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bstract

In this study is demonstrated that hydrogen peroxide (H2O2) can be activated in the presence of a heterogeneous catalyst (Fe3+-containing ashes)
o become a powerful oxidant. Fe3+ was immobilized by five different methods in fly ash using a thermal procedure. Leaching test carried out in
.05 M Na2SO4 (≈pH 2.8 adjusted with H2SO4) indicated that more of the 99 wt.% of the iron ion stays in the solid catalysts and the presence of
2O2 does not alter this relation. It is concluded that radical species (HO2

•) are formed when H2O2 is activated by the immobilized Fe3+. This
pproach can be used in effluent treatment and the oxidation efficiency of reactive black 5 (RB5) was investigated in batch tests. RB5 (MW = 991,
max = 598 nm) is one of the most important azo dyes in the dyeing industry and the oxidation of 0.061 mM RB5 by heterogeneous hydrogen
eroxide activation were therefore investigated in mild conditions. In theory, the complete oxidation of RB5 is a 152 electrons oxidation, if sulfur
nd nitrogen undergoes a complete oxidation, hence, the stoichiometric conversion of 1 mol of RB5 to CO2 requires up to 76 mol of hydrogen

eroxide. Main experimental results show that it is possible to oxidize 0.061 mM RB5 (in a media 0.05 M Na2SO4, ≈pH 2.8 adjusted with H2SO4)
sing a stoichiometric amount of H2O2. After 2 h of treatment, reactive solutions were effectively colorless and 80% of the original chemical
xygen demand was removed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The elimination of organics from industrial wastewater is an
mportant environmental target. It is estimated that every year

ore than 1000 new organic compounds are commercialized [1].
he big economic profits resulting from the utilization of new
roducts have usually neglected the environmental risks inherent
n their use. In order to minimize or avoid environmental prob-
ems, new legislation regarding wastewater has been developed
n many countries during the last 25 years [2] and it is rapidly
volving and expanding world-wide [3–5] towards more severe,
ower concentration limits of the pollutants. In the future, the
bjective must surely be zero effluent technology.
Among the most important pollutants found in textile
astewater are synthetic dyes and they represent a large prob-

em because they cannot be destroyed by biological action [6].

∗ Corresponding author. Tel: +52 777 329 79 84; fax: +52 777 329 70 84.
E-mail address: aalvarez@uaem.mx (A.A. Gallegos).
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d oxidation process; Wastewater treatment

t present time, it is estimated that more than 10 000 dyes are
onsumed in textile processing industries [6,7] and their con-
entrations in range from 10 to 10 000 mg/L [6], depending on
he process. What is worst, is estimated 10–20% of dyes are lost
n industrial effluents [8–10]. Color is one of the most hated pol-
utant, because of several reasons: (i) it is visible and even small
uantities of dyes (≥0.005 mg/L) are not allowed [8]; (ii) color
an interfere with transmission of sunlight into natural streams;
iii) many of the azo dyes and their intermediate products,
uch as aromatic amines, are toxic to aquatic life, carcino-
enic and mutagenic to humans [10–12]. Consequently, dyes
ave to be removed from textile wastewater before discharge.
or conventional treatment processes, such as landfill, coagula-

ion/flocculation, membrane separation and activated carbon, the
ain mechanism to eliminate dyes consist of a physical trans-

er, from one point (wastewater) to another (sludges). Organics

n wastewater that cannot easily be destroyed, by biological
r conventional routes, have been mainly treated by incinera-
ion, catalyzed wet-air oxidation, oxidation under supercritical
onditions, use of sodium hydroxide at high temperature and

mailto:aalvarez@uaem.mx
dx.doi.org/10.1016/j.molcata.2007.10.019
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C26H21O19S6N5Na4 + 72H2O − 152e−

→ 26CO2 + 152H+ + 4H2SO4 + 5HNO3 + 2Na2SO4 (5)
Y. Flores et al. / Journal of Molecular

ressure, high-temperature reduction with hydrogen and ruthe-
ium tetraoxide oxidation [13,14]. However, the incineration of
rganic waste can pose emission problems if the combustion
onditions are not carefully controlled. Supercritical oxidation
nd wet-air oxidation are more promising alternatives to incin-
ration. Then again, the high cost of the operating conditions in
upercritical oxidation and wet-air oxidation techniques make
hem less attractive on an industrial scale. But, due to the stabil-
ty of dyes, their destruction is difficult and forcing conditions are
equired and the search for new, clean and cheap technologies for
he removal of these compounds is justified. Thus the effective
emoval of dyestuff from wastewater is a current technological
hallenge.

During the last 20 years, applications of clean oxidants such
s O3 and H2O2 have been greatly expanded in both scope and
cale. Their popularity is due to their environmental acceptabil-
ty and because reactions in which they are involved can be
ngineered to be performed under mild conditions. In a good
astewater treatment, any inorganic residuals must be innocu-
us and the organics in solution must be converted to CO2 or
ompounds acceptable to biological treatments. Under these
onditions, O3 and H2O2 are ideal candidates, because they lead
o no inorganic residue.

Advanced oxidation process (AOP) are based on powerful
xidant such as radical species OH• and they are formed, basi-
ally, when H2O2 is reacted in the presence of transition metal
ons, UV light, an alkali or acid. More than a century ago, it was
eported that dissolved ferrous ion strongly catalyses the oxida-
ion of maleic acid by hydrogen peroxide. But it was not until
0 years later that this homogeneous catalytic reaction received
urther attention. Since then, a large amount of work has been
arried out to understand the mechanism of catalysis [7,15–18]
nd to apply the hydroxyl radical generated to textile effluent
reatment [9,19,20]. Although in all cases, COD was depleted
o acceptable limits, the Fenton process is not well understood,
ecause its performance depends on several parameters and all
f them are closely related: temperature, pH, catalyst, hydrogen
eroxide and pollutant concentration [6].

In order to better understand Fenton process, some authors
9] investigated the degradation of reactive black 5 (RB5) by
Fenton-type process. They suggested that a Fenton process is
ivided in two stages. The first one is named as Fe2+/H2O2 stage
nd the OH• formed decomposes azo bonds (N N) very quickly
ecause they are easier to destroy than aromatic ring structures.
he second one is named Fe3+/H2O2 stage and its oxidation

ate is slower than the first stage due to slow regeneration of
e2+ from Fe3+ and this is why a complete mineralization is not
chieved. However, some experimental evidences show that the
rst stage of Fenton process not only occurs very fast, but also it

s possible to oxidize azo dye (amaranth), aromatic compounds
phenol, hydroquinone, catechol, p-benzoquinone and aniline)
nd aliphatic acids (oxalic acid) [21]. The second stage of the
enton process is indeed slow, but it is independent of the couple

Fe3+/H2O2 or Fe2+/H2O2) and organic compound. Although
he Fenton’s reaction is not clear it is apparent that, in the first
tage, Fe(II) is converted to Fe(III) by reaction either with hydro-
en peroxide or other intermediates (e.g. OH•, HO2

•, etc.). In F
ysis A: Chemical 281 (2008) 184–191 185

he second stage of the Fenton process, both iron ions (Fe2+ and
e3+) are not detected (electrochemically) in the solution and

his causes a loss of catalytic activity for the decomposition of
ydrogen peroxide and obviously, Fenton process stops [22].
n order to avoid this problem, homogeneous catalyst (soluble
ons Fe2+ and Fe3+) should be changed for heterogeneous cata-
yst (immobilized iron ions Fe2+ and Fe3+). This approach has
een applied recently with a better catalyst control in the Fenton
rocess [23–25].

Radical species (HO2
•, OH•) are formed when H2O2 is

eacted in the presence of Fe(II)/Fe(III) under appropriate condi-
ions. A clear description of radical species formation by means
f an appropriated set of chemical reactions is a complex task
nd it varies according to the authors [16,26]. However, main
hemical reactions can be summarized as follows [4]:

2O2 + Fe2+ → Fe3+ + OH• + HO− (1)

e2+ + OH• → Fe3+ + OH− (2)

2O2 + Fe3+ → Fe2+ + HO2
• + H+ (3)

e3+ + HO2
• ↔ Fe2+ + H+ + O2 (4)

Under this approach, OH• generation is carried out by a very
ast reaction (Eq. (1)) but Fe2+ can be oxidized (wasted) in the
resence of OH• (Eq. (2)). Although Fe+2 can be regenerated by
qs. (3) and (4), they are so slow that this is the main problem

o maintain the redox chain. Nevertheless, the acceptance of the
eactive species OH• as a powerful oxidant in the Fenton process
s not universal and some authors doubt about it [27,28]. What
s very clear is that a mixture of H2O2/Fe(II) or H2O2/Fe(III)
roduces a strong oxidant capable of oxidizing (large and small)
rganic pollutants in mild conditions and this approach can be
pplied in wastewater treatment.

Reactive black 5 (RB5) is a large molecule (MW = 991;
max = 598 nm; dye content = 55%) and its structure is presented

n Fig. 1.
The complete oxidation of RB5 is a 152 electrons oxidation

f sulfur and nitrogen are transformed in sulfuric and nitric acids
espectively:
ig. 1. Reactive black 5 (RB5), MW = 991; λmax = 598 nm; dye content = 55%.
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Also, H2O2 accepts two electrons according to the following
quation:

2O2 + 2H+ + 2e− → 2H2O (6)

Hence, the stoichiometric conversion of 1 mol of RB5 to
O2 requires up to 76 mol of H2O2 if the nitrogen undergoes a
omplete oxidation:

26H21O19S6N5Na4 + 76H2O2

→ 26CO2 + 80H2O + 4H2SO4 + 5HNO3 + 2Na2SO4 (7)

As it was mentioned above, Fenton process stops because
ron ions are not under effective control during the oxidation
eaction. So, a heterogeneous supported catalyst is proposed in
his work to improve the control over iron ions during the oxida-
ion reaction. Fly ash from a coal thermal power plant was used
s iron support. The main reason is its high-surface area, which
ould provide more active sites to the catalyst. Also, Ca, K,
g, Ti compose the fly ash, among others, and these elements

ould be exchanged by Fe using proper procedures. The incor-
oration of Fe to the fly ash would provide more Fenton active
ites to the catalytic structure. In addition to that, it is expected
hat the fly ash from bituminous coal is not so harmful since
he content of toxic compounds (i.e. dioxins and furans) could
e negligible. In order to produce dioxins or furans, it is nec-
ssary the fuel have chloride in its structure; although chloride
as not determined, it is expected that its content in the original
ituminous coal is minimal, so the possibility they were formed
nd subsequently adsorbed on the fly ash is remote. Based on
hat, several studies have been reported where fly ashes coming
rom bituminous coal are used in water remediation processes
o deal with the elimination of many harmful pollutants, includ-
ng dye colorants and heavy metals, among others [29–54]. In
hese studies no concerns were raised about dioxins and/or furan
ater release and contamination after the remediation treatment.
oreover, even in the case these compounds were formed and

dsorbed on the surface of the fly ash, they would disappear dur-
ng the calcination step at 500 ◦C since it has been reported that
hey are desorbed from different solids at 300–400 ◦C [55–60].

Under this theoretical approach, the oxidation of RB5 was
nvestigated in batch test using a beaker containing the working
olution (0.05 M Na2SO4, pH 2.8 adjusted with H2SO4) plus
eterogeneous catalyst and H2O2.

. Experimental

.1. Catalysts preparation

Commercial products were used without further purification.
powder sample (fly ash) was obtained from the Rio Escon-

ido Thermal Power Plant in the north of Mexico. Fe3+ was
mmobilized in the solid by the following five different methods.

Catalyst C1 was prepared supporting the metal by the

ncipient impregnation method [61]. In this process, 6.0 g of
e(NO3)3·9H2O (Merck) were dissolved in a beaker containing
0 mL of distilled water. Then, 10 g of fly ash were added to this
queous solution and the agitation mixing of the beaker was kept

V
N
A
(

ysis A: Chemical 281 (2008) 184–191

t 120 rpm and 100 ◦C until water was evaporated. The sample
as dried at 100 ◦C overnight and then calcined at 500 ◦C during
h.

For catalyst C2 to C5, they were prepared by ion exchange in
cid or alkaline media according to the procedure proposed by
enti et al. [62]. Catalyst C2 was prepared by dissolving 40.4 g of
e(NO3)3·9H2O (Merck) in 150 mL of a solution that contained
.33 g of HNO3 (Merck). Then, the mixture was mechanically
tirred at 120 rpm at room temperature for 1 h. This solution was
dded to a beaker containing 10 g of a washed fly ash in 150 mL
istilled water. This suspension was mechanically agitated at
20 rpm and room temperature for 4 h. Then, the mixture was
ged at 60 ◦C for 7 days. After filtration and washing with double
istilled water the sample was dried at 100 ◦C overnight, and
hen calcined at 500 ◦C for 4 h.

Catalyst C3 was prepared in similar way as catalyst C2; the
ain difference was that ultrasonic energy at 47 kHz (Cole-
armer, mod 8890R-MTH) was applied instead of mechanical
tirring. The objective of applying ultrasonic energy was to
educe the catalyst particle size, and therefore, increase its cat-
lytic activity.

For catalyst C4, an alkaline mixture was prepared by dissolv-
ng 40.4 g of Fe(NO3)3·9H2O (Merck) and 10.6 g of Na2CO3 in
50 mL of distilled water and mechanically stirred (120 rpm) at
oom temperature for 1 h. Then, this solution was added to a
eaker containing 10 g of a washed fly ash in 150 mL distilled
ater and was mechanically agitated (120 rpm) for 4 h. This
ixture was kept at 60 ◦C for 7 days. After filtration and wash-

ng with double distilled water the sample was dried at 100 ◦C
vernight and then calcined at 500 ◦C for 4 h.

Finally, catalyst C5 was prepared in alkaline media as catalyst
4, but ultrasonic energy was applied in place of mechanical

tirring.

.2. Analytical procedures

The chemical oxygen demand (COD) was analyzed by a Hach
rocedure using a Spectrophotometer DR/4000 UV–vis. Color
pectra were analyzed by means of a Hach Spectrophotometer
R/4000 UV–vis, and a calibration curve, shown in Fig. 2, was
uilt to convert from absorbance at 598 nm (wavelength) to con-
entration of the RB5 in the solution. Total iron and ferrous iron
ere analyzed by FerroZine method and 1,10-phenanthroline
ethod, respectively. Both are spectrophotometric Hach meth-

ds.

. Results and discussion

.1. Catalyst characterization

Atomic absortion: metal contain in the original fly ash was
etermined by atomic absortion spectroscopy (Spectr AA 220

arian). Main results are: Mn (0.014 wt.%), K (1.09 wt.%),
a (0.5 wt.%), Mg (0.5 wt.%), Cr (0.02 wt.%), Pb (0 wt.%),
l (14 wt.%), Ti (1 wt.%), Si (26 wt.%), Ca (2 wt.%) and Fe

0.06 wt.%).
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ig. 2. Calibration curve to relate absorbance at 598 nm (wavelength) to con-
entration of RB5 in the solution.

X-ray diffraction: X-ray powder diffraction measurements
f the catalysts (before and after the preparation) were con-
ucted on a Rigaku (Japan) powder difractometer equipped
ith Cu K� radiation in the angle range 2θ = 4–100◦. Fig. 3

hows an X-ray powder diffraction spectrum of the catalyst C4
fter preparation. The main mineral found in catalyst C4 are
e2O3 (hematite), graphite, SiO2 (quartz), Al6Si2O13 (mullite),
aAl4Fe8O19 and Al2SiO5 (Sillimanite). The rest of catalysts

how similar spectrum. Hence, it is deduced that prepared cata-

ysts (Fe3+-containing ashes) mainly consist of Fe2O3.

The maximum amount of immobilized Fe3+ in the five cata-
ysts was evaluated by dissolving 0.1 g of catalyst following the
tandardized digestion procedure ASTM-D3682-91. After mix-

w
2

able 1
mount of iron found in fly ash as a function of the method applied for immobilizing

atalyst 0.1 g Amount of immobilized iron Soluble iron in 0.05

Fe3+ mg Fe2+ mg Fe3+ mg

1 8.2125 0.375 0.0464
0.0527
0.0496
0.1487 (1.8%)

2 0.600 0.12 0.0028
0.0020
0.0022
0.0070 (1.2%)

3 1.4025 0.06 0.0064
0.0090
0.0061
0.022 (1.6%)

4 0.7575 ND 0.0035
0.0053
0.0022
0.0108 (1.4%)

5 0.885 0.495 0.0072
0.0033
0.0027
0.008 (1.5%)

he initial Fe3+ found in 0.100 g of the original fly ash was 0.0459 mg. ND: not deter
ig. 3. X-ray powder diffraction spectrum of the catalyst C4 after preparation.

ng and heating until the volume was reduced to 50 mL, this final
olution was diluted to 150 mL, and then, total iron and ferrous
ron were analyzed. In order to know the amount of initial iron
n the original fly ash, it was applied with the same procedure.
able 1 shows main results. As it can be seen, the maximum
mount of immobilized Fe3+ was achieved by means of the first
ethod.

.2. Leaching test
The results are reported as well in Table 1. These experiments
ere carried out in the working solution (0.05 M Na2SO4, pH
.8 adjusted with H2SO4) and applying the following proce-

the iron ion

M Na2SO4 (pH 2.8 adjusted with H2SO4) Leaching test

Fe2+ mg

0.0036 1
0.0038 2
0.0054 3
0.0128 (3.4%) Total iron lost in 6 h

0.0020 1
0.0025 2
0.0015 3
0.0060 (5%) Total iron lost in 6 h

0.0025 1
0.0023 2
0.0017 3
0.0065 (11%) Total iron lost in 6 h

ND 1
ND 2
ND 3
ND Total iron lost in 6 h

0.0012 1
0.0015 2
0.0020 3
0.0047 (1%) Total iron lost in 6 h

mined.
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ure at room temperature: 0.1 g of any catalyst was added to a
eaker containing 100 mL of the working solution. After stirring
120 rpm) for 2 h, the solution was allowed to settle down, fil-
rated and then, total iron and ferrous iron were analyzed by Hach

ethodology; results are labeled as Leaching Test 1. The cata-
yst was recuperated and added to a second beaker containing
fresh working solution, then, the previous methodology was

pplied and total iron and ferrous iron were analyzed; results are
abeled as Leaching Test 2. Finally, the catalyst was recuperated
nd added to a third beaker containing a fresh working solution,
hen the previous methodology was applied and total iron and
errous iron were analyzed; results are labeled as Leaching Test
.

In all cases, leaching tests last till 6 h and indicated that
on Fe3+ is lost in small amounts from the fly ash at constant
ate. Therefore, catalysts are very stable under the experimental
tudied condition.

.3. Degradation of RB5

.3.1. Effect of H2O2 concentration
Taking into account the oxidation model represented by Eq.

7), the degradation of an aqueous solution of 0.06 mM RB5
initial COD was 51 ppm O2) by means of catalyst C1 was
nvestigated in batch tests following the next procedure: the pH
f 100 mL 0.05 M Na2SO4 was lowered (with H2SO4) to 2.8,
hen 0.1 g catalyst C1 (this is equivalent to have 1.5 mM Fe3+

n solution) and RB5 were added. After a short mixing time a
toichiometric amount of H2O2 was added to the batch reactor
nd the RB5 oxidation started. During the degradation, sam-
les were taken every 10 min and the absorbance of the solution
as immediately recorded in order to determine the concentra-
ion of RB5 in the reacting solution. Fig. 4 shows RB5 oxidation
ith 4.56 mM H2O2 (stoichiometric amount, curve (a)), 5.0 mM
2O2 (10% more than the stoichiometric amount, curve (b)) and
.5 mM H2O2 (20% more than the stoichiometric amount, curve

ig. 4. Degradation of RB5 with activated H2O2 by an heterogeneous catalyst
C1). Experimental conditions: 100 mL 0.05 M Na2SO4 + RB5 + 0.100 g cata-
yst C1, pH 2.8 and room temperature. (a) 4.56 mM H2O2, (b) 5.0 mM H2O2

nd (c) 5.5 mM H2O2.

a
t
a
f
(
o

a
T
h
o
F

3

i
w
F
a
t
p
(
a
F

act time (catalyst C1-RB5) but in the absence of H2O2 and (c) after 195 min
f Fenton process (100 mL 0.05 M Na2SO4 + 0.06 mM RB5 + 0.100 g Catalyst
1, pH 2.8 + 4.56 mM H2O2).

c)). As it was expected, the rate of RB5 degradation increases
ith H2O2 concentration; however, is not advisable to increase

urther the H2O2 concentration, because the Fenton process is
ot longer profitable. After 165 min of treatment and using 20%
xcess of H2O2 (curve (c) in Fig. 4), the solution was effectively
olorless and the final COD was <10 ppm O2, representing an
batement of more than 80%.

In order to verify if the color and COD abatement from the
olution was due to degradation by Fenton process rather than by
n adsorption process, some experiments were repeated under
he same experimental conditions, but in the absence of H2O2 to
void the Fenton process. Fig. 5 shows the absorbance spectra
or: (a) the initial solution, (b) after 180 min of contact time
catalyst C1-RB5), and (c) in the absence of H2O2 after 180 min
f Fenton process.

As it can be seen from Fig. 5, adsorption process is not playing
n important role in color and COD abatement from the solution.
herefore, it is demonstrated that H2O2 was activated by the
eterogeneous catalyst C1 and Fe3+/H2O2 became a powerful
xidant, capable of the RB5 observed degradation, following a
enton-type path.

.3.2. Effect of catalyst loading
The effect of catalyst concentration was investigated taking

nto account that, in general, it is accepted that Fenton process
orks well in the presence of small (∼1 mM Fe2+) quantities of
e2+ [6,9,22]. Fig. 6 shows color removal as a function of the
mount of catalyst C1 under the following experimental condi-
ions: 100 mL 0.05 M Na2SO4 + 0.06 mM RB5 + 5.5 mM H2O2,

H 2.8 and room temperature. Catalyst concentration—curve
a): 1.2 g original fly ash (0.1 mM Fe3+); curve (b): 0.2 g cat-
lyst C1 (3.0 mM Fe3+); curve (c): 0.1 g catalyst C1 (1.5 mM
e3+).
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Fig. 6. Degradation of RB5 with activated H2O2 by an heterogeneous catalyst
(
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Fig. 8. Absorbance spectra for (a) the initial solution (100 mL 0.05 M
Na2SO4 + 0.06 mM RB5 + 1.20 g catalyst C2, pH 2.8), (b) after 195 min of con-
t
F
p

e
R
r

o
t
(
and C3 are similar. These results indicate that H2O2 is better
activated in the presence of catalyst C4. Also, it is observed
that application of ultrasonic energy does not improve the per-
C1). Experimental conditions: 100 mL 0.05 M Na2SO4 + RB5 + 5.5 mM H2O2,
H 2.8 and room temperature. (a) 1.2 g original fly ash (0.1 mM Fe3+), (b) 0.2 g
atalyst C1 (3.0 mM Fe3+) and (c) 0.1 g catalyst C1 (1.5 mM Fe3+).

Although original fly ash comes with a small amount of Fe3+,
t is not enough to generate a Fenton process, as it can be seen
n curve (a) in Fig. 6. A small amount of catalyst C1 (0.1 g)
eems to generate a good Fenton process according to curve (c)
n Fig. 6, but higher catalyst concentration does not boost up the
B5 degradation as it is demonstrated in curve (b) in Fig. 6. A

imilar trend was observed by other authors [6,9].

.3.3. Performance of heterogeneous catalysts
Applying the same methodology as before, the degradation

f an aqueous solution of 0.06 mM RB5 was investigated in

atch tests as a function of the prepared catalysts. In order to
ave always 1.5 mM Fe3+ in solution, different amounts of cat-
lysts were used depending on its concentration. Fig. 7 shows
olor removal as a function of catalysts under the following

ig. 7. Degradation of RB5 with activated H2O2 by heterogeneous cat-
lysts. Experimental conditions: 100 mL 0.05 M Na2SO4 + RB5 + 5.0 mM

2O2 + required amount of catalyst, pH 2.8 and room temperature. (a) 0.1 g
atalyst C1, (b) 1.2 g catalyst C2, (c) 0.59 g catalyst C3, (d) 1.13 g catalyst C4,
e) 0.90 g catalyst C5 and (f) 1.2 g original fly ash (0.55 mM Fe3+).

f

F
N
t
F
p

act time (catalyst C2-RB5) but in the absence of H2O2 and (c) after 195 min of
enton process (100 mL 0.05 M Na2SO4 + 0.06 mM RB5 + 1.20 g catalyst C2,
H 2.8 + 4.56 mM H2O2).

xperimental conditions: 100 mL 0.05 M Na2SO4 + 0.06 mM
B5 + 4.56 mM H2O2 + required amount of catalyst, pH 2.8 and

oom temperature.
The catalytic performance of catalyst C5 in the degradation

f 0.06 mM RB5 was poor and its catalytic activity is similar to
hat observed in the original fly ash, as can be observed in curves
e) and (f) in Fig. 7. Catalytic performance of catalysts C1, C2
ormance of the catalyst; in fact, in acid media (catalysts C2

ig. 9. Absorbance spectra for (a) the initial solution (100 mL 0.05 M
a2SO4 + 0.06 mM RB5 + 0.59 g catalyst C3, pH 2.8), (b) after 195 min of con-

act time (catalyst C3-RB5) but in the absence of H2O2 and (c) after 195 min of
enton process (100 mL 0.05 M Na2SO4 + 0.06 mM RB5 + 0.59 g catalyst C3,
H 2.8 + 4.56 mM H2O2).
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Fig. 10. Absorbance spectra for (a) the initial solution (100 mL 0.05 M
Na SO + 0.06 mM RB5 + 1.13 g catalyst C4, pH 2.8), (b) after 180 min of con-
t
F
p
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m
e
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c
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Fig. 12. Absorbance spectra for (a) the initial solution (100 mL 0.05 M
Na2SO4 + 0.06 mM RB5 + 0.50 g fly ash, pH 2.8), (b) after 180 min of con-
tact time (fly ash-RB5) but in the absence of H2O2 and (c) after 180 min of
F
2

b
t
f
a

2 4

act time (catalyst C4-RB5) but in the absence of H2O2 and (c) after 135 min of
enton process (100 mL 0.05 M Na2SO4 + 0.06 mM RB5 + 1.13 g catalyst C4,
H 2.8 + 4.56 mM H2O2).

nd C3) the activity was almost the same, and in alkaline media
catalysts C4 and C5) the activity of the catalyst prepared with
echanical stirring was much higher than those where ultrasonic

nergy was applied during the preparation. Except for catalyst
5, the rest of them could abate both the COD (∼80%) and the
olor from the solution.
.3.4. RB5 adsorption on catalysts
The RB5 adsorption on the catalyst C1 was discussed above

nd described in Fig. 5. Applying the same methodology as

ig. 11. Absorbance spectra for (a) the initial solution (100 mL 0.05 M
a2SO4 + 0.06 mM RB5 + 0.90 g catalyst C5, pH 2.8), (b) after 180 min of con-

act time (catalyst C5-RB5) but in the absence of H2O2 and (c) after 180 min of
enton process (100 mL 0.05 M Na2SO4 + 0.06 mM RB5 + 0.90 g catalyst C5,
H 2.8 + 4.56 mM H2O2).
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enton process (100 mL 0.05 M Na2SO4 + 0.06 mM RB5 + 0.50 g fly ash 5, pH
.8 + 4.56 mM H2O2).

efore, the magnitude of RB5 adsorption on catalyst 2–5 and
he original fly ash are shown in Figs. 8–12, respectively. Except
or catalyst C5, the rest of them, including the original fly ash,
dsorb a small amount of RB5 that can be negligible.

. Conclusions

In this study it was demonstrated that the couple Fe3+/H2O2
s as efficient as the Fe2+/H2O2 during a Fenton-type process.
he mixture Fe3+/H2O2 produces a strong oxidant (HO2

•) capa-
le of oxidizing organic pollutants in mild conditions and this
pproach might be applied in wastewater treatment in more real-
stic experiments. Fly ash, from a coal thermal power plant, is
n economic material and it was used as iron support because of
ts high-surface area, which would provide more active sites
o the catalyst. Fe3+ was effectively immobilized in fly ash
sing simple thermal procedures. Heterogeneous catalyst (Fe3+-
ontaining ashes) is stable for at least 6 h in aqueous solutions
0.05 M Na2SO4, pH 2.8) similar to those found in textile
ffluents. This implies that, under the heterogeneous catalyst
pproach, iron ion is better controlled and Fenton process is
ore efficient than in the homogeneous catalyst approach. The

xtremely lightweight of fly ash allow a uniform suspension
f the heterogeneous catalyst in the solution improving its effi-
iency in the Fenton process. However, this advantage could
e a technological challenge to prevent from clogging an elec-
rochemical flow-cell when this approach is applied in a more
ealistic experiment.
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