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Rhodamine B (RhB) was photocatalytically degraded by an iron(III) complex (FeLs, L = Methyl 3-hydroxy-2-pro-
penedithioate). The photocatalysts were synthesized, supported on glass slides, and characterized by elemental
analyses, IR, UV-vis, Raman, TGA, XPS, Diffuse Reflectance spectroscopy, and Powder X-ray diffraction analyses.
The iron complex was also impregnated onto titania (TiO3) films to enhance the photocatalytic performance of
this oxide. The structure of the complex does not change when supported on a glass substrate. The FeL3 showed a

band gap value (Eg = 1.32 eV) lower than TiO, (Eg = 3.38 eV), whereas the FeL3 sensitized titania showed the
highest Eg value (Eg = 3.41 eV). The photocatalytic degradation of RhB by the TiO>-FeL3 system (27%) after 180
min of reaction slightly improves the performance of TiOy (22%). Remarkably, FeLs film showed the best per-
formance (34%). When using scavengers, the degradation reveals that the produced superoxide radicals seem to
be responsible for the RhB degradation.

1. Introduction

Photocatalysis can degrade organic compounds into smaller mole-
cules (bleaching), or ever CO, and water (mineralization) in an envi-
ronmentally friendly way to become one of the most beneficial
wastewater treatments. Several photocatalysts have been proved, being
the TiO; in its anatase phase, one of the most active photocatalysts.
However, this titania phase is photoactive only under UV irradiation due
to its high band gap energy close to 3.2 eV [1]. Therefore, it is of great
interest to investigate photocatalysts susceptible to be excited under
visible light, which intend to photodegrade organic pollutants.

One of the molecular approaches towards a visible-light-driven
photocatalyst is the use of transition metal complexes. In general,
ruthenium, osmium, and iridium complexes have been extensively
studied as sensitizers [2]. It has been reported that iron compounds act
as visible lighted photocatalysts with additional advantages such as
being the least toxic and least expensive materials [3]. The
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photocatalysts iron complexes have been used in three key areas: (a) in
the preparation of necessary chemical compounds, (b) as a photo-
initiator in polymer synthesis, and (c) in the degradation of harmful or
undesirable compounds. Degradation reactions using iron complexes as
photocatalyst were applied in model molecules for wastewater treat-
ments, as organic contaminants (phenol [4], 4-chlorophenol [5], 4-
chlorophenolacetic acid [6], dimethylaniline [7], or oxalates [8]),
drugs (norfloxacin [4], gemfibrozil [9], naproxen [9], hydrochlorothi-
azide [9], chloramphenicol [10], diclofenac [11], or 2,4-xilidine [12]),
or dyes (Rhodamine B [13,7], orange II [14], methyl orange [13], or
malachite green [7]).

Rhodamine B (RhB) is one of the most common dyes used in paints,
textiles, paper, among other things. This molecule fluoresces and is used
as a tracer in biotechnology, microscopy, and other spectroscopy ap-
plications [15]. However, the RhB is chemically stable and with low
biodegradability producing water pollution. We are interested in the
iron(Ill) complexes derived from a p-oxodithioesther ligand as a
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photocatalyst. To our best knowledge, there are only five reports on
Rhodamine B photodegradation by iron complexes [7,13,14,16,17].
Three catalysts are iron complex over different inorganic supports
(laponite or amberlite) to avoid iron leaching. It is important to note that
iron(II) complexes have higher degradation times (up to 100 h [7]) than
the iron(III) complexes (between 15 min [13] to 3 h [14]). All of them
reach the total degradation of RhB using H0,, except [Fe(bpyg)]2+—
amberlite, but extent the reaction time to completely degrade the dye.
However, the mineralization reached by the particular system is only
60%, evidencing a blanching not mineralization of these photocatalytic
systems [7,17]. The ligands of the iron complexes are N- or O-donors,
and in only one instance, there is an SCN ligand coordinating to the iron
center [16].

This work describes the photocatalytic evaluation of the [tris-
(Methyl  3-hydroxy-3-phenyl-2-propenedithioate)iron(Ill)] complex
(FeLs3) in the Rhodamine B degradation, an iron(III) sulfur-coordinated
complex. The findings reveal the excellent photocatalytic performance
of the FeL3 complex in contrast with the Titania thin films. Likewise, it
was noticed that the impregnation of titania with FeLgs slightly improves
its photocatalytic performance. Additionally, the reaction path of the
degradation process was evaluated by the photocatalytic reactions in the
presence of scavenger-type molecules.

2. Experimental
2.1. Material and methods

Titanium isopropoxide (Sigma-Aldrich), dichloromethane, ethanol,
hexane, isopropyl alcohol, sodium sulfate, sodium hydroxide, nitric
acid, and FeCl3-6H,0 (Fermont) were used without previous purifica-
tion. The ligand methyl 3-hydroxy-3-phenyl-2-propenedithioate (L) was
prepared using a methodology developed by our group [18]. A solution
of 10 pymol/L of Rhodamine B dye (Sigma-Aldrich, CagHs3;CIN5O3),
which has a characteristic absorption band peaking at 526 nm, was used
as a model molecule representative of an organic pollutant. Standard
microscope glass slides (Velab, México) were used as substrates. The 26
x 26 x 1 mm glass slides were first cleaned with detergent and washed
with distilled water. Afterward, they were rinsed with acetone, ethanol,
and distilled water and dried at 70 °C for 15 min.

2.2. Preparation of the complex [tris-(methyl 3-hydroxy-3-phenyl-2-pro-
penedithioate-S,0)-iron(Ill)] [FeL3]

Sodium hydroxide (0.9 ml, 1.2 M) was added to methyl 3-hydroxy-3-
phenyl-2-propenedithioate ligand (0.3 g, 1.43 mmol) in ethanol (25 ml).
A water solution of iron(III) chloride (0.1286 g, 0.476 mmol) was added
to the mixture under stirring. The reaction was extracted with
dichloromethane, the organic phase was dried over sodium sulfate, and
the solvent was evaporated under reduced pressure. The resulting dark
green solid was washed with hexane and dried under a vacuum. Yield
0.118 g (36%), Mp: 224 °C dec. Anal. Calcd. for C3pH2,Fe03Sg (683.91):
C 52.69, H 3.98. Found: C 52.20, H 4.24.

2.3. Preparation of the TiO thin film

TiOs thin films were obtained by spin coating using as a precursor the
sol prepared with titanium isopropoxide (1.86 g, 6.553 mmol) in 10 ml
of 2-propanol under vigorous stirring for 30 min. Nitric acid (1 ml, 70%)
was added drop by drop, keeping the stirring 30 min more. The jellified
precursor was deposited layer to layer over a glass slide using a KW-4A
Chemat Technology Spin Coater at 1800 rpm for 30 s repeating this
procedure 15 times. The deposited titania precursor was dried at room
temperature all night and then was annealed at 400 °C for 3 h to obtain
the anatase phase.
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2.4. Characterization of the thin films

Infrared spectra were acquired on a Bruker Tensor 27 with an ATR
diamond MIRacle-Reflection accessory with a resolution of 8 cm ™! and
32 scans. Elemental analyses were performed on an Elementar Vario
MICRO cube equipment. XPS spectrum was obtained on a JEOL JPS-
9200 with an X-ray source of Mg (1253.6 eV) at 200 W, 1 mm anal-
ysis area, and 10°® Torr. The spectrum was analyzed with specsurf™
software included in the instrument. The carbon signal (C1s) at 284.5 eV
corrects the charge of the data. The spectrum fitting uses Shirley’s
method for the noise extraction and Gauss-Lorentz curves. The films
were characterized by Raman and diffuse reflectance spectroscopies.
Raman spectra were acquired using an HR LabRam 800 system equipped
with an Olympus BX-40 confocal microscope; an Nd: YAG laser beam
(532 nm) was focused by a 100x objective onto the sample surface, with
a spectral resolution of 2 em ™!, and 16 scans. Diffuse Reflectance
Spectroscopy (DRS) measurements were carried out with a Perkin Elmer
Lambda 35 spectrophotometer equipped with an integrating sphere. The
band gap energy (E;) was estimated using the Kubelka-Munk function.
The powder X-ray diffraction analyses were carried out in a Bruker D8
Advance diffractometer with a detector Linxeye, using the Cu-K, radi-
ation (1 = 1.541 A), 30 kV and 30 mA of tube potency, a spectral window
26 from 5 to 50°, step size 0.1°, and step time 1 s.

Particles in suspension have positive and negative charges in equi-
librium at a specific pH value. This fact is a characteristic of the material
and correlates with the isoelectric point (IEP). The value determines the
ability to adsorb cations or anions, which depends on the pH of the
impregnating solution. The FeL3 IEP was determined with a Zeta-meter
system 3.0. 25 mg of FeL3 complex was dissolved with 3 ml of LiC1 0.1 M
and adjusted to 250 ml. The pH was adjusted with LiOH and HCl, and the
dissolution was sonicated to disperse the suspended solids. An aliquot
was placed in the zeta-meter and 100 mV of potential was applied. The
charge potential of the particles is plotted as a function of pH value.

2.5. Photocatalytic experiments

The photocatalytic performance of the films was evaluated in the
Rhodamine B (RhB) degradation. For this purpose, the catalyst film was
immersed in 20 ml of the dye solution (10 umol/L), keeping it in the dark
up to reach the adsorption equilibrium (30 min). Then the system was
illuminated by a solar simulator (SF-150B class ABA from ScienceTech)
with a 2” diameter spot size at one sun emitting 6% of UV radiation. The
light source was placed 15 cm above the surface of the solution. The
reaction was followed by the RhB characteristic absorption band at A =
526 nm, correlated with RhB concentration by a calibration curve. The
data were fitted onto a non-linear pseudo-first-order kinetic model to
determine the rate constant of the photocatalytic process (iapp). Half-life
(t1/2) was obtained by the kqy, constant using the equation: t; , = 0.693/
kap - The Total Organic Carbon (TOC) was determined by the combus-
tion method, for each solution, as carbon ppm. The mineralization de-
gree of the RhB solution is obtained by quantifying the initial (TOCop)
and final (TOCs) total organic carbon of photolysis, TiO, and FeLs,
following the next equation: mineralization (%) = [1 - (TOC¢/TOCp)] x
100.

2.6. Photocatalytic reactions using Scavenger-type molecules.

Additionally, to gain insight into the degradation reaction route,
photocatalytic experiments with scavenger-type molecules were per-
formed. Triethanolamine (TEOA, 0.01 M), p-benzoquinone (BZQ, 0.001
M), and isopropanol (IPA, 0.02 M) were employed as scavengers for
photogenerated holes (h™), superoxide anion radicals (0, ) and hy-
droxyl radicals (OHe) [19], respectively. For this purpose, the radical
scavengers (TEOA 10 mM, BZQ 1 mM, or IPA 20 mM) were placed into
the dye solution before the irradiation. Degradation of RhB was followed
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Scheme 1. Preparation of the FeLs complex from the ligand Methyl 3-phenyl-
3-hydroxy-2-propenedithioate.
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Fig. 1. IR spectra from 4000 to 2400 cm™! of the complex in powder (FeLg),
supported on a glass substrate (FeL; (drop)) and impregnated on Titania
(TiO4/FeLy).

by the process described above.
3. Results and discussion
3.1. 1 Preparation of the iron complex FeLs

The iron complex FeL3 was obtained by the straightforward reaction
of the sodium ligand salt in ethanol and an aqueous iron(II) chloride
solution (Scheme 1). The elemental analyses (Experimental section) give
insights above the composition of the complex, proving the presence of
the three ligand molecules by one iron atom. The color was the first
indicator of the FeLs existence: a yellowish solution changed to a dark
green mixture. The iron complex was extracted with dichloromethane in
quantity yields. Once the solvent of the organic phase was evaporated, a
greenish-black solid was obtained. The complex in the solid phase was
more stable than in the dichloromethane solution. The latter is degraded
slowly to a yellowish suspension. The complex is soluble only in
dichloromethane or chloroform and is insoluble in the rest of the com-
mon solvents, water included. This fact is crucial since the complex is
not soluble in the reaction medium, and therefore the photocatalytic
reaction is carried out heterogeneously.

3.2. Spectroscopic and structural evidence of the FeLz formation

The structure of iron complex FeL3 was elucidated by certain spec-
troscopic techniques. The IR and Raman spectra give evidence of the
coordination mode of the ligand. TGA shows the thermal stability of the
complex and the loss of ligands fragments that confirm the presence of
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Fig. 2. IR spectra from 1700 to 550 cm™' of the complex as powder form
(FeL3), supported on a glass substrate (FeLs (drop)), and impregnated on titania
(FeL3/TiOs).

three ligands around the metal ion. XPS analyses provide information on
the iron oxidation state and verify the coordination of the metal to ox-
ygen and sulfurs donor atoms. The DRS spectra evidence the electronic
transitions that occurred in the complex. The XRD diffractogram shows
the crystalline nature of the complex and displays a new solid phase than
those reported for other iron(II) complexes. The following sections will
describe in detail each characterization.

3.2.1. IR analyses of FeLs complex

The IR spectra were acquired in two regions of interest, from 4000 to
2400 cm ™! (Fig. 1) and from 1700 to 550 cm! (Fig. 2). The complex
structure is evidenced by the characteristic bands observed in the IR
spectrum (FeLg in Figs. 1 and 2). The signals at 621 and 1240 cm-! were
assigned to C-S-C and C = S vibration modes of the dithioester group
[20]. The ligand carbon structure is evidenced by the bands at 3055,
2912 (C-H vibration), 690, and 763 (out-of-plane C-H bending vibra-
tion for a monosubstituted aromatic ring) [21], and 814 cm ! related to
the ring deformation of the in-plane bending vibration [22]. The band at
941 cm ™! can be assigned to the = C-H group [23] and besides the signal
at 1058 cm ! (C-O vibration) confirm the enol moiety. This band is
shifted 22 em™! towards low wavenumbers respecting the ligand (at
1080 cm 1) due to the coordination to the iron center. The C-O vibration
decreases its energy (and consequently its bond order) due to the elec-
tron donation of the oxygen atom to the iron ion. The band assigned to
the C = S vibration at 1240 cm ™! is shifted 40 cm™! to lower wave-
numbers (1280 cm~! in the ligand), reducing its bond order due to the
electron donation of the sulfur atom to the iron atom. This wavenumber
shifts evidence of the coordination mode of the p-oxo-dithioester toward
the iron ion by sulfur and oxygen donor atoms as a chelate.

3.2.2. Raman analyses of FeLs complex

The assignation of the Raman spectra (FeLs in Fig. 3) has been made
using the IR spectra. Both IR and Raman spectra are linked by symmetry.
The Raman analyses were acquired from 50 to 1100 cm ™ since in this
range main vibrational features appears. The Raman signals of the FeLs
complex in powder are observed at 944 (=C-H vinyl), 825, 706 (out of
plane deformation signals of phenyl ring), 632 (C-S-C vibration), 524,
354 (Fe-O bond) [24], and 310 cm? (Fe-S bond) [25] (Fig. 3). These
bands confirm the assignation made by IR spectroscopy and provide
more insights into the coordination mode of the ligand.

3.2.3. TGA analysis of FeLs complex
The thermogram of the FeL3 complex shows that the compound is
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Fig. 3. Raman spectra of the complex in powder (FeL3), deposited on a glass substrate by spin coating (FeLs (spin)), dropping a dichloromethane solution (FeL3
(drop)), a Titania thin film (TiO,) and the Titania film impregnated with the iron complex (TiO,-FeLs3).
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Fig. 5. X-ray diffraction patterns of the complex in powder (FeLs), supported
on a glass substrate (FeLs (drop)), and Titania impregnated (TiO,/FeLs),
compared with the Anatase phase (*).

thermal stable up to 100 °C. Before that temperature, the complex has a
71% loss of weight up to 385 °C. The inorganic residue could be
matching the formula FeO3S3 (200 g/mol), which could be related to the
29 % weight. In this sense, the initial mass should be quoted as 689 g/
mol, similar to the calculated molar mass of the complex (683.9 g/mol),
considering three ligands in the structure. In the case of a complex
formula of FeL,, the residue will have a mass of 152 g/mol (the same
29%w), and the overall initial weight should be 524 g/mol, more than
the expected 474 g/mol, corresponding to the theoretical mass of FeLy
complex.

3.2.4. XPS analyses of FeL3 complex

The XPS spectra of the complex are shown in Fig. 4. The binding
energies of Fe (2P, ) and Fe (2P3,,) electrons (respectively at 723.2 and
709.2, FWHM = 3.9) correspond to an octahedral iron(IIl) center similar
to those previously described [27]. The Fe 2P spectrum displays two
satellite signals at higher energies for both peaks, separated by 4 and 6.8
eV from the mainline. The satellites could be interpreted as para-
magnetism at the metal center. The O (1S) spectrum shows one peak at
531.7 eV (FWHM = 2.6 eV), similar to some [Fe(acac)s] reported
[26,27]. The S (2P) spectrum shows two peaks at binding energies of
162.8 and 164.4 eV with FWHM = 2.5 eV. The difference in BE (1.6 eV)
is larger than the doublet splitting reported for S (2P) signals (between
1.0 and 1.2 eV), then each peak corresponds to different species. The
peak at 164.4 eV was assigned to the -SMe moiety and, the peak at 162.8
eV corresponds to the C = S group coordinated to the iron center. When
a dithiocarboxylate moiety is present in the molecule structure, the S
(2P) binding energy is around 164 eV [28,29]. The coordination of the
sulfur atom decreases the BE in 1.4-1.6 eV respecting the BE associated
with the non-coordinated sulfur atom [28]. Furthermore, the -SMe
component is more intense than the C = S-Fe component, as stated by
Chehimi and Delamar [29], confirming the assignation. In summary, the
XPS analyses show an iron(IIl) center coordinated by an Oxygen atom
and by the C = S group of the ligand molecule, supporting the observed
in the IR analyses.

3.2.5. XRD analyses of FeLs complex

The XRD pattern of the powder FeL3 complex is displayed in Fig. 5.
The powder complex FeLg shows a crystalline appearance that could
generate an adequate monocrystal for its monocrystal XRD diffraction
study. Further crystallization experiments are in the course to obtain the
right sample to determine its crystalline structure. However, to the aim
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Fig. 6. UV-vis absorption spectrum for FeLs complex, deconvoluted for its
better assignation.

of this work, the peaks observed in the powder XRD pattern are only
reported. The FeL3 complex shows peaks at 26 values of 7.7°, 9.1°, 9.6°,
9.8°,10.0°, 10.3°, 11.4°, 12.6°, 14.8°, 15.6°, 16.3°, 17.2°, 18.6°, 19.0°,
19.2°,20.0°, 21.6°, 23.3°, 23.6°, 24.9°, 25.3°, 25.5°, 26.7°, 28.0°, 28.6°,
31.3%, 31.6°, 34.3°, 35.1°, and 36.7°, being the most intense those at 2-
theta = 7.7°, 9.6°, 11.4°, 17.2°, 18.6°, and 21.6°. These peaks do not
correspond with any reported iron(III) compound pattern, therefore, up
to our best knowledge this is the first time that the XRD pattern of the
Fel3 complex is reported.

3.2.6. UV-vis analyses of FeL3 complex

The UV-vis absorption spectrum of the FeLg complex in powder form
shows strong absorption bands in the ultraviolet and visible regions
(Fig. 6). For a better analysis, the absorption spectrum was deconvoluted
using gaussian functions. The bands centered at 337, 362, and 397 nm
were assigned to the electronic transitions of the ligand (Ligand
Centered, LC), specifically to the aromatic K-band, o, p-unsaturated
system K-band, and n — n* transitions of C = S moiety, respectively [30].
The band at 451 nm was assigned to metal to ligand charge transfer band
(MLCT), commonly observed in iron(III) complexes [31-33]. The bands
above 500 nm were assigned to metal d-d transitions (Metal Centered,
MC). The six-coordinate iron(III) presents 6Alg—>4T1g, 6A1g—>4T2g, and
6A1g—>4T1g transitions, which were associated with the bands at 564,
640, and 718 nm, respectively [34].

3.3. The FeL3 supporting over glass or titania.

It was needed to deposit the iron coordination compound on a glass
substrate for its application as a photocatalyst. In that way, it is avoided
the solid-liquid separation stage allowing easy removal from the pho-
todegradation reaction system [7,16,17]. The deposition of the complex
on the substrate was carried out by drop-casting and spin-coating
techniques. These deposits were used to evaluate their performance in
the RhB photodegradation. In general terms, some drops of a dichloro-
methane solution of the complex (2 mM) were deposited on the glass
substrate layer by layer, up to get to five layers, allowing to dry between
each layer.

On the other hand, since the FeL3 compound has a deep dark green
color owing to the metal to ligand charge transfer band (MLCT), it could
act as a titania sensitizer [35]. To prove this, one milliliter of the com-
plex solution (2 mM) was deposited on a titania film, drying it at room
temperature. The aim was to study how the FeL3 complex affects the
photocatalyst performance of the titania film.

The vibrational features of the complex FelLs do not shift when
supported on the substrates (glass or titania). Notably, the drop-casting
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Fig. 7. Tauc plots of the powder complex (FeL3) supported in a glass substrate
by spin coating (FeLs (spin)), dropping a dichloromethane solution (FeLs
(drop)), and Titania impregnated (TiO,-FeLj3), respecting to the Titania thin
film (TiOy).

process produces more defined signals in IR spectra by solvent evapo-
ration, inducing a better crystal orientation than those observed in
powder. Figs. 1 and 2 show the IR spectra of the complex supported on a
glass substrate (FeLs (drop)) and Titania (TiO3.FeL3). The IR bands at
621, 690, and 763, 814, 941, 1058, and 1240 cm~! evidence the pres-
ence of the complex. The broad bands centered around 3400 (Fig. 1),
900, and 700 cm ™! (Fig. 2) on the IR spectrum of TiOy-FeLs correspond
to the Titania structure [36]. All other bands associated with the com-
plex are similar to the FelLs and FeLg (drop) samples. The complex
structure does not change when it is impregnated in the Titania film.
Notwithstanding the broadband centered at 3400 cm™! is commonly
associated with O-H groups as water molecules (Fig. 1), the band at
1640 cm ! is missing (Fig. 2), suggesting no water molecules over the
film surface.

In general, the Raman spectra of the FeLs complex (Fig. 3) in
different forms show the same main features with minor differences. The
FeLs sample deposited by spin coating shows more intense peaks than
the others. The Raman spectrum of the Titania film shows peaks at 143,
399, 517, and 638 em! (Fig. 3) associated with the TiO5 anatase phase
of [37]. The TiOy-FeLg Raman spectrum predominantly shows the FeLg
peaks, similar to the FeLg (spin) spectrum. The signal in 180 cm ™! could
be related to the most intense signal of the Anatase phase at 144 cm ™%,
shifted by the impregnation. The Titania film is covered with the FeLs
complex, disappearing in the Raman spectrum.

The XRD diffractograms of TiOs, FeLs (drop), and TiO5.FeLg samples
show a broad band centered at 2-theta = 25 due to the glass substrate
utilizing as support. The sample peaks are partially covered under this
amorphous phase that is why some minor intensity peaks might be
assigned. In the case of the FeLs (drop), the peaks observed at 20 values
of 7.6°, 8.8°, 9.7°, and 21.0° suggest the presence of the FeL3 complex.
These peaks could be related to a preferred orientation of the FeL3 when
is deposited over the glass substrate. The representative peaks of the
Titania are not observed in the TiO nor in TiO, Fel3 because the film
has a small amount to make the diffraction analysis. The diffractogram
of TiOg FeL3 shows some broad and weak peaks at 25.0° and 36.3°,
assigned to the Anatase phase (JCPD 84-1286). In this sample can also
be observed weak signals at 7.5°,9.6°, 11.3°,17.1°, and 19.2° associated
with the presence of the FeL3 complex.

The supported FeL3 complex does not change its structure with the
deposition process. It is important to note that the preparation process
affects the amount of FeLs complex over the surface. The spin-coating
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Table 1

Bandgap values Eg (eV) for the photocatalyst used.
Compound Eg (eV) Transition
Fels 1.32 Allowed indirect
FeL; (spin) 3.54 Forbidden indirect
FeL3 (drop) 2.18 Allowed indirect
TiO, 3.38 Allowed indirect
TiO,-FeLs 3.41 Allowed direct

could produce an apparent more homogeneous film over the substrate
but with a minimal amount of the complex: the solution is wasting with
the coating process. However, it could seem that the orientation of the
complex is better than the drop-casting methodology, as seen in Raman
spectra of the FeLg (spin) sample.

3.4. The band gap of the supported FeLs complex

Fig. 7 shows the Tauc plots for the different samples. The profile of
the Tauc plot varies notably for each photocatalyst (Fig. 6). The FeLs
complex displays an absorption edge in the near-infrared region (below
1.5 eV). On the other side, TiOy, TiO2-FeLg, and FeLg (spin) samples
show the absorption edge in the UV region (up to 3.1 eV). Only the FeLs
(drop) shows an absorption edge in the visible region (from 1.5 to 3.1
eV). It is important to note that the compacted powder of the FeLs
complex has a lower energy absorption edge when it is on the glass
support. This change could be due to a greater surface area and hence a
better absorption of light. The absorption edge of the FeLs (spin) sample
is similar to the glass support, then the amount of complex supported is
insufficient to quantify the absorption. This fact is more evident at
viewing the supporting materials (spin and drop) because the color is
more pronounced with a large amount of the complex, up to a greenish-
black solid of the powder complex. The increase of the complex amount
produces significant light absorption.

The band gaps (Eg) were calculated by the Tauc plots and are sum-
marized in Table 1. The Eg value for Titania (3.38 eV) is similar to those
values previously reported [37]. The Eg values of the samples evidence
their semiconductor nature and display the following order: FeL3 < FeLs
(drop) < TiO3 < TiOy.FeLs < FeLg (spin). It is important to note that the
Fel3 E; is an infrared region activated. However, the support of FeL3
over a glass substrate shifts the band gap toward lower energy up to the
visible region. The E; value is similar to those reported for iron com-
plexes among 2.0 to 2.8 eV [38,39,35]. The TiO-FeLs E; is similar to
TiO4 suggesting that the titania band gap is not affected by the FeLs
impregnation.

3.5. Isoelectric point

The isoelectric point (IEP) was determined for the FeL3 complex. The
pH where there are positive and negative charges in equilibrium is the
isoelectric zero charge point. In this case, the FeL3 complex has a value
of IEP = 6.5. This value indicates that under pH < 6.5, the FeLs particles
are positively charged, and the interaction with anions is easier. Above
this pH value, the FeL3 are negatively charged, and the anions interact
more easily with the surface. The RhB has a cationic structure, therefore
at pH > 6.5 is favored its interaction with the negatively charged surface
of the supported FeLs complex. This fact favors the agglomeration of
RhB molecules over the Fels surface make it more available for the
photodegradation process.

3.6. Catalytic performance of photocatalysts FeLs

The catalytic performance was studied by following the degradation
of a Rhodamine B (RhB) solution (10 pmol/1) as a function of the irra-
diation time. The degradation degree of RhB for all the catalysts is
depicted in Fig. 8. The reaction degradation was followed by UV-vis
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spectroscopy, and it is noteworthy that RhB disappears after illumina-
tion, and no other products could be identified in the reaction media by
UV-vis spectroscopy (Fig. 8, right).

The uncatalyzed process (photolysis) achieves only 6.5% of degra-
dation after 180 min of reaction. The catalyzed process using the Titania
film as a photocatalyst reaches 22.6% of RhB degradation at the same
time. The Felg samples show a different catalytic performance
depending on the preparation technique. The catalyzed process using
the FeLs film prepared by dropping a dichloromethane solution of the
iron complex reaches 34.1% of degradation. On the other hand, the
catalyzed process using the FeLs (spin) reaches only 7.4% of RhB
degradation, close to those achieved by the uncatalyzed process. This
low activity is probably due to the low amount of iron complex depos-
ited over the glass substrate. When the Titania impregnated by the FeL3
complex is used as a catalyst, the RhB degradation reaches 27% after

Table 2
Kinetic parameters: constant rates kg, (min!) and t;,, (min) for prepared
photocatalysts, and the scavengers study.

Process catalyzed or kapp (102 min 1) t1/2 (min)

uncatalyzed un- IPA TEOA  un- IPA  TEOA
scav. scav.

Photolysis 1.6 + 5.2+ 3.6 £ 44.5 13.4 19.5
0.4 1.1 0.5

FeL 3 spin 4.0 + nd nd 17.5 nd nd
0.9

FeL3 drop 10.5 + 3.9+ 1.1+ 4.5 17.7 63.8
0.9 2.0 0.3

TiO, 58 + 0.2+ 1.6 + 11.8 293.7 44.5
0.9 0.2 0.2

TiOy-FeLs 6.9 + 6.3 + 4.1+ 10.1 11.0 16.8
1.1 0.9 0.6

nd: not determined.

180 min of reaction. The TiOs FeLs performance is 5% better than the
TiOq film. This fact indicates that the FeLg complex slightly improves the
catalytic behavior of Titania.

The photocatalysis causes the mineralization of RhB as determined
by the mineralization degree. For the photolysis and TiO2 photo-
catalysis, the mineralization reaches 10 and 27%, respectively, at 180
min of reaction. While for FeLs photocatalysis, the mineralization ach-
ieves a 29% at the same time. The degradation percent and the miner-
alization have similar values (6.5, 22.6, and 34.1%, for photolysis, TiOy,
and FeLg, respectively), then the RhB photodegradation achieves the
mineralization of the compound. The FelLg complex prepared by drop-
casting can perform an efficient RhB photodegradation.

To estimate the reaction rate, the kinetic analysis of RhB degradation
was performed from the plot of the (C/Cp) values versus the reaction
time (Fig. 9). The reaction rate values were adjusted using a pseudo-first-
order expression applying the least-squares method [40]. Table 2 shows
the Kinetic rate constant (Kapp) in min~! and half-life time (t1/2) in min
for all catalysts studied.

The photoactivity begins before 15 min of lighting, as can be seen in
Fig. 9. In general, the (C/Cy) values versus the reaction time plots do not
fit a linear model. If the photolysis curve is adjusted with a linear cor-
relation, the correlation coefficient is R* = 0.8716, and the rest of the
photocatalysts correlate with R? < 0.7 or less. Therefore, there were
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necessary to adjust with a more complex model. The curves better fit a
pseudo-first-order expression with an R? > 0.95 in all the cases. The
kinetic parameters are resumed in Table 2. The photolysis and FeLs
(spin) films show an apparent similar performance (Fig. 8), but
comparing their constant rates, the degradation with FeLs (spin) is 2.5
times faster than photolysis (by the ratio of FeLs (spin) / photolysis
constant rates). The RhB degradation is accelerated by the presence of
the FeL3 complex, despite its supported low amount. Similarly, the FeLs
(drop) is 2.8 faster than the spin coating preparation. The low amount of
the complex and the distribution over the substrate could be associated
with this behavior. It is important to note that the constant rate of FeLg
(drop) is higher than those reported for other iron complexes in RhB
degradation (0.105 min~'). The UV light-driven photodegradation sys-
tems have lower values than those visible activated (0.0147 min ! for a
TiO2/GO/hemin catalyst [41] against 0.0285 min~! for a [Fe(bpy)sl/
laponite system [17]), using HyO as the oxidant for RhB degradation.
But in all instances, k,pp, has a smaller value than FeLs (drop) system.
Moreover, the system [Fe(bpy)g]/amberlite7 does not use Hy0, as
oxidant and has the lowest values than our catalyst (6.3 x 108 min ™),
evidencing a slow degradation process in similar RhB concentration and
reaction conditions.

The RhB photodegradation using TiO; as a catalyst shows a loga-
rithm behavior before to 60 min. After this time displays a linear model.
This fact evidences a possible change in the mechanism of photo-
degradation, about 60 min. In this case, the dye degradation is 3.6 faster
than photolysis. The TiO, FeLg catalyst improves the reaction rate by
19%, which indicates an electronic interaction between TiO5 and FeLs.

3.7. The photodegradation mechanism of FeL3

The absorption of a photon with energy equal to or greater than the
bandgap of the photocatalyst promotes an electron from the valence
band to the conduction band, creating a hole in the valence band. If the
generated photocharges reach the photocatalyst surface, they can pro-
duce hydroxyl (OH-) and superoxide radicals (O3 ), respectively, when
interacting with oxygen or water molecules. The role of these species in
the photodegradation mechanisms was investigated by reactive species
trapping experiments using different scavengers [42-44]. The addition
of Triethanolamine (TEOA), p-benzoquinone (BZQ), and isopropanol
(IPA) to the reactions system were employed to impede the reaction of
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RhB molecules with holes (h*), superoxide anion (O3), and hydroxyl
radicals (HO'), respectively [19,45]. Figs. 10 and 11 show the photo-
degradation with TiOg, FeLs (drop), and TiO, FeLs samples, using the
different scavenger molecules, and Table 2 summarizes the kinetic pa-
rameters of the reactions using these molecules.

The use of scavenger-type molecules in the photodegradation of RhB
allows determining the reaction path favored by each photocatalyst. The
RhB photodegradation is inhibited by benzoquinone (BZQ) in all cases,
indicating that superoxide radicals play a relevant role in the reaction.
Such a result, the created photoelectrons are the responsible species to
produce the catalytic activity. It is important to note that the photolysis
reaction increases from 3.9 to 13.8% of RhB degradation with the
blocking of the hydroxyl radicals by isopropanol (IPA). Therefore, the
hydroxyl radicals role does not seem to be relevant in the performance of
the tested photocatalysts. Triethanolamine (TEOA) increases the
photolysis about eight times, respecting the non-scavenger process
(from 3.9 to 31% of RhB degradation). These facts agree with the dye
photolysis mechanism shown in Fig. 10 [46]. The A = 527 nm photon
absorption produces an excited state of the molecule of Rhodamine
(RhB*). Afterward, this excited molecule interacts with an oxygen
molecule to form the superoxide radical anion and RhB™ which
decompose to oxidation products. When the BZQ suppresses the super-
oxide radical anion formation, the RhB degradation stops. The IPA re-
duces the hydroxyl radicals and thus decreases the superoxide radical
anion decomposition, increasing the RhB degradation. Furthermore,
TEOA probably interacts with the RhB™" enhancing its degradation to a
great extent.

The photocatalytic process has multiple contributions to molecular
degradation activity. The catalyzed photodegradation is produced by
holes (h™), hydroxyl radicals (HO'), and superoxide radicals (05") [47],
as evidenced by the addition of scavenger-type molecules (IPA, BZQ,
and TEOA). The previous results showed that the addition of BZQ in-
hibits the RhB photodegradation. On the other side, the created photo-
electrons interact with oxygen molecules producing superoxide radicals
which have great importance in the RhB degradation. The photo-
degradation is not entirely stopped with IPA or TEOA addition. Only a
decrease in the activity compared to the process without scavengers was
observed.

In the case of titania, the BZQ completely inhibits the RhB photo-
degradation provoked by the superoxide radical. The same result is
observed with the IPA addition. The photodegradation decreases by
76%, respecting the non-scavenged process (from 17.9 to 4.3 degrada-
tion %). In this case, the hydroxyl radical plays a significant role in RhB
degradation, similar to the superoxide radical. However, TEOA de-
creases RhB degradation by 56%, respecting the non-scavenged process
(from 17.9 to 10.1%). These results reveal that the holes (h*) do not
have a significant role in the RhB degradation, whereas the HO" and O;"
radicals are more relevant in the RhB oxidation.
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The photocatalysis with the iron complex is slightly different than in
the case of titania. In this instance, IPA and TEOA inhibit about 55% of
the RhB degradation, respecting the process without scavengers (12.1%
for IPA and 12.3% for TEOA, considering 27.1 degradation %). RhB
degradation by the iron complex is influenced by the following order:
O3 > h* =~ HO . The sensitization of titania (TiOy-FeL3) seems to
improve the photocatalytic performance. The combination of the iron
complex with titania causes a minor deactivation of the active sites. In
this sense, IPA and TEOA inhibit 40 and 30% of the RhB degradation,
respectively (12.1 and 14.2 degradation %, against 20.3% reached
without scavengers). The proposed mechanism with the TiOg/FeLs
photocatalyst is depicted in Fig. 12.

The behavior of C/Co versus irradiation time (Fig. 13) shows an
increment of the relative concentration (C/Co) when using BZQ as an
inhibitor. This fact may be attributed to an interaction between RhB and
BZQ without degradation of the dye [19]. In the photolysis of RhB, the
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degradation increases with the presence of TEOA (ca. 10%) and IPA (ca.
30%) regarding the process without scavengers.

For photolysis, the rate constants for TEOA and IPA increase
respecting the photodegradation without scavengers (225% for TEOA
and 325% for IPA, Table 2). RhB photodegradation becomes more
efficient when the formation of RhB"" is promoted. On the other side,
photocatalytic degradation becomes slower with IPA and TEOA than
reactions without scavengers. The mechanism is different than photol-
ysis. For TiO,, the rate constant decreases 97% with IPA and 72% with
TEOA, evidencing the significant role of HO" radicals and the holes (h")
in the photodegradation. The case for FeL3 (drop) is different. In general,
the FeLs (drop) is almost twice as fast as TiO» for reactions without
scavengers. Therefore, there will be greater photodegradation. The rate
constant of FeLg (drop) decreases 63% for IPA and 89% for TEOA. The
holes (h") play a more significant role in the photodegradation than the
hydroxyl radical. When Fels sensitizes TiO;, the reactive species
changes respecting TiO2. The rate constant of TiOj.FeL3 decreases
slightly for IPA (9%) and 41% for TEOA. In this case, the hydroxyl
radical becomes less crucial in the photodegradation respecting holes
(h"). In summary, photocatalytic degradation of RhB is controlled by
more than one active species, in the following order: O;° > HO" > h* .

4. Conclusions

The [tris-(Methyl 3-hydroxy-3-phenyl-2-propenedithioate)iron(III)]
complex (FeL3) was obtained as a solid product. The ligand is O, S-co-
ordinated to the iron(III) ion in a chelated form. The FelL3 complex
structure does not change when it is supported on a glass slide. In this
case, the electronic transitions of the complexes decrease their intensity.
The band gap of the powder FeLs is in the infrared region (1.32 eV), but
when it is on a glass substrate, the band gap is shifted to the visible
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Fig. 13. Effect of different scavengers on the RhB photodegradation by (a) Photolysis, (b) TiO,, (c) FeL3 (drop), (d) TiO,/FeLs.
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region (2.18 eV). The FeL3 complex has been successfully employed to
photodegraded Rhodamine B without adding hydrogen peroxide in the
presence of visible light. The constant rate of FeL3 (drop) is higher than
those reported for other iron complexes in RhB degradation (0.105
min~1). The RhB degradation follows the order: photolysis < TiO, <
FeLs (drop). Furthermore, the sensitization of the titania by the FelLs
complex improves the catalytic performance of TiO,. Photocatalytic
degradation of RhB is controlled by more than one active species. The
photodegradation process is mainly driven by superoxide radicals, in the
following order: O;" > HO" > h* . The hydroxyl radicals and holes (h*)
also have an important role in the process, depending on the catalyst. In
general, the influence of active species follows the order: O;" > HO > h*
. The new FeL3 complex is proposed as an efficient photocatalyst in
photodegradation reactions and a good sensitizer of TiO. Further
research about the crystal structure and redox properties of several other
FeL3 complexes is in progress.
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