmed that the BGS substrate does not interact with wave-
lengths in the visible region, as those provided by the light
sources in Online Resource 1.

Characteristics of the Light Sources

Details of total irradiance and qualitative spectra of fluorescent
(FL) and black light (BLB) lamps were reported previously in
reference [37]. The spectral emissions of the each LED were
located at around 633 £ 15 nm, 527 £ 23 nm and 467 + 16 nm;
and their irradiance at 1 cm from the detector were 275 W.m 2,
45 W.m 2, and 115 W.m 2 for the red, green, and blue LED,
respectively. The total irradiance of the FL lamp at the same
distance from the detector was 31 W.m 2, which is quite dif-
ferent from the irradiances of the LEDs. Thus, due to these
different irradiances each LED was positioned at different
distance to guarantee the same irradiance onto the MB solu-
tion. The qualitative spectral irradiance of FL lamp and each
LEDs appear in Online Resource 1.

Dye Discoloration Tests

Discoloration experiments were performed with 10 cm® of
MB solutions in contact with pristine BGS substrates using
the different light sources. Outcomes appear summarized in
Table 1. For comparative purposes, the experimental run also
comprised outcomes obtained using a UV-A light source to
irradiate the MB solution.

As noted in Table 1, an important amount of the dye
was transformed upon irradiation with the fluorescent
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Table 1 Total incident photons into the illuminated area of the reactor
(3.46 10* m?) during 960 min.; percent of MB discolored (D) and
effective photonic efficiencies (epy) obtained using a bare BGS
substrate irradiated with different light sources

Light source Incident photons D (%) Epht (1074%)
(nmol)

Fluorescent lamp - 44+2 -

Red LED(633 nm) 3066 57+4 19+2

Green LED (527 nm) 2553 16+1 6+5

Blue LED (467 nm) 2262 5+1 2+1

UV-A - 6+1 -

lamp and the red LED. Interestingly, the red LED yielded
13% of more discoloration than that obtained with the
fluorescent lamp. The discoloration observed using the
UV-A light and the green and blue LEDs was less favor-
able than that obtained with the red LED and the fluores-
cent device. Photonic efficiencies showed that when nor-
malizing the amount of irradiance, the red LED exhibited
more discolored molecules for incident photon, following
the order: e,n red LED> ey green LED> €y blue LED.
Foregoing outcomes could be related to the amount of
absorbed light by the MB solution. According to the ab-
sorbance spectra of the probe solution (shown in Fig. 3),
the blue and green LEDs are barely absorbed. The absor-
bance of the blue, green, and red LED emission, were of
0.020+0.001, 0.030+0.004, and 0.40 +0.02, respective-
ly. Such measured values of absorbance indicated that
even when the photons in the blue and green regions were
more energetic than those in the red region, their limited
absorption has a restricted influence on the discoloration
of the dye. In addition, it is known that the absorbance
peaks of MB, shown in Fig. 3, at about 293 nm and
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Fig. 3 Absorbance spectrum of the MB probe solution. It is shown the
absorbance peaks associated with 7t — 7t* and n — 7t* transitions of the
MB. Additionally, the different wavelength range emitted by the
fluorescent lamp (FL), the LEDs (blue, green, and red) and the UV-A
lamp (BLB) are included
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664 nm are associated with 7t — 7t* and n — 7t* transitions,
respectively [40]. In consequence, the utilization of pho-
tons close or at these wavelengths would excite the mol-
ecules of the dye.

Conveniently, photosensitization from either Type I or
Type II mechanisms [12, 16-18, 20, 21] along with the ab-
sorption of light at certain spectral regions (as shown in
Fig. 3), could serve to explain the effective discoloration of
MB with visible light. According to literature, Type I or Type
II mechanisms take place when the molecule of the dye is
excited (i.e. when n — 7v* transitions occur). Type I mechanism
involves an electron or H, atom abstraction by the excited
state of the sensitizer (in this case MB). Type II mechanism
involves the energy transfer from the excited sensitizer to the
ground state of O, [16]. In consequence, the generation of
reactive oxygen species and free radicals, both occurring un-
der irradiation with visible light (as the one provided by the
red LED and the FL lamp, see Fig. 3 and Online Resource 1),
could support the effective discoloration of MB. Outcomes
matched with the results of reference [22], which summarized
the discoloration of several photosensitizers (including MB)
under irradiation with red light. The limited discoloration ob-
served using the blue and green LEDs, which are scarcely
absorbed by MB, could be also elucidated.

On the other hand, it has been proved that singlet oxygen
produced from MB can be satisfactorily used to degrade or-
ganic substances. For instance, Stojicic et al. [12], Komine
and Tsujimoto, [20] and Huang et al. [21] applied singlet
oxygen from MB as a bactericidal agent. Pena-Luenga et al.
[16] showed that upon irradiation of this dye, the decomposi-
tion of various organic pollutants in solution was achieved.
However, it is worth mentioning that the generation of singlet
oxygen is sometimes overestimated. This is because the for-
mation of free radicals (commonly associated with Type I
process) can occur together with the formation of singlet ox-
ygen. Therefore, it was difficult to attribute the degradation of
the MB molecules (and transformation of pollutants) to
either of the photosensitization mechanisms. Moreover,
the progress of both mechanisms relies upon the lifetime
(quantum yield) and stability of the excited states of the
dye, aside from the absorption of light in the spectral
region of excitation [8, 16—18]. The investigation of these
parameters is needed in order to verify the effectiveness
over time of the employed wavelengths.

Since the evident transformation of MB solution took place
without the presence of a photocatalyst, further tests with du-
ration of 960 min were carried. In this case, 5 cm® of the MB
solution in contact with pristine BGS and sample T were illu-
minated with a BLB. The results of this test appear summa-
rized in Table 2.

Results in Table 2 showed that the combination of the black
light bulb and photoactive semiconductors in sample T (that
absorb photons in the UV-A region, see Fig. 2) had a favorable

19
Table 2 Amount of MB
solution discolored after Samples D (%)
960 min of exposure to
the UV-A source T 95+3
BGS 7+2

effect in the discoloration of the dye. In fact, almost a com-
plete discoloration (95%) of the probe solution was observed.
For solution in contact with the BGS substrate, the low percent
of discoloration was consistent with the tests in Table 1 and
those presented in a previous work [37]. In this case, findings
revealed that the UV-A light source did not produce the pho-
tosensitization and discoloration of the dye. Consequently,
results of nanostructured sample T suggested that photocata-
lytic transformation of the dye occurred. The process was
originated due to an effective excitation of electron and holes
and its interaction with the surrounding aqueous media. No
significant differences on the discoloration of MB solutions
were observed when the black light bulb was employed to
irradiate 10 or 5 cm’® of solution. The analysis of the tested
solutions was performed to set differences among the products
formed, as described in the following sections.

Analysis of the MB Solution
Fluorescence Emissions of MB Solution

The fluorescence emissions of the probe solution of MB were
investigated in the interval of 300 nm to 800 nm. The mea-
sured emissions appear in Fig. 4. In Fig. 4a, an intense char-
acteristic emission peak at about 685 nm - 690 nm was ob-
served using excitation of 300 nm (FWHM 30 nm). The iden-
tified peak matched with that reported for the fluorescence of
MB [8, 35, 41]. Furthermore, three other constant emissions
were detected accompanying the MB peak. The peak at
300 nm (partially shown) correspond to elastic scattering from
the excitation wavelength; the second peak at 335 nm was
associated to the Raman signal of water [41, 42]; the third
peak at 600 nm was attributed to second order scattering of
the excitation wavelength [42]. Online Resource 2 revealed
that the emission associated with MB (685 nm - 690 nm), as
well as those resulting from elastic scattering and Raman sig-
nal of water, were evident using all excitation wavelengths
(from 325 nm to 700 nm). Figure 4b shows that the intensity
of the characteristic emission peak of MB was modified when
the excitation wavelengths increased. Three zones of maximal
emission were noted: 300 nm, 600 nm - 620 nm and 685 nm -
690 nm. Alternatively, a low intensity emission region be-
tween 350 nm to 525 nm was observed. Fig. 4b also shows
that the emissions at 685 nm and 690 nm were almost identi-
cal. A narrower step might be suitable to improve the resolu-
tion of the maxima. Furthermore, the emission of the charac-
teristic peak of MB was not dependent on the irradiance of the
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Fig. 4 Fluorescence emissions of MB solution. a Emission spectrum of
MB probe solution obtained with 300 nm of excitation; b intensity of the
fluorescence emissions located at 685 nm and 690 nm as a function of
excitation wavelengths and c¢) spectral irradiance emitted by the
spectrofluorometer source

selected wavelengths. Figure 4c shows the irradiance of sev-
eral excitation wavelengths provided by the spectrofluorome-
ter source. As noted, the irradiance of the excitation wave-
lengths decreased when using lower energy photons (longer
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wavelengths). Outcomes in Fig. 4b, ¢ suggested that in spite
of the decreasing excitation intensity, wavelengths above
575 nm could excite the molecule of the dye, i.e. photosen-
sitization of MB could take place (as explained in "Dye
discoloration tests" section). Such observations were in con-
trast with the very low emission observed at 400 nm, which
exhibited the highest excitation intensity. Since clear differ-
ences in the collected emissions using excitation wave-
lengths of 300 nm and 400 nm, both wavelengths were used
for all of the following fluorescence studies.

Aforementioned observations revealed that not all wave-
lengths had the same capacity to excite the fluorescent state of
the MB molecule in water, in accordance with the absorbance
spectrum of MB shown in Fig. 3.

Fluorescence Emissions of Irradiated MB Solutions

The fluorescent spectra of irradiated MB solutions
(Table 1) in contact with the borosilicate glass substrate,
and exposed to a fluorescent lamp, red LED (rLED), and
UV-A bulb were obtained in order to determine the emis-
sions of the products formed after irradiation. Emissions
recorded at excitation wavelengths of 300 nm and
400 nm are presented in Fig. 5a, b, respectively.

For excitation at 300 nm, the emissions recorded from the
irradiated solution using the FL, rfLED, and BLB showed a
decrease in the emission of the MB characteristic peak located
at 685 nm (see Fig. 5) in comparison with the non-irradiated
MB solution, consistent with discoloration results of Table 1.
According to Fig. Sa, new emissions of fluorescence were
noted in all solutions. For the solution after exposure to the
fluorescent lamp, a shoulder located close to 450 nm (FWHM
85 nm) was observed. A barely intense shoulder located at
around 425 nm (FWHM 90 nm) appeared in the solution
irradiated with the red LED. In addition, a low intense emis-
sion was noticed in the solution irradiated with the black light
bulb centered at about 420 nm (FWHM 90 nm) and closely
matches the peak of MB used as reference. Additionally, the
Raman peak of water at 335 nm and the second order scatter-
ing at 600 nm appear invariants in all cases.

Emissions obtained using 400 nm as a source of excitation
revealed further information about the transformation of the
dye. As shown in Fig. 5b, the solutions exposed under the FL
and rLED showed intense signals centered at 565 nm (FWHM
85 nm and FWHM 95 nm, respectively). A slight shift of the
characteristic peak to 680 nm (FWHM 90 nm) was also no-
ticed in both cases. For the solution irradiated with the black
light bulb it was found an analogous but less intense shoulder
at 565 nm (FWHM 60 nm) and, no shift of the MB peak.
Observed peaks at nearby 680 nm and 565 nm are congruent
with those reported by Tsuchiya et al. [35] as fluorescence
characteristics peaks during the decomposition of MB, using
an excitation of 365 nm. In addition, the Raman signal of
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Fig. 5 Fluorescence emissions of irradiated MB solutions in contact to
the BGS excited at: a) 300 nm and b) 400 nm. Inset in a) shows details at
the low wavelength region

water along with the second order scattering signals appeared
invariant at 465 nm and 800 nm, respectively. Results showed
that in spite of the different amount of MB discoloration with
the various light sources, analogous residues can be expected.

Based on the results described in "Dye discoloration tests"
section (Table 1), the partial discoloration of MB solution in
contact with pristine borosilicate glass substrate was possible
using the FL, rLED and BLB light sources. In addition, Fig. 5
evidences the formation of similar fluorescence residues. For
experiments carried out using a red LED and the fluorescent
lamp, it is suggested that photosensitization of the MB solu-
tion occurred since the wavelength range supplied by both
sources was coincident with the high absorption interval of
the MB (600 nm - 690 nm). In the case of BLB irradiation,
the proximity of provided wavelength interval and the absorp-
tion region of the MB at higher energies (240 nm - 300 nm)
can explain the observed minor discoloration of the MB
solution. On the other hand, the slightly shifted positions
from 685 nm to 675-680 nm represents changes in the
molecular structure occurring in several steps at different

parts of the molecule as reported by Tsuchiya et al. [35]
and detailed by Yu and Chuang [14]. The formation of
demethylated phenothiazine dyes (of the MB family) has
been recognized after performing discoloration experi-
ments using other characterization methods [10, 14, 43].

Additional emissions occurring at about 450 nm and
565 nm indicated further information about the transformation
of the dye. For those samples exhibiting fluorescence close to
450 nm, it is possible that the colorless forms of these dyes
(leuco) were present in solution. The fluorescence of leuco
MB molecules has been reported at 452 nm for leuco MB
(LMB) and 462 nm for leuco Thionine (Th), both observed
with excitation of 320 nm [41]. Nevertheless, the broad and
intense shoulder centered at these wavelengths also resembles
the emissions reported for humic substances dissolved in wa-
ter. Humic species are mainly composed of aromatic or ali-
phatic carbon chains combined with nitrogen, sulfur, and ox-
ygen atoms (all in the MB molecule) [44—46]. Emissions at
565 nm (570 nm also) have been associated with changes in
the aromatic rings of the molecule, as seen in reference [35]
using 365 nm of excitation. It is important to note that the
emissions at 452 nm, 462 nm, and 565 nm (570 nm) were
obtained using different excitation wavelengths that those pre-
sented herein. However, in order to prove that these emissions
were independent of the excitation wavelength (as it occurred
with the peak at 685 nm - 690 nm of MB), selected solutions
were examined. Excitation wavelengths of 325 nm and
375 nm were chosen for the current study. This was carried
out with the assumption that its proximity to the reported
excitation wavelengths (320 nm for leuco dyes [41] and
365 nm for modification of the molecular ring structure
[35]), will not result in considerable discrepancies.
Online Resource 3 obtained from the different collected solu-
tions confirmed the invariant position of the emitted shoulders
of fluorescence. Therefore, outcomes indicated that the ob-
served emissions can be used as reference. Also, the existence
of broad shoulders implied that different species coexist in the
irradiated MB solutions, since the width of the fluorescence
peaks has been associated with heterogeneity [35].

Further information about the transformation of the dye
was obtained from MB solutions (Table 2) in contact with
the BGS substrate and sample T, both exposed to the black
light bulb. Figure 6a shows the fluorescence spectra for an
excitation of 300 nm, it is shown that the solution in contact
with the pristine BGS did not display a shift of the maximum
emission at 685 nm (FWHM 35 nm). Only a slight decrease of
the intensity of this peak in comparison with that of the non-
irradiated MB solution was seen. A broad shoulder centered at
415 nm (FWHM 120 nm) was noted, similar to the one emit-
ted by the non-irradiated MB solution. For solution in contact
with sample T, a complete disappearance of MB characteristic
peak was observed. Only a shoulder centered at 405 nm
(FWHM 75 nm) emerged. For excitation with 400 nm the
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Fig. 6 Fluorescence emissions of MB solutions in contact with the
pristine BGS and sample T recorded with excitation wavelengths of: a)
300 nm and b) 400 nm. Inset in a) shows details of characteristic MB peak

emissions from MB solution in contact with BGS (Fig. 6b)
showed a slight decrease of the characteristic MB peak inten-
sity, also a broad peak centered at 565 nm (FWHM 70 nm).
For MB solution in contact with sample T, as in the 300 nm
case a complete disappearance of MB characteristic peak, and
the occurrence of one broader shoulder centered close to
550 nm (FWHM 150 nm) were noted. Concurrently, results
presented in Table 2 and Fig. 6b are consistent with those
reported in reference [35], it can be concluded that the MB
solution in contact with sample T when irradiated with UV-A
light degraded photocatalytically.

Analysis of Non-irradiated and Irradiated MB Solution Via
HPLC

The chromatographic separation of MB and selected irradiat-
ed solutions was monitored over the range of 200 nm to
800 nm. Since intense signals were obtained at 245 and
290 nm, outcomes in Fig. 7 were presented using these wave-
length. As seen in Fig. 7, the reference solution of MB
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Fig.7 HPLC-DAD chromatograms recorded at 245 or 290 nm. a) From a
probe solution of MB, and solutions in contact with: borosilicate glass
irradiated with black light bulb (BGS-BLB), green LED, blue LED, and
red LED; and sample T irradiated with the BLB (T-BLB). b) Details in the
retention time interval of 2.0-5.6 min

displayed a characteristic peak at a retention time of 5.7 min.
In all other solutions, the reference peak of MB remained
visible, accompanied by the existence of secondary peaks at
shorter retention times.

Results obtained from solution in contact with sample T
exposed to a black light bulb, displayed the most intense sig-
nals at shorter retention times. These multiple peaks observed
in the range from 2.5 min to 5.5 min can be related to the peaks
reported by Yogi et al. [10] in the degradation of the MB
molecule irradiated 120 min in contact with a TiO, film.
Retention times in the interval of 4.0 to 5.0 min suggest spe-
cies with absorbance bands of about 620 nm to 630 nm,
matching with the presence of demethylated species of MB.
The MB solutions in contact with borosilicate glass irradiated
with BLB, green LED, blue LED, and red LED gave almost
the same elution profiles for retention times larger than
2.5 min, but different to that of sample T irradiated with
BLB. Peaks at about 2.5 min indicated the existence of species
with absorbance bands at or below 200 nm. The peak at
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2.2 min of MB solution in contact with BGS irradiated with
the red LED was singular and non-identified, it is inexistent in
all the other elution profiles. Signals around retention times of
1.8 min were associated with the column dead-time. It is
worth mentioning that several methods have been reported
for the detection of MB and its intermediates, and in all cases,
different retention times have been presented. These differ-
ences were associated to the lack of a standard method (sol-
vent, volume mixture and flow rate) for the analysis of MB by
liquid chromatography or chromatography coupled with mass
spectroscopy [47—49].

Online Resources 4 and 5 show the 3D chromatograms of
solutions presented in Tables 1 and 2, measured in the interval
of 200 nm to 800 nm. Both images revealed that the signal of
MB solution could be traced with almost all wavelengths in
the visible region, as in the case of fluorescence spectroscopy.
However, noticeable different signals were measured at about
200 nm in all cases. This information indicates that significant
changes of the molecule of MB were out of the detection limit
of the DAD detector. Similar findings have been observed in
the absorbance spectra of MB (obtained by UV-Vis spectros-
copy), reported by other authors [26, 33, 43] and as seen in
solutions presented herein (Online Resource 4). Such infor-
mation proved the existence of molecules with absorbance
spectra below the detection limits. Therefore, only qualitative
data was obtained from HPLC.

Previous experiments [37] revealed that the ‘OH radicals
resulting from the interaction of holes with water are the main
reactive species responsible for the transformation of MB.
Likewise, it is known that the same radicals (along with
~0,) are expected from Type I photosensitization mechanisms
[13, 17, 18, 20, 21]. Because of the observed similarities, it
can be assumed that for the case presented herein, reactive
‘OH played a major role in the MB degradation when it was
photosensitized. Despite previous evidence, Type I and Type
IT mechanisms [8, 13, 21, 22] can participate in the degrada-
tion process simultaneously and at different ratios [8, 13, 21,
22]. For that reason, further tests considering proper scaven-
gers are needed in order to confirm such information.

Overall outcomes proved that a false indication about the
photocatalytic degradation of MB could be determined using
wavelengths in the visible range. Consequently, the replace-
ment of the target substances used in the assessment of the
photocatalytic activity has to be considered when employing
irradiation sources that emit wavelengths in the region of ab-
sorption of the elected dye. Alternatively, other analytical
techniques than optical absorption must be employed to eval-
uate the degradation of the dye. Preceding remarks are in
agreement with the statements of Serpone et al. [4], Ohtani
[6] and Herrmann [24]. These authors advised that the discol-
oration of dyes can not be always attributed to a photocatalytic
degradation or mineralization process. Other experimental
tests extending the irradiation time are needed in order to

confirm if the photosensitization mechanism has limited ef-
fectiveness or if this mechanism can lead to the complete
degradation of the dyes. The tests could be necessary since it
has been stated that with the incorporation of visible light
irradiation devices and visible light absorbing materials (com-
monly dyes), the original molecule responsible for the absorp-
tion of light (chromophore) will disappear [16]. In conse-
quence, only the partial degradation of the intermediates could
be achieved. Results also suggested that fluorescence spec-
troscopy and liquid chromatography can be useful to easily
monitor the chemical transformation of a target molecule.

Conclusion

The photosensitization of MB resulting on its own partial
degradation was effectively evidenced after irradiation
with different light sources. Such transformation was
more manifest when using the wavelengths provided by
the red LED, which comprises photons within the most
intense dye’s absorption region. Fluorescence spectrosco-
py showed that the intermediates formed after irradiation
exhibited fluorescence emissions in the visible interval.
Results suggest that the dye was not only photo bleached,
but also transformed into intermediates, including leuco
dyes, demethylated phenothiazine dyes, and probably hu-
mic substances. Moreover, it was found that the various
irradiated solutions in contact with the bare BGS and a
nanostructured sample (TiO, coated ZnO) exhibited fluo-
rescence emissions in the same interval of wavelengths.
Thus, it was considered that such fluorescent molecules
were formed by the reaction of comparable reactive spe-
cies present due to the photosensitization of MB and after
the photo activation of the semiconductors. On the other
hand, since Type I photosensitization mechanism led to
the formation of free radicals similar to the ones formed
upon excitation of semiconductors, it is suggested that
this mechanism had a major role in the self-degradation
of the dye. Outcomes also showed that fluorescence spec-
troscopy and high performance liquid chromatography
can be used as initial approximations to monitor the trans-
formation of the MB. The detailed examination of the
solutions is needed in order to classify the intermediates
and the final species formed.
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