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Abstract

Presently, conventional technologies in water treatment are not enough efficient to
completely mineralize refractory water contaminants. In this context, the implementation of
catalytic processes could be an alternative. Despite the advantages provided in terms of kinetics
of transformation, selectivity and energy saving, the numerous attempts have not lead yet to
implementation at industrial scale. This review examines at different scales of investigations
which controversies and limitations must be solved to bridge the gap between fundamentals
and practical developments. Particular attention has been paid to the development of solar-
driven catalytic technologies and some other emerging processes, such as microwave assisted
catalysis, plasma-catalytic processes or biocatalytic remediation taking into account their
specific advantages and the drawbacks. Challenges for which a better understanding related to
the complexity of the systems and the coexistence of various solid-liquid-gas interfaces have

been identified.

TOC

Keywords: Catalytic water treatment; Microwave catalysis; Plasma catalysis; bio- and
photobiocatalysis; Sonophotocatalysis; Photoelectrocatalysis; Solid-liquid-gas interface.



1. Introduction

Today the growing need of water in diverse utilizations offers today new paradigms shifts
in hydric resource management.! Water treatment and recycling will be one of the major
environmental concern in the near future, with implication also in energy consumption and
carbon footprint. Important social challenges also lie in the access of basic sanitation, especially
to prevent infectious diseases. This right is still not universal all over the World and significant
investments must be programmed, taking the population growth worldwide into account,
especially in Asia and Africa. In this context, a huge amount of investigations has been
published in the past two decades, according to databases taking the water treatment as
keyword. In the area of water treatment, catalysis represents a minor contribution, but a fairly
clear trend has been emerging, exhibiting an exponential growth in the past decades (Figure
1).%° They tackled different challenges related to: — The identification of source of wastewater
— the assessment of wastewater composition — the removal of trace amount of organic or
mineral contaminants. In some extent, important advances both on water resource recovery and
circularity imply to bridge the gap between concepts and practice.® This review will focus on
the three items dedicated to the removal of refractory soluble pollutants, but an important aspect
will be focused on the existing link between the chemical nature of the contaminant and the

infrastructure implemented for its removal.
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Figure 1. Evolution of published data from the Scopus database in the past two decade (2001 to
2021) — Water treatment (blue symbol); catalytic water treatment (red symbol).

Treated wastewater can be classified in different categories from drinking to reclaimed

water determined by their degree of potability. Reclaimed water is currently used for irrigation,



industry and various non-potable uses. In the particular case of drinking water, nitrates and
pesticides are recognized as major sources of pollution. Nevertheless, the removal of
micropollutants even at extremely low concentration is a growing issue because of potential
risk due to prolonged exposures. These finding have stimulated certain initiatives around the
world in terms of stricter regulations taking the assessment of the risks of effects on human
health into account.

The reuse of drinking water implies wastewater treatment able to deal with
microorganisms, pharmaceutical and personal care products, etc. In a general way, classical
successive oxidation pretreatment, coagulation flocculation, sedimentation, filtration and
disinfection processes are implemented. However, current technologies to treat contaminated
water could not be enough efficient and can generate secondary waste streams. By way of
illustration, prechlorination of contaminated water for their oxidation can lead to the formation
of carcinogenic, mutagenic and genotoxic chlorinated byproducts. The efficiency of ozone as
substitute is also questionable with the formation of pathogenes. Heterogeneous catalysis can
offer an alternative for a faster degradation and improved mineralization. In addition, unique
options may emerge, this is particularly true for the reduction of chlorinated micropollutants
with catalytic hydrodechlorination processes preferred over catalytic ozonation’. In this
context, a question emerges on the specificity of a catalytic process, on its flexibility in the
context of assisted or hybrid systems.

As illustrated in Figure 2, various advanced oxidation processes (AOPs), operating at full
scale and based on the generation of hydroxyl radicals utilizing ozonation treatment, Fenton or
UV irradiation, have been developed. Different categories have arise more recently with
various degrees of development from the lab- to pilot- and full scale. In most cases, a two steps
process is involved starting from the generation of the active oxidant intermediates and their
subsequent reaction with the targeted undesired contaminant.

Diverse strategies have been inventoried providing new opportunities in the development
of hybrid systems to treat poorly biodegradable organic compounds. For instance, the relevance
in coupling adsorption and enzymatic degradation has been highlighted. Recently catalytic
technologies emerged as an alternative with a remarkable growing interest in parallel to the
sharp development of AOPs for waste water and drinking water treatment. It has been found
that coupling technologies including a catalytic step can be an appropriate approach especially
for the development of continuous flow catalytic reactor and for facing important issues related
to the abatement at ambient working temperature of ultra-low concentration of persistent

pollutants. Presently, the development of single or hybrid heterogeneous catalytic systems is
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not trivial and must face to significant challenges inherent to the complexity of gas-liquid-solid
interfaces. New advances in the integration of nanotechnologies have taken place with the aim
of getting convergence between green chemistry and manufacturing in connection with social

welfare.?
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Figure 2. Broad overview and classification of different AOPs. Individual processes are marked as

established at full-scale (white), investigated at lab- and pilot scale (grey) and tested at lab-scale
(black) — Reproduced with permission from Ref. °. Copyright 2018 Elsevier.

Why this review article?

Up to now, catalytic technologies for water treatment are not widespread at the industrial
level. Future breakthrough that could make this one more realistic at larger scale lies in better
understanding of the catalyst functionalities at the nanoscale and its better integration in the
reactor design. Such requirements need the implementation of a multiscale approach. In
addition, all technical developments must insure complete mineralization of the effluent, which
means that the degradation of intermediates must be characterized in order to evaluate the
kinetics of their transformation with respect to their potential toxicity. Indeed, this latter point
is probably a major concern in the development of efficient novel technologies and usually
requires complex chemical analysis of the solutions.

Accordingly, one of the objectives of the present review paper is to tackle from
fundamental to practical issues with the aim to elaborate integrated and sustainable combined
approaches involving a catalytic step to remove trace amounts of pollutants under smooth
operating conditions, i.e. ambient pressure and temperature and more severe reaction
treatments for refractory soluble pollutants. Particular attention for developments in
nanoengineered catalytic materials and in-situ characterization closer to reaction conditions are
presently needed. Molecular modelling of gas/liquid/solid interface and operando

spectroscopic characterization in working conditions are important tools that should lead to the
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development of new generation of catalysts with structure, texture and surface properties
adjusted to the type of catalysis and reactor design. Presently, most of investigations deal with
the removal of single pollutants while real waste water contains complicate pollutant mixtures.
The need of efficient prediction tools that able to take this complexity into account are needed.
This could be embodied by emerging branch of computer sciences and artificial intelligence.

To the best of our knowledge, critical reviews yet published most often dealt with restricted
domains of investigation such as ozonation and biodegradation of chlorophenol,®® the
development of membrane process for water treatment,! the detection and investigation of
reactive oxygen species in heterogeneous catalytic ozonation,*? the degradation of organic
pollutants in wastewaters by photoelectrocatalysis,*® the benefit of cavitation combined with
advanced oxidation process,'* the state of the art in combining microwave to catalysis for the
degradation of organics,® or the challenges of photocatalysis in water treatment technologies.
This list is not exhaustive. As a matter of fact, a huge number of review papers can be found
dealing with a specific point in the wide area of catalytic water treatment. On the other hand,
there is no document providing a critical overview at different discussion levels from nanoscale
to chemical engineering, of the various single and couple catalytic technologies. Presently,
different attempts for developing hybrid technologies can be limited by several factors
especially by the description and the monitoring of the gas-liquid-solid interface, which will
depend on the chemical composition of the solid and the reactor design. The complexity also
lies in specific requirements toward the development of nanoengineered materials. It is true
that important questions arise to link fundamental to practical issues for developing integrated
and sustainable combined approaches involving a catalytic step to remove trace amount of
pollutant in smooth operating conditions. Accordingly, further knowledge coming from
theoretical studies and in-situ spectroscopic investigation to assist the investigators involved in
water treatment to apprehend more accurately the role of the water-solid interface and the
nature of intermediates as useful information to elaborate more efficient catalytic technologies.
Based on this, the content of this review paper covers different fields of study at the boundaries
of material sciences, kinetic and chemical engineering and physical chemistry.

Chapter 2 will give an overview of useful kinetic insight and related reaction mechanisms
which drive the formation and the reactivity of intermediates. From this the main question lies
in how to improve the production of more active radical intermediates from the decomposition
of oxidant mostly recognized as non-selective. This assertion on the importance of the reaction

mechanism is not limited to oxidation processes and can be extended to numerous



heterogeneous catalyzed reactions involving non-radical intermediates such as reduction
reactions.

In practice, direct oxidation by the oxidant (O3, H202, persulfates) and catalytic oxidation
by more reactive oxygen species may occur simultaneously on heterogeneous catalysts and
several controversies have arisen likely due to the absence of knowledge on the catalyst
functionality and also due to valence change of active elements in working conditions. Hence,
more robust practical and theoretical approaches are needed to quantify and calculate rate
constant for the production of *OH intermediate. The development of reliable quenching
methodologies jointly with the use of advance physicochemical techniques such as EPR
spectroscopy are probably a necessary to depict more accurately catalyst functionality that
could offer new directions in the catalysts preparation. In-situ production of reactive
intermediate is not restricted to oxidation processes, some examples for reduction reactions
will also be given as illustration that water can be a useful reservoir for the production of
hydrogen and oxygen through water splitting.

The optimization of multiphase reactors with improved performances is a challenging task.
A key point lies in the contact between the different phases and further improvements need to
find strategies able to reduce the interfacial tensions. Among different concepts and ideas, the
wettability can be an important parameter that can drive the catalyst efficiency through the
minimization of diffusion limitations. New prospect towards the development of miniaturized
technologies will be envisioned with the aim to get more efficiency.

Chapter 3 will illustrate different existing technologies at different development levels. A
particular focus will be paid toward their ability to face to the emergence of recalcitrant
contaminants. Biocatalytic processes are widespread because enzymes are intrinsically highly
active at low temperature. The implementation of such biocatalytic process is quite flexible
leading to high level of remediation. But they can suffer from drawbacks with the emergence
of refractory molecules and significant inhibitory effects that can drastically alter their
efficiency. Presently, the strategies which could make bioremediation industrially,
environmentally, and economically more relevant are in some extent questionable. The steric
hindrance of refractory molecules, their very low residual concentrations can represent an
important technical issue for the development of an effective technology.

Alternative technologies such as Plasma catalysis have been extensively investigated in
water treatment. Fragmentation processes through physicochemical process that lead to smaller

reactive intermediates can be useful. However, the most important potentiality of plasma has



been regarded as generator of reactive species thanks to an electric field. This technology can
be potentially powerful but depends on many parameters such as reactor configuration
according to the type of discharge and operating conditions making its optimization
challenging. The different existing scenarios will be reviewed in terms of advantages and
drawbacks.

The use of energetic radiations from microwaves is conceptually an attractive approach.
When metal or semiconductor is irradiated by microwaves, a local increase of the temperature
can occur leading to plasmas and hot spots that can speed up the rate of contaminant
transformation. The concept is attractive and could open innovative architectures for catalytic
materials allowing a local heating of active sites thanks to nano-heaters at their vicinity.

Chapter 4 describes innovative combined light-assisted technologies. Photocatalytic
processes attracted considerable attention in the past two decades. But their exploration is not
so widespread for liquid phase applications. In addition, limitations are to a restricted range of
solar spectrum utilization still remain to be solved. Future trends lie in the development of a
new variety of materials that can produce more efficiently *OH hydroxyl radicals. In
combination to new varieties of photocatalysts, efficient hybrid photocatalytic/ultrafiltration
process and photocatalytic/biological treatment could be a powerful approach for water
purification using visible light. Important limitations will be tackled in this review inherent to
the distribution of the active materials and photoreactor design. Particular attention will be paid
to synergy effects promoted by combining photocatalysis with biocatalysis, sonocatalysis and
well as electrocatalysis. An important aspect lies in the efficiency of such coupling with the
aim of getting synergistic effects and cost savings, while reaching high pollutant removal
efficiency. In practice, optimization is not trivial and can imply as pre-requisite significant
improvements of each single technology.

The coupling between photocatalysis and biodegradation is an emerging technology that
breaks with preconceived ideas and usual concepts that photocatalytic reaction and
biodegradation must be performed in two separate reactors to preserve high efficiency.
Particular attention will be paid to check if recent insights into biodegradation mechanism may
allow future improvements..

Sono-photocatalysis is also an emerging technology which can provide huge advantages
due to the creation of cavitation in the reaction media with formation, growth and collapse of
microbubbles creating high local temperature and pressure. In these extreme conditions,

dissolved oxygen and water can be activated to produce reactive radicals. Accordingly,

10



contaminant oxidation and reduction in water can be enhanced. However, the benefit of
ultrasounds also lies in the reduction of recombination of photoregenerated charge and
improvement in mass transfer diffusion of the organic pollutant from the liquid phase to the
catalyst surface. The coupling with photocatalysis will be illustrated.

Finally, photoelectrocatalysis as an emerging technology will be illustrated being an
effective approach to inhibit the recombination of photogenerated charge carrier and enhance
oxidation ability. Significant improvements were obtained thanks to novel designs of
photoelectrodes developing 3D hierarchical heterostructures leading to full spectrum light
absorption, a decrease of the photocarrier recombination rate and a lower transmission
resistance at the catalyst/electrolyte interface. Some illustrations will be given regarding new
varieties of materials and the efficiency of doping especially for improving light absorption
and electrical conductivity

The last chapter will provide some guidelines with the aim to open new areas of expertise
in the field of catalytic water treatment. Some of them refer to strategies for predicting or
investigating the catalyst at nanoscale close to real working conditions. Presently, the role of
the gas-liquid-solid interface in most of the applications where a solid catalyst is in contact
with liquid and gaseous reactants is quite unknown with various chemical and physical
phenomena which probably govern the stability and reactivity of intermediates by modifying
their energies and entropies. To date, the literature concerning these specific aspects in catalytic
systems under three-phase conditions is scarce. Advanced in-situ physicochemical
characterizations coupled to molecular modeling can be a powerful approach to clarify the
complexity induced by various interactions between the solvent, the solid and the reactant
giving rise to dispersion forces, hydrogen bonding and chemical bonding. From this approach
the identification of relevant descriptors and the management of big data through the
implementation of artificial intelligence algorithms could be powerful to speed up discovery in

efficient integrated catalytic approaches.

2. From kinetics and reaction mechanisms to reactor design in catalytic

water treatment
The catalytic conversion of pollutants in water is a wide topic, since it refers to many
kinds of catalytic processes using mainly oxidizing, but also reducing agents, with the common

major objective of converting pollutants into innocuous products for the environment and
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human health. The major challenges when referring to wastewater treatment by heterogeneous
catalysis are to ensure that 1) it is an actual heterogeneous process, which means that it may
really occurs at the surface of the catalyst and not in water either by direct reaction between
the active oxidizing or reducing species or by homogeneous catalysis by reaction involving
solubilized elements of the catalysts in the case of oxidizing treatment, 2) the active sites of the
catalyst do not need to be externally regenerated and 3) the conversion into harmless
compounds is complete, with no formation of other toxic compounds.

Wet air oxidation (WAQ) and AOPs are the two main types of oxidative water treatment
for which heterogeneous catalysts can be used. WAO is operated in severe conditions, i.e. at
high temperature, usually between 125 and 320 °C under high air or Oz pressure, between 0.5-
20 MPa; it is more appropriate for high pollutant concentrations for energy saving, and can be
applied at high flow rates. It implies thermally initiated free-radical chain reactions involving
organic radicals *R of the organic pollutant RH as well as inorganic radicals, among which
hydroxyl radicals (*OH) are the most oxidizing ones.'® A wide range of metal oxides have been
tested as catalysts of catalytic WAO (CWAO) under amenable conditions.

AOPs were defined in 1987 as water treatment processes operating at near-ambient
temperature and pressure and based on the generation of *OH by chemical or photochemical
decomposition of O3 or H20,.1" The definition of AOPs was later on extended to physical-
chemical processes such as photo(cata)lysis, sonolysis, electrolysis and ionizing radiation, and
also to techniques involving other strong oxidizing agents (SO4+™ and Cl+).181° The standard
redox potential of the main oxidizing species involved in the WAO process and AOPs are

summarized in Table 1.

Table 1. Redox potential of the main oxidizing species used in AOPs. Adapted from refs 2 and 2.

Oxidant Half reaction Redox potential (V/NHE)
HO- HO+ + ¢+ H'= H,0 +2.73
SOy SO4* (ag) + € = SO4* (ag) +2.43
Cle Cleeg+ € = Clag +2.43
S206* S;0¢* + 2H* + 26" = 2 HSO» +2.08
Os O3+ 2H" + 2= 0, + H,0 +2.07
HSOs" HSOs + 2 H" + 2 e = HSO4 + H,0 +1.81
H20> H,O; + 2H* + 2e- = 2 H,O +1.78
O, O,+4H++4e=22H0 +1.23
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Catalytic water treatment using reducing agents is by far less widespread than oxidizing
treatment and is reserved to convert specific pollutants, such as nitrate into molecular
nitrogen,? or for removing chlorine of organochlorinated compounds.?® Catalytic nitrate
removal from drinking water is usually performed at room temperature and under atmospheric
pressure in the presence of supported noble metal-based bimetallic catalysts and a reducing
agent, the most frequently Ho. The main challenge concerns the selectivity into N2 since the
over reduction may lead to other toxic molecules, such as ammonia.?? Catalytic
hydrodechlorination consists in removing Cl by hydrogenolysis, i.e. bond cleavage, of the C-
Cl bond of very toxic chlorinated species by Hz in the presence of metallic supported catalysts,
generally based on palladium. It is used for wastewater detoxification making it possible either
its post treatment by biological or chemical way or its recycling or for microcontaminants. The
main difficulty of this process relates to the deactivation of the catalyst due to the poisoning by

HCI. Reduction reactions are classically performed under ambient conditions.?

2.1. Strategies for in-situ production of reactive intermediates

2.1.1. Advanced oxidation processes

Fenton reaction
The oldest AOP is the Fenton process, originally consisting of activating H20, by Fe?*
ions, a homogeneous catalytic process, to produce strong oxidizing reactive oxygen species

(ROS) HO- according to the following reactions:?*

Fe?* + H,02 — Fel* + HOs + OH™ (1)
Fe*" + H202 — Fe?* + HO» + H* ()

In addition to HO* and HOg2e, other reactive intermediates, especially short-living radical
species, are produced as organic radicals from the pollutant (Re) or other ROS (Oz*, RO2¢).°
The main drawbacks of this process are (i) an important consumption of costly H>O3, a part of
which being converted into molecular oxygen and then lost for the process, (ii) an optimum pH
value below 3, (iii) a low reaction rate, the rate-limiting step being the reduction of Fe3*

(reaction (2)) and (iv) the need of neutralizing the reaction medium at the end of the process
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for recovering iron species in the form of sludge.?* Immobilization of the active species on a
solid results in heterogeneous Fenton catalysts that were developed to overcome some of these
limitations. A large variety of Fe(lll) containing heterogeneous catalysts, based on iron
minerals (magnetite, ferrihydrite, hematite, goethite etc.), modified clays (intercalated or
pillared, clay-supported catalysts), mixed oxides or exchanged zeolites have been used for
heterogeneous Fenton-like process, as summarized in Table 2 from the review of Zhu et al.?*
In addition to a better recovery, the advantage of heterogeneous Fenton-like catalysts over
homogeneous Fenton catalysts is that they can be used in a wide range of pH values, between
2 and 10, although the H>O> excess can be very large when their pH value is not very acidic.
However, the main difficulty encountered is the unavoidable iron leaching due to the presence
of strongly oxidizing species. The presence of complexing agents in the wastewater may
accelerate the leaching process. Even if toxicity of Fe in water is relatively low, its presence is
detrimental to the quality due to the undesirable coloration that it produces. A way to limit the
leaching consists in immobilizing iron oxides catalyst in other matrix, like in core-shell
structures or in carbon matrix. An example of the effect of the immobilization of ferrinydrite
in multiwalled carbon nanotubes (CNTSs), not only on the removal of the pollutant, Bisphenol
A (BPA), but also on the Fe leaching is presenting in Figure 3.2 It can be seen that the presence
of CNTs enhances the BPA disappearance and limits the iron leaching, although it does not
completely avoid it. As a consequence, it can be difficult to discriminate the homogeneous
from the heterogeneous catalytic process. Even if it is proposed that the amount of dissolved
iron may be negligible compared to that of iron immobilized in the catalyst, this phenomenon

is detrimental for the long stability of the catalyst.?*

Add H,0, a 1407 I Degradation rate over Fh 3.0 )
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Figure 3. Relative concentration of BPA in solution versus time before and after introduction of H-O;
at t = 0 in the reaction medium, in the presence of ferrihydrite (Fh), multiwalled CNTs (CNTs), and Fh
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immobilized in various amounts of CNTs (a) and BPA conversion (removal or degradation rate) and Fe
concentration in solution after 60 min of reaction in the presence of Fh and CNTs/Fh, after successive
run cycles (b). Adapted from ref 26, Copyright 2020 Elsevier.

Metal-organic frameworks (MOFs), and especially those containing iron cations such as

MILs, and their derivatives are promising catalysts for Fenton-like water treatment due to their

high adsorption properties and the easy control of the design and of the number of active sites.

However, Fe MOFs must be still improved to overcome the problem of low Fe(11)/Fe(l11) cycle

efficiency and slow mass transfer of pollutants. Nevertheless, they can be a promising strategy

to remove trace of organic pollutants by concentrating micropollutants inside the pores near

the active sites.?’

Table 2. Examples of heterogeneous Fenton catalysts. Adapted from ref 2.

Type of Fe species
Magnetite FesOs

Ferrihydrite  (Fh), natural
hydrous ferric oxide

Hematite Fe,0s

Goethite a-Fe''"O(OH)

Pyrite FeS;

Fe(lll) in clays

Nanoscale zerovalent iron
(hZV1)

Other type of oxides or hybrid
materials

Catalysts

Zn/Co/Mo-Fes0s, Fe%FesOs, graphene oxide (GO)/FesOs,
Fes0.@void@TiO-

CNTs/Fh, Ag/AgX(X = Cl, Br)/Fh, BiVO4/Fh, Citrate/Fh

a-Fe;03/Bi,WOs, shape-controlled hematite, Ag/a-Fe,0;

Cu-0-FeOOH, reduced GO-a-FeEOOH, Cu-Fe30,@FeOOH,
FeOOH/g-CsN.

FeS2/SiO:

Layered double hydroxides, pillared clays, clay supported catalysts

Biochar/nZVI, CNTs-Fe0, Fe@Fe,03, nZVI-diatomite

BixsFeOs, BiFe0s/g-CsN4, AQ/ZnO/ZnFe;O4Transition metal-
exchanged zeolites, Fe’@C@MnFe,04, Pt/LaFeOs, CuFeOs,
CuFe Os@graphite carbon, GO/FePO., NCNTs-FePOs, CoxFeyOs-
BiOBr, CoFe;04/g-C3N4, FeOCI/SiO,, MOFs
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As the slow kinetics of Fe(l1l) reduction to Fe(ll) determines the global kinetics of the
heterogeneous Fenton process, strategies have been developed to accelerate the regeneration
rate of Fe(Il) active species necessary for producing the most active HOe species (Reaction
(1)). Some of these strategies are based on introducing additional electrons in the catalyst. This
can be done by application of an external electron source, by combining heterogeneous Fenton
process with an electrochemical process (electro-assisted Fenton process) or a photocatalytic
process (photo-Fenton process) or by combining the Fenton catalyst with electron-rich
materials. The photo-Fenton process consists in combining semi-conductors (TiO2, BiVOs, g-
C3N4) with the heterogeneous Fenton-like catalyst. The photogenerated electrons on the
semiconductor are transferred to heterogeneous Fenton catalyst for the reduction of Fe(lll),
with the possibility of direct degradation of the organic pollutants by photocatalysis too. The
electro-assisted Fenton process presents also many advantages such as (i) the regeneration of
not only the iron species immobilized in the catalytic material but also leached Fe®* and (ii) the

in-situ generation of H>O5, according to the following reactions:

Fe3* + e —Fe?" (3)
2e” + 2H" + 02 — H20; (4)

On the other hand, the photo-Fenton process allows the direct photolysis of H20 in addition

to the reduction of Fe** or Fe(lIl) species:?*

Fe* + H,O — Fe(OH)*" + H* (5)
Fe(OH)*" + hv — Fe?* + HO» (A<580nm) (6)
H202 + hv — 2 HO+ (A<310nm) (7

Photo-Fenton process is the most effective strategy when the iron species are associated with
photosensitive materials.

Electrons can also be provided by introducing electron-rich species in the catalytic
material, such as nZVI (Table 2), carbon materials (biochars, CNTs, GO), metal sulphides
(MoS2, WSy, Cr2Ss, C0S»). The design of composite materials for enhancing the Fe(I1)/Fe(l11)
cycle will be commented in more detail in paragraph 2.4.

Finally, other combinations like microwave-Fenton and ultrasound-Fenton processes lead
to encouraging results in terms of pollutant removal efficiency in the presence of heterogeneous
catalysts.?4%0
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One can note that hydroxyl radicals are the reactive species that are usually invoked for
Fenton-based heterogeneous catalytic processes, while nonradical mechanisms have been
frequently evidenced in the presence of carbon materials and in some cases with metal oxides
for processes based on the use of ozone or persulfates. However, a nonradical pathway, based
on the production of singlet oxygen O, was for the first time proposed in 2021 to explain the
enhanced degradation of sulfamethoxazole using a g-C3N4+/MgO composite for activating H20>

activation (Figure 4).%

N M Nonradical pathway

Figure 4. Mechanism of degradation of sulfamethoxazole using a g-CsN4/MgO catalyst for H,0-
activation. Reproduced with permission from Ref. 28, Copyright 2021 Elsevier.

Ozonation

With high redox potential (Table 1), Os can be directly used to degrade water
contaminants, especially those with unsaturated carbon bonds. However, due to its high
generation cost and moderate efficiency to reach alone a complete mineralization of recalcitrant
contaminants, ozone is often combined with other water treatment technologies, such as H20z,
UV irradiation or with an increase in pH to favor *OH generation. It was shown in the late
1940s that the addition of transition metal ions such as Co?* in water can catalyze the
decomposition of O3z into more oxidizing hydroxyl radicals HO= species®, according to a
mechanism similar to that of the Fenton process. Also, as for Fenton reaction, the pH value is
of major importance, but ozonation reaction is possible in the wide range of pH. The pH value

controls, however, the type of reactive oxygen species formed. At pH<4, direct ozonation
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occurs preferentially, while catalyzed ozonation is dominant at pH>9, both mechanisms being
involved in between®’. Various metal ions have proven their efficiency for promoting the
pollutant mineralization, such as Mn?*, Fe?*, Co?*, Ni?*, Zn?*, Fe3*, Ce*', etc.®, not only by
favoring the production of hydroxyl radicals but also by forming complexes with pollutants,
especially low-molecular weight acids, thus favoring their degradation®®. Many types of
heterogeneous catalysts have been efficiently applied to the catalytic ozonation of various
pollutants Most of them are based on the use of metal oxides or oxyhydroxides, as for example
MnOz2, the most studied, Fe203, FEOOH, Fes0s, Al.03, AIOOH, MgO, CeO2, TiO2, Zn0O,
Co304, or mixed metal oxides, as spinel ferrites MFe,04 (M = Mn, Cu, Ni, Co etc.)*® or
perovskites LaMO3s (M = Mn, Fe etc.). Theses oxides can be used alone or supported or
incorporated in another oxide to improve their surface exposed to the reactants and their
stability. For example, manganese and cerium oxides supported on mesoporous Fe-MCM-41
were demonstrated to be efficient for the mineralization of oxalic acid, a recalcitrant pollutant
requiring harsh conditions to decompose®!. Also, a wide range of zeolites, alone or modified
by addition of metal oxides have been found to be efficient for pollutant removal by catalytic
ozonation, due to a combination of parameters, including their high surface area, the possibility
of adjusting hydrophilicity/hydrophobicity, the acidity by the silica to alumina ratio and the
pore size. Metals, in the metallic state, supported on metal oxides are also active catalysts for
ozonation by either favoring the production of *OH and/or the adsorption of the organic
pollutant®2, Some examples of the reaction mechanisms will be detailed in paragraph 2.2.
Basically there are 3 types of mechanisms to explain the interaction of the catalyst with organic
pollutants and Os.

- adsorption of O3 onthe catalyst surface where it is decomposed into reactive radicals that react
with pollutants in water;

- adsorption of organic pollutants on the catalyst surface where they react with Os in water.

- adsorption of both O3 and organic pollutants on the catalyst surface where they react.

Given that these 3 mechanisms are reported independently of the type of catalyst, the
literature does not provide a clear strategy to select the appropriate catalyst. Of course, a high
surface area must be favored for maximizing the adsorption, but other parameters are reported
to play a role in the ozone activation and/or pollutant adsorption. Some of them are: (i) surface
hydroxyl groups for promoting *OHs generation (ii) the point of zero charge (pzc) of the oxide
determining the charge of the hydroxyl group as a function of pH and consequently the
adsorption of ionized pollutant molecules, (iii) structural defects and (iv) surface
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functionalities'®. Lewis acid sites (LAS), characterized in gas phase, are also frequently
invoked as important for adsorbing the Oz Lewis base or anions such as carboxylic anions.
However, as LAS mainly react with water molecules under the reaction conditions, their
beneficial effect on the catalytic activity is not evident and could be linked to the formation of
hydroxyl groups in water. Surprisingly, the redox behavior of the metal oxides is often
neglected, while it is a key point in the catalytic activity of metal oxides in other oxidation
reactions. The challenge for the catalytic ozonation process consists in being able to stabilizie
mixed valences of the active species and favor M™/M™! cycles, while decreasing the particle
size for increasing their accessibility to reactants®®. For non-polar molecules, some
hydrophobic functions may be incorporated on the surface of the catalyst for their adsorption.
In the case of zeolites, solids with high silica content can be used®. Another key point is the
efficiency of the immobilization of the active phase to avoid its leaching in the reaction
conditions. However, as for Fenton reaction, some solubilisation of the active phase often
occurs, even if recent progress in catalytic formulation has allowed limiting this adverse
phenomenon. For example, only ca. 0.8 wt% of the total Cu in highly dispersed Cu(l)/Cu(ll)
catalyst supported onto defect-rich mesoporous alumina was leached after one cycle of phenol
conversion during 60 min with no modification of the structure and porosity of the used
catalyst®®. Metal leching complicates determination of the mechanism, since both
heterogeneous and homogeneous active species present in the reaction medium can participate
in the reaction®*.

Carbon-based materials as activated carbon, (N, S or F-doped) carbon nanotubes, graphitic
carbon nitride or (N or P-doped reduced) graphene oxides are other type of active catalysts for
ozonation process. As for metal oxides, many types of mechanisms have been proposed,
implying surface functionalities (oxygen functional groups) or dopants, which have been
demonstrated as key parameters, more important than the surface area. One surprising point is
that in some cases basic sites are proposed to be responsible for high reactivity, which seems
in contradiction with the mechanisms proposed for metal oxide catalysts for which acidic sites
play a major role. The advances of heterogeneous catalytic ozonation based on the use of
nanocarbon materials are reported in a recent comprehensive critical review,

Whatever the heterogeneous catalyst studied, hydroxyl radical HO* and/or superoxide
radicals O, species produced from Oz are the most often proposed active species However,
nonradical oxidation process can also occur by oxidation of the pollutant by Os due to its high
redox potential (Table 1), not only directly in homogeneous phase but also indirectly, through
the catalyst. In the latter case, the catalyst may favor either (i) the electron mobility and thus
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the electron transfer from molecules to ozone or (ii) the adsorption of Oz and the organic
molecule favoring the intermolecular electron transfer without Oz dissociation. The formation
of highly reactive singlet oxygen 'O, from the catalytic dissociation of Oz has also been
proposed as an alternative pathway in the oxidation of pollutants in water!?, The advantage of
non-radical oxygen active species is their strong resistance to scavengers present in water

matrixes. Figure 5 summarizes various ozonation reaction pathways.
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Figure 5. Scheme of the various reactive oxygen species involved in catalytic ozonation process for
water treatment. Reproduced with permission from ref 12, Copyright 2020 American Chemical Society.

Sulfate radicals

Production of highly oxidizing sulfate radicals (SOs¢") from peroxymonosulfate (PMS) or
peroxydisulfate (PDS) through homolytic or heterolytic cleavage of the O—O bond emerged in
the 1990’s as an environmental and cost-effective alternative to the use of H2O- reactant due
in part to its high redox potential (Table 1) and low cost*®. One major advantage of PMS and
PDS is that they exhibit lesser pH dependency tha H20-. It should be noted that at pH above
8.5, OH" are oxidized by SOg4e giving rise to HO* and HSO4™ species, and HO* becomes the
predominant oxidizing species®. SO4¢” reacts with organic compounds similarly to HO- but,
contrary to HO* that may oxidize a wide range of organic pollutants, SO4¢™ is more selective
and its reactivity depends on the substrate.

For water treatment, the O-O bond dissociation can be promoted using physical
techniques, such as UV irradiation or ultrasound application, or by chemical activation, by
electron transfer as in Fenton reaction, using transition metal ions M"" in homogeneous phase
(equation (8)) for PDS and (9) for PMS). Heterogeneous catalysts based on metals (Fe, Ni),
metal oxides (Coz0s, MnOx), either alone, supported (supports = TiO2, Al203, SiO2, MnOy,
MgO, graphene oxide, zeolite ZSM-5, SBA-15) or as mixed oxides (spinel ferrites MFe>O4
with M = Co, Cu, Mn, Ni, Mg; etc.) have also been reported for O-O bond breaking?.
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S2:08% + M™ — M™! + SO4% + SO4™ - (8)
HSOs + M™ — M™! + OH" + SO4™ - 9)

Metal-organic frameworks (MOF) such as MILs, containing transition metal cations such
as Fe?* and dicarboxylic acids, or ZIFs composed of cations such as Co?* or Zn?" and
imidazolate, present also interesting properties as catalysts for SO4 generation. They include
large surface area, high porosity, capability to adsorb pollutants and accessibility to unsaturated
metal sites that can activate persulfates into strong oxidizing species®.

Carbon-based materials (activated carbon, graphene oxides, or carbon nanotubes)
constitute also another range of heterogeneous catalysts active for the mineralization of organic
pollutants in the presence of PMS or PDS. Studies on the performance of carbon-based
materials asa heterogeneous catalysts for the removal of a wide range of pollutants using PMS
and PDS have been recently reported .

Due to their high redox potential (Table 1) persulfates as PMS and PDS can also oxidize
organic pollutants either directly, or via a catalytic material playing the role of electron shuttle
without any change in its oxidation state. On one hand, clear evidence of direct interaction
between non-activated persulfate and organic molecules, has been given. For example, a direct
interaction between PMS and a micro-pollutant, trimethoprim, an antibiotic with amino groups
on heterocyclic rings, has been recently proven *°. The degradation pathway leads selectively
to hydroxylamines that are less toxic intermediates than nitroso- and nitro-products obtained
by deeper oxidation. On the other hand, evidence in support of nonradical mechanisms in the
presence of carbon materials (Carbon nanotubes, graphitized nanodiamond), CuO or noble
metals (Pd, Au, for example) favoring the electron transfer from the contaminant to the
persulfate has been provided 364%-41, Figure 6a shows the evolution of 2,4-dichlorophenol (2,4-
DCP) in water in the presence of PMS or PDS and Co?* in CuO in similar concentrations. It
can be seen that the conversion rate is much higher for CuO, and it was demonstrated that CuO

plays the role of electron shuttle as illustrated in Figure 6b .
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Figure 6. Evolution of 2,4-DCP (C0O = 500 umol L) in the presence of PMS/Co?" and PDS/CuO at
20 °C (a) and proposed mechanism of catalytic reaction in the presence of CuO (b). Adapted with
permission from ref *2, Copyright 2014 American Chemical Society.

It was also proposed that singlet oxygen, 'O, generated by self-decomposition of
persulfates, or on some Fe-based materials along with superoxide radical (O2™) should also be
an oxidizing species originating from persulfate, O, could be produced in parallel to radical
species, even if its clear identification is still subject to discussion and this reaction route should

continue to be investigated 364043,

Other advanced oxidation processes

Reactive oxygen species can also be generated by photocatalysis, microwaves and non-
thermal plasma, which will be treated in sections 4.1, 3.1 and 3.2, respectively. Apart from
electrochemical oxidation which is a mature process already extensively applied to water
treatment *4, two other technologies emerged recently, namely sonocatalysis and radiolysis.

In sonocatalysis water treatment, the ultrasonic irradiation through the liquid modifies the
local pressure in time and space creating bubbles that expand and collapse. This phenomenon
is accompanied by an increase in temperature, up to 4500°C, and in pressure, up to 10°> MPa,
inside bubbles, generating *H and HO- via water decomposition. Ultrasounds alone are not
sufficiently efficient for allowing the complete mineralization of organic pollutants. Hence, the
efficiency of this process may be increased by coupling with other oxidation processes such as
electrochemical oxidation, Fenton-like or iron-activated persulfate processes or by using a
catalyst*®. The role of the catalyst is to act as (i) a nucleus for bubble formation, especially on
hydrophobic surfaces and (ii) favor the formation of reactive oxygen species through the
interaction of the acoustic field with the surface of the catalyst. The catalytic effect depends on
the conditions of sonication, the nature of the gas dissolved in water and the physicochemical

properties of the catalyst, such as roughness, porosity and particle size*®. Catalytic materials
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reported in the literature are mainly semi-conductors, such as TiO2 and ZnO. In this case, the
local high temperature may create a thermal excitation of the semi-conductor, corresponding
to photons in the 200-700 nm wavelength range, leading to the creation of electron-hole pairs
like in photocatalysis. In this way, reactive oxygen species (ROS), and especially HO+*® can
also be generated. Other solid materials as Al.Os, glass beads and carbons are also used to
reduce the energy needed to obtain cavitation bubbles. More details are reported elsewhere °.

Radiolysis, based on the use of gamma sources (°°Co or 3'Cs) or less costly, more effective
and safe, electron beam, is another way to generate highly active species from water, either
strongly oxidizing, such as HOe, or strongly reducing, such as e". This type of treatment is
particularly adapted to degrade pharmaceuticals and personal care products at trace levels, and
especially highly recalcitrant pollutants as antibiotics and hormones. Its efficiency may also be
improved by combining radiolysis with Oz or H>O> or by using catalysts, such as TiO, Al>Os,
SiO> or activated carbon, but examples of radiocatalysis are scarce. Details on this kind of

process may be found in ref. 4.

2.1.2. WAO and CWAO

Wet air oxidation is a hydrothermal process operated at elevated temperatures and
pressures under oxygen aimed at oxidizing organic or inorganic pollutants in aqueous solution
at medium loadings (chemical oxygen demand COD typically between 20 and 200 g(O2) L ™)
for which incineration is not possible. It is a low cost process due to the possibility of energy
recovery from the exothermicity of the oxidation reaction, a very efficient process. WAO
allows the conversion of refractory pollutants. WAO is a mature technology, with industrial
units installed worldwide, principally for the treatment of sewage sludge*®. Since high
pressures (0.5 — 20 MPa) and temperatures (125 — 320 °C) are applied in this process, a high
amount of Oz is solubilized in water leading to the formation of free radicals, highly active
oxygen species as hydroxyl radical included, that will play a role in the formation of products.
The use of transition metal catalysts, mainly based on copper salts, allowes to relax somewhat
the harsh operating reaction conditions, at the expense of an additional processing step to
recover the catalyst. This drawback can be solved by using a heterogeneous catalyst. The solids
used as catalysts must be mechanically and chemically robust not only to high temperature and
air pressure, but also to the corrosive environments encountered due to the formation of
refractory carboxylic acids as intermediate products of the (C)WAO process. Consequently,
the leaching of the active species is a major concern for this process. For this reason, even if
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non-noble transition metals should be preferred due to their lower cost, noble metal based
catalysts continue to be developed for this process. Due to their high activity for CWAO, Pt,
Pd and Ru were the most studied noble metals, supported on various oxides such as Al2Os,
Ce02, CexZr1xO2, TiO2, MnOx-CeOy, TiO2-CeOx, etc. Carbon supports have also been used
resulting in very active catalysts even if the resistance under the reaction conditions could be
limited, leading to the loss of carbon®®. The choice of the support can be also governed by its
ability to favor the oxygen transfer, such as CeO-based supports with redox properties>’. Noble
metal based heterogeneous catalysts have been efficiently used for the removal of organic
pollutants, as model molecules, of which phenol was studied in depth®! as well as carboxylic
acids (succinic acid, benzoic acid, or small refractory acids such as acetic acid etc.) and nitrogen
compounds “°°2, Besides model molecules, industrial wastewaters from pulp and paper mill or
dyes effluents for example, have also been submitted to CWAO with noble metal catalysts.
While metal leaching could be limited, this kind of catalysts is nevertheless subject to
deactivation due to their sensitivity to sulphur and halogens that can be present in the effluents
and to the blockage of the active sites by carbonaceous deposit, either carbonates or coke, a
polymeric carbon. Due to their lower cost and better availability, non-noble metal based
catalysts have also been the subject of numerous studies on CWAOQO. Various catalysts were
tested, not only based on copper oxides but also on other metal oxides MOx (M = Bi, Fe, Co,
Ni, Mn, Cr, V, Zn etc.), alone or supported on the same type of support as for noble metals.
Generally higher metal loadings are necessary to reach reasonable activities, compared to
noble metals. The current trend is to decrease the temperature and pressure of reaction to
increase catalyst stability, since non-noble metals are subject to leaching in the highly corrosive
classical CWAO conditions. In that case, a complete mineralization into CO> of the organic
matter is not always possible, but pollutants can be converted into biodegradable compounds,
making the process still of interest. For example, it was shown that non-biodegradable
industrial organic wastes, containing pyridine and derivatives, can be converted by CWAO into
biodegradable compounds using MnO,/Al.O3 promoted by CeO> at atmospheric pressure and
temperature as low as 70°C>,

Another trend in CWAO concerns the valorization of organic pollutants. For example by
adapting the process, valuable gases such as biogas (CO + Hz), H2 and/or alkanes can be
obtained instead of carbon dioxide only. This can be achieved by coupling CWAO process
with aqueous phase reforming (APR), operated in similar conditions. In that case, the objective
is to achieve a partial oxidation of the pollutants and to valorize the oxidation products by
converting them into H> and/or alkanes. For example, while the direct APR of aromatic
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compounds such as phenol, yields CO., their prior treatment by CWAO produces carboxylic
acids that are then more easily converted into valuable gases by APR. Thus, it was
demonstrated that the APR of phenol yields 96.4% CO, the CWAO-APR coupling leads to a
mixture of CO; (77.6%) and CHa (22.4%)>.

2.1.3. Reducing processes

For nitrate reduction reactions, two kinds of active species can be used, depending on the
pollutant to reduce: either chemisorbed hydrogen, or metallic species. The choice of the
reducing agent depends on the molecule to convert.

Thus, nitrate are highly oxidizing species that can be directly reduced by metallic species
such as zero-valent iron, leading to metal ions in solution or metal oxides inhibiting further
reduction®. This concept was the basis of the proposed mechanism of catalytic nitrate
reduction on bimetallic supported catalysts. These catalysts consist of an oxidizable metal, such
as Cu, Fe or Sn, associated with a noble metal able to chemisorb hydrogen, such as Pd or Pt.
The process is carried out under dihydrogen flow and to maintain the oxidizable metal in the
metallic state.>® For example on the bimetallic Pd-Cu catalyst, nitrate can be reduced to nitrite,
or even to molecular nitrogen or ammonia by direct redox reaction (Figure 7) with metallic
copper, leading to its oxidation into Cu™ (with n = 1 or 2), which returns to the zerovalent state
by reduction via the H atoms chemisorbed onto Pd, allowing the catalytic cycling. Then,
intermediate nitrite may be reduced either by hydrogen chemisorbed onto Pd or, as for nitrate,

by direct redox reaction with copper (Figure 7).

X Cu™ Xpd H ><
L o ..
N, NH4><. H, NH,*,N X Cum Pd-H >< OH-

Figure 7: Schematic representation of nitrate and nitrite reduction onto a Pd-Cu bimetallic catalyst.

Of course, chemisorbed hydrogen is the most used reducing species for pollutant removal
in water by reduction using a heterogeneous catalyst, as for nitrate reduction and/or
hydrodechlorination reactions®. Most often H, gas is introduced in the reaction medium, but

in some cases it also could be generated in-situ. For example, formic acid HCOOH has been
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used as a hydrogen precursor since it can be easily decomposed into Hz and CO- at the surface

of noble metals. For nitrate reduction, the same catalyst can be used for the conversion of the

pollutant and formic decomposition, and the production of CO allows buffering the reaction

medium?®.

Table 3. Main active species identified for oxidizing pollutants in water using heterogeneous

catalysts

Type of treatment

Fenton

Ozonation

Persulfates

Sonocatalysis

Radiolysis

Wet air oxidation

Oxidant

H20;

O3

82032' , HSOs

(02)

(02)

07}

Active species

HO-, 'O,

HO-, 'O,

SQ4+, HOe, Oz 0y,
S,08% -

HO- (He)

HO- (e-)

HO-

Main types of
heterogeneous
catalysts

Fe-based catalysts

MOy or MM’Ox (M or
M’ = Fe, Al, Ti, Mg,
Ce, Zn, Co etc.) alone
or supported

Carbon materials

M° (M = Fe, Ni, Pt, Pd
etc.)

MOy or MM’Oy (M or
M’ = Co, Cu, Mn etc.)

Semi-conductors
(TiO2, ZnO)

Al;Os

TiO., Al;O3, SiO2

Supported noble
metals (Pd, Ru, Pt)

MOx (M = Bi, Fe, Co,
Ni, Mn, Cr, V, Zn etc.
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2.2. From Kkinetics and reactions mechanisms to reactor design in catalytic water

treatment

2.2.1. First considerations on radical mechanisms in catalyzed and non-catalyzed homogeneous
systems.

Regarding AOPs of organic contaminants in aqueous phase, a major concern is their poor
efficiency with incomplete mineralization in case of emergent refractory water contaminants.
Recent examples on the degradation of phthalate esters by HO+ and SO4” radicals and N-
containing aromatic and heterocyclic contaminants have been published >%*1, Experimental and
theoretical studies have provided important kinetic and thermodynamic data sometimes
coupled with ecotoxicity. Most of the reported treatment can be useful but incomplete,
providing only information on the initial stage and the preferential bond breakage initiated by
reactive HO- radicals thanks to a first H-abstraction at the phenyl and -CO2C4Hg groups for the
degradation of phthalate esters to catechol.>® For N-containing heterocyclic compounds, their
sluggish reactivity can be related to the position of N atoms in the heterocyclic ring.5* DFT
calculations coupled to Kkinetic measurements on the ozonation of benzotriazole,
benzimidazole, indazole and indole found an enhanced mineralization for substitution in ortho
position of the N atom compared to meta position. The apparent preferential first order kinetics
with respect to the organic contaminant according to Eq. (10) in ozonation has also been a point
of discussion. Let us note that the apparent rate constant kops depends on the concentration of
reactive oxygen species [ROS] as well as their reactivity reflected by the rate constant kros. In
practice, an accurate estimation of these two parameters is not an easy task. DFT calculations
can rationalize the kros values, particularly when electron redistribution in conjugated systems

can facilitate the attack of the active oxygen species at certain preferential positions.

dic)

= = ~kobs[C] = —(ko3[03] + kpos[ROS])[C] (10)

Equation (10) also reflects the existence of parallel and consecutive processes with
combined effects of a direct oxidation pathway with ozone regarded as non-selective reagent
and an indirect pathway involving reactive oxygen species from the self-decomposition of
ozone recognized as the major route. This latter step is non-selective and essential to insure

complete mineralization process.5?
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The toxicity of by-products from incomplete oxidation must be carefully considered
because a high toxicity makes AOP inefficient for refractory contaminants. Another important
aspect is related to the residual concentration of ozone in the reaction media which can
decompose into ROS according to Egs. (11)-(14):

O3+ OH = O2¢” + HOpe (11)
O3+ HO*—> Oz + HO2¢ (12)
Oz + HO2+ - 20, + HO- (13)
2H* + 2e” + 2HO2+ = 02 + 2H,0 (14)

Radicals generated from ozone will be commented in the following paragraphs. Ozone
decomposition depends on the pH conditions. This reaction occurs much faster in alkaline
conditions® becoming significant over pH = 7 corresponding to half-time in the time scale 15-
25 min®°. Acidic conditions are detrimental for the production of ROS and will induce lower
mineralization rates.®® A key point lies in the production of ROS more reactive than ozone.
Indeed, the involvement of hydroxyl radicals has been found to promote the major degradation
route. The presence of N atoms leads to higher complexity in the mineralization process
because nitrates and ammonium species can form ultimately. The compounds represent a
serious drawback in terms of ecotoxicity®*. Among the different contaminants in aquatic
environment, amino acids such as glycine, serine, aspartic acid and glutamic acid are the most
representative and currently considered as model compounds. For instance, it was found that
glycine ozonation leads to ammonia production through a HOe reaction pathway. On the other
hand, a direct ozone attack leads to nitrate formation®-%, As exemplified in scheme 1, a parallel
pathway can explain the formation of nitrates and ammonia after Oz addition. For nitrates, the
intermediate production of hydroxyl-amine and its subsequent oxidation produces an oxime
that forms nitrates ultimately. On the other hand, ammonia would result from an electron

transfer producing HO3™®, C-centered and imine intermediates further hydrolyzed to NH4".
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Scheme 1. Proposed mechanism of nitrate and ammonium formation from the ozone-glycine.
Reproduced with permission from ref. ®. Copyright 2017 Elsevier.

According to their respective oxidizing potentials (2.07 V for Oz vs. 2.73 V for HOe), it is
obvious that strategies accelerating the decomposition of ozone into HOe« can be efficient.
Numerous investigations were aimed at developing homogeneous processes by adding soluble
transition metals as catalysts 678, The assistance of H20; incorporation as source of HO« as
well as UV radiations has been also extensively explored %°° demonstrating that their
combination can be efficient to convert Oz into HOe. Significant studies comparing the removal
of terephtalic acid by ozonation in wastewater by combining Fe?*, H,O2 and UV light (Figure
8) have been reported’. Photolysis of ozone under UV irradiation at A = 254 nm produces
H,0; as precursor for the formation of HO+ 2. Under optimal alkaline conditions the
consumption of OH" according to Eq. (17) induces lowering of pH that could led to a gradual

loss of efficeincy.

O3z + H0 + hv > H,0; + O (15)
H.02 + hv = 2 HO- (16)
H,02 + OH™ = HO,™ + H,0 (17)

When iron cations are introduced, the following set of reactions can occur 877473,

Fe?* + O3 = Fe** + O3 (18)
O3 +H" SHO3 = HO- + 02 (29)
Fe?* + O3 = (FeO)* + O3 (20)
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(FeO)** + H,0 = Fe** + "OH + OH” (21)

Additional undesired side reactions can take place then lowering the pH:

HO- + Fe?" = Fe3* + OH™ (22)
(FeO)?* + Fe?* + 2H" = 2Fe®" + H,0 (23)

Returning to Eg. (10) a major point of concern is related to the estimation of the
contribution on the overall rate of Oz and ROS. In other words, which experimental method
can be implemented to calculate accurately the pseudo first order rate constants Kmoi = ko[O3]
and Krad = kros[ROS]. Ter-butyl alcohol can be used as HO+ scavenger’. Accordingly, the
indirect oxidation can be rapidly deactivated due to a much higher rate constant for HOe
scavenging in comparison with a slow process for ozone (kontea = 3.6x10'° L.mol.min vs.
Kostea= 0.18 L.molt.min). Consequently, it has been possible to calculate and compare Kmol
(direct molecular oxidation process) and krag (indirect radical oxidation process). Based on this,
the efficiency of different scenarios can be compared. Figure 8 shows that irradiation of UV
has no significant impact likely due to absorption process. Clearly, the conjunction of UV
irradiation and H.O> addition improves the contribution of kraq. In the absence of UV and H.Oz,
the total rate measured in the presence of Fe?" clearly underlines a catalytic effect which
becomes magnified in the presence of UV and H.O.. Hence, a synergistic effect in the
promotion of HO- radicals clearly appears in the combination of Oz with Fe?*, UV and H20;
(Figure 8).
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Figure 8. Rate constants of individual contributions, molecular reaction (kmoi) or radical reaction (Kiag),
and overall reaction (ki) for the optimized ozonation systems. Reproduced with permission from ref.
1, Copyright 2009 Elsevier.

Improving the efficiency of ozonation process implies increased production of reactive
oxygen species, i.e. HOs. Further extrapolation must keep in mind the related cost-efficiency
by using external energy sources or by adding costly reactants such H>O, to promote the
formation of HO* species. The balance between these strategies and those consisting in in-Situ
generation of reactive oxygen species, without any input of external energy could make latter
preferable, as discussed in the previous chapter. The decomposition of hydrogen peroxide in
the pre3sence of soluble iron species leading to the formation of HO* has been investigated. In
adition to HOe, iron species stabilized in unusual Fe(IV) oxidation state are also suited to
oxidize a limited variety of organic compounds ". The distribution of HO« and iron species
varies according to the pH conditions and a shift to lower pH values induces the predominance
of Fe(IV). As a consequence, a loss of the overall efficiency can be assigned to a lower
production of hydroxyl radicals. Previous studies also revealed that Cu(l) can play the same
role as Fe?* leading at neutral pH to ac tive Cu(+111) oxidant and the generation of HO- from
H202 577, The restoration of Cu(l) is insured by the use hydroxylamine which is, however,
problematic from an ecotoxicity point of view. In fact, the potential environmental risk is
assumed limited because they are mitigated by complete decomposition of hydroxylamine into
inert gases. On the other hand, some restrictions on the maximum Cu?* concentration of 1.3
mg/L set by the U.S. Environmental Protection Agency would imply the installation of costly
nanofiltration devices. The use of heterogeneous copper catalysts could represent an alternative
to avoid high concentration of soluble ionic copper species.

Previous investigation by using nanomolar concentrations of Cu(l) and Cu(ll) with H20- led

to the set of reactions 24-287¢,

H.0: S HY + HOO" (24)
Cu(ll) + HOO™ = Cu(l) + HO2* (25)
HOz S H* + Oz (26)
Cu(l) + H202 = Cu(Il) + HO* + OH" (27)

However, the rate expression (28) corresponding to step (27) for HO+ production has been
invalidated.
d[HO*])/dt = —k[Cu(])][H,0,] (28)
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As the matter of fact, it has been found that step (27) would be insignificant. On the other
hand, the reaction between Cu?* and hydrogen peroxide would stabilize copper at higher
oxidation state, since in that case HO+ would act as oxidizing agent. At pH = 8, the dominant
oxidizing Cu(l1l) species would be Cu(OH)s. While a reasonable agreement between predicted
and experimental data was found, some limitations persist. The limitations are related to the
negligible participation of HOe« and also the extension of this model to more complex and
realistic compositions. As an example, the presence of chloride would modify the rate constant
values in the kinetic model and then their recalculation is necessary.

Cu?* + HO* S Cu(OH)?* (29)
Cu(OH)? + 2H;0 = Cu(OH)3 + 2H* (30)

A key point in catalytic ozonation in the presence of Fe?* is also related to the Fe?*/ Fe®*
ratio which must be maintained at its highest level during the catalytic cycle. This condition
has been verified in the oxidation of L-Rhodamine in the presence of molybdenum powder?®.
In practice, a solution must be found to lower the rate of Equation (22). The beneficial effect
of molybdenum powder acting as cocatalyst can be due to the aforementioned high Fe?*/ Fe*
ratio. Indeed, metallic Mo® species can promote the reduction of Fe®* to active Fe?* further

dispersed in the bulk of the solution whereas Fe** exhibiting a lower solubility remains at the
surface. Jointly, Mo®" oxidizes Oz~ to O.. Further insights on the reaction mechanisms were

obtained inthis study by using coumarin and benzoic acid for trapping HO- at the surface of

Mo powder and in the aqueous solution. They found that in the absence of trapping agent, HO+
can be preferentially reduced on the surface by metallic Mo species to O¢". Its subsequent

transformation to 1O;, having longer lifetime, poses the question on the effective role played
by 10,.

2.2.2. Implication of heterogeneous catalysts: Consequences on the Kkinetics and reaction

mechanisms.

Many examples have used solid catalysts to promote the removal of organics in catalytic
ozonation 3*®  CWAO 8% catalytic wet peroxidative oxidation 8%, catalytic
hydrodechlorination through wet peroxide oxidation84. Heterogeneous catalysts have also been

employed to deal with mineral contaminants in water such as abatement of nitrates #6°,
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Reaction mechanisms involve nonradical intermediates adsorbed on the surface. Alternatively,
heterogeneous catalysts can also activate the production of ROS. In this particular case
heterogeneous and homogeneous catalytic processes can coexist and the prevalence of a
reaction route will intimately depend on the operating conditions.

Impact of heterogeneous catalysts on ROS generation

Heterogeneous catalysts can generate reactive intermediates in higher selectivity through
in-situ O3 decomposition ®. As a matter of fact, the advantages related to the introduction of
heterogeneous catalysts are often related to faster generation of HO+. Heterogeneous catalysts
also face significant drawbacks, such as in efficient ozone mass transfer in the porous of some
solid catalysts®’. It is also obvious that ozone activation and the overall degradation pathways
of the organic contaminants by heterogeneous systems is more complex. Three general reaction
mechanisms can be . Mechanism 1 considers the adsorption of ozone and subsequent
production of ROS, while mechanism 2 assumes the adsorption of the organic contaminant
with subsequent reactions with ozone and/or ROS and, finnaly, mechanism 3 would occur
through coadsorption of ozone and the organic contaminants, competition for the same sites
then inducing subsequent surface reactions.

For the catalytic ozonation of BPA by Fe30s~MnO, magnetic composite®, the authors

suggested a weak adsorption of BPA in agreement with mechanism 1. They suggested water
adsorption on Fe304+~MnO; (M) with heterolytic dissociation leading to OH™ and H* which

promotes the formation of hydroxyl groups at the surface. Ozone can further interact through
adsorption leading to the production of reactive HO+ radicals according to the following

sequence:

M + H20 = M-OH ™+ H* (30)
M-OH™ + 203 = M-Oy+™ + HOz* + O2 (31)
HO3z+ - HO- + O, (32)
M-Oz+” + O3 + H20 = M-OH™ + HOze + O3 (33)

The superiority of heterogeneous catalytic processes over homogeneous counterpart in this

specific case is related to a much higher concentration of HOe reaching 67.3 umol/L after 30
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min, whereas the concentration of HO« in the absence of heterogenous catalyst is 7.6 gmol/L.
Even though the contribution of homogeneous process has been found insignificant for
heterogeneously catalyzed systems, these authors mentioned that the presence of soluble
Fe3*/Fe?* and Mn*" can also activate the decomposition of ozone. It is worth notting that this
sequence seems to support previous assumptions suggesting that Oz could contribute to the
production of hydroxyl radicals®®. In the particular case of heterogeneous catalysts, Oz+ would
restore the M-OH" species.

In line with previous examples, a kinetic model for the catalytic ozonation of formic acid
over iron oxide deposited on activated carbon considers the following steps: (i) formic acid
adsorbed on the surface, (ii) Os interacts with the activated carbon leading to surface reactive
oxygen species capable to oxidize adsorbed formic acid species, (iii) iron oxide at the surface
favors the decomposition of ozone and (iv) the kinetics is not limited by the extent of adsorption
of formic acid and then can involve equally the solid-liquid interface and/or the bulk solution®°.
In fact, it was found that pH conditions were a key parameter which can modify the chemistry
of the catalyst surface and influence the homogeneous decomposition of ozone to ROS : (i) in
acidic conditions the catalytic oxidation of formic acid is promoted, while (ii) at pH >7.5 the
solid catalyst has no impact on the rate of oxidation. All the reaction pathways suspected of

taking place in a wide range of pH are summarized in Figure 9.
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Figure 9. Reaction scheme depicting the mechanism of formate oxidation during catalytic ozonation.
Reproduced with permission from ref 8. Copyright 2020 Elsevier.
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In a recent critical review ', various scenarios for ozonation reactions have been

envisioned when both the organics and Oz become co-adsorbed and react according to a
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Langmuir-Hinshelwood mechanism. An alternative considers an Eley-Rideal mechanism in
which organic molecules adsorbed on the catalyst surface react with free solubilized ozone.
The reverse configuration can also be assumed, adsorbed ozone reacting with organics in
solution. In some case, more complex features must be taken into account. First adsorbed ozone
on the catalyst functionalities can decompose to form Oz¢” and HO- that can further react with
ozone in solution and/or adsorb on the catalyst®. In addition, partial lixiviation of the
heterogeneous catalyst releasing active elements in solution can also occur.

Let us continue with the removal of ibuprofen on Fe,03/Al,0s@SBA-15%. In that case,
mineralization involves predominantly reaction on the catalyst surface. The combination of
in-situ ATR-FTIR and Raman spectroscopy, with EPR measurements led the authors to the
conclusion that ozone preferentially chemisorbs on strong Lewis acid sites of alumina and
becomes transformed into surface bounf Oze- and HO« on Fe* Lewis acid sites. Subsequent
attack of ibuprofen still occurs on the surface. Let us note that this proposal can be criticized.
Indeed, in aqueous medium, Lewis acid sites can be easily hydrolyzed as earlier discussed in
the Chapter 2.1. Hence, the debate can be opened regarding the real implication of Lewis acid
sites as well as the accurate identification of reactive intermediates among all observed
adsorbates.

Another example is given by the catalytic ozonation of oxalate coming from the
degradation of organics in water and usually recognized as refractory molecule even in the
presence of highly reactive HOe radicals °!. Palladium oxide supported on CeO- as catalyst
provided interesting catalytic features with preferential adsorption of Oz on PdO and oxalate
on CeOz, which means that the PdO interface with CeO2 must be properly optimized to promote
the subsequent reaction between surface Oags and, surface adsorbed peroxide O2ads.
Importantly, lattice oxygen vacancy at the surface of CeO- strengthens the stabilization of Pd?*
as evidenced by Raman spectroscopy.

Previous examples emphasize the relevance of adding H2Oz in the reaction medium to
increase the concentration of active ROS. In practice, several investigations have reported the
in-situ production of H>O> in aqueous phase via the reduction of dissolved gaseous oxygen
instead of direct use of expensive hydrogen peroxide. The higher efficiency of copper
phosphide (CuxP) compared ro CoP for the removal of 4-chlorophenol in batch conditions has

been proposed as evidence that CuxP acts as catalyst producing ROS .

Catalytic wet air oxidation
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Catalytic wet air oxidation, operating at high partial oxygen pressure and temperature,
differs from AOPs such as catalytic ozonation process. Basically, the efficiency of WAO
involves as pre-requisite to enhance the solubility of oxygen. For phenol removal in the absence
of catalyst, HO< radicals still represent the active ROS coming from the dissociation of
hydrogen peroxide produced by reaction between phenol and oxygen. The addition of
homogeneous catalysts allows to work under milder operating conditions. Phenol removal is a
benchmark process that and can be achieved in the presence of copper °2 in the temperature
range 40-110°C with oxygen partial pressure in the range 0.6-1.9 MPa. Suggested mechanisms
still involve free radicals initiated by an electron transfer from Cu to phenol. However, in this
specific case hydroxyl radicals do not participate, being replaced by ROHe™ and ROOH<" as
reaction intermediates.

Interesting mechanistic insights have been reported for the abatement of acetaminophen in
water in the presence of ferrous ions and CuO °3. A peculiarity is related to the relative
efficiency of such system in acidic conditions, while most of examples report a deactivation in
these pH range. It was found that 30% of the acettaminophen is mineralized at pH = 3. These
authors related this result to the synergistic effect between CuO and Fe(Il) which led them to
the conclusion that Fe(ll) adsorbed on CuO are more active than Fe(ll) in the bulk solution.

The proposed mechanism scheme for the production of HOe radicals is presented in Figure 10.

2H* Fe?* or Cu*

+0; — » H,0, -OH

O O Fe2* O Cu?*
- Q Fe*t Cu*

Figure 10. Schematic illustration of the ROS generation by Fe(11)/CuO resulting in the degradation of

acetaminophen in acid pH. Reproduced with permission from ref. ®, Copyright 2017 Elsevier.

Adsorbed Fe?* is able to reduce Oz to Oz and Cu(ll) (in CuO) to Cu(l). Once formed Cu(l)
can play the role of electron mediator in the production of H>O2 and subsequent decomposition
to HOe.

Copper-based catalysts have attracted the attention of many investigators due to their redox
properties comparable to that exhibited by iron. Generation of radicals from the decomposition
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of H20; has been widely studied, where using Cu?* stabilized in different matrixes as active

sites.5% In some cases, Cu and Fe can be combined in the same MCM-41 matrix®.

2.2.2.2. Impact of heterogeneous catalysts with alternative reaction pathways involving
exclusively neutral adsorbed intermediates

Compared to catalytic wastewater treatments involving the generation of ROS as major
intermediates reacting in adsorbed phase or in the bulk solution, it appears that heterogeneous
catalysts in which reactive intermediates are only neutral adsorbed species are less studied.
Among, the most investigated, the CWAO of ammonia and the reduction of nitrates can serve
as relevant examples because these two inorganic pollutants are undesirable in water and cause
environmental concerns. Nitrates comes from intensive usage of fertilizers. Also, different
direct and indirect ammonia streams can be identified coming from industry, agriculture and
also from the abatement of N-containing as illustrated in scheme 2  Accordingly, particular
attention was paid to ammonia oxidation and nitrate reduction.

Numerous investigations dealt with nitrates reduction especially in drinking water %1%,
Hydrogen is useful to convert nitrates selectively to nitrogen. In practice, a major drawback

lies in the over reduction leading to the formation of undesired ammonia as exemplified in

scheme 2.
Pd Pd
2 Nzo(ads) NZ(B)
” Pd-M . Pd-M . Pd Pd
NO;™(oq) NO3 (aqs) "NO; (ads) "NO(,4s) Ny
Pd
. o Pd Pd +
NOZ (aq) Pd NH 2 NHZ(ads) NH4 (ads)
M: Cu, Sn, In Pd
Pd Pd S .
HNo(arjs) HZNO(ads) HZNOH(ads) NH4 (aq)

Scheme 2. Mechanism of the catalytic nitrate reduction over bimetallic catalysts. Reproduced with
permission from ref.1®. Copyright 2017 Elsevier.

Earlier kinetics investigations of nitrate reduction by hydrogen on Pd-Cu/j~Al>O3 in the
range 7-20°C led to the suggestion of a Langmuir-Hinshelwood mechanism where nitrate and
hydrogen adsorption are at equilibrium and noncompetitive. Afterwards, a bimolecular surface
reaction between adsorbed nitrates and hydrogen species was proposed. The following rate
equation (34) can be established leading to a good agreement between experimental and

predicted rates 1%,
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(34)

where k stands for the rate constant, K the equilibrium constant, [Ai] the concentration of
the reactant Ai, m the mass of catalyst and n refers to the number of adsorbed hydrogen
molecules.

On the other hand, some contradictions have arisen with other investigations on the same
reaction studied on monolith reactor washcoated with alumina containing 2.0 wt% Pd and 1.4
wt% Cu. In that case an Eley-Rideal mechanism has been privileged which neglects nitrate
adsorption whereas dissociative adsorption of hydrogen has been assumed in the Kinetic
model'%,

Finally, recent kinetic investigation of nitrites on Pd/y-Al,O3 1% performed in a semi-batch
slurry reactor at atmospheric pressure in wide operating conditions led to reaction order values
with respect to the concentration of hydrogen and nitrites varying respectively in the range 0.3-
2 and -0.4-0.9. A predominant production of nitrogen in comparison to ammonia was observed.
Such results have been explained according to a Langmuir-Hinshelwood mechanism assuming
competitive reactions on palladium sites and the formation of NH via dissociative
hydrogenation of HNOH as rate-determining step. The formation of nitrogen would occur
predominantly through a bimolecular reaction between NH and NO, NOH or HNOH whereas
dimerization of adsorbed NO or adsorbed N would not be significant.

Ammonia is produced in various applications and can form as undesired side product
during the mineralization processes!®®. Thermodynamic considerations of the equilibrium
between soluble/gas ammonia and speciation in liquid phase is an important issue and is a
preliminary step before establishing reliable kinetic model'®. It has been found that the fraction
of solubilized ammonia largely exceeds that ammonium ions which could explain the high
efficiency of catalytic wet oxidation reaction process because ammonia in its molecular form
is more reactive than NH4*. As already indicated, CWAO needs more severe conditions
compared to ozonation conditions with temperature in the range 150-320°C and higher pressure
in the range 0.5-20 MPa to increase oxygen dissolution in water and fulfill coverage conditions
in terms of adsorbed oxygen species'®. The kinetics of this reaction is favored on transition
metal oxides. The plot of ammonia conversion as a function of the heat of formation of the
oxides (Figure 11) exhibits a typical volcano-type curve highlighting Ru/Al>Oz as a benchmark
for ammonia oxidation!®. Such evolution emphasizes the importance of the rate of ammonia

conversion according to the Metal-O bond strength depending on the surface O concentration
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and the reactivity of O species decreasing when the surface becomes more stable. Both activity
and selectivity exhibit the same volcano-type curves emphasizing NH* as key intermediate in

the formation of N2 according to the following suggested mechanism:

Oz + 2% > 20* (35)
NH3 + O* > NH* + H,0 (36)
NH* +0* 5 HNO* + % (37)
NH* + HNO* = N2 + H,0 + 2% (38)
HNO* + O* 5 HNOy* + % (39)
HNO* S NOy + H + % (40)
NO; +0* & NOs + * (41)

Let us note that the production of undesired nitrates would be also favored at high surface
oxygen concentration. In practice, significant evolution takes place in the course of the reaction
due to the generation of H* through step (40). Accordingly, the dissociation equilibrium
between NH3z and NH4* shifts toward the production of NH4" which contradicts previous
explanations and emphasizes a predominant stabilization of ammonium ions. It is also obvious,
that this explanation disagrees with the above-mentioned reaction sequence emphasizing

ammonia as reactive species with alkaline conditions as pre-requisite to stabilize this species®.
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Figure 11. Plot of percentage decomposition of ammonia and selectivity to nitrogen production versus
the heat of formation of metal oxide of the most stable oxidation state per gram atom of oxygen (-AH°.
[NH4*] = 1500 ppm (pH = 12.3), air feed pressure = 1.5 MPa (at 25°C), M/AI;Os = 4 g, reaction
temperature = 230°C. Reproduced with permission from ref 1. Copyright 1998 Elsevier.
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It is worthwhile to notice that the above-mentioned mechanism has been criticized. Indeed,
the formation of nitrogen from catalytic wet oxidation of ammonia on Ru/TiO2 has been
predominantly ascribed to a reaction in aqueous phase between NO2/NO3s™ and NH4" according
to steps (42) and (43)1%. Such steps have been further confirmed in slightly acidic

conditions®,

NO2  + NHs" = N2+ 2H20 (42)
3NO3™ + 5NHs"™ = 4Nz + 9H.0 + 2H" (43)

As a matter of fact, it was recently found that step (38) at the surface of the catalyst and the
reaction between NO2 and NH4* to produce N2 coexist but this latter one becomes more

predominant when pH decreases'®.

2.2.3. Strategies and methodologies for the identification of unstable reactive species in the

bulk solution and at the surface of heterogeneous catalysts

2.2.3.1. Detection and quantification of reactive radical oxygen species.

As exemplified in Equation (10) accurate kinetics modeling implies a correlation between
the rate of degradation of the contaminant and the evolution of the concentration of the reactive
oxygen species in aqueous phase. In practice, the direct quantification of HOe is not feasible.
Up to now spectroscopic techniques or other analytical techniques provide only indirect
information when HO-e radicals are trapped into neutral and stabilized adducts!*®!!, EPR

technique has been widely used for the identification of reactive oxygen species among those
produced from the decomposition of ozone, i.e. Oz, HOze, HO+ and 'O, 79112113  Thijs

technique is characterized by a high selectivity and sensibility with limit of detection for
concentration in the range 10* mol/L. In practice HO» has been recognized as the most
efficient oxygen species. Spin trapping agents are currently used due to the fast reaction of HO*
leading to more stable species compatible with the EPR time-scale detection. The contribution
of HO2+ on the EPR signal can be differentiated in the presence of methanol for quenching
DMPO-OO0OH. HO2¢ in equilibrium with O2¢ is in principle less reactive with a lower oxidation
potential (~0.6 V vs. 2.73 V for HO¢) but could play an essential role for the production of
HO-%!. Nevertheless, some interferences might perturb the EPR signals especially in the

presence of Oz and O3z which can partly oxidize the trapping agent to generate electron spinning
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signals and then leading to misleading quantifications®’. A recent review paper emphasized
improper methods for quenching tests related competitive undesired reactions between the spin
trapping agent and radicals*?. Among the panel of spin trapping agents, 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) is widely used containing S-hydrogen and nitroxide nitrogen
which can react to form DMPO-OH adduct. The kinetics of the formation appears as a key
parameter to obtain reliable EPR measurements and must be accelerated in the presence of
much larger DMPO concentration and fast spin trapping'®. Theoretical models have been
developed to investigate the reactivity and stability of DMPO-OH which must be improved*“,
A mechanism scheme has been derived which explains the different steps involved in the
degradation of DMPO and DMPO-OH leading to the production of diamagnetic intermediates
species (3) and (4) in Scheme 3. In fact, reliable EPR measurements can be obtained when the
DMPO concentration is 20 and 200 times than the concentration of H.O, and Fe?* respectively.
Disturbances of the EPR spectra appear in case of such conditions are not fulfilled with the
superimposition of a triplet signal assigned to paramagnetic dimers in comparison to the

characteristic quartet signature assigned to DMPO-OH.
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Scheme 3: General oxidation and degradation pathways of DMPO (1) and DMPO-OH (2). Reproduced
with permission from ref 1. Copyright 2016 Elsevier.

While numerous papers proved the relevance of EPR measurements, due to its sensitivity
and selectivity, most of them deal with qualitative approaches in the detection of ROS. Only a

few of them tackle quantitative methodologies 2%, The combination of EPR technique, rapid
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data acquisition systems and stopped flow system allow the investigation of the direct
generation of HO- radicals and the accurate calculation of kros in Eg. (1). Such methodology
has been implemented in the course of the abatement of 3-chlorophenol by ozone!!2. The initial
rate for the formation of DMP-OH is given by the following expression:

ro (10°® mol/L/s) = (9.7x[3-chlorophenol (10 mol/L)] + 0.0005) xexp(57x[0zone(10"° mol/L)]
In practice, this allows to optimize a dosage strategy for ozone introduction.

Recent advances have been pointed out in the particular case of the development of
heterogeneous catalytic ozonation processes for water treatment emphasizing several technical
problems in the detection of reactive intermediate from operando techniques related to the
adaptation of the reactor design to the spectroscopic techniquest?. Also, the coexistence of
radical- and non-radical processes occurring in the bulk of the solution and at the surface of the
catalysts leads to more complexity in the development of reliable strategies to relate the rates
of organics degradation to the functional groups on the surface of the catalysts. Another
drawback has been recently pointed out related to fact that EPR cannot detect and differentiate

HO- at the surface compared to HO- dispersed in solution’®. Nevertheless, this technique is
still extensively used in case of heterogeneous catalytic ozonation to identify HO+ and O2* on

graphene doped with N, P, B and S8, Recent investigations of the electroreduction of oxygen
on Pt nanoparticles also identified HO- as unique reaction intermediates by coupling spin-trap
EPR and electrochemical analysis*!’.

In-situ EPR measurements have been also implemented to clarify the heterogeneously
catalyzed decomposition of hydrogen peroxide on cobalt and copper hydrogel containing
Cu(ll) and Co(ll) active centers coordinated to aliphatic amine, N-heterocycle, and/or
carboxylic acid ligands. Reactive oxygen species from H20. have been characterized by spin
trapping with DMPQ. On the Co(ll) system the main detection of O, O>" associated to pH
lowering can be explained by step (44) whereas step (45) takes place on Cu(ll) system®8, It
was also observed that the ligand -NH2 combined with high density of copper centers represents
the best compromise in terms of production of HOs. On the other hand, at low density -COO"

outperforms all the other systems.

2H,0, 5 0+ 0+ 4H + 3 (44)
4 H,02 S O+ 20H+ 2H,0, +2H" +2¢ (45)
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Other investigations also pointed out the relevance in the generation of HO« radicals from
oxygen instead of H.O; assisted by nanoporous activated carbon as heterogeneous catalyst.
The thermodynamics and kinetics were investigated. A first order Kkinetic is observed with
optimal conditions at pH = 6 and 20°C leading to a rate constant of 8.9x10? min and activation
energy of 8.67 kJ/mol. This process was found slightly thermodynamically favored with AH
and ArS values of respectively 17.73 kJmol™ and 61.01 J mol K119,

In-situ investigation of adsorbed species on catalyst functionality: Implication of these ad-
species in the reaction mechanism and related catalyst functionalities

Few studies investigated the response of catalytic surface in the course of ozonation
reaction. For instance, IR observations reported significant exchange between Oz and OH
groups resulting in significant attenuation of the signal assigned to surface OH groups of the
catalyst. Such perturbations have been assigned to Oz adsorption on Lewis acid sites compared
to experiments performed in gas phase'?°. Such information can be complemented by in-situ
Raman observations since the presence of O atomic species coming from ozone decomposition
can originate Raman lines near 913 and 938 cm™.%

ATR-FTIR experiments can be useful in the identification of adsorbed species on
heterogeneous catalysts. Even though, in-situ investigations are scarcer for liquid-solid systems
compared to gas-solid systems relevant information can be obtained. Some relevant
mechanistic insights were obtained from the characterization of NO2, NO, NHz and NH4*
species and their evolution under reaction conditions 22122 First important information is
related to the differentiation of NO>  adsorbed at the surface and in the bulk solution.
Subsequent reduction of NO," to NO adsorbed*?%12%on Pd is characterized by a blue shift 1705-
1720 cm™ which reflects the coverage dependency of the strength of adsorption bond!?.
Separate experiments from hydroxylamine adsorption complement the reaction mechanism
showing a fast disproportionation to detectable IR active NHs and N2O species!??. Appropriate
methodologies for conducting these in-situ experiments led the authors to the conclusion that
NOags is not involved in the production of N2 which would occur predominantly according to
step (18) while ammonia production would involve step (19) leading to a revised version of

reaction in scheme 4.
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Scheme 4. Improved reaction scheme of the catalytic hydrogenation of nitrite over Pd/Al,Os. The
reactions in the boxes are based on the findings in the present paper. The dotted lines represent possible
reaction pathways for N.O and N, formation. Reproduced with permission from ref 12, Copyright 2008
Elsevier.

2.2.3. Implementation of DFT calculations

Many examples in heterogeneous catalysis emphasized the usefulness of theoretical
calculations especially from the Density Functional Theory. We must also point out that their
relevance is proven and credible when they are preferentially combined to experimental
approaches®®. Presently, most of the developments are focused on the electronic properties of
catalyst surfaces and electron distribution in connection with the calculation of adsorption
energies'?®. Such calculations can be useful to check if set of atomic orbitals and their related
orientation can properly activate the reaction. One question derived from these theoretical
investigations is if they are able to provide new guidelines for developing active surface or
guide experiment design?126-127

It has been found that the catalytic activity of a-MnO: is intimately related to the
concentration of surface defects.?® DFT calculations of adsorption energy on (110) surface
does not provide decisive arguments for preferential ozone adsorption energy compared to
those computed for O, and H>O adsorption of respectively -0.44 eV, -0.71 and -0.59 eV
respectively. On the other hand, the inclusion of oxygen vacancies sharply decreases the
adsorption energy of ozone while they remain quasi-unchanged for O, and H2O. In practice,
the level of formation of surface anionic vacancies can be monitored by the ratio Mn®*/Mn**
which could be a good criterion for the selection of appropriate preparation method.

Theoretical calculations can also explain synergistic effects on the reaction rate when two
metals are combined. The catalytic reduction of nitrophenol in aqueous phase reveals enhanced
activity on 2wt.%Ag@Pt/sepiolite core-shell structure compared to single metal Ag/sepiolite
and Pt/sepiolite ascribed to an electron redistribution from Ag to Pt. 12°
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Despite the reaction scheme for nitrate reduction being quite simple with a two-step
reduction involving the intermediate formation of nitrites, the detailed reaction mechanism
illustrated in scheme 4 appears more complex involving a large number of adsorbed
intermediates some of them not yet experimentally identified. DFT calculations can provide
the most probable pathways through the stability of active intermediates. This is illustrated in
Figure 12 where two intermediates from the hydrogenation of adsorbed NO can be equally
envisioned via the O and N atom. The route involving NOH* corresponds to a much higher
energy revealing its instability and leading the authors to privilege the pathway with *HNO.
The power of DFT calculations is to verify from these energetic profiles possible reaction
intermediates. So, a parallel pathway for explaining ammonia formation would involve the
dissociation of NO* to N* and O* energetically favorable (see Figure 13)*,

0.5

NO* |
0.0 -—

Reaction energy (eV)

-0.5

Surface hydrogen (H*) transferred

Figure 12. Reaction energy diagram for the hydrogenation pathways of NO* on the Pd(111) surface.
This pathway preferentially yields NHs. Reproduced with permission from ref 3. Copyright 2014
American Chemical Society.
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Figure 13. Reaction energy diagram for the decomposition of NO* followed by sequential
hydrogenation on the Pt(111) surface. Although the direct combination of N* can yield N, the
hydrogenation of N* to yield NHs is more plausible because the migration barrier is substantial.

Reproduced with permission from ref 3. Copyright 2014 American Chemical Society.

DFT calculations also offer some guidelines through the examination of the
thermodynamics and Kinetics providing prospects for optimizing catalytic processes. A
representative example can be given illustrating the potential interest in using CO,™ instead of
hydrogen to reduce nitrates in water and avoid undesired ammonia production. Up to now most
of catalytic abatement processes privilege hydrogen as green reducing agent. Recent
investigation pointed out an alternative route free of ammonia production using CO2™ as
reducing agent produced from HCOOH under UV irradiation. However, starting from nitrates,
the reduction to N2 is incomplete and stopped to NO and N0 8. Calculations of Gibbs free
energies and activation energies showed that the first step is not thermodynamically favored
and exhibits a high activation barrier. From, these information, the authors changed their
strategy by using Zn/Ag bimetal to reduce nitrates and then a quasi-complete reduction of
nitrites to nitrogen was insured by CO>". Another example illustrating the potentialities of DFT
calculations provides rationalization about the role of Cu® in supported bimetallic Pd-Cu
particles. Calculations indicate that nitrate adsorption occurs preferentially on Cu™ due to a
stronger adsorption than on Pd°. By contrast, Hz dissociates on Pd® which insures the reduction
of nitrates'®. During the catalytic cycle, Cu* transformed to Cu?* can be restored through
reduction with Hags on Pd.

In a last example, theoretical calculations based on the frontier molecular orbital theory
clarified the controversies arising in the steps involved in the production of nitrogen in the
catalytic wet oxidation of ammonia showing that the symmetry of the HOMO for NH.* matches
with the LUMO of NO;" leading to the production of nitrogen®,
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2.2.5. Kinetic modelling of complex media

Most of kinetic models are developed at lab-scale in simulated conditions taking simple
reaction media into account far from the compositions of real wastewater stream containing
several unstable contaminants and/or refractory molecules. In such case the study of the
individual kinetics for each contaminant is not easy. Indeed, a large number of reactions and
intermediates must be considered. The robustness of simplified kinetic model must be verified
in various conditions, i.e. batch or continuous reactors running in a large range of operating
conditions such as subcritical or supercritical water conditions. A lumped kinetics has been
examined starting from a generalized lumped kinetic model and including the specificities of
the surface catalytic functionalities thanks to Langmuir-Hinshelwood-Hougen-Watson
mechanism. **? Accordingly, fitted kinetic and equilibrium constant are physically and
chemically consistent and in good agreement between predicted and experimental
measurements. Nevertheless, it is sometimes not easy to generalize such Kkinetic approaches
because the real implication of the catalyst functionalities can be questionable. For instance,
the kinetics of the catalytic ozonation on MnO: of six emergent contaminants showed some
difference in their reactivity towards ozone, i.e. gemfribrozil, diclofenac acid, benzafibrate,
dichlorophenoxyacetic acid, ibuprofen, clofibric acid and p-clorobenzoic acid. 33 A general
kinetic model has been developed based on a second order kinetics with Oz and HO* which
correspond to previous Eq. (10). In case of significant contribution of heterogeneous catalysis,
a third terms should be in principle added to this equation corresponding to Keatal[C].
Preliminary observations were reported on synthetic water where the introduction of MnO>
speeds up the decomposition of ozone thanks to the presence of surface hydroxyl group bonded
to Mn3*. In this study, the catalyst is seen as a HO* promoter by accelerating the decomposition
of Oz rather than a promoter of active adsorbed intermediate from the adsorption of the
contaminant on a catalytic functionality, which led the authors to neglect Kcatat[C] in the overall
rate equation. Such assumption seems to be in reasonable agreement with earlier observations
which consider the catalyst as a promoter of ROS*?8, Nevertheless, in case of porous catalytic
materials exhibiting high adsorption capacity this simplified model could largely underestimate
the removal efficiency. The remaining question is related to the preservation or saturation of
this adsorption capacity after extended operation and if a reasonable assumption in neglecting

Kcatal[ C] matches with experimental data. Clearly, more sophisticated models should be taken
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into account in the former case including adsorption, surface reaction and diffusion. The use of
a non-porous catalysts of which functions would be mainly to promote the decomposition of
ozone would probably give a better fit in the particular case of the selected example, but cannot
be generalized to all heterogeneous catalytic systems. Other examples of catalytic wet air
oxidation examples, performed in batch conditions using Ru/TiO2 demonstrated a much higher

mineralization compared to non-catalyzed system?34

. An interesting dissertation is reported on
the opportunity to include true kinetics in typical lumped kinetic model with high complexity,
which finally could represent a weak practical interest. In their model, Pintar et al. studied the
kinetic of the total organic carbon based on a simplified triangular lumped kinetic model which
accounts for a direct mineralization of the organic matter to CO, and H.O and a sequential
pathway involving the intermediate formation of acetic acid further transformed to CO> and
H20. A set of second order differential equations was found to correctly model the
concentration profile vs. time which account for the temperature dependency of the rate
constants.

An important consideration is often neglected in most of studies, i.e., the impact of
deactivation and how to integrate this deactivation in the calculations of the rate constant
values. As reported, poisoning and active sites overcoat by precipitation can be more

detrimental on the catalyst activity than mass transfer phenomena®.

2.3 Challenges and new concepts in the development of multiphase Gas-Liquid-Solid
reactors

This chapter deals with the development of homogeneous and heterogeneous reactors in
line with chapter 2.2. The evolution in the implementation of structured reactors based on new
conceptual ideas is also described which account for inherent drawbacks related to three-phase
reactors. The technologies related to the development of more complex hybrid reactors for
combined treatment processes will be mostly described in dedicated sections of the following

chapters 3 and 4.

2.3.1. Current reactor technologies: advantages and drawbacks in the particular case of

triphasic systems
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The optimization of multiphase catalytic reactors for improving their efficiency is a
challenging task. Improving the intrinsic surface properties of the catalyst is insufficient. A key
point lies in the contact between the different phases and further improvements are needed to
find strategies able to reduce the interfacial tensions. Minimization of mass transfer by
advanced mixing technologies and shorter diffusion pathways in porous structure is of prime
importance. These criteria can serve as guidance in future developments of more efficient
catalytic technologies based on smaller reactors and the combination of functionalities in the
reactor. The development of new generation of catalysts and reactors more efficient in the
removal of recalcitrant water pollutants could help in scaling down industrial units with smaller
size reactors. Such opportunity could ease the transfer of technology from lab-scale reactors to
macro-scale reactors. Presently, lab-scale does not give an exact replica of the operation of
pilot and/or industrial reactor. Hence, the opportunity to develop smaller industrial units could
contribute to lower the existing limitations to replicate comparable performances and to speed
up the development of efficient systems for recalcitrant contaminants.

Generally, in most cases fixed-bed flow reactors and fluidized-bed reactors are widespread
in petrochemical and bulk industry'®. In the particular case of catalytic abatement of water
contaminants the debate in the selection of the best technical approach, three-phase batch vs.
continuous flow reactors is still unclear even though the treatment of large flow volume at industrial
scale gives a priori some advantages to flow reactors. Some examples are illustrated in the literature
showing the superiority of continuous flow reactors in the catalytic hydrodechlorination of 2,4-
dichlorophenol on Pd/Al,05'¥ (Figure 13). This superiority was attributed to (i) rate and selectivity
enhancement to phenol due to a better H, transfer related to an extended gas-liquid interface and
(ii) faster release of HCI at the surface improving catalyst lifetime.

Despite the advantages provided by fixed bed flow reactors in terms of activity, selectivity,
and stability and the disadvantage for batch reactors linked to higher liquid-to-catalyst ratio®, there
is no systematic consensus likely due to the complexity associated to the control of hydrodynamics
of pilot continuous flow reactors, which governs their global efficiency. Investigations at different
scales notably at lab-scale can show significant deviations in their behavior with unexpected CSTR
behavior for plug flow reactors which diverge from usual behavior of macro-scale reactors®®,
Operating parameters such as liquid flow rate, i.e. time residence of the contaminant, reactor
design, and aeration directly influence the hydrodynamic behavior of the reactor. The liquid flow
rate was found to be a critical parameter. One can expect at lab-scale that a rise in liquid flow rate
in continuous flow reactor could shift the behavior from CSTR to a plug flow reactor. Additional

constraints also appear inherent to the small size of lab-scale reactors which implies catalyst
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particles very small to fit the ratio between the reactor diameter and grain size diameter currently
encountered in pilot and industrial catalytic reactors. Similarly, some deviations can appear
regarding the length of the catalyst bed-to-the grain size diameter. The current lower speed velocity
of liquid flow in lab-scale reactors to meet the residence time of industrial ones can allow
backmixing of the liquid phase which deviate from typical plug flow reactor behavior. Different
behaviors also characterize down-flow or upflow mode for trickle-bed flow reactors with poor
wetting of the catalyst and backmixing in the former case. On the other hand, the upflow mode
insuring a quasi-complete wetting can lead to the formation of stagnant zone that could
seriously alter the chemical kinetics. The non-uniformity for liquid distribution inside packed bed
can affect the reaction rate for catalytic wet oxidation of phenolic contaminants.*3 Their prediction
by using an Eularian CFD model in unsteady state operating conditions led to the detection of
backmixing phenomena and validated with good confidence experimental observations
preferentially at high temperature. A solution connected to the functioning mode of reactor, i.e.
upflow vs. downflow mode, has been suggested to overcome such limitations consisting in dilution

technique by using smaller size of diluent*4%-41,
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symbols) operation. Reprinted with permission from ref *’. Copyright 2011 Elsevier.

The choice of the best technology lies in various criteria related to intimate contact between

the different reactants in liquid and gaseous phase with the catalyst surface. Indeed, they can
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drive the efficiency in terms of conversion and selectivity. Other parameters must be also kept
in considerations related to the treatment of concentrated industrial wastewater which can
contain particulate leading to catalyst fouling 4244,

The abatement of mineral and organic contaminants must be effective with the absence of
inherent toxicity for the reaction products. In practice, several parameters must be considered
in the selection of the best available technology which account several drawbacks and
advantages: — Separation of catalyst from the reaction products is uneasy for suspension
reactors — Intensive mixing is also needed for this type of reactor to hinder mass transfer
limitations, i.e. diffusion on the gas in the aqueous phase and also diffusion of the reactants at
the surface of the catalysts. This implies for heterogeneous catalysts to develop a high
mechanical shear force — The size of the catalyst grain must be also lowered to minimize
internal mass transfer phenomena. Batch reactors and stirred tank reactors present significant
advantages with homogeneous distribution of the reactivity and high residence time to ensure
complete conversion of the water contaminants characterized by low concentrations and slow
kinetics. This type of reactor is usually privileged in case of systems homogeneously catalyzed
due to the absence of diffusion processes. For heterogeneously catalyzed systems, fixed bed
reactor, i.e. trickle bed reactor, with catalyst bed immobilized inside the reactor can be more

efficient then requiring lower volume.

2.3.2. Impact of wettability on catalyst efficiency

Mass transport of the reactants in triphasic catalytic systems is of major concern to
optimize their performance in terms of activity and selectivity. Indeed, the solubility of gaseous
hydrogen or oxygen in water is usually much lower than soluble ionic/organic species which
means that gradient concentrations can occur at the vicinity of the active sites which may lower
their efficiency. As previously presented, optimal conditions are sometimes needed because of
opposite effects can occur when hydrogen diffusion is improved for reduction reactions'*. It
is particularly true for nitrates reduction by hydrogen because a faster hydrogen diffusion will
increase the turn-over number of active sites, but jointly will inevitably deteriorate the
selectivity behavior with enhanced production of undesired ammonia. As the selectivity is
governed by the N/H ratio, i.e. by the residual hydrogen pressure!®, then an optimal
concentration of nitrates and hydrogen must be found. In a first attempt, slight increase of the
turn-over frequency was observed on Pd/-Al.Oz partly hydrophobized. In practice, Pd/y-Al203

was mixed with »Al,Os silylated by perfluorinated octyltrichlorosilane!. This result can be
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rationally explained when the H, gas bubbles directly in contact with a surface partly
hydrophobized diffuse more easily, while the hydrophilic part of the catalyst would favor the
transport of nitrates species. However, an alteration of the selectivity with improved
production of ammonia instead of nitrogen can occur resulting from this faster hydrogen
diffusion. Nonetheless, an alternative was found by working at lower partial hydrogen pressure
ahich allowed to reach the optimal N/H ratio to minimize ammonia formation *’.

This concept of wettability through the promotion of hydrophobicity has been previously
verified on Pd/SiO2 with selectivity improvement on silylated catalysts in the hydrogenation
of aromatic ketones by preventing the consecutive production of saturated alcohol**®, While
the resistance of mass transfer phenomena can be still minimized, the authors privileged an
alternative explanation which refers more to the impact of silylation on the adsorptive
properties of Pd particles with ease of weakly bonded unsaturated alcohol to desorb from the
Pd surface. It is worthwhile to note that this explanation could not completely match the
changes observed on the selectively in the course of nitrate reduction on Pd/y-Al2Os if we agree
that the subsequent hydrogenation of Nags to ammonia from a fast NO dissociation requires a

strong adsorption on Pd sites.

2.3.3. Development of structured reactors

Catalytic Membrane reactor

The use of membrane reactors can be an alternative particularly to improve the diffusion
of one reactant compared to each other. The inclusion of membrane can improve the efficiency
by favoring the contact between the reactant and the active sites and also preventing undesired
reactions. But to take advantage of this strategy particular attention to specific pre-requisites in
terms of pores, thickness of the membrane, and stability in the reaction medium must be paid.
By way of illustration, in case of polymer membranes a deterioration can be related to oxidation
and polymeric chain scission which can induce a loss of its mechanical properties'*®. As
aforementioned, the regulation of hydrogen through a careful monitoring of the gradient
pressure across the catalytic thickness could be a relevant approach®®°. The example of Figure
15 illustrates a reactor composed of a porous steel membrane as substrate for the growth of
carbon nanofibers encapsulated in a gas permeable coating. These microreactors develop high
mechanical strength and specific surface area. The authors found high efficiency to reduce
nitrites in the presence and in the absence of precious metals. They also demonstrated that the
supply of hydrogen was not needed the carbon material acting as reducing agent.
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Figure 15. Porous metallic membrane microreactors for multiphase nitrate reduction reaction. Porous
stainless steel membrane as support decorated with carbon nanofibers (CNFs). The reactor is
encapsulated with a selective, gas permeable PDMS layer. Reproduced with permission from ref %2,
Copyright 2011 Elsevier.
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Two-stage membrane bioreactors were found efficient at 20°C avoiding the production
of nitrite and ammonia during nitrate abatement with low membrane fouling®®. Better
efficiency of porous ceramic membrane was also proved by displacing liquid phase outside the
pores of the membrane and monitoring the position of the gas-liquid interface to minimize the
diffusion path of the gas reactant 3. Recent investigation reports successful developments of
catalytic hydrogel membrane reactor protecting Pd particles from deactivation compared to
batch reactor and a good stability of the hydrogel structure for pH > 4. Optimization of the
hydrogel thickness is envisioned thanks to 1-D model able to predict the reactivity across the
membrane thickness >4,

As a matter of fact, membrane reactors are already widespread in catalytic water
treatment due to different advantages related to simple reactor design and ensuring a better
control of the G-L-S interface which undoubtedly can provide significant advantages in
catalytic water treatment °%153155-15 By opposition to reduction processes, sensitive to the
concentration of hydrogen and nitrates at the vicinity of active sites, oxidation processes can
be in some extent weakly dependent of oxygen partial changes **8. Accordingly, such kinetic
features can attract the development of membrane reactors to get complete mineralization and
retain undesired molecules. A critical review recently published emphasized the relevance of
such technology in single and hybrid systems!*®. A renewed interest is linked to the
development of bioreactors. As earlier mentioned the most important featured is linked to a
shift of equilibrium to improve yields. Preferential permeation can also avoid undesired side-
reaction and prevent deactivation. In practice different strategies can be implemented. Indeed,

53



the membrane can be set up upstream the catalytic oxidation process corresponding to a
sequential approach or can be combined with the catalyst according to a one pot approach.
Most of the examples described in the literature illustrate this option, but some benefits can be
obtained in the former case thanks to the improvement in the distribution of ozone and the
separation from water which speeds up the rate of ozone mass transfer 7,

The efficiency of membrane has been already demonstrated for various catalytic
reactions such as the abatement of trichloroethylene according to a single-stage approach on
Pd-loaded polypropylene porous hollow fibers which allows a quasi-complete removal
ensuring the release of chorine as HCI and stability over 50 cycles . Cu-ZSM-5 zeolite
membranes on paper-like sintered stainless fibers has been investigated in catalytic wet
peroxide oxidation of phenol in a fixed bed flow reactor at 40°C revealing high performances
related to the 3D structure and large pores which can enhance mass and heat transfer and
improve the contact between the reactants 1*°. Catalytic membranes doped with palladium and
iron exhibit a bifunctional behavior related to in-situ production of H202 and subsequent phenol
oxidation®®. A recent review provides an update of the investigations pointing out the coupling
filtration on organic and ceramic membrane and catalytic ozonation. A benefit of nanofiltration
to retain small molecules is observed and this coupling also permits to lower catalyst fouling.
The literature is scarce regarding the use of polymer membrane because of the sensitivity to
ozone oxidation. Ceramic membranes are often preferred despite their poorer cost-efficiency
likely due to the ease to disperse the catalytic active layer 61,

Monolithic reactors

Different reactor designs have been explored especially monolithic reactors for the photo-
Fenton oxidation of acetic acid. Some attempts revealed different performances when LaFeO3
as active phase was wash-coated on corundum or cordierite. The reusability was proved in the
absence of significant leaching. Co-adsorption of hydrogen peroxide and acetic acid may take
place at the surface of the catalyst. Nevertheless, the competitive adsorption largely in favor of
acetic acid makes uneasy the adsorption and decomposition of H,O. As a matter of fact, the
authors privileged an Eley-Rideal mechanisms which account for adsorption of acetic acid at
equilibrium further reacting with photo-generated HO" radicals. Some issues remain regarding
the continuous feed of H20. to maintain the efficiency, the impact of the composition of the
monolith substrate which influences the catalytic properties of the washcoat and the efficiency
related to the diffusion insight the reactor structure of the light in case of photocatalytic

applications %2164, The development of monolithic reactors has been earlier envisioned as an
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attracting alternative to batch and trickle-bed reactors related to rate enhancement due to a
continuous wetting of the catalyst surface which lowers mass transfer perturbation, lowers
pressure losses and improved resistance to pore plugging. However, such technology can face
to significant difficulties to find an optimal balance between high performances and cost-

efficiency®.

2.3.4. Towards miniaturization: Development of microreactors

As a general trend, the development of smaller and more efficient catalytic processes for
water treatment being more energy-efficient also refers to safer and sustainable technological
developments. Interesting arguments in the emergence of the so-called process intensification
have been put forward.'®® Several criteria have been selected which account for the integration
of several functionalities, improved heat and mass transfer by novel mixing technologies,
shorter diffusion pathways, miniaturization, with the aim of maximizing synergistic effects and
get high activity and better selectivity. Indeed, the high surface to volume ratio in micro-scale
reactors is much less perturbed by heat and mass transfer than macro-scale reactors*6-168, First
of all, it must be said that microreactors are suitable for homogeneous reactions as well as
for heterogeneous reactions. Nevertheless, in the first case, the issue linked to the recovery
of the catalyst is a limiting parameter. From a fundamental viewpoint, such reactors
facilitate the difficult optimization of tri-phase reactors related to complex hydrodynamics.
Indeed, according to the size of microchannel reactor of the order of 1 mm, the diffusion
path decreases and can make mixing time very fast, of the order of microseconds instead
of seconds or longer for classical reactors, thanks to a much higher surface-to-volume
ratio'®®, Accordingly, a better monitoring of hydrodynamics could provide appropriate
operating conditions to obtain more reliable kinetic information useful for catalyst
optimization'’®. Several architectures can be envisioned regarding these small reactors.
Particular attention is generally paid to the strategy implemented for the introduction of
catalyst, homogeneous catalysts are simply dissolved in the reaction medium. On the other
hand, different approaches can be envisioned for heterogeneous catalysts: (i) immobilized
in the microchannels and then mimicking a catalytic packed bed flow reactors. As earlier
discussed the grain size must be adapted to the scale of the channels which inevitably will
lead to a detrimental pressure drop!’* — (ii) The catalyst can be coated on the inner wall of

the channel with the advantage to overcome significant pressure drop. In that case the
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catalyst anchorage is a crucial parameter and can suffer from instabilities. An apparent
drawback associated to this methodology is related too much lower amount of catalyst
loaded in the microreactor and related lower rate of conversion. Different strategies are
currently implemented to stabilize the nanoparticles thanks to physical or chemical
interaction and/or the modification of the micro channel surface. Let us note that such type
of micro-reactors can be adapted for the immobilization of enzymes as catalysts!’2. As
example, a facile fabrication (Figure 15) in mild conditions of glass catalytic microreactor with
Ag nanoparticles immobilized in microchannels overcomes the inherent inconvenience
associated with this technology, i.e. low stability and conversion'’3. A quasi-complete and
stable conversion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) at 25°C at flow rate 100
umolL/h was achieved with Ag NP remaining immobilized. In general, a better gas-liquid
mixture is obtained from packed bed approach compared to planar metal films, but the resulting
efficiency gain by minimizing resistance to mass transfer should not be annihilated by
increasing the pressure drop. Gas and liquid reactants are co-fed providing relevant quantitative
comparisons based on a simple model given by Equation (46) which accounts for the
contribution of the solubility of the gas reactant A; in the liquid [A,i], the intrinsic rate constant
k, the mass transfer linked to the gas diffusion in the liquid, kiai, the diffusion of the dissolved
substrate from the bulk to the catalyst surface kcas and finally the diffusion of the solubilized
species in the porous structure of the grain represented by the effectiveness factor #. In practice
poor accuracy in the separate estimation of kia; and kcas leads to Equation (47) with Kia which
stands as a global mass transfer coefficient.

Aj
R = 1 +[ 1] S (46)
k1ai kcas nk
Aj
R= (1)
Kja nk

The estimation of the Kia in conventional fixed bed flow reactor and on microfabricated
multiphase packed-bed reactor found that the values in this latter case are two order of
magnitude larger than that estimated on the conventional reactor emphasizing strong

acceleration of diffusion rates. 174
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It is also worthwhile to note that these microreactors can be well suited in case of hybrid
technology. Their development for photocatalytic application can provide additional benefit

and gain in efficiency thanks to a better spatial distribution of light irradiation (Figure 17)8,
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Figure 16. Steps for the fabrication of glass catalytic microreactor with Ag NPs on microchannel
surface (a-e) and the catalytic reduction of 4-NP to 4-AP in the catalytic microreactor (f). (a) Bare glass
serpentine microchannel fabricated by wet chemical etching. (b) Polydopamine (PDA) is coated onto
glass microchannel by immersing the glass into DA solution under weak alkaline conditions. (c) Ag
NPs are reduced an in-situ immobilized on the surface of microchannels by catechol groups in PDA
coating. (d-e) The Ag NPs-coated glass microchannel is bonded with cover glass containing drilled
holes by using UV curable glue (d) to form a glass catalytic microreactor (e). Reproduced with
permission from ref 13, Copyright 2017 Elsevier.
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2.4 New guidelines in catalyst design and functionalities

2.4.1. Control of the redox cycles M(n)/M(n+1)

All the oxidation processes based on the use of metal oxides as heterogeneous catalysts
have in common the fact that metals involved in the process are submitted to redox reactions
and one of the issues of an efficient heterogeneous catalyst for water treatment by AOPs
concerns the kinetics of this redox cycle. For heterogeneous Fenton-like catalysts, the reduction
of Fe(l1) to Fe(l) is less effective than in the traditional homogeneous Fenton process, and it
was shown that the enhancement of the Fe(Il)/Fe(lll) redox cycle may improve not only the
activity of the catalyst but also its stability, limiting the possibility of the formation of
deactivating Fe(OH)3 species!’®.

One strategy to improve the redox cycle consists in adding electron-rich donors able to
facilitate charge transport, either externally, as carboxylic acids or other reducing agents, or as
a part of the catalyst itself. Carboxylic acids were mainly used as chelating agents to favor the
charge transfer for Fenton and photo-Fenton like reaction; their beneficial effect may be
explained either by their ability to increase the dissolution of Fe species through the formation
of more active soluble Fe complexes, then the homogeneous catalytic reaction, or by their
ability of modifying the surface of the catalyst without leaching of the iron species. In the latter
case, more sustainable for heterogeneous catalysis, the chelation of Fe(lll) species at the
surface was demonstrated to decrease the Fe**/Fe?* redox potential from 0.77 V to less than
0.4 V depending on the ligand, increasing the thermodynamic driving force for the Fenton
reaction and the reduction rate of the Fe®* species.}”” Reducing agents, such as hydroxylamine,
may also be used to reduce Fe(I11) into Fe(ll) at the surface.!’®

While the chemical modification of the catalytic surface could be an interesting way, but
difficult, to apply due to the limited recyclability of the catalysts,?® one can play with the
composition and/or the design of the catalyst by itself. For example, the adjunction of metal
species as zero-valent iron in Fe@Fe2Os core-shell nanoparticle favors the reduction of Fe(l11)
into Fe(ll) active species, via a mechanism involving molecular oxygen, for producing highly
reactive hydroxyl radicals from H.O, (Figure 18).17° In this configuration, all the active sites
Fe(I1)/Fe(111) are at the outer shell, while the reducing species are in the core, protected from

oxidation.
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Figure 18. Mechanism of Fenton oxidation in the presence Fe@Fe,Os; core-shell nanoparticle.
Reproduced with permission from ref 17°. Copyright 2014 Elsevier.

Carbon materials such as activated carbon, carbon nanotubes, graphene oxides and more
recently biochar and hydrothermal carbon (HTC) are classically used for AOPs due to their
ability to activate oxidants as H.O, persulfate or O2?*. For Fenton-like reaction, carbon
nanomaterials have also demonstrated their ability to enhance the reduction of Fe(lll) into
Fe(I). For example, great interaction between CNTs and Fh, with formation of Fe-O-C bonds,
can be simply obtained by mixture of the two solids dispersed in water under sonication, due
to initial electrostatic interactions between positively charged surface of small nanoparticles of
Fh and the negatively charged oxidized multiwalled CNT?. This coupling favored the
degradation rate of BPA by heterogeneous Fenton-like process due to an acceleration of the
electron transfer from H202 to Fh and a lowering the Fe**/Fe?* redox potential?®.

Doping by metal sulphides may also be used to accelerate the Fe(l1)/Fe(ll) cycling. It was
shown that WS, can be used to increase the decomposition efficiency of H20 by accelerating
the redox cycle in solution leading to an efficient degradation of phenol by oxidation, with the
ability to reduce simultaneously Cr(V1) present in wastewater'®. Various MSx (M = W, Mo,
Fe, Zn) were also efficiently used for the degradation of iron activated persulfate
decomposition for pollutant degradation®®. It was shown that both surface active metallic sites
and reducing sulphur species contribute to the reduction of Fe(lll) to Fe(ll) necessary for
persulfate decomposition (Figure 19). Recently, Fe%FeS hydride materials have been
developed for the efficient simultaneous removal of Cr(VI) and phenol from water in the
presence of peroxydisulfate'®. Other systems coupling other metal sulphides and iron species

for heterogeneous AOPs are promising ways to explore.
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The lattice oxygen-rich materials, based on metals with multivalent state such as Ce
(1m/1v), with facile redox cycle, have demonstrated interesting properties for catalytic
oxidation reactions not only for catalytic wet air oxidation, as invoked in paragraph 2.1. but
also for AOPs. Oxygen vacancies were proposed to be active sites for H2O. or persulfate
activation to ROS due to the back donation of localized electrons to the hydrogen peroxide or
persulfate molecule?®!8, Similarly, oxygen vacancies favor ozone decomposition and the
production of ROS, not only HO» species but also O™, 'O, and surface O, The control of
the redox cycles and thus of the ROS produced could be also a way to control the formation of
undesirable products by highly oxidizing HO+ species. The inhibition of bromate formation is
one of the critical issues for the application of ozonation for the removal of organic pollutants
from wastewater containing bromide®*. It was shown that in the presence of a high density of
oxygen vacancies, 02", as the other ROS produced, is able to (i) promote the pollutant
degradation and (ii) reduce Ce(lV) into Ce(lIl) able to reduce bromate species®. Therefore,
all the means available to favor the formation of oxygen vacancies at the surface of catalysts
with redox properties could be interesting ways for developing efficient oxidation processes
for water treatment.

The faceting of metal oxides at the nanoscale favors not only the presence of oxygen
vacancies but also the adsorption of the organic molecules depending on their charge and their

nature, facilitating their degradation. Thus, MnOOH nanorods!® or faceted CeO,'®, with
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specific facets exposed for enhancing the amount of high-mobility lattice oxygen were
successfully applied to the selective catalytic oxidation of organic pollutants such as 4-
nitrophenol or sulfamethoxazole by ozonation in wastewater containing bromide, while
inhibiting bromate formation.

The control of the morphology is another interesting way to increase the number of oxygen
vacancies. CozO4 mesoporous hollow nanospheres with high amount of oxygen vacancies are
very efficient for the degradation of BPA by peroxymonosulfate activation®. Hollow NiC0,04
spinel microspheres (Figure 20) with hierarchical architectures present high redox properties
and numerous active oxygen species at the surface able to mineralize humic substance by
catalytic wet air oxidation at atmospheric pressure according to a Mars- van Krevelen

mechanism!®’,

Figure 20. Scanning electron microscopy images of Hollow NiCo,O4 spinel microspheres active for
humic acid mineralization by CWAO at atmospheric pressure. Reproduced with permission from %7
Copyright 2019 Elsevier.

Doping is another way to enhance the formation of oxygen vacancies. For example, the
introduction of Cu(ll) in the B-site of LaCoOz perovskite increases the number of oxygen
vacancies accelerating the Co(ll1)/Co(Il) and Cu(l)/Cu(ll) redox cycles involved in PMS
activation, leading to very efficient degradation of phenol (Figure 21)'%, Other examples of
efficient increase of the number of oxygen vacancies in catalysts for catalytic water treatment
can be found in the literature, as the doping of silver ferrite AgFeO2 by Ni for BPA conversion
using PMS?8°,
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Figure 21. Proposed mechanism of PMS activation over LaCo1xCuxOs. Reproduced with permission
from ref 18. Copyright 2018 Elsevier.

2.4.2. Enhancement of the stability

All the oxidation processes have in common that they favor the lixiviation of the active
phase, the oxidizing species necessary to mineralize pollutants being also prone to oxidize
metal active species. This is a major concern not only for the catalyst lifetime but also because
the solubilisation of the metals degrades the quality of the treated water. A way to limit this
problem consists in separating the active metal species from the solution by encapsulation or
confinement of the catalyst in porous substrates of various structures or by synthesizing core-
shell structures.

The confinement of the active species consists in restricting the space where the reaction
occurs, i.e. the distance between the catalytic surface and the reactants. This could be achieved
using inorganic membranes, porous assembly and hierarchical porous materials to immobilize
the catalytic active phases'®*°!, Various host materials have been evaluated for a long time for
their capacity of immobilizing efficiently the active phase such as carbon materials, clays,
pillared clays, microporous materials such as zeolite, mesoporous materials, polymers etc.°?.
These host materials can be structured to form porous membranes to couple filtration to
oxidation (see paragraph 2.3.3).

Core-shell or yolk-shell structures with the active catalyst in the core or yolk and a carbon
shell have attracted attention these last years due not only to the capability of carbon to enhance
the adsorption and activation of the oxidizing agent and the pollutant, and to favor the redox
properties of the catalyst as seen in paragraph 2.4.1 but also to protect the catalyst from leaching
and sintering. For example, carbon coated iron-based Fenton-like catalysts present both high
activity and stability for the degradation of phenol in the presence of H20,, as illustrated in

Figure 22192, However, there is a carbon loss and a degradation of the absorptive properties of
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the carbon shell during the repeated test, leading to a little loss of the catalytic performance,

192 yolk-shell structure

which can be compensated by the ease of regeneration of such systems
(Figure 23) was also proven to enhance in addition the mass transfer efficiency of a
hydrophobic molecule, octane, favoring its efficient oxidation'®3, Manganese ferrite (MnFeOa)
is a highly efficient catalyst for oxidation in the presence of ozone, persulfates or H20,. Its
encapsulation by a carbon shell functionalized by amino groups allowed obtaining active
catalysts for antibiotic removal by AOP with enhanced stability compared to the bare MnFeQO4
nanoparticles!®*. The encapsulation by N-doped porous carbon of metal-based nanoparticles
can be easily obtained by pyrolysis of MOF; for example, Fe/FesC@N-doped carbon hybrids
derived from nano-scale MOFs demonstrated high activity and stability for PMS activation and
4-chlorophenol removal'®®. MOFs can also be directly used for obtaining very efficient core-

shell structures for water treatment®’.
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Figure 22. Cyclability of carbon coated iron-based Fenton-like catalysts for phenol degradation in the
presence of H,O; during 14 cycles. Reproduced with permission from ref 2. Copyright 2020 MDPI.
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Figure 23. Scanning electron microscopy (a) and transmission electron microscopy image (b) and EDS
elemental mapping of Fes0.@C yolk-shell structures (Left side) and scheme of the reaction mechanism
(right side). Reproduced with permission from ref 13, Copyright 2020 Elsevier.
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To the best of our knowledge, core-shell structures without carbon materials are by far less
explored. One of the few examples found in the literature demonstrated that the stability of
Cu/SiO; catalysts was enhanced by alumina overcoating using atomic layer deposition, with a
reduction of copper leaching by ca. 90% while maintaining a high activity for catalytic
ozonation for pollutant removal in water'®®, The encapsulation by metal oxides, metals, or
metal sulphides, and especially those that have demonstrated to promote the redox cycles for
enhancing pollutants degradation, or by other porous oxides with a better resistance towards
oxidation than carbon, is a general way to open for improving the stability of catalysts for the
oxidation of pollutants in water. Examples of the deposition of protective layers around
nanocatalyst for application in catalytic reaction in water, such as biomass valorization, can be
found in the literature. Also, methods of encapsulation and examples of core-shell structures

can be found in a recent review!?’.

2.4.3. Materials with hierarchical porosity

The design of hierarchical porous materials, containing at minimum two levels of
interconnected pores, is an efficient strategy that emerged to combine large surface area of 3D
catalysts with high accessibility of the reactants to the active sites due to the reduction of steric
limitations and facilitated mass transportation in the porous structure, minimizing internal
diffusion limitation, which is a major drawback for catalytic reaction in water. It was
demonstrated by a computational approach that an optimized bimodal pore size distribution
may improve the catalyst efficiency by at minimum one order of magnitude compared to a
monomodal pore size distribution!®, In the case of photocatalysts, 3D ordered hierarchical
structures improve light absorption efficiency due to the macrochannels allowing the
transportation of the photons to the internal surface of the semiconductor and to the “slow
photon” effect, improving the harvesting of light and thus accelerating the formation of
electron—hole pairs in the semiconductor 2, In the following, we will give some examples
on the use of hierarchical materials for non-solar driven water remediation.

Various types of hierarchical materials may be developed for water treatment. Among
them zeolites, various inorganic supports, such as silica-based structures, or carbonaceous
materials yielded promising results for pollutant catalytic removal. Depending on the material
and the structures needed, various chemical strategies can be applied, which are detailed in

201

reference<”, consisting in either creating holes in the synthesized structures (Top-down
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approach) or synthesizing the materials in the presence of templates, for example (Bottom-up

approach).

Carbonaceous materials

As carbonaceous materials have demonstrated their efficiency for AOPs, the development
of hierarchical porous carbon structures with interconnected micro, meso- and macropores may
improve their catalytic properties for wastewater treatment by combining high surface area and
a facilitated access to the micropores. Hierarchical porous carbon materials can be directly
obtained by pyrolysis-activation of biomass, such as wood, chitosan, grass or nut shells, which
present a naturally organized hierarchical structure?®?, They can also be synthesized using
various carbon sources in the presence of templates. For example, 3D hierarchically-ordered
porous carbon materials (HOPC) with high sp-hybridized C and N species and uniform
network of pores, obtained by polymerizing 2,6-diaminopyridine on a SiO, template,
demonstrated a rapid substrate adsorption followed by an efficient oxidation in the presence of
persulfate of a wide range of micropollutants. The adsorption capacities of HOPC for aromatic
compounds such as BPA were much higher than those of carbon nanotubes (CNTs) and
reduced graphene oxide (rGO), which was explained by the high surface area and the uniform
pore size, as well as by strong n-n stacking and hydrophobic effects. A complete and rapid
mineralization of pollutants was obtained in the presence of HOPC when persulfate was added
while on CNTs and rGO a part of pollutants remained physisorbed and not degraded?®.

A very original approach consisting in using directly organic contaminants accumulated
on minerals as source of carbon was recently reported in the literature.?®* The authors used
double mineral templates, namely montmorillonite and goethite (FEOOH) to synthesize
hierarchical porous N-doped graphene-like materials (Figure 24) very efficient for the
degradation of BPA by PMS activation.
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Figure 24. Scheme of the use of double mineral-template for synthesizing hierarchical porous N-doped
graphene-like materials. Reproduced with permission from ref 204, Copyright 2020 Elsevier.

Salt templating is a facile approach to generate hierarchical structures without residual
template. Thus, N- doped hierarchical porous carbon structures, with ultrahigh surface area and
uniform dispersed macropores, mesopores and micropores, were simply obtained using
polyacrylamide as N and C precursor and sodium nitrate salt as template. They outperformed
homogeneous catalysts for oxidation of phenol in the presence of PMS2%,

Ice-templating is another innovative approach for obtaining hierarchical structures.
Nitrogen-self doped hierarchical porous carbon was synthesized form chitosan, a N-rich natural
polymer, by rapid-freezing of the hydrogel obtained by addition of acetic acid deepened in
liquid nitrogen, followed by the carbonization-KOH activation of the resulting aerogel assisted
by rapid-freezing. The resulting catalyst demonstrated high performance for PMS activation
and high adsorption ability of BPA yielding an excellent catalytic activity for mineralization
of this pollutant, due to the hierarchical structure associated with a high electron transfer

capacity2®.

Zeolites

The microporosity of zeolites, with pore dimensions generally in the 0.2-1 nm range, is the
main obstacle to their use for catalytic oxidation of organic substrates with high molecular
weight, which remain on the external surface of the zeolite, while the catalytic sites are mainly
located inside the pores?”’. Hierarchical zeolitic structures may be obtained by (i) the bottom-
up approach, using hard templates (polymers, carbon particles or nanotubes, etc.) that can be
easily removed by calcination leading to poor interconnectivity micro- and mesopores, or by
grafting organosilanes or (ii) the top-down approach by demetallation?®, Contrary to
dealumination, the desilication by alkaline treatment presents the advantage of creating
mesopores in the zeolitic framework without modifying the Brgnsted acidity, favoring the
adsorption of large organic molecules such as mesosulfuron-methyl, a pesticide, via acido-
basic interaction compared to the non-modified zeolite?'”. Hierarchical Fe-ZSM-5, synthesized
by hydrothermal treatment in the presence of polystyrene microspheres as macropore-
generating agent, was also used as a heterogeneous Fenton-like catalyst. While the hierarchical
zeolite was less efficient for mineralizing small phenol molecules in the presence of H2O- than
a conventional Fe-ZSM-5 zeolite, the trend is reversed in the presence of lignin, of ca. 20 nm

diameter, or Na;EDTA. This better activity of the hierarchical zeolite for large molecule
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oxidation was explained by the higher specific surface area accessible to organic molecules at
the proximity of iron-containing catalytic site?®®. However, these promising results seem to be
insufficient since very few examples are reported in the literature on the use of hierarchical

zeolites for water remediation.

Other metal oxides

Among metal oxides, ordered mesoporous silica SBA-15 is by far the most used for
wastewater treatment, not only for adsorption, its main utilization, but also as support for
immobilizing active phases and controlling their size. The use of SBA-15 for catalytic water
treatment has been summarized in a recent review?'°, However, other metal oxides, which can
be by themselves active for AOPs or can be used as support for active phase, may be
hierarchized to enhance their catalytic performance for water remediation. This field could
experience a strong expansion in the coming years.

For example, cobalt oxides-based catalysts have demonstrated their efficiency for PMS
activation, but they often suffer from a lack of accessible active sites, which can be improved
by synthesizing hierarchical structures. Cobalt titanate spinel (Co2TiO4) with very nice 3D
flower-like hierarchical structure presented a higher activity in PMS activation for the
antibiotic ofloxacin oxidation than conventional heterogeneous cobalt-based catalysts thanks
to its high surface area associated with a highly open porous structure and to the promoting
effect of Ti?!,

Mass transport phenomenon may have a direct impact not only on the conversion of
reactants but also on the selectivity, i.e. on the distribution of reaction products. In the case of
nitrite reduction, the pH value is of major importance, the presence of OH" ions competing with
NO," favoring the formation of undesired ammonia. Hence, the accumulation of the OH"
produced during the reaction in the vicinity of the active sites and the internal diffusion
limitation of NO>" inside the catalytic grains are then detrimental to nitrite conversion and to
the selectivity towards N». Pt catalysts supported on 3D ordered macroporous alumina
synthesized by macrostructuration routes in the presence of monodispersed polymer spheres
presented a superior activity and selectivity to N2 than those supported on classical mesoporous
Al>O3 support due to the open structuration and high degree of interconnectivity of the structure
favoring the elimination of the OH" produced outside the pores?2. The same enhancement of
nitrite conversion was observed using Pt supported on 3D-ordered macroporous mesoporous
silica prepared using dual templating methods%. These studies demonstrate that not only the
choice of the active phase and the optimization of its dispersion, but also the engineering of the
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pore architecture of the inert support around the active sites are of major importance for

developing efficient catalysts for water treatment.

In conclusion, materials with hierarchical porosity can be advantageously used for water
treatment since they favor the accessibility of the reactants to the active sites as well as the
desorption and diffusion of the products outside the pores, thus influencing not only the activity
but also the selectivity. However, and especially for carbonaceous structures that suffer a lack
of stability in the presence of strong oxidizing species, the harsh conditions of industrial water
treatment may cause the collapse of these hierarchical structures thus limiting the possibility
of application, even if such phenomena has not been observed at the laboratory scale.
Consequently, the hydrothermal and mechanical stability of such structures should be
evaluated in addition to their recyclability.

2.4.4. Emerging nanomaterials for water treatment

Single atoms for catalytic water treatment

Recently, the development of single atom catalysts (SACs) has attracted attention since it
is a way to increase the accessibility to the active sites and increase the metal-support
interaction, thus optimizing the specific activity, while decreasing the use of metals. For AOPs,
the increase in mineralization rate may also be attributed to the suppression of the HO-
quenching occurring on adjacent transition metal atoms?*32}4. The challenge consists in
atomically dispersing the metal atoms in the support and more importantly in maintaining this
high dispersion during the process, the lack of stability being the main bottleneck for SACs
application. SACs were reported for the first time as efficient catalysts for AOPs in 20182°,
Single cobalt atoms, anchored in porous N-doped graphene demonstrated high reactivity and
stability for the catalytic oxidation of recalcitrant BPA in the presence of PMS. This high
activity was explained by a dual site reaction, with the activation of PMS on Co atoms and the
adsorption of organic molecules on the adjacent pyrrolic N site. Similarly, single Cu atoms
incorporated in graphitic carbon nitride (CsNs) are able to generate HO+ from H2O> and
efficiently convert Rhodamine Blue molecules into CO2 and NH4* without strong deactivation
213 For this catalyst, it was demonstrated that Cu(l)/Cu(ll) redox cycle was involved in the
catalytic process. Even if SACs applied to water treatment are mainly focused on carbon-based

materials, more prompt to anchor metals, one can note that single Fe atoms, with high activity
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for Fenton-like catalytic oxidation of p-hydroxybenzoic acid and phenol, were easily obtained
on SBA-1526,

Even if promising results were obtained in catalytic water treatment with SACs their stability
and reusability, their low metal loading and the difficulty of synthesis are for the moment strong

limitations to their development at the industrial scale.?*3

MXene-based catalysts

MXenes are 2D transition metal carbide/nitride materials composed of Mn+1Xn octahedral
layers (M = transition metal, X = C and/or N, n = 1 to 3), with surface termination groups T (-
OH, -F, =0) giving high hydrophilicity?}’?8, MXenes, such as TisC2Tx have demonstrated
high adsorption capability for organic pollutants, such as methylene blue, in wastewater due to
the strong electrostatic interaction between the MXene material and the dye molecules®®®.
These high adsorption capabilities due to strong electrostatic interaction can be also used to
favor the dispersion of metal cations and insert metal nanoparticles between MXene layers.
Thus, Coz04/MXene, a-Fe,O3z/MXene and CoFe>Os/MXene were very efficient catalysts for
the degradation by AOP of BPA, salicylic acid, and naproxene, respectively, in water??%-?22, In
all these examples, a TisC2Tx MXene, the most studied MXene, was used. However, one has
to take into account that under oxidizing conditions the catalyst should be more in the form of
metal oxide/TiO2/C nanocomposite??3. However, due to the wide range of composition and the
possibility of controlling the surface chemistry of such 2D compounds, MXene are promising
materials for enhancing the catalytic properties of catalysts for AOPs in water as well as for
water treatment by catalytic reduction??3,

For the moment, the applicability of MXene as catalytic materials is strongly limited by
their synthesis route: they are obtained by etching in HF medium to remove the A element (A
= group 13 and 14 element) of MAX phases, as the latter cannot be synthesized in large
amounts at a high purity level. For these emerging nanomaterials, it is also necessary to
rationalize the effect of the nature of M and X on the catalytic properties as well as to study
their stability and recyclability. Finally, while MXene are classically characterized in gas
phase, it is important to study the influence of some parameters such as the surface composition
and the interlayer spacing in water, i.e. in the reaction conditions, in order to go beyond the
proof-of-concept level. The photoresponsive properties of those materials have been pointed
out and will be briefly depicted in the chapter 4.1.

2.4.5. Towards green catalysts for water treatment
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One point that has to be better taken into account when developing catalysts for
environmental remediation, and especially for water treatment, is non-toxicity of the catalysts
and the development of sustainable routes for their synthesis integrating the principles of green
chemistry??*. Chemical synthesis methods, considered as bottom-up approaches, are the most
used for catalyst synthesis. They are based on the use of precursors, solvents, in some cases
surfactants, and necessitate the most often thermal process, hydrothermal, solvothermal, and
thermal decomposition included??®. Eco-friendly approach necessitates to use (i) low impact
chemicals, (ii) green solvents, water being the best one due to its low cost and large availability,
(iii) biobased surfactants and (iv) limit the energy consumption. Biological synthesis, based on
the use of uni- or multi-cellular organisms to transform inorganic metal ions into nanomaterials
can be considered as green process, but suffers from a slow rate of production?2®-22°,

Another way towards sustainable development of catalysts concerns the use of catalytic
materials from biomass or wastes. Carbon nanotubes or graphene may be highly toxic for
animals, plants and microbial diversity and they have been recently proposed as not adapted
for remediation processes??’. They can be advantageously replaced by bio-based carbon
materials. For example, carbon nanomaterials, synthesized from cactus using an easy one-pot
hydrothermal route, were successfully used without any metal addition as Fenton-like systems
for dye decolorization in the presence of H.0,?%. Even if their performance were lower than
their classical counterparts containing metals (Cu, Fe, Au, Zn), they present the advantage of
lower cost and much lower environmental impact. Other carbonaceous materials, graphitic
biochar catalysts, produced by pyrolysis of sludge, were demonstrated to activate PDS to
decompose organic pollutants by electron transfer, with the additional property of bacteria
inactivation®?. In addition, sludge-derived biochar can contain minerals with a positive role on
the catalytic performance, such as Fe or Mn?®. Natural biopolymers, especially
polysaccharides, with adsorption and ion exchange capacity can also be used to replace carbon
nanomaterials as supports or to encapsulate metal and metal oxides nanoparticles for
application in wastewater treatment?®!. Another way to explore is the valorization of metal-
accumulating plants used for the rehabilitation of mining sites. Eco-CaMnOx catalysts were
recently obtained by controlled thermal treatment of Mn-rich biomass without chemical
treatment. These mixed calcium-manganese catalysts (Ca2Mnz0g and CaMnO3) demonstrated
high efficiency for epoxidation of biosourced terpenes and lipids using H.O2/NaHCOs and

could be interesting catalysts for Fenton-like or WAO water treatment?32, For these green
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catalysts, originating from biomass or waste, a specific attention may be paid to improve their

stability in the reaction medium, especially in the presence of strong oxidizing species.

3. From fundamentals to practical improvements in catalytic processes for

the removal of persistent water contaminant

This chapter will be dedicated to non-solar driven catalytic processes, i.e. biocatalysis and
combined plasma and microwave catalytic systems. The utilization of enzymes produced from
microorganisms is a mature technology likely due to their remarkable high turnover number
and remarkable regioselectivity. Their immobilization will be discussed as a means to improve
their reusability. In addition, it will be shown that the catalytic performance of enzymes can be
modified according to the strategy employed for their immobilization. While this technology
IS mature, important evolution can derive from the development of new enzyme synthesis
especially by genetically modified bacteria to treat emergent non-biodegradable pollutants.

Plasma assists wastewater catalytic treatment through the production of more reactive
species than oxygen in the former case, i.e. ozone, hydroxyl radicals, H.O2, peroxide,
peroxynitrites, ozone, hydrogen peroxide, etc. which degrade the organic contaminants in
water. Their in-situ production can be achieved by electrical discharge and consequently
suppress external use of costly oxidizing agents. By itself this technology is not operative but
better efficiency can be obtained with heterogeneous catalysts. The mode of operation of
microwaves differs from plasma, but it still needs the presence of catalysts and also the use of
oxidizing agents. In this specific case microwave irradiation can induce a local and selective
heating which can speed up any chemical transformation. Principles and adaptation to the
reactor design will be discussed in terms of advantages and drawbacks based on fundamentals

and concepts developed in the previous chapters.
3.1. Microwave assisted catalysis for water treatment
3.1.1. Generalities
Microwave (MW) radiation is an electromagnetic wave in the 0.3-300 GHz frequency

range corresponding to 1-0.001 m wavelength. To avoid interference with radar and

telecommunications, MW generators are always operated in the range from 2450 MHz of 915
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MHz for non-military applications?®. The heating by microwave is more efficient than
conventional heating leading to higher heating rates, and consequently increased reaction rates
with reduced apparent activation energies, different thermodynamic functions and enhanced
energy efficiency. For these reasons, MW irradiation is more and more used in chemistry for
many applications such as inorganic and organic synthesis, extraction for chemical analysis,
polymerization processes, catalytic processes, and soil, air and water remediation®®, The
penetration, reflexion and absorption of MW irradiation depend on the medium. The complex
permittivity ¢* (Equation (48)) of a non-magnetic material allows describing the level of heat

that can be generated under microwave interaction with a medium or a material®3+2%,
e¥=¢ —j¢ (48)

Where the real part of the complex permittivity €’ is the relative dielectric constant (F m™),
related to the amount of electric energy that can be stored in the material, €, the imaginary part,
is the dielectric loss factor (F m™), expressing the ability of the material to dissipate microwave
energy, and j is the imaginary unit. Absorbing molecules, also named lossy molecules, because
of their polarity, can rapidly convert MW energy into thermal energy, and thus can be heated.
The capacity of a material or a medium to convert the MW irradiation into thermal energy at a
given frequency and temperature can be evaluated using the dielectric loss tangent (tand),

describing the energy dissipation of a dielectric material, according to Equation (49)%3 :

Tand == (49)

)

Lossy medium with the highest Tand value can be considered as the best MW absorbers?’. For
example, H202 (Tand = 0.260 at 2.45 GHz and 25 °C) is a better absorber than water (Tand =
0.123 at 2.45 GHz and 25 °C)?%. The microwave absorption by the lossy medium causes the
rotation of the polar molecules following approximately the high-frequency alternating electric
field of the microwaves, with a delay in time leading to thermal energy.

At the opposite of lossy materials, there are transparent materials, with low values of Tano,
as polystyrene (Tand = 0.0004 at 2.45 GHz and 25 °C), quartz (Tand = 0.00025 at 2.45 GHz
and 20 °C), or alumina (Tand = 0.0010 at 2.45 GHz and 25 °C), while composites or multi-
phase materials composed of at minimum a lossy material and a transparent material, allow the

absorption of MW by localized energy conversion®®. Charged molecules such as ions behave
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similarly to polar molecules under microwave, increasing their movement under microwave
electric field generating heating.

The dielectric loss is not the only way of heating under MW. Metals, metal-based materials
and semiconductors were initially considered as impossible to heat using MW energy due to
their ability to reflect MW and to the development of electron clouds due to the limited
penetration of MW in this type of materials. At the early 2000’s, it was demonstrated that MW
induced magnetic field is responsible for the movement of electrons in the oscillating electric
field generating volumetric and uniform heating in the material®®’. The last type of heating
under MW can be attributed to magnetic loss occurring in magnetic materials, as Fe, Ni and
Co, affected by both electric field and magnetic field, and some metal oxides such as ferrites
or nickel oxides®’. Finally, it was demonstrated that there can be a positive, but non-thermal,
effect of microwaves on the intra-particle diffusion and mass transfer coefficients in surface
modified porous silica due to the molecular excitation of organic molecules with a higher
dielectric loss than the aqueous solution?3,

Consequently, MW irradiation can be an efficient way for wastewater treatment, due not
only to the heating of water or polar pollutants, but more importantly to possible beneficial
interactions with oxidants and catalysts. In fact, the direct treatment of wastewater under MW
irradiation leads to an increase in temperature, which causes the removal from water of volatile
or semivolatile pollutants by evaporation, but is not sufficient for breaking chemical bonds and
decompose organic pollutants. For this reason, MW water treatment is always used in
combination with other processes, using oxidants and/or catalysts or absorbing materials such

as carbonaceous materials?3,

3.1.2. MW associated with oxidants

When associating MW with oxidants for water treatment, the increase in temperature
favors their decomposition into efficient ROS species. The two main oxidants commonly used
with MW are hydrogen peroxide and persulfates, which are decomposed by homolytic O-O
bond cleavage into HO+ and SO4¢~, respectively, with a beneficial effect of heating. However,
it was demonstrated that the decomposition rate of persulfate into sulfate radicals is 3 to 4 times
higher under MW than under conventional heating, for the same temperature in the 60 to 80°C
range, proving that the action of MW is both thermal and non-thermal. From the calculation of
the Arrhenius equation parameters, it was shown that the pre-exponential factor is much higher
when MW is applied, compared to conventional heating (CH), which was explained by an
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increase in the molecular mobility induced by MW.?*® However, due to the different heating
way of the medium, from an external source for the conventional heating and from the medium
for the microwave heating with a rapid and uniform heating, it is not obvious to rationalize this
non-thermal effect according to the various explanations that can be found in the literature. For
this reason, this phenomenon needs to be studied more in depth, for instance by controlling the

rates of heating in real-time.?%

MW combined with persulfate lead to an improvement of its efficiency, as exemplified in
Figure 25 where it is clear that the removal rate of p-nitrophenol (PNP), one of the most
important intermediates in the production of pesticides and pharmaceuticals, is particularly
high when both peroxydisulfate (PDS) and MW are applied, while PDS alone is unable to
convert PNP, evidencing the beneficial effect of MW heating.?*° Thus, PDS/MW has exhibited
high efficiency for degrading in a short time various pollutants such as dyes (acid orange 7),
other phenols or pesticides (imidachloprid).? An advantage of the use of combined
persulfate/MW system is that the presence of anions, such as CI, COs*, NOs and PO4*,
cations, as Mg?*, Ca?*, K* and Na*, and natural organic matter, as humic acid, has no negative

effect on its performance for degrading pollutants. 24

—{0— MW only
—4—PS only
—/\— PMS only
—&— PS+MW
—{— PMS+MW

s
[=}
T

PNP Removal (%)

L 1 L 1 s 1 L 1 L 1 L 1
0 2 4 6 8 10 12 14
Time (min)

Figure 25. p-nitrophenol (PNP) removal vs. time under MW activation or not, and in the presence of
various oxidants (Peroxydisulfate (PDS, here PS) and peroxymonosulfate (PMS)). (Joxidant]/PNP =
15, [PNP] =20 mg L%, MW power = 300 W. Reproduced with permission from ref.?*°, Copyright 2019

American Chemical Society.

PMS may be more difficult to activate under MW than PDS as illustrated in Figure 25, but
generally persulfatessMW have demonstrated better efficiency compared to H.O2/MW, as in

the case of BPA removal, where even the combination of PMS/CH is more efficient than that

of H202/MW (Figure 26).
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Figure 26. Conversion of BPA under conventional heating (CH) or microwave (MW) associated
or not with various oxidants: Hydrogen peroxide (H.0.), Peroxymonosulfate (PMS) and
peroxydisulfate (PDS) at 80°C when the temperature is not specified. Reproduced with permission from
ref 242, Copyright 2017 Elsevier.

Thus, the efficiency of oxidant/MW systems decreases in the order PDS/MW > PMS/MW
> H,02/MW, which follows the dissociation enthalpies of the peroxide bond?*3. The generation
of SO4+~ and HO+ from PMS/MW has been proven to be the main ROS in this process, thanks
to the use of hydroxyl radical scavenger (tert-butyl alcohol) and a scavenger for both radical
species (ethanol). The PMS/MW process demonstrated high performance for degrading
various organic contaminants such as dyes (Acid orange 7, methylene blue), a herbicide
(Atrazine) or drugs (Ibuprofen, sulfamethoxazole)?*,

The efficiency of the oxidant/MW system for wastewater treatment depends strongly on
many parameters such as energy intensity and pH, in addition to the obvious effect of the
concentration of the oxidant and the pollutant as well as that of the presence or not of radical
scavengers in the medium. The amount of energy needed to reach the optimal performance of
the system depends on the reactants and the presence of other species in the reaction medium,
but in a general way, an increase in microwave power will increase the removal efficiency. As
far as the effect of pH is concerned, the oxidant/MW systems are efficient in acidic or neutral
conditions. Alkaline medium does not favor the formation of active radicals from H2O>, which
is mainly decomposed into O at high pH value, but it has no negative effect on persulfate/ MW

system?33242,

3.1.3. MW associated with materials
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The irradiation of catalytic or non-catalytic materials by MW can increase their ability for

degrading pollutants in water according to various kinds of interactions.
For non-catalytic MW absorbing materials, i.e. materials with dielectric properties but not able
to activate contaminants degradation, such as carbonaceous materials, MW irradiation may
induce polarization, heating and hot spots able to generate ROS by thermal decomposition of
water, which, combined with their strong adsorption capacity, favor the mineralization of
organic pollutants?®*23’_ In other words, the association of MW with MW-absorbing materials
with no intrinsic catalytic properties may transform them into catalysts.

For intrinsic catalysts, the interaction with MW depends on the presence of metals or
transition metals oxides, with magnetic and/or semiconducting properties. As already
discussed, conducting materials such as metals and magnetic materials can be directly heated
under microwave irradiation. For intrinsic catalysts with semiconducting properties, MW
irradiation can generate e/h* pairs, by excitation of the e of the valence band (VB), able to
react with water and O2 generating ROS as very active hydroxyl radical species, according to

the following reaction equations’:

MW + catalyst — h*™ + ¢~ (50)
h*+H,0 — HOs +H* (51)
h*+OH — HO- (52)
e +02— 02 (53)
«0z +Hz0 — HOO+ +OH" (54)
2 HOO* — 02+ H202 (59)
e + HOO+ +H20 — H202+ OH" (56)
e +H202, — HO+ +OH™ (57)
*0O; +H202 —» HO* + OH—+ 02 (58)
HOe+ + contaminants — H20 + CO> (59)

For supported metal or metal oxides nanoparticles, the catalytic properties under MW
irradiation is also conditioned by the nature of the support, and its own interaction with
microwaves. In addition, for supported metal catalysts, where the metal is dispersed at the
surface of a carbon or metal oxide support, MW radiation can penetrate metallic nanoparticles
if the size of nanoparticles is lower than the depth of penetration®**, determined by the

following equation:
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5= (60)

Where 6 is the depth of penetration, also called skin depth, o is the angular frequency, L, IS
the permeability of free space (u, = 4n 1077 H m™!) and o is the electric conductivity. For
example, for copper (6 =5.81 10" Q' m™!), a MW radiation at the frequency of 2.45 GHz, the
depth of penetration will be of 1.3 um, much larger than the common size of supported Cu

nanoparticles.

Microwave with non-catalytic materials

MW associated with lossy materials such as carbonaceous materials is a powerful and
simple process for treating organic pollutants in aqueous solution. Thus activated carbon (AC)
and granular AC (GAC) with large surface area, chemical inertness and thermal stability are
able to adsorb and then degrade organic compounds under MW irradiation due to the creation
of hot spots. It was demonstrated that the presence of O> may play a beneficial role in the
generation of hydroxyl radicals in the presence of this kind of materials, by using
hydroxybenzoic acid conversion into 2,3-dihydroxybenzoic acid as a probe of HO+ formation
(Figure 27)%%.

Most often, the association of MW with carbonaceous materials is applied in conditions
such that both adsorption and pollutants conversion take place at the same time, which can be
a drawback for efficient treatment since hot spots may hinder the pollutant mass transfer to the
surface 2%, This problem may be solved by decorrelating adsorption from degradation

processes, which in that case can be seen as a regeneration process.
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Figure 27. Amount of 2,3-dihydroxybenzoic acid (DHBA) resulting from reaction of salicylic acid with

hydroxyl radical. Reproduced with permission from ref.?*. Copyright 2007 Elsevier.

Other carbonaceous materials as biochar, derived from biomass, or carbon nanotubes (CNT)
have also demonstrated their ability to adsorb high amounts of organic pollutants in water?4¢-
247 For CNT, which possesses one-dimensional and hollow structure, it was demonstrated that
their diameter has a strong influence on the catalytic degradation efficiency under MW?24,

Many examples of water treatment coupling MW with carbonaceous materials can be
found in the literature and were reviewed in refs. 23237, So, high catalytic efficiencies were
demonstrated for converting detergents (sodium dodecyl benzene sulfonate), dyes (Congo red,
methyl orange, and methylene blue), insecticides (Methylparathion) or plastic additives
(Bisphenol A).

Microwave with catalytic materials

Ferrites (MFe204, with M = Co, Zn or Ba) are among the most promising catalyst for
coupling with MW due to their high efficiency for the degradation of organic contaminants in
water due to the easy synthesis protocol, the low cost of the precursors, their semiconductivity,
their high structural stability, especially under hot spots generated by MW radiation, and the
ease of recycling due to their magnetic properties?4%-20,

While Bi>Os semiconductor could be a good candidate for photocatalysis thanks to its band
gap energy in the visible region (2.8 eV), allowing generation of ROS in water for degrading
organic pollutants, its efficiency is not satisfactory without the addition of dopants or
heterojunctions. On the contrary, Bi>Os is highly efficient for degrading PNP in water under
MW irradiation allowing the generation of e’/h* pairs efficient for producing ROS??, opening
the way to the development of various derived Bi-based oxides for this kind of application.

Recently, new layered composite catalysts composed of perovskite (LaCuosC00503)
intercalated between layers of a natural clay, montmorillonite, demonstrated a high activity and
stability for BPA degradation under MW heating®®2. It was proposed that hot spots were formed
at the surface of the perovskite, but that the crucial factor for the high activity was the formation
of e-/h+ pairs in the perovskite generating ROS, while the clay plays a positive role in the
adsorption of the pollutant. The most important parameters controlling the activity are the
Co0%*/Co?* ratio and the amount of adsorbed oxygen species against lattice oxygen, obtained
for the smallest perovskite particle size®®. A possible BPA degradation mechanism was

proposed, illustrated in Figure 28.
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Figure 28. Proposed mechanism of BPA degradation under MW irradiation in the presence of a
perovskite, LaCuosC00503, intercalated into a montmorillonite clay. Adapted with permission from ref.
252 Copyright 2020 Elsevier.

As far as supported catalysts are concerned, their properties under MW heating strongly
depend on the support. Metal oxides supports, such as Al.Os, that are not able to absorb
microwaves, only favor the dispersion of the active phase, and for this reason very few
examples of their use as catalytic support for MW/Catalyst wastewater treatment are reported
in the literature. For instance, CuOx/Al>Os3 catalysts were used for MW-induced treatment of
phenol in aqueous solution but associated with chlorine dioxide®®. In fact, only metal oxides
with high adsorption properties, as zeolites, can be able to help converting pollutants. For
example, Y zeolite is transparent to microwave, but microwave irradiation can interact with the
high amount of polar species in the micropores, such as adsorbed water and cations, and
possibly with the adsorbed organic molecule if it is polar, creating hot spots able to break
chemical bonds by thermolysis. As a consequence, the rate of microwave-induced degradation
strongly depends on the density and type of surface cations and on the amount of water trapped
in the micropores?42%, The cation-exchange properties of zeolites can be used to incorporate
transition metal ions with redox properties, enhancing the adsorption and catalytic properties
of zeolites under microwave. Thus, Hu and Cheng®® demonstrated that Cu?* and Fe®*
exchanged into the micropores of a dealuminated Y zeolite increases the amount of the
adsorbed pollutant, atrazine, and accelerates its degradation under microwave.

Contrary to metal oxide supports, the catalytic properties of the active phases supported
on lossy materials such as carbonaceous materials or SiC (Tano = 1.71 at 2.45 GHz and 25
°C2%) may be directly enhanced under MW irradiation since the support can play a direct role
in the reaction. For example, copper oxides alone or associated with cerium oxides and
deposited on AC by simple impregnation (CuUO@AC and CuO-CeO,@AC) demonstrated high
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efficiency for the removal of crystal violet wastewater when associated with microwave
irradiation without adding any oxidant.?>” A clear beneficial effect of CuO and CuO-CeO; was
highlighted compared to MW associated with AC, as exemplified in Figure 28. In fact, MW
radiation will mainly interact with the AC support to generate hot spots able to dissociate water
into ROS species and the role of the Cu dopant was attributed to the Cu*'/Cu*" redox properties
favoring the oxygen mobility and electron transfer, with an additional effect of CeO, redox

properties?332%7,
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Figure 29. Comparison of the degradation of crystal violet in the presence of CuO/AC or AC associated
with MW or oil bath heating, compared to MW treatment alone. Reproduced with permission from ref.
257 Copyright 2016 Elsevier.

SiC is also an interesting support for active phases since it is not only a lossy material able
to create hot spots but also a semiconductor. CuO deposited onto SiC displayed a very high
catalytic activity under MW for PNP degradation due to the combined effect of hot spots able
to accelerate the formation of e/h* pairs and water decomposition?®,

MW associated with Fenton and Fenton like heterogeneous catalysts

Fenton process, associating Fe(ll) soluble species and H2O- in acidic medium, is an
efficient way for degrading pollutants in water. As already seen, MW irradiation favors the
formation of hydroxyl radicals from H>O». This enhancement is also important for the Fenton
process for which it was shown that the amount of HO+ for the MW-Fenton process is 2.8 times
higher than for the classical Fenton process without MW after 7 min of reaction®°. However,
for the same reasons as for the development of heterogeneous catalysts for Fenton-like process,
studies on wastewater treatment by MW-Fenton process are mostly focused on the use of
heterogeneous catalysts. As it was inferred that both MW/H.O, and MW/catalytic material are

both able to generate ROS species in water with a positive effect on pollutants removal rate, it
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is obvious that coupling these two processes in a single one, MW/HO>/catalytic material, and
even more when the catalytic material is associated with a lossy material such as carbonaceous
material, is a very efficient process for the degradation of pollutants in wastewater, and
numerous examples are found in the literature. For example, copper ferrite associated with
reduced graphene oxide revealed to be an efficient and reusable catalyst, able to degrade more
than 95% of a dye, rhodamine blue, in 1 min in optimal conditions (30 mg L™ of rhodamine
blue, 15 mg of catalyst, 600 wL of H.O> and 500W of MW power (2.45 GHz)). It was shown,
using radical trapping, that the active species were HO», «O,” and h*.2%0

In the same way, persulfate oxidant was used associated with MW and catalysts and
exhibited high performance for degrading pollutants. Thus, Rhodamine Blue was degraded
within 1.5 min using 10 mg of catalyst (2D porous NiCo04), 10 mg of peroxymonosulfate and
300 W of MW power (2.45 GHz) at 70°C?®,

3.1.4. MW associated with photochemical process

It is possible to have simultaneously both UV-Vis and MW radiations generated in-situ
using microwave discharge electrodeless lamps, composed of a glass cavity filled with an inert
gas and an excitable substance, a metal usually, such as MW-powered Hg/Ne lamp that
produces wavelength in the UV-Vis region as well as MW radiation making it easy to combine
MW/UV-Vis treatment of wastewater 262, At minimum three kinds of photochemical processes,
namely the UV-H,O process, UV-Fenton process and photocatalytic process that can be
coupled with MW irradiation are described in the literature.

Publications on MW/UV/H,0; process are scarce, and are mostly dedicated to the removal

of dyes, such as rhodamine blue?® using the experimental apparatus displayed in Figure 30.
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Figure 30. MW-UV photoreactor used for the MW/UV/H,0; removal of rhodamine blue from water.
Reproduced with permission from ref. 22, Copyright 2013 Hindawi.

Photo-Fenton reaction coupled with MW irradiation was studied in 2007 and compared
with the MW/Fenton treatment for the removal of pesticides from water, demonstrating a clear
advantage of using additional UV in the MW/Fenton process, since only 45% of pesticide
degradation was reached without UV, while the addition of UV allowed degrading 80% of the
pesticide in the same conditions?*. In spite of these promising results, this approach was not
followed very much afterwards, and researches were a little more focused on the combination
of MW and photocatalysts, since the coupling of MW and UV light may be an efficient way
for improving the quantum efficiency of the photocatalytic process. Of course, TiO2 was the
most studied as photocatalyst in this process, and the addition of MW helped degrading dyes
compared to UV alone?®®. The doping of TiO by metals is a way to increase the e’/h* separation
and then the photocatalytic efficiency that was also explored under combined MW/UV. It was
shown using Ag/TiO> that, under MW irradiation, the presence of silver can increase the
adsorption of organic pollutants at the surface of TiO- in addition to the promotion of the charge
separation process, with a clear beneficial effect of the combination of UV and MW compared
to UV and conventional heating, for the degradation of 4-chlorophenol and methyl orange. 2%°

3.1.5. MW associated with other physical processes

MW irradiation has also been efficiently combined with many other physical processes,
such as electrochemical or ultrasonic processes, allowing a lot of possible combinations that
remain to be explored.

In electrochemical water treatment, one of the main drawback is the deactivation of the
electrodes due to the blocking of the active sites by the pollutants or intermediates?®°. For
example, some aromatic species, and especially phenolic intermediates may be polymerized at
the surface of the electrodes decreasing the accessibility of the electrode to the reactants and
thus its efficiency?®’. Also, carbonyl intermediates can be strongly adsorbed onto Pt electrodes
leading to surface passivation. MW irradiation is a way to overcome this limitation. As the azo
bond in methyl orange is not completely removed by electrochemical oxidation using Pt
electrode, the addition of MW radiation allows its complete mineralization due to the rapid

degradation of aromatic intermediates such as dinitrophenol, nitrophenol, hydroquinone,
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benzoquinone and small organic acids (maleic and oxalic acids)?®’. Few other examples may
be found in ref. 2%,

Some examples have been reported showing a beneficial effect of combining MW and
high-intensity ultrasound (US) for mineralizing organic pollutants. A synergetic effect was
shown when applying MW/US radiations for phenol degradation, even if this effect is more

marked when H20 is present in the reaction medium?2®,

3.2. Plasma-catalytic processes utilized in the decontamination of waste waters

As part of water remediation and sustainability, advanced oxidation processes (AOP)
promo?%°-2"%ted by atmospheric pressure plasmas are very promising in the field of wastewater
treatment, especially with the aim of their reuse for irrigation, district cooling, process
heating/cooling, landscaping, etc.2’*2" In this respect, the decontamination of waste waters
through low-temperature plasma induced liquid phase chemistry has received a great interest.
276218 This interest derives from the efficiency of plasma to generate reactive species such
electrons, ions, radicals and photons with an electric field that can further produce reactive
oxygen and nitrogen species together with UV light and/or pulsed electric field.?’? Such a
chemically aggressive environment at near room temperature both at reduced and at ambient
pressures may enable a unique condition promoting degradation of pollutants.

However, only plasma is not enough effective to produce sufficient water purification. The
species produced by plasma may induce a certain level of oxidation, but not enough to
correspond to a complete mineralization (decontamination) of wastewaters (Figure 31).
Atmospheric-pressure dielectric-barrier discharge plasma has proven to be a promising
technology for removing priority pollutants from water. However, their efficiency declines
when the solution to be treated contains a high concentration of organic matter and mineral
salts, which can originate an inhibition or competition effect for the plasma-generated oxidant
species.?’® Therefore, coupling plasma with a catalyst is expected to produce a more efficient

pollutant degradation?°

with the condition that the catalyst is not affected/damaged by plasma-
generated reactive species. Therefore, the dosage of the key species, such as the O atom and
quite oxidizing species such as HO", Oz” or HO2 generated by direct discharges in water (Figure
31) affording an advanced liquid oxidation, rather than less aggressive O, Oz or NO, obviously

also part of the plasma activated oxygen, might be optimized by the presence of catalysts.
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Very specific for plasma, the oxidation reactions in aqueous solutions may occur after the
switching-off of the plasma reactor as a post-discharge effect due to the relative high lifetime
of radicals such as NO or HONOO. #1283 Figure 32 depicts different discharges used in
plasma-liquid treatments. To be effective, the plasma process should be adapted to the

envisaged application.
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Figure 31. Schematic diagram of some of the most important species and mechanisms for an
argon/humid air plasma in contact with water. Reproduced with permission from ref 272, Copyright 2016
IOP Publishing.

Figure 32. Schematic of different discharges used in plasma-liquid interactions: (a) Direct discharge in
liquid, (b-d) gas phase discharges and (e-f) multiphase discharges. In more detail: (b) plasma jet without
direct contact with liquid, (c) gas phase plasma with liquid electrode, (d) surface discharge, (e) gas
phase plasma with dispersed liquid phase (aerosols) and (f) discharges in bubbles. Blue=liquid,
pink=plasma, green=dielectric, black=metal electrodes. Reproduced with permission from ref 272,
Copyright 2016 10P Publishing.

(A)

3.2.1 Plasmas considered for the decontamination of waste waters

Non-thermal plasma, also named cold plasma or non-equilibrium plasma is a non-

thermodynamic equilibrium plasma where the electron temperature is much hotter than the

temperature of heavier species such as ions and neutral atoms and radicals.?®* Non-equilibrium

gas discharges at low pressure, with gas temperatures close to room temperature require a high
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electric field to initiate the breakdown that may follow two mechanisms, i.e. a) the Townsend
breakdown that can be generated such as in micro-discharge or special dielectric barrier
discharge (DBD) and b) the streamer breakdown where the glow regime can also exit in well-
controlled corona discharge. At atmospheric pressure a streamer discharge tends to become
into a spark discharge, in particular at high current density, which leads to heating of the gas
(Figure 33). For the specific case of the water purification by plasma such a situation is not
preferred. Therefore, from the technical point of view, it is necessary to avoid the transition of
streamer into spark, either by limiting the current density or by controlling the streamer
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Figure 33. Townsend (a) and streamer (b) breakdown in non-equilibrium gas discharges. Reproduced
with permission from ref 26, Copyright 2020 Wiley-VCH GmbH.

Dielectric-barrier discharge (DBD)

DBD plasma dates since 1857 when it was firstly reported by Ernst Werner von
Siemens.?8” DBD plasma is produced at atmospheric pressure and above through the electrical
discharge between two electrodes separated by an insulating dielectric barrier without having

the extremely high temperatures as in an electric arc (Figure 34).
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Figure 34. Different DBD configurations. Reproduced with permission from ref 28, Copyright 2001
Royal Society of Chemistry.

The DBD can be easily applied in water where it may generate ozone that can further
initiate the unselective oxidation of organic molecules. The electrons generated in DBDs have
mean energies in the range of 1 to 10 eV.?% Therefore, the combination of non-thermal
atmospheric pressure streamer and DBD directly in water is one of the most widely used
electric discharge types for water decontamination. Many DBDs have been found to exhibit
regular structures depending on their electrode configurations, gas properties, and operation

parameters.

Corona discharge (DC)

A DC is a local, non-equilibrium discharge, which occurs only when the field is highly
non-uniform. This is produced by electrodes with a small curvature radius, such as a sharp
point or a thin wire affording an ionization process confined to a local region in the vicinity of
the high voltage corona electrode (Figure 35).
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Figure 35. Corona discharge set-up. Adapted with permission from ref 2. Copyright 2020 I0OP
Publishing.

DC coronas are not continuous steady-state discharges, as the corona current has a pulsed
nature in time with different pulse widths depending on the discharge parameters. In recent
decades pulsed corona discharge has been widely studied with the aim to increase the corona

current.

Glow discharge plasma (GDP)
GDP is an electrical process where the glow discharge in and in contact with liquids can
dissociate the water molecule into hydroxyl radical (HO+) and hydrogen atom (*H) as active

species for the degradation of the water pollutants (Figure 36a). 29229
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Microwave-UV plasma (MPUVL)

MPUVL is another technology for generating a high-intensity UV light and that can be
also controlled to operate at a certain length by producing ozone (Fig. 36b). The microwave
power is injected into a resonant cavity and the surface wave excitation takes place within the
cavity through that part of the discharge tube (fused silica) protruding inside it.?% This plasma

has the advantages of controlling the power per unit length of tubes of any shape, length or

diameter.
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Figure 36. (A) Set-up of a GDP electrical process. Reproduced with permission from ref 2%4. Copyright
2016 IWA Publishing. (B) Set-up of a MPUVL system. Adapted from ref 2%, Copyright 2001 10P
Publishing. (C) Set-up of gliding arc discharge plasma system. Adapted from ref 2. Copyright 1996
IAP Publishing.

Gliding arc discharge plasma (GADP)
GADRP is a type of non-equilibrium plasma near atmospheric pressure, in between the

thermal plasma and cold plasma. Accordingly, it is enough selective and efficient in the
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stimulation of chemical reactions, generally for limited power and low pressure, and may serve

in environmental applications (Figure 36c¢).

3.2.2. The combination of plasma with catalysis

The combination of plasma with catalysis is expected to produce a cumulative
enhancement of the AOP efficiency.?®® Plasma generated in electrical discharge already
afforded some promising results in environmental applications working at atmospheric
pressure and nearby room temperature. Aqueous discharge plasma technologies and their
applications for water decontamination have achieved many valuable results during the past 30
years, and some papers and books have comprehensively reviewed and discussed the
development of aqueous plasma chemistry, electric discharge mechanisms and water treatment
applications. Furthermore, since plasma chemical processes are rather unselective their
association with catalysis may generate an improved selectivity for the total oxidation.?®’

Plasma has been associated with both homogeneous and heterogeneous catalysis.?*
Homogeneous catalysis is limited to reactions involving cations of transition metal elements
(Fe™, Mn"™, Co™, etc.) and the Fenton reaction as well.?® Except for the TiO2 which was the
most often plasma catalyst the rest are mainly oxides of the same transition metal elements
utilized in homogeneous catalysis coupled plasma.3%®3% Immobilized catalysts have been

reported as well 2%

3.2.3. Catalytic treatment of water under the plasma exposure

DBD-plasma catalytic systems for wastewater treatment

The DBD configuration allows a suitable positioning of the catalyst very close to the
discharge zone.>® In this way, the interaction between the electric field and the catalyst surface
is enhanced, and the interaction between the UV rays generated by the plasma and its oxidizing
species with those generated by the catalyst generates a synergy. However, such a configuration
is less suitable for a powder catalyst but is proper for a structured catalyst. It also gives the
possibility of an easy catalyst separation at the end of the treatment.3%°

High voltage electrical discharges in and in contact with liquids involve combinations of
AOPs and produce high-energy electrons, UV light, and shock waves. The electrons produced
by electrical discharge are highly energetic with a typical mean energy of 1-10 eV, which can
collide with background molecules and induce secondary reactions to generate other reactive
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species, such as those presented in Figure 31. However, different types of discharge exhibit
different characteristics in terms of both the nature of the reactive species and extent of water

purification. For example, H>O> can be formed in water via either DBD or microwave plasma
jetS.301-302

Degradation of plasticizers from water

Electric discharge plasma can efficiently degrade aqueous pollutants by its in-situ
generated strong oxidative species (HOe, O¢, H20,, O3, etc.) and other physicochemical effects
(UV irradiation, shockwaves, local high temperature, etc.), but a high energy consumption
limits its application in water treatment.?’® The contribution of the catalysts in such processes
is related to their capability to activate molecular species such as Oz and H,O,. Thus, the
combination of the participation of the radical oxidative mechanism with that of the catalyst
activated species should enhance the total oxidation process.

The spectral emission intensities of the reactive species generated by plasma are stronger
in water compared to air.2”® However, under flow conditions this intensity decreases along with
the flow speed. Also, the reaction kinetics was found to be diffusion-controlled when the
solution flow speed was low and activation-controlled under high solution flow speed. This is
obviously translated in an enhanced degradation efficiency with increasing flow speed, which
increased the discharge voltage and temperature of the solution and changed the initial pH
value.

Such a behavior may associate to a photocatalytic process as it has been demonstrated for
the degradation of phenols and p-nitrophenols generated from petrochemicals, resins,
papermaking, plastics, synthetic fibers, oil refineries, coking plants, medical industries, and
many other industries.?’®> The bandgap value of anatase TiOz, around 3.2 eV, enables the
activation of the catalyst through irradiation produced by plasma. However, such a combination
of plasma with the TiO; catalyst does not produce a complete, but only an advanced oxidation
of the phenols. High phenol removal yields by electrical discharge were reported in
combination with a less acidic catalyst such as FeZSM-5.3%% The addition of NHsZSM-5 and
HY zeolites afforded only a very small increase in the phenol removal respect to Fe-exchanged
zeolite. For FeZSMD5, the phenol removal yield was almost doubled.

Degradation of bisphenol A in water has been carried out on rGO-WQO3 nanocomposite
with superior results respect to sole DBD as well as to DBD/WO3 systems, as demonstrated by

the degradation rate constant.3%* Also, the measurement of the evolution of the Oz and the H,0-
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concentrations in the reaction system proved the catalytic behavior of rGO-WOs3 for the HO«
formation, while its combination with GO led to a positive enhancement of the catalytic effect
(Figure 37).

‘OH, O3, H,0,, other ROS

s

CO,, H,0

Figure 37. Catalysis and degradation procedure of the BPA in the DBDP/rGO-WOs system Reproduced
with permission from ref %, Copyright 2021 Elsevier.

Decontamination of waters polluted with pharmaceuticals by plasma coupled with catalysis
Trans-ferulic acid is an important part of y-oryzanol utilized as ingredient in various
medicines, and one of the main organic component of olive oil mill wastewaters. The
degradation of this compound in water was reported using DBD plasma coupled with a CoOOH
catalyst where the synergistic effect of plasma and catalyst has been attributed to the catalytic
conversion of plasma-produced Os and H20> into OH on the active sites of CoOOH surface,
i.e. Lewis acid sites offered by the lattice.3®®Figure 38 illustrates routes and reactions involved

in the catalytic process.
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Figure 38. Routes involved in the plasma coupled catalytic degradation of Trans -ferulic acid.
Reproduced with permission from ref 3. Copyright 2019 Elsevier.

Methylene blue, also known as methylthioninium chloride, and "the first fully synthetic
drug used in medicine".3% is a medication and dye.>"" It is also extensively used as synthetic
dye in various industries such as textile, paper and plastics to impart aesthetic color to the
materials. The effluents of these industries generate wastewaters representing a dramatic source
of non-aesthetic pollution, eutrophication and perturbations in the aquatic life.3® Due to these
negative effects, methylene blue has been often considered as a probe molecule for the plasma-
catalysis degradation experiments. Its degradation by plasma-coupled catalysis using Cu, W or
Fe electrodes as source of the corresponding metal nanoparticles has been proposed to occur
via both homogeneous (release of dissolved metal ions) and heterogeneous (on the surface of
the particles) catalytic processes.3®® Both are associated with either the production of radical

OH-according to equation (61) or the steps illustrated in Figure 38.

H202 + Cu™ + H* — HO- + Cu?* + H,0 (61)

By association with the radicals generated during the decomposition of the species
generated by plasma, the degradation of pharmaceuticals in water has also been investigated
using heterogeneous photocatalysts like TiO2 derived materials. Thus, the removal of
triclocarban (TCC, an antimicrobial and antifungal compound) in aqueous solution has been

reported using DBD plasma combined with TiO-coated activated carbon fibers (TiO2/ACFs)
catalysts at atmospheric pressure and room temperature.®®® Equation (62) indicates that TiO2

and ACF can decompose ozone and the resultant O« radical would contribute to an advanced
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removal process of organic pollutants through the production of «OH radicals (Figure 39).
Further addition of gold enhances the rate of the processes, however, with a still incomplete

mineralization.31°

O3 + TiO; (TiO2/ACFs) — O¢ + H20 — 2 HO- (62)

The role of ACF has also been confirmed from its combination with AgsPOjs in the
degradation of quinolone antibiotic levofloxacin in water. The synergetic effect induced by the

addition of AgsPO4/ACFs led to a four times increase of the mineralization rate.3!
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Figure 39. The proposed degradation pathway of TCC in DBD/TiO2/ACFs system. Reproduced with
permission from ref 3. Copyright 2016 Elsevier.

High degradation effects on penicillin antibiotics (ampicillin and amoxicillin) were also
reported upon DBD plasma exposure,®'? while further enhancement was achieved by the
addition of a homogeneous catalyst (salts of Fe?*, Co?*, Mn?*, or H20;, etc.). The same effect
was observed in the case of another penicillin (norfloxacin) or methylene blue.3*-3“Other
complex molecules as nicotine ((S)-3-(1-methylpyrrolidin-2-yl)pyridine (Ci0H14N2)), an

agonist at most nicotinic acetylcholine receptors, or ibuprofen ((N-[2-cyclohexyloxy-4-
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nitrophenyl] methanesulfonamide)), an analgesic and anti-inflammatory drug, were as well

partially degraded in similar conditions (Figure 40).315316
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Figure 40. Proposed mechanism for the ibuprofen and nicotine degradation in the DBD reactor.

Reproduced with permission from refs 31° and 3¢, Copyright 2018 10P Publishing and 2015 Elsevier.

These results confirmed the importance of soluble metal species in the process. Other more
reactive additives such as CaOz, acting as promoter, were also found to enhance the degradation

rate compared to H202.3Y" In all these cases, the homogeneous cation catalyst promotes a
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Fenton reaction with the plasma-generated H»O., thus enhancing the aqueous HO-
concentration.

Heterogeneous catalysts containing the same active species, i.e. supported iron and
manganese oxides on granular activated carbon, showed similar performance under DBD
plasma for the degradation of oxytetracycline in water.?8 Compared to individual oxides it has
been concluded that the supported oxides could better catalyze the Oz decomposition into active
HO-, HO2+ and O? radicals responsible for the enhanced degradation of oxytetracycline, even
though the oxidation is leading to a mixture of degradation compounds in the final treated
water.

In-situ decomposition of ozone produced in plasma with the formation of atomic oxygen
may also be achieved taking a metal oxide catalyst. This has been confirmed with CeOo,
Fe203/Ce0», and ZrO,/CeO- for the degradation of sulfamethoxazole, an antibiotic for bacterial
infections,®!® and of phenol, and associated to the presence of the oxygen vacancies.'® The
acid/base properties of the support exert only a limited effect, the main role being assumed to
the supported cation. As a confirmation, the mineralization of paracetamol in water via a
plasma-catalyst coupling process using a neutral glass fiber supported Fe®* catalyst led to a
mineralization rate of 54% for a full conversion of paracetamol.®® The synergetic effects of
the plasma-catalysis combination improved the energy yield by a factor of two.

Graphene-Fe304 nanocomposites fit even better for such applications. Their introduction
into discharge plasma system, which made full use of the light and H20- to induce a photo-
Fenton reaction, would promote the formation of -OH. Meanwhile, the magnetism endowed by
catalyst allows an easy separation from the aqueous solution and avoids secondary pollution
caused by the catalyst. Figure 40 shows the concentration of reactive HO- in three different
configurations: plasma, plasma and FesOs and plasma reduced graphene-Fes04.%2! In
accordance to this behavior, the degradation efficiency of ofloxacin, an antibiotic whose
presence in aquatic environment causes renal dysfunction, allergic reaction and central
symptoms, is increased from 65 to 99.9 %.

Fe(0) has also been reported as effective in the plasma-catalytic degradation of
pharmaceutical wastes.®?? The results with a nano- zero-valent Fe®-CeO. nanocomposite
catalyst in the degradation of diclofenac (a nonsteroidal anti-inflammatory drug used to treat
pain and inflammatory diseases) showed that it significantly enhanced the removal of this
pharmaceutical, with a synergistic factor DBD/catalyst of 3.7 and a great reusability. It
significantly promotes the generation of reactive oxygen species in the DBD system with both
O3z and H20,.
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The effect of the oxide crystal phase on the degradation activity of antibiotics in
wastewater was checked for a-MnO2, S-MnO; and »MnO; catalysts for ciprofloxacin.®*?
Higher levels of Mn** were observed for a-MnO; probably due to an enhanced population of
defects prone to interact with the species produced by plasma irradiation. The combination of
DBD with a-MnO2 showed the highest ciprofloxacin degradation efficiency (ca 93%) Besides

the crystal phase, the process is influenced by the peak voltage, air flow rate, concentration and
pH.
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-OH concentration (mmol/L)

0.05

0.00

Figure 41. Formation of -OH under various systems. Reproduced with permission from ref 32,
Copyright 2021 Elsevier.

Decontamination of waters polluted with pesticides

The degradation of thiamethoxam, a systemic insecticide from the neonicotinoids class,
was investigated by coupling plasma with a TiO, catalyst.®** The degradation process was
promoted by the addition of homogeneous Fe?" and Cu?* sulfates as catalysts due to an
additional production of radicals.®'* The mechanism is described in Figure 42.3%

The DBD degradation of pesticide nitenpyram has been investigated with both
homogeneous (FeSO4, Fe2(S04)3) and heterogeneous (MnO3) catalysts. The degradation tests
indicated that basic conditions (pH = 11, associated to the reaction of ozone with water
followed by decomposition of H,O2 to HO- at high pH values), homogeneous catalysts and
higher applied voltages favored the degradation of this pesticide.3” The reaction mechanism

is, however, doubtful, since at basic pH values *OOH are the preferred radicals formed from
H20,.
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Figure 42. (a) Degradation process of thiamethoxam; (b) Probable degradation pathway. Reproduced
with permission from ref 324, Copyright 2016 De Gruyter.

Decontamination of waters polluted with organic dyes from the textile industry
The degradation of the organic dyes has also been investigated by coupling plasma with
both heterogeneous and homogeneous catalysts. By association with photocatalysis, TiO>

powders have been also investigated as catalysts under plasma exposure. The use of TiO2 has
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the advantage of utilizing ultraviolet radiation in the discharge process with TiO, and the
capacity of the defects to interact with species produced under plasma.?’2 Thus, TiO2 improves
the overall energy efficiency and degradation performance. However, working with TiO>
powders generate operational difficulties. To avoid this, TiO, powders can be replaced by
titanium anodic electrodes. Taking a high voltage to generate plasma it may produce
dissolution of the cathode and the formation of TiO> particles onto the electrode. The presence
of these TiO> particles in the electrolyte increases the degradation of Rhodamine B dye through
a photocatalytic mechanism.3? Foils containing titanium and gold exhibit a superior effect than
Ti alone, while the coverage with Cu and Ta leads to less effective catalysts due to the fact that
oxide particles produced from the Cu or Ta electrodes during plasma discharge have no
photocatalytic performance.3?

Collective effects also resulted from combining a hetero-structured Ag/TiO>
nanocomposite catalyst with the Oz produced in an atmospheric pressure plasma jet generated
in a DBD system for the degradation of methyl orange. Accordingly, the Ag quantum dots
dispersed on a commercially available TiO, photocatalyst (Evonik P25) afforded a catalytic
advanced oxidation of methyl orange leading to a fast cleavage (over 90 % within 15 min).3%’

The discoloration and mineralization of “acid orange 7” azo dye was studied with a
structured catalyst consisting of Fe2Oz immobilized on glass spheres. Experiments carried out
in a DBD reactor led to a complete discoloration and even a mineralization of 80 % of the dye,
working with a voltage equal to 12 kV.3?® Tests with radical scavengers evidenced that the
species that contributes the most for the degradation of this dye was O, generated according
to the mechanism described in Fig. 43.

Fe-MOFs have also been investigated for the degradation of methyl orange in a DBD
plasma/Fenton-like system in which the electron (e”) photogenerated by plasma promotes the
Fe(1D/Fe(111) cycle.®?® The proposed reaction mechanism consisted mainly in a coordinated
oxidation process of hydroxyl radicals (HO<), photo-generated holes (h*) and superoxide
radicals («O27). In addition, these Fe-MOFs showed stability and reusability in several
consecutive degradation processes.

The degradation via homogeneous catalysts has been demonstrated for 4-chlorophenol, a
precursor of the quinizarin dye, in a rather expensive and less applicable system consisting in
hydrogen peroxide and Fe?* with a significant decrease in the toxicity.3*° A significant

enhanced rate of crystal violet degradation has been reported as well 33!
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The presence of iron catalyzes the decomposing of H20> in Fenton-type reactions and provides

an additional source of «OH radicals according to equation (63).

Fe2* + H20; — HO« + OH" + Fe®* (63)

Degradation of surfactants from fresh waters

Dielectric barrier discharge under atmospheric pressure associated to heterogeneous
catalysts has also been considered for the decomposition of sulfonol (alkylphenylsulfonate,
C12H25CsHaSO3Na) and sodium lauryl sulfate (C12H2sS04Na) surfactants in water solution.>%?
Among the investigated catalysts (NiO, TiO2, Ag20 and NiO/TiOz) Ag.0O demonstrated the
best catalytic behavior. These catalysts caused not only changes in decomposition rates, but
also in the formation rates of intermediate and final degradation products, consisting in a

mixture of carboxylic acids, aldehydes, carbon dioxide and phenol.

Degradation of toxic pollutants from fresh waters
Microcystins are hepatotoxic cyclic heptapeptide toxins produced by cyanobacteria that

333 and their

affect the nerve system and liver in human body. These are found in freshwater.
degradation has been reported by combining plasma irradiation with Mn/Ti-doped carbon
xerogel catalysts, 3 i.e., solid materials able to activate species produced by plasma. As for the
other complex molecules the degradation is limited to compounds whose presence in water is

still not innocuous (Figure 43).
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Figure 43. Proposed degradation pathway of microcystins by water surface discharge with Mn/Ti-
doped carbon xerogel catalysts. Reproduced with permission from ref . Copyright 2015 Springer
Nature.

Decontamination of waters polluted with organic dyes under DC

Pulsed discharge plasma produced underwater is an attractive method to treat wasted water
based on some physical effects, such as an intense electric field at a tip of discharge plasma,
ultraviolet radiation, chemically radical formation and shockwave generation.3*® However, so
far the method has been merely considered for the degradation of the dyes and pharmaceuticals
from waters. The water treatment by bipolar pulsed discharge plasma brings some additional
advantages compared to cold plasma. Besides the chemical effects, physical effects such as the
optical radiation allows association with a photocatalyst such as TiO> nanoparticles. This
synergistic model has been demonstrated for the degradation of an Indigo Carmine dye in
aqueous solution.®*® Multi-walled carbon nanotubes (MWCNT)-TiO; supported on y-Al,O3
composites were investigated in pulsed discharge plasma for the degradation of azo dye acid
orange Il with a total degradation (but not mineralization).®*” The activation of oxygen in these
reactions was suggested to occur as a synergetic process through a photoinduced electron
absorption on titania and electron transfer on MWCNT (scheme 5).

H,0
MWCNTSs + (&) + Oz 2 05 + MWCNTs — «OH + MWCNTs

Scheme 5. The activation of oxygen under DC plasma catalytic conditions
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Homogeneous catalysis combined with pulsed electrical discharge plasma considered
ferrous ion as catalyst and methylene blue as a liquid phase hydroxyl radical scavenger. The
non-homogeneous nature of the plasma discharge favored the production of hydrogen peroxide
in the plasma-liquid interface over the chemical oxidation of the organic in the bulk liquid
phase, while post-plasma reactions with the Fenton catalyst led to a complete utilization of the
plasma-formed hydrogen peroxide.3®

The degradation of methylene blue by pulsed corona discharge has been investigated in
the presence of a FeCl, catalyst.?8? These experiments evidenced the role of the pH and the
concentration of H>O> generated in water during the plasma time. Post-plasma chemical
reactions of methylene blue and its degradation products with active species which persisted in
the aqueous solution were evidenced by their continuous decrease and by H20> concentration

as well after the discharge have been stopped.

Decontamination of waters polluted with pharmaceuticals under DC

DC catalytic systems was as well considered for the degradation of pharmaceutical
compounds.3® Tetracycline has been degraded in the presence of suspended nanoparticles of
flake-like BioMo0Os catalyst, but merely without the disruption of the condensed cycles (Figure
44).
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Figure 44. (A) Catalytic involvement of the BinMoQOg catalyst and (B) the proposed degradation
pathway of tetracycline under corona discharge plasma. Adapted from ref. 3*°. Copyright 2014 Wiley.

Degradation in water of flumequine, a synthetic fluoroquinolone antibiotic used to treat
bacterial infections, has been investigated by coupling pulsed discharge plasma with reduced
graphene oxide (rGO)/TiO2 nanocomposites. Compared with the individual rGO and TiO.,

their association provided a synergetic behavior affording an increased consumption of Oz with
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the production of additional «OH radicals, thus accelerating the degradation of the antibiotic.
Mineralization of the antibiotic into CO2 and H2O is, however, only partial. Besides, the effect
of the catalyst dosage, plasma (peak voltage, air flow rate) and chemical (solution pH)
parameters are important factors controlling the process efficiency.34

341 or WO3 were

Other nanocomposites comprised of reduced graphene oxides and Fe3O4
investigated for the degradation of ofloxacin and enrofloxacin by pulsed discharge plasma. The
degradation of these therapeutic drugs followed the same mechanism as for the (rGO)/TiO>
nanocomposites, and due to the complexity of the targeted molecules, took place only with a

rather small mineralization degree (Figure 45).342

Ground electrode

Plasma

HCOOH

CH3COOH
HCOOCOOH

HV electrode

Figure 45. Schematic illustration of ofloxacin degradation mechanism by discharge plasma coupled
with rGO-Fe;0.. Adapted from refs 2! and 2. Copyright 2021 and 2019 Elsevier.

Composites of different oxides as TiO2/WOz were as well associated to pulsed discharge

plasma to increase the degradation of chloramphenicol.3*® As in the previous examples, the
composites accelerated the interfacial charge transfer process leading to *OH, Os, Oz, h* and

high-energy electrons that contributed to the degradation process (Figure 46). Cycling
degradation experiments confirmed a good reusability as well as stability of the TiO2/WO3

composite.
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Figure 46. Proposed pathway of chloramphenicol degradation in pulsed discharge plasma TiO2/WOs
system and schematic illustration of the degradation mechanism. Adapted from ref 34, Copyright 2019
Elsevier.

GDP catalytic systems for waste water treatment

GDP has been considered for the degradation of phthalates, i.e. compounds integrated in
the plasticizers group, in an aqueous solution, by association with pyrite as a heterogeneous
iron source in the Fenton catalytic reaction.?®* Phthalate derivatives as 4-hydroxyphthalic acid,
4-methylphthalic acid and 4-tert-butylphthalic anhydride were degraded in this way with
efficiencies over 99% in a rather short range of time. The degradation is sustained by the

continuous formation of *OH and the inhibition of the quenching reaction in the pyrite Fenton

system due to the constant dissolution of Fe(ll). However, the increasing concentration of SO4%

anions in water according to reaction steps (64)-(67) is not beneficial.

2FeSz + 702 + 2H20 — 2Fe?* + 4S04% + 4H* (64)
2FeSz + 15H202 — 2Fe® + 45042 + 2H* + 14H,0 (65)
2FeSz + 14Fe® + 8H,0 — 15Fe?* + 2S04 + 16H" (66)
Fe?* + H,02 — Fe** + OH+ HO» (67)

GADP catalytic systems for the water treatment of surfactants and dyes

The degradation of perfluorinated non-ionic surfactant (Forafac) in the gliding arc in
humid air is accelerated by the presence of titanium dioxide powders as catalysts.3** The gliding
arc discharge in association to TiO2 enhanced the production of the OH" radicals. The use of
anatase and rutile led to different results and like in most photocatalytic processes, anatase was

more efficient.
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The degradation of a cocktail of azo and/or anthraquinonic dyes has also been studied by
non-thermal gliding arc coupled to titanium dioxide as photocatalyst. The process merely
consisted in decolorization of water that still contain residues of organic molecules and

chloride, sulphate and phosphate ions.3*

3.2.4. Plasma reactors for waste waters treatment

Technologies involving plasma discharges in water as advanced oxidation techniques
makes not any more necessary the addition of external reagents such as strong oxidants (O3 or
H20,, these being produced in-situ). This saving of chemicals makes plasma treatments very
attractive. However, application of such technologies in practice demands high energy yields
that largely depend on the reactor configuration and the operational conditions.3*® Further
combination of these technologies with catalysis requires the implementation of specific
plasma catalytic reactors for optimal decontamination of which design and operatory
conditions at an applicative level are not trivial.

The discharge in the treatment of liquid solutions is typically realized: 1) above the liquid
surface, ii) direct in liquid, and iii) in bubbles/vapor in liquid.>*” As commented above, these
discharges produce specific radical species with high oxidative potential such as hydroxyl

groups, singlet oxygen (Scheme 6).

H,O+e—>HO++H*+ ¢ (68) H20zte3g—>HO*+OH" (76)
H,O+e— H,O* + 2e (69) H.O,+H*—>H,0+HO- 77
Ho0+H,0*—Hz0*+ *OH (70)  H20; + 03— HO;* + Oz + HO»
78

H,O+e—>H,0*+e (71) (7%)

*0O+H,0—2HO- (79)
Ho0+H;0* — H,0 + HO- + H®
(72) *0+0,—> 03 (80)
H0+H,0% — H,0 +°0 + Hy (73)  HO++0s — HO;"+ O (81)
H,0+H,O0*— H,0 +°O + 2H* (74) O;+H"+ O3 » HO3* + O, (82)
2H,0—H0; + H; (75) HO3*—>HO++ O, (83)

Scheme 6. Radical species produced under plasma catalytic treatment of wastewaters

Each type of discharge requires specific reactors 2%:348-3%°_plasma catalytic bubble column

reactor is a potential solution for such applications. Experiments carried out with red azo dye
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azophloxine in the presence of the CeO- catalysts indicate a multistep process with intermediate
byproducts that cannot completely be mineralized. Noteworthy, the performance and durability
of CeO, were further improved via plasma preactivation.®* Using a DBD reactor bubbled with
zeroair (i.e. less than 0.1 ppm of hydrocarbon impurities) allows an advanced oxidation process
(reported for the mineralization of model pesticides and dye pollutants) from aqueous medium
with a good control of the effect of various parameters like applied voltage, gas flow rates,
concentrations of waste, or addition of the catalyst.>3:31

Versatile possibilities to enhance the degradation of the wastes in water are also provided
by a loop reactor. It allows water recirculation between the plasma reactor and the reservoir by
a pump. The gas discharge can be operated either in a continuous or in a pulsed mode and the
time exposure depends on both the discharge voltage and recycle number.%2

The association of plasma with catalysis offers indeed a powerful tool for the
purification/decontamination of wastewaters containing organic compounds/biomolecules.
However, even though some progress has been reported, technical difficulties still exist for the
successful application at industrial scale. In most of the cases, the mineralization of complex
molecules as pharmaceuticals, pesticides or insecticides is not complete and the reaction
intermediates are not innocuous. In addition, the presence of a persistent homogeneous catalyst
in water is not desirable and the cost for additives like CaO: is too high for a current application.

Also, very important, such procedures cannot be applied to waters where such compounds
and their metabolized products can cause damage to the aquatic ecosystem, such lakes or rivers.
Especially wastes from hospitals, but also from textile industry, domestic utilization and hotels
(mainly care products) or agriculture, are difficult to be treated in this way. For the first types
there is still possible to collect these in pools where a combined treatment by plasma and
catalysis could be considered. However, some of the untransformed intermediates are even
more dangerous than the initial ones and in these cases other strategies have to be adopted for
the degradation/mineralization. For the wastes produced from agriculture (insecticides,
pesticides, etc.) such a treatment is still not feasible if catalysts cannot be separated from treated
waters.

Also important, the dominant species generated by plasma (O3, and H20), but also <O or
HO- radicals, may affect the long-term activity and stability of utilized catalyst and operation

time is also an important factor to be controlled.

3.3. Biocatalytic remediation of water
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Bioremediation is an alternative to traditional physical and chemical remediation
technologies. Biocatalysts refer to enzymes produced by microorganisms found in nature,
where they may already be doing what is also desired for a specific application.
Microorganisms may produce a very broad structural diversity of enzymes with very
diverse activity and selectivity. Thus, these enzymes offer a huge potential that may allow
an advanced degradation of both inorganic and organic compounds.

Many biological methods have been applied to the remediation of sediments thereby
decreasing or eliminating environmental contamination present in water, wastewater, sludge,
soil, aquifer material, or gas streams 3533%4, Actually, these methods can be divided into in-situ
remediation including immobilization 353 burying **’, phytoremediation®® and amendment
359360 and ex-situ remediation including washing 333! electrochemical remediation %2,
ultrafiltration %2 and solvent extraction 4. In-situ bioremediation causes less dust dispersion

and hence better degradation of the contaminant. It can be enhanced via bio-augmentation (i.e.

by the introduction of more archaea or bacterial culturesto enhance the contaminant
degradation), bioventing (i.e. by stimulating the natural in-situ biodegradation of contaminants
by providing enough air or oxygen to existing microorganisms to sustain the microbial
activity), bio-sparging (i.e. anin-situ remediation technology that uses indigenous
microorganisms to biodegrade organic constituents in the saturated zone; in biosparging, air
(or oxygen) and nutrients (if needed) are directly injected into the saturated zone to increase
the biological activity of the indigenous microorganisms) 3%, Genetic and metabolic
engineering protocols have been recently proposed as well *¢%. These considered the use of
transcription-activators like effector nucleases, clustered regularly interspaced short
palindromic repeats, or zinc finger nucleases as major gene editing tools used.

All these methods are based on multiple metabolic pathways promoted by enzymes 3¢’
where the enzymatic systems are often compared with conventional chemical micro-
/nanomotors. In this respect, they are particularly attractive because their activity is associated
to the presence of pollutants denoted as biocompatible fuels, such as glucose, urea, glycerides,
and peptides, commonly found in waters that can be conveniently treated by bioremediation
368 In accordance enzymes have been utilized as such or designed with functional material
constituents to efficiently perform tasks related to water remediation, and environmental

monitoring.

3.3.1 Bioremediation of the metals
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Divalent and heavy metals play an important role in the aquatic ecological environment
369 Table 4 shows the allowed limits of these pollutants. With the development of modern
technology and the process of urbanization, heavy metal pollution in sediments has become a
serious problem. Heavy metals in sediments can accumulate through the food chain, and cause
great damage to the ecology because of their persistence, bioaccumulation and high toxicity.

Bacteria have been extensively investigated for the biomineralization of the metals 370372,
However, they have certain limitations in regard to biomineralization in terms of immobilizing
metals. Therefore a possible utilization of fungi has been as well emphasized 7334, Fungi have
higher tolerance to metals compared to bacteria and could serve as efficient candidates for the
sequestration of divalent ions and also to remove high valence and polyatomic ions that cannot
directly precipitate as carbonates *7°.

Table 4. Priority pollutants limits (according to Electronic Code of Federal Regulations and The
World Health Organization. Adapted from refs 36 and 377

Toxic Metals and Oxides Maximum concentration  Average concentration
(mg/L) (mg/L)

Antimony 20x10°®

Arsenic 11x10°3 8x107

Barium 2

Beryllium 1x10°3

Cadmium 5x107

Chromium 0.2 0.2

Copper 1.0 1.0

Iron 1.0 1.0

Lead 10x10°

Mercury 39x10°® 24x10°8

Nickel 228x10°

Selenium 23x10°° 12x10°3

Silver 0.1

Strontium 25

Thallium 2x107
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Zinc 1.0 1.0
Uranyl 3.5x10°®

Asbestos 7 millions fibers

The mechanism of the bioremediation of the metals also depends on their nature. The
metals in the (11) oxidation state are mainly precipitated by the released CO2, while high valent
metals as Cr(V1) or Se (1V) are bioremediated through the reduction to an inferior oxidation
state as Cr(I11) or Se(0) 37838 and low valent pollutants such as As(lI1) via oxidation of to less
toxic species as As(V) 3132, The bioremediation of mixtures of high valent reducible cations
and low valent oxidizable cations may occur simultaneously. Thus, Cr(lll) can easily
precipitate to Cr(lll)-hydroxide at higher pH in the presence of coagulants such as FeCls
followed by conversion of soluble As species into insoluble products 3%,

3.3.1.1. Microbially induced carbonate precipitation

Microbially induced carbonate precipitation (MICP) is a bio-mediated approach to treat
contaminated media, including water and soil, with potential applications in civil and
environmental engineering. Although MICP is not only an ureolytically driven process, it can
lead to calcite precipitation by microbial enzymes, which catalyzes the hydrolysis of urea to
increase the pH, resulting in greater mineral saturation with respect to calcium carbonates 384,
Thus, MICP is initiated through i) ureases catalyzed reactions 338 i) carbonic anhydrase
catalyzed reactions 37 and iii) other enzymes catalyzed reactions.

Bioremediation through ureases catalyzed reactions
Ureases constitute a large family of amido-hydrolases and phosphor-triesterases with

homologous sharing more than 50 percent sequence identity 3. They are found in certain

plants, in numerous bacteria, fungi, algae, and some invertebrates, as well as in soils, as a soil

enzyme 3°. Urease, the first crystallized enzyme 3%, is an assembly of protein metallocenters
that catalyzes the hydrolysis of urea to form ammonia and carbonic acid. It is a nickel-
containing metallo-enzyme of high molecular weight of which structure corresponds to a
tightly associated trimer of (afy)-units in a triangular arrangement with extensive contacts
(Figure 47). Nickel ions exist in two different coordinations i.e. i) Ni-1 coordinated by three
ligands (with low occupancy of a fourth ligand) and ii) Ni-2 coordinated by five ligands 3

This structure is compatible with a catalytic mechanism whereby urea ligates Ni-1 to complete
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its tetrahedral coordination and a hydroxide ligand of Ni-2 attacks the carbonyl carbon. A
carbamylated lysine provides an oxygen ligand to each nickel, explaining why carbon dioxide
is required for the activation of urease apo-enzyme 39, In the proposed mechanism urea is
hydrolyzed into NHs"and CO2 by urease secreted by the ureolytic bacteria leading to a release
of COs? causing the precipitation of a large family of cations such as Ca?*, Ba?* and radio-
nucleide contaminants such as Sr?* 3% or mixtures of these like Sr** and UO,?* 3% and a rise of
pH from 7.5 to 9.1. MICP is also effective to heavy elements such as Cd?*, Pb?*, Ni?*, Co?*,
Cu?, Zn?*, etc. %% Carbonate mineralization by bacteria also affords the production of
biomimetic materials with specific structural properties including unique size, crystallinity,

39 and specific porous properties “%.

isotopic and trace element compositions

This mechanism was also confirmed by X-ray absorption spectroscopic analysis (EXAFS)
401 " In vivo assembly of the metallo-center in K. aerogenes *® involves the participation of four
accessory gene products, among which one has been postulated to function as a molecular
chaperone that stabilizes a urease apo-protein conformation that is competent for nickel
incorporation, and a second serves as a nickel donor for urease activation on the basis of its
ability to bind approximately six nickel ions per dimer with rather high specificity. Although

mandatory, the role of the other two genes is less defined.

Cp Mo

cDeomain 2 cDomain 2

Cy

oDomain 1 cDomain 1

Figure 47. The structures of the urease (af)s trimer and the (efy)s-unit. (A) A ribbon diagram of the
(aBy)s trimer of urease, as viewed down the crystallographic threefold axis with one (a.y)-unit in violet,
one in white, and the third colored according to the individual subunits: « (red), £ (orange), and y
(yellow). The nickel ions at each active site are shown as cyan spheres. The overall shape of the trimer
is triangular with approximate dimensions of 110 by 110 by 80 A. The nickel centers are located
approximately 50 A from one another in the o subunits of each (a8y)-unit. (B) A stereo ribbon diagram
highlighting the secondary structural elements in the three subunits, « (red), Z (orange), and y (yellow)
of urease. This (afy)-unit was chosen such that the proximity of the termini corresponds with equivalent
residues in the one subunit urease from jack bean. The nickel ions (cyan) are located at the carboxyl
termini of the strands in the (afs barrel of the « subunit. Reproduced with permission from 31,
Copyright 1995 American Association for the Advancement of Science.
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The presence of toxic cations such as Pb has only a marginal effect on bacterial growth
and associated urease activity at its typical concentrations in water. Even more, the calcium
source and initial bacteria concentration were found to remarkably influence Pb immobilization
efficiency in terms of Pb removal percentage 3%. Supplementary geochemical simulation
results indicate that the Pb immobilization mechanisms include abiotic precipitation, biotic
precipitation and bio-sorption 3%,

The precipitation of carbonates is governed by a series of parameters such as the calcium
and M (HMs) concentration, dissolved concentration of carbon dioxides, pH, and the presence
of nucleation sites %2, Studies working with bacterial cells have been shown that they can
function as well as nucleation sites, carbonates being deposited onto the bacterial cell surfaces
403-404.

Subsurface ureolysis rates can be accelerated through a combination of relative
contributions of biomass and mineral precipitation. In this respect, the addition of dilute
molasses has been demonstrated to promote the overall microbial growth with several orders
of magnitude. The addition of cysteine to the medium also significantly improved bacterial
Cr(VI) reduction rate 4%, As such an effect, the estimated ureolysis rates in recovered ground
waters may increase with at least two orders of magnitude %%, The ammonium concentration

can be easily quantified from the following equations (84)-(87). At time t it is given by:

[NH4*Jtotar = 2[urea]o(1-e™) + [NH4*]o"® (84)

where [NH4*]0™® is the total ammonium concentration at time 0. In the subsurface, ammonium
can exchange with cations on the aquifer matrix and only a fraction of the total ammonium

remains in solution:

fag = [NHsJ/[NHs7% = [NH4/([INH2T] + [NH2 TP NH4T% = [NH4*)/fag
(85)

where fyq is the fraction of ammonium that remains in solution. In subsurface media, the fraction

of a sorbing constituent that remains in solution is related to the retardation factor Ry by 4°°:

Rf =1/ faq (86)
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that allows to calculate the concentration of ammonium as following 4°:

[NH4*] = 2[urea]o(1- e*)/Rs (87)

Differently to the divalent cations, high valent cations as Cr(VI) are sequestrated as
coatings of segments of mycelia representing a quite complex calcium chromium oxide
carbonate (Ca1oCrsO24(CO3)) species *74. However, compared to the divalent cations for which
the decrease of the concentration of soluble cations is almost total for high valent cations as
Cr(VI), the percentage of removal is only below 65%. Considering the need for calcium sources
in the bioremediation process of waters containing such high valent cations it was suggested
that the combination with ureolytic bacteria may have a better immobilization effect in soil 34,
Due to this enzymatic reaction, soil pH increases and carbonate is more effectively produced
396.

A mechanism for the removal of Cr (VI) in the presence of cultured bacteria is described
in Figure 48 “%7. The contaminant firstly binds to the surface via reversible or irreversible
interactions (an extracellular mechanism). This is followed by an active transport to engulf the
surface bound moieties (i.e. an intracellular mechanism). The bacterial cell wall is primarily
composed of peptidoglycan, teichoic acid (a polymer of glycopyranosyl glycerol phosphate)
and teichuronic acid (in which the phosphate functional groups are replaced with carboxyl
groups). These surface groups act as charge carriers for the surface adsorption and sites for
cellular ingestion. The other charge carrying species are the phosphates, esters, phenols and
metals. Thus, Fe3O4 from the matrix or present in active surface channels can also reduce the
Cr(VI) to Cr (111) according to equation (88) that further can immobilize the cell surface 4%’

8H" + Cr.07%* + 6Fe30s — 2Cr** + 9Fe,03 + 4H,0 (88)
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Figure 48. Schematic diagram showing the proposed extracellular and intracellular mechanisms for the
degradation and stabilization of Cr(VI) and tartaric acid (TA) in bacterial environment. Reproduced
with permission from #%. Copyright 2021 Elsevier.

Apart from electrostatic interactions, other means of extracellular degradation of Cr(V1)
emerges in bacterial cultures. ChrR-chromate reductase is a soluble flavin mononucleotide-
binding and NADH-dependent reductase enzyme that can reduce Cr(VI) to Cr(l11) (Figure 48)
(and references inside) %”. During the Cr(\V1) reduction, reactive oxygen species are generated
which can cause oxidative damage to the cells. ChrR enzyme has a quinone reductase activity
during Cr reduction which can neutralize the generated reactive oxygen species 4%8-4%°_ Other
component molecules such as ATP, NAD(P)H and FMN may also reduce the Cr (VI).
However, this cannot protect the bacteria from the oxidative damage °’.

Some reports have also indicated that precipitates produced from acid mine drainage, as a
major source of heavy metal contamination, could be transformed into a catalyst for heavy
metal remediation through diverse microbial interactions #°. The produced catalysts can be
effective in the remediation of other heavy metals as well leading to a double remedial effect:
i) the combination of environmental catalysts resulted from an environmental waste with ii)
the remediation of the contaminated groundwater. The concept proved the efficiency for Cr(V1)
reducing/immobilizing capacity 4°.

Literature reported various strains for an efficient remediation of calcium (Bacteria
Bacillus pasteurei, Bacillus subtilis, Bacillus safensis °, Sporosarcina pasteurii, Terrabacter
tumescens 3%, etc.), reducing of Cr(VI) , (Bacillus cereus SJ1 38, Lysinibacillus fusiformis
ZC1 3, Rhizopus sp. LG04 *!* and Alishewanella sp. WH16-1 38, etc.) and As(111)-oxidizing
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bacteria (Agrobacterium tumefaciens 5A and GW4 4243 Rhizobium sp. NT-26 *4,
Hydrogenophaga sp. NT-14 and H1 382415 Herminiimonas arsenicoxydans ULPAs1 %% and
Halomonas sp. HAL1 #!),

Bioremediation through carbonic anhydrase catalyzed reactions

Carbonic anhydrase together with ribulose-1,5-bisphosphate carboxylase/oxygenase (affording
the carbon fixation) are enzymes hosted by polyhedral protein shells of bacterial
microcompartments carboxysomes merely of the ccm, which appears to be limited to
cyanobacteria, and cso-types, which occurs in non-photosynthetic autotrophs and in some
cyanobacteria 417419, The active site of most carbonic anhydrases contains a zinc ion.

Shell carbonic anhydrase isolated from homogeneous carboxysome preparations from
various sources (such as Halothiobacillus neapolitanus, Citrobacter freundii, Bacillus
megaterium, Bacillus sp. and Bacillus simplex “?°, microalgal bacterial flocs containing
Desmodesmus sp., unidentified coccal microalgal sp., diatoms (Nitzchia sp.), and
cyanobacteria (Phormidium sp., Oscillatoria sp) #?*) demonstrated efficiency in bioremediation
of various metals. Further engineering of the cyanobacteria through transformation by genomic
homologous recombination with plasmid DNA vectors enhances the secretion of carbonic
anhydrases and, as consequence, their efficiency *?2.

Carbonic anhydrase may also catalyze the biomineralization in synergism with urease
showing efficiency for the bioremediation and bio-recovery of cations such as calcium, lead

and strontium 423,

Other enzymes catalyzing bioremediation of metals

Oil contamination by heavy metals in combination with elevated atmospheric CO; has
important effects on the rhizosphere microenvironment by influencing plant growth. With R.
pseudoacacia rhizosphere in the presence of cadmium and lead, free amino acids, or organic
acids showed that, in rhizosphere soils, the enzyme activity (i.e., dehydrogenase, invertase, or
[S-glucosidase) increased significantly relative to ambient COg; differently to these the L-
asparaginase activity decreased *?*. The behavior of the enzyme is thus correlated to the soil
matrix. Contrarily, the presence of phenolic acids inhibits the bioremediation of heavy metals.
L-Asparaginase enzymes catalyze the hydrolysis of L-asparagine to L-aspartate and ammonia,

thus favoring reactions requiring a base media 2.

3.2.1.2 Operational conditions
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The identification of the strategies affording better understanding of industrially,
environmentally, and economically applicable biomineralization routes is still challenging. For
ureolytic biomineralization leading to the formation of solid calcium carbonate, porous media
reactors emerged as more promising. This has been confirmed by real-time stereomicroscopy
observations carried out using quasi-2D porous media reactors constructed from polycarbonate

plates (Figure 49).

Figure 49. Single inlet (a) and (b) pulsed injection of calcium mineralization medium systems for the
biomineralization of divalent cations. Reproduced with permission from refs 3942, Copyright 2013
American Chemical Society and 2011 Cambridge University Press.

Following the distribution of calcite precipitates, the overall immobilization of dissolved
calcium, and the solubility of precipitates as a function of position demonstrated that single
inlet 4% and pulsed injection of calcium mineralization medium systems 3 led to some
differences. Mineralization and growth media following the pulsed strategy promoted CaCOs3
precipitation in a large extent while sustaining the ureolytic culture over the time (Figure 49).
The pulsed injection strategy precipitated 71-85% of calcium and 59% of strontium, while the

continuous injection was less efficient (61% precipitated and 56% calcium strontium.
3.3.1.3 Combined metal bioremediation approaches

Microbial fuel cells (MFCs) define bio-electrochemical devices that synergistically
combine electrochemical and microbial biocatalytic reactions and harness the power of
microorganisms as biocatalysts to convert organic substrates directly into electrical energy via
substrate oxidation 6427, This approach has been inspired by the early work of Potter reporting
electrical effects accompanying the decomposition of organic compounds and accounts to the
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excellent abilities of these microorganisms to produce electricity and remove pollutants
simultaneously 4%, The produced electrons promote the reduction/mineralization of the
polluting multivalent heavy cations (copper, hexavalent chromium, mercury, silver, thallium)
into harmless species “?°. Equation (10) presents the anodic reaction taking acetate as an
example of sacrificial species. The remediation of divalent and heavy metal-contaminated
environments may also occur via the precipitation with released CO,. Cathodic reduction of

selected heavy metals is exemplified by equations (89)-(95) #%°.

Anodic reaction:

CH3COO™ + 2H,0—>2C0;, + 7TH* + 8¢ (89)
Cathodic reduction:
Cra07% + 14H* + 6e—2Cr** + 7TH,0 E°=1.33V (90)
Cu** +2e™—Cu E°=0.337V (91)
2Cu?* + H0 + 2e"—Cup0 + 2H* E°=0.207V (92)
Cuz0 + 2"+ 2H*—2Cu + H0 E° = 0.059V (93)
2Hg?" + 2e*—Hg,?* E9=0.911V (94)
Hg2?* + 2e*—2Hg E°=0.796 V (95)

3.3.1.4 Bioremediation of metals through catalysis by supported enzymes and immobilized

bacteria

The immobilization of bacteria may enhance the microbial potential pretreatment for
bioremediation of heavy metals in wastewater as it has been demonstrated for Cr(VI1) and
As(111) 4%, However, the stability of these composites is limited and after a number of cycles
the cells might leach out. Indeed, immobilization of strains via embedding with sodium alginate
produced biobeads that exhibited a stable Cr(VI) reduction (91.8%) and As(Ill) oxidation
(29.6%) for around five continuous cycles of wastewater 4%,

The denitrification genes taking narG, nirK, nirS, nosZ as references and the activities of
their relevant enzymes (S-NiR, S-NR) were investigated in heavy-metals (Hg) polluted soils
with different remediation strategies. Their association with compost, biochar or their
combination generated a behavior specific to supported enzymes *°. As an important
parameter, the pH have a notably impact on their metabolism. Thus, the activity and stability

and also the dissociation state of these enzymes increase jointly. Also important, the abundance
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of the genes significantly changed under the Hg stress, indicating nirS gene was more sensitive

to Hg pollution than nosZ gene “3L,

3.3.2 Bioremediation of organic compounds

It is appreciated that approximately 60% of all industrial chemicals exhibit no specific
toxicity 432, However, where they are persistent and bio-accumulating, generate a hazard to the
environment by acting as baseline toxicants.

Organic compounds include a very large number of chemicals produced from various
segments of the chemical industry. These include the production of solvents, pharmaceuticals,
polymers and plastics, colorants, pesticides, personal care products, etc. Among these
pharmaceuticals, pesticides, and personal care products have a strong pollutant influence for
waters. Chemicals such as endocrine disrupting compounds can interfere with endocrine (or
hormonal) systems where their accumulation may cause cancerous tumors and other
developmental disorders. These compounds mimic or antagonize the effects of endogenous
hormones and consequently alter the synthesis and metabolism of natural hormones, or modify
hormone receptor levels, disrupting endocrine and reproductive functions, which ultimately
affect the health of humans and wildlife “%. Pharmaceuticals, dioxin and dioxin-like
compounds, polychlorinated biphenyls, pesticides, and plasticizers such as bisphenol A and
phthalates are other compounds that can produce such effects.

3.3.2.1 Bioremediation of antibiotics, antiviral, anticonvulsants and anti-inflammatory drugs

The prioritization of these wastes considers different criteria like sale, physico-chemical
properties, toxicity, degradability and resistant towards treatment “**. Drugs residue
characterization revealed their presence in effluents and soil well associated to different
therapeutic categories. This type of compounds covers the highest percentage in terms of
analgesics, anti-bacterial, and anti-infective, contrast media and minor as anti-epileptics, anti-
inflammatories, and S-blockers. The consumption of antibiotics and antivirals continued to
exceedingly increase and, as a consequence, they are enhancing the water and soil
contamination. Finally the uncomplete metabolism of these complex molecules results in
complicate matrices combining both unreacted organic molecules and metabolites **°. Over the
time rather high levels of antibiotic residuals were accumulated in wastewaters environments

that can be related to antibiotic resistance genes in bacteria as well. In addition to these,
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antibiotics residues excreted from agricultural activities, industrial and domestic wastes
contribute as well to the water and soil contamination 343, Further, the partial degradation in
the aquatic ecosystem and an inappropriate disposal induce the appearance of diverse antibiotic
resistant genes and bacteria, hence it is imperative to devise strategies to remediate/mitigate
spreading antibiotics to the environment.

Biodegradation of antibiotics and antivirals strongly depends on their chemical structure
and in most of the reported examples occurs with selectivities smaller than 80%. There are only
few recent examples in which the degradation reached or exceeded this level using
Chrysopogon zizanioides and Leptosphaerulina sp. 4343, Even more, the biodegradation of
these compounds results in a multitude of relative complex compounds of which further
decomposition is difficult 44°.

Sources of antibiotics and antivirals are multiple and include domestic, hospital and
pharmaceutical wastes. High metropolitan hospitals discharge every day more than 1400
different antibiotics/metabolites which, depending on the mass load of drugs, the geographic
location and the type of healthcare facility are in the range of about 1.5-310 g/day “**. Among
these, the penicillin (amoxicillin, ampicillin, bacampicillin, epicillin, metampicillin) is one of
the most important groups of antibiotics used in medicine and veterinary as a feed additive
representing more than 70 % of the antibiotics consumed in various countries %42,

For the moment, the wastewater treatment plants are generally not designed to remove
antibiotics from collected waste, and many of the currently proposed methods are unsafe for
environmental use *43. However, various bioremediation strategies are recognized as potent
removal solutions #4,

At this moment, the conventional methods including wastewater treatment plants are found
ineffective for the complete removal of the recalcitrant antibiotics “*. Antibiotic residues could
influence the biomass and activity of microbial, and induce generations of resistance genes in
the environment #°. At another level, ecotoxicity studies have demonstrated that
pharmaceutical pollutants could affect the growth, reproduction and behavior of birds, fishes,
invertebrates, plants and bacteria 4. Therefore, the bioremediation of wastewaters containing
antibiotics and antivirals deserves a special interest. Along a very large number of publications,
this topics constituted the subject of a series of reviews 443-444:447-451 ganalyzing the efficiency of
the specific biocatalysts by direct association with various microorganisms, type of the reactor,
processing conditions and selected strategies, etc.

The use of individual lipases or cellulases or an association of these enzymes can permit

the inactivation of antibiotics in wastewater effluents, thus preventing the pollution of the

116



environment “°2. Following such a pathway, antibiotics like tetracycline, chlortetracycline,
doxycycline or oxytetracycline have been degraded without adding any other chemicals by a
percentage of 16, 48, 34 and 14%, respectively, in a rather short range of time (4 h of reaction)
453 Working with peroxidases between 70% and 99% of tetracycline antibiotics can be
eliminated during a 4 h treatment 4°3-454,

Sulfamethoxazole is an antibiotic used for bacterial infections such as urinary tract
infections, bronchitis, and prostatitis and its presence in aquatic environments is another source
of health concern #°°. Bioremediation with the laccase activity of Pycnoporus sanguineus is
significantly inhibited by its presence occurring with a lower removal efficiency of
sulfamethoxazole. However, the association of this laccase with 2,20-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) produced a rather fast degradation of sulfamethoxazole,
but this sulfonic acid per se also rises a serious environmental issue. An efficient alternative is
the co-culture with Alcaligenes faecalis. Actually, the laccase production by the co-culture
effectively inhibited the accumulations of N-4-acetyl-sulfamethoxazole and N-hydroxy-
sulfamethoxazole and alleviated the cytotoxicity of sulfamethoxazole transformation products
also leading to a very small concentration of sulfamethoxazole in the treated water “°°.
Alcaligenes faecalis strains may also efficiently degrade vitamin B3 (Nicotinic acid) under
convenient conditions (1 g L™ within 3 days at 30 °C and pH=7.0) #*.

It is also important to notice that these wastes may produce important changes in the
structure of bacteria *°”. Trace amount of antibiotics (piperacillin and erythromycin) present in
a wastewater matrix led to a shift in the population of bacteria in favor of a sensitive subtype,
presumably on account of triggering protective biochemical processes in the resistant mutant,
conferring no selective advantage since the sensitive strain remains unaffected in this
concentration range. Such an impact on the population dynamics can be diminished by using
advanced oxidation treatments, considering that degradation products from the wastewater
matrix constituents (such as humic acid) might also have an effect *°’. Also, the presence of
trace amount of antibiotics makes the bacteria more sensitive towards the attack of free radicals
during an advanced oxidation treatment. Amoxicillin piperacillin and erythromycin can been
degraded by several bacteria (Figure 50) “°8. However, some bacteria such as Staphylococcus
aureus, Escherichia coli, Acinetobacter sp., Vibrio sp., Micrococcus sp., or Helicobacter pylori
are resistant to amoxicillin, and therefore offer a big challenge to remove antibiotics from the
environment. Studies carried out in the biodegradation of this antibiotic confirmed the

complexity of the process and a limited fragmentation process.
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Enzymatic biodegradation of antibiotics and antivirals by degrading enzymes produced by
microorganisms such as bacteria, fungi, algae and biocatalysts follows specific mechanisms
showing certain advantages and disadvantages in the efficient antibiotics removal. These
processes are controlled by temperature, pH, and complexity of the antibiotics and consist
mainly in the modification or hydrolysis of labile functional groups of the structure. Such
biodegradation pathways are usually predominant in wastewaters >°-460,

The biodegradation of antibiotics depends on various environmental parameters such as
temperature, pH, nitrogen and carbon sources, solid retention time, and microbial activity 461,
Recent progress in isolation of new bacteria opens new conditions in which the biodegradation
of antibiotics may proceed. Arthrobacter nicotianae OTC-16, as a novel tetracycline-degrading
bacterium, could degrade oxytetracycline/tetracycline into by-products with less toxicity to
bacteria and algae at ambient temperature, both in acidic and alkaline environments at

concentrations in the range of 25-150 mg L1462,
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Figure 50. A generalized degradation of amoxicillin along with its metabolites Reproduced with
permission from “°8, Copyright 2021 Elsevier.

In addition to antibiotics (tetracyclines) #63, peroxidases proved activity for removal of
anticonvulsant (carbamazepine) and inflammatory (diclofenac) drugs 44 although with a
limited degradation capability compared to laccases. Margot et al.*® indicated that 25% of

diclofenac and 95% of mefenamic acid could be depleted in 20 h with laccase from Trametes
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versicolor, whereas Lloret et al. 45, reported that laccase from Myceliophthora thermophila
could degrade up to 65% of the diclofenac, but was ineffective towards naproxen. The addition
of redox mediator such as 1-hydroxybenzotriazole (HBT) may even enhance the degradation
of such drugs almost doubling the rate 67. However, mass spectrometric analyses demonstrated
that two degradation products of carbamazepine, 10,11-dihydro-10,11-epoxycarbamazepine
and 9(10H)-acridone, were formed via repeated treatment with laccase and HBT.

To sum up, besides hormones and phenolic pollutants 48499 with equivalent results,
laccases and peroxidases can successfully remove antibiotics, antiviral, anticonvulsants and
anti-inflammatory drugs from wastewaters. Laccases seem more attractive, because they do
not need the addition of H2O> and are less affected by other organic pollutants in wastewater
470.

One of the advantages of such a bioremediation approach is that it may provide a dual
function as that of antibiotic elimination and CO; fixation simultaneously *’*. This has been
demonstrated in an algal treatment of two widely used antibiotics, cefradine and amoxicillin
for which a significant improvement in the removal efficiency of the antibiotics occurred when
CO2 was added into the treatment. Changes in the content of photosynthetic pigments and the
activities of ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO - an enzyme present
in plant chloroplasts, involved in the fixation atmospheric carbon dioxide during
photosynthesis) and carbonic anhydrase secreted by Psychrobacter species occurred as algal
responses to the treatment conditions.

3.3.2.2. Biodegradation of steroids

Estrogens are a category of sex hormone responsible for the development and regulation
of the female reproductive system and secondary sex characteristics. They have high
estrogenic potency as endocrine-disrupting compounds and, as consequence, its presence in the
environment may cause male reproductive dysfunction to wildlife 472, Estrogens correspond
mainly to four major endogenous structures: estrone, estradiol, estriol and estetrol ">, Besides
these four types, a range of synthetic and natural substances that possess estrogenic activity
have been also identified in the water environment. These are commonly referred as
xenoestrogens and include: i) synthetic substances such as bisphenol A and homologous, ii)

plant products with estrogenic activity called phytoestrogens containing natural organic
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compounds such as coumestrol, daidzein, genistein, miroestrol, etc., and iii) products of fungi
known as mycoestrogens and containing compounds as zearalenone 4?°,

The biodegradation of steroidal estrogens, including estrone, 175-estradiol and estriol, and
synthetic replica including 17a-ethinylestradiol and 3-methyl ether of ethinylestradiol mainly
focused on laccases. They showed, indeed, potential for inhibition of endocrine-disrupting
potency in the agqueous environment. Such family of enzymes contains copper atoms at a
trinuclear site and an ensemble of N-glycosylation and carbohydrate centres and disulfide
bridges with various forms and size of the substrate-binding pocket (Figure 51) 4’4, The
presence of copper in such a unique configuration induces a high oxidative behavior as shown
for 17p-estradiol. Thus, hormones can be degraded by anaerobic bacteria, but only to some
extent. Indeed, although endocrine disruptors, such as 17f-estradiol, could be converted to
estrone or 17a-estradiol, the decrease of the estrogenicity of the water can only suggest that
those compounds would accumulate in anoxic environments 7. Enzymatic oxidation by fungal
laccases was also considered a promising alternative for efficient and sustainable removal of
such organic pollutants in water. This includes laccases from the Pycnoporus sanguineus CS43
fungus 476

Etherification and the oxidative polymerization of phenolic fragments lead to heavier
molecules. These processes are favored by the catalytic contribution of the copper trinuclear
sites 477478, Thus, instead of total oxidation of these molecules, that is very hard or even not
possible, the transformation of the estrogenic compounds like 174-estradiol into insoluble
polymers appears as a more feasible route. Laccases like Coriolopsis gallica were able to do
partially this job with a significant reduction of its effects *7°,

Such reactions demand however relatively long reaction times. In addition to natural
estrogens, Carballa et al. reported an anaerobic transformation of estrogens and other
pharmaceuticals, like antibiotics and naproxen by these enzymes of musks “%°. Overall, most
of the studies focused on the bioenzymatic endocrine disruptors removal showed that the
transformation of these compounds is not entirely possible and more than 10% remains
untransformed even after a prolonged reaction time “%. Noteworthy, with less complicate
compounds such as bisphenol-A or triclosan such a polymerization treatment efficiently

eliminated the endocrine activity #7°.
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Figure 51. Three-dimensional structures of a) Melano-carpus albomyces laccase (MaL) and b)
Coprinus cinereus laccase (CcL). Carbohydrates are shown as gray sticks. Domain A (red) includes
residues that participate in the binding of coppers at the trinuclear site. Domain B (green) contains
residues that take part in the substrate binding. Domain C (blue) contains residues that participate in the
binding of coppers at the mononuclear and the trinuclear site, as well as in substrate binding. The
mononuclear site is located entirely in domain C, and the trinuclear site is located at the interface
between domains A and C. The diphenolic substrate-binding site is located in the cleft between domains
B and C. Reproduced with permission from ref 4’4, Copyright 2002 Springer Nature.

Oxidoreductase enzymes such as dehydrogenases extracted from a marine bacterium
Rhodococcus sp may as well degrade typical steroids such as estradiol or testosterone, 8! but
like for laccases this is not enough to ensure an effective bioremediation.

Aromatic ring-hydroxylating dioxygenases, also called Rieske dioxygenases, are
multicomponent systems comprised of an oxygenase component that catalyzes the aerobic
degradation of many aromatic compounds though the introduction of the hydroxyl groups on
the aromatic substrate and a reductase component (consisting of either one or two proteins) that
carries electrons from nicotinamide adenine dinucleotide (NADH) through a flavin adenine
dinucleotide (FAD) and an iron-sulfur Cyss[2Fe—2S] cluster cofactor to the oxygenase
CyszHisz[2Fe—2S]Fe?* component (Scheme 7 and Figure 52) “82. All these structural details

were well established through the exhaustive X-ray and EXAFS characterizations 43348,
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Scheme 7. Aerobic oxidation of aromatic compounds by Rieske dioxygenases. NAD(P)H is
an anionic hydrogen donor “%. Copyright 2002 Elsevier.

Besides the properties of the molecule proposed to be degraded, the efficiency of
biodegradation is determined by the factors influencing the microbial growth such as water

temperature, pH, oxygen, phosphorus, and nitrogen concentrations 486488,
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Phytosterols were as well identified as contributors to endocrine disruption in aquatic
species. Fish exposed to phytosterols have displayed altered sexual development, changes in
hormone production, decreased egg production and decreased spawning frequency #8%-49;
endocrine disruption has also been observed in some small mammals exposed to phytosterols
490 Several microorganisms have been reported for their ability to degrade3 phytosterols under
aerobic conditions, but except the very preliminary steps little is known about the
biotransformation pathways and nature/multitude of intermediate compounds. These
microorganisms  (Nocardia rhodocrous, Rhodococcus erythropolis, Mycobacterium
smegmatis, etc) mostly contain two types of enzymes: cholesterol oxidases, which use oxygen
as an electron acceptor, and cholesterol dehydrogenases/isomerases %1492, Because of their
structural similarity, phytosterols are expected to follow a pathway similar to cholesterol,
which has been studied in more detail. Thus, under aerobic conditions, cholesterol is first

oxidized to cholest-5-en-3-one, followed by isomerization to cholest-4-en-3-one (Figure 53)
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Figure 52. Possible routes of electron transfer (shown as dotted green lines) from NAD(P)H through
the flavin onwards to [2Fe—2S] center in (a) BenC, (b) oxidoreductase (PDOR), and (c) the ferredoxin
reductase complex from maize leaf. In all three structures, the distance between the C8M on the
isoalloxazine ring of the flavin and the closest iron atom is short enough for direct electron transfer.
Another possible pathway for electron transfer from the flavin to the [2Fe—2S] center is through the Cb
of one of the iron-ligating cysteine residues. The FAD in BenC and the ferredoxin reductase complex
from maize leaf has been truncated at the position connecting the two phosphorus atoms for clarity.
Reproduced with permission from ref “°. Copyright 2002 Elsevier.
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Figure 53. Bioremediation of cholesterol. Reproduced with permission from ref 4%, Copyright 2011
Wiley-VCH GMBH.

Peroxidases may also be effective for the degradation of steroids, but differently to
laccases, which catalyze the oxidation of phenolic constituents by the dissolved O2 as the
electron acceptor, they demand the addition of H,O> to initiate these reactions 484¢°. Under
proper conditions (optimal pH, temperature, H202 concentration, enzyme/substrate ratio, etc.)
these may also achieve 80 % or higher removal of natural and synthetic hormones from
synthetic waters in a short range of time #68-46%4% The presence of additional organic
compounds in wastewaters may generate lower degradation rates because of an inhibiting
effect on the enzyme activity or of a competition for H20, 4%

Engineering of such enzymes may enhance the performance of biocatalysts for
bioremediation. This has been well demonstrated for a laccase produced in the yeast, Pichia
pastoris, engineered by site-directed mutagenesis where the rate of the electron transfer from
the copper-containing active site of laccase has been increased .

3.3.2.3 Biodegradation of pesticides

Pesticides are substances that are meant to control pests. The term pesticide includes a
large group of chemicals such as herbicides (which may include chemicals to treat weeds and
other unwanted vegetation), fungicides (used to prevent the growth of molds and mildew),

insecticides (which may include insect growth regulators, termiticides, etc.), nematicide,
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molluscicide, piscicide, avicide, rodenticide, bactericide, insect repellent, animal repellent,
antimicrobial, and disinfectants for preventing the spread of bacteria, and compounds used to
control mice and rats. Ecological risk of such chemicals to aquatic-phase amphibians and fish
is high and directly related to their high diversity "%, The pesticide biodegradation can be
carried out under aerobic or anaerobic conditions 88,

Pesticides are monitored in water resources and treated waters and the hierarchization is
based on three criteria: i) use of parent molecule, ii) toxicity, and iii) environmental fate of
parent molecule **°. These criteria are divided in subcriteria and combined using a scoring
system to provide a final ranking of molecules. Thus, four subcriteria were proposed for
toxicity **°: (a) The carcinogenic, mutagenic, reprotoxic character of molecules and,
accordingly, the selected molecules were subclassified in categories 1A, 1B, or 2; (b) The
acceptable daily intake (refers to the amount of substance that may be ingested daily by the
consumer throughout his or her life, with no adverse effect on health. The lower this dose, the
more toxic the molecule; (c) The lethal dose (that corresponds to the quantity of an active
substance, administered at one time, which causes the death of 50% of a group of test animals)
and (d) The endocrine disrupting character, i.e. the capacity to alter the functions of the
endocrine system and thereby induces adverse effects on an intact organism. For environmental
fate criterion the proposed subcriteria for the pesticides classification % are (a) the log Kow
(octanol-water partition coefficient) that estimates the hydrophilic or lipophilic nature of a
substance. It gives an overall estimation of the distribution of a compound in the environment.
Low values reflect high affinity for water; (b) the organic carbon-water partition coefficient
(Koc) representing the retention potential of a substance on soil organic matter and estimates its
mobility; (c) the solubility in water. The mobility of a pesticide is related to its solubility (the
higher the solubility, the higher the score); (d) the half-life in soil (DT50soil) that expresses the
potential for degradation of a substance and its rate of degradation in soil. DT50 is the time
required for 50% of the mass of the substance to disappear from soil subsequently to
transformations. Fosetyl, mancozebe, malathion, azametiphos, benfuracarb, thiophanate-
methyl, thiodicarb and fenamiphos degrade very quickly (in less than one day) in soil; (e)
photolysis. The action of photolysis is evaluated by the degradation time of 50% of the active
substance; and (f) hydrolysis that is evaluated by the degradation time of 50% of the active
substance in water. Formothion is the compound that hydrolyses the fastest (= 4 h), while

furathiocarb and propham degrade very slowly (10,000 days or more).

Biodegradation of herbicides
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Worldwide herbicide use in agriculture, whilst safeguarding crop yields also presents
water quality issues. Typically, the concentrations of herbicides are larger in the stream of the
grassland catchment dominated by poorly drained soils than in the arable catchment dominated
by well-drained soils *%. Incidental losses of herbicides during time of application and low
flows in summer caused concentrations that exceeded the European Union drinking water
standard due to a lack of dilution. However, these are present in the stream throughout the year
while the total mass load is higher in winter flows, suggesting a persistence of primary chemical
residues in soil and sub-surface environments and restricted degradation.

Herbicides from the phenoxyalkane acid group including derivatives of phenoxyacetic
acid (4-chloro-2-methylphenoxyacetic, 2,4-dichlorophenoxyacetic and phenoxypropionic
acids derivatives (2,4-D) are the oldest yet still widely applied weed control agents 992, At
higher concentrations, phenoxy acids present in these compounds induce rapid and
uncontrolled growth of dicotyledonous plants, which leads to plant death. Initially also
associated with non-Hodgkin's lymphoma and other cancers, further in vivo and in vitro studies
of 2,4-D toxicity have produced equivocal results *°. These indicated that an increased
proliferation after low 2,4-D exposure may be of importance since proliferation is an important
contributor to malignant transformation. Additionally, there were indications that in the
presence of 2,4-D, biological responses to other chemicals may be changed resulting in an
increased level of mutational events, boasting of enzymatic and non-enzymatic activities and
regulation of mineral nutrients under stress conditions %%,

Microorganisms selected for the biodegradation process should contain microbial enzymes
able to tolerate the oxidative stresses caused by the herbicides themselves that can be achieved
merely via a complex system of enzymatic and non-enzymatic antioxidative stress systems.
Many of these response systems are not herbicide specific, but rather triggered by a variety of
substances and, collectively, these nonspecific response systems may enhance the survival and
fitness potential of microorganisms 5%,

Some herbicides contain a substituted aromatic ring linked with a carboxylic acid residue
via an ether bond (Table S2 in SI). Carbon-chlorine bonds and carbon-methyl group bonds in
the aromatic ring are important structural elements that influence the reactivity and lipophilicity
of phenoxy acids. Mecoprop and dichlorprop derivatives are chiral compounds consisting of
two isomeric molecules (S and R enantiomers) that differ in the spatial arrangement of atoms.
The R enantiomer is the only biologically active enantiomeric form of mecoprop and

dichlorprop °°.
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Phenoxy acid herbicide degradation is catalyzed by the tfdA gene classes belonging to -
and y-proteobacteria %%, These genes encode dioxygenases, i.e. the main enzymes that
participate in aerobic degradation of aromatic compounds. In the presence of dioxygenases,
2,4-dichlorophenoxyacetic acid is transformed to 2,4-dichlorophenol that is still a toxic
compound. Effective proteobacteria whose cells contain a low molecular weight nucleic acid
are adapted to oligotrophic waters concentrations and include Achromobacter, Pseudomonas,
Variovorax, Cupriavidus, Sphingomonas or Delftia species 1%,

Differently to 2,4-dichlorophenoxyacetic acid, the atrazine is a persistent pesticide
presenting very low degradation rates. Atrazine is the most common herbicide applied in crops
of economic relevance, such as sugar cane, soybean, and corn. Atrazine and its derivatives
including desethyl (DEA) and desisopropyl-atrazine (DIA) are toxic to the environment,
affecting animal and human health °1°. Strong leaching and long residue characteristics of
atrazine also caused pollution of groundwater °'! generating multiple toxic effects on fish,
algae, aquatic plants and mammals %2, In addition to an interference with the endocrine of
humans and animals, residual atrazine and its related metabolites also threaten the stability of

the ecosystem 5%3,

Herbicides from the Atrazine group

Atrazine is a group of systemic herbicides also called triazines. S-triazine herbicides have
been largely used to control broadleaf and grassy weeds in corn, sorghum, and sugarcane crops.
The enzymes responsible for the biodegradation of these compounds are those capable to
hydrolyze the C-N bond of aromatic structures. Thus, Leucobacter triazinivorans JW-1, a
prometryn-degrading bacterium, was found to rapidly degrade s-triazine herbicides. However,
these responsible enzymes have not been purified and characterized yet °*. The structural
architecture of such enzymes should resemble that of cytosine deaminase in class Il
amidohydrolase, with a single Zn?* coordinated by His and Asp that has been assumed to
function as a single acid-base catalyst. The activation of water for hydrolysis, as compared to
the other amidohydrolases, has not been demonstrated 54,

Enzymes such as hydrolases and peroxidases or cytochrome P450 enzymatic complex
present in various fungus and bacteria (Pleurotus ostreatus, Pseudomonas species,
Acinetobacter, Burkholderia, Methylobacterium, Rhodococcus, Sphingomonas, Streptomyces,
Variovorax or Williamsia) showed a rather high potential in the degradation process of the

atrazine group as well. These are as well naturally biodegraded by microbial communities such
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as Paenarthrobacter aurescens and their genome scale metabolic models 48515517 Mechanistic
studies on the cometabolic biodegradation of atrazine indicated that cytochrome P450
monooxygenases catalyze degradation of this herbicide through several hydroxy-,
dechlorinated or dealkylated metabolites. The obtained metabolomics data revealed that
atrazine induced oxidative stress and disruption of the carbon and nitrogen metabolism cause
an increase in the membrane fluidity and induce lipid peroxidation as well 58, Pseudomonas
aeruginosa secreting dehydrogenases and oxidase enzymes also presented activity for such
biodegradation %%°.

Arthrobacter species is another efficient bacterial strain for atrazine degradation at 30 °C
and slightly basic pH in the range 7.0-9.0 52°. The metabolic pathway follows firstly a
dechlorination into hydroxyatrazine, followed by the dealkylation to N-isopropylammelide,
and ultimately deamination to cyanuric acid. Although cyanuric acid has a low level of
toxicity without any serious health concern, high-levels of this chemical can induce risk
because of the chlorine diminished ability to kill bacteria and viruses.

Atrazine chlorohydrolase, TrzN (triazine hydrolase or atrazine chlorohydrolase), initiates
bacterial metabolism of the herbicide atrazine by hydrolytic displacement of a chlorine
substituent from the s-triazine ring 2. Differently to dehalogenases, which use water as a co-
substrate, and are not metalloenzymes, TrzN requires a divalent metal ion to catalyze hydrolytic
dehalogenation and thus differs mechanistically from other well studied halidohydrolases
(Figure 54). TrzN is involved in substrate binding, stabilization of the transition state, and
possibly protonation of the epoxide oxygen and uniquely positions threonine 325 in place of a
conserved aspartate that ligates the metal in most mononuclear members of the
amidohydrolases superfamily. These enzymes present an activity nearly constant in the range
pH 6.0-10.0, which is consistent with the loss of a proton-donating group °*. Also, such
enzymes show a two-domain structure with the core having the o/ hydrolase-fold topology.
The catalytic residues, Aspl07 and His275, are located in a predominantly hydrophobic
environment between the two domains. A tunnel connects the back of the active-site cavity
with the surface of the enzyme and provides access to the active site for the catalytic water
molecule, which in the crystal structure, has been found at hydrogen bond distance to His275
(Figure 55) 522,
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Figure 54. Proposed mechanism for TrzN and comparison with carbonic anhydrase. Reproduced

with permission from ref 521, Copyright 2010 Elsevier.

In vivo removal experiments also suggested that laccases may have a possible role on
atrazine biodegradation. These investigations focusing on less explored ligninolytic enzymes
and cell-bound mechanisms evidenced key aspects of the atrazine fungal metabolism
underlying the role of the nitrogen in this process 2. Also, the combination of phosphate-
solubilizing bacteria with biochar may promote the degradation of atrazine. Following this
approach it enables functional bacteria to fully play its environmental functions 524,

A self-immobilization method for microorganisms was also developed based on fungal
pellets 5%, Biochar overcomes disadvantages of pellets such as cell leakage, cell loading
limitation and low mechanical strength and therefore can be utilized for the immobilization of
atrazine biodegrading microorganisms. Thus, the addition of biochar enhances the connection
between the microorganisms and pellets-based carrier, affording biodegradation at an

accessible pH, i.e. between 6 and 10.
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Figure 55. Schematic view of the secondary structure elements of the epoxide hydrolase monomer: o.-
helices, B-strands, and coils are represented by helical ribbons, arrows, and ropes, respectively; the a-
helices of the cap domain are shown in dark gray (a) and representation of the catalytic mechanism of
epoxide hydrolase (b); the Michaelis complex with epichlorohydrin is shown before the formation of
covalent intermediate, which is indicated by arrows, hydrogen bonds are shown as dashed lines.
Reproduced with permission from ref 522, Copyright 1999 Elsevier.

Metagenomics has also contributed to the biodegradation of atrazine. It provided the
discovery of genes and metabolic pathways involved in the degradation of xenobiotics °2°.
Thus, some microorganisms like Agrobacterium rhizogenes and Candidatus Muproteobacteria
bacterium tree species can metabolize these compounds, where the rhizodegradation
accelerates the degradation of atrazine residues, eliminating toxic effects on plants highly
sensitive to this herbicide.

Fungi like Bjerkandera adusta producing an ensemble of enzymes with oxidative
properties possess pretty high removal efficiency of the xenobiotic atrazine compound at
different parameters like pH (2.0-8.0) and temperature (16-32 °C) operating at very low
concentrations (25-100 ppm) 27, In the case of Rhodococcus ruber, the enzymes of B-oxidation
consist of a mixture of hydratase, dehydrogenase, 3-oxoacyl-thiolase, 2,3-enoyl-isomerase, 3-
hydroxyacyl-epimerase 5%,

Some studies have shown that the cooperation of mixed bacteria is more effective for
the biodegradation in mineral media than a single strain °2°. Atrazine was faster biodegraded
by two strains, Arthrobacter sp. DNS10, utilizing atrazine as the sole nitrogen source for
growth, and Enterobacter sp. P1, that is a phosphorus-solubilizing bacterium that releases
various kinds of organic acids, but lacks the ability to degrade atrazine 5. This concept can be
expanded to mixtures of pesticide/herbicides from agricultural wastewaters affording a better
biodegradation of atrazine and imazalil, metalaxyl and pyrimethanil %3,

Mixing Arthrobacter sp. NJ-1 with Klebsiella variicola Strain FH-1 also enhanced the

biodegradability of atrazine and the efficiency depended on the mixing ratio and the culture
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medium (addition of sucrose and NH4CI) that is not easily to be achieved under natural

conditions %2,

Chloroacetanilides

Acetochlor is a member of the class of herbicides known as chloroacetanilides. Its mode
of action is elongase inhibition, and inhibition of geranyl pyrophosphate cyclization enzymes,
as part of the gibberellin pathway. Acetochlor is suspected to be a carcinogenic and endocrine
disrupter and has been characterized as a class B-2 agent (probable human-carcinogen) by the
United States Environmental Protection Agency (EPA, 2006). Its consecutive application has
resulted in the widespread drug resistance of weeds and a high risks to environment and human
health 533,

Microorganisms play a significant role in the degradation of chloroacetamide
herbicides and for particular case of acetochlor, a rather high number of aerobic-degrading
strains (Delftiasp. T3-6, Pseudomonas oleovorans LCa2, Rhodococcussp. B1 and T3-1,
Sphingobium quisquiliarum DC-2, Sphingomonads wittichii DC-6, Sphingobium sp. MEA3-
1, Sphingobium baderi DE-13) and also anaerobic (genera Sporomusa, Sporobacterium,
Dechloromonas, Azotobacter and Methanobacterium) have showed activity %34, The aerobic
degradation pathway of acetochlor in these cases is the result of a concerted process catalyzed
by enzymes contained in the microorganisms. This leads initially to N-dealkylated to 2-chloro-
N-(2-methyl-6-ethylphenyl) acetamide and is catalyzed by the Rieske non-heme iron
oxygenase from Sphingomonads wittichii DC-6 or by the cytochrome P450 from Rhodococcus
sp. T3-1; after which the intermediate is hydrolyzed to 2-methyl-6-ethylaniline by an amidase
cloned from Sphingobium quisquiliarum that catalyzes the amide bond cleavage 5%. 2-methyl-
6-ethylaniline is further hydroxylated by a monooxygenase to 4-hydroxy-2-methyl-6-
ethylaniline, which is then hydrolytically deaminated to 2-methyl-6-ethylhydroquinone that is
subsequently hydroxylated by the two-component flavin-dependent monooxygenase to 3-
hydroxy-2-methyl-6-ethylhydroquinone, which finally is subject to ring cleavage.

The anaerobic acetochlor degradation is also possible >3*. Experiments carried out with
Sporomusa,  Sporobacterium, Dechloromonas, Azotobacter, Rummeliibacillus, or
Methanobacterium showed a significant increase in abundance which corresponded to a
positive correlation with the acetochlor degradation capacity. This was also valuable for other
chloroacetanilides such as alachlor, propisochlor, butachlor, pretilachlor or metolachlor, where

the N-alkoxyalkyl structure of these herbicides significantly affected their biodegradability.
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The proposed anaerobic degradation pathway of acetochlor by the acclimated anaerobic sludge

is described in Scheme 8 %34,
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Scheme 8. Proposed anaerobic degradation pathway of acetochlor by the acclimated anaerobic sludge.
(a) acetochlor 2-ethyl-N-carboxyl aniline; (b) 2-ethyl-6-methyl-N-(ethoxy- methyl) acetanilide; (c) N-
(2-methyl-6- ethylphenyl) acetamide (d) N-2-ethylphenyl acetamide; () N-2-ethylphenyl formamide.
Reproduced with permission from ref 53¢, Copyright 2020 Elsevier.

Changing the microorganism producing enzymes may change the acetochlor degradation
pathway as well. Arabidopsis thaliana synthesizing an oxygenase component is producing in
the first step 2-chloro-N-(2-methyl-6-ethylphenyl)acetamide that is further degraded by the
enzymes produced by other indigenous microorganisms in the soil 5%, The surface of the
catalytic domain of these enzymes receives the Rieske domain from the adjacent subunit
placing the [2Fe-2S] center in the right conformation with respect to the catalytic iron (Figure
56)537.

This change can also be correlated to the nature of the herbicide. Butachlor-degrading
Pseudomonas sp. strain But2 isolated from soil can degrade butachlor regardless its
concentration and grows without a lag phase, *® while during degradation, 2-chloro-N-(2,6-
diethylphenyl) acetamide, 2,6-diethylaniline, and 1,3-diethylbenzene were formed, which
indicated that deamination occurred. The mixed bacterial culture of Pseudomonas sp. But2 and
Acinetobacter baumannii DT showed highly effective biodegradation of both butachlor and

propanyl in liquid media and soil as well.
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Figure 56. Catalytic domains of oxidases. The two solvent exposed loops LI and LII are shown at the
entrance of the catalytic pocket, as well as, the highly conserved consecutive helices, aca 10 and acall.
Reproduced with permission from ref 5. Copyright 2007 Wiley-VCH GMBH.

Other chloro-derivative herbicides

Diuron is among the selective and the most persistent herbicides. Widespread use of this
compound has led to elevated concentrations of diuron in groundwater and wastewater.
According to literature there are two main mechanisms involved in the partial degradation
of diuron, an abiotic degradation to 3,4-dichloroaniline as the only product, the reaction
being catalyzed by OH" and H* and a buffer by the minerals in water, and a biotic degradation
that involves the implication of micro-organisms %3954,

Biodegradation of 3,4-dichloroanilines was first reported using Pseudomonas putida which
has been able to mineralize 3,4-dichloroanilines with liberation of carbon dioxide in the
presence of aniline as an analogue co-substrate (Scheme 9) 4.

Amongst the microorganisms able to degrade 3-chlorolevulinic acid and 3,4-
dichloroanilines degraders, two belong to the jProteobacteria and seven to the p-

Proteobacteria which are part of to the Pseudomonas genus >*2. In the absence of any other C

and N sources enzymes from Pseudomonas fluorescens catalyze a dehalogenation and a
hydroxylation of the aromatic ring. These bacteria mainly secrete of hydrolytic enzymes,
especially lipases and proteases >*3. These enzymes do not contain metals and their activity is
a result of an organocatalytic effect.

Most of the lipases belong to sn-1,3 specific lipase, namely, Fatty acid
hydrolysis/esterification specifically at the either/both sn-1 and sn-3 position while lipases
from Pseudomonas or Candida families catalyze in a non-regiospecific manner such reactions

54 Structural analysis and biochemical assays revealed that disulfide bonds and salt bridges
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play a vital role in their catalytic behavior (Figure 57). The catalytic domain includes a central

[ sheet comprising six parallel B strands, which are surrounded by 12 helices.
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Scheme 9. Suggested pathway of 3,4-Dichloroaniline biodegradation by Pseudomonas putida. (1) 3,4-
dichloroaniline ; (2) 4,5-dichlorocatechol; (3) 3,4-dichloromuconate; (4) 3-chloro-4-

(carboxymethylene)- but-Zenolide (3-chlorobutenolide); (5) 3-chloro-4-ketoadipic acid; (6) 3-
chlorolevulinic acid; (7) 2-chlorosuccinic acid; (8) succinic acid; (9) acetic acid; (10) 3°,4’-
dichloroformylanilide. The intermediates in brackets were postulated. Reproduced with permission
from ref >, Copyright 1982 American Chemical Society.
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Figure 57. Overall structure of a lipase. (A) Cartoon representation of lipase showing that the structure
has 12 a helices and six 3 strands. The catalytic triad and disulfide bonds are labelled and shown in stick
model representation (B). The superimposition of lipases (green, PDB (Protein Data Bank) code: 5H6B)
(pink, PDB code: 1LBS)). Oxyanion holes (threonine and glutamine) and nucleophilic serines are all
labelled and shown as sticks. The n-hexyl phosphonate ethyl ester is displayed with yellow stick
representation. Reproduced with permission from ref >4, Copyright 2017 Wiley-VCH GMBH.

Proteases are enzymes catalyzing the proteolysis, i.e. the breakdown of C-N bonds in the
presence of water. The degradation of diuron with bacteria secreting such enzymes occurs
pretty fast °*°. In the cases of Pseudomonas aeruginosa FN or Streptomyces griseus protease,
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the evolved degradation product was 3,4-dichloroanilines . Optimal conditions corresponded
to a temperature of 25 °C and a concentration of diuron as high as 0.5 mg/L.

The presence of other microorganisms poisoning Cytochrome P450 genes such as bacteria
or fungi may transform the diuron degradation products (such as hydroxylated intermediates
(3-(3,4-dichlorophenyl)-1-hydroxymethyl-1-methylurea)) to further metabolized N-
dealkylated compounds 3-(3,4-dichlorophenyl)-1-methylurea (DCPMU) and 3,4-
dichlorophenylurea. This underlines the relevant role of hydroxylation for subsequent N-

demethylation >*. Responsible for these degradation steps are hemes incorporated in the
Cytochrome P450 structure (Figure 58).

N-terminus

Figure 58. Structure of the cytochrome P450 2B4, F297A, with 2B4 WT structure showing residues
within 5 A from the ligand. A) An unbiased F, - F electron density map determined before inclusion
of the ligand in the 2B4 F297A complex contoured at 3o corresponding to clopidogrel above heme. B)
Crystal structure of 2B4F297A clopidogrel complex: a-helices are shown in orange, and —sheets and
loops are shown in green. Three Cymal-5 molecules (two partially occupied molecules) and clopidogrel
are shown in yellow and blue sticks, respectively. C) Superimposed structures of 2B4 F297A (green)
and 2B4 WT (blue) complexes of clopidogrel in stereo view representing active site residues within 5
A from the ligand (magenta lines) in 2B4 F297A. The corresponding residue in the 2B4 WT structure
in complex with clopidogrel (orange sticks) is also shown. Reproduced with permission from ref >4,
Copyright 2013 Elsevier.

Quinclorac is another effective but environmentally persistent herbicide commonly used

549

in the rice production °*. Its degradation occurred with a slow rate using Pseudomonas

gammaproteobacteria mainly producing dehydrogenase enzymes °*° while its combination
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with Achromobacter sp., producing oxidoreductases *>! generated a concerted effect with a
bioremediation of approximately 92 % of the 50 mg/| after 5 days. Both enzyme families may
contain metals as Mo, W and Fe, Mo¥!, W' or Fe'!' oxidation state may be involved in a redox
process >>°. The active oxo-metal center is bound to cofactors (which do not contain metal) and
an 4Fe-4S cluster %°2% Thus, combining the two classes of enzymes expands the
biodegradation capability.

Alachlor and metolachlor are other currently utilized chloroacetanilide herbicides. Their
biodegradation was mainly achieved by dechlorination and hydroxylation reactions taking
Trichoderma sp as a source of enzymatic catalysts °>°. These cultures produce lysins, also
known as endolysins or murein hydrolases, which are hydrolytic enzymes able to cleave and
hydroxylate such molecules. This process is typically achieved by the joint action of multiple
lysin molecules at a local region of the host cell wall ¢ that in fact corresponds to an

organosupramolecular catalytic process. Figure 59 presents a stereo view of these enzymes.

Figure 59. Stereo view of the three-dimensional structure of the complex Cpl-1E94Q-(2S5P)2. The
catalytic module of pneumococcal phage is in orange; the linker is in yellow; the choline-binding
module is in blue (Cl domain) and in magenta (CIl domain). The bound peptidoglycan is drawn in
green space-filled representation. Reproduced with permission from ref 7. Copyright 2007 Elsevier.

Linuron (3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea) is a phenylurea herbicide that
is used to control the growth of grass and weeds for the purpose of supporting the growth of
crops like soybeans and acts as an endocrine disruptor compound in combination with other
xenoestrogens such as bisphenol A, ethynylestradiol, and 4-n-nonylphenol *°®. These
compounds were either not inoculated or inoculated with the enzymes secreted by fungus
Pleurotus ostreatus.

Pentachlorophenol has been introduced into the environment mainly as a wood
preservative and biocide *°. This is a recalcitrant biocide that bioaccumulates in the
environment due to its persistent nature and has been listed as a priority pollutant due to its
toxicological and health effects. Biodegradation of this molecule can be achieved by the

treatment with a common species of crust fungus, namely, Phlebia with a maximum activity
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level for Phlebia acanthocystis. This secretes several enzymes such as laccase, lignin
peroxidase and manganese peroxidase. In the presence of these enzymes, pentachlorophenol is
transformed into pentachloroanisole and p-tetrachlorohydroquinone via methylation and
oxidation reactions, which are further converted to methylated products including tetrachloro-
4-methoxyphenol and tetrachloro-1,4-dimethoxybenzene.

Pentachlorophenol is also degraded in the presence Bacillus cereus, an aerobic spore-
forming bacterium able to produce pectinase and mannanase enzymes °%°. Pectinase is an
enzyme that breaks down pectin, i.e. structural acidic heteropolysaccharides, while mannanase
catalyzes hydrolysis of terminal, non-reducing beta-D-mannose residues in beta-D-
mannosides.

Chlorimuron ethyl is a sparingly soluble sulfonylurea herbicidal agent that inhibits
actetolactate synthase, an enzyme involved in synthesis of branched chain amino acids
including valine, leucine, and isoleucine. Carboxylesterase, a de-esterification enzyme, was
reported to catalyze its degradation °%. It can hydrolyze chlorimuron-ethyl and also produce
the cleavage of the NC bond of the sulfonylurea bridge and pyrimidine ring deamination.
Additionally, carboxylesterase can hydrolyze the ester bond between hemicellulose and lignin
in straw materials or the ester bond connecting the side chains in xylan. Taking genes expressed
in R. erythropolis D310-1 open shown a complex degradation pathway including a xenobiotic
biodegradation metabolism implying toluene degradation and aminobenzoate degradation
pathways that might contribute to its survival in the presence of chlorimuron-ethyl. All these
processes follow a supramolecular organo-catalysis mechanism. Figure 60 offers a structural
image of the chlorimuron-ethyl-degrading enzyme.

Metal ions are important factors affecting the activity of this enzyme. The reported
results showed that the relative activity of carboxylesterase increased slightly in the presence
of Cu?* due the capacity to stabilize the binding of the enzyme-substrate complex and the active
conformation of the enzyme, while other cations such as Mg?*,Zn?*or Ba?* inhibited the process
561.

An advanced microbial degradation of a compound as chlorimuron-ethyl is, however,
a complex process that involves gene regulation of multiple metabolic pathways requiring the
presence of a more complex key degradation enzymatic system such as a mixture of
cytochrome P-450, carboxylesterase and monooxygenase °%2. Glutathione-S-transferase
(Figure 61) is also participating in the degradation of Chlorimuron-ethyl in water due to its

ability to catalyze the conjugation of the reduced form of glutathione to xenobiotic substrates
563
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Figure 60. Structural analysis of the chlorimuron-ethyl-degrading enzyme: (a) tertiary structure, and
(b) catalytic triad. Reproduced with permission from ref 56!, Copyright 2020 Elsevier.

Figure 61. Glutathione-S-transferase with a) the 2-fold axis into the active site, with the glutathione
sulphonic acid shown as a ball-and-stick figure; and b) cylinders represent helices, arrows represent
strands, and lines represent random coil of Aligned Anopheles glutathione transferases. Reproduced
with permission from ref 5%+, Copyright 2005 Portland Press.

Trichloroacetic acid is one of the main halogenated compounds that are carcinogenic to

humans and animals. Although it is not used as herbicide or in composition of these the ability
of various strains to biodegrade it was evaluated as a dehalogenase enzyme assay °¢.
Structurally, haloalkane dehalogenases belong to the o/p-hydrolas esuperfamily. Their active
site is buried in a predominantly hydrophobic cavity at the interface of the o/B-hydrolase core
domain and the helical cap domain, and is connected to the bulk solvent by access tunnels. The
reaction is an acid/base catalyzed process that occurs via a nucleophilic substitution with either
an amino acid side chain of the enzyme or with an activated water molecule acting as the
nucleophile %,

Chlorobenzoic acids are recalcitrant and toxic materials which enter the environment
directly using both herbicides and pesticides, or indirectly through the biodegradation of

polychlorinated biphenyl compounds. The biodegradation of 4-chlorobenzoic acid, as an

137



example, was demonstrated by Lysinibacillus macrolides DSM54T, which resulted as a
promising candidate for bioremediation of such compounds %",

Trifluralin is another widely used dinitroaniline herbicide, which can persist in the
environment and has substantial ecotoxicity, especially to aquatic organisms. Instead of
chlorine its structure incorporates fluorine and despite the strongly xenobiotic character of
some of substituents, biodegradation of trifluralin does occur either by dealkylation or nitro-
group reduction *%, The genes and enzymes responsible for biodegradation are still largely
unknown, the relative roles of abiotic processes vs growth-linked biodegradation vs
cometabolism are unresolved, and the impact of different environmental factors on the rates
and extents of biodegradation are not clear. However, a Candida species gave a certain yield
of mineralization even at 14 °C °%,

Lactofen is a fluoro-chlorinated complex ester of acifluorfen acting as a nitrophenyl
ether selective chiral herbicide to control broadleaved weeds in soybean, cereals, potatoes and
peanuts °%°. Esterases screted by strain Edaphocola flava HME-24 could degrade via an initial
hydrolysis to desethyl lactofen and a subsequent disruption to acifluorfen that is still a large
non-innocent fluoro-chlorinated compound. This esterase was also able to transform p-
nitrophenyl esters, but the activity decreased when the carbon chain length increased. It showed
enantioselectivity during the degradation of lactofen, diclofop-methyl, and quizalofop-ethyl,

with a higher degradation efficiency of (S)- respect to (R)-enantiomers.

Other herbicides

Isoxaflutole is an herbicide activated in soils and plants to its diketonitrile derivative that
is the active form of the herbicide °°. Laccase enzymes in two fungi, Phanerochaete
chrysosporium and T. versicolor, are able to convert this diketonitrile to the inactive benzoic
acid analogue 7.

Another member of the Pseudomonas family, Pseudomonas stutzeri, a gram-negative
bacterium, is known for its diverse metabolism. It mainly secretes glucan 1,4-a-
maltotetraohydrolase that degrades simazine, one of the most used herbicides in maize fields.
In addition, Pseudomonas stutzeri-Y2 degraded atrazine and terbuthylazine, and propazine °'*.
The functional durability of this bacterium has been prolonged through various immobilization
materials and compositional combinations that were designed and compared to enhance of
prolong its bacterial functions. In conjunction with it Arthrobacter ureafaciens bacterium
secretes deglycosylation enzymes capable of cleaving all non-reducing unbranched N-

acetylneuraminic and N-glycolylneuraminic acid residues by hydrolysis. Based on this it can
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also degrade simazine °’2. The strain XMJ-Z01 is highly resistant to simazine and can tolerate
simazine at a high level.

Nicosulfuron is one of the main sulfonylurea herbicides that have been widely used to
protect maize crops. It contains both sulphur and nitrogen functionalities that can induce
recalcitrant effects in water requiring its biodegradation. Bacillus velezensis showed a rather
high efficiency for the degradation in water of this herbicide. Bacillus velezensis CF57
preserves its efficiency in a wide range of temperature, pH, and a low inoculation amount. This
wide activity range allows a broad degradation spectrum of other sulfonylurea herbicides as

well 573, Its catalytic activity is attributed to concerted various lignocellulolytic activities

exerted by cellulase (hydrolysis of the 1,4-beta-D-glycosidic linkages), xylanase (breaking
down hemicellulose), chitinase (glycosyl hydrolysis of the $-1,4 glycosidic bond of chitin)
(Figure 62), a-amylase (hydrolysis of a-bonds of large, alpha-linked polysaccharides, such as
starch and glycogen, yielding glucose and maltose) (Figure 63), f-glucanase, and pectinase
(breaking down pectin, a polysaccharide found in plant cell walls) 74,

Bentazone is another herbicide of the thiadiazine group of chemicals widely applied in rice
and cereal crops, and widespread in the aquatic environment. Experiments carried with
Trametes versicolor, a fungus secreting both laccase and cytochrome P450 enzymatic systems,
proved efficiency in remediation of this herbicide °”. The reactions involved in this process
included hydroxylations, oxidations, methylations, N-nitrosation, and dimerization. Bacterial
contamination is the bottleneck in the implementation of fungal bioreactors and trickle-bed

reactors resulted as a solution for the implementation of fungal bioremediation at a real scale.

Figure 62. The active site architecture of Chitinase FjGH20. Reproduced with permission from ref 57,
Copyright 2020 Springer Nature.
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Figure 63. The active site architecture of a-amylase. Reproduced with permission from ref >’7.

Copyright 1996 International Union of Crystallography.

Glyphosate, N-(phosphonomethyl) glycine, is one of the most widely broad-spectrum used
herbicides that targets broadleaf weeds, grasses, and woody plants °’®. Bradyrhizobium sp are
part of the microorganisms that degrade and use herbicide residues as a source of carbon and
nitrogen. Their biochemical activity is related to the combination of secreted enzymes: catalase,
esterase, oxidase, reductase, and urease °’°. In particular, the Bradyrhizobium sp BR 3901 strain
can use products based on diuron, sulfentrazone, and 2,4-dichlorophenoxyacetic acid as a
carbon source with a limited toxicity to this bacterial strain, and the oxyfluorfen-based product
as a nitrogen source.

The golden mussel Limnoperna fortunei is a freshwater invasive species which has been
found to increase glyphosate dissipation in water and to accelerate eutrophication 5. This
mussel generates an increase in the concentration of dissolved nutrients in water (N-NH4* and
P-PO.*), even higher than that caused by the filtering activity of the mussels, probably
resulting from stress or from the degradation of glyphosate and adjuvants. Thus, larger
bioavailability of these nutrients due to glyphosate metabolization mediated by mussels may
accelerate eutrophication processes in natural water.

Aquifer contamination following herbicide glyphosate has also been considered,
quantifying the sensitivity of soil and aquifer to this contamination °8!, Target quantities
evaluate its toxic metabolite amino-methyl-phosphonic acid concentrations in the top soil as
well as their leaching below the root zone taking as parameters, absolute permeability, air-entry
suction, and porosity.

Organophosphonates are molecules that contain a very chemically stable carbon-

phosphorus (C-P) bond. Microorganisms can utilize phosphonates as potential source of crucial
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elements for their growth, as developed several pathways to metabolize these compounds. One
among these pathways is catalyzed by C-P lyase complex, which has a broad substrate
specificity, and, therefore, a wide application in degradation of herbicides deposited in the
environment, such as glyphosate >82. The carbon-phosphorus (C-P) lyase complex is essential
for the metabolism of inactivated phosphonates to phosphate in bacteria (PhnK), where genes
expressing (PhnK) exposes the active site residues PhnH and PhnJ (Figure 64) 5%,

This multi-enzyme system has been recognized in Escherichia coli. Genetic studies have
demonstrated that the enzymatic system is encoded by Phn operon containing 14 genes (PhnC-
PhnP). The ability to degrade phosphonates is also found in other microorganisms, especially
those present in soils and marine bacteria that have homologous genes to those in Escherichia
coli. Despite the existence of differences in structure and composition of the Phn gene cluster,

each of these strains contains genes necessary to promote the C-P bond cleavage °%2.

b N o
B ? A VL \ \,U, Y"y
| \2)
N ABC signature 3
Helical ; S‘ Walker A
Domain = ! =
@’ y \ A 4
RecAdike ¢ \ 'Y

Domain vy

Figure 64. PhnK is an NBD-like Protein and Interacts with PhnJ; (B) One PhnK binds to the core
complex with the models fitted in the map; (C) The same view as (B) with the NBD motifs color labeled.
Reproduced with permission from ref 583, Copyright 2016 CelPress.

Besides herbicides, malathion organophosphates are considered as a major constituent of
pesticides and insecticides. Extensively used in agricultural, horticultures and for numerous
household applications, malathion is among the major organic pollutants, having leading
antagonistic effects on human health and environment %, Detoxification of malathion from
these contaminated sites has also been achieved by the Carboxylesterase produced by several
bacterial species, including Bacillus thuringiensis MOS-5 and Sphingobium yanoikuyae strain
P4.

Aromatic oxyphenoxypropionic acid ester herbicides are widely used with detrimental

%85 Besides aromatic oxyphenoxypropinate esters

environmental effects as well
Methylobacterium populi YC-XJ1 exhibits a diverse degrading ability towards phthalate esters,

organophosphorus flame retardants, or chlorpyrifos. This activity is related to the activity of
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hydrolases secreted by these bacteria. Hydrolysis takes place through successive steps, but

without a complete removal of the aromatic compounds (Figure 65).
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Figure 65. Biodegradation of an oxyphenoxypropionic acid ester herbicide. Reproduced with
permission from ref %%, Copyright 2020 MDPI.
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Figure 66. The primary pathway of PAEs biodegradation by the isolated strain E3. Reproduced with
permission from ref 58, Copyright 2021 Elsevier.

Phenoxyalkanoic acid herbicides are compounds in which 2,4-dichlorophenoxy or 4-
chloro-2-methylphenoxy groups are substituted on the second carbon of acetic (2-[2,4-
dichlorophenoxy]acetic acid [2,4-D] and 2-[4-chloro-2-methylphenoxy] acetic acid) or
propionic acid ([2R]-2-[2,4-dichlorophenoxy] propanoic acid, 2-[4-chloro-2-methylphenoxy]
propanoic acid [mecoprop], and [2R]-2-[4-chloro-2-methylphenoxy]propanoic acid) or on the
4™ carbon of butyric acid (4-[2,4-dichlorophenoxy]butanoic acid [2,4-DB] and 4-[4-chloro-2-
methylphenoxy]butanoic acid). In commercial formulations, the above phenoxyalkanoic acid
herbicides are present mainly as acids and sodium or potassium salts 5.

These herbicides are mainly metabolized by microorganisms in soils, but the

microorganisms that perform well under alkaline environments are rarely considered. The
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degradation process occurs through hydrolysis in the presence of hydrolases (Figure 66). Three
modules of tfd gene clusters involved in 2,4-dichlorophenoxyacetic acid catabolism and genes
encoding monovalent cation/proton antiporters involved in alkali tolerance were putatively
identified. Thus, Cupriavidus oxalaticus strain X32 showed encouraging degradation abilities,
tolerance, and even alkali tolerance and could be a promising candidate for the bioremediation

of PAA-contaminated sites, especially in alkaline surroundings °.

3.3.2.4. Biodegradation of insecticides

Synthesized early in 1874 °% (1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane) DDT has
been proposed as an insecticide and after that largely utilized in agriculture >°. However, its
pollutant effects were unanimously recognized only after several decades of utilization when

Stockholm Convention on Persistent Organic Pollutants proposed in 2004 a global ban on

several persistent organic pollutants that also included DDT derivatives (p,p -DDT, p,p -DDT)

and its co-synthesis side-products (p,p’-DDD and p,p’-DDE). This decision has also been
accompanied by efforts of bioremediation of waters that accumulated these compounds by
considering several types of microorganisms 59%-5%,

The mechanistic investigations related to these studies revealed a quite complex process
occurring through a consistent number of new pollutant intermediates % (Figure 67). The
elimination of chlorine is not trivial and the process is slow enough that results in the
persistence of these partially dechlorinated intermediates in water.

Common insecticides have been identified in surface and drinking waters together with
other herbicides including atrazine, chlorotriazines, terbuthylazine, simazine, 2,4-
dichlorophenoxyacetic acid, 2-methyl-4-chlorophenoxyacetic acid, and bentazon °%. Organic
insecticides, extensively used for crop protection, cover a wide range of chemical structures,
including hydrocarbons, carboxylic acid derivatives, alcohols, aldehydes, ketones, amines,
nitro compounds, quinones, thiocyanates, mercaptans, heterocyclic compounds, etc %7,

Fipronil is a broad-spectrum insecticide that belongs to the phenylpyrazole chemical
family. Microorganisms reported to be active in remediation of this insecticide were Bacillus
species (secreting proteases, amylases, and xylanases; proteases are enzymes which break
down proteins and peptides, amylase catalyses the hydrolysis of starch into sugars and
xylanases break down hemicellulose, i.e. the linear polysaccharide xylan into xylose) with the
main contribution from proteases able to disrupt the C-N bonds >, and Klebsiella pneumoniae
by 16S rRNA bacteria (secreting proteolytic and pullulanase enzymes) °%.
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Figure 67. Proposed pathway for bacterial metabolism of DDT via (A): reductive dechlorination; DDT
= 1,1,1-trichloro- 2,2-bis(p-chloropenyl)ethane; DDD = I,I-dichloro-2,2-bis(p-chlorophenyl)ethane;
DDMU = I-chloro-2,2-bis(p-chlorophenyl)ethylene; DDMS = 1 -chloro-2,2-bis(p-chlorophenyl)ethane;
DDNU = 2,2-bis(p-chlorophenyl)ethylene; DDOH = 2,2-bis(p-chlorophenyl)ethanol; DDA = bis(p-
chlorophenyl)-acetic acid; DDM = bis(p-chlorophenyl) methane; DBH=4,4'-dichlorobenzhydrol; DBP
= 4,4 dichlorobenzophenone, and PCPA = p-chlorophenylacetic; Dicofol = 2,2,2-Trichloro-1,1-bis(4-
chlorophenyl)ethanol; FW-152= 2,2,-Dichloro-1,1-bis(4-chlorophenyl)ethanol; DDE = 1,1 -dichloro-
2,2-bis(4-chlorophenyl)ethene by Phanerochaete chrysosporium. Adapted from ref °%. Copyright 2010
the Royal Society Te Aparangi.

Chlorpyrifos is an insecticide extensively used to control various insect pests and its long
time utilization 8% led to significant quantities of this compound accumulated in water together
with its major metabolite intermediate 3,5,6-trichloropyridinol %, Its bioremediation is based
on enzymes secreted by a variety of bacterial and fungal species. Among these enzymes,
agarose and redox-active molecules degrade o or f linkages in agarose and showed activity in
a large type of other catalytic reactions (from Shewanella sp. BTO5 Bacteria) 5%

Organophosphorus pesticides are predominantly used in agriculture due to their broad-
spectrum insecticidal activity and chemical stability. Accordingly, their biodegradation is of
current interest and Profenofos and Quinalphos are among these insecticides. Culture media

using bacterium isolated from wetland paddy rhizosphere containing Kosakinia oryzae and its
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strain VITPSCQ3 showed rather high pesticide tolerance, efficient biofilm formation and

capability of synthesizing organophosphate degrading enzymes %,

3.3.2.5 Biodegradation of fungicides

Carbendazim is a widely used, systemic, broad-spectrum benzimidazole fungicide and a

metabolite of benomyl. It is also employed as a casting worm control agent in amenity turf
situations such as golf greens, tennis courts and to control plant diseases in cereals and fruits,
including citrus, bananas, strawberries, pineapples, and pomes %% Dioxygenases, as part of

oxidoreductase enzymes, secreted by Rhodococcus, a genus of aerobic, nonmotile gram-

positive bacteria, catalyze the degradation of such molecules °%®. Genomic analysis
hypothesized that this enzyme is also capable of hydrolyzing carbendazim.

Azole fungicides are another group of chemicals currently found in wastewaters and
surface water, with potential implications for agriculture. The biodegradation pathway of
climbazole was proposed to involve oxidative dehalogenation, side chain oxidation and azole
ring loss 6. A similar pathway was also applied to triazole fungicide fluconazole. Bifonazole
and clotrimazole are other fungicide active compounds. The mycoremediation capacity of these
pesticides has been demonstrated by using hydrolytic and oxidative enzymes responsible for
degradation of organic substrates produced by mycelia of Lentinula edodes 7. The
degradation process was found to affect primarily the imidazole moiety of both investigated
azole compounds.

Azoles such as imazalil or tebuconazole have been shown to exhibit a synergetic effect
with pyrethroid insecticides like o-cypermethrin through inhibition of cytochrome P450
monooxygenase responsible for pyrethroid detoxification. However, cytochrome P450 enzymes
are not enantioselective for imazalil ®%. Phytoremediation of realistic environmental
concentrations of these chiral pesticides was demonstrated by the catalytic contribution of

several enzymes such as superoxide dismutase, peroxidases, catalase, ascorbate peroxidase,

dehydroascorbate reductase and glutathione S-transferase secreted by Phragmites australis

wetland plant species ®%°. Degradation of tebuconazole occurs through (5-(4-Chlorophenyl)-
2,2-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)-1,3-pentanediol and 5-(3-((1H-1,2,4-Triazol-1-
yl)methyl)-3-hydroxy-4,4-dimethylpentyl)-2-chlorophenol), while imazalil degradation occurs
through (a-(2,4-Dichlorophenyl)-1H-imidazole-1-ethanol and 3-[1-(2,4-Dichlorophenyl)-2-
(1H-imidazol-1-yl)ethoxy]-1,2-propanediol) °.
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Ipconazole is an asymmetric triazole fungicide for treating rice seed (Table S2 in Sl). Its
degradation has been achieved by secreted enzymes of isolated microorganisms including
bacterial, actinomycetous (Kitasatospora species and Streptomyces species), and fungal
(Mucor species and Penicillium species) strains 5.

These microorganisms produce a cocktail on enzymes such as amylolitic enzymes
(including a-amylase and amyloglucosidase ®'?, keratinases and amylases commonly used to
break down starch ®3 proteases, lipases, phytase, and polygalacturonase %4, cellulases and
pectinases ®1°. The degradation is not total and metabolites of the Ipconazole degradation are
still large molecules (1RS, 2SR, 5RS)-2-[(4-chlorophenyl)-hydroxymethyl]-5-(1-hydroxy-1-
methyl-ethyl)-1-(1H-1,2,4-triazol-1-ylmethyl)-cyclopentanol,  (1RS, 2RS, 5RS)-5-[(4-
chlorobenzyl)-2-(1-hydroxy-1-methylethyl)-3-hydroxy-1-(1H-1,2,4-triazol-1-ylmethyl)-
cyclopentanol, and (1RS, 2SR, 5RS)-5-(4-chlorobenzyl)-3-hydroxy-2-isopropyl-1-(1H-1,2,4-
triazol-1-ylmethyl) cyclopentanol (Figure 68). Thus, the primary metabolic reaction is
dominated by oxidation at either the carbon of the methine in the isopropyl group, the carbon
of the benzylmethylene or the carbon of the methyl portion of the isopropyl group as well as

that of the methylene portion of the cyclopentane ring.

N. N N.
HOQ, \WN/ j HO, ~—N j HO, ~—N T
R \=N ~ =N . \=N
ey v &
OH HO HO

Figure 68. Metabolites of Ipconazole degradation

3.3.2.6 Biodegradation of plasticizers

Bisphenols are common synthetic ingredients of the polycarbonate plastics and epoxy
resins and potent endocrine disrupting compounds. Phenol itself is only slightly persistent in
water, with a half-life between 2 to 20 days, so it is less dangerous than bisphenols. The
bioremediation of waters containing these molecules is catalyzed by Phenol oxidases such as
laccases 479616-61%nd less effective tyrosinases %2°. Differently to steroids, under a control of
the pH and the temperature (best at a temperature of 50 °C) it is possible a complete removal
of bisphenol A and nonylphenol that is associate to enzymatic initiated radical polymerization.
The polymerization produced dimers, trimers and tetramers which have larger molecular

weights of 454, 680 and 906 amu resulting in the sedimentation of such molecules from water
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479 Bisphenol A oxidation products catalyzed by Trametes villosa laccase have also been
reported as oligomers as large as a heptamer in an insoluble fraction of the reaction mixture.
However, jointly to these, the degradation of the phenolic oligomers to 4-isopropenylphenol
that persists as a waste compound has been as well identified ®21. While the oxidation activity
of laccases is related to the presence of a specific copper-trimer, for the tyrosinases the
biocatalytic activity is associated to the presence of dimeric copper (Figure 69). It is worth to
notice that in spite of the numerous efforts, to-date such both dimeric and trimeric species
have not been really synthesized using reproducible synthetic routes. Peroxidases can be as
well effective in these processes 22, The main products of such processes are oxidized
compounds containing an additional phenolic group that are also non innocent molecules 616:623,
Investigations carried out for the degradation of Bisphenol A by laccases suggested that the
process follows the pathways indicated in Figure 70. The first step corresponds to its
dimerization via an oxidative condensation pathway generating oligomers with C-O and C-C
bonds bridging the phenolic groups 4. Further these dimers suffer successive transformations
resulting in the compounds 1-13. The process involves the generation of a radical at the
phenolic hydroxyl and formation of oligomers via radical coupling outside the enzyme active
site sv. Although the action of these enzymes resulted in a consistent diminution of toxicity,
several degradation products such as p-hydroxyacetophenone, p-hydroxybenzaldehyde, p-
hydroxybenzoic acid, hydroquinone, p-iso-propylphenol, 2-phenylpropenal or phenol are
known to be more toxic than the starting Bisphenol A 52,

However, the intermediate products of the degradation of Bisphenol A may suffer other
additional parallel transformations (Figure 71) such as i) the alkylation of p-iso-propylphenol
to 1-methyl-4-isopropenyl-2-cyclohexenol or ii) the successive reductive degradation of
Bisphenol A leading to p-xylene, toluene, ethylbenzene, and cyclohexanone 2. This pathway
also reveals the role of the nature of the laccase in this process. With laccases from Trametes
versicolor the transformation starts from the C atoms between two benzene rings that connects
Bisphenol A. Noteworthy, a high purity of enzyme is not mandatory. Accordingly, compared
with expensive pure enzymes, the crude laccase solution showed greater efficiency in the

Bisphenol A degradation 52°.
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Figure 69. A) Homodimeric structure [chain A (left) and chain B (right)] of the pro-form of wild type
tyrosinase (pro-WT, PDB code: 3W6W). Expanded view shows the copper center. The copper-binding
domain is indicated in light-blue and C-terminal domain is indicated in yellow. B) Schematic
representation of the catalytic cycle of tyrosinase. C) Two mechanistic models for the step coordinating
phenol substrate to the copper ion in the hydroxylation reaction. D), E) The copper-binding sites of pro-
F513Y (D) and pro-C92A/F513Y (E). Reproduced with permission from ref 6%, Copyright 2020 Wiley-

VCH GMBH.
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Figure 70. Possible pathways for the degradation of Bisphenol A by laccase of Pleurotus ostreatus and
Pleurotus pulmonarius with its degradation products. Compounds numbered 1, 4, 6, 7 and 10 were
formed by both laccases, 2, 3 and 11 only by Pleurotus ostreatus while 5, 8, 9, 12 and 13 only by
Pleurotus pulmonarius. Reproduced with permission from ref 624, Copyright 2017 Elsevier.
Experiments carried out with laccases from Coriolopsis polyzona also showed that the pH
and the temperature are statistically significant factors in the removal of these plasticizers %’
Optimal results corresponded to temperatures higher than 40 °C, and pH values near 5. Even
more, the addition of a non-green compound such as 2,2'-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid in the laccase/mediator system significantly increased the efficiency of the

enzymatic treatment.
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Figure 71. Partial intermediate reaction diagram of bisphenol A degradation. Reproduced with
permission from ref 625, Copyright 2019 Elsevier.
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Figure 72. The interaction of amylase with Bisphenol A. Reproduced with permission from ref 6%,
Copyright 2017 Elsevier.

Bisphenol A may also play an inhibiting bioremediation effect due to the denaturation of
enzymes. This is associated to its phenolic groups as an effect of hydrophobic interactions and
hydrogen bonds occurring upon association with hydrolases. This inhibition of bioremediation
has been well confirmed from the investigation with a-Amylase (a model of hydrolase in sludge
that hydrolyses alpha bonds of large, alpha-linked polysaccharides, such as starch and
glycogen, yielding glucose and maltose) (Figure 72) 6%,

Phthalic acid esters or phthalates are another class of refractory organic compounds
showing endocrine-disrupting effects. These compounds are widely used to enhance flexibility
to plastics and, since they are not covalently bound to polymers, are continuously released into
the environment during production, leaching or abrasion 2°. The biodegradation of these
plastizers was mainly centered on the use of various fungi (Fusarium oxysporum & and
culmorum %%, Neurospora crassa and Trichoderma harzianum %32, Pleurotus ostreatus %%,

Polyporum brumalis 8%, Saccharomyces cerevisiae %°, Coriolopsis polyzona %%’ or Pleurotus
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636

ostreatus, Phanerochaete chrysosporium since all of them are quite efficient

microorganisms to secrete esterase to degrade phthalates.
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Figure 73. Proposed pathway for the metabolism of DEHP by F. culmorum. The dashed line shows
compounds identified by GC/MS. Reproduced with permission from ref 62°. Copyright 2019 Elsevier.

According to the mechanism proposed by Gonzalez-Marquez et al. %% (Figure 73) di(2-
ethylhexyl) phthalate (DEHP) is enzymatically hydrolyzed to mono (2-ethylhexyl) phthalate
and 2-ethylhexan-1-ol that is further metabolized into butanol. Then, mono (2-ethylhexyl)
phthalate suffers an additional hydrolysis to form phthalic acid, ethanol and hexanol, while
phtalic acid is hydrolyzed to catechol and CO- and ethanol is oxidized firstly to acetaldehyde,

which also undergoes oxidation to acetic acid. Finally, catechol and acetic acid is supposed to
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enter into the Krebs cycle where they would be mineralized to CO2 and H20 %%, while butanol
and hexanal would be transformed into butanediol.

Like for the case of Bisphenol A these transformations are rather slow in terms of the
reaction rates, and the produced intermediates (phenols and acids) are not really innocent in
aquatic environment.

Oxidoreductases, hydrolases (proteases, esterases and cellulases) and lyases have been
also reported for such wastewater treatment applications. Hydrolases can treat biological
wastes, while oxidoreductases are good candidates for the detoxification of textile effluents or

wastewaters containing phenols, aromatic compounds or hormones 2,
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Scheme 10. Products identified in the bioremediation of waters containing the endocrine disrupter 4-
tert-octylphenol catalyzed by yeast strain Candida rugopelliculosa RRKY5. Reproduced with
permission from ref ®%°. Copyright 2017 Elsevier.

The bioremediation of waters containing the endocrine disrupter 4-tert-octylphenol has
also been reported to be catalyzed by the yeast strain Candida rugopelliculosa RRKY5. The
process takes place through phenolic ring hydroxylation and alkyl chain oxidation pathways
with the production of the molecules indicated in Scheme 10 3. Typically, Candida produces
multiple lipase isoenzymes (CRLs) with distinct differences in substrate specificity, in
particular with regard to selectivity, able to catalyze both the hydrolysis and the synthesis of
ester groups in insoluble substrates 54°. However, it was already demonstrated that lipases may
also act as biocatalysts for the epoxidation of fatty acids and phenolic compounds 5.
Particularly, the yeast Strain Candida rugopelliculosa RRKY5 may afford biodegradation of
the endocrine disrupter 4-tert-octylphenol via phenolic ring hydroxylation and alkyl chain
oxidation pathways, resulting in the products indicated in Scheme 9. From the chemical point

of view such a process changes the structure of the initial pollutant, but from a toxicological
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point of view it does not provide a progress since one phenol derivative is multiplied to a family

of phenols.

3.3.2.7 Bioremediation of waters polluted with dyes (Decolorization of waters)

Paper and pulp mills, textiles and dyestuff industries, distilleries and tanneries are some of
the industries which release highly colored wastewaters 542 and most of the compounds inside
are recalcitrant to microbial degradation. Such pollutants, besides causing aesthetic damage to
sites, are also toxic and carcinogenic. Among others, azo dyes released into the environment in
effluents from textile and dyestuff industries are structurally the most diverse 4.

Experiments carried out in a low nitrogen medium with a series fungi and mushrooms
secreting different enzymes showed their capability to degrade such molecules 84454, The list
includes the following fungi: Sordaria fimicola (catalase, laccase, superoxide dismutase),
Halosarpheia ratnagiriensis (Pleurotus ostreatus) and Flavodon flavus (oxidative (laccase,
manganese peroxidase and lignin peroxidase) the former two belonging to the Ascomycota and
the third to the Basidiomycotas isolated from mangrove sediment (glucose oxidase and glyoxal
oxidase) (S. fimicola), Coriolus versicolor (manganese peroxidase and laccase), and hydrolytic
enzymes (cellulases, xylanases and tanases)), Ganodermalucidum (cellulase and hemicellulase
lignocellulolytic enzymes), Agaricus brasiliensis (manganese peroxidase).

The most toxic dyes are those containing p-diphenylenediamine and benzidine moieties
while the substitution of the p-diphenylenediamine hydrogen or complexation of benzidine
with copper ions reduces mutagenicity . Phanerochaete chrysosporium, Streptomyces
chromofuscus and Trametes versicolor (lignin peroxidase and manganese-dependent
peroxidase), Corrollospora maritima (cellulases, hemicellulases and pectinases) were able to
decolorize and even to mineralize several synthetic dyes with different chemical structures.
The possible structures of degradable dyes include: azo, sulfonated-azo, triphenylmethane,
heterocyclic, and polymeric ones (Azo-dyes, Azure B, Brilliant green, Bromphenol blue,
Congo red, Cresol red, Crystal violet, Orange 11, Remazol Brilliant Blue R, Tropaeolin O, etc.)
647649 Total degradation of these dyes was merely achieved by using a combined anaerobic—
aerobic treatment with a bacterial consortium.

Investigations carried out with archetypal white-rot fungus Phanerochaete chrysosporium
confirmed the necessity of combining the activity of laccases, cellobiose dehydrogenase,
cellulases, hemicellulases, pectinases, etc. in conjunction with the H2O2-producing

enzymes (oxidases and peroxidases) for the remediation of waters polluted with recalcitrant
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compounds (Figure 74) %9, Thus, laccases (as a Cu?*- phenol oxidase) may catalyze the
oxidation of phenolic substrates by O,, but can also oxidize nonphenolic lignin model
compounds in the presence of a suitable redox mediator, while cellobiose dehydrogenase

(as member of the family of oxidoreductases, acting on the CH-OH group of donor with other

acceptors) can directly reduce nitro groups as for example in the munitions 2,4,6-
trinitro-toluene and hexahydro-1,3,5-trinitro-1,3,5-triazine %°. Laccase is also responsible
for the effective decolorization reaction of coal-derived humic acids through the oxidation to
fulvic acid and of anthraquinone-type dyes, where the peroxidase has no activity 5. However,
the laccase has as a disadvantage the sensitivity to lignite ®°2. Partial decolorization of azo dyes
(orange G and amaranth) and a complete decolorization of triphenylmethane dyes

(bromophenol blue and malachite green) was achieved by Pycnoporus sanguineus cultures in

Mn’ +0xall*

Mn*- (oxalate),

submerged liquid culture producing laccase as the sole phenol oxidase %2
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Figure 74. Catalysis and mediation by lignin and manganese peroxidases. Reproduced with permission
from ref 5, Copyright 2000 Springer Nature.

The mechanism of advanced color removal involves two successive one-electron
oxidations of the phenolic ring by the hydrogen peroxide-oxidized forms of the enzyme
producing a carbonium ion 846, Water molecule reacts with the phenolic carbon bearing the azo
linkage, resulting an unstable hydroxyl intermediate breaking down into a quinone and an
amidophenyldiazine. The latter compound is then oxidized by oxygen into the corresponding
phenyldiazene radical which after elimination of nitrogen gives a phenyl radical finally
oxidized by oxygen.

The position of the substituent was also reported to be important. Compounds containing

a methyl group in position 3 were not substrate for the laccase. Similarly, those compounds
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substituted with dimethyl and dimethoxy groups in positions 2,6 and 2,3 were substrates, while
those containing the same groups in position 3,5 were not. Consequently, laccase-mediated
oxidation of phenolic-azo dyes seems to depend both on the electronic character and the
position of the substituent on the phenolic ring %4,

The presence of adjuvants like veratryl alcohol which is a secondary metabolite of white-
rot fungi like Phanerochaete chrysosporium or Trametes versicolor that produce the
ligninolytic enzyme lignin peroxidase enhances the activity of both laccase and manganese-
dependent peroxidase .

Similar fungi and mushrooms were utilized for the decolorization of distillery wastewaters
656

3.3.3 Biodegradation of micotoxins

The biodegradation of micotoxins present in waters is still in an infancy stage. Oxygenases,
secreted by Aspergillus niger produced rather high biomass yields. These oxygenases have no
specificity difference for aliphatic hydrocarbons (linear and nonlinear), appearing for aromatic
substrates with increasing amount as the complexity of the ring increases .

Free-metal enzymes have also been considered for this application. Mechanistic
investigations of the degradation of Zearalenone, a potent estrogenic metabolite produced by
some Fusarium and Gibberella species, also known as RAL and F-2 mycotoxin % at the atomic
level indicated that the degradation process involves two concerted reaction pathways. These
pathways rely on a proton transfer and a nucleophilic-substituted ring opening with the

formation of a hydroxyl product 5°.

3.3.4 Biodegradation of other chemical compounds

Decabromodiphenyl ether (DBDE) is part of the polybrominated diphenyl ethers (PBDE)
congeners commonly used as a flame retardant in numerous commercial products 5. Although
with a low solubility in water, due to an uncontrolled disposal of the products, they have been
also identified as wastewater compounds. Bioremediation of PBDE and its derivatives has been
indicated to be catalyzed by catechol 2,3-oxygenase genes, produced by a series of
Gemmatimonas, Pseudomonas, Staphylococcus, Cupriavidus, Ensifer, and Hydrogenophaga
spores which are able to promote meta-cleavage at specific unbrominated locations in carbon

backbones . These enzymes are also active for the benzene cleavage of the PBDE congeners,
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but with the formation of a series of byproducts, including brominated products,

dihydroxydiphenyl ether, and others that still preserve toxicity.

3.3.5 Immobilisation of the enzymes

During the past several years, considerable progress has been made in the development of
immobilized oxidative enzymes with focus on finding new support materials, improving the
immobilization methods and their applications. Among all oxidative enzymes, laccases and
peroxidase are general oxidative enzymes with ability to oxidize various types of compounds.
These enzymes have been the subject of extensive research due to their potential applications
in various bioremediation fields during the last decades and therefore can be considered as
reference for this topic. Immobilized laccase or peroxidase have shown better stability, and
reusability as well as easy separation from reaction mixture, making them more convenient and
economic in comparison to free enzymes 2,

The immobilization protocol is crucial for the stability and catalytic behavior of the
enzyme and, therefore, several approaches have been reported considering both the
characteristics of the enzyme and the support 3% The most frequently reported
immobilization procedures to date are: i) adsorption occurring through hydrophobic and van
der Waals interactions (on glass, alumina, silica gel, molecular sieves, graphite, cellulose,
chitosan, sepharose, nylon-66, resins, soil, etc); ii) ionic or covalent binding that are much
stronger; these procedures offer the advantage of limiting the leaching from the surface and the
disadvantage of rendering unusable the deactivated catalyst (biopolymers sepharose, agarose,
silica, zeolites, membranes, etc.); iii) cross-linking between enzyme and matrix. This protocol
avoids the dilution of activity, especially owing to the introduction of a large portion of non-
catalytic ballast leading to a loss of more than 50% from the native activity. This procedure
can be applied through: a) covalent glutaraldehyde approach (on glass, alumina, silica gel,
molecular sieves, graphite, cellulose, chitosan, carbon, etc), or b) via enzyme cross-linking by
multifunctional reagents (i.e. like (3-aminopropyl) triethoxysilane approach on glass, ceramics,
kaolin, montmorillonite, carbon, dextran, etc.); iv) enzyme immobilization by physical
entrapment reverse micelle that considers inclusion of an enzyme in a polymer network (gel
lattice) such as an organic polymer or a silica sol-gel, or a membrane device such as a hollow
fiber or a microcapsule (gelatin, polyacrylamidic gel, etc.). To make clear the difference

between entrapment and support binding Sheldon defined support binding as the binding of an
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enzyme to a prefabricated support and entrapment the synthesis of the polymeric network in
the presence of the enzyme %',

The immobilization of laccases onto mono-aminoethyl-N-aminoethyl (MANAE)-agarose
polysaccharide occurring via the interaction of the amino-groups with the acidic functionalities
of the enzyme led to a biocatalyst preserving 90% of the initial activity of the enzyme after 15
cycles. Besides this relative improvement, the slight alteration produced in the geometry of the
enzyme also enhances its activity compared to the free enzyme %18,

Comparison of the activity between the free and immobilized laccases extracted from
Trametes versicolor deposited via various routes, i.e.: i) deposition on TiO; sol-gel coated
PVDF membranes % ii) deposition on hybrid membrane with TiO, based bio-catalytic
nanoparticle suspension °%: iii) deposition on electrospun fibrous membranes °7°; iv)
deposition on Hippospongia communis sponging scaffolds ®7*; v) deposition onto polyamide
6/chitosan nanofibers modified using bovine serum albumin and hexamethylenediamine as
spacers and glutaraldehyde as a cross-linker 872 showed that indeed the deposition protocol and
nature of the support exert an influence on the activity, and the thermal and storage stabilities
of the enzyme due to the degree of alteration of the enzyme tridimensional structure. The
activity and stability of these immobilized enzyme were examined under different
immobilization process parameters (e.g. pH, temperature, molar strength) and under different
operational conditions for enzymatic degradation of selected EDCs (bisphenol A and 17a-
ethinylestradiol).

Additional improvements are, however, still essential such as the development of the new
materials for immobilization with higher capacity, easy preparation, and cheaper price.
Moreover, immobilization methods still need improvement to become more efficient and avoid
enzyme wasting during immobilization and enzyme leakage in working cycles.

A novel and simple immobilization approach is to synthesize self-assembled enzyme-
inorganic hybrid materials with flowe-like morphology ®73. Such hybrid materials having
flower-like shapes (nanoflowers) were more active and stable than conventionally immobilized
enzymes owing to their large surface area and to the effective confinement of enzyme
molecules in their interior 674575, Some examples also evidenced that nanoflowers composed
of laccase and copper phosphate were not only more stable but also more active compared to
free laccases %7476 |

The association of recyclable enzyme-inorganic nanoflowers with the magnetic
nanoparticles adds several other advantages to these catalysts such as easier separation, simple
operation, and low cost (Figure 75) 677678,
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Figure 75. Magnetic nanoflowers (a) and laccase-loaded magnetic nanoflowers (b). Reproduced with
permission from ref °, Copyright 2019 Elsevier.

The immobilization procedure may also combine the catalytic properties of the enzyme
with those of the support. These may correspond to acid-base ®8%%3or metal catalytic
functionalities %,

Trametes hirsuta and a purified laccase from this organism were able to degrade
triarylmethane, indigoid, azo, and anthraquinonic dyes. Immobilization of the Trametes hirsuta
laccase on alumina enhanced the thermal stability of the enzyme and its tolerance against some
enzyme inhibitors, such as halides, copper chelators, and dyeing additives. Thus, free laccase
losses 50 % of its activity at 50 mM NaCl, while the 50 % inhibitory NaCl concentration of the
immobilized enzyme was 85 mM. Even more, the effluents decolorized by immobilized laccase
could be used for dyeing with acceptable color quality 8. The same laccase immobilized in a
polyacrylamide gel converts 4-methyl-3-hydroxyanthranilic acid to 2-amino-4,6-dimethyl-3-
phenoxazinone-1,9-carboxylic acid (actinocin), a phenoxazinone chromophore occurring in
actinomycins %,

Immobilization of laccase and tyrosinase following a diazotization process involving the
absence of the phenolic group of tyrosine residues in the catalytic site led to a different
behavior. Polyacrylonitrile beads were pretreated with glutaraldehyde aqueous solution as the
coupling agent and then with a phenylendiamine solution to obtain aminoaryl derivatives that
were coupled with a buffer solution containing laccase . Besides the common drawbacks
associated with the use of soluble enzymes, such as poor catalytic stability, non-recyclability,
and biocatalyst inactivation, a significant difference of this protocol is that at pH=3.0 the
immobilized enzyme retains more than 70% of its maximum activity, while the free form
retains only 20%. Similarly, at pH=8.0, the immobilized laccase has 70% of its maximum

activity, while free laccase is almost inactive.
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Figure 76. Initial conformations of Bisphenol A (BPA), nonylphenol (NP) and riclosan (TCS) with
manganese peroxidase (MnP) in the absence and presence of nanomaterials at 0 ns. "No" indicates that
no nanomaterials are presented; "SWCNT", "GRA" and "SWCNT+GRA" corresponds to only
SWCNT, only GRA and both SWCNT and GRA are presented, respectively. The substrates are in blue.
Reproduced with permission from ref . Copyright 2017 Elsevier.

The deposition of the enzyme on a magnetic recoverable solid makes easier the separation
of the enzyme, but it has only a little influence on the activity %8. Laccase-loaded magnetic
nanoflowers were prepared by attaching amino-functionalized magnetic nanoparticles onto the
laccase-inorganic hybrid nanoflowers. These hybrid materials exhibited excellent catalytic
activity for bisphenol A degradation under room temperature in the presence of 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid, preserving over 92% of its initial activity after 60
days of storage at 4 °C ®7°. Recycling and reuse was also possible with an only small loss of
activity. Recovery is the most important advantage provided by the association of enzymes
with the magnetic recoverable solids.

The influence of the support on the behavior of an immobilized enzyme has been studied
for manganese peroxidase deposited onto graphene (GRA) and single-walled carbon nanotube
(SWCNT) (Figure 76) 5%, While GRA tended to decrease the overall stability of the binding
between manganese peroxidase and its substrates, SWCNT and also SWCNT+GRA generally

caused only a minor impact on the mean binding energy between enzyme and its substrates.

159



Thus, the native biodegradation processes may be indeed influenced by these carbon
nanomaterials by changing the interactions of the substrates and their enzymes. These studies
also demonstrated that water behavior and H-bond interactions between manganese peroxidase
and substrates changed in these materials ©3°.
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Scheme 11. Hypothetical reaction/breakdown pathway of nonylphenol, as a model EDCs degradation
by MnP. Reproduced with permission from ref %°, Copyright 2017 Springer Nature.

Manganese peroxidase (MnP from white-rot fungus Ganoderma lucidum IBL-05) has been
insolubilized in the form of cross-linked enzyme aggregates (CLEAS) using various
aggregating agents, i.e. acetone, ammonium sulfate, ethanol, 2-propanol, and tert-butanol,
followed by glutaraldehyde (GA) cross-linking °. The recovered CLEAs activity depended
both on the precipitant type and GA concentrations with a highest recovered activity of 47 %.
The biocatalytic capacity of these enzymes checked for removing endocrine disrupting
chemicals such as nonylphenol and triclosan, in a packed bed reactor system showed the
capability to destroy the aromatic cycle with the formation of functionalized alkanes and

polymers. Scheme 11 depicts the steps proposed for the bioremediation of nonylphenol ©°.

Like for free enzymes, the operation time of the immobilized biocatalysts is quite limited.
Utilization of whole cells from the edible mushroom Agaricus bisporus offered another simple

concept of immobilization because it excludes the need for enzyme purification . These cells
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were entrapped in chitosan and alginate matrix. Further modification of the alginate with
colloidal silica enhanced the activity due to retention of both cells and tyrosinase from fractured
cells, which otherwise leached from matrix capsules. Such a treatment preserved the activity
of the mushroom cells in water keeping 73% of their initial activity after 30 days %®°. However,
this is still not satisfactory from an efficiency point of view because the deactivated biocatalyst
is a waste.

The immobilization of enzymes on membranes provides another opportunity to recycle
these catalysts. The erythromycin esterase checked for the degradation of p-nitro-phenyl-
butyrate has been immobilized on membranes following two different routes: i) covalent
grafting, and ii) adsorption through hydrophobic and hydrophilic parts on ceramic membrane

supports 6916%,

3.3.6 Biotreatment of sludges

Anaerobic digestion of sludges provides a rather green route for their treatment. It
mainly consists of four successive biochemical processes, ie hydrolysis, acidogenesis,
acetogenesis and methanogenesis %% where large biopolymers such as polysaccharides,
proteins, starches, free oil and grease are firstly hydrolyzed into smaller entities followed by
acido- and acetogenesis down into shorter chain volatile fatty acids, ammonia, H2, CO2 and
H2S ®% Various bacteria such as Clostridium, Cellulomonas, Bacteroides, Succinivibrio,
Prevotella, Ruminococcus, Fibrobacter, Firmicutes, Erwinia, Acetovibrio, Microbispora,
Syntrophobacter, Pelotomaculum, Methanobacterium and Methanoculleus species were
reported to be involved in these steps 5%.

However, besides organic molecules heavy metals are other toxic components of the
sludge. Differently to organic molecules, toxic heavy metals cannot be degraded but in the
presence of these biocatalysts can change the oxidation state and thus can be complexate to
less toxic compounds. With this aim microorganisms associated to the use of green plants may
remove or render toxic environmental contaminants harmless %%7. The combination of different
biological strategies could lead to an improvement in the remediation performance as
demonstrated for different micro-, vermi- and phyto-remediations applied in a sewage sludge
polluted landfill ¢%. Experiments placing earthworms, bacteria, and plants led to removal rates
around 20-25% for heavy metals (Cd 15%—-35%; Ni 24%-37%; Pb 15%-33%; Cr 7%—-39%),
19.5-28% for benzo(a)pyrene and 50-78% for organochloride insecticide dieldrinin dual and

triple treatments. Recent examples indicated the phytoremediation of As, Ba, Cd, Cu, Cr, Ni,

161



Pb, Se and Zn in sewage sludge-based substrates demonstrating the efficiency of Catharanthus
roseus for which the translocation process was progressive in the treatment 5%°,

The microbial population present in activated sludge provides the chemical energy
required by these processes. Thus, bioelectrochemical or microbial electrochemical systems
are capable of converting chemical energy into electrical energy while employing microbes as
catalysts. These are energy-generating bioremediation processes. Electron donors are oxidized
generating electrons, H* ions, and CO, while the reducible substrates are reduced accepting
electrons while the toxic products become less-toxic or value-added products . Synergistic
effects between iron and microbes on the contaminant degradation make the role of iron beyond
that of a nutritional necessity. Iron may assist biological wastewater treatments, including
anaerobic digestion, S and CI reduction, N and P removal, heavy metal immobilization,
aromatic and halogenated hydrocarbon compounds degradation, and sludge granulation.
Numerous types of microbes in water, soils and sediments are involved in the transformation
of iron, such as sulfate-reducing bacteria, dissimilatory metal-reducing bacteria, hydrogen-
consuming methanogens and denitrifiers and the synergistic effects between iron and microbes
have been used to successfully enhance various types of microbial metabolic activities and
environmental contaminant removal, including anaerobic digestion . The iron-bearing
sludge is usually produced in the iron-oxidizing process with amorphous or crystalline iron
minerals as final products leading to the contaminant removal by adsorption and/or
coprecipitation but also to iron-containing some risks associated to the sludge aggregates
because of the adsorbed contaminants "1, Also, soil microbes aid in many metabolic reactions
associated with biogeochemical cycling of nutrients, enhance detoxification of pollutants and
maintain soil microbial structure "°2, Thus, the microorganisms may increase the availability of
nutrients and limit the negative effects of heavy metals on plants. Bacteria may also contain
plasmids that ensure resistance against some metalloids 7.

Based on these, recent achievements recommended an environmentally friendly and
cost-effective disposal of sewage sludge affording its conversion into biochar as an efficient
catalyst for the environmental photo-degradation of the organic pollutants . Such catalysts
are recyclable and ensure negligible metal leaching. Also high-temperature carbonized sludge
produce low-cost sludge biochar-based electrodes that exhibits excellent electrical conductivity
for environmental pollution remediation and harmful metals immobilization. However, the
control synthesis route for desired physiochemical properties (e.g., surface area, porosity,
functional groups, and metal phase structure), dynamic catalytic reaction and mechanisms, and
applications in the broad field of catalysis are still in the early stage. For the large-scale
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industrial application and environmental sustainability, considerable efforts should be made in
future research to solve the existing scientific and technological challenges. Firstly, more
attention should be given to elucidate the underlying mechanisms of sludge biochar formation
through thermal conversion. Detail investigation required to reveal the effects of the heating-
operating condition on their physiochemical properties. Also, the inorganic species of sludge
have catalytic effects on the thermal conversion process and resultant products "%,

Sludge has been as well proposed to be activated through cultures of aquatic plants and
worms for waste recovery and biomass production. Such an approach associated to the increase
of the carbon dioxide concentrations and dissolved phosphorus binding metals (zinc, iron,
aluminum and manganese) stimulated the growth of floating aquatic ferns thus demonstrating
a strong potential of the biocascade for combined sludge waste reduction and phosphorus
recovery (until 45%) 7%,

3.3.7 Bioremediation by combined processes

An advanced bioremediation can be achieved by combining bioenzymatic degradation of
wastes in water with other treatments. Combination of biological and electrochemical
processes to mineralize organic compounds have been reported in several studies "% 797, Only
electrochemical processes have as main limitation a rather high energy consumption to obtain
a complete mineralization that is in the range of 100—-150 kWhkg* COD " and therefore it
has relatively high associated economic costs. Taking as an example a pesticide, oxyfluorfen
was firstly biodegraded reaching up to 90% removal, and then oxidized by electrolysis using
boron-doped diamond as the anode with a complete mineralization of the residual pollutants
7%, Following a similar approach, endocrine disruptor bisphenol A was first exposed to
remediation to Bacillus subtilis HV-3 and then electrochemically degraded (close to 98%) "°’.

Electrobioremediation couples electrokinetics and bioremediation °. According to this,
by applying electro-biostimulation the activity of already present microorganisms is enhanced.
Experiments taking a microbial consortium acclimated to 2,4-dichlorophenoxyacetic acid
biodegradation showed that such strategy afforded an increased pollutant removal efficiency
reaching up almost 100%.

Bioremediation of waters has been also combined with photocatalytic processes. Coupling
lacasses with organometallic complexes offers an elegant route to enhance the bioremediation
efficiency. The lysine-free laccase allows a precise engineering of the enzyme surface by post-

functionalization of different areas of its surface by reductive alkylation without compromising
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the enzyme core function, therefore preserving the activity for the intramolecular electron-
transfer and dioxygen reduction *°. Adding a ruthenium photo-sensitizer it was demonstrated
the occurrence of an electron transfer between the enzyme surface and both the T1 and the
TNC copper centres located in its interior. As an example of such a catalytic system the
[Ru(bpy)s]*—laccase bimolecular system affords the photo-oxidation of olefins coupled to the
light-driven reduction of O, ! through a radical mechanism in which O acts both as a
renewable electron acceptor and as O atom donor (Figure 77). Theoretical calculations taking
the Ru(ll)-to-Cu(ll) centre distances showed a good correlation with the photoreducibility and

the reactivity of the grafted enzymes.
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Figure 77. Photo-oxidation of olefins coupled to the light-driven reduction of O, by a Ru—polypyridyl
complex—laccase. The paths depicted in grey do not lead to product formation in the absence of enzyme.
Ribbon model of laccase: Cu ions are depicted as cyan spheres. Reproduced with permission from ref
"0 Copyright 2017 Wiley-VCH GMBH.

3.2.8. Engineering the process

Antibiotics with phenolic groups such as tetracycline, chlortetracycline, doxycycline,
oxytetracycline and sulfamethoxazole were typically degraded by free and immobilized
enzymes in aqueous solutions in continuous stirred tank reactors 4°°.

Immobilization of the enzymes with the scope to recover and recycle the catalyst is less
efficient than the enzyme itself because such a process may drastically affect their
tridimensional structure. A solution is the use of free enzyme membrane reactors, where the

membrane is used to keep the biocatalyst confined within the reactor that operates in
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recirculation loop. Using such a set-up the enzymes can be recirculated with the reaction
medium while the reaction products in the permeate are continuously removed 2. This
approach is especially effective for industrial wastewaters that come from pharmaceutical
production. While at the exit from the industrial plants these waters present the highest
pollutant content between 10~* and 10* ug-L ™%, raw surface waters from rivers, lakes and ponds
in a close proximity accumulate lower concentrations of these (between 10~* and 10° pg-L ™)
450.

Microbial fuel cells and biochar have emerged as promising biodegradation processes due
to low cost, energy efficient and environmental benignity. With higher removal rate (20-50%)
combined hybrid processes seems to be more efficient for permanent and sustainable

elimination of reluctant antibiotics #4344,

4. Innovative combined solar driven technologies: Advantages and

drawbacks

Catalysis makes possible the transformation of substrates into products by increasing the
reaction rate and overcoming the energy barriers encountered in the mechanism using a
substance (the “catalyst”) that opens new reaction pathways ‘3. In most of the examples of
catalytic processes known so far, particularly in the chemical industry,”**heat is the energy that
is provided to the system to overcome the activation barrier.

However, besides conventional thermal catalysis, there is an increasing interest in the use
of other types of energy to promote reactions and accelerate their rates (Scheme 12). Part of
this interest derives from the on-going shift in the energy sector,’*>"*® moving from fossil fuels
that provide heat by combustion, to renewable electricity (electrocatalysis ¥’ and plasma

catalysis *8) or the use of solar light as primary energy (photocatalysis 7*°).

Catalysis
Thermal energy

Electrocatalysis Plasma catalysis Photocatalysis
Electricity Electrical discharge Light
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Scheme 12. Alternative catalysis types based on the energy used to overcome activation barriers.

After the description and discussion of the specific features of photocatalysis in terms of
mechanism, reactor design and materials, the second part of this chapter will be dedicated to
the growing interest in coupling photocatalysis with biocatalysis, electrocatalysis and
sonocatalysis by examining the balance between advantages and drawbacks. Up to date, such

exploration is essentially restricted to lab-scale and an important question arises on their scale-

up.
4.1 Photocatalysis: Fundamentals and strategies to improve efficiency.

In photocatalysis, photons of sufficiently high energy are absorbed by a material or
molecular compound and the energy of the photon transformed in the generation of a transient
state derived from the electronic excitation from occupied to unoccupied orbitals or from
electronic states "?° These transient states of the photocatalysts, typically living in the
microsecond time scale, can promote chemical reactions of substrates and other compounds.

In molecular substances these electronic excited states involve the HOMO-LUMO
transition 2!, but in the most common photocatalysis by semiconducting solids photon
absorption produces a transient charge separate state with electrons in the conduction band and
positive electron holes in the valence band ?? If electrons and holes become separate and move
to different points of the surface of the material, they can promote independently in substrates
a chemical reduction by conduction band electrons and a chemical oxidation by the valence
band holes.® Electron-hole recombination, either at the site where charge separation has taken
place or after charge migration and random recombination, is the main energy waste process
that decreases the efficiency of the photocatalytic process 2. Scheme 13 illustrates the

elementary steps encountered in photocatalysis by semiconducting particles.
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Scheme 13. General elementary steps in photocatalysis promoted by semiconductors. Adapted with
permission from ref. . Copyright 2021 Royal Society of Chemistry. i) light excitation and electron
promotion; ii) Charge carrier migration to the particle surface; iii) Chemical reduction and oxidation of
substrates in contact with the semiconductor particle. These chemical processes can occur at special
sites on the semiconductor surface denoted as co-catalysts. Electron-hole recombination can occur at
any time, decreasing the efficiency of the photocatalytic process.

The potential of photocatalysis using semiconductors, particularly TiO2, to remove
pollutants from the environment,’?-"2" atmosphere,’?® water 7273 and soils,?"%"3"""*8was
recognized in the early 80s of the XX" and has remained as an active broad research area since
then, 727728 729-730 271,731-738 738 The reason behind the use of photocatalysis for environmental
remediation was the well-proven ability of photocatalysts exposed to the ambient to generate
reactive oxygen species triggering a general unspecific mechanism resulting in the oxidation
of a very wide range of chemical compounds, including most of the organic pollutants.”°As
the final end-products of the complete photocatalytic oxidation of organic compounds would
be innocuous COz and H0O, this ideal complete photocatalytic process would correspond to
the mineralization or combustion of diluted organic compounds at near ambient temperature
even in aqueous phase.”*! The general mechanism of photocatalytic pollutant degradation,
involving reactive oxygen species, fits within the broad field of advanced oxidation
techniques,’>74% except that in the photocatalytic process no oxidizing chemicals others than
air and/or moisture are necessarily employed and that the photocatalytic process requires
photons to occur. It should be stressed that photons can be considered as the cleanest chemical
reagent making unnecessary additional treatments to remove any byproduct, as it may be the
case of other advanced oxidation processes. Thus, the Fenton-treated wastewaters require
separation of Fe*" or other transition metal salts after the reaction and subsequent appropriate

management of the resulting metal-containing sludge.
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Not surprisingly in view of the general scope in the nature of pollutants that can be
degraded by reactive oxygen species, the field of photocatalysis applied to water treatment has
attracted an immense interest. A search in the Web of Science database in January 2021 using
as keywords “photocatalysis” and “water treatment” or “water purification” retrieved over 35
000 items. About 1500 of these entries were classified as reviews covering many aspects related
to the nature of the photocatalyst, degradation of certain types of recalcitrant pollutants at
various concentrations, photoreactor design, combination of photocatalysis and other
purification techniques and many others. Thus, the reader is referred to this extensive literature
for a comprehensive coverage of the state of the art of photocatalysis for water treatment and
for a detailed description of special subtopics. To give an idea of the breadth of the area, some
of the most recent reviews focus on the use of photocatalysis for the removal of specific
industrial, agricultural and pharmaceutical pollutants in waters, the most researched being dyes
of relevance for the textile industry and as a pigments, 7478 pesticides," /9761
antibiotics,*° 762766 halogenated organic compounds,’®’-"%%and heavy metals,’’%""}just to name
a few. In general, these reviews reflect the growing concern of certain types of compounds and
metabolites of anthropogenic origin with recently discovered negative activity in human
health,”"?such as hormone equivalents,>’” endocrine disruptors,’’* and other biological effects
even at low or ultra-low concentration.

Regarding water disinfection by photocatalysis ’° and considering the dramatic impact of
SARS-COV-2 pandemic on human life and society and that this virus is present in urban
wastewaters, special attention has been paid to the use of photocatalysis as the most appropriate
technique for its deactivation.”’®"® Photocatalysis is being considered as a very efficient
treatment particularly for wastewater treatment at hospitals ’’® and other source points of high
COVID-10 virus concentration.’®

The following paragraphs of this section are intended to provide a short summary of the
main directions, achievements and current state of the art on several of the main points related
to application of photocatalysis for water treatment. Emphasis is made on the present
limitations that have to be overcome for general implementation of this technology in water
treatment. These limitations are related to the residence time and light power needed to achieve
the wanted level of pollutant degradation at high water flow rates. In general, photocatalysis is
a slow process compared to filtration techniques, requiring hours of irradiation times to reach
significant levels of pollutant degradation. Also, the use of artificial UV light to activate certain
photocatalysts is a drawback, since it requires adequate lamps and equipment and the process
has associated a high maintenance and operation cost. Solar light, on the other hand, has the
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drawback of daily intermittence, dependence on weather conditions and precautions to avoid
algae growth. Since photocatalysis implies light penetration in the wastewater, problems
related to lack of transparency and water turbidity may require some pretreatment by
precipitation, flocculation or filtration prior to application of the photocatalytic process.

4.1.1 General photodegradation mechanisms.

As mentioned earlier, the advantage of photocatalysis for environment remediation and
pollutant degradation is that in the charge separation state of a semiconductor in contact with
the ambient, reactive oxygen species can be generated provided that electrons and holes have
sufficient energy to react with these species. This is due to the fact that exposed to the air and
water or humidity, the charge separate state of most semiconductors prefers to react almost
universally with O as the best electron acceptor of conduction band electrons and with H20 as
the best electron donor for valence band holes. In this way, starting both from O (by reduction)
or H20 (by oxidation), highly reactive radicals with O atoms in the formal intermediate (—I)
oxidation state are generated. "4° These oxygen radicals can interconvert among them through
proton, or proton and electron transfer processes. Scheme 14 summarizes the reaction network

resulting in the generation of reactive oxygen species.
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Scheme 14. Reactive oxygen species generated on the photocatalyst surface, diffusing to the
surrounding aqueous medium. These reactive oxygen species are formed from the reduction of oxygen
and oxidation of water and can interconvert among them. Reproduced with permission from ref. 74
Copyright 2017 American Chemical Society.
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Among the reactive oxygen species with (—1) oxidation state, hydroxyl radical is considered as
the most aggressive chemical that can be generated in aqueous media.’882 Hydroxyl radicals
can react by three different mechanisms, including electron transfer, hydrogen atom abstraction
and electrophilic addition.”®78 The thermodynamic standard value of oxidation potential for
‘OHg/ OHaq is +1.98 V vs. RHE, "8 meaning that they can abstract one electron of many organic
molecules having lone electron pairs or other electron-rich functional groups, resulting in the
generation from neutral molecules of organic radical cations that are highly reactive against
molecular oxygen or can decompose in other ways. "®*Besides, due to the high value of the O-
H bond energy (about 467 kJ.mol™?) that is higher than most C-H bond energy values (average
energy value for C*3-H bonds 413 kJ.mol™?) and the low activation barrier for the atom
exchange, *OH radicals can abstract a hydrogen atom from virtually any organic molecule,
generating C centered radicals.’® Carbon centered radicals are known to react again with
molecular oxygen resulting in instable hydroperoxyls prone to decompose by C-C bond
cleavage, the key step in the way to oxidative degradation of a pollutant. A third common
reactivity pattern of *OH radicals is electrophilic addition to multiple bonds. Scheme 15
summarizes the general reactivity of *OH radicals and some of the subsequent steps leading to
the oxidative cleavage of C-C bonds. Similarly, other reactive oxygen species, such as
superoxide or hydroperoxyl radicals, can trigger also the formation of C centered radicals or

radical cations that are the key intermediates in the way to degradation.
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Scheme 15. General reactivity of "OH radicals. Drawing adapted with permission from ref. 78,

Copyright 2013 Chilean Chemical Society.

Although less reactive than *OH radicals, superoxide and hydroperoxyl radicals are also
highly reactive, promoting hydrogen abstraction from specific positions and participating in

electron transfer processes.’*
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The above considerations serve to justify why irradiation of a semiconductor under
ambient conditions is a general methodology to promote the oxidative degradation of organic
pollutants through the generation of reactive oxygen species. The complete degradation process
would occur through multiple attacks of reactive oxygen species, combined with trapping by
molecular O2 from the ambient and C-C bond breaking, resulting in intermediates with smaller
number of molecules. In these bond ruptures and due to the increasing number of O atoms,
CO2 may evolve. Final products, reluctant to undergo further oxidation, are carboxylic acid,
polycarboxylic acids and hydroxylated carboxylic acids, such as acetic and propionic acids.

Besides reactive oxygen species other degradation mechanisms can also occur
concomitantly. Thus, highly toxic oxidized metal oxo anions, like Cr(\V1) species, can undergo
reduction by the photogenerated conduction band electrons. Similarly, electron rich organic
molecules can react directly with valence band holes and forming organic radical cations that,
similarly to those generated by the intermediacy of *OH, would react with ambient oxygen.

Organic dyes may also have specific photocatalytic degradation mechanisms. Since
organic dyes have strong absorption bands in the visible region, photoexcitation by photons in
this range can lead to the generation of transient singlet or excited states localized in the dye.
These electronic excited states can transfer electrons to or from the semiconductor resulting in
charge separation involving the dye and the photocatalyst. This process is generally known as
photosensitization and can be very efficient, particularly considering that dyes are frequently
ions or highly polar, bulky molecules that adsorb strongly to the photocatalyst surface. Charge
separation through photosensitization occurring upon dye irradiation with visible light and
generation of radical ions of the dye favors the oxidative attack and results in decolorization of
the dye. Note that this photosensitization mechanism is particularly important for wide bandgap
semiconductors that do not absorb visible light, but can participate in photosensitized electron
transfer process due to light absorption by the dye. Scheme 16 illustrates the degradation
mechanism specific for dyes based on photosensitization.

It should be commented that frequently the effect wanted in the photocatalytic treatment
of dyes is wastewater decolorization and this visual effect can be achieved by disruption of the
conjugated bonds of the chromophore, even though most of the molecular structure still
remains intact. In this sense, dye decolorization easily followed by UV-Vis spectroscopy may
not really correspond to the occurrence of molecular degradation with oxidative cleavage of
the initial structure and possible CO- evolution, but only to the alteration of the chromophoric

system.
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Scheme 16. Mechanism of dye decolorization upon visible light irradiation of a wide bandgap
semiconductor through a photosensitization mechanism leading to the generation of the dye radical
cation. This radical cation intermediate reacts with ambient oxygen disrupting the chromophore
responsible for the color. Reproduced with permission from ref. 8. Copyright 2012 Taylor & Francis.

This variety of mechanisms based on the generation of reactive oxygen species or in the
direct oxidation or reduction of substrates are very general and can be applicable to numerous
pollutants, either organic or inorganic. Therefore, photocatalysis in aqueous media was
recognized since the beginning as a very powerful technique for wastewater treatment and
environment remediation, particularly suited when the concentration of pollutants is low in the

range of a few mg/L or below or when the wanted effect is wastewater decolorization.

4.1.2. Photocatalysts

The photocatalyst is the key component converting light into chemical energy. The most
widely used photocatalysts are inorganic semiconductors. "®8Considerable effort has been made
in testing the performance of any possible semiconductor in water treatment. Due to their
intrinsic photocatalytic stability, semiconducting metal oxides such as TiO, ZnO, CuO, Fe203,
WOQO3, CeO> or oxo salts like perovskites have been widely studied.

Most of these metal oxides are wide bandgap semiconductors with absorption onset in the
UV region. Since natural sunlight has almost a negligible energy in the UV (4>380 nm), the
use of metal oxides in photocatalysis is generally associated to employing lamps as photon
source. One point to be reminded is that light penetration correlates inversely with light
wavelength, meaning that the penetration of UV light into an aqueous solution, particularly

below 300 nm, is lesser than that of the visible light. This means that in the photoreactor design
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the distance from the lamps to the photocatalyst has to take into consideration the irradiation

wavelength.

TiO- as photocatalyst

Regarding semiconductors, there is no doubt that TiO> still continues to be the most
important photocatalyst and a considerable research is focused on enhancing its activity. Thus,
about 19 000 items are retrieved in the Web of Science database in January 2021 by combining
the words of photocatalysis, water treatment and TiO.. More than 10 000 items have been
published since 2015, indicating that the field is currently very active with over 1 500
publications on the activity of TiO> for water treatment consistently in the last five years. Thus,
the number of publications using TiO> is over one-half of the total number of items dealing
with photocatalysis for water treatment, giving an idea of the relevance of TiOz in the field in
spite of its limitations. The main reason for this prevalence is the combination of high efficiency
under UV light irradiation, availability, chemical and photochemical stability and lack of
toxicity.

However, while TiO> can exhibit high photocatalytic activity under UV light, the onset of
anatase photoresponse (about 380 nm corresponding to 3.2 eV) is just on the limit of the solar
emission spectrum reaching the Earth surface and, therefore, a complete lack of photocatalytic
activity under sunlight exposure is commonly observed. This lack of sunlight activation and
the high charge carrier recombination rates, meaning that most of the absorbed photons are
useless, are the main drawbacks of TiOz and, therefore, of photocatalysis in general.

To overcome these two important limitations, much effort has been made to modify TiO>
photoresponse and enhance the efficiency. Thus, the photocatalytic activity of TiO. in different
phases and prepared from various procedures has been amply reported since the starting of
photocatalysis for wastewater treatment.”*7 However, the need of UV light for activation
and its low efficiency due to the large extent of charge carrier recombination have determined
a continued research to improve the efficiency of this metal oxide semiconductor. Doping by
metal and non-metallic elements,”®>"®° surface amorphization to render “black titania”,’"%2
preferential crystallographic facet growth,”®® spatial structuring at the nanoscale’®7% and
formation of heterojunctions with other semiconductors and co-catalysts’®"®° have been
general strategies that have been used to increase the photocatalytic TiO> efficiency in general

and in the field of water treatment in particular.8%

Beyond TiO,.

173



Besides TiO», there are other semiconducting metal oxides that have also been studied as
photocatalysts for wastewater treatment. Probably, ZnO is the second most studied
photocatalyst.218%2 ZnO also a wide bandgap semiconductor with similar conduction and
valence band potentials as TiO2 and exhibiting a large active under UV light. One of the main
problems is the stability of this metal oxide under even mild acid conditions. It should be
reminded that many oxides of di- and tri- positive metal cations dissolve in acid media and this
happens in this case. ZnO is also not stable under strong basic conditions. Thus, it can be
concluded that there is no much gain using ZnO as alternative of TiO,. Similar conclusions
about stability or lack of clear advantages respect to TiO also apply for other metal oxides.

Besides oxides, chalcogenides have also been explored as photocatalysts.® Metal
chalcogenides are characterized by a narrower bandgap than the corresponding oxide, meaning
that, in contrast to metal oxides that are wide bandgap semiconductors, most metal
chalcogenides exhibit visible light absorption.8® Although metal chalcogenides have generally
a remarkable photocatalytic activity, their lower photochemical stability and their tendency to
undergo photocorrosion limit considerably their real applicability.2** Photocorrosion occurs
when one of the charge carriers reacts slower than the other and it results in accumulation of
one charge carrier on the particle, producing the dissolution of the corresponding ion.8%-8% |n
the case of metal chalcogenides, this photocorrosion is usually minimizing by the presence of
sulfide or polysulfides in the medium,®’ but this is not generally possible in wastewater
treatment. In addition, typical metal chalcogenide photocatalysts have highly toxic metals, like
Cd. All these drawbacks make metal chalcogenides of low use.

As commented earlier, most photoresponsive materials have been tested as photocatalysts
for wastewater remediation. The list includes many novel 2D nanomaterials like MXenes 8%
whose synthesis has been recently reported by Gogotsi in 2011 and that have also been tested
as photocatalysts for water purification. Particularly, the probably most widely studied 2D
MXene, TizCz carbide obtained by HF etching or other exfoliation technique of the TizAIC>
phase and characterized by having negative charged sheets in aqueous suspensions is able to
adsorb positively charged dyes such as methylene blue, promoting their subsequent
photocatalytic degradation. Figure 78 illustrates MXene synthesis. Since MXenes are mostly
conductive materials, they are most generally used in combination with a semiconductor, such
as Ti0,,%%812 graphitic carbon nitride, 232D metal-organic frameworks®'* and other

photocatalyts.8%®
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Figure 78. Preparation of single layers of TisC, from TisAlC, by anodic etching and subsequent
exfoliation. Reproduced with permission from ref. 8 Copyright 2018 Wiley-VCH GMBH.

Due to the space limitation, in the next sections we will focus on two different types that
have been under the spotlight in recent years, due to the potential advantages in comparison
with oxides and chalcogenides. The aim is to illustrate the breadth of the field by presenting
the use of metal organic frameworks and non-metallic graphitic carbide as photocatalysts for

wastewater treatment.

Metal-organic frameworks (MOFs) as photocatalysts.

MOFs in which metal clusters are connected to rigid multipodal organic linkers forming a
crystalline porous lattice are in many respects like molecular transition metal complexes, but
holding these metal complexes in fixed position in an open network, making them accessible
to pollutants through the crystal pores.81/82° High surface area and large pore sizes and volumes
together with a considerable flexibility in composition and structures are the main positive
features of MOFs. MOFs allow a large degree of design by considering the coordination
geometry around the metal nodes and binding directionality of the organic linkers. Scheme 17
illustrates the main structural characteristic of MOFs and their advantages respect to other

materials.
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Scheme 17. Cartoon representing MOFs structure with metal ions or clusters at nodal positions
coordinated by rigid bipodal organic linkers. The main structural properties of MOFs have also been
indicated.

Since molecular transition metal complexes, such as for instance ruthenium polypyridyls,
are among the best studied soluble photocatalysts and photosensitizers, it derives that MOFs
can be considered as the heterogeneous counterparts of these soluble metal complexes. The use
of MOFs as photocatalysts, including wastewater treatment, has been recently reviewed,
summarizing strategies to enhance their photocatalytic activity.8? Not surprisingly, dye
decolorization has been a preferred test reaction to evaluate their photocatalytic activity. #2822
829 MOFs are especially suited as visible light photocatalysts.'?*

Besides as-prepared materials, MOFs can also be subjected to post-synthetic modification
to adapt the structure to their role as photocatalyst. A common post-synthetic treatment is the
incorporation or metal nanoparticles that have the role of co-catalyst favoring the charge carrier
trapping and their transfer to substrates. In one of the examples trimetallic Cu-Co-Ni
nanoparticles were uniformly incorporated inside MIL-101(Fe)-NH. and the resulting material
exhibit visible-light photocatalytic activity for removal of cationic methylene blue and anionic
crystal violet dyes using a trace amount of H20,.8% Scheme 18 illustrates the process. Although
Cu-Co-Ni/MIL-101(Fe)-NH: exhibits an enhanced photocatalytic activity in comparison with
the parent MOF and other control materials, the decay, even moderate, observed in the
performance of Cu-Co-Ni/MIL-101(Fe)-NH2 upon reuse certainly hampers any possible real
application of this material. Since MOF structure is based on metal-ligand coordination bonds
that are weaker than covalent bonds, MOFs have also been carefully surveyed for stability,

providing convincing evidence of structural robustness.
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Scheme 18. Preparation and photocatalytic activity of Cu-Co-Ni/MIL-101(Fe)-NH.. Reproduced with
permission from ref. 8. Copyrigth 2020 Elsevier.

The photocatalytic activity of MOFs for water treatment relies at least three possible
centers, including active metal nodes, linkers or occluded guests. In one of the examples using
the internal void space to include a photoactive guest, atomic clusters, such as PW12
heteropolyoxometallate, have also been incorporated inside MOFs and the resulting guest-host
material used as photocatalyst for the degradation of pharmaceuticals in water.8!

Besides metal and metal oxides nanoparticles, carbon dots are attracting considerable
attention in photocatalysis as light harvesters and as charge trapping agents. Carbon dots have
been incorporated inside MOFs, such as MIL-88B(Fe)-NH. and the resulting composite used
as visible light photocatalyst for Cr(V1) reduction and methylene blue oxidation.®32 The carbon
dot-MIL-88B(Fe)-NH2> material was prepared in a single step and it is proposed that the
enhanced photocatalytic activity derives from the role of carbon dots as electron acceptors
increasing the efficiency of photoinduced charge separation.®3 Scheme 19 illustrates the
preparation procedure, structure and band alignment of the carbon dot-MIL-88B(Fe)-NH>

material.
C Cl
\Fle/
Cl Cr3+
+ w Crét
T -
Fe,"6H,0 z 1 - e\J
i 4 -0.26 eV ———
«e® L :o . %: 0 Bl e Cré
‘9 , L 4
~+ = T‘g 1_ Xe (3} CCI’“
C o
NH2'§DC % ; 1177 v VB | Hinder CO,+H,0
s 69 g o 2+ h* h* h*
o 6.0 00 ("OHC
L TR ho MB
2
CGHIZOS

Scheme 19. Precursors, structure and band alignment of carbon dot-MIL-88B(Fe)-NH,. BDC and CD
corresponds to 1,4-benzenedicarboxylate and carbon dots, respectively. Reproduced with permission
from ref. 832, Copyrigth 2020 Elsevier.
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2D MOFs in which the thickness of the crystallites are a few nanometers are currently
under intense investigation due to their potential in electro- and in photocatalysis.®**The
nanometric thin nanosheets offer high substrate accessibility and favorable diffusion, in
addition to optical advantages derived from light excitation on the material. These 2D MOFs
have also been explored as photocatalysts for dye degradation in the absence of H20,.”°

Frequently the photocatalytic activity increases upon the combination of two or more
semiconductors. These systems are generally denoted as “heterojunctions” and depending on
the band energy alignment of the two components, various possibilities can appear (Scheme
20). These heterojunctions have also been reported using MOFs as components. For instance,
it has been found that the heterojunction of AgVO4 and ZIF-8 is more efficient for Rhodamine
B degradation than the individual components.®3* In other example, it has been recently
reported that incorporation of red phosphorous inside MIL-101(Fe) exhibits an excellent
activity for tetracycline degradation, the composite being stable and reusable.®3® A related
version of red phosphorous inside ZIF-67 has photocatalytic activity for Cr(V1) salts reduction

and rhodamine B oxidation.3®

(b)

Scheme 20. Types of heterojunction of two semiconductors depending on the conduction and valence
band alignment. a) Type | or straddled, b) Type Il heterojunction or Z-scheme, and c) Type |11 or broken
gap. Reproduced with permission from ref. . Copyrigth 2017 Wiley-VCH GMBH.

Ultrathin 2D nanosheets are especially suited as components in heterojunctions, since the
surface to volume ratio is larger and the percentage of atoms exposed to the heterojunction in
2D MOFs is higher. One particular case of this heterojunction with 2D MOF is the case of
BiOBr and ultrathin MOF nanosheets to form a Z-scheme photocatalyst.®3 Mixed metal MOFs
can exhibit enhanced light harvesting properties and in a heterojunction these MOFs can act as
photosensitizers. One illustrative example is Ce-doped MIL-101-NH> forming a heterojunction
with AgsPO4 that exhibits high photocatalytic activity for decolorization of methylene blue.®°

MOFs can also be used as precursor of advanced metal oxide photocatalysts and their
heterojunctions.®*°In one of study, porous TiO2/ZrO, photocatalyst was prepared by depositing
TiO2 on UiO-66 and the resulting TiO2-UiO-66 composited submitted to calcination. The
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porous TiO2/ZrOz on UiO-66 exhibits enhanced visible light photocatalytic activity for dye
decolorization.#** Scheme 21 illustrates the band alignment on this multicomponent
photocatalyst and show a TEM image of the resulting composite. More elaborated
multicomponent MOF-containing materials have also been developed as advanced,®?

multifunctional adsorbent-disinfectant photocatalyst.8+2

Scheme 21. Band alignment and TEM image of the TiO,/ZrO,/UiO-66 photocatalyst. Adapted with
permission from ref. 81, Copyrigth 2019 Elsevier.

Carbon nitride

As commented earlier, besides TiO2, metal oxides, metal chalcogenides and MOFs,
graphitic carbon nitride (g-CN) has emerged as one of the most-studied metal-free
photocatalyst.? The ideal structure of graphitic carbon nitride is a polymer of s-triazin and s-
heptazine unit with melon substructures. Scheme 22 shows an ideal structure of g-CN.8
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Scheme 22. Structures of ideal graphitic carbon nitride. Reproduced with permission from ref. 84,
Copyrigth 2014 Elsevier.

It appears that the exact preparation procedure determines the quality of g-CN and its
photocatalytic performance and photostability. A recent study has shown that downshifting the
valence band oxidation potential and increasing g-CN surface area increases g-CN self-
degradation by photogenerated reactive oxygen species.®*® It was also found that the presence
of aromatic humic acids probably acting as a quencher diminishes the photocatalytic
degradation of diclofenac by g-CN.8#° This effect of polyphenolic humic acids quenching
charge separation is probably general and should decrease the efficiency of most
semiconductors.

As in the case of graphene, the optical properties and photocatalytic activity of g-CN for
water treatment can be enhanced by doping with nitrogen, boron,®*®sulfur,34’ phosphorous®4®
and other elements. A fully bio-based oxygenated g-CN supported on polyester has been
prepared and used for water treatment.84° g-CN was formed by microwave thermal treatment
of guanidine hydrochloride and tris(hydroxymethyl)aminomethane. The polyester obtained by
solvent-free condensation of glycerol and a mixture oil-based dimer and citric acids.?*° Besides

on polyesters based on glycerol, g-CN has also been supported on pickering cellulose foams,&>°

848

carbon nanotubes®*® and many other substrates, allowing easier recovery or immobilization.
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The use of natural, renewable feedstocks in the preparation of supported photocatalysts
represents an advance towards sustainability and better use of resources.

g-CN has also been used as one component in heterojunctions and multicomponent
photocatalyst for water treatment.84” Among the various systems those combining g-CN and

TiO2 as well as MOFs have been intensively investigated.®®

4.1.3 Comparison among different photocatalysts and conditions.

The current state of the art can be summarized indicating that issues of sunlight efficiency
and stability of modified TiO> forms have not been yet satisfactorily solved and there is ample
room for improvement. Therefore, beyond TiO>, virtually every known photocatalyst in their
various modifications has also been tested for water treatment. Several reviews are focused on
describing the state of the art regarding these more novel photocatalysts beyond TiO3, such as
graphenes,®2-8% carbon nitride,3438578% hismuth oxyhalides,®° bismuth vanadate,2®863 metal-
organic frameworks,°8864-8% covalent organic frameworks®7-8%8 or diamond nanoparticles,®®%
870 among others.

Regarding elaboration of a ranking of photocatalyst efficiency, one of the main problems
that is common for all the photocatalytic reactions is the difficulty to define some absolute
numbers that could allow comparison among different materials. The photocatalytic activity
depends on multitude of variables, including the mass of photocatalyst in a volume and how
the photocatalyst is exposed to the light, the intensity of the light and its spectral range, the
photoreactor design, nature of pollutants, presence of oxygen and other natural products acting
as promoters or inhibitors. The influence of all these parameters makes frequently impossible
to draw conclusions on the relative activity. On top of this variability of experimental
conditions, there are also issues related to photocatalyst stability, activity decay and costs that
are also very important and generally not sufficiently addressed. Photocatalyst stability is
generally supported by a low number of reuses under batch conditions, but no realistic
continuous flow long-term (weeks or months) tests are performed. In many of the cases, ready
implementation of these photocatalysts seems not possible due to various reasons, like the lack
of proven stability, poor efficiency, high cost or toxicity.

Therefore, at the present, it is evident that testing and evaluation of new materials as
photocatalysts for water purification and pollutant degradation will continue to attract much
research effort in the next years. However, the field will benefit enormously of definition and

acceptance of efficiency parameters and even certain common standard experimental protocols
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that could serve to advance in a confident photocatalyst activity comparison and the quest a

definitive photocatalyst.

In this regard, the IUPAC proposed phenol and anionic alkylsulfate surfactant as probes
to check the activity of advanced oxidation techniques to promote degradation of aromatic and
aliphatic compounds 8* and these model compounds could also be used to evaluate the
photocatalytic activity of different materials, describing experimental procedures to follow the
course of the reaction. Besides substrate disappearance, product analysis and decrease of total
organic and inorganic carbon are parameters to be considered. In the case of dyes, rhodamine
B, methylene blue and recalcitrant azo compounds are also preferred models.

Besides the performance against probe molecules, efficiency parameters borrowed from
other photocatalytic reactions could also be used to rank the photocatalytic activity. Thus,
energy efficiency parameters such as those used in advanced oxidation techniques,®’? water
splitting®”® or photocatalytic CO, reduction, in which light-to-chemical conversion efficiency
is the figure of merit. Collector surface for direct sunlight irradiation is also related to energy
used in the process.®’2 In the present case of wastewater remediation, the efficiency in which
the light energy is converted into the generation of reactive oxygen species or the degradation
of key pollutants, like phenol, could be also a valuable figure of merit to rank the various
photocatalysts and clarify the field.

It is clear that these efficiency values are also function of the operation conditions and
photoreactor design. For this reason, the research should also address which are the best
conditions in terms of photocatalyst concentration, photocatalyst immobilization, illuminated
area, flow rates, etc. In any case, it is clear that the field will benefit enormously for some
agreement in benchmark probes and efficiency data that could be widely employed to establish
photocatalyst performance, allowing comparison among photocatalysts, conditions and

photoreactors.

4.1.4. Photoreactors

Regarding photoreactors, it should be commented that most of the studies in the area have
been carried out under batch conditions. However, implementation of photocatalytic water
purification would most likely require almost universally the use of continuous flow. Issues
like photocatalyst stability are better study in a continuous flow reactor in which it is possible

to determine deactivation as a function of the operation time. In continuous flow reactors,
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suspended photocatalysts are difficult to maintain and deposition of the photocatalyst as a thin
layer in the irradiated region is preferable (see chapter 2.3.4).

In this regard, suspended particulate materials are widely employed as photocatalysts,
particularly for batch reactions in which there is not a continuous flow. They offer the
advantage of a better light adsorption throughout the whole reactor volume, but the
concentration of suspended photocatalyst has to be optimized for a maximum efficiency.

However, separation of these particles after the process is complicate, since in most of the
cases the best photocatalytic activity is achieved for nanoparticles that do not sediment easily
by gravity and whose presence in the treated water is unwanted. One elegant solution to this
dilemma, higher activity for nanoparticles and difficult recovery and separation after the
process, could be the use of magnetically responsive photocatalysts.848® However, for
continuous flow it is always more convenient to deposit a thin film of the photocatalyst in the
illuminated region of the photoreactor. Photocatalyst immobilization raises, however, the issue
of how to design the reactor to ensure sufficient contact between the irradiated photocatalyst
and the pollutants in water.

One important point to be also considered is the light source. At first sight, the use of
natural solar light is very appealing, since it would reduce considerably the capital investment
required for lamps and ballasts, minimizing energy consumption of the process. There are in
market commercially available solar photoreactors. Scheme 23 illustrates a simple model of
these solar photoreactors. However, the use of sunlight has several drawbacks to be considered,
including night intermittency and dependence on weather conditions. In addition, since solar
spectrum reaching the Earth surface has only a small fraction, about 4 %, of the total energy in
the ultraviolet region, the use of natural sunlight to promote the photocatalytic water treatment
requires of visible-light responsive photocatalysts. This limits considerably the materials that
can be used as photocatalysts or alternatively makes necessary modification of conventional,
stable metal oxides in such a way that they become photo responsive under visible light
irradiation. As commented earlier, strategies to render TiO2 and other metal oxides as efficient
visible light photocatalysts are still not satisfactory. Therefore, the selection of available visible
light photocatalysts, particular with photo response in the red side of the visible spectrum,
corresponding to narrow bandgap semiconductors (about 2.0 V), is limited in comparison with

those that respond into the UV zone.
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CPC Photoreactor

Scheme 23. Illustration of a continuous flow solar photoreactor constituted by parabolic mirrors and a
recirculating solution. Adapted with permission from ref. 8. Copyrigth 2015 Elsevier.

4.1.5 Photocatalysis: Related practical developments

Due to the long treatment times and the need of transparency and low turbidity,
photocatalysis cannot be the preferred wastewater treatment technique when the pollutant
concentration is high. When pollutant concentration or the total organic carbon content is in
the range of 1 mg.L* or below photocatalysis is possibly the technique of choice, since other
alternatives, particularly advanced oxidation processes, are more costly in this concentration
range. Thus, photocatalysis together with membrane filtration are especially suited as
secondary treatment for removal or deactivation of micro- and ultra-low concentration
pollutants in waters, but photocatalysis has the advantage to degrade or deactivate the
micropollutant, while membranes have to be disposed after losing their permeability.8®

This field of photocatalytic micropollutant degradation is attracting much current interest
due to the large public concern on the negative effects of antibiotics and other therapeutic drugs
can have in humans and aquatic environments, even at low concentrations. The field of
photocatalysis for treatment of low concentration pollutants has been recently reviewed.8”®
When pollutant concentration is low photocatalytic irradiation can be done using sunlight®’8 or
artificial UV light and the process can be carried out under continuous flow.8-8! Besides TiO:
and its heterojunctions,’®*8!! other photocatalysts such as carbon nitride have also been tested
to tackle with these low concentration of emerging pollutants and found more efficient than

other alternatives.88?
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Considering the low concentration of micropollutants, one interesting issue is the possible
influence that other organic compounds naturally present in fresh waters at similar or higher
concentrations can exert on the efficacy of degradation. Particularly, humic and fulvic acids
and other organic matter of natural or anthropogenic nature can influence adversely the
performance of the photocatalytic degradation of micropollutants. To address this issue,
besides model aqueous solutions, it is necessary to perform experiments in which these possible
quenchers are also present.

For wastewaters in which pollutant concentration is higher than 1 mg.L™ or the wanted
quality of treated water is high, then, it is more convenient to combine photocatalysis with other
compatible technique. While the target of many of the studies in advanced oxidation processes
is the complete mineralization of the pollutant, a cost-effective approach could be the
combination of a mild photocatalytic process with a subsequent biological treatment. As
summarized in Scheme 24, the rationale behind the success of this two-step process is that
photocatalysis is an oxidative treatment that increases the oxygen percentage in the pollutant,
decreasing its molecular mass and these two effects are generally positive to increase the
biodegradability of organic compounds. One clear example that can take as a model of other
cases is phenol, a non-biodegradable organic molecule. Mild, incomplete, photocatalytic
processes increase biodegradability of model phenol aqueous solutions as determined by the
comparison of the biological oxygen demand and final total organic carbon of phenol solutions,
before and after photocatalytic treatment.®83

Photocatalysis Biological treatment

* Applicable for bioreluctant chemical |+ Well establlished technology in waste water
+  Mild treatment v treatment plants

* Increases O percentage in the Molecules * Cost effective

* Decreases molecular size by oxidative C-C cleavage * Deep degradation of preadtivated pollutants
* Increases biodegradability

Scheme 24. Combination of photocatalysis and biological degradation resulting in a combined cost-
effective treatment.

Combination of photocatalysis with biodegradation, photocatalysis with ultrasounds,
photocatalysis  with electrocatalysis  (photoelectrocatalysis) and different various
complementary treatment techniques is also well described in the state of the art (Scheme 25).
The advances in three of these combinations (photocatalysis and biodegradation,
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sonophotocatalysis and photoelectrocatalysis) are briefly described below in the corresponding

sections of Chapter 3.

PHOTOCATALYSIS

Biological degradation Advanced oxidation techniques Ultrasounds Electrolysis
« Applicable to toxic pollutants * Avoiding catalysts * Increased efficiency * Increased efficiency

Scheme 25. Photocatalysis as a technique compatible with other wastewater treatment processes.

Combination of photocatalysis and other purification techniques increases the efficiency
of water treatment in comparison with only one of the two treatments independently. As
commented earlier, a key issue is the removal of byproducts formed in the photocatalytic
degradation that are present in very low concentrations, but that could still exhibit adverse
effects at this concentration range. Combining photocatalysis with other complementary

technique can diminish further the residual concentration after the treatment.

Photocatalysis has been extensively researched and used as a complement to dark
methodologies for advanced oxidation purification processes. There is in the literature an
extensive number of books and reviews dealing on advanced oxidation techniques and most of
them contain a section dealing on the photocatalytic enhancement of these advanced
oxidations,%742744-746.787884-889 Tna target of advanced oxidation processes is the use of a
chemical reagent to generate reactive oxygen species that can promote unspecific oxidation in
aqueous media for a large variety of organic and inorganic pollutants. The nature of some these
reactive oxygen species has been previously commented, but their formation, as well as other
oxygen-centered radicals is achieved by using hydrogen peroxide, monoperoxysulfate,
persulfate, ozone and other chemical oxidizing reagents. Typically, these oxidants require of a
catalyst such as Fe?* salts in the Fenton reaction or Co?* for monoperoxysulfate. Scheme 26

indicates some types of advance oxidation techniques.
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Scheme 26. Reactive oxygen radical species generated from peroxy chemicals

One of the main issues in some advanced oxidation techniques is how to separate the
catalyst, typically transition metal ions, from the aqueous solution after the treatment and, for
this reason, there is a logical interest in developing heterogeneous catalysts for advanced
oxidation processes.®® In this context, light can also activate the oxidizing reagent either
directly by excitation of the chemical agent or by means of a photocatalyst that promotes
electron donation to the oxidizing chemical triggering the formation of oxygen-centered

radicals. The concept is shown in Scheme 27.
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Scheme 27. Photocatalytic activation of peroxy reagents through one electron transfer from conduction
band electrons of a photocatalyst.

Direct photon absorption by the oxidizing reagent requires typically deep UV photons of
wavelength about 254 nm or lower. This is because most of the oxidants compatible with water

treatment, such as hydrogen peroxide or ozone, do not have any chromophore in the UVA
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(4>380 nm) or even UVB region (4 >300 nm). This short UV wavelength not only makes
necessary irradiation with artificial light, but also more energy-efficient LED illumination
technologies do not reach this UV range. Furthermore, the low molar absorptivity of these
oxidizing reagents makes necessary a high photon intensity and high transparency of the
aqueous phase, something that does not always happen in wastewaters.

The use of a photocatalyst, harvesting longer wavelength photons circumvent this problem
and by generation of high energy conduction band electrons and valence band holes promote
the decomposition of the oxidizing reagent. However, although the action of photocatalysis is
promoted by oxidants and the advanced oxidation techniques can use photocatalysts to trigger
the process as indicated in Scheme 26, the main drawback is the capital cost of the irradiation
equipment together with the operation cost caused by the addition of a chemical reagent. This
cost makes the combination of photocatalysis and advanced oxidation less appealing that
development of only one of the two techniques.

One of the major limitations, among others commented above, regarding the use of
photocatalysis for water treatment is that the complete pollutant degradation generally requires
multiple attacks of reactive oxygen species and that in the way to complete mineralization, as
the by-products become more oxidized they tend to be increasingly reluctant to undergo further
oxidation. Not surprisingly short chain carboxylic acids, such as acetic, propionic and oxalic
acids are commonly the final products of the deep photocatalytic degradation of pollutants.
Some of these carboxylic acids are only selectively further degraded by hydroxyl radicals,
while other reactive oxygen species are not able to activate them. This means that irradiation
times for complete degradation can be too long to have practical interest and a compromise
between the decrease in the total or organic carbon content and duration of the photocatalytic
treatment has to be reached.

It should be commented at this point that most photocatalytic processes follow a first-order
kinetics. Accordingly, while the time corresponding to one half-life decreases the concentration
of pollutant by one half and two and three half-life times by 75 and 87.5 %, respectively, the
relative decrease in pollutant concentration by increasing further the irradiation time is
becoming lesser and lesser.

Therefore, in photocatalysis a compromise should be reached between a reasonable
irradiation time and maximum pollutant concentration decrease. Optimization of the irradiation
time is particularly important considering the cost of artificial light and the photoreactor

volume and design.
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In other words, while photocatalysis following a first-order kinetics could be an efficient
treatment to diminish pollutant concentration, it appears too costly for complete mineralization
of pollutants. Validated mathematical models appear as the most convenient tool to establish
at which point photocatalysis has lost most of its value as a pollutant degradation technique

depending on how the photocatalyst is placed and the type of photoreactor employed.”®8.881.891-

896 768

Modelling is particularly useful at industrial or pilot plant scale and for special
photoreactor designs with immobilized thin films photocatalysts®®%or using three
dimensional monolith reactors.®!

From these considerations, it can be concluded that the combination of photocatalysis with
other complementary techniques, such as micro-/ultrafiltration, biodegradation, electrodialysis
or others can be more cost effective and advantageous. Several of the most studied
combinations coupling photocatalysis and other techniques are discussed in the following

sections.

4.2 Photobiocatalysis treatment of waste waters

The development of photobiocatalyst processes is emerging. However, the interest is such
coupling is growing and has been already pointed out.®%® The benefit of such coupling lies in
two different activation modes where the substrate can be photoexcited and then react on the
biocatalyst or the photons can modify the electronic structure of active sites.8’ In practice, the
photobiocatalytic systems are basically composed of photocatalytic materials, porous carriers
and biofilm. Advantages provided by these coupled technologies lye in the efficiency gain in
the removal of recalcitrant pollutants and mineralization. Hence, lower operating cost would
be expected. However, this assumption rests on many questions related to the location of active
enzymes in the porous substrate and the nature of their intimate contact with the photocatalyst.
Other points to consider are a better utilization efficiency of photons and an enhanced diffusion
inside the porous structure of the photocatalysts.8%

Photobiocatalysis combines the general degradation capabilities of semiconductors upon
light irradiation with the catalytic power of biology.2%° It provides a hybrid approach, merging
abilities of inorganic materials with the high activity and low cost with self-replicating
biocatalysts represented by bacteria, enzymes, microbes, etc. Concomitant production of
hydrogen, oxygen or hydrogen peroxide that could play a role in the water remediation may

constitute a further pivotal feature of this combined approach.
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Studies focused on the photocatalytic H> production using bio-hybrid assemblies
composed of clostridium acetobutylicum [FeFe]-hydrogenase (CAI) and mercaptopropionic
acid-capped CdS already demonstrated the interaction of CdS with the enzyme upon hole-
transfer (Figure 79). The increased TOF values were attributed to a rapid electron transfer
facilitated by the enzyme.®®However, the long-term stability of such hybrid systems was

affected by the photooxidative corrosion of capped—CdS.
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Figure 79. Properties of CdS nanorods and CdS:Cal aggregates. (a) The proposed scheme for
photocatalytic H, production by the CdS:Cal assembly. Electron-transfer [FeS]-clusters and the
catalytic H-cluster are shown in yellow (sulfur) and orange (iron). CdS and Cal are drawn to scale,
while MPA molecules are enlarged by a factor of ~5. (b) Energy level diagram showing processes in
photoexcited CdS that are relevant to H. production. (Abbreviations: AA, ascorbic acid; dHA,
dehydroascorbate; Cal, [FeFe]-hydrogenase; Eg, band gap energy; Ker, rate constant for ET from CdS
to Cal; kur, rate constant for HT from CdS to AA; MPA, mercaptopropionic acid; kox, rate of photo-
oxidation of surface-bound MPA ligands; kger, rate constant for ET from Cal to CdS (H. uptake); lags,
flux of absorbed photons; kcgs, rate of excited state decay in CdS, including both radiative and non-
radiative pathways (e.g., electron—hole recombination, carrier trapping). Potentials are shown vs NHE
(pH=7, 1 bar H). Reproduced with permission from ref °©°, Copyrigth 2012 American Chemical
Society.

Water oxidation may also be coupled with water treatment. Photocatalytic O2 generation
can be catalyzed by enzymes possessing an appropriate inorganic cluster such as Mn4CaOs that

is conserved in protein complexes.®*

Its hypothesized precursor is an anoxygenic
photobacterium containing a type Il photosynthetic reaction center as photo-oxidant (bRC2,
iron—quinone type) (Figure 80). Such a bRC2 complex can catalyze the photo-oxidation of
Mn?* to Mn®, but only in the presence of bicarbonate that makes possible the formation of
(bRC2)Mn?*(bicarbonate) complexes. Figure 80 depicts a model for the origin of the water

oxidation catalyst and chemically feasible steps in the evolution of oxygenic photosystem.
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Figure 80. The chemically feasible steps in the evolution of the water oxidation complex of oxygenic
photosystem 11 from the bacterial reaction center. Reproduced with permission from ref. . Copyrigth
2013 Wiley-VCH GMBH.

Further, the concept has been expanded to other applications as wastewater oxidation for
water purification, or oxidative biomass conversion, but also for the sequestration of heavy

metals.
4.2.1 Biocatalysts associated to organo-photocatalysts for water remediation

Dead algal cells and chlorophyll could accelerate under visible light irradiation the photo-
transformation of benzo[a]pyrene (BaP), a ubiquitous and persistent pollutant with potently
mutagenic and carcinogenic toxicity. Chlorophyll a extracted from Selenastrum capricornutum
was found to be the major active substance in dead algal cells, and generated a high level of
singlet oxygen able to catalyze the photo-transformation of BaP, thus offering a possible
remediation strategy of organic pollutants in natural water environment (Figure 81).%°2 After
absorbing light, chlorophyll reaches its triplet state that can transfer its energy to the ground
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state oxygen, resulting in the formation of 1O, by spin flip in O2. However, 102 only affords

the formation of BaP quinones without leading to a deeper degradation.
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Figure 81. Mechanism of dead algal cells accelerating the photo-transformation of BaP. Chl,
chlorophyll. Reproduced with permission from ref °2, Copyrigth 2015 Springer Nature.

Cyanobacteria are a group of photosynthetic bacteria that lives in a wide variety of moist
soils, water and obtaining energy via photosynthesis. Most cyanobacteria are oxygenic
photoautotrophs, and thus their growth and survival is highly dependent on effective utilization
of incident light®®® These microorganisms produce various phytochromes and
cyanobacteriochromes that allow these cells to respond to light in the range from 300 to 750
nm with photosynthetic enzymes comprising, among others, oxidoreductases allowing to
photooxidize water. Thus, cyanobacterial species, such as Microcystis aeruginosa are able to
remove the widely used drug, tetracycline, even at high concentrations. Similar behavior has
been observed for chlorophyte alga Chlorella pyrenoidosa.®®*Other pharmaceutical water
contaminants such as doxylamine,®® carbamazepine®® and also microplastics®®’ have also
been treated with photosynthetic cyanobacteria under illumination.

The effect of the light in the photobiodegradation of the various compounds has been
demonstrated in the debromination of polybrominated diphenyl ethers on cyanobacterium
Microcystis flos-aquae.®® where 5 to 11 times more debromination products were measured at
a light intensity of 100 zmol photons m~2s than at 20 zmol photons m~2s2. Living cultures
of Microcystis flos-aquae transformed the polybrominated ethers at a rate of 0.22 day * while
no transformation was observed in the respective autoclaved cultures. Also, the

cyanobacterium led to an additional hydroxylation of the aromatic ring (Figure 82).
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Figure 82. Comparative debromination of polybrominated diphenyl ethers in the presence of
Microcystis flos-aquae and Chlorella vulgaris. Reproduced with permission from ref °8, Copyrigth
2019 Elsevier.

4.2.2 Heterogeneous photocatalysis in tandem with biocatalysis

The association of fungal membrane bioreactor (FMBR) and photocatalytic semiconductor
membrane reactor (PMR) (Figure 83) offers an example of integrated fungal biodegradation
and photocatalytic degradation of textile wastewater from reactive washing processes.®% In the
integrated system, the photocatalytic degradation was employed as a post-treatment application
after the fungal biodegradation process (working with Coriolus versicolour, Trametes
versicolor or Phanerochaete chrysosporium). The tandem process led to higher removal
efficiency expressed through color removal and chemical oxygen demand (93 and 99%,
respectively) compared to simple photocatalytic degradation on TiO> (88 and 53%) or ZnO (53

and 21%) photocatalysts, or to independent fungal biodegradation using Phanerochaete

chrysosporium efficiencies (56 and 60%), respectively.%®
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Figure 83. Experimental setup of the sequential photocatalytic membrane reactor and fungal membrane
bioreactor integrated process: 1. Stock waste-water; 2. Pyrex glass reactor; 3. Membrane module; 4.
Fritz filter; 5. UVA lamps; 6. Reflecting lid for keeping the light in; 7. Pyrex glass reactor; 8. Ice vessel;
9. Peristaltic pump; 10,11. Air blower. Reproduced with permission from ref °°, Copyrigth 2016
Elsevier.

Coupling powder photocatalysts with homogeneous biocatalysts represents another route
to achieve photobiodegradation. Copper modified g-CsN4 as photocatalysts could effectively
improve the dehydrogenase activity, which indicated that the biocompatibility of these
catalysts had a very good protective effect on activated sludge. Thus, the presence of Cu-g-
C3Na4 could effectively alleviate the inhibition of residual nitrobenzene on microbial activity in
simulated waste-water, effectively improving the dehydrogenase activity.®'® While ambient
conditions indicated a certain inhibitory effect of nitrobenzene on dehydrogenase, the addition
of Cu-g-CsNs had a positive effect on the activity reducing in a large extent the toxicity of
nitrobenzene. The process has been described through consecutive reactions in which after
photocatalytic degradation of nitrobenzene, part of it was mineralized, while another part was
decomposed into small molecules that were degraded by the living microorganisms as nutrient

substrates for growth, so the growth and metabolism of activated sludge showed a strong trend.

4.2.3 In-situ production of H20: in the context of water treatment

The combination of light, photocatalyst and enzyme can be useful for in-situ production of
H202. Under UV or visible light irradiated, the photocatalyst can be excited and abstract an
electron from ethylenediaminetetraacetic acid (EDTA) acting as electron donor. Afterwards,

the reduction of oxygen to hydrogen peroxide can occur. Once formed, H>O> serves as substrate
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to catalyze an enzyme reaction (Figure 84).°! The slow step of the process is photoactivation
process which can be speed up by increasing light intensity and/or the amount of the photocatalyst.%*?
Such concept can be powerful due to its simplicity and cost-efficiency. On the other hand, some
limitations have been identified related to the use of EDTA. Indeed, harmful environmental
side products, such as formaldehyde and ethylene diamine can form, but the substitution by
formate can avoid such deleterious effects.®*® Another important drawback can be related to
the stability and the robustness of enzyme. As aforementioned, increasing the light intensity
and temperature have a benefit in terms of rate in conversion, but this one can be counter
balanced by the degradation of the enzyme. Future studies should explore enzymes from more

thermophilic organisms that also have some tolerance to UV light.
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Figure 84. In-situ production of hydrogen peroxide by combining photocatalyst irradiated by UV or
visible light. Once reduced by an electron donor, oxygen is reduced to hydrogen peroxide. Afterwards,
H.0- is used to catalyze an enzyme reaction. Reproduced with permission from ref %%, Copyrigth 2021
Elsevier.

4.2.4 Metal sequestration in waste waters through hybrid photo and biocatalysis

Tandem microbe-photocatalyst systems, which behave as a semi-artificial photosynthetic
system, have been considered to treat organic contamination in water and for the sequestration
of heavy metals as well.®** These combined treatment systems integrates microbial cells with

artificial photocatalysts for solar-to-chemical conversion (Figure 85).
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Figure 85. (A) Schematic diagram of the synthesis of microbe-photocatalyst hybrids (MPH) based on
the mineralization ability of microorganism; (B) Mechanism of the directional transfer of electrons
between different metal ions in the hybrid system driven by light. Reproduced with permission from ref
%14 Copyrigth 2021 Elsevier.

This concept is applicable to the simultaneous remediation of multiple heavy metal
pollutants in wastewater such as Cd?*, Pb®*, Cu?*, Zn?* or In** by microbial mineralization
(taking Bacillus thuringiensis HM-311 as biocatalyst) and the formation of metallic mineral
particles with photocatalytic activity on the surface of the microorganisms.®** The synthesized
photocatalytic nanomaterials generate electrons under illumination, and transfer these electrons
into the microbial cells with several positive effects: i) promote the intracellular enzymatic
reduction of metals that are toxic as high-valence ions (such as Cr®*, Se*") in the wastewater;
and ii) maintain the continuous operation of the MPH, whereby these metal ions are

simultaneously oxidized and detoxified (Figure 85).

4.2.5 Prerequisites to optimize photobiocatalytic processes: From sequential to intimate

coupling.

In case of sequential approaches, photocatalytic and biocatalytic processes have to occur
together for a simple optimization to get complete mineralization and biodegradation as
prerequisite to downsize to installation. In this configuration, photocatalytic process can
transform recalcitrant water contaminants into molecules that will be more readily converted
during the biocatalytic step. Previous investigations revealed that operating parameters such
the light wavenumber, catalyst, residence time can be easily tuned for efficient biodegradation
of phenolic compounds (2,4,5-trichlorophenol as representative compound) in steady-state

conditions.® It has been shown that dechlorinated and aliphatic compounds lead to highest
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efficiency during the biological post-treatment. Nevertheless, particular attention must be paid
in the presence of very low concentration of chlorinated and aromatic molecules which
intensify the inhibitory effect leading to deactivation. Accordingly, optimal conditions are
requested to avoid a quasi-complete dechlorination during the first step to preserve the
efficiency of enzyme.

Intimate coupling of photo and biocatalytic treatment needs careful precautions to take
advantage of possible synergy effect. Indeed, the sensitivity to enzymes and bio-organisms to
UV light, toxic substrates, and OH radical attack in case of advance oxidation catalytic process
can lead to their deterioration. Some advantages have been pointed out in the development of
hierarchical materials.”*°Ordered macro/mesoporous SiO2-TiO,. The biofilm can be located
inside the porous structure of the materials offering a better protection while open pores
(macropores) can improve light diffusion and the hydrodynamics of the systems (Figure 86)

Ordered mesoporous SiO,-TiO,

Figure 86. Schematic view of the floating macro/mesoporous SiO,—TiO2/PUF carrier. Reproduced with

permission from ref 16, Copyrigth 2016 Elsevier.

4.3. Photoelectrocatalysis

4.3.1. Principle

The coupling of photocatalysis with electrocatalysis processes is an interesting way to
increase hole lifetime by hindering the recombination of electron-hole pairs. Consequently,
light and electrical energy are necessary for this process, which allows separating the e’/h* pairs
photogenerated at the surface of a semiconductor by applying a small bias potential on a
conductive surface on which the semi-conductor is deposited. Compared to electrocatalysis,

much lower potential is required to reach the complete mineralization of the pollutants due to
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the participation of photons from light source to the process. For n-type semi-conductors, the
photogenerated electrons at the anode are extracted by the external electrical circuit,
concentrated in the cathode and cannot recombine with the holes. Thus, only holes at the
surface of the anode remain available for surface reaction either with water to produce strongly
oxidizing hydroxyl radical species or directly with pollutants to degrade them (Figure 87). It is
also important to specify that, even if the studies of the oxidation of water pollutants are mainly
focused on the photoanode®!’, photogenerated electrons transferred to the cathode can be used
to increase the degradation efficiency of organic pollutants, since solubilized O> can be reduced
in the reactor leading to reactive oxygen species, of which the nature depends on the
composition of the cathode'®°’. The electrons can also be collected, and photocatalytic fuel
cells are able to produce electricity energy while treating wastewater under solar light®8,
Electrons may also be used for water splitting for generating another energy vector, H2%°.,
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Figure 87. Scheme of the Photoelectrocatalysis process for a n-type semiconductor deposited on a
photoanode. Reproduced from ref. °2°, Copyrigth 2019 IntechOpen.

For photoelectrocatalysis, the semiconductor must be deposited on a conductive substrate,
the ensemble constituting the photoelectrode. As a consequence, photoelectrocatalysis involves
at minimum two interfaces, one between the semiconductor and the conductive substrate and
the second one between the semiconductor and the electrolyte. Thus, the performance of the
photoelectrocatalytic process depends on all the constituents, not only on the electrolyte
(Temperature, pH value, presence of dissolved oxidants, the electrolyte ions) and the nature
and morphology of the semiconductor, as for photocatalysis, but also on the nature of the
substrate®?!, To improve the process, and especially the charge transfer to the reactants,

cocatalysts may be introduced between the semi-conductor and the electrolyte, as well as an
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interlayer between the semi-conductor and the cocatalyst to better improve the charge
separation and transfer and protect the photoanode from corrosion®?2. On the other hand, the
conductive substrate-semiconductor interface is of major importance for the electron collection

process to avoid a “back electron-hole recombination”%?®

, and various interlayers may be
inserted between the semiconductor and the conductive substrate to improve the electron

extraction%22°24,

4.3.2. Photoelectrocatalysts for water treatment

The first studies on photoelectrocatalytic water treatment were performed in the earlier
1990°s°% on an usual photocatalyst, TiOz, in the form of film of low porosity obtained by
depositing TiO2> powders on various conductive substrates such as conductive transparent
glasses, such as Fluorine doped tin oxide (FTO) or indium tin oxide (ITO) glass, or on Ti plates.
It was demonstrated as efficient photoelectrocatalyst for degrading a wide range of pollutants
such as chlorophenol, various dyes or bisphenol A%®. As for photocatalysis, improvements in
photoelectrocatalysis were reached by nanostructuring TiO- in the form of nanotubes, nanorods
and nanowires, leading to an increase in the surface area, thus enlarging the
semiconductor/electrolyte interface, reducing light-scattering loss and improving the charge
transfer. The first TiO2 nanofibers were synthesized in the form of powder by hydrothermal
dehydration®?® and thereafter various sol-gel and hydrothermal routes were successfully
applied to generate nanorods or nanotubes®'®. The main drawback of these synthesis methods
is a wide distribution of tube geometries obtained in solution, which form arbitrary organized
tubes or bundles when compacted to the conductive substrate °2’. One solution arose with the
use of templates to orientate the growth of TiO2 nanotubes but the most significant
enhancement in that domain was gained with the synthesis of self-organized TiO. nanotube
arrays by electrochemical anodization of metallic Ti plates. This synthesis method presents
many advantages such as an easy control of the growth properties by adjustment of the applied
potential, anodization time and electrolyte composition, and the direct obtaining of a
photoanode®°*® while the self-alignment improves the photoelectrocatalytic performance.
Various types of nanostructured TiOz, reviewed in °°, demonstrated their efficiency for the
photoelectrocatalytic degradation of many pollutants. As for photocatalysis, various metal (Cr,
Fe, Cu etc.) and non-metal (B, N) were added as dopants to TiO2, or TiO2.x composites were
synthesize, with X = metals (Ag, Pd, Au etc.), oxides (SiO2, WO3 etc.), sulfides (CdS, etc.) or
carbon in order (i) to shift its optical response from ultraviolet towards visible light by

199



decreasing the band gap energy or (ii) to favor the separation of e-/h+ charges; some examples
may be found in 1391987 Apart from TiO-based photocatalytic materials, other photoanodes,
based on W (WOs3, Bi2WQs, ZnWOs), a-Fe203, Sbh-SnO2 or ZnO have demonstrated their high
efficiency for the photoelectrocatalytic removal of pollutants as reviewed in %,

p-n  heterojunction photoanodes also constitute promising materials for
photoelectrocatalysis. When two semiconductors with different Fermi levels are put in contact,
photogenerated e” and h* are exchanged until the thermodynamic equilibrium is reached, giving
rise to two regions with opposite charges, e on the one side, h* on the other side. This kind of
materials allows tuning the oxidative power of holes of the photoanode for limiting the
formation of undesired by-products. For example, ammonia oxidation may be enhanced by
using chlorine radicals but generating toxic nitrate and chlorate species. By associating WO3
to BiVOs, it was possible to tune the valence band position and consequently to regulate the
oxidizing ability of photogenerated holes, avoiding the over-oxidation of ammonia and
chloride®?®, Conducting polymers such as polyaniline (PANI), polypyrrole (PPy) or poly(3,4
ethylenedioxythiophene) (PEDOT) can also serve as electron acceptors, electron donors and
photosensitisers that can be deposited on inorganic semiconductors such as TiO2 by spin-
coating or electropolymerization, to improve their photoelectrocatalytic properties. Thus, TiO2
nanotube arrays modified by PPy (Figure 88), considered as a p semiconductor, constituted an
efficient p-n heterojunction for the decolorization of methylene blue by photoelectrocatalysis,
with an improved degradation rate under UV or visible light compare to not modified TiO-
nanotube array (Figure 88a)°?°. The presence of PPy not only increases the photocurrent density
under UV irradiation but enlarge the light adsorption range of the photoelectrode to visible
light (Figure 88b).
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Figure 88. Conversion of methylene blue as a function of time in the presence of TiO. plate, TiO,
nanotube array (TiO2 NTA) alone or modified by electrodeposition of PPy (PPy@TiO, NTA) by
photoelectrocatalysis under UV or visible light (VL) irradiation and applied voltage (15V) (a)
photocurrent of TiO, NTA and PPy@TiO2 NTA under visible light irradiation (b). SEM image of TiO;
NTA (c) and PPy@TiO, NTA (d). Adapted with permission from ref. 922, Copyrigth 2020 Elsevier.

Beyond the fact that photoelectrocatalysis constitutes an interesting way to avoid e’/h*
recombination and thus enhance the oxidation efficiency, the electrons collected at the cathode
can be valorized for reduction reactions or to generate electricity or H2 energy vector, which

gives another additional value to this process compared to photocatalysis or electrocatalysis.

4.3.3. Combination of photoelectrocatalysis and electroreduction

The main application of the combination of photoelectrocatalysis and electroreduction in
wastewater treatment concerns the simultaneous removal of organic pollutants by
photoelectrocatalytic oxidation and of heavy metals by electroreduction. In addition to the use
of the photogenerated electrons for reducing polluting metals, a synergy between the two
processes may occur, accelerating the removal of the two types of pollutants compared to the
single processes®?. A small external bias potential or current is generally applied to enhance
the separation of photoinduced e/h™ at the photoanode, where the oxidation of the organic
pollutants happens, while heavy metals are reduced at the cathode. On the one hand, this
combined process may be applied to complete treatment of wastewater containing both types
of pollutant. Thus, a large part of the studies are devoted to the reduction of Cr(VI) into much
less toxic Cr(l11), while many organic pollutants are degraded using this combined process, as
for example methylene blue, tetracycline or phenol®®. An enhancement of the Cr(VI1) reduction
rate by the presence of the phenol has been observed, attributed to the role of the organic
pollutant as a hole trapping, while the reduction of Cr(VI) consumes the photogenerated
electrons that cannot recombine with holes, promoting phenol degradation®%.
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p-n heterojunction can also be used for the photoanode material to enhance the oxidative
properties due to the better separation of the photogenerated e’/h*. Figure 89 shows an example
of combined removal of an organic pollutant and a heavy metal, Cr(VI). A sophisticated
photoanode made of 1D nanowires of Co3O4 deposited on a 2D surface of NiFe-LDH supported
on 3D Ni foam constituted very efficient p-n heterojunction allowing the removal of bisphenol
A (BPA) by photoelectrocatalytic process, in parallel with the reduction of Cr(VI) at the
cathode, with more than 95% BPA and Cr(V1) removal at 0.7 V of applied voltage using visible
light, while only 40-45% of removal for both pollutants is reached by photocatalysis and 13%
for BPA and 5% for Cr(V1) by electrocatalysis®.
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Figure 89. Scheme of a combine system allowing the photoelectrocatalytic oxidation of bisphenol A at
the photoanode (a p-n heterojunction NiFe-LDH/Co0304) and the simultaneous reduction of Cr(VI) at
the cathode by the photogenerated electrons. Reproduced with permission from %, Copyrigth 2021
Elsevier.

On this other hand, the coupling of photoelectrocatalysis and electroreduction allows
solving one important problem of wastewater treatment due to the possible interaction between
heavy metals, and chelating agents, which is the main limitation of the removal of metal ions
by conventional precipitation processes. So, the destruction of the chelating agents, such as
tartrate, citrate or ethylenediaminetetracetic acid (EDTA) is possible at the photoanode,
favoring the recovery of the liberated metal ions at the cathode. The removal of many
complexes were studied, among which mainly Cu(ll)-EDTA, Ni(ll)-EDTA and Cr(VI)-
EDTA%C,

4.4.4. Photoelectrocatalytic pollutant degradation coupled with energy production

Photocatalytic fuel cell (PFC) is a promising process aiming at combining a wastewater

photoelectrocatalytic treatment to a simultaneous energy production. In this process, the
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photoanode, made of a photocatalyst, is immerged in solution containing the pollutant and the
cathode is in contact with an electrolyte solution in another compartment. Upon irradiation, e
/h* are produced at the photoanode and the electrons are transferred to the cathode via an
external circuit to generate electricity, while the holes oxidize water and other compounds
present in the wastewater. The main advantage of this process is that there is no need to apply
an external bias for the photoelectrocatalytic pollutants degradation, which reduces the overall
energy consumption of the process. The performance of such combined system depends on the
nature of both the photoanode and the cathode, but the PFC performance is primarily
determined by the capacity of the photoanode for absorbing visible light and efficiently
separating e’/h*. Many water pollutants, such as alcohols (methanol, ethanol, propanol), polyols
and sugars (glycerol, xylitol, sorbitol, glucose etc.) or other pollutants (Ammonia, urea,
surfactants etc.) can be thus degraded by light conversion at the photoanode while producing
electricity at the cathode®2. TiO based photoanodes were successfully used for this type of
application, but rapidly replaced by visible light-responsive photoanodes and more recently
heterojunction advanced materials as BiVO4s/WOs/W, BiVO4/TiO2 or WO3/ZnO/Zn. For
exampleWO3 loaded on hexagonal rod-like ZnO/Zn constituted a very efficient photoanode
not for converting phenol, not only in a model solution but also for treating for the first time an
actual food wastewater of high COD concentration with an abatement of 63.6% of the COD
while generating a power density Pmax of 0.498 zW cm2933

Photoelectrocatalytic water splitting for H production, a storable, clean and renewable
energy vector, is another attractive approach for energy recovery when it is coupled with
wastewater treatment. At the photoanode, the photooxidation of the organic pollutant takes

place according to equation (96):

CxHyO; + 2x —2)H20 +2 (2x —z +y/2)h*— xCO2 + 2(2x — z + y/2)H"
(96)

and the hydrogen is produced at the cathode from the electrons according to equation (97):
2H" +2e” — H> 97)
corresponding to the overall reaction:

CxHyO; + (2x — z)H20 — xCO2 + (2x — z + y/2)H2 (98)

which in turns corresponds to a reforming reaction.
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Materials developed for the photoanode for the oxidation of organic pollutants coupled
with production of hydrogen were reviewed by Lianos in 2011%%*. Since then, doped TiO;
nanotubes arrays have been continuing to be the most studied materials for this kind of
process®>9%% Recent progresses were made in that domain when new kind of
photoelectrocatalysts emerged able to store the electrons photogenerated under light
illumination, and to release them in the dark. Thus light harvesting materials, based on WO3 or
MoOs3 that can store and release electrons, are very promising materials developed for this
application. For example, dual-photoelectrodes solar-charged photoelectrochemical
wastewater fuel cell (scPEWFC) made up of WO3 at the anode and Cu20 nanowire arrays at
the cathode were not only able to produce ca. 3 times more Hz than that of pure photocatalytic
water splitting while removing phenol by photoelectrocatalytic oxidation under visible light
without additional bias, but also to continue to produce Hz under the dark.%¥’.

Other systems, presenting triple functions, are able to generate both hydrogen and
electricity at the cathode while degrading organic pollutants at the photoanode®®,
Finally, in the domain of photoelectrocatalytic conversion of pollutants coupled with
valorization processes, the recent progress concerns the production of syngas by reducing the
CO- produced at the photoanode into CO at the cathode, in parallel to the reduction of water

into Hy thus producing syngas®*® or methane.

4.3.5. Other type of coupling for photoelectrocatalytic pollutant degradation

As in the photoelectrocatalytic process, the efficiency of the pollutants degradation is
mainly dependent on the photoanode, other ways may be used to improve the efficiency of the
process by enhancing the production of reactive radicals, especially for the removal of
recalcitrant pollutants. This can be achieved by coupling for example photoelectrocatalytic
oxidation of the pollutants at the anode with a photoelectron-Fenton process.

Photoelectro-Fenton (PEF) is an interesting process for degrading herbicides,
pharmaceuticals and textile dyes®°, which consists of producing continuously hydrogen

peroxide at a carbonaceous cathode by reduction of O2 gas by the following reaction (equation

(99)):

O + 2H" +2e" — H,0» (99)
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In the presence of Fe?*, for example, in acidic solution, a reaction occurs between H202 and
Fe?* leading to the production of hydroxyl radicals according the Fenton reaction (equation
(100)):

Fe?* + H,02 + H" — Fe®* + «OH + H,0 (100)

[Fe(OH)]?* species may be also produced that are easily converted into Fe?* and *OH by
photolysis, while H,O2 may be also decomposed into *OH by photolysis.

It is an electrocatalytic reaction since Fe?* are regenerated by reduction at the cathode of
Fe®* into Fe?*. A more interesting way consists in using a cathode able to participate directly
to the Fenton reaction instead of soluble ions. Thus, a CuO/Cu20 cathode favors the formation
of *OH by reaction between Cu(I) and H2O, and an increase of the pollutant removal efficiency
was observed compared to a single photoelectrocatalytic process®*.

Other types of efficient coupling were recently reported in the literature as the coupling of
photoelectrocatalysis and reverse osmosis®?, which is in fact a two-steps process allowing to
complete the mineralization of the pollutants after a partial conversion by the

photoelectrocatalytic process, or the coupling with electroenzymatic process®2.

4.4 Sono- and sonophotocatalysis for the purification of waste waters

Ultrasonication has been regularly used for oxidative destruction of organic compounds
944-949 Ultrasonication can produce cavitation that can induce chemical reactions due to the
release of a high amount of energy within the micro-sized bubbles during their formation,
growth, and subsequent collapse in a short fraction of time, producing shock waves of high
temperatures and pressure of about 2000 bar in few microseconds %%%! (Figure 90) Due to
such high temperatures, cavitation and hot spots produced by ultrasounds can promote water
decomposition and oxygen reduction to form hydroxyl radicals and other oxidative species, as

well as the degradation of volatile and hydrophobic molecules.
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Figure 90. Schematic diagram of the cavitation effect induced by the ultra sound waves. Reproduced

with permission from ref %, Copyrigth 2016 Springer.

Taking advantage of the ultrasound energy, cavitational reactors, either as an individual
treatment method or in combination with other purification processes, have shown considerable
promise for wastewater treatment applications in recent years >, Furthermore, the application
of ultrasound as a source of agitation and activation for other oxidation processes such as those
promoted photocatalytically has been reported and this combination gives beneficial results as

compared to the results achieved in individual treatments %3

4.4.1 Sonocatalytic purification of wastewater

The degradation of bisphenol A has been enhanced by a heterogeneous ultrasound-sludge
biochar catalyst/persulfate approach that corresponded to a positively synergistic effect
between sonochemistry and catalytic chemistry °* Breaking down sludge flocks
(sonodyspergation effect) and destruction of the cell membranes of microorganisms forming
flocks is a direct effect of ultrasonic disintegration of sludge excess affording therelease of
organic material by liquid sludge (the sonolysis effect) %59, While coexisting Cl~, SO4> and
NOs~ exerted no inhibition on the degradation, HCOs™ and humic acid have a significant
quenching effect. Both SO~ and HO- participate in this degradation process, but SO4~ have a
predominant role. The possible pathway includes five intermediate products resulting through

hydroxylation and demethylation processes (Figure 91).
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Figure 91. Reaction mechanism of bisphe-ﬁol (BPA) degradation by biochar catalyst in a
persulfate/ultrasound process. Adapted from ref ®*. Copyrigth 2020 Elsevier.

The system of persulfate as oxidizing reagent and Zn(0) as catalyst has been activated
by low frequency ultrasound generated from an ultrasonic bath for the degradation of
nitrobenzene. The synergistic effect in the ultrasound/Zn(0)/persulfate is associated to the

formation of free radicals %’.

Zn% + S,08% — Zn?* + 2504 (101)
SO4* + H20 — HSO4 + *OH (102)

Bromate is a potential carcinogenic compound that can form during the disinfection of
drinking water. A study on the influence of the ultrasound frequency on the sonocatalytic
reduction of BrOs™ on TiO- has observed the occurrence of sonoluminescence at an ultrasound
frequency of 500 kHz. Ultrasound cavitation enhanced the H> production and increased BrO3z

reduction rate by increasing the number of TiO, conduction band electrons %,

TiOp—»e + h' (103)
h* +OH — «OH (104)
2 «OH — H20- (105)
BrOs + 6H" + 6e” — Br + 3H.0 (106)

Catalytic ultrasonication using Ce-based catalysts has been often reported in advanced
oxidation processes for organic wastewater treatment. Its association with MnO2 homogeneously

dispersed onto the surface of CeO,, MnO,/CeO; catalyst, enhanced the oxidation ability of
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ultrasound and realized complete decolorization of methyl orange °*°. The main active species
was * OH, which was produced by the decomposition of H,0; by leached Mn** and Ce** cations

(Figure 92). Noteworthy, the mechanism of methyl orange degradation is quite different

compared to that in the ultrasound-MnO- system.

Catalyst
>< i H:0;
. . Mn*' + H;0; + 2H" — Mn*" 4-OH + H,0

HO; + HO; — H,0, + 0,

| MnO; +H,0; + 2H" — Mn*' 4+ 2H,0 + 0,
sor =, Mn*' + Mn*" — 2Mn*’

H:O: Y Mn*' +Ce* — Mn*" + Ce™
4 v

Ce’" + Hy0, + H' — Ce"" +-0H + H,0

Solution

Figure 92. Schematic reaction mechanism in the catalytic ultrasonic oxidation over MnO,/CeO,,
Adapted from ref °°. Copyrigth 2015 Elsevier.

Degradation of diclofenac by combining FeCeOx with ultrasounds follows a similar
mechanism, the redox Mn**/Mn*" being replaced by a Fenton Fe?*/Fe3* catalyst. According to

the author’s proposal, the produced H2O:3 is further transformed into reactive *OH, *OOH and

10, radical species %%%!, The formation of these radical species correlates with the presence
of abundant oxygen vacancies on FeCeOyx surface. The degradation process includes
hydroxylation, decarboxylation, dehydrogenation, and C-N cleavage of the diclofenac

molecule (Figure 93).
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Figure 93. Diclofenac reaction mechanism in a FeCeOx-H.O, Fenton-like process, and b) its
degradation pathways. Adapted from ref %, Copyrigth 2017 Elsevier.

Overall, the degradation rate only by combining ultrasonication with catalysis is slow
compared to other established methods. Enhancing the efficiency of sonocatalysis could be

only achieved by combination with other advanced oxidation processes such as photocatalysis.

4.4.2 Sono-photocatalysis

A sonophotocatalytic reaction has been defined as a photocatalytic reaction with ultrasonic
irradiation or the simultaneous irradiation of light and ultrasound in the presence of a
photocatalyst *62%4 The association of sono-, photo- and catalysis into sonophotocatalysis

provides favorable conditions to enhance the formation and participation of reactive oxygen
species like ‘OH, ‘HO3, ‘02, H20>, etc. Among these, H20: is the most stable but it may serve

as a precursor for the reactive free radicals. Thus, hybrid photocatalysis and sonolysis allows
chemical processes difficult or even not possible to be promoted by photocatalytically or by
ultrasounds independently, such as the decomposition of water to H, and O, °°. As a
photocatalytic requirement, the combined process needs a light-sensitive material prone to
induce an Oz evolution in water. TiO2, ZnO and various mixed oxides such as BiVVO4 are among

the most common and investigated materials as photocatalysts 95%:96,
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Besides optical properties, to be effective, the catalyst should present a suitable particle
size. In this regard, ultrasound may enhance the rate of photocatalytic degradation by
promoting photocatalyst disaggregation, by inducing the desorption of organic substrates and
degradation intermediates from the photocatalyst surface and, mainly, by favoring the scission
of the photocatalytically and sonolytically produced H20., with a consequent increase of
oxidizing species in the aqueous phase *’. The phase composition of TiO2 and particle size are
important parameters, as demonstrated for TiO, photocatalysts with an optimized anatase/rutile
ratio. These samples were obtained by modification with polyethylene glycol and exhibited a
satisfactory activity and stability for the degradation of rhodamine B. The most efficient

catalysts was the sample having an optimal crystallite and particle size °.

Sonophotocatalytic degradation of wastewaters with TiO2 photocatalysts

As described in previous sections, photocatalysis over TiO2 or other semiconductors *®is
definitely useful in advanced oxidation process for wastewater treatment. Photoexcitation of
semiconductor TiO, promotes valence band electrons to the conduction band, thus, leaving an
electron deficiency or hole in the valence band. Holes can react with water molecules to form
OH radicals, which subsequently can attack the pollutant %°. The synergistic effect of
photocatalysis with sonolysis is also the result of the enhancement of mass transfer rate of
contaminants and intermediates between the liquid phase and the solid phase of catalyst °7°.
The synergism is particularly notable at the low concentration characteristic of emerging
contaminants as demonstrated for the sonochemical degradation of rhodamine B, for which
intensification studies demonstrated a 93% removal rhodamine B of a very low concentration
(10 ppm) %8, In a lesser extent, grafting titanium onto a mesoporous SBA-15 silica support
afforded Eriochrome Black T decolorization (ca 89 %) through a sonophotocatalytic
degradation under visible light irradiation 7.

The combination of sonocatalytic, photocatalytic and sonophotocatalytic processes taking
TiO- as catalyst has been investigated for the degradation in aqueous solutions of many water
pollutant molecules such as phenol 972, 2-chlorophenol, gasoline additives such as tert-butyl
ether 7374 puilding block chemicals for the production of polyesters °7°, polymer plasticizers
9% ‘numerous azo dyes %"’ as acid orange 8, acid red 1 %, reactive brilliant orange K-R 78,
congo-red and methyl-orange %%, endocrine-disrupting chemicals as bisphenol,
diethylstilbestrol, or pentachlorophenol °’°, pesticides as methyl 1-[(butylamino)carbonyl]-1H-

benzimidazol-2-ylcarbamate (benomyl) °° and herbicides as isoproturon %!, and complex

982 970

pharmaceutical wastes as the antiepileptic carbamazepine or diclofenac . It was
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demonstrated that, the occurrence of synergy effects during sonocatalytic, photocatalytic and
sonophotocatalytic degradation of hydroquinone depend on the amount and size of
microbubbles. %8 The size of the bubbles and cavitation hole also influence the efficacy in
H20> formation.

The disposal of the TiO2 nanoparticles may also be associated to the sonophotocatalytic

degradation of phenol wastes %

. Accordingly, the deposition of these nanoparticles on a
hexafluoropropylene tetrafluoroethylene microtube under mild conditions using ultrasound
technique occured with changes in the polymer surface resulting in the formation of thin layer
of TiO2 nanoparticles in the inner walls of the microtube with increased photocatalytic activity.

No important differences have been observed in the nature of degradation intermediates
formed for different substrates under similar conditions, indicating the involvement of similar
reaction mechanisms. The degradation pathway of ibuprofen included mainly decarboxylation,
demethylation and hydroxylation reactions, while the oxidation of diclofenac, mainly
proceeded by oxidation and hydroxylation reactions between chloroaniline and phenylacetic
acid %5,

For such complex molecules sonophotocatalysis provided good reaction rates, while the
degree of removal was below 50%. However, acute toxicity tests showed an increase in toxicity
over the time-course of the studied treatments °/°. Experiments carried out directly with
pharmaceutical industry wastewaters confirmed the limitations of this approach %,

Coupling of sonolysis and solar photocatalysis using titanium dioxide, two complementary
advanced oxidation synergistic processes were identified for the degradation of bisphenol A as
model organic pollutant %7, Thus, ultrasound irradiation was mostly participating in the
disappearance of the target pollutant, while photocatalysis proved to be more efficient for
reaching mineralization. However, depending on the catalyst loading the synergistic effect may
be inhibited by an effect of the titanium dioxide on the cavitational processes. Also, a
luminescent device producing a piezoelectric effect enhanced the synergetic effect of sonolysis
and photocatalysis with TiO2 .

The pH of the waste solution is an important parameter in these processes. Ultrasound
exposure cumulated with the photocatalytic effect of TiO2 suggested that a neutral pH as 7 is
favorable for an enhanced degradation %

An advanced degradation of the water pollutants could be achieved by the addition of H20-
or ozone. This allowed the decomposition of herbicide propyzamide in aqueous solution
(Figure 94) °%°. However, for the degradation of reactive black 5 dye in aqueous solutions a

simple combination of photocatalysis with the addition of H.O> hindered the process due to
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scavenging of the photogenerated holes and hydroxyl radicals . TiO2 photocatalysis has been
also enhanced in the presence of low doses of peracetic acid affording the inactivation of E.

coli aqueous suspensions at relatively short contact times %2,
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Figure  94.  Decomposition of  3,5-dichloro-N-(3-methyl-1-butyn-3-yl)benzamide
(propyzamide herbicide) by a concerted effect of sono- and photocatalysis with addition of
H.0.. Reproduced with permission from ref . Copyrigth 2005 Elsevier.

Ultrasound irradiation and its combination with heterogeneous TiO2 has also been coupled
with homogeneous photo-Fenton catalysis for the degradation of malachite green in water %%,
The addition of H20> and FeCls favored indeed dye decomposition, but the mineralization was
slower due to the formation of stable by-products accompanied by the release of nitrates to the
solution. Additional experiments carried out with bisphenol A as pollutant showed that
ultrasound has the principal role of eliminating the initial substrate and providing hydrogen
peroxide for the photocatalytic systems, while photo-Fenton and TiO2 photocatalysis are
mainly responsible for the transformation of the intermediates in CO; and water %4, More
complex catalysts resulted from the association of iron with TiO,-Ce catalysts . As an effect
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the band gap energies decreased from 2.50 eV for TiO2 to 2.40 eV for TiO,-Ce that
corresponded to an increased degradation yield of the Reactive Yellow 84 dye.

The synergistic effects between ultrasound and UV irradiation depends on several factors
also including the chemical properties and concentration of not only the substances initially
present, but also their decomposition intermediates °%. Thus, the iron catalytic activity, as
demonstrated for the degradation of the biorecalcitrant pharmaceutical micropollutant
ibuprofen, was only slightly enhanced by the ultrasonic irradiation *7-9% while there was no
effect for Monocrotophos organophosphate insecticide removal 9.

Besides, the essential parameters such as solution temperature, concentrations of initial
pollutant and catalyst, initial pH, dosages of Fenton’s reagent and hydrogen peroxide,
ultrasonic power density, gas sparging, presence of radical scavenger, the addition of a
cosolvent may influence the process. The implementation of doping elements and supports may
enhance the degradation rate of pollutants *°®°. Also, an enhancement of the photocatalytic
activity towards the visible light spectrum could be achieved by doping with noble metals,
narrow band gap semiconductors such as Bi>Os3 or rare-earth dopants such as Gd**, Nd®* or Y3*
(Figure 95) 109,
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Figure 95. The difference between a sonophotocatalytic and a doped-sonophotocatalytic process for
the treatment of recalcitrant hazardous organic water pollutants. Reproduced with permission from ref
1000 Copyrigth 2017 Elsevier.

Following this approach an enhancement has been reported for the degradation in aqueous
solutions of methyl orange over metal-nanosized Ag/TiO, %! and nonylphenol ethoxylate
surfactant over Au/TiO, photocatalysts 1°°2, However, while all of these photocatalysts were
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efficient for the degradation of organic compounds, the presumed synergism through the
sonophotocatalysis were not enough documented.

After co-doping with nitrogen, biphasic TiO2/Bi:WOg heterojunction photocatalysts %%,
present better sonophotocatalytic activity for the removal of different pollutants, such as
methylene blue, p-nitrophenol, rhodamine B, and levofloxacin, compared with pure
constituents where superoxide radical (O2") was found to dominate the process. This behavior
has been attributed to a synergic effect among doping, heterophase junction, and
heterojunctions as well as between sonocatalysis and photocatalysis 14, (Figure 96).
Composites of TiO2 nanoparticles modified with MWCNTSs and CdS %% or iron 1% were as
well investigated in the degradation of rhodamine B and methylene blue, respectively, via a

cooperative participation of the photocatalyst nanoparticles and CNT.
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Figure 96. Possible mechanism for the sonophotocatalytic degradation of organic contaminants over
N/Ti%* co-doping biphasic TiO,/Bi;WOs heterojunctions. Reproduced with permission from ref 1004,
Copyrigth 2019 Elsevier.

The degradation of the Acid Red B dye over Er¥*:YAIO3/TiO2-Zn0 and Er**:YAIO3/TiO—
SnO2 composites occurs through an up-conversion luminescence mechanism where the
absorbed visible light is emitted as ultraviolet light, producing in both semiconductors electron
excitation from the valence to the conduction band 197198 Then, the highly oxidative holes
on valence band of TiO2 not only directly decompose the dye molecules adsorbed on the
surface of Er**:YAIO3/TiO2-ZnO composite particles, but also oxidize H2O or OH™ to produce
hydroxyl radicals with high activity and indirectly degrade the dye molecules in aqueous
solution. In addition, the electrons on the conduction band of ZnO may then react with oxygen

adsorbed on the surface, yielding radicals such as -OH and Oz". These radicals can also degrade
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the surrounding organic dye molecules, leading to volatile degradation by-products or entire
mineralization into CO2, H.O and mineral acids

The oxidative degradation of 4-chlorophenol by sonolytic, photocatalytic and
sonophotocatalytic processes was studied in aqueous solutions using Bi>Os/TiZrO4 as a visible
light driven photocatalyst. The results reveal that this photocatalyst is capable of degrading 4-
CP. Both sono- and photocatalytic processes led to the formation of a number of intermediate
products that were not formed during the sonophotocatalytic degradation 1°%°,

Corona pre-treated colloidal TiO> deposited on pre-treated polypropylene followed by the
deposition of Ag nanoparticles were investigated in order to remove dye C.I. Acid Orange 7
from an aqueous solution. Although sonophotocatalytic degradation of dye ensured a fast
decolorization, most prominent in acidic conditions, but TOC values of water measured after
sonophotocatalysis were still not satisfactory 1010,

The association of TiO2 sonophotocatalytic degradation with a porous support may lead to
some additional advantages °*. Besides preventing coagulation of the photocatalyst some
benefits like 1) pore entrapment of titania avoiding evolution towards an opaque substrate,
increasing photocatalyst efficiency; ii) diminution of UV irradiation blocking due high particle
concentration; and iii) enhanced synergy of UV and ultrasonic irradiation in wastewater
treatment with production of higher fluxes of hydroxyl radicals, further complementing the
adsorptive capacity of supports like activated carbon to adsorb the generated intermediate by-
products. Similar effects were also reported utilizing nanocomposites composed of porous
Ni—Ti layered double hydroxides (LDH) nanoparticles and hierarchical g-C3N4 nanosheets that
were employed for the sonophotocatalytic removal of amoxicillin, as a model antibiotic, from
aqueous solutions 112, According to the proposed mechanism (Figure 97), and the total organic
content data of the examined solutions, the degradation is the effect of the generation of
different active species, e.g., -OH radicals and holes by sonophotocatalysis that can further
oxidize and even mineralize the fragmented molecules from amoxicillin. These composites

were also indicated as reusable and stable catalysts.
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Figure 97. Sonophotocatalytic effects in the degradation of amoxicillin over porous Ni—Ti
LDH nanoparticles/hierarchical g-CsNs nanosheets nanocomposites. Reproduced with
permission from ref 1%12, Copyrigth 2019 American Chemical Society.

The separation of the sonophotocatalyst nanoparticles from the aqueous phase can be
improved using a magnetic core (FesOs@SiO@TiO2). It may be used for the pre-treatment of
organophosphate pesticide wastewaters, increasing their biodegradability for a subsequent

biological treatment 023,

Sonophotocatalytic degradation of wastewaters with ZnO photocatalysts

Investigations on the ZnO mediated sonophotocatalytic degradation of phenol in water
revealed that H.O, formed in-situ cannot be quantitatively correlated with the degradation of
this pollutant. It is an intermediate which undergoes concurrent formation and decomposition
resulting in a stabilization for the case of sonophotocatalysis 1%, Various reaction parameters
such as catalyst loading, substrate concentration, pH, or presence of air/O. influence the
maxima and minima in its oscillation curve. However, the sonophotocatalytic degradation of
phenol showed that ZnO is more active than TiO 1%, Like for TiO, anions such as chloride
and sulphate inhibit the activity of ZnO 1026,

The atmosphere in which the sonophoto-degradation is carried out exerts an important
effect as well. Experiments carried out in sonophotocatalytic degradation of E. coli in different
environments showed that the inactivation efficiency of ZnO nanofluids under purging with
nitrogen, oxygen, argon and their mixtures led to different inactivation efficiency being

correlated to the production of hydroxyl radicals and the inactivation mechanism °7. It varied
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in the following order: no aeration < nitrogen < argon < oxygen < Ar/O2(3:7) < Ar/O2(7:3) <
Ar/Oz(5:5).

The deposition of ZnO nanoparticles onto multi-walled carbon nanotubes afforded an
increased absorbance of photocatalyst in the visible-light region that correlates with an
enhanced degradation of Rhodamine B dye 918, Accordingly, the sonophotocatalysis was faster
than the respective individual processes due to the formation of higher amounts of reactive
radicals as well as the increase of the active surface area of the composite.

ZnO nanoparticles were also considered for the degradation of more complex molecules
such as antibiotic-resistant gastrointestinal pathogens in water. Taking ABR Salmonella
Typhimurium as reference model, sonophotocatalytic processes with Fe-doped ZnO
nanoparticles was able to achieve disinfection upon visible-LED light illumination 1°%°, Iron
doped ZnO nanoparticles were found to be more effective than ZnO while a complete
disinfection was not achieved with TiO, 9%, Fe-doped ZnO nanoparticles impregnated on
Kaolinite were also active for the disinfection of Enterobacter sp 2! and for the degradation
of dyes from real textile effluents 1922, Other cations such as Gd** 1023, pr3* 1024 or Nj2* 1025 yyere
found to have the same promotional effect on ZnO for the degradation of various textile dyes

Also, the impregnation of ZnO with Ni allowed the sonophotocatalytic degradation of
textile dyes such as Acid Violet 49 and Acid Blue 45 192 | Synergy effect on the sonocatalytic
activity of Na-doped and C-doped ZnO nanostructures towards the degradation of methylene-
blue and methyl orange has been assigned to a lowering of the band gap, nanorod morphology
with more active crystal facet (0001), and efficient separation of photogenerated electron-hole
pairs under visible light and ultrasound irradiation. Hydroxy radicals produced by sonolysis in
induce a loss of sonophotocatalytic activity in the presence of isopropyl alcohol which plays

the role of hole scavenger 1%,

Sonophotocatalytic degradation of wastewaters with other photocatalysts

Comparative experiments for the degradation of rhodamine 6G under ultrasound activation
indicated a superior activity of CuO compared to TiO2. However, under sonophotocatalytic
conditions its behavior was inferior to that of TiO2 1°%8, Studies in the presence of radical
scavengers such as methanol (CH3OH) and n-butanol (C4HeOH) indicated lower degradation
levels confirming the dominance of radical mechanism. Other studies dealing with the
treatment of real industrial wastewater containing a copper phthalocyanine pigment taking CuO
and TiO catalysts showed a different order. In this case, with or without various additives like

H20; and ozone, TiO, was slightly superior to CuO 0%,
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Fenton-type catalysts also led to encouraging results. CeO2-Fe3z0O4 has been investigated
for the decolorization of azo dyes Red DR16, direct orange 26, and organic pollutants in water
such as benzotriazole, bisphenol A, or 2,4,6-trichlophenol in an accelerated hybrid-ultrasound
Fenton-coupled and ultraviolet irradiation process generated in the presence of sulfate radicals
produced through decomposition of persulfate and peroxymonosulfate anions %%,

Its activity derives from an acceleration of the cycle of Fe(l11)/Fe(ll) and Ce(IV)/Ce(lll)
in CeO2-Fe304 that resulted in generation of hydroxyl and sulfate radicals as main agents for
destruction (not mineralization) of dye molecule.

Fe-doped Bi»Oz catalysts were investigated for the sonophotocatalytic treatment of
synthetic Basic Brown 1 dye and real textile wastewater in the presence of oxidants such as
H20, and peroxymonosulfate dye with good decolorization effects (color removal of 99 %)
1031_

The advantages of utilizing advanced two-dimensional semiconductor materials in
sonophotocatalytic water remediation have been recently reviewed %2, These 2D catalysts
include graphene, transition metal chalcogenides, carbides, nitrides, phosphides and were
investigated for the degradation of various antibiotics and dyes in wastewater. The addition of
iron also exerts a positive effect. A similar behavior has also been demonstrated for the
degradation of Basic Blue 41 over NiFe204/RGO nanocomposite with efficiencies around 97
% 1033 and of Malachite Green by nanocrystalline chitosan-ascorbic acid@NiFe;O4 spinel
ferrite 1034,

Composite 3D core-shell urchin-like MoS,/carbon photocatalyst allows a large increase of
the electrical conductivity of MoS that accelerates the electron transfer efficiency and provides
more active sites for the degradation of the pharmaceutical residues in water 1%%°, The effect of
the pollutant concentration, the initial pH, co-existing anions, peroxymonosulfate dose and
ultrasonic intensity has been demonstrated in a sonophotocatalytic coupling system for
levofloxacin degradation under visible light irradiation (Figure 98).

MnO: has also been identified as a sonophotocatalyst for the degradation of very small
concentrations of Indigo carmine dye pollutant from water. The investigations demonstrated a
complex effect of anions/salts on the degradation that ranges from ‘inhibition’ (PO43', COs?,
HCOs") and ‘no effect’ (SO4%, CI') to ‘enhancement’ (NOs", CH3COO") 1%%¢, H,0, scavenging
the in-situ formed -OH radicals exerts a negative effect with such catalyst.

Silver polyphosphate catalysts such as AgsP3O10 and (AgPOz)s microspheres promote the
sonocatalytically degradation of Rhodamine B due their capability to produce of OH radicals

in the reaction system 1037-1038,
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Figure 98. Band energy diagram and separation mechanism of photo-generated electron—hole
pairs at the interface between MoS; and carbon layer under visible-light driven. Reproduced
with permission from ref 193, Copyrigth 2019 Elsevier.

Technological limitations in utilization of sono- and sonophotocatalytic processes

The comparison of batch recirculating systems hosting an ultrasound/hydrodynamic
cavitation reactor with immobilized photoreactor in series indicated a superior performance of
the former in terms of the degradation yields °°,

Batch reactors were also investigated considering the effect of the operational conditions
%8 These studies identified a series of important operational parameters controlling the
efficiency of the sonophotocatalytical process such as i) the waste concentration and operating
pH; ii) the addition of a secondary oxidant (such as H>Ozor Oz) and its concentration; or iii)
the addition of some additives such as CCls and its concentration. The quantitative influence
of these parameters was fitted to a mathematical model.

However, even if the sonophotocatalysis may provide an improvement compared to simple
sono- and photocatalysis from the applied point of view it imposes some problems that are
mainly related with the type of the reactor. Batch reactors achieve rather small productivities
and are associated to catalyst losses. However, the association of these reactors with a ceramic
membrane microfiltration process may limit these disadvantages, although at the cost of a
further decrease of the productivity 14, Ceramic membrane microfiltration could efficiently
recover TiOz photocatalyst with a mean granular size of 0.33 pm from slurry reactor, achieving
99.9% recovery rate 1. An obvious but not significant enhancement effect of ultrasonic

irradiation for ceramic membrane microfiltration has been found, which could be closely
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related with the low conversion efficiency of ultrasonic energy. Contrary to polymeric
membranes, the ceramic membrane showed good stability under ultrasonic irradiation.

To overcome some of these disadvantages, synergistic degradation of waste organic
molecules in an ultrasound intensified photocatalytic reactor has been as well proposed %4,
However, the progress in this direction is still not satisfactory and further research and

development is necessary to bring the combined treatment closer to any possible application.

5. Challenges in new strategies for predicting or investigating the catalyst

at nanoscale close to real working conditions.

5.1 Context and challenges

In the light of all research investigations discussed in this review, the complexity of
heterogeneous systems clearly appears. Firstly, this level of complexity in inherently related to
the existence of different gas-liquid-solid interfaces poorly described yet. Secondly the
remaining discrepancies on the reaction mechanisms despite of the wide number of papers
dealing with kinetics of radical and non radical reactions in catalytic water treatment probably
slower subsequent discovery towards efficient systems “°. This later point could be crucial
because in the first case textural properties and catalyst functionalities could play a minor role
reduced to ROS production, while in the second scenario, textural and adsorptive properties
would participate significantly. Presently, rational quantitative evaluations of radical and non
radical pathways are missing while it likely represents a key issue regarding a faster
development of catalytic processes for water treatment.

In most case academic researches are restricted to model operating conditions taking a
single pollutant into account. The reactor design and the integration of catalysts with optimized
functionalities are clearly crucial parameters. However, they could not be decisive for further
upscaling. In the few examples representative of real conditions with water containing multiple
pollutants the contribution of the catalyst is not correctly defined and deactivation through
poisoning effect could be the major drawback limiting the development of catalytic
technologies. The hydrophilicity/hydrophobicity as well as pH conditions that monitore the
surface charges and related interactions with the adsorbates must be also taken into account.
Some predictions at molecular level towards practical applications cannot be mature if all these
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aspects are not correctly taken into account. Up to now molecular modelling, as potential
prediction tool, has mostly considered the interactions of one pollutant on a model surface
which is not really representative of the real surface with water as solvent neglected in this
approach (see chapter 2.2.4). The predictive models form molecular modelling are in some
extent useful to get reliable mechanistic insights but are restricted to model surface and in many
cases do not account for the competition with water for adsorption. The main objective of this
chapter is to go beyond the existing through the identification of scientific challenges but also
to inventories novel scientific approaches not specifically developped initially for water
treament but that could stimulate new useful orientations by taking intrinsic pecularities of
catalytic water treatment systems into account, related to the extreme low concentration of
pollutants for their removal.

A grand challenge in basic researches in heterogeneous catalysis lies in the relationship
between computational chemistry, which can lead to precise information at atomic level, and
the development of methodologies for the preparation of catalyst materials 1°*? associated to
their characterization in working conditions at this level of precision. Indeed, if we are able to
correlate and anticipate changes in electronic structures with catalytic properties, then one
could expect the development of new generation of catalysts. To comply with this requirement
important efforts are needed towards: — the development of tools with atomic level precision
that can match with computational approaches — The implementation of advance
characterizations that can probe the catalyst surface at atomic level under working conditions
— The development of accurate model reactions at working conditions from computational
approaches. 1043,

However, such approaches and their usefulness at the lab-scale may have no future if we
are not able to value them on the largest scales. The emergence of artificial intelligence could
lead to faster decision in the development of catalytic processes integrating reduction cost.
Indeed, multiple parameters must be taken into account for their optimization, in batch reactor,
i.e. optimal catalyst-to-contaminant ratio, purity of the catalyst, time, pH conditions,
temperature, etc. At first glance Al could be suited to predict useful technology in case of
multiple pollutants and the development of continuous flow technology °*. However, this
novel approach is infancy and and must overcome some limitations lying in the selection of

reliable data, the use of hybrid Al tools and increase investigations at the scale of pilot.

5.2 Computational approaches combined with artificial intelligence
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5.2.1 Add-value for predicting and developing more active catalysts by using methodology

from computational calculations and artificial intelligence

As depicted in chapter 3.3 the immobilization of bio-enzymes on solid substrates and/or
their substitution by synthetic systems represents a useful option especially for further transfer
to continuous flow reactor. Despite the sharp gain in power of supercomputers, computational
calculations are in most cases restricted to model systems that cannot reflect the complexity of
real catalytic systems. Regarding enzymes the tremendous size of proteins is a critical issue
and it is not evident that the full potential of computational techniques will be able to offer
useful insights to produce new generation of proteins. The growth of protein database
simultaneously to the development of high throughput screening methods thanks to artificial
intelligence and more particularly machine learning could be more powerful and speed up the
engineering of new enzymes as well as the elaboration of synthetic nanomaterials that could
mimic their Kinetic behavior.l% Other factors stimulated the development of fast
methodologies, including statistical and machine learning approaches likely because of their
high sensitivity to inhibiting effects in the presence of wide range of organics. Presently huge
efforts are dedicated to the methodologies which will allow to bridge the gap between
technologies in vitro and in vivo close to the real operating conditions. Today, novel approaches
arise for engineering new generations of catalysts through the development of machine learning
algorithms and the selection of appropriate algorithms to create efficient artificial enzymes. As
described in chapter 3.1, the immobilization of enzyme faces too important issues related to a
full understanding of the description of the agueous-substrate interface and biomolecule-
substrate interactions according to their intrinsic features. It is obvious that these parameters
govern the catalytic performance of immobilized enzymes. Presently, tools for simulation
cannot be enough powerful to distinguish undefined interfaces between solid substrate-
biomolecule, substrate-water and water-biomolecules. The computational approaches using
advanced force-fields simulation tools can better match experimental observations.
Nevertheless, model structured surfaces for current solid substrate, such as TiOy,
conventionally used differ from amorphous surfaces including defective sites and various
degree of hydroxylation and charge according to pH conditions.'®*® An alternative approach
would consist in the development of cost-effective nanomaterials capable to mimic the kinetic
behavior of enzymes with improved stability and higher efficiency in broader operating

conditions.
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Machine learning is an emerging approach which benefits to an exponential growth of
scientific papers published in this branch of computer science in the last decades (Figure
99).1%4" The usefulness of this approach to predict the effectiveness and cost-efficiency in the
removal of phenol from industrial wastewater by using photo-Fenton process has been recently
emphasized.%* The best accuracy obtained for deep neural network shows that pH, light
intensity, amount of H20. and specific level of impurities are relevant parameters while the
concentration of Fe®* and TiO- as catalyst plays a minor role. The growing interest of machine
learning for developing new materials has been also illustrated in the development of
perovskites for photocatalytic applications, but the statistical significance implies management
of accurate experimental data and broader generalization would need the implementation of

combinatorial procedures.
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Figure 99. Number of paper combining the key words machine learning and machine learning
+ material from 1999 to 2018. Reproduced with permission from ref %47, Copyrigth 2019
Elsevier.

Modeling the functionalities of catalysts cannot be an easy task according to the catalyst
composition. A rapid screening can be achieved from bimetallic and multi-metallic catalysts
exhibiting high activities by using accessible descriptors associated to intrinsic
physicochemical properties of element in multimetallic catalytic systems, i.e. ionic potential,
electron affinity, coordination geometry.’%® This strategy can provide rapidly precise
information on the physicochemical properties of materials at a resolution that could not be

obtained from experimental and ab initio methods. The development of decision tree and data-
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driven approaches leads to significant achievements'%

using, particle size diameter of
platinum particles, surface area from dataset and sphericity from DFT calculations to predict
the catalytic properties of Pt nanoparticles. This approach is also suitable for homogeneous
catalysts especially organometallic catalysts with electronic properties of the transition metal
bonded to ligands predicted from spin-state ordering and specific bond lengths. %%

Machine learning and data management are useful where massive experimental data can
be inventoried. In case of this preprequisite could not be fulfilled then the resulting
consequence can be the lack of clear guidance that could lead rapidly to the synthesis of an
efficient catalytic system. High-throughput DFT calculations are also powerful to investigate
a wide number of catalytic materials to identify relevant descriptors that influence their intrinsic
properties.1%! Photocatalysis is probably an excellent example because tremendous number of
publications for a wide range of reactions can be found in the literature. These studies pointed
out the relevance of perovskites, but there is no clear consensus regarding the most efficient
catalysts as well as the most important descriptors that govern their efficiency. Furthermore,
those materials are also remarkable in PMS activation.®®® Perovskites with a structure ABO3
are recognized for their versatility due to their ease to accommodate a wide number of elements
in A and B site leading to multiple substitutions. An optimization of structural distortions
induced by substitutions in A and B-sites as well as the stabilization of unusual valence states
for cations in B-site are quite challenging. Results from Decision tree analysis used data base
composed of 151 experimental results during the period 2005-2017. They account for visible
as UV light irradiation of perovskite type structures in order to identify the most important
parameters leading to a high production of hydrogen from photocatalytic water splitting.%%2
These authors classified catalysts systems in three categories as low, medium and high
production rate. Data mining analysis reveals that ion doping in B-site is the most determining
parameter to change the band-gap but this factor could not be directly related to H2 production.
Co-catalyst for charge separation and the use of sacrificial agent have not been considered as
sound solutions. Returning to high-throughput DFT calculations to discriminate relevant
composition, Figure 104 summarizes the investigation of 5,329 cubic and distorted structures
taking their thermal stability and the energy requested to form oxygen vacancy recognized as
critical parameters for improving their properties in thermochemical water splitting reaction.
From these calculations, data in Figure 100 offer an overview emphasizing that a greater
stability corresponds to orthorhombic structure with preferentially rare-earth in A-site and
transition metals in B-site. 139 structures have been identified as potential candidates for the
selected catalytic application. Nonetheless, structural features are not the unique factors which
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can govern the catalytic properties of these materials. Their textural properties and preparation
methods must be closely associated in determining the best option. Indeed, it has been reported
that the preparation method is also an important parameter 1°°2 likely due to the fact that it can
influence both the specific surface area and surface segregation process in connection with
their stability. Based on these considerations, it seems obvious that the combination of high-
throughput molecular calculations combined with machine learning could be a suitable

approach to get faster discoveries.

|I:| unstable B cubic perovskite B rhombohedral perovskite tetragonal perovskite EE orthorhombic perovskite|
Li || L__|
Bg ]
I\T;JIa | ] H B
Al
. o - —
Csia | || | || ||
c
Ti
N
Cr
= Mn
“  Fe
4 .
1
Cu |
Zn
Ga
Ge
ég | | | | m
Sr HEE e | | | | | -
Z\,{ | I
T
Nb
Mro
c
F Ru
Rh
Pd
A | L
(% |
n
g Sn
s R = n
€
<8 —
%a | L .-
a
P - s
Pr
Nd
Pm
£ Sm
5 Eu I EEms O
& Gd
5 Tb
D
Ho
Er
Tm
Yb I E = B
Lu
Hf
Ta
\
lée
= Os
I
APt
u
i o
|
Fl’gll? | | | | |
fl’fﬁ | L O O I I N | |
Pa
NU L
p
Pu'“vmw"*"""‘;d="°"‘>“=°>°"‘=’=E“”’—D‘->«!-°o°=.=uow;:=_cvmamu‘-vEE:"d cl—E—o,—.m!m SZ A S DR OS85 6
ARREZ SLBSAE> GRS ZESE IR AN 2F SRR SO ES B ORISA T E S SR ARG ES AT B RS A ZEF AR SRS, L
3d 4d Rare-earth 5d
B atom

Figure 100. Map of perovskite composition representing structural feature and stability from High-
throughput DFT calculation. 5,329 stoichiometric composition are reported including 389 perovskites
that predicted as stable according to the phases in the A—B—O phase diagram. The atoms on the x- and
y-axes are ordered by atomic number. The colors show which distortions are stable. Reprinted with
permission from ref 1%, Copyrigth 2016 American Chemical Society.
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A fast accessibility of reliable quantitative structural information of active sites from in-
situ, operando and spectroscopic measurements can speed up surface optimization of
functional groups of heterogeneous catalysts. Some examples have been recently given for the
determination of the local structure of Ni?* cations in a MOF.1%3 The main objective was the
determination of the structure of several adsorbates on Ni?* from experimental XANES spectra.
The optimization of experimental and predicted XANES spectra have taken into account
several parameters, such as the Ni-adsorbate distance; two angles reflecting the position of the
adsorbate with respect to Ni center (cz and o) and two angles which represent the bending of
the molecule (51 and /) (Figure 101). The analysis of the calculated standard deviation values
shows that the main parameters which affect XANES spectra are the Ni-adsorbate distance and
S angle. This example corresponds to a gas phase reaction, but it can widen the scope of
application to more complex aqueous media when the solvent through the formation of
hydrogen bonding can strengthen the adsorption bond and then induce structural deformations

and changes in bond length.

1!‘ y’f

Figure 101. (a) 3D representation of a dehydrated CPO-27-Ni structure. The C atom is colored in grey,
white for H, red for O and blue for Ni. (b) and (c) structural parameters used for the refinement of the
geometry of the adsorbate position relative to Ni center in the CPO-17-Ni structure. NO has been
considered in this figure as adsorbate. The molecule is placed on the polar axis ©. Two planes appear
and 4 axes for the molecular rotation are used. 51 angle specifies the bending angle of the NO molecule
compared to the polar axis. S (not shown) refers to the rotation of the molecule around the polar axis.
on angle represents the whole rotation of NO around A; and o, angle the whole rotation around A..
Reprinted with permission from ref %3, Copyrigth 2019 Elsevier.

5.2.2 Molecular modeling of water-solid interface: a step forward to a better understanding of

reaction mechanisms and surface stability?
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In practice, most theoretical calculations dealt with model metallic of metallic oxide
surfaces to predict reaction paths and reaction intermediates that could explain experimental
observations in terms of rate measurements and selectivity previously illustrated in chapter 1.2.
Most of them dealt with gas phase catalytic reactions which partially account for the
complexity of heterogeneous catalyst surface exposed to a condensed phase. In general, two
implicit and explicit methods are developed to model the interaction between aqueous phase
and the catalyst surface. In case, of explicit models, water interaction is treated as individual
molecules whereas the behavior of many water molecules requires implicit models. The
superiority of one model over another is presently not proven.

Saleheen and Heyden %4 gave their viewpoint which explain the slow progress to model
accurately at molecular scale the solid-liquid interface due to the fact that the current harmonic
approximation in the estimation of partition functions and free energies is no longer valid.
Another specific requirement must be also kept into consideration related to wider
configurations for space sampling (approximately 1 order of magnitude more atoms) which
cannot be depicted by empirical potentials but need a quantum chemical description in the
particular case of transition metal catalysts. Hence, numerous molecular models for
heterogeneous catalysts do not account for solvent effects and will neglect support and
coverage effects. The complexity in understanding the role of the liquid-solid interface lies in
various interactions between the solvent, the solid and the reactant giving rise to dispersion
forces, hydrogen bonding and chemical bonding, which can change the energies and the
entropies of the reactant intermediates. It is obvious that the development of more specific
approaches could be useful to gain more insights into the elucidation of reaction mechanisms
and also crystallographic orientations.

In practice, the main challenge lies in the development of robust computational tools which
account for a reduction of computation cost keeping a high accuracy on the estimates of kinetic
and thermodynamic parameters. In some extent, by considering ice-film able to simulate the
increase ordering of water molecules, a solid-like behavior can simplify the calculations of the
partition functions. Nevertheless, one question arises regarding if adsorbate could be able to
induce explicit perturbations based on this model of description that could mimic those
involved at the solid-liquid interface. Alternative isotropic continuum solvation models have
been already examined which reduce the number of parameters for charactering the solvent by
homogeneous constant dielectric continuum. Based on this methodology, shorter computation
times comparable to gas-phase interface models can be obtained.!® Nevertheless, some
limitations have been identified specially to model accurately hydrogen bonding.
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Microsolvation models were also found unsuitable to reproduce boundary conditions at the
liquid-solid interface 1% and evaluate accurately entropic effects.’%” Among the different
theoretical approaches, some of them are now ready to tackle more complex phenomena than
those found for instance in electro-photocatalysis at the solid-liquid interface. Significant
breakthroughs could be possibly envisioned to elucidate photocatalytic reactions and the clues
to find out new materials. Recent developments of a classical force field to investigate the
interfaces between iron oxy-hydroxide and water could serve as background for numerous
catalytic processes as aforementioned. According to this model, it is possible to compute at
nanosecond scale systems composed of thousand atoms.'®® For enzyme and homogeneous
catalysis, hybrid model combining quantum mechanical and molecular mechanical could be
more suited to describe bond scission/formation.1%° Calculations dealing with the interface
between adsorbed water on stoichiometric, defect-free (110) rutile oxide surfaces of TiO,
RuO2, and IrO; are reported elsewhere.1%° The authors investigated the impact of water on the
stabilities of the intermediates during electro-reduction of oxygen. In their model the water was
considered as adsorbed H>O molecules which can form two-dimensional water chains.
Reaction encountered in the activation of light alcohols such as glycol emphasize the
competition in the C-H and C-O bond cleavage showing that water through the creation of
hydrogen bonding can make easier the O-H bond breakage.'%! Water is also able to act as co-
catalyst.

Recent investigations asked themselves the question if conventional vacuum computations
can properly estimate microsolvation effects at the H,O/Pt(111) interface. %2 It was found that
the reaction scheme in alcohol decomposition at the Pt(111)/water interface differs from that
established in gas phase at the Pt(111)/gas phase interface.

The relevance to include one water molecule in the simulation has been demonstrated
because the formation of hydrogen bond can modify the reactivity of intermediate and change
the reaction pathways. Indeed, a greater stabilization of intermediates can modify the
competition with water for adsorption preventing significant poisoning effect.’% The
formation of hydrogen bond leads also to stabilization of ads-NH2 in ammonia electrooxidation
on Pt(100) electrode.’%®* A second aspect lies in the high dielectric constant of water with
electrostatic effects represented by continuum models. According to this model the pH as
explicit criteria in water treatment could be considered through modification of the charge of
the surface.

Presently, modeling the interaction between water and functionalized surfaces is

essentially performed on model surfaces'®°1%7 and essentially metallic surface for which
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water can be weakly bonded and its desorption further facilitated. Recent advance using force
field algorithms on Pt(111) show that the fine structure of the interface is driven by the
competition between Pt-water and water-water interactions.!®®® The literature is scarce
regarding bimetallic systems and only few examples dealing with Ag/Cu and Au/Pt alloys can
be found which served as solid substrate for novel developments in force field approaches to
model the interface water-alloy surface.’®® Random distribution of the atoms has been
considered. The selected alloys have been chosen because Ag and Cu exhibit comparable
adsorption properties towards water but differ from lattice parameters with interatomic distance
of 25.6 nm for Cu vs. 29.2 nm for Ag. By contrast, Pt and Au have comparable lattice
parameters, but their adsorption energies are significantly different with a much stronger water
adsorption on Pt. An interface composed of two layers has been chosen. The first layer is built
up with water mostly adsorbed flat on top sites, while the second layer is less structured. It has
been found that water binds more strongly on Cu diluted in Ag, because it is no longer restricted
by shorter Cu-Cu bond distance in monometallic system. In that case Ag is protected to water
adsorption and available for interaction with reaction intermediates. The same trend also
characterizes water adsorption on Au in Au/Pt alloy. Nevertheless, Figure 102 clearly
emphasizes a preferential adsorption on Pt top sites with total coverage reflecting the adsorptive
properties. Pt surrounding Au surface atoms limits the accessibility of water molecules to
surface Au atoms. In this specific case, Pt tune the behavior of Au(111) surface from disordered
to ordered water interface.

Quite similar spectral features have been observed on amorphous SiO2 exposed to water.

100 1
100 - === g - e

80
80 4
60
401

60

40

(%) of occupied site
(%) of occupied site

coverage 201 —8— coverage
1 111 top sites Cu top sites
I 100 top sites —8— Ag top sites
- Ou.u 02 04 06 08 1.0

Pd Pt ‘
Molar fraction of Ag

229



1001 O —e—8—0—0—0—0—0—0—g—
. ./._./._._._f*&——k./'

60

40

(%) of occupied site

—@— coverage
Au top sites
—8— Pttop sites

20

0.0 0.2 0.8 1.0

0.4 0.6
Molar fraction of Pt

Figure 102. (a) Distribution of the top sites covered by adsorbed water and global coverage for
multiple facets. (b) Distribution of the top sites of copper and silver covered by adsorbed water and
global coverage for multiple alloy composition of Cu/Ag. (c¢) Distribution of the top sites of gold and
platinum covered by adsorbed water and global coverage for multiple alloy composition of Au/Pt.
Reprinted with permission from ref 1%, Copyrigth 2020 American Chemical Society.

Different scenarios characterize metal oxide surfaces where water can adsorb
dissociatively involving oxygen and the coordinated metal site acting as acid sites. Numerous
investigations refers to TiO2 likely due to its extensive use in photochemistry and
electrochemistry leading at the beginning strong debates. Nevertheless, a consensus seems to
be found which emphasize different behaviors on stoichiometric and defective TiO2(110)
surface. In the former case water adsorb molecularly while dissociation is promoted on kinks,
steps and oxygen vacancies.'”° In practice, the formation of multilayers can occur which can
be distinguished by the nature of bond strength. As explained the first monolayer in direct
interaction with the solid substrate can be coordinated through Ti and O atoms while the second
layer can form according to weaker bond. Similar questions repeat for other transition metal
oxides. Siahrostami and VVojvodic®® computed water adsorption on TiO2(110), RuO; and IrO..
They described the formation of three different water chains. The first one strongly bonded to
the metal. Weak interactions characterize the second and third water chains forming a film with
features similar to bulk water. Such film has only minor effect and do not hinder the accessibly
of the reactants/intermediates to the surface.

Another important parameter is related to the water structure in interaction with
hydrophilic or hydrophobic surface.!”* Some examples have been illustrated in the particular
case of nitrate reduction to check the benefit on diffusion phenomena when hydrophilic and
hydrophobic surfaces coexist.1*® Fundamentally these two surfaces differ from the density of
water molecules at their vicinity. In principle, the presence of multiple organics of inorganic

pollutants, usually in trace amount which can compete for adsorption and/or inhibitors could
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take advantage of resulting attractive and repulsive properties with hydrophobic surface by
minimizing inhibiting effect and/or locally enhanced concentration and the related reaction

rates.?

5.3 Prospects in operando and in-situ spectroscopic techniques: Toward better

mechanistic insights into complex media

The development of powerful spectroscopic tools to investigate the response given by a
catalytic surface exposed to a reactive environment probably contributed in the understanding
of dynamic surface reconstructions. Thus, it is possible to get more insights into changes in
geometrical and electronic structures of the surface and interface leading to the building of
active sites close to operating conditions as well as the elucidation of real intermediates. All
these discoveries mostly obtained for gas-solid systems provided significant breakthroughs that
lead to improve the properties of existing technologies or to suggest alternative ones. It is also
worthy to note that even technologies investigating the catalyst under UHV conditions went
beyond this limitation to get more relevant information.

In the particular case of gas-liquid-solid systems the target seems more challenging to
reach especially in the particular case of diluted systems with trace amount of soluble
contaminant. As explained several questions arose in a better description and integration of the
gas-liquid and solid liquid interface. For liquid samples different approaches to generate a
liquid jet in UHV conditions have been experienced for XAS and XPS analysis. Up to now the
characterization of solid/liquid interface provided key information for various applications
especially the development of novel electrochemical flow cells which make possible soft X-
ray absorption study to probe the behavior of electrodes under working conditions.'%’? As
earlier found,’°”® such a discovery and related advanced instrumentation developments
broadened the panel of investigations for the removal of soluble contaminants in aqueous phase
through water splitting with in-situ oxygen and hydrogen generation as well as biological
processes. These previous developments also advice inherent problems linked to soft X-rays
irradiations inducing samples damage which contributed flow liquid cell which could be a
priori more relevant than static cells from a practical viewpoint. Some relevant examples are
illustrated in the literature especially with liquid phase containing halogenated compound
which illustrated the interaction between cobalt and the halogenated molecule.*’* Presently,
only few examples are dedicated to water treatment with trace amount of pollutant which
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probably emphasizes the predominant role played by water and the rigorous methodology
which much be implemented for elucidating the role of water in the stabilization of reactive
intermediate at the surface.

Electrocatalytic reduction of nitrates on transition metals was found as promising approach
but electrocatalysts suffer from weak performances in terms of selectivity and stability. As
describe the first reduction of nitrates to nitrites is recognized as the slow step of the process
and the rate of this reaction would depend on the strength of nitrate adsorption under acidic
medium. The benefit of strategies consisting in alloying two metals has been proven with
substantial gain in activity and enhanced selectivity towards nitrogen production (see chapter
1.2.). Nevertheless, fundamental questions remain unanswered related to the nature and
abundance of reactive intermediates and the influence of the applied potential on the nature of
the rate determining step in the course of their electroreduction.'” Relevant mechanistic
insights need more relevant semi-quantitative comparisons between surface coverages
predicted by computational and microkinetic approaches with experimental observations at
nanoscale of catalysts in working conditions. In-situ XANES and EXAFS were found useful
to describe the catalytic behavior of Pt/C vs. potential and electrolyte environment. XANES
signal in the range 11565-11575 eV has been assigned to adsorbed H atoms on Pt with intensity
sensitive to the coverage. The authors observed its attenuation after nitrates addition to the
reaction medium. Jointly, the formation of oxidized Pt species is visualized on XANES spectra.
The applied potential allows a careful monitoring of the adsorbate coverage showing
competitive adsorption of hydrogen and nitrates at positive potential whereas negative potential
leads to a complete coverage by ads-H species even in the presence of nitrates

The development of time-resolved spectroscopic tools can be useful especially to get direct
insights which could help in solving divergences. By way of illustration, it is sometimes
difficult to relate the facets of crystals to catalytic efficiency. AgzPOs used as photocatalyst in
the degradation of antibiotics is a representative example.'%’® Indeed, some controversies arose
regarding the most efficient facets of the crystal assigned to the (111) surface exhibiting the
highest surface energy.®”” On the contrary, Hsieh et al. reported that (100) was the most
efficient facet resulting in more extensive production of ROS whereas the (111) facilitates
charge recombination.'”® Time-resolved spectroscopic tools can be useful to get direct
evidences of the dynamics of this recombination providing a relevant comparison between the
surface structure and the photocatalytic activity. He et al.2°”® found a higher mobility of holes

on (111) surface as active species in the photodegradation process.
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5.3.1. In-situ techniques to probe bulk and surface catalysts features

Surface science studies have shown their potential to probe the surface of model systems under
UHYV conditions. Indeed, they brought important mechanistic insights for gas phase reactions
but far from usual operating conditions in catalytic conditions taking into account the impact
of coverage on kinetic parameters. Lowering the temperature to get higher coverages of
adsorbates would not be appropriate. UHV techniques, thanks to significant technical
advancements can work today near ambient pressure.°”® First example can be devoted to near-
ambient pressure X-ray Photoelectron spectroscopy with technical progresses earlier
detailed.1%® Useful examples of interest for environmental concern point out the usefulness of
this technique to investigate water films on substrates such as TiO2(111)1%° extensively used
in photocatalytic oxidation reactions or amorphous SiO,. 1%t As exemplified in Figure 103,
three components on the Ols photopeak appear when TiO2(111) is exposed to weak water
pressure. At the lowest partial pressure of water, H2O can dissociate giving rise to the formation
of two surface OH species one refilling vacancies while the second one forms from H when
binds surface oxygen species. A rise in the water pressure leads to molecular adsorption (534
eV) which has been explained through the formation of hydrogen bonding between H and O

from water molecules.

TiO,

H,0(g)

538 536 534 532 530 528
Binding Energy (eV)

Figure 103. O1s photopeak recorded on TiO2(111) exposed to 2.25 Pa H,0 at 25°C (bottom curve) and
to 133 Pa at -3°C (top curve). The components at 534 eV and 531.7 eV were assigned to molecular

water and OH adsorbed species. Reprinted with permission from ref 1°. Copyrigth 2008 Elsevier.

From this study the thickness of the film has been estimated to ~3 monolayers with relative

humidity (RH) in the range 20 and 50% but shifts near 8 monolayers for 95% RH. Such changes
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observed in binding structure of the water film is also accompanied to change in the enthalpy
of adsorption from -70 kJ/mol to -45 kJ/mol with a rise in coverage from 0.2 ML to 0.5 ML.
Change in the strength of water adsorption is discernible on the O1s photopeak with a slight
shift observed on the 534 eV signal to lower values.®”® Complementary experiments from
AFM in the Kelvin probe mode have examined preferential orientations of the water dipoles
according to the thickness of the film. The authors explain the results summarized in Figure
104 to a random orientation of water bonded to SiO> at low coverage and low humidity which
corresponds to invariance of the surface potential. Above 4-5 layers, the water film exhibits a
liquid-like behavior. The orientation of water bonded to OH groups would no longer exist
beyond the second layer.
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Figure 104. Plot of the water film thickness vs. the relative humidity (RH). A thickness of 0.3 nm was
assumed to correspond to one monolayer of water. The right y-axis (open symbols): correspond the
potential measurements et 21°C from AFM operating in the Kelvin probe mode at 21°C vs RH.
Reprinted with permission from ref 197, Copyrigth 2008 Elsevier.

Such spectroscopic features seem in rather good agreement with theoretical calculations where
water was considered as adsorbed H>O molecules which can form two-dimensional water
chains. As earlier discussed, strong adsorption is limited to the first water layer, the second
layer being more disordered. 1%

In case of thin film electro- or photocatalysts. The development of spatially resolved Near-
ambient pressure XPS can open to high-throughput approaches. Some illustrations come from
the investigation in working conditions of ceria thin film as working electrode. Yttria-stabilized
zirconia as electrolyte separates the working electrode and the Pt counter electrode. Spatially
resolved XPS can lead to surface potential mapping which allows the visualization of

electrochemically active region according to the chemical environment.2%2 This study
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illustrates the potentiality of mapping from Near-ambient pressure XPS as a high throughput
combinatorial approach. Probably the gap with more representative water-solid interface is
significant. Nonetheless, the potentiality to probe the surface under working conditions and
access to a spatial distribution of active elements could be helpful in the elaboration of
supported catalysts.

Regarding functionalized catalysts the exploitation of X-ray absorption techniques can be
more useful than XPS offering advantages to investigate in working conditions the evolution
of the oxidation state of transition metals. Nevertheless, the main disadvantage is related to the
bulk sensitivity of this technique. Advantages and limitations have been earlier compared for
the investigation of Pt electrodes in fuel cell applications, i.e. Pt/C.1%3 In practice XAS
measurements are usually performed using synchrotron radiation and two modes of acquisition
can be selected using either transmission or fluorescence. Time acquisition in closely related
to the power of the detection, a complete spectra being recorded within few minutes by using
a Quick EXAFS monochromatic or even less in case of energy dispersive monochromatic
which can drastically increase the domain of application of this techniques to investigate the
transition chemical processes. As a consequence more reliable information can be obtained
regarding the fast Kkinetics of valence changes of transition metals during in-situ redox
processes. In some extent perturbations of the XAS spectra induced by adsorbates can be also
visualized.1%®* As example, on normalized XAS spectra recorded at the Pt Lz edge, the
sensitivity of an adsorbate will depend on the accessible Pt atoms of the particle, i.e. the metal
dispersion. Accordingly, getting insights into the restructuring of Pt particles could be
envisioned. This has been exploited to investigate the underpotential Cu deposition on Pt/C
electrode. Changes observed at the Pt L3 edge have been ascribed to charge transfer from Cu
to the Pt. Presently, the comparison between experimental and theoretical approaches on
bimetallic systems are relatively scarce. Electron transfer as a function of electronic affinity
characterizing the two metals in bimetallic particles could in some extent explain their different
behavior towards water adsorption. Such features have been underlined from computational
studies since a strengthening of the metallic character would weaken the metal-water
adsorption bond considered as a key factor in developing their catalytic efficiency.

XAS techniques have been profitably used for electrochemical applications with a typical
liquid cell for in-situ experiments (Figure 105). The powerful of this technique was found
appropriate to investigate structural changes of unstable nanosized bimetallic particles under
reaction which can reach thermodynamic equilibrium much faster than bulk materials. More

recent investigations emphasized the usefulness of this technique to get more relevant
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structure-activity relationships that could allow a sharp reduction of Pt loading in
electrocatalysts.1985-108 Even though the applications are scarce for environmental applications
the data already obtained from these in-situ approach in aqueous phase could serve to
understand the benefit obtained in bimetallic systems or by the intrinsic nature or the support
materials to change structural and electronic properties of nanoparticles of active phases. By
way of illustration, Pt and Rh in PtRhSnO,/C remains essentially at the metallic state during
electroxidation and the metal-metal coordination from EXAFS analysis agrees with
homogeneous distribution without significant restructuring effects. This reveals the key role
played by SnO- that would weaken the interaction between water and the noble metals. The
stability of small Pt nanoparticles can be directly visualized during electro chemical oxidation
by using in-situ high-energy-resolution X-ray absorption spectroscopy.®® According, to the
potential regime, Pt can bind hydrogen or oxygen more strongly on small nanoparticles
recognized as more sensitive to oxidation then leading to partial dissolution. In-situ XAS
measurements also provide direct information on restructuring of bimetallic particles with
reversible changes on NiPt particle shifting from Ni- to Pt-terminated surface which emphasize
the difficile challenge in controlling the stability according the reactive medium.%’

Figure 105. Scheme of electrochemical cell for in-situ X-ray absorption spectroscopy. a) SisN4 window,
b1) electrical connection to SisN4 (working electrode), b2) reference electrode, b3) counter electrode,
c¢) PEEK body, d) support green assembly. The green arrow indicates the liquid flow. Reproduced with

permission from ref %8, Copyrigth 2010 Elsevier.

5.3.2. From solid to adsorbates and reactive intermediates

Infrared spectroscopy is widely used, quasi routinely, essentially for gas phase reactions

in order to identify surface functional groups of heterogeneous catalysts and the interaction
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between these groups with probe molecules and/or adsorbates generated in the course of
reactions in the particular case of operando spectroscopic investigations. Technical aspects
must be considered for designing specific IR cell to heat uniformly and irradiate completely
the sample in case of catalytic and photocatalytic reactions respectively. Water interaction
usually complexifies data treatment due to the strong adsorption of water and loss of resolution
caused by significant IR band overlapping. Successful achievements have been recently
reported thanks to the implementation of multivariate curve resolution alternating least squares
analysis.'®®° Even though advance time-resolved methodologies have been mostly developed
for gas-phase catalytic reactions to identify relevant species with a time resolution of the
microsecond order, their potentiality for probing solid-water interfaces would probably bring
original insights. Indeed, previous investigations'®® report outstanding achievements which
underline the potentiality of this methodology to investigate hydrogen bonding in liquid phase.
It is clear the impact of hydrogen bonding on the configuration of adsorbate and strength of
adsorption is still an open question with predictions which have not been supported by
experimental evidences.

In case of in-situ liquid phase reactions Time resolved reflectance Fourier transformed
spectroscopic measurements on Pt/TiO2 photocatalysts coupled to multivariable analysis is a
powerful approach to elucidate reaction intermediates and mechanisms.'®* Basically, the
photo-induced response given by a laser pulse irradiation can provide significant information
of short life-time of photoregenerate charges and radicals.!%®? Clearly, this method allow the
detection of radical oxygen species as key intermediate in catalytic oxidation reaction.

Finally, in introduction of this chapter a relevant example has been described related to the
catalytic degradation of antibiotics by using AgsPOs as photocatalysts. This an offers the
opportunities to established reliable structure-activity correlations since previous observations
demonstrated the structure-sensitivity of this reaction. Nevertheless, some controversies arose
from these studies regarding the most active exposed facet among (100) and (111)
predominantly formed on cubic and tetrahedral AgsPOs structures respectively.10%
Femtosecond time-resolved diffuse reflectance experiments on different AgsPO4 morphologies
irradiated under 400 nm excitation lead to more insights into the dynamics of charges
carriers.%’® The transient absorption profiles in Figure 106 in the range 825-1175 nm reflect
electron trapping and subsequent decrease can be ascribed to charge recombination. The charge
carrier dynamics can be modeled by a two exponential function according to equation (107)

where A and =z stands for the amplitude and the lifetime. The different values for the lifetime
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(Table 5) highlight a slower recombination of charge carrier for cubic morphology
characterized predominantly by (100) facets. Accordingly, the highest performance in
antibiotic photodegradation has been explained by a higher mobility of electrons and holes in
tetrahedral AgsPO4 crystal which can be transported and then involve redox reactions

AA = AAy + Y Aje™ ™ (107)
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Figure 106. Temporal response of transient absorption by AgsPO, tetrahedrons, cubes and

spheres from femtosecond time-resolved diffuse reflectance infrared spectroscopic

experiments. Reprinted with permission from ref. 1°7¢. Copyrigth 2021 Elsevier.

Table 5. Lifetime of TDR decay for AgsPO, crystals calculated from time profile at 950
nm. Reprinted with permission from ref 107,

Sample (AgsPO4) 71 (ps)  (pS) Taverage (PS)
Tetrahedrons 18.9 (67.9%) 327 (67.9%) 118
Cubes 58.8 (54.2%) 801 (54.2%) 399
Sphere 30.1 (50.2%) 350 (50.2%) 189

6. Conclusion and outlook

This review emphasizes some peculiarities of catalytic processes as potential substitutes
to current technologies for water treatment. While oxidative and reductive treatments can be
implemented and have been documented in this review, most of examples considers emerging

pollutants such as phenolic compounds, antibiotics, pesticides, etc. recognized for their
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recalcitrance. Advanced oxidation process (AOP) is a powerful technique but can fail to
completely mineralize these recalcitrant contaminants. The basic idea in the various examples
described in this review is linked to the introduction of catalysts, mainly heterogeneous
catalysts, and checking if this idea can be relevant based on the balance between advantages
and drawbacks. This comparison could open some prospects in their development at short or
medium terms. Particular attention was also paid to fundamentals because academic viewpoint
is undoubtedly linked to further successful practical developments and the controversies that
exist actually on the reaction mechanismsi®* and related identification of catalyst
functionalities can be serious limitations and slow down their development.

Some important aspects have been devoted to non-solar, i.e. plasma, microwave and bio-
catalysis as well as solar driven catalytic technologies with a particular attention in coupling
with other catalytic technologies, i.e. biocatalysis, sonocatalysis and electrocatalysis. Hybrid
solutions are actually emerging with promising achievements at lab-sale but not really yet
optimized for development at pilot or industrial scale at short and medium terms. An important
aspect lies in the add-value of such coupling not fully established. Indeed, the development of
synergies implies important prerequisites such as enhancing the performance of each single
catalytic technologies before their further coupling. This is not trivial because, at first glance,
some questions may arise regarding the exact level at which a catalytic process should be
investigated, i.e. from nanoscale to pilot reactor. As a matter of fact, this review clearly
emphasizes that a multiscale approach is probably necessary and among the huge number of
review papers dedicated to catalytic water treatment, a review dealing with strategies tackling
different scales and levels of expertise from catalyst at nanoscale to reactor design was missing.
But this could be not enough because most of the investigations up to date missed a critical
parameter of capital importance: Indeed, the presence of water and the interface with the solid
catalyst, which can interfere on the stability and reactivity of intermediates, has not been
investigated in detail and is not fully understood. As a matter of fact, the importance of this
parameter has been already pointed in the early 2010s but we must confess that the standpoints
given by the authors have not attracted a great interest despite the fact that water adsorption
cannot be neglected compared to contaminants characterized by extremely low concentration
1095-10% and no direct answer has been really addressed to these previous challenges. This
specific point is closely related to the optimization of the solid-liquid-gas interphase and the
intimate contact between these three phases is not strictly dependent on the catalyst itself but

also concerns the strategy selected for the reactor design. It is true that this peculiarity leads to
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apparent controversies first on reaction mechanisms and unfortunately no clear consensus

arises up to date.

Lack of basic knowledges whith still divergences on the reaction mechanisms

Taking the example of catalytic ozonation treatment, the implementation of heterogeneous
catalysis led to several contradictions first on the effective role of the catalyst in the production
of ROS through ozone decomposition and from this first step the successive reactions which
can take place at the surface of the catalysts, i.e. (i) adsorption of ozone and subsequent
production of ROS, — (ii) the adsorption of the organic contaminant with subsequent reactions
with ozone and/or ROS — (iii) coadsorption of ozone and the organic contaminants in
competition on the same sites or on different sites. In addition, pH conditions are crucial
influencing the rate of production of ROS typically favored in basic conditions. We should
emphasize that this parameter is not be systematically controlled in the course of the reaction.
Based on this the precise quantification of the homogeneous or heterogeneous processes can
fluctuate in the course of the reaction with changes of their relative contribution. Modifications
in pH conditions can also alter the charges at the surface and then modify adsorptive properties

and the affinity towards poisoning effects.

Catalyst stability as a point of discussion to establish robust prediction models

The catalyst stability is a key point and literature is scarce. A careful examination of this
parameters is related to the development of continuous flow reactors. Indeed, sub-processes
can occur in case of partial lixiviation of the heterogeneous catalyst releasing active elements
in solution. Some illustrations gave examples where homogeneous and heterogeneous catalysis
can coexist. Their respective contribution is not clearly quantified because current in-situ
techniques, namely EPR spectroscopy as suitable technique for monitoring the production of
ROS is unable to distinguish HO" radicals at the surface and dispersed in solution. In addition,
improper methods for quenching tests can induce undesired reactions between the spin trapping
agent and radicals. This can be one of the reasons explaining the few tentative of quantitative
approaches to correlate the detection of ROS to apparent rate constant inducing weaknesses on
the development of robust kinetic models capable to integrate deactivation.

Most of kinetic models are developed at lab-scale in simulated conditions taking simple
reaction media into account usually far from the compositions of real wastewater stream
containing several unstable contaminants and/or refractory molecules. Generalized lumped

kinetic models are usually preferred. Only few examples can illustrate this point but important
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question remains unsolved regarding the specific role of the catalyst as promoter of ROS from
Oz decomposition or active adsorbed intermediates in real operating conditions. The
implementation of sophisticated kinetic models cannot be purely justified and empirical
approaches are generally preferred to fit experimental and predict kinetic measurements by
adding or neglecting in the reaction rate the term Kcaw[C]. Presently, deactivation phenomena
are not correctly apprehended while the consequence of poisoning effect could be more
significant than physical processes associated to mass and heat transfers. The loss of active
phase through lixiviation process is also of major concern because of the release of soluble
metallic ions in treated water. But some recent developments on the catalyst design illustrated
in chapter 2 have been achieved both to promote active surface species and to enhance their
resistance to deactivation through encapsulation or confinement of the catalyst in porous
substrates of various structures or by synthesizing core-shell structures. Confinement can be a
useful strategy in combination with the utilization of inorganic membranes, porous assembly
and hierarchical porous materials to immobilize the catalytic active phases can reduce the
distance between the catalytic surface and the reactants. Accordingly, this confinement could
also locally increase the concentration of the soluble contaminant at the vicinity of the active
site and then speed up the kinetics of its transformation. Core-shell or yolk-shell structures with
the active catalyst in the core or yolk and a carbon shell have been developed offering a better
protection towards leaching and sintering in addition to the ability of carbon to enhance the

adsorption and activation of the oxidizing agent and the redox properties of the catalysts.

How to get more reliable surface-reactivity relationship? A step forward more rational
experimental approaches

In parallel, these improvements on the catalyst design, the development of more relevant
operando spectroscopic investigations, i.e. coupling catalytic and spectroscopic information,
could solve the existing discrepancies on the reaction mechanisms and also offer some
guideline towards a better integration of the catalyst to the reactor design. The development of
miniaturized reactors could be more suited for operando spectroscopic studies. In connection
to this methodology, the implementation of such devices developing high surface to volume
ratio favoring lower heat and mass transfer perturbations could a priori lead to better
correlation between catalytic measurements and the surface functionalities. The
immobilization of active species on the microchannels from nanoparticles to enzymes can
illustrate the high flexibility of miniaturized reactors. This option can be useful for developing

highly appreciable combined high-throughput approaches to get more reliable kinetic
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information and to screen a huge number of catalysts. This approach is actually not really
prioritized while it could accelerate the search for a consensus substituting unsuccessful
incremental approaches. More efficient catalytic processes for water treatment being more
energy-efficient also refers to safer and sustainable technological developments and it is
obvious that such small catalytic devices could also largely match to this objective and attract

practical applications.

Biocatalysis : Towards more robust enzymes and the development of hybrid systems

A renewal of biocatalysis is related to the weak capability of enzymes to completely
mineralize recalcitrant water contaminants. As a consequence, a large panel of organics can
coexist. Even though, their ultralow concentration can have a limited eco-toxicological impact,
strong inhibiting effects can occur and then deteriorate the efficacy of enzymes. This has
probably stimulated the development of membrane bioreactors with preferential permeation
preventing undesired sub-reaction and deactivation. Two ideas have emerged which in fact are
intimately linked in connection with the development of single and hybrid systems, i.e.
biocatalysis and photobiocatalysis. The first one concerns the immobilization of enzyme over
inorganic systems for the degradation of antibiotics. Conceptually this a good idea, laccase or
peroxidase immobilization improved their stability, and reusability. The second ideas concern
the development of membrane reactors playing the role of substrate. However, the predictions
from mathematical simulation emphasize the low competitiveness of this process because of
membrane conditioning costs. As a matter of fact, prospects could be expected if cost efficiency
in lifetime of the enzymatic reactors and/or regeneration costs and membrane conditioning can
be improved. Recent advances in the development of photoinduced biocatalytic systems likely
represent a novelty but remains at the state of proof of concept up to date. The interest of this
approach is growing because of the impact of such coupling could produce at large industrial
scale for the development of new generation of chemical processes for the conversion of
bioresources to add-value chemicals. This is also true for water remediation but probably in
lesser importance. Future benefits need the development of more robustness enzymes and more
thermophilic organisms with improved tolerance to UV light. More fundamental insights into
the mechanism of electron transfer from the photocatalyst and the biofilm are prerequisites to
develop efficient systems. Optimal catalyst architecture with improved light reflection and

broader operating pH conditions can contribute also to significant improvement in efficacy.
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Photocatalysis : a better rationalization with stanadrdize approaches and a better
efficiency to the development of continuous reactor

Photocatalytic reactors have been widely developed and attractivity is still growing by
considering the number of published papers per year up to date and their high visibility towards
the readership. Nevertheless, a huge variability of experimental conditions unables to draw
reliable conclusions that would able to intensify practical developments. The efficiency of such
processes depends on numerous parameters, i.e. the mass of photocatalyst in the reactor
volume, the exposition to the light, the intensity of the light and its spectral range, the
photoreactor design, the nature of pollutants, the presence of oxygen and other natural products
acting as promoters or inhibitors. As already emphasized, the catalyst stability is also of prime
importance in the capital cost for the development of such processes. Some similarities, with
biocatalysis and other hybrid catalytic systems are essentially related to the lack of standard
procedures which could allow their ranking and accelerate the discovery towards more efficient
systems. Despite this variability, new generations of photocatalyst have emerged such as
graphene, MOF, carbon nitride, diamond nanoparticles as potential substitutes of the
benchmark TiO,. Recent recommendations from IUPAC to use probe molecules for the
evaluation of catalytic efficiency could be a first step towards the implementation of
standardized procedures. The substitution of batch reactors, composed of suspended
nanoparticles difficult to separate by simple sedimentation, by continuous fixed bed flow
reactor, open different challenges in the architecture design for facilitating light diffusion in
the catalyst bed and more commonly light penetration as conventional drawback in case of low
transparency and turbidity. This would imply the set-up of upstream separation processes. In
practice, the incorporation of materials able to absorb NIR absorption into photocatalysts could
promote photothermal effect and make full use of the solar spectrum. Presently, significant
advances in mathematical models based on validated kinetic models are able to explain the
discrepancies on the measurements from solar simulators and under natural sunlight. This can
offer helpful guidelines for the conceptualization of efficient catalytic systems for the

abatement of new recalcitrant organic pollutants

Emerging coupled photoinduced technology : what could we expect at short terms?

Sonophotocatalysis combines ultrasonic sound waves, ultraviolet radiation and a
semiconductor material as a photocatalyst. The profitable use visible light irradiation can be
also implemented. The usefulness of ultrasound lies in slower photogenerated electron-hole
recombination. A linear rate enhancement in the degradation rates of pollutant as a function of
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the acoustic power was observed assigned to an increase in the number of cavitation bubbles
resulting in the production of higher amount of reactive HO* radicals. Accordingly, synergistic
effect can be obtained underlining the benefit of this coupling. However, some drawbacks must
be solved prior to large-scale applications. Indeed, the selection of continuous flow reactor
would be the best option in terms of productivities and present developments mostly refer to
preferential batch reactors utilization characterized by small productivity and loss of catalyst.
Probably, further improvement related to this type of reactor could be envisioned by using
preferentially ceramic membrane microfiltration process, because of their better resistance to
degradation compared to polymeric counterparts. Presently, this approach is at the stage of
proof of concept and the cost-efficiency will be probably a key parameter for further
exploitation at large scale.

The coupling of photocatalysis with electrocatalysis processes also offers some advantages
increasing the holes lifetime by hindering the recombination of electron-hole pairs. A complete
mineralization of the pollutants is reached at lower potential due to the participation of photons
from light source emphasizing a synergy through this coupling. The principle lies in the
improved production of reactive *OH radical through the electroreduction of oxygen. In
addition to this general feature; photocatalytic fuel cells are able to produce electricity energy
and the collected electrons may also promote water splitting to produce hydrogen as energy
vector. Presently most of the application dealt with the simultaneous removal of organic
pollutants by photoelectrocatalytic oxidation and of heavy metals by electroreduction. Let us
note that in-situ production of hydrogen can be also profitably used for reduction reaction as
envisioned for nitrates removal. Similarly to sonophotocatalysis and photobiocatalysis,
inherent major drawbacks are related to extensive use of batch reactors. Continuous efforts
towards the development of continuous flow reactor and the development of materials

exhibiting improved light activity and more efficient and stable near-infrared irradiation.

Alternative to light-driven catalytic technologies

The development of non-solar driven technology could be an alternative. The combination
of plasma with catalysis has been extensively investigated. Plasma is an efficient energy source
to generate electrons, ions, radicals and photons with an electric field that can further lead to
the production of reactive oxygen, nitrogen species with UV irradiation and/or pulsed electric
field. But plasma itself is not enough efficient to insure a complete mineralization and the
combination with heterogeneous catalysts is relevant. Both offer a powerful technology but
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some challenges are still remaining to a complete industrial scale-up. Some issues in the
complete mineralization of complex organics, i.e. pharmaceuticals, pesticides or insecticides,
and undesirable homogeneous catalytic process should pay more attention to avoid serious
damages to ecosystems after rejection of treated wastewater. The stability and separation are
still under investigation. Indeed, such treatment present some limitations to remove with high
efficacy insecticides, pesticides, etc. Reactive species generated by plasma (Os, H2O2, O* or
HO*) can deteriorate the long-term stability of heterogeneous catalysts.

The combination of an electromagnetic wave with solid catalytic materials provide a more
efficient heating than conventional thermal heating insuring much higher heating rates, and
correlatively enhanced reaction rates. MW radiation, can be profitably use for wastewater
treatments. Indeed, the beneficial thermal induced effect can create hot spots and/or
electron/holes pairs, for producing ROS directly from water, Oz or additional oxidants such as
hydrogen peroxide or persulfates. In addition, a non-thermal effect of microwaves can improve
the intra-particle diffusion and mass transfer coefficients porous materials thanks to the
molecular excitation of organic molecules exhibiting a higher dielectric loss than the aqueous
solution. This technology is emerging and promising because extrapolation to continuous flow
reactor seems feasible. However, some questions are arising on the potential scale-up of this
technology, which probably needs a careful attention on the physicochemical properties of the
catalytic materials especially in terms of stability.

What do we still need for a step forward to industrial realization?

As final remarks, it seems obvious that the development of catalytic technologies is
growing and the expected practical achievements are still infancy. Clearly, multiple hybrid
approaches have been explored and large parts have exploited the assistance of photons or not.
Most of them emphasized practical limitations but also the need get better insight into the
characteristic of catalytic materials especially in working conditions. Probably, key
information at nanoscale are missing and the prevalent incremental trial and error approaches
will never lead to these key information. More rational approaches must be developed which
should speed up future research through the elaboration of standardized procedures and the
selection probe organic molecules as refractory contaminant that could lead to ranking and
selection of the best technologies or practical approaches. High-throughput approaches could
be an alternative. Fast acquisition of computational and experimental data should accelerate
and improve the reliability in the discovery novel catalytic materials and/or prioritized existing
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findings based on statistical analysis and machine learning techniques. The introduction of
computer sciences for developing of smart systems capable to mimic human intelligence could
help to predict the performances in more realistic conditions, i.e. multiple pollutants and
continuous flow technology, leading to a faster decision integrating a reduction cost.

The modelling of the liquid/solid interface represents a grand challenge. Up to date, the
molecular scale structures of adsorbed water on metals and metal oxides is still unclear while
water-solid interfacial interactions directly impact the stability and reactivity of intermediates.
Ab initio calculations recently started, mostly in connection with the development catalytic
systems for biomass conversion and also electrochemical applications, but the conclusion
drawn from these investigations could be also helpful for water treatment. The implementation
of theoretical calculations could ease the full description and understanding the aqueous-
substrate interface and biomolecule-substrate according to their intrinsic features once
immobilized on a solid substrate. An open question is related to the development of cost-
effective nanomaterials capable to mimic the kinetic behavior of enzymes with improved
stability and higher efficiency in broader operating conditions.

Modeling the interaction between water and functionalized surfaces is presently mostly
restricted to model surfaces. However, some improvements in force field algorithms can lead
to fine structure of the interface driven by the competition between solid-water and water-water
interactions. However, some limitations on the initial assumption to build up the model could
not be strictly representative because the pH as experimental parameter can play a key role on
the charges at the surface. Consequently, some questions might arise on the reliability of
molecular model to induce explicit perturbations that could mimic those involved at the solid-
liquid interface

Despite some technical limitations, convincing comparisons with in-situ exploration using
XPS and XAS techniques emphasized the relevance of modeling approaches even though they
can lie on assumptions that could be point of debate. The development of time-resolved
spectroscopic experiments can lead to useful information to discriminate among the most active
facet of crystals. Hence, coupling this approach to theoretical calculation could provide
guideline in an appropriate preparation method. Clearly, all these remark are none exhaustive.

Hence, one can expect that investigation on catalytic water treatment will intensify in the
near future as a key environmental concern worldwide. However, the efficacy to find a suitable

catalytic technology at short terms requires concerted action and a closer interaction between
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experimentalists and theoreticians to identify and solve the limiting steps in the development
of industrial solution at large scale.
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ACF: activate carbon fiber

AFM: atomic force microscope

Al: Artificial Intelligence

AOP: advanced Oxidation Processes
4-AP: 4-aminophenol

APR: aqueous phase reforming
ATP: adenosine Triphosphate

ATR: attenuated total reflectance
BPA : bisphenol A

CFD: computational fluid dynamic
CLEA: cross-linked enzyme aggregate
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g-CN:
CNT:
COD:
4-CP:
CSTR:
CWADO:
DBD:
DBDE:
DC:
2,4-DCP:
DCPMU:
DDT:
DDE:
DEA:
DEHP:
DFT:
DIA:
DMPO:
DNA:
DT50:
EDC:
EDS:
EDTA:
EPR:
EXAFS:
FAD:
FMN:
FTIR:
FTO:
GADP:
GC/MS:
GDP:
G-L-S:
rGO:
HAADF:
HBT:
HOMO-LUMO:
HOPC:
HTC:

IR:

ITO:
IUPAC:
LAS:
LDH:
MANAE:
MFC :

graphitic carbon nitride

carbon nanotube

chemical oxygen demand

4-chlorophenol

continuous stirred tank reactor

catalytic wet air oxidation

dielectric-barrier discharge
decabromodiphenylether

corona discharge

2,4-dichlorophenol
3-(3,4-cichlorophenyl)-1-hydroxymethyl-1-methyurea
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethane
1,1,1-trichloro-2,2-bis(p-chlorophenyl)ethene
desethylatrazine

diethylhexyl phthalate

density functional theory
desisopropylatrazine
5,5-dimethyl-1-pyrroline-N-oxide
deoxyribonucleic acid

half-life in soil

endochrine disruptor chemical

energy dispersive spectroscopy
ethylenediaminetatraacetic acid

electron paramagnetic resonance

X-ray absorption spectroscopic analysis
flavin adenine dinucleotide

flavin mononucleotide in the H form

Fourier transform infrared spectroscopy
fluorine tin oxide

gliding arc discharge plasm

gas chromotagraphy/mass spectrometry

glow discharge plasma

gas-liquid-solid

reduced graphene oxide

high-angle annular dark-field imaging
1-hydroxybenzotriazole

molecular orbitals

3D hierarchically-ordered porous carbon materials (HOPC)
hydrothermal carbon

infrared

iridium tin oxide

international union of pure and applied chemistry
Lewis acid sites (LAS)

layered double hydroxide
mono-aminoethyl-N-aminoethyl

microbial fuel cell
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MICP .
MIL :
MOF .
MOXx :
MPUVL.:
MW:
MWCT:
NADH
NIR:
4-NP:
PAA:
PANI:
PBDE:
PDA:
PEF:
PFC:
PDOR:
PDS:
PEDOT:
PMS:
PNP:
PPy:
PVDF:
PZC:
RH:
ROS:
TA:
SAC:

SARS-COV-2:

STEM:
SWCNT:
TEM:
TNT:
TOF:
TrzN:
UHV:
US:

uV:
UV-VIS:
WADO:
XANES:
XAS:
XPS:
ZV1I.

microbially induced carbonate precipitation (MICP)
abbreviation for MOF from matériaux de l'institut Lavoisier
metal-organic frameworks

metal oxides

microwave-UV plasma

microwave

multi-walled carbon nanotube
nicotinamide adenine dinucleotide

near infrared light

4-nitrophenol

phenoxyalkanoic acid

polyaniline

polybrominated diphenyl ether
polydopamine

photo-electro Fenton

photocatalytic fuel cell

phthalate dioxygenase reductase
Peroxydisulfate
poly(3,4-ethylenedioxythiophene)
peroxymonosulfate

p-nitrophenol

polypyrrole

polyvinylidene fluoride

point zero charge

relative humidity

reactive oxygen species

tartaric acid

single atom catalysts

severe acute respiratory syndrome coronavirus 2
scanning transmission electron microscope
single-walled carbon nanotube

Transition electron microscopy

TiO2 nanotube

turn-over frequency

triazine hydrolase or atrazine chlorohydrolase
ultra-high vacuum

high intensity ultrasound

ultraviolet

ultraviolet-visible

wet air oxidation

X-ray absorption near edge structure
X-ray absorption spectroscopy

X-ray photoelectron spectroscopy
zero-valent iron
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