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ABSTRACT

Résumé

Parmi les procédés avancés d’oxydation (AOPs), les procédés de type Fenton
(réactif de Fenton: Fe*'/H,0,) et les procédés d’oxydation par le persulfate, sont
décrits comme des procédés tres performants. Le procédé Fenton est une voie
prometteuse et attractive pour le traitement d’une large variété de composés
organiques polluants, difficiles a traiter par les voies classiques de dépollution. Au
cours du procédé Fenton, des radicaux hydroxyls, molécules a fort pouvoir oxydant
capable de réagir avec pratiquement tous types de composés organiques et
inorganiques, sont générés. De méme, du fait de la structure similaire entre H,O, et
les ions peroxydisulfate, ces derniers peuvent se décomposer en radicaux sulfates
(SO47), un autre type d’oxydant hautement réactif pouvant réagir avec les composés
organiques. Cependant, les procédés Fenton et d’activation du peroxydisulfate
classiques présentent plusieurs inconvénients. En effet, la solution doit étre acidifiée
avant la réaction, et des procédés complexes de purification / séparation sont
nécessaires apres réaction. Afin de contourner ces inconvénients, le développement de
procédés de traitement hétérogeénes est propose pour le traitement de 1’eau. Dans cette
optique de développement de procédés économes, les oxydes de fer comme la
magnétite sont proposés comme remplagants des sels solubles de fer. Une utilisation
de tels matériaux, a I’état solide, présente des avantages indéniables, dont la
séparation aisée de 1’espece active apres réaction par sédimentation ou filtration.

Dans le cadre de ce travail de doctorat, différents types d’oxydes de fer, hématite ou
magnétite, ont été synthétisés en milieu liquide ionique. La morphologie, les
propriétés structurales, les rapports de surface Fe'/Fe', les surfaces spécifiques, les
tailles de domaine cristallin, efc. ont été évaluées. Deux molécules différentes, la
tétracycline (TC) et le phénol, couramment utilisées dans 1’industrie chimique, ont été
sélectionnées comme polluants modeles afin d’évaluer les performances des
matériaux préparés pour leur élimination. Une partie importante du travail de doctorat
a donc été I’étude des propriétés des matériaux pour I’élimination de polluants
organiques par le procéd¢ Fenton hétérogene. Les résultats montrent clairement que
differents facteurs affectent les performances du procédé. Certains de ces facteurs sont
reliés aux propriétés de la phase active, du fait du caractere surfacique des réactions,

tandis que d’autres dépendent des conditions de fonctionnement du procédé (nature de
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I’oxydant, nature de 1’énergie fournie au procédé). La stabilité¢ des systémes
catalytiques préparés est néanmoins une propriété cruciale également étudiée. Le
manuscrit de doctorat met donc ’accent sur la conception de matériaux originaux
destinés a une utilisation dans les procédés avancés d’oxydation dans 1’eau.

Le manuscrit est constitué de 6 études expérimentales :

Etude 1: Des matériaux de structure hématite (a-Fe,O3) ont été synthétisés en
utilisant une voie en milieu liquide ionique. Il a ainsi été possible de préparer
différentes morphologies, parmi lesquelles des cubes, des spheéres et des nanotiges
poreuses. Du fait de morphologies radicalement différentes, ces solides présentent des
aires spécifiques variant de quelques m* g' a plus de 50 m® g'. Ces différences
entrainent d’importantes modifications au niveau de la mobilité des oxygenes du
réseau du solide, les nanotiges poreuses présentant les mobilités d’oxygene les plus
¢levées. Cette étude était un pré requis a I’étude de la synthese de matériaux de type
magnétite, destinés aux réactions de dépollution dans 1’eau. Ces matériaux, de type
hématite, ont néanmoins été testés pour des réactions en phase gazeuse afin d’évaluer
leur réactivité de surface. Ces solides de morphologies bien définies présentent des
activités catalytiques remarquables. Ainsi, un catalyseur a base d’or supporté sur

nanotige poreuse permet la conversion de CO a basse température (< 100°C).

Etude 2: Du fait de I'importance de la tétracycline (TC) dans I’industrie chimique,
I’oxydation de la TC a été étudiée sur un catalyseur commercial Fe;Oy4, par un procédé
couplé ultrason/Fenton hétérogéne, décrit dans la littérature comme un procédé
hautement performant pour I1’élimination de polluants réfractaires. L’effet des
conditions opératoires, I’évolution de la toxicité de 1’effluent, et le mécanisme
réactionnel ont été étudiés. Les résultats obtenus montrent que 1’activité du catalyseur
est fortement améliorée sous irradiation ultrason. Dans des conditions optimisées, la
TC peut étre convertie a 93.7% en 60 min de traitement. Le carbone organique total
(COT) atteint 14.9% d’abattement, mais augmente jusqu’a 31.8% aprés seulement
180 min de réaction. Un systéme membranaire original a été utilisé pour étudier le
mécanisme réactionnel et I’impact des différents radicaux générés lors de la réaction.
I1 a été démontré que les radicaux hydroxyls étaient les principales especes réactives

responsables de la dégradation de la TC.
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Etude 3: Cette étude traite de I’élimination de la tétracycline par procédé
catalytique hétérogene en présence d’ions peroxydisulfate (Na,S,0Og) sous ultrasons
(procédé d’oxydation Na,S,0g/Fe;O4/ultrason). L’étude de D’effet des conditions
réactionnelles est présentée (concentration en Na,S;0s, chargement en Fe;Oy,
concentration initiale en TC, pH de réaction...). Les résultats montrent que 1’efficacité
pour I’élimination de la TC est fortement dépendante des conditions opératoires. En
condition optimale, de hauts degrés de minéralisation peuvent néanmoins &tre obtenus.
L’analyse du rdle respectif des radicaux générés en réaction, sulfate, hydroxyl ou
superoxide, montre que les radicaux sulfates et hydroxyls sont les espéces réactives

consommées lors de la réaction de dégradation.

Etude 4: L’ozone est, dans le cas de cette ¢tude, employée comme oxydant car
pouvant étre activée a la surface des matériaux de type magnétite. La réaction de
dégradation de la tétracycline est étudiée dans le procédé couplé US/Fe;04/Os3. Une
étude complete de I’effet des parametres opérationnels sur la biodégradation et la
toxicité de I’effluent a été effectuée. Les résultats obtenus indiquent que la vitesse de
dégradation de la tétracycline est fortement influencée par le pH de la solution et la
puissance des US, alors que celle-ci est peu dépendante de la concentration en
catalyseur. Dans des conditions optimisées, la tétracycline est complétement convertie
apres 20 min de traitement, et ’abattement de DCO atteint 41.8%. Cet abattement
atteint 89.1% quand le temps de réaction est étendu a 120 minutes, et la dégradation
biochimique (DBOs/DCO) atteint 0.694. La toxicit¢ de 1’effluent atteint son
maximum aprés 60 min de traitement, et ensuite diminue avec 1’augmentation du

temps de réaction.

Etude 5: Du fait de I’activité intrinseéque élevée développée par les matériaux de
type magnétite, des matériaux Fe;O4 de morphologie controlée ont été préparés par
réduction thermique de o-Fe,O; synthétisé en milieu liquide ionique (Etude 1). Les
magnétites obtenues présentent des morphologies bien définies, microcube,
nanosphére, nanotige poreuse. L’activité de ces solides a été évaluée pour les
réactions de type Fenton, avec le phénol comme polluant modele. Alors que les
¢chantillons commerciaux Fe;O4 présentent des activités limitées, une activité
exceptionnelle est obtenue sur les nanostructures de type nanotiges poreuses. La

stabilité¢ de ces matériaux a également été évaluée. Il s’aveére que ces solides peuvent
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étre utilisés lors de plusieurs cycles réactionnels successifs sans désactivation notable.
L’étude a également permis de montrer que 1’activité des magnétites pouvait étre
améliorée significativement en ajustant le degré de réduction du solide, afin de former
des composites Fe’/Fe;04. Ces derniers présentent des activités remarquables,
supérieures a celles obtenues sur magnétite.

Etude 6: Connaissant ’impact de la mobilité d’oxygene et des propriétés de
surface sur les propriétés catalytiques des solides, nous avons ensuite étudi¢ la
possibilité de préparer des matériaux nanocristallins de structure pérovskite LaAOs3
(A= Co, Mn) a partir d’une voie de synthése non aqueuse. Ces matériaux de structure
pérovskite trouvent un large écho aupres de la communauté scientifique proche de la
catalyse environnementale pour des applications en dépollution aussi bien en phase
gazeuse qu’en phase aqueuse. Les matériaux préparés ont ¢€té caractérisés par les
techniques classiques de caractérisation des solides, et la mobilité d’oxygene a été
mesurée par échange isotopique d’oxygene (OIE). Les matériaux préparés par
synthése non aqueuse présentent des surfaces spécifiques améliorées et des tailles de
domaine cristallin réduites. Ces propriétés induisent d’importantes modifications des
propriétés redox de ces solides. Les propriétés de mobilité d’oxygene sont également
fortement modifiées par la réduction de la taille de cristal et ’augmentation de la
surface spécifique. Ces évolutions varient en parallele avec les évolutions d’activité
catalytique, aussi bien dans le cas des réactions en phase gazeuse (oxydation du CO)
que dans le cas des réactions en phase aqueuse (dégradation du phénol en présence de
H,0;). En conclusion, I'utilisation de la voie de synthése non aqueuse permet la

préparation de matériaux présentant des propriétés catalytiques améliorées.

Mots clés: Fenton, hématite, magnétite, Procédés Avancés d’Oxydation, ultrason,

peroxydisulfate, H,O,, oxydation du CO
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Abstract

Fenton reaction (Fenton reagent: (Fe*"/H,0,)) and persulfate oxidation process,
as advanced oxidation processes, are powerful oxidations used world around. Fenton
reaction has been evidenced to be a promising and attractive treatment method for the
degradation of a wide variety of hazardous organic pollutants, which are difficult to be
treated using traditional soft treatment technologies. During Fenton process, free
hydroxyl radicals (HO"), strong oxidant molecules capable of reacting with practically
all types of organic and inorganic compounds, are generated. In the meanwhile, due to
the similar structure between H,O, and peroxydisulfate ions, peroxydisulfate ions can
be decomposed to sulfate radicals (SO4™), another kind of highly active oxidant that
can react with organic compounds. However, the classical Fenton or peroxydisulfate
activation processes present some disadvantages. Indeed, the solution needed
acidification before carrying out the reaction and complex separation processes have
to be applied after reaction. To overcome these drawbacks, heterogeneous catalytic
oxidation processes were introduced for wastewater treatment. In this line, magnetite
was evidenced as potential substituent to soluble iron ions, and it offers significant
advantages such as an easy separation after reaction since the active material can be

easily recovered by sedimentation or filtration for further used.

In this PhD work, iron oxides, hematite and magnetite, were synthesized using an
jonic liquid mediated process. The morphology, structural properties, Fe'/Fe'" surface
ratios, specific surface areas (SSA), mean particle diameters, site densities, efc. were
evaluated. Two different model pollutants (tetracycline (TC) and phenol), which are
widely used chemicals all over the world, were selected to evaluate the performance
of the prepared active materials. A significant part of the PhD study was then on the
study of heterogeneous Fenton-like reaction for phenol and TC degradation.
Experiments showed that many factors are affecting the heterogeneous Fenton-like
system, some are related to the heterogeneous active phase properties, due to the
surface reaction nature occurring over iron oxide surface, while other are relater to the
process condition (nature of the oxidant, nature of the energy furnished for reaction).
However, stability of this active phase, with progressive dissolution under reaction, is

also a real challenge. This PhD manuscript, focusing on the design of highly active



ABSTRACT

materials for advanced oxidation processes (AOPs), is constituted of six experiment

result parts:

First study: Hematite type materials (0-Fe,O3), with different morphologies,
were synthesized using an original ionic liquid mediated process. Different
morphologies can be obtained, amongst cubes, spheres, and porous nanotubes. Due to
the different morphologies developed, accessible surface area varies from a few m?” g’
to more than 50 m” g. These differences result in largely different oxygen mobility
properties, the porous nanorods presenting the highest bulk oxygen mobility. As a
consequence, all these shaped materials present higher activity for oxidation reaction
than classical hematite reference. In addition, the favorable physical properties, that
are a high surface area and open porosity, allow the easy dispersion of noble metal
nanoparticles (Pt, Pd, and Au). Some of these noble metal-containing high surface
area materials exhibit remarkable catalytic activities for gas phase oxidation reaction.
Indeed, porous nanorods-supported gold nanoparticles allow converting CO below
100 °C, which is far better than the performances obtained of commercial a-Fe,O;
supported gold for which dispersion of gold remains difficult due to the low surface
area developed by the commercial support. This part is obviously a prerequisite to the
synthesis of magnetite-type materials for water treatment, and these materials were
used directly in gas phase oxidation reaction in order to characterize surface

properties of the synthesized iron oxides.

Second study: Due to the importance of tetracycline (TC) in chemical industry,
the oxidation of TC was studied over commercial Fe;O4 catalyst, using a coupled
ultrasound/heterogeneous Fenton process, described in the literature as a powerful
AOQP. The effects of the reaction parameters, the evolution of the effluent toxicity, and
the reaction mechanism were studied. The results demonstrated that the stability of the
catalyst was significantly improved under ultrasound irradiation. Under optimized
conditions, tetracycline was removed with an efficiency of 93.7% after 60 min of
treatment. The total organic carbon (TOC) removal reached 14.9%, and the TOC
value further increased to 31.8% when the reaction time was extended to 180 min. An
original membrane separation system was used to explore the surface oxidation
mechanism occurring during reaction. Then, surface hydroxyl radicals were

determined as main reactive species for TC oxidation reaction.
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Third study: Removal of tetracycline by magnetite (Fe;O4) activated
peroxydisulfate (Na»S;Og) under ultrasound irradiation was investigated
(NayS,0s/Fe;O4/ultrasound oxidation process). The effects of Na,S,0g concentration,
Fe;O4 loading, ultrasonic power, initial TC concentration and initial pH were
addressed. The results showed that the TC removal efficiency increased with Fe;O4
loading, but decreased with the increase of initial pH and initial tetracycline
concentration. Under optimal operation values of Na;S,0Og concentration and
ultrasound power intensity, high degradation efficiency can be achieved. Quenching
effect was examined by using ethanol, fert-butyl alcohol and 1, 4-benzoquinone under
ultrasound irradiation to evaluate the respective roles of sulfate radicals, hydroxyl
radicals and superoxide radicals. The results indicated that sulfate radicals and

hydroxyl radicals played the main roles for the degradation reaction.

Fourth study: Ozone was employed as oxidant, since it can be activated by
magnetite surface. The degradation of tetracycline was investigated using
ultrasound-enhanced magnetite catalytic ozonation process (US/Fe;04/0O3). Thorough
assessments of the operational parameters, biodegradability and acute toxicity were
performed. The results indicated that the TC degradation rate was strongly influenced
by the initial pH and the ultrasonic power, but it was almost independent of the dosage
of Fe;O4 at the range from 0.3 to 1.0 g L. Under optimized conditions, TC was
almost completely removed after 20 min of treatment, and the COD removal reached
41.8%. The COD removal further increased to 89.1% when the reaction time was
extended to 120 minutes, and the corresponding biochemical degradability
(BODs/COD) rose to 0.694. The acute toxicity reached its maximum value after 60

min treatment and then decreased with further reaction time.

Fifth study: Due to the intrinsic activity of magnetite-type material for Fenton
reaction, nanostructured Fe;O4 particles were obtained through hydrogen thermal
reduction of a-Fe,O; particles synthesized via an ionic liquid assisted hydrothermal
process (first study). As-prepared magnetite materials show microcube, nanosphere,
and porous nanorod morphologies. Activity of the nanostructures was evaluated for
the Fenton reaction, using phenol as model molecule. While commercial Fe;O4
presents very limited activity, rod-type nanostructure exhibited exceptional activity
toward phenol removal under mild conditions. The reusability of porous nanorods of

Fe;O4 was also investigated, demonstrating promising properties for large scale
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oxidative degradation of organic pollutants. Interestingly, the magnetite intrinsic
activity can be strongly improved, tuning the reduction degree of the material. The
beneficial effect of Fe"/Fe;0, mixed phase formation to achieve higher activity is

clearly highlighted.

Sixth study: Knowing the impact of oxygen mobility and surface properties on
the catalytic activity of materials, we studied the possibility to develop a route to
nanocrystalline LaAOs (A = Co, Mn) materials. These perovskite type materials find
wide application in environment field, for gas phase and water depollution reactions.
Synthesized materials were characterised using classical techniques, and oxygen
mobility in these nano-structures evaluated using oxygen isotopic exchange (OIE).
The solids obtained by this non-aqueous route presents improved surface area, small
crystal size, and improved redox properties (as measured by reduction by H,), when
compared to conventional materials. Oxygen mobility was also found to be strongly
influenced by the material physico-chemical properties. These observations correlated
well with the evolutions in catalytic activity for phenol degradation in Fenton reaction,
but also for gas phase CO oxidation. The materials obtained by this original

non-aqueous route presented excellent catalytic performances.

Keywords: Fenton, hematite, magnetite, AOP, ultrasound irradiation, peroxydisulfate,

H,0,, CO oxidation
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1.1 Background

In recent years, the phenolic organic compounds, pharmaceuticals and personal
care products can be found in waterbodies and the environment for as long as humans
have been using them. The widespread of these non-biodegradable organic chemicals
in environmental aqueous system or wastewater effluents is a serious environmental
problem because of their significant threats on water resources and human health.
Moreover, many types of them react with some metal ions to form complexes in
aqueous environment, which are often more difficult to be degraded by conventional
biological technologies, and physicochemical methods. These traditional processes
are ineffective for many kinds of organic compounds, and the degradation rates are
very slow. Furthermore, toxic by-products can be produced during the chemical
treatment processes, which are more difficult to degradate and mineralize. In addition,
physi/adsorption processes just transfer the pollutant from aqueous phase to solid
phase, and further treatments are needed. Consequently, there is an increase in social
pressure towards the wastewater treatment and an industrial interest in the
improvement of the existing water treatment technologies.

Advanced oxidation processes (AOPs) have been defined as oxidation treatment
based on the reaction of hydroxyl radical in an aqueous solution. Radicals are
powerful and extremely reactive oxidant agent that can convert organic pollutants
efficiently [1-7]. The oxidants most commonly employed to date include hydrogen
peroxide, persulfate ions and ozone. Fenton reaction is one of the AOPs, It is one of
the most powerful oxidation processes used world around. It has been used as an
efficient treatment method for the degradation of many different organic pollutants.
However, the conventional homogenous Fenton application was limited by the slurry
system production, separation, and high metal concentrations in the final effluents.
Hence, many researchs focused on the use of modified Fenton systems, the so called
Fenton-like systems, to treat the organic pollutants. Nowadays, metal oxides were
used instead of soluble metal ions, and their uses offer significant advantages in
separation since the catalyst can be easily recovered by sedimentation or filtration and
further use. Hence, the process operating conditions were significantly simplified. It is
widely accepted that hydroxyl radicals ((OH) is the predominant reactive species
generated in both the Fenton and Fenton-like systems [8-9]. This type of radicals has a

strong and nonselective oxidizing ability (E° = 2.7 V); therefore, it can readily convert
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organic molecules, and transform them into carbon dioxide and water. However,
hydrogen peroxide is not a long-lived molecule and it rapidly decomposes in
contaminated sites. In addition, H,O, is easily influenced by the iron solubility,
mineral species, cycling between the +2 and +3 states of iron valence, efc., which
limit the process efficiency.

As a strong oxidant, persulfate (S,05>, E = 2.1 V) is another popular reagent in
the wastewater treatment because it is more stable and more soluble than H,O,, and it
can be transported over a long distance in the aqueous solution without alteration [10].
Furthermore, it can be activated by heat, light, soluble transition metal ions and metal
oxide, releasing sulfate radicals (SO,”, E” = 2.6 V), which has high oxidative ability
[11,12]. Therefore, it may quickly and effectively oxidize and remove pollutants from
wastewater. Therefore, persulfate found wide application prospect in environmental
pollution control field in recent years.

Ozone is another powerful oxidizing molecule that can either react directly with
the organic pollutants or decompose into free radicals to attack the organic
compounds with a very high rate. However, when ozone is used alone, it does not
often lead to high level of mineralization and toxicity removal [13,14]. The use of
ozone also has limitation with respect to the high implementation cost and the poor
mass transfer rate. Consequently, ozone is usually combined with other technologies
to improve its large scale utilization [15,16]. In recent years, heterogeneous catalytic
ozonation has become a powerful treatment method for the degradation of refractory
organic pollutants, and high removal and mineralization can be achieved [17 19].
Catalysts used include MgO [17], alumina [18], doped alumina catalysts [19],
activated carbon supported catalyst (MnO,/GAC) [21], a-FeOOH [22], cobalt oxides
[23], B-MnO, [24], perovskite [25], and brucite [26]. Although some -catalysts
displayed considerable catalytic activity in the ozonation process, their production
might be problematic and cost-intensive from an industrial viewpoint. Moreover, the
separation step is often unfavorable. Considering this information, the application of
magnetite particles (Fe3O4) in the pollution control has received great attention in the
recent years [27-29]. Magnetic particles can be separated from the solution using a
simple magnetic process, which shows its superiority to the other metal oxides (such
as a-FeOOH, and a-Fe,0s3, etc.) [22,30]. In addition, as one of transition metal oxides,
Fe;O04 with multiple accessible oxidation states, is an active catalyst for ozone

decomposition [31,32]. Despite the promising results of catalytic ozonation using
4
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magnetic as catalyst, the catalyst deactivation due to organic intermediates
accumulation on the surface is still a major obstacle for its industrial application. In
the meanwhile, the release of metal ions decreased the stability and activity of the
catalyst. Therefore, the development of an effective approach to improve the catalytic
efficiency and durability remains an important issue that needs to be urgently
addressed.

It has been found that ultrasound can enhance the activity of the catalyst in the
ozonation process without prejudice on the stability of the heterogeneous iron species
[30,33]. During the ultrasonic process, the cavitation effect can clean the surface of
the catalyst, and improved stability in reaction can be achieved during the ultrasonic
irradiation process [30,34]. In addition, ultrasound accelerates turbulence, which can
reduce the liquid film thickness and subsequently increase the mass transfer of
reactants and by-products between the liquid and solid phases [34,35]. Furthermore,
hydroxyl radicals will be generated in the vapour phase of cavitation bubbles during
the ultrasonic process [36,37].

In this work, Fenton-like process, sono-Fenton-like process and sono-catalytic
ozonation processes in the presence of different oxidants and catalysts were studied.
Tagets of the study were indentifying the means to overcome many disadvantages of
the homogenous system, and it is very important and very meaningful to go deep into
the study of these processes using metal oxides. Tetracycline (TC) has been used in
numerous chemical applications, resulting in potential ecological damage [38]. In the
same line, phenolic substances are one of the most common toxic pollutants in the
natural environment around the world. These two types of pollutants were chosen as

model pollutants in this PhD.

1.2 Research goals and objective

The objective of this work was to study degradation of model pollutants using
different kinds of iron metal oxide (such as hematite, magnetite, perovskite) with
different physic-chemical properties. We determined which are the suitable conditions
and investigated main factors which affect the efficiency of the Fenton-like system, to
gain insight into the heterogeneous Fenton reaction, and to get more information

about the mechanism. Persulfate oxidation and ozonation systems were also studied to
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improve the oxidation efficiency, and we investigated parameter effects to identify the
best oxidation conditions; this can help us to know more deeply about the
heterogeneous AOPs reaction. To meet these goals the following specific objectives
were defined:

1. Conduct batch experiments to elucidate the role of iron species on the
heterogeneous Fenton-like reaction, and to investigate the mechanism of the
heterogeneous Fenton-like reaction.

2. Conduct experiments to investigate the influence of the operation parameters
on the sono-persulfate oxidation process, and verify the main active species that affect
the oxidation efficiency.

3. Conduct experiments to investigate the mechanism of sono-catalytic ozonation
of tetracycline. The operation parameters on the sono-catalytic ozonation process
were explored. Moreover, the acute toxicity of tetracycline was also verified after
sono-catalytic ozonation.

4. Enhance the catalytic activity of the materials. Two kinds of iron oxide
(a-Fe,03, Fe;04) with different morphologies by using ionic liquid assisted
hydrothermal method were synthesized. Catalytic activities of these materials were
measured.

5. Synthesis of highly crystalline LaMOs; (M= Co, Mn). Compared with
conventional citric acid method, the solids obtained by non-aqueous route present
large differences in specific surface area, crystallite size, and redox properties (as

measured by reduction by Hj).

1.3 Organization of thesis

This dissertation is divided into 9 chapters.

Chapter 1 is an introduction which included background, research goals and

objectives, and organization of thesis.

Chapter 2 presents a review of recent research work related to this study. Four parts

are described:
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2.1. Pharmaceuticals and personal care products
2.2 Phenolic organic compounds
2.3 Advanced oxidation progresses (AOPs)

2.4. Heterogeneous catalysts application in AOPs

Chapter 3 to Chapter 8 are the parts devoted to the presentation of the experiments

results.

Chapter 3 is entitled “Ionic liquid mediated a-Fe,Os shape-controlled nanocrystals
supported noble metal: highly active materials for CO oxidation”. Shape-controlled
iron oxide nanocrystals were prepared using an original ionic liquid mediated process.
Differences in morphology and textural properties result in largely different oxygen
mobility, the porous nanorods presenting the highest bulk oxygen mobility. In addition,
the favorable physical properties, i.e. high surface area, allow the easy dispersion of
noble metal nanoparticles (Pt, Pd, and Au), some of these noble metal-containing high
surface area materials exhibiting remarkable catalytic activities.

Chapter 4 1s entitled “Design of a highly efficient AOP process using an
ultrasound-assisted, heterogeneous Fenton-like reaction: example of tetracycline
degradation over a commercial magnetite catalyst”. This part focused on the
degradation of tetracycline over magnetite materials under ultrasound assisted Fe;O4/
H,0, process. The effects of the reaction parameters, the evolution of the toxicity of
the effluent, and the reaction mechanism were studied. A novel membrane separation
system was used to explore the surface oxidation mechanism. Surface hydroxyl
radicals were evidenced to be the main reactive species for the oxidation process.
Chapter 5 is entitled “Ultrasound enhanced heterogeneous activation of
peroxydisulfate by magnetite catalyst for the degradation of tetracycline in water”. In
this chapter, the removal of tetracycline in the US/Fe;04/Na;S,0g process was
investigated. The effects of different operation parameters were investigated (Na;S,0g
concentration, catalyst dosage, ultrasonic power, initial concentration of pollutant and
initial pH). The roles of sulfate radicals, hydroxyl radicals and superoxide radicals
were studied to go insight the catalytic mechanism.

Chapter 6 was named “Ultrasound-enhanced magnetite catalytic ozonation of

tetracycline in water”. In this section, commercial magnetic particles, Fe;O4, were
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selected as the catalyst to evaluate its catalytic activity with ozone. Tetracycline (TC)
was chosen as the target contaminant compound. An air-lift reactor was used owing to
its efficient mixing with low shear stress and energy consumption and it provides the
advantage of a high rate of gas-liquid mass transfer. Comparative experiments were
performed to investigate the degradation efficiencies and removal rates of TC,
including experiments with ozonation alone, ultrasound-enhanced ozonation (US/O3),
catalytic ozonation (Fe;04/0;), and ultrasound-enhanced catalytic ozonation
(US/Fe304/03). The effects of the operating conditions on the removal of TC during
the ultrasound-enhanced catalytic ozonation process were investigated. The
mineralization and the variation of biodegradability and toxicity were also
investigated. The solubility and the reusability of the catalyst were critical parameters
that were also evaluated.

Chapter 7 is entitled “Shape-controlled nanostructured magnetite-type materials as
highly efficient Fenton catalysts”. In this study, magnetite materials were synthesized
with different morphologies. The oxidation of phenol on the surface of magnetite has
been investigated under various experimental conditions (initial pH, H,O;
concentration, material loading). Further activity improvement was achieved
optimizing the Fe’/Fe;0, balance through reduction temperature.

Chapter 8 is named “A generic route to produce perovskite with improved oxygen
transfer properties: to the design of highly active oxide catalysts”. In this study, the
successfully synthesis of crystalline LaMO3; (M= Co, Mn) nanomaterials was reported.
The results obtained for the oxygen exchange reaction showed that the activity was
strongly influenced by the crystal size and surface accessibility. These observations
correlated well with the evolution of catalytic activity for phenol conversion and low
temperature CO oxidation. Indeed, the benzyl-derived materials showed large

improvement in catalytic activity compared to classical materials.

Finally, Chapter 9 provides the general conclusions and recommendations.



CHAPTER 1 INTRODUCTION

References:

[1] F. Mijangos, F. Varona, N. Villota, Changes in solution color during phenol oxidation by Fenton
reagent, Environ. Sci. Technol. 2006 (40) 5538-5543.

[2] S. Esplugas, J. Giménez, S. Contreras, E. Pascual, M. Rodriguez, Comparison of different advanced
oxidation processes for phenol degradation , Water Res. 2002 (36) 1034-1042.

[3] A. Santos, P. Yustos, A. Quintanilla, S. Rodriguez, F. Garcia-Ochoa, Route of the catalytic oxidation
of phenol in aqueous phase, Appl. Catal. B: Environ. 2002 (39) 97-113.

[4] D.L. Sedlak, A.W. Andren, Oxidation of chlorobenzene with Fenton reagent, Environ. Sci. Technol.
1991 (125) 777-782.

[5] F.J. Potter, J.A. Roth, Hazard. Oxidation of chlorinated phenols using Fenton reagent , Waste
Hazard. Mater. 1993(10) 151-170.

[6] E. Neyens, J. Baeyens, A review of classic Fenton’s peroxidation as an advanced oxidation
technique, J. Hazard. Mater. 2002 (B98) 33-50.

[7] E. Chamarro, A. Marco, S. Esplugas, Use of Fenton reagent to improve organic chemical
biodegradability, Water Res. 2001 (35) 1047-1051.

[8] W.P. Kwan, B.M. Voelker, Rates of hydroxyl radical generation and organic compound oxidation in
mineral-catalyzed Fenton-like systems, Environ. Sci. Technol. 2003 (37) 1150-1158.

[9] A.LT. Pham, FM. Doyle, D.L. Sedlak, Inhibitory effect of dissolved silica on the H,0,
decomposition by iron (III) and manganese (IV) oxides: implications for H,0,-based in situ
chemical oxidation, Environ. Sci. Technol. 2011 (46) 1055-1062.

[10] C. Cuypers, T. Grotenhuis, K.G.J. Nierop, E.M. Franco, A.D. Jager, W. Rulkens, Amorphous and
condensed organic matter domains: the effect of persulfate oxidation on the composition of
soil/sediment organic matter, Chemosphere 48 (2002) 919-931.

[11] R.E. Huie, C.L. Clifton, P. Neta, Electron transfer reaction rates and equilibria of the carbonate and
sulfate radical anions, Radiat. Phys. Chem. 1991 (38) 477-481.

[12] G.P. Anipsitakis, D.D. Dionysiou, Radical generation by the interaction of transition metals with
common oxidants, Environ. Sci. Technol. 2004 (38) 3705-3712.

[13] N.C. Shang, Y.H. Yu, HW. Ma, C.H. Chang, M.L. Liou, Toxicity measurements in aqueous
solution during ozonation of mono-chlorophenols, J. Environ. Manage. 78 (2006) 216-222.

[14] R.F. Dantas, M. Canterino, R. Marotta, C. Sans, S. Esplugas, R. Andreozzi, Bezafibrate removal
by means of ozonation: primary intermediates, kinetics, and toxicity assessment, Water Res. 41
(2007) 2525-2532.

[15] R.H. Huang, B.Y. Lan, Z.Y. Chen, H.H. Yan, Q.Y. Zhang, J.H. Bing, L.S. Li, Catalytic ozonation
of p-chlorobenzole acid over MCM—41 and Fe loaded MCM-41, Chem. Eng. J. 180 (2012) 19-24.

[16] C.V. Gomez-Pacheco, M. Sanchez-Polo, J. Rivera-Utrilla, J. Lopez- Pefialver, Tetracycline
removal from waters by integrated technologies based on ozonation and biodegradation, Chem.
Eng. J. 178 (2011) 115-121.

[17] G. Moussavi, M. Mahmoudi, Degradation and biodegradability improvement of the reactive red
198 azo dye using catalytic ozonation with MgO nanocrystals, Chem. Eng. J. 152 (2009) 1-7.

[18] R. Keykavoos, R. Mankidy, H. Ma, P. Jones, J. Soltan, Mineralization of bisphenol A by catalytic
ozonation over alumina, Sep. Purif. Technol. 107 (2013) 310-317.

[19] P. Pocostales, P. Alvarez, F.J. Beltran, Catalytic ozonation promoted by alumina-based catalysts
for the removal of some pharmaceutical compounds from water, Chem. Eng. J. 168 (2011) 1289—
1295.

[20] J. Akhtar, N.S. Amin, A. Aris, Combined adsorption and catalytic ozonation for removal of
sulfamethoxazole using Fe,03/CeO, loaded activated carbon, Chem. Eng. J. 170 (2011) 136—144.

[21] J. Ma, M.H. Sui, T. Zhang, C.Y. Guan, Effect of pH on MnO,/GAC catalyzed ozonation for
degradation of nitrobenzene, Water Res. 39 (2005) 779-786.

[22] T. Zhang, C.J. Li, J. Ma, H. Tian, Z.M. Qiang, Surface hydroxyl groups of synthetic a-FeOOH in
promoting ‘OH generation from aqueous ozone: property and activity relationship, Appl. Catal. B:
Environ. 82 (2008) 131-137.

[23] EJ. Beltran, F.J. Rivas, R. Montero-de-Espinosa, Ozone-enhanced oxidation of oxalic acid in
water with cobalt catalyst. 2. Heterogeneous catalytic ozonation, Ind. Eng. Chem. Res. 42 (2003)
3218-3224.

[24] Y M. Dong, H.X. Yang, K. He, S.Q. Song, A.M. Zhang, -MnO, nanowires: A novel ozonation
catalyst for water treatment, Appl. Catal. B: Environ. 85 (2009) 155-161.

[25] FJ. Rivas, M. Carbajo, F. Beltran, O. Gimeno, J. Frades, Comparison of different advanced
oxidation processes (AOPs) in the presence of perovskites, J. Hazard. Mater. 155 (2008) 407—414.



CHAPTER 1 INTRODUCTION

[26] Y.M. Dong, K. He, B. Zhao, Y. Yin, L. Yin, A.M. Zhang, Catalytic ozonation of azo dye active
brilliant red X-3B in water with natural mineral brucite, Catal. Commun. 8 (2007) 1599-1603.

[27] H.W. Chen, Y.L. Kuo, C.S. Chiou, S.W. You, C.M. Ma, C.T. Chang, Mineralization of reactive
Black 5 in aqueous solution by ozone/H,0, in the presence of a magnetic catalyst, J. Hazard.
Mater. 174 (2010) 795-800.

[28] H. Zhao, Y.M. Dong, G.L. Wang, P.P. Jiang, J.J. Zhang, L. Wu, K. Li, Novel magnetically
separable nanomaterials for heterogeneous catalytic ozonation of phenol pollutant: NiFe,O, and
their performances, Chem. Eng. J. 219 (2013) 295-302.

[29] H. Liu, B. Qing, X. Ye, Q. Li, K. Lee, Z. Wu, Boron adsorption by composite magnetic particles,
Chem. Eng. J. 151 (2009) 235-240.

[30] Y. Wang, H. Zhang, L. Chen, Ultrasound enhanced catalytic ozonation of tetracycline in a
rectangular air-lift reactor, Catal. Today 175 (2011) 283-292.

[31] A. Lv, C. Hu, Y.L. Nie, J.H. Qu, Catalytic ozoantion of toxic pollutants over magnetic cobalt and
manganese co-doped y-Fe,Os, Appl. Catal. B: Environ. 100 (2010) 62—67.

[32] AH. Ly, C. Hu, Y.L. Nie, J.H. Qu, Catalytic ozonation of toxic pollutants over magnetic
cobalt-doped Fe;0, suspensions, Appl. Catal. B: Environ. 117-118 (2012) 246-252.

[33] L. Zhao, J. Ma, X.D. Zhai, Enhanced mechanism of catalytic ozonation by ultrasound with
orthogonal dual frequencies for the degradation of nitrobenzene in aqueous solution, Ultrason.
Sonochem. 17 (2010) 84-91.

[34] B. Neppolian, J.S. Park, H. Choi, Effect of Fenton-like oxidation on enhanced oxidative
degradation of para-chlorobenzoic acid by ultrasonic irradiation, Ultrason. Sonochem. 11 (2004)
273-279.

[35] H. Zhang, Y.L. Lv, F. Liu, D.B. Zhang, Degradation of CI acid orange 7 by ultrasound enhanced
ozonation in a rectangular air-lift reactor, Chem. Eng. J. 138 (2008) 231-238.

[36] J.K. Kim, F. Martinez, 1.S. Metcalfe, The beneficial role of use of ultrasound in heterogencous
Fenton-like system over supported copper catalysts for the degradation of p-chlorophenol, Catal.
Today 124 (2007) 224-231.

[37] Y. Wang, H. Zhang, L. Chen, S. Wang, D.B. Zhang, Ozonation combined with ultrasound for the
degradation of tetracycline in a rectangular air-lift reactor, Sep. Purif. Technol. 84 (2012) 138—146.

[38] F. Baquero, J.L. Martinez, R. Canton, Antibiotics and antibiotic resistance in water environments,
Current Opin. Biotechnol. 19 (2008) 260-265.

10



CHAPTER 1 INTRODUCTION

11



CHAPTER 2 LITERATURE REVIEW

Chapter 2. Literature review



CHAPTER 2 LITERATURE REVIEW

2.1 Pharmaceuticals and personal care products (PPCPs)

In recent years, pharmaceuticals and personal care products (PPCPs) were
defined as a class of pollutants, which refered to any product used by individuals for
personal health care or cosmetic or used by livestock for health or growth. PPCPs are
comprised of thousands of chemical substances, including prescription and
nonprescription, “over—the—counter” (OTC) therapeutic drugs, veterinary drugs,
fragrances, lotions, and cosmetics [1]. Many of the drugs, which pertain to the human
usage, also pertain to the veterinary usage, especially for antibiotics and steroids. A
list of the PPCPs covered in this literature review, together with their chemical names,
structures, and resources, modified from Daughton et al [6], is presented in Table 2-1.

These classes of PPCPs are present in the waterbodies influenced by raw sewage,
including rivers, seas, atmospheres, ground water, and the source of drinking water.
Some researchers suggest that some kind of PPCPs may cause ecological harm and
have adverse effect on the human health [1-6]. Here, interest for PPCPs is related to:
(1), their large usage in the human activity (e.g. bathing, shaving, and swimming),
illicit drugs, veterinary drugs (antibiotics and steroids), agribusiness, the residences of
pharmaceutical manufacturing, and the residences of hospitals [2—4]; (2), these
substances can be adsorbed to sludge during wastewater treatment [5]; (3), the risks
posed to aquatic environment and humans that are uncertain; (4) the number of PPCPs
that is increasing in the aquatic environment and drinking water.

Among these compounds, tetracyclines (TCs) are one of the most widespread
antibiotics currently prescribed for the treatment of urinary infection. Tetracycline
(TC) is an antibiotic type of TCs that has been identified along with other
pharmaceuticals in sewage treatment plants effluents at the concentrations ranged
from ng L' to mg L. However, the municipal sewage treatment plants are not
equipped specifically for PPCPs, or other unregulated contaminants removal [2]. A

typical case is that of tetracycline.
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Table 2-1 PPCPs identified in environmental samples
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CAS No., Concentrations  after treated by
. Formula Publicly Owned Treatment Works
Therapeutic class Compounds CAS name Formula Weight (POTW), surface waters and in
(FW) sewages (ug L)
103-90-2
Acetaminophen N-(4-Hydroxyphenyl)acetamide; 151.17 POTW Max.: 6.0
Analgesic/anti-inflammatory CgHoNO,
50-78-2 POTW max.: 1.5
Acetylsalicylic acid 2-(Acetyloxy)benzoic acid (Aspirin) 180.16 Surface waters: 0.34
CyH30, Sewage effluent: 1
1-[4-[2-(Cyclopropylmethoxy) . 63659-18-7 POTW max.: 0.19
Betaxolol ethyl]-phenoxy]-3-[(1-methyl-ethyl)amino]- 307.43 Surface waters: 0.028
Beta-blocker 2-propanol C,sHyoNO3 T
. 1-[4-[[2-(1-Methylethoxy)-ethoxy] 66722-44-9 POTW max.: 0.37
Bisoprolol methyl]phenoxy]- 32545 Surfa aters: 2.9
3-[(1-methylethyl)amino]-2-propanol CisH31NOy uriace waters. 2.
. 41859-67-0 POTW max.: 4.6
Bezafibrate é:i—i-[l(ﬁlr—Clélri)riob;nizoyl)-amlno]ethyl]phenoxy]— 361.82 Surface waters: 3.1
.. cthylpropanoic ac C19H,,CINO4 Sewage: 1.2 (Brazilian)
Lipid regulator
2-(4-Chlorophenoxy)-2-methyl- 637-07-0
Clofibrate opanoic asi d eth }l,es ter Y 242.70 River water : ~40 ng L™
prop o4 C1,H;5CI0;
. 90-43-7
Biphenylol g:glpcﬁf)‘;ylgil el 170.21 POTW max.: 2.6 (Germany)
Antiseptic, fungicide ydroxycipheny Ci2H;00
) 88-04-0
4-Chlor-3,5-xylenol ?O'f:BhelEZOf-ggﬁle:ryolﬁklleetrfllg’ll))l)henol, 156.61 POTW max. - 0.71
yp P CsHoCIO
. L . 5H-Dibenz[b,flazepine-5- 298-46-4 POTW max. : 6.3
Analgesic ; antiepileptic Carbamazepine . 236.27 )
carboxamide Surface waters : 1.1
CisHiN,O
N 4-Amino-3,5-dichloro-a- 37148-27-9 .
B-Sympathomimetic Clenbuterol [[(1,1-dimethylethylamino]- 242.70 POTW max. : 0.08 (effluent)

(bronchodilator) methyl]benzenemethanol

C12H18C12N20

Surface waters : 0.05
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Antineoplastic

X-Ray contrast media

Psychiatric drug

Antibiotics

Oral contraceptive

Sympathomimetic
(anorexic)

amine

Metabolite of acetylsalicylic acid

Sunscreen agent

Cyclophosphamide

Diatrizoate (Na)

Iopromide

Diazepam

Sulfonamides

Tetracyclines

Fluoroquinolone
carboxylic acids

170-Ethinyl estradiol

Fenfluramine

Gentisic acid

Methylbenzylidene
camphor

N,N-Bis(2-chloroethyl)tetra-
hydro-2H-1,3,2-oxazaphos-
phorin-2amine-2-oxide;

e.g., Cycloblastin

3,5-Bis(acetylamino)-2,4,6-tri-
lodobenzoic acid sodium salt

N,N’ —Bis(2,3-dihydroxypropyl)-
2,4,6-triiodo-5-[(methoxyacetyl)amino]-N-methyl-
1,3-benzenedicarboxamide

7-Chloro-1,3-dihydro-1-
methyl-5-phenyl-2H-1,4-benzodiazepin-2-one

Large class;

e.g., Sulfomamethoxazole

Large class; e.g., Tetracycline hydrochloride

Large class ; e.g., ciprofloxacin

N-Ethyl-a-methyl-3-[trifluoro-methyl]
benzeneethanamine

2,5-Dihydroxybenzoic acid

3-(4-Methylbenzyliden) camphor

50-18-0
261.09
C7H15C12N202P

737-31-5
635.90

C1 1H313N2N8.O4
73334-07-3
791.12
C1gH24I3N305
439-14-5
284.74
C16H13C1N20

723-46-6
253.48
CioH1iN;O58

480.9
CxH,sN,05Cl
e.g.
85721-33-1
331.35
C7H13FN30;
57-63-6
296.41
CyoH240,
458-24-2
231.26

CH F3N
487-54-7
195.17
CoHoNO,
36861-47-9
254.37
Ci3H,,0

POTW max. effluent : 0.02
Hosptial sewage : 146 ng L™

Surface waters : 0.23 (German)

Sewage  treatment  plants: 11

(effluents)

POTW max. : 0.04

landfill leachates: 0.04-6.47 mg L' on
beneath and declining depending on
depth and distance along plume

Strongly sorbs to soil, highly active in
hospital wastewaters

POTW effluent: 7 ng L™
Surface waters: 0.5 ng L' (German)

POTW max.: 0.59
Surface waters: 1.2

Bioconcentrated in roach from

German lakes
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Musks fragances (synthetic)

galaxolide

Tonalide (AHTN)
(a polycyclic musk)

Celestolide (ADBI)
(a polycyclic musk)

1,3,4,6,7,8-Hexahydro-4,6,6,7,8,8-
hexamethyl-cyclopenta-
(g)-a-benzopyrane

7-Acetyl-1,1,3,4,4,6-
hexa-methyltetraline

4-Acetyl-1,1-dimethyl-6-
tert-butylindane

1222-05-5
258.40 36-152ng L™
CisH260

1506-02-1

258.40 24-88 ng L
CisH0

13171-00-1

24438 2-8ng L
C;H20
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2.1.1 Physical and chemical properties — in case of tetracycline

To investigate the fate and transformation of PPCPs in the environment, we
choose tetracycline (TC), which is a large group of antibiotics largely used in human
beings and living stocks. As it is show in the Table 2-2, TC contains three functional
groups: tricarbonylamide, phenolic diketone and a dimethylamine group [7]. The
function group has three different pK, values (3.3, 7.7, 9.7). When the pH was below
3.3 (pKa1), TC is in its protonated form. With the increase of pH, deprotonation
reaction takes place, and a zwitterion form of TC is present. Moreover, the fraction of

TCH' is the primary TC form while pH was increased to 9.0 [9].

Table 2-2. Chemical structures and relevant data for tetracycline hydrochloride

Name Tetracycline hydrochloride

Formula C22H25N208C1

Structure

Formula Weight (g mol™) 480.9

A (nm) 359,270
pK, 3.3,7.68,9.7

2.1.2 Sources and occurrences - in case of tetracycline

As one group of antibiotics, TC exhibits activity against a wide range of
gram-positive and gram-negative bacteria, atypical organisms such as chlamydia,
protozoan parasites. The favorable antimicrobial properties of TC and the absence of
major adverse side effects have led to its extensive usage in the human therapy and
livestock production. However, only 20%-50% were absorbed by human and animals,
and excess returns to the environment via feces and urine. Therefore, TC is widely
spread in the environment via municipal and industrial wastewater effluent,
wastewater sludge and agricultural runoff [10]. Even, it was reported that TC was

detected in milk [11].
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During the therapeutic use of TC, up to the concentration of 200 mg tetracycline
per kg slurry can be anticipated [12]. In U.S., Geological Survey reports the
maximum concentration of TC on the surface water is 0.11 pg L' [13]. In Germany,
the concentration of TC is around 100 pg kg'1 in agricultural fields [14]. Also, in
municipal wastewater, 4 pg L' TC was detected in Germany [15]. In Canada, the
average concentration of TC is 0.15 ug L' in the wastewater treatment plants (WTP)
[16], indicating that the concentration of TCs in the aqueous water is at a trace level.
2.1.3 Environmental toxicity - in case of tetracycline

Although TC was in trace level, it may cause ecological damage to the
environment [17]. Beside the direct toxicity to microorganisms [18], the acute and
chronic toxic effects of TC on non-target organisms (such as diatoms, algae,
crustaceans) are also reported. The acute toxicity toward D. magna is measured, and
the values of ECsp and NOEC are 1000 mg L' (48 h) and 340 mg L for
oxytetracycline and tetracycline, respectively [19]. The ECsy values (chronic toxicity)
with D. magna are 462 mg L' and 44.8 mg L' for oxytetracycline and TC,
respectively [20,21]. Moreover, the intermediates of TC have the similar toxicity or
are even more toxic than its parent form [22].

2.1.4 Treatment methods - in case of tetracycline

Generally, physi/adsorption and biodegradation processes are developed for the
aqueous water and wastewater treatment. Adsorption methods, as the main
conventional elimination processes, use adsorbents (activated carbon, metal ions,
reverse osmosis etc.) to remove TCs from the aqueous phase to the solid phase
(adsorbents). However, the elimination is site specific, and it cannot be relied upon on
a global basis. Moreover, the structure of TC was not destructed.

Biodegradation method is another tool for TC removal. However, only partially
PPCPs are eliminated by the conventional sewage treatment plant (STP), and it is
inefficient for antibiotics removal [1]. Consequently, rest of the TC is directly
discharged into the surface water and soil. The development of some novel methods
to decrease the TC contents in the environment is then urgent.

Advanced oxidation processes (AOP) are considered good alternatives to the
adsorption and biodegradation techniques. Among the various AOPs proposed in the
literature, four main kinds can be distinguished [23]: (1) Photolysis (UV, VUV); (2)
Ozonation (O3, US/Os, H,0,/0s, catalytic ozonation etc.); (3) Hydrogen peroxide
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(H,0,) (Fenton/Fenton-like/Photo-Fenton); (4) photocatalysis (homogenous or

heterogeneous photocatalysis).

2.2 Phenolic organic compounds

Phenols, sometimes called phenolic organic compounds, are a class of chemical
compounds consisting of a hydroxyl group (-OH) bonded directly to an aromatic
hydrocarbon group. The simplest of the class is phenol also called as carbolic acid
CsHsOH. Phenolic compounds are classified as simple phenols or polyphenols based
on the number of phenol units in the molecule.

Phenols organic compounds exist in the environment in the areas of chemical,
petroleum, and pharmaceutical industries. The compounds penetrate ecosystems via
the municipal or industrial sewage [24]. Moreover, the occurrence of phenols in the
environment stems from the numerous pesticides production and usage. The
concentrations of phenol in surface water vary. In natural waters, its amounts are
between 0.01-2.0 pg L' [24]. Phenol is also present in food, and the moderate
concentration is 5 ug Kg™' in honey [24]. Sometimes, transformation processes lead to
its toxicity increase by the formation of electrophilic metabolites that may bind and
damage DNA or enzymes. The noxious influence of phenols and their derivatives
concerns acute toxicity, histopathological changes, mutagenicity and carcinogenicity
[24].

Phenol irritates skin and causes its necrosis, it dam-ages kidneys, liver, muscle
and eyes. Acute poison with phenol is characterized by dryness in throat and mouth,
dark-colored urine and strong irritation of mucous membranes. In addition, the
chronic toxicity of phenol leads to pathological changes in skin, esophagus, lungs,
liver, kidneys and also urogenital tract. However, the municipal sewage treatment

plants are not efferent to removal phenolic compounds.

2.3 Advanced oxidation processes (AOPs)

Advanced oxidation processes (AOPs), is a set of chemical treatment procedures
designed to remove the organic pollutants in water or wastewater by oxidation
through reactions with hydroxyl radicals ((OH). These reactive species are strong
oxidants that can be applied in water and can virtually oxidize the pollutants in the

water matrix. Consequently, ‘OH reacts with the contaminants quickly, efficiently and
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unselectively, leading to the mineralization of the pollutants. Hydroxyl radicals are
produced with the help of one or more primary oxidants (e.g. hydroxyl peroxide,
persulfate ions, and ozone), energy sources (i.e. UV, ultrasound) or catalysts in
homogenous forms or heterogeneous forms (i.e. ferrous ions, titanium dioxide, and
iron oxide). Precisely, the aim of these regents or processes combinations is to
increase the production of ‘OH. Generally, when they apply in properly operation
conditions, AOPs can reduce the concentrations of organic pollutants from trace
quantity ppm to less than 5 ppb. Thus, the value of chemical oxygen demand (COD)
and total organic carbon (TOC) are decreased, accordingly. They are considered as the

promising processes for the water treatment in 21% century [25].

2.3.1 Fenton process

Fenton process (Fenton reagent: (Fe*"/H,0,) as one of the AOPs has been proved
to be a promising and attractive treatment method for the degradation of a large
number of hazardous and organic pollutant [26-30]. These processes can generate free
hydroxyl radical, a strong oxidant capable of reacting with practically almost all types
of organic and inorganic compounds [26,27,31,32].

The generally accepted free radical mechanism for the classical homogeneous

chain reaction involves the following steps [33]:

H,0, + Me" — Me™™! + "OH + OH" (2-1)
H,0, + Me"™™' — Me" + "HO, + H' (2-2)
*OH + Me" — Me""! + OH (2-3)
Me™!' + "HO, =~ Me" + 0, + H' (2-4)
Me" + "HO, + H" — M + H,0, (2-5)
"HO, + "HO, = H,0, +0, (2-6)

where Me represents the transition metals (Fe, Co, and Mn), and n represents the
valence state.

Although the classic homogenous catalyst system is highly efficient, it operates
at strict pH levels to prevent the precipitation of metal ions, and extra metal ions are
considered pollution after treatment, thus limiting widespread application. Unlike the
traditional homogenous catalysts, heterogeneous catalysts, with hydrogen peroxide,
can effectively oxidise organic compounds at a wide pH range. However, we found

that the catalytic activity of pure metal oxides (Fe;O3, MnO;, etc.) was not effective in
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degrading organic compounds; organics were only slightly degraded at slow rate in
H,0,/Fe,03, and H,0,/MnO, systems. Due to weak catalytic activity, heterogeneous
catalysts often require the support of other advanced oxidation technologies, such as

UV or ultrasound, to enhance the reaction rate.

2.3.2 Persulfate oxidation process

As mentioned above, traditional AOPs are some kinds of "OH based technology,
aiming to degrade organic compounds. More recently, another kind of AOPs, named
persulfate oxidation process is considered as the active species, earn great concern.
The similar structure of O-O bond were both contained in H,O, and S,0¢* [34], and it
can be decomposed to SO, radicals. SO4  has a high oxidation potential (E;=2.6 V
vs NHE) that is similar to "'OH (Eo= 2.73 V vs NHE) [35]. In addition, Na,S,0s is a
strong and stable oxidizing agent (E¢=2.01 V vs NHE) and it has high aqueous
solubility as compared to hydrogen peroxide (H,O,) [36]. Therefore, the organic
compounds can be degraded completely by SO4 ", especially benzene derivatives
substances [37]. S,04% has to be effectively activated to generate SO, when it is
activated by using ultraviolet light, heat or transition metal (Fe**, Co™) [38-41] or
heterogeneous metal oxide (Zero-valent iron, supported cobalt catalysts, and iron—
cobalt mixed oxide). All the reactions were based on the irradiation can generate
SO, " [42].

S,05” + UV/Heat —SO4 "+ SO4* (2-7)

Commonly, transition metal ions (Fe*", Co®" etc.) were employed as activator for
Na,S,05 in situ chemical oxidation due to its abundance in soil and sediment and
environmentally friendly nature [38-40]. In the presence of metal ions, S,0s> can be
activated to produce SOy , as depicted by the following equation [41].

S,05% + Me™ — S04~ + SO, + Me™! (2-8)
where Me represents the transition metals (Fe*", Co®"), and n represents the valence
state.

SO, " normally reacts through electron transfer process, which is similar to the
production of ‘OH in Fenton process. Like classical Fenton process, the use of
homogeneous iron catalysts as an activator is limited by the slurry system, the
requirement of acid and high metal (iron or other transition metal) concentrations in
the final effluent would raise the complexity and the costs of the process. To
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overcome these drawbacks, cobalt catalyst, supported cobalt catalyst and zero-valent
iron were introduced for the heterogeneous activation [35, 43-45].

In recent years, it was found that ultrasound treatment also could act as the
activator of S,05>, as can be seen by the equation below. It indicated that the use of
S,05> for the initiation of oxidation process around room temperature is viable
[46,47].

$,05” +))) — S04~ + S0, (2-9)

In addition, during ultrasound irradiation, the collapse of cavitation bubbles
induces localized high temperatures and pressures, which allows the formation of
oxidizing species, such as "OH, superoxide radical (O, ") and H,O,. Therefore, the
combination of ultrasound with heterogeneous oxidation reaction is a convenient

approach in the degradation of organic compounds [47].

2.2.3 Catalytic ozonation process

Ozone is a powerful oxidizing molecule that can either react with organic
pollutants directly or indirectly to produce free radicals. However, the high level of
mineralization and toxicity removal cannot be achieved by using ozone alone [48,49].
Moreover, the high implementation cost and the poor mass transfer rate lead to the
limitations of ozone use. To overcome these drawbacks, catalytic ozonation to
improve degradation efficiency has emerged [50-53]. It has become a powerful
treatment method for the degradation of refractory organic pollutants, leading to high
removal and mineralization of the organic compounds.

Catalytic ozonation can be divided into the following sub-techniques, which
facilitate ozone decomposition and the production of hydroxyl radicals [54]:

o Homogeneous catalytic ozonation: ozone decomposition is initiated by transition
metal ions.

o Heterogeneous catalytic ozonation: ozone decomposition is initiated by solid
catalysts.

For the homogenous catalytic ozonation, two major reaction mechanisms can be
found in the literature [54]: 1) the decomposition of ozone by metal ions can enhance
the generation of hydroxyl radicals; 2) A complex is formed between the organic
compounds and metal ions, and subsequent oxidation of the complex occurs by ozone.

Hence, the operating parameters, such as pH, catalyst concentration, and ozone
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concentration, are essential for the catalytic reaction. However, the homogenous
catalysts, used in the oxidation process, are difficult to be recycled, which limit their
applications in wastewater treatment.

Compared with the homogeneous catalytic ozonation process, the heterogeneous
catalytic ozonation has attractive advantages such as catalyst reusability, high
mineralization degree and no secondary pollutants [52,53,55,56]. The catalysts
include MgO [52], alumina [53], alumina based catalysts [55], activated carbon
supported catalyst (MnOx/GAC) [57], a-FeOOH [58], cobalt oxides [59], B-MnO,
[60], perovskite [61], and brucite [62]. For the heterogeneous catalytic ozonation,
there are three primary reaction mechanisms governing the catalytic ozone
decomposition [54]: 1) Ozone decomposition on oxidized/reduced form of metal
oxide or on the surface of the supported metal oxide; 2) decomposition of ozone on
Lewis active sites of metal oxides; 3) ozone decomposition on the hydroxyl groups of
metal oxides. It can be concluded that all active sites participate to the ozone
decomposition.

Despite promising results through heterogeneous catalytic ozonation, the
deactivation of the catalyst due to organic intermediates accumulation on the surface
of the catalyst is still a major obstacle for its application. In the meanwhile, the release
of metal ions decreased the stability and activity of the catalyst. Therefore, the
development of an effective approach to improve the catalytic efficiency and
durability remains an important issue that needs to be addressed.

It has been found that ultrasound can enhance the activity of the catalyst in the
ozonation process without prejudice to the stability of the iron species [63,64]. During
the ultrasonic process, the cavitation effect can clean the surface of the catalyst, and
the catalyst can thereby present higher stability during the ultrasonic irradiation
process [63,66]. In addition, ultrasound accelerates turbulence, which can reduce the
liquid film thickness and subsequently increase the mass transfer of reactants and
by-products between the liquid and solid phases [66,67]. Furthermore, hydroxyl
radicals will be generated in the vapor phase of cavitation bubbles during the

ultrasonic process [68,69].
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2.4 Iron in heterogeneous catalysis - application in AOPs and oxidation
2.4.1 Iron oxide

Iron oxides are considered as the transition metal oxides, natural minerals and
geocatalysts, existing in the natural aqueous environment, and they also suspend in
aerosol, clouds, and fogs as fine particles [70,71]. Because iron is inexpensive and
relatively nontoxic in comparison to other transition metals (including nickel,
chromium, copper), it has been extensively used in different treatment processes, such
as corrosion processes, electromagnetic devices [72], and catalytic reactions [73,74].
The versatility of the surface composition among Fe’, Fe' and Fe'' over different
types of iron oxides (Feo, FeO, a-Fe;0s, y-Fe,03, Fe;04, a-FeOOH, B-FeOOH,
7-FeOOH and 6-FeOOH) ensure tunable properties, conferring to some composition
high activity for heterogeneous Fenton reactions at the catalyst / solution interface
[10]. Significantly different catalytic activities are then observed depending of the
material crystallographic and surface properties, due to variable valences of iron that
can be stabilized [10].

Recently, iron compounds (e.g., in the Fenton reaction) have been intensively
investigated for environmental applications [76]. For example, Fe” has been proposed
as a low-cost and nontoxic material in environmental remediation processes [77].
Different iron compounds, such as Fe” and Fe;O,, have been reported to promote the
Fenton reaction [78,79]. Although the kinetics of these processes is highly complex,
an important rate-limiting step is the electron transfer from iron compounds to species
in aqueous media. In this respect, the oxidation phases on the iron surface and the
presence of oxide/hydroxide layers that cover the iron particles should strongly
influence the rate of the process [80]. The development of processes to increase the
electron transfer rate to improve the efficiency and widen the application of these
systems in environmental remediation processes is of great interest.

Magnetite (Fe;O4)-based heterogeneous systems have attracted attention due to
their unique properties and their potential applications in numerous fields [81-84],
including ferrofluids, targeted drug delivery, and water treatment. Magnetite has also
been reported to be an efficient catalyst for Fenton-like processes (Table 2-2) [85-97].
Magnetite exhibits several features that are important for a Fenton reaction: (i) it
contains Fe*", which might play an important role as an electron donor to initiate the

Fenton reaction; (ii) the octahedral site in the magnetite structure can easily
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Table 2-3 Short summaries of recent studies on magnetite nanoparticles for Fenton-like reactions.
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Refs.

[86]

[87]

[88]

[79]

[89]

Fe;04 ressource

Fe304-MWCNTS

Fe;0q,

basic solutions

Fe304,
Prolabo (France)

Fe304,
method

Fe304,
ultrasonic-assisted

reverse co-precipitation

method

Fe304,
precipitation method

co-precipitation
of Fe(Il) and Fe(IIl) in

commerical,

coprecipitation

chemical

SBET
m’g")

67.8

2.4+0.2

55.73

82.5

79.65

Pollutants

Acid
(AO7)

2,4-Dichlorophenol
(2,4-DCP)

Pentachlorophenol
(PCP)

Bisphenol A (BPA)

Rhodamine B (RhB)

Reactive  Black

(RB5)

Orange I

5

Morphology

nanotubes

uniform

uniform

nanoparticles

uniform

core-shell

Crystal
(nm)

4.2-10.0

10

4000+ 1000

10-20

16.5

13

size

Reaction conditions

catalyst: 0.5 g L,
AO7: 0.25 mmol L™,
H,0,: 15 mmol L,
30 min, pH: 3.5

catalyst:1.0 g L,
2,4-DCP 100 mg L™,
H,0,: 12 mmol L'l,
180 min, pH: 3.0, T:
30°C

catalyst2.0 g L7,
PCP: 50 mg L,
H,0,: 150 mM, 180
min, pH: 7.0, T: 20
°C

catalyst: 585 mg L',
BPA:20 mg L,
H,0,: 160 mmol L™,
20 min, pH: 7.0, T=
20°C

catalyst:0.6 g L,
RhB: 0.02 mmol L™,
H,0,: 40 mmol L,
60 min, pH: 5.4, T:
40 °C

catalyst: 0.1 g L,
RB5: 10 mM, H,0,:
10 mM, 180 min,
pH: 4.5, T:25°C

Catalytic

activity :

Converstion/TOC

removal

XA07: 94%

X2,4-DCP: 100%
TOC: 51%

Xpcp:
TOC:60%

XBPA: 100%
TOC: 48.5%

XRhB: 90%

XRBS: 90%

90%,

Feyy
leaching

(mg L™

0.2=2.5

<2.8

0.003

<0.015

<0.6
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[91]

[93]

[93]

[94]

Fe;0,, chemical
coprecipitation method

Fe;0,, commerical,
Nanostructured &
Amorphous  Materials
Inc. (Texas, USA)

Fe;O4, coprecipitation
method
Fe;0y, commerical,

Prolabo (France)

Fe;0y, commerical,
Aldrich Chemical Co.

Fe;0,4, co-precipitation

Fe;04, co-precipitation

48+2

2.4+0.2

40

phenol

p-Nitrophenol (p-NP)

phenol

Rhodamine B (RhB)

Rhodamine B (RhB)

phenol

polycyclic  aromatic
hydrocarbons (PAHs)

quasi-spherical

quasi-spherical

uniform

uniform

uniform

uniform

uniform

10

30

13

<5000

<50

20-30

150000-300000
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catalyst:5.0 g L,
phenol: 1 mM, H,0,;
1.2 M, 360 min,
pH:6-7, T:25°C

catalyst: 1.5 g L,
p-NP: 25 mg L7,
H,0,: 620 mM, 10 h,
pH: 7.0, T: 22 °C

catalyst:0.096 g L,

phenol: 2 mM,
H,0,:60 mM, 3 h,
pH: 3.0, T: 20 °C

catalyst: 2 g L7,
RhB: 20 mg L,
H,0,: 150 mM, 9h,
pH: 7.0, T: 20 °C

catalyst: 2 g L,
RhB: 20 mg L,
H,0,: 150 mM, 9h,
pH: 7.0, T: 21 °C

catalyst: 3 g L,
phenol: 25 mg L,
H,0,: 5 g L', 24 h,
pH: 7.0, T: 22 °C

catalyst: 100 g L,
PAHs: 125 pg g,
H,0,/Fe: 20:1, 48 h,
pH: 7.0, T: 25 °C

Xphenol: 100%
TOC: 42.79%

Xpnp > 90%

Xphenol: 85%
TOC: 35%

k: 0.00326 min’!

k:0.011 min™

Xphenol: 65%

Xpans: 90%

<0.3

<0.25

0.0015

0.01
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catalyst: 30 mg,
MB: 100 mg L, X - 30%
[96]  Fe;04, co-precipitation - methylene blue (MB)  uniform 85-112 H,0,: 0.3 mol L', MB:--"° -
. ] > TOC: 25%
120 min, pH: 6.0, T:
25°C
catalyst: 1.0 g L,
4-CP:  0.78 mM,
uniform 10 H,O,: 30 mM, 120 X;cp: 21% 4.9
min, pH: 3.0, T: 30
°C

Fe;0,, impregnation 67.79 4-chlorophenol

71 method (4-CP)
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accommodate both Fe*" and Fe’*, which means that Fe*" can be reversibly oxidized
and reduced; and (ii1) FesO4 has peroxidase-like activity and could activate H,O,.
Table 2-3 showed some recent works about using magnetite in heterogeneous Fenton
oxidation process. A wide variety of methods have been reported to synthesize Fe;O4
nanoparticles [98-101]. Because the properties of nanomaterials are influenced by
their structure, size, and shape [102], the preparation of Fe;O4 nanoparticles with
different sizes and morphologies is important. Various Fe;O4 nanostructures,

including nanotubes, nanowires, efc. were then recently achieved.

2.4.2 Other iron oxide in environmental catalysis

While magnetite presents high activity for Fenton reactions, the activity of
hematite is very low due to the presence of mainly Fe'™" sites on its surface. However,
activity of Fe,Oj is interesting for gas phase redox oxidations, such as CO oxidation
[103,104]. In the last three decades, the development of the catalytic converters in the
United States and Europe highlighted the exceptional activity of noble metals (Pt, Pd,
Rh) for low temperature oxidation [105-108]. The specific role of oxides having a
high OSC (Oxygen Storage Capacity) such as stabilized ceria and ceria-zirconia,
allowing the noble metals to continue to work in cycled conditions, was also
highlighted [105,109]. The relative activities of noble metals and base metals for CO
oxidation, as reported by Heck and Farrauto [108], show that noble metals are more
active than base metals. However, recent developments in a-Fe,Os; nanoparticle
synthesis (nanobelts, nanotubes, nanoflowers, nanospheres [110-115]) allow
improving physical properties, which will favour metal dispersion. In addition, solid
exposed planes with high Fe atom concentration will provide more active sites for
catalytic reactions. Moreover, activity of Fe,Os alone [116] or after promotion by gold
[117] or palladium [118] evidences that noble metal strongly improves catalytic
activity. Especially, Au particles supported on reducible transition metal oxides
(Fe,0O3) can exhibit high activity that is ascribed to the activation and supplement of
oxygen for the reaction, making this catalyst more active than with other supports
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[119]. Unfortunately, iron oxide is conventionally presenting limited surface area,
resulting in some difficulties to achieve high noble metal dispersion [117].
Consequently, when gold is dispersed on classical low surface area Fe,Os, relatively
low catalytic activity is achieved (Tsgy, CO conversion between 36 and 80 °C over 1
wt.% Au/a-Fe,03, 50 mg of catalyst in a gas mixture of 1 vol.% CO, 20 vol.% O, —
bal. N at a flow rate of 67 mL min™"). Better dispersions can be logically awaited over
high surface area nanostructured supports. In addition, other important factors, such as
the size and morphology of the Au particles, the degree of coordinative unsaturation,
the oxidation state of Au, efc. will play important roles on the activity of Au supported

catalysts [120].

2.4.3 Iron in mixed oxide materials, perovskite-based catalyst

Perovskite-based catalysts, of general formula ABO;, are important
heterogeneous catalysts in industry due to their high potential, low cost and flexibility
of composition ; they are especially useful in waste gas oxidation or combustion (NOjy,
CO and methane) [121-123]. Indeed, some composites have been proposed as
potential alternatives to the commercially used noble metals. Among perovskites,
cobalt and manganese-based structures were found to be the most useful in the
catalytic process due to their great versatility, excellent high-temperature thermal and
hydrothermal stability, interesting activity, and low cost of the constituting elements
[121,124-126]. More interestingly, in addition to their application in waste gas
treatment, perovskites also act as efficient catalysts for wastewater treatment, due to
the presence of transition metals with multiple valence states. BiFeOs-type
perovskites (BFO) are reported to be good catalysts for oxidative acetylation [127],
photocatalysis [128] and catalytic activation of H,O, [129]. A phase-pure layered
perovskite (such as LaNi3O;p) was employed as a catalyst for the removal of azo dyes
[130].

It is known that the redox properties and catalytic performance of perovskites are
critically dependent on their physical properties. Generally, conventional methods for
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perovskite preparation, such as calcination-milling [122] and citric acid routes, lead to
large grain size (D), low specific surface area (SSA) and poor activity [131,132]. To
overcome these limitations, improved synthetic approaches, such as the so-called
sol-gel method [122], reactive grinding [133], nanocasting [134] and flame-spray
pyrolysis [135], allow achieving higher surface areas (30-50 m’ g'l) and smaller
crystal sizes (< 20 nm). Reactive grinding is sufficient for LaA;O; (Co, Mn) synthesis,
but popularisation is largely restricted by the requirement for special equipment [133]
Although a simple and efficient route for the preparation of supported nanocrystalline
perovskites with sizes below 5 nm was developed by our group [136], it remains a
challenge to directly synthesise size-limited and pure nanocrystalline perovskites.

Therefore, to find a new way to improve the catalyst activity is of great importance.
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Hematite (a-Fe,03), an type of iron oxide and a n-type semiconductor, has been
extensively investigated as catalysts, owing to its low processing cost, non-toxicity
and high resistance to corrosion. Many recent researches have been directed toward
the fabrication of nanostructured iron oxides for wastewater and wastegas treatment.
Although Fe’" in hematite is less active than that of Fe*" in other iron oxides for the
heterogeneous Fenton reaction, it is a good catalyst in the oxidation of carbon
monoxide. However, the catalytic performances of the iron oxides are largely
dependent on their physic-chemical properties, such as the unique sizes, surface areas,
and shapes. Therefore, it is very important to control their crystal sizes and shapes to

pursue high activity in environmental catalysis.
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3.1 Introduction

Carbon monoxide (CO) is recognized as a major precursor gas of ground-level
ozone [1] which can trigger off serious respiratory problems. CO is also a highly
flammable gas: its combustion can occur for concentration between 12 and 75 vol.%
in air [2]. However, in most cases, CO concentration in exhaust gases is much lower,
typically in the range of 50-50000 ppm, making the homogeneous combustion
impossible [1]. Therefore, the catalytic oxidation becomes a preferable choice. Since
the beginning of the 20" century, some redox materials, such as hopcalite, have been

known to oxidize CO at ambient temperature. Hopcalite is a binary amorphous
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Mn-Cu oxide whose texture can be stabilized by addition of CaO, Al,O3 or bentonite
clay [3]. Some oxides, especially those of cobalt and copper, also present an
interesting activity for CO oxidation. The transition metal oxides relative activity, for
different iron oxides and MnQ,, follows the order Fe;04<Fe,O;<MnO, while copper
and cobalt oxides are far more active but suffer from easy deactivation [4]. The main
reason for the withdrawal of transition metal from catalytic converter formulation was
their bad behaviour in cycled transient conditions and their high susceptibility to
sulphur. The recent huge decrease of sulphur content in commercial fuels and
progresses in oxide catalyst synthesis make base metal oxides to be again
reconsidered and an intensive bare research is actually developed on nanoparticles
properties. Then, a high-throughput investigation by Saalfrank and Maier in 2004,
over Mn,Co,0O,, and Al;Mn,Co,0O,, confirmed the real potential of noble metal-free
catalysts [5].

Among the metal oxides, hematite (a-Fe,Os3), an n-type semiconductor, has
been extensively investigated as catalysts, owing to its low processing cost,
non-toxicity and high resistance to corrosion [6]. Many recent researches have been
directed toward the fabrication of nanostructured iron oxides. Indeed, the unique size
and shape-dependent properties of oxide materials (magnetic, catalytic, chemical
properties, efc.) have attracted intensive attention [7,8]. In particular, many efforts
have been devoted to the control of morphologies of oxides [9-13], due to their
potential application in catalysis, energy storage, and so forth. Therefore,
investigation on shape controllable synthesis of nanomaterials is of great interest and
the activity of these materials in environmental catalysis is being pursued. To date,
well-defined nanostructures of iron oxides with different morphologies such
nanotubes, hollowspheres, nanocubes, as well as nanorods, naotubes, nanobelts have
been obtained mainly using hydrothermal approach [10-18]. As expected, these
a-Fe,Os nanostructures present interesting size and shape-dependent properties [11-13,
19]. Among the various synthesis methods, template-directed processes including

hard templates and soft-templates have been investigated for oxide of transition metal.
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For example, Zhong et al. have reported the synthesis of flowerlike iron oxide
nanostructures in the presence of urea and tetrabutylammonium bromide (TBABr) by
a solvothermal process [20]. Zeng et al. have synthesized hollow hematite spindles
and microspheres [21]. In this last example, microspheres can be transformed into
iron oxide by calcination in air at 400 °C for 2 h. However, removal of the template is
always needed. Furthermore, the proposed routes are often time-consuming and can
involve the wuse of non-environmental-friendly template molecules. The
nano-replication from a hard template open structure, exemplified by Davidson et coll.
for manganese and iron oxide [22,23] or cobalt oxide by Schiith et coll. and Gao et
coll., [24-26] which involves multiple steps before obtaining the desired oxide
structure, is clearly representative of the time consuming processes. Delahaye et al.
then used this hard-templating approach to obtained hematite organized mesoporous
structure [23]. The nanoparticles exhibit superparamagnetic behaviour around ambient
temperature. Their magnetic properties, sizes and blocking temperatures increase with
the pore diameter of silica template. This result highlights again the necessity of
material structural control to design adapted systems to selected applications.
Therefore, the development of a facile, environmental friendly and scaling-up route to
synthesize morphology-controlled hematite nanoparticles is always needed to replace
the time consuming previously presented routes.

Room-temperature ionic liquids (RTILs), considered as green and efficient
recyclable solvents, are a class of organic solvents composed entirely of ions. They
have gained a great deal of both academic and industrial attention as a potential
effective green replacement of conventional organic solvents for long-lasting
development of human society. Because of their highly favourable properties, such as
extremely low volatility, good thermal stability, good dissolving ability, wide liquid
temperature range, designable structures, high ionic conductivity, and wide
electrochemical window, RTILs have been used effectively in organic chemical
reactions, separation, and electrochemical processes but also for new material

synthesis. The most important advantage of RTILs is that they can form extended
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hydrogen bond systems in the liquid state and are therefore highly structured. These
compounds can be used as “entropic driver” for spontaneous, well-defined, and
extended ordering of nanostructures. It has also been demonstrated that RTILs are not
only used as functional solvents, but can also act as templates for the preparation and
stabilization of various inorganic nanomaterials with original and improved properties.
Therefore, the potential of RTILs for the synthesis of porous structures or
shape-selected nanoparticles was recently reviewed [6, 27-29]. Then, novel structures,
including open framework aluminophosphate, metallic nanoparticles or oxides, metal
organic framework structures and others were obtained in ionothermal processes or in
RTIL-mediated hydrothermal/solvothermal approach [6,30,31].

However, as previously mentioned, the activity of iron oxide for CO oxidation
remains limited compared to some other transition metal oxides [4,32]. In the last
three decades, the development of the catalytic converters in the United States and
Europe highlighted the exceptional activity of noble metals (Pt, Pd, Rh) for low
temperature oxidation [33-36]. The specific role of oxides having a high OSC
(Oxygen Storage Capacity) such as stabilized ceria and ceria-zirconia, allowing the
noble metals to continue to work in cycled conditions, was also highlighted [33,37].
The relative activities of noble metals and base metals for CO oxidation, as reported
by Heck and Farrauto,’® show that noble metals are more active than base metals.
However, recent developments in a-Fe,O; nanoparticle synthesis (nanobelts,
nanotubes, nanoflowers, nanospheres) allow improving physical properties, which
will favour metal dispersion [10-18]. In addition, solid exposed planes with high Fe
atom concentration will provide more active sites for catalytic reactions. Moreover,
activity of Fe,Os alone [34] or after promotion by gold [39] or palladium [40]
evidences that noble metal strongly improves catalytic activity. Especially, Au
particles supported on reducible transition metal oxides (Fe,Os) can exhibit high
activity that is ascribed to the activation and supplement of oxygen for the reaction,
making this catalyst more active than with other supports [41]. Unfortunately, iron

oxide is conventionally presenting limited surface area, resulting in some difficulties
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to achieve high noble metal dispersion [39,42]. Consequently, when gold is dispersed
on classical low surface area Fe,Os3, relatively low catalytic activity is achieved (Tsge,
CO conversion between 36 and 80 °C over 1 wt.% Au/a-Fe;O3, 50 mg of catalyst in a
gas mixture of 1 vol.% CO, 20 vol.% O, — bal. N, at a flow rate of 67 mL min'l).
Better dispersions can be logically awaited over high surface area nanostructured
supports. In addition, other important factors, such as the size and morphology of the
Au particles, the degree of coordinative unsaturation, the oxidation state of Au, efc.
will play important roles on the activity of Au supported catalysts [43].

In this work, RTILs was used as co-solvent/template during the hydrothermal
synthesis of a-Fe,O; nanostructures, as previously proposed [6]. Microcubes,
nanoplates and porous nanorods are obtained in this ionic liquid mediated synthesis
process. These structures where used after low temperature thermal stabilization for
the CO oxidation reaction, to evidence the morphology effect on the activity.
Thereafter, activity of highly dispersed noble metal (Pt, Pd and Au) was evaluated on

the most active a-Fe,O3; nanorods.

3.2 Structural properties

XRD patterns of the a-Fe,O3 microcubes (Fe-C), nanoplates (Fe-P) and nanorods
(Fe-R), all pretreated in air at 300 °C for 1 h, are shown in Figure S1 [the details were
shown in the Supplementary information (SI), Figure S1]. Observed reflections are
in good agreement with those of the standard pattern for pure hexagonal structure of
a-Fe,O3 (JCPDS card No. 89-2355, added in the bottom of Figure S1 and 1). No other
peaks are observed, suggesting the high purity of the synthesized samples. However,
differences among the full width at half-maximum (FWHM) and relative intensities of
the diffraction peaks are observed between these samples, which indicate differences
in the crystal size and morphology. The narrow sharp peaks obtained for Fe-Com and
Fe-C indicate that these materials are highly crystalline, i.e. exhibiting large crystal
size. However, the peaks obtained for Fe-P are broadened with their intensities

strongly decreased, showing that this last solid exhibits smaller crystal size than for
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Fe-C and Fe-Com. Fe-R presents the broadest reflections suggesting that the smallest
crystal size is obtained for this material. According to the FWHM evolution, the
average crystallite sizes of the Fe-C, Fe-P and Fe-R are estimated to be 36.9, 27.2 and
16.1 nm, respectively (calculated with the main reflection at 20 = 35.7°, after Warrens’
correction for instrumental broadening, Table 1). For comparison, the crystal size of
the commercial a-Fe,O3; (Fe-Com) is evaluated at 36.0 nm.

The deposition of 1 wt.% of noble metal over Fe-R, Pd, Pt or Au, does not induce
any modification of the crystal structure, with calculated crystal size of a-Fe,O3
remaining unchanged (Table 1). No significant difference could be discerned by XRD
(Figure 1) between catalysts without and with noble metal, suggesting that very small

noble metal particles form on the surface of the nanostructure.
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Figure 1. XRD patterns recorded for noble metal supported on the nanorods a-Fe,Os.

3.3 Textural properties

While the commercial low surface area material presents a SSA below 5 m* g,
all the nanostructured materials present higher surface areas. Nevertheless, large
differences can be observed between the materials. Indeed, relatively low surface
areas, c.a. 10-15 m’ g'1 are obtained for the cube (Fe-C) and pellet-type (Fe-P)
morphology. The nanorod-like morphology allows achieving higher surface area

lie—R, SSA = 56 III2 - i able 1). As ca e observed 1 able l,t e surface area
g in Tab As can be observed in Tab he su
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does depend directly on the crystal size as evaluated by X-ray line broadening. Even
if the highest surface area is displayed by the material presenting the lowest crystal
domain size (Fe-R), Fe-Com and Fe-C present similar crystal size but largely different
surface areas. The evolution of the SSA with crystal size over the ILs-mediated
materials is however coherent with an exponential decrease of the SSA with the
increase in D.,. Such a difference between classical material and the ILs-derived
materials suggest an effect of the RTILs on either the morphology or size of the
aggregates, or their density (i.e. the degree of agglomeration of the elementary
particles in these aggregates). Despite the large differences in SSA, all materials
display large mesopore (always above 5 nm) which is favourable for the diffusion of
reactant and product molecules during reaction.

The noble metal impregnation does not induce any noticeable change in surface
area, whatever the noble metal (Au, Pd or Pt). Only a small decrease in SSA is
observed, the more important decrease being observed for 1% Pt/Fe-R which presents
a SSA of 46.1 m* g in Table 1. In addition, XPS analysis evidenced Au-surface
enrichment over the Fe-R supported materials compared to Fe-Com sample (SI, Table
S1). The Binding Energies (BE) of Au4f7/2 for 1%Au/Fe-Com and 1%Au/Fe-R were
84.1 and 83.9 eV, respectively, which are very closed to BE value of Au’: 84.0 eV),
indicating that the gold is predominantly present in the metallic form in both of our
samples. Moreover, compared with 1%Au/Fe-Com, higher surface Au concentration
was achieved for 1%Au/Fe-R catalyst, with the values of 1.2%. This result is in good
agreement with the results of ICP presented in Table 1. Clearly, ILs assisted route
resulted in the surface enrichment by Au atom, which is apparently favourable to the
catalytic properties. Roughly, the concentration of Au increased along with the surface
area of the supporters prepared through the impregnation method. The result may be
mainly attributed to the decrease of crystal size and the high surface area of the

supporters, leading to the good dispersion of Au particles on the supporter’s surface.

3.3 Morphology
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The morphology of the Fe-C, obtained by hydrothermal treatment in alkaline media of
an iron chloride precursor and C;omimCl additive, is observed to display highly
geometrical symmetry as observed by scanning electron microscope (SEM) and
transmission electron microscope (TEM), Fig. 2A-C. Typical low-magnification SEM
image presented in Fig. 2A clearly shows that the material possesses a large-scale
uniform cubic shape. The corresponding TEM images (Fig. 2B-C) evidence that the
size of the Fe-C is about 300 nm in edge. However, size repartition is not
mono-dispersed and a few smaller-sized cubes, as observed in Fig. 2C, can be found
in the observed zone. Further observation of the Fe-C showed that the surfaces of the
cubes are rough, showing that these cubes are aggregates of nanoparticles, which is
consistent with results obtained by XRD. Indeed, crystal size as evaluated by XRD is

largely lower than the observed size of the cubes.

Table 1. Physical and structural properties of the materials.

[b] [c]

Sample SfA tal (szp Vr g;):f (%n)letall\.loble metach’ySt[d] (nm)TSO%

0 am eme) size () )
Fe-Com 3.4 24.5 0.04 — - 36.0 267
Fe-C 10.4 433 0.13 — — 36.9 228
Fe-P 28.5 32.8 0.15 — — 272 215
Fe-R 56.0 16.5 0.22 - — 16.1 158
1% Aw/Fe-R 57.9 16.9 0.23 127 26 — <25
1% Pd/Fe-R¥ 553 18.8 0.21 114 36 - 107
1% Pt/Fe-R®  46.1 17.3 0.19 .19  0.5-1 - 209

[a] S84 is the specific surface area evaluated using the BET model, [b], D, is the BJH mean pore size
obtained on the desorption branch, [c], V), is the pore volume evaluated at P/Py = 0,97; [d] D¢ysais the
crystal domain size evaluated from the X-ray line broadening using the Scherrer equation; [e¢] noble

metal content is verified by ICP-OES to range at the expected value + 0.2%.

A careful observation of the Fe-P sample, obtained with C;omimCl in the
CH3;COOK system, has been carried out (Figure 2D-F). Figure 2D shows a

representative SEM image of the solid. A smooth-like morphology, with very small
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particles highly agglomerated, is strongly suggested by SEM analysis (Figure 2D).
The size of the nanoparticles is very small and cannot be clearly seen by SEM.
Therefore, the morphology of the particles was further investigated by TEM (Figure
2E-F), illustrating the regular diamond-shaped of the hematite nanoplates. Figure 2F
shows that the nanoplates obtained are crystallized. However, the surfaces of these
nanoparticles, having an average size of 30 nm, are relatively rough.

Finally, Figure 2G presents a typical SEM image of the Fe-R obtained using
hydrothermal treatment in alkaline media of an iron chloride precursor and C;omimCl
additive, but obtained at higher NaOH concentration than the Fe-C sample. Aggregate
of rod-like particles, micrometric in length, can be detected by SEM. The material
was further characterized by TEM to get more information on the morphology and
porosity. The TEM image in Figure 2H shows representative aggregates of nanorods.
The size of the obtained rods is however wide in diameter and length, with these rods
displaying diameters of 20~60 nm and lengths of 200~600 nm. It is worth noticing
that the nanorods were obtained with formation of pores in the rods (Figure 21). The
size of pores is in the range of 2~5 nm at the smaller zone, but is not presenting any
defined form. Indeed, high magnification image in Figure 21 shows the formation of
oblong-type pores while in other region of observation that the pores look spherical
(see Figure 3). Such irregular intra-rod porosity formation is however in agreement
with the N, physisorption results, given a high surface area and broad pore size

distribution (Table 1).
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bRV
Figure 2. Representative SEM images of the different a-Fe,O; morphologies (A) SEM for Fe-C; (D)
SEM for Fe-P; (G) SEM for Fe-R; high magnification TEM images of the noble metal nanoparticles
on Fe-R nanorods supported noble metal derived catalysts (B)-(C): Fe-C; (E)-(F): Fe-P; (H)-(I): Fe-R.

The morphology of a-Fe,Os nanorods supported noble metals -including gold,
palladium and platinum — are presented in Figure 3. Figure 3A-C show typical TEM
image of Au/Fe-R composite obtained by deposition precipitation using HAuCly
precursor. The gold nanoparticles are observed to be uniformly dispersed without
large external gold particle/aggregate formation. Most of the nanoparticles are located
inside the Fe-R porosity. TEM analysis (Figure 3B) also shows that nanoparticles are
relatively uniform in size. By measuring visible particles on Fe-R, the diameters of
gold nanoparticles distribute in a narrow size range between 2.0-6.0 nm. Interestingly,
the detection of large particle, at size higher than 10 nm, was not possible. A similar
morphology is observed over the Pd/Fe-R material. As shown in Figure 3D, the

composite obtained by impregnation procedure presents a satisfying dispersion of
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palladium in the porosity of the nanorods, as observed in the case of the
gold-containing material. Again, nanoparticles are highly-dispersed on Fe-R without
large external particle/aggregate formation. The sizes of observed particles are within
a narrow window, comprised between 3.0 nm and 6.0 nm which are directly

comparable with the values obtained for the gold material.

Figure 3. Representative TEM images of the different noble metal supported nanorod-type a-Fe,Os.
(A)-(C): Au particles supported on Fe-R; (D)-(F): Pd particles supported on Fe-R; (G)-(K): Pt particles
supported on Fe-R

As shown in the higher magnification image (Figure 3F), palladium nanoparticles
are in strong interaction with iron oxide surface, always isolated on the nanorod surface.
The morphology of platinum supported on a-Fe,O3; nanorods differs from the two

previously presented materials. While the nanorod morphology is maintained, 2-5 nm
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particles cannot be detected at low magnification (Figure 3G). The increase of the
magnification allows however the detection of very small platinum nanoclusters
located inside the porosity of the nanorods (Figures 3H-I). The measured sizes of the
observed particles are very small, and are always in the range of 0.5-1.0 nm. Clearly, in

this last case, high platinum dispersion inside the porosity is achieved.

3.4 Reducibility of the composites

The evolution of the iron reducibility with the different morphologies is
displayed in Figure S2 (details shown in the SI data). Two broad peaks are observed,
always located at similar temperature (250-450 °C and above 450 °C) whatever the
morphology. These two successive reduction processes are assigned to the a-Fe,O; to
Fe;0, (first step) and Fe;O4 to FeO and to Fe” (second step) reduction processes,
respectively [40,43]. We observed a first reduction process centred at ~415 °C, in
accordance with the results from Liu e al.* who reported the first step of reduction in
the range of 404 °C to 520 °C (a-Fe,Os synthesized by hydrothermal method and
thermally activated at 140-180 °C for 2-12 h). In the low-temperature oxidation
reaction, the Fe’"/Fe*" redox couple is responsible for the activity, as encountered for
the CO oxidation reaction. Then, the oxygen ions considered as the active oxygen
species for the CO oxidation are then directly related to the temperature of this
reduction process [43]. The Fe-R material presents the highest surface area and the
lowest crystal domain size. Surprisingly, the temperature at the maximum of the
reduction peak for the first reduction process is located at exactly the same
temperature of 415 °C than for the other morphologies. No notable improvement in
reducibility can be achieved through the surface area increase or the crystal size
decrease. However, only a small reduction peak appeared at 290 °C for Fe-R and
306 °C for Fe-P. It can be related to their higher surfaces areas and lower crystal sizes,
which can promote surface reducibility [43], but in a very limited extend as can be
deduced on the basis of these results. Figure 4 displays H,-TPR profiles recorded for

Au/Fe-R, Pd/Fe-R and Pt/Fe-R materials. A comparison with Figure S2 (details shown
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in the SI files) reveals that upon the impregnation of noble metal, the reduction of
hematite (a-Fe,Os3) to magnetite (Fe;O,4) is shifted to notably lower temperature,
which can easily be explained by an hydrogen spill-over phenomenon from the noble
metal sites to the support. Then, noble metal reduction occurs at the same time in the
low temperature reduction step, and reduced sites will promote hydrogen activation
and migration up to oxidized iron surface sites to favour their reductions. The profile
of the Au/Fe-R shows then two main peaks located at 115 °C and 651 °C. The former
one is ascribed to the simultaneous reduction of Au(IIl) to Au(0) and some Fe** to
Fe’*. The latter one corresponds to the reductions of Fe’" to Fe*" and even to Fe’
[44,45]. The shift of Fe*" reduction to lower temperature after the impregnation of
gold may be ascribed to the weakening of the Fe-O bonds adjacent to the gold atoms,
resulting in a higher mobility of lattice oxygen, as reported in previous investigation
[46]. Similarly, Pd or Pt also lead to a lowering of the reduction temperature with
respect to pure iron oxide, showing a reducibility rank for trivalent iron following the

order: Au/Fe-R > Pd/Fe-R > Pt/Fe-R.

415°C

1% Pt/Fe-R

1% Pd/Fe-R

TCD singal

1% Au/Fe-R

T T T T T T T T
100 200 300 400 500 EOO 700 800 900
Temperature / C

Figure. 4. TPR-H, profiles recorded for noble metal containing materials.
3.4 Oxygen Isotopic Exchange reaction (OIE)

Due to the lack in Fe’ reducibility differences (Fig. S2 in the SI files),
comparison of oxygen mobility in the different morphologies of a-Fe,O; was

undertaken by performing the temperature-programmed isotopic oxygen (‘*0/'°0)
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exchange reaction. From these experiments, we extracted the cumulative number of
oxygen atoms exchanged, N, (Figure 5A), and the evolution of the rate of exchange,
R. (Figure 5B), versus exchange temperature.

The number of oxygen atoms exchanged over the different morphologies of iron
oxide material is strongly modified by the material morphology. Among the tested
samples, a largely higher number of oxygen atoms was exchanged at 600 °C for Fe-R
(Figure 5A), showing that a higher oxygen mobility is obtained for this high surface
area nanocrystalline material than for the other morphologies. The evolution of the
oxygen exchange rate, considered as a measure of the bulk oxygen diffusion rate, is
presented in Figure 5B. The highest oxygen exchange rate is obtained for the Fe-R
sample while the exchange reaction starts at higher temperature over Fe-P and Fe-C
samples. Notably, the lowest exchange activity is measured for the Fe-Com sample.

The values of R., whose condition the number of oxygen atoms exchanged, are
then associated with the specific surface area and crystal size of the materials. Then,
the highest the surface area is and the lowest the crystal size is, the highest the oxygen
mobility in a-Fe,Os structure is. Indeed, crystal size reduction results in increase iron
oxide surface sites, in addition to the possible modification of iron density exposed
crystal faces, edges and corners.”’ Such low crystal size structures are then considered
to favour molecule adsorption, which is obviously in favour of a catalytic reaction,
but also of oxygen diffusion. These exposed iron sites are also the active sites for
oxygen adsorption and activation, whose are the first steps of the exchange. Then, the

highest the surface site concentration is, the highest the oxygen mobility is.
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Figure 5. (A) Evolution of the number of oxygen atoms exchanged (/) versus temperature of reaction
for the different morphologies of iron oxide. (B) Evolution of the oxygen isotopic exchange rate (R.)

versus temperature of reaction for the different morphologies.

3.5 Catalytic activity measurements

The evaluation of CO oxidation performances are performed over the
morphologically-oriented Fe,O3; nanomaterials, as presented in Figure 6A. Among the
designed morphologies, the Fe-C presents the lowest activity with a Tsg, located at
228 °C. However, Fe-C still presents a higher activity than the commercial sample
(Tso9 = 267 °C). The best activity, with a Tsge, of 158 °C, is obtained over Fe-R. The

catalytic activities for CO oxidation over the different materials then rank as follow:
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Fe-R >> Fe-P > Fe-C >> Fe-Com (Table 1 and Figure 6A). This activity trend is in
line with:

eThe specific surface area evolution (Table 1)

oThe crystal size evolution (Table 1)

oThe oxygen mobility evolution (Figure 5A)

It is well known that the activity of the catalyst for CO oxidation is determined by
the adsorption of CO and the Fe*™ surface site reducibility, allowing active oxygen
atom available for oxidation.” Then, the different morphologies having different
accessible surface iron concentration, lead to very different catalytic activities. As
expected, nanorod-type morphology, due to its improved accessible surface, is
favourable to the CO oxidation rate.

The effect of noble metal adding on Fe-R on the CO oxidation activity is shown
in Figure 6B. The order of activity is: Au/Fe-R >> Pd/Fe-R >Fe-R > Pt/Fe-R. While
the deposition of palladium results in a net increase in catalytic activity, the platinum
containing material presents lower activity than Fe-R alone despite a very high
dispersion of the noble metal. Nevertheless, the limited activity of platinum can be
related to the possible residual chlorine on platinum active site, due to the use of
chlorine containing precursor and limited calcination temperature applied in this study.
Such residual chlorine in interaction with noble metal surface can result in a
poisoning of the active sites and reduced activity, which can explain the limited
activity measured for Pt/Fe-R [48].

Compared to other noble metals such as Pt and Pd, oxidic gold species are very
sensitive to ambient atmosphere and unstable at elevated temperature [42]. When the
temperature is below 100 °C, the presence of highly active oxygen species on the
surface of Au nanoparticles can results in high oxidation activity, as observed in our
case for the Au/Fe-R material. The availability of reactive oxygen species are derived
from surface OH group/adsorbed H,0O, absorbed oxygen species, or a combination of
these [42,49]. Au/Fe-R catalyst then shows the highest activity on the CO oxidation at

low temperature, showing the existence of highly active surface oxygen species in this
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material. The activity of gold nanoparticles is however strongly related to the
nanoparticle size [50]. To achieve a high activity for CO oxidation, gold particles
must be under 10 nm.”' Small Au clusters possess a high fraction of uncoordinated Au
atoms that favour CO adsorption. Theoretical calculations indicated that low
coordination Au atoms can strongly interact with adsorbates [52,53]. Low
coordination sites are suggested to bind CO, whereas oxygen can be activated on Au
nanoparticles. Some studies focused on the effect of Au nanoparticle size on the CO
oxidation rate. The valence band density of gold nanoparticles oxidation states
changed with decreasing the particle size, and results in the enhancement of activity
for CO oxidation [55,56]. Goodman et al. reported then that CO oxidation reached a
maximum conversion at a diameter of particles of 3.5 nm. The gold nanoparticles
supported over nanorods we obtained in this study present sizes around 2-6 nm with
excellent dispersion on the surface of Fe-R. These properties are then favourable to
the reaction. Considering the excellent activity of the 1%Au/Fe-R at low temperature
(>60 °C), we also conducted the experiments from 120 °C to 0 °C to test the CO
conversion. As shown in the Figure S3 (details in SI files, Figure S3), CO conversion
was always above 90%, showing high activity, even at 0 °C.

Gold on the a-Fe,O; does not always present high activity. The support
morphology is also observed to play an important role on the activity (Figure 6C).
Au/Fe-R is far more active than the other materials, Au/Fe-P and Au/Fe-Com. The
porous properties of Fe-R, high surface area and open porosity, which can result in
increased surface defects sites, is suggested to be at the origin of the limited gold
agglomeration into large particles. Compared to over Fe-R, gold presents
heterogeneous dispersion in the Fe-P and Fe-Com support. In addition, large
aggregates of gold particles can be detected over these two last solids (Figure S4, the
details in the SI files). Then, the high and homogeneous dispersion of gold in the open
porosity of Fe-R can explain its high activity compared to these obtained over the two

lower surface area supports.
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Furthermore, the stability of the catalysts of Fe-Com and Fe-R were also tested.
Figure S5 shows the conversion of CO to CO; over Fe-Com and Fe-R catalysts. It is
can be seen that the conversion of CO over 90% can be obtained over the two samples
at 340 °C and 220 °C, respectively. The activity is stable for a certain period and then
decreases with reaction time. The lifetimes of the Fe-Com and Fe-R are obviously
different, the stability series is Fe-R>Fe-Com, indicating that the stability is depended
on the crystal size and surface area.

The stability of Fe,O3 nanorods supported noble metals are presented in Figure
S6 (1%Pd/Fe-R and 1%Pt/Fe-R). From the above results (Table 1 and Figure 3), it can
be found that the noble particle size is strongly dependent on the properties of the
supporters. Therefore, the stability of 1%Pt/Fe-R or 1%Pd/Fe-R catalysts are probably
related to the particle size of noble metals, and the small Pd and Pt particle sizes are

beneficial for enhancing the lifetime of the Pd/Fe-R and Pt/Fe-R catalysts.
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Figure 6. CO conversion versus reaction temperature on the synthesized materials. (A) Pure iron oxide
morphologies (B) nanorods with different noble metals (C) gold supported on different iron oxide

morphologies.

3.5 Conclusion

Different morphologies of a-Fe,O; have been synthesized using an ionic
liquid-assisted hydrothermal method. All materials are a-Fe,Os pure phase. The TPR
showed that a-Fe,Os; with various morphologies present comparable reduction
properties. Reducibility is however strongly altered, with a first reduction process
shifted to the low temperature, in the presence of noble metal on the surface. However,
while the reducibility is only a few modified by the iron oxide morphology, large
differences in oxygen mobility are observed. Then, oxygen mobility is favoured by
the increase in surface area and decrease in crystal size, making the porous nanorod
morphology the more active material for oxygen exchange.

Owing to the favourable physical properties of the iron oxides obtained using the
ionic liquid-assisted route, high activity for CO oxidation can be achieved. In addition,
due to the high noble metal dispersion obtained over the porous nanorod morphology,

Pd and Au containing materials showed extremely high activity.

Experiment part:

Material synthesis
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a-Fe;0; synthesis in ionic liquid media. All the reagents were analytical grade,
and were used without further purification. The ionic liquid I1-decyl-3-methyl
imidazolium chloride (C;omimCl) was purchased from the Centre for Green
Chemistry and Catalysis (Lanzhou, China).

Nanoplate synthesis in the CH;COOK system: At room temperature (~20 °C),
an aqueous solution containing dissolved CH3;COOK (8 mmol) in de-ionized water
(36.7mL) was mixed with FeCl;-6H,O (2.67 mmol) under vigorous stirring.
Subsequently, 8 mmol of the C;ymimCl was added into the homogeneous brown
solution under continuous stirring. After 30 min, the solution was transferred into a
teflon-lined stainless-steel autoclave with a capacity of 55 mL, sealed and heated at
140 °C for 15 h. When the reaction was completed, the autoclave was cooled to the
ambient temperature. The obtained red product was recovered by centrifugation at
10,000 rpm for 10 min, washed repeatedly with de-ionized water and ethyl alcohol
until neutrality before being dried at 80 °C for 12 h. The final product was labelled as
Fe-P.

Microcube synthesis in the NaOH system: 2.67 mmol of FeCl;-6H,0 and 8 mmol
of NaOH were mixed with 36.7 mL of de-ionized water under stirring. Subsequently,
& mmol of C;omimCl was added into the obtained solution. Then end of the
procedure is similar than presented for the nanoplates, and the sample was denoted as
Fe-C.

Porous nanorod synthesis in the NaOH system: Synthesis procedure, precursor
and ionic liquid content are the same than those used for a-Fe,O3 microcube synthesis.
Only the amount of NaOH was changed to 26.7 mmol. The final product was labelled
as Fe-R.

All o-Fe;O; materials were obtained by heating the as-prepared a-FeOOH
compounds in air at 300 °C for 3 h (temperature increase rate = 5 °C min™").

Noble metal supported materials: Supported palladium and platinum materials
were obtained by classical impregnation of an inorganic precursor in water.

Palladium-containing solution (10 wt.% Pd(NOs3); solution, Aldrich) was mixed with
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5.5 mL of de-ioned water. The Pd precursor solution was then added dropwise into 0.1
g of Fe-R at room temperature under vigorous vibration. After overnight vibration, the
resulted product was dried at 80 °C for 48 h. The dry solid was finally calcined under
air at 300 °C for 1 h. The solid is denoted as (/ wt.%) Pd/Fe-R. For platinum
impregnation, Platinum-containing solution (8 mg mL" H,PtCls) was mixed with 5.5
mL of de-ioned water. The solution was thereafter added dropwise to 0.1 g Fe-R at
room temperature under vigorous vibration. The end of the impregnation procedure
was similar to that applied for Pd/Fe-R preparation. The solid is denoted Pt/Fe-R.
Supported gold catalyst was prepared by deposition-precipitation method (denoted
Au/Fe-R). HAuCly solution (15 mg mL™") was mixed into 15 mL of de-ioned water.
The solution was added dropwise to 0.1 g of Fe-R at room temperature under
vigorous vibration. Ammonia solution (I M) was used to adjust and keep the pH at
~8.0-9.0. After 6 h of aging at room temperature, the solid was washed with hot water
several times until chloride could not be detected (using titration with 0.1 mol L™
AgNOs). Finally, the solid is recovered by centrifugation at 10,000 rpm for 10 min
and dried at 80 °C for 12 h.

Physical and textural characterization

ICP-OES. Noble metal content was verified to be in accordance with the
expected value by ICP-OES wusing an Optima 3000 XL spectrometer
(PERKIN-ELMER).

X-ray photoelectron spectroscopy (XPS).

XPS was conducted on a Thermo-Fisher ESCALAB 250 system with AlKa
radiation under ultrahigh vacuum (UHV).

N> physisorption. N, adsorption measurements were performed on a
Micromeritics TRISTAR 3000 instrument. Surface areas were obtained by the
Brunauer-Emmett-Teller (BET) method. Desorption isotherm was used to determine
the pore size distribution using the Barret Joyner Halenda (BJH) method.

XRD. Crystal structure was determined by X-ray diffraction, using a D5005
diffractometer from Bruker, equipped with a CuKa radiation (A=1.5406 A). Signal
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was recorded for 260 between 20° and 80° with a recording step of 0.05° each 3 s.
Phase identification was made by comparison with JCPDS database. Crystal size was
determined using the Scherrer equation, after Warren’s correction for instrumental
broadening.

TEM. Morphology and pore structure were evaluated by Transmission Electronic
Microscopy (TEM) coupled with Energy Dispersive X-ray Spectroscopy (EDXS).
Micrographs were obtained on a JEOL 2100 instrument (operated at 200 kV with a
LaBg¢ source and equipped with a Gatan Ultra scan camera). EDX spectroscopy was
carried out with a Hypernine (Premium) detector (active area: 30 mm?) using the
software SM-JED 2300T for data acquisition and treatment.

Temperature programmed reduction. TPR-H, experiments were performed on an
AUTOCHEM instrument from Micromeritics. About 50 mg of sample was introduced
in a microreactor. The material was initially activated under simulated air (total flow
rate = 30 mL min™") at 300 °C for 1 h. After cooling down to room temperature, a
reducing flow (5 vol.% of H in Ar) was stabilized at a flow rate of 30 mL min™', and
then the temperature of the reactor was increased from 25 °C to 1000 °C with a ramp
of 5 °C min™'. Evolution of the H, concentration with temperature was recorded on an
on-line TCD.

CO oxidation activity measurement

CO oxidation reaction was performed in a tubular microreactor with 75 mg of
catalyst. After activation at 300 °C of the catalyst under simulated air (30 mL min™"),
the reaction flow composed of 5 vol.% of CO - 20 vol.% O, - bal. N, at a total flow
rate of 60 mL min™' (given a GHSV of 22500 h™') was stabilized. The conversion was
recorded under isothermal conditions each 20-30 °C (depending on the conversion).
The concentration of CO and CO; in the effluent gas was on-line analyzed using a
VARIAN (model CP-3800) gas chromatograph equipped with a TCD and a Porapak
column for separation.

OIE (Oxygen Isotopic Exchange)

Background
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The oxygen isotopic exchange (OIE) reaction is used to evaluate oxygen
reactivity. The exchange mechanism and data treatment are fully described in Refs
[55,56] and are shortly summarized herein. The exchange reaction can be described
by the following equation, even if different mechanisms are depicted:

PO + 0 = O + O

Where (s) and (g) refer to oxygen from the solid and from the gas phase,
respectively.

Three exchange mechanisms are distinguished in the literature: equilibration
reaction, the simple heteroexchange and complex heteroexchange [56].

The equilibration reaction consists in the reaction between two isotopes from the
gas phase, as described in the following equation:

0z (9 + %02 ) — 2 700 g

In this last case, oxygen from the solid does not participate to the reaction.
Equilibration supposes adsorption, equilibration, and desorption steps on the surface
of a material [57,58]. Then, the '*O and '°O fractions in the gas phase remain constant
all during the test.

The simple exchange supposes the participation (or exchange) of only one
oxygen atom from the solid at each step. The two following equations characterize
this mechanism:

80180y + %0 — 800 + #0)

18016O(g) +190 - 16016O(g) + 1850y,

In contrast to the simple heteroexchange, complex heteroexchange mechanism
supposes the participation of two atoms of the solid at each step [59].

18080 20 — 1°0'°0(p +2'%0y)

The two following reactions also occur in the case of the occurrence of '°0'*0
isotopomers in the gas phase:

180160y + 20 — '0"°0( + 0 + O

18~ 16 18 18418 18 16
070 +270r — "0 7O + O + 7O
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Some oxides were found to present mainly this mechanism of exchange.
Boreskov et al. [60], who observed an oxygen reaction order near 0.5 for a-Fe,O;
presenting mainly this mechanism, assumed a dissociative adsorption on the anionic
vacancies on the surface of the solid.

Experimental

The exchange experiment was carried out in a recycling U-shaped microreactor.
The recirculation volume (V = 60 cm’; recirculation rate = 170 cm® s™') was coupled
to a quadrupolar mass spectrometer (PFEIFFER VACUUM). The gas sampling was
regulated by a thermo-valve adjusted to maintain a constant pressure of 1 x 10 mbar
in the ionization chamber of the mass spectrometer. An equivalent of 20.0 mg of the
as-prepared sample is inserted in a microreactor, heat treated up to 300 °C under O,
(ramp = 5 °C min™, total flow rate Qo, = 20 mL min™) and cooled down to the test
temperature. After temperature stabilization, the sample was evacuated under dynamic
vacuum for 30 min. For the oxygen exchange experiments, around 65 mbar of pure
%0, was introduced into the recirculation volume. The temperature-programmed
exchange experiments are performed from 100 °C to 600 °C (ramp =2 °C min™), and
partial pressure evolution of 'O, (mass 36), '°0, (mass 32), and '°0'*O (mass 34) are
recorded on the mass spectrometer allowing to quantify the '®O fraction in the gas

phase (o) and the number of oxygen atom exchanged (N.y).
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Table S1. The XPS results for 1%Au/Fe-R and 1%Au/Fe-Com.

. Banding FWHM /eV
Surface atom concentration from XPS / %
Energy / eV
Samples
Fe 0 Au Fe2P [\u4f%a
1%Au/Fe-Com 33.90 65.13 0.97 710.6 84.1 1.5
1%Au/Fe-R 34.40 64.39 121 7108 839 14
Fe-R
I
> [ N
k7
o
£
LA
| L Fe-Com
Fe,0, (JCPDS card 89-2355)
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20/°

Figure S1. XRD patterns recorded for the different o-Fe,0O; morphologies.
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Figure S2. TPR-H, profiles recorded for iron oxide nanostructures.
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Figure S3. CO conversion versus reaction temperature on the synthesized material 1%Au/Fe-R
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Figure S4. Evidence of large Au particles on the low surface area o-Fe,O; materials: (A)-(B), Au

particles supported on Fe-P; (C)-(D), Au particles supported on Fe-Com.
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4.1 Introduction

Over the last few decades, advanced oxidation processes (AOPs) based on
hydroxyl radical chemistry have been successfully employed for the degradation of
tetracycline [1-8]. The activation of hydrogen peroxide (H,O,) over heterogeneous
Fe-bearing minerals was recently demonstrated to be highly efficient for treating
organic pollutants over a wide pH range [9-12]. Similar to the widely accepted free
radical chain mechanism of the classic homogeneous Fenton reaction, the main
reactions for the heterogeneous reaction involve the following steps [10]:

=Fe(Il) + H,O, — =Fe(Ill) + OH + "OH (5-1)

Then, the structural =Fe(III) reacts with H,O, to form EFe(OOH)2+.

=Fe(Ill) + H,0, — =Fe(OOH)*" + H" (5-2)

The limiting step in the Fenton reaction is the slow kinetic rate of the reduction
of =Fe(OOH)*" to =Fe(1l) and "HO» (Eq. 5-3).

=Fe(OOH)*" — =Fe(II) + 'HO, (5-3)

The =Fe(III) reacts with "HO, to form =Fe(II), allowing the Fe to be recycled to
=Fe(Il) (Eq. 5-4).

=Fe(IIT) + 'HO, — =Fe(I) + O, + H' (5-4)

One of the iron oxides, magnetite (Fe;O4) was selected as the catalyst for the
following reasons: it contains Fe(Il) sites; is cheap, non-toxic, environmentally
friendly, easily recovered, and recyclable; and has low solubility in the reaction
medium [13]. Consequently, Fe;O4 can be used for the efficient remediation of
PAH-contaminated soils, Rhodamine B (RhB), and pentachlorophenol (PCP) in
Fenton-like processes [14-15]. However, the catalyst is poisoned during the oxidation
process due to the adsorption of the reaction intermediates on the surface active sites
[16]. Moreover, the slow degradation rates observed for these recalcitrant organics
may limit its practical application in industry. An effective means of improving
catalytic efficiency and stability for the degradation of pollutants is thus urgently

needed.
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Sonochemical technology is an AOP that is widely used for the destruction of
organic pollutants via pyrolysis near cavitation bubbles and/or sonochemically
generated "OH radicals [17]. However, high removal efficiency and mineralization are
difficult to achieve with ultrasound technology alone [18]. Hence, recent research has
focused on the combination of ultrasound with other AOPs because these novel
combined techniques have proven to be more effective for the degradation of
recalcitrant pollutants than ultrasound alone [19]. To date, several types of
heterogeneous catalysts, such as CuO, Cu/Al,Os; [20], CuO/ZnO/ALO; [21],
Fe;03-Al,03-meso [22], FeOx-SBA-15 [10,23], and goethite [11] have been proposed
for sono-enhanced, heterogeneous Fenton process-mediated degradation of organic
pollutants. Particularly promising results have been obtained when Fe;O, is used as
the heterogeneous catalyst for the decolorization of RhB wunder coupled
ultrasound/heterogeneous Fenton conditions [24]. In addition to enhancing
degradation rates, ultrasonic irradiation can also remove the products from the surface
of the catalyst, thereby leaving a clean and reactive catalyst surface for subsequent
reactions [11,25].

In this study, the performance of an ultrasound-assisted, heterogeneous Fenton
process is evaluated. The removal of tetracycline (TC), an antibiotic, from wastewater
by conventional water treatment technologies is not as effective as anticipated [26].
An adequate catalyst system has not been reported for the degradation of TC, and the
detailed degradation mechanism of the ultrasound/heterogeneous Fenton process has
not been investigated. Hence, the present contribution investigates the performance of
a sono-Fenton-like process that uses Fe;O4 as a heterogeneous catalyst for the
removal of TC. The effects of operating parameters such as ultrasonic power, initial
pH, Fe;04 loading, H,O, concentration, temperature, and initial TC concentration, are
extensively examined. The mineralization of the solution is assessed by total organic
carbon (TOC) abatement. The change in the acute toxicity profiles is obtained from
the inhibition of D. magna immobilization essays. A ‘OH-based reaction mechanism

is also proposed based on the results of the use of different types of scavengers.
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Moreover, a membrane system is employed to investigate whether there is direct
contact between the catalyst and existing TC during the reaction. Finally, the stability

of the catalyst, which is also a crucial parameter, is evaluated.

4.2 Materials and methods

Tetracycline hydrochloride (TC, CH,sN,05Cl > 99%, Sigma-Aldrich) was used
as received. Hydrogen peroxide (H,O,, 30 wt.% in H,O) was obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). The magnetite catalyst
(Fe;04) was obtained from Prolabo Co. (Paris, France). Other chemicals were
purchased from Shanghai Reagent Co., Ltd. (Shanghai, China). Dialysis bags (PVDF)
with a 180 Dalton molecular weight cutoff (MWCO) were obtained from Union
Carbide Corp. (State of Connecticut, Danbury, U.S.).

A tetracycline hydrochloride stock solution (100 mg L) was prepared in
deionized water. The initial pH of the stock solution was 3.7, and in consideration of
the practical application of the TC treatment, the pH was not adjusted in our study.
The catalysts are denoted Fe;O4-X, where X represents the number of times the
catalyst was used. The commercial magnetite catalysts (Fe;O4) before and after each
reaction were stored in the vacuum oven at room temperature to prevent oxidizing in
the air. Then, they were systematically characterized using X-ray diffraction (XRD),
X-ray Photoelectron Spectroscopy (XPS), N,-physisorption and ICP-OES. Complete
descriptions of the catalyst characterization and the conditions of the activity tests are
provided in the Supporting Information (SI): catalyst characterizations and activity
tests section.

The TC concentration was determined using a high-performance liquid
chromatography (HPLC) instrument equipped with a Shim-Pack VP-ODS-CI18
column (4.6 mm X 250 mm, 5 um). The total organic carbon (TOC) content was
measured with a Multi N/C® 2100 (Analytik Jena AG) TOC meter.

To investigate whether direct contact between the catalyst and TC is a

prerequisite for Fenton-like degradation, a novel membrane separation setup was
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designed. The setup of the separated system is shown in Figure 1. A PVDF dialysis
bag was used that allowed components in the solution with molecular weights (MW)
below 180 Dalton, such as ions and radicals ('OH), to diffuse through the pores. This
type of dialysis bag does not react with the organic compounds and active species.
Molecules larger than the membrane pores remained outside of it, permitting the
separation of TC and Fe;0y4. The dialysis bag contained 10 mL of a 100 mg L™ TC
solution. The outer system contained 100 mL of an aqueous suspension of 0.1 g Fe;Oy,
and the suspension was continuously stirred with a mechanical stirrer to keep the
catalyst evenly distributed in the solution outside the container. Then, H,O, was added
to the outer system to start the reaction. After 60 min, 1.0 mL of the reacted solution
from both sides of the container was sampled to measure the TC concentration. The
outer system was replaced by water, US/H,O, US/H,0,, and the sono-Fenton
(US/Fe*"/H,0,) system in succession.

Acute toxicity was evaluated with Daphnia magna immobilization essays. These
tests were performed in accordance with the conditions prescribed by the OECD
Guideline 202 method [27]. Complete description of the acute toxicity was shown in
SI file: catalyst characterizations and activity tests.

To investigate the stability and reusability of the catalyst, the solids were
immediately separated from the solution with a magnet at the end of each run, dried in
a vacuum oven at 25 °C, and used without prior washing in the next run. The
dissolved iron concentration in the reacted solution was quantified by ICP after each
test. The residual H,O, concentration after the reaction tests was also measured via
colorimetry with a UV spectrophotometer (Secomam, RS232) after complexation of

the hydrogen peroxide with a vanadate salt.
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Figure 1 Schematic illustration of setup for the separation system

4.3 Results and discussion
4.3.1 Physicochemical properties

The X-ray diffraction patterns of the catalyst revealed that Fe;O4 had a pure
magnetite structure (Figure 2). All peaks could be indexed to the pure face-centered
cubic structure of magnetite (JCPDS Card 19-0629). The diffraction peaks located at
20 =30.2, 35.6,43.2, 53.6, 57.1, 62.6, and 74.2° could be indexed to the (220), (311),
(400), (422), (511), (440), and (553) planes of Fe;Oa, respectively, by comparison
with previously reported data for Fe;Os nanoparticles [28]. The crystal sizes
determined from the XRD results and the Scherrer equation were 77.3 nm for the
catalyst before use. However, the XRD pattern of Fe;O4 is believed to be similar to
that of y-Fe,Os, which is also black in color. However, the compositions of these two
types of materials are different. To verify that the material was Fe;O4 rather than
y-Fe,03, the composition of the catalyst was determined from the Fe*"/Fe’" ratio both
in the bulk and on the surface of the catalyst, which was measured by chemical
analysis and XPS, respectively. First, the total iron content (Fe(H) and Fe") was
measured by chemical analysis, and the Fe"/Fe!" ratio was found to be
approximately 0.47 (Table 1). Because the stoichiometric Fe;O4 can also be expressed
as FeOeFe,03, the Fe™/Fe!™ ratio should be 1:2, or 0.49. Clearly, this value is
consistent with the calculated value. In addition, the surface element concentrations
and valence states of the Fe;04-0 and Fe;04-3 samples were also characterized by
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XPS. The attenuation length depends on the electron kinetic energy and emission
angle. It has been reported that no satellite peak is present in the XPS spectrum for
Fe;04 [29-31], and it was also confirmed in our study (Figure 3). The peak positions
of Fe 2ps/, and Fe 2p;» were 710.5 and 724.1 eV, respectively, which are higher than
the values obtained for y-Fe,O; [31]. The Fe 2p3n XPS spectra of Fe;O4-0 and
Fe304-3 are shown in (Figure 3). Based on the Fe*" and Fe’" peak shape parameters
and peak positions of Fe;O4 reported in the literature [31], the main relative areas of

@ ratio was obtained (Table 1).

each constituent peak were calculated, and Fe"/Fe
Based on these result, we conclude that the magnetite material (Fe;04-0) is pure with
no y-Fe,Oj; present. However, the element composition changed after 3 runs (Erreur !
Source du renvoi introuvable.), an indication of the stability of the catalyst as
discussed below in the catalyst stability section.

After the reaction, the surface area of the catalyst was larger than that of fresh
catalyst. The SSA of the catalyst was significantly smaller prior to the reaction (Table
1). Notably, the SSA of Fe304-3 (4.3 m” g') was larger than that of Fe;04-0 (0.7 m*
g™), and this sample had a smaller crystal size than the other samples, indicating that
the ultrasound cracked the surface of the catalyst to increase the SSA during the
reaction. Furthermore, the aggregated particles broke into pieces under the continuous
ultrasound radiation, as supported by SEM and TEM analysis.

Representative SEM and TEM images of the catalyst before and after the
heterogeneous or ultrasound-assisted heterogeneous reactions are shown in Figure 4
and Figure 5. A compact aggregation of many interconnected particles was observed
for Fe;04-0, resulting to large, uniform bulk structures (Figure 4). These Fe;04-0
structures are consistent with the small SSA described above.

To further elucidate the morphology and structure of Fe;04-0, TEM images were
obtained (Figure 5). The average size of the Fe;04-0 particles was 200-300 nm along
the edge, a value that is much larger than the corresponding size calculated from the
XRD pattern (Table 1). The results largely support the initial aggregation of the
material observed in the SEM and TEM images (Figure 4A and Figure 5A).
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Figure 2. XRD patterns of Fe;O, particles before and after the reactions
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Figure 3 XPS details of the Fe 2ps), peaks of the as-synthesized Fe;04-0 and the Fe;0,4-3.

Table 1 Physico-chemical properties of fresh and recycled Fe;0, in US/Fe;O4/H,0, system

Sample Morphology Fe,/  DI®™  SSAY/  Atomic ratio Fe*'/Fe’* I
wt% (nm) (m* g™) Ld]
Bulk Surface
Fe;04-0 uniform 70if 77.3 0.7 0.47ormo  0.450ormo 7.2
Fe;04-1 7025 64.4 2.9 — - -
Fe;04-2 7094 61.1 3.5 — - -
Fe;04-3 7051 59.9 43 0.38ormo 16.6ormo —

[a], bulk ratio between Fe(Il) and Fe(Ill) in Fe;O4 ; [b], the crystal domain size evaluated from the
X-ray line broadening using the Scherrer equation; [c], the specific surface area evaluated using the

BET model; [d], surface ratio of Fe(Il) and Fe(Ill) obtained by XPS analysis; [e], the pH of point of

zero charge
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Figure 4. Representative SEM images of Fe;0,4: A: Fe;04-0; B: Fe;04-1; C: Fe304-2; D: Fe30,4-3.
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Figure 5. Representative high magnification TEM images of Fe;O, in heterogeneous Fenton (A:

Fe;04-0; B: Fe304-3) or ultrasound assisted heterogeneous Fenton process (A, Fe;04-0; B: Fe;0,4-3).

4.3.2 Comparison of the catalytic activity under different oxidation conditions

Considering the acidic properties of TC in real condition, it is more meaningful
to investigate its removal without pH adjustment. The catalytic activity of Fe;O4 in
the degradation of TC was evaluated under different experimental conditions (0). In
the control experiments, we confirmed that the removal efficiency of TC was less than
10% when only H,O, or Fe;04 was added into the solution or when the TC solution
was only irradiated with ultrasound. Then, the sonolysis of TC was investigated in the
absence and presence of Fe;Os particles as well as with and without H,0,.

Interestingly, as shown in Oand in Figure S2 (SI file), more of the TC was degraded

79



CHAPTER 4 HIGHLY EFFICIENT AOP PROCESS USING AN ULTRASOUND-ASSISTED,
HETEROGENEOUS FENTON-LIKE REACTION

by US/H,O, (18.0%) than by US/Fe;O4 (11.0%). This limited activity in the
US/Fe;04 system can be explained by the fact that the cavitation phenomenon cannot
effectively enhance the degradation of organic compounds in the presence of the
catalyst [32]. The few active radicals generated during the reaction can, however, are
consumed by the iron oxide [33]. In contrast to the US/Fe;O4 system, the generation
of hydroxyl radicals can be accelerated with the US/H,O, process, resulting in higher
degradation efficiency. Although TC can be removed more efficiently, the removal
efficiency was also limited in the US/H,0, system, indicating the reactive radicals
were not sufficient for the TC removal.

In a simple catalytic system of Fe;O4/H,0, without ultrasonic irradiation, the
degradation efficiency and TOC abatement were 72.2% and 21.3%, respectively. In
the Fe304/H,0, system, the conversion of the H,O, molecules into free radicals ((OH)
plays an important role in the oxidation reaction by greatly increasing the degradation
efficiency [34]. In a heterogeneous catalytic reaction, the heterogeneous active site
(Fe") reacts with H,0,, resulting in the generation of hydroxyl radicals that degrade
TC, as described in Eq. (1).

Significant higher degradation efficiency was achieved when both Fe;O, and
H,0, present, indicating that the active sites on the catalyst surface strongly
influenced the reaction rate (0A). Notably, the degradation of TC was significantly
enhanced when this simple catalytic system was irradiated with ultrasound. Within 60
min of continuous ultrasonic irradiation, 93.7% of the TC was removed, a
considerably greater removal efficiency than that yielded by the Fe;04/H,0; system
without sonolysis (72.2%). The TOC removal was 31.8% within 60 min (0B). The
addition of ultrasonic irradiation might enhance the degradation of TC because the
nucleation sites on the catalyst surface promote the formation of cavities and
consequently increase the ultrasonic efficiency [35-36]. The mechanistic effect of
ultrasound can change the morphology of the active phase. Although the particle size
distribution did not show significantly changes after using the catalyst in 3

consecutive runs (SI Files, Figure S3), the physiochemical properties of the solid in
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both the simple catalytic system and the ultrasound-assisted catalytic system changed
(Figure 4 and Table 1).

In order to further evaluate the ultrasonic benefits, the degradation efficiency in
heterogeneous Fenton and sono-heterogeneous Fenton process were conducted with
three consecutive runs. As shown in Table 2, the degradation efficiency was decreased
considerably after three consecutive tests and decreased from 72.2% to 48.2% in the
simple catalytic system (Fe;04/H,0;). In comparison, the removal efficiency did not
decrease as significantly in the ultrasound-assisted system as in the simple catalytic
system (Table 2) because ultrasound plays an important role in the activation of the
catalyst. In addition, the aggregate sizes of the catalyst were measured before the
initial oxidation test and after each subsequent test. In the process of US/Fe;04/H,0,,
the crystal size decreased from 77.3 to 59.9 nm after 3 recycle reactions, as calculated
by XRD (Table 1). This result was further confirmed by the SEM and TEM
observations. As can be seen in Figure 5D, a more compact aggregation of many
interconnected particles was obtained under the heterogeneous Fenton process (Figure
5D), leading to the large bulk structures. In contrast, the magnetic particles, without
large cluster or agglomerates after the reaction in the US/Fe;04/H,0; system (Figure
4B-D and Figure 5B) were observed. An increase in the number of accessible active
sites and the improved mass transfer between the solute reagents and the solid
particles were expected under ultrasonic conditions [37]. Moreover, the indirect
chemical effects associated with cleaning the catalyst surface by continuous ultrasonic
irradiation might result in the continuous removal of reaction intermediates from the
surface, allowing new reactions to occur at the surface, as verified by TEM images
(Figure SA-B). Such result fully confirms the reason of highly removal efficiency of
TC when the heterogeneous Fenton process combined with ultrasound. Therefore, we
can conclude that the ultrasound can improve the activity of the catalyst in the
heterogeneous Fenton process without prejudice to the stability of the solid phase in

the successive runs.
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Figure 6. TC conversion (A) and TOC removal (B) obtained with different systems (TC: 100 mg L™,
Fe;04: 1.0 g L', H,0,: 150 mM, pHy: 3.7, T: 22 °C).

Table 2. Selected reaction results and catalyst stability for TC degradation under ultrasound assisted
heterogeneous Fenton and heterogeneous Fenton process. (Fe;04: 1.0 g L' TC: 100 mg L™'; H,05: 150
mmol L'; pH: 3.7, T: 25 °C).

X % (Xios %) Fe leaching™/ mg L' Fey, in solution'® / %
Sample

Silence!”  US™ Silence® Us? Silence’ us’
Homogenous
with 0.2 mg L' 32.1 - -
of Fe**
Fe;04-01 - -
Fe;04-11 93.7/67.8  72.2/52.3 0.15 0.11 0.015 0.011
Fe;0,-21 91.3/62.9 57.9/44.6 0.14 0.12 0.014 0.012
Fe;04-31 79.5/59.8  48.2/39.1 0.13 0.13 0.014 0.013

[a], Fe;04-X (0, 1, 2, 3): fresh catalyst, and the catalyst used for one, two and three successive tests; [b],
TC conversion after 60min of reaction in the process of US/Fe;04,/H,0;; [c], hydrogen peroxide
conversion; [d], Fe;04/H,0, system; [e], US/Fe;0,/H,0, system; [f], iron content in the solution at the
end of the reaction; [g] percentage of total iron (Fe’" and Fe’") leached from the catalyst at the end of

the reaction.

4.3.3 Influence of the ultrasound power density on TC oxidation

Ultrasound produces acoustic cavitation, which involves the formation and
subsequent  collapse  of  microbubbles from acoustical = wave-induced
compression/rarefaction [17]. The implosion of the microscopic bubbles in the liquid
generates energy, inducing the formation of reactive species in addition to producing

other mechanical or physical effects [19]. However, the cavitation bubbles are
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produced in such small quantities that they do not affect the overall reaction
significantly when the sound intensity is lower than the cavitation threshold of the
system [36]. As shown in Figure 7, the removal efficiency was 79.8% after 60 min of
reaction with an ultrasonic power of 40 W, which is only slightly higher than the

removal efficiency under silent conditions (72.2%).
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Figure 7 Effect of ultrasound power on the degradation of tetracycline (TC: 100 mg L™, Fe;0,: 1.0 g
L, H,0,: 150 mM, pHy: 3.7, T: 22 °C).

When the ultrasound power density was increased to 60 W, no obvious increase
in the efficiency was observed. However, when the ultrasound power was 80 W, a
significant enhancement in the TC removal efficiency was observed. The mixing
intensity due to the turbulence generated by cavitational bubble collapse as well as
microstreaming at the solid surface [37] increased accordingly with the increase in the
ultrasound power. Enhanced mixing at the solid-liquid interface and the continuous

Fe30, surface cleaning [38] thereby enhance the "OH production rate.

4.3.4 Influence of the hydrogen peroxide concentration and catalyst loading on TC
oxidation

In the heterogeneous Fenton reaction, the concentration of the oxidant and the
catalyst loading directly affected the concentration of active radicals produced for TC
degradation. We investigated the effect of the hydrogen peroxide concentration by

increasing the hydrogen peroxide concentration from 10 mmol L™ to 150 mmol L™
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(Figure S4, SI file). The decomposition reaction rate is dependent on either the
surface site density or HO, concentration, and thus an increase in H,O, concentration
resulted in increased ‘OH production. However, the degradation efficiency does not
scale linearly with the initial H,O, concentration. Further increases in the H,O,
concentration yield minimal changes in the degradation rates and final removal
efficiencies. Here, we increased the H,O, concentration to 250 mM, and the removal
efficiency was 93.6% (data not shown). The "OH preferentially attacked TC molecules
below a certain HyO, concentration. Whereas, ‘OH has been suggested to react with
H,0; at high H,O, concentrations with a reaction rate constant of 2.7x 10" Mgt [39].
Thus, competing reactions between ‘'OH and TC or H,O, occur at high HO,
concentrations. The scavenging reaction of ‘'OH with H,O, generates HO, as
described in Eq. 5

"OH + H,0, — HO;" + H,O (5)

HO,' is, however, much less reactive than "OH and does not contribute to the
oxidation of TC. The consumption of the reactive radicals according to Eq. 5 explains
why the degradation efficiency only increases slightly at H,O, concentrations greater
than 150 mM.

The effect of catalyst loading on phenol and TOC removal in the US/Fe;04/H,0,
system was also evaluated. The impact of catalyst loading (from 0.5 gL' t0 2.0 g L)
on TC degradation by the US/Fe;04/H,0, system is reported in the supporting
information (Figure S5, SI file). When the Fe;04 loading increased from 0.5 g L™ to
1.5 g L', the conversion rate significantly increased. The final conversions obtained
were all greater than 80%. Logically, the increase in Fe;O4 loading provides more
Fe(Il)/Fe(Ill) active sites, leading to an enhanced degradation rate. In addition, the
rate of cavity formation is expected to increase with the Fe;O4 concentration due to
the formation of gas nuclei in the catalyst pores, as previously reported [40]. However,
the degradation rate and removal efficiency did not increase significantly when the

Fe;0, loading exceeded 1.5 g L. This result indicates that this loading corresponds
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to the optimal ‘OH generation, which is dependent on the H,O, concentration [37] and

cavity formation. Therefore, 1.5 g L™ Fe;04 was selected for our study.

4.3.5 Influence of temperature on TC oxidation.

The effects of temperature on sonochemical reaction rates are expected to differ
from those on chemical reaction rates [33]. Therefore, the dependence of the global
reaction rate on temperature (20-50 °C range) in the US/Fe;04/H,0, system was
studied. As shown in Figure 8, the rate of TC conversion increased with an increase in
temperature.

Increasing the reaction temperature during ultrasonic irradiation decreases the
cavitation threshold, and the cavitation bubbles formed contain more water vapor.
However, water vapor reduces the ultrasonic energy produced upon cavitation [36].
Consequently, larger sonochemical effects are observed at low temperatures because a
majority of the bubbles are filled with gas. By contrast, increasing the reaction
temperature enhances the reaction rate according to the Arrhenius equation [36]. The
data obtained in this work (Figure 8) indicate that the effect of temperature on the
chemical reaction is more pronounced than that on the cavitation process. Even if the
initial reaction rate is strongly influenced by the reaction temperature, the final
removal efficiencies are nearly the same at all temperatures (conversion always
greater than 90%). The amount of hydroxyl radicals generated by
ultrasound-enhanced, Fe;O4-catalyzed hydrogen peroxide decomposition is thus

sufficient for decomposing TC within 60 min.
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Figure 8 The effect of temperature on the degradation of tetracycline (TC: 100 mg L™, Fe;04: 1.0 g L™,
H,0,: 150 mM, P: 80 W, pHy: 3.7).

4.3.6 Toxicity evolution

Even though 93.7% of the TC was converted after 60 min of reaction (Figure 6),
the TOC conversion of TC was only approximately 14.9% after 60 min when the
US/Fe;04/H,0, system was used. When the reaction time was increased to 180 min,
the TOC abatement was 31.8%. After reaction under the US/Fe;04/H,0, conditions,
the acute toxicity of the TC degradation effluents was evaluated by a 48-h
immobilization assay with D. magna. The raw TC solution produced a mortality rate
of 60% of D. magna after exposure to the solution for 48 h. After 60 min in the
US/Fe;04/H,0, system, the toxicity reached a maximum value, and 100% of D.
magna had died, indicating the formation of primary degradation by-products of
considerably higher toxicity than TC. When the reaction time was increased to 180
min, the inhabitation percentage decayed, i.e., the mortality rate was only 55%.
Although the effluent of the first degradation stage produced death in all of the
organisms, the toxicity of the solution decreased after only 180 min. This result fully

supports the mineralization data obtained from the TOC abatement.
4.3.7 Catalytic mechanism

Whether direct contact of TC with the catalyst surface is necessary for the

sono-catalytic degradation of TC remains an open question. Therefore, we constructed
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a simple setup in which a dialysis bag was used to allow ions and radicals such as ‘OH
to move freely out of the bag, while TC can only diffuse slowly out of the bag as
shown in Figure 1. Figure 9, shows the percentages of TC inside and outside the
dialysis bag for different outer systems. When the outer system was water, 91.2% of
the TC was maintained within the dialysis bag, and 8.8% diffused into the water after
60 min of reaction, indicating that no conversion occurred in water. No degradation of
TC was observed after ultrasound alone for 60 min. Indeed, 88.0% of the TC
remained in the membrane container, and 10.0% was detected in the outer system.
These results indicate that the hydroxyl radicals generated by ultrasonic irradiation
alone were insufficient, but showed a limited the decomposition of TC (2.0%). The
removal efficiency of TC was also very limited under the US/H,0O, conditions. Indeed,
only 9.0% of TC was converted, while 85.0% of the initial TC remained in the
dialysis bag, indicating that more hydroxyl radicals were generated by H,O,
decomposition in the presence of ultrasound irradiation. This type of hydroxyl radical
can be evenly dispersed in the bulk solution. When the outer system contains Fe;O4
and H,0,, the TC concentration in the inner system was 80.0% of the initial
concentration after 60 min. The lack of significant differences in the TC
concentrations in the dialysis bag in the Fe;04/H,0O, and US/H,0, systems indicates
that there few hydroxyl radicals were present in the bulk solution. More importantly,
the results also confirm that the function of ultrasound mainly focus on the surface
activity enhancement. However, TC could not be detected in the Fe;O04/H,0O, outer
system, indicating that the TC that leaked into the outer system was converted.
Because no TC conversion occurred in the US/H,0O, system, the leaked TC must first
be adsorbed on the Fe;O4 surface and then sono-catalytically degraded. These results
indicate that direct contact between the Fe;O4 surface and TC is a prerequisite for the
sono-catalytic degradation of TC. Under homogeneous conditions in which Fe*" can
diffuse through the membrane, 93% of the total TC was converted, further supporting

our conclusions that the surface active species are the primary species and the
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ultrasound mainly work on the catalyst surface during the ultrasound assisted

heterogeneous reaction.
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Figure 9. Percentages of tetracycline inside and outside a semipermeable membrane packaged
container when the outer system is in various conditions. The initial concentration of TC is 100 mg L™
a, water; b, H,O+US; ¢, H,0,+US; d, US+Fe;0,+H,0,; e, Fe? +H,0,+US (Fe;04: 1.0 g L', H,0,: 150
mM, P: 80 W, pH: 3.7, T: 22 °C).

To investigate the main active species during the ultrasound assisted
heterogeneous Fenton reaction, two scavengers were employed to identify the specific
reactive species in this sono catalytic process: KI for surface hydroxyl radical ‘OHg on
the catalyst [41] and isopropanol for ‘OH in the bulk (denoted "OHgee) [42,43]. The
surface hydroxyl radical generated on the catalyst surface ((OH,gs) can then be
scavenged by I” with high reaction rate of 1.2x10'° M's™ [41]. Isopropanol acts as a
scavenger of "OHjy.., With a reaction constant with ‘OHge of 1.9% 10° M 's™! [43].

When isopropanol was used as the ‘'OH scavenger, it is easily oxidized by ‘OH
and so it is usually used as a diagnostic tool for ‘OHge. due to its low affinity to
semiconductor surfaces in aqueous media [42]. Notably, as shown in Figure 10, the
addition of isopropanol had little influence on the sono-degradation of TC, indicating
that there is little "OHg... However, in the presence of K1, the sono-degradation of TC
decreased to 25.2% after 60 min of ultrasonic irradiation. Therefore, we conclude that
the ‘OH; on the Fe;O, surface is the major reactive species responsible for the
sono-catalytic degradation of TC. As expected, greater adsorption of TC on Fe;O4 led

to an increase in the sono-catalytic degradation efficiency of TC (Figure S5, SI files).
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The results also fully confirm the reason of the direct contact between the catalyst and

oxidants is a prerequisite for further oxidation we mentioned above.
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Figure 10. Effects of scavengers on the degradation of tetracycline (Cy = 100 mg L, Fe;04: 1.0 g L,
H,0,:150 mM, P: 80 W, pH,: 3.7, T: 22 °C).

4.3.8 Stability of the Fe catalyst

For the Fe;04/H,0; system, the stability of the catalyst is a critical factor for its
successful application to wastewater treatment. The reusability of the solid was
evaluated 3 times under identical oxidation conditions. At the end of each oxidation
process, the solid was removed from the reactor and dried in a quartz tube at 60 °C
overnight under N, at a flow rate of 60 min™ to prevent further oxidation in air. As
shown in Table 2, the removal efficiency decreased slightly after the 3 cycles. Due to
the potential for oxidation of the catalyst surface during the reaction, XPS was
employed to quantify the changes in the Fe*"/Fe’" ratio (Table 3). Part of the Fe*" was
oxidized to Fe’" after the reaction, and the ratio of Fe**/Fe’* changed from 25.09% to
14.31%. Meanwhile, the H,O, decomposition also decreased after the 3 runs. As
shown in Table 2, the conversion of H,O, was measured after each run, and 67.8%,
62.9%, and 59.8% of the H,O, was decomposed after the first, second, and third runs,
respectively. These results demonstrate that the catalyst was slightly deactivated after
3 consecutive runs. However, these values were still much higher than those obtained
in the simple catalytic process. In addition, the surface concentration of oxygen and
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the Fe*"/Fe’" ratio decreased after the third run, leading to a corresponding decrease in
the activity of the catalyst.

Table 3 The content changes of Fe*" and Fe’* content on the catalysts surface

Surface atom
) . ) 2 34 Percentage of
Reaction concentration from Banding Fe”'/Fe™ / L ”
Sample ) ) oxidation Fe™" after
time /min  XPS/% Energe/ eV % .
reaction /%
Fe o
0 85.55 14.45 710.43 25.09
Fe;04-Com 33.47
90 86.36 13.64 710.4 14.31

Furthermore, the formation of soluble Fe*" was also observed during the reaction
(Table 2). However, because the iron leaching was on the order of ppm, the
contribution of dissolved iron can be neglected based on the activities measured in
this work at room temperature under slightly acidic conditions. Therefore, the
conversion was attributed unambiguously to reaction over the heterogeneous active

sites on the surface of the nanoparticles.

4.3.9 Surface properties of magnetite nanoparticles effect on their catalytic
performance

As mentioned above, the catalytic activity of the commercial Fe;Oy is limited by
its low surface area, large crystal size and the high agglomeration. Therefore, to
improve the catalyst surface properties is necessary. Different morphologies exhibited
different surface areas, adsorption abilities, and crystal sizes, which are considered to
be the decisive parameters for catalytic performance [46-47]. Here, a novel nano
crystal sized Fe;O4 with the shape of nanorod synthesized by ourselves was
introduced. The characterizations (XRD, BET, and TEM) about this material are given
in the SI files (Figure S6). As evident from the results we obtained, the surface areas
of the catalysts were 24.7 m” g for Fe;04-R and 0.7 m* g for the commercial one.
The TC conversion and TOC abatement after the reaction are shown in Figure 11.
After 60 min, Fe;04-R exhibited superior catalytic activity in the Fe;O04/H,O, process
compared with the commercial one, and the TC conversion was 100%, TOC
abatement was 74.8%. This process was a surface reaction as we elucidated in the
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above section, increasing the surface area provided more active sites for catalytic
oxidation. In addition, high surface area can also lead to the high adsorption ability of
the catalyst, and more opportunity of the connection between the solid and liquid was
achieved. More importantly, crystal size reduction also resulted in increased iron
oxide surface sites in addition to the possible modification of iron density in the
exposed crystal faces, edges, and corners [47] Therefore, much higher activity was

achieved by nano-rods Fe;O4, and more details on this material will be carried out in

our future study.
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Figure 11. TC removal efficiency and TOC abatement obtained with nanorod and commercial Fe;O,4
(TC: 100 mg L'l, catalysts: 1.0 g L'l, H,0,: 150mM, P: 80 W, pH,: 3.7, T: 22 °C).

4.4. Conclusions

Magnetite catalysts in combination with H,O, and ultrasound can efficiently
convert TC. The catalyst exhibited good structural stability and a limited loss in
performance upon reuse. The removal rate is affected by the initial TC, H,O,, and
Fe;O4 concentrations; the temperature; and the ultrasonic power. The reaction is also
affected by the initial pH; the reaction rate decreases with an increase in the initial pH.
The toxicity, which was assessed using D. magna, decreased after it reached a
maximum during the first period of the oxidation reaction. Experiments using
different scavengers indicated that ‘'OH,qs plays a major role in the degradation

process. More importantly, a semipermeable membrane system was introduced, and
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the results demonstrated that the TC oxidation mechanism proceeds through a TC
intermediate adsorbed on the Fe;O,4 surface. These findings suggest that the
US/Fe304/H,0; system could be a promising method for enhancing the degradation of

TC or other toxic and non-biodegradable molecules.
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1.Catalyst characterizations and activity tests

XRD characterization. The catalysts structures were measured by XRD using a
D5005 diffractometer from Bruker equipped with a CuKa radiation (A = 1.5406 A)
source. The diffractogram are recorded in the range of 20-80° 26 with each step of
0.05° every 5s. Phase identification was made by comparison with JCPDS database
and the crystallite sizes were calculated using Scherrer equation after Warren’s
correction for instrumental broadening.

N, physical adsorption. A TRISTAR 3000 instrument was used to measure the
specific surface area (SSA) of the samples using Brunauer-Emmett-Teller (BET)
method, with outgas pretreatment at 250 °C under vacuum.

XPS analysis. X-ray photoelectron spectroscopy (XPS) was conducted on a
Thermo-Fisher ESCALAB 250 system with AlKa radiation under ultrahigh vacuum
(UHV). X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo-Fisher
ESCALAB 250 system with AlKa radiation under ultrahigh vacuum (UHV). The
attenuation length depends on the electron kinetic energy and emission angle (S1-S3).
The peak positions of Fe 2p3/2 and Fe 2p1/2 are, respectively, 710.5 (S.D. = 0.05) and
724.1 eV (S.D. = 0.07). The symmectric peak shape without low-intensity side binds
proves the cleanliness of the surface. The ratio of Fe*"/Fe’” is also presented in Table
2.

SEM. Scanning electron microscopy (SEM, FEI Quanta 200, Holland) was used to
characterize the surface morphology of Fe;O4 (the applied acceleration voltage was
20 kV). All samples were coated with a conductive layer of sputtered gold before
collecting the SEM images.

TEM. Transmission electron microscopy (TEM) investigations were performed on a
JEOL 2100 instrument (operated at 200 kV a LaB¢ source and equipped with a Gatan
Ultra scan camera).

Iron leaching test. The Fe’" content in the bulk of Fe;04 was determined by chemical
analysis after the samples were dissolved in acid at 60 °C for 48 h under a nitrogen
atmosphere. 6 M HCI was added to ensure dissolution of the iron oxide. The dissolved
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ferrous iron concentration was measured via the 1,10-phenanthroline method using a
UV spectrophotometer with A fixed at 510 nm (S4). Furthermore, surface Fe* content
on the catalysts were also analyzed by XPS [See details in SI, XPS part]. The total
aqueous iron content after dissolution was determined using inductively coupled
plasma optical emission spectroscopy (ICP-OES).

Particle size distribution. The particle size distribution of Fe;O4 before and after
ultrasound irradiation was evaluated by a dynamic light scattering method using a
laser scattering particle size analyzer (MASTER-SIZER 3500, Microtrac, US).
Catalytic tests. Catalytic tests were performed under ultrasound irradiation (KQ-100
KDB ultrasonic generator, 100 W, 20 kHz, Kunshan Ultrasonic Instrument Co., Ltd.)
in a 250 mL plastic reactor continuously stirred with a mechanical stirrer at 350 rpm
min” (RW 20, IKA, Germany). The setup is shown in the SI files (Figure S1).
Tetracycline hydrochloride (TC) was used as the reactant, and hydrogen peroxide was
used as the oxidant. We initially verified that no external or internal diffusional
limitations existed and that the reaction was performed in a kinetic regime. In
consideration of the original pH of the reactant, the pH was not adjusted before the
oxidation began (pH 3.7). In a typical experiment, 200 mL of a TC solution was
prepared with an initial concentration of 100 mg L. The catalyst was subsequently
added to the solution, which was then stirred in the dark for 60 min to ensure
adsorption-desorption equilibrium prior to the initiation of oxidation. Appropriate
amounts of hydrogen peroxide were then added to start the reaction.

The reaction solution (1.5 mL) was sampled at fixed time intervals and mixed with
the same volume of 0.1 M NaOH to quench the reaction. The reaction solution was
then filtered through a 0.22 pm membrane (Millipore Corp.) before the residual TC
concentration and total organic carbon (TOC) content were measured.

The changes of the acute toxicity test. D. magna was cultivated in the laboratory for
more than 3 generations. The acute toxicity experiments were performed in a 50 mL
test beaker with D. magna organisms that were less than 24 h old. The D. magna

organisms were divided into 5 groups of 25. Four groups were used as test groups,

98



CHAPTER 4 HIGHLY EFFICIENT AOP PROCESS USING AN ULTRASOUND-ASSISTED,
HETEROGENEOUS FENTON-LIKE REACTION

and the remaining group was used as the control group. All groups were placed in the
incubator along with the samples to be evaluated. The incubator was set to room
temperature (20 °C) with a 16 h light: 8 h dark cycle. Food was administered during

the test. The mobile surviving D. magna organisms were counted after 48 h.

2. Experimental setup

Mechanical Stirrer
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Water circulation system

Figure S1. The experimental setup used in our study.

3. Degradation of TC in different systems
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Figure S2. Degradation of TC in systems of US/Fe;0, and US/Fe;0,. (Fe;04: 1.0 g L', H,0,: 150 mM,
P: 80 W, pHy: 3.7).
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4. Particle size distribution analysis
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Figure S3. Fe;0, catalyst particle size distribution dispersed in water and representative samples.

S. Influence of catalyst dosage and hydrogen peroxide concentration on the TC

removal
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Figure S4. The effect of hydrogen peroxide concentration on the degradation of tetracycline (TC: 100
mg L', Fe;04: 1.0 g L', P: 80 W, pHy: 3.7).
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Figure S5. The effect of the dosage of Fe;0, on the degradation of tetracycline (TC: 100 mg L™, H,0,:
150 mM, P: 80 W, pHy: 3.7).

6. Characterizations of Fe;O4 nanrods
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Figure S6. XRD patterns of Fe;O, nanrods. Reference X-ray lines attributed to Fe;O, (JCPDS card

19-0629)

Figure S7 TEM images of Fe;O, nanorods
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Except for the Fenton and heterogeneous Fenton processes, another kind of
oxidant, peroxydisulfate, has the similar structure of O-O bond with H,O,. It is more
stable and higher aqueous solubility than H,O,, and it can be decomposed to sulfate
radicals (SO4 ). Hence, in this study, peroxydisulfate was chosen as an oxidant, and
tetracycline was selected as the target antibiotic compound in the process of
US/Na,S,0s/Fe;04. The present work here not only aimed at providing insight into
the effects of operating parameters, such as Na;S,Og concentration, initial pH,
ultrasonic power, Fe;O4 power addition and initial tetracycline concentration on
degradation of tetracycline, but also the activation mechanism of tetracycline in the
system of US/Na,S,0g/Fe;O4 were explored. In addition, the surface modification of
Fe;04 before and after ultrasound irradiation was performed by using laser particle

size analyzer.

5.1 Introduction

Except for the Fenton and heterogeneous Fenton processes, another kind of
oxidant, peroxydisulfate, has the similar structure of O-O bond with H,O,. It is more
stable and higher aqueous solubility than H,O,, and it can be decomposed to SO4
radicals. Hence, in this study, peroxydisulfate was chosen as an oxidant, and
tetracycline was selected as the target antibiotic compound in the process of
Na,S,04/Fe;04/US. The present work here not only aimed at providing insight into
the effects of operating parameters, such as Na,S,0Og concentration, initial pH,
ultrasonic power, Fe;O4 power addition and initial tetracycline concentration on
degradation of tetracycline, but also the activation mechanism of tetracycline in the
system of Na,S,0s/Fe;04/US were explored. In addition, the surface modification of
Fe;04 before and after ultrasound irradiation was performed by using laser particle

size analyzer.

5.2 Experimental section
All degradation runs were carried out by employing the experimental setup
sketched in Fig. 3-1. A stock solution of tetracycline was prepared fresh with

deionized water before each run and the initial concentration (Cy) was fixed at 100 mg
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L. Then Fe;04 was added into 200 mL of tetracycline solution with constant stirring
by using a mechanical stirrer (RW 20, IKA, Germany) for 15 min to achieve
adsorption-desorption equilibrium. Finally, Na,S,0g was added to start the reaction.
Sonication was performed with a KQ-100 KDB ultrasonic generator (100 W, 20 kHz,
Kunshan Ultrasonic Instrument Co., Ltd.). The reactor was immersed into the
ultrasonic batch. All experiments were conducted at ambient temperature (22+2°C). A
small volume of the solution (2 mL) was taken by syringe at different time intervals,
filtered through 0.22 pm membranes (Millipore Co.) and mixed with the same volume
of methanol to quench the reaction.

The concentration of tetracycline in aqueous solution was analyzed by HPLC. It is
consisted of a Shimadzu LC-20 AB pump, Shim-Pack VP-ODS-C18 column (4.6 mm
x 250 mm, 5 pm) with a flow rate of 1.0 mL min" and UV detector (Shimadzu
UV-1600 spectrophotometer). The detected wavelength for tetracycline is 359 nm [1].
The mobile phase was acetonitrile- 0.1 M oxalic acid solution (31:69, v/v). The
injection volume was 20 pL. The retention time of tetracycline was 3.6 min. The total
iron (Fe2+, Fe? +) leached from the Fe;O4 into the reaction solution was determined by
using the 1, 10-phenanthroline method [2]. Particle size distribution of solid catalysts
before and after ultrasound irradiation was investigated by using a Microtrac S-3500

laser particle size analyzer (Microtrac, U.S.).

5.3 Results and discussion
5.3.1 Degradation of tetracycline under different systems

Figure 1 shows tetracycline removal efficiency achieved by different systems.
The concentration of tetracycline was hardly sono-Catalytic ozonation decreased
when 20 kHz ultrasound was applied to the tetracycline solution (data not shown). It
is due to the reason that only a very small amount of ‘OH is formed in the presence of
ultrasound alone. Na,S,0s is stable and the chemical reaction rate is relatively slow at
ambient temperature, so the concentration of tetracycline is not significantly
decreased with the addition of Na,S,0g alone (Figure 1). In control experiments, we
also confirmed that little removal occur when adding into the solution with the

catalyst only (Figure 1). The result indicates that the effect of adsorption on
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tetracycline removal is not obvious under the condition investigated. Even though the
catalyst was combined with ultrasound, no significant enhancement was observed. It
is due to the reason that only a small amount of active radicals can be produced during

the catalytic ultrasound reactions in the absence of oxidant [3].

1.0 F

——Fe O,

0.4 | —O—FeO,/US
—A—Na$.0,
0.2+ ——Na $,0,/US
—~—Fe,0,/Na8 O,
0.0 F —{>—Fe 0,/Na,$,0,/US

C/C

0 15 30 45 60 75 90
t (min)

Figure 1. The effect of different systems on the degradation (Fe;04: Co=100 mg L™, [Fe;04] =1 g L,
pH=3.7; Fe;0,/US: Cy=100 mg L', [Fe;0,] =1 g L, P= 80 W, pH¢=3.7; Na,S,0g: Cy=100 mg L™,
[Na,S,05] =200 mM, pHy=3.7; Na,S,04/US: C;=100 mg L™, [Na,S,05] =200 mM, P= 80 W, pH,=3.7;
Fe;04/N2,S,05: Co=100 mg L™, [Fe;0,] =1 g L, [Na,S,05] =200 mM, pHy=3.7; Fe;0,/Na,S,05/US:
Co=100 mg L™, [Fe;04] =1 g L!, [Na,S,05] =200 mM, P= 80 W, pH,=3.7)

When Na,S,03 was combined with Fe;O4 or ultrasound at ambient temperature,
the degradation efficiency increased to some large extent (Figure 8-1). The results
clearly indicate that Na;S,0g can be activated by Fe;O4 or ultrasound irradiation.
When Na,S,0s is activated by Fe;Oy4, the degradation efficiency can be achieved at
50.5%. It can be explained that SO, and "OHs could be formed on the surface of
Fe;04 for the degradation process of tetracycline. When Na,S,0g was activated by
ultrasound, the removal efficiency is 51.5%. The result can be explained by the
following reasons. Firstly, the cavitation is intensified under low temperature, which
could accelerate the decomposition of Na,S,0g [4]. Moreover, ultrasound irradiation
could induce the production of ‘OH, which could also participate in the following
oxidation reaction.
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The degradation efficiency is 89% in the process of Na,S,0s/Fe;04/US, which is
much higher than the silent condition at ambient temperature. This is due to the fact
that Na,S,0g can be activated by Fe;O4 to generate SO, at ambient temperature. The
reaction can be described according to the following equation (Eq. 1).

=Fe(I) + S,05> — =Fe(III) + SO4 " + SO4> (1)

Furthermore, ultrasound can enhance the decomposition of Na,S,0g to generate
SO, " [4]. Since the tetracycline degradation is relatively low under the ultrasound
irradiation and the oxidation process of Na,S,0g/Fe;0y4, the very fast degradation of
tetracycline is a clear synergetic effect between the sonochemical and catalytic

degradation of tetracycline.

5.3.2 The effect of initial pH on the degradation of tetracycline

To investigate the pH effect on the degradation of tetracycline, the initial pH
values was varied as 3.7, 7.0 and 9.0. As can be seen in Figure 2, the results pointed
out that the degradation rate of tetracycline increased with the decrease of pH.
However, the removal efficiency was nearly the same after 1.5 h. It is reported that

SO, can be scavenged by "OH at high pH (Eq. 2) [5,6].
SO, + ‘OH — HSO, + %Oz )

The same condition might be expected during the sonochemical oxidation of
tetracycline leading to a decrease in the degradation rate of tetracycline under alkaline
pH. Also, SO4 " are converted to ‘OH under alkaline condition as shown in Eq. 3 [7].

S04+ H,0 — SO~ + OH+H" 3)

However, no significant effect or influence of pH on the degradation efficiency
was observed. The finial removal efficiency was 89%, 85.6% and 84.6% at pH, 3.7,
7.0 and 9.0, respectively as presented in Figure 2. In this study, the effect of initial pH
value was investigated without adding any buffer solution (such as NaHCO;/KHSOs,
Na,HPO,/KH;,PO,) to avoid potential complications to the reaction. They may act as
the scavengers of SO, and the reaction equations were showed in Egs. 4,5 [8].
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SO, + HCO; — S04~ + HCO; 4)
HCO; = H +COy ©)
In addition, buffer solution may also cause the additional environmental problems
(such as phosphorus pollution). Therefore, we not adjust the pH during the process of

the reaction.

1.0+ —_{ pH0 3.7; final pH=2.66
—O—pH, 7.0; final pH=2.63
0.8 —A— pH, 9.0; final pH=2.68
0.6
QO
O 04r
02
0.0F

0 15 30 45 60 75 90
t (min)

Figure 2. The effect of initial pH on the degradation (C¢=100 mg L™, [Fe;0,] =1 g L™, [Na,S,05] =200
mM, P=80 W)

It is very clear that the initial pH does not affect the degradation efficiency of
tetracycline in the Na,;S;0g/Fe;04/US system from pHp 3.7 to 9.0. Our results are in
accordance with the result of Zhao et al. [9] and Gayathri et al. [10]. Carboxyl acids
such as acetic acid and sulfate acid are produced during the reaction. Therefore, it is
expected that pH values would drop during the reaction in the absence of buffer
solution. The final pH value was decreased to 2.66 after 1.5 h reaction when initial pH
was 3.7, and this value dropped to 2.63, 2.68 at pHy 7.0 and 9.0, respectively.
Therefore, this may be the reason for the same degradation efficiency at the end of the

reaction with different initial pH value.
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5.3.3 The effect of sodium peroxydisulfate concentration on the degradation of
tetracycline

Different concentrations of Na,S,0g in the range from 20 mM to 400 mM were
investigated in this study with constant Fe;O4 dosage of 1.0 g L™ and the results are
displayed in Figure 3. It can be seen that the degradation efficiency increased with the
increase of Na,S,0Og concentration from 20 mM to 200 mM. It can be activated to
generate SO4  on the surface of Fe;O,. It is similar to the mechanism of H,O,
activated by Fe;Oy4 as the pervious study described [11]. Therefore, more SO4 ~ can be
generated when increasing the concentration of Na,S,0s. Notably, when the dosage
exceeds 200 mM, the removal efficiency decreased. Excess addition of Na,S,0s leads
to produce sulfate anions without producing active SO, . It is also reported that
radical-radical reactions may be prior to the radical-organic reactions and SO4 ~ can
also be scavenged by S,0¢” (Egs. 6,7) [6, 12]. Moreover, the interaction between
excess SO4 ~ on the surface of Fe;0,4 and =Fe(Il) may directly quench SO4 " through
Eq. 8 [13]. In addition, SO,> also inhibits the generation of "OH. Therefore, the

overall efficiency is reduced when Na,;S,0g concentration is 400 mM.

S04+ 804~ — 8,05” k=4.0x10° M"'S™ (6)
SO, +8,08" — SO, +8,05"  k=6.1x10°M"'S" (7
SO4  + Fe?' — Fe’" + SO42_ k=4.6x10°M'S™! (8)

0 15 30 45 60 75 90
t (min)

Figure 3. The effect of sodium peroxydisulfate concentration on the degradation, (C,=100 mg L,

[Fe;04]=1.0 g L', P=80 W, pH,=3.7)
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5.3.4 The effect of magnetite addition on the degradation of tetracycline

The degradation of tetracycline at different addition of Fe;O4 was investigated in
this study. As depicted in the Figure 4, the degradation efficiency increased with
various dosages of Fe;Oy in the range from 0 g L™ to 2.0 g L'\ The degradation
efficiency was only 50.5% after 1.5 h in Na,S,0s/US system. As expected, the
addition of iron oxides powder significantly improved the removal efficiently of the
tetracycline. Fe;O4 is multivalent oxides, which act as a good provider of =Fe (II) for

the activation of Na,S,0s.

—_
(=]
T

=
(e o]
T

—0— 0 gL'
—O0— 05gL"
—A— 10gL"
0.0+ ——20gL"

0 15 30 45 60 75 90
t (min)

Figure 4. The effect of the catalyst addition on the degradation (Cy=100 mg L [Na,S,05] =200 mM,
P=80 W, pH¢=3.7)

As an initiator, Fe;0, activate Na,S,0g to generate SO4 ', and then accelerate the
decomposition of tetracycline. Therefore, the higher loading of Fe;O4, the higher
degradation rate of tetracycline can be achieved. In addition, it would lead to the
faster decomposition of Na,S,0g to obtain SO4 . Once it was activated, SO, " and
"OH might initiate a series number of chain reactions during the ultrasound irradiation.
At 0.5 g L' of Fe304, the degradation efficiency was low. It may be due to the fact
that insufficient amount of SO4 ~ were produced with low concentration of Fe;Os.
Despite different initial degradation rates of tetracycline at different Fe;O4 powder
addition, the final removal efficiency was similar as a result of the same concentration

of Na,S,0s. It is the fact that the amount of SO, generated is only dependent on the
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concentration of Na,S,0g. When the concentration of Na,S,0g was fixed at 200 mM,
it is sufficient enough to generate SO, . Therefore, 1.0 g L™ is chosen as an optimum

addition for the catalyst.

5.3.5 The effect of power on the degradation of tetracycline

In order to study the effect of ultrasound power on the degradation of tetracycline,
experiments with different level of ultrasound power were performed in this study.
The heterogeneous reaction could be enhanced with the increase of ultrasound power,
and the degradation efficiency could increase to some extent, as observed in Figure 5.
The increase of ultrasound power increases the amount of ‘OH generated in the
system. Microstreaming could be formed during the ultrasound irradiation. The
appearance resulted in the promoted mixing the metal-liquid interfaces and the
continuous cleaning the surface of Fe;O, for further surface reactions. In addition, due
to the turbulence generated by cavitational bubble collapse as well as microstreaming,
it will increase the mixing intensity with the increase of the ultrasound power [14].
Further, when the intensity of ultrasound increased to a certain high level, both the
more decomposition of NaS,0Og and production of ‘OH could lead to the
enhancement decay of tetracycline [15]. Therefore, the rate of tetracycline oxidation
increases with increasing ultrasound power.

Besides, it also should be noted that there is an optimum intensity of ultrasound
power, in the case of 80 W, by further increasing it, the benefit is not observed. This is
due to the fact that the oxidation rate will be limited by both amount and size of the
cavitation events in radical production [16]. Cavitation bubble grows to extend and
then collapse during the compression cycle of the cavitation process. Moreover, large
bubble field will terminated the transmission of sound through the liquid. In that case,

the cavitation effect may be weakened at a higher intensity of ultrasound.
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t (min)

Figure 5. The effect of ultrasound power on the degradation (Cy=100 mg L'l, [Fe;04] =1 g L'l,
[N328208] :200mM, pH0:37)

5.3.6 The effect of initial pollutant concentration on the degradation of tetracycline

Figure 6 depicts degradation of tetracycline at different initial concentration. It

can be seen that the degradation rate decreased with the increase of the initial

tetracycline concentration. In the constant conditions of oxidation system such as

Na,S,05 concentration, amount of Fe;Oy, etc., SO4 " and "OH formed in this process

is also a constant [14].

—0— 50 mgL’
—0O— 100mgL"

" —— 200mg L’

0 15 30 45 60 75 90

t (min)

Figure 6. The effect of initial pollutant concentration on the degradation of tetracycline ([Fe;04] =1 g
L, [Na,S,05] =200 mM, P=80 W, pH,=3.7)
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The increase of initial concentration of tetracycline would decrease the
probability of reaction between the model pollutant molecules and reactive species. In
addition, the intermediates which were produced during the reaction may cause the
side reactions and SO4 and ‘OH were consumed. This may lead to the competition
between the model pollutant and their products in reacting with SO, and "OH.
Therefore, the degradation rate was declined at high initial concentration of
tetracycline in the process of Na,S,0s/Fe;04/US.

However, it also can be seen that the total amount of tetracycline increases with
the increase of initial concentration of tetracycline. Within 1.5 h of sono-reaction, 45.9
mg L, 88.9 mg L™ and 121.9 mg L™ were oxidized when the initial concentrations
were 50 mg L™,100 mg L and 200 mg L™, respectively. The amount of reactive
species is determined by the addition of ultrasound power, catalyst dosage and

NayS,03 concentration in the dispersion.

5.3.7 Oxidative mechanism in the Na,;S,0g/Fe;04/US system

S04, 'OH, O," and H,0, were generally considered as the oxidants in organic
compounds degradation on the surface of the catalyst [17]. In order to evaluate the
effect of the oxidizing species, three kinds of scavengers were employed to confirm
the specific reactive species in the Na,S,0g/Fe;04/US process: ~-BuOH, EtOH and
BQ. Their quenching effect has been a signal for verifying the roles of ‘OH, O, and
SO, (Figure 7).

tert-Butanol is generally used as ‘OH scavenger and the reaction constant is
3.8-7.6x10° M'S™ [18]. Excess fert-Butanol (1.05 M) was added to the solution to
check the contribution percentage of ‘OHs in this work. It is investigated that ‘OHs
could be formed by the reaction of SO4  with water at all pH values [9].

EtOH contains a-hydrogen, which acts as a scavenger of SO4 " and also can react
with "OH. According to the literature report, the reaction constant of EtOH with SO,
and "OH are 1.6-7.7x10" M"'S™ and 1.2-2.8x10° M™'S™, respectively [18]. The results
showed that the oxidation process was almost suppressed in the addition of 1.05 M
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EtOH. It is proved that SO, " and "OH are the dominant radicals for the degradation of
tetracycline in our study. In addition to ‘OH and SO4 *, O, is also an efficient reactive
radical, which may also play an important role in the degradation of tetracycline. To
investigate the role of O,” in the process of Na,S,0s/Fe;04/US, 1,4-Benzoquinone
(BQ) is used as Oy quencher in this study. The decrease of the rate of degradation,
with BQ in the Na,S,0g/Fe;04/US system can be attributed to the quenching of O,
produced in the oxidizing process through rapid electron transfer to BQ that produces
ground-state O, and BQ radical anion as given in the Eq. 9 [19]. The addition of 20
mM BQ does not seem to affect the degradation in the initial stages as seen in Figure

7.

=3
oo
T

o
(o)}
T

—(—EtOH 1.05 M

| —O—+-BuOH 1.05 M
—A—BQ021 M

0.0 F —<7— without quencher

0 15 30 45 60 75 90
t (min)

Figure 7. Effects of scavengers on the degradation of tetracycline (C;=100 mg L™, [Fe;0,] =1 g L,
[Na,S,04] =200 mM, P=80 W, pH¢=3.7)

However, the suppression becomes larger after 30 min. The results indicated the
delayed formation of O,” during the sonochemistry reaction. O," can be formed

through the Fenton-like reaction, and then a series of chain reactions can be achieved.

O O
O O 9)

Figure 8 shows the possible degradation mechanism of tetracycline over iron

oxides surface. Na,S,0g molecules are adsorbed on the surface of Fe;O,4 and then
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activated by the bound =Fe(II) and =Fe(IIl) to generate SO, . Also, as discussed
above, ultrasound irradiation could accelerate the decomposition of Na,S,0g[4]. Then
H,0, is formed by the hydrolysis of S;0s> (Eq. 10). Furthermore, the “OH can be
formed as shown in Eqs. 11. The rate constant for Eq. 8-12 is 6.12x10” min™ in the
condition of 0.05 M H', and the rate constant is about 4.82x10* min™! and 5.2x107
min” under the acid and alkaline conditions (Egs. 13,14), respectively [20].
Furthermore, =Fe (III) is an electron acceptor, which can be reacted with HSOs [19]
as shown in Eq. 15. So the =Fe (II) is recycled. Then, a consecutive Fenton reaction

can be conducted in Na;S,0g/Fe;04/US system.

2H,0 + S,04” — 2HSO4 + H,0, (10)
SO, + H,0 — SO, +'OH + H' (11)
Acidic pH:

S,05” + H" — HS,0¢ (12)

HS,05" —SO, " + SO,* + H'(8-13)

Alkaline pH:

SO4 "+ OH — SO,~ + 'OH (14)
All pHs:

Fe*' +HSOs — Fe?" +S0s "+ H' (15)

Also, =Fe(IIl) reacts with H,O, to generate O,”, then it is followed by =Fe(II)
regeneration with formation of the ‘OH. Furthermore, the dissolved oxygen may also

play an important role in the generation of O, [21].
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Figure 8. Mode of degradation of tetracycline for the activation of Na,S,0g on the surface of Fe;0,.
- TC is presented tetracycline;

- ))) represents ultrasound irradiation

Due to the high oxidizing ability of the reactive oxygen species, the formed SO4 ',
"OH and O, radicals initiate the subsequent degradation of tetracycline. Subsequently,
a series of radical chain reactions will be initiated, where organic compounds are

usually removed.

5.3.8 Structural and catalytic stabilities

The sequential experiments were performed to test the stability of the catalyst.
The reusability of the solids had been evaluated in the optimum oxidation process as
for the first oxidation cycle. The solid is easily removed from the reactor at the end of
each repetitive oxidation process, then washed by distilled water, dried in the vacuum
oven and stored at ambient temperature. As can be seen in Figure 9, in the primary
experiment, tetracycline was decomposed 89% after 1.5 h. The decrease trend in final
degradation efficiency was 73.5% after three repetitive experiments. It is generally
believed that the decrease of the degradation efficiency is attributed to the leaching of
metal ions from the catalyst or the changing of the surface characteristic of the
catalyst [10]. Low dissolved iron concentration (<0.2 mM) was detected in the
solution. In addition, as we known, Fe(Ill)-bearing iron oxides will be formed on the

surface of the catalyst, which may be more soluble, less active and stable. Therefore,
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we deduced that the major reason for the decline of removal efficiency is the
conversion of the =Fe(Il) to =Fe(IIl) on the surface of Fe;O4, which leads to less
activity and stable of the catalyst.

The ultrasound irradiation may affect the particle size of heterogeneous catalysts
[3]. To further verify the ultrasonic effects, the particle size distribution of fresh Fe;O4
catalyst and the used catalysts after ultrasound run were also evaluated. As shown in
Figure 8-10, the particle size distribution of used catalysts is similar to the fresh
catalysts. The result indicates that Fe;O4 is stable in the presence of ultrasound, and

the cavitation physical effect on the catalyst is not obvious.

1O+ First run

08} econd run Third run

e
=
T

0 90 180 270
t (min)

Figure 9. Repetitive degradation of tetracycline using Fe;O,4 as catalyst (Cy=100 mg L'l, [Na,S,05] =
200 mM, [Fe;04] =1 g L', P=80 W, pH,=3.7)
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Figure 10. Fe;0, catalyst particle size distribution dispersed in water before reaction and after
Na,S,04/Fe;0,/US treatment.

5.4 Conclusion

This study shows that employing Fe;O4 in combination with Na,S,0g and
ultrasound process can degrade tetracycline effectively. The degradation reaction
mainly takes place on the surface of Fe;O4 and the leaching ion during the reaction
could be neglected. The decrease of initial tetracycline concentration and the increase
of Fe;O4 addition favor the enhancement of the degradation rate. The decomposition
of tetracycline increased with the concentration of Na,S,0g and then decreased. The
ultrasound can be used to crucially accelerate the decomposition of Na,S,0g at room
temperature. The maximum power efficiency is reached at 80 W and a further
increase of power does not affect degradation rate of the reaction. Both the
degradation rate and removal efficiency reach the highest level at the optimal initial
pH of 3.7. The presence of SO, , 'OH and O," scavengers would hinder the
degradation reaction.

Our results suggest that Fe;O4/US activated Na,S,0g process may be an optional
method for enhancing the degradation of tetracycline in natural and engineering

systems.

References

[1] Zhang, H., Liu, F., Wu, X., Zhang, J., Zhang, D. (2009). Degradation of tetracycline in aqueous
medium by electrochemical method. Asia - Pacific Journal of Chemical Engineering, 4(5),
568-573.

[2] Harvey, A.E., Smart, J.A., Arms, E.S., (1955). Simultaneous spectrophotometric determination of
iron (II) and total iron with 1,10-phenanthrolin. Analytical Chemistry, 27, 26-29.

[3] Molina, R., Martinez, F., Melero, J.A., Bremner, D.H., Chakinala, A.G. (2006). Mineralization of
phenol by a heterogeneous ultrasound/Fe-SBA-15/H,0, process: multivariate study by factorial
design of experiments. Applied Catalysis B: Environmental, 66, 198-207.

[4] Price, G. J., Clifton, A. A. (1996). Sonochemical acceleration of persulfate decomposition.
Polymer, 37(17), 3971-3973.

[5] Lau, T.K., Chu, W., Graham, N.J.D. (2007). The aqueous degradation of buthylated hydroxyanisole
by UV/S,04”: study of reaction mechanisms via dimerization and mineralization. Environmental

Science Technology, 41 (2), 613-619.
119



CHAPTER 5 ULTRASOUND ENHANCED HETEROGENEOUS ACTIVATION OF
PEROXYDISULFATE BY MAGNETITE CATALYST

[6] Liang, C., Wang, Z. S., Bruell, C. J. (2007). Influence of pH on persulfate oxidation of TCE at
ambient temperatures. Chemosphere, 66(1), 106-113.

[7] Wu, C. H. (2008). Effects of operational parameters on the decolorization of CI Reactive Red 198
in UV/TiO,-based systems. Dyes and Pigments, 77(1), 31-38.

[8] Huie, R. E., Clifton, C. L. (1990). Temperature dependence of the rate constants for reactions of the
sulfate radical, SO,”, with anions. Journal of physical chemistry, 94(23), 8561-8567.

[9] Zhao, J., Zhang, Y., Quan, X., Chen, S. (2010). Enhanced oxidation of 4-chlorophenol using sulfate
radicals generated from zero-valent iron and peroxydisulfate at ambient temperature. Separation
and Purification Technology, 71(3), 302-307.

[10] Gayathri, P., Praveena Juliya Dorathi, R., Palanivelu, K. (2010). Sonochemical degradation of
textile dyes in aqueous solution using sulphate radicals activated by immobilized cobalt
ions. Ultrasonics sonochemistry, 17(3), 566-571.

[11] Xue, X., Hanna, K., Abdelmoula, M., Deng, N. (2009). Adsorption and oxidation of PCP on the
surface of magnetite: kinetic experiments and spectroscopic investigations. Applied Catalysis B:
Environmental, 89(3), 432-440.

[12] Peyton, G. R. (1993). The free-radical chemistry of persulfate-based total organic carbon
analyzers. Marine Chemistry, 41(1), 91-103.

[13] Yan, J., Lei, M., Zhu, L., Anjum, M. N., Zou, J., Tang, H. (2011). Degradation of
sulfamonomethoxine with Fe;O4 magnetic nanoparticles as heterogeneous activator of
persulfate. Journal of hazardous materials, 186(2), 1398-1404.

[14] Zhang, H., Fu, H., Zhang, D. (2009). Degradation of CI Acid Orange 7 by ultrasound enhanced
heterogeneous Fenton-like process. Journal of hazardous materials, 172(2), 654-660.

[15] Neppolian, B., Doronila, A., Ashokkumar, M. (2010). Sonochemical oxidation of arsenic (III) to
arsenic (V) using potassium peroxydisulfate as an oxidizing agent. Water research, 44(12),
3687-3695.

[16] Price, G. J., Clifton, A. A., Keen, F. (1996). Ultrasonically enhanced persulfate oxidation of
polyethylene surfaces. Polymer, 37(26), 5825-5829.

[17] Huang, K. C., Couttenye, R. A., Hoag, G. E. (2002). Kinetics of heat-assisted persulfate oxidation
of methyl tert-butyl ether (MTBE).Chemosphere, 49(4), 413-420.

[18] Anipsitakis, G. P., Stathatos, E., Dionysiou, D. D. (2005). Heterogeneous activation of oxone using
C0304. The Journal of Physical Chemistry B, 109(27), 13052-13055.

[19] Herath, A. C., Rajapakse, R. M. G., Wicramasinghe, A., Karunaratne, V. (2008). Photodegradation
of triphenylamino methane (magenta) by photosensitizer in oxygenated solutions. Environmental
science & technology, 43(1), 176-180.

[20] House, D. (1962). Kinetics and mechanism of oxidations by peroxydisulfate. Chemical
reviews, 62(3), 185-203.

[21] Huang, Y. F., Huang, Y. H. (2009). Behavioral evidence of the dominant radicals and intermediates
involved in Bisphenol A degradation using an efficient Co*"/PMS oxidation process. Journal of
hazardous materials, 167(1), 418-426.

120



CHAPTER 5 ULTRASOUND ENHANCED HETEROGENEOUS ACTIVATION OF
PEROXYDISULFATE BY MAGNETITE CATALYST

121



CHAPTER 6 ULTRASOUND-ENHANCED MAGNETITE CATALYTIC OZONATION OF
TETRACYCLINE IN WATER

Chapter 6 Ultrasound-enhanced magnetite catalytic ozonation of

tetracycline in water

Article:

Liwei Hou, Hui Zhang, Liguo Wang, Lu Chen, Chemical Engineering Journal (2013) in press.

122



CHAPTER 6 ULTRASOUND-ENHANCED MAGNETITE CATALYTIC OZONATION OF
TETRACYCLINE IN WATER

In this section, ozone acts another kind of oxidant, and it also can be activated by
magnetite. Commercial magnetic particles, Fe;O4, were selected as the catalyst to evaluate its
catalytic activity with ozone. Comparative experiments were performed to investigate the
degradation efficiencies and removal rates of TC, including experiments with ozonation alone,
ultrasound-enhanced  ozonation (US/Os), catalytic ozonation (Fe;04/0;), and
ultrasound-enhanced catalytic ozonation (US/Fe;04/O3). The effects of the operating
conditions on the removal of TC during the ultrasound-enhanced catalytic ozonation process
were investigated. The mineralization and the variation of biodegradability and toxicity were
also investigated in this study. The solubility and the reusability of the catalyst were critical
parameters that were also evaluated to investigate the stability of the catalyst.

6.1. Introduction

Over the past decades, contaminated water has been treated in biological treatment plants
using biological and physic-chemical methods. However, conventional treatment processes
are ineffective for antibiotic agents, both in their parent form and as metabolites, which are
widely detected in wastewater, surface and ground waters and have been observed to be
resistant to the conventional sewage treatment process [1,2]. Furthermore, considerable
volumes of toxic by-products may be produced during the treatment process. Advanced
oxidation processes (AOPs) such as Fenton and photo-Fenton-like oxidation, have been
extensively applied to address this problem [3,4]. Some of the AOPs are based on the use of
ozone to degrade toxic compounds in wastewater [2,5]. Ozone is a powerful oxidizing
molecule that can either react directly with organic pollutants or decompose to free radicals to
attack the organic compounds with a very high rate constant. However, when ozone is used
alone, it does not often lead to high level of mineralization and toxicity removal [6-7]. The
use of ozone also has limitations with respect to the high implementation cost and the poor
mass transfer rate. Consequently, ozone is usually combined with other technologies to
improve its utilization and application [8,9]. In recent years, heterogeneous -catalytic
ozonation has become a powerful treatment method for the degradation of refractory organic
pollutants, and high removal and mineralization can be achieved correspondingly [10-13].
The catalysts include MgO [10], alumina [11], alumina based catalysts [12], activated carbon
supported catalyst (MnO,/GAC) [14], a-FeOOH [15], cobalt oxides [16], B-MnO, [17],
perovskite [18], and brucite [19]. Although some catalysts have shown considerable catalytic
activity in the ozonation process, their production might be problematic and cost-intensive

from an industrial viewpoint. Moreover, the separation step is often unfavourable.
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Considering this information, the application of magnetite particles (Fe;O4) in the pollution
control has received great attention in the recent years [20—22]. Magnetic particles can be
separated from the solution using a simple magnetic process, which shows its superiority to
the other metal oxides (such as a-FeOOH, and a-Fe,;Os efc.) [15,23]. In addition, as one of
transition metal oxides, Fe;O4 with multiple accessible oxidation states is a good catalyst for
ozone decomposition [24,25]. Despite the promising results of catalytic ozonation using
magnetic as the catalyst, the deactivation of the catalyst due to the organic intermediates
accumulation on the surface of the catalyst is still a major obstacle for its application. In the
meanwhile, the release of metal ions decreased the stability and activity of the catalyst.
Therefore, the development of an effective approach to improve the catalytic efficiency and
durability remains an important issue that needs to be urgently addressed.

It has been found that ultrasound can enhance the activity of the catalyst in the ozonation
process without prejudice to the stability of the iron species [23,26]. During the ultrasonic
process, the cavitation effect can clean the surface of the catalyst, and the catalyst can thereby
avoid being poisoned during the ultrasonic irradiation process [23,27]. In addition, ultrasound
accelerates turbulence, which can reduce the liquid film thickness and subsequently increase
the mass transfer of reactants and by-products between the liquid and solid phases [27,29].
Furthermore, hydroxyl radicals will be generated in the vapour phase of cavitation bubbles
during the ultrasonic process [29,30].

In this study, magnetic particles, Fe;O4, were selected as the catalyst to evaluate its
catalytic activity with ozone. Tetracycline hydrochloride (TC), which is a typical class of
antibiotics that is widely used for the treatment of infectious diseases in humans and in
veterinary applications, was chosen as the target contaminant compound. An air-lift reactor
was used owing to its efficient mixing with low shear stress and energy consumption and it
provides the advantage of a high rate of gas—liquid mass transfer [23,28,30]. Comparative
experiments were performed to investigate the degradation efficiencies and removal rates of
TC, including experiments with ozonation alone, ultrasound-enhanced ozonation (US/O3),
catalytic ozonation (Fe;04/03), and ultrasound-enhanced catalytic ozonation (US/Fe;04/05).
The effects of the operating conditions on the removal of TC during the ultrasound-enhanced
catalytic ozonation process were investigated. The mineralization and the variation of
biodegradability and toxicity were also investigated in this study. The solubility and the
reusability of the catalyst were critical parameters that were also evaluated to investigate the

stability of the catalyst.
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6.2. Experimental section
6.2.1 Materials

Commercial tetracycline hydrochloride (C,,H»sN,O5Cl, Sigma—Aldrich, >99%) with a
molecular weight of 480.9 was used as received without further purification. The structure
and relative data on TC are presented in Table 1. Magnetite was purchased from Prolabo
(Paris, France). The structure of the catalyst and the spent samples were verified via X-ray
diffraction using a Bruker D5005 diffractometer equipped with a Cu Ka radiation source (4 =
1.5406 A). The diffraction intensity data were recorded between 20° and 80° 26 with a
recording step of 0.05° 26 each 3 s. Phase identification was performed by comparison of the
diffraction results with those from the JCPDS database (Supplementary information, Fig. S1).
The specific surface areas of the catalyst before and after the oxidation process were obtained
using the N, adsorption measurements. Furthermore, the primary physico-chemical properties
of the fresh and spent samples were summarized in Table 2. 7ert—butanol, isopropanol and
NaF were purchased from Shanghai Chemical Reagent Co., Ltd. (Shanghai, China). The other
chemicals used in this study were of reagent grade.

6.2.2 Procedure

A fresh solution of TC was prepared in a buffer solution with an initial concentration (Cj)
of 100 mg L™ before each run. The phosphate buffer solution was used in this study, i.e., 0.05
mol L' HsPO4 and appropriate quantities of NaOH for pH 9.0 [31], and 0.05 mol L
NaH,PO,4 and Na,HPOy, for other pH values (3.0, 5.0, 7.0).

Semi-batch experiments were carried out in a rectangular air-lift reactor made of plexy
glass with working volume of 200 mL [23]. Ozone was generated using a laboratory ozone
generator (XFZ-5BI, China). The concentrations of ozone in the gas and liquid phases were
measured using the iodometric method with a potassium iodide solution [32] and the indigo
method [33], respectively. The catalyst was subsequently added to the reactor and stirred by a

magnetic stirrer to maintain thorough mixing of the solution during the reaction.
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Table 1. Chemical structures and relevant data for tetracycline hydrochloride

Name Tetracycline hydrochloride

Formula C22H25N208C1

Structure
Formula Weight (g mol™) 480.9
A (nm) 359,270
pK, 3.3,7.68,9.7

Sonication was performed using a KS-250 ultrasonic generator (250 W, 20 kHz, Ningbo
Kesheng Instrument, China) equipped with a titanium probe transducer. The tip of the probe
was 1.0 cm in diameter, and it was inserted 1.5 cm into the liquid layer. The sonication was
administered in a pulse mode of 2.5 s on and 2.1 s off. The acoustic power was transferred to
the solution, and it was measured using the calorimetric method [34]. The reactor was
immersed into a water bath at 22 = 2 °C during the reaction. At different time intervals,
1.5-mL aliquots of the reaction solution were sampled and then filtered through 0.22—um
membrane filters (Millipore) before analysis.

6.2.3 Analysis methods

The concentration of TC at each interval was measured using a reversed-phase
high-performance liquid chromatography (HPLC) unit that consisted of a Shimadzu
LC-20AB pump, a Shim-Pack VP-ODS-CI18 column (4.6 mm % 250 mm, 5 um) and a UV
detector (Shimadzu UV-1600 spectrophotometer); the flow rate was 1.0 mL min'. The
detected wavelength for TC was 359 nm. The mobile phase was composed of 31% (v/v)
acetonitrile and a 69% oxalic acid solution (0.01 mol L™). The injection volume was 20 pL.
COD was determined via the colorimetric method at 440 nm using a Hach spectrophotometer
(Hach DR/2000, Loveland) based on the standard method [35]. The five-day biochemical
oxygen demand (BODs) was measured via the respirometric method using an Oxi-top BOD
analyser (WTW Oxitop IS6, Germany). The total iron (Fe*", Fe*") leached from the Fe;O, was
determined using the 1, 10-phenanthroline method [36]. The density of surface hydroxyl
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groups of the catalyst was measured with a saturated deprotonation method [15]. Briefly, 0.3 g
of oxide particles was added to a series of NaOH solutions (2-200 mM). After being shaken at
25 °C for more than 4 h, the solution was titrated with a standard HNOj; solution to determine
the rest concentration of NaOH in the solution. The surface acid hydroxyl groups and the
surface basic hydroxyl groups should be equal due to the charge balance in the solution. Thus,
the sum of acid and basic hydroxyl groups is confirmed to be the total density of surface
hydroxyl groups (Table 2).

Table 2. The surface characteristics of fresh and spent catalysts.

Sample Morphology D (nm) SSA (m’ g'l) Density of surface hydroxyl groups (mmol g™)
fresh uniform 78.6 0.7 1.22
spent uniform 72.6 2.6 1.36

D, the crystal domain size evaluated from the X-ray line broadening using the Scherrer equation; SSA, the

specific surface area evaluated using the BET model.

6.2.4 Acute toxicity test of tetracycline

The acute toxicity tests were conducted with Daphnia magna (D. magna) immobilisation
assays. These assays were evaluated using the conditions prescribed by the OECD guideline
202 method [37]. D. magna was cultivated in the laboratory for at least three offspring. The
acute toxicity experiments were performed in 50-mL-capacity test beakers using 25 D. magna
that were less than 24 h old, which were divided into five groups. Four groups were used as
test groups, whereas the remaining group was used as the control group. These groups were
placed in the incubator along with the testing samples. The incubator was set to room
temperature in a 16 h-light and 8 h—dark cycle. Food was not administered during the test.
The surviving and mobile D. magna were counted at different time intervals.

6.3 Results and discussion

6.3.1 Degradation efficiency of tetracycline in the investigated processes

The experiments were conducted using the ozonation, US/Os, catalytic ozonation and
US/Fe;04/05 processes with the pH adjusted to neutral with a buffer solution. The gas flow
rate was 30 L h™', and the gas ozone concentration was 17.9 mg L' (in this case, 35.8 mg
ozone was bubbled into 200 mL solution within 20 min reaction, i.e., 179 mg of ozone dose
per liter solution). The ultrasound power was 85.7 W L™ for the US/O; system and the
US/Fe;04/0; system, and a catalyst loading of 0.3 g Lt Fe;O4 was used for the Fe;04/05 and
the US/Fe;04/05 systems.
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In this study, the experiments conducted using the above processes followed apparent

pseudo-first-order kinetics according to the following equation (1):
dcC

T kC (1)

where C is the concentration of TC at time ¢, k is the pseudo—first—order degradation rate
constant.

As evident in Fig. 1, the enhanced value of k indicated that the use of ultrasonic
irradiation promoted the reaction between ozone and TC. Ozonation of TC is a gas—liquid
reaction, and mass transfer rate of ozone from gas phase to liquid phase is a crucial parameter
to the process [23]. With the combination of ultrasonic irradiation, greater mixing caused
turbulence, which reduced the gas—liquid film thickness [38]. When the film thickness was
decreased, the liquid-side mass transfer coefficient (k;) increased accordingly. Moreover, the
mechanical effects of ultrasound broke the ozone gas bubbles, which led to a larger specific
surface area (a). Therefore, the volumetric mass transfer coefficient k;a should increase in the
presence of ultrasonic irradiation. Furthermore, when US/O3 was used, the production of ‘OH
increased, which primarily resulted from the additional thermal decomposition of ozone [39]:

03(g) +))) = Ox(g) + OCP)(g) 2

Os(g) + H20(g) > 2°OH 3)

where the symbol *)))” represents ultrasonic irradiation

The generated "OH might diffuse into the bulk solution to oxidize the TC. Therefore, as
shown in Fig. 1, the rate constant was 0.354 min' when ozone was used alone, whereas it

increased to 0.461 min™ when ozonation was combined with ultrasonic irradiation (US/O3).
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Fig. 1 Comparative performance for the selected processes on TC removal (Co = 100 mg L™, [O;]g = 17.9 mg
L', Q=30Lh",P=857WL", [Fe;04]=0.3 gL", pH=7.0).
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In parallel, the rate constant in the catalytic ozonation system was also greater than the
rate constant of ozonation alone. It is generally accepted that the catalyst can initiate the
decomposition of ozone on its surface and subsequently enhance the formation of hydroxyl
radicals ((OH) on the catalyst surface [14,15,40-42]. Specifically, the surface hydroxyl groups
on the catalyst surface, as the active surface sites, are believed to be critical for the generation
of ‘'OH in the catalytic ozonation of TC in aqueous solution [43,44]. When the catalyst was
introduced into water, H,O was quickly adsorbed on the catalyst surface, forming surface
hydroxyl groups [45], and the surface hydroxyl groups on the catalyst (=Fe-OH) were the
active sites in the catalytic ozonation process, and then ‘OH was generated [15,44].

Since iron is in a mixed-valence state in magnetite, it is expected that ozone can be
decomposed on oxidized/reduced form of metal to produce "OH [42], whereas =Fe(I) that is
oxidized to =Fe(III) could be returned to its initial state by “OOH [25]. This speculation will
be further explored in our future work.

03 +=Fe(Il) + H" — =Fe(IIl) + ‘'OH,ys + O, 4)

where "OH,gs represents the hydroxyl radicals on the catalyst surface.

The oxidizing potential of “OH was significantly greater than that of molecular ozone, and a
faster degradation rate (0.555 min ') was observed in catalytic ozonation process.

When both ultrasonic irradiation and Fe;O4 were introduced into the ozonation system, the
degradation rate of TC reached 0.664 min™', which was nearly two times greater than that
with ozonation alone and was also greater than that in US/O; system or in the catalytic
ozonation system. As previously mentioned, the degradation rate of TC by ozonation would
be improved when ozonation is combined with ultrasonic irradiation or catalyst. However, the
active sites of Fe;O4 could be gradually occupied by the by-products formed during the
catalytic ozonation reaction, which would result in the deactivation of the catalyst [16,23].
When ultrasound was introduced into the system, more available active sites would be
obtained. Simultaneously, the turbulent effect of cavitation could enhance mass transfer
between the catalyst and the reactants or products [23]. In addition, the removal rate was
increased because of the ultrasonic cavitation effect [23,29]. Therefore, compared to
ozonation, US/O3 and the catalytic ozonation processes, a considerably greater degradation
rate was achieved with the US/Fe;04/Os process. Based on the experimental results and the
literatures [40-42], the ultrasound-enhanced catalytic ozonation mechanism on the Fe;Oy is

proposed and illustrated in Fig. 2.
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Fig. 2 Proposed ultrasound-enhanced catalytic ozonation mechanism on the Fe;O,4 suspension.

When oxygen rather than ozone was bubbled into the reactor, the removal of TC
was negligible in the presence of ultrasound alone because the production of "OH in
the solution at a frequency of 20 kHz was insufficient to ensure the removal of the
organic pollutant (Supplementary information, Fig. S2). Furthermore, almost no
removal of TC occurred when catalyst was used alone (Supplementary information,
Fig. S2). It indicated that the role of adsorption phenomenon on TC removal was
limited. Even when ultrasound was introduced, no significant removal efficiency was
obtained (Supplementary information, Fig. S2), and it can be concluded that the
generation of free radicals was negligible in the US/Fe;O4 system. As the
US/Fe;04/03 process was the most effective route for the treatment of TC, it was

employed in the following laboratory experiments.

6.3.2 Effect of power density on the TC removal in the US/Fe;04/0O5 system

To investigate the effect of the ultrasonic power density on the degradation of TC,
an ultrasonic horn (20 kHz) with different power settings was used. The initial pH was
7.0, the TC concentration was 100 mg L', the gaseous ozone concentration was 16.2
mg L', and the catalyst dosage was 0.3 g L' (Fig. 3). When the ultrasonic power
density ranged from 39.6 W L' to 101.3 W L', the degradation rate increased with
increasing power density. The rate constants were 0.444, 0.502, and 0.567 min at

power densities of 39.6, 85.7, and 101.3 W L', respectively. When ultrasound was
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introduced into the system, it would lead to the greater mixing intensity and then the
turbulence of the liquid phase. An increase in the power density would increase
turbulence and the mechanical effect, which increased liquid-side mass transfer
coefficient k. and specific surface area a. Then the mass transfer rate of ozone was
increased accordingly. In addition, due to the cleaning action of the ultrasonic
irradiation, more available active sites on the catalyst surface were available when the
ultrasound power density was increased. Moreover, the surface hydroxyl groups are
the major active species, which are generated on the catalyst surface during the
reaction. Therefore, the density and the status of surface hydroxyl groups are
important factors to understand the ozone decomposition on the catalyst surface.
Table 2 indicated that the density of the surface hydroxyl groups of the spent
magnetite was higher than that of the fresh one. Therefore, the decomposition of

ozone to "OH at catalyst surface were enhanced and TC removal rate was increased.
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Fig. 3 The effect of ultrasonic power density on the degradation of tetracycline (C, = 100 mg L™, [Os],

=162mgL",Q=30Lh", [Fe;0,] =03 gL", pH="7.0);

6.3.3 Effect of pH on the TC removal in the US/Fe;04/03 system

As deduced in the above section, the active species are ‘OH on the catalyst
surface and "OH in the aqueous solution. The number of these active species is strictly
dependent upon pH. Therefore, the pH value is usually considered to be one of the
most important factors in the heterogeneous ozonation system. In this study, the
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degradation of TC was conducted at fixed pH values of 3.0, 5.0, 7.0, and 9.0, which
were controlled using a buffer solution. As evident in Fig. 4, an increase in the pH
resulted in a significant enhancement in the TC degradation rate.

The structure of TC is presented in different forms (TCH;" — TCH, — TCH —
TC*) at different pH value. When the pH was below 3.3 (pKa;), TC was in its
protonated form, which was less susceptible to ozone attack. With the increase of pH,
deprotonation reactions took place, the deprotonated TC with negatively charged
group could be more easily attacked by ozone molecules than TC itself when the
solution pH was less than 7.68 (pKy,) [46,47]. Moreover, the fraction of TCH™ was the
primary TC form while pH was increased to 9.0, and its effect on the TC removal rate
was also easier than that of TCH, when pH was further increased to 9.0.

In addition, the pH may influence the surface activity of the metal oxides in the
catalytic ozonation system. Proton transfer occurs on the surface of the metal oxides
at different pH values [14]. The different forms of the catalysts are associated with the
decomposition rate of ozone on the catalyst surface [14]. Magnetite is an amphoteric
solid that can develop charges in the protonation and deprotonation reactions on its
surface under different pH [43]. And, it is reported that the density of surface
hydroxyl groups on the catalyst surface largely depends on the pH at the point of zero
charge (pHpzc) of the catalyst [15]. The majority of the surface hydroxyl groups is in
a neutral state when the pH is close to the pHpzc of the catalyst. On the other hand, the
oxide surface becomes protonated or deprotonated when the pH of the aqueous
solution is greater than or less than the pHpzc. Therefore, the surface hydroxyl groups
have different charge states, which depend on not only the pH of aqueous solution but

also the pHpzc of the catalyst [44]. This situation is described in the following

equations:
pH <pHpzc: =FeOH + H' — =FeOH," (5)
pH>pHpzc: =FeOH + OH — =FeO + H,0 (6)

At neutral and basic pH levels, ozone is decomposed to non-selective "OH

(equation 7), which could easily attack organic molecules [20].
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203+ OH —'OH+ 0, +20, (7
Thus, the removal rate of TC was increased from 0.167 to 0.366 min' when

pH was increased from 3.0 to 9.0.
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Fig. 4 The effect of pH on the degradation of tetracycline (C, = 100 mg L™, [0;]; = 12.5 mg L', Q=
30Lh",P=857WL",[Fe;0,]=0.3gL")

6.3.4 The effect of catalyst dosage on the removal of TC in the US/Fe;04/O3 system

Compared to the US/O; system, the catalyst addition exerted a positive influence
on the conversion of TC (Fig. 1), and the removal rate increased from 0.461 min ' to
0.664 min™ when the catalyst dosage rose from 0 to 0.3 g L. The production of ‘OH
increased with the addition of Fe;O4, and the "OH showed greater oxidizing power
than ozone itself. Thus, the catalyst dosage played an important role in the
US/Fe;04/03 process. To make effective use of the catalyst in practical applications, it
was reasonable to explore the effect of the catalyst dosage on the degradation rate of
TC. The experiments were conducted using catalyst concentrations that were ranged
from 0.3 to 1.0 g L', and the lower catalyst loading was not investigated due to the
limitation of experimental conditions.

As can be seen in Fig. 5, TC degradation rate was almost independent of the
dosage of Fe;O4 over the range investigated. Similar results were also observed by
other catalytic ozonation processes [10,11,48]. It can be hypothesized that there exists

a minimum amount of catalyst offering a sufficient number of active sites. Further
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increase in the catalyst loading may generate excessive ‘OH, which will recombine
forming hydrogen peroxide [49]. Therefore, the removal rate of TC was nearly

independent of the catalyst dosage in the range of 0.3-1.0 g L' during the

US/Fe;04/05 process.
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Fig. 5 The effect of Fe;0, dosage on the degradation of tetracycline (Co = 100 mg L™, [O3]; = 13.7 mg
L', Q=30Lh",P=857WL", pH=7.0).

6.3.5 Evidence of hydroxyl radical generation in the US/Fe;04/O; system

As proposed in the mechanism in Fig. 2, for the ultrasound-enhanced catalytic
ozonation, the increased oxidative capacity in the presence of a catalyst is commonly
attributed to the enhanced generation of ‘OH [49]. The hydroxyl radical is considered
to be the strongest oxidative species during the reaction. In the ultrasound—enhanced
catalytic ozonation process, 'OH could be generated through homogeneous
decomposition of ozone initiated by hydroxide ions, thermal decomposition of ozone
in cavitation bubbles, and heterogeneous ozone decomposition on oxidized/reduced
form of metal or hydroxyl groups of metal oxide. Because hydroxyl radials are a
short-lived species, they are difficult to be measured directly by conventional
analytical techniques. Hence, we cannot directly determine how Fe;O4 nanoparticles
act in the radical chain reaction. We made an indirect evaluation using trapping agents
by measuring the removal efficiency and removal rate in the process of US/Fe;04/0s,
and the results are shown in Fig. 6. Two different radical scavengers (zerz-butanol and
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isopropanol) and a reactive surface hydroxyl group indicator (NaF) were employed.
The respective quenching effects of the reagents allowed the roles of the total
hydroxyl radicals ("OH) both in the solution and on the surface of the catalyst, and the
hydroxyl radicals in solution (‘OHjge.), to be verified.

Tert-butanol is generally used as the scavenger of hydroxyl radicals both
generated in the heterogeneous and homogenous catalytic reactions. It can be
adsorbed on the surface of the catalyst to occupy the reactive sites, and then to inhibit
the reaction process [43]. On the other hand, fert-butanol can also be used as the
scavenger of hydroxyl radicals in aqueous ozonation process [46]. Therefore, the
excessive ftert-butanol serve as a scavenger for all the hydroxyl radicals both
generated in the solution and on the catalyst surface. As shown in Fig. 4, the removal
rate of TC was 0.238 min ' when 0.1mol L' zert-butanol was added, whereas the
reaction rate of TC was 0.464 min™ in the absence of scavenger. This result confirmed
the significant role of "OH for the degradation of TC. To further determine the role of
‘OHfee and ‘OH,gs on the degradation of TC, isopropanol and NaF were used,
respectively.

Isopropanol is easily oxidized by ‘OH, and it is usually used as a diagnostic tool
for "OHje. because of its low affinity to semiconductor surfaces in aqueous media [50].
When isopropanol was added, a very limited quenching effect was observed (0.342
min ') at the beginning of the experiment (Fig. 6), which suggested that the “OHjc
generated in bulk solution was not mainly attributed to the removal of TC.

The concentration of surface hydroxyl group generated on the catalyst surface
can be controlled by adopting the fluoride—exchange process [51,52]. When 0.1 mol
L' NaF was added to the reaction system, the degradation rate was suppressed, and
the rate constant was 0.256 min . That is to say, the hydroxyl groups on the surface of
Fe;O04 were almost replaced by fluoride ions, and the process of ozone decomposition
on the surface of Fe;O4 as mentioned in Fig. 2 was greatly inhibited. Consequently,
the "OH,q4s generated on the catalysts surface was suppressed accordingly. Therefore,

besides the direct oxidation of molecular ozone to organic degradation,
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ultrasound-enhanced catalytic ozonation of TC occurred mainly with the adsorbed

state of hydroxyl radical over the Fe;O4 surface.
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Fig. 6 Effects of scavengers and surface hydroxyl group caption on the removal of TC under
US/Fe;04/0; process (Cp = 100 mg L', [03], = 14.1 mg L', Q=30 Lh", P=85.7 W L", [Fe;0,] = 0.3
gL, pH = 7.0, [tert-butanol] = 0.1 mol L™, [Isopropanol] = 0.1 mol L™, [NaF] = 0.1 mol L™).

6.3.6 COD removal efficiencies in the investigated processes

Due to the importance of the mineralization of organic pollutants, experiments
were performed to determine the removal efficiency of COD in the selected processes.
As indicated in Fig. 7, the US/O; process was more effective (67.8%) than ozonation
alone (53.4%) when COD removal was concerned. Simultaneously, the enhancement
on COD removal was more pronounced in the Fe;O4/O;3 process compared to

ozonation alone, and 75.7% of COD was removed after 120 min treatment.
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Fig. 7 The variation of COD with reaction time under the selected processes (C, =100 mg L™, [Os]; =
132mgL", Q=30Lh", P=857WL", [Fe;0,]=0.3 gL", pH="7.0).

When US/Fe;04/05 was used, 89.1% COD removal efficiency was achieved. It
was observed that the removal rate of COD was considerably less than that of TC.
This was accounted for the formed intermediates which were difficult to be further

oxidized.

6.3.7 The change of biodegradability and toxicity in the US/Fe;04/O; system

Although COD was not completely removed in the US/Fe;04/O3 system after
120 min reaction, AOPs may improve the biodegradability and decrease the toxicity
of the pollutants. Therefore, biodegradability experiments were conducted on
non-treated and treated TC to assess the effects of the US/Fe;04/O; process on the
biodegradability of the treated wastewater. The BODs/COD ratio was selected as the
biodegradability index. The value of the initial TC was almost zero, indicating that
TC was difficult to biodegrade. After 120 min of treatment, the BODs/COD ratio
increased to 0.694. These results confirmed that the formed intermediate products
were considerably easier to be biodegraded than their parent constituents.

To investigate the potential environmental impact of the treated wastewater, the
variation in the acute toxicity during the US/Fe;04/O3 process was investigated using
a 24-h immobilisation test with D. magna. As can be seen in Fig. 8, the initial TC
solution led to a 22% death of D. magna. The acute toxicity increased during the first
stage of treatment, and it reached the maximum at 60 min, i.e., 55% death of D.
magna. It indicated the primary degradation by—products that possessed a
considerably high toxicity were formed during the oxidation process. After 120 min
treatment, the inhibition percentage decayed to 20%. The result indicated that the
complete removal of the target pollutant could not be used as the end point of the
treatment, and the decrease of the toxicity to a certain point was required before

discharge.
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Fig. 8 The change of acute toxicity of TC under US/Fe;0,/O; process (Cy = 100 mg L [Os]; = 13.8
mgL',Q=30Lh",P=857WL", [Fe;0,]=03gL", pH="7.0).

6.3.8 Catalyst stability tests in the US/Fe;04/0O3 system

The activity of the catalyst and its stability and reusability are important factors
for its application. If the catalyst is unstable or easily deactivated, it will fail in
practical applications. Therefore, an investigation of the stability and reusability of the
Fe;O4 catalyst was performed by repeatedly using the solid sample in three
consecutive runs under identical oxidation conditions. No significant loss of activity
was observed, and the TC removal rate remained consistent throughout the sequential
runs. The degradation values were 0.340, 0.338 and 0.329 min ' in the three
successive cycles. Furthermore, the structure of Fe;O4 was also observed by the XRD
characterization after being used for three times (Supplementary information, Fig. S1),
and no difference was shown compared with the fresh one, indicating that the catalyst
was relatively stable.

The amount of iron dissolved in the solution was determined at the end of the
three consecutive experiments (Supplementary information, Fig. S3). The
concentration of leached iron ions in the solution was 0.21 mg L™ in the first run,
whereas the further leaching of Fe;O4 was not detected during the third run. This

result suggested that the iron dissolution could be neglected during the reaction and
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further confirmed the stability and reusability of Fe;O4 in the subsequent reaction

cycle.

6.3.9 Electric energy cost estimation

In sono-catalytic ozonation process, electric energy represents an important
fraction of the operating costs. A simple economical assessment by means of the
calculation of electric energy per order of pollutant removal (EE/O) was employed
[46,53,54]. The EE/O value was adopted to compare the energy efficiency of different
systems. In case of TC, the EE/O (kW h m™ order ') can be determined from the
following equation:

2510 — P ¥1X1000 @®)
V x60xlog(C,/C,)

where Pg. is the rated power (kW) of the oxidation system (0.15 kW for ozone
generator and 0.25 kW for ultrasonic generator); 7 is the time reaction time (min), and
V' is the reaction volume (L); Cy and Ct are the initial and final TC concentrations
(mmol L), respectively.

Compared to the a-FeOOH used in our previous study [23], less electrical energy
was consumed by using Fe;O4 as a catalyst in this study (Table 3), and we confirmed
that Fe;O4 was a more efficient catalyst than a—FeOOH. The presence of catalyst
could improve ozonation and catalytic ozonation, and the associated energy
consumption decreased. However, the ultrasound-enhanced systems were less energy
saving than the silent systems, though higher removal efficiencies were achieved in
the first systems. Therefore, the optimization of the sonochemical reactor is needed in

the future work to further improve ozone utilization and catalyst activity.
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Table 3. Comparison of electrical consumption under the different reaction systems.

Process pH 0 [Os], Catalyst loading P P k EE/O Reference
(Lh™") (mg L™ (gL (WL™) (kW) (min™) (kWh m” order™)

O; 7 30 17.9 0 0 0.15 0.354 81.3 this study

Fe;04/0; 7 30 17.9 0.3 0 0.15 0.461 62.4 this study

US/0O4 7 30 17.9 0 85.7 0.40 0.555 138.3 this study

US/Fe;04/0; 7 30 17.9 0.3 85.7 0.40 0.664 115.6 this study
O; 3 30 13.8 0 0 0.15 0.096 299.8 [23]
a-FeOOH /0; 3 30 13.8 0.5 0 0.15 0.129 223.1 [23]
US/0O; 3 30 13.8 0 85.7 0.40 0.115 667.4 [ 23]
US/0-FeOOH /O, 3 30 13.8 0.5 85.7 0.40 0.174 441.1 [23]

Q, ozone gas flow rate ; [Os],, gaseous ozone concentration; P, ultrasound power density; P, total power of the oxidation system, including the electric consumption of

ozone generator and ultrasound generator; EE/O, energy consumption per unit of the pollutant
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6.4. Conclusions

TC can be rapidly removed in the US/Fe;04/O;3 process. The degradation rate
increased with pH, power density and ozone concentration, but was nearly
independent of the catalyst dosage over the range investigated. The enhanced ‘OH
generation in the presence of Fe;O4 was verified using different radical scavengers.
The Fe;04 catalyst was confirmed to be stable and reusable. Although TC was almost
completely removed after 20 min, the toxicity increased and reached the maximum
after 60 min treatment. It then decreased when the reaction time was extended to 120
min, and the BODs/COD ratio increased to 0.694 accordingly.

Based on the electric energy cost estimation, the catalyzed systems consumed
less energy than the uncatalyzed systems, but the ultrasound—enhanced systems were
less energy saving than the silent systems. Therefore, the devolvement of highly
efficient sonochemical reactor is needed for ultrasound—enhanced catalytic ozoantion

process.
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Figure (S2): The effect of ultrasound and catalyst on the degradation of tetracycline (Co = 100 mg L™,
[Fe;04]=03 gL', P=857WL", pH=7.0)
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Nanostructured Fe;O4 particles were obtained through hydrogen thermal reduction of
a-Fe,O3 particles synthesized via an ionic liquid assisted hydrothermal process. The
morphology and microstructure of the nano-sized Fe;O4 particles were characterized
by using X-ray diffraction, N, physisorption, transmission electron microscopy, and
temperature-programmed reduction. As-prepared magnetite samples show microcube,
nanosphere, and porous nanorod morphologies. Activity of the nanostructures was
evaluated for the Fenton reaction, using phenol as model molecule. While commercial
Fe;04 presents very limited activity, rod-type nanostructure exhibited exceptional
activity toward phenol removal under mild conditions; 98% phenol was converted,
and the total organic carbon (TOC) abatement was 74%. The reusability of porous
nanorods of Fe;O; was also investigated after three successive runs, which
demonstrated the promising application of the catalyst in the oxidative degradation of
organic pollutants. In addition, the material activity is strongly affected by the
reduction degree, highlighting the beneficial effect of Fe’/Fe;O, mixed phase

formation to achieve higher activity.

7.1. Introduction

Iron oxides are transition metal oxides, natural minerals and geocatalysts,
existing in the natural aqueous environment, and also suspending in aerosol, clouds,
and fogs as fine particles [1,2]. Because iron oxides are inexpensive and relatively
non-toxic in comparison to other transition metals (including nickel, chromium,
copper), they are preferred for the extensively application in many fields, such as
corrosion processes [3,4], electromagnetic devices [5], and catalytic reactions [6-9].
The versatility of the surface composition among Fe’, Fe" and Fe' over different
types of iron oxides (FeO, FeO, a-Fe,0s, y-Fe,0;, Fe;04, a-FeOOH, B-FeOOH,
v-FeOOH and 6-FeOOH) ensure tunable properties, conferring to some composition
high activity for heterogeneous Fenton reactions at the catalyst / solution interface

[10]. Significantly different catalytic activities are then observed depending of the
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material crystallographic and surface properties, due to variable valences of iron that
can be stabilized [10].

More recently, several environmental applications of iron compounds (e.g., as
reducing agents and as promoters in the Fenton reaction) have been intensively
investigated [11]. For example, Fe® has been proposed as a low-cost and nontoxic
material in environmental remediation processes [12,13]. Different iron compounds,
such as Fe’, Fe;04 [14] and Fe/Fe;04 [15] have been reported to promote the Fenton
reaction. Although the kinetic of these processes is highly complex and dependent on
numerous different parameters, an important rate-limiting step is the production of
radicals. In this respect, the oxidation phases on the iron surface and the presence of
oxide/hydroxide layers that cover the iron particles should strongly influence the rate
of the process [16]. The development of new processes to increase their efficiencies
and widen the application of these systems in environmental remediation processes is
of great interest.

Magnetite (Fe;O4)-based heterogeneous systems have attracted attention due to
their unique properties and their potential applications in numerous fields, including
ferrofluids, targeted drug delivery, and water treatment [17-20]. Especially, magnetite
has also been reported to be an efficient catalyst for Fenton-like processes [21-31].
Magnetite exhibits several features that are important for a Fenton reaction: (i) it
contains Fe**, which might play an important role as an electron donor to initiate the
Fenton reaction; (ii) the octahedral site in the magnetite structure can easily
accommodate both Fe*" and Fe’", which means that Fe*" can be reversibly oxidized
and reduced in the same structure; and (iii) Fe;O4 has peroxidase-like activity and
could activate H,O, [14]. In addition, recent works demonstrated that bringing Fe’
particles into contact with Fe;O4 particles through grinding increases the
electron-transfer ability [15]. Thus, activity in the Fenton reaction was improved over
these mixed phase materials.

As far, a wide variety of method has been reported to synthesize Fe;Oq4

nanoparticles, including sol-gel methods [32], wet-chemical methods [33],
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hydrothermal methods [34], and co-precipitation [35]. However, these methods tend
to form Fe;O4 particles with isotropic shapes. Nevertheless, various Fes;O4
nanostructures with different morphologies have been successfully synthesized,
including nanotubes, nanowires, nanofilms, spheres, nanorods, and other novel
structures using routes such as coprecipitation, microemulsion, and so on [36]-[38].

Recently, reduction of premade isotropic B-FeOOH or a-Fe,Os particles into
Fe;O4 was proposed [39]-[41]. Compared with other methods, reduction of premade
a-Fe,Os3 is a simple and effective method. Generally, the reduction of a-Fe,O;
involves an annealing process under reductive atmosphere at moderate temperature
(about 300-500 °C). However, the annealing treatment of the premade materials may
result in undesirable aggregation and sintering. Since the shape of formed Fe;O4
particles is dependent on that of premade a-Fe,0Os3, it is important to achieve a-Fe,O3
synthesis with various shapes prior to the reduction process. As reported in our
previous work [42], Tonic Liquids (ILs) assisted hydrothermal route is found to be an
effective method to synthesize a-Fe,O3 nanoparticles of various shapes, such as cubes,
nanorods as well as nanoplates. Compared with the traditional hydrothermal methods,
high surface area can be achieved due to reduction in crystal size by employing the
ILs as the soft template. Because the properties of nanomaterials are influenced by
their structure, size, and shape [36], the preparation of Fe;O4 nanoparticles with
different sizes and morphologies is an important issue.

Herein, we report an environmentally benign “green” route to the synthesis of
Fe;O4 nanoparticles with various morphologies, achieved by reduction of pre-made
a-Fe;Os; materials. The physical and chemical characterization of Fe;Os was
performed, and the effect of the morphology and crystal structure of Fe;O4 on the
Catalytic Wet Peroxide Oxidation process was investigated. Because of their unique
porous structure, the potential applicability of nanorods of Fe;O4 in heterogeneous
Fenton reactions was evaluated with respect to changes in the catalyst, and the H,O,

concentration, as well as with respect to the material’s stability. Further activity
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improvement was achieved optimizing the Fe’/Fe;O, balance through reduction

temperature.

7.2 Experimental Section

7.2.1 Materials

All chemicals employed in the preparation of the a-Fe;Os in ionic liquid media
and derived Fe;O4 catalysts were used as purchased: 1-methylimidazole (C4HgNy,
>99%, Sigma-Aldrich), 1-Chlorodecane [(CH3(CH;)oCl, 98%, Sigma-Aldrich], ethyl
acetate (CH3COOC;Hs, 99.8%, Sigma-Aldrich), FeCls;-6H,0 (>98%, Sigma-Aldrich),
potassium acetate (CH;COOK, >99%, Sigma-Aldrich), and sodium hydroxide (NaOH,
>98%, Sigma-Aldrich). For the heterogeneous Fenton reaction, phenol (CsHsOH,
>99%, Sigma-Aldrich) and hydrogen peroxide solution (H,O,, 32 wt.% in H;O,
Sigma-Aldrich) were used as received. The ionic liquid (C;omimCl) used here was
synthesized and used to prepare three kinds of a-Fe,Os; with different morphologies
via the hydrothermal method [see details in SI, Materials]. Fe;04-M catalysts, where
M represents the morphology of the catalyst, were obtained through the reduction of
the a-Fe,O3 under H, at a flow rate of 60 mL min™ at 300 °C for 1 h. The samples
were denoted Fe;04-C (‘C’ for microcube), Fe;O04-S (‘S° for microsphere), and

Fe;04-R (‘R for nano-rods).

7.2.2 Catalysts characterization

The a-Fe;Os3 and Fe;O4 catalysts were systematically characterized using X-ray
diffraction (XRD), N, physisorption, transmission electron microscopy (TEM),
ICP-OES, and temperature-programmed reduction (TPR).

The catalyst structures were verified by X-ray diffraction using a D5005
diffractometer from Bruker equipped with a CuKa radiation (A\=1.5406 A) source. The
signal was recorded for 26 between 20° and 80° with a recording step of 0.05° every 3
s. Phase identification was made through comparison with the JCPDS database. The

crystallite sizes were determined using the Scherrer equation after Warren’s correction
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for instrumental broadening was applied. (113) reflection was used for calculation of
Fe,Os5 crystal size, while (311) reflection was used in the case of Fe;O4 phase.

The N, adsorption measurements were performed on a Micromeritics TRISTAR
3000 instrument. The specific surface area of the catalysts was measured at liquid N,
temperature (-196 °C), using the Brunauer—-Emmett-Teller (BET) method. Prior to
analysis, sample was heated under vacuum at 250 °C for 3 h.

The material morphologies were evaluated by transmission electron microscopy
(TEM) coupled with energy-dispersive X-ray spectroscopy (EDXS). Micrographs
were obtained on a JEOL 2100 instrument (operated at 200 kV with a LaB¢ source
and equipped with a Gatan Ultra scan camera).

TPR experiments were performed on an AUTOCHEM  instrument from
Micromeritics. Approximately 50 mg of sample was introduced into the microreactor.
The material was initially activated under simulated air (total flow rate = 30 mL min™)
at 300 °C for 1 h. After the sample was cooled to room temperature, a reducing flow
(1 vol.% of H, in Ar) was stabilized at a flow rate of 30 mL min™', and the temperature
of the reactor was subsequently increased from 50 °C to 1000 °C with a ramp of 5 °C
min™'. The change in the H, concentration as a function of temperature was recorded
using an online TCD.

The total Fe*" content in the bulk of Fe;04 was determined by chemical analysis
after the samples were dissolved in acidic media at 60 °C for 48 h under a nitrogen
atmosphere. According to Xue et al. [9], 6 mol L™ HCI ensures the dissolution of the
catalysts. 1.0 mL of 1,10-phenanthroline (1.0 g L") was then added 1.0 mL of
dissolved sample to form a colored complex. Finally, complex concentration was
measured by UV spectrophotometer at A fixed at 510 nm [44].

Furthermore, the surface ratio of Fe'/Fe™

on the Fe;O4 surface was also analyzed
by X-ray Photoelectron Spectroscopy (XPS). Analyses were conducted on a
Thermo-Fisher ESCALAB 250 system with AlKa radiation under ultrahigh vacuum

(UHV). Binding energies were calibrated with the C1s binding energy fixed at 285 eV
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as internal reference. Curve fittings were achieved with the XPS Peak software using

the Fe2p binding energies region for the analysis.

7.2.3 Catalytic activity measurement

Catalytic tests were performed under mild conditions (atmospheric pressure and
room temperature, 25 °C) in a 150 mL glass reactor continuously stirred with
magnetic using phenol as a reactant and hydrogen peroxide as the oxidant. We
initially verified that no external or internal diffusional resistances occurred and that
the reaction was performed in a kinetic regime. The reaction pH value was adjusted to
4.0 before the oxidation began. In a typical experiment, 100 mL of phenol aqueous
solution was prepared with an initial concentration of 600 mg L. The catalyst was
subsequently added to the solution, which was then stirred in the dark the adsorption—
desorption equilibrium was obtained prior to initiation of oxidation. At the end of this
step, we obtain the Cy concentration. Then, the H,O, solution is added dropwise at a
constant rate to the solution during the 5 first minutes of the reaction. The initial
reaction time, to, is defined at the starting of the H,O, adding. The reaction solution
was sampled at fixed time intervals and mixed with 0.1 g of manganese oxide for at
least 15 min to eliminate residual H,O,. The reaction solution was then filtered
through a 0.22 pum membrane before the residual phenol concentration and the total
organic carbon (TOC) were measured. The calculation of phenol conversion is

performed, taken into account the initial adsorption on the material surface (Eq. 1):

C
X St 100% (1)
C

0

phenol =
where C, is the phenol concentration at time ¢ (min) and Cj is the initial phenol
concentration after stabilization due to the adsorption on the catalyst surface.
The calculation of TOC abatement is also performed, taken into account the
initial adsorption on the material surface (Eq. 2):

C
Xope = —2€ % 100% )

TOC,
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where Croc is the TOC concentration at time t (min) and Croc, is the initial TOC
concentration after stabilization due to the adsorption on the catalyst surface.

Methods: The phenol concentration was determined using a high-performance
liquid chromatography (HPLC) instrument equipped with an Aminex HPX-87 (Biorad)
column. TOC content was measured using a 1020A Bioritech TOC meter. The
leaching of iron into the solution was systematically evaluated by ICP analyses
through quantification of the dissolved iron concentration in the solution after the tests.
The concentration of H,O, after the reaction tests was measured via colorimetry using
a UV spectrophotometer (Secomam, RS232) after complexation of the hydrogen
peroxide with a vanadate salt.

At the end of the catalytic test, the dissolved ferrous iron concentration was also
measured via the 1,10-phenanthroline method at 510 nm [44], while the total aqueous
iron leaching into the solution was systematically evaluated by inductively coupled
plasma optical emission spectroscopy (ICP-OES) analyses through quantification of

the dissolved iron concentration in the solution after the tests.

7.3 Results and discussion
7.3.1 Characterization of the a-Fe,O3 precursors

The final properties of the active Fe;Os materials are conditioned by the
properties displayed by the a-Fe,O3 precursors. Consequently, structural and textural
properties of the precursors, as well as their reducibility, are presented thereafter.
X-ray diffraction results

The a-Fe,O3 precursors with different morphologies were prepared using a
hydrothermal method. The purity and crystallinity of the as-prepared samples were
examined using powder XRD measurements. Figure 1 displays the XRD patterns of
the as-prepared o-Fe,Os; microcubes (Fe,O03-C), microspheres (Fe,0;-S), and
nanorods (Fe;O;-R, prepared by annealing of the as-prepared a-FeOOH nanorods in
air at 300 °C for 3 h). All the peaks could be indexed to the hexagonal structure of
a-Fe,0s, which was in good agreement with literature results (JCPDS Card 33-0664).
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No other peaks were observed, which indicated the high purity of the prepared
samples. The diffraction peaks located at 260 = 24.3, 33.3, 35.7, 41.1, 49.7, 54.1, 62.5
and 64.1° could be indexed to the (012), (104), (110), (113), (024), (116), (214) and
(300) planes of a-Fe,Os, respectively. However, the differences among the full-width
at half-maximum (FWHM) and relative intensities of the diffraction peaks indicated
differences in the crystal sizes and morphologies of the particles. The narrow, sharp
peaks obtained for the commercial a-Fe,O3 (Fe,O3-Com) and Fe,O;-C indicated that
these materials present large crystal size. However, the peaks obtained for Fe,Os-S
were broadened with decreased intensities, which suggested that the crystal size of
this sample was smaller than that of Fe-C and Fe-Com. The Fe,03-R sample exhibited
the broadest reflections, which suggested that this material exhibited the smallest
crystal size among the investigated samples. According to the FWHM evolution, the
average crystallite sizes of the Fe,03-C, Fe;03-S, and Fe,O3-R were estimated to be
38, 34, and 24 nm, respectively (Table 1). For comparison, the average crystal size of

the commercial a-Fe,O; (Fe-Com) was 49 nm.

Table 1. Physico-chemical properties of different morphologies of a-Fe,O; precursors and Fe;0,

a-Fe,O; Fe;0,4

Sample Morphology ~ SSAF/  DP/  ssa/ o@ o Surlee oy,
5y 5 Fe'/Fe Fe'/Fe
m’g)  (m) (g - Ca (m)
ratio ratio

Fe,O,-C microcube 3.4 38 2.8 0.49+0.2 — 65
Fe,O, -S nanosphere 12.3 34 10.9 0.53+0.2 — 42
Fe,O, -R nanorods 46.5 24 24.7 0.56+0.2 0.53+0.2 37
Fe,O,~-Com uniform 0.4 49 0.5 0.32+0.2 0.25+0.2 79

[a], SSA is the specific surface area evaluated using the BET model; [b], D is the crystal domain size
evaluated from the X-ray line broadening using the Scherrer equation; [c], bulk ratio between Fe(II)
and Fe(III) in Fe;0, (molar ratio of Fe*" and Fe®" in the Fe;04 content); [d], surface ratio of Fe(IT) and
Fe(III) obtained by XPS analysis.
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Figure 1. XRD patterns recorded for different morphologies of a-Fe,O; precursor.

Evolution of physical properties

As shown in Table 1, all the nanostructured materials exhibited greater surface
areas than the commercial material. With different morphologies of a-Fe,Os, different
surface areas were obtained. Indeed, relatively low surface areas of 3.4 m? g were
obtained for Fe,03-C. The sphere morphology led to a greater surface area (12.3 m?
g'l), and, for the nanorod-like material, the surface area was 46.5 m? g'l. As evident
from the results in Table 1, the surface area depended on the crystal size evaluated by
X-ray line broadening. The evolution of the surface area with crystal size over the
IL-mediated materials showed an exponential decrease with increasing crystal size.
Compared with the classical material, the ILs-derived materials showed great
enhancement in physical properties (morphology, crystal size, surface area, and
density), indicating that the ionic liquid not only affected the morphologies of the
materials, but also affected the porosity or density of the formed aggregates. Due to a
higher surface area, the nanorod-like material (Fe,O3-R) is believed to favor the
adsorption/reaction of organic pollutants in water-treatment applications.

Morphology of a-Fe,O3

TEM images of the four materials are shown in Figure 2. Figures 2A-B show the

results for the a-Fe,Os; microcubes with an average size of 300 nm on the edges,

which is much larger than the crystal size obtained from X-ray line broadening (38
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nm). However, the size repartition was not monodispersed, and a few smaller-sized
cubes were observed in Figure 2B. Moreover, as shown in Figures 2A-B, the surfaces
of the cubes were rough, which indicated that the cubes were aggregated nanoparticles.

Figure 2C-D show the TEM images of the a-Fe;O3-S, which exhibited a spherical

morphology with an average diameter of approximately 150 nm.

Although the average diameter of Fe,Os-S was significantly larger than the
particle based on XRD analysis, the high-magnification TEM images (Figure 2D)
indicated that the nanospheres were composed of individual nanoparticles with an
average size of approximately 30-40 nm, which was consistent with the results
calculated from the Scherrer formula. Finally, Figures 2E-F present typical TEM
images of the a-Fe,O; with nanorod morphology (Fe,Os3-R) obtained through the
hydrothermal treatment in alkaline media of an iron chloride precursor and a
CiomimCl additive, but with a NaOH concentration greater than that used to prepare
the Fe,O;-C samples. Figures 2E-F show that the nanorods exhibited diameters in the

range of 20-60 nm and lengths of 200-600 nm. Unfortunately, N, physisorption was
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not appropriate to determine a mean pore size in this material, due to the very wide
repartition in size of the pores. However, such pores broad in size and not regular are
visible by TEM, at the outer surface within the annealed Fe,O3-R nanoparticles. Such
intra-rod porosity is probably at the origin of the observed high surface area for this
material (Table 1).
TPR results for Fe;O3-R and the commercial material

The reduction behaviors of hematite type materials were examined using TPR
under H,. Results obtained for Fe,O3-R and Fe;O3-Com are shown in Figure 3. The
experimental TPR profile of a-Fe,O; exhibited two well-resolved reduction peaks,
located at 400 °C and 700 °C. Comparable reduction profiles were obtained for the
Fe;03-C and Fe,03-S materials, showing that crystal size and aggregate morphology
do not strongly impact the reduction process. The first reduction process occurred in
the temperature range of 300-420 °C with a peak centered at 400 °C. As suggested by
the XRD analyses and by previous works [30][44], the results for the sample obtained
via a TPR experiment interrupted at 400 °C and the sample quenched to room
temperature indicated that this reduction was related to the presence of a-Fe,Os that
was reduced to FeO at 400 °C, with the formation of Fe;O4 phase as intermediate
product of reduction [45]:

Fe,O5 + Hy — 2.FeO + H,O 3)

At temperatures greater than 450 °C, another reduction process was observed
(Figure 3). The peaks with maxima were located near 700 °C were due to the second
reduction step from FeO to metallic iron:

FeO + H, — Fe’ + H,0 (4)

Given that the total experimental H, consumption was lower than the theoretical
H; consumed for complete reduction of Fe’" to Feo, the Fe’" reduction in the first
stage could be assigned to Fe,O;—FeO with 100% of the Fe’* participating in this
reduction step, while the second reduction step consists in the incomplete reduction of
FeO to Fe” (Table 2). For comparison, the reduction behavior of commercial o-Fe,Os

was also investigated. For the Fe,0O3-Com sample, reduction peaks centered at 405 °C
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and 685 °C were observed. A comparison of the reduction behavior of Fe,O3;-Com
with that of Fe,Os-R revealed that the reduction of Fe,Os3-R led to a slightly increased
total H, consumption, and 16.1 mmol g'1 H, was consumed (Table 2). Furthermore,
the Fe" reduction at the second stage could be considered as FeO—Fe", and 78.9% of
the Fe’" participated in this reduction for Fe,Os-R. For comparison, 67.2% of Fe*'
was reduced to Fe’ in Fe;0;3-Com. Such an improvement in iron reducibility in
Fe;Os3-R was attributed to the adequate physicochemical properties, which included a
significantly greater surface area, a smaller crystal size and the suppression of crystal

agglomeration that are all in favor of an increased reducibility.
Table 2. H,-TPR results for a-Fe,O; and Fe;0,.

Samples Theoretical H, consumption [a] / Experimental H, consumption / mmol g
mmol g
Fe,0;— Fe;0,— FeO— Total ' Fe,03— Fe;0,—»  FeO—
FeO FeO Fe’ FeO') (%)  FeO (%)  Fe’ (%)
Fe,0;-Com 6.3 — 12.5 14.7 100.0 — 67.2
Fe,05-R - — — 16.1 100.0 — 78.9
Fe;0,-Com  — 43 12.9 10.9 - 100.0 51.3
Fe;04-R - — — 13.4 - 100.0 70.0

[a], calculated values of H, to be consumed for the complete reduction of the cations (reduction
reactions considered depicted in the Table); [b], total molar of H, consumed for per gram of materials,
issued from H,-TPR experiment; [c], reduction proportion calculated by comparing each experimental

H, consumptions with theoretical H, consumption.
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Figure 3. TPR-H, profiles recorded for a-Fe,O; precursor (Fe,O3;-Com, Fe,03-R).
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7.3.2 Characterization of the Fe;O4 precursors
X-ray diffraction results

Fe;O04 phases were obtained through the reduction of the o-Fe,O; [36].
Conditions applied are reduction under H, at 300 °C for 1 h. The XRD pattern in
Figure 4 reveals that all of the diffraction peaks of the three powders could be
unambiguously assigned to the pure face-centered cubic structure of Fe;O4 magnetite
(JCPDS Card 19-0629). The diffraction peaks located at 26 = 30.2, 35.6, 43.2, 53.6,
57.1, 62.6, and 74.2° could be indexed to the (220), (311), (400), (422), (511), (440),
and (553) planes of Fe;O4, respectively, by comparison with previously reported data
for Fe;O4 phase [15,46,47]. As shown in Table 1 and Figure 4, the difference in the
FWHM and in the intensities of the diffraction peaks suggested differences in the
crystal sizes and morphologies. Compared to the a-Fe;Os, the Fe;O4 materials
presents larger crystal size (Table 1) showing that the phase transformation is
accompanied by a sensible crystal growth. The crystal sizes determined from the XRD
results using the Scherrer equation were 65.1, 42.3, and 36.6 nm for Fe;04-C, Fe;04-S,
and Fe;04-R, respectively. For comparison, the crystal size of the commercial Fe;O04
was 78.6 nm.
Evolution of physical properties

The reducing transformation of the a-Fe,O; into Fe;O4 induces some change in
textural properties. After reduction, the surface area was relatively smaller than that of
the a-Fe,O; precursor. The specific surface areas obtained from N, adsorption
measurements for the corresponding samples were, 2.8, 10.9, and 24.7 m? g'l,
respectively. Notably, the specific surface area of Fe;O4-R was larger than that of the
other Fe;O4 nanoparticles, and this sample exhibited a smaller crystal size than the
other samples. In addition, Fe"/Fe™" ratios were also measured both in the bulk and on
the material surface by chemical analysis (Table 1) and XPS (Figure S1 and Table 1),
respectively. It is evident that the same trends of Fe'/Fe' ratio both in the bulk and on

the surface were obtained (Table 1). Theoretical Fe'/Fe™' ratio is 0.5 for Fe;Oy4
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materials. As can be observed in Table 1, ratios obtained over the IL mediated
materials are close to this theoretical value. Lower ratios were obtained for the
Fe;04-Com material, despite that a pure magnetite phase was obtained by XRD. As
mentioned above, the favorable physical properties of Fe;O4-R, such as small crystal
size, large surface area, in addition to a high Fell/Fel! ratio, is suspected to lead to

excellent catalytic performances.

Fe O-R
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Figure 4. XRD patterns recorded for different morphologies of Fe;04 (Fe;04-C, Fe;04-S, Fe;04-R).

Morphology of Fe;04

The morphologies of magnetite catalysts were successfully maintained after
thermal transformation of the precursor to Fe;O4. The morphology of the Fe;04-C
nanoparticles with highly geometrical symmetry was visualized using TEM. The
images showed that the average size of the cubes was 350 nm on edge, which was
slightly larger than the corresponding size of the Fe,Os-C precursor. The TEM images
also revealed that the surfaces of the microcubes were relatively rough (Figure 5A),
which was further confirmed using high-magnification TEM (Figure 5B). Some pale
areas between the dark nanoparticles were observed, which suggests the existence of
mesopores inside the microcubes that can be at the origin of the surface area
developed by this material. Figures 5C-D represent typical TEM images of the
Fe;04-S. A spherical morphology, with an average diameter of 200-400 nm, is easily
observed. As in the case of the microcubes, the nanospheres were constructed by the

self-assembly of nanoparticles. Finally, a typical TEM image of the Fe;04-R obtained
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through reduction of the as-prepared Fe,O;-R precursor was presented. Figures SE-F
show nanorods with diameters in the range of 40 to 80 nm and lengths from 200 to
600 nm. A high-magnification TEM image of the tip portion of a nanorod showed
clear fringes (Figure 5F). As observed on the Fe;O3-R precursor, pores of irregular

shape and broad in size are clearly observed by TEM.

= | i !
s \ . L |
| 5 RS

IR e S S e
Figure 5. Representative high magnification TEM images of the different morphologies of Fe;O4: A-B:
Fe;04-C; C-D: Fe;04-S; E-F: Fes04-R.

TPR results of Fe;04-R and Fe;04-Com

Figure 6 shows the TPR results of Fe;04-R and Fe;04-Com in the temperature
range of 50 to 1000 °C. As in the case of the reduction of the hematite materials,
similar reduction profiles were obtained over the Fe;04-C and Fe;O4-S materials. Two
reduction peaks are observed. H, consumptions at each step were calculated; the
results are listed in Table 2. The reduction at the first stage (maximal consumption at
400-450 °C) was assigned to the Fe;Oy to FeO transition, with 100% of Fe*" present
in Fe;04 reducing at this step into Fe*". When the temperature was greater than
500 °C, the second reduction process was observed (Figure 6). This reduction step
(maximal consumption at 700-750 °C) was attributed to the reduction FeO—Fe'.

However, only a limited fraction of Fe*" participated in this second reduction process.
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The total H, consumption measured for Fe;O4-R indicates that only 70.0% of Fe**
reduced to Fe’, which was however greater than the reduction degree in the
commercial material (51.3%) (Table 2). This result shows that the improved
reducibility of iron in nanorod morphology was maintained even in the Fe;O4
structure that is not surprising since the intermediate reduction step was performed at

relatively low temperature (e.g. 300 °C).

TCD Signal
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Figure 6. TPR-H, profiles recorded for Fe;0, (Fe;04,-Com, Fe;04-R).

7.3.3 Comparison of the catalytic activity of different iron oxide nanoparticles

Magnetite (Fe;O4) and hematite (a-Fe,O3) were used to investigate the effect of
surface ferrous species (Fe") on iron oxide during Fenton-like reactions. In our study,
Fe;0s3-R and Fe;O4-R were used because of their high surface areas, small crystal
sizes, and porous structures. Phenol conversion and TOC abatement curves obtained
for Fe;03-R and Fe;04-R were presented in Figure 7. Almost no conversion of phenol
was observed (5.7%), and only 4.0% TOC was removed, using Fe,Os3-R as catalyst.

111
), e.g. 0-Fe,0s, are

However, iron oxides containing mainly surface ferric species (Fe
known to be nearly inactive for H,O, decomposition into active radicals [30].
Consequently, this material leads to very limited phenol conversion. The
concentration of H,O, was measured at the end of the Fe,O3-R/H,O, reaction. A H,O»

concentration of 4.3 mmol L' was obtained despite the very limited phenol

conversion. This result shows that H,O, adsorbs rather than decomposes on the
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surface of Fe,O;-R. It agrees with the observation that the adsorption of H,O, onto
Fe'' sites (Eq. 5) was faster than the adsorption of organic molecules [48].

Fe'' + H,0, — Fe'"H,0, (5)

Compared with Fe,O3-R, Fe;04-R showed a much greater removal efficiency of
phenol, with almost complete conversion after 90 min, while the TOC was 74.0%.
These results clearly indicated that Fe' surface site played an important role in the
activation of the H,O, molecule. Moreover, the Fe;O4-R catalyst could be
conveniently separated from the reaction mixture through the application of an
external magnetic field. In the case of reaction with Fe;O4-R (Table 3), the conversion
of H,O, was 87.3% at the end of the reaction that is consistent with the high phenol

conversion and high TOC abatement.
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Figure 7. Degradation and mineralization of phenol over rod-type morphology in the presence of H,0,
(phenol: 600 mg L'l, Fe,0;-R: 025 ¢ L'or Fe;04:0.25 g L'l, H,0,: 40 mmol L’l, pH: 4.0, T: 25 °C).

7.3.4 Evidence of heterogeneous Fenton reaction over Fe;O4-R

An evaluation of the catalytic activity in the degradation of phenol by Fe;O4-R
was performed under different experimental conditions (Figure 8A-B). The results
showed that phenol conversion was limited with hydrogen peroxide alone (33.0%),
with a TOC removal efficiency of 25.3%. When the catalyst was added to the phenol
solution, 45.1% of the TOC was removed. When we separated the catalyst, and added
the new phenol solution (600 mg L) to the catalyst for another 90 min, no more than
10.0% phenol disappear with less than 5.0% TOC abatement in the second run, which
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shows that the observed removal of phenol can be attributed to material surface
adsorption (SI, Figure S2). It is probably due the porous structure and high surface
area of Fe;04-R, which is in favor of phenol adsorption. Furthermore, the phenol
removal efficiency of the heterogeneous catalytic system is highlighted in Figure 8,
and as previously mentioned, high phenol conversion and TOC abatement were
obtained in the Fe;04-R/H,0; process.

The high activity of Fe;O4 is obviously related to the capability of the material
surface to convert H,O, molecules into free radicals (‘OH) [48]. Under acidic
conditions, the mechanism of H,0, decomposition over Fe;O4 may involve either
adsorption on Fe*" and Fe’" surface sites. Adsorption and formation of a complex
between surface Fe'' site and H,O, (Eq. 6) can occur, allowing the production of "HO,
radical that can thereafter react to form dioxygen (Eq. 7). However, the rates of
radical formation over Fe'' are slow [49], compared to the rate of radical production

over Fe'' surface sites (Eq. 8), that are responsible for the phenol degradation.

Fe'"H,0, — Fe' + "HO, + H' (6)
Fe'+ '"HO, — Fe' + 0, + H' (7)
Fe'' + H,0, — Fe" + 'OH + OH (8)

Furthermore, formation of soluble Fe*" was also measured during the reaction
(Table 3). However, the iron leaching remains at the ppm level in the solution. A blank
experiment, performed with a similar content in Fe*" as homogeneous catalyst (Table
3,0.2 mg L in Fe*" experiment), was performed. Limited phenol conversion (32.1 %)
and TOC abatement (27.3%) was obtained, indicating that the contribution of
dissolved iron is limited, especially when we compare these values to the values
obtained for the more active materials. Then, the high phenol conversion and TOC
abatement measured for the Fe;04-R can be attributed to reaction over heterogeneous

active sites on the material surface.
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Table 3. Selected reaction results and catalyst stability for the phenol degradation. (Fe;0,: 0.25 g L™;
Phenol: 600 mg L™'; H,0,: 40 mmol L, pH: 4.0, T: 25 °C).

- XrocY % Feo Feyy in
Sample Co™/ mg Xohenol™ % d] leachingl/ solution'®/ %

L—l pheno ()(HZO2 /%) )

mg L

Homogenous
with 0.2 mg L' of 587 32.1 27.3 — —
FeZ+
Fe;0,-C 576 67.1 38.4(82.3) 0.03 0.01
Fe;04-S 405 93.2 52.4(83.2) 0.50 0.20
Fe;0,-R-11 304 98.0 74.0 (87.3) 0.17 0.07
Fe;04-R-2'° 97.1 72.3 0.14 0.06
Fe;04-R-3'° 92.9 67.9 0.15 0.06
Fe;04-Com 598 54.7 32.1(72.5) 0.27 0.11

[a], C is the initial phenol concentration, after adsorption on the catalyst surface; [b], Xphenol presents
the phenol conversion after 90 min of reaction; [c], Xtoc presents the TOC abatement after 90 min of
reaction; [d], X0z presents the hydrogen peroxide conversion; [e], Fe;04-R-1, -2 and -3 present the
catalyst used for one, two and three successive tests; [f], Fe, leaching in solution presents the iron
content in the solution at the end of the reaction; [g], Fe,, leaching (%) presents the percentage of total
iron (Fe(II) and Fe(III)) leached from the catalyst at the end of the reaction.
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Figure 8. Phenol removal efficiency (A) and TOC removal (B) obtained with hydrogen peroxide alone
(blank), catalyst alone (adsorption test), and hydrogen peroxide and catalyst (catalytic degradation)
(phenol: 600 mg L', Fe;0,4-R: 0.25 g L', H,0,: 40 mmol L, pH: 4.0, T: 25 °C).

7.3.5 Role of morphology in the catalytic oxidation of phenol
Different morphologies exhibited different surface areas, adsorption abilities, and
crystal sizes, which are considered to be the decisive parameters that contribute to

catalytic performance [50][51]. In our study, different shapes of Fe;O4 (Fe;04-C,
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Fe;04-S, or Fe;04-R, representing microcubes, nanospheres, and nanorods,
respectively) were chosen to estimate the effect of catalyst morphology on the
catalytic activity when H,O, was used as an oxidant. The phenol, TOC removal
efficiencies, and H,O, conversions obtained at the end of the tests are summarized in
Table 3. As evident in Figure 9 and Table 3, Fe;O4-R exhibited superior catalytic
activity in the Fe;04/H,0, process compared with the other morphologies of Fe;Oa.
Notably, the three different catalysts synthesized here were much more active than the
commercial material (Fe;O4-Com), for which only 54.7% of the phenol was converted,
32.1% of the TOC was removed, and 72.5% of the H,O, was decomposed. The results
in Figure 9, Table 1, and Table 3 then revealed that a greater surface area was
beneficial to the reaction, leading to high phenol mineralization degree. Evolution of
the Pseudo-first order reaction rate with the surface area is presented in Figure 10. The
activity trend obtained was: Fe;O4-R > Fe;04-S >> Fe3;04-C > Fe304-Com. The
results clearly indicated that this process was a surface reaction since increased
surface area provided more active sites for catalytic oxidation, and consequently
higher constant rate. Higher content of surface hydroxyl radicals can be produced over
high surface area materials, enhancing the degradation of phenol [51]. Consequently,
the very limited activity of the catalyst prepared by reduction of the commercial
hematite, that is Fe;04-Com, results from its poor textural properties.

Greater Fe''/Fe'" ratios led to more Fe' sites and resulted in higher removal
efficiency for organic compounds [52]. As evident from the results in Table 1,
comparable bulk Fe'/Fe' ratios are obtained between the different morphologies of
the synthesized Fe;O4. These are however slightly higher than the ratio measured in
the commercial catalyst (0.32+0.2). Therefore, the significantly higher catalytic
activities of the synthesized samples mainly originated from the higher surface areas,
as demonstrate by Figure 10, due to the increase in exposed active site number with

. We I,
the surface area at iso-Fe /Fe  ratios.
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Figure 9. Phenol removal efficiency and TOC removal obtained with different morphology of Fe;04
(phenol: 600 mg L'l, catalysts: 0.25 g L', H,0,: 40 mmol L'l, pH: 4.0, T: 25 °C).
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Figure 10. The relationship between the decay constant and surface areas for different catalysts.

7.3.6 Influence of hydrogen peroxide concentration and catalyst loading on phenol
oxidation

In the heterogeneous Fenton reaction, the concentration of oxidant and catalyst
loading are essential to the reaction and directly affect the concentration of active
radicals produced for phenol degradation. We investigated the effect of hydrogen
peroxide concentration by increasing the hydrogen peroxide concentration from 10
mmol L™ to 50 mmol L™ (SI, Figure S3). The effect of catalyst loading on phenol and

TOC removal in the Fe;04-R/H,O, system was also evaluated (Details seen in SI,
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Figure S5). TOC abatement increased with increasing H,O, concentration and
increasing catalyst loading (SI, Figure S3-4). Logically, the removal efficiency is
dependent on H,O, concentration. An increase in H,O, concentration, resulting in
increased ‘OH production, lead to increased phenol conversion and TOC abatement.
As evident in Figure S3, the TOC abatement increased linearly with increasing H,O,
dosage up to 40 mmol L. However, further increase in the concentration of H,O, to
50 mmol L' does not induce significant increase the TOC abatement (82.3%).
According to the stoichiometry for the complete phenol degradation by H>O,, 14 mol
of H,O; is theoretically required to completely convert 1 mol phenol to CO, and H,O.
In our study, 10, 20, 30 or 40 mmol L' of H,0, is added to 100 mL of phenol
solution (at the initial concentration of ~300-305 mg L™ after adsorption stabilization).
These concentrations in H,O, are however below the stoichiometric value needed to
completely mineralize phenol (45.3 mmol L' of H,0,). Consequently, complete
phenol conversion and TOC abatement cannot be achieved under these conditions.
When H,0, concentration increases to 50 mmol L’l, the H,O,/phenol molar ratio is
15.4, which is 1.1 times larger than the stoichiometric value needed to completely
mineralize phenol into inorganic compounds (CO,, H,O). However, complete TOC
abatement cannot be obtained even at the highest H,O, value, and TOC abatement of
only 82.3% is obtained. The effect of Fe;O4 loading was also given for sake of
information. As can be awaited, an increase in catalyst loading induces an increase in
final phenol conversion (Figure S4). The increase in catalyst loading results in an
increase in Fe' surface active site number that logically results in enhanced final

phenol conversion.

7.3.7 Stability of Fe;O4-R catalyst and iron leaching

For the Fe;04/H,0, system, the stability of the catalyst is a critical factor for its
successful application to wastewater treatment. The reusability of the solid was
evaluated by three successive runs under identical oxidation conditions. At the end of
each oxidation process, the solid was removed from the reactor, dried in a quartz tube
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under N, at a flow rate of 60 min’ at 60 °C overnight, and stored at room temperature.
As shown in Figure 11, the removal efficiency slightly decreased after the three cycles.
Due to the possible oxidation of the catalyst surface during reaction, XPS was
employed to quantify the changes of Fe*"/Fe’" ratio (SI files, Table S1, Figure S1). A
significant part of the F ¢’ is observed to be oxidized to Fe" after reaction (the ratio
of Fe*'/Fe’" reduced to 41.0%, compared with 52.5% for the fresh material). This
evolution can explain the slight decrease in final conversion between the three
successive cycles. However, the phenol removal still remained high, which indicates
that satisfying catalytic performance was maintained after three runs even if the Fe;O4
was observed to slightly dissolve at each cycle (the total iron ion concentration in
solution was 0.14-0.17 mg L™ at the end of each test, Table 3). The morphology of
Fe;0, after the three consecutive uses was similar to the fresh material (SI, Figure S5).
In addition, XRD diffractograms collected before and after the oxidation reaction
were found to be close to those of fresh catalyst samples (SI, Figure S6). Satisfying
stability of the structure, and activity maintain under cyclic reaction tests (i.e., limited
deactivation of the surface catalytic sites by the adsorption/oxidation process was

observed after three successive tests) is thus obtained.
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time / min

Figure 11. Evaluation of the catalyst stability during the reaction. (phenol: 600 mg L™, Fe;0,4-R: 0.25 g
L, H,O,: 40 mmol L™, T: 25 °C).
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7.3.8 Effect of the iron crystal phase on the catalytic oxidation of phenol

Different crystal phases contain different amounts of active sites, which is a
decisive parameter that contributes to catalytic performance. Therefore, we deduced
that the material phase composition can affect the degradation of phenol during
catalytic oxidation. Different iron phases were thus obtained through reduction of the
a-Fe;O3 under H; at 300 °C, 400 °C, and 600 °C for 1 h. The crystalline phases of the
catalyst samples were then assessed based on their XRD patterns (Figure 12). The
XRD patterns showed that the iron crystal phase depended on the reduction
temperature. The diffraction peaks of Fe,O3-R reduced at 300 °C was assigned to
Fe;04-R. No additional phases were detected in the samples, which suggested that the
Fe;04-R was highly pure. When the reduction temperature was increased to 400 °C,
the iron phase Fe3O4/FeO was obtained, which was also reported by Moura et al. [15].
When the reduction temperature was increased to 600 °C, the Fe;O4 phase vanished
completely and was transformed into pure Fe’. This result is not in agreement with
results obtained by TPR experiments for which incomplete reduction is measured
even at 1000 °C (Table 2). However, the low H, concentration used for the TPR
experiments could be at the origin of the incomplete reduction.

To investigate whether the crystal phase of the iron was correlated with the
degradation of phenol, samples with different crystal phase combinations were used to
compare removal efficiencies. TOC removal efficiency, which is an important
parameter for evaluating the mineralization degree of organic compounds, was used to
affirm the efficiency of catalytic degradation of phenol with H,O,. The phenol
conversion and TOC abatement after 90 min are presented in the Figure S7 (SI file).
The final conversion increased with increasing reduction temperature and then
decreased when the reduction temperature reached 600 °C, showing the variable
contribution of the different phases to the apparent activity. In addition, Fe” exhibited
some activity, with 68.1% TOC removal, even if greater degradation were obtained
for Fe;04-R. The Fe;04/Fe’ phase (reduction at 400 °C, Figure 12) exhibited the
highest catalytic activity and TOC removal efficiency (82.0%), and the catalytic
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activity followed the order Fe;04/Fe” > Fe;04 > Fe'. A positive effect on the catalytic
activity was observed with the formation of Fe’ phase over Fe;04-R surface (SI,
Figure S7). The formation of an interface between Fe’ with Fe;O4, not only by
physical contact but also via a surface chemical reaction to form the interfacial phase
FeO could be at the origin of this high activity [15]. Therefore, we can conclude that
the formation of mixed Fe’/Fe" phase was appropriate to generate high activity for

heterogeneous Fenton reactions.

Fezoz-R-Red}\lced 600 °C

| FeZOB-R-Reduced 400 °C
Fe O_-R-Reduced 300 °C
IO O | WS SR

Fe,0.-R-Calcined 300 °’C

| Fe’ JCPDS Card 89-4184

Intensity / a.u.

| ‘ Fe,O, JCPDS Card 19-0629
R .

\
B Fe O, JCPDS Card 33-0664
. [

20 30 40 50 60 70 80
20/°

Figure 12. XRD patterns recorded of a-Fe,0;-R precursor oxidized at 300 °C and reduced at different
temperatures (300 °C, 400 °C and 600 °C) for 1 h.

7.4 Conclusion

Magnetite, Fe;04, with various morphologies has been successfully synthesized
through the thermal reduction of a-Fe,Os particles fabricated via a hydrothermal
process. TEM analysis indicated that the microcubes, nanospheres, and nanorods of
the Fe;O4 particles were porous structures. The nanorods of Fe;O4 exhibited the
greatest activity, with a phenol conversion of 98.0% and a TOC abatement of 74.0%.
In addition to the evident effect of the material morphology, studies revealed that the
crystal phase was directly responsible for the catalytic degradation through Fe" active
site. Stability studies evidenced satisfying stability of these nanomaterials of Fe;O4
structure, with limited loss in catalytic activity. In addition, the optimization of the

reduction temperature to form Fe’/Fe;04 mixed phase allows achieving improved
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catalytic activity. These heterogeneous catalytic processes may be regarded as
promising hydroxyl-radical-based systems for the oxidative degradation of organic

compounds.
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1. Materials

Synthesis 1-decyl-3-methyl imidazolium chloride (C;omimCl): In a typical
preparation procedure, 1-methylimidazole (0.5 mol) and 1-chlorodecane (0.7 mol)
was mixed and stirred in a flask using a reflux unit. Then, the reaction mixture was
stirred for an additional period of 48 h at 80 °C. For the purification, ethyl acetate was
used in a rotary evaporator for several times.

Microcubes a-Fe,O3: An aqueous solution obtained by dissolving NaOH (8
mmol) in de-ionized water (36.7 mL) was added FeCl;-6H,O (2.67 mmol) under
vigorous stirring. Subsequently, 8 mmol of the C;ymimCl was added into the
homogeneous brown solution under continuous stirring. After 30 min, the solution
was transferred into a stainless-steel autoclave with a capacity of 55 mL, sealed and
heated at 140 °C for 15 h. When the reaction was completed, the autoclave was cooled
to the ambient temperature. The red product was centrifuged at 10000 rpm for 10 min,
washed repeatedly with de-ionized water and ethyl alcohol till neutrality, dried in the
oven at 80 °C for overnight. The final product was labeled as Fe;053-C.

Nanospheres a-Fe,03: 2.67 mmol of FeCl;*6H,0 and 12 mmol of CH;COOK
were put into 36.7 mL of de-ionized water under continuous stirring. Subsequently, 8
mmol of C;omimClI was added into the obtained solution under stirring. The next steps
of the synthesis are the same as Fe,03-C, and the sample was denoted as Fe,O3-S in
this work.

Porous nanorods a-Fe,03: The a-Fe,O; porous nanorods were synthesized in
the NaOH aqueous solution. The first step was to prepare the a-FeOOH nanorods.
Detailed synthesis procedures were the same as those for making Fe,0s-C, except the
amount of NaOH changed to be 26.7 mmol. In the second step, the a-Fe,O3 porous
nanorods were obtained by heating the as-prepared a-FeOOH nanorods in air at 300

°C for 3 h. The final product was labeled as Fe,O3-R.
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2. X-ray photoelectron spectroscopy (XPS)

Compared to Fe,O3, no satellite peaks appear in the spectrum for Fe;O4 [1-3].
The absence of the satellite peak has been verified in our study. The peak positions of
Fe2p;» and Fe2p, are, respectively, 710.5 (S.D. = 0.05) and 724.1 ev (S.D. = 0.07)
(Figure S1) and they are located at higher value obtained than for Fe,Os [3]. Using the
peak shape parameters and peak positions of Fe*" and Fe®" that are obtained for Fe;O4
reported in the literature [1], the Fe2p peak for Fe;0,4 was deconvoluted into Fe*™ and
Fe’* component (example given in Figure S1). The calculated Fe*'/Fe’" ratio are
presented in Table S1. It is obvious that the Fe*/Fe’” ratio in rod-type material is
much higher than in the commercial one. Furthermore, a change in Fe*"/Fe*" ratio was
also observed in Table S1 before and after reaction. Due to the oxidation of the Fe;O4
in the reaction process, part of the Fe’" was converted to Fe’* after the reaction. As
shown in Table S1, the ratio of Fe**/Fe** reduced to 41.0%, compared with the fresh

catalyst (52.5%), but the value is still larger than for the commercial material.

Intensity / a.u.

728 724 720 716 712 708
Binding Energy / eV

Figure S1 XPS details of the iron Fe 2p,,; and Fe 2ps), peaks of the as-synthesized Fe;0,4-R before

reaction.
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Table S1 Fe*" and Fe** surface content on the materials.

Sample Reaction Surface atomic Binding Fe'/Fe’* / % Percentage of Fe*
time/ min concentration/ Energy/ ev reoxidation after
% reaction/ %
Fe o
Fe;04-Com 0 856 145 710.43 25.1
90 86.4 13.6 710.40 16.6 37
Fe;04-R 0 80.8 192 710.44 52.5
90 82.0 18.0 710.50 41.0 8
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3. Catalyst adsorption ability

1.0 &
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0.2
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—O— second
0.0 T T T T T T
0 15 30 45 60 75 90

time /min

Figure S2 Adsorption of phenol on the surface of Fe;0, (Reaction conditions: phenol 600 mg L™;
Fe;0,-R: 0.25 g L' pH: 4.0, T: 25 °C)

fresh: catalyst stays in contact 90 min with phenol solution; second: Fe;04-R is recovered immediately
after 90 min without washing, and then a new phenol solution is added to the recovered Fe;0, for
another 90 min reaction. While phenol is significantly adsorbed during the first cycle, the second cycle

leads to a very limited phenol concentration decrease.

4. Influence of operational parameters on phenol removal
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Figure S3 Effect of hydrogen peroxide concentration on phenol conversion and TOC abatement during
the heterogeneous Fenton reaction. (Fe;0,-R: 0.25 g L™'; phenol: 600 mg L™'; pH: 4.0; T: 25 °C).

2221 Phenol conversion

100+ TOC abatement 94.2% 98.0%
90.7% - 7
84.7% 7 Z
80+ Z 74.0%
62.9% 63.1%

(o))
(=)
|

40

20+

Phenol conversion /TOC abatement / %

0.05 0.10 015 0.25
Fe O,-R loading /g L

Figure S4 Effect of catalyst loading on phenol conversion and TOC abatement. (phenol 600 mg L™;
H,0, concentration: 40 mmol L'l; pH: 4.0; T 25: °C).

5. Stability tests of Fe;04-R
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Figure S5 TEM of Fe;04-R before (A) and after reaction (B).

Used Fe,O,-R

Fresh FeSO 4-R

‘ JCPFS ard 19-0629
| \ L
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Figure S6 XRD patterns of Fe;04-R before and after reaction.

Intensity / a.u.
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6. Influence of the reduction temperature on the catalyst activity.
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Figure S7. Degradation of phenol in the presence of Fe,O3-R reduced with H; at different temperatures

(phenol: 600 mg L'; H,0, concentration: 40 mmol L™'; catalyst dosage: 0.25 g L™'; pH: 4.0; T: 25 °C)
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Chapter 8 Simple non-aqueous route to nano-perovskite

mixed oxides
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The successful synthesis of nanoscaled LaAO3; (A = Co, Mn) through a novel
non-aqueous benzyl alcohol route (BA) is reported. The obtained materials were
characterised by X-ray diffraction, transmission electron microscopy and N
physisorption, while their oxygen mobilities were evaluated using oxygen isotopic
exchange (OIE) experiment. These solids presented better properties in specific
surface area (SSA), crystallite size (D), and redox ability, with comparison to the ones
prepared by conventional citric acid method (CA). The OIE results showed that the
oxygen mobility was strongly influenced by the physical properties (D, SSA), which
was correlated well with their catalytic activities for phenol conversion and low
temperature CO oxidation. Indeed, the BA route achieved much higher catalytic

performances.

8.1. Introduction

Perovskite-based catalysts, of the general formula ABO;, are important
heterogeneous catalysts in industry due to their high potential, low cost and flexibility
of composition, and they are especially useful in waste gas oxidation or combustion
(NOy, CO and methane) [1-3]. Indeed, some composites have been proposed as
potential alternatives to the commercially used noble metals. Among perovskites,
cobalt and manganese-based structures are found to be the most useful in the catalytic
process due to their great versatility, excellent high-temperature thermal and
hydrothermal stability, interesting activity, and low cost of the constituting elements
[4-7]. More interestingly, in addition to their application in waste gas treatment,
perovskites also act as efficient catalysts for wastewater treatment, due to the presence
of transition metals with multiple valence states. BiFeOs-type perovskites (BFO) are
reported to be good catalysts for oxidative acetylation [8], photocatalysis [9] and
catalytic activation of H,O, [10]. A phase-pure layered perovskite, LaNizOj, was
employed as a catalyst for the removal of azo dyes [11].

Advanced oxidation technologies (AOPs) for wastewater treatment have

appeared as a logical alternative to biodegradation due to the generation of hydroxyl
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radicals (‘OH) in these processes [10, 12-14]. The hydroxyl radicals react in a
non-selective way with organic compounds, leading to harmless chemicals such as
CO;, and H,O. This type of radical is easily generated using hydrogen peroxide and
multivalent ions such as Fe, Co, and Mn. The generally accepted free radical
mechanism for the classical homogeneous chain reaction involves the following steps,

where A represents the transition metals, Fe, Co, and Mn, and n represents the valence

state [15]:
H,0, + A" —» A" + 'OH + OH (1)
H,0, + A" — A"+ 'HO, + H" )
"OH + A" — Me""' + OH 3)
A" +°'HO, —» A"+ 0, + H' “)
A"+°HO, + H — A™" + H,0, (5)
"HO, + "HO, — H,0, +0, (6)

Although the classic homogenous catalyst system is highly efficient, it operates
at strict pH levels to prevent the precipitation of metal ions, and extra metal ions are
considered pollution after treatment, thus limiting widespread application. Unlike the
traditional homogenous catalysts, heterogeneous catalysts, with hydrogen peroxide,
can effectively oxidise organic compounds at a wide pH range. However, we found
that the catalytic activity of pure metal oxides (Fe;O4, Fe;O3, MnO;, etc.) was not
effective in degrading organic compounds; organics were only slightly degraded at
slow rate in HO,/Fe;04, H,0,/Fe,; 03, and H,0,/MnO; systems. Due to weak catalytic
activity, heterogeneous catalysts often require the aide of other advanced oxidation
technologies, such as UV or ultrasound, to enhance the reaction rate. The need for
extra equipment and energy consumption increases the cost of their use for
wastewater treatment. In this sense, it is very important to develop more effective
heterogeneous catalysts.

Considering that LaAy-based (A = Co, Mn) nanoparticles simultaneously have a
perovskite structure and multiple oxidation states, such as Mn?*, Mn*", and Mn4+, we

anticipate these nanoparticles to be excellent candidates for CO oxidation and
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catalytic activation of H,O,. It is known that the redox properties and catalytic
performance of perovskites are critically dependent on their physical properties.
Generally, conventional methods for perovskite preparation, such as
calcination-milling [2] and citric acid routes, lead to large grain size (D), low specific
surface area (SSA4) and poor activity [16,17]. To overcome these limitations, improved
synthetic approaches, such as the so-called sol-gel method [2], reactive grinding [18],
nanocasting [19] and flame-spray pyrolysis [20], allow a higher surface area (30-50
m?® g") and smaller crystal size (< 20 nm). Although the formation of the tartrate
complex keeps cations homogeneously dispersed, these catalysts achieve of greater
catalytic performance over as-synthesised materials. Sintering is required due to the
low calcination temperature. Reactive grinding is sufficient for LaAsO; (Co, Mn)
synthesis, but popularisation is largely restricted by the requirement for special
equipment and a complex procedure [21]. Although a simple and efficient route for
the preparation of supported nanocrystalline perovskites with sizes below 5 nm was
developed by our group [22], it remains a challenge to directly synthesise size-limited
and pure nanocrystalline perovskites.

In recent years, the so-called “benzyl alcohol route” has become a valuable
pathway for nanoparticle preparation; this route offers excellent control over particle
size, shape, crystallinity, order, purity, assembly behaviour, and isolability, while
avoiding the use of any additional surfactants or templates [23,24]. This process may
be defined as non-aqueous, and no water is generated in-situ during the different
competitive reactions. Nanoparticles in powder form are highly desirable for many
applications and industrial processing steps.

In this study, we aimed to extend the benzyl alcohol route to the preparation of
pure LaAsO3 (A = Co, Mn) nanoparticles. Since we have shown that oxygen mobility,
rather than redox capability, is well correlated to the oxidation performance of
LaFe-based perovskites,[25] the oxygen isotopic exchange technique was utilised
herein to investigate the oxygen mobility of the prepared samples and assess their

catalytic activity. Considering that the study of LaA,O3; (A = Co, Mn) for wastewater
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treatment is limited, phenol was selected as a model contaminant and was oxidised in
the presence of catalysts and H,O,. The benzyl alcohol route (BA) for the preparation
of LaA4O3 (A = Co, Mn) nanoparticles was shown to produce more active catalysts

than the conventional citric-acid-route (CA).

8.2 Experimental Section

A series of La, Co, and Mn starting materials, as well as different solvothermal
reaction conditions, were employed; pure LaCoOs and LaMnOj crystal phases were
achieved, and the same material was prepared (see Supporting Information).

Characterisation of all the materials was performed by X-ray diffraction (XRD),
N, physisorption, transmission electron microscopy (TEM), scanning electron
microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX),
H,-temperature-programmed reduction (H,-TPR) and temperature-programmed
oxygen isotopic exchange (TPOIE).

Activity measurement

CO oxidation reaction was performed in a tubular microreactor with 75 mg of
catalyst. After activation at 300 °C of the catalyst under simulated air (30 mL min™),
the reaction flow composed of 5 vol.% of CO - 20 vol.% O, - bal. N, at a total flow
rate of 60 mL min™' (given a GHSV of 22500 h™') was stabilized. The conversion was
recorded under isothermal conditions each 20-30 °C (depending on the conversion).
The concentration of CO and CO; in the effluent gas was on-line analyzed using a
VARIAN (model CP-3800) gas chromatograph equipped with a TCD and a Porapak
column for separation.

OIE (Oxygen Isotopic Exchange)

The exchange experiment was carried out in a recycling U-shaped microreactor. The
recirculation volume (V = 60 cm’; recirculation rate = 170 cm® s™) was coupled to a
quadrupolar mass spectrometer (PFEIFFER VACUUM). The gas sampling was
regulated by a thermo-valve adjusted to maintain a constant pressure of 1 x 10 mbar

in the ionization chamber of the mass spectrometer. An equivalent of 20.0 mg of the
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as-prepared sample is inserted in a microreactor, heat treated up to 300 °C under O,
(ramp = 5 °C min'], total flow rate Qo = 20 mL min'l) and cooled down to the test
temperature. After temperature stabilization, the sample was evacuated under dynamic
vacuum for 30 min. For the oxygen exchange experiments, around 65 mbar of pure
80, was introduced into the recirculation volume. The temperature-programmed
exchange experiments are performed from 100 °C to 600 °C (ramp = 2 °C min™'), and
partial pressure evolution of 'O, (mass 36), '°0, (mass 32), and '°0'*0 (mass 34) are
recorded on the mass spectrometer allowing to quantify the '®O fraction in the gas

phase (o) and the number of oxygen atom exchanged (N.y).
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Figure 1. XRD results for LaCoO3 and LaMnO; samples prepared by the BA and CA routes. (A) XRD
results for LaCo-BA samples prepared at different calcination temperatures, including LaCo-CA-600;
(B) XRD results for LaMn-BA samples prepared at different calcination temperatures, including
LaMn-CA-600. Reference X-ray lines attributed to LaCoO; (JCPDS card 48-0123) and LaMnO;
(JCPDS card 50-0298) are also shown.

8.3 Results and discussion

8.3.1 Physicochemical and structure properties

Samples prepared at different calcination temperatures (600 °C - 1000 °C), by the
non-aqueous BA and citrate complexation routes, showed XRD reflections typical of
the perovskitic phase. Figure 1 show that pure perovskite-type structures were

obtained for the BA and CA samples, for both LaCoO3 and LaMnOs.5, compared to
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the orthorhombic structure of LaCoO; (JCPDS card 48-0123) and LaMnOs.;
(JCPDS card 50-0298). For LaMnOs.s, it is often reported in the literature that
samples are prepared in the air [26-29]. In this study, the oxygen content of the
manganese-based perovskites was assumed to be 3.15, which is usually accepted in
the literature. This corresponds to the fact that 30% of manganese is Mn(IV) in the

oxidised perovskite structures.

Table 1 Physical properties of the BA and CA samples obtained at 600 °C.

Method CA BA

Elemental composition LaCog 9305 LaMn, 9703 ;5 LaCoy 9503 LaMny 9603 ;5
Crystal phases P P P P

Sger (m” g™) 21.7 26.3 8.9 17.5

D (nm) 14.8 18.4 21.8 28.0

S (m* g) 55.6 49.6 37.8 32.6

Sw/SBeT 2.6 1.9 4.2 2.6

P, LaCoO; and LaMnOs; perovskite; D, particle size of LaCoO; and LaMnOs calculated from
X-ray line broadening, using the Scherrer equation D = KA/(f cosf) after Warren’s correction for
instrumental broadening (* = B> — b*, where B is the FWHM and b is the instrumental broadening
determined by the FWHM of the X-ray reflection of SiO,, having particles larger than 150 nm, at 26 =
27°); Sy, theoretical specific surface area calculated assuming cubic particles of size D and a density of
LaCoO; equal to 7.29 g cm™ (S.Royer et al., 2005), and a density of LaMnOs equal to 6.57 g cm™ (Van
Roosmalen et al., 1994). S4/Sger, the ratio between the theoretical surface area and the BET surface

area corresponds to a fraction of surface area lost by contact between crystal domains.

Normally, higher thermal treatment temperatures are used to ensure the complete
crystallisation of the perovskite [30,31]. However, such high temperature treatments
are accompanied by lower SSA, larger crystal size and, consequently, lower catalytic
activity. A gradual decrease in FWHM of the XRD peaks with an increase in
calcination temperature was observed, suggesting an increase in crystal size. This
observation fits well with the corresponding values obtained from BET (SSA), as
presented in Figure 2. Moreover, an important difference between the SSA, measured
by N, adsorption, and the theoretical surface area, assuming a cubic-shaped crystal
and calculated from D, (Table 1) was observed. It was determined that the Sy/Sggr

ratio is of great importance for the properties of the solids, indicating that a fraction of
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the surface is lost through contact between nanoparticles [32,33]. The larger the
Sw/Spet ratio, the more agglomerated the sample is. As shown in Fig. 2A-B, the ratio
of Sw/Sper increased for LaCoO; and LaMnO;s;s (BA route) with increasing
calcination temperatures. A high calcination temperature provoked a densification of
the agglomerates, and a subsequent decrease in free surface between the elementary

particles (Su/SgeT) Was observed.
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Figure 8-2. Plots of S;/Sger and SSA (obtained from BET treatment) of LaCo-BA-600 (A) and
LaMn-BA-600 (B) samples at varying calcination temperatures.

It has been reported that moderate thermal treatment (600 °C) also produces a
pure LaCoOj3 perovskite structure with more adequate physicochemical properties and,
consequently, higher catalytic activity [32]. The CA samples calcined at higher
temperatures (600, 700, 800 and 1000 °C) were analysed by XRD and showed pure
perovskite structures (not shown). A larger surface area (21.7 m® g') was achieved
using the BA route after 600 °C calcination, which is much higher than the value for
the LaMnO3; sample obtained by the CA route (8.9 m? g'l). Similarly, a higher surface
area (26.3 m® g') was observed for LaMnO; synthesised by the BA route, which is
superior to that of LaMnO; synthesised by the CA route (17.5 m? g'l) when both
samples were calcined at the same temperature. Upon closer inspection, the
differences between theoretical (Sy,) and BET (Sger) surface area ratios for the two
routes (BA vs. CA) were found to be remarkable, becoming larger at higher
temperature (Table 2); this result effectively confirms that the BA route prevented

potential agglomeration of the perovskite.
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Table 2. The ratio of theoretical Sy, or Spgr surface area between BA and CA samples (BA: CA)

obtained at each temperature.

T/°C
Ratio of S, or S BA:CA Samples
 OF Sper ( ) P 600 700 800 1000
. fa] LaCoO; 1.47 1.56 1.61 1.30
Ratio of Sy,
LaMnO; 1.52 1.39 1.36 1.28
‘ - LaCoO; 2.4 3.4 3.7 4.9
Ratio OfSBET
LaMnO; 1.5 3.1 3.5 4.4

[a] the theoretical surface areas were calculated from the surface area developed by a cubic unit volume
of single crystal grain, assuming no agglomeration. [b] Spgr was obtained by N, adsorption

measurement.

The morphology of the LaCoO3; and LaMnOs ;5 samples, prepared by the BA and
CA routes and calcined at 600 °C, was investigated by TEM, as shown in Figure 3.
Based on images in Figure 3A and 3B, one can see that the LaCoOs; samples
synthesised via the BA route were composed of relatively isolated and spherical
LaCoOs nanoparticles, with diameters ranging from 10 to 40 nm and without many
large clusters or agglomerates (Figure 3B). However, large particles composed of
closely packed nanoparticles, with diameters between 40-200 nm, were observed in
samples prepared by the CA route (Figure 3C and 3D). These particles exhibited
strong agglomeration and inhomogeneity in crystal size. This structure, with such
poor uniformity and large crystal size, lead to a low SSA (8.9 m” g, Table 1), which
has an adverse effect on catalytic activity.

Morphological and structural features of the LaMnO; powders were also
examined in detail by TEM. Figure 3E-3H displays that the different synthetic
methodologies have a strong impact, not only on the crystal size but also on the
ordered crystal morphology. Based on Fig. 3E and 3F, the shape of LaMnO; obtained
by the BA route is regular quasi-spherical and the particles occur separately relative to
those obtained by the CA route. As for crystal size, the samples prepared by the BA
route are smaller than those of the CA route. The crystal size for samples prepared by
the BA route was less than 40 nm, which is larger than the size calculated by XRD.

However, the size of the BA samples was much smaller than that of the CA samples
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(18.4 nm for BA vs. 28.0 nm for CA, presented in Table 1). The reason for this might
be that benzyl alcohol is adsorbed on the surface of the precipitate, stopping the
self-assembly process. It can be seen that the BA route is suitable for the formation of
not only highly crystalline nanoparticles but also highly ordered organic-inorganic

hybrid materials [34].

Figure 3. TEM images of LaCo-BA-600 °C (A-B); LaCo-CA-600 °C (C-D); LaMn-BA-600 °C (E-F);
LaMn-CA-600 °C (G-H).

8.3.2 Redox properties as evaluated by H,-TPR

The effect of morphology on the redox properties of the four catalysts was
evaluated by H,-TPR. The H, consumption profiles are presented in Fig. 4, while the
calculated results are gathered in Table 3. Figure 4A and Table 3 showed the reduction
process of LaCoOs. In the case of LaCo-CA, the reduction started at 150 °C, and two
separated reduction peaks centered at 393 °C and 650 °C were recorded. Based on the
quantification of H; consumption, the first peak exactly resulted by the complete
reduction of Co®" to Co®*, and the subsequent generation of Co” occurred after 475 °C.
It is noted that almost all the Co>" can be reduced to metallic Co° before 800 °C (~
90%), showing its excellent redox property comparing to Fe*" and Mn®* in perovskite

structure [11]. A quite different profile was obtained on BA sample, in which the

193



CHAPTER 8 SIMPLE NON-AQUEOUS ROUTE TO PREPARE NANO-PEROVSKITE
MIXED OXIDES

major reduction behaviour happened in the first peak before 475 °C (100% Co>" to
Co*" with 53% Co”>" to Co”). Additionally, the Co®* reduction seemed to shift from
393 °C to 270 °C after the employ of BA route. Clearly, even though CA and BA
LaCoOj5 presented close reduction proportions of Co®" (both 100%) and Co*" (90%
for CA vs. 94% for BA) at the end of the TPR reaction, the redox abilities of the both
ions enhanced strongly in BA sample. A half of Co*" in LaCo-BA even showed the
same redox capacity than Co®" in LaCo-CA. The positive effect of the higher SSA and
lower D of BA sample could contributed to such great enhancement.

As depicted in Figure 4B and Table 3, two separated reduction peaks were
observed on both LaMnO; samples. Differing from LaCoO3;, Mn ion in LaMnOj;
could not be reduced to Mn® until 900 °C in both CA and BA LaMnOs, corresponding
to our previous result [11]. In their first peaks below 600 °C, all the Mn*" ions were
totally reduced to Mn’", while Mn’" to Mn”" reaction were also partially occurred.
Apparently, about 14% more of Mn®* could be reduced in LaMn-BA comparing to
LaMn-CA in the first peak (20% more until 900 °C), showing again the advantage of
better physical properties of BA sample, as mentioned for LaCoOs3. Unfortunately, the
effect to the redox property of Mn*" could not be confirmed herein, since the two

LaMnO3 had the same reduction start temperature.
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Figure 4. H,-TPR profiles for (A) LaCo-BA-600 and LaCo-CA-600 ; (B) LaMn-BA-600 and
LaMn-CA-600.
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Table 3. H,-TPR results for LaCoO; and LaMnO; samples

Theoretical H, Experimental H, . L.
Ca 4 . 4 Reduction proportion” %
consumption® / mmol g consumption / mmol g
k1 k2
Mn**— Mn**  Mn*" — Mn? total® pea bea Mn*" — Mn** Mn** — Mn?*
(<600°C) (>600°C)
LaMn-BA 0.614 5047 1.908 1.304 0.604 100 (peak 1) 63.19 (peak 1: 33.69; peak 2: 29.50)
LaMn-CA ’ ’ 1.496 1.028 0.468 100 (peak 1) 43.07 (peak 1: 20.21; peak 2: 22.86)
eak 1 eak 2
Co”" = Co*"  Co*" — Co’ total P . P . Co™" — Co*" Co™" — Co°
(<475°C) (>475°C)
LaCo-BA 5 034 4,068 5.844 4.191 1.653 100 (peak 1) 93.65 (peak 1: 53.02; peak 2: 40.63)
LaCo-CA ' . 5.704 2.102 3.602 100 (peak 1) 90.21 (peak 1: 1.67; peak 2: 88.54)

[ calculated values of H, to be consumed for the complete reduction of the different cations (reduction reactions depicted in the Table); ™, total molar of H, consumed for per gram of materials,

issued from H,-TPR experiment; [, reduction proportion calculated by comparing each experimental H, consumptions with theoretical H, consumption.
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8.3.3 Oxygen mobility capacity as evaluated by temperature-programmed
oxygen isotopic exchange (TPOIE)

The OIE technique was developed by our group and successfully applied for the
measurement of oxygen mobility in many metal oxide catalysts, including LaFe- and
LaCo-based perovskites. OIE is much more effective and better suited for the study of
oxidation behaviour of a catalyst compared to conventional O,-TPD techniques
[25,37]. Therefore, in order to generally compare the oxygen mobility capacity
between CA and BA samples, TPOIE experiments were carried out. Figure 6 shows
the cumulative number of oxygen atoms exchanged (N.), the rate of exchange (R.),
and exchange temperature, as determined by TPOIE. Obviously, the total number of
oxygen atoms exchanged at 600 °C was very close between BA and CA samples,
implying that almost all the oxygen atoms were exchangeable below this temperature;
this result is similar to that of LaFe-based perovskites [25]. In the case of LaCoO;
(Figure 5A), oxygen atoms began to become activated at around 220 °C for both
materials, corresponding to surface oxygen activation. Above 270 °C, an abundance of
oxygen in BA-LaCoOj; participated in the exchange reaction relative to the CA sample,
and oxygen mobility capacity was largely improved for the BA sample. According to
R. plots, the exchange process can be separated into two steps, with different
activation energies, for each sample. These processes occur at 220 °C - 400 °C and
400 °C - 600 °C for BA-LaCoOs3, while 350 °C can be the demarcation point for
CA-LaCoOs. Normally, taking into consideration the exchange temperature, the first
step located in the low temperature zone is assigned to the oxygen exchange that
occurs at the surface and subsurface of the sample grains. Bulk oxygen atoms start to
exchange when temperature is increased, contributing to the second step. In the first
step, 49.5% and 18.4% of oxygen in the solid was easily exchanged for the BA and
CA LaCoOs samples, respectively. The large differences in SSA (21.7 m* g for BA
vs. 8.9 m” g for CA) and D (14.8 nm for BA vs. 21.8 nm for CA) for the two samples
clearly contributed to this difference; the higher SSA and lower D were, the larger the

proportion of surface active sites. More than 80% of the oxygen atoms in the CA
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sample were activated above 400 °C, exhibiting its poor oxygen mobility capacity.
The highest exchange rate was achieved at 500 °C. A similar phenomenon was
observed for the LaMnO; materials. The highest exchange rate of the four materials
was detected for BA-LaMnOs at 360 °C where 57.6% of the oxygen took part in this
exchange reaction in the first step. The separation of the two steps for the CA sample
was not so apparent; the exchangeable oxygen in the first step only accounted for
about 15%. According to the large proportion of exchanged oxygen in the first step,
for the two BA perovskites, the activation of bulk oxygen atoms cannot be excluded
as a possibility, in addition to an increase in surface/subsurface oxygen. In conclusion,
the huge enhancements in oxygen mobility for the BA samples were attributed to their
excellent physicochemical properties, comparing with the CA materials. More oxygen
atoms (both from surface/subsurface and bulk) were available at medium
temperatures, while higher temperatures are needed for the CA materials. Therefore,

better oxidation activity can be reasonably expected for the BA samples.
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Figure 5. Plots of the number of exchanged oxygen atoms (%,) and exchange rate (R,) versus
temperature of reaction for LaCo-BA-600, LaCo-CA-600 (A); LaMn-BA-600, and LaMn-CA-600 (B).
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8.3.4 Catalytic acitivity evaluation

The CO oxidation activity results over the both LaCoO; and LaMnO; were
presented in Figure 6 showing much higher oxidation performances obtained over BA

samples than that of CA samples.
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Figure 6 (A) CO conversion versus reaction temperature for LaCo-BA-600, LaCo-CA-600,
LaMn-BA-600 and LaMn-CA-600. (B) Arrhenius plot obtained for CO oxidation reaction (conversions
<30%); straight line, two parameters (E, and A,) linear regression; E, and A,, values of activation

energy and pre-exponential factor calculated by linear regression on the Arrhenius plots.

It has been found that CO oxidation reaction over LaCoOs; and LaMnO;
perovskite proceeded through a redox surface oxidation mechanism in which surface
oxygen from the solid will be consumed, rather than through a pure suprafacial
mechanism. Thus, a higher mobility of oxygen on the surface or even subsurface as
well as a better surface redox capacity are absolutely favorable to this reaction, which
can be correlated to the activity improvement achieved over BA samples.

For phenol conversion, the catalytic aciticty tests were taken for LaMnO;
samples, and the results were shown in Figure 7. Much higher activity was achieved

by BA samples.
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Figure 7. Comparison of the catalytic performance in the system of H,O,/LaMn-BA-600 (A) and
H,0,/LaMn-CA-600 (B) in the presence of (1) H,O, alone, (2) catalyst and (3) H,O,/catalyst.
Experiment condition : phenol: 100 mg/L, catalyst : 1.0 g/L, HO,: 50 mmol/L, pH: 4.0, T: 25 °C).

8.4 Conclusions

In conclusion, the successful extension of the benzyl alcohol route to the
preparation of pure LaCoO; and LaMnO; nanoparticles was described. The BA
LaCoOj; and LaMnO3 samples exhibited excellent physicochemical properties as well
as enhanced redox capacity and oxygen mobility, leading to an increase in catalytic

performance for CO oxidation or phenol conversion.
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Materials
Benzyl alcohol route:
LaCoOs3 (LaCo-BA-T)

La(NOs);-6H,0 (2 mmol) was first dissolved in anhydrous benzyl alcohol (26.7
mL) (Sigma Aldrich) in a vial at room temperature. Cobalt (III) acetylacetonate (2
mmol) was dissolved in benzyl alcohol (40 mL) at room temperature. The reaction
mixture was stirred for 30 min and transferred into an autoclave with a Teflon cap.
The autoclave was heated to 200 °C for 24 h. The resulting brown suspension was
centrifuged, followed by four washes with ethanol. After each washing step, the
solvent was removed by centrifugation at 8000 rpm for 10 min. The collected material
was left to dry in air at 80 °C overnight. Calcination was performed at elevated
temperatures ranging from 600 °C to 1000 °C for 6 h. The prepared samples were
labelled as LaCo-BA-T, where T refers to the calcination temperature.

LaMnO; (LaMn-BA-T)

La(NOs);-6H,0 (2 mmol) was first dissolved with benzyl alcohol (26.7 mL) in a
vial at room temperature. Subsequently, manganese (II) acetylacetonate (2 mmol)
(Sigma Aldrich) was added to the solution. The procedure that followed was the same
as for the LaCo-BA-T samples. These samples were labelled as LaMn-BA-T.

Characterisation of the materials was performed using X-ray diffraction (XRD),
N, physisorption (for the surface area), transmission electron microscopy (TEM),
scanning electron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM-EDX), H,-temperature-programmed reduction (H,-TPR) and
temperature-programmed oxygen isotopic exchange (TPOIE). For a complete
description of the methods and procedures, see SI file, Catalyst characterisations

section.

Citric acid route:

LaCoO; (LaCo-CA-T)
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Aqueous solutions of lanthanum (III) nitrate hexahydrate (20 mM) (= 99.0 %,
Sigma-Aldrich) and cobalt (II) nitrate hexahydrate (20 mM) (97.7%, Alfa Aesar) were
prepared with distilled water. Thereafter, an aqueous solution of citric acid (CA)(98
%, Prolabo, Paris), with a molar equivalence to La and Co (40 mM), was added
drop-wise to the precursor solution under gentle stirring at 80 °C, resulting in the
formation of a gel. The gel was dried in an oven at 110 °C overnight. Subsequently,
the foam solid was crushed and calcined at 600 °C for 6 h (ramp rate = 5 °C min™).
These samples were labelled as Co-CA-600.

LaMnO; (LaMn-CA-T)

Aqueous solutions of La(NO3)3;-6H,0 (20 mM) and Mn(NOs),-4H,0 (20 mM)
(297.0 %, Sigma-Aldrich) were prepared with distilled water. Thereafter, 40 mM CA
was added drop-wise to the precursor solution under gentle stirring at 80 °C, resulting
in the formation of a gel. Afterwards, the procedure followed was the same as for

LaCoOj; samples. These samples were labelled as Mn-CA-T.

Characterisation

X-ray diffraction (XRD)

The catalyst structures were verified by X-ray diffraction using a D5005
diffractometer (Bruker), equipped with a CuKa radiation (A=1.5406 A). The signal
was recorded every 3 s for 26 between 20° and 80° with a recording step of 0.05°.
Phases were identified by comparison with the JCPDS database. Crystal size was
determined using the Scherrer equation after applying Warren’s correction for

instrumental broadening.

N»-physisorption
N, adsorption measurements were performed with a Micromeritics TRISTAR
3000 instrument and the surface areas of the catalysts were obtained by the

Nrunauer-Emmett-Teller (BET) method.
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Transmission electron microscopy (TEM)

Morphology and structure was evaluated by TEM coupled with Energy
Dispersive X-ray Spectroscopy (EDXS). Micrographs were obtained on a JEOL 2100
instrument, operated at 200 kV with a LaBg source and equipped with a Gatan Ultra
scan camera. EDX spectroscopy was carried out with a Hypernine (Premium) detector
(active area: 30 mm?) using the SM-JED 2300T software for data acquisition and

treatment.

H,-temperature-programmed reduction (H,-TPR)

TPR experiments were performed with an AUTOCHEM instrument from
Micromeritics. Approximately 90 mg of sample was introduced into the microreactor.
The material was initially activated under simulated air (total flow rate = 30 mL
min™) at calcination temperature for 1 h. After cooling down to room temperature, a
reducing flow (1 vol.% of H, in Ar) was applied at a flow rate of 30 mL min™'; the
temperature of the reactor was increased from room temperature to 1000 °C with a
ramp of 5 °C min™'. Evolution of H, with temperature was recorded with an in-line

TCD.

Temperature-programmed oxygen isotopic exchange (TPOIE).

The exchange experiment was carried out in a recycling U-shaped microreactor.
The recirculation volume (V = 70 cm’; recirculation rate = 170 cm® s™') was coupled
to a quadrupolar mass spectrometer (MQG Blazers). Gas sampling was regulated by a
thermo-value, adjusted to maintain a constant pressure of 1 x 10° mbar in the
ionisation chamber of the mass spectrometer. The as-prepared samples (20.0 mg) were
inserted into the microreactor, heat treated up to the calcination temperature under O,
(ramp = 5 °C min™, total flow rate Qo = 20 mL min™), and cooled down to the test
temperature. After temperature stabilisation, the sample was evacuated under dynamic

vacuum for 30 min. For the oxygen exchange experiments, approximately 65 mbar of
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pure '*0, was introduced into the recirculation volume. The temperature-programmed
exchange experiments were performed from 100 °C to 600 °C (ramp = 2 °C min™),
and partial pressure evolution of 180, (mass 36), '°0, (mass 32), and '°0"*0 (mass 34)
were recorded on a mass spectrometer that allows quantification of the 'O fraction in
the gas phase (a), the number of oxygen atom exchanged (N¢y), and the fraction of the

solid exchanged at the end of the experiment (Ocy).
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Chapter 9. General conclusion

Based on the results presented in Chapter 3 to Chapter 8, it was clearly
demonstrated that multiples factors can affect the heterogeneous Fenton reaction. The
first important point concerns the fraction of dissolved iron in the solution (unlike
many published works), that first affects the catalytic activity. However, its
contribution remains limited in regard of the global reaction rates. Activity also
depended on the sorption capacity of the pollutant on the surface of the material, and
its physico-chemical properties. The surface properties consequently play a very
important role. The results obtained during the PhD then concern the role of the
material and its properties, key parameters to control the heterogeneous Fenton
reaction. In addition to classical H;O, mediated processes, we demonstrated that
persulfate ions can also be considered as a promissing oxidant for wastewater and soil
treatment. Below are drawn achievements of the PhD work:

(1) Different morphologies of a-Fe,O3; have been synthesized using an ionic
liquid-assisted hydrothermal method. Nanostructured Fe;O4 particles of defined
morphologies were obtained through thermal reduction of a-Fe,O3 particles. All
materials are pure phases.

(2) Reducibility experiments showed that a-Fe,Os; with various morphologies
present comparable reduction properties. Reducibility is however strongly altered,
with a first reduction process shifted to the low temperature, in the presence of noble
metal on the surface.

(3) Oxygen mobility is favoured by the increase in surface area and decrease in
crystal size, making the porous nanorod morphology the more active material for
oxygen exchange.

(4) Owing to the favourable physical properties of the iron oxides obtained
using the ionic liquid-assisted route, high activity for CO oxidation can be achieved.
In addition, due to the high noble metal dispersion obtained over the porous nanorod

morphology, Pd and Au containing materials showed extremely high activity.
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(5) Magnetite catalysts in combination with H,O, and ultrasound can efficiently
convert TC. The catalyst exhibited good structural stability and a limited loss in
performance upon reuse. The removal rate is affected by the initial TC, H,O,, and
Fe;O4 concentrations; the temperature; and the ultrasonic power. The reaction is also
affected by the initial pH.

(6) In this last process, the effluent toxicity, which was assessed using D. magna,
decreased after it reached a maximum during the first period of the oxidation reaction.
Then, noxious intermediates are produced during the first period of reaction.

(7) Experiments using different scavengers indicated that ‘OH,qs plays a major
role in the degradation process. More importantly, the TC oxidation mechanism
proceeds through a TC intermediate adsorbed on the Fe;O4 surface.

(8) Mainly heterogeneous Fenton reaction happened for the degradation of TC
and phenol, because Fe leaching from the oxide surface is negligible in our
experiment conditions.

(9) Employing Fe;O4 in combination with Na;S,0g and ultrasound process can
degrade tetracycline effectively. The degradation reaction mainly takes place on the
surface of Fe;O4 and the leaching ion during the reaction remains very limited. The
presence of SO4 , "'OH and O, scavengers would hinder the degradation reaction.

(10) The ultrasound can be used to accelerate the decomposition of Na,S,0g at
room temperature. The maximum power efficiency is reached at 80 W and a further
increase of power does not affect degradation rate of the reaction. Both the
degradation rate and removal efficiency reach the highest level at the optimal initial
pH of 3.7.

(11) A mechanism during sono-catalytic ozonation of tetracycline was proposed.

(12) Ultrasound enhanced the catalyst activity in the sono-catalytic ozonation
process.

(13) Rod-type nanostructure exhibited exceptional activity toward phenol

removal under mild conditions. Interestingly, the material activity is strongly affected
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by the reduction degree, highlighting the beneficial effect of Fe"/Fe;0,4 mixed phase
formation to achieve higher activity.

(14) The successful extension of the benzyl alcohol route to the preparation of
pure LaCoOs; and LaMnO; nanoparticles was described, and the samples exhibited
excellent physicochemical properties as well as enhanced redox capacity and oxygen

mobility, leading to increased catalytic performances.
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