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Abstract

Heterogeneous Fenton/photo Fenton type processes using a Fe-exchanged zeolite of Y-type have
been applied for the degradation of a model textile synthetic water based on Black B azodye. Re-
search work has been directed to compare process efficiency and to establish their advantages
over corresponding homogenous Fenton type processes. By optimizing the amount of reactants
and process conditions, a complete decolorization of the effluent and a reduction greater than 80
per cent in the total organic carbon content is achieved. The influence of solar radiation on the
heterogeneous process has been also studied. Homogeneous and heterogeneous Fenton processes
yielded similar decolorization and mineralization, but the concentration of Fe ions in the bulk af-
ter the treatment was not significant in the latter case. Moreover, the catalyst support can be re-
used in successive cycles without significant loss of effectiveness. The use of solar radiation as a
source of energy for operating the process accelerates the decomposition of azodye, making the
process economical and environmentally sustainable.
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1. Introduction

In recent years, the Advanced Oxidation Processes (AOPS) are being widely studied because of their efficiency
in removing non-biodegradable industrial wastewater. Among the available AOPs, the Fenton/photo Fenton type
are considered the most promising because of its high efficiency, low cost and ease application and because they
do not require sophisticated equipment or reagents for being applied [1]-[25]. Basic treatment takes place in ho-
mogeneous phase at acidic pH and with the addition of hydrogen peroxide (H,0,) and Fe®* salt (catalyst acting),
both in darkness (Fenton) or in the presence of light (photo Fenton). OH radicals produced during the reaction
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are highly oxidative and non-selective; therefore they are able to decompose a variety of organic compounds.
The main reactions involved are Equations (1)-(4):

Fe(11)+H,0, - Fe(Ill)+ HO" + HO" L)

The ferric ion formed can be reduced by reaction with H,O, and generate the ferrous ion with hydroxyl radi-
cals. The overall mechanism has a catalytic character. For this, it is necessary that H,O, was in excess of the
amount of iron added.

Fe(lll)+H,0, - HO? + Fe(Il)+H* )
Fe(Ill)+HO? —» Fe* +0, +H" ®3)

When the reaction is conducted in the presence of light, light accelerates the reaction increasing the rate of
degradation of contaminants as an extra dose of HO® are generated. The reaction scheme is shown below.

FEOHZ" — vh — Fe?* + HO’ (4)

The process can be conducted both homogeneously [1]-[5] and heterogeneously [6]-[25]. Despite its proven
efficiency, advanced oxidation processes have some disadvantages, such as production of sludge with a high
content in iron and iron deactivation by the formation of complexing agents.

To solve these problems associated with the implementation of the process in homogeneous phase, recent in-
vestigations are focusing on the possibility of using supports for iron ions. For these purposes, various supports
such as nafion [6], zeolite [7]-[11], silica [12], clay [13], resins, and activated carbon [14] [15] have been used to
prepare novel heterogeneous Fenton catalysts. In heterogeneous phase, the physical steps in addition to chemical
changes take place on the surface of the catalyst at the active sites where mass transfer limited adsorption of re-
actant molecules occurs. At the end of the reaction, the product molecules are desorbed and leave the active sites
available for a new set of reactant molecules to attach to the surface and react. These complex steps make the
surface characteristics and the pore structure of the solid catalyst become important since these will strongly af-
fect their Kinetic rate, efficiency and stability towards solid catalyzed Fenton reaction. The use of iron in hetero-
geneous phase gives an easy separation of the catalyst and allows its reuse, whereby the overall cost of the
process could be greatly diminished.

When considering heterogeneous solid phase, their density, porevolume, pore size distribution, porosity and
surface area become crucial factors that need to be taken into consideration. Zeolites are crystalline aluminosili-
cate materials with a three dimensional framework and four-connected framework structure built from tetrahedra.
It is consist of robust, crystalline silica (SiO,) and neutral frameworks. At some places in the framework AI** re-
placed Si** and the framework carries a negative charge. This Si/Al ratiocontrols total acidity as well as acid site
strength. Loosely held cations that sit within the cavities preserve the electron eutrality of the zeolite. Those
cations are amenable to cation exchange capacities up to several milliequivalents per kilogram and are able to
reversibly interact with polar molecules [26]-[28].

Somemajor organic pollutants are derived from synthetic dyes. Synthetic dyes are extensively produced in the
21 century owing to their unique properties such as high wet fastness profile, brilliant shades, and relative low
cost and simple synthesis methods. These characteristics have successfully made dying industries such as textile,
leather, painting and printing to choose as priority good colorants in their products. Synthetic dyes are normally
resistant to mild degradation, as their molecular structure contains complex aromatic amide groups with alkyl,
halogen, nitro, hydroxyl, sulfonic acid, substituent(s), and inorganic sodium salts. Over 12% - 15% of the overall
synthetic dyes production is lost as dye effluent during these wet processing activities. Based on the worldwide
demand, it is estimated that over 100,000 commercial dyes are in existence and more than 7 x 10° tonnes are
produced annually [15]-[17].

In this paper, the Fenton and photo Fenton processes are applied in heterogeneous phase for the treatment of a
synthetic textile water based on Black B azo dye. The effect of solar radiation as a source of energy is analyzed
by using lamps which have their maximum emission in the region of 360 nm. The iron required for the devel-
opment of the Fenton/photofenton process has been supported on a Y-type zeolite through an ion exchange
process. We have shown the effectiveness of the developed catalyst in discoloration and decrease of total organic
carbon (TOC). Quantification of iron in solution ensures that the iron is not leached from the support and that
the oxidation process occurs heterogeneously. Process conditions are optimized by varying the concentration of
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catalyst and H,0O, content in order to minimize the quantity of reagents and thus the cost of the process. Fur-
thermore, the possibility of reusing the catalyst without significant loss of its effectiveness is shown. The results
obtained in heterogeneous elimination processes regarding TOC and color are compared to those in homogene-
ous phase.

2. Experimental Part
2.1. Materials and Reagents

The azo dye used in this study was Remazol Black B supplied by DyStar, whose chemical structure is:
C6H25N5019Se¢Na,. The initial solution was prepared by adding 0.25 g of Black B in 250 ml of distillated water
(1.00 x 10 M). H,0, (30% V) is provided by Foret and for adjusting pH is used 98% H,SO, and 1 M NaOH,
both of Scharlab. All solutions were prepared with distilled water, Millipore Mili-RiOs.

The zeolite used is of type Y, CBV 400 Zeolyst International. This has been previously washed with distilled
water to remove any impurities, and dried at room temperature. For the ion exchange process ferrous sulfate
heptahydrate FeSO,-7H,0 (Fe(ll)) is used from Sigma Aldrich.

2.2. Preparation of Heterogeneous Fenton Catalyst

For the preparation of the Fenton catalyst, 40 g of dried zeolite is added to 200 ml of a 0.176 M solution of
FeSO, 7H,0 and maintained at reflux at 60°C with constant stirring for 6 hours. Subsequently, the zeolite was
filtered, washed several times with distilled water to remove the iron which has not been exchanged and dried
overnight in an oven at 100°C. The amount of iron -exchanged in the zeolite is of 43.45 mg Fe/g zeolite.

The determination of iron in solution for the quantification of iron exchanged into the zeolite and of possible
leaching during the process is performed according to the ISO 6332 standard, applicable for sewage.

2.3. Experimental Procedures and Analysis

For performing heterogeneous assays, different concentrations of exchanged zeolite were added into 100 ml of
1.00 x 102 M of Black B solutions. The pH of the solutions was changed to 2.7 by adding 98% H,SO, or 1 M
NaOH. Then, the appropriate concentrations of H,O, are added while the mixing was provided by a magnetic
stirring bar, thus initiating the process. Tests were carried out in darkness, Fenton, and under UV light photo
Fenton. For photo Fenton trials have used two UV lamps with an emission maximum at 360 nm, unless specifi-
cally specified. All assays were performed at room temperature. Times used for testing 12 h for photoFenton and
for Fenton tests. Samples were taken periodically from the vessel, filtered with a 0.22 um of pore size Teflon
filter in order to remove solid particles (when required) and thereafter immediately analyzed.

Decolorization degree was established by measuring the absorbance in visible spectra at characteristic wave-
length of used dye (Amax = 590 nm) by UV/VIS spectrophotometer, Jasco. The mineralization of the solution was
established on the basis of total organic carbon content measurements (TOC), performed by Total Organic Car-
bon analyzer; Elementar.

Concentrations of iron ions in the bulk were monitored by colorimetric methods using the same UV/VIS
spectrophotometer mentioned above. Ferrous ions were identified by the reaction of Fe?* with 1, 10-phenanthro-
line, while ferric ions were determined by the reaction of Fe** with thiocyanate. Initial and final pH values were
measured using GLP 22 pH-meter, from Crison.

3. Results and Discussion

Before applying Fe-exchanged zeolite of Y-type as a catalyst in heterogeneous Fenton process, the set of pre-
liminary experiments was performed in order to investigate its adsorption ability toward Black B dye, including
the entire pH range studied later in theapplication of heterogeneous Fenton type processes. The aqueous dye so-
lutions with addition of adequate amounts of unmodified zeolite and Fe-exchanged zeolite were stirred in the
dark for 8 h and no changes in UV/VIS spectra were recorded, indicating no adsorption of dye onto the zeolites.
In addition, the aqueous dye solution with addition of adequate amounts of H,O, was stirred in the dark for 8 h
and no changes in UV/VIS spectra were recorded. An image of the final appearance of the solutions after dark
stirring at pH = 2.7 for 12 h is shown in the inlet photograph of Figure 1. It can be concluded that in these expe-
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Figure 1. Evolution of the UV-vis absorption spectra of the solution during the
process (from blue spectra, t = 0, to green spectra, t = 8 h). Inlet: Photograph of
the solutions after being stirred in the dark for 8 h.

riments the adsorption of dye molecule does not contribute to the overall decolorization and mineralization ex-
tents.

When applying Fe-exchanged zeolite of Y-type as a catalyst in heterogeneous Fenton process, the initial in-
tense blue color of the solution changes dramatically and its concentration is reduced by reducing the intensity
of bands characteristic of the azo dye, as shown in Figure 1 where the time evolution of the spectra collected
UV-vis for the solution with 2440 ppm of H,0,. The reduction occurs in all bands not observed the appearance
of new compounds in the visible range, whereby the intermediates are similarly degraded to CO, and H,0. The
final aspect of the solutions after Fenton and photo Fenton processes is also reflected in Figure 1.

The degradation of the solution by the Fento/photo Fenton process depends on the different parameters of the
project, which will be analyzed bellow.

3.1. Effect of H,0, Content

The effect of H,0, content of azo degradation Black B is analyzed by preparing three solutions with 268 ppm of
Fe(lIl) loaded in an acid medium, to which different contents of H,O, are added, so that the final concentration
solutions in either 2440, 4800 and 7200 ppm. The experiments were performed under 2-lamp radiation. The ad-
dition of a higher content of H,O, leads to accelerating the speed of decolorization of the solution due to in-
creased hydroxyl radical, as it is shown in Figure 2, although the increase is not excessive considering the large
concentration of H,0, used.

Analysis of total organic carbon values in the azo dye solutions after the oxidation process, collected in Table
1, indicated that addition of H,0O, does not entail a significant decrease of the values, so that it was considered a
concentration of 2440 ppm of H,0, as optimal for later analysis.

3.2. Effect of Catalyst Content

For analysis of the effect of the content of catalyst in the degradation of azo solutions with various concentra-
tions of catalyst so that the content of Fe(ll) in the solution is 67, 138 and 268 ppm are prepared. All solutions
are acidified and H,0, is added so that its concentration in the final solution is 2440 ppm. The tests were per-
formed under UV light. Initially, the increased concentration of Fe(ll) slightly accelerates the decomposition of
H,0, into the solution more rapidly generate highly oxidative OH radicals, as it is shown in Figure 3.

However, from a concentration of Fe(ll) in solution of 134 ppm, increasing the content of catalyst represents a
considerable reduction of the rate of reduction of color, due to the reduced capacity of absorption of light in the
solution. The large amount of zeolite prevents the UV radiation to penetrate into the solution, causing the slower
and less effective as it can be derived from the values of TOC after testing (Table 2). The results indicate that a
concentration of 134 ppm of Fe(Il) corresponds to the optimal both discoloration and reduction of TOC.
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Table 1. TOC values of solutions after the photoFenton process in heterogeneous phase with several H,O, concentrations.

[H20,] TOC (ppm) TOC reduction (%)
2440 86 62.6
4800 94 59.1
7200 62 73.0

Table 2. TOC values of solutions after the photoFenton process in heterogeneous phase with several iron concentrations.

[Fe*] TOC (ppm) TOC reduction (%)
67 72 68.2
134 46 81.3
268 86 62.6
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Figure 2. Evolution of the UV-vis absorption spectra of the solution during the
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Figure 3. Color removal rate for the photoFenton process in heterogeneous
phase with several iron concentrations.
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3.3. Effect of pH

In the next step of the study, the effect of initial operating pH value on the process effectiveness was investigated.
Fenton process in its unmodified form is efficient in pH range 2 - 4. However, heterogeneous Fenton type
processes could be effectively operated at milder pH conditions. In this study, different pHs have been studied
for applying the photo Fenton process, pH 2.7, 6 and 10. The rate of the color removal is higher when the
process takes place at acid conditions, as it is shown in Figure 4. Hydrogen peroxide and ferrous ions are more
stable when pH is lower than 3.5. As a result, a better redox system and better mineralization efficiency can be
established. On the contrary, ferrous ions are unstable when a pH value of the system is higher than 4.0, and they
would easily form ferric ions which have a tendency to produce ferric hydroxo complexes. The complexes
would further form [Fe(OH),]” when the pH is higher than 9.0. Besides, hydrogen peroxide is also unstable in
basic solution and may decompose to give oxygen and water and lose its oxidation ability [7]. Interestingly the
initial pH of the solutions increased to lower values. This could be a result of the generation of intermediate acid
compounds as a consequence of the degradation of the azo dye. The change in the pH seemed to increase the
color removal rate after 150 minutes of starting the process. However, after finishing the process both samples
continued with a blue color, so the degradation of the azo dye was stopped at an early stage. This fact explained
the high TOC values of the solutions after the photo Fenton process during 12 h (Table 3).

It is important to highlight that the quantification of the iron in solution after the heterogeneous process during
the optimization steps, in accordance with 1SO6332, ensured that the iron is not leached form the support and
the oxidation process took place in the heterogeneous phase.

3.4. Heterogeneous vs Homogeneous Process

Once the optimization of the photo Fenton process in heterogeneous phase has been done ([H,O,] = 2440 ppm,
[Fe(11)] = 134 ppm y pH = 2.7), the results obtained in heterogeneous elimination processes regarding TOC and
color are compared to those obtained in homogeneous phase. The rate of decomposition of the azo dye in both
phases is collected in Figure 5 for two photo Fenton processes. The rate in the heterogeneous phase is lower
than that observed in the homogeneous phase, which may be due to reduced accessibility between the Fe(ll) and
H,0, as the Fe is occluded in the zeolite channels acting as a support. The presence of solid particles could also
provide negative influence on the solution transparency and radiation flux [7]. However, in both cases a com-
plete decolorization is achieved after 90 minutes of reaction, reaching similar TOC values after 8 hours of UV
exposure in both types of processes, as it is shown in Table 4. These results indicated that heterogeneous process
can be an alternative to conventional homogeneous processes as similar TOC removal degrees are obtained in
reasonable time.

3.5. Reuse of the Catalyst

In order to check if the catalyst can be reused in the same process, the same catalyst has been used in three con-
secutive tests, maintaining a similar azo dye solution concentration and process conditions. Between the differ-
ent tests only a simple water cleaning step was carried out. The study was performed for the Fenton and photo-
Fenton processes. The color removal of the solutions after all processes and the similar TOC reduction achieved
after all the processes, shown in Table 5, indicate that it is possible to reuse the catalyst three consecutive cycles
without affecting it efficiency in both Fenton and photo Fenton processes.

3.6. Effect of the Intensity of the Radiation

Another important parameter to consider is the effect of the intensity of the UV radiation in the efficiency of he-
terogeneous Fenton type process using Y catalyst. The influence of UV light was investigated within the pH 2.7.
For the analysis, the process is performed under photo Fenton radiation from different number of lamps: 2 and 4
lamps. Moreover, the use of solar radiation as an energy source is discussed, which makes the most economical
and environmentally friendly process. The degradation rate of the azo dye seems not influenced by the number
of lamps. The intensity of the incident radiation from 2 lamps on the solution appears to be sufficient for the
bleaching of the dye.

However, the results are different when solar radiation is used as an energy source in the oxidation processes.
To analyze the possibility of using solar radiation, a assay is performed in heterogeneous phase under the fol-
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Figure 4. Color removal rate for the photoFenton process in heterogeneous
phase with different pHs.
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Figure 5. Color removal rate for the photo Fenton process in heterogeneous
and homogeneous phases.

Table 3. TOC values of solutions after the photo Fenton process in heterogeneous phase with different pHs.

pH TOC (ppm) TOC reduction (%)
2.7 46 81.3
6.0 155 326
10.0 183 20.4
Table 4. TOC values of solutions after the photoFenton process in heterogeneous phase with different pHs.
phase TOC (ppm) TOC reduction (%)
heterogeneous 46 81.3
homogeneous 40.5 82.4

lowing conditions: [H,O,] = 2440 ppm, [Fe(ll)] = 268 ppm and pH = 2.7, in a parabolic concentrator type solar
cooker (Figure 6). By proper orientation of the parabolic concentrator in the direction of the sun, the concave
mirrors of the same incident rays concentrated in one point that in this case the solution is placed. Parallel to the
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Table 5. TOC values of solutions after the Fenton and photo Fenton processes in heterogeneous phase.

Initial value 1% cycle 2" cycle 3" cycle
Phase
TOC (ppm) TOC (ppm) TOC reduction (%) TOC (ppm) TOC reduction (%) TOC (ppm) TOC reduction (%)
heterogeneous 230 109 52.6 116 49.6 125 45.6
homogeneous 230 71 69.1 61 735 84 63.5

Figure 6. Parabolic concentrator type solar cooker.

concentration of solar radiation, a significant increase in temperature at this point is achieved. After a short time
of 45 minutes the complete color removal is achieved, arriving after 2 hours at a value TOC removal similar to
that achieved using UV radiation sources. The higher rate observed is increased due on the one hand to the in-
crease in temperature of the resulting azo dye solution due to the concentration of the radiation and on the other
hand to the solar radiation that covers a broader range of ultraviolet radiation spectrum than the lamps. The solar
radiation that reaches the earth is between 315 - 380 nm [10] [18] [19]. UVA with wavelength of 365 nm, which
is the region of solar light accounts for 98.7% of the ultraviolet radiation that reaches the Earth’s surface.

4. Conclusion

In this study, the applicability of Fe-exchanged zeolite of Y-type as a heterogeneous catalyst in Fenton type
processes for the degradation of organic model pollutant based on Black B azo dye in water matrix was investi-
gated. It was demonstrated that H,O, and catalyst dosage, initial pH, and UV irradiation highly affect the overall
process efficiency, i.e. decolorization and mineralization. By optimizing the amount of reactants and process
conditions, a complete decolorization of the effluent and a reduction greater than 80% in the total organic carbon
content is achieved. Furthermore, optimization of the catalyst and H,O, content involves minimizing the amount
of reagents and so the cost of the process. The quantification of iron in solution after the process ensures that the
iron is not leached and that the oxidation process occurs heterogeneously. The leaching of iron catalyst from
zeolite support is not significative resulting in lower concentration of iron in the bulk after the treatment. The
use of solar radiation as a source of energy for operating the process accelerates the decomposition of azo dye,
making the process economical and environmentally sustainable. Furthermore, the catalyst support can be
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reused in successive cycles without significant loss of effectiveness. Thus, these processes are presented as via-
ble alternative for use in the decontamination of wastewater from the textile industry.
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