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Abstract
The synthesis and application of heterogeneous solid catalysts in Fenton-type processes have been
shown to be a promising alternative for the removal of hazardous pollutants. In this context, the aim of
this study was to prepare and characterize a heterogeneous solid iron catalyst supported on zeolite Y for
the degradation of yellow food coloring tartrazine (TY). The catalyst was produced through humid ion
exchange and characterized by the physisorption of N2, XRD, SEM, TEM and EDX. The e�ciency of the
catalyst was evaluated through the degradation of tartrazine yellow dye in a batch regime, and the
in�uence of some of the main operational parameters was also evaluated. The characterizations
con�rmed the presence of iron on the surface of zeolite Y and the increase in the speci�c area and pore
volume after ion exchange. The catalyst used in the photo-Fenton system was extremely e�cient, with a
removal of approximately 98% in 120 min in the experimental conditions: [TY]0 = 10 mg/L, [H2O2]0 =200
g/L, Y-Fe dosage=1.5 g/L and pH= 3.0. It was possible to recover the catalyst and use it in �ve reuse
cycles, showing its stability and potential application of this catalyst in heterogeneous photo-Fenton
systems.

1. Introduction
Advanced oxidative processes (AOP) have recently emerged in the removal from toxic chemicals of
aqueous medium, due to their high e�ciency, versatility and simplicity, making them an appropriate
choice with great potential for application in contaminated wastewater treatment (Tekbaş et al. 2008).
These processes are based on the production of powerful reactive species, usually radial, which can
target and mineralize almost all oxidizable substances (Thomas et al. 2021).

Among the available technologies, the use of Fenton-type processes has been shown to be an innovative
and suitable treatment method for the removal of numerous dangerous pollutants (Rache et al. 2014) in
addition to being simple and relatively inexpensive, and it can also occur at low temperatures and
atmospheric pressure (Neamţu et al. 2004). The homogeneous Fenton and photo-Fenton processes occur
through the reaction between ferrous ions (Fe2+/Fe3+) and hydrogen peroxide, in the presence or absence
of UV radiation, respectively, for the production of highly oxidizing hydroxyl radicals (Duarte and Madeira
2010).

However, the main disadvantages of these processes are related to the formation of iron containing
sludge and/or the need for recovery of the iron catalyst after treatment (Tekbaş et al. 2008). To overcome
this problem, the synthesis and application of heterogeneous Fenton type solid catalysts has been shown
to be a promising and e�cient alternative. For that, iron ions are adsorbed on the surface of porous
materials, allowing the catalysts to react with hydrogen peroxide H2O2, generating hydroxyl radicals (·OH)
and preventing the loss of Fe species through precipitation in the reaction (Noorjahan et al. 2005).

In this sense, zeolites are considered as a support option for the preparation of heterogeneous Fenton-
type catalysts, due to their adsorption and ion-exchange characteristics. Iron-exchanged zeolites have
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been shown to be promising catalysts in pollutants oxidation by H2O2 with catalytic activities similar to
homogeneous iron ions (Neamţu et al. 2004; Amat et al. 2004; Noorjahan et al. 2005; Duarte and Madeira
2010; Rache et al. 2014). Among the available zeolites, zeolite Y has been widely used in the
petrochemical, �ne chemical and water treatment industries, due to its appreciable characteristics such
as high stability and activity. (Yang et al. 2019; Guo et al. 2019).

In this study, the photo-Fenton reaction was evaluated using UV-A radiation and a heterogeneous solid
iron catalyst supported on zeolite Y for degradation of the yellow food dye tartrazine (TY). The e�ciency
of the heterogeneous oxidation process was evaluated by examining the in�uence of some of the main
operating parameters, such as pH, H2O2, and catalyst reuse. The chosen contaminant was the TY dye, an
azo dye used by the food industry to promote the yellow color in products, and it has a complex aromatic
structure and stability, which characterizes it as a dangerous compound for the environment and
conventional biological treatment methods are ineffective for its degradation (Souza et al. 2021).

2. Experimental

2.1. Chemicals
Zeolite NaY was kindly provided by CENPES/PETROBRAS. Iron (II) sulfate heptahydrate (FeSO4.7H2O,
Sigma Aldrich, 98%). The food dye tartrazine was acquired from Sigma Aldrich and diluted in distilled
water to prepare the working solutions.

2.2. Preparation of the catalyst
In this study, a simple and low-cost ion exchange method was employed. 1 g of NaY-zeoilte was
suspended in 25 ml of 0.05 M FeSO4 and stirred magnetically for 6 h. The sample was �ltered, washed
with water and collected after �ltration. The material was dried in an oven at 100°C for 24 h. The �nal
product is zeolite Y exchanged with iron, which will be identi�ed as Y-Fe.

2.3. Characterization of samples
The Y-Fe catalyst was characterized through a textural analysis by N2 physisorption at 77 K performed in
a Micromeritics ASAP 2020C equipment. Powder X-ray diffraction (XRD, Shimadzu LabX 6000) using Cu-
Kα radiation source at 2θ range of 5 to 60º with a 0,02º stage (40 kv with a 30 mA current). The surface
morphologies of the samples were studied using a Shimadzu SS-550 scanning electron microscope
(SEM) connected to an energy dispersion spectrometer (EDX), Superscan SS-550, to verify the elemental
composition of the sample surfaces, selecting some regions.

2.4. Heterogeneous photo-Fenton oxidation of TY
It is known that the contaminant adsorption process on the catalyst surface plays an important role in its
degradation. For this reason, the contribution of this process was evaluated. To this end, the tests were
carried out in batch process with 250 ml of aqueous TY solution in contact with 0.37 g of zeolite Y or
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zeolite Y-Fe for comparison. After the desired contact time, the adsorbent was recovered from the dye
solution by �ltration and the concentration of TY remaining in the solution was measured using a UV-vis
spectrophotometer (DR-2700 Hach) at its maximum wavelength of 426 nm. The amount of TY adsorbed
per unit mass of the adsorbent at equilibrium (qt, mg/g) was calculated as follows:

qt =
C0−Ce .V

m

(1)

Where C0 and Ce are the initial and equilibrium TY concentrations (mg/L), respectively, V is volume of the
TY solution (L) and m is the mass of adsorbent (g).

Bleaching experiments were carried out in batch process on a system isolated from the external
environment by an aluminum metal box equipped with two side fans for internal cooling. This reaction
system consisted of a glass beaker, with a capacity of 500 ml, equipped with a magnetic stirrer, to
improve catalyst dispersion, and �ve tubular UVA lamps, measuring 26 mm×450 mm, wattage of 45 W,
and intensity luminous of 0.061 W m−2.

In each experiment, a concentration of 1.5 g/L of catalyst and solutions of 250 mL of TY diluted at 10
mg/L were used. The pH of the solution was adjusted to the desired value using HCl (0.1 M) or NaOH (0.1
M).

The percentage of process degradation was determined by ((Co-Ct)/Co)×100, where Co and Ct are the
initial and the freely dissolved TY concentration, respectively.

3. Results And Discussion

3.1. NaY and Y-Fe catalyst characterization
Table 1 shows the textural parameters of the material samples. According to the results, the NaY zeolite
used in this work has a total pore volume of 0.38 cm3 g−1 and a speci�c area of 724.76 m2 g−1, which
corroborates with the reported data of NaY surface area being generally amongst 400 to 1000 m2 g−1. It
is important to note that the speci�c area and pore volume of zeolite NaY increased after the ion
exchange process, this result is in agreement with other studies in the literature (Xiong et al. 2021; Ba
Mohammed et al. 2021).

 

( )
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Table 1
Texture parameters of samples obtained through N2 physisorption.

Sample Speci�c area [m2 g−1] Pore size [nm] Pore volume [cm3 g−1]

NaY 724.76 1.87 0.38

Y-Fe 840.56 1.93 0.45

The morphology of unexchanged and exchanged zeolites is shown in Fig. 1a and Fig. 1b. It can be noted
that the samples have clumps and irregular morphology of different sizes. It is observed that the ion
exchange of Na for Fe does not cause noticeable changes in the structure of the NaY zeolite. The TEM
image (Fig. 1c) reveals the deposition of iron particles on the surface of the zeolite.

The chemical composition of non-exchanged and exchanged zeolite was performed using the SEM/EDX
technique and its results are in Table 2. It is possible to observe that the presence of iron was not
detected in the non-exchanged zeolite sample. After the synthesis of the material by ion exchange, it was
noted a decrease in the Na content from 10.8–1.8% and the presence of iron content (7.6%), therefore
showing that the exchange of Na for Fe was effective. Furthermore, an increase in the O content from
61.4–68.3% can be seen, suggesting that most metals may be present in oxide form.

 
Table 2

Elemental composition of samples by EDX.
Sample O Si Na Al Fe

NaY 61.4 17.2 13.2 8.2 0

Y-Fe 68.3 15.6 1.8 6.7 7.6

The XDR patterns of exchanged and unexchanged zeolites are shown in Fig. 2a. XRD pro�les were
analyzed using X’Pert HighScore Plus software and compared to ICDD PDF2 database. PDF#00-043-
0168 indicates that the peaks of greater intensity at 2  = 6.23º, 15.64º and 23.63º correspond to zeolite Y
(Na). After ion exchange synthesis is performed, it is observed the occurrence of crystallinity loss in the
sample, which may be related to the charge effect on the ion exchange cation in the zeolitic structure
(Rache et al. 2014). The XRD pro�le of the exchanged zeolite shows peaks associated with iron oxide
structures (hematite Fe2O3) that are not identi�ed in the unexchanged zeolite. Three new peaks are
identi�ed according to PDF#00-001-1053 at 2  = 33.14º, 35.71º and 54.04º. The presence of these peaks,
even at a relatively low intensity, indicates that part of the exchanged iron was incorporated into the
zeolite crystal structure.

3.2. Adsorption process
From the adsorption experiments, in batch regime, it was possible to evaluate the adsorptive capacity of
the materials used in the removal of TY dye in aqueous medium. The results obtained at room
temperature are shown in Fig. 3. through the contact time (min) versus the adsorbed amount (mg g-1).



Page 6/16

When evaluating the results, it is possible to observe the behavior of the adsorption process, which can be
divided into two moments; the �rst refers to a more signi�cant adsorption of the dye up to approximately
75 min of adsorption, due to the greater availability of sites on the surface of the materials (Liu et al.
2021). After this �rst stage, the adsorption gradually weakened, leading the process to an equilibrium
state, because of the scarcity of adsorption sites and the excessively rare concentration of TY dye
molecules in the medium (Ba Mohammed et al. 2020). The maximum adsorbed amount of dye was from
1.04 to 1.51 mg g-1 using NaY and Y-Fe respectively. This small increase in adsorption is related to the
increase in the values of the textural parameters of zeolite Y, such as the speci�c area and pore volume,
promoted by the presence of iron on the material surface (Omri et al. 2020; Kang et al. 2021). This
increase in adsorption capacity is important for the e�ciency of advanced oxidative processes, such
because photo-Fenton, as it generates a synergistic effect between the processes already reported in the
literature (Zhao et al. 2020).

3.3. Decolorization process of TY dye in different systems
Figure 4 shows the TY dye decolorization e�ciency (%Removal) as a function of time (min) in each
system. Assessing the results of the reactions, it is possible to state that H2O2 alone was unable to
generate substantial discoloration of TY, about 13% after 120 min of reaction, which can be explained by
the low generation of oxidizing species, such as hydroxyl radicals, which are the main species
responsible for promoting the discoloration of the solution (Valéria da Fonseca Araujo et al. 2006; Omri et
al. 2020), this result corroborates with the study by Fragoso et al., 2009 (Fragoso et al. 2009), that
evaluated the degradation of C.I. Food Yellow 4 azo dyes by the oxidation with hydrogen peroxide. When
UV-A radiation was introduced into the system together with H2O2, the TY discoloration increased to
approximately 50% at the end of the reaction time. This increase was due to direct photolysis of H2O2 by
UV-A radiation, which promotes the generation of hydroxyl radicals from the decomposition of H2O2

during photochemical reactions (Hernández-Oloño et al. 2021). A similar result was observed for the
system formed by the solid catalyst Y-Fe and UV-A radiation that showed a dye discoloration of
approximately 46%. This result is associated with the optical property of iron, which has a band gap
energy value around 2.2 eV (Balu et al. 2019) that guarantees the ability to absorb light in the visible
region (>400 nm) and high catalytic activity, as expected (Kumar et al. 2013; Nezamzadeh-Ejhieh and
Shahriari 2014).

Regarding the process widely known as Fenton (Y-Fe + H2O2), it is possible to verify a signi�cant and
desirable e�ciency of about 80% discoloration after 120 min of reaction. This result is due to the success
of the Fenton oxidation reaction, in which the iron supported on the zeolite played the role of catalyst for
the catalytic decomposition of the H2O2 present in solution, promoting the generation of hydroxyl radicals
OH with high oxidative power (Tekbaş et al. 2008; Shin et al. 2021).

Finally, the heterogeneous photo-Fenton process (Y-Fe + H2O2 + UV-A) resulted in an extremely e�cient
decolorization, 80% within 30 min of process, and 98.34% after 120 min. In this system, the rapid
discoloration of the TY dye solution is a result of the formation of the photo-Fenton oxidative system,
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which promotes the oxidation of TY molecules, through the e�ciency of the species involved in the
process, as observed in previous systems. In this system, the formation of OH radicals is continuously
generated by the action of UV-A radiation, which helps in the dissociation of H2O2 and also promotes the
photolysis of iron ions, reducing the initial oxidation number, that reacts with H2O2, catalyzing the
formation of oxidizing species (Oancea and Meltzer 2013; Palas et al. 2017). The reactions results prove
that the solid catalyst, produced in this study, was e�cient in removing the yellow azo dye tartrazine and
showed to be adequate for the realization of the Fenton and photo-Fenton oxidative systems.

3.4. In�uence of H2O2 concentration
Hydrogen peroxide performs an important role in Fenton photo-type oxidation systems as an oxidizer and
main source of hydroxyl radicals (Palas et al. 2017; Dhawle et al. 2021). The effect of H2O2 concentration

on the TY dye removal process was evaluated using H2O2 concentrations between 100-400 mg L−1. The
results are shown in Fig. 5, where it is possible to see that, in general, the increase in H2O2 concentration
did not change the �nal result of TY discoloration; however, there was an increase in the speed of the
photo-Fenton reaction as can be seen in the �rst 15 min of the process. This can be explained by the
greater availability of hydroxyl radicals in the medium that potentiates TY discoloration, indicating that
the break of H2O2 through photolysis was completed during this period (Crittenden et al. 1999; Ramos et
al. 2020). However, after this �rst moment, the oxidation process stabilizes, this may be related to the
excess of H2O2, which can act as a hydroxyl radical scavenger, forming the hydroperoxyl radical that has
less reduction potential than •OH, therefore harming the degradation process (Paterlini and Nogueira
2005). Elmorsi et al. 2010 warns that the concentration of H2O2 can increase or inhibit the photoreaction
rate depending on the concentration. Therefore, an optimal concentration of H2O2 in the course of the
reaction must be achieved.

3.5. In�uence of the solution initial pH
The pH in�uence on the decolorization e�ciency of TY dye was evaluated using pH range from 2 to the
solution natural pH (8.2-8.5). The result is shown in Fig. 6. Analyzing the data, it is possible to verify that
the test at pH 02 provides an accelerated discoloration with almost 80% removal in just 15 min. However,
after this period of time, the e�ciency stabilizes and becomes lower than that performed at pH 03.
According to the literature, this effect is associated with the presence of protons in the medium, which
can be a scavenger of OH radicals under highly acidic conditions, thus inhibiting the degradation process
of the contaminant [31–33]. With the increase of pH to 6 and free pH, the TY degradation process was
obviously inhibited, as at higher pH the H2O2 quickly decomposes into molecular oxygen and H2O, but
does not transform into hydroxyl radicals, losing its oxidizing capacity (Xia et al. 2011). It is also known
that at alkaline pH, as in the TY solution at free pH, iron ions precipitate in the form of Fe(OH)2, reducing
process e�ciency (Pinheiro et al. 2020). The result obtained reinforces the need for acidi�cation of the
solution to the initial pH range considered ideal (2.5-3.0) for photo-Fenton processes (Jiang et al. 2019;
Nippes et al. 2021).
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3.6. Regeneration and reuse of catalyst
To assess the stability and reuse of the Y-Fe catalyst, reuse tests were carried out. The catalyst was used
in six consecutive experiments using fresh dye solutions. After each experiment, the Y-Fe catalyst was
removed by vacuum �ltration, washed with deionized water several times and oven dried at 60°C for 24
hours.

The results of the reaction cycles are shown in Fig. 7. In which it is possible to state that the catalyst used
had excellent stability and great possibility of reuse, with low performance reduction at each reuse and
remaining its high catalytic performance. Only the last reuse has a greater reduction in the percentage of
discoloration, yet still with removal above 80%. This slight loss of catalytic activity is justi�ed by the loss
of catalyst mass in the recycling and leaching process of active materials; however, this is a reasonable
phenomenon during the stability test (Qin et al. 2021). To assess the leaching of iron in the solution, we
used the atomic absorption spectroscopy technique, performed in a Varian atomic absorption
spectrometer, model 50B, with chemical decomposition of the samples, in which no iron element was
detected in the solution after the process. This result reinforces the fact that the Y-Fe catalyst has good
stability and reusability in heterogeneous photo-Fenton degradation of the TY dye. Furthermore, NaY
zeolite can be considered a good support for the formation of solid catalysts for photo-Fenton reaction.

4. Conclusion
A heterogeneous photo-Fenton catalyst was synthesized by a simple humid ion exchange method. The
characterization techniques utilized showed that iron species replaced sodium species in the composite
and that there was a desired increase in speci�c area and pore volume. Degradation of yellow food
coloring tartrazine was practically total after 120 minutes of photo-Fenton system with constant UV-A
radiation, use of hydrogen peroxide and acidic pH. The regeneration and reuse of solid catalyst was
evaluated and showed good e�ciency during six reaction cycles. Ultimately, it can be expected that this
catalyst exerts good photocatalytic activity on an industrial scale for the degradation of food dyes.
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Figure 1

SEM images of (a) Zeolite NaY and (b) Zeolite functionalized with iron FeY, (c) TEM image of Zeolite
functionalized with iron FeY.
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Figure 2

XRD patterns of Zeolite NaY and Zeolite functionalized with iron Y-Fe.

Figure 3

Adsorbed amount of TY (mg g-1) onto NaY and Y-Fe. (Operational parameters: initial concentration of TY
[TY]0 = 10 mg/L, adsorbent dosage =1.5 g/L, pH = 3.0).
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Figure 4

Discoloration of TY in different systems. (Operational parameters: initial concentration of TY [TY]0 = 10
mg/L, initial concentration of H2O2, [H2O2]0 = 200 g/L, Y-Fe dosage = 1.5 g/L, pH = 3.0).

Figure 5

Effect of initial H2O2 concentration on TY discoloration. (Operational parameters: initial concentration of
TY [TY]0 = 10 mg/L, Y-Fe dosage = 1.5 g/L, pH = 3.0).



Page 16/16

Figure 6

In�uence of solution pH on the discoloration e�ciency of TY (Operational parameters: initial
concentration of TY [TY]0 = 10 mg/L, [H2O2]0 = 200 mg/L, Y-Fe dosage =1.5 g/L).

Figure 7

Reuse of catalysts Y-Fe (Operational parameters: initial concentration of TY [TY]0 = 10 mg/L, [H2O2]0 =
200 mg/L, Y-Fe dosage =1.5 g/L).


