
Chapter 7
Catalytic Wastewater Treatment Using
Pillared Clays

Siglinda Perathoner and Gabriele Centi

Abstract After introduction on the use of solid catalysts in wastewater treatment
technologies, particularly advanced oxidation processes (AOPs), this review dis-
cussed the use of pillared clay (PILC) materials in three applications: (i) wet
air catalytic oxidation (WACO), (ii) wet hydrogen peroxide catalytic oxidation
(WHPCO) on Cu-PILC and Fe-PILC, and (iii) behavior of Ti-PILC and Fe-PILC
in the photocatalytic or photo-Fenton conversion of pollutants. Literature data are
critically analyzed to evidence the main direction to further investigate, in partic-
ularly with reference to the possible practical application of these technologies to
treat industrial, municipal, or agro-food production wastewater.
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7.1 Introduction

There is an increasing research and applicative interest in using advanced nanotech
catalysts and materials for the purification/remediation of contaminated surface
or groundwater and municipal or industrial wastewater [1–9]. Solid catalysts are
used in promoting many water treatment and remediation technologies [6], such
as in (i) various advanced oxidation processes (AOPs) (photocatalytic treatment of
wastewater, wet air catalytic oxidation (WACO), wet hydrogen peroxide catalytic
oxidation (WHPCO), catalytic ozonation), (ii) selective reduction of pollutants in
water (nitrate and nitrite catalytic reduction, catalytic hydrodehalogenation), (iii)
catalytic permeable reactive barriers, and (iv) other less commonly used wastewater
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treatment technologies (supercritical water oxidation, sonochemical degradation,
water treatment using non-thermal plasma or e-beam irradiation). The use of solid
catalysts offers several potential advantages [6]:

– operation in milder reaction conditions,
– better engineering of the process,
– possibility of selective conversion of specific target chemicals, and
– combined removal by adsorption with catalytic regeneration in a separate step.

In addition, in photocatalytic technologies semiconductors such as titania are
required to generate by photo-induced processes the active species (hydroxyl rad-
icals) responsible for the degradation of the pollutants. The use of catalysts is
also often indispensable to convert recalcitrant contaminants, such as endocrine-
disrupting chemicals (EDCs): hormonally active agents, xenobiotics, pharmaceuti-
cally active compounds, effluent-derived microcontaminants, and persistent organic
pollutants. EDCs are pollutants with estrogenic or androgenic activity at very low
concentrations and are emerging as a major concern for water quality [10]. The
concentration of these microcontaminants in water is continuously increasing, and
great endeavors have been done on the removal of EDCs in wastewater, because con-
ventional water treatment technologies are not effective in their elimination. AOP
methods, in combination with solid catalysts, are the most effective technologies
for the treatment of wastewaters containing pharmaceuticals, personal care products
(PPCPs), and especially EDCs [11].

There are many other very relevant areas in which catalytic AOP methods are
between the most promising technologies, although it should be commented that
in water treatment technologies a combination of technologies (“technology train”)
is typically necessary to realize the optimal compromise between cost and effec-
tiveness. In particular, the integration between catalysis and membrane is a very
relevant area to mention for the development of novel water treatment technologies
and in general more sustainable processes [12]. Examples of areas of application of
catalytic AOP methods are the following [5]:

– Pulp Mill Effluents
– Dyeing and Printing Wastewater
– Oil Refinery Wastewater
– Distillery Wastewater
– Food Industries
– Leather Industries
– Municipal and Natural Wastes

In addition, an area of application which will fast increase in a near future will be
the wastewater treatment from biorefineries. In comparison to oil-based refineries
and chemical processes, the production of fuels and chemicals from biomass pro-
duces an order of magnitude higher volume of wastewater effluents with very large
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amounts of contaminants [13]. The development of novel technologies for the treat-
ment of these large volume effluents is one of the conditions for the success of a
bio-based economy.

7.1.1 Issues in Using Solid Catalysts in Wastewater Treatment

Notwithstanding the large potential field of application of catalytic AOP methods,
the largest part of the studies is still often limited to model compounds such as phe-
nols [2, 3], although phenol itself is a relevant industrial contaminant. However, the
wastewater typically never contains a single contaminant and it is known that in the
presence of complex mixtures completely different results and/or fast deactivation
may be observed with respect to that observed using single model chemicals [6].
There are increasing examples in literature on catalytic AOP studies using realistic
streams, even if this type of studies should be further incentivized.

The use of solid catalysts in AOP methods requires different characteristics of the
solid with respect to those typically used in environmental catalysis applications [6].
Limited attempts have been made often to tailor solid catalysts for the water treat-
ment applications, but more attention to this issue has been given recently. There are
problems of

– pore structure design (intraparticle diffusivity is usually an issue determining the
catalytic performances),

– leaching (often driven from the reaction products and thus depending on the
progress of the reaction), and

– stability (related, but not only depending on the possible leaching) and selectivity
(typically, quite complex mixtures should be treated in practical applications).

As a consequence catalyst design for water treatment is different from that of
most of other applications and even in the screening of the sample this aspect should
be considered, as generally valid for the development of multiphase reaction pro-
cesses [14]. New microstructured and nanostructured materials (fibers, nanotubes,
multilayer composite materials) are available for a more effective catalyst design in
water treatment technologies [14]. They offer also the possibility of a better reactor
design. The efficient integration between catalyst and reactor design in wastewa-
ter treatment technologies is another of the critical factors to increase the use of
solid catalysts in these technologies [6]. A further general issue in design of solid
catalysts for AOP methods regards the fact that the effective oxidizing species are
very reactive and short living, such as radical species (H·, HO·, HO2·, etc.). There
is little knowledge on the catalyst design necessary to optimize performances in the
presence of these very reactive species.

However, literature data on the catalytic AOP methods are often mainly phe-
nomenological and based on the screening of different catalysts and analysis of the
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effect of the reaction conditions. Another limit in current literature, from the appli-
cation point of view, regards the scarce data on the toxicological effects on humans
and the environment of both used catalysts (in relation to possible leaching of some
of the components – metal ions, particularly – and/or formation of suspended fine
particles) and of the products of degradation of pollutants, in addition to the lack of
use of more realistic streams. Oxidation of pollutants may give rise to intermediates
which can be more toxic than the starting chemicals. It is thus necessary to put atten-
tion on the toxicological evaluation of the quality of treated wastewater, as well as
the integration of the catalytic step with downstream technologies. For example, the
catalytic technology is often a pre-treatment step before biological aerobic or anaer-
obic processes or to a membrane separation [15–17]. Quality of water required in
these cases is different, as well as often the level of conversion necessary for an
optimal integration with the downstream technology.

7.1.2 PILCs and Catalytic AOP Methods

This chapter will focus the discussion on the use of pillared clays (PILCs) in
AOP methods for wastewater treatment. In general, layered materials offer many
attractive characteristics for their use as catalysts [18]. Their structure consisting
of stacked sheets represents an interesting opportunity for developing new materi-
als with a tailored nanodesign, controlled accessibility to the sites and properties,
tunable pore size and volume, and high surface area. The use of layered materi-
als (layered perovskite, anionic clays, pillared clays) in catalytic reactions spans
from new processes for environmental protection, including wastewater treatment,
to petrochemistry and fine chemicals production and refinery/biorefinery as well
[18]. More specifically, pillared clays (PILCs), due to their more precise tuning of
the microporous structure, possibility of multifunctional design, and improved ther-
mal stability find application in many acid-catalyzed reactions, as well as redox
reactions (selective reduction of NOx, complete oxidation of volatile organic com-
pounds (VOCs) or chlorofluorocarbons (CFCs), and wet catalytic oxidation of
waste) after introduction of suitable transition metals into the pillars or exchange-
able positions [18–21]. PILCs allow a fine control of the microstructure developed
in it by adjusting the several parameters involved in the synthesis process [19].

With respect to other layered catalytic materials, PILCs are characterized from
the presence of oxide pillars between the layers. They are prepared by exchanging
the charge-compensating cations present in the interlamellar space of the swelling
clays by hydroxy-metal polycations. During calcination, the inserted polycations
give rise to rigid, thermally stable oxide pillars, which limit the possibility of ther-
mal collapse between the two-dimensional clay layers. The pillaring procedure of
the clay thus allows to produce relatively stable layered materials with a tunable
interlayer spacing by adjusting the several parameters involved in the synthesis
process of alumina-pillared clays. The interlayer spacing typically ranges between
0.6 and 1.8 nm, e.g., situates in between microporous and mesoporous materials.
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For these reasons, they were originally developed to prepare thermally stable acid
catalysts that are able to crack larger molecules than those addressed by microporous
(zeolitic) materials [22, 23].

This structure shows interesting characteristics to develop advanced catalytic
materials for AOP applications. The interlayer distance is influenced by the nature
of the intercalant species, their length, and their degree of polymerization. They can
be controlled during the synthesis by the pH, the temperature, and the time of aging
[19]. The most widely used intercalating agents are polymeric or oligomeric cations
produced by the base hydrolysis of Al, Zr, Ti, Cr, Fe, and Ga salts. It is thus possible:

– To control the interlayer space and tailor the access to inner sites. This is important
to allow access of relatively large molecules (often present in wastewater), but
avoiding at the same time the humic substances that cause fouling of the active
sites, e.g., to provide longer-term activity in the presence of real wastewater.

– To introduce different transition metals into the pillars/or exchangeable positions,
e.g., develop multifunctional catalysts (with Brönsted and Lewis acidity, as well
as redox properties) to tailor the catalytic behavior in wet oxidation.

– To control the hydrophilic character of the inner space between the layer, another
important characteristic to control the catalytic performances in wet oxidation.

There are three main areas of use of PILCs in catalytic AOP methods. They are
as follows:

– Wet air catalytic oxidation (WACO), e.g., the oxidation of organic compounds by
oxygen at high temperatures (typically in the 150–250 ◦C temperature range) and
under pressure (usually, in the 20–40 bar range) in autoclave reactors. It is a widely
used technology, especially in the treatment of industrial wastewater or sludges.
The use of catalysts allows operating at lower reaction temperatures, an important
aspect not only to reduce operative costs, but also to mitigate corrosion problems
related to the formation of acetic acid as the main by-product. Due to these corro-
sion problems, often special materials for the construction of the reactor (Ti, for
example) are necessary, significantly increasing the fixed capital costs.

– Wet hydrogen peroxide oxidation (WHPCO; alternative names are catalytic wet
peroxide oxidation – CWPO, and wet peroxidation or wet oxidation by hydro-
gen peroxide) uses H2O2(hydrogen peroxide, HP) as oxidant instead of oxygen.
It operates at significantly milder reaction conditions (temperature lower than
100 ◦C, atmospheric pressure) and do not require costly autoclave reactors, e.g.,
significant lower operative and fixed capital costs. However, HP is a more costly
reactant than oxygen (air). It is based on the Fenton chemistry, where transition
metals such as iron and copper are able to react with HP to generate hydroxyl
radicals (HO·), which are the effective oxidizing agents. The original Fenton
studies, and still many investigations and applications, are based on the use of
homogeneous catalysts (Fe2+ and Cu+ salts) [24–26], but the use of solid catalysts
containing iron or copper is increasing [27–33] (heterogeneous Fenton). UV radi-
ation is also able to catalyze the formation of these hydroxyl radicals from HP by
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homolytic splitting and thus the combination of solid catalysts with UV radiation
is used (photo-Fenton) [34–41].

– Photocatalytic elimination of pollutants in water, using semiconductor nanopar-
ticles (typically TiO2) immobilized within PILC layers or using titania-pillared
clays (TiO2 PILCs), e.g., when the pillars of the clay are consisted from the
semiconductor photo-active element [42–46].

It should be mentioned that PILCs are used often for the removal of pollutants
in water by adsorption, either organic substances [47–52] or toxic heavy metal ions
[53–56]. However, we will limit our discussion here to the use of PILCs as catalysts
in water treatment technologies.

It should be also mentioned that there is an increasing R&D interest on organic-
pillared clays, e.g., organic–inorganic nanocomposites [57]. Although the use of
these hybrid clays as advanced materials for the removal of pollutants from indus-
trial wastewaters have been proposed from long time [58], new methods have
been proposed more recently [59–61] to prepare microporous clay mineral with
organic–inorganic hybrid pillars having very high surface area (about 500 m2 g−1)
[60]. These organophilic-pillared clays (organoclays) may be prepared with differ-
ent kinds of organic materials in the interlayers, and due to the better tuning the
hydrophobic properties, these materials show enhanced selective adsorption toward
some pollutants [62, 63]. Their applicability for catalytic AOP methods, particularly
regarding stability, has to be verified, although they were proposed to prepare highly
active titania-pillared clays for cleaning up the water polluted by the toxic organic
compounds with poor polarity such the endocrine-disrupting chemicals [64].

7.2 Wet Air Catalytic Oxidation (WACO)

The number of publications on the use of PILCs in WACO applications is signif-
icantly lower than that of using PILC catalysts for wet oxidation using hydrogen
peroxide (WHPCO). The motivation is related mainly to the fact that the reaction
mechanism in WACO is different from that in WHPCO. In the latter, short-living
hydroxyl radical species are generated which are highly reactive, as discussed later.
In WACO, a combined redox and heterogeneous free radical mechanism is present.

Metal oxides are capable of initiating free radicals by activating reactant
molecules directly and facilitates their decomposition into radicals, or by acceler-
ating the decomposition into radicals, with the hydroperoxides either being present
in the system or forming slowly by the first mechanism [65]. Oxygen may par-
ticipate in a reaction either as an adsorbed species on the catalyst surface or as a
part of the lattice oxygen presented in the metal oxides. The presence of catalysts
creates an ionic environment that enhances heterolytic reactions. Both free radi-
cal (homolytic) and ionic (heterolytic) oxidation reaction mechanisms have been
proposed for WACO [65].
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The consequence of this difference in the reaction mechanism is that the amount
of active catalyst in WACO should be higher than in WHPCO. Metal oxide should
be present in PILCs essentially in the pillars to avoid a fast leaching, as dis-
cussed later. Therefore, the amount of metal oxide which can be introduced in
PILCs to have a stable wet oxidation activity is limited. This amount is typ-
ically not enough for active WACO catalysts (e.g., other oxide-based catalysts
have typically better performances), but can be good in the case of WHPCO.
Although these aspects are not considered in discussing the catalytic behavior of
PILC catalysts in wet oxidation, they should be taken into account to consider
literature results and the applicability of this class of catalysts in water treatment
technologies.

7.2.1 PILC-Based Catalysts for Wet Oxidation

The first report on the use of PILC catalyst in the wet air oxidation was of Guo
and Al-Dahhan [66] who investigated the kinetics of conversion of phenol as model
compound using Al–Fe-pillared clay in the form of extrudates (cylindrical, approx-
imately 2 × 8 mm). Reaction temperatures were in the range of 90–150 ◦C and air
pressure range was 0.8–2.5 MPa. The variables studied included reaction tempera-
ture, air pressure, solution pH, initial phenol concentration, and catalyst loading. The
results were compared with those obtained using hydrogen peroxide oxidation [67].
The same catalyst has been used in both types of tests, e.g., an Al–Fe-PILC prepared
by NTUA (National Technical University of Athens, Greece), starting from ben-
tonite (Zenith–N). The main composition (wt%) was as follows: SiO2 52.50, Al2O3
27.56, Fe2O3 7.02. In addition, the kinetics in both wet oxidation with air or H2O2
was investigated [66, 67]. Therefore, it is one of the few cases in literature in which
a good comparison between the performances in catalytic oxidation with wet air
or H2O2 (WACO and WHPCO, respectively) of the same catalyst is possible. This
PILC catalyst (indicated with the acronym FAZA (Al–Fe-PILC)) based on bentonite
(Zenith–N) was used also by other authors in wet oxidation with H2O2 [68–70].
Furthermore, it has been used in various other catalytic applications, such as alkyla-
tion [71] and conversion of various alcohols [72], and its characteristics extensively
discussed [73].

Reported in Fig. 7.1 is the behavior of FAZA in phenol conversion under WACO
and WHPCO conditions. The reaction conditions, apart from the reaction tempera-
ture, are comparable. It should be mentioned, however, that for WACO the further
increase in the air partial pressure above 1.5 MPa has minimal effect on the rate
of reaction (e.g., O2 concentration in solution maintains close to saturation during
the batch reactor tests), while for WHPCO the increase in the H2O2 concentra-
tion above 0.3 M significantly improves the reaction rate. The results reported in
Fig. 7.1 clearly indicate that FAZA is more active in WHPCO than in WACO. By
extrapolating the results at the same temperature (70 ◦C), the rate in WHPCO is
from 20 to 100 times higher than that of WACO, depending on H2O2 concentra-
tion. By comparing the reaction rates at 70 ◦C for WHPCO and 110 ◦C for WACO,
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Fig. 7.1 Behavior of FAZA (Al–Fe-PILC) catalyst in WACO and WHPCO conversion of phenol.
Experimental conditions: 500 ppm phenol in distilled water, 10 g/l catalyst, batch reactor – 600 ml,
1.5 MPa air (WACO) or 0.3 M H2O2 – continuous fed (WHPCO), temperature 110 ◦C (WACO) or
70 ◦C (WHPCO), natural pH. Adapted from Guo and Al-Dahhan [66, 67]

the former is about 2 times higher than the latter. For an air pressure of 1.5 MPa
and a reaction temperature of 110 ◦C, the oxygen concentration in water is about
0.2 M [74]. It increases by lowering the reaction temperature. The concentration
of O2 and H2O2 in solution, in the tests in Fig. 7.1, is thus quite comparable. The
different reactivity of the catalyst in WHPCO and WACO is thus related to a differ-
ent rate of generation of active oxygen species able to give oxidative degradation of
phenol.

Guo and Al-Dahhan in their kinetic analysis of WACO and WHPCO of phenol
[66, 67] concluded that in WACO the rate-controlling step was the surface reaction
between adsorbed reactant species, while in WHPCO the reaction takes place to
a significant extent both in the liquid phase and on the catalyst surface. However,
the discrimination between the different reaction models was not based on a correct
statistical methodology, such as the F-test. In addition, the rate equations were par-
tially phenomenological, being a mixed between an LH (Langmuir–Hinshelwood)
modeling and power law. The rate of phenol disappearance is the product of a term
derived from LH approach (single or dual site surface mechanism) and the concen-
tration of the catalyst elevated to a factor of 0.8–0.9. Therefore, reliable mechanistic
indications from this type of kinetic approach cannot be derived.

In WHPCO the active oxidizing species (hydroxyl radicals or other reactive
species) are generated by the reaction of H2O2 with the catalyst iron sites, according
to the well-known Fenton reaction mechanism:

Fe2+ + H2O2 → Fe3+ + OH· + OH− (7.1)

Fe3+ + H2O2 → Fe2+ + OOH· + H+ (7.2)
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Side reactions are the following:

OH· + H2 O2 → OOH· + H2O (7.3)

OH· + Fe3+ → Fe2+ + OH− (7.4)

In wet air catalytic oxidation (WACO), the main reactions are described in Eqs.
(7.5–7.12). Hydroxyl radicals are produced from the dissociation and oxidation of
water according to Eqs. (7.5 and 7.6). Hydroperoxyl radicals are formed from the
oxidation of water (Eq. 7.6) and the target compound RH (Eq. 7.10). Hydroxyl rad-
icals are also produced from hydrogen peroxide (Eq. 7.8) and from the reaction
of atomic oxygen with the target compound (Eq. 7.12). Hydrogen peroxide is pro-
duced by the recombination of hydroperoxyl radicals (Eq. 7.7) or by the reaction of
hydroperoxyl radicals with the target compound (Eq. 7.11). Atomic oxygen is pro-
duced from the dissociation of oxygen (Eq. 7.9). Although the hydroperoxyl radical
is less reactive than the hydroxyl radical (their relative oxidation power is 2.06 and
1.25, respectively, with respect to Cl2 put equal to 1), it plays an important role
because of its relative abundance.

H2O→ OH· + H· (7.5)

H2O + O2 → OH· + HO2 · (7.6)

2HO2· → H2O2 + O2 (7.7)

H2O2 → 2OH· (7.8)

O2 → 2O (7.9)

RH + O2 → R· + HO2 · (7.10)

RH + HO2· → R· + H2O2 (7.11)

RH + O→ R· + OH· (7.12)

In addition, during catalytic wet oxidation, oxygen may participate in reaction
either as an adsorbed species on the catalyst surface or as a part of the lattice
oxygen present in metal oxides [65]. We may simplify the difference between
WHPCO and WACO mechanisms in the case of Al–Fe-PILC catalyst (FAZA),
indicating that in the former the rate of reaction depends on the redox reaction
of H2O2 with iron to form the active radical species, while in WACO the rate
depends on electrophilic character of the catalyst, e.g., its rate of generation of
surface radical species. Although also this property depends on the presence of
redox sites, the Fenton mechanism (Eqs. 7.1 and 7.2) is much more effective to
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close the cycle. Therefore, in WACO it is necessary to delocalize more effec-
tively the charge than in WHPCO, e.g., (iron)oxide nanocrystals are necessary with
respect to nearly isolated iron sites for the Fenton mechanism. The former may be
instead negative for WHPCO, because it catalyzes the decomposition of hydrogen
peroxide.

In conclusion, although apparently the same Fe-PILC catalyst is active in WACO
and WHPCO reactions, the nature of the active sites in the two reactions is differ-
ent and as a consequence the optimal characteristics and design of the catalyst to
optimize the performances. The difference in the nature of the active sites and reac-
tion mechanisms to activate H2O2 and O2 explains the different observed reactivity,
which is instead typically attributed to only the latter aspect.

More recently, Najjar et al. [75] have investigated similar Fe–Al-pillared clays,
but prepared from Wyoming montmorillonite, in gallic acid wet air oxidation in mild
conditions (90 ◦C, 5 bar). Gallic acid is a phenolic compound used as model chem-
icals for the polyphenolic fractions present in olive oil milling wastewater (OMW).
Good performances were observed, with over 90% gallic acid conversion, although
for the samples showing the higher iron leaching (15%). These samples contain iron
oxide hydroxide (FeHO2), which forms α-Fe2O3 (hematite) by calcination. This is
in agreement with the previous comments on the need for small iron oxide parti-
cles to obtain more active Fe-PILC catalysts in WACO reaction, although evidences
show that these particles are more prone to be leached during the catalytic reaction.
The same catalysts were also studied in the catalytic photo-oxidation with H2O2
of tyrosol, another representative compound of the polyphenolic fraction in OMW
[76]. In the presence of H2O2 and UV radiation (which favors the homolytic cleav-
age of hydrogen peroxide to two hydroxyl radicals) complete conversion of tyrosol
may also be obtained at room temperature, with good results also in terms of toxicity
of the effluent. They conclude that this methodology using (Al-Fe)-PILC hetero-
geneous catalysts is a promising technique for the pre-treatment of OMW before
biological treatment, in order to enhance biodegradability and reduce biotoxicity of
polyphenolic fraction.

No other studies have been reported on the wet air oxidation using pillared clays,
apart from further aspects on the phenol oxidation by Guo and Al-Dahhan [77, 78],
mainly in relation to reactor and catalyst engineering.

7.3 Wet Hydrogen Peroxide Catalytic Oxidation (WHPCO)

More studies have been dedicated to the use of PILC catalysts in wet oxidation
using hydrogen peroxide. In this case, in addition to the use of model compounds,
several studies have also reported the behavior using real or more complex solutions
which allow evaluating the applicability of these catalysts and technology to prac-
tical cases. In few cases, also indications on the stability of the catalysts have been
reported, because this is one of the critical issues. Indication on the biotoxicity of
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the treated effluents, another critical aspect, has been also reported in some cases.
Therefore, although most of the studies have mainly an academic character, there
are some indications on the applicability of the catalysts and wastewater treatment
technology. Barrault et al. [79, 80] were between the first reporting the good perfor-
mances of mixed (Al–Cu)-pillared clays prepared from a crude bentonite sample (H)
(Tunisia deposit) in phenol oxidation with hydrogen peroxide (indicated as CWPO
reaction; as noted before, often different acronyms are used for this reaction). They
evidenced that the introduction of copper in pillaring position results in more effec-
tive catalysts, although the amount of copper which can be introduced was limited
to less than 0.5 wt%. They also evidenced that copper introduced in this position
results stable against leaching and the catalyst is reusable in successive batch reactor
tests.

Barrault et al. [68, 69, 81] were also between the first reporting the excellent
behavior of mixed (Al–Fe)-pillared clays (FAZA) in WHPCO conversion of phenol
[69]. In mild reaction conditions, about 80% of the initial amount of phenol was
transformed into CO2, at 70 ◦C, in 2 h under atmospheric pressure. They evidenced
that the reaction is heterogeneous and that the TOC (total organic carbon) abatement
obtained with the FAZA catalyst is much higher than that observed with homoge-
neous iron species in the same reaction conditions. The little amounts of leached
iron (less than 1 ppm) give a negligible contribution to the phenol oxidation. The
catalyst leaching remains very low and catalyst performance is stable, even after
three cycles of reaction.

Some years later, Barrault et al. [32] discussed the nature of the iron species
active in the reaction. The characterization by electron spin resonance (ESR) of
the iron species contained in the Al-Fe-pillared clay (FAZA) has shown that three
different iron species were present:

– Isolated iron species in highly distorted octahedral symmetry, located in the layer
of the clay, probably in substitution of Al atoms.

– Iron species belonging to oxide clusters.
– Isolated iron species in octahedral symmetry, present only in the catalyst pillared

by AlFe mixed complexes, probably belonging to the pillars as extra-framework
species or by substituting the Al atoms of the pillars.

The latter species are those active in the total phenol oxidation by hydrogen
peroxide. These species are also rather stable against leaching. The authors also
reported long-time (350 h) catalytic experiments in a continuous flow reactor which
showed the high stability of the Al-Fe-pillared clay. After these tests, the total
amount of leached iron was less than 5 wt% of the initial value. This long-term
result, in addition to demonstrate the suitability of the catalyst for application,
evidences that a heterogeneous mechanism occurs, although it does not allow to dis-
criminate whether it is a truly heterogeneous mechanism or the solid acts as catalyst
to activate only H2O2.
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7.3.1 Heterogeneous Versus Homogeneous Reactions

The question of heterogeneous versus homogeneous reaction in phenol oxidation by
hydrogen peroxide in the presence of Fe-PILC catalysts was discussed specifically
few years later by the same authors [82]. Both heterogeneous and homogeneous
catalytic systems behave similarly. In both cases, the highest phenol conversion and
TOC abatement being obtained at a pH value close to 3.7. However, the heteroge-
neous catalytic system results were less sensitive to the pH and more efficient in
TOC abatement than the homogeneous one. The measurement of OH· production
by an ESR spin trapping technique using 5,5-dimethylpyrroline-N-oxide (DMPO)
as trapping agent showed that the OH· production followed the same profile in func-
tion of the pH value than the catalytic activity in phenol oxidation. This indicates
that the main active species are hydroxyl (OH·) and/or hydroperoxyl (HO2·) radicals
generated by hydrogen peroxide reaction with iron species in both homogeneous
and heterogeneous systems. The main difference between homogeneous and het-
erogeneous systems is not the formation of different active oxygen from hydrogen
peroxide, but the ability of the heterogeneous catalyst to adsorb on to its surface the
phenol and/or the reaction intermediate products, favoring then their reaction with
oxygen species formed by hydrogen peroxide activation.

These indication are in line with those reported by Perathoner and Centi [29]
discussing the WHPCO of organic waste in agro-food and industrial streams. They
also indicated that the adsorption of reactants on the solid and the different prop-
erties of iron or copper ions (or species) anchored on solid matrices (with respect
to the same ions in solution) pointed out a difference between homogeneous and
solid Fenton-type catalysts, notwithstanding the analogies in the behavior. The
limited information in literature on the radical mechanisms in the presence of
solid Fenton-type catalysts were also evidenced, as well as the little knowledge
on the mass/heat diffusion aspects inside microporous materials during these fast
radical-type reactions as and when hydroxyl radicals are generated.

Another aspect evidenced, which usually was neglected in literature, is the
oxygen formation during the reactions:

Fe3+ + HO2· → Fe2+ + H+ + O2 (7.13)

Fe3+ + O2· → Fe2+ + O2 (7.14)

as well as that derived from the direct H2O2 decomposition to water and oxygen
influences the catalytic behavior. In fact, it competes with hydrogen peroxide to
reoxidize the reduced Fe2+ or Cu+ species which are those which generate hydroxyl
radicals on reaction with H2O2 (Eq. 7.1). In addition, a gas cap may form on the
catalyst surface, especially in micropores, such as in PILC. The formation of this
gas cap depends on the hydrophobic character of the catalyst, but may significantly
affect the intraparticle mass diffusion in addition to quenching the reduced iron or
copper species.
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The issue of homogeneous versus heterogeneous catalytic reactions to eliminate
organics from wastewater using H2O2 was discussed in detail by Perathoner et al.
[83] with specific reference to Cu2+-pillared clays. Homogeneous (Cu2+ ions) and
heterogeneous (Cu2+-PILC) Fenton-like catalysts were compared in the conversion
of p-coumaric acid, another model compound of polyphenolic fractions of OMW.
The performances of the two classes of catalysts are similar for an analogous amount
of copper, but there are some relevant differences in terms of (i) the presence of an
induction time, (ii) the turnover frequency, (iii) the efficiency in the use of H2O2, (iv)
the initial attack of p-coumaric acid (hydroxylation on the aromatic ring or oxidative
attack on the double bond of the lateral chain), and (v) the effect of dissolved oxygen
on the removal of total organic carbon (TOC) [83].

Cu+ Cu2+ [CuIIOOH]2+ + H+

[CuIIIO]2+ + HO
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Scheme 7.1 Reaction
mechanism for the generation
of radical oxygen species by
interaction with H2O2, with
copper ions in solution or on
the solid catalyst. Adapted
from Perathoner et al. [83]

Scheme 7.1 shows an overview of the possible reaction pathways in the Fenton
and Fenton-like mechanisms [83]. We indicate here Fenton mechanism that start-
ing from Cu+ and/or Fe2+ ions, while Fenton-like mechanism that starting from
Cu2+ and/or Fe3+ ions which reduces to the active Fenton species by reaction with
organics. For solid heterogeneous catalysts, Fenton-like mechanism is prevailing.
Scheme 7.1 is reported for copper ions, but it is well equivalent for the Fe2+/Fe3+

couple. Besides the “classic” redox cyclic mechanism involving Cu+ and Cu2+

species (indicated with A in Scheme 7.1), an additional pathway with formation
of a copper hydroperoxo complex intermediate which transforms then to cupryl ion
generating an hydroxyl radical is possible (indicated with B in Scheme 7.1). The
two pathways are characterized by a different turnover frequency as well as effi-
ciency in H2O2 use. Starting from Cu2+ ions (Fenton-like catalysts), the presence of
the pathway A or B depends on the energetic stability of the hydroperoxo complex,
which in turn depends on the ligand effect of the substituents.

For the Fenton-like reagents (Cu2+, Fe3+), initially no O–O bond breaking takes
place, but instead a metal hydroperoxo intermediate is formed as the first step via
hydrolysis:

Mn+ + H2O2 → [Mn+OOH]2+ + H+ (7.15)
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This intermediate might be able to react with organic substrates or break up into
smaller active species in the second step. The metal hydroperoxo may homolyze
either at the Fe–O bond generating M(n−1)+ and producing the reactive HOO· radical
or at the O–O bond producing the M=O species (example ferryl species) and an HO·
radical:

[Mn+OOH]2+ → M(n−1)++ OOH· (7.16)

[Mn+OOH]2+ → [M(n+1)++O]2+ + OH· (7.17)

Alternatively, O–O bond heterolysis could take place, producing the highly
reactive M(n+1)+ species:

[Mn+OOH]2+ → [M(n+2)+O]3+ + OH (7.18)

Static density functional theory (DFT) calculations on the hydrated Fenton-like
reagent in vacuo, [FeIII(H2O)5(H2O2)]3+, and ab initio molecular dynamics (AIMD)
simulations of the Fenton-like reagent in aqueous solution, Fe3+/H2O2(aq) [84],
showed that the first reaction step consists of the donation of the α-proton of hydro-
gen peroxide to the solvent shortly after the hydrogen peroxide coordinates to
iron(III) (Eq. 7.15), and the second step involves probably the O–O bond homolysis
producing the ferryl ion and a hydroxyl radical. A strong solvent effect was noted
indicating that in the presence of ligands, particularly those inducing a low-spin
iron(III)hydroperoxo intermediate, the pathway of transformation can be different.

This suggests that in solid Fenton catalysts such as Fe-PILC a significant change
in the pathway of transformation is expected. The formation of the ferryl intermedi-
ate, e.g., [FeIVO]2+, was also suggested to be a key step in the reaction mechanism
over Fe-ZSM-5 Fenton-type solid catalysts [85], but forming by oxidation of a
Fe(III)–OH intermediate, not from the peroxo [FeIIIOOH]2+ species. It is likely
that this ferryl (or analogous cupryl) species plays a critical role also in Fe-PILC
or Cu-PILC catalyst. Therefore, Fenton and Fenton-like chemistry which is gener-
ally believed to proceed via similar mechanisms instead probably follows different
reaction pathways, intermediates, and reactive species.

In Cu-PILC , the preferable pathway involves thus the formation of the Cu2+

hydroperoxo complex (pathway B in Scheme 7.1). Further transformation gives rise
to the formation of hydroxyl radicals and cupryl ions. The latter may oxidize organic
molecule thereby reducing to Cu+ ions. The change from aquo to organic ligands
in the copper complex may change the stability of the hydroperoxo complex. It is
therefore reasonable to suggest that in the homogeneous catalyst the initial Fenton
mechanism involves the hydroperoxo complex (route B), while in the progress of
the reaction the mechanism changes to the “Cu+ � Cu2+” cyclic one (route A) as
a consequence of the change in the formation of products of reactions (oxalic acid,
for example) which substitute water molecules in coordinating the copper ions. This
explains the presence of an induction time and the related change in the turnover
frequency.
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Theoretical studies [84, 86–88] have shown that the Fe(II)–aquo complex disso-
ciates fast after coordination of H2O2 to a hydroxo group coordinated to iron and
an HO· radical which attacks a solvent water molecule that was hydrogen bonded to
the hydrogen peroxide. In fact, the generated hydroxyl radical has a short life-time
which restricts its effective range of action to a few nanometers. When the organic
substrate concentration is high there is a good chance that the hydroxyl radical may
react with the organic molecule in the neighborhood of the iron complex where
the hydrogen peroxide is coordinated. Therefore, the HO· radical contributes to the
oxidation reactions, because the radical transfer could find a path along an H bond
attached to an organic substrate molecule if the latter is close enough. Otherwise, the
radical passage can go via a few solvent water molecules and end up with hydrogen
abstraction from one of the water ligands of the same iron complex, resulting in the
formation of a dihydroxo complex:

[(H2O)5FeIIH2O2]2+ → [(H2O)4FeIV(OH)2]2+ + H2O (7.19)

The iron(IV)dihydroxo complex is in equilibrium with its conjugate base:

[(H2O)4FeIV(OH)2]2+ + H2O � [(H2O)4FeIIO(OH)]+ + H+ (7.20)

After few picoseconds, one of the water ligands leaves the first solvation shell, but
the formed complex [(H2O)3FeIIO(OH)]+ undergoes no more spontaneous chemi-
cal changes in the next picoseconds [88]. In other words, if the hydroxyl radical
formed by the Fe(II)–aquo complex and H2O2 does not encounter an organic
molecule in the neighborhood, the process leads to a quenching of the hydroxyl
radical. However, if the pentaaqua iron(II)hydrogen peroxide complex would be in
the neighborhood of a hexaaqua iron(II) complex, the HO· radical passage might
be, via two or three solvent water molecules, to a water ligand of the hexaaqua
iron(II), with two mono-hydroxo pentaaqua iron(III) complexes as the result. Their
further transformation generates new radical species. For higher iron concentra-
tions, there is thus an additional pathway of reaction of the short-living hydroxyl
radicals. The hydroxyl radical reaction with a neighboring iron complex extends its
area of action. Therefore increases the probability that the hydroxyl radical reacts
with an organic molecule and the efficiency of the use of H2O2. It is known, on
the other hand, that optimal iron/H2O2 and iron/organic ratios exist to maximize
the Fenton and Fenton-like processes, in agreement with the above mechanistic
interpretation.

Inside the layer of Cu-PILC or Fe-PILC catalyst, a similar mechanism exists,
but further complicated from the presence of radical quenching mechanisms, due
to the interaction with the solid or possible enhancement effects, related to the spe-
cific microenvironment. This short discussion evidences the high complexity of the
issue of discussing homogeneous versus heterogeneous reactions in wet oxidation
with hydrogen peroxide using PILC-based solid catalysts. We may note, however,
that some indications on the reactivity are consistent with above indications on the
reaction mechanism. For example, the observation [83] that a reduction of the TOF
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is observed together with an increase in the efficiency in H2O2 use increases the
copper concentration in Cu-PILC catalysts. In fact, increasing copper concentration
decreases the H2O2/Cu2+ ratio, but increases the probability to have two neigh-
boring copper complexes and thus the possibility of limiting the quenching of the
generated hydroxyl radicals.

7.3.2 Mechanism of Organic Transformation

An aspect which is often not well discussed regards the mechanism of organic
transformation in WHPCO using PILC-based catalysts. The mechanism is highly
depending on the type of organic, but let us to exemplify the problematic using as
an example the reaction mechanism in the conversion of p-coumaric acid [83]. This
model compound exemplifies the problematic in the conversion of polyphenolic
compounds in OMW and in general of aromatic substances in wastewater.

The reaction network of p-coumaric acid degradation is summarized in
Scheme 7.2 [83]. There are two main pathways for the conversion of p-coumaric
acid: (i) hydroxylation of the aromatic ring resulting in the formation of caffeic acid
(CA) and (ii) epoxidation of the double bond of the lateral chain with the inter-
mediate formation of the corresponding diol which is then quickly converted to
4-hydroxybenzaldehyde (4HB) with the elimination of oxalic acid. There are var-
ious possible pathways of subsequent degradation. Scheme 7.2 reports a pathway
which appears to be the most probable.
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Scheme 7.2 Reaction mechanism in the conversion of p-coumaric acid. The compounds in the
bracket were supposed as reaction intermediate, but not identified analytically. Adapted from
Perathoner et al. [83]
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After caffeic acid formation it is possible to have the attack on the double
bond of the lateral chain to form the 3,4-dihydroxybenzaldehyde which can also
be formed by hydroxylation of the aromatic ring of 4HB. Oxidation of the 3,4-
dihydroxybenzaldehyde gives 3,4-dihydroxybenzoic acid and further conversion of
this compound gives a sequence of intermediate products, such as triacids, which are
difficult to identify analytically. Finally, the degradation of these intermediates gives
oxalic acid as stable product recalcitrant to further conversion and transformation
to CO2.

According to this reaction scheme, two different oxidizing attacks are possible
on p-coumaric acid, the epoxidation on the double bond of the lateral chain which
forms 4HB as first identified product and the hydroxylation of the aromatic ring
which gives CA.

There is a different trend with respect to the time on stream of the CA/4HB ratio
for the homogeneous and heterogeneous cases. In the latter CA is mainly formed
almost immediately, while in the homogeneous case the CA takes some time (around
15 min) to reach its maximum formation. This suggests an evolution in the nature
of the active sites in the homogeneous case which agrees with the previous dis-
cussion about the mechanism responsible for an induction time in p-coumaric acid
conversion.

The attack on the double bond of the lateral chain first followed by the hydroxy-
lation of the aromatic ring (pathway A in Scheme 7.2) is due to the route involving
the hydroperoxo complex formation, while the pathway B (first hydroxylation of the
aromatic ring and then attack on the lateral chain) involves the “Cu+ � Cu2+” cyclic
mechanism. The first mechanism (via hydroperoxo complex) initially dominates the
conversion in the homogeneous case, but then there is a progressive change to the
“Cu+� Cu2+” cyclic mechanism. This explains an experimentally observed initial
increase in the CA/4HB ratio in the homogeneous case after the induction time
[83]. The ligand effect of the oxide in the case of the Cu-PILC, instead, inhibits
the pathway via the hydroperoxo complex. Therefore, the “Cu+ � Cu2+” cyclic
mechanism is already the dominant route and CA/4HB ratio is already high at
the beginning. The ratio then decreases due to the conversion of the caffeic acid
itself.

This discussion further evidences the differences in the reaction pathways in the
generation of the radical oxygen species between homogeneous and heterogeneous
Fenton reaction on solid PILC-based catalysts.

7.3.3 A Survey of Literature Data on the Use of PILC-Based
Materials

Detailed studies on the WHPCO reaction mechanism of PILC-based catalysts
are lacking and most of the studies are limited to the analysis of the perfor-
mances of PILC catalysts in the conversion of different substrates. Chirchi and
Ghorbel [89] have investigated the conversion of 4-nitrophenol by H2O2 with
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iron(III)-exchanged and pillared montmorillonite as catalysts. The aspects investi-
gated were the influence of different types of catalysts, their amounts, and the H2O2
concentration. Ramaswamy et al. [90] have investigated phenol conversion using
alumina-pillared montmorillonite (A1-PILC) on which copper–tetra decachloroph-
thalocyanine (Cu–Cl14Pc) complex was immobilized. Catrinescu et al. [91] have
investigated the effect of different reaction parameters (pH, temperature, catalyst
concentration) as well as catalyst stability in the WHPCO of phenol solutions. They
used Fe-exchanged Al-pillared synthetic beidellite. Delaminated Fe-exchanged
Ti-pillared interlayered montmorillonites (Fe–Ti-PILC) were instead used by Mei
et al. [92] again in the WHPCO of phenol solutions. Carriazo et al. [93, 94] used
instead a Colombian bentonite pillared with mixed polyhydroxocationic solutions of
Al–Fe or Al–Ce–Fe again in the WHPCO of phenol solutions. They observed that
the incorporation of Ce in the solids showed a favorable effect in the pillaring of
the materials, allowing the increase of the basal spacing and enhancing the catalytic
activity of the solids. Catalysts based on pillared clays with Al, Zr, and Al–Fe and
Zr–Fe (starting from commercial bentonite) have been investigated also in WHPCO
of phenol by Molina et al. [95]. The Al–Fe-pillared clay showed a higher activity
than the Zr–Fe one for phenol oxidation, because the second was more active for
H2O2 decomposition. Luo et al. [96] also investigated recently clay pillared with
Fe–Al for Fenton oxidation of phenol by hydrogen peroxide. As original results
cited that (i) the pillaring process altered the basal space of clay, (ii) the catalytic
activity is related to the accessible iron species, (iii) the Fenton reaction exhibited
an induction period, and (iv) the rate of the oxidation process depends on the con-
centrations of phenol and H2O2, the amount of catalyst, pH, and temperatures. As
commented above, these catalysts (Fe–Al-pillared clays) and almost all the find-
ings were already well established in previous literature. Recently, Timofeeva et al.
[97] also investigated Fe,Al-pillared clays (obtained from Mukhortala (Buryatia)
montmorillonites) in phenol oxidation, although extending the investigation to also
monoazo dye acid chrome dark-blue (ACDB). Most of the results were again analo-
gous to those previously reported. The effect of OH/(Fe + Al) ratio, aging time, and
calcination temperature was examined. The state of iron atoms can be controlled by
Al/Fe and OH/(Fe + Al) ratios, aging period of Fe,Al-pillaring solution, and cal-
cination temperature. The increase in Al/Fe ratio and calcination temperature from
400 to 500 ◦C decreases in the formation of oligomeric iron species. The increase
in aging time decreases iron leaching and increases the reaction rate, due to the for-
mation of isolated iron species. The same authors [98] also investigated the use of
mixed Fe,Cu,Al clays. The introduction of copper ions results in an increase in the
reaction rate, according to what discussed above.

This brief survey of literature results evidences that notwithstanding the con-
tinuous and also recent publications on the use of PILC catalysts in WHPCO
reaction limited new information are available to produce better catalysts and/or
develop on a commercial scale a process based on these catalysts. Different start-
ing clays were used as raw materials, but without a rational choice. In addition
to phenol, and the cited results on 4-nitrophenol [89] and p-coumaric acid [83],
few other molecules were tested in WHPCO using PILC catalysts. Tabet et al.



7 Catalytic Wastewater Treatment Using Pillared Clays 185

[99] investigated Fe-pillared montmorillonite for the removal of cinnamic acid in
water. The influences of the cinnamic acid, catalyst and H2O2 concentrations, and
pH on the removal rate of cinnamic acid have been studied. The results show that
the efficiency of Fe-pillared montmorillonite is higher than that of the Fe ions in
the homogeneous phase, and less sensitive to pH, in agreement with the results
for other organic pollutants, as discussed above. Herney-Ramirez et al. [100, 101]
analyzed the degradation and mineralization of Orange II solutions using cata-
lysts based on pillared saponite impregnated with different iron salts. In the best
conditions and after 4 h of oxidation, 99% of dye degradation with 91% of total
organic carbon (TOC) reduction (at 70 ◦C), using only ca. 90 mg of clay catalyst
per liter of solution was observed; 96% of dye removal with 82% of mineral-
ization was also reached at 30 ◦C. The amount of iron released into the final
solution was lower than 1 ppm. Copper-supported-pillared clay catalysts were inves-
tigated in the conversion of tyrosol in batch and continuous reactors [102, 103].
Stable performances were observed. Around 84 and 53% substrate and TOC con-
version, respectively, were obtained for 120-h reaction. Total elimination of TOC
is difficult since oxalic acid, as the main intermediate, is resistant to WHPCO.
The same authors [104] also investigated the catalytic wet hydrogen peroxide
oxidation of p-coumaric acid over Al–Fe-pillared clay. It was found that the dis-
tribution of the intermediate compounds was strongly dependent on the pH of the
solution.

Few results have been reported in WHPCO using PILC catalysts for treat-
ing real wastewater streams. One of the first results has been reported by Kim
et al. [105, 106] who investigated the WHPCO of real dyehouse effluents in both
batch reactor and continuous flow pilot plant-scale reactor by using Cu/Al2O3 and
Al–Cu-PILC catalysts. The removal of TOC and color was strongly related to
the consumption of H2O2. Copper components in the catalysts, especially in the
Al–Cu-PILCs, showed successful activity toward complete removal of TOC and
color. In addition the Al–Cu-PILC catalysts were extremely stable against copper
leaching.

Copper-based and iron-based pillared clays (Cu-PILC, Fe-PILC) have been stud-
ied and compared in the WHPCO of both model phenolic compounds (p-coumaric
and p-hydroxybenzoic acids) and real olive oil milling wastewater (OMW) by
Caudo et al. [107]. These two catalysts show comparable performances in all these
reactions, although they show some differences in the rates of the various steps of
reaction. In particular, Cu-PILC shows a lower formation of oxalic acid (main reac-
tion intermediate) with respect to Fe-PILC. Both catalysts show no leaching of the
transition metal differently from other copper-based catalysts prepared by wetness
impregnation on oxides (alumina, zirconia) or ion-exchange of clays (bentonite) or
zeolite ZSM-5. No relationship was observed between copper reducibility in the
catalyst and the performance in WHPCO, as well as between the rate of copper
leaching and catalytic behavior. Cu-PILC shows a comparable activity to dissolved
Cu2+ions, although the turnover number is lower assuming that all copper ions in
Cu-PILC are active. Cu-PILC shows a high resistance to leaching and a good cat-
alytic performance, which was attributed to the presence of copper essentially in the
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pillars of the clay. A high efficiency in H2O2 use in the first hour of reaction with the
participation of dissolved O2 in solution was also shown. For longer reaction times,
however, the efficiency of H2O2 use considerably decreases.

The behavior of Cu-PILC in the pre-treatment of OMW was compared with
that of Cu-zeolites (MFI structure) by Giordano et al. [108]. Both the catalysts
showed a high conversion in the oxidation of polyphenols and were able to drasti-
cally reduce the chemical oxygen demand, the biochemical oxygen demand, and the
non-biodegradability of the olive oil mill wastewaters. However, the Cu-PILC shows
better stability. More recently, the performances of Cu-PILC for agro-food wastew-
ater purification with H2O2 were discussed more in depth [109]. These catalysts
were studied in the treatment of various real wastewaters from agro-food production:
(i) deriving from citrus juice production, (ii) extracted concentrated polyphenolics
fraction from olive oil milling (OMW), and (iii) OMW derived from three different
sources. In the latter cases, tests were made both in a lab-scale reactor and in a larger
volume (about 10 l) reactor. The results showed that Cu-PILC might be used to treat
real wastewater from agro-food production, and not only simple model chemicals as
typically made in the literature. In all cases, using a semi-batch slurry-type reactor
with a continuous feed of H2O2, the behavior both in TOC (total organic carbon)
and in polyphenols abatement may be described using pseudo-first-order reaction
rates. Using real wastewater the rate constants are one to two orders of magnitude
lower than using model molecules, and a decrease in the ratio between rate constant
of phenols conversion and rate constant of TOC abatement is observed. However,
this ratio maintains over 1 in all cases. A typical value is around 2, but the com-
position of wastewater and reaction conditions influence this ratio. Scaling-up to a
larger volume semi-continuous slurry-type reactor causes a further lowering of one
order of magnitude in the rate constants of TOC and polyphenols depletion, due to
fouling of the catalyst related to the preferential coupling of the organic radicals and
deposition over the catalyst with respect to their further degradation by hydroxyl
radicals generated from H2O2 activation on the copper ions of the catalyst. The use
of a different reactor to overcome this problem was suggested.

The application of WHPCO for the treatment of complex effluents from elec-
tronic industry was also discussed by Perathoner and Centi in reviewing the use
of iron-based or copper-based solid catalysts for the treatment of industrial waste
aqueous streams [29]. To note that in this case, homogeneous Fenton catalysts were
completely inactive due to the harsh reaction conditions (many complexing chem-
icals present in the feed), while relatively good performances were obtained using
the solid catalysts.

In conclusion, this short survey on the use of PILC-based catalysts for WHPCO
reaction has evidenced that these materials show interesting and stable perfor-
mances. They can be used for practical applications, although data on their practical
use are limited. Most of the literature data focused on the use of only model com-
pounds. In addition, often data for a more rational design are limited and published
results were mainly related to the analysis of the effect of the reaction conditions
and/or catalyst composition, sometimes also rediscovering older results. This sec-
tion has evidenced that it is necessary for a much more in depth understanding of
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the reaction mechanism and in particular the catalytic chemistry inside the microp-
orous clay layer. The generation of short-living and highly reactive radical species
(hydroxyl radicals, for example) changes significantly the picture with respect to
conventional liquid–solid catalytic chemistry. It is thus necessary to put attention
on these aspects, as well as on other critical aspects, such as the hydrophobic char-
acteristics of the inner layered structure and the formation of gas caps inside the
layers.

7.4 Photocatalytic Behavior of Ti-PILC and Fe-PILC

7.4.1 Ti-PILC

The first attempt to prepare photocatalysts based on titania-pillared clays (Ti-PILCs)
has been reported by Ding et al. [42]. They used a sol–gel method and different dry-
ing methods (air drying, air drying after ethanol extraction, and supercritical drying),
because they have significant effect on the photocatalytic efficiency for the oxida-
tion of phenol in water. Ti-PILC obtained by supercritical drying has the highest
external and micropore surface area, largest amount and smallest crystallite size of
anatase, and exhibited the highest photocatalytic activity. It should be noted, how-
ever, that these materials are not truly titania-pillared clays, but should be better
described as layered materials with deposited TiO2 nanocrystals. In parallel to the
work of Ding et al. [42], Ooka et al. [110] reported a study on the synthesis of
pillared montmorillonite with crystallized TiO2. The TiO2 pillars in pillared mont-
morillonite were crystallized to anatase by hydrothermal treatment, while retaining
the porosity of the pillared clay. The size of the crystallized TiO2 pillars and the
average pore diameter could be controlled in the range ca. 0.4–0.9 nm by changing
the treatment conditions. These materials were studied in the photocatalytic degra-
dation of trichloroethylene in water. The hydrothermal crystallization enhances the
catalytic activity both per unit weight of TiO2 and per exposed unit surface area of
TiO2. The catalytic activity of the TiO2 pillars was also enhanced by quantum-size
effects: as the TiO2 pillar size decreased, the pillared montmorillonites exhibited
higher catalytic activity and showed larger blueshifts in their UV absorption spectra.
The same group [111] also reported that titania-pillared clay could adsorb dibutyl
phthalate (DBP), one of the endocrine disruptors, and degrade it photocatalytically.

These initial studies started a relevant activity for the preparation of Ti-PILC-
based photocatalysts. The main motivations are related to the possibility of having
highly dispersed nanosized TiO2 pillars which acting as photo-active centers in a
microenvironment (the inner layer of the clay) could control the access of pollu-
tants and prevent deactivation by fouling. Worth to note is the possibility to control
the hydrophobic character of the PILC and use this property to control the selec-
tive behavior in the photocatalysis. For example, Shimuzu et al. [112] investigated
the selective photo-oxidation of benzene and cyclohexane using TiO2-pillared clays
(mica, montmorillonite, and saponite). In an aqueous environment, TiO2-pillared
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clays showed higher selectivity to oxygenates than TiO2 (Degussa P25). The prod-
uct distribution among oxygenates also depends on the type of the clay host. For the
cyclohexane photo-oxidation, TiO2-pillared clay showed much higher selectivity
than TiO2, because of the hydrophobic nature of pillared clay.

Awate and Suzuki [113] investigated the use of titania-pillared montmorillonite
clay prepared by two different routes (ion-exchange method and hydrothermal treat-
ment after ion-exchange) in the photocatalytic oxidation of two dyes (Methylene
Blue and Victoria Pure Blue). The Ti-PILC prepared by post-hydrothermal route
has shown enhanced adsorption capacity and photocatalytic oxidation. Different
other groups were active in the photocatalytic degradation of dyes and other pol-
lutants using TiO2-pillared clays: (i) 2,4-dichlorophenol and Orange II [114], (ii)
benzene and cyclohexane [115], phthalate esters (di-n-butyl phthalate and dimethyl
phthalate) [44], 4-chlorophenol [115], Methyl Orange [116], decabromodiphenyl
ether (BDE 209) [117], dimethyl phthalate ester, as model of endocrine disruptor
[118], the dye acidic fuchsine [119], phenol [120, 121], 4BS dye [122], textile
azo dye (Solophenyl Red 3BL) [123, 124], and azoic dyes (Congo Red) [125,
126]. A larger variety of substrate was thus investigated using Ti-PILC photo-
catalysts with respect to the previously discussed case of WHPCO, although the
use of many different substrates is typical of photocatalytic studies. Most of the
studies were also in this case limited to the analysis of the effect of the reaction
conditions and catalyst characteristics. Nevertheless, some clear direction could be
evidenced.

Several authors put attention on the issue of hydrophobic characteristics of PILC
to control the reactivity. Ooka et al. [44] investigated four kinds of TiO2-pillared
clays prepared from different raw clays (montmorillonite, saponite, fluorine hec-
torite, and fluorine mica) and put in relation their surface hydrophobicities with
the performances in adsorption-photocatalytic degradation of phthalate esters. The
surface hydrophobicity of TiO2-pillared clays largely varies with the host clay:
it increases in the order saponite < fluorine hectorite < montmorillonite < fluo-
rine mica. The order of performance in adsorption and successive photocatalytic
degradation of phthalate ester was consistent with that of surface hydrophobic-
ity. Using the host clay that enhances surface hydrophobicity of the TiO2-pillared
clay, such as fluorine mica, it is possible to obtain highly active photocatalysts
for photodegradation of organic compounds in water. The performances could be
increased by improving TiO2 nanoparticle crystallinity using a treatment with aque-
ous hydrogen peroxide at room temperature [127]. Inorganic/organic-pillared clays
(Ti/cetyltrimethylammonium bromide-pillared clays) could be prepared for some
scope of controlling hydrophobic character and enhance photocatalytic activity in
the removal of non-polar organics in water [128].

Other authors [129] have investigated the use of cetyltrimethylammonium
bromide (CTAB) to modify the characteristics of TiO2-pillared montmorillonite
photocatalysts. The “growth” of the hydrated Ti-polycations within clay interlay-
ers could be regulated and controlled by the surfactant CTAB. An et al. [117]
also prepared TiO2-immobilized hydrophobic montmorillonite photocatalysts via
ion-exchange reaction between sodium montmorillonite with cation surfactant,
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cetyltrimethylammonium bromide (CTAB). These materials were designed for the
oxidation of persistent organic pollutants in water, by combining the pre-adsorption
and concentrated effects for aqueous microorganic pollutants with the photocatalytic
destruction of organic pollutants. Ding et al. [118] also prepared TiO2-pillared mont-
morillonites by introducing Ti4+ into a layer of montmorillonite modified with or
without cetyltrimethylammonium bromide. However, in studying the photocatalytic
degradation of dimethyl phthalate ester they observed that the hydrophobic photo-
catalyst was slightly less active than the hydrophilic one. The same authors [130]
analyzed the role of acid (acetic acid and hydrochloric acid) in catalyzing hydrolysis
of titanium hydrate sols during the preparation of hydrophobic montmorillonite clay
treated with organic cationic surfactant (hexadecyltrimethylammonium bromide).
Hydrophobic TiO2-pillared clay prepared with acetic acid as the acid hydrolysis
catalysts possesses higher photocatalytic activity than that with hydrochloric acid.
Organoclays having titania nanocrystals in interlayer hydrophobic field [64], pre-
pared by intercalating the cetyltrimethylammonium cations to the montmorillonite
layer and introducing Ti by cation-exchange, were also shown to exhibit higher
photocatalytic activity for BPA (bisphenol A) degradation, due to their hydrophobic
character.

Therefore, many studies focused on the role of hydrophobic character of inner
microenvironment in PILC materials to have a preferential concentration of non-
polar pollutants close to the active photocatalyst, usually TiO2 nanoparticles either
present as pillars or as simple deposits inside the layers. The latter situation, how-
ever, gives rise to less stable photocatalysts, even if this aspect was typically not
well investigated.

Some authors claimed a novel architecture for the Ti-PILC photocatalysts,
although the novelty is questionable. Yang et al. [120], for example, discussed
a new photocatalyst design to increase the content of anatase nanocrystals and
improve the accessibility of these crystals to reactants (UV photons, organic con-
taminant molecules, and oxygen molecules), in order to enhance the photocatalytic
performance. However, the proposed new synthesis strategy involves reaction of
clay suspensions with TiOSO4, which leads to formation of anatase nanocrystals
attaching to leached clay layers through Ti–O–Si bonds. They also claimed to have
discovered that the crystal size, the pore size, and the specific surface area of the
catalysts can be tailored by manipulating the acidity, the ratio of Ti/clay, and the
hydrothermal temperature of the synthesis systems. Although there are some dif-
ferences with respect to the conventional approach of pillared intercalated layered
clays, the resulting materials are not largely different from those earlier reported and
discussed above. The photocatalytic performances in the conversion of phenol also
do not appear rather spectacular, with about 50% conversion in 4–5 h of a highly
diluted (25 ppm) phenol solution.

Xuzhuang et al. [121] also claimed for a new composite structure with supe-
rior photocatalytic activity for phenol decomposition, by reaction between TiOSO4
and a synthetic layered clay laponite. The authors claimed a superior photocatalytic
activity due to the unique structure of the composite, in which anatase nanocrys-
tals were attached on leached laponite fragments. These photocatalysts take about
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2 h to convert 25 ppm phenol using UV light source. Although this result is bet-
ter than that of the “traditional” pillared clay used as reference, it is still a rather
poor result with respect to “conventional” photocatalysts in the same reaction,
taking also into account that only phenol conversion and not TOC removal was
reported.

The “superior” photocatalytic activity derives from a hydrothermal treatment
which partially destroys the clay (making thus more accessible) and especially make
more crystalline the anatase TiO2 nanocrystals. This aspect is that probably deter-
mining the higher performances, together with the fact that the TiO2 content in the
most active samples is very high (about 60 wt%). The destruction of the characteris-
tic pillaring structure eliminates the possibility of controlling the microenvironment
and thus to have a selective photocatalysis, as discussed above. On the other hand,
in terms of absolute photocatalytic performances these “novel” materials appear
rather poor with respect to well-optimized TiO2 photocatalysts. It is thus difficult
to support the authors claim that the knowledge acquired in their study is useful for
designing photocatalysts with high efficiency.

We have discussed more in depth this specific example, although similar remarks
may be made to also other published papers, to evidence that also for the use of
Ti-PILC catalysts most of the studies have limited practical objectives. Being well
established the fields of photocatalysis using semiconductor materials, the questions
to address while studying Ti-PILC photocatalysts are the following:

– What kind of advantages (in terms of performances per unit weight or catalyst
cost, considering the low cost of TiO2) is offered from using Ti-PILC materials?

– There are specific characteristics which can make unique these materials.

In terms of absolute photocatalytic properties, Ti-PILC does not compete with
well-optimized TiO2 (note that the often used Degussa P-25 is not always the best,
depending on the substrate to convert), in terms of activity per unit weight and unit
cost. The reasons are related to lower amount of TiO2 (with respect to pure TiO2),
the difficulty in obtaining well-crystallized nanocrystals, and the quantum-size
effect, when small TiO2 nanocrystals are present, e.g., a blueshift in the absorption
edge. This is a shift in the opposite direction to what necessary to have activity with
visible light. The main problem in using photocatalytic methodologies for the elim-
ination of pollutants is the need to operate with highly diluted solutions (few ppm),
which greatly limit their possible application in practical cases. For this reason, the
use of solar light is essentially required in photocatalytic waste treatment, as the use
of UV lamps is not being feasible. Therefore, the issue is to analyze how to use the
PILC structure to promote visible light activity. The other possible approach is to
use the hydrophobic microenvironment of PILC to absorb the non-polar pollutants
and then make periodic photocatalytic regeneration, e.g., to not use in a continu-
ous illumination mode. Some authors have used the latter route, as discussed above.
This would imply, however, to preserve the layered structure and optimize the inner
hydrophobic properties.
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Few authors have instead investigated how to use the PILC structure to pro-
mote visible light activity. Zhang et al. [122] used nitrogen and sulfur co-doped
TiO2-pillared montmorillonite for the degradation of 4BS dye under visible light
irradiation (λ > 400 nm). The absorption edge of the doped samples shows a red-
shift as compared to that of pure TiO2. Their photocatalytic activity is comparable
to that of Degussa P25 under visible light irradiation, although it is forgotten that
dyes adsorbing in the visible region are self-sensitizer. The use of dyes adsorbing
in the visible region is not a suitable test to analyze the photocatalytic properties
of materials in the visible region. In addition, it is well known that the issue is
the complete conversion of the dye and not its partial conversion, e.g., to evaluate
TOC and not dye conversion, due to this self-sensitizer effect. Yang et al. [119] also
investigated the use of TiO2-pillared montmorillonite composite photocatalyst for
the degradation reaction of acidic fuchsine by sunlight. Similar remarks to those
evidenced above could also be made in this case.

In conclusion, several papers have been published on the use of Ti-PILC as
advanced photocatalysts, and they were utilized in the conversion of many pollu-
tants, although essentially in academic studies. Their practical applicability is still
questionable and suitable data do not exist to forecast their use. On the other hand,
it should be remarked that not enough effort has been made in literature to evaluate
the specific features of these catalysts in relation to practical use and to optimize
their design in relation to these characteristics.

7.4.2 Fe-PILC for Photo-Fenton

From the practical point of view, more interesting prospects exist on the use of
Fe-PILC for the photo-Fenton reaction, e.g., the combination of use of H2O2 and
light. With respect to photocatalytic oxidation, it is necessary to use a more expen-
sive reactant (H2O2), but the higher reaction rates and the possibility to address
wastewater containing higher concentrations of pollutants (the typical case) make
this technology preferable. Many reviews have discussed the advantages and lim-
its of this technology and their applicability in the treatment of hard degradable
wastewater from dye, phenols, explosive, pesticide, paper-making, and some other
industries [34, 41, 131–137].

Sum et al. [138] were the first in reporting the behavior of pillared laponite
clay-based Fe nanocomposites in the photo-Fenton (H2O2 + UV radiation) min-
eralization of azo-dye Acid Black l (AB1); 100% mineralization could be achieved,
while only trace amounts of leached ferric ions were detected. Liu et al. [139]
applied Fe-pillared bentonite in the photo-Fenton degradation of an organic azo-dye
(Orange II). They also evidenced that the rate of the heterogeneous photo-Fenton
process is much faster than that of homogeneous photo-Fenton process. The cata-
lyst can also be easily recovered, regenerated, and re-used. Bobu et al. [140, 141]
used iron-pillared laponite for the photodegradation of two important phenyl urea
herbicides: Monuron and Isoproturon. However, the mineralization degree of both
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herbicides was only around 10–20%. The same authors applied this catalyst in
the photo-assisted Fenton mineralization of ciprofloxacin (CFX), a broad-spectrum
antibiotic used in human and veterinary medicine. The effects of reaction parame-
ters such as H2O2 concentration, catalyst loading, and initial pH of the solution on
the mineralization of CFX were investigated. It was found that at the optimal reac-
tion conditions (60 mM H2O2, 1.0 g l−1 catalyst, initial solution pH 3.0) complete
CFX degradation and over 57% total organic carbon (TOC) removal of CFX can be
achieved after 30 min of reaction. Also these authors observed very limited leaching
of iron and stable performances.

De León et al. [142] investigated the photo-Fenton conversion of Methylene Blue
using Fe-PILC catalysts with two different-sized particle fractions (<250 μm and
within the range of 250–450 μm, respectively). Both catalysts showed activity in the
discoloration of aqueous dye solution, but the differences in catalyst performance
were correlated with textural parameters.

All these tests were made using H2O2 and UV light, but recently the possibil-
ity of using visible light was reported. Chen et al. [143] reported the decolorization
and mineralization of reactive brilliant orange X-GN under visible light irradiation
(λ ≥ 420 nm) by using iron-pillared montmorillonite(Fe-Mt/H2O2 as the heteroge-
neous photo-Fenton reagent. The characterization of these materials suggested that
small-sized hydrolyzed iron successfully intercalates into the interlayer spaces of
the clay via pillaring. The catalytic results showed that at a reaction temperature of
30 ◦C, pH 3.0, 4.9 mmol/l H2O2, and 0.6 g/l catalyst dosage, 98.6% discoloration
and 52.9% TOC removal of X-GN were achieved under visible irradiation after
140 min of treatment. Furthermore, the maximum concentration of dissolved iron
ions was 1.26% of the total iron content in the Fe-Mt catalyst after photocatalysis.

Therefore, although results on Fe-PILC catalysts for photo-Fenton conversion are
still limited, the performances and preliminary stability indications are promising.
However, it is necessary to pass from batch to continuous reactor tests, evaluate
the performances using real waste solutions, and develop/test the performances in
the form of thin supported films, because from a practical point of view the use of
slurry-type photoreactors is not possible.

7.5 Conclusions

The use of solid catalysts for wastewater treatment, particularly by AOP method, is
a fast growing area, from both the scientific and applicative perspectives. Pillared
clays, particularly containing Fe, Cu, and Ti as active elements, show some interest-
ing perspectives, although most of the reported publications still give a too limited
attention on the critical aspects for application. Also from the scientific perspective,
often results are essentially phenomenological, e.g., the effect of the reaction condi-
tions and catalyst composition/characteristics, more than focused at giving a more
scientific approach toward the understanding of the critical issues governing the
reactivity, kinetics, and reaction mechanism. Due to the formation of short-living
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and highly reactive oxidizing species, such as the hydroxyl radical, the catalytic
chemistry is quite different from that present in “conventional” liquid–solid cat-
alytic reactions. This aspect, and the relevance for the design of improved catalysts,
has received limited attention in literature.

There are limited, but relevant differences between the use of these heteroge-
neous catalysts and homogeneous catalysts, as discussed more specifically for wet
oxidation with hydrogen peroxide. These differences and the implications in terms
of reaction mechanism should be considered for a better catalyst design.

From the practical perspective, the use of PILC-based catalysts is promising
using H2O2 as the reactant (WHPCO or photo-Fenton) on iron-pillared or copper-
pillared clays. These materials combine good activity with stable performances,
although data on long-term stability in continuous flow reactors are quite limited.
The problem of controlling the hydrophobic microenvironment within the layers of
the pillared clays is an important issue to improve the performances, but was mainly
investigated for the Ti-PILC materials for the photocatalytic oxidation of pollutants.
The applicability of the latter reaction is questionable, and in general the limited
attention given in literature to consider the key questions for their use and design
has to be remarked. The use of PILC catalysts in wet oxidation with air also shows
limited perspectives from the application point of view.
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