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Abstract: This work provides an alternative method for evaluating the photodegradation behaviour
of different types of dyes such as Methylene Blue, Rhodamine B, Congo Red, Metanil Yellow, and
Malachite Green. In this methodology, the coating is dyed with the chosen colorant and two beams
of light are combined and channelled to a spot on the dyed coating through an optical fibre, the
first one from an ultraviolet (UV) source (which is the responsible of activating photocatalysis)
and the second one from a Visible light source, which is employed to monitor changes in colour
along the time. The photocatalytic coating selected for testing this methodology consists of a mat
of electrospun poly (acrylic acid) (PAA) fibres that acts as base film, furtherly coated by using
layer-by-layer (LbL) assembly technique for the immobilization of two different photocatalytic
metal oxide precursors (TiO2 and Fe2O3) nanoparticles. The morphological characterization of
the samples has been implemented by means of scanning electron microscopy (SEM), confocal
microscopy, and water contact angle measurements in order to analyse the resultant thickness,
roughness, electrospun fibre diameter, and wettability. The experimental results clearly demonstrate
the validity of the methodology to measure the photocatalytic activity in all dyed coatings, although
significant differences have been observed depending on the selected dye.

Keywords: photocatalysis; dyes; electrospinning; layer-by-layer assembly; metal oxides; coatings

1. Introduction

The photocatalytic activity of particles and fibres can be easily monitored by dissolving
them in an aqueous solution of methylene blue. In the case of coatings [1], however, the
contact area between coating and dye solution is relatively smaller than in a suspension
of particles or fibres and, thus, the degradation time of the overall dye in the solution is
very long and can lead to a number of practical problems such as solvent evaporation,
changes in concentration, or inhomogeneities in the system. An alternative method that
would allow one to get rid of these problems would be to carry out this kind of test in a
dry environment by acting of previously dyed coatings. This alternative method uses a
visible light source (so that the reduction of methylene blue spectrum could be appreciated
during the essay) and a UV light source (so as to activate the photocatalytic reactions in the
coating). This idea has been successfully employed by the authors in a previous work [2],
and the present article aims to look deeper in this this strategy and extend it to a wide
range of dyes in addition to Methylene Blue.

According to its chemical structure, dyes are divided into azo, nitro, nitrous, di-
arylmethane, triarylmethane, xanthene, anthraquinoid, acridine, cyanine, quinone-imine,
pthalocyanine, and thiazole, among others [3]. This study centres the attention in five
types of dyes with a different chemical structure. Congo Red (CR) is one of the most
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common employed azo-dyes [4] and Malachite Green (MG) is a triarylmethane type of
dye [5]. An example of xanthene dye is Rhodamine B (RhB) [4] and Methylene Blue (MB) is
a heteropolyaromatic dye [6]. The last studied azo-dye is Metanil Yellow (MY) [7]. Figure 1
presents the resultant chemical structures of all of the dyes used in this study.
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Figure 1. Chemical structure of all of the dyes used in this study such as Congo Red (CR), Malachite
Green (MG), Rhodamine B (RhB), Methyl Blue (MB), and Metanil Yellow (MY), respectively.

Photocatalysis is considered an eco-friendly method, and no sludge is produced in
the colorant removal process [8]. One of the most widely known compounds employed
in this specific photochemical method is titanium dioxide (TiO2). When this metal oxide
precursor is illuminated under UV light (around 380 nm), an electron is excited to the
conduction band, leaving a hole in the valence band of the TiO2 [9]. This phenomenon
chemically produces hydroxyl radicals which act as oxidating agents to transform organic
matter (i.e., dyes) to non-toxic species such as CO2 and H2O [10]. Then, the presence of
sulphur heteroatoms in dyes are transformed to (SO4

2−) [11], and nitrogen mineralization
is conducted. Amino groups are released by means of an oxidative process, creating NH4

+.
Afterwards, NO3

− ions are produced [12].
One of the parameters which directly affects the degradation rate of a dye using

TiO2-based photocatalysis is the dopant content effect [13]. In this sense, by combining
TiO2 with other semiconductor oxides, the resultant photocatalysis efficiency is enhanced
by narrowing the band gap of TiO2 [14]. This fact is due to the Fe3+ separation capacity
of photo-generated electron-hole pairs. According to this, several recent works can be
found based on the combination of TiO2 and Fe2O3 in dye degradation applications [15].
More specifically, Fe2O3 is a perfect candidate in surface catalysts due to its abundance,
stability and matched band position with TiO2 for efficient charge separation [16], this
last one being the main reason for having been chosen as an ideal dopant of TiO2 in this
work. Moreover, these two types of metal oxide precursors interact with light in a different
way for photocatalytic applications since TiO2 has its maximum peak of absorbance in
a wavelength (388 nm), whereas Fe2O3 has its maximum peak in the visible spectrum
(620 nm), respectively [17,18]. Furthermore, there is much recent research addressing that
the incorporation of Fe2O3 particles to the coating has influence in TiO2 particle size and
photocurrent responses under a UV light source irradiation [19]. The latest articles about
enhancing photocatalytic activity employ this couple of metal oxide so as to eliminate
organic pollutants since it presents an effective low cost method [20].

In this work, the functional coatings have been performed by combining two fabri-
cation techniques such as the electrospinning and layer-by-layer assembly, which make
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possible a great immobilization of all dyes of this study. In addition, the combination of
both deposition techniques provides new features to the functional surface, compared to
the coatings that could be achieved separately with these techniques. The polymeric matrix
obtained by the electrospinning process makes it possible to achieve an homogeneous
structure with a good adhesion onto the reference substrate, whereas the LbL assembly pro-
vides a good affinity towards the electrospun fibres with a good control over the thickness
coatings and dispersion of the metal oxide particles [21,22]. To the best of our knowledge,
this is the first time the photocatalytic response of these dyes, with different chemical
structures between them, are evaluated under this experimental test.

2. Materials and Methods
2.1. Materials

Poly (acrylic acid) (PAA; Mw ≈ 450,000), β-cyclodextrin (β-CD, purity 98%) and
ethanol (99%) have been used for the electrospinning process. In the layer-by-layer as-
sembly, titanium oxide (TiO2, pure anatase nanopowder < 25 nm) has been diluted into
an aqueous solution of poly (diallyldimethylammonium chloride) (PDDA; Mw ≈ 100,000
and 20wt% in H2O), whereas iron oxide (Fe2O3, <5 µm) particles have been diluted into
an aqueous solution of poly (sodium 4-styrenesulfonate) (PSS; Mw ≈ 70,000), respectively.
As dyes, Methyl Blue (1.5wt% in H2O), Metanil Yellow (70% dye content), Rhodamine B
(>95% dye content), Congo Red (>35% dye content) and Malachite Green (Oxalate Salt)
have been used. All of the chemicals have been provided from Sigma-Aldrich (St. Louis,
MO, USA). Finally, standard glass slides with a dimension of 75 × 50 mm2 have been used
for the fabrication of the functional coatings.

2.2. Functional Coatings Deposition

For the preparation of the photocatalytic functional coatings, three well-differentiated
steps have been performed, as it is explained in the following paragraphs.

2.2.1. Electrospinning Process

In a first step, a base of electrospun fibres mat have been performed by using the elec-
trospinning process [23]. This technique is based on the transformation from a viscoelastic
fluid into electrospun fibres, applying a high-voltage supply in the tip of a syringe where
the polymeric solution is pumped out [24,25]. Among all of the operative parameters, three
of them have to be perfectly controlled in order to obtain the desired “Taylor Cone” in the
tip of the syringe: the flow rate of the solution, the applied voltage between the syringe
tip and collector, and the tip-collector distance [26,27]. In this work, a viscous solution of
PAA has been selected as polymeric precursor using ethanol as solvent, whereas β-CD
has been used a crosslink agent in a further thermal treatment. A total weight of 0.8 g of
PAA and 0.128 g of β-CD have been added to a 11.6 mL of ethanol and it is stirred for
24 h at room temperature to obtain a high density solution [2]. In order to perform the
electrospinning coating, the polymeric solution has been placed in a 20-gauge needle with
an inner diameter of 0.6 mm. A high-voltage of 15 kV has been applied between the tip
of the syringe and the base where the sample is placed, with a tip-collector distance of
15 cm and a flow rate of 1.3 mL/h, respectively. Once the electrospun fibres mat has been
deposited onto the reference substrate, a heat treatment process of 180 ◦C during 40 min
has been carried out in order to promote the chemical crosslinking of the electrospun fibres,
and as a result a great degree of insolubility and better chemical stability is obtained [2].

2.2.2. Layer-by-Layer Assembly Process

In a second step, layer-by-layer assembly technique has been performed onto the
electrospun fibre mat samples. This deposition technique offers superior control and
versatility when compared to other thin-film deposition techniques [28], making possible
a suitable dispersion of the metal oxide precursors through the polyelectrolytes during
the fabrication of the multilayer structure [29,30]. In this technique, thin-films are formed
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by alternatively immersion of the substrate in oppositely charged polyelectrolytes [31].
Depending on the charge density, these polyelectrolytes can be classified as weak or strong
polyelectrolytes [32,33]. In this work, strong polyelectrolytes such as PDDA (polycation)
and PSS (polyanion) have been selected for being effective encapsulating agents for the
metal oxide precursors [34]. A 10 mM solution of PDDA in 250 mL of ultrapure water
has been prepared, and after a stirring time of 2 h, 250 mg of TiO2 has been added, which
has been stirred for 3 h and then, an ultrasonication process of 1 h has been carried out.
Then, 10 mM solution of PSS in 250 mL of ultrapure water has been also prepared, and
after stirring time of 2 h, Fe2O3 powder has been added, which has been stirred for 3 h and
ultra-sonicated for 1 h, respectively.

Finally, by using the LbL assembly, a correct dispersion of the metal oxide precursors
has been achieved in the polyelectrolyte solutions [35–37]. Intermediate distilled water
solutions have been also employed in order to perform washing steps of the samples. All
of the solutions have been adjusted to a pH of 2.0 in order to obtain a desired thin-film
thickness [38]. The combination of a positive layer and a negative layer is denoted as
bilayer. Previous studies have indicated that a thickness corresponding to a final number of
five bilayers in each sample preparation is considered as appropriate for the photocatalytic
efficiency.

2.2.3. Immobilization Dyes Deposition Process

As it has been previously mentioned, five types of dyes have been deposited onto the
previous fabricated coatings in order to carry out the photocatalytic tests and, thus, their
different photocatalytic responses have been evaluated. In this sense, the outer layer of the
functional coatings is the negative charged polyelectrolyte (PSS) where its superhydrophilic
feature facilitates the resultant adhesion of the dyes into the coating [39]. With the aim of
obtaining a similar absorbance value of all spectra dyes, as it is shown in the photocatalytic
experiments, the immersion time is varied for each dye of this study. More specifically,
in the case of CR, the samples are introduced into 12 mM aqueous solution of this dye,
and after that, the sample is heated to 50 ◦C and stirred for 2 h, respectively. For the
immobilization of MG, 6.25 mM aqueous solution of this dye has been stirred for 1 h at
room temperature and then, the sample is immersed in this solution until the desired
absorbance of its spectrum is obtained. In the cases of RhB, MB, and MY dyes, 6.25 mM
aqueous solutions of these dyes have been prepared and stirred for 2 h. Then, the samples
have been immersed in these dyes for a period time of for 10 s, 2 h, and 60 s, respectively. All
of the dyes solutions were at their natural pH value. In order to have a better understanding
of the whole process, in Figure 2 is shown a schematic representation of the three specific
steps for the preparation of the functional coatings with the immobilized dyes.

Coatings 2022, 12, 1529  5  of  16 
 

 

 

Figure 2. Schematic representation of the three different steps for the fabrication process of the func‐

tional coatings by the combination of the electrospinning and LbL assembly techniques. 

2.3. Characterization Techniques 

Water contact angles have been measured using Theta (Attension) optical tensiome‐

ter (CAM 100 KSV Instruments, Burlington, VT, USA). Sessile drops are recorded in fast 

mode with a  trigger, after 5 s  from  the moment  the drop  touched  the surface. Contact 

angles have been measured using the tangent algorithm drop profile fitting method. An 

average of 30 frames/s has been used to calculate the contact angle for each drop. Each 

water contact angle value is obtained as an average of three measurements performed at 

different locations on the coatings. 

A  field emission‐scanning electron microscopy  (FE‐SEM Hitachi S4800, Tokyo,  Ja‐

pan) has been used to appreciate the surface morphology of the samples. The thickness 

and roughness values have been numerically measured by a confocal microscopy (model 

S‐mart, SENSOFAR METROLOGY, Barcelona, Spain) with an objective of EPI 50× v35 for 

a final area of 340.03 × 283.73 μm2, respectively. 

The absorbance spectra of the dyes have been analyzed by a Jasco V‐730 (Agilent, 

Santa Clara, CA, USA), whereas the chemical information about the presence of functional 

groups of the samples has been determined by a Fourier‐transform infrared (FTIR, Perkin 

Elmer, MA, USA) spectroscopy study, using a Perkin Elmer Frontier spectrophotometer 

(Waltham, MA, USA) in the spectra range of 600–4000 cm−1. 

Finally, the photocatalytic tests have been performed by using UV‐VIS optical fibres 

of 200 μm and Ocean Optics USB2000 (Ocean Insight, FL, USA), whereas the visible light 

(Takhi‐HP, Pyroistech)  and UV  light  (COB365, Pyroistech, Navarra,  Spain) have been 

used as the main sources light, respectively. 

2.4. Photocatalytic Test 

For the photocatalytic efficiency determination, the optical transmission setup used 

in previous works has been employed [2,40]. More specifically, both UV (maximum spec‐

tra at λ = 365 nm) and visible light sources have been connected to a bifurcated optical 

fibre, which is in charge of guiding both light irradiation to the holder where the func‐

tional coatings with the immobilized dyes (samples) are perfectly placed. The transmitted 

light has been guided by an optical fibre to the spectrometer, and this device is connected 

to the spectroscopy computer software, in order to evaluate the photodegradation over 

the  time. The visible  light makes possible  to visualize dye spectrum and also activates 

Fe2O3 particles, whereas UV  light  is  in charge of activating TiO2 particles, which  is  the 

main photocatalytic compound [41]. The test has been performed for a maximum period 

of 20 h with an incident area in the dye sample of 12.56 mm2, respectively. This essay is 

represented in Figure 3. 

Figure 2. Schematic representation of the three different steps for the fabrication process of the
functional coatings by the combination of the electrospinning and LbL assembly techniques.



Coatings 2022, 12, 1529 5 of 16

2.3. Characterization Techniques

Water contact angles have been measured using Theta (Attension) optical tensiometer
(CAM 100 KSV Instruments, Burlington, VT, USA). Sessile drops are recorded in fast mode
with a trigger, after 5 s from the moment the drop touched the surface. Contact angles
have been measured using the tangent algorithm drop profile fitting method. An average
of 30 frames/s has been used to calculate the contact angle for each drop. Each water
contact angle value is obtained as an average of three measurements performed at different
locations on the coatings.

A field emission-scanning electron microscopy (FE-SEM Hitachi S4800, Tokyo, Japan)
has been used to appreciate the surface morphology of the samples. The thickness and
roughness values have been numerically measured by a confocal microscopy (model S-mart,
SENSOFAR METROLOGY, Barcelona, Spain) with an objective of EPI 50× v35 for a final
area of 340.03 × 283.73 µm2, respectively.

The absorbance spectra of the dyes have been analyzed by a Jasco V-730 (Agilent,
Santa Clara, CA, USA), whereas the chemical information about the presence of functional
groups of the samples has been determined by a Fourier-transform infrared (FTIR, Perkin
Elmer, MA, USA) spectroscopy study, using a Perkin Elmer Frontier spectrophotometer
(Waltham, MA, USA) in the spectra range of 600–4000 cm−1.

Finally, the photocatalytic tests have been performed by using UV-VIS optical fibres
of 200 µm and Ocean Optics USB2000 (Ocean Insight, FL, USA), whereas the visible light
(Takhi-HP, Pyroistech) and UV light (COB365, Pyroistech, Navarra, Spain) have been used
as the main sources light, respectively.

2.4. Photocatalytic Test

For the photocatalytic efficiency determination, the optical transmission setup used in
previous works has been employed [2,40]. More specifically, both UV (maximum spectra
at λ = 365 nm) and visible light sources have been connected to a bifurcated optical fibre,
which is in charge of guiding both light irradiation to the holder where the functional
coatings with the immobilized dyes (samples) are perfectly placed. The transmitted light
has been guided by an optical fibre to the spectrometer, and this device is connected to
the spectroscopy computer software, in order to evaluate the photodegradation over the
time. The visible light makes possible to visualize dye spectrum and also activates Fe2O3
particles, whereas UV light is in charge of activating TiO2 particles, which is the main
photocatalytic compound [41]. The test has been performed for a maximum period of
20 h with an incident area in the dye sample of 12.56 mm2, respectively. This essay is
represented in Figure 3.
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3. Results and Discussion
3.1. Characterization of the Functional Coatings

First of all, in Table 1 presents the resultant nomenclature corresponding to the fabrica-
tion of the coatings in the initial steps (step 1 and step 2, respectively). More specifically,
the sample denoted as REF corresponds to the PAA + β-CD electrospun fibres (only elec-
trospinning process), whereas the ones denoted as S0 and S01 correspond to the samples,
which combine both electrospinning and LbL assembly techniques. The main difference
between them is that S0 only contains polyelectrolytes (PDDA and PSS) onto the elecrospun
fibres, whereas S01 uses these same polyelectrolytes as effective encapsulating agents of
the metal oxide precursors (TiO2 and Fe2O3) during the LbL assembly process.

Table 1. Summary table of the analysed functional coatings before dyes immobilization.

REF S0 S01

PAA + β-CD PAA + β-CD//PDDA/PSS PAA + β-CD//PDDA +
TiO2/PSS + Fe2O3

Figure 4 shows the resultant SEM images of the three analysed functional coatings. In
Figure 4a can be appreciated the electrospun fibres mat obtained by the electrospinning
technique (step 1 of the fabrication process). All of these fibres are homogenous, showing a
uniform dispersion among the matrix, although some beads are also formed due to certain
instabilities during the deposition process [42]. These instabilities may appear due to the
effects of the employed variables in the electrospinning process. In this case, an inadequate
evaporation of the solvent during the electrospinning process may be the main cause of
production of beads [43]. In Figure 4b it can be perfectly observed a great difference in the
aspect of the coatings after performing the layer-by-layer assembly, showing an increase in
the fibre diameter due to the alternate deposition of the oppositely charged polyelectrolytes.
In Figure 4c,d, it can be appreciated the SEM images of the samples after immobilization
of the metal oxide precursors (bright colour spots) during the LbL assembly (step 2 of
the fabrication process) at different magnification (100 and 50 µm, respectively). One
main conclusion which can be derived is that these metal oxide precursors are randomly
distributed with a certain degree of aggregation along the multilayer structure during this
step associated to the LbL assembly. Finally, in order to corroborate the presence of these
metal oxide precursors in the outer surface of the coatings, EDX (Hitachi S4800, Tokyo,
Japan) is presented in Figure 4e where the location of the peaks related to Ti (mostly in
4.5 keV) and Fe (mostly 6.4 keV), elements associated to the oxides, can be observed along
the spectra. In Figure 4f is shown the TiO2 and Fe2O3 particle distribution along the coating,
where Fe2O3 particles are marked in green colour and TiO2 particles are marked in red
colour, respectively.

The intrinsic properties associated to the wettability, fibre diameter, and roughness
of the functional coatings have been also analysed, as it can be appreciated in Figure 5. It
is well-known that the resultant wettability of a surface depends on the roughness and
heterogeneity of the deposition as well as on the relationship between shape and size of
the immobilized particles [44]. In addition, the features related to the outermost surface
layer directly affect to the resultant wettability property of the functional coating [45,46]. In
this work, the outermost layer of the samples (REF, S0 and S01) contain polyelectrolytes of
superhydrophilic behavior such as PAA [46] and PSS [47], respectively. After observing
Figure 5a, the samples corresponding to REF and S0 have shown low values of the water
contact angle, although S0 sample has a greater value than REF sample since LbL immersion
process makes the film to absorb water, and as a result, the wettability is decreased after LbL
process. More specifically, the REF sample as it is only composed of electrospinning coating
has shown a greater tendency to absorb water, which is associated to the hydroxyl groups
of the PAA, and as a result, a superhydrophilic behavior is clearly obtained. In addition,
it is widely known the superhydrophilic effect that UV light has in photocatalytic metal
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oxide precursors doped coatings [48–50]. However, the presence of metal oxides particles
such as TiO2 and Fe2O3 on the functional coating without having been illuminated with
external light sources, has not shown a reduction in the resultant wettability [51]. In this
work, the water contact angle measurements have increased from 1.6◦ ± 0.5◦ in the case of
REF, 25.3 ± 2.3 for S0 up to a value of 66.9 ± 1.2 in the case of S01 (see Figure 5a). In terms
of fibre diameter, after performing the layer-by-layer assembly, the alternate deposition of
oppositely charged polyelectrolytes has produced an increase in the resultant diameter (see
Figure 5b), this effect being more notorious in the sample composed of the photocatalytic
metal oxides than in the functional matrix [40]. The corresponding fibre diameter has been
from 2.2 ± 0.3 µm (REF), 3.1 ± 0.4 µm (S0) up to 5.1 ± 0.6 µm (S01). Finally, by means
of confocal microscopy, a roughness parameter such as arithmetical mean height (Sa) has
been also studied (see Figure 5c). As the sample thickness is increased as a function of the
addition of the multilayer structure associated to the LbL assembly process, a less rough
surface is obtained as it can be appreciated for the S0 (0.8 ± 0.1 µm) and S01 (0.5 ± 0.08 µm)
samples in comparison with REF (1.3 ± 0.1 µm), respectively. The experimental results
indicate that LbL process significantly increases the electrospun fibre diameters by the
deposition of successive charged polyelectrolytes (PDDA and PSS) onto the fibre surface,
and the typical porous structure of an electrospinning sample is modified, allowing a more
homogeneous and uniform surface coating.
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Figure 5. Water contact angle value measurements (a), thickness value measurements (b) and
roughness value measurements (c) for PAA + β-CD fibre (REF), PAA + β-CD//PDDA/PSS (S0) and
PAA + β-CD//PDDA + TiO2/PSS + Fe2O3 (S01), respectively.

3.2. Dyes Immobilization onto the Functional Coatings

The samples are denoted as S1 for the Congo Red (CR), S2 for the Malachite Green
(MG), S3 for the Rhodamine B (RhB), S4 for the Methylene Blue (MB), and S5 for the
Malachite Yellow (MY), respectively. Figure 3 shows the final aspect of the photocat-
alytic functional coatings after the dyes immobilization, being the reference S01 sample
(PAA + β-CD//PDDA + TiO2/PSS + Fe2O3) in the center of the image.

The absorbance measurements of all of the dyes have been also performed in order
to compare their photocatalytic response after light irradiation. In Figure 6 is shown the
normalized spectra and it and the maximum absorbance values are located at different
wavelength position in the visible region spectra from 400 to 700 nm. According to this, the
sample S1 of CR has shown a main broad peak located at 500 nm [52]. The sample S2 of MG
has shown two distinctive peaks at well-separated wavelengths, being the lower intensity
peak located at 425 nm and the higher intensity peak located at 640 nm [53], respectively.
The sample S3 of RhB has shown a narrow peak located at 570 nm [54]. The sample S4 of
MB have shown two different peaks nearly located at 620 and 670 nm, showing the last one
a slight absorbance intensity [55]. Finally, the sample S5 of MY has shown a broad peak
with its maximum centred around 440 nm [56]. Some dyes may present a slight variation
from their original wavelength value. This can be a result of the pH of the dye solutions
where the samples were introduced [57].
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Figure 6. UV-VIS spectra of all of the dyes of this study with their maxima absorbance peaks located
at different wavelength position from 425 to 670 nm.

3.3. Photocatalytic Activity

The photocatalytic tests have been performed for all of the dyes in concordance with
the setup previously commented in the experimental section. First of all, in order to
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have a better evaluation of the photocatalytic effects related to the metal oxide precursors
immobilized into the samples, two different tests have been carried out for each dye,
respectively. The first one is performed for the dye directly deposited onto S0 sample (no
presence of metal oxides), in order to observed the degradation of the colorant by means
of UV light without any photocatalytic interaction. The second one is conducted for the
dyes directly deposited onto the functions coating S01 corresponding to the samples from
S1 up to S5 with the aim of studying the resultant degradation of the dyes in the presence
of photocatalytic precursors such as TiO2 and Fe2O3. In addition, in order to see the local
discoloration of the samples after light irradiation, an optical image has been taken for a
visual analysis. Finally, the evolution of the FTIR spectra has been also performed in order
to corroborate the photocatalytic activity of the samples by observing a gradual decrease
related to IR transmittance peaks of the functional groups of the immobilized dyes.

In Figure 7, the whole photocatalytic tests performed to CR azo-dye is shown. Ac-
cording to this, Figure 7a indicates the resultant degradation rate of the samples without
any presence of metal oxides, and it can be observed that the dye has the tendency of
degrading by the self-effect of the UV-light or by a residual photocatalytic activity of the
base element, reaching a degradation rate of 35%, respectively. However, an important
difference has been observed for the samples with the presence of the metal oxides (S1)
since the degradation rate of the CR azo-dye immobilized in the coating is almost 80% (see
Figure 7b) at the same experimental conditions. In Figure 7c the resultant discoloration
of the dye in a micrometric incident area (12.56 µm2, bright aspect) after 20 h of testing is
shown. In addition, in Figure 7d is shown the FTIR spectra previous and after irradiation
photocatalytic test. The stretching of N-H and C-H groups can be observed in 3344 and
2923 cm−1 peaks, respectively. The stretching vibration band of the azo group N=N appears
in wavenumbers of 1554 cm−1 [58]. The asymmetry stretching vibration of S-O group can
be appreciated due to the transmittance peak at 1405 cm−1 [59]. Finally, 1172 and 1042 cm−1

peaks correspond to C-N stretching functional groups. After carrying out the photocat-
alytic tests, all of the transmittance peaks have shown a decrease in their corresponding
intensities of the mentioned functional groups of CR, which can be associated with the
possible production of free radicals during the photocatalytic test [60].
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In Figure 8, the whole photocatalytic tests performed on the MG dye are shown.
According to this, Figure 8a indicates that the irradiation light onto the sample without any
metal oxide precursors has shown a less degradation (around 20%) of the green colorant in
comparison with CR dye. In addition, in Figure 8b is shown the resultant degradation of
the green dye immobilized onto the sample composed of the metal oxide precursors (S2),
achieving a total photodegradation of more than 80% with the corresponding disappearance
of the two well-distinguished peaks of the MG dye. In Figure 8c, the resultant discoloration
of the MG dye with a clear spherical shape after light irradiation of 20 h, respectively, is
shown. In Figure 8d the FTIR spectra before and after light irradiation of MG sample is
shown, and it can be conclude that there is almost a total reduction of the transmittance
peak intensity of the functional group related to aromatic C-H stretching at 2967 cm−1,
which is a representative peak for this type of triarylmethane dye [61]. In addition, other
representative peaks of this dye such as at 1702 cm−1 (C=O), 1586 cm−1 and 1447 cm−1

(aromatic C-C stretching in ring), 1365 cm−1 and 1158 cm−1 (C-H bending) and 839 cm−1

(aromatic C-C stretching) have also been presented [62,63]. An important reduction in their
corresponding intensities or even a total disappearance of them has been obtained after
testing, which can be associated to the production of free radicals by the photocatalytic
phenomena in the functional surface of the sample.
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Figure 8. (a) Evolution of the degradation rate of MG deposited into S0 sample S0 for a total
irradiation time of 20 h; (b) evolution of the degradation rate of MG deposited into S2 sample for a
total irradiation time of 20 h; (c) optical microscopy image of a micrometric degraded zone of the dye;
(d) FTIR spectra of the irradiated and non-irradiated area of the Malachite Green sample.

In Figure 9 the whole photocatalytic tests performed to RhB dye are shown. As has
occurred with CR sample, RhB has shown an important degradation of around 40% in
the sample without metal oxides (Figure 9a), although this effect is more notorious for the
samples composed with the photocatalytic precursors (S3) where it is almost completely
degraded (around 95%, Figure 9b). In Figure 9c is shown the resultant discoloration of the
doped fibre with a clearly circular micrometric area, whereas in Figure 9d the FTIR spectra
of the RhB sample before and after the photocatalytic essay are shown. A C-H stretching
vibration, typical of this type of colorant, can be observed at 2925 and 2850 cm−1. A strong
peak of C=O stretching vibration is presented at 1697 cm−1 [64], whereas the dual peak
at 1448 and 1406 cm−1 corresponds to an aromatic stretching of C-C [65]. In addition, a
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smooth peak at 1220 cm−1 indicates a C-N bond, whereas the vibration at 1162 cm−1 is
related to S-O group of sulfonate [66]. In all of the cases, the intensities related to these
peaks have been reduced after light irradiation.
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Figure 9. (a) Evolution of the degradation rate of RhB deposited into S0 sample S0 for a total
irradiation time of 20 h; (b) evolution of the degradation rate of RhB deposited into S3 sample for a
total irradiation time of 20 h; (c) optical microscopy image of a micrometric degraded zone of the dye;
(d) FTIR spectra of the irradiated and non-irradiated area of Rhodamine B sample.

In Figure 10 the whole photocatalytic tests performed to MB dye are shown. The
behavior of this specific dye has been previously studied by identical photocatalytic test
conditions in our previous studies [2,46]. The experimental results indicate that the col-
oration degradation in the sample without photocatalytic precursor is according to the
reported in the bibliography after 10 h of irradiation, and even similar to CR and RhB
samples where it is achieved around 40% in 20 h of exposition (see Figure 10a). However,
the sample with the embedded metal oxide precursors (S4) has shown an almost total
discoloration (90% of degradation rate) after 20 h of essay (Figure 10b), being the sample
totally discolored in the incident area (Figure 10c). The FTIR spectra of the MB sample
of both irradiated and non-irradiated are shown in Figure 10d. A peak in 2916 cm−1

indicates a symmetrical stretching C-H of CH2 band. The intense band in 1694 cm−1 gives
information about the presence of C=N and C=O vibrations in MB [59]. The transmittance
peaks situated at 1158 and 1006 cm−1 corresponds to the bending band of N-H and C-N
from the amide band functional group [67,68]. As it has previously happened, an impor-
tant reduction in the resultant intensities peak of the MB colorant after irradiation has
been observed.

In Figure 11 is shown the whole photocatalytic tests performed to the MY azo-dye.
After observing both Figure 11a (no presence of oxide precursors) and Figure 11b (immobi-
lized photocatalytic precursors, S4 sample), it can be seen that a different dye degradation
has been achieved with a rate of 15% and almost 60%, respectively. In addition, after light
irradiation, black colored fibres have been obtained instead of a bright color aspect, as
has occurred with the other dyes of this study (see Figure 11c). Finally, the FTIR spectra
of MY azo dye can be visualized in Figure 11d where the main IR transmittance peaks
corresponds to 1588 and 1142 cm−1, related with the vibration modes of the azo bonds,
which are associated to the N-H bending and C-O stretching functional groups, respectively.
In addition, there is also a main peak in 3404 cm−1 which is related to N-H stretching,
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whereas the functional groups of S=O stretching are located at 1396 and 1031 cm−1. The
irradiated area has also exhibited a reduction intensity in transmittance as it has occurred
with the previous dyes.
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time of 20 h; (b) evolution of the degradation rate of MB deposited into S4 sample for a total irradiation
time of 20 h; (c) optical microscopy image of a micrometric degraded zone of the dye; (d) FTIR spectra
of the irradiated and non-irradiated area of the Methylene Blue sample.
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Figure 11. (a) Evolution of the degradation rate of MY deposited into sample S0 for a total irradiation
time of 20 h; (b) evolution of the degradation rate of MY deposited into S5 sample for a total irradiation
time of 20 h; (c) optical microscopy image of a micrometric degraded zone of the dye in sample S01;
(d) FTIR spectra of the irradiated and non-irradiated area of the Metanil Yellow sample.
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Finally, according to the photocatalytic experimental results, one of the main reasons of
the higher photocatalytic efficiency of MG, RhB, and MB can be explained by the presence
of Cl− ions, which have a tendency to ionize the photoinduced area of the coating, and
exhibit a more positively charged molecule. Otherwise, CR and MY show a stronger bond
of N=N, which can be also an important factor that contradicts the degradation of these
dyes using TiO2 and Fe2O3 photocatalytic precursors [69].

4. Conclusions

In this work, it has been corroborated how the photocatalytic activity dry test can be
extended to other types of dyes, being a reliable evaluation method for the determination
of the photocatalytic efficiency of functional coatings. This method could be an alternative
to the actual aqueous photocatalytic efficiency determination essay. Different dyes can be
easily immobilized into the functional coating, and the optical fibre based photocatalytic
essay is intuitive and simple to carried out. This methodology is more sensitive with some
dyes compared with others, not all of the colorants degrade in the same manner under
the same conditions. The photocatalytic tests indicate that RhB has shown the highest
degradation rate with a total discoloration of almost 95%, whereas MY has shown the
lowest degradation rate with a total discoloration of almost 60%, respectively. In all cases,
the FTIR spectra corroborate the reduction or even disappearance of the transmittance
peaks in the irradiated area, being indicative of the breakage of molecular chains of the
dyes. In this case, MG and MB present the major breakage of molecular chains after the
20 h photocatalytic test.
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