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Abstract Degradation of an azo dye, Acid Red 73 (AR73), was examined in detail
using the UV/H202/SZOg2*/Fe2+ process. UV—Vis absorbance, total organic carbon,
H,0, concentration, and pH of solution were monitored during the mineralization
process. The results indicated that the mineralization efficiency was optimized from
78.8 t0 95.6 % as a result of increasing the initial concentration of $,05>~ from
0.923 to 3.70 mM. The capability of this process was compared with those of UV/
H,0,, UV/H,0,/Fe*", and UV/H,0,/S,05°~ processes. The UV/H,0,/S,05> /Fe*"
process was more effective than other processes in degradation of AR73. Moreover,
Fe®" was immobilized on the surface of zeolite (ZSM5), and its immobilization effect
was examined. Mineralization efficiency in the Fe*" catalyzed process was higher
than that of the Fe>*—ZSM35 catalyzed process.

Keywords Advanced oxidation processes - Degradation - Monitoring - Textile
dye - Zeolite

Introduction

Organic dyes are one of the largest groups of pollutants in wastewater produced
from textiles and various branches of other industries. The discharge of these highly
colored effluents into the aquatic environment can cause problems because of the
introduction of large quantities of chemical oxygen demand, non-biodegradable
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organics, and other hazardous chemicals [1, 2]. Furthermore, dyes may significantly
affect photosynthetic activity in aquatic life because of reduced light penetration.
Therefore, it is necessary to remove these pollutants from waste effluents. Various
methods of treatment were developed and utilized to remove these pollutants from
aqueous media. One category of available and promising method is the advanced
oxidation processes (AOPs) [3]. AOPs refer to the processes aimed at generating
reactive radicals for oxidative degradation of persistent hazardous organic pollutants
or their transformation into less toxic intermediates [4]. The reactive radicals can be
developed through the activation of strong oxidants under electrical, chemical, or
radioactive energy in the presence of homogeneous or heterogeneous catalysts [5].

Among the various AOPs, the Fenton process is widely used for the successful
remediation of non-biodegradable pollutants, especially pesticides, dyes, and
phenolic contaminants [6—8]. In this simple and environmentally friendly process,
reactive radicals are developed from catalytic degradation of hydrogen peroxide in
the presence of the Fe?" ion as catalyst [9]. This process is illustrated in reaction

(1):
Fe’t + H,0, — Fe’* + OH + OH™ (1)

Fe" after being oxidized into Fe** can be regenerated through the reaction of
Fe’* by H,0, as illustrated in reaction (2), [10]:

Fe’" + H,0, — Fe’" 4+ HO, + H' (2)

However, the Fenton process suffers from some operational problems. The basic
problem is the slow regeneration of Fe?" which leads to the decrease in overall
oxidation rate in this process [11]. In addition, the Fe’>" jons may generate stable
complexes with carboxylic acids, which inhibit complete degradation of pollutants
and iron activity [1]. One more limitation of the Fenton reaction is the scavenger
effect of highly concentrated H,O, which limits the effective concentration of this
oxidant. Consequently, numerous efforts have been recently made to enhance the
merits of the Fenton process and eliminate its drawbacks. One of the promising
procedures is the application of ultraviolet (UV) irradiation with the Fenton process
called the photo-Fenton process. In the presence of UV irradiation, Fe®—carboxylic
acid complexes are degraded and free Fe* " is reduced to form Fe*" as illustrated in
reactions (3, 4) [12].

Fe*™ 4+ H,0 + hv — Fe?" + OH + H" (3)
Fe(OOC — R)*" + hv — Fe’* + R + CO, (4)

The application of additional inorganic oxidants accompanied with hydrogen
peroxide is another procedure, which has been recently used to improve the
performance of the Fenton reaction. These oxidants including persulfate enhance
the generation of different radicals for oxidative degradation of organic con-
taminants. Another amendment and modification of the Fenton process involves
controlling the amount of iron in the solution by applying heterogeneous iron
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sources. In this process, iron oxide particles or Fe ions can be immobilized on the
surface of different solids and react with H,O, to form a reactive radical hydroxyl.

The purpose of the present work is to improve the performance the photo-Fenton
reaction with the accompanying inorganic oxidants such as H,O, and persulfate and to
monitor the decolorization and mineralization of a model pollutant, Acid Red 73
(AR73), comprehensively for the first time. The ability of the UV/HZOZ/SzonglFe2+
process in degradation of AR73 was compared with that of UV/H,0,, UV/H,O,/Fe*",
and UV/H,0,/S,04>~ processes. Furthermore, the present work aimed at providing
insight into the effect of operating parameters, such as persulfate concentration, HO,
concentration, and pH. Moreover, Fe>* was immobilized on the surface of zeolite
(ZSM)), and its immobilization effect was investigated on the catalytic performance of
this cation.

Experimental section
Materials

Acid Red 73 (MW = 556.49 g/mol) was obtained from Sigma Aldrich as a
commercially available dye and was used without further purification. Hydrogen
peroxide (30.7 % W/V, Fisher Chemical), potassium persulfate 98 % (Fluka Co.),
and also FeSO,. 7TH,O (Prolobo Co.) were used. All other chemicals were of the
analytical grade. Distilled water was used throughout the investigation.

Photochemical treatment procedure

The photochemical reactor consisted of a tubular closed circulation batch vessel and
a low-pressure mercury lamp (Philips, 15 W, 253.7 nm) in the center. The thickness
of the colored solution surrounding the lamp was 1.4 cm. The AR73 solution with
the concentration of 0.1 mM was injected from the bottom of the reactor (volume of
the treated solution was 2 L) with a flow rate of 3.2 L/min. The incident energy of
the lamp on the surface of the quartz tube was measured by a Lutron UV radiometer
(27 W/m?).

Analysis methods

At the defined time interval in the degradation reaction, the AR73 concentration was
determined by using a Jasco (V-530) UV/Vis spectrophotometer at the characteristic
wavelength of the dye solution (A,.,x = 509 nm) to follow the progress of the
decolorization during the process. Prior to the measurement, calibration curves were
obtained using the solutions with the known concentrations of the dye, which
indicated a significant linear relationship between absorbance and dye concentration
up to 10~* M. Decolorization efficiency (%) was equal to [1 — C/Cp] x 100,
where Cy denotes the initial concentration of AR73 solution and C, refers to its
concentration after a certain time (¥) of reaction.
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«Fig. 1 Variation of a decolorization efficiency, b mineralization efficiency, ¢ pH of solution, and d H,0O,
concentration during the treatment of AR73 solution by UV/H,0,, UV/H,0,/Fe*t, UV/H202/52082’ and
UV/H202/820827/F62+ processes in the presence of [AR73]y = 0.1 mM, [H,0,]y = 44.4 mM,
[Fe**]o = 2.43 mg/L and [S,04* ]y = 1.84 mM

A Shimadzu Tocvcsn analyzer was used to determine the extent of dye
mineralization on the bases of total organic carbon (TOC) measurements.
Mineralization efficiency was equal to [(1 — TOC/TOCy] x 100, where TOC,
refers to the initial TOC of AR73 solution and TOC, stands for the same parameter
at time 7. The residual of H,O, was monitored by 0.04 M potassium permanganate
at an acidic condition [13]. The solution pH was monitored using a Consort C863
pH meter.

Immobilization of Fe?>* on a ZSMS5 surface

The method described by Kasiri et al. [14] was used to immobilize Fe?* on the
surface of ZSMS. Accordingly, silica and iron sources were solubilized by fluoride
jons. Then Fe*™—ZSM35 was synthesized at the temperature of 90 °C and calcined at
550 °C. The surface area of the prepared Fe*"™—ZSM5 composite was 187 m?/g.
This composite included Si, S, Mn, Fe, and O elements with 44.692, 0.011, 0.036,
3.070, and 52.1 wt%, respectively.

Results and discussion

Comparing the degradation abilities of UV/H,0,, UV/H,0,/Fe**, UV/
H,0,/S,04>~ and UV/H,0,/S,05> /Fe** processes

In this study, the abilities of UV/H,0,, UV/HzOZ/Fe”, UV/H202/820827 and UV/
H,0,/S,04> /Fe** processes for degradation of AR73 were compared with each
other. The following experimental conditions were used to conduct experiments:
initial dye, H,O,, Fe’* and 52082_ concentrations of 0.1 mM, 44.4 mM,
2.43 mg/L, and 1.84 mM, respectively. As illustrated in Fig. 1, the variation in
decolorization and mineralization efficiencies, solution pH, and H,O, concentration
during the degradation processes were measured. Figure la indicates that all the
four processes were efficient in decolorization of AR73. It may be due to the fast
effect of produced radicals through the all mentioned processes on cleavage of azo
bonds and subsequent rapid decolorization. According to Fig. 1b, the mineralization
efficiency can be ranked as: UV/H,05/S,04> /Fe* "> UV/H,0,/S,04> >UV/
H,0, > UV/H,0,/Fe**.

The mechanisms proposed for UV/H,O, [1, 15-17], UV/H202/520827
[15, 18-20], UV/H,0,/Fe** [21] and UV/H,0,/S,05> /Fe*" [15, 18] processes
are shown in reactions (1-14).
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H,0; + hv — 2'OH, (5)

2'0H — H,0,, (6)

$,08 +hv — 2S0;, (7)

$,03” 4+ OH — S,05 + OH ™, (8)
$203 4+ Hy0, — 2802~ +2H' + 0y, (9)
SO, + OH — H' + 503 + 0.50,, (10)
SO, +S0; — S$,0%, (11)

SO, +$,0; — SO;™ + S,05, (12)
SO, +H,0 — SO} + OH+H", (13)
Fe’" +S,0f — Fe’* + S0, +S0; . (14)

Among the examined processes, the UV/H,O,/Fe*" had the lowest mineraliza-
tion efficiency. It can be attributed to the scavenging effect of S,04>~ on *OH and
H,O, (reactions 8§ and 9) which caused the reduction of the concentration of
reactive radicals in the UV/H,0,/S,0g>~ process rather than in the UV/H,0,
process. In the UV/H,0,/S,04”~ process, the Fe*™ catalyzed the decomposition of
H,0, to form more reactive radicals and, consequently, enhanced the mineralization
efficiency; however, this was not the case with the UV/H,O, process.

It can be argued that the UV/H202/520827/F62+ process had the highest
mineralization efficiency among all the investigated processes. Indeed, this process
was a combination of UV/H,0,, UV/S,0¢>~, H,O,/Fe*", S,04> /Fe*", UV/H,0,/Fe**
and UV/H,0,/Fe*** which led to the efficient formation of reactive radicals and dye
degradation.

The variations of solution pH in UV/H,0,, UV/H202/Fe2+, UV/H202/820827
and UV/H,0,/S,04° /Fe** processes are shown in Fig. lc. As can be seen in this
figure, the solution pH in UV/H,0, process decreased to 3.6 and then remained
constant. The reduction in solution pH can be attributed to the production of
organic acids during dye degradation. Furthermore, Fig. lc depicts that in the
UV/H,0,/Fe*" process, first the solution pH decreased, and then increased with
time. The increase in solution pH can probably be attributed to the Fenton reaction,
which led to the production of OH™, *OH and Fe**. The increase in OH™
concentration resulted in an increase in the solution pH. In UV/H202/52082— and
UV/H202/52082_/F62+ processes, the solution pH decreased along with time, which
was attributed to the production of H" through the reaction presented in reactions
(2), (3), (9), (10), and (13). As illustrated in Fig. 1d, the decrease in concentration of
H,0, in UV/H,0,/S,05> /Fe*" process is faster than other processes. Since AR73
degradation in UV/H,0,/S,05> /Fe*" process was higher than other processes
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Fig. 2 Effect of initial concentration of S,05>~ on a decolorization efficiency, b mineralization
efficiency, ¢ pH of solution, and d H,O, concentration during the treatment of AR73 solution by UV/
H,0,/S,04> /Fe*" process in the presence of [AR73]p = 0.1 mM, [H,0,]p = 44.4 mM, and
[Fe*™]y = 2.43 mg/L
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(Fig. 1b), it may be concluded that most of H,O, in the UV/H,0,/S,04> /Fe*"
process was used to produce “OH. So, the concentration of H,O, decreased.

The effect of the initial S,05>~ concentration in UV/H,0,/S,04> " /Fe*
process

To investigate the effect of initial S,0g>~ concentration on degradation efficiency of
AR73, the researchers conducted UV/H,0,/S,04> /Fe> " experiments with different
82082_ concentrations ranging from 0.923 to 3.70 mM for 150 min. when H,0, and
FeSO, concentrations and incident energy of the UV lamp were 44.4 mM, 12.05 mg/L,
and 27 W/m?, respectively. Figure 2 depicts the decolorization and mineralization
profiles of AR73 solution and the variations of pH and H,O, concentrations during the
UV/H,0,/S,05> /Fe** process. Figure 2a indicates that in the presence of all the
examined 82032_ concentrations, the UV/H202/32032_/F62+ process has the potential
to decolorize the AR73 solution efficiently within 30 min. Figure 2b shows that the
mineralization efficiency increases as the 52082_ concentration increases up to
1.84 mM. This can be attributed to the increase in the development of reactive radicals
and, thus, the enhancement of efficient mineralization of AR73. However, more increase
in initial S,0s>~ concentration led to a decrease in mineralization of AR73 due to
contribution of developed radicals in other reactions rather than degradation of pollutant
(Egs. 10-12). The obtained results in Fig. 2c indicate that as the UV/H,0,/S,04> /Fe**
process proceeded, the solution pH decreased with an increase in the initial S,0¢>~
concentration due to the increase in the solution acidity. In other words, the reduction in
the solution pH can be attributed to the production of organic acids through dye
degradation and increase in H" concentration, which can be explained by the reactions
(10) and (13). Further increase in initial S,0s>~ concentration led to the further
production of H" and further decrease in the solution pH. As shown in Fig. 2d, with
increasing Szongconcentration, H,O, concentration decreases; however, there is no
significant difference in decrease profiles of HO, concentration in the presence of
different initial S,Og>concentrations.

The effect of Fe>* immobilization on its catalytic activity in UV/H,0,/
S,04” /catalyst process

Catalytic formation of reactive radicals in the presence of Fe*' is regarded as a
promising method for degrading organic pollutants. In these processes, iron ions
leave the solution in the form of iron-containing sludge. One way for overcoming
this drawback is to immobilize Fe*" on an appropriate surface to prepare a more
stable heterogeneous catalyst. For examining the effect of Fe*™ immobilization on
its catalytic performance, this cation was immobilized on the surface of ZSMS5
zeolite to prepare heterogeneous Fe>™—ZSM5 catalyst. The concentration of Fe*™
and Fe’T—ZSM5 catalyst is, respectively, 2.66 mg/L and 236.6 mg/L. Moreover, it
can be mentioned that the concentration of AR73 is 0.10 mM and the initial TOC of
the solution is 26.5 mg/L. Decolorization and mineralization profile of AR73
solution in UV/H,0,/S,05> /catalyst process are illustrated in Fig. 3a, b. Compar-
ison of the obtained results reveals that the degradation efficiency in the Fe*"
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catalyzed process is higher than the Fe*"™—ZSMS5 catalyzed process. This higher
efficiency can be attributed to the mass transfer limitation of the heterogeneous
catalytic systems, which decrease the adsorption of H,O, and AR73 molecules on
the surface of Fe>*—ZSM5 where reactive radicals and dye degradation are formed
[22]. Figure 3c indicates that the pH solution variations in UV/H,0,/S,04> /Fe*™
and UV/HZOZ/SZOE;Z*/FeH—ZSMS are similar. However, H,0O, concentration
during the UV/H202/520827m€2+ process decreases more than that of the UV/
H,0,/S,05° /Fe*t-ZSM5 process, which indicates the higher catalytic perfor-
mance for the homogeneous catalyst rather than the heterogeneous one (Fig. 3d).

Conclusion

It can be concluded that: (1) in the presence of $,0¢>~ and UV light, Fe?*/H,0, is
efficient in mineralizing azo dye, Acid Red 73, (2) an increase in the initial
concentration of S,Og>~ enhances the mineralization efficiency, and (3) Fe*"
immobilization decreases its catalytic performance in H202/82032_/cata1yst/UV
process.
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