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The ozonation catalyzed by iron-pillared clays was studied.The degradation of dye indigo carmine (IC) was elected as test reaction.
Fe-pillared clays were synthesized by employing hydrolyzed FeCl

3
solutions and bentonite. The pillared structure was verified by

XRD and by XPS the oxidation state of iron in the synthesized material was established to be +2. By atomic absorption the weight
percentage of iron was determined to be 16. The reaction was conducted in a laboratory scale up-flow bubble column reactor.
From the studied variables the best results were obtained with a particle size of 60 microns, pH = 3, ozone flow of 0.045 L/min, and
catalyst concentration of 100mg/L. IC was completely degraded and degradation rate was found to be double when using Fe-PILCS
than with ozone alone. DQO reduction was also significantly higher with catalyzed than with noncatalyzed ozonation.

1. Introduction

A vast amount of water is employed by the textile industry.
Because of the dyeing process, the produced wastewater
contains strong color and this is reflected as well in a high
chemical oxygen demand (COD). It has been estimated
that 1–15% of the dye is lost during dyeing and finishing
processes and is released into wastewater [1, 2]. Even small
quantities (<0.005mg L−1) of dyes in water are unacceptable
since the discharge of effluents containing reactive dyes into
the environment can interfere with transmission of sunlight
into flowing liquid [3]. This causes perturbations in aquatic
life and the food web [4]. Thus, an effective and economical
technique for removing dyes from textile wastewaters is
needed [5]. In this sense, several conventional methods for
treating dye effluents have been studied, such as photodegra-
dation [6], adsorption [7], filtration [8], coagulation [9], and
biological treatments [10]. However, due to the stability of the
molecules of dyes some of these methods are not completely
effective and/or viable. In recent years, water treatment
based on the chemical oxidation of organic compounds by
advanced oxidation processes (AOPs) like ozonation has
drawn attention. Ozonation, which is effective, versatile, and
environmentally sound, has been tested as a goodmethod for
color removal [11]. Ozone is a strong oxidant (𝐸∘ = 2.07V)

and reacts rapidly with most of organic compounds [12]. It
oxidizes organic pollutants via two pathways: direct oxidation
with ozone molecules and/or the generation of free-radical
intermediates, such as the ∙OH radical, which is a powerful,
effective, and nonselective oxidizing agent [13, 14]. However,
the degree and rate of oxidation by ozonation is limited by
the chemical structure; that is, amines, linear chain alcohols,
and ketones are harder to be oxidized by ozone than some
aromatic compounds [15]. This has motivated the search for
more efficient ozonation processes. In this context, metal-
catalyzed ozonations have particularly drawn attention, but
water contamination bymetals turned out to be amajor prob-
lem [16, 17].The aimof thiswork is to evaluate the efficiency of
ozonation of carmine indigo catalyzed by an Fe-pillared clay.
The clay is expected to retain the iron within its structure so
that the solution is not contaminated with the metal.

Clays are natural abundant minerals that can be obtained
from somemines in high purity [18]. However, it is important
to modify them to obtain homogeneous materials that can
be used with reliable results. Furthermore, although clay
possesses large surface area, this is not accessible due to the
strong electrostatic interaction between sheets and charge
balancing cations. Thus, to gain access to the interlami-
nar area large cations (“pillars”) should be placed between
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sheets; as a result an increase in the surface area is obtained.
Pillared clays are microporous materials that are obtained
by exchanging the interlayered cations of layered clays with
bulky inorganic polyoxocations, followed by calcinations [19–
22]. After pillaring, the presence of this new porous structure
and the incorporation of new active sites present several
possible applications of these materials [23]. As described
by Catrinescu et al. [24], there are few examples where iron
containing synthetic clays have been tested as solid catalyst
to promote the Fenton reaction [24]. Some reports indicate
that pillared clays can be used as Fenton catalyst; these reports
refer to the catalytic activity imparted by the pillars, which
become the actual catalytic sites [25–27]. However, in all the
previous research the addition of hydrogen peroxide has been
the common reactive added to promote the Fenton reaction.
To the authors knowledge there are no reports of the effi-
ciency of ozonation of dyes catalyzed with Fe-pillared clays.

2. Materials and Methods

2.1. Reagents. Sulfuric acid, sodium hydroxide, and indigo
carmine dye of analytical grade were purchased from Sigma-
Aldrich Chemicals. The acid and the base were used without
further purification to adjust the solutions pH to 3. Purified-
grade bentonite was supplied by Fisher Scientific.

Ozone was generated in situ from dry air by an ozone
generator (Pacific Ozone Technology), with an average ozone
production of 0.005 g⋅dm−3.

2.2. Synthesis of Fe-PILCs. The Fe-pillared clay (Fe-PILC),
used as catalyst, was prepared by a purified-grade bentonite
supplied by Fisher Scientific. Fe-PILCs were prepared using
FeCl
3
⋅6H
2
O and NaOH solutions according to the method

of synthesis reported elsewhere [28]. The former was added
to the NaOH solution to obtain the required OH/Fe molar
ratio of 2.0. The initial concentration of the Fe salt was
0.2M and the suspension clay concentration was 0.10 wt.%.
In order to avoid precipitation of iron species, the pH was
kept constant at 1.78–1.80.Themixture was aged for 4 h under
stirring at room temperature. The pillaring solution was then
slowly added to a suspension of bentonite in deionized water.
The mixture was kept under vigorous stirring for 12 h at
room temperature. Finally, the solid was washed by vacuum
filtration with deionized water until it was chloride-free
(conductivity < 10 𝜇S/cm). Finally, the solid was air-dried
(70∘C) and calcined for 2 h at 400∘C.

2.3. Catalyst Characterization. X-ray diffraction (XRD) pat-
terns were obtained on a Bruker Advance 8 diffractometer
using CuK𝛼 radiation at 35 kV and 30mA. Data were collect-
ed over 2𝜃 range of 3–12∘ with a step of 0.04∘/min. X-ray dif-
fraction pattern suggests that the original bentonite was suc-
cessfully pillared since one peak corresponding to the (0 0 1)
reflection appeared at small 2𝜃 angles (2𝜃 ≈ 4∘). According to
[28] this result clearly indicates an enlargement of the basal
spacing of the clay as consequence of the pillaring process.

The total iron content incorporated into the catalyst was
determined by using a SpectrAA 240FS atomic absorption
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Figure 1: Schematic apparatus for the ozonation reaction. (1) Up-
flow glass bubble column reactor, (2) porous glass (gas diffuser), (3)
KI solution trap, (4) ozone generator, (5) flowmeter, (6) dry air inlet,
(7) ozone output, and (8) air dryer.

spectrophotometer. Before analysis, the samples were dis-
solved in hydrofluoric acid and diluted to the interval of
measurement.

Specific surface area and pore-size distribution were
determined by N

2
adsorption at 77K in a static volumetric

apparatus (Micromeritics ASAP 2010 sorptometer). Pillared
clays were outgassed prior use at 180∘C for 16 h under vacuum
of 6.6 × 10−9 bar. Specific total surface area was calculated
using the Brunauer-Emmett-Teller (BET) equation, whereas
specific total pore volume was evaluated from nitrogen
uptake at N

2
relative pressure of 𝑃/𝑃

𝑜
= 0.99.

The chemical state of the Fe was analyzed by X-ray pho-
toelectron spectroscopy (XPS, Jeol JPS 9200) with a standard
Mg K𝛼 excitation source (1253.6 eV). Binding energies were
calibrated with respect to the carbon signal (C1s) at 285 eV.

2.4. Ozonation Experiments. The ozonation experiments
were conducted in an up-flow glass bubble column reactor
(Figure 1). The gas mixture ozone/air was continuously fed
with a flow rate varying from 0.02 to 0.06 L⋅min−1 through
a gas diffuser with a 2mm pore size at the bottom of the
reactor.The excess of ozone in the outlet gas was decomposed
and trapped in a KI solution. Samples were taken at specific
time intervals to be analyzed. Fe-pillared clays were crushed
and sieved to a particle size of 60 𝜇m. All the experiments
were carried out at room temperature (19∘C ± 2). pH was
adjusted at 3.0 with analytical grade sulfuric acid and sodium
hydroxide. In addition to ozone flow rate, the effect of mass
of catalyst was also studied in the range of 0–0.1% w/w. At
all experiments the initial concentration of ICwas 1000mg/L.
As control experiments, IC concentration profiles were estab-
lished by adsorption, ozonation plus bentonite (clay without
pillaring) and particles of Fe∘. For the adsorption experiment,
only clay without any ozone supplying was employed in
order to discard the removal of IC by physical means. The
experiment with only bentonite was conductedwith an ozone
flow rate of 0.045 L⋅min−1 and a bentonite loading of 0.1%. It
is worth clarifying that in this case the employed bentonite
was not pillared. For the experiment with Fe∘ particles,
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Figure 2: X-ray diffraction pattern of Fe-PILC.

a loading of 0.016% w/w was employed. This iron loading is
equivalent to that when using 0.1% w/w of Fe-pillared clay.
Fe∘ particles were synthesized in our laboratory by reducing
0.01M Fe(II) sulfate solution with NaBH

4
at pH 7 and room

temperature. pH was controlled by adding a 0.5M NaOH
solution.Thiswas carried out under nitrogen atmosphere and
with deaeratedwater to ensure the production of Fe∘ particles.

2.5. Chemical Analysis. Concentration of indigo carmine was
determined by UV-Vis spectrophotometry technique, using a
Perkin-Elmer Model Lambda 25UV-Vis spectrophotometer
with a wavelength range of 190–1100 nm. Samples absorb-
ance was scanned from 200 to 900 nm, and a maximum
absorbance at 611 nm was observed. The scan rate was
960 nm⋅s−1. The samples were scanned in a quartz cell with
1 cm optical path.

In order to establish the oxidation degree of indigo
carmine, chemical oxygen demand of samples was deter-
mined by means of the American Public Health Association
(APHA) standard procedures [29].

3. Results and Discussion

3.1. Fe-PILCs Characterization. The XRD pattern of Fe-PILC
after calcinations at 400∘C is shown in Figure 2. This pillared
material exhibits a peak at 2𝜃 ≈ 4∘ which is commonly
assigned to the basal (0 0 1) reflection (d(0 0 1)). The basal
spacing represents the distance between two clay layers,
including the thickness of one of the layers. The reflection
at low 2𝜃 values (2𝜃 ≈ 4∘) is a clear indication of the
enlargement of the basal spacing of the clay as consequence
of the pillaring process, as explained in a previous work [28].
In this pillared clay a broader peak in the range 2𝜃 ≈ 7–9∘
was observed. This can be ascribed to two overlapped peaks,
the (0 0 2) reflection of the pillared clay and the (0 0 1)
reflection corresponding to the intercalation of a proportion
of monomeric species of small size, thus leading to smaller
openings of the clay layers [30].

Table 1: Main characteristics of parent clay and Fe-PILC catalyst.

Sample 𝑑(0 0 1) (Å) Surface area
(m2/g)

Micropore
volume
(cm3/g)

Fe (wt.%)

Bentonite —, 9.6b 35 0.0028 2.7
Fe-PILC 24.22a, 11.6b 283 0.125 16
a1st peak (2𝜃 ≈ 4∘).
b2nd peak (2𝜃 ≈ 7–9∘).

Table 1 shows the main textural characteristics, the Fe
content of the samples prepared, and the basal spacing cor-
responding to both the parent clay and the Fe-PILC calcined
at 400∘C. As can be seen, the pillared process increases the
basal spacing of the clay. The surface area analysis indicates
that the pillaring process produces a significant increase in
the surface area of parent clay. This can be ascribed to the
micropores formation [31].

XPS analysis was performed in order to corroborate the
presence of iron and to identify its chemical state. The XPS
spectrum corresponding to the Fe 2p3/2 narrow scan region
of the Fe-PILC was observed (data not shown). According to
the National Institute of Standards and Technology (NIST),
this peak (≈710 eV) corresponds to FeO (Fe2+). This result
is coherent with TPR studies that indicated that Fe-pillared
clays present only one reduction peak that corresponds to the
Fe3+ → Fe2+ reduction process [28].

3.2. Ozonation Experiments

3.2.1. Effect of Ozone Flow Rate. In an up-flow bubble column
the gas flow rate is expected to affect, among other aspects,
the rising bubble velocity and therefore the contact time
of the gas with the solution. This is finally reflected in the
gas mass transferred to solution. Thus, gas flow rate is an
important variable in the study of any three-phase system. In
this case, to do so, this variable was studied only under the
presence of ozone in the range of 0.020–0.060 L/min. Figure 3
shows the obtained averaged results of two repetitions per
flow rate. It can be observed that at all experiments 100%
degradation of indigo carmine (IC) was achieved. The veloc-
ity at which this occurs, however, depends on ozone flow
rate. It can be observed that depletion of indigo carmine
concentration along time increases when increasing of flow
rate. Nevertheless, when flow rate is 0.06 L⋅min−1 the rate of
indigo carmine degradation becomes slower.This means that
a maximum of ozone in solution is achieved before this flow
rate, and this is observed to happen when a 0.045 L⋅min−1
is employed. Therefore, the rest of the experiments were
conducted at this flow rate.

3.2.2. Effect of Mass of Catalyst. In order to study the effect
of this variable four experiments with their corresponding
repetitions were conducted within the catalyst concentration
range of 0–0.1% w/w and with an initial concentration of
IC at all cases of 1000mg/L and an ozone flow rate of
0.045 L⋅min−1. All the experiments were carried out at pH 3
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Figure 4: Effect of Fe-PILC concentration (% w/w) and type of
catalyst (Fe-PILC, clay without pillaring, and Fe particles) on Indigo
carmine concentration.

to avoid the precipitation of Fe [32]. From Figures 4 and 5, the
positive effect of the Fe-pillared clay is evident. The presence
of the catalyst enhances the ozonation process, and the mass
of catalyst has a strong influence over the dye degradation.
This increases when mass of Fe-pillared clays increases and
this is also an indication of the liquid-solid mass transfer
resistance being negligible. It is observed in Figure 4 that by
only adding 0.1% w/w of catalyst the IC degradation rate is
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Figure 5: Effect of catalyst concentration on chemical oxygen
demand (COD).

doubled.Moreover, Figure 5 shows that the use of catalyst not
only affects IC degradation rate but also its oxidation degree.
Three other plots can be observed in Figure 4.The adsorption
experiment confirmed the role of Fe-PILC as catalyst rather
than as sorbent. It was found that only 2.9% of IC is removed
by this phenomenon during the time of reaction (60min).
Also, in Figure 4, the experiment labeled as bentonite further
highlights the effect of pillaring since it can be observed
that the bentonite alone does not have a significant effect on
ozonation rate, which came out to be practically the same
when using only ozone. It is worth clarifying that in this case
the employed bentonite was not pillared and that its iron
content (by nature) was determined by atomic absorption
to be 2.7%. Regarding the effect of Fe particles, it can be
observed that the initial IC degradation rate is noticeably
improved by the presence of this solid. This improvement,
however, is not constant and the degradation rate becomes
relatively slower after few minutes of reaction. This behavior
can be ascribed to the ready availability of Fe for reactions (4)
and (5) to occur. It seems, however, that in this case, reaction
(4) occurs more rapidly than reaction (6), which implies that
after few minutes of reaction Fe3+ species may prevail thus
limiting degradation rate.

Figure 5 indicates that the oxidation degree depends on
catalyst concentration. To elucidate the species that became
resistant to each treatment the UV-Vis spectra of the reacting
solution as function of time were analyzed and these are
depicted in Figure 6. It can be observed in this figure that
the corresponding spectrum to IC presents two absorption
bands with maxima at 600 and 340 nm. The former band
is characteristic of indigo and the latter is ascribed to aux-
ochromes (N, SO

3
) joined to the benzene ring. When ozone

is applied to the IC solution, it can be observed in Figure 6(a)
that the maximum absorbance at 600 nm decreases and this
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Figure 6: Effect of degradation type and time on UV-Vis spectra. (a) Ozonation alone; (b) ozonation + Fe-pillared clay.

indicates that the characteristic blue color is diminishing also.
This may be due to the loss of sulphonate group since this
works as auxochrome and therefore increases color intensity.
After 40 minutes of reaction a new absorption band appears
at 403 nmand this can be ascribed to a degradation product of
IC.This product was identified as isatine by comparison with
the absorption spectra of the corresponding standard. After
120 minutes of ozonation treatment only isatine is identified
in the solution and no further degradation with ozone only
was detected.

Unlike with ozonation alone, it can be observed in
Figure 6(b) that when using ozonation + Fe-PILC not only
the loss of color is improved but also the degradation of
isatine. Until minute 30, both treatments are very similar.
When using Fe-PILC, the absorption band attributed to the
IC completely disappears and then the band related to isatine
is observed.This diminished up to 72% of that at 60 minutes.

These results suggest that when only ozone is used the dye
is degraded mainly by the direct action of ozone molecules.
This, however, does not rule out the production of ∙OH radi-
cals bymeans of reaction (1).These radicalsmay be consumed
by reaction (2) rather than by oxidizing the IC. The product
of this reaction may be reacting further to obtain H

2
O
2
[33]:

O
3
+H
2
O → 2OH∙ +O

2
(1)

O
3
+OH∙ → O

2
+HO∙

2
←→ O∙

2
+H+ (2)

2OH∙
2
→ O

2
+H
2
O
2

(3)

When the ozone is combined with Fe-PILC the intensifi-
cation of OH production is expected according the following
reaction [34]:

FeO2+ +H
2
O
2
→ Fe3+ +OH∙ +OH− (4)

The ferrous species involved in reaction (4) may be
produced by the ferrous species in the pillared clay by means
of the following reactions:

6H+ +O
3
+ FeO → FeO2+ + 3H

2
O (5)

Fe3+ species may be going back to Fe2+ by means of the
following reaction:

Fe3+ +H
2
O
2
→ Fe2+ +HO∙

2
+H+ (6)

Therefore, when adding the Fe-PILC to the ozonation
process, the oxidation reactions are intensified and so the
degradation of IC to isatine and other products is plausible
to occur according to Scheme 1 [35].

Figure 7 shows the evolution of pH with time. It is
observed that pH slightly rises at the beginning of the reaction
and this may be ascribed to the expected production of HO∙
radicals. After the initiation period, pH drops down to 2 and
this may be due to the acid products shown in scheme of
reaction (1).

XPS analysis was made to determine the oxidation state
of the Fe present in the clay at the end of reaction and it was
demonstrated to be 2+. It is worth noticing that iron leaching
was not observed at any point of reaction.

4. Conclusions

The degradation of indigo carmine by ozonation and cat-
alyzed ozonation with Fe-pillared clay was studied. The
role of the Fe-pillared clay as catalyst was demonstrated. A
small amount of the clay allows substantially enhancing the
degradation and mineralization of indigo carmine. In the
catalyzed ozonation process the reaction occurs faster than
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in the noncatalyzed system doubling the reaction rate. The
reutilization of the catalyst is feasible since neither leaching
or Fe oxidation state changes were detected.
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and C. Saez, “Oxidation of enrofloxacin with conductive-
diamond electrochemical oxidation, ozonation and Fenton
oxidation. A comparison,” Water Research, vol. 43, no. 8, pp.
2131–2138, 2009.

[15] L. A. Bernal-Mart́ınez, C. Barrera-Dı́az, C. Soĺıs-Morelos, and
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