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Abstract A hybrid film of chitosan/poly(vinyl alcohol)/cationic Fe(III)-porphyrin (Cht/PVA-
FeTMPyP) was synthesized to act as a Fenton-like catalyst to decolorize methyl orange and methyl
red azo dyes. The Cht/PVA-FeTMPyP film was characterized by different analytical and micro-
scopy techniques, which indicated that the metalloporphyrin affects different properties of the
hybrid film. Batch experiments revealed that the hybrid film exhibits enhanced catalytic activity
towards dyes decolorization in the presence of H,O, as compared to the “free” FeTMPyP. Fast
decolorization rates as high as 90 min were observed for both azo dyes under mild conditions
(pH 7 and room temperature), even at low concentrations of the catalyst in H,O,. After the decol-
orization, FTIR analysis showed that simple molecules are released as by-products. Moreover, the
hybrid film performed well in cyclic runs without leaching out iron ions or losing its catalytic activ-
ity. All these features associated with its ease handling ranks the Cht/PVA-FeTMPyP hybrid film as
a promising heterogeneous Fenton-like catalyst for the decomposition of azo dyes in water.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Synthetic dyes are among the most harmful chemical pollu-
tants present in the water. In fact, due to their extensive use

in textile and finishing industries, millions of gallons of these
effluents are discharged in the water bodies. Consequently,
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environmental damages and various types of risks to human
health, either directly or indirectly (Berradi et al., 2019;
Holkar, et al., 2016).

Azo dyes, a class of synthetic dyes, have lately attracted
much attention from environmental researchers due to their
detrimental features and long-lasting persistence in aquatic
environments. Also, azo dyes exhibit high light stability and
wash fastness, while having resistance to microbial degrada-
tion (Chung, 2016). Moreover, chemical composition involv-
ing aromatic rings, azoic linkages, and amino groups
increase the harmful characteristics of these compounds to nat-
ure (Xia et al., 2020). In light of these considerations, azo dyes
are not readily removed from wastewater by conventional
treatment technologies. Among the methods tested to solve
this striking and challenging issue, techniques involving
adsorptive processes, decolorization by photocatalysis or
oxidative methods and enzymatic decomposition seem to be
the most promising approaches (Dong et al., 2015).

Advanced oxidative processes (AOP) using hydrogen per-
oxide (H»O,) in the presence of iron species (Fe(Il) or Fe
(IIT)) have been frequently applied to decolorize azo dyes in
water (Gao et al., 2020; Zhang and Zhou, 2019). These reac-
tions, known as Fenton or Fenton-like reactions, involve the
generation of hydroxyl radicals (OH) from H,O, mediated
by Fe(II)/(I11) ions, which oxidize the azo dye molecules (Ali
et al., 2013). Currently, the use of Fenton reactions to decol-
orize azo dyes faces two main challenges to overcome: the
reduction of the concentration of iron required to decolorize
the dye efficiently a simplified method to recovery the precipi-
tated catalyst from the treated effluent.

Heterogeneous Fenton catalysts seem to be an attractive
approach for the above-described Ilimitations. In fact,
Fe-containing materials have shown remarkable potential in
Fenton reactions since the catalytic activity of the iron ions is
maximized while making the recovery from the reaction system
feasible (Hassan and Hameed, 2011; Quadrado and Fajardo,
2017). Besides, the entrapment of iron ions on solid supports
is a convenient way to avoid the leaching of catalysts, prevent-
ing secondary pollution (Huang et al., 2019; Jin et al., 2020).

Within this context, we describe the synthesis of a hybrid
film based on a polymer matrix embedded with a pentacationic
5,10,15,20-tetrakis( N-methyl-4-pyridyl)porphyrin-Fe(III)
tetrachloride (denoted as FeTMPyP) to act as a Fenton-like
catalyst for decolorization of azo dyes (Emmert et al., 2008;
Parra et al., 2004). Herein, a chitosan and poly(vinyl alcohol)
blend was used polymer matrix. Chitosan (Cht), a well-known
polysaccharide is widely applied as supporting material due to
its chelating nature, and poly(vinyl alcohol) (PVA) has excel-
lent film-forming properties, and both were utilized to synthe-
size the polymer supporting matrix (Kumar et al., 2019; Souza
et al., 2019). Overall, metalloporphyrins have an essential role
in a variety of chemical and biochemical processes (da Silva
et al., 2014; Tagliatesta et al., 2002). In particular, Fe-
porphyrins are famous due to their catalytic activity in oxida-
tive processes, which are employed in organic-synthesis and
degradation reactions (Devi and Nithya, 2018; Saltarelli
et al., 2019). The use of metalloporphyrins in oxidative pro-
cesses also have gained spread attention in the past few years
due to their advantages, such as: (i) they are stable compounds
that can be stabilized on surfaces by electrostatic forces (ca-
tionic porphyrins) or by covalent forces; (ii) in the presence
of adequate irradiation conditions, they can generate reactive

oxygen species with great efficiencies, such as singlet oxygen
and/or radical species; (iii) metalloporphyrins incorporated
into polymeric materials or solid supports provide more appli-
cability in terms of advanced oxidative processes, making these
hybrid materials easy to remove and reuse; and (iv) metallo-
porphyrins are biomimetic models and can perform oxidation
reactions with great ease, mainly porphyrins containing Fe(III)
or Mn(III) (like-P450 model) (Rayati and Sheybanifard, 2016;
Ucoski et al., 2015; Zucca et al., 2012).

The use of Fe-porphyrins in homogeneous catalysis shows
some limitations associated with deactivation, recovery, and
reuse issues. Thus, the immobilization of these porphyrins into
solid support has been reported as an effective strategy to
increase their stability and applicability (Gao et al., 2020).
Based on these characteristics, here we show that the Cht/
PVA film can act as efficient support to the FeTMPyP,
enhancing its catalytic activity in Fenton-like reactions and
sufficiently fast in the decolorization of methyl orange (MO)
and methyl red (MR) azo dyes. Also, this approach can be a
useful strategy to reduce the amount of iron used to catalyze
the generation of oxidant species.

2. Materials and methods

2.1. Materials

The materials used in this work are detailed in the Supplemen-
tary material.

2.2. Synthesis of the hybrid film

Hybrid films consisting of Cht/PVA embedded with cationic
FeTMPyP were prepared by the solvent casting method (de
Souza et al., 2017). For this, Cht (600 mg) was solubilized in
acetic acid solution (30 mL, 1 v/v-%) at 25 °C for 4 h, while
PVA (400 mg) was solubilized in distilled water (20 mL,
80 °C for 6 h). Later, the PVA solution was cooled down to
room temperature and added to the Cht solution. The result-
ing system was blended and homogenized for 30 min. Next,
FeTMPyP (1.0 mg) was added to the polymeric solution, and
the system was homogenized under magnetic stirring for more
15 min. This mass ratio between the polymers and porphyrin
was selected from previous experiments that showed higher
FeTMPyP concentrations impairs the film properties. In com-
parison, lower porphyrin concentrations result in reduced cat-
alytic activity. Next, glutaraldehyde (80 uL), the crosslinker,
was added by dropwise to the solution, which was homoge-
nized for 5 min. Then, the filmogenic solution was poured into
Petri dishes (round-plate shape 85 x 10 mm) that were left in
the oven (40 °C for 24 h) to evaporate the solvent. The result-
ing film was peeled off the Petri dishes and thoroughly washed
with distilled water up to neutral pH. Finally, the film was
oven-dried (40 °C for 24 h) and stored in dissector prior use.
It is worth to mention that the distilled water used to wash
the film was further analyzed by UV-Vis spectroscopy. No
absorption band of FeTMPyP was observed (Fig. S1). There-
fore, the amount of porphyrin loaded on the film sample was
estimated to be 1 mg/g. For comparative purposes, a film sam-
ple without FeTMPyP was prepared using a similar protocol.
The samples were denoted as Cht/PVA and Cht/PVA-
FeTMPyP, respectively.
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2.3. Characterization

The characterization techniques and assays can be found in the
Supplementary material.

2.4. Decolorization experiments

The decolorization of the two azo dyes (MO and MR) in aque-
ous medium using the Cht/PVA-FeTMPyP film as the catalyst
of a Fenton-like reaction was performed as follows: The cata-
lyst was put in a conical flask (100 mL) filled with 25 mL of
MO or MR aqueous solutions. The flasks were placed on an
orbital shaker (100 rpm) at 25 °C under ambient light condi-
tions. The reaction was initiated after the addition of H,O,
and the decolorization process was monitored using a UV—Vis-
ible Perkin Elmer Lambda 24 spectrophotometer (USA). Ali-
quots of 4 mL were withdrawn from the reaction flasks at
desired time intervals and analyzed. The absorbances of MO
and MR were measured at wavelengths of 464 nm and
430 nm, respectively. After that, the aliquots were returned
to the reaction flasks. Eq. (1) was used to calculate the decol-
orization ratio of each azo dye:

A
Decolorization rate = A—’ (1

o0

where A, is the initial absorbance of each azo dye solution (¢ ~
0 min) and A4, is the absorbance at 7 # 0. All the experiments
were performed in triplicates (n = 3). The effects of the initial
dye concentration (1-20 ppm), pH (3-7), H,O, concentration
(1-20 mmol/L), and catalyst dosage (60-100 mg) on the MO
and MR decolorization processes were investigated. For com-
parative purposes, additional decolorization experiments were
performed using the Cht/PVA film and “free” FeTMPyP as
catalysts. Briefly, these experiments were performed by using
the procedures as described above; however, when “free”
FeTMPyP was used (60 pg), it was added to the reaction med-
ium directly. Control experiments were also performed under
similar experimental conditions but in the absence of a catalyst.

2.5. Reuse experiments

Consecutive decolorization reactions were performed to inves-
tigate the stability and reusability of the Cht/PVA-FeTMPyP
film. For this, a unique sample was used in five consecutive
decolorization reactions. The experimental conditions of each
reaction were set as: catalyst dosage — 60 mg; solution volume
— 25 mL; initial dye concentration — 10 ppm; pH — 7; H,O,
concentration — 1 mmol/L; room temperature; and reaction
time — 90 min. The catalyst was recovered after each reaction,
washed in distilled water, and oven-dried (50 °C overnight).
Then, it was reused in another reaction run. After each reac-
tion, the decolorization efficiency was computed as described
in the previous section.

3. Results and discussion

3.1. Characterization of the hybrid films

The FTIR spectra of Cht, PVA, FeTMPyP, Cht/PVA, and
Cht/PVA-FeTMPyP are shown in Fig. la. The FeTMPyP

spectrum exhibited a broad band centered at 3382 cm™!

(ascribed to the absorbed moisture) and its typical bands at
1614cm™! (C=N stretch from pyridyl rings), 1537 cm™!
(C=C stretch vibrations), 1169 cm™' (in-plane N—H bend-
ing), 995 cm~! (C-H rocking vibration), and 852 cm™' (out-
of-plane C—H bending) (He et al., 2012; Wang et al. 2014a,
b). The FTIR spectrum of Cht exhibited a broad band cen-
tered at 3440 cm~' (O—H stretching overlapping the N—H
stretching) and bands in the range 2970-2830 cm™' (C—H
symmetric stretching). Also, bands at 1660cm~' (C=O0
stretching of amide I), 1594 cm ™! (N-H deformation of amide
I1), 1425 cm™! (C—N stretching), 1330 cm™' (C—OH stretch-
ing) and 1083 cm™!' (C—O—C stretching of glycosidic bonds)
were observed (de Souza et al., 2017). The PVA spectrum
exhibited a broad band centered at 3472 cm™' (O—H stretch-
ing); bands in the region 2980-2800 cm~' (C—H stretching
of alkyl groups), at 1710 cm™ ' (C=O0 stretching of residual
acetate groups) and a sharp band at 1095 cm™! (C—O stretch-
ing) (de Souza et al., 2017). The FTIR spectrum of the Cht/
PVA film exhibited the characteristic bands proceeding from
Cht and PVA and some discrepancies as compared to the
Cht spectrum due to the chemical cross-linking with glu-
taraldehyde. The glutaraldehyde is a dialdehyde that reacts
with the free amino groups of Cht or with the hydroxyl groups
of PVA, forming imine, and acetal bonds (de Souza et al.,
2017). As shown in Fig. la, the Cht/PVA spectrum has a
shoulder-type band at 1642 cm™! associated with the imine
bond (C=N stretching) formed between the Cht and glu-
taraldehyde. Also, the low-intensity band at 1154 cm™' can
be assigned to the acetal bond formed between PVA and the
glutaraldehyde (Pawar and Yadav, 2014), while the shoulder-
type band at 1539 cm™! is attributed to the ethylenic bond of
glutaraldehyde (de Souza et al., 2017). Furthermore, the bands
associated with the functional groups that participated in this
reaction (amino and hydroxyl groups) were shifted to higher
wavenumber region (O—H and N—H stretching band to
3447 cm™' and C—N stretching band to 1445 cm™', respec-
tively). Overall, these findings confirm the crosslinking process.
After the immobilization of the FeTMPyP into the poly-
meric matrix, some changes in the film spectrum can be noted,
as observed in Fig. 1a. The main differences are related to the
shifting of the band at 3447 cm~' (O—H and N-H stretching)
to 3457 cm™" and its narrowing. The bands associated with the
C—N and C—OH stretching and the acetal bonds were weak-
ened as compared to the Cht/PVA spectrum. Such discrepan-
cies indicate an H-bonding formation between the amine and
hydroxyl groups of the polymeric matrix with the FeTMPyP
(Lebedeva et al., 2017). Indeed, as previously reported by
Lebedeva et al. (2017), a shifting of 10cm™! at the band
related to the O-H and N-H stretching is associated with the
presence of H-bonding involving the amine and hydroxyl
groups and the organic structure from the porphyrin.
Functional groups present in the polymeric matrix are also
capable of chelate the Fe(III) metallic center in the porphyrin
structure due to the free electrons from nitrogen and oxygen
atoms (Bruller et al., 2015). Such interactions, thereby, pro-
mote the immobilization and stabilization of the FeTMPyP
in the polymeric matrix (Lebedeva et al., 2017). Also, as clearly
observed in Fig. la, the characteristics bands of the porphyrin
were not observed in the Cht/PVA-FeTMPyP spectrum, which
can be due to the small amount of such compound as com-
pared to the polymers (0.1 w/w-%). We hypothesize that the
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Fig. 1

(a) FTIR spectra of Cht, PVA, FeTMPyP, Cht/PVA film and Cht/PVA-FeTMPyP film, (b) UV-Vis absorption spectra in solid-

state of FeTMPyP, Cht/PVA and Cht/PVA-FeTMPyP films and (c) TGA curves of the prepared films.

characteristics bands of FeTMPyP were overlapped by the
bands proceeding from Cht and PVA (Synytsya et al., 2009).

UV-Vis measurements in solid-state were also used to char-
acterize the synthesized films and ““free” FeTMPyP. The
recorded absorption spectra are depicted in Fig. 1b. The
FeTMPyP spectrum exhibited a characteristic absorption band
in the blue region centered at 448 nm (Soret band). Similarly,
the spectrum of the Cht/PVA film embedded with the por-
phyrin (Cht/PVA-FeTMPyP) exhibited the same Soret band
with a slight blue-shifting of ~4 nm likely due to some distor-
tion in the porphyrin core caused by its interaction with the
polymeric matrix. As expected, the pristine Cht/PVA film did
not show any electronic transition, and for this reason, it does
not show absorption in the UV-Vis region. These results con-
firm the success of the FeTMPyP immobilization into the poly-
meric film.

TGA and DTG analyses were employed to investigate the
thermal properties of Cht/PVA and Cht/PVA-FeTMPyP films.
The TGA curves of both films (Fig. 1c) showed four main
stages of weight loss. For the Cht/PVA film, the first weight
loss (~9% of weight loss) occurred in a temperature range of
30-118 °C, and it can be assigned to the moisture evaporation.
The second stage with roughly 12% weighting loss at 167 °C
maximum temperature, is attributed to the elimination of the

hydroxyl side groups from the PVA chains. The third
weight-loss stage (~62% of weight loss), which showed a max-
imum at 265 °C, is assigned to the thermal degradation of the
Cht chains. Finally, the last loss stage (~74% of weight loss)
showed a maximum at 434 °C, and it is associated with the
degradation of the polyene backbone of PVA. As compared
to the Cht/PVA film, the thermal degradation stages of the
Cht/PVA-FeTMPyP film occurred in lower temperatures
ranges (see DTG data, Fig. S2), likely due to the immobiliza-
tion of the FeTMPyP in the film matrix. As reported by other
authors, the catalytic nature of the FeTMPyP decreases the
activation energy of each degradation stage and, thereby, the
thermal degradation of the hybrid film is facilitated (Berijani
et al., 2018; Sah et al., 2018; Sonkar et al., 2017).

To investigate the influence of the FeTMPyP on the kinetics
of thermal degradation of Cht/PVA-FeTMPyP film, we uti-
lized the Arrhenius equation (Eq. (2)), which is expressed as
follows (Bu et al., 2016):

k(T) = Ae % )
where E, is the activation energy (kJ/mol), A4 is the frequency

factor (1/s), R is the ideal gas constant (8.314 J/mol K), T'is the
temperature (K), and k(7) is the temperature-dependent
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reaction rate constant. This equation can be used to obtain Eq.
(3) (see Supplementary material) that correlates the mass loss
of the sample (described by «) at a temperature 7 (Bu et al.,
2016).

AR\ E,
In (f{e, 7)) = In <E) ~RT (3)

Linearization of f{(«,T) following an appropriate value of n
(1, 2, 3, ...) results in E, estimated from the plot slope. In this
work, the kinetic models of first (n = 1), second (n = 2) and
third (n = 3) orders were investigated. Overall, the models of
second and third orders do not represent the thermal degrada-
tion of the polymeric films due to the lower values of the coef-
ficient of determination (R?) obtained for these kinetic models
(data not shown). In contrast, thermal degradation processes
for the Cht/PVA and Cht/PVA-FeTMPyP films seem to follow
a global first-order reaction mechanism due to the higher R>
value (data not shown). The estimated values of E, for each
stage of thermal degradation are listed in Table S1.

Overall, the Cht/PVA-FeTMPyP film exhibited lower val-
ues of E, for all thermal degradation stages when compared
to the Cht/PVA film confirming that the porphyrin impairs
the thermal stability of the polymeric matrix (Table S1).
Metalloporphyrins plays a catalytic role in the thermal degra-
dation of polymer-based materials due to the capacity of the
metalloporphyrin to enhance the formation of radical species.
Then, since the depolymerization reaction of polymeric mate-
rials is based on the formation and action of radical species
until the complete oxidation, the presence of the metallopor-
phyrins increases the presence and activity of these species into
the polymeric matrix. As a result, the entire degradation pro-
cess of the hybrid film is facilitated (Huang et al., 2017;
Nichols et al., 2018), Moreover, since the first-order mecha-
nism was the model that better fitted the experimental data,
it could be inferred that the generation of radical species in
the film during its thermal degradation is fast due to the catal-
ysis ascribed to by the immobilized FeTMPyP (Moussout
et al., 2016).

SEM images taken of the Cht/PVA and Cht/PVA-
FeTMPyP films were used to examine their morphology. The
surface of the Cht/PVA film (Fig. S3a) exhibited a smooth
and homogenous morphology, which indicates that there is
not a phase separation in the film due to the compatibility
between the Cht and PVA. Similarly, the SEM image
(Fig. S3b), taken from the surface of Cht/PVA-FeTMPyP film,
suggests that the hybrid film is also homogeneous. The immo-
bilization of the porphyrin in the polymeric matrix did not
promote noticeable changes in the morphology of the film sur-
face. It is worth mentioning that the presence of iron on the
Cht/PVA-FeTMPyP film surface was confirmed by EDX ele-
mental analysis (Fig. S3b). The overall picture that emerges
from these data suggests that the porphyrin is homogeneously
distributed through the polymeric matrix. Also, it does not
harm the compatibility between the polymers (i.e., Cht and
PVA). The data collected from the previous analysis suggested
that FeTMPyP interacts with the polymers chains, mainly by
H-bonds, which may enhance its dispersion through the mate-
rial (de Souza et al., 2017). It should be mentioned that the
presence of some marks on the surface of the Cht/PVA-
FeTMPyP film is due to slots in the Petri dish utilized as mold.

AFM microscopy was also used to evaluate Cht/PVA and
Cht/PVA-FeTMPyP films. This technique provides much
more accurate information on the topographic roughness
and other surface properties of the samples. AFM images of
Cht/PVA and Cht/PVA-FeTMPyP films are shown in Fig. 2.
This highly sensitive imaging technique with atomic resolution
allowed us to observe that the Cht/PVA-FeTMPyP film pre-
sented a much more complex surface than the Cht/PVA film.
Although the average roughness (R,) for both samples is
roughly very similar, the fractal dimensions (D) have signifi-
cant differences. For Cht/PVA film the parameters calculated
were R, = 6.285 and D = 2.214. On the other hand, for
Cht/PVA-FeTMPyP film, the AFM images resulted in a
R, = 6.638 and D = 2.262. Both parameters are related with
the heterogeneity and irregularity of the sample (Singh et al.,
2016), but the fractal dimension, which is a measurement
how complex the surface is, when increased by only 10%,
can decrease surface stiffness by more than one order of mag-
nitude and can affect many other mechanical properties and
modify the area of contact at interfaces (Buzio et al., 2003).
As demonstrated by FTIR and TGA analyses, the immobilized
porphyrin interacts with the functional groups available in the
polymer matrix. Such interactions could promote the forma-
tion of FeTMPyP bonded centers with the Cht and PVA
chains. These centers must form irregular structures through
the polymeric matrix, thereby increasing the irregularity of
the film surface (Yivlialin et al., 2017). Finally, the electric
force images that are presented with the AFM topography
scans show that the Cht/PVA-FeTMPyP film has abundant
negative domains dispersed along its surface.

The swelling ability of solid supports embedded with metal
species plays a key role in catalytic reactions performed in
water. Swellable catalysts assure the access for the reactants
to the metal species enhancing the reaction efficiency. Herein,
swelling experiments were performed to investigate the liquid
uptake capacity of the Cht/PVA and Cht/PVA-FeTMPyP films
under different pH conditions. The collected data are presented
and discussed in the Supplementary material section (Fig. S5).

3.2. Dye decolorization

Fenton process is among the most representative and efficient
AOP techniques, which makes use of Fe(II) (classic Fenton
reaction) or Fe(III) (Fenton-like reaction) ions. Overall, these
ions catalyze the decomposition of H,O,, resulting in different
radical species (Eqs. (4)-(7)) that decolorize and degrade
organic compounds, such as azo dyes, due to their oxidative
ability (Huang et al., 2013). From a practical viewpoint, some
studies have indicated that the H,O, decomposition rate is
usually slower for reactions catalyzed by Fe(IIl) ions as com-
pared to Fe(II) ions, which may affect the efficiency of the oxi-
dation reactions. This discrepancy regarding the H,O,
decomposition rate is caused by an additional step in the
Fenton-like processes related to the gradual conversion of

the Fe(III) to Fe(Il) ions (Eqgs. (6) and (7)).
Fe(Il) + H,O, — Fe(Ill) + ‘OH + OH~ &k = 76 L/mol s

4)

Fe(Ill) + H,0, = [Fe(I)(O,H)** + H* K, =3.1x 1073
()
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Fig. 2 Topography and electric force images obtained by AFM on Cht/PVA and Cht/PVA-FeTMPyP films. The topography linescans

are presented at the bottom.

[Fe(I)(O,H)** —Fe(l) + O.H k = 2.7 x 1073 L/mol s
(6)

Fe(Ill) + -O,H — Fe(I) + H* + 0, k = 1.0 x 10° L/mols
(7)

To overcome this discrepancy associated with the efficiency
of Fe(I1II) ions, porphyrins have been used as organic chelating
ligands. These ligands are capable of chelate the Fe(III) ions
accelerating their conversion to Fe(II) ions in the presence of
H,0,, which enhances the efficiency of the Fenton-like pro-
cesses. Since the overall Fenton reaction is cyclic, the Fe(III)

ions are regenerated at the end of the reaction (Wei et al.,
2019). Despite the benefits of using porphyrins, in practical sit-
uations, they may dissolve in the treated water hampering their
recovery and recyclability. Then, in this study, the porphyrin
was immobilized into the Cht/PVA matrix, resulting in a
hybrid material.

The catalytic activities of the immobilized FeTMPyP and
the “free” FeTMPyP in the decolorization of MO and MR
azo dyes were investigated under similar experimental condi-
tions. These experiments were conducted using the Cht/PVA-
FeTMPyP film (60 mg, which contains 60 pg of porphyrin)
or “free” FeTMPyP (60 pg) as catalysts. According to the
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results depicted in Fig. 3, it is notorious that the hybrid film
had higher catalytic efficiency than the “free” FeTMPyP to
decolorize both azo dyes. As assessed, the maximum decol-
orization rates of MO and MR by “free” FeTMPyP catalyzed
reactions were 70% and 68%, respectively. On the other hand,
the reactions conducted in the presence of Cht/PVA-
FeTMPyP film achieved a decolorization rate of 100% and
92% for MO and MR. For comparison, decolorization reac-
tions of MO and MR were conducted using the Cht/PVA film
as the catalyst. In these cases, no decolorization was observed,
suggesting that FeTMPyP has a crucial role in these processes.
These experiments allow to conclude that (i) the decolorization
of both the azo dyes only happens in the presence of both
FeTMPyP and H>O,, and (ii) the polymeric matrix plays a
leading role in the decolorization process since it enhances
the catalytic efficiency of the metalloporphyrin, which agrees
with previous studies (Chen et al., 2019; Wang et al. 2014a,b;
Wei et al., 2019).

There is a clear improvement regarding the dye decoloriza-
tion efficiency by using the Cht/PVA-FeTMPyP film as the
catalyst, even under the milder conditions used here. Shao
et al. (2010) reported the use of a hybrid system consisting of
Fe(I1I) tetra-phenylporphyrin (FeTPP) immobilized in electro-
spun polystyrene (PS) nanofibers mat to the photocatalysis the
decolorization of MO. According to the authors, the maxi-
mum decolorization rate was 97.8% after 3h of reaction.
However, this decolorization efficiency was only achieved after
the introduction of TiO, into the nanofiber mat. Also, the
amount of H»O, utilized was 10-folds higher than the amount
used in this study. The use of other tetrapyrrole-based macro-
cyclics immobilized in solid supports has also been investigated
for the catalytic (or photocatalytic) decolorization of organic
dyes (Ahmed et al., 2017; Li et al., 2018). Comparatively, harsh
reaction conditions are utilized as well as more onerous pro-
cesses are required, which highlights the applicability and effi-
ciency of the Cht/PVA-FeTMPyP film.

The degradation of organic pollutants by the Fenton or
Fenton-like reactions is exceptionally efficient, but the mecha-
nisms of these reactions are not fully understood. In particular,
the identity of the active intermediates responsible for the oxi-
dation of the organic dye has long been debated (Wang et al.,
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2017a,b). Recently, some studies reported the presence of Fe
(IV) (ferryl) ions species in the reaction medium, besides the
mentioned oxygen-based radicals, which also could promote
the oxidation of organic molecules (Li et al., 2018). The Fe
(IV) ions are mainly formed due to the formation of a complex
involving the Fe(Il) ions and the H,O, (Eq. (8)), which is sub-
sequently decomposed by a two-electron transfer mechanism
generating the Fe(IV) species (Eq. (9)) (Lu et al., 2018). More-
over, the ferryl ions are shorter-lived species and considering
an electron-rich environment around the metal ion, as in
Cht/PVA-FeTMPyP, provided by the porphyrin structure
and the functional groups of the matrix, these iron species
are in lower quantity and are not the main oxidant species.
Thus, although different oxidants are generated from the
H,0, cleavage (e.g., "OH, "O,H, "O,, and Fe(1V)), the "OH rad-
icals are still the most reactive species generated by the Fenton
and Fenton-like reactions (Lu et al., 2018).

Fe(Il) + H,0, — [Fe(I(H,0,)P** (®)

[Fe(H,0,)] — [Fe(IV)OP* + H,O (9)

In summary, the decolorization process based on the
Fenton-like reaction could be resumed as a global two-step’s
reaction (Egs. (10) and (11)) (Chen et al., 2019). Firstly, the
H»0, is converted to a radical species (which were generically
denoted as "R) by its active contact with the iron ion. Then,
from this active contact, radical species are generated, whereas
the "OH radicals are the most reactive of all oxidants produced.
Thus, taking that on account, the *OH radicals can promote
the oxidation and decolorization/degradation of organic pollu-
tants, such as the azo dyes (Ahmed et al., 2016). Moreover, in
heterogeneous Fenton-like reactions, the "OH radicals are
commonly generated on the catalyst surface, and the decol-
orization process is a surface-mediated process. Considering
this, the adsorption of the organic molecule on the catalyst sur-
face is crucial to its decolorization process (Chen et al., 2019).

Fenton — R (10)

Dye + *OH — Products (11)
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Fig. 3  Catalytic decolorization of (a) MO and (b) MR solutions using “free” FeTMPyP, Cht/PVA film or Cht/PVA-FeTMPyP film
(Dye concentration 1 ppm, H,O, concentration 1 mmol/L, room temperature, volume 25 mL, pH 7 and stirring 100 rpm).
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As mentioned, the Cht/PVA-FeTMPyP film possesses sev-
eral functional groups (e.g., amine and hydroxyl groups) dis-
tributed along with its matrix, allowing the interaction with
the azo dye molecules in solution. This interaction enables
the approximation and adsorption of the dye molecules on
the film surface. Here, the concentration of MO and MR near
the active sites is enhanced, and these “hold” organic mole-
cules are rapidly oxidized by the *OH radicals, which are gen-
erated from the catalytic cleavage of H,O, in the direct
neighborhood (Saltarelli et al., 2019). In contrast, without
the active polymeric matrix, the H,O, molecules must collide
randomly with the FeTMPyP in solution to enable their active
contact, and the "OH radicals are produced. Subsequently, the
organic molecules in the solution bulk could be degraded by
these oxidant radical species. However, this homogenous pro-
cess is susceptible to some limitations that could restrict the
conversion of the hydrogen peroxide to “*OH radicals impairing
the degradation process (Wang et al., 2019).

Indeed, one of the most critical aspects of homogeneous
catalysis, considering the use of “free” FeTMPyP, besides a
high dispersion and homogeneity, is the stability of the catalyst
in the reaction medium. Metalloporphyrins are organic mole-
cules sensitive to reactive oxygen species, and they could be
degraded under strong oxidative conditions (Castro et al.,
2019). This degradation process consumes "OH radicals and
decreases the availability of FeTMPyP in the reaction medium.
These drawbacks affect the generation of "OH radicals, and
hence, the decolorization of the azo dyes is impaired (Lexa
et al., 1985). In contrast, the immobilization of the porphyrin
into the polymeric matrix enhances its stability while keeps its
reactivity (Heydari-Turkmani et al., 2017; Nasrollahi et al.,
2019). All these aspects could explain the higher decolorization
efficiency presented by the reactions catalyzed by the Cht/
PVA-FeTMPyP film as compared to the “free” FeTMPyP.

Moreover, it should be mentioned that the Fenton-like pro-
cess is susceptible to reaction conditions. Then, the effect of
pH, initial dye concentration, H,O, concentration, and cata-
lyst dosage on the decolorization of MO and MR using the
Cht/PVA-FeTMPyP film as catalyst was investigated in detail.

3.2.1. Effect of pH

Batch experiments were conducted under different pH condi-
tions to understand the effect of the initial pH on the decol-
orization of MO and MR. The results are shown in Fig. 4.
According to these experiments, it seems that the decoloriza-
tion of MO and MR is faster under pH conditions higher than
3. Indeed, the decolorization rate of MO achieved 81% and
84% at pH 5 and pH 7 just before 30 min of reaction. Con-
versely, at pH 3, the decolorization rate of MO was only
75% after this same time interval. Despite this, after 90 min,
100% of the MO solution was decolorized in all tested pH con-
ditions. For the MR, a similar trend was observed (Fig. 4b). At
pH 5 and pH 7, after 120 min of reaction, >90% of the MR
solution was decolorized, while, at pH 3, the decolorization
rate was only 73%. From this experiment, it is evident that
the decolorization processes of MO and MR exhibit discrepan-
cies regarding their kinetics, and, in both cases, neutral pH
conditions seem to be more efficient than acidic conditions.
This last finding contrasts with other previously reported data
for the decolorization of azo dyes using the Fenton-like reac-
tion (Yan et al, 2019); meanwhile, it agrees with others
(Chen et al., 2019; Huang et al., 2013). In general, the homoge-
nous Fenton-like reaction is efficient only at acid condition,
whereas the pH 3 is reported as the better pH condition that
provides a higher decolorization efficiency for azo dye solu-
tions (Arshadi et al., 2016). In contrast, the heterogeneous
Fenton-like reaction could be applied to a broader pH range
and still maintain a high decolorization efficiency (Huang
et al., 2013).

Although the exact mechanism of the Fenton-like reaction
is still a matter of debate, its efficiency is clearly related to the
oxidative power of "OH radicals. However, during the catalytic
cleave of the H,0,, other radical species are also generated.
These species possess a crucial effect in the Fe(I11)/Fe(II) cycle
that naturally occurs in the Fenton-like reaction. This cycle is
mainly affected by the hydroperoxyl ("O,H) and superoxyl
(‘O,) radicals (Bu et al., 2016). Therefore, the faster and
enhanced decolorization of the azo dyes solutions at
higher pH conditions can be explained considering the role
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Fig. 4 Effect of pH on decolorization rate of (a) MO and (b) MR using the Cht/PVA-FeTMPyP film (Catalyst dosage 60 mg, dye
concentration 1 ppm, H,O, concentration 1 mmol/L, room temperature, volume 25 mL and stirring 100 rpm).
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of the "O,H/"O, on the Fe(IIIl)/Fe(Il), which is summarized by
the Egs. (12)—(16) (Huang et al., 2013). In these equations, the
organic ligands of the iron porphyrin were omitted to simplify
the explanation (Huang et al., 2013).

[Fe(ID]* + O,H — [Fe(III)(O,H)* &k = 1.2 x 10° L/mol s

(12)

[Fe(IDP** + -0, + H,0 — [Fe(II(O,H)P* + OH™ & = 1.0 x 10’ L/mol s

(13)

Fe(Ill) + -O,H — Fe(I) + O, + H* k< 1.0 x 103 L/mols

(14)
Fe(Ill) + ‘O, — Fe(l) + O, k = 5.0 x 107 L/mol s

(15)
‘O,H = H* + 0, pK, = 4.88 (16)

The Egs. (12)-(16) shown that both *O,H and "O, are essen-
tial for the cyclic conversion involving the Fe(III) and Fe(II)
ions. Thereby, according to these set of equations, at
pH < 4.88, the "O,H radical exists in excess (Eq. (16)) and,
as a result, the equilibrium shifts to the formation of Fe(III)
(Eq. (13)) rather than to Fe(II), (Eq. (14)) since the conversion
for the ferrous ions is faster (see the described kinetic constants
for these reactions). At higher pH conditions (pH > 4.88), the
‘O, H radicals are easily decomposed to "O, radicals, as demon-
strated by Eq. (16). In the presence of an excess of "O,, the
equilibrium is displaced to the formation of Fe(I) (Egs. (13)
and (15)). Then, the conversion of Fe(IIl) to Fe(Il) by the
‘O, radicals (Eq. (15)) is the rate-limiting step at a higher pH
condition (pH > 5). Thus, the pH plays a crucial role in the
Fe(IIT)/Fe(II) cycle and could accelerate the reduction of Fe
(ITT) to Fe(Il) and enhance its half-life in the reaction. As a
result, more "OH radicals are generated, and a higher number
of azo dyes molecules can be decolorized (Huang et al., 2013).
Further, the expansion of the polymeric matrix is limited under
neutral pH conditions, and the generation of *OH radicals is
restricted on the Cht/PVA-FeTMPyP film surface, which
increases and facilitates their contact with the dye molecules.
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On the other hand, at pH 3 the polymeric matrix can expand
due to the cation-cation repulsion forces between the proto-
nated amine and hydroxyl groups, and the FeTMPyP could
be release and degraded by the strong oxidative species in
the reaction medium. Hence, the decolorization process of
the azo dyes it would inevitably be hampered. After these
experiments, the film samples were recovered and analyzed
by UV-Vis measurements (Figs. S6 and S7). In fact, the
post-utilized samples still possess the characteristic absorption
band of FeTMPyP, which indicates the stability of the immo-
bilized porphyrin even after the experiments. It is worth men-
tioning that these samples still maintained their weight, color,
and did not become brittle after these reactions. Finally, con-
sidering these results, further Fenton-like reactions were per-
formed at pH 7.

3.2.2. Effect of initial MO and MR concentration

The decolorization of MO and MR solutions was also studied
by changing the initial concentration of the azo dyes while
maintaining other experimental conditions invariable. The
results are presented in Fig. 5a and 5b. Overall, it seems that
the decolorization process is favorable at lower dye concentra-
tions for both azo dyes tested. For the MO, the decolorization
rate at 1 ppm of MO increased quickly and achieved 90%
before 40 min of reaction. At this same time interval, an
increase of MO concentration to 10 ppm and 20 ppm reduced
the decolorization rate to 84% and 79%, respectively. After
120 min of reaction, >98% of the MO was degraded indepen-
dently of its initial concentration in solution. The decoloriza-
tion of the MR solution also presented this same trend,
although it was more pronounced. For the MR, after
120 min, the decolorization rate achieved 92%, 85%, and
81% at the initial MR concentrations of 1, 10, and 20 ppm,
respectively. Despite the high decolorization rates achieved at
high initial concentrations of both dyes (>80%), the decrease
of efficiency as compared to the lowest initial concentration
can be explained by the limited amount of "OH radicals in
the reaction medium compared to the number of dye mole-
cules, which increases considerably at high MO and MR con-
centrations ([Dye] > [‘OH]). Under these experimental
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Fig. 5 Effect of initial dye concentration on decolorization rate of (a) MO and (b) MR using the Cht/PVA-FeTMPyP film (Catalyst
dosage 60 mg, H,O, concentration 1 mmol/L, room temperature, volume 25 mL, pH 7 and stirring 100 rpm).
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Fig. 6  Effect of H>,O, concentration on decolorization rate of (a) MO and (b) MR using the Cht/PVA-FeTMPyP film (Catalyst dosage
60 mg, dye concentration 1 ppm, room temperature, volume 25 mL, pH 7 and stirring 100 rpm).

insufficient to promote a fast decolorization of the dye mole-
cules (Nasrollahi et al., 2019).

3.2.3. Effect of H>O; concentration

The effect of H,O, concentration on the decolorization of MO
and MR by the Fenton-like process is shown in Fig. 6. Accord-
ing to the experimental results, it was observed that the decol-
orization of both azo dyes is more efficient at low H,O,
concentrations (1 and 5 mmol/L). In parallel, the decoloriza-
tion of the MO and MR solutions showed to be less effective
when a high H,O, concentration (10 mmol/L) is utilized. This
effect seems to be more evident for the MO decolorization pro-
cess, where only 55% of MO was decolorized after 120 min of
reaction when the H,O, concentration was set to 10 mmol/L
(Fig. 6a). On the other hand, low H,O, concentrations (<5
mmol/L) assured a complete decolorization of the MO solu-
tion at the end of the experiment. Accordingly to the results
shown in Fig. 6b, changes in the H,O, concentration caused
a slight variation in the MR decolorization process. Anyway,
MR solution as faster decolorized at the lowest H,O, concen-
tration (I mmol/L). Usually, a scavenging effect toward the
‘OH radicals generated during the Fenton reaction occurs
when high H,O, concentrations are utilized. As a result,
"O,H radicals are generated in the reaction media (Eq. (17)).
The "O,H radicals exhibit an attenuated oxidative ability and
can also scavenge the "OH radicals (Eq. (18)) (Ahmed et al.,
2016; Huang et al., 2013). In general, these harmfully side reac-
tions decrease the amount of "OH radicals that could attack
the dyes molecules and, consequently, the decolorization pro-
cess is harmed. Additionally, solid-state UV-Vis measure-
ments performed with the post-utilized film samples showed
that the immobilized FeTMPyP was not degraded by the
strong oxidative medium (Figs. S8 and S9). These results con-
firm the stability of the immobilized porphyrin likely due to its
interaction with the polymeric matrix.

H202 + *OH — H20 + 02H (17)

Considering that the decolorization of both azo dye solu-
tions using 1 mmol/L of H,0O, was efficient, this concentration
was set as the optimum concentration for the Fenton-like
process.

3.2.4. Effect of catalyst dosage

The decolorization of azo dye solutions by Fenton-like pro-
cesses is also dependent on the catalyst dosage. Thus, the effect
of the catalyst dosage on the decolorization of MO and MR
was investigated by varying the mass of the Cht/PVA-
FeTMPyP film. Herein, three different catalysts masses were
tested; 60, 80, and 100 mg. In these samples, the amount of
FeTMPyP immobilized in each one represents 0.1 w/w-% of
the total mass. The data collected from these sets of experi-
ments are shown in Fig. 7. In general lines, the decolorization
kinetics of the MO solution increased when the catalyst dosage
increased from 60 to 100 mg (Fig. 7a). However, after 90 min
of reaction, 100% of the MO solution was decolorized inde-
pendently of the catalyst dosage. The increment in the decol-
orization kinetics noticed for the reactions conducted with
high catalyst dosages can be associated with the increase of
active sites on the film surface, which generates more "OH rad-
icals. Consequently, the higher availability of radicals speeds
out the decolorization of the MO solution (Ahmed et al.,
2016). Conversely, the effect of the catalyst dosage on the
decolorization of the MR solution was negligible until the first
60 min of reaction (Fig. 7b). After this while, the decoloriza-
tion rate increased as decreased catalyst dosage. At the end
of the experiment, the decolorization rate achieved 92%,
88%, and 84% using 60 mg, 80 mg, and 100 mg of the catalyst.
To note, the decolorization rate remains constant for all tested
catalyst dosages after 90 min of reaction, which indicates that
the overall decolorization process ceased.

This discrepant behavior presented by the MR, in compar-
ison with the MO, is not usual since the unique difference
between the performed decolorization systems is the dye used.
Moreover, the only molecular distinction between MR and
MO is the presence of a carboxyl group instead of a sulfonate
group. According to the literature, the MR molecule is more
resistant to oxidative action and, thereby, its decolorization
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Effect of catalyst dosage on decolorization rate of (a) MO and (b) MR using the Cht/PVA-FeTMPyP film (Dye concentration

1 ppm, H,O, concentration 1 mmol/L, room temperature, volume 25 mL, pH 7 and stirring 100 rpm).

by the Fenton-like processes is harder than the MO (Rufus and
Philip, 2016). Besides that, the increase of the catalyst dosage
(sample mass) also affects the mass transfer rates of H,O,
and MR in the solution bulk that could lead to a decrease in
the decolorization efficiency (Fang et al., 2017). Such behavior
became extremely important, considering that the MO pos-
sesses a higher solubility in water than the MR (Cardona
and Magri, 2014). Therefore, the neighborhood iron sites scav-
enge the surface-generated "OH radicals due to the lack of
adsorbed MR molecules on the film surface (Liang et al.,
2012). Thus, the increasing of the catalyst dosage affects neg-
atively the decolorization of MR, which is coherent with our
experimental results. In contrast, the higher solubility of MO
enhances its adsorption on the film surface, favoring the attack
the "OH radicals. Therefore, the increase in the catalyst dosage
enhances the decolorization of the MO solution.

Another experimental finding that should be highlighted
here is related to the amount of Fe(III) ions used to decolorize
the MO or MR solutions under these experimental conditions.
As assessed, high decolorization rates were achieved using
60 mg of the hybrid film, which was embedded with 60 ng of
FeTMPyP. More specifically, 60 mg of the hybrid film con-
tains ~ 3.7 pg of Fe(IIl) ions, which is a meager amount when
compared to other catalysts used in Fenton-like reactions.
These results highlight the viability and employability of this
new hybrid film in practical wastewater contaminated by azo
dyes.

3.3. Kinetics of decolorization

Further experiments on the decolorization of MO and MR by
the heterogeneous Fenton-like system were investigated in
detail considering the tested variables (i.e., initial dye concen-
tration, H,O, concentration, and catalyst dosage).

The decolorization of azo dye solutions by the Fenton-like
reaction is a complex process; therefore, it is convenient to
assume some mechanistic simplifications, mainly regarding
the active oxidative species responsible for the degradation
and decolorization process. As aforementioned, the “OH radi-
cals are often considered as the most reactive oxidant species
produced by the Fenton-like reaction. Thus, to the kinetic

investigation, it was assumed that the decolorization of MO
and MR follows an ‘OH-mediated mechanism exclusively, as
other studies also did (Lu et al., 2018; Wang et al., 2017a,b).

According to this mechanism, the *OH radicals are pro-
duced by the reaction between the H>O, and the catalyst. After
that, these radicals attack and degrade the dye molecules (Egs.
(17) and (18)). Then, the rate generation of "OH is directly
related to the catalytic efficiency of the Fenton-like catalyst.
In this case, the decolorization of azo dyes solutions is also a
surface-mediated process and, thereby, the azo dye adsorption
on the catalyst surface is crucial to a high decolorization effi-
ciency. In this sense, the Langmuir-Hinshelwood mechanism
is applicable to describe this process since it assumes that the
reaction among the "OH radicals generated on the surface of
the catalyst takes place with dye molecules adsorbed on the
catalyst surface (Liang et al., 2012). In general, this mechanism
is typically fitted by a second-order equation (Eq. (19)) since it
depends on the amount of azo dye adsorbed ([Dye,,]) and "OH
radicals’ concentration ([[OH]) on the catalyst (Liang et al.,
2012). Assuming instantaneous adsorption of azo dyes mole-
cules and a steady-state approximation with respect to "OH
radicals, since these radicals are in excess in the medium, the
decolorization process can be simplified to the pseudo-first-
order equation, which is often described as Eq. (20)
(Quadrado and Fajardo, 2017).

a;A
dt

A
In (j{’) = kyppt (20)

Eq. (20) is the linearized form of the pseudo-first-order
kinetics, where 4, and A, are the absorbance of azo dyes solu-
tions at the initial time (+ = 0) and reaction time (¢ # 0), k,,
(1/min) is the pseudo-first-order apparent rate constant, and
¢ (min) is the time. The k,,, constant can be calculated from
the slope of the linear plot of In(4,/4,) as a function of ¢
(Figs. S5-S7). The calculated k,,, values, as well as the deter-
mination parameters (R?) and the half-time (t7/2) values for
the decolorization of MO and MR at different experimental
conditions, are reported in Table S2. It is worth to inform

= —k[Dye,q)[ OH| (19)
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that zero-order and pseudo-second-order kinetics were also
investigated (Ali et al., 2013). Such models presented lower
R? values for both azo dyes in all tested conditions (data not
shown), indicating that they were not adequate to explain
the experimental data.

The decolorization of both MO and MR solutions by the
Fenton-like process using the Cht/PVA-FeTMPyP as catalyst
was fitted by the pseudo-first-order kinetic model
(R? > 0.97) (see Table S2). The adequacy of the pseudo-
first-order model to the experimental data seems to be a rea-
sonable find. As it was extensively discussed before, in our
experimental conditions, the "OH radicals are in excess, espe-
cially in the catalyst surface, due to the equilibrium rebalance
reached in neutral to alkaline pH (see Section 3.2.1). Thus, it is
possible to consider that the ['OH] is practically invariant dur-
ing the decolorization reaction of the MO and MR. Such infer-
ence is supported by the fast-kinetic degradation rate that
happens in a single kinetic stage (Figs. S10-S12). This one-
stage kinetics is related to a quick generation of "OH radicals
on the catalyst surface during the whole decolorization process
(Liang et al., 2012). Moreover, it also means efficient adsorp-
tion of the azo dyes molecules on the catalyst surface (Liang
et al., 2012). These finds indicate that the Langmuir-
Hinshelwood mechanism takes place in the decolorization of
MO and MR by the Fenton-like reaction catalyzed by the
Cht/PVA-FeTMPyP film.

The hybrid film developed in this study showed k,,, con-
stants comparable to or better than other similar catalysts
based on stabilized iron ions. Table 1 displays a comparative
chart of the decolorization efficiency of MO and MR using dif-
ferent Fenton and Fenton-like catalysts. As noticed, the Cht/
PVA-FeTMPyP film showed a high decolorization efficiency
towards the decolorization of both azo dyes, even using low
amounts of H>O, (1 mmol/L), catalyst (60 mg) and mild exper-
imental conditions (pH ~ 7 and room temperature). All these

features rank the Cht/PVA-FeTMPyP film as a promising
material for practical uses.

3.4. Decolorization process mechanism

Considering all the previously discussed aspects of the decol-
orization of the MO and MR solutions and the role of each
component of both systems, the Fig. 8§ summarizes a simple
proposed mechanism for the decolorization process
(Kakavandi and Babaei, 2016). In summary, the "OH radicals,
generated on the catalyst surface due to the catalytic cleave of
H,0, by the immobilized FeTMPyP, attack the adsorbed dyes
molecules in the direct vicinity of the active sites. These "OH
radicals promote the structural degradation of MO and MR
molecules by attacking their azo bonds (—N=—=N—) that are
closely related to the color characteristic in solution. So, the
decolorization of an azo dye solution indicates the structural
degradation of dye molecules to the simplest compounds
(Kakavandi and Babaei, 2016).

The by-products generated from the decolorization reac-
tions were isolated from the reaction media and analyzed by
FTIR and GC-MS. The obtained data are presented and dis-
cussed in the Supplementary material file (Figs. S14 and S15).

3.5. Reusability

The reusability of the Cht/PVA-FeTMPyP film as the catalyst
in the MO and MR decolorization reaction was investigated in
consecutive runs using a unique film sample. Overall, the cat-
alytic efficiency of the hybrid film is maintained for at least five
consecutive decolorization reactions, as shown in Fig. 9. Over-
all, the decolorization rates remained higher than 95% for
both MO and MR solutions (see Fig. 9). Also, SEM images
(Fig. S17) taken from the post-utilized Cht/PVA-FeTMPyP
films utilized in the decolorization of MO and MR revealed

Table 1 Efficiency of different Fenton and Fenton-like catalysts on the decolorization of MO and MR under optimal conditions.
Catalyst Dye Dye conc. pH H,O, conc. Reaction time Decolorization Ref.
(ppm) (mol/L) (min) efficiency

Alginate-Fe? " MO 20 3 1x107° 30 98% (Quadrado and Fajardo,
2017)

Alginate-Fe** MO 20 3 1x107° 30 98% (Quadrado and Fajardo,
2017)

Mesoporous Fe;O3- MO 600 293 25.1 20 90% (Panda et al., 2011)

Si0,

Steel industry waste MO 20 2 34 %1072 30 98% (Ali et al., 2013)

Fe,GeS, nanoparticles MO 20 7 50 x 1073 10 100% (Shi et al., 2018)

Si/Al@Fe/MWCNT MO 5 4 30 6 89% (Arshadi et al., 2016)

Fe,MnO, activated MO 50 4 18 x 1073 120 100% (Thi, et al., 2011)

carbon

Fe;0,4 nanoparticles MO 20 2 0.64 20 99% (Jia et al., 2019)

“free” FeTMPyP MO 10 7 1x10°3 120 70% this work

Cht/PVA-FeTMPyP MO 10 7 1x1073 90 100% this work

Fenton’s reagent MR 135 <2 1 2 42% (Ashraf et al., 2006)

Hydroxysulphate green MR 3 7 1x 1072 60 100% (Kone et al., 2009)

rust

Fe;04 nanoparticles MR 50 7 1 x 107! 60 50% (Solomon et al., 2012)

“free” FeTMPyP MR 10 7 1x107° 120 68% this work

Cht/PVA-FeTMPyP MR 10 7 1x107? 90 100% this work
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Fig. 9 Efficiency of Cht/PVA-FeTMPyP film on consecutive
MO and MR decolorization reactions (Catalyst dosage 60 mg, dye
concentration 1 ppm, H,O, concentration 1 mmol/L, room tem-
perature, volume 25 mL, reaction time 90 min, pH 7 and stirring
100 rpm).

slight changes on the surfaces of the catalysts after the reuse
cycles. In addition, the film sample showed a negligible mass
loss after the reuse cycles (~0.05%, considering the initial
and the final mass of the sample at the end of the experiments),
and did not become brittle, indicating high film stability.

Stabilized FeTMPyP

Cht/PVA matrix

Illustrative scheme of the azo dye degradation catalyzed by Cht/PVA-FeTMPyP film.

EDX and solid-state UV-Vis analyses of the post-utilized
catalysts indicate that the amounts of FeTMPyP leached after
the consecutive decolorization reactions are negligible
(Figs. S18 and S19). The maintenance of the decolorization
efficiency and the overall stability of the Cht/PVA-Fe(III) film
allow indicates that it is a promising material to act as a
heterogeneous catalyst in Fenton-like reactions. It should also
be highlighted the easy handling of this hybrid film, which can
be added and recovery from the reaction medium with tweez-
ers, which stands out that neither sophisticated methods or
onerous process (e.g., filtration, magnetic recovery, centrifuga-
tion, among others) are needed.

4. Conclusions

Cationic Fe(IlI)-porphyrin (FeTMPyP) was efficiently immo-
bilized in a chitosan/poly(vinyl alcohol) (Cht/PVA) polymeric
matrix resulting in a hybrid material, which was tested as a cat-
alyst in heterogeneous Fenton-like reaction for decolorization
of two selected azo dyes (methyl orange, MO, and methyl red,
MR) in water. Data collected from characterization analysis
revealed that the porphyrin affected the final properties of
the hybrid film as compared to the pristine film likely due to
the interaction between the porphyrin and the polymeric
matrix. Such interaction is beneficial to the immobilization
and promotes a good dispersion of the porphyrin through
the film. Batch experiments indicated that the immobilization
of the FeTMPyP in the Cht/PVA film enhances its catalytic
activity towards the decolorization of both azo dyes in the
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presence of H,O,. Furthermore, both MO and MR solutions
were decolorized quickly by heterogeneous Fenton-like reac-
tions using low amounts of the catalyst and H,O,. Also, mild
experimental conditions (pH 7 and room temperature) were
utilized, which is an advantage as compared to other similar
studies reported in the literature. As assessed, the decoloriza-
tion processes followed pseudo-first-order kinetics, while their
mechanism can be explained based on the Langmuir-
Hinshelwood model. Reuse experiments showed that the
Cht/PVA-FeTMPyP hybrid film keeps its catalytic activity
for at least 5 consecutive reaction runs without losing effi-
ciency or leach out the iron immobilized in its matrix.
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