
 

 

 

 

 

 

 

 

 

 

 

CHAPTER 13

Modified montmorillonite in photo-Fenton and adsorption
processes

Lucas M. Guz, Melisa Olivelli, Rosa M. Torres Sánchez,
Gustavo Curutchet & Roberto J. Candal

13.1 INTRODUCTION

Nowadays environmental pollution is one of the major and more urgent problems to be resolved
in the world. In particular, water contamination affects most of the planet being the situation more
dramatic in the less developed countries. All the human activities from agriculture to the fabrica-
tion of sophisticated electronic equipment need water, generating enormous amounts of effluents
that should be purified before being discharge to the environment. Biological water treatment is
without doubts the most popular in the entire world because it is versatile, cheap and can be used
in big or small cities and for several industries. However, human activity generates wastewaters
containing soluble metals and/or synthetic organic compounds that are non-biodegradable or,
unlike natural occurring compounds, extremely resistant to biodegradation by native microor-
ganisms (Ali, 2010). Synthetic dyes belong to the group of poorly biodegradable compounds
and approximately 20% of the synthesized dyes are discharged in aqueous effluents without any
treatment (O Neill et al., 1999). Synthetic dyes are made up of complex aromatic molecular
structures purposely designed to resist the exposure to light, water, air, soap and oxidizing agents.
Consequently, dyes are commonly resistant to conventional biological treatment and in particular
to aerobic digestion (Asgher, 2012). Although anaerobic degradation of dyes is reported, toxic
amines intermediates are usually produced as byproducts and the coupling of anaerobic with
aerobic treatment is usually recommended (Hosseini Koupaie et al., 2013; Singh, 2011).

Physicochemical water treatments that can be used to remove non-biodegradable compounds
include adsorption, coagulation-flocculation, membrane filtration, ozonization and advanced
oxidation, between others. The sorption methods are relatively fast, can be used to remove
metals and organic compounds, and may be cheaper than others. However, they have the prob-
lem of the further elimination of the sorbed pollutant, which has to be treated as a dangerous
waste. Other techniques (like membrane filtration or ozonization) require significant amount
of electricity and the cost may be too high in regions were electricity is expensive. Advanced
oxidation processes (AOPs) are an alternative that works well for the elimination of organics.
The most used AOPs are Fenton like, photo-Fenton like and TiO2-photocatalysis. The three pro-
cesses have been used for the degradation of dyes; Fenton like and photo-Fenton like processes
are being increasingly used in the treatment of industrial wastewater including colored waters
(Bautista et al., 2007; Lofrano et al., 2007; Meriç et al., 2005). Although the Fenton reagent
has been known for more than a century and is shown to be a powerful oxidant, the mechanism
of the Fenton reaction is still under intense and controversial discussion. However, it is gener-
ally accepted that the reaction between H2O2 and Fe2+ in an acidic aqueous medium (pH ≤ 3)
produces HO• radicals that act as non-selective oxidants that can degrade or even mineralize
different types of organic substances. In a typical approach, four steps should be followed: pH
adjustment to 2.8–3.0, oxidation reaction, neutralization, and coagulation. The process can be
summarized as:

Fe2+ + H2O2 → Fe3+ + HO− + HO• (13.1)
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218 L.M. Guz et al.

As iron (II) acts as a catalyst, it has to be regenerated, which seems to occur through the
following scheme:

Fe3+ + H2O2 ↔ Fe–OOH2+ + H+ (13.2)

Fe–OOH2+ → Fe2+ + HO•−
2 (13.3)

The photo-Fenton process produces more hydroxyl radicals in comparison to the conventional
Fenton method, thus promoting the degradation of organic pollutants. The photo-Fenton reaction
involves irradiation with UV light that significantly increases the rate of contaminant degradation
by stimulating the reduction of Fe(III) to Fe(II). Further hydroxyl radicals may be produced
via direct H2O2/UV photolysis (slow reaction, depending on the emission of the lamp) and the
reaction of H2O2 with Fe2+ produced by photoreduction of Fe(III):

Fe(OH)2+ + hν → Fe2+ + HO• (13.4)

Fe2+ + H2O2 → Fe(OH)2+ + HO• (13.5)

The photoreduction of Fe(OH)2+ takes place with wavelength of 360 nm (UVA radiation),
meaning that solar light can be used as a irradiation source in photo-Fenton process (Herney-
Ramirez et al., 2010). The higher production of HO• due to the combination of oxidants and
metallic catalysts in the presence of UVA radiation, and the potential applicability of sunlight as
UVA light source are some attractive advantages of this process (Pignatello et al., 2006). The
Fenton reagent usually incorporates Fe(II) as catalyst, but, in some cases, using only iron, it is
not possible to remove all the intermediate compounds generated as a consequence of the partial
oxidation of the pollutants (Primo et al., 2008). Other transition metals appear as an alternative to
achieve higher mineralization efficiencies; these alternatives are the so-called Fenton like process.
Copper undergoes Fenton and photo-Fenton type reactions and lead to the oxidation of several
compounds (Anipsitakis and Dionysiou, 2004; Neamtu et al., 2003; Shah et al., 2003).

As mentioned before, the photo-Fenton reaction has been widely applied under homogeneous
conditions. It is an effective method for the removal of a high variety of organic contaminants,
with the advantages of working under simple operation conditions and the relatively low price
and environmental impact of the oxidation reagents. However, this application has various serious
disadvantages, for example, the formation of Fe-containing sludge and the low pH necessary
for optimal performance. Besides, the catalytic activity of Fe(III) can be diminished by the
presence of complexing agents able to form very stable coordination compounds. The use of
supported catalysts has been reported as a solution to these problems (Herney-Ramirez et al.,
2010). Several alternatives were proposed as heterogeneous catalysts for Fenton process; bulk
catalysts containing iron may be considered, as hematite, magnetite, goethite, etc. A different
approach is the incorporation of iron into different supports as activated carbon (Dhaouadi and
Adhoum, 2010), polymers (Lee et al., 2010), zeolites (Idel-Aouad et al., 2011), clays, etc. The
use of clays as catalyst support for Fenton reaction has been recommended by several authors,
with application in general wastewater treatment (Herney-Ramirez et al., 2010) and especially
in wastewaters containing different types of dyes (Soon and Hameed, 2011). Clays have several
advantages: low cost, high surface area, low environmental impact and, in some cases, they
contain natural iron that may work as catalyst.

It was suggested that the reaction mechanism in heterogeneous catalysis involve the Fe(III) on
the surface of the support and the Fe2O3 present on the support:

Fe3+-on the surface of Fe_Clay + hν → Fe2+-on the surface of Fe_Clay (13.6)

Fe2+-on the surface of Fe_Clay + H2O2 → Fe3+-on the surface of Fe_Clay + HO• + OH−
(13.7)

Fe-Clay-dye + HO• → reaction intermediates → CO2 + H2O (13.8)
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Fe2O3in Fe-Clay + dye + hν → [dye• . . . Fe2O3] in Fe-Clay → dye•+ + Fe2O3 in Fe-Clay + e−
CB

(13.9)

dye•+ → reaction intermediates → CO2 + H2O (13.10)

Catalytic activity is also originated from a homogeneous process due to iron leaching from
the catalyst. Fe2+ in solution can be obtained by the photoreduction of ≡Fe3+ under UV radia-
tion. In addition, Fe3+ in solution was also produced when ≡Fe2+ is oxidized by H2O2. Other
transition metal cations can potentially be used as supported catalysts for Fenton or photo-Fenton
processes, but only few examples were reported at present (Timofeeva et al., 2009; Yip et al.,
2007).

Clays, and specially bentonites, deserve special attention due to their versatility for environ-
mental applications. In several countries as for example Argentina, there are rich natural sources
of bentonites that can be used in environmental applications helping the development of the
local economies. Montmorillonite is a bentonite with great specific surface area and optimal
properties for metal adsorption (Bhattacharyya and Gupta, 2008; Gu et al., 2010; Ijagbemi et
al., 2009). In particularly, the uptake of uranium and copper from aqueous solutions by the
use of montmorillonites was recently demonstrated (Bhattacharyya and Gupta, 2007; Schlegel
et al., 2009). An alternative that was recently investigated has to do with the combination of
biomass with clays. Biomass in general and microscopic biomass in particular are very active
in the adsorption of metals from solution, allowing concentrating heavy metals from diluted
solutions (Shinde et al., 2012; Yipmantin et al., 2011; Volesky, 2007). The hybrid materi-
als produced by combination of both adsorbents seem to be more efficient for the adsorption
and removal of metals in solution and to have better coagulation properties. In particular, good
results were obtained for the removal of uranium and copper in water using bacterial or fungal
biomass respectively (Ohnuki et al., 2005; Olivelli et al., 2013). When raw clays and mod-
ified clays are used to remove metals form solution, a new solid waste containing metals is
generated, which should be appropriately disposed. As an alternative, if the clays are used to
adsorb metals with catalytic activity, they can be used in oxidation processes like Fenton or
photo-Fenton.

In this work, we present a comparative study about the use of Fe(III) and Cu(II) supported
on montmorillonite as catalyst for the discoloration and mineralization of reactive Orange 16
by photo-Fenton process. Copper containing montmorillonite and bio-montmorillonite obtained
after removal of Cu(II) from water were also used to test their performance as catalyst in the
same reaction. Reactive Orange 16 was selected as pollutant target due to the requirement
of the local industry for technologies to remove dyes from wastewater before its discharge in
rivers.

13.2 EXPERIMENTAL SECTION

13.2.1 Materials

A bentonite sample (MMT) coming from the Argentine North Patagonia (Río Negro) was
used as raw material for all the synthesis described in this work. The MMT mineralogy was
evaluated by X-ray diffraction and chemical analysis in previous studies (Iborra et al., 2006;
Lombardi et al., 2003) and consists of Na-rich montmorillonite (>99%) with minor phases as
quartz and feldspars. Some physicochemical parameters of the raw MMT were determined else-
where: structural formula [(Si3.89 Al0.11)(Al1.43Fe3+

0.28Mg0.30)O10(OH)2] M+
0.41; cationic exchange

capacity (CEC) = 174 meq/100 g clay, isoelectric point (IEP) at pH 2.7 and specific surface
area determined by N2 adsorption (BET method) SN2 = 34.0 m2 g−1, and by water adsorption
Sw = 621 m2 g−1 (Magnoli et al., 2008).
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Reactive Orange 16 (RO16 -Sigma) was used as received. Hydrogen peroxide (30%), sulfuric
acid and sodium sulfite, all PA quality, from Merck, were also used. Deionized water was obtained
with an Osmoion water purifier. The formula of RO16 is given by:

13.2.2 Iron (III) modified montmorillonite (Fe-MMT)

Iron chloride hexahydrate (15 g, Aldrich) and montmorillonite (15 g) were respectively dissolved
and suspended in acetone (50 mL, Merck). The slurry was stirred for 1 hour, washed with acetone
and ethanol, and finally dried at 60◦C overnight. The obtained product was named Fe-MMT.

To determine the iron loading, a sample of Fe-MMT was digested in a 5.0 M HCl+HNO3

acid solution at room temperature. The content of iron in the solution was determined by the
thiocyanate method. The iron load was 24 ± 1 mg/g of clay.

13.2.3 Copper (II) modified montmorillonite (Cu-MMT)

MMT fired at 500◦C for 8 h (3.0 g) was suspended in 100 mL of a 0.050 M CuSO4 (Merck)
solution at pH 5.0, and stirred for 1 hour at 50◦C. The solid was decanted and washed 3 times
with deionized water and dried at 60◦C overnight. The obtained material was named Cu-MMT. To
determine the copper loading, a sample of Cu-MMT was digested in 1.0 M HNO3 acid. Cu(II) was
determined spectrophotometrically by the dithizone method. The copper loading was 60 ± 2 mg/g
of clay.

13.2.4 Biomodified montmorillonite (Apha-BMMT)

A copper and uranium resistant acidophilic fungi genus was used, Aphanocladium sp. (Apha sp.).
To generate the clay biopolymer (named as Apha-BMMT ), the biomass was grown axenically
in batch systems with P5 culture medium (1.28 g L−1 K2HPO4; 3 g L−1 (NH4)2SO4; 0.25 g L−1

MgSO4.7H2O; 10 g L−1 glucose; 0.1 g L−1 thiamine; 1% (v/v) microelements solution) containing
MMT clay 1% (w/v) and 5% V/V of initial inoculum. Generated Apha-BMMT were recovered
by centrifugation (20 minutes, 2200 g, 4◦C) and washed with distilled water.

13.2.5 Adsorption of Cu(II) on MMT and Apha-BMMT

MMT samples were stabilized by suspension overnight in P5 culture medium, followed by washing
with deionized water, centrifugation and drying at 60◦C. This material, named P5-MMT, was used
as sorbent for Cu(II) dissolved in water solutions.

Copper sulfate solutions containing from 0.16 to 7.9 mM copper pH 3.6 were prepared. Dupli-
cate Apha-BMMT or P5-MMT samples (0.1 g) were shaken during 2.25 h (according to previous
equilibrium essays, data not shown) in polypropylene tubes with 10 mL aliquots of each solution.
After the equilibration time, two samples of 1.0 mL were taken from each tube and centrifuged
(5000 g, 8 min). The supernatant was analyzed for copper with the Cuprizone technique, and the
solid was reserved for XRD and electrophoretic mobility analysis. The metal adsorbed was calcu-
lated as the difference between the initial concentration and that of the supernatant in equilibrium.
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The copper adsorption capacity was fitted by Langmuir, Freundlich and sigmoidal isotherms using
the SigmaPlot 10.0 software (Statistics – Regression Wizard).

The same procedure was followed to obtain P5-MMT and Apha-BMMT saturated with Cu(II)
for testing their catalytic activity in photo-Fenton experiments for the degradation of RO16. The
saturated powders were washed several times by centrifugation (until Cu(II) was not detected
in the rinsed water) and dried at 60◦C. The obtained catalysts were named P5-Cu and Apha-Cu
respectively.

13.2.6 Materials characterization

Samples of the different materials were characterized by X-ray diffraction (XRD, Siemens
D-5000) and by measurements of electrophoretic mobility in KCl 1.0 mM at different pH (EPM,
Brookhaven 90-Plus).

13.2.7 Photo-Fenton experiments

Photo-Fenton experiments were performed in a batch recirculating system (1.0 L min−1 flow rate)
consisting of an annular glass reactor (415-mm length, 32-mm internal diameter), a peristaltic
pump (APEMA BS6, 50 W), and a thermostatted (25◦C) cylindrical reservoir. A blacklight tubular
UV lamp (Philips TLD/08, 15 W, 350 nm < λ < 410 nm, maximum emission at 366 nm) was
installed inside the annular reactor as the illumination source. Scheme 13.1 shows a flow diagram
of the system. The total volume of the circulating mixture was 450 mL, of which 100 mL was inside
the photoreactor and constantly irradiated. The catalyst (1 g L−1) was dispersed by continuous
stirring in 450 mL of a water solution containing 100 mg L−1 of RO16 and the pH adjusted to 3.0
with diluted sulfuric acid. It was experimentally determined that adsorption of RO16 on MMT, Fe-
MMT, Cu-MMT, P5-Cu or Apha-Cu was negligible. After 10 min of stabilization under stirring,
the pump and the light were turned on, letting the suspension circulate for the reactor for at least
10 min. A 10 mL sample was taken, stabilized with 2 mL of 1.0 M sodium sulfite and stored at
4.0◦C. Hydrogen peroxide, 30%, was added to the system in order to obtain the desired H2O2

initial concentration. During irradiation, the suspension was vigorously stirred in the reservoir.
Samples were taken at certain intervals to determine RO16 and TOC concentrations. The samples
were immediately quenched by addition of sodium sulfite in the proportion given above. The solid
catalyst was removed from the suspension by centrifuging at 10000 rpm in 2 mL plastic tubes.

RO16 concentration was determined by UV-Vis spectrophotometry with an Ocean optics
HR2000 spectrophotometer. Total organic carbon (TOC) was measured with a Shimadzu 5000-A
TOC analyzer in the nonpurgeable organic carbon (NPOC) mode. In what follows, we refer to
this measurement simply as TOC. Actinometric measurements were performed with ferrioxalate.
A photon flow per unit volume (q0

n,p/V, where q0
n,p is the incident photon flux and V is the irradi-

ated volume) of 7.4 µ Einstein s−1 L−1 was calculated for the black-light lamp (assuming 366-nm
monochromatic light).

13.3 RESULTS

13.3.1 Adsorption of Cu(II) on P5-MMT and Apha-BMMT

Figure 13.1 shows copper adsorption isotherms for P5-MMT and Apha-BMMT.
At low copper concentrations (lower than 2 mM), all the samples show similar adsorption

capacity. From 2 mM, the adsorption capacity rises, mainly in the systems with biomass. This
sigmoidal shape of isotherms suggested different adsorption sites with different affinities for
copper or the existence of a cooperation effect that increases the affinity between copper (II) and
adsorption sites. Although the biopolymer had lower adsorption capacity of the biomass or MMT,
the coagulation capacity of the system was increased, leading to an improved separation of solids
from the solution.
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Scheme 13.1. Photo-reactor system flow diagram.

Figure 13.1. Adsorption isotherms of Cu(II) on different substrates.

13.3.2 Catalysts characterization

Figure 13.2A shows XRD patterns of the three different solids: MMT, Fe-MMT and Cu-MMT.
The d001 reflection is the main source to identify the clays (interlayer space). Pure MMT display
a diffraction peak at 6.6◦ that corresponds to a d001 basal spacing of 13.6 Å. On the other hand,
Fe-MMT shows a diffraction peak at 5.6◦ that corresponds to a d001 basal spacing of 16.5 Å. In
the case of Cu-MMT, the reflection peak shifted to 7.6◦, which is similar than in the case of MMT
fired at 500◦C (not shown). The d001 basal spacing in these cases is 11.6 Å that indicates the
collapse of the structure as consequence of the thermal treatment. The diminution in the intensity
of the reflection peak is also due to the disruption of the structure.

The XRD patterns of MMT and BMMT with adsorbed copper was different. A shift of the
reflexion peak d001 towards smaller values of 2θ was observed for P5-Cu with respect to that
found for P5-MMT. The shift of the reflexion peak d001, indicated the entrance of the copper
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Figure 13.2. XRD Patterns of MMT, Fe-MMT and Cu-MMT (Figure 2A) and P5-MMT, P5-Cu, Apha-MMT
and Apha-Cu (Fig. 13.2B).

Figure 13.3. Electrophoretic mobility of MMT, Fe-MMT and Cu-MMT at different pH. 0.050 g L−1 of the
powders were dispersed in 1 mM KCl. pH was adjusted with HNO3 or KOH as needed.

cation to the clay interlayer. The asymmetrical shape of the reflexion peak d001 for all samples
with copper indicated the existence of a heterogeneous interlayer. To achieve some precision of
the latter behavior, the mathematical decomposition of the reflexion peak d001 for P5-Cu and
Apha-Cu was performed. Two peaks were found for the d001 reflexion peak decomposition of
both samples, which confirmed the existence of a heterogeneous interlayer originated by water
and copper cations in the interlayer. In Apha-Cu, the input of copper to the interlayer is of lesser
extent than in the case of MMT. This decrease may be due to the high affinity of the biomass by
Cu(II) that competes with the binding sites into the clay interlayer

Figure 13.3 shows the effect of pH on the electrophoretic mobility of MMT, Fe-MMT and
Cu-MMT. MMT electrophoretic mobility is almost independent of pH due to its intrinsic nega-
tive charge, which is consequence of its crystalline structure. Proton adsorption on MMT takes
place at low pH values, leading to a diminution in the absolute value of ζ-potential. In the case
of Fe-MMT, the ζ-potential notably increases as the pH decreases, while Cu-MMT displays a
behavior between MMT and Fe-MMT. The effect of Fe(III) on the ζ-potential indicates that iron
is present on the surface of the Fe-MMT particles, shifting the isoelectric point to values closer
to that corresponding to iron oxides (pH: 7.8–8.5). In the case of Cu(II), there is only a shift of
ζ-potential to less negative values, meaning that Cu(II) compensate in part the negative surface
charge of MMT.
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Figure 13.4. Temporal evolution of RO16 in water solutions. RO16 concentration: 100 mg L−1; MMT,
Fe-MMT concentration: 1.0 g L−1; pH = 3.0; [H2O2]0 = 100 mM.

Table 13.1. Pseudo first order constant rate and correlation coefficients
corresponding to the experiments shown in Figure 13.3.

System k1 (s−1) r2

MMT + UVA + 0.1 M H2O2pH 3 0.36 ± 0.01 0.9891
Fe-MMT + 0.1M H2O2 pH 3 9.2 ± 0.3 0.9968
Fe-MMT + UVA + 0.1 M H2O2 pH 3 13.7 ± 0.2 0.9998
Fe-MMT + 0.05 M H2O2 pH 3 10.3 ± 0.7 0.9936
Fe-MMT + UVA + 0.05 M H2O2 pH 3 18.2 ± 0.6 0.9991

13.3.3 Photo-Fenton experiments

Figure 13.4 shows the temporal evolution of the concentration of RO16 in water solutions exposed
to different treatments that use Fe-MMT as catalyst, together with different controls.

Degradation of the dye in the presence of MMT + UV, MMT + H2O2 or Fe-MMT+UV was
negligible. However, when Fe-MMT was used in the presence of H2O2 or H2O2 + UVA, the
degradation of the dye was very fast due to the occurrence of Fenton and photo-Fenton processes,
respectively. It is noticeably that photo-Fenton is slightly more efficient than Fenton. The dye was
also discolored in the presence of H2O2 and UVA with or without MMT (only the data obtained
in the presence of MMT are shown in Fig. 13.4), but with a much lower degradation rate.

The degradation rate could be described by a first order kinetics; the pseudo first order constants
are given in Table 13.1. It is notable the increment in k1 when the Fenton experiments were run
under UVA irradiation.

Table 13.1 also shows the effect of H2O2 concentration on the pseudo first order constant.
When the concentration decreased from 0.100 M to 0.05 M, the constant rates slightly increased.

Figure 13.5 shows the temporal evolution of RO16 water solutions exposed to different oxida-
tion treatments using Cu-MMT.The degradation rate was noticeably lower than in the experiments
run with Fe-MMT. The Fenton-like reaction with Cu-MMT was even slower than with pure
MMT. However, under UVA illumination, the degradation rate increased and the solutions were
completely bleached in 5 hours.

The color of the solution during degradation shifted to red when Cu-MMT was used as catalyst.
This effect was observed with naked eye and suggests that the mechanism of degradation is
different depending if Fe-MMT or Cu-MMt is used as catalyst in photo-Fenton process. Figure
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Figure 13.5. Temporal evolution of RO16 in water solutions. RO16 concentration: 100 mg L−1; MMT,
Cu-MMT concentration: 1.0 g L−1, pH = 3.0; [H2O2]0 = 100 mM.

Figure 13.6. UV-vis spectra of samples taken during photo-Fenton degradation 100 mg L−1 RO16, pH
3.0, catalyst concentration 1.0 g L−1, [H2O2] = 100 mM. (A) MMT, (B) Cu-MMT. Part of the
copper was released to the solution at pH 3.0; its concentration after 24 h of irradiation was
18 ± 2 mg L−1.

13.6 shows UV-vis spectra of solutions taken at different times during the degradation by photo-
Fenton of RO16, using MMT (Fig. 13.6A) or Cu-MMT (Fig. 13.6B). In the first case, the intensity
of the band centered at 490 nm decreased with treatment time without changes in the maximum
position. In the second case, the position of the maximum shifted to higher wavelength (red) as
the intensity of the band decreased.

The diminution of the total organic carbon content (TOC) during the treatment is another
important consequence of the oxidation treatment. Figure 13.7 shows the temporal evolution of
TOC during a wide period of time. Fenton and photo-Fenton with Fe-MMT quickly reduced
TOC until approximately 65 or 57% of TOC remained in solution, respectively. Photo-Fenton
process was faster than Fenton and led to lower TOC at the end of the process. On the other hand,
Cu-MMT worked slowly at the beginning but led to lower TOC at the end of the process. These
results also show that the mechanism involved in the degradation of the dye in the presence of
Fe-MMT or Cu-MMT was different. Pure MMT also shows activity in the reduction of TOC in
solution, but the reduction rate was lower and a higher percentage of TOC remained at the end of
the experiment.

Degradation of RO16 was also performed in the presence of other copper containing catalysts
as P5Cu (Cu(II) adsorbed on MMT) and Apha Cu (Cu(II) adsorbed on BMMT), to compare
the activity of these materials (obtained as “waste” in the adsorption of Cu(II) from aqueous
solutions) with Cu-MMT, especially prepared as photo-Fenton type catalyst. Figures 13.8A and
B show discoloration rate and TOC evolution, respectively.
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Figure 13.7. TOC evolution during Fenton and photo-Fenton process using different catalysts. In all the
experiments, [H2O2]0 = 0.100 M, catalyst concentration: 1.0 g L−1, RO16 concentration:
100 mg L−1, pH = 3.0.

Figure 13.8. Evolution of color (A) and TOC (B) during photo-Fenton process using different catalyst con-
taining Cu(II). In all the experiments [H2O2]0 = 0.100 M, catalyst concentration: 1.0 g L−1,
RO16 concentration: 100 mg L−1, pH = 3.0.

All the Cu(II)-containing catalysts displayed similar behavior with respect to their activity in
discoloration. The kinetics could be described by a pseudo-first order law (the parameters are
given inTable 13.2). An experiment was done as a control for homogeneous catalysis using CuSO4

as a source of Cu(II) (see Fig. 13.8A). The concentration of Cu(II) in solution (20.0 mg L−1) was
close to that obtained by leaching from Cu-MMT after 24 h of reaction at pH 3.0 (18 mg L−1).
The behavior of this control experiment was similar to those in the experiments with supported
Cu(II), indicating that most of the catalytic activity may be due to dissolved Cu(II).

Figure 13.8B shows that the evolution of TOC was similar for the systems with Cu-MMT and
P5-Cu, the system with P5-Cu being slightly faster. At the end of the experiments, the content
of TOC was similar in both cases and lower than that corresponding to pure MMT. In the period
15–24 h, TOC did not decrease in spite that there was H2O2 in solution (after 14 h of treatment,
80% of the initial H2O2 remained in all copper systems, measured by the VO3− method (Pupo
Nogueira et al., 2005). The situation was completely different for Apha-Cu, where TOC remained
constant during the first 5 h of treatment, but rapidly increased at longer times.
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Table 13.2. Pseudo first order constant rate and correlation coefficients
corresponding to the experiments shown in Figs. 13.5 and 13.8A.

System k1 (s−1) r2

MMT + UVA + 0.1 M H2O2 pH 3 0.36 ± 0.01 0.9891
Cu-MMT + 0.1 M H2O2 pH 3 0.19 ± 0.01 0.9886
Cu-MMT + UVA + 0.1 M H2O2 pH 3 0.53 ± 0.02 0.9895
20 mg L−1CuSO4 + UVA + 0.1 M H2O2, pH 3 0.59 ± 0.04 0.9829
P5-Cu + UVA + 0.1 M H2O2 pH 3 0.62 ± 0.06 0.9638
Apha Cu + UVA + 0.1 M H2O2 pH 3 0.60 ± 0.04 0.9771

Figure 13.9. Temporal evolution of RO16 during photo-Fenton like treatment at pH 3.0 or 6.0. RO16
concentration: 100 mg L−1; catalyst concentration: 1.0 g L−1, [H2O2]0 = 100 mM.

It is well established that pH has a notable effect on the catalytic activity in Fenton and photo-
Fenton processes. Figure 13.9 shows the evolution of RO16 concentration using both catalysts
at two different initial pH values: 3.0 or 6.01. In this Figure, the difference in degradation rate
when Fe-MMT or Cu-MMT was used as catalyst is remarked; as shown in Tables 13.1 and 13.2,
all systems except Fe-MMT at pH 6.0 can be modeled by a pseudo first order kinetics, being the
constant rate more than one order higher for the Fe-MMT systems than for the Cu-MMT systems.
The effect of pH on the discoloration rate when Fe-MMT was used as catalyst was notable. At
pH 6.0, there was an induction period that delays the discoloration of the solution, but after
the first 40 minutes, discoloration occurred relatively fast. In the case of Cu-MMT, at pH 6.0
the discoloration was faster at the beginning of the treatment than at pH 3.0. As the treatment
went further, the reaction slowed down and, at the end of the treatment, both systems reached
approximately the same degree of discoloration. It is very interesting that when pure MMT was
used as catalyst, the discoloration rate was quite similar at both pH values. It should be mentioned
that in the experiments made at initial pH 6.0, the pH decreased during the experiment, being 4.5
the final value in all cases.

Figure 13.10 shows the evolution of TOC in the experiments performed at different pH values.
In the case of Fe-MMT, TOC diminution followed a pattern similar to discoloration at each pH.
At pH 6.0, TOC diminutions started after an induction period but, at the end of the experiment,

1The absorption spectrum of RO16 is independent of pH in the range 2–8.
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Figure 13.10. TOC evolution during photo-Fenton like treatment at pH 3.0 or 6.0. RO16 concentration:
100 mg L−1; catalyst concentration: 1.0 g L−1, [H2O2]0 = 100 mM.

TOC values were similar for both pH values. In the case of pure MMT and Cu-MMT, similar
behavior was observed at pH 3.0 and 6.0. The more remarkable result of this experiment is that
for the different catalysts the final TOC value was similar at both pH values.

13.4 DISCUSSION

The incorporation of metal cations into MMT can be done by different ways. Cation exchange of
the exchangeable cations of the clay may be the simplest way, although the content of metal cation
could be too low. Impregnation and pillaring appears as more effective methods. Also, the metals
can be simply adsorbed at the surface. Incorporation of metals into the inter-lamellar spaces of
the clays produced an increment in the d001 basal spacing that could be detected by XRD analysis.
Figure 13.1 shows clearly that Fe-MMT presented a d001 spacing larger than pure MMT (16.5
and 13.6 Å, respectively), which indicates that Fe(III) was incorporated into the MMT structure.
On the other hand, Cu-MMT was prepared by impregnation of calcined MMT. In this case, the
XRD analysis indicated that the basal spacing was smaller than in raw MMT (11.6 Å), meaning
the partial collapse of the structure (which is supported by the diminution in peak intensity).
Consequently, Cu(II) was not introduced between layers and was mostly presented at the surface
of the particles. In the case of P5-Cu, the d001 basal spacing increased indicating that some Cu(II)
was exchanged into MMT. It should be noted that the radii of Cu2+ and Cu(H2O)2+

6 (octahedral)
are 0.94 Å and 1.96 Å respectively (Persson, 2010), so there is plenty of room for Cu(II) in the
interlayer space of MMT. In all the cases, the metals were also adsorbed at the surface as can be
deduced from the changes in electrophoretic mobility shown in Figure 13.2. The adsorption of
metallic cations decreased the surface charge of MMT, decreasing the mobility and shifting the
isoelectric point to lower pH values. Metals at MMT surface showed catalytic activity in both
Fenton and photo-Fenton reactions. The sigmoidal shape displayed by the adsorption isotherm of
Cu(II) on BMMT could be due to the heterogeneity of sites available on this adsorbent. Besides the
interlayer spaces and the surface sites typically present in clays, BMMT also display functional
groups present in the biomass attached to the MMT. These groups provide a larger quantity
of metal binding sites and greater affinity to the system. Evidence of adsorption of copper in
interlayer space is shown by XRD analysis (Fig. 13.2B). Studies of Cu(II) interactions with fungi
and bacteria showed that Cu(II) may be associated with the functional groups on the cellular
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surface. FT-IR analysis indicates that copper is bound to sites in the interlayer of MMT and
amines, amides and carboxylates of proteins and carbohydrates of biomass (data not shown).

RO16 was quickly degraded by both Fenton and photo-Fenton process catalyzed by Fe-MMT.
The dye was also partially degraded by the simultaneous presence of MMT, H2O2 and UVA; this
effect may be a consequence of sensitization of the dye by UVA absorption (see Fig. 13.6A), or
due to the leaching of a small amount of iron from the MMT that could trigger some photo-Fenton
activity. It should be noted that natural MMT has iron in its composition that can be leached to
the solution at pH 3 (0.03 mM measured by atomic absorption spectroscopy). Photo-Fenton was
a little more active than Fenton, as can be observed by comparing the values of the pseudo-first
order constants shown in Table 13.1. The degradation rate of RO16 by photo-Fenton increased
when the concentration of H2O2 was reduced to 0.050 M. This effect may be a consequence of
the well-known scavenger effect of H2O2 on HO• radicals represented by reactions (13.11) and
(13.12) (Pupo Nogueira et al., 2007):

HO• + H2O2 → HO•
2 + H2O (13.11)

Hydroperoxyl radicals display a much lower redox potential (1.42V vs. NHE) than HO• radicals
(2.73V vs. NHE), and can be eliminated by Fe3+ in solution:

Fe3+ + HO2 → Fe2+ + O2 + H+ (13.12)

The excess of H2O2 very likely reduced the concentration of HO• available for RO16 oxidation,
diminishing the degradation rate as the H2O2 concentration increased. The stoichiometric ratio
dye:H2O2 for oxidation of RO16 is 1:40. In this study, the ratio was 10 and 20 times higher in favor
to H2O2 to allow a comparison between the experiments performed with the catalysts containing
Cu(II) or Fe(III).

When Cu-MMT was used as catalyst, discoloration of RO16 was observed in the dark and
under illumination, but the degradation rate was notably lower than in the case of Fe-MMT. In
the dark, the discoloration was even slower than with pure MMT. UVA illumination produced a
marked increment in discoloration rate; the difference in the degradation rate observed in the dark
with respect to UVA illumination was higher than in the case of Fe-MMT (compare Figs. 13.3
and 13.4). The activity of Cu(II) in Fenton and photo-Fenton processes was documented before,
although the details are less known than in the case of Fe(II)/Fe(III) (Ciesla et al., 2004; Ghiselli
et al., 2004; Masarwa et al., 1988; Sykora, 1997). Cu(II) has to be reduced to Cu(I) to enter the
typical Fenton cycle that produce HO• and regenerates the catalyst:

Cu2+ + 1 e− → Cu+ (13.13)

Cu+ + H2O2 → Cu2+ + OH− + HO• (13.14)
The reduction of Cu(II) to Cu(I) may be mediated by reaction with organic compounds or by

reduction with HO−
2 or O•−

2 (Ciesla et al., 2004; Sykora, 1997):

Cu2+ + HO−
2 → Cu+ + O−

2 + H+ (13.15)

Cu2+ + O−
2 → Cu+ + O2 (13.16)

It was proposed before that because copper often disproportionate H2O2 intermediates, con-
verting them to H2O, aqueous Cu(II) may reduce the oxidative capacity of H2O2 (Ghiselli et al.,
2004). This effect may explain the low activity of Cu-MMT in Fenton reaction (even lower than
that of MMT + H2O2 + UVA).

It was determined that copper can be involved in photoredox cycles that can explain their activity
in photo-Fenton processes. Copper complexes can be excited by sunlight when the ionization
energy of the ligands coordinated to Cu(II) is not too high. As consequence of the reactive decay
of the excited state by inner sphere electron transfer, the Cu(II) central atom is reduced to Cu(I),
whereas a ligand is oxidized to its radical and leaves the coordination sphere (Ciesla et al., 2004):

[CuIILx]2+ hν−−−→ [CuILx−1]+ + L+ (13.17)
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Photoproduced Cu(I) can be oxidized to Cu(II) by O2 or by H2O2:

Cu+ + O2 → Cu2+ + O•−
2 (13.18)

Cu+ + H2O2 → Cu2+ + HO• + OH− (13.19)

The oxidized ligands can be involved in redox process that lead to the oxidation of the same
ligands or other organics present in the solution.

As shown in Figure 13.5, the discoloration process of RO16 in the presence of UVA light was
preceded by the formation of a red intermediate. That means that the mechanism of degradation
involves a first step of oxidation but preserving the aromatic and conjugated structure. The
reaction may involve the formation of a coordination complex between Cu(II) and the dye, which
is further photooxidized, starting the redox cycle. As shown in Figure 13.5, the dye and its colored
byproducts have absorption bands in the UVA range, which can explain its photoactivity. Studies
involving HO• scavengers to identify the effect of hydroxyl radicals in the oxidation process and
isolation of the red byproduct for chemical characterization are in course to check the previous
hypothesis. At this point, it is not clear if at pH 3.0 the Cu(II) involved in the process is the aqueous
copper or the immobilized copper. As it was explained in the Results section, similar results were
obtained when Cu-MMT was replaced by Cu(II) in a concentration equivalent to that obtained
after Cu-MMT leaching. However, as will be discussed later, at pH 6.0, Cu(II) was not leached
to the solution but photo-Fenton activity was also observed.

In the literature, there are few reports about supported copper as Fenton or photo-Fenton
catalyst. Recently,Yip et al. (2007) reported the photocatalytic activity of clay supported copper in
photo-Fenton processes, but the catalyst was prepared by chemical vapor deposition and reduced
to Cu(I); also the light source was UVC. In spite of the differences in the preparation of the
catalyst, there were several similarities with the results reported here; for example, TOC could
be successfully reduced during the treatment. By comparing the results of both works, it seems
that reduction of Cu(II) to Cu(I) produces a more active catalyst for photo-Fenton process, but a
reduction step is necessary and UVC is needed as light source.

Discoloration itself is an important result because it reduces the visual impact of the pollutants
and diminish the absorption of the incident light, which is necessary for the growing of biota
that may contribute to further elimination of byproducts. However, the total organic content is
also an important issue because it is related to the presence of recalcitrant pollutants that may
be more toxic than the dye itself (as was discussed in the introduction). The spectra shown in
Figure 13.6 indicate the elimination of aromatic rings during the degradation of RO16, as can be
deduced from the diminution of the intensity of the absorption bands centered at 385 and 290
nm. This result explains the fast discoloration of the solution exposed to the Fenton treatment. On
the other hand, the analysis of the evolution of TOC content during the degradation experiments
showed that at the beginning of the reactionTOC decreased with a similar trend than discoloration,
but mineralization stopped after TOC reached 40–60% of its initial value. Similar results were
recently reported in the degradation of other naphthalene azo dyes by the Fenton reaction (Zhu
et al., 2012). Degradation of azo dyes usually involves the elimination of the azo bound as N2,
followed by different steps that include OH incorporation to the aromatic ring, dealkylation and
ring opening. As it is documented in the literature, the hydroxylation of benzene and naphthalene
rings leads to ring opening, giving short-chain carboxylic acids (Stylidi et al., 2003). The low
TOC degradation is usually assigned to the generation of alkyl carboxylic acids with relatively
low molecular weight (Klamerth et al., 2009; Zhu et al., 2012). Such compounds, as acetic,
oxalic or maleic acid, are recalcitrant with respect to Fenton or photo-Fenton treatments. In the
presence of UVA, light TOC elimination was faster, as can be seen in Figure 13.7. This effect
is related with the generation of HO• by photoreaction of Fe(OH)+2 . As the reaction advanced,
recalcitrant byproducts formed and TOC remained stable, but at lower percentage than in the dark
experiments.



 

 

 

 

 

 

 

 

 

 

 

Modified montmorillonite in photo-Fenton and adsorption processes 231

In the case of the copper containing catalysts Cu-MMT and P5-Cu, the initial rate of TOC
diminution in the photo-Fenton reaction was notably lower than the corresponding to Fe-MMT.
However, TOC decreased continuously during the first 15 h of treatment, reaching at the end of
the experiment lower TOC than in the Fe-MMT case. P5-Cu resulted more active than Cu-MMT
in the elimination of TOC, probably due to the higher area of this material that was not exposed
to thermal treatment. The reduction of TOC and the discoloration of RO16 observed with P5-Cu
indicate that this material, obtained by adsorption of copper in water, can be used as catalyst for
the elimination of organic pollutants in water. Some improvements are needed in order to reduce
the secondary contamination produced by the release of copper to the solution at pH 3.0. In the
case of Apha-Cu, TOC increased after the first five hours of treatment due to the elimination of
the original biomass attached to MMT.
pH had an important role in the degradation of RO16 by photo-Fenton process under the condition
studied in this work, as it is shown in Figure 13.9. Because the studied pH values had no effect
on the degradation of the dye in the absence of catalyst (similar discoloration performance was
observed in experiments with MMT, H2O2 and UVA), the changes in the discoloration rate at
pH 3.0 or 6.0 can be related with changes in the activity of the catalysts or in the reaction
mechanisms. It is well known that when iron species are used as catalyst, pH has an important
effect on the efficiency of homogeneous Fenton and photo-Fenton processes. The optimal pH is
close to 3. Lower pH produces less active iron species in solution (as Fe(H2O)3+

6 ) and decreases
the production of HO• from H2O2 (the specie H3O+

2 is more reluctant to the production of
radicals); in addition, HO• are scavenged by H+ (Herney-Ramirez et al., 2010). Higher pH leads
to precipitation of FeOOH, removing iron from solution, with a consequent diminution in the
degradation rate. In iron based heterogeneous Fenton and photo-Fenton, the effect of pH follows
the same trend as in the homogeneous process, but the effects are not as dramatic due to the
immobilization of the active species. As shown in Figure 13.9, RO16 was discolored at both
studied pH values. Because iron is supported, the change in speciation seems to be less affected
by pH. The immobilized Fe(III) species cannot be easily transformed in Fe(H2O)3+

6 at low pH or
Fe(OH)3 at high pH. Also, due to the interaction of Fe(III) with the clay sheets, the speciation is
different and less sensitive to pH changes (De Leon et al., 2008; Najjar et al., 2007). Figure 13.9
also shows that at pH 6.0 Fe-MMT present an induction time before discoloration take place. At
present, the origins of this phenomenon are unknown but may be related with the decrease in
the pH that took place during the performance of the process (the final pH was 4.5), as reported
by Zhang et al. (2011). Lower pH leads to the release of small amounts of iron to the solution,
which may enhance the degradation rate. The time necessary to reduce the pH and leach iron may
explain the induction time.

Although discoloration rate and TOC removal started with a lower rate at pH 6.0 with respect
to 3.0, the dye was removed with an acceptable rate and the percentage of mineralization was
the same at both pH values (see Fig. 13.10). Because working at pH 6.0 is safer, demand less
preparation of the wastewater (which in the case of textiles is usually at pH over 7) and no special
acid resistant equipment is needed, it is worth to work at pH 6 in spite of some reduction in
degradation rate.

In the case of Cu-MMT, similar discoloration rate and TOC diminution rate were observed at
both studied pH values, but a small increment in the initial discoloration rate was observed at pH
6.0 and Cu(II) was not leached to the solution. Although there are relatively few antecedents in
the use of Cu(II) as catalyst, the stability of its performance with pH was reported before (Yip
et al., 2007). The reasons of this behavior are not clear but may be related with the hydrolytic
performance of Cu(II) in water. These results are very promissory for the future application
of copper based catalyst in photo-Fenton like processes, because the degree of mineralization
is usually higher than that for the iron based catalyst, they are less pH dependent and, at pH
6.0, Cu(II) leaching is very low. Besides, the adsorbents used for copper removal, and other
copper enriched wastes (Huanosta-Gutierrez et al., 2012) can be used as catalysts in Fenton like
processes.
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13.5 CONCLUSIONS

Montmorillonite (MMT) and their iron and copper modifications result attractive materials for
water decontamination. The adsorptive capacity of MMT is appropriate for removal of heavy
metals from water. Fe-MMT is very active as catalyst for the discoloration of dyes in water by
Fenton or photo-Fenton like process at initial pH 3.0 and 6.0. TOC diminution reaches approx-
imately 40% of the initial value due to the production of recalcitrant intermediates. Cu-MMT
is also active as catalyst at initial pH 3.0 and 6.0, but only in photo-Fenton like processes. The
discoloration rate is lower than that corresponding to Fe-MMT, but the degree of mineralization is
higher, reaching values close to 60% of the initial TOC. The mechanism involved in the oxidation
is different than the corresponding to Fe-MMT, leading to the production of other dyes before
discoloration. Leaching of Cu(II) may be a problem at pH 3.0 but not at pH 6.0, while the activity
is quite similar. The waste material obtained after removing Cu(II) from water was successfully
used as catalyst in photo-Fenton like processes.
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