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1 Introduction

The environmental pollution is growing on a massive and unprecedented scale, mainly
due to the burning of fossil fuels and the release of materials and chemicals into the
environment, especially contaminants of emerging concern (CECs), for which there is no

established treatment strategy.

CECs is a term used to describe pollutants that have been detected in water bodies, that
may cause harmful effects to the ecosystem or to human health, and typically are not

regulated under current environmental laws.

The main groups of CECs reported are pharmaceuticals, personal care products,
endocrine disruptors, surfactants, persistent organic contaminants (i.e. flame retardants
and perfluorinated compounds), industrial additives and artificial sweeteners. These
contaminants are difficult to be traced due to the need of specific detection methods,
raising the question on how long these contaminants have been prevalent in the

ecosystem and how the contamination process can be reversed or reduced.

The industrial development and other anthropogenic actions for better living conditions
and lifestyle increased the release of contaminants to the environment, particularly to
the soil and water bodies. For instance, the application of pesticides, the use of activated
sludge contaminated with CECs and the reuse of domestic polluted wastewater for
agriculture irrigation - to prevent water scarcity, are increasing the soil contamination.
In the soil, contaminants can eventually be adsorbed, degraded by microorganisms
and/or uptake by crops. On the other hand, drainage of contaminated soil or landfill
leachates can contribute to the contamination of freshwater - both surface and
groundwater. Consequently, sludge discharged from wastewater treatment plants,
untreated sewage and ineffectively treated wastewater are some of the vectors

affecting the quality and safety of water resources.

The potential impact on public health of selected CECs has been investigated typically in
bacteria and fish. Effects such as reduced growth, increased antimicrobial resistance and
altered behaviour were detected in bacteria present in the sediments of water bodies,
where the levels of CECs are augmented. Additionally, some disruptive effects in the

reproductive system were observed in fish and other aquatic organisms as well as the



potential to affect the immunological system and create imbalances in the
host/pathogen interaction. Hence, effective strategies for CECs treatment are required.
However, the conventional processes for wastewater treatment are not capable or
efficient for what concerns CECs removal, due to their chemical structure and
properties. For instance, chemical oxidation, adsorption with conventional adsorbent
material, such as active carbon and ion-exchange resins, or biological methods are not
effective for the removal of estrogens or androgens from wastewaters due to the

stability of their chemical structure and low bioavailability.
1.1 Aim of the work

The main objective of this work of thesis is to evaluate the efficiency of different
adsorbent materials in the removal of some classes of contaminants from water matrix.
The adsorption process was studied to determine both thermodynamics and kinetics
properties of the adsorption process. The selected adsorbent materials employed in the
present study differs from each other in structure and chemical composition. They can
be categorised in two main classes: (i) silico aluminate synthetic microporous adsorbent
(zeolites) and (ii) mixed matrix membranes carbon based (MMMs).

In particular, MMMs, that are composed by a continuous polymer phase and a dispersed
inorganic filler have gained importance due to their fouling, permeate quality and
longevity characteristics. In this work nanostructured carbon material has been included
in several formulations of hydrogels which differ in hydrophilicity, cross-linking and
swelling, and the contaminants adsorption efficiency of all the formulations had been

determined and compared to the adsorption of powder nanostructured carbon.

Zeolites are classified according to the typology of the framework; every zeolite is
characterised by regular channels and cavities systems with different dimensions.
Moreover, the hydrophobic/hydrophilic behaviour of these materials is related to the
silica/alumina ratio (SAR): the higher the content of Al,Os in the zeolite structure, the
lower the SAR, a zeolite with a SAR lower than 5 is hydrophilic, whereas a zeolite with a

SAR higher than 5 is hydrophobic.

In this work, zeolites with different framework typologies and SAR were selected to

optimise the adsorption of the different contaminants considered.



This study includes a work on silver substituted zeolites; silver was introduced by wet
impregnation (adsorption) on three Y zeolites and the obtained materials were
characterised combining adsorption isotherms and X ray powder diffraction to
determine the nature of the Ag* sites. In such a case adsorption has been used to
generate a material with interesting characteristics that can be applicable in water
remediation application because of its adsorption capacity and its antimicrobial and

antifungal activity.

Furthermore, this thesis includes a study on advanced oxidation processes by
photocatalysts for the degradation of pharmaceuticals in aqueous environment. The
selected photocatalysts were: (i)sodium decatungstate (NasW10032) and (ii) tungsten
trioxide (WQO3). The common feature of all these materials is the ability to photoproduce
.OH radicals, whose oxidation potential (E°=2.1 V vs NHE) allows for the oxidation of a
variety of organic compounds leading, with sufficient time, to their mineralization.
Photocatalytic degradation kinetics was evaluated, and by-products were investigated
by HPLC/MS analysis.

The final part of this work of thesis includes a study on aqueous extracts derived from
the non-edible portion of the asparagus plant (hard stem) which were prepared and
characterized to investigate the chemical content. Furthermore, the biocompatibility
and bioactivity of asparagus aqueous extracts were assessed in vitro on normal
fibroblasts and on breast cancer cell lines.

This approach can be used as an investigation method applicable also to environmental
pollutants and their derivatives, such as by-products and degradation intermediates,

using different cell lines as bioindicators of water pollution.



2 Contaminants of emerging concern

Contaminants of emerging concern (CECs) may be defined as chemicals or materials
found in the environment at trace concentrations with potential, perceived, or real risk
to the animal and human health and to the environment. The industrial development
and other anthropogenic actions for better living conditions and lifestyle increased the
release of contaminants to the environment, particularly to the soil and water bodies.
Aqueous environment pollution arising from a wide variety of the contaminants of
emerging concerns (CECs) namely, endocrine-disrupting compounds, flame retardants,
pharmaceuticals and personal care products, artificial sweeteners, pesticides, and their
metabolites is an issue of major concern[1], [2]. It is well known that CECs have a
negative impact especially on agueous ecosystems and human health[3]. The frequent
detection of various CECs in wastewater treatment plant (WWTP) effluents reveals that
CECs are susceptible to poor removal during conventional waste-water treatment

processes.

Therefore, WWTPs are source of inductive release of CECs into the environment [2], [4].
The discharge of poor effluent treatment by WWTPs contributes to river, groundwater,

watershed contamination, and ultimately drinking water.

This wide range of contaminants is characterized by different chemical-physical

properties, in Figure 2.1, these compounds are divided up on the basis of polarity and

volatility.
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Water treatment technologies, such as activated carbon and reverse osmosis
membranes, have been commonly applied for the removal of CECs. Alternatively,
advanced oxidation processes (AOP) have been introduced as suitable techniques for
the elimination of organic contaminants because they are among the most practical

technologies to improve biodegradation and detoxification of WWTP effluent waste[5].

2.1 Pharmaceuticals

The increase in the human life expectancy coupled with the rise in population is
expected to increase the use of pharmaceuticals[6], [7] and thus, intensify the presence
of antibiotics, analgesics, anti-inflammatory, antihistaminic, antiepileptic and other type
of drugs in aquatic environments. This contributes to the increase in the ecotoxicology
of lakes and rivers that can be harmful to aquatic organisms [8]. Additionally, the
presence of pharmaceuticals can lead to the development of antibiotic resistance genes

potentially causing antibiotic-resistant bacteria or so-called superbugs.

For these motives pharmaceuticals can be classified as Contaminants of emerging
concern (CEC), in fact are commonly found in urban and industrial wastewater are a

potential threat to human health and have negative environmental impact.

Pharmaceuticals are present in the environment as a consequence of pharmaceutical
production and formulation, patient use, use in food production and improper disposal.
After passing through the human or animal body, active pharmaceutical ingredients are
excreted either in an unchanged active form or as metabolites, which may be active or
inactive, and have the potential for further breakdown into numerous transformation
products in WWTPs or in the environment. Pharmaceuticals can disperse through the
environment via multiple pathways as illustrated in Figure 2.2. The presence of
pharmaceuticals in freshwater and terrestrial ecosystems can result in the uptake of
pharmaceuticals into wildlife and have the potential to bioaccumulate[9]. Humans can
subsequently be exposed through drinking water, and ingestion of pharmaceutical

residues in plant crops, fish, dairy products, and meat.


https://www.oecd-ilibrary.org/sites/6a617955-en/index.html?itemId=/content/component/6a617955-en#figure-d1e1290
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Fig 2.2 Origins, entry-pathways of pharmaceuticals in the environment

Most WWTPs cannot efficiently remove these compounds and therefore, many
pharmaceuticals end up in aquatic ecosystems, inducing problems such as toxicity and

antibiotic-resistance.

In this work, the interaction between different contaminants belonging to the above-
mentioned classes and different mesoporous and microporous materials was
systematically investigated by considering the effect of surrounding pH, ionic strength,
and thus chemical state of compounds, to evaluate the role of hydrophobic and
electrostatic forces in the interaction between the selected molecule and the adsorbent.

In the following some characteristics of the studied compounds are reported.

2.1.1 Atenolol (ATN)

Atenolol is a selective B1 receptor antagonist, a drug belonging to the group of beta
blockers (B-blockers), a class of drugs used primarily in cardiovascular diseases.
Introduced in 1976, atenolol was developed as a replacement for propranolol in the
treatment of hypertension. Unlike propranolol, atenolol does not pass through the
blood—brain barrier thus avoiding various central nervous system side effects. Atenolol
is used for several conditions including hypertension, angina, acute myocardial

infarction, supraventricular tachycardia, ventricular tachycardia, and the symptoms of
6



alcohol withdrawal. Its structure shows three donor sites of hydrogen bonds and four

hydrogen bond acceptor sites.
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Fig 2.3 Atenolol
2.1.2 Carbamazepine (CBZ)

Carbamazepine is one of the oldest antiepileptic drugs, discovered by Walter Schindler
in 1953, and is still commonly used in first-line therapy of partial, generalized tonic-
clonic, and mixed seizure patterns [10]. It is also approved for use in the treatment of
bipolar disorders, post-traumatic stress disorders, schizophrenia, neuropathic pain, and
trigeminal neuralgia. The pharmacokinetic profile of carbamazepine is complex and
variable. Carbamazepine is largely metabolized in the liver by CYP3A4 to its active and
potentially toxic metabolite, carbamazepine-10,11-epoxide (CBZE). Following an acute
dose, the initial elimination half-life is 25-65 hours, decreasing to 4-17 hours with
repeated doses [11]. Common side effects of carbamazepine include nausea, vomiting,
dry mouth, hyponatremia, fatigue, tremor, and dizziness. Rare serious adverse effects
of carbamazepine and CBZE include toxic epidermal necrolysis, Stevens-Johnson
syndrome, aplastic anemia, and agranulocytosis. Other reactions to carbamazepine may
include hepatotoxicity, pancreatitis, vitamin D metabolism disturbances. Serum levels
of the free fraction of carbamazepine show significant intra- and inter-individual
variability. It is affected by many factors such as the presence of other diseases, drug

interactions, age, pregnancy, race, and non-compliance.
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Fig 2.4 Carbamazepine



2.1.3 Ketoprofen (KTP)

Ketoprofen, (RS)2-(3-benzoylphenyl)-propionic acid, is one of the propionic acid classes
of Non-Steroidal Anti-Inflammatory Drugs (NSAID) with analgesic and antipyretic
effects. It acts by inhibiting the body's production of prostaglandin. The main
mechanism of action of the drug is due to the inhibition of cyclo-oxygenase leading to
block the synthesis of prostaglandins responsible for inflammation and tissue damage.
The drug is light sensitive, so it is necessary to avoid exposure to direct sunlight: in some
cases, in fact, there has been the emergence of photo-allergic and photo-toxicity. KTP is
also employed as antipyretic and analgesic in veterinary field. Recent studies have found
KTP, like diclofenac, causing lethal effects in red-headed vultures: vultures feeding on
the carcasses of recently treated livestock suffer acute kidney failure within days of
exposure. There is a chiral center in the carbon a to the carbonyl. Furthermore, it

presents a site donor and acceptor sites of three hydrogen bonds.
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Fig 2.5 Ketoprofen

2.1.4 Levofloxacin (LEVO)

Levofloxacin is a third-generation fluoroquinolones antibiotic which is widely applied in
human and animal patients for the treatment of bacterial infections, pneumonia and
immunodeficiency virus. However, the overuse of levofloxacin not only causes
antimicrobial resistance but leaves drug residues which adversely affect human health.
LEVO, sold under the brand name Levaquin among others, is an antibiotic medication. It
is used to treat several bacterial infections including acute bacterial sinusitis,
pneumonia, urinary tract infections, chronic prostatitis, and some types of
gastroenteritis. Along with other antibiotics it may be used to treat tuberculosis,
meningitis, or pelvic inflammatory disease. Use is generally recommended only when
other options are not available. It is available by mouth, intravenously, and in eye drop

form.



Common side effects include nausea, diarrhea, and trouble sleeping. Serious side effects
may include tendon rupture, tendon inflammation, seizures, psychosis, and potentially

permanent peripheral nerve damage.
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Fig 2.6 Levofloxacin

2.1.5 Hydrochlorothiazide (HTC)

Hydrochlorothiazide is a diuretic drug of the thiazide class that acts by inhibiting the
kidneys' ability to retain water. This reduces the volume of the blood, decreasing blood
return to the heart and thus cardiac output and, by other mechanismes, is believed to
lower peripheral vascular resistance. HTC is frequently used for the treatment of
hypertension, congestive heart failure, symptomatic edema, diabetes insipidus, renal
tubular acidosis and the prevention of kidney stones. Thiazides are also used in the
treatment of osteoporosis. Thiazides decrease mineral bone loss by promoting calcium
retention in the kidney, and by directly stimulating osteoblast differentiation and bone
mineral formation. Five centers’ acceptors of hydrogen bonds and three centers donors

of hydrogen bonds are present.

H
Cl N

HoN S"'NH
/N /N
Of \0 Of\O

Fig 2.7 Hydrochlorothiazide



2.1.6 Propranolol (PRP)

Propranolol is a medication of the beta blocker class. It is used to treat high blood
pressure, a number of types of irregular heart rate, thyrotoxicosis, capillary
hemangiomas, performance anxiety, and essential tremors, as well to prevent migraine
headaches, and to prevent further heart problems in those with angina or previous heart

attacks.

The formulation that is taken by mouth comes in short-acting and long-acting versions.
Propranolol appears in the blood after 30 minutes and has a maximum effect between
60 and 90 minutes when taken by mouth. Common side effects include nausea,
abdominal pain, and constipation. It is a non-selective beta blocker which works by

blocking B-adrenergic receptors.

OH

o LN

Figure 2.8 Propranolol

2.1.7 Sulfamethoxazole (SMX)

Sulfamethoxazole (SMZ or SMX) is an antibiotic. It is used for bacterial infections such
as urinary tract infections, bronchitis, and prostatitis and is effective against both gram

negative and positive bacteria such as Listeria monocytogenes and E. coli.

Common side effects include nausea, vomiting, loss of appetite, and skin rashes. It is a
sulfonamide and bacteriostatic. It resembles a component of folic acid. It prevents folic
acid synthesis in the bacteria that must synthesize their own folic acid. Mammalian cells,
and some bacteria, do not synthesize but require preformed folic acid (vitamin B9); they

are therefore insensitive to sulfamethoxazole.
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Figure 2.9 Sulfamethoxazole

2.2 Perfluorinatedalkyl compounds

Concern about fluorinated organic compounds, especially perfluorinated (fully
fluorinated) compounds, is increasing. Perfluoroalkyl substances (PFAS) are a group of
synthetic, persistent chemicals with broad applications in many industrial and consumer
products. Due to the strong electronegativity and small atomic size of fluorine, PFAS
have high surface activity, stability, and water- and oil-repellency. Alkyl perfluorinated
compounds (PFCs) belong to the category of emerging contaminants: these molecules
have received increasing attention as environmental contaminants in recent years due
to their consistent detection in various environmental matrices [12] and their negative
effects in animal toxicity studies [13], [14]. The two groups most examined so far have
been perfluoroalkylsulfonates (PFSA) and perfluorocarboxylic acids (PFCA) and the most
representative compounds of these groups are perfluorooctane sulfonate (PFOS) and

perfluorooctanoic acid (PFOA).

These compounds have been produced commercially since the 1950s and used in a
variety of industrial and consumer applications, including oil and water repellent surface
coatings for packaging and textiles, surfactants and aqueous firefighting foams [15]. In
2009, PFOS was added to the Stockholm Convention on Persistent Organic

Pollutants[16].

Production of PFOS and similar perfluorooctyl products was phased out in the United
States and Europe in 2000-2002, however production continues elsewhere. PFOA and
its salts continue to be used as processing agents in fluoropolymer manufacturing, but

efforts have been made to reduce emissions from fluoropolymer manufacturing plants.

11



PFOS and PFOA have been detected in surface, marine, groundwater and even tap
waters around the world [17]: industrial and municipal wastewater treatment plants are
the main sources of PFOS and PFOA entering natural waters [18] because these
compounds are inefficient removed from primary and secondary wastewater treatment
[19]. Various concentrations of PFOS and PFOA at the ng / L and pg / L levels have been

observed in the tributaries and effluents of wastewater treatment plants.

Long chain PFCs (27 perfluorinated carbons) are persistent organic pollutants that
cannot be hydrolyzed, directly photolysed or biodegraded under environmental
conditions. PFCs have been found in fish, birds and mammals from mid-latitudes to the
poles. PFCs have relatively high solubility in water (i.e. 9.5 g/ Lfor PFOAand 0.26 g/ L

for perfluorododecanoic acid PFDA) and low volatility and absorption potentials.

The selected alkyl perfluorinated compounds are PFOS e PFOA because, unlike other
PFCs, they are highly soluble in water and therefore easily transportable in an aquatic
environment. At the same time, the hydrophobic chain and hydrophilic functional
groups can provide opportunities for the absorption of PFOA and PFOS on the surfaces

of a variety of environmental solid matrices.

2.2.1 PFOA & PFOS

PFOA is a synthetic chemical that does not occur naturally in the environment. In 1951,
the American chemical company DuPont started using PFOA in the manufacturing of
fluoropolymers, substances which impart fire resistance and oil, stain, grease and water
repellency. They provide non-stick surfaces on cookware and waterproof, breathable
membranes for clothing, and are used in many industry segments, such as aerospace,
automotive, building/construction, chemical processing, electronics, semiconductors

and textile industries.

PFOS is a fluorinated surfactant that lowers the surface tension of water more than
normal hydrocarbon surfactants. The C8F17 chain is hydrophobic, while the sulfonic

acid/sulfonate group confers polarity to the molecule.

By virtue of the nature and strength of the carbon-fluorine bond, PFOS is a compound

of exceptional stability both for industrial applications and in the environment, in which

12



it persists and bioaccumulates. Attention is usually focused on the linear chain isomer
(n-PFOS) illustrated in Figure 2.10, which is the dominant species in commercial products
and environmental samples, but there are numerous linear or branched congeners that

have different physical, chemical properties and toxicological.

In 1999 the United States Environmental Protection Agency (US-EPA) began
investigating perfluorinated chemicals, founding that PFOA and PFOS are very persistent
in the environment and causes adverse effects in laboratory animals [US-EPA PFOA]: for

these reasons, in 2000 PFOA, PFOS and related products production was phased-out.

PFOA F FF FF F O PFOS F FF FF FF F

F F
OH 50;H
F F

Fig 2.10 PFOA and PFOS structures

2.3 Pesticides

Pesticides are chemical substances intended for preventing, destroying, repelling and
mitigating any pest, although they can also be used as a plant regulator, defoliant or
desiccant. The widespread use of thousands of tons of these compounds in domestic,
industrial and agricultural activities throughout the world, especially in developed
countries, generates large volumes of contaminated waste waters, whose direct
disposal into natural channels causes their accumulation in the environment [20].
Therefore, it is necessary to control the emission sources, to reduce the transfer of
pesticides into the environment and to treat contaminated media using biological
processes, filtration, coagulation, adsorption, membrane processes, chemical oxidation,

etc.

People are exposed to these chemicals from a variety of sources, with various exposure
levels. Direct, generally high exposure occurs in occupational, agricultural, or residential
settings when pesticides are applied, mixed by hand, loaded from one place to another,
when seeds with pesticides are handled, and when pesticide containers are cleaned.

Indirect, generally chronic low-level exposure occurs through residues in food, drinking
13



water, air, and soil. In contrast to these occupational exposures, nonoccupational
exposure to pesticides occurs primarily via diet [21]. Pesticide exposure has profound
effects on human health, including increased risk of cancer, diabetes, genetic disorders,
and neurotoxicity [22], [23]. Although it is established that neurotoxicity can result from
high-level exposure to most types of pesticides, the neurotoxic effects of chronic
exposure to moderate levels has been a matter of controversy.6 Robust animal data and
large prospective epidemiological studies provide evidence for the neurotoxic
properties of pesticides such as organophosphate and organochlorine pesticides, both
through interfering with the functioning of the brain and damaging the developing brain

[24].
2.3.1 Chlorobenzene (CB)

The major use of chlorobenzene is as an intermediate in the production of commodities
such as herbicides, dyestuffs, and rubber. CB is produced by chlorination of benzene in
the presence of a Lewis acid catalyst such as ferric chloride, sulfur dichloride and
anhydrous aluminium chloride. It was used in the past to produce chemicals such as
phenol and DDT, formerly on a large scale, but their production from chlorobenzene has
been almost entirely discontinued due to the development of new processes and
legislation forbidding the use of DDT [25]. Nowadays, CB is mainly used as a solvent for
pesticide formulations, as a degreaser, and to produce other chemicals. Chlorobenzene
is also used as a high-boiling solvent in many industrial applications as well as in the
laboratory. Chlorobenzene can enter the environment from different sources including
industrial and agricultural discharges, drinking water and wastewater chlorine

disinfection by-products and incineration wastes.

Cl

Fig 2.11 Chlorobenzene
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3 Adsorbent materials

Micro- and mesoporous materials are solids characterised by the presence of pores
with diameters lower than 2 nm for microporous materials, and between 2 and 50 nm
for mesoporous materials. Ordered micro- and mesoporous materials are used in
many applications as catalysts, highly selective adsorbent, but also, they can be
modified to create materials with additional functionality [1]. Zeolites are a class of
microporous materials, widely found in nature, whose characteristics allow their use in
many industrial applications. Another very common mesoporous material is activated
carbon which is typically composed of a carbon framework with both mesoporosity
and microporosity depending on the conditions under which it was synthesized.
However, the flagship of mesoporous materials is mesoporous carbon, which has
direct applications in energy storage devices. Mesoporous carbon has porosity within

the mesopore range and this significantly increases the specific surface area.
3.1 Zeolites

Among silicates, zeolites represent a wide class of porous materials counting more
than forty natural species, plus a much larger number of synthetic types. Zeolites were
discovered in 1756 by the Swedish mineralogist A. F. Cronstedt who observed that
after heating rapidly the mineral, it produced large amounts of steam from water
adsorbed on the material, so he coined the term zeolite from the Greek {€w (z€0),

meaning "to boil" and AiBog (lithos), meaning "stone".

Zeolites are crystalline aluminosilicate microporous materials with chemical formula
Na12[(Si02)12(Al02)12] -27H,0; the three-dimensional structure is formed by tetrahedral
units TO4 called primary building units (PBU) composed of [SiO4]* and [AlO4]*> units

connected to each other through oxygen atoms (fig. 3.1).
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Figure 3.1 TO4 unit
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The combination of TOa4 units leads to the formation of different more complex
structural blocks known as secondary building units (SBU). SBUs are the simplest units
in which a single zeolite structure can be decomposed, there are 23 different SBU’s

observed which can contain up to 16 T-atoms [2]. The main SBU’s are represented in

figure 3.2.
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Figure 3.2 Secondary Building Units (SBU).

When secondary building units are combined, they create complex frameworks with
different structures containing regular cavities and channels with molecular
dimensions. Due to the wide range of structure typologies found in zeolites, these

materials are classified by the “structure commission” of the International Zeolite
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Association according to their crystalline structure and divided into structure types

indicated by a three letters code (e.g., MFI).

In zeolites, the ratio of silicon and aluminium can vary, due to the fact that Al-O-Al
bonds are not possible and only Si-O-Si or Si-O-Al bonds are allowed; according to the

Si/Al ratio (SAR) zeolites can be divided into two classes:
- Zeolites with a low Si/Al (SAR < 5)
- Zeolites with a high Si/Al (SAR > 5)

A higher amount of aluminium in the structure gives to the zeolite framework a more
negative overall charge giving to the material hydrophilic properties, on the other

hand, zeolites with higher silicon content show hydrophobic behaviour.

Properties

Zeolites belongs to a particular category of microporous materials known as molecular
sieves, this classification is due to the characteristic of zeolites of having uniform
cavities and channels interconnected with each other and with dimensions from 3 to
10 A that results in high superficial areas and internal volumes. These features allow

zeolites to host molecular or ionic species acting as molecular sieves.

The maximum dimension of the host molecule depends strictly on the dimensions of
the zeolite channels defined as the diameter of the ring opening of the pore. The
substitution of Si** atoms with AI?* in some TO4 units results in a net negative charge in
the framework, this charge arises from the different formal valency of [SiO4]* and
[AlO4]* tetrahedral units and is located on one of the oxygen atoms connected to the
aluminium. The resulting negative charges present on the zeolite framework are
balanced by counterions such as Na*, Mg?* and Ca?*. These cations are bond to the
aluminosilicate framework through weak electrostatic interactions[3] and they can be
exchanged with solutes present in the solution in contact with the material. This allows
the use of zeolites as cations exchangers, the cation exchange capacity defines the
maximum number, expressed as milliequivalent, of ions that can be substituted per

gram of zeolitic material.
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This value depends on the Si/Al ratio and it is higher for zeolites with low SAR, since a
higher amount of Al3* in the structure means more negative charges on the framework
and, therefore, more extra-framework species are present in the pores of the zeolite

[4].

Applications

Zeolites are widely used in different industrial, agricultural and medical applications as

catalysts, adsorbents or ionic exchangers.

The regular porous structure and the fact that the dimensions and shape of the cavities
can be modulated in synthesised zeolites, allow to employ these materials as
molecular sieves in adsorption and separation technologies. The properties that make

zeolites suitable materials for adsorption applications are the following:

High efficiency. Zeolites have been used for the irreversible removal of high
concentration of pharmaceuticals from water, such as atenolol (ANT), levofloxacin
(LEVO), carbamazepine (CBZ), ketoprofen (KTP) and hydrochlorothiazide (HTC). The
adsorption kinetics for the single drugs in zeolite Y showed a very fast uptake, with the
complete removal of the contaminant from water achieved in less than one minute.
Furthermore, it has been proved that the efficiency of zeolite is not modified when

dissolved natural organic matter is present in the water stream that is been treated.

Shape selectivity. One of the most important features of zeolites is their highly
selective adsorption towards host molecules, strongly affected by the internal pore
structure, especially shape and dimension of channels and cages. Adsorption
phenomena are found in many domains including catalysis, pollution control, gas
separation and storage. Recent environmentally driven applications have arisen using
the hydrophobic molecular sieves as adsorbent for the removal and recovery of VOCs
which offers the promise of significant market growth. A new scientific direction has
emerged over the last few years for exploring molecular sieves as advanced solid-state

materials: this research includes zeolite electrodes, batteries and chemical sensors [5].

Stability. Zeolites should keep their activity for long periods, the operational life is

expected to be 10 to 20 years. However, experience over such period is not yet
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available. The replacement or regeneration of zeolites can be easily achieved: after
adsorption, the exhausted zeolites are generally subjected to a regeneration process
which involves operating at high temperatures, normally from 250° and 350°C for a
time ranging from 30 minutes to 1.5 hours, and in presence of an air flow (from 1.5 to
2.5 m3/hr). Under these conditions zeolites maintain their structural integrity, in this
way they can be regenerated many times without changing their adsorption

properties.

Environmental compatibility. Zeolites do not represent a source of contamination
itself by solubilisation or other mobilisation mechanisms; moreover, when reacting
with contaminants they do not form any by products. Zeolites have been employed as
catalysts in many industrial chemical reactions, for example petroleum cracking,
isomerisation and alkylation reactions for the production of fine chemicals, dyestuffs,

detergents and scents [3].

Availability and cost. Permeable reactive barrier (PRB) containing zeolites has been
recognised as a cost-effective technology for water remediation. Both natural and

synthetic zeolites are commercially available at low prices.

The use of zeolites as catalysts is mainly due to their 3D structure with cavities and
channels that can accommodate reactive molecules with dimensions comparable with
those of the zeolite channels. In this way, the reactive molecules are enclosed in a

confined space and can react more efficiently.

The catalytic process is mainly due to the presence of Brgnsted and Lewis acid sites on

the zeolite framework, in particular catalytic reactions are influenced by:

The presence of hydroxyl groups on the zeolite framework that act as Brgnsted acid

sites via reversible transfer of a proton to the adsorbed molecule;

Oxygen vacancy in the framework that generate a Lewis acid site on the tetrahedral

cation due to the residual positive charge on it;
The interaction with metal ions or clusters.

The existence of electrostatic field gradients that create Lewis acid sites that are able

to polarise bonds of the adsorbed molecule;
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The zeolitic acid sites are described with the classic models of Brgnsted and Lewis:
Brgnsted acids are species that can donor a proton (Brgnsted acid sites are present in
zeolites with H+ as the extra-framework ion); Lewis acids are those that can accept an
electron pair from another species, this is the case mainly for zeolites with Al tri-

coordinated that can accept an electron pair and act as a Lewis acid.

Characterization

Thermal analysis

Thermal analysis is a family of techniques in which the properties of materials are
studied as they change with temperature. Thermal analysis includes several methods
that differ from each other by the property which is measured. Thermogravimetric
analysis (TGA) is a method in which sample weight changes is monitored as a function
of increasing temperature (with constant heating rate), or as a function of time (with
constant temperature and/or constant mass loss). This measurement provides
information about physical phenomena, such as absorption, phase transitions,
adsorption and desorption; as well as chemical phenomena including chemisorption,
thermal decomposition, and solid-gas reactions (e.g., oxidation or reduction). TGA can
be used to determine material stability, if the material is thermally stable, there will be

no observed mass change.

TGA is commonly used to qualify selected characteristics of materials that reporte
oxidation or loss of volatiles, such as moisture, either mass loss or gain due to
decomposition. Materials characterization can be obtained through TG analysis
evaluating degradation mechanisms, reaction kinetics and characteristic

decomposition patterns.

Differential thermal analysis (DTA) is a thermoanalyitic technique, where the material
under study and an inert reference undergo identical thermal cycles, while recording
the temperature difference between sample and reference. The differential
temperature isplotted against time or temperature (DTA curve, or thermogram), in this
way, changes in the sample, either exothermic or endothermic, can be detected

relative to the inert reference. A DTA curve provides information on the
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transformations that have occurred, such as glass transitions, crystallisation, melting
and sublimation. The area under a DTA peak is the enthalpy change and it is not
affected by the heat capacity of the sample. A DTA curve can be used only as a
fingerprint for identification purposes but usually the applications of this method are
the determination of phase diagrams, heat change measurements and decomposition

in various atmospheres.

X ray powder diffraction

The efficiency and use of many zeolites are closely linked to their long-range crystalline
architecture, which is why it is very important to study and clearly understand the
structure of zeolites. To define zeolite long-range crystalline structure, it is necessary
to use radiation diffraction methods, whose wavelength is of the same order of
magnitude as the distances between the atoms in the material structure. X rays are the

most widely used radiation, but neutron and electrons can also be applied.

Powder X-ray diffraction (XRD) is a fast analytical technique used to obtain information
on unit cell sizes and for phase identification of a crystalline material. The XRD
represents one of the basic techniques for the characterization of the zeolite, the XRD
pattern of a zeolite is a typical fingerprint that allows to determine the degree of
crystallinity or the size of a unit cell of the zeolite and the impurity of the sample. An
XRD pattern is a graph of the intensity of X-rays scattered at different angles by the
sample. The characteristics of an XRD pattern are the peak positions, their relative

intensity, their widths and background.

The peaks positions are measured as 20 and determined by the geometry of the unit
cell, which describes the 3-dimensional repetition unit of a crystal structure. Relative
intensities are determined by the position and type of the various atoms within the
unit cell, while the width of the peaks in the pattern gives an indication of the
crystalline quality of the sample. Finally, the background is an indication of whether or
not an amorphous phase is present in the sample. A change in the relative intensities
of the peaks indicates that a structural change has occurred, if a change in the
positions of the peaks is observed the unit cell has been deformed, narrower or wider

peaks indicate that the crystallinity has improved or deteriorated. More details can be
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extracted from the powder model if a complete refinement of the Rietveld structure is

performed to obtain information on the full profile.

3.1.1 Ag-zeolites

Zeolites having an high Al content show high ionic exchange capacity of their extra-
framework cations: as represented in Figure 3.3, extra-framework cations can be

reversibly substituted with other cations.

Cations in : @& Oxygen

Cations of
zeolites

Figure 3.3 Representation of cationic exchange

Cationic exchange leads to extraction from solutions of ions which better fit to zeolitic
structure, based on their charge, ionic radius and dimension: this feature represents

the high selectivity of zeolites towards host ions or molecules.

Transition metal exchanged zeolites have attracted a great deal of attention for their
superior catalytic and adsorptive properties. These materials have been used for many
industrial applications based on the adsorptive systems considered such as
olefin/paraffin separation, purification of low molecular weight olefins (ethylene and
propylene), desulfurization of transportation fuels (gasoline, diesel, and jet fuels),
hydrogen storage, and CO removal for fuel cell technology [6], [7]. These materials
were also found to be active catalysts in some synthesis reactions of organic

molecules[6].

In the field of biomedicine, the production of materials applied for anticancer

treatment remains an important area of scientific research. The World Health
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Organization (WHO) reports that cancer is the second leading cause of death globally,

accounting for approximately 9.6 million deaths occurred in 2018.

The use of silver nanomaterials has become one of the most predominant biomedical
applications in the emerging field of nanotechnology to eliminate cancer cells [8], [9].
The materials' biological activity depends on factors such as surface chemistry, size,

shape, distribution, and morphology particles, among others.

Silver (Ag) has been known to possess a broad-spectrum against bacteria and limited
toxicity towards mammalian cells[10]. Significantly, zeolites incorporated with
functional ions Ag also show excellent antibacterial properties [11] . Wang et al.
reported the Ag-incorporated zeolites coated on Ti-6Al-4V have potential application in
orthopedic implants as antibacterial and antiadhesive materials, which is clinically
important for the treatment of postoperative infections in the orthopedic trauma
surgery [12]. Despite the substantial advantages of zeolites in biomedical fields, the
negative influences of zeolites cannot be ignored. To date, zeolites incorporated with
functional ions for tissue engineering are dominant by aluminosilicates, which
inevitably release harmful aluminum during usage, and disturb the mineral metabolism
of organism [13]. Therefore, it is of great significance to develop aluminum-free

zeolites-based scaffolds with good biological properties and antimicrobial activities.

In addition, hybrid systems have been developed for photocatalytic and antibacterial
purposes such as Ag-ion-exchanged zeolite/TiO, catalyst. The idea is to propose a
method to fix nano-sized TiO; particles on a zeolite framework, which is also activated
by entering Ag ions into its structure. The environmental contaminants, industrial
wastes, hospital wastewater and organic pollutants are getting increasingly
complicated. This necessitates using highly functional hybrid disinfection methods,
based on nanocomposite materials. The novelty of this research is the modification of
natural zeolite using Ag-ion-exchange, and TiO; deposition for the development of a
low-cost catalyst powder for simultaneous degradation of antibiotics and bacteria in a

simulated hospital wastewater [14].
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3.1.2 ZSM-5 (MFI)

The most important member of the MFI family is the ZSM-5 zeolite because it
possesses unusual catalytic properties and have high thermal stability [15]. The pure
silica form of ZSM-5 zeolite is known as silicalite. The MFI framework is presented in

Figure 3.4.

Figure 3.4 ZMS-5 framework viewed along (010) [I1ZA]

Zeolite ZSM-5 is constructed from pentasil units that are linked together in pentasil
chains. Mirror images of these chains are connected by oxygen bridges to form
corrugated sheets with ten-ring channel openings. Oxygen bridges link each sheet to
the next to form a three-dimensional structure with straight ten-ring channels parallel
to the corrugations along y intersected by sinusoidal ten-ring channels perpendicular
to the sheets along z. The minor and major axis dimensions are 5.1 x 5.5 A for the

sinusoidal channels and 5.3 x 5.6 A for the straight channels (Figure 3.5) [IZA].

5.1 5.1

10-ring viewed along [100] 10-ring viewed along [010]
5.1x5.5A 5.3x5.6 A

Figure 3.5 ZSM-5 channels.
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3.1.3 BETA (BEA)

Beta zeolite (BEA) is a microporous material with large pores which was synthesized
for the first time from Wandlinger for the Mobile Oil Corporation in 1967, by

employing tetraethylammonium (TEA) as templating.

The crystalline structure of Beta was first resolved in 1988 by Newsam, who defined
this zeolite as a hybrid grown of two distinct but strictly connected structures, that is
two different polytypes [16]. The two principal polytypes, named polytype A and
polytype B which are shown in Figure 3.6, are tetragonal and monoclinic, respectively;
reported that the synthetic Beta zeolite is composed by monoclinic polytype B for its

56%.[2], [17].

Polytype A Polytype B

Figure 3.6 Two polytypes of Beta zeolite

Beta zeolites have well-defined layers comprised of four 5-ring subunits joined by 4-
ring subunits that are stacked in a disordered way along the z direction: the whole

structure is represented in Figure 3.7.
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Figure 3.7 Beta framework viewed along (100) [IZA]

Despite this disorder, a three-dimensional 12-ring channel system is formed [2]. The
tetragonal polytype A presents two 12-ring channels highly elliptical, parallel to [100]
and [010] directions, with pore dimensions of about 7.3 x 5.8-6.6 A, and a more
contorted 12-ring channel parallel to [001] direction, with pore dimensions of about

5.6-5.8 x 5.6-5.8 A (Figure 3.8) [IZA].

7.1
1.7 6.7
6.6 6.6
T3

12-ring viewed along [100] 12-ring viewed along [001]

6.6x6.7 A 5.6x5.6 A

Figure 3.8 BETA channels in polytype A

The porous structure and the strong acidity, both as Brgnsted and as Lewis sites, make
Beta zeolites highly selective towards host molecules and catalytically active, so that it

is employed in a huge number of industrial processes.
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3.1.4 Zeolite Y

Faujasite is a mineral group in the zeolite family of silicate minerals and it was
discovered in 1842 in Limberg quarries, Germany. Faujasite occurs in vesicles within
basalt and phonolite lava and tuff as an alteration or authigenic mineral. It occurs with

other zeolites, olivine, augite and nepheline.

Zeolite Y belongs to the faujasite group with chemical formula (Ca, Mg, Na2)29 (H20)240]|
[AlsgSi1340384]-FAU and FAU framework type. The structure (Fig. 3.9) is composed of

sodalite cages connected to each other through hexagonal prisms.

Figure 3.9 FAU framework viewed along (111) [IZA]

The pore system consists in 12-membered rings, shown in figure 3.10, with large
openings (7.4 A diameters) that lead to the inner cavity which has a diameter of 12 A

and is surrounded by 10 sodalite cages.

12-ring viewed along [111]
74x74A

Figure 3.10 Y channels

The main use of Faujasite zeolites is as a catalyst in fluid catalytic cracking for the
conversion of high-boiling fractions of petroleum crude to more valuable petrol, diesel
and other products. Zeolite Y has replaced zeolite X in this use because it is both more

active and more stable at high temperatures due to the higher Si/Al ratio. It is also
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used in the hydrocracking units as a platinum/palladium support to increase aromatic

content of reformulated refinery products.
3.2 Graphene

Graphene is the name given to a flat monolayer of carbon atoms tightly packed into a
two-dimensional (2D) honeycomb lattice, and is a basic building block for graphitic
materials of all other dimensionalities. It can be wrapped up into 0D fullerenes, rolled

into 1D nanotubes or stacked into 3D graphite [18], [19] (Fig. 3.11).

The name is derived from "graphite" and the suffix-ene, reflecting the fact that the
graphite allotrope of carbon contains numerous double bonds. Each atom in a
graphene sheet is connected to its three nearest neighbors by a o-bond and
contributes one electron to a conduction band that extends over the whole sheet. This
is the same type of bonding seen in carbon nanotubes and polycyclic aromatic
hydrocarbons, and (partially) in fullerenes and glassy carbon [20]. These conduction
bands make graphene a semimetal with unusual electronic properties that are best
described by theories for massless relativistic particles.[18] Charge carriers in graphene
show linear dependence of energy on momentum, and field-effect transistors with
graphene can be made that show bipolar conduction. Charge transport is ballistic over
long distances; the material exhibits large quantum oscillations and large and
nonlinear diamagnetism. Graphene conducts heat and electricity very efficiently along
its plane. The material strongly absorbs light of all visible wavelengths,[21], [22] which
accounts for the black color of graphite; yet a single graphene sheet is nearly
transparent because of its extreme thinness. The material is also about 100 times

stronger than would be the strongest steel of the same thickness.
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Figure 3.11 Mother of all graphitic forms. Graphene is a 2D building material for carbon materials of all other
dimensionalities. It can be wrapped up into 0D buckyballs, rolled into 1D nanotubes or stacked into 3D graphite.
(18]

Scientists theorized the potential existence and production of graphene for decades. It
has likely been unknowingly produced in small quantities for centuries, through the
use of pencils and other similar applications of graphite. It was originally observed in
electron microscopes in 1962, but only studied while supported on metal surfaces. The
material was later rediscovered, isolated and investigated in 2004 by Andre Geim and
Konstantin Novoselov at the University of Manchester[23], who were awarded the
Nobel Prize in Physics in 2010 for their "groundbreaking experiments regarding the

two-dimensional material graphene".

Graphene has become a valuable and useful nanomaterial due to its exceptionally high
tensile strength, electrical conductivity, transparency, and being the thinnest two-
dimensional material in the world. The global market for graphene was $9 million in
2012, with most of the demand from research and development in semiconductor,

electronics, electric batteries, and composites.
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The IUPAC (International Union for Pure and Applied Chemistry) recommends use of
the name "graphite" for the three-dimensional material, and "graphene" only when
the reactions, structural relations or other properties of individual layers are
discussed.[24] A narrower definition, of "isolated or free-standing graphene" requires
that the layer be sufficiently isolated from its environment but would include layers

suspended or transferred to silicon dioxide or silicon carbide.[25]

Structure

Bonding

Graphene has a remarkable band structure thanks to its crystal structure. Carbon
atoms form a hexagonal lattice on a two-dimensional plane. Each carbon atom is about
a =1.42 °A from its three neighbors, with each of which it shares one o bond. Carbon
orbitals 2s, 2px, 2py form the hybrid orbital sp2 with three major lobes at 120°. The
remaining orbital, pz, is sticking out of the graphene's plane. Sigma bonds result from
an overlap of sp2 hybrid orbitals, whereas pi bonds emerge from tunneling between
the protruding pz orbitals. Three of the four outer-shell electrons of each atom in a
graphene sheet occupy three sp2 hybrid orbitals, a combination of orbitals s, px and
py, that are shared with the three nearest atoms, forming o-bonds. The remaining
outer-shell electron occupies a pz orbital that is oriented perpendicularly to the plane.
These orbitals hybridize together to form two half-filled bands of free-moving
electrons, m and mn* (fig. 3.12), which are responsible for most of graphene's notable

electronic properties.[26]

Figure 3.12 ¢ and it bonds in graphene
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Geometry

The hexagonal lattice structure of isolated, single-layer graphene can be directly seen
with transmission electron microscopy (TEM) of sheets of graphene suspended
between bars of a metallic grid [27]. The hexagonal structure is also seen in scanning
tunneling microscope (STM) images of graphene supported on silicon dioxide
substrates. The rippling seen in these images is caused by conformation of graphene to

the subtrate's lattice and is not intrinsic.[28]
Properties
Electronic

Graphene behaves like a zero-gap semiconductor. Its particular electronic structure
means that it can behave both as a P semiconductor and as an N semiconductor in the
absence of doping, for mere electronic control (gating). Other uses are in solar cells,
flow batteries and lithium-ion batteries. Recently, so-called "graphene" lithium-ion
batteries have been placed on the market, which would use graphene as an anodic
material. However, it should be noted that the absence of international standards
defining what can or cannot be called graphene means that many "graphene" products

simply use micronized graphites.

Thermal conductivity

Thermal transport in graphene is an active area of research, which has attracted
attention because of the potential for thermal management applications. Following
predictions for graphene and related carbon nanotubes,[29] early measurements of
the thermal conductivity of suspended graphene reported an exceptionally large
thermal conductivity up to 5300 W-m-1-K-1, compared with the thermal conductivity

of pyrolytic graphite of approximately 2000 W-m-1-K-1 at room temperature.[30]
Chemical

Graphene has a theoretical specific surface area (SSA) of 2630 m?/g. This is much larger
than that reported to date for carbon black (typically smaller than 900 m2/g) or for
carbon nanotubes (CNTs), from =100 to 1000 m?/g and is similar to activated carbon

[31]. Graphene is the only form of carbon (or solid material) in which every atom is
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available for chemical reaction from two sides (due to the 2D structure). Atoms at the
edges of a graphene sheet have special chemical reactivity. Graphene has the highest
ratio of edge atoms of any allotrope. Defects within a sheet increase its chemical
reactivity. The onset temperature of reaction between the basal plane of single-layer

graphene and oxygen gas is below 260 °C (530 K) [31], [32] .

Graphene burns at very low temperature (e.g., 350 °C (620 K)). Graphene is commonly
modified with oxygen- and nitrogen-containing functional groups and analyzed by
infrared spectroscopy and X-ray photoelectron spectroscopy. However, determination
of structures of graphene with oxygen and nitrogen functional groups requires the

structures to be well controlled [33], [34].

In 2013, Stanford University physicists reported that single-layer graphene is a hundred

times more chemically reactive than thicker multilayer sheets [35].

Graphene can self-repair holes in its sheets, when exposed to molecules containing
carbon, such as hydrocarbons. Bombarded with pure carbon atoms, the atoms

perfectly align into hexagons, completely filling the holes.

Biological

Despite the promising results in different cell studies and proof of concept studies,
there is still incomplete understanding of the full biocompatibility of graphene-based
materials [36]. Different cell lines react differently when exposed to graphene, and it
has been shown that the lateral size of the graphene flakes, the form and surface

chemistry can elicit different biological responses on the same cell line [37].

There are indications that Graphene has promise as a useful material for interacting
with neural cells; studies on cultured neural cells show limited success. Graphene also
has some utility in osteogenics. Researchers at the Graphene Research Centre at the
National University of Singapore (NUS) discovered in 2011 the ability of graphene to
accelerate the osteogenic differentiation of human Mesenchymal Stem Cells without
the use of biochemical inducers [38]. Graphene can be used in biosensors; in 2015
researchers demonstrated that a graphene-based sensor can use to detect a cancer

risk biomarker. In particular, by using epitaxial graphene on silicon carbide, they were
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repeatably able to detect 8-hydroxydeoxyguanosine (8-OHdG), a DNA damage
biomarker [39].

3.2.1 Carbon Nanostructured Advanced Material

All these peculiar properties have allowed nanostructured materials to find
applications in many fields and products, even for everyday use such as batteries,
antibacterial clothing, coatings, paints, cosmetics, equipment and pharmaceutical
products. Nanostructured materials also find application in the field of environmental
remediation, where they are used as filters for water treatment, to inhibit the growth
of algae or to remove heavy metals from wastewater. Many of the nanomaterials used
in this field are carbon-based, in the form of fullerenes, nanotubes, nanospheres and
graphene, such as the material studied in this work, CANAM (Carbon Nanostructured

Advanced Material), produced by the Swiss company Vyridis.

Table 3.1 Main physical properties of CANAM

Parameter Values / Description

Product form Powder / fluff

Crystalline structure Crystallinity increases with pressure
Chemical composition >99.76% of carbon with silicon, iron,

magnesium and alkali residues but not trace
of heavy metals

Density in current atate 0.01-0.001 g/cm?

Wettability and contact angle Hydrophobic material, with contact angle
greater then 90°

Thermal characteristic Stable material up to 600°C, after which il
loses weight until consumption

Zeta potential or electrokinetic Neutrality potential at pH 4.8

Microscopic structure Micropores with constant diameter of 0.2-

2.0 nm, remaining constant with the
pressure. Diffuse porosity between 2 and
100 nm. The product has an apparent

porosity of 54%.
Morphology and mesoscopic structure | Flakes with very high volume versus surface
Percentage of nano-tubes 20%
Specific surface area Ca. 70 m?/g in the product as is. The specific

surface area increase by increasing the
material compaction pressure. It reaches
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2000 m?/g for a compaction pressure of 2

kg/cm?
Colour Dark gray
General properties Inert, conductor of electricity, stable towards

chemically aggressive substances, does not
exhibit any release phenomena of
substances into environment.

CANAM is made up of graphene sheets, carefully modeled and oriented during the
manufacturing process, in order to obtain nano-tubes and fullerenes that form a
regular structure of cells and channels. Therefore, CANAM is a material that has a
mesopore structure with a high surface area. The dark gray color of the powder of the
granular powder, it is in this form that it is sold, is due to the fact that it is made up of
99.760% carbon, in the form of graphene sheets. In addition to carbon, a low
percentage of chlorine, sulfur, iron, silica, magnesium and sodium are found. On the
other hand, traces of heavy metals are absent. CANAM is an inert material, stable up
to 600 ° C and to chemically aggressive substances, electrical and hydrophobic
conductor. The structure has micropores with a diameter ranging from 0.2 to 2.0 nm,
while the porosity varies between 2.0 and 100.0 nm (Fig. 3.13). One of the main
applications for CANAM is certainly to be used as a material for nano filtration, as a

technology for the fluid purification process.

Figure 3.13 Detail of a sheet structure, the hexagonal structure of the surface of the cells
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3.3 Mixed matrix membranes

Over the past few decades, membrane separation process was found to be promising
for various medical and industrial applications (air separation, hydrogen recovery and
CO2 removal)[40], [41]. Membrane technology is an attractive separation approach
due to such advantages offered by the process, like: high stability and efficiency, ease
of operation, low operating cost and energy requirement [42]. The major issue of
current membrane research is developing of highly permeable and selective
membrane materials, that also show sufficient resistance. Because of that the
development of new polymers or the modification of existing polymers for gas
separation is a very important factor. These polymers can be easily modified by various
substitutions and insertion of the metal cations, like: Na*, Mg?*, AI**, a production of
copolymers or carbon membranes received by pyrolysis of polymer precursors[43],
[44]. The next, very promising strategy for improving the mass transport through
polymer films is the incorporation of inorganic materials (zeolites, carbon molecular
sieve, silica nanoparticles, etc.) into a polymer matrix. This new class of membrane
materials, that offers the significant potential in membrane separation technology is
called mixed matrix membranes (MMMs). These membranes combine the selectivity
of fillers and the simplicity of polymer membrane processing [45]. The successful
application of MMMs depends mainly on the polymer matrix selection, the inorganic
filler as well as the interaction between these two phases. Recently, much attention
has been devoted to usage of aromatic polyimides (Pls) as the polymer matrices,
especially because of their high selectivity in gas separation and their excellent

thermal, chemical and mechanical stability[46], [47].

As mentioned above, mixed matrix is a blend of inorganic particles in a polymer matrix.

Fig. 3.14 shows the mixed matrix membranes schematically.
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Mixed Matrix Membrane
Polymer Matrix

Inorganic particles embedded in the polymer matrix

Figure 3.14 A schematic diagram of the inorganic dispersed phase embedded in the polymer matrix

Therefore, the procedure of the fabrication of mixed matrix membranes is very similar
to ordinary polymer membrane fabrication. The first step of mixed matrix membrane
fabrication is preparing a homogeneous solution of polymer and particles. For this

purpose, the following methods can be used:

1. Particles are dispersed into the solvent and stirred for a predetermined period of

time and then the polymer is added [48] (Fig. 3.15 a).

2. The polymer is dissolved in the solvent and stirred; a predetermined mass of

inorganic particles is then added to the polymer solution [49] (Fig. 3.15 b).

3. Particles are dispersed into the solvent and stirred for a predetermined period of
time and the polymer is dissolved in a solvent separately. The particle suspension is

then added to the polymeric solution [50] (Fig. 3.15 c).

Among these methods, the first and third methods are used for better distribution of
inorganic particles because in a dilute suspension, the particles are prevented from
agglomerating by high shear rate during stirring. The second method is used commonly
for nanoparticles distribution in the polymer matrix. Fig. 3.15 (a—c) illustrates the

different methods of mixed matrix dope preparation.
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Figure 3.15 Different methods for mixed matrix dope preparation

The effect of the inorganic dispersed phase on the mixed matrix membrane properties
is related to its chemical structure, surface chemistry and the type of particles. The

inorganic materials used for MMM s can be classified into porous and nonporous types.

The effect of porous fillers on the mixed matrix membrane is different from nonporous
inorganic fillers and can be related to their structure and their pore size. Generally,
porous fillers act as molecular sieving agents in the polymer matrix [51]and separate
gas molecules by their shape or size. Due to their concise apertures, porous inorganic
particles have usually high permeability and selectivity which is above the Robeson

upper bound (fig.3.16).
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Figure 3.16 Relationship between permeability and selectivity. Current situation between different membrane
composition regarding Robeson upper bound and the attractive commercial area. [52]

Therefore, when these highly selective porous fillers are added to the polymer matrix,
they selectively allow the desired component to pass through the pores and thus a
mixed matrix membrane, whose permselectivity is higher than that of the neat
polymeric membrane, can be obtained. In other words, addition of porous inorganic
fillers to a polymer matrix not only increases the permeability of the desired
component but also increases the overall selectivity of the desired component relative
to the undesired component. That is, addition of porous fillers to the polymer matrix is
an ideal way to overcome the traditional permeability-selectivity trade-off of the
polymeric membranes. It is very important to note that the above mentioned ideal
effect is justified when the polymer chains wet the porous particles completely and

there are no defects in the polymer—particle interface.

In this work some MMMs were studied for the removal of PFAS from aqueous
solutions. The selected filler was CANAM that was incorporated into three different

polymeric matrices (hydorgels) whit different characteristic about crosslinking,

swelling and hydrofilicity.
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4 Adsorption

Adsorption is present in many natural (physical, chemical and biological) systems and is
a phenomenon of considerable industrial importance, been a major part of many
processes including chemical and bio-chemical reactions, purification and filtration.
Moreover, applications of technologies involving adsorption processes for air pollution

control and water treatment are well known.

Adsorption is a physico-chemical process in which substances present in liquid and/or
gas phase (adsorbate) interact with a solid phase (adsorbent). Adsorption is a surface
phenomenon, in the bulk of a material all the bonding requirements (ionic, covalent or
metallic) of the constituent atoms of the material are filled by other atoms in the

material.

On the other hand, atoms localised on the surface of the adsorbent material are not
completely surrounded by other atoms, so they can attract adsorbate molecules. The
nature of the bonding depends on the species involved, but in general the process is

classified as physical adsorption (physisorption) or chemical adsorption (chemisorption).

In physical adsorption, van der Waals interactions between the adsorbate molecules and
the adsorbent surface are involved; these are weak interactions that allow the adsorbate
molecules to move across the adsorbent surface (Fig. 4.1 a). In chemisorption chemical
bonds between adsorbate and adsorbent are formed, ionic or covalent, strong and

localised, forbidding in this case any transition on the surface (Fig. 4.1 b).
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a) Physical sorption b) Chemical sorption

Fig. 4.1 Physical and Chemical sorption of a solute onto an adsorbent material.
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PHYSISORPTION

Low degree of specificity

At high relative pressure, it general occurs

as a multilayer

A physisorbed molecule keeps its identity
and on desorption returns to the fluid

phase in its original form

It is always exothermic and the energy
involved is not much larger than the

energy of condensation of the adsorptive

Physisorption systems generally attain

equilibrium fairly rapidly, but
equilibration may be slow if the transport

process is rate-determining

4.1 Adsorption isotherms

CHEMISORPTION

Dependent on the reactivity of the

adsorbent and adsorptive

It is usually limited to a monolayer

If a chemisorbed molecule undergoes
reaction or dissociation, it loses its
identity and cannot be recovered by

desorption

The energy is the same order of
magnitude as the energy change in a

comparable chemical reaction

An activation energy is often involved and
at low temperature the system may not
have sufficient thermal energy to attain

thermodynamic equilibrium

Theory regarding adsorption processes has been developed, however the mechanism of
the interaction between contaminants and the solid materials used for their removal is
still poorly understood in many cases, thus many experiments are carried out in order

to compare experimental data.

Regarding contaminants attenuation, adsorption consists in the removal of the solute
from a solution resulting in its concentration onto a surface, until the amount of solute
remaining in the solution is in equilibrium with that adsorbed on the surface. This
equilibrium condition is described by expressing the amount of solute adsorbed per unit

weight of adsorbent (qe) as a function of the concentration of solute remaining in the
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solution phase (Ce). A representation of this type is called an adsorption isotherm (Fig.

4.2).
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Fig. 4.2 Representation of adsorption isotherms.

The adsorption isotherms represent the variation of the adsorption capacity with
respect to the solute concentration in the solution. Isotherms can be favourable when
they show a concavity downwards, unfavourable when they are concave upwards, or
linear when the solute mass varies linearly with the adsorbent mass. Finally, when the
interaction between solute and adsorbent is so strong that it is not possible to reverse

the reaction, the isotherm can be considered irreversible.

The earliest studies were focused on gas adsorption on solid phase, due to the greater
simplicity than a liquid-solid system. In the case of gas-solid adsorption, the adsorbable
specie is a pure compound and no interactions with other components must be
considered. The first theoretical elaborations were applied on gas-solid adsorption and
only at a later stage they were extended on the much complex liquid-solid systems.

The amount of gas adsorbed by the mass of solid is dependent on the equilibrium
pressure, temperature and the nature of the gas-solid system. Functions describing the
relationship between the amount adsorbed by unit mass of solid and the equilibrium
pressure (or relative pressure) at a specific and constant temperature (isothermal
conditions) are called adsorption isotherms. Several different adsorption isotherm

models are available for describing single component as well as n-component systems
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at constant temperature. Most of these isotherms which result from physical adsorption

may be grouped into six classes in the IUPAC classification, as shown in Figure 4.3.

Specific amount adsorbed n

Relative pressure p/p°

Fig.4.3 Main types of gas physisorption isotherms according to IUPAC 1985 classification [1]

In Type | isotherm, the amount adsorbed by the unit mass of solid approaches a limiting
value as the relative pressure approaches to 1. This isotherm is suitable when adsorbent-
adsorbate interactions occur in micropores of molecular dimensions. A decrease in the
micropores width results in both an increase in the adsorption energy and a decrease in
the relative pressure at which the filling occurs.

The Type Il isotherm indicates the formation of an adsorbed layer whose thickness
increases progressively with increasing relative pressure. The uptake at point B is usually
considered to represent the completion of the monolayer and the beginning of the
formation of the multilayer. The ordinate of point B represents the amount of adsorbate
required to cover the unit mass of solid surface (monolayer capacity). This isotherm is
obtained with non-porous or macroporous adsorbents.

The Type Il isotherm is not common and indicates weak adsorbent-adsorbate
interactions.

The Type IV isotherm exhibits a hysteresis loop, which is usually associated with the
filling and emptying of mesopores.

Type V isotherm, similar to Type Il isotherm, is rare and is associated with weak

adsorbent-adsorbate interactions. This isotherm shows a hysteresis loop.
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Finally, the Type VI isotherm, which is relatively rare, is associated with layer-by-layer
adsorption on a highly uniform surface.
This classification is only applicable to the adsorption of a single-component gas within
its condensable range of temperature.
In the text below, an introduction about the thermodynamic quantities for the
processing and interpretation of adsorption isotherm is reported.
It can be supposed than the local concentration c = dn/dV of the adsorbable component
decreases progressively with the increased distance z from the adsorbent surface; at
distance z =t (t is the thickness of the adsorbed layer), this concentration reaches the
constant value of the gas phase c8. The volume V2 of the adsorbed layer can be expressed
as

Ve = At (Eq.4.1)
where A is the interfacial area. The amount adsorbed n? in the adsorbed layer is defined

as

v,

n' = fca’V = Ajcdz (Eq.4.2)
0 0

The total amount n of the adsorbable substance in the whole system can be divided into

two contributes, the amount adsorbed and the amount remaining in the gas phase:
t
n= Achz + Ve (Eq.4.3)
0

where V& is the volume occupied by the gas at the concentration c8. Therefore
n‘=n-cfr* (Eq.4.4)

The evaluation of n? requires the knowledge of either the exact value of V8 or of the
variation of the local concentration ¢ with respect to z, but it isn’t easy to attain either
of these requirements.

To resolve this problem Gibbs introduced the concept of “surface excess” to quantify
the amount adsorbed. A reference system is divided into two zones by an imaginary
surface, named Gibbs dividing surface (GDS), which is placed parallel to the adsorbent
surface. Surface excess is the difference between the amount of a component actually
present in the system and that which would be present in a reference system if the bulk
concentration in the adjoining phases were maintained up to a chosen GDS, i.e. as

though the interface had no effect. Schematically
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(7 Jaiece =[] rer =[] opirence (Eq.4.5)
where [ni]surface = nio is the surface excess amount of component i, [ni]real = ni is the
total amount of that component in the real system and [ni]Jreference is the amount
which would be present in the volume Vg, of the reference system if the final

equilibrium concentration cg was constant up to the GDS. Thus

n’ =n—cfV*e° (Eq.4.6)
It is convenient to locate GDS exactly on the surface which is accessible, so that V&° =V?
+ V&. Under these conditions:

n’ =n—cfV=e—cfr" (Eq.4.7)
Combining equation 4.7 with 4.4, it can obtain:

n“ =n’ + v (Eq.4.8)
Usually in the experimental conditions the final concentration c8 of the gas is small and
the volume V@ of the adsorbed layer is negligible compared with the gas volume V8, so

n ~n’ (Eq.4.9)

In the case of solution adsorption, the competition between solvent and solute must be
considered. The adsorption of the solute at the liquid-solid interface is usually evaluated
as the decrease in its concentration when kept in contact with the adsorbent. The
surface excess amount n°is defined as
n® =n —c'v" (Eq.4.10)

where n; is the total amount of the component i in the system, ci' is its concentration in
the liquid after adsorption and V"° is the volume of the liquid. The surface excess amount
depends on the position of GDS because any displacement of the GDS normal to the
surface produces a change in the volume V'°. To replace n¢® by a quantity invariant with
respect to the position of GDS, equation 3.10 can be written for each component (1 and

2):
ny —n’ % =n, —n, = (Eq.4.11)
c c

The variables both on the right and on the left side are independent of the position of
GDS; variables on the right are experimental quantities while the ones on the left
represent the relative surface excess of component 2 respect to component 1 (n,°%),
defined as
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ni" =nd —n’ % (Eq.4.12)

nd" =n, —n 2 (Eq.4.13)

2

The corresponding equations for the relative surface excess of the component 1 with

respect the component 2 are:

o(2) _ o
) =

S (Eq.4.14)
C

The ratio of concentrations expressed as amounts per unit volume can be replaced by
the ratio of molar fractions x,'/ xi'; considering that xi'=1- x,!, equations 4.11 and 4.12

can be transformed as:

!
oty _ X JAXx,
y T Hhy—n— ,=n i

X X

(Eq.4.15)

n

where n° = n1+nz, n2= n° x2"° and Axy' = x2"°- x;' is the change due to adsorption.
Another function independent with respect the position of GDS is the reduced surface
excess amount and it is derived from equation 4.10 as

n =n, -V"c, (Eq.4.16)

n’ =nd V" (Eq.4.17)
where n°= n°+n%, n° = n1+nz and c' = c1'+ c;'. Replacing c,'/c' with x2!, the following
equation is obtained:

ny —n’xy =n, —n°x, = n°Ax, (Eq.4.18)
The right side depends only on experimentally measurable quantities and not on the
position of GDS: this function is defined as the reduced surface excess amount of
component 2:

ny" =nJ —n’x, (Eq.4.19)
By combining equations 4.15, 4.18 and 4.19, the relationship between the relative and
the reduced surface quantities is obtained

ng" =ng™ /x| (Eq.4.20)
The reduced surface excess amounts offer the most convenient way of reporting
experimental results [1]. The quantity plotted to represent adsorption of component 2
is often in the form n°Ax;!, according to equation 4.18. The isotherm obtained is

generally named “composite isotherm” or “isotherm of apparent adsorption”: the term
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“composite” refers to the fact that the single isotherm contains information about the
adsorption of both components 1 and 2. Figure 4.4 gives the two most important shapes
of reduced surface excess isotherms (S-shape and U-shape) for completely miscible

liquids.

% 0

- :

I
\
n,o
>
1

Figure 4.4 Two basic shapes of reduced surface excess isotherms: S-shaped (S) and inverted U-

shaped (U) [1]

0 X,

When the adsorption from dilute solutions is studied, the solvent is considered as
component 1 and hence x1'= 1- x2'= 1: from equations 4.15, 4.18 and 4.20

ng ~nl" ~n (Eq.4.21)
Any of these quantities can be plotted to represent the adsorption data in the isotherm.
Although many shapes have been distinguished, three main shapes are particularly
interesting and they are represented in Figure 4.5: a L-shaped (analogous to Type | of
IUPAC classification) as in the Langmuir or Téth models, a S-shaped (analogous to Type

V of IUPAC classification) as in the Moreau model, or a less common stepwise (analogous

to Type VI of IUPAC classification).
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Figure 4.5 Shapes of surface excess isotherms from dilute solutions: L-shaped (L), S-shaped (S)

and stepwise (SW) [1]

If higher concentrations can be attained, the reduced surface excess eventually reaches
a maximum and then decreases as shown in Figure 4.4. However, if the solute solubility

is low, the saturation at high concentrations cannot be determined.

Henry adsorption isotherm
This is the simplest adsorption isotherm model, generally used for gas — solid systems,

it is expressed by the linear relationship (Eq. 4.22)

q=Ky*C (Eq.4.22)

Where q is the amount of solute adsorbed on the surface, C is the concentration (or
pressure), and KH is the Henry’s adsorption constant. This model follows the Henry’s
law, it assumes that there is no interaction between the adsorbed molecules and that
the degree of coverage of the adsorbate onto the adsorbent surface is low [2]

This linear model can be used to describe the initial part of many practical adsorption
isotherms, including the Langmuir isotherm, when the low concentration range is

considered.
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Langmuir isotherm model

It was originally formulated to describe gas-solid-phase adsorption onto activated
carbon, it assumes monolayer adsorption that can only occur at a finite number of
definite localised sites, identical and equivalent, with no lateral interaction between the
adsorbed molecules.

It refers to homogeneous adsorption, and graphically is characterised by a plateau that
indicates the equilibrium saturation capacity, where no further adsorption can take

place.

= IsbCe (Eq.4.23)

e 1+bc,

Where ge is the amount of solute adsorbed at the equilibrium (mg g), Ce is the
equilibrium concentration (mg L?), gS is the saturation capacity of the adsorbent

material (mg g) and b the adsorption constant (L mg™).

Freundlich isotherm model
The Freundlich isotherm equation is an empirical equation and may be derived by
assuming a heterogeneous surface with adsorption on each class of sites that have

obeyed the Langmuir equation [3]. The Freundlich equation is commonly used as

1/n
e

q=KC (Eq.4.24)

where q is the adsorption capacity, Ce is the adsorption equilibrium concentration and
K and n are empirical constants, which depend on the nature of adsorbent and

adsorbate and on the temperature.

The Freundlich isotherm accounts for the adsorption of strongly polar compounds on
polar or strongly polar adsorbents (inhomogeneous surface) in low- or medium polarity
solvents, but it isn’t restricted to the formation of monolayers [4]. If n = 1 the adsorption
is linear: this means that the adsorption sites are homogeneous in energy and no

interaction take place between the adsorbed species. If 1/n < 1 then the sorption
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capacity increases and new adsorption sites occur, reflecting favourable adsorption.
When 1/n >> 1, the adsorption bond becomes weak: unfavourable adsorption takes

place, due to the decrease in adsorption capacity [5]

Toth isotherm model

The Toéth isotherm [3] was originally derived for the study of gas-solid equilibria,
however, like the Langmuir isotherm model, it can be extended to the description of
liquid-solid system. The Toth isotherm accounts for adsorption on a heterogeneous
surface, with no adsorbate-adsorbate interactions. The equation of the Téth isotherm
is:

qsKtCe

qe e —[1+(KTC8))'U]1/U (Eq 4‘25)

Where, ge is the amount of solute adsorbed at the equilibrium (mg g?), gs is the
saturation capacity, Kr the affinity constant, and v represents the heterogeneity

parameter.

Brunauer — Emmett — Teller (BET) isotherm model

This theoretical model, widely used in the gas — solid equilibrium systems, was
developed for multilayer adsorption, that is, solute molecules can be adsorbed either
on the bare surface of the adsorbent material or on a layer of solute already adsorbed.

The BET model is expressed by the following equation:

— 4sCBeTCe
Qe = (Cs—Ce)[1+(CrrT—1)(Ce/Cs)] (Eq426)

Where ge is the amount of solute adsorbed at the equilibrium (mg g?), Ce is the
equilibrium concentration (mg L), gS is the theoretical saturation capacity (mg g), Cger
the BET adsorption constant (L mg?), and Cs the adsorbate monolayer saturation

concentration (mg L?) [6].
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4.2 Adsorption kinetics

The adsorption of a solute onto an adsorbent material is a time-dependent process.
Since the adsorption is a phenomenon important in many systems, it is necessary to
evaluate the rate of this process in order to compare the performances of different
adsorbents and to optimise the adsorption process itself. For these reasons, it is useful
to recognise the adsorption kinetics and to determine the phenomenological
coefficients which characterise the transport of the adsorbate molecules within the

adsorbents [7].
The adsorption mechanism can be well described in four steps as indicated below:

1. transport of solute in the bulk solution.
2. diffusion of solute through the liquid film surrounding the adsorbent particles;
3. diffusion of solute in the pores of the sorbent (intraparticle diffusion);

4. chemical reaction as adsorption and desorption on the solid surface.

/
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L. 19 PORE
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Figure 4.6 Representation of adsorption mechanism [8]

The overall rate of the sorption process may be controlled by any of these steps or in
some cases by combination of two steps. Various kinetic models have been used for
solid/solution adsorption batch systems. For example, Langmuir, statistical rate theory
(SRT), pseudo first-order (PFO), pseudo second order (PSO), Elovich and intraparticle

diffusion model (IDM) are the most well-known sorption kinetic models. Among the
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mentioned equations, the intraparticle diffusion model is applicable when the rate
determining step is the mass transfer of adsorbate to the solid surface sites (step 3),
whereas the other ones are used for description of adsorption kinetics when the overall

sorption rate is controlled by the rate of surface reaction (step 4) [9].

Rudzinski at al. [10] demonstrated that the common pseudo-first and the pseudo-
second order kinetic equations are only simplified forms of a more general kinetic
equation. One possible form of such general equation has been developed by applying

the new approach to the rate of interfacial transport, called the Statistical Rate Theory.

The empirical kinetic equation proposed by Lagergren in 1898 [11] is still the most widely

used rate equation for sorption of a solute from a liquid solution [10]:

dN ©
t

where N is the amount of the solute adsorbed at a time t, ks and N® are some constants.

They can be easily found from the following linear regression of experimental data:
(N ~N)= N —kt (Eq.4.28)

which represents the integral form of equation 4.27, corresponding to the boundary
condition N¢(t =0)= 0. According to the commonly accepted interpretation, ki is the
pseudo-first order constant and N(® should be the amount adsorbed at equilibrium. This
makes equation 4.27 a “pseudo-first order” equation, by comparison with the kinetic
adsorption term of the “true” first-order equation in which N is the maximum amount

that can be adsorbed.

By comparison with the adsorption term of the true first-order process, the form of
equation 4.27 seemed to suggest a one-site-occupancy adsorption when the adsorbing
molecule reacts with one adsorption site. Thus, it seemed natural to propose that in the
case of two-site occupancy adsorption, i.e., when the solute molecule reacts with two

adsorption sites, the rate of adsorption should be given by the following:

dN
dtf =k,(N“ -N))? (Eq.4.29)
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Equation 4.29 has commonly been called the “pseudo-second-order rate equation”
[[12]; [7]]. The integral form of this equation, obtained with the boundary condition N

(t=0) = 0, can be written as:

t 1 1

= t+
N, N9 k(N

1

(Eq.4.30)

The equation is usually applied for kinetic data by plotting of t/N: versus t: a linear
relationship should be obtained where 1/N®© and 1/k2(N®)? are the slope and the

intercept, respectively.

However, it should be emphasized that both equations 4.27 and 4.29 are essentially
empirical equations; Rudzinski et al., [10] assumed these equations are simplified forms
of another rate equation, hence they searched for a more general rate equation having
a well-established theoretical background, applying this to the Statistical Rate Theory of

Interfacial Transport (SRT).

If the transport of molecules between two neighbouring phases through their phase
boundary results primarily from single molecular events, the rate of molecular transport

R12 between two phases 1 and 2 is expresses as
R =& | oxpl ) e[ #=)| (Eq.431)
¢ L kT kT J

where i1 and p; are the chemical potentials of the molecules in phases 1 and 2 at non-
equilibrium conditions and Re is the exchange rate at equilibrium to which the system
would evolve after being closed and equilibrated. The new SRT approach may also
explain the successful application of the empirical Lagergren equation for describing
adsorption kinetics at the solid/solution interfaces. As the Lagergren kinetic equation
has always been associated with the model of one-site-occupancy adsorption, Rudzinski
et al. [10] accepted the Langmuir adsorption model in their theoretical investigation.
Thus, they assumed that the chemical potential of the solute molecules adsorbed on a

solid surface ps can be expressed as:

C
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where ©= N¢/Nn and gs is the molecular partition function of the adsorbed solute
molecule. In equation 4.32, N is the maximum amount that can be adsorbed, usually
called the adsorption capacity. In terms of the Langmuir model, this is the total
number of the adsorption sites on the surface, available for adsorption of solute
molecules. For the chemical potential of the solute molecules in the bulk solution ps,

the following expression was assumed:
u, = 1,°+kTh ¢ (Eq.4.33)

where cis the bulk solution concentration. equations 4.32 and 4.33 lead to the Langmuir

adsorption isotherm at equilibrium (see equation 4.23):

K. c@
0W=—~ Eq.4.34
1+K,c (Eq )
where
K, = q, exp| (Eq.4.35)
kT

and the superscript ¢ will always denote equilibrium conditions. The corresponding SRT

expression for the adsorption kinetics is

doe [ My — U, Mo~ U ]
— =K, "exp| “—5 | —exp| —H—E4 Eqg.4.36
” bt p[ T j p( T J (Eq )

in which K’ is the rate of adsorption at equilibrium. In the Langmuir model of
adsorption, Kis' is proportional to the frequency of the collisions of the solute molecules
with the surface and to the number of the free molecules available for the adsorption

sites (1 - @), Thus, Kis’ can be written as:
K,'=K,.c“1-0") (Eq.4.37)

While assuming that the rate of desorption is proportional to ©(¢), the Langmuir isotherm
(equation 4.34) is again obtained. The classical kinetic equation of the fundamental
TAAD approach (Theory of Activated Adsorption/Desorption), used throughout the last

20 century, is:

d® , ‘
—- K c(1-0)' -K,0' (Eq.4.38)
t
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where s is the number of sites occupied by one adsorbed molecule, Ky and Ky are
temperature-dependent constants. From equation 4.38 one can arrive either at
Lagergren (s = 1), or at pseudo-second-order equation (s = 2) by neglecting the
desorption term in that fundamental TAAD equation, and yet defining © as an “efficient”

surface coverage equal to N¢/N(©).

The experiments show that the coefficients ki and kz in the empirical equations 4.28 and
4.30 depend, for instance, on the initial concentration but there is no theoretical
explanation for that. The SRT equation explains it because c(® and the total adsorption
coverage O{¢) depend on the amount of solid adsorbent, the volume of the solute
solution, and its initial concentration. There, we studied, for instance the case of
“volume dominated” systems, when the amount of the bulk molecules dominates the
amount of adsorbed molecules in experiment to such an extent that the bulk
concentration is essentially unchanged during the kinetic experiment. In our case, it

means that the concentration c can be identified with the equilibrium concentration c'®.

After several calculations reported in [10], the following equation is obtained:

[ @ _ o B ]
d®, :th(e)(l_@t(e)c(e))[exp[(®f (‘3,)(5m Sz)J—exp[_ (®, 9,)(5m SI)JJ (Eq_4_.39)
dt kT kT

where € is the energy of adsorption.

The applicability of the Lagergren (equation 4.27) would suggest that dO:/dt is
proportional to the difference (0+¢-0¢). So, it is possible to expand the exponents within
the square bracket into Taylor series around O = ©+®), With this assumption, the terms
of order >3 are very small and, therefore, can be neglected. Now the pseudo-first order

constant ki is defined as:

2K, c9(1-0,"Ys, —¢))
kT

k:

1

(Eq.4.40)

The SRT approach shows that the empirical Lagergren kinetic equations should apply
best in the case of “volume dominated” kinetic experiments. When noticeable changes
of the bulk concentration will be observed during a kinetic experiment, then deviations

from the pseudo-first order Lagergren equation are to be expected.
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In the cases where change of adsorbate concentration is noticeable, the terms of order
>3 of Taylor expansions cannot be all neglected and other calculations leads to the
pseudo-second order kinetic (equation 4.29): the pseudo-second order rate equation is

just an intuitive generalization of the Lagergren equation.

Model investigations based on the general kinetic equations show that deviations of the
observed kinetics from the behaviour predicted by the pseudo-first and the pseudo-
second-order kinetic equations may be due to the approximate character of these

equations.
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5 Semiconductors and photocatalysis

5.1 Band theory and electronic band structure of a solid

The electrons of a single, isolated atom occupy atomic orbitals, each of which has a
discrete energy level (allowable state the electron may assume), according to the four-
quantum number: the principal quantum number (n), the orbital angular momentum
guantum number (l), the magnetic quantum number (ml) and the electron spin quantum
number (ms). When atomic orbitals are combined together, their interaction will lead
to a splitting in energy of each orbital. The resulting molecular orbitals (MOs) can be
bonding MOs, full of electrons, if the bonding interaction between atomic orbitals brings
to a constructive interaction that lowers the original orbitals energy, or antibonding
MOs, empty, if the bonding interaction between atomic orbitals brings to a destructive
interaction that raises the original orbitals energy. Due to the essentially infinite number
of atoms and the consequential numbers of interacting orbitals that must be considered
in a solid, the spacing of electronic energies becomes so small that they can be
considered as a continuum of energy levels and the electronic structure of the solid
could be discussed in terms of energy band. Therefore, the allowed bonding and anti-
bonding electronic energies fall into different energy bands of closely spaced levels,
where each band is separated by forbidden band-gaps.[1] The width of the band
depends on the overlap of the orbitals involved, thus for deep levels the broadening is
small, and they retain their atomic shell-like character, instead the broadening for the
higher levels is so large that the s-, p- and where present, d-levels merge into a single
band. The energy levels of interest are the “Highest Occupied” and the “Lowest
Unoccupied”, respectively called the valence band (VB) and the conduction band (CB)
according to the solid Band Theory (figure 5.1). The difference between the upper edge
of the VB and the lower edge of the CB is the energy gap (Eg), that determines the
proprieties of the material. In an insulator the valence band is full, the conduction band
is empty and a large amount of energy is required to shift electrons from the first to the
second, so no net motion of charges results from the application of an electric field. In a
conductor the uppermost energy band containing electrons is only partially filled, or a
filled band overlaps an empty band. In this case many electrons are free to move and

the current flows easily.
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In a semiconductor the band gap is smaller than in an insulator and electrons can be
thermally or optically promoted to the CB, while holes remain into the VB, resulting in
electrical conductivity values in between those of metals and insulators, because

semiconductors have comparatively less free charge carriers than the conductors.

Electron

energy A
Conduction overlap
Band
Bandgap
Fermi /‘
-
level
Insulator Semiconductor Metal

Figure 5.1 Representation of CB and VB in terms of band theory for a conductor (metal), a semiconductor and an
insulator

The entity of the energy gap is determined essentially by the degree of overlap between

the atomic orbitals involved. For metal oxides, the valence band derives from the filled

2p orbitals of O, while the conduction band results from the empty nd (n from 3 to 5)
orbitals of the metal. In general, semiconductors have band gaps that range from 0.3 to

3.5eV.

An important concept that is needed to describe the properties of a semiconductor is
the electrochemical potential, or Fermi level (EF). The Fermi-Dirac distribution is

(equation 5.1):

1
fE) = —G%s Eq.5.1
14+e kT

Where, f(E) is the probability to occupy a state with energy E, EF is the Fermi Energy, k
is the Boltzmann’s costant and T is the absolute temperature. From this equation it can
be noted that when E is equal to EF and T>0, f(E) becomes %, so the Fermi level is a
virtual energy level (there are no actual electronic states at this energy) that has the 50%

of probability to be occupied by electrons.[2]

Furthermore, at absolute zero, the probability of finding an electron would go from 1 in

the valence band to 0 in the conduction band.
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From the electrochemical point of view the Fermi energy is the electrochemical
potential of electrons in the solid, and could be defined with equation 5.2 valid for an
intrinsic semiconductor (when under thermal equilibrium the number of electrons

equals the number of holes):

_EctE, kTN, I
F=7 2 N, 4>

Where N, represents the effective density of VB levels with Ev energy and N, is the

effective density of CB levels with Ec energy.

When a semiconductor gets in contact with a solution containing redox species, these
two phases start to exchange electrons until the fermi level of the semiconductor will
be equal to the electrochemical potential of the electrolyte phase (herein represented
by the redox potential of the couple A/A’), described quantitatively by the Nernst

equation:

u(;li_) = uo (%) + RT In % Eq.5.3

. A\ . . . . A\ .
In equation 5.3, u (A—_) is the actual electrochemical potential of the solution, p° (A—_) is

. . A .
the formal electrochemical potential of the redox couple (A—_), R is the gas costant

(8.315) K mol?), and [A] and [A™] are respectively the concentrations of the acceptor
and donor species. The semiconductor lattice almost always presents impurity
concentrations, in the order of 1 part per billion, due to oxigen vacances in oxides,
surface states where the physical contiguity of the atoms ceases, or the intentional
introduction of foreign elements in the crystal lattice. The presence of electron-rich or
electron-deficient atoms and defects in the lattice brings to the formation of ionizable
levels, energetically near to the conduction band, in the first case, or to the valence band

in the second.

Thus, the Fermi level position of the semiconductor will be shifted from mid-gap (figure
5.2): if donors (D) are present, the Fermi level will move closer to the CB (it will become
more negative on the electrochemical potential scale), instead, if there are several

acceptors, the Fermi level will shift nearby the VB (it will become more positive).
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Thermal excitation of electrons from the donor band to the CB results in an excess of
negative moving carriers (e’) that improve the conductivity of the material, while ionized
donors (Np*) are formed. The probability (No*/Np) of the above mentioned process to
take place depends on the Boltzmann distribution, Np* =Npexp(-AE/kT), where AE is the
energetic difference between the CB and donor levels. Such semiconductors are known
as n-type. A similar description could be used to explain the behavior of p-type
semiconductors, in which the thermal excitation of electrons from the VB to the
acceptor band leads to an excess of positive moving carriers (holes, h+) that increase the

conductivity of the material, in the same way electrons do for ntype semiconductors.

[ntrinsic Estrinsic n-type Estrinsic p-type
semiconductor semiconductor semiconductor
CB CB CB
VB VB VB

Fermi level

________ Donor energy levels
________ Acceptor energy levels

Figure 5.2 Band gap structure of intrinsic, n-type and p-type semiconductors.
In the dark, and in thermal equilibrium conditions, the electron’s electrochemical
potential (m¢’) is equal to the hole’s one (mn*), both corresponding to the Fermi level of
the solid (equation 5.4 and 5.5).

n
Ef =p,- = E.+ kT lnﬁ (Eq.5.4)

Cc

P

Ef=|.,|.h+= Ev_lean

(Eq.5.5)

The electron density n in the CB and the hole density p in the VB can be derived from

the previous equations:

(Ec — Ef)

n = N, exp[— T

] (Eq.5.6)
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Ef —E,
p = Nyexp[— %] (Eq.5.7)

5.2 Electrochemistry of semiconductor electrolyte interface

When a semiconducting is brought into contact with an electrolyte solution in dark
conditions, a charge transfer at the semiconductor-electrolyte interface occurs until the
electrochemical potential gets the same value throughout the system. The resulting flow
of current through the junction continues as long as a potential difference is established
at the interface. In the simplest case, ignoring the adsorption of ions or other molecules
on the surface of the semiconductor, and any electrostatic interaction that can

determine contact potentials between the two phases, the potential difference is:

Ue=semicontuctor — He~redox = el (ECI- 5-8)

Where e is the electron charge and U is the potential difference between the two
phases. The direction of the electronic flux depends on the relative potential position in
the two phases. Electrons are transferred from the semiconductor to the solution if the
semiconductor EF is more negative than the electrolyte electrochemical potential;
usually this situation occurs in an n-type semiconductor. In p-type semiconductors the
inverse situation, where the EF has a higher value than the electrolyte electrochemical
potential, is more common, and electrolytes give electrons to the semiconductor.
Despite the exchange of charges takes place in both phases, only the semiconductor
Fermi level will shift in energy because the semiconductor density of charge carriers
(about 10*>-10%e/cm?3) is about 107 times lower than the concentration of redox species
in solution (esteemed to be 10% particles/It, considering a concentration of 0.1 M)[1].
The simplest way to describe what happens at the interface is in terms of “electric
double layer”, consisting of a sheet of positive charges at the surface of the
semiconductor and a sheet of negative charges (ions) next to the solution, or vice versa.
An adsorbed layer of water molecules at the interface separates hydrated ions from the
solid surface. The interfacial electric double layer can be explained in terms of a parallel
plate condenser. At the interface charge neutrality occurs as gs = ge Where gs and gej are

respectively the charges near the semiconductor and electrolyte side of the interface.
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This description can be extended considering that, during the equilibration between the
semiconductor’s and the electrolyte’s Fermi levels, the semiconductor will be depleted
of its majority charge carriers to a certain extent far from the surface and that ions will
be distributed away from the plane of the closest approach of hydrated ions towards
the bulk solution. On the solution side, when a semiconductor is brought in contact with
an electrolyte solution, counterions are attracted towards charged surface in order to

form a sheath, called the Helmholtz plane.

The inner part of the Helmholtz plane (IHP) is composed by solvent molecules and
partially solvated ions absorbed on the material surface, while solvated ions form the
outer Helmholtz plane (OHP) (see figure 5.3). Between the inner and outer Helmholtz
layers a linear potential drop occurs. The values of this potential difference are not high,
but the electrical potential gradient is still very intense because the interface thickness
is extremely small. According to the Stern model, over the compact Helmholtz plane
there is a diffused layer formed as a result of opposing tendencies of attractive
coulombic forces and disordered thermal fluctuations, where the potential decays
exponentially. If the electrolytes concentration is sufficiently high, the diffused layer
reduces its thickness until it collapses on the OHP. Thus, in first approximation, in
electrolytic solutions where the electrolyte concentration is higher than 0.1 M, the
potential drop between the OHP and the solid surface occurs linearly.
Solvated
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Figure 5.3 Scheme of the semiconductor-electrolyte interface and associated potential trend

On the semiconductor side, a diffuse layer of minority charge excess (ionized donors Np*

or acceptor Na’), called the space charge layer (W), is formed (figure 5.4).

71



Examining the case of an n-type semiconductor, it is necessary to spend work to bring
an electron from the bulk to the surface, due to the repulsive interaction with the
attracted negative ions in solution. The potential barrier that must be overcome to get
a charge transfer between the semiconductor and the electrolyte phase is called barrier
height energy (¢p) of the junction and is the sum of: I) the difference in the
semiconductor electrostatic potential resulting from the formation of the junction,
called built-in voltage (Vui); Il) the difference between the semiconductor Fermi level

and the conduction band edge (Vn) (figure 5.4).

n-type semiconductor case

Space charge region

+ SC Solution SC Solution
Before contact After contact

Figure 5.4 Scheme representing the formation of the electric double layer in a n-type semiconductor.

If the charge density p in the semiconductor space charge layer is considered constant,
then p = eNp* and it’s possible to obtain the expression for both the electric field

(equation 5.9) and the potential (equation 5.10) generated in the junction:

eNy
(x—W) (Eq.5.9)

E() = —

eNy
V(x) =— e (x—W)? (Eq.5.10)

Where € is the relative dielectric constant of the material, e is the electronic charge, Np*
represents the donor density, x is the charge position compared to the surface (0 £ x <

W).

The electric field E(x) and the potential -V(x) increase moving from the bulk (x=W) to the

surface (x=0), where both reach their maximum (figure 5.5), given by equation 5.11:
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eNy
Vinaxl = Vip = ? w (Eq.5.11)
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Figure 5.5 Electric field E(x) and potential -V(x) in an n-type semiconductor space charge layer

The semiconductor band edge pinning depends on the value of the ionic charge sign in
the electrolytic solution and can be controlled by the application of an external bias or
changing the energetics of the redox pair in solution[1], [3], [4]. Still considering a n-type

semiconductor, four different situations can take place, as shown in figure 5.6:

Semiconductor Electrolyte

a) b) c) d)

Figure 5.6 Development of the space charge region in the n-type semiconductor-electrolyte interface: a) flat band
situation; b) enrichment layer; c) depletion layer; d) inversion layer

The potential at which there is no space charge region in the semiconductor is called the
flat band potential (Ew). With good approximation, the flat band potential can be
considered equal to the Fermi level, which in turn approximates the conduction band
edge in a n-type semiconductor and the valence band edge in a p-type semiconductor
(figure 5.6a). If the surface of semiconductor is enriched with majority carriers (electrons
for a n-type and holes for a p-type semiconductor), an enrichment (also called

accumulation) layer arises (figure 5.6b). This situation can be also obtained with the
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application of an external high negative potential in n-type semiconductor, or a high
positive potential in the p-type case. The depletion layer (figure 5.6c) is given by the
ionized donors (or acceptors) formed after the charge transfer between the solution and
the semiconductor. The electron transfer continues until the surface ionized donors (or
acceptors) concentration in less than the intrinsic level. When the surface region is
enriched with minority carriers so that their contribution to the space charge exceeds
the contribution from majority carriers (in the bulk), the n-type semiconductor changes
its surface behaviour acting like a p-type. In n-type semiconductor the inversion layer
(figure 5.6d) is reached thanks to the application of extremely high positive potential
that empties not only the conduction band, but also (partially) the valence band. For p-

type semiconductors a very high negative potential must be applied.

The properties of the current-voltage (I-V) behavior of a semiconductor an be examined

commenting the equation 5.12:
eV
I =—Iy[exp(— k_T) —1] (Eq.5.12)

Where, V is the external applied potential and 10 is the value of current, called exchange
current, present at equilibrium, that is dependent on the material characteristic and the
redox couple. Equation 5.12 predicts that for V<0 (forward bias) the current is
exponentially dependent on the voltage but essentially independent from it when V>0
(reverse bias). The current-voltage characteristic described by equation 2.12, where the
current flow predominates in one direction under an applied bias, is called rectification
and it is a typical characteristic of an electrical diode. Therefore, the equation is generally

called diode equation.

5.3 Semiconductor-electrolyte interface under illumination

Under illumination, the semiconductor can absorb a photon with an energy greater
than, or equal to its energy gap. This energy is used to promote an electron from the VB
to the CB, leaving a hole in the VB. It is possible to define different electrochemical
potentials, called quasi-Fermi levels, for the photogenerated electrons and holes (figure
5.7b), described by equations 5.13 and 5.14, where n* and p* are the carriers

concentration under illumination.
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e = Ec + lenN— (Eq.5.13)
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Figure 5.7 a) Fermi and b) quasi fermi levels of an n-type semiconductor

Light intensity and absorption properties of the material affect the quasi-Fermi levels.
In an n-type semiconductor, for example, the electron quasi-Fermi level stays close to
the original Fermi level because n* = An* +ng™~ng, since the concentration of
photogenerated electrons (An) is small compared to the thermally ionizated one no.
Instead, the hole quasi-Fermi level shift is considerable, due to the consistent growth of
holes concentration under light compared to the one in the dark. The photogenerated
electrons and holes can move towards the semiconductor in opposite directions under
the electric field in the space charge layer[4]. If a depletion layer occurs, the minority
carriers will travel toward the surface, where they participate in charge transfer
reactions, while the majority carriers will move to the bulk. This flow of carriers provides
a photocurrent. Such a migration induces also an inverse potential in the semiconductor,
called photopotential (AEpn) which reduces the potential drop across the space charge
layer. When the AEpn equals the difference between the semiconductor dark potential
and the Es, the band bending disappears, and an applied potential is needed to achieve
photocurrent. To describe the current-voltage behaviour under light condition is
convenient the partition of the current into two separate components: one that
originates from majority carriers and one from minority carriers. The concentration of
photogenerated majority carriers is usually small compared to that present from the
thermal ionization of dopants atoms, so they should exhibit a I-V characteristic that is
well described by the diode equation. On the other hand, illumination generally

produces a substantial change in the concentration of minority carriers. If the electric
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field is so strong that essentially all the photogenerated minority carriers are separated
and then collected, the minority carrier current is approximately equal to lph (the photon
flux absorbed by the semiconductor multiplied by the charge on an electron e). The net
current could be obtained by adding together, with the appropriate sign, the majority

and minority carrier components:

eV
I =1l — Io[exp(—k—T) —1] (Eq.5.14)

The equation 5.14 is the diode curve of equation 5.12, offset by a constant amount, Iph,

over the voltage range of interest.
5.4 Photocatalysis

Photocatalysis is the acceleration of a photoreaction in the presence of a catalyst. In
photocatalysis electrons are excited by the energy supplied by the incident photons;
mobile electron / hole pairs are produced which make the semiconductor active to
catalyze reactions on its surface. The water splitting, using solar energy, is a particularly
interesting reaction to photo-produce Hydrogen, which in this way could thus be
considered as an inexhaustible fuel source. The water splitting semi-reactions for water

reduction (5.15) and oxidation (5.16) are:
4H"+4e g2 2 H; E9=0.00V (5.15)
2 H20 + 4h*yg > 0z + 4 H* E0=1.23V (5.16)

Water reduction is a relatively fast reaction on several metals of the transition series,
like Ni, Pt, Rh etc., usually requiring two reaction steps, whereas water oxidation is more
complex because it needs the removal of four electrons and four protons to take place.
The mechanism proposed for the water oxidation process may involve a concerted
reaction to four electrons, or multiple steps from two to three electrons. For metal oxide
semiconductors with wide band gap, the mechanism involves the formation of the

hydroxyl radical intermediate which requires a potential of 2.85 V:
H20 = -OH (aq) + H'(aq) + € E9=2.85V (5.17)

In order for hydrogen production to occur without an applied bias, the potential of the
photogenerated electrons must be more negative than the H*/H, reduction potential
and the potential of photogenerated holes must be more positive than 02/H,0 oxidation
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potential. This situation is not verified for many of the most common metal oxides able
to absorb visible light. Indeed, many of them display a band gap greater than 2.3 eV,
ideally suitable for the splitting of water with a single photon, but they do not possess a
sufficiently negative conduction band to support the unassisted

production of hydrogen (e.g. WOs in figure 5.10)
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Figure 5.10 Band-gap and valence levels of some semiconductors at pH=0

5.5 Photocatalysts based on heteropolytungstates

Polyoxotungstates (POTs) are tungsten oxygen anion clusters of nanometric size
characterized by a wide variety of structures [5]. Generally speaking, POTs can be
divided into two main groups: isopolytungstates, constituted only by W and O atomes,
and heteropolytungstates where a heteroatom (X= Si, P, S, Ge, etc.) different from W
and O is also present. The most important isopolytungstate is decatungstate anion that
is viewed as the union of two Ws013 units, bonded through shared oxygen in vertices
with internal empty space. Each subunit is made up of WOg octahedra that has sides and
oxygen atoms in common. Among heteropolytungstates, Keggin ([XM12040]"]) and
Dawson ([X2M180s2]n]) types represent the most common structures: a central
tetrahedric XO4 unit is surrounded by a definite number of WOg octahedra. POTs exhibit
very peculiar structure-dependent chemical and physical properties (acid-base and
redox properties) which are thermally and oxidatively stable and undergo photoinduced

multielectron transfers without changing their structures. These features make them
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attractive materials for applications as redox catalysts. Moreover, irradiation with UV
and/ or near UV light in the ligand to metal charge transfer band causes an
intramolecular charge transfer from 0% -based highest occupied molecular orbital
(HOMO) to the W®*-based lowest unoccupied molecular orbital (LUMO) leading to the
formation of a photoexcited state. The resulting photoexicted POT is highly reactive both
in oxidation and reduction reactions and can trigger chemical transformations on
organic and inorganic molecules that are transparent in the wavelength range
employed. The entire process is truly photocatalytic when the photoexcited POT is
regenerated in its initial state at the end of the reaction cycle (as it happens for a thermal
catalyst), while the light is a stoichiometric reagent. This is the base of the utilization of
POTs as photocatalysts. Also, POTs have been applied to a wide range of new

applications[6]—[8], and most of them have been recently reviewed [9].

5.5.1 Decatungstate photocatalysis

Considering photoredox applications in the liquid phase, POTs have common
photochemical processes. However, decatungstate anion is the polyoxotungstate that
has the absorption band at the highest wavelengths of all. In fact, [0% - W®*] LMCT
absorption band is in the UV region (Amax= 324 nm, €= 14,100M* cm™) with a tail that
extends until 380 nm, partially overlapping to the UV solar emission spectrum. This
renders the isopolyoxoanion, the king photocatalyst of the family, principally because
UV light excites exclusively the decatungstate anion, and it is not absorbed by the
organic substrates to be transformed that remain always in their ground state [10].
Moreover, the absorption spectrum of decatungstate anion in solution overlaps that of
TiOy, the benchmark material in photocatalysis, so that the polyoxoanion is considered
the soluble model of the semiconductor (SC) [11]. Proper counter cation warrants
solubility in various media: for example (n-BusN)sW10032 dissolves in CH3CN and
NasW1003; is soluble in water. The cascade of events that take place after light
absorption by decatungstate anion has been deeply studied (Figure 5.11): the
photoactivation of W10032* leads to a LMCT excited state (W10032%*), in analogy to the
photoinduced charge separation processes which occur in TiO2. This state decays in few
picoseconds to a very reactive transient, named wO, with an oxy radical character. The

guantum yield for the generation of this species is around 0.5—-0.6. The high reactivity of
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wO has been recently quantified reporting that its redox potential is +2.44V vs SCE [12],
[13].

W1003," hv - W,05," "

3]

[1] Partial oxidation, organic solvent and O,
wO+RH ————= R + H' + W05,

R + 0, + H' + W03, ——= ROOH + W ,0;,"

[2] Degradation, water and O,
WO + H,0 ————= OH + H' + W (05"
2'0H — H,0,
0y + Wp0p ™+ HY —— = HO, + W03
2HO, —= H)0,+0,

H,0, + W03, — = OH -+ OH + W,;05,+

[3] C-X (X=C, Si, N, F) bond formation, organic solvent and Ar
w0 +RH ——— R + H* + Wip03,%
R + C=C — R-.C-C~

R-C-C + H' + W03,  — RCCH + W,(03,"

Figure 5.11 Photoactivation of decatungstate anion with UV light and subsequent possible

reactive pathways

Thus, the transient wO can give rise to different processes depending on the
experimental conditions. In organic solvent and in aerated conditions (Fig. 5.11 path [1]),
wO can initiate the oxidation of several organic substrates (RH) through hydrogen atom
abstraction or electron transfer mechanism, depending on the actual properties of the
chosen substrate RH. Both mechanisms lead to the reduced form of decatungstate
(W10032°" or HW10032*) and the substrate-derived radical (R*). Oxidation of W1003,> by
0, restores starting W10032%, closing the photocatalytic cycle. Oz is reductively activated

to peroxy species. In agueous solutions and aerated conditions (Fig. 5.11 path [2]), the

direct reaction of water with wO leads to the formation of ‘OH radicals. The occurrence
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of this reaction has been the object of debate in literature for a long time until some
researchers demonstrate with independent techniques the formation of ‘OH radicals.
Also, it has been demonstrated that hydroxyl radicals originate from both H,0 oxidation
and H,0; reduction. The two pathways just described above opened to the possibility of
photocatalyse oxidation reactions of organic molecules. In detail, reactions of path can
be controlled and partial oxidation is achievable with the conversion of starting
molecules into high-added value intermediates. Conversely, in aqueous environment
(Fig. 5.11 path [2]), the formation of ‘OH radicals, which are very reactive and unselective
oxidant species, is suitable for photocatalytic degradative reactions where the main
purpose is depollution [14]. Another possibility occurring in organic solvent and de-
aerated conditions should be considered (Fig. 5.11 path [3]): W10032> (recognizable
because of its blue color) can be accumulated in the reaction vessel together with the
substratederived radical (R*). These species could start a very large variety of reactions
of interest in organic chemistry which results in the formation of C-C, C-N, C-Si, C-F

bonds, opening to new and mild synthetic applications [15].

5.5.2 Tungsten trioxide

WQOs is characterized by an octahedral coordination as WOs [16], and presents different
crystalline phases depending on temperature, pressure and preparation conditions. The
tungsten trioxide crystal has at least five phases in a temperature range between 900
and -180 ° C, changing with cooling in the following order: tetragonal, orthorhombic,
monoclinic, triclinic, monoclinic. At room temperature, WOs it is found in its monoclinic

form, whose structure is shown in figure 5.12:

A-site

Figure 5.12 WO3 monoclinic cell structure23. Color scheme: W=blue and O=red

WOs is a semiconductor possessing an indirect band gap, ranging between 2.6-2.7 eV
depending on the preparation method. Such band gap allows for the absorption of the
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<480 nm part of the visible spectrum. Today, it is a widely studied material for several
applications, such as gas sensing, electrochromic display, photocatalytic degrader[17]

and, of course, photoelectrochemical (PEC) cells.

Entering in the details of water-splitting application, WOs is stable in acid aqueous
conditions (pH<4), the photogenerated carriers display high mobility[18] and it presents
favourable energetics to promote oxygen evolution, while an external bias is request in
order to support water reduction to hydrogen. WO3 PEC water-splitting performances
are significantly sensitive to large number of defects in the crystal surface and to grain
boundaries, which results in increased resistance and interfacial charge recombination.
WOs3 nanostructures with small size and controllable morphology can instead decrease
the holes diffusion length and the number of grain boundaries, thus improving the
charge separation. Furthermore, nanostructured semiconductors with high porosity
have better photoelectrochemical activity than dense material, due to their larger active
area, more active sites and better charge transport performance [17], [19], related to
the reduced distance for the holes to reach semiconductor-electrolyte interface, thus
inhibiting surface recombination. Furthermore, the electrolyte could penetrate better
into the nanoporous films structure. Among the others, 2-D nanostructures (such as
nanoplates, nanosheets and nanoflakes) are particularly promising due to their highly

efficient and directional transport of electrons and holes [18].

5.6 Heterogeneous polyoxotungstates as photocatalysts

The main shortcoming of homogeneous catalytic processes is the cumbersome
separation of the catalyst (often expensive) from reaction products and its quantitative
recovery in an active form. The growing need for the development of environmentally
benign, recoverable catalysts which could replace the current homogeneous chemical
procedures pushed the research towards the heterogenization of the catalysts on a solid
carrier. In this framework, the use of heteropolyanions in their solid state led to the
development of practical significance[20]. However, since their specific surface area was
very low (1 + 10m?g %), immobilization of polyoxotungstates onto a large surface area
of a solid carrier was preferred[21]. In principle, dispersion of catalytic clusters on
supports with high surface area should increase the accessibility of the catalytic sites for
the molecule to be transformed so increasing the catalytic performance. Moreover, as
most of the POTs are very soluble in water or organic solvents, their heterogenization
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should provide more freedom in the choice of the dispersing medium. Easiness of
recovery and the possibility of recycling the heterogenized catalyst are the other
important advantages. Related to this aspect, when a heterogeneous catalyst is
considered, one has to evaluate if there is a certain degree of release of the
photocatalytic cluster in the solution or not. This factor is particularly important in the
case of immobilized polyoxotungstates because they are also active as homogeneous
photocatalysts. In fact, leaching of the photocatalyst during the reaction time inhibits
the researcher to be sure that the process is truly heterogeneous. Also, when leaching
occurs in some extent, the immobilized photocatalyst recovered at the end of the
reaction contains a lower number of photoactive species with respect to the beginning
and consequently the loss in efficiency during a consecutive run is obvious. Another
fundamental parameter to be considered in a (photo)catalytic process aimed at the
production of functionalized intermediates or complete mineralization of the substrate
is selectivity. Heterogeneous system represents a suitable means to tailor selectivity
through the control of the microscopic environment surrounding the photoactive
center, that is immobilized on the surface or inside pores of the support. In detail, it is
believed that the support should affect the physical and chemical properties of the
(photo)catalytic system through specific and projected textural characteristics. Well-
defined structures at the nanometer scale afford a good design of active sites for
obtaining selective (photo)catalytic processes[22]. The ongoing interest in POTs
heterogeneous photocatalysis has triggered the development of a variety of synthetic

procedures.
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6 Experimental

6.1 Drugs adsorption on zeolites

The data herein reported are part of my work of thesis and have been published in: Elena
Sarti, Tatiana Chenet, Claudia Stevanin, Valentina Costa, Alberto Cavazzini, Martina
Catani, Annalisa Martucci, Nicola Precisvalle, Giada Beltrami and Luisa Pasti (2020).
High-Silica Zeolites as Sorbent Media for Adsorption and Pre-Concentration of

Pharmaceuticals in Aqueous Solutions. Molecules 25,3331.

The present work focused on the use of commercial zeolites with a high silica content
as absorbent media for pharmaceutical products in an agqueous matrix. Some target
molecules belonging to the category of emerging contaminants have been selected,
being present at surface water level and in the effluents of wastewater treatment plants,
which are unable to break down or eliminate these emerging contaminants effectively.
As drug probes, ketoprofen, hydrochlorothiazide and atenolol were selected. The
adsorption of pharmaceutical products was evaluated for two zeolites of the Faujasite
topology with Silica / Alumina ratio 30 and 200. this salica/alumina ratio various gives
different characteristics to the two zeolites. in fact, a higher amount of aluminium in the
structure gives to the zeolite framework a more negative overall charge giving to the
material hydrophilic properties, on the other hand, zeolites with higher silicon content
show hydrophobic behaviour. The selected zeolites proved to be efficient absorbers
towards all the pharmaceutical products studied, thanks to their high saturation
capacities and constant binding. These results were confirmed by thermal and structural
analyzes, which revealed that adsorption occurred within the porosities of the zeolite,

causing changes in the lattice.

Finally, the zeolites were tested as pre-concentration medium in the solid phase
dispersive extraction procedure. Recoveries greater than 95% were obtained for
ketoprofen and hydrochlorothiazide and approximately 85% for atenolol, under
conditions that promoted the dissolution of the neutral solute in a predominantly
organic phase. The results were obtained using a short contact time (5 min) and a small

extraction volume (500 L), without halogenated solvents. These attractive features
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make the proposed procedure a time- and cost-saving method for sample enrichment
and spent sorbent regeneration, rather than the more energy-expensive heat

treatment.

6.1.1 Introduction

The increasing use of pharmaceutical compounds in human and veterinary medicine has
become an environmental problem, which received widespread attention from
scientists over the past 20 years [1,2]. Hundreds of tonnes of pharmacologically active
substances enter sewage treatment plants, where they are poorly removed.
Consequently, they can enter into surface water collecting the plant effluents [3,4].
Indeed, the occurrence of pharmaceuticals in surface water and sediments has been
extensively reviewed [5,6]. Likewise, “source-to-tap” studies concerning the fate of
pharmaceuticals from wastewater to finished drinking water have been reported [7,8].
The concentrations measured in natural and drinking waters are very low, generally in
the ng L to pg L [9,10], thus requiring accurate and sensitive methods for their
detection. Likewise, to reduce the negative impact of pharmaceutical on biota and
human health, new technologies should be investigated to improve the efficiency of
water treatment plants in the removal of drugs. Therefore, it is important on one hand
to develop analytical methods able to detect these molecules at a low concentration
level to better evaluate their impact on the environment and, on the other hand, to
enhance the efficiency of water remediation technologies in order to reduce water
contamination. Sorption based technologies were demonstrated to be efficient and
economical methods both for the enrichment of trace pollutants as well as for their
removal from water [11-13]. Among the wide variety of adsorbents, zeolites are very
promising for environmental application thanks to their properties such as high surface
area, controlled pore size, thermal and chemical stability. Recent studies demonstrated
the efficiency of zeolites in the adsorption of several organic pollutants from water, such
as pharmaceuticals [14,15], polycyclic aromatic hydrocarbons [16,17], and petrol-
derived compounds such as toluene [18], methyl tert-butyl ether [19], chlorobenzene
[20]. In addition, zeolites were also investigated as materials for the enrichment of
organic compounds in dilute aqueous solutions. Dispersive solid-phase extraction is a
promising sample pre-treatment technique, first introduced by Anastassiades et al. [21],

which is based on the SPE methodology, but the sorbent is dispersed in a sample

86



solution containing the target analytes instead of being immobilized inside a cartridge.
This approach enables the sorbate to interact equally with all the sorbent particles and
avoids channeling or blocking of cartridges or disks, as occurs in traditional SPE [22].
Other advantages with respect to the conventional SPE are the small sample volume
required, reduced operational time, and high recoveries [23]. The dispersive-SPE has
been successfully introduced for several analyses (i.e., pesticide residues in various
matrices, antibiotics in animal tissues, pharmaceuticals in whole blood), with the
purpose of sample clean-up and elimination of matrix interferences [24]. In the present
work, the adsorptive properties of high-silica zeolites toward drugs in aqueous solutions
were studied in order to investigate the efficiency of these siliceous materials in two
applications, namely: (1) The removal of contaminants from the aqueous matrix, (2) the
pre-concentration step for micropollutants analysis. An interesting future perspective of
the present work could be the investigation of the possible reuse of zeolites after solvent
extraction of sorbed analytes. Despite the fact that the thermal treatment usually
requires high temperatures and long times, it still represents the most common
regeneration technique of an exhausted adsorbent. It has been already demonstrated
that exhausted zeolites maintain their adsorption efficiency after thermal regeneration
[25,26]. Adsorbent regeneration by solvent extraction could be an attractive alternative
to thermal treatment, because it is time-saving, requires less energy, and could permit
the recovery of bioactive molecules from waste. Target pharmaceuticals were chosen
based on their presence in effluents of wastewaters treatment plants and in surface

waters [3,27,28].

In detail, the three investigated pharmaceuticals were ketoprofen (non-steroidal anti-
inflammatory drug), hydrochlorothiazide (diuretic), and atenolol (beta-blocker), which
are characterized by different physicochemical properties. As adsorbent media,
commercial high-silica zeolites [29] (FAU and BEA framework type), differing in structure
and surface properties, were considered. The release of sorbed pharmaceuticals from

zeolites was evaluated by varying the pH and organic modifier of the extracting phase.

6.1.2 Results and Discussion

6.1.2.1 Adsorption

The adsorption of pharmaceuticals from the aqueous solution onto zeolites was

evaluated in a wide concentration range and by fitting the experimental data with the
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proper mathematical model. In this case, good fits were obtained using Langmuir
adsorption isotherm Equation (1) which has been already employed to investigate

several organic molecule-zeolite systems [25,30,31]:

__ qsbCe

T 1+bC, (Eq. 1)

In Equation (1), g (mg g) is the adsorbed amount per unit weight of adsorbent, Ce (mg
L) is the solute concentration at equilibrium, gs is the saturation capacity (mg g*) and
b (L mg?) is the Langmuir coefficient (binding constant). The adsorption isotherms of
drugs adsorption on Y zeolites in Milli-Q water are shown in Figure 6.1.1 and the
respective parameters estimated by non-linear fitting are reported in Table 6.1.1. Data

concerning the drugs adsorption onto Beta25 are reported elsewhere [15].
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Figure 6.1.1. Adsorption isotherms of ketoprofen (KTP: green symbols), hydrochlorothiazide (HCT: dark
blue symbols), and atenolol (ATN: red symbols) on Y200 (a) and Y30 (b) in Milli-Q water. Dotted lines
are the confidence limits at 95% of probability of the fitted curves.
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Table 6.1.1. Parameters Estimated by Non-Linear Fitting, According to the Langmuir Model, of Three Drugs Adsorption
on Y200 and Y30. The Confidence Limits at 95% of Probability of Parameters are Reported in Brackets.

Drug-Zeolite L mbg 1y {mgq; -1y R?
KTP-Y200 : 0?@9; i 5 é?i_l i 0.9887
H-Fx20 (0.0;}?3.7044) (303?%42) 09896
Al {o_oagzj;L 31.14) (171??95) fsees

e (0.0%??3)69) (‘14;;?97) ——
R (0.0&4?%}.2026) (11 fi 28) 0
ATN-Y30 . D‘igbg m (2 ;";?357) 0.9727

As can be seen in Table 6.1.1, both USY zeolites show high saturation capacities toward
all the examined drugs. These data could be compared with saturation capacities
approximately ranging from 20 to 100 mg g found by other studies for the adsorption
of pharmaceuticals by different adsorbents, such as carbon black [32], granular or
derivatized activated carbon [33,34], polymer clay composite [35]. In particular, by
comparing the adsorptions on Y200, it can be noted that the highest saturation capacity
(gs) was reached for HCT, but the isotherm slope (b), related to the adsorption constant,
is the lowest one. At low concentrations, Y200 shows the greatest adsorption efficiency
towards KTP. From the data of Table 6.1, it can also be observed that Y30 shows higher
adsorption capacity and affinity for ATN than for the other pharmaceuticals. This last
finding could be ascribed to electrostatic interactions between Y30, which is less
hydrophobic than Y200, and ATN which is partially positively charged. By comparing the
USY zeolites in terms of saturation capacities and binding constants (Table 6.1), the more
hydrophobic Y200 generally demonstrated to offer higher efficiency than Y30, despite
the lower surface area, thus confirming that the surface area is not exhaustive for
predicting adsorption properties. In the light of above, further investigations were
performed solely on Y200.

In order to obtain more information on the adsorption process, thermal and
diffractometric analyses were carried on. Thermogravimetric curves of Y200 before and
after saturation with drugs are shown in Figure 6.1.2.

The TG curves of as-synthesized Y200 show a total weight loss of 1.7% at 900°C. The

thermal profile shows a sudden slope variation at a temperature below 100°C, thus
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suggesting the presence of water molecules weakly bonded to the surface [14]. The TG
curves of Y200 saturated with drugs display two main weight losses: The first one below
100°C can be attributed to the desorption of species (water and/or drug) weakly
retained on the zeolite surface, while the second one at temperatures above 100°C

can be ascribed to the decomposition of drug sorbed inside the zeolite porosities.
According to the literature data [36—38], KTP and HCT present a stable profile until about
250 and 300°C, respectively, while the ATN thermal decomposition starts at lower
temperatures (120-150 °C).

Thermogravimetric curves of Y200 after saturation with ATN, HCT, and KTP show weight
losses at 900°C of 20.4%, 27.2%, and 22.6%, respectively. These results indicated that,
at saturation conditions, the higher amount of sorbed drug was found for HCT, followed
by KTP and ATN. The same trend can be observed by comparing the saturation capacities
extrapolated from adsorption isotherms (see gs in Table 6.1.1). Differences in the
amounts obtained from TG and isotherm data can derive from different factors, such as
the contribution of co-adsorbed water molecules to TG results. In addition, saturation
capacity is a limit value estimated from non-linear fitting of experimental data (see

Figure 6.1.1) and it does not refer to a single adsorption measurement.
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Figure 6.1.2. Thermogravimetric curves of Y200 before (black) and after drugs adsorption (KTP: Green, HCT: Blue,
ATN: Red).

The Y200 dealuminated zeolite is characterized by the presence of both microporosity

and macroporosity mainly due to the dealumination process [39]. Although drug
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adsorption can occur in both micro- and mesoporous structures, the deeply
investigation of the adsorption site location lies beyond the aim of the present work. In
order to have experimental evidence of the effective incorporation of the drug inside
the zeolite porosity and not only on the zeolite surface, a structural investigation was
carried out. Figure 6.1.3 shows the results attained for Y200-KTP and Y200-ATN systems.
Structural analyses carried out on Y200 saturated with HCT led to results similar to those
obtained for KTP: For this reason, the diffractometric data of HCT have not been
reported here.

The XRD diffraction patterns of Y200 before and after KTP and ATN adsorption showed
changes in the entire 2# range investigated (Figure 6.1.3a) and especially in the low 2#
region (Figure 6.1.3b). After drugs adsorption, the intensity of the (111) reflection
decreased and the full width at half maximum (FWHM), reported in Figure 3b, increased,
thus indicating changes in crystallinity of the original sample. At the same time, shifts in
the peaks positions revealed unit cell parameters modifications (Table 6.1.2) whereas
variations in their intensity suggested modifications induced by KTP and ATN adsorption,
indicating that the molecules are effectively penetrated inside the structural

microporosities of Y200.
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Figure 6.1.3. X-ray powders diffraction pattern in the entire 2# range investigated (a) and in the low 2# region (b) of
as-synthesized Y200 (black), Y200 saturated with KTP (green), and ATN (red).

Table 6.2. Lattice Parameters for Y200 Before and After Pharmaceuticals Adsorption.

Y200 Y200-KTP Y200-ATN
Crystallite size (A) 668.5 621.5 563.4

a=b=c(A) 24.259(1) 24.255(1) 24.159(1)

V (A3) 14,277.1(1) 14,269.1(1) 14,101.5(1)
04-04 (A) 9.81 10.30 0.00
01-01 (A) 9.70 9.63 9,58
C.EA. (A?) 39.07 41.43 38.90
Ellipticity () 1.01 1.07 1.03
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Considering the structural difference between the channels, the framework oxygens
distances between the pores give important indications in determining the stability of a
sorption site. A guest molecule on a stable sorption site favors those distances that
minimize the van der Waals interaction potentials. This means that due to the host-guest
interactions, the pore sizes of the channels are roughly the same, but the precise
structures of the channels are quite different. The bond lengths and angles in the
framework geometry and the diagonal O—O internuclear distances in the 12-ring
channel (12MR) are listed in Table 6.2. The 12MR diameters, calculated from the
Rietveld structure refinement, are indicated by 01-01 and 04-04 distances, treating the
framework oxygen atoms as cold hard spheres with van der Waals radius equal to 1.35
A. The oblate spheroidal KTP and ATN profile “forced” the 12-ring channel to adapt to
the host molecules geometry, with a consequent variation of Crystallographic Free Area
(CFA). The 12MR had been compressed becoming more elliptical, as expressed by the
channel ellipticity ("), defined as the ratio between the smaller and the larger 0-0 “free
diameters” of the 12-rings. The refined atomic occupancy factors gave rise to an
adsorption of 19% and 18% in weight for KTP and ATN, respectively. This finding is in
good agreement with those determined by adsorption isotherms (see gS in Table 6.1.1)
and by thermogravimetric analyses (see Figure 6.1.2).

The positions occupied by atenolol and ketoprofen atoms appeared strongly disordered
due to real static disorder or to dynamic disorder. For these reasons, the complete
geometry of selected molecules inside the supercage was not achieved. The benzene
ring of the drugs molecule was recognized in the supercage and the adsorption site was
partially occupied in both cases and each shows, on a statistical basis, four possible
orientations. In particular, two and four orientations were identified for the tert-butyl
and methoxyl groups, respectively. This result could indicate that structural and
topological information contents may be significantly different, due to the geometry of
extra-framework species, their ordering and respective symmetry lowering, framework
distortions, etc. Consequently, we cannot exclude that the FAU framework could be in
higher symmetry (F d -3) compared to the symmetry of the guest molecules. Moreover,
the absence of cubic forbidden peaks indicating change in the space group does not get
reported after adsorption, consequently, the F d -3 one was also adopted in the

structure refinement.
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Since it is known that the solution pH influences the adsorption of molecules with
ionizable functional groups [40], adsorption experiments were carried out in water at
different pH.

The pH-dependent adsorption behaviour was studied by measuring the amount of
adsorbed drug (q), normalized to the maximum value found in the investigated pH range

(gmax) for each analyte vs. the pH of the solution (see Figure 6.1.4).
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Figure 6.1.4. Normalized adsorbed amount (q/gmax) on Y200 of KTP (green), HCT (blue), and ATN (red) vs. pH.

At 2 < pH < 12, the zeolite surface remains negatively charged due to the dissociation of
the hydroxyl groups [41]. In the explored pH range, literature data [42] reported that
the Y zeolite does not undergo degradation.

The pKa of KTP is 4.0, hence at pH < 4 KTP is mainly in its neutral form and at pH >4 it is
negatively charged. As shown in Figure 6.1.4, the adsorption of KTP decreases as pH
increases, due to repulsive electrostatic interactions between KTP and the zeolite
surface, both negatively charged. Analogously to KTP, the molecule of HCT (pKal = 7.9)
is undissociated at pH < pKal and negatively charged in more alkaline solutions. The
adsorption is almost constant until the HCT molecule remains neutral and decreases as
the negatively charged molecule becomes dominant. These results demonstrated that
KTP and HCT interact with the high-silica zeolite mainly in their neutral form thanks to

hydrophobic interactions. The preferential adsorption of neutral organic
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micropollutants by high-silica zeolites was observed also by Fukahori et al. [40] who
reported that sulfa-drugs in neutral form could be more readily adsorbed onto FAU
zeolites than those in cationic and anionic forms, based on the hydrophobic interactions.
On the contrary, when the anionic forms are dominant under alkaline conditions, a
reduction of adsorption capacity occurs [31]. Atenolol showed an opposite behaviour
with respect to other two drugs, likewise to what was observed for BEA zeolites [15]. It
should be minded that this molecule is cationic at pH < pKa and neutral at pH > pKa (pKa
= 9.6). As the pH increases, the conversion of cationic species in the neutral one may
result in greater hydrophobic interactions with Y200 and, at the same time, a lower
solubility of the neutral ATN [43] which displays higher affinity with the sorbent surface
rather than the liquid phase. Both these aspects could be responsible of the increase of

ATN adsorption with pH.

6.1.2.2 Release

The performances of Y200 as a pre-concentration media for drugs enrichment was
compared to a BEA zeolite having SAR 25, which was previously calcined (referred to as
Beta25c), since it has been proved that this thermal treatment increases the adsorption
efficiency of BEAs, thanks to the increase of acidity due to the thermal release of
ammonia for NH4-zeolites and to the increase of acidity as well as to surface and
structural modifications induced by thermal treatments [15,18]. The extracting phases,
at different pH and organic modifier contents, were selected in order to minimize the
attractive interactions between the sorbed drug and the zeolite framework (see Figure
6.1.4) and, at the same time, to favour the analyte’s dissolution in the liquid phase. In
general, for each zeolite-drug system, the following extracting phases were tested:
Water, an organic polar solvent (methanol and acetonitrile), aqueous solutions at pH
values where the adsorption has demonstrated to be low, mixtures organic
modifier/formic acid or organic modifier/ammonium hydroxide. Despite the fact that in
some cases acidic or alkaline extracting phases were employed, the time of contact of 5
min with the loaded zeolite is too brief to induce structural degradation. Moreover, it
should be considered that, in the studied pH range, it has been reported that zeolites

[42,44] do not undergo degradation.
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The release efficiency was calculated as a percentage recovery, according to Equation

(2) [45]:

CeVe

%R = 100

(Eq. 2)

where Cf corresponds to the concentration (mg L) of the released drug in the final
volume Vf (0.2*103 L), Vi is the initial volume (1*103 L), Ci is the initial drug
concentration (in the range 0.05-1 mg L1). In Table 6.3, the results obtained from

dispersive-SPE applied to KTP, at an initial concentration of 1 mg L%, are reported.

Table 6.3. Percentage Release of KTP at an Initial Concentration of 1 mg L from Y200
and Beta25c (£SD: Standard Deviation).

Extracting Phase Y200 Beta25c

ACN h3+4 3+ 5

MeOH 3 + 8 47 + 3
MeOH:formic acid 90:10 pH 2.4 94 + 14 115+ 17
MeOH:formic acid 95:5 pH 2.5 B8 + 11 Bo+12

For both zeolites, KTP is not at all released in water and the release is still negligible even
by increasing the pH of water to 10. At this pH, KTP is negatively charged, hence
electrostatic repulsions with a zeolite framework, negatively charged too, were
expected. Percent recoveries higher than 80% were obtained with mixtures of methanol
and formic acid, probably due to interactions between the neutral form of KTP at pH <
pKa and the extracting phase enriched in an organic modifier.

Some further experiments were carried out by varying the initial drug’s concentration,
in order to verify if such positive results could be achieved also in the low concentrations
range. The results of the present work were compared with those obtained by other
studies [8,46] focused on solid phase extraction of KTP by using a commercial adsorbent
and the efficiency was found comparable. Figure 6.1.5 shows some of the results
obtained by extraction of HCT with different phases from both zeolites.

The release of HCT in water from Y200 is low but not negligible. However, a higher
release (61 + 6% as shown in Figure 6.1.5a) was obtained by increasing the pH to 10,
because of electrostatic repulsions between the negatively charged drug and the zeolitic

framework. A high recovery of 96 + 11% was obtained with MeOH:H,0 = 70:30 at pH
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5.0: analogously to KTP, in these conditions (pH < pKa) HCT is neutral and displays high
affinity with the extracting phase which is mainly organic. Some experiments were
carried out also at HCT concentrations lower than 1 mg L (i.e., 0.1 and 0.05 mg L): No
significant differences were observed between the different concentrations, thus
indicating that the dispersive SPE of the Y200-HCT system is effective also in the low
concentrations range, similarly for what was observed for KTP. The recovery efficiency
on Beta25c (Figure 6.1.5b) was evaluated by keeping constant the composition of the
extracting phase and by varying the pH from 4 to 6. The highest recovery (71 £ 7%) was
obtained at pH 5 as already found for Y200, even if the extraction was less efficient. This
could be due to higher affinities between HCT at low concentrations and Beta25c (a
binding constant of 0.60 L mg* was found [15]) with respect to Y200 (b = 0.037 L mg*
as reported in Table 6.1). Finally, for that which concerns ATN, this drug was not at all
released from Y200 in water at pH 3, despite the fact that it was found that the
adsorption is negligible at strongly acidic pH (Figure 6.1.4). Other experiments were
performed at acidic pH by adding an organic modifier, and the best result (71 + 5%) was
obtained with a mixture (ACN:formic acid) (95:5) as an extracting phase.

Further tests were carried out at high pH values, by using extracting phases constituted
by an organic modifier (MeOH, ACN, or a mixture of them) and ammonium hydroxide at
different concentrations.

These alkaline conditions should promote the dissolution of neutral ATN into the liquid
phase which is mainly organic. The highest efficiency (83 + 9%) was obtained with an
extracting phase composed by (MeOH:ACN 40:60):(NH4 OH 5%) = 70:30. The solute
enrichment obtained with the proposed procedure could be improved by using higher
volumes of the initial drug solution. Moreover, the extraction efficiency could be
enhanced by using longer time contact or higher volume of extraction phases. However,
the results herein presented could be considered a good compromise between the
efficiency of the enrichment process (> 80%) and the cost and time saving of the
concentration procedure. Unfortunately, for the Beta25c-ATN system, very low
recoveries were obtained with several extracting phases, in fact the best result was
reached with a mixture (MeOH:ACN 40:60):(NH40OH 5%) = 80:20 which led to a scarce 13
+ 2%. The differences in terms of recovery efficiencies between the two selected zeolites
could be ascribed to the binding constants. The b parameter of the Beta25c-ATN system

was found to be 5.8 + 2.8 L mg™ [15], while that of the Y200-ATN system was 0.11 + 0.03
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L mg? (Table 6.1). As already hypothesized for HCT and KTP, the lower recovery of ATN

from Beta25c could be due to its higher affinity with respect to Y200.
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Figure 6.1.5. Release of HCT 1 mg L* from Y200 with different extracting phases (a) and
from Beta25c with mixture MeOH:H,0 70:30 at different pH (b).

6.1.3. Materials and Methods
6.1.3.1. Materials

Technical grade (99% purity) ketoprofen (KTP), hydrochlorothiazide (HCT), and atenolol
(ATN) were obtained from Sigma-Aldrich (Steinheim, Germany), as well as sodium
phosphate monobasic for the HPLC eluent. HPLC grade acetonitrile (ACN) and methanol
(MeOH) were purchased from VWR International PBI Srl (Radnor, PA, USA). The water
was Milli-Q grade (Merck Millipore, Burlington, MA, USA). Formic acid and ammonium
hydroxide solution were obtained from Merck (Darmstadt, Germany). Hydrochloric acid
and sodium hydroxide (Alfa Aesar, Haverhill, MA, USA) were used for pH adjustment.
The pH was measured with an Amel 2335 pH-meter (Milano, Italy). Zeolite powders
were obtained from Zeolyst International (Conshohocken, PA, USA) and from Tosoh
Corporation (Tokyo, Japan). In our study, two USY zeolites with a Silica/Alumina Ratio
(SAR) of 30 and 200 (referred as Y30 and Y200) and a BEA with SAR of 25 (referred as
Beta25) have been employed. According to C” ejka et al. [29], who discriminated
between high-silica and low-silica zeolites when SAR was respectively above or below 5,
the selected materials can be considered high-silica zeolites.
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6.1.3.2. Sorption Studies

The adsorption experiments were carried out using the batch method, by putting in
contact aqueous solutions of drugs at different concentrations in Milli-Q water with a
known amount of zeolite.

It has been reported in previous studies [15] that the equilibrium is quite fast,
nevertheless in this work a contact time of 24 h was employed. Batch experiments were
carried out in duplicate in 25 mL crimp top reaction glass flasks sealed with PTFE septa
(Supelco, Bellefonte, PA, USA). During the equilibration, the solutions were
thermostated at a temperature of 25.3 £ 0.5 °C and continuously stirred at 700 rpom. The
solid was separated from the solution by centrifugation (Eppendorf 5418, Hamburg,
Germany) at 14,000 rpm for 10 min. For each level of concentration, the amount of
analyte in the solution, before and after the contact with the adsorbent, was determined
by HPLC-DAD as described in Supporting Information. Thermogravimetric and
di_ractometric analyses were performed on zeolites before and after saturation with
the selected drugs. Thermogravimetric (TG) measurements were performed in air up to
900 °C, at 10 °C min! heating rate, using an STA 409 PC LUXX® - Netzch Geratebau GmbH
(Verona, Italy). The X-ray diffraction analysis was carried out on a Bruker D8 Advance
(Karlsruhe, Germany) diffractometer (Cu K_1,2 radiation) equipped with a Si (Li)SOL-X
solid-state detector. The GSAS software and the EXPGUI graphical interface were
employed for structural refinements through a full profile Rietveld analysis. Statistical
elaborations were carried out through MATLAB® ver. 9.1 software (The MathWorks Inc.,

Natick, MA, USA).

6.1.3.3. Dispersive-SPE Studies

The dispersive-SPE procedure was carried out as follows: In a safe-lock microcentrifuge
tube, 2 mg of zeolite were added to 1 mL of drug solution, in a concentration range of
0.05-1 mg L't in Milli-Q water, and mixed for 5 min by vortex (VWR International PBI Srl,
Radnor, PA, USA) equipped with a specific adapter for microcentrifuge tubes. The
resulting suspension was centrifuged at 14,000 rpm for 5 min and the supernatant was
analyzed by HPLC-DAD, in order to quantify the adsorption.

In all cases, it was found that the drug concentration in the supernatant was below the

instrumental limit of detection. Therefore, the drug was completely adsorbed in the
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brief time of contact, thanks to the fast kinetic offered by the zeolites [14,15], especially
in the low concentration range. After the supernatant’s removal, the loaded zeolite was
re-suspended for 5 min with 500 pL of solutions having different compositions (i.e., pH
and organic modifier concentration) and then centrifuged at 14,000 rpm for 5 min.
Finally, the supernatant was dried by evaporation under a gentle stream of nitrogen gas,
dissolved with 200 pL of the HPLC mobile phase and analyzed by HPLC-DAD for the
guantification of the released drug. With the proposed procedure, a five-fold

enrichment was achieved. All measurements were performed in triplicate.

6.1.4 Conclusions

In this study, the adsorptive properties of two commercial high-silica Y zeolites, with a
Silica/Alumina Ratio 30 and 200 (namely Y30 and Y200), toward drugs in a diluted
aqueous solution were evaluated, with the aim to investigate their possible use in the
enrichment step of the analysis.

In fact, the determination of pharmaceuticals at trace levels in natural waters requires
advanced analytical methodologies enabling a more efficient detection with lower limits
of quantitation. Owing to their high surface area, hydrophobicity and water stability, the
selected materials were demonstrated to be efficient sorbents, both in terms of
saturation capacity and binding constant. Among the two Y-zeolites, in general better
performances were observed for Y200. The structural analyses of saturated zeolites
revealed that drugs adsorption occurred inside the porosities of Y200 leading to
modifications of lattice parameters and channel ellipticity. Pharmaceuticals pre-
concentration from dilute aqueous solutions was carried out through the dispersive-
solid phase extraction technique, thanks to its attractive features, such as the short
experimental times and small reagents amount required. As a pre-concentration
medium, in addition to Y200, a calcined Beta-zeolite with Silica/Alumina Ratio 25 was
tested. The dispersive-solid phase extraction experiments led to high recoveries,
especially for ketoprofen and hydrochlorothiazide. These results are promising,

especially by considering the short operational times required for the entire procedure.
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6.2 Adsorption of chlorobenzene onto zeolites

The data herein reported are part of my work of thesis and have been published in: Pasti
L., Rodeghero E., Beltrami G., Ardit M., Sarti E., Chenet T., Stevanin C., Martucci A. (2018)
Insights into Adsorption of Chlorobenzene in High Silica MFI and FAU Zeolites Gained

from Chromatographic and Diffractometric Techniques. Minerals, 8, 80.

In this work, the capability of two commercial high silica zeolites (HSZs), namely ZSM-5
and Y, for the removal of chlorobenzene (CB) from water was investigated by combining
chromatographic and diffractometric techniques. The two zeolites differ in the
framework cages, Zeolite ZSM-5 is constructed from pentasil units that are linked
together in pentasil chains, while zeolite Y is composed of sodalite cages connected to
each other through hexagonal prisms. Furthermore, present different dimensions of the
pores in fact, in the first one The minor and major axis dimensions are 5.1 x 5.5 A for the
sinusoidal channels and 5.3 x 5.6 A for the straight channels, in the second one The pore
system consists in 12-membered rings with large openings (7.4 A diameters) that lead
to the inner cavity which has a diameter of 12 A and is surrounded by 10 sodalite cages.
The adsorption isotherms and kinetics of CB on ZSM-5 and Y zeolites were determined
from batch tests. The adsorption kinetics were very fast; the obtained values shown that
the time to reach equilibrium was less than 10 min for the zeolites both. The equilibrium
data of CB on the two HSZs showed dissimilarities that are particularly evident in the
adsorption data concerning the low concentration range, where Y zeolite is
characterized by low adsorption. On the contrary, at higher concentrations the
adsorption capacity of Y is higher than that of ZSM-5.

The crystalline structures of Y and ZSM-5 saturated with CB were investigated by X-ray
diffraction (XRD) techniques. Rietveld refinement analyses of XRD data allowed for
guantitative probing of the structural modifications of both zeolites after CB adsorption
and provided insight into the preferred zeolite adsorption sites in both microporous
materials. The refined framework—extraframework bond distances confirm that
interactions between the selected organic contaminant and hydrophobic zeolites are
mediated via co-adsorbed H20. The occurrence of H20-CB—framework oxygen
oligomers explains variations in both the unit cell parameters and the shape of the
channels, clearly confirming that water plays a very relevant role in controlling the

diffusion and adsorption processes in hydrophobic zeolites.
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6.2.1 Introduction

Industrial and agricultural discharges, chlorine disinfection by-products (DBPs) of
drinking water and wastewater, and incineration of wastes are the main sources of
chlorine and organochlorine compounds (OCICs), such as chlorobenzene (CB). These
compounds can cause toxic effects on both human health and environmental systems,
even at low concentration [1]. In particular, the Environmental Protection Agency (EPA)
fixed the maximum contaminant level (MCL) of CB at 0.1 mg L%; above this threshold
value CB can cause negative health effects, such as gastrointestinal irritations,
hepatoxicity and kidney damages [2]. Therefore, it is important to remove this pollutant
from the environment and different methodologies have been proposed.

Actually, the physical method based on adsorption processes is a recuperative method
exploited for in situ water treatments which combines high flexibility of the system,
efficiency even at low concentration levels, low energy, cheap operating costs, and
possible waste reductions [3]. Different adsorbent materials can be employed, and their
efficiency depends on the host-guest interactions between sorbent and sorbate [4-13].
In general, carbonaceous adsorbents are low cost materials, widely employed in
remediation technology. However, their applicability can be limited by fouling that
cause a pore blocking (i.e., to the presence of dissolved organic matter), to low
adsorption capacity, sharp rise of bed temperature and difficulty of regeneration [14—
17]. In recent years, organic contaminants removal by single-walled carbon nanotubes
(SWCNTs) has attracted great interest due to their chemical, electronic and mechanical
properties [18]. However, the saturation capacity of these adsorbents for OCICs is
moderate and functional groups on the surface of carbonaceous adsorbents can further
reduce the adsorption features [19-21]. In the past few decades, surfactant modified
clays have been proposed as a potential alternative to carbonaceous adsorbents for
removing OCIC pollutants. Indeed, it has been proved that these materials are efficient
and they can be easily regenerated. One of the main disadvantages is their limited
stability due to a progressive release of surfactant which can have a negative impact on
biota [22—-25]. Synthetic and hydrophobic zeolites offer an attractive and efficient option
for the removal of chlorine, and organochlorine compounds from water. The main
advantages are related to their high surface area and porous structure, high specific
capacity and organic pollutants selectivity. Additionally, fast kinetics, mechanical,

biological and chemical stability make them promising and efficient adsorbents [4,6—
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8,26—28]. Furthermore, their high thermal stability guarantees the possibility of
regeneration through thermal treatments in order to reintroduce them in new
adsorption processes [5,29-33].

This work is part of a wider study aimed at systematically evaluating the adsorptive
capacity of high silica zeolites (HSZ) (e.g., mordenite, ZSM-5, faujasite, beta, ferrierite
[4,7,10,29,30]) for fuel-based compounds differing in chemical properties (e.g., polarity,
functional groups, size, host-guest interactions, etc.), which can provide useful
information to accurately predict the behaviour of HSZs as well as improve their
individual performance.

The objective of this study is to evaluate the capability of two commercial HSZs, ZSM-5
(MFI topology), and Y zeolite (FAU topology) [34], for removal of chlorobenzene (CB)
from water. For that purpose, the adsorption process from water was investigated in
order to gain information on the interactions between the selected organic contaminant
and hydrophobic zeolites. The information gathered from this work provides a tool for
the selection of adsorbent materials for environmental remediation. Additionally, the
investigation of hostguest interactions can provide information on the fate and
transport of OCICs in the environment, and in particular for the partition of those

contaminants in the mineral fraction of soils, normally constituted by aluminosilicate.

6.2.2 Materials and Methods

High-silica Y (code HSZ-390HUA, 200 SiO>/Al,03 molar ratio, 750 m? g* surface area, 0.05
wt % Na20 content) and ZSM-5 (code CBV 28014, 280 SiO,/Al>03 molar ratio, 400 m? g*
surface area, 0.01 wt % Na;O content) hydrophobic zeolites were purchased in their
assynthetised form by Tosoh Corporation (Tokyo, Japan) and Zeolyst International
(Conshohocken, PA, USA) respectively. Chlorobenzene (CB) in its anhydrous form (purity

of 99.8%) was provided by Sigma-Aldrich (Steinheim, Germany) and used as received.

Batch Adsorption

The adsorption isotherm was determined using the batch method. Batch experiments
were carried out in duplicate in 20 mL crimp top reaction glass flasks sealed with PTFE
septa (Supelco, Bellefonte, PA, USA). The flasks were filled in order to have the minimum

headspace and a solid:solution ratio of 1:2 (mg mL?) was employed. After equilibration,
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for 24 h at a temperature of 25.3 + 0.5°C under stirring, the solids were separated from
the aqueous solution using centrifugation (14,000 rpm for 30 min).

The concentration of contaminants in the aqueous solution, before and after the contact
with the adsorbent was determined by Headspace Gas Chromatography coupled to
Mass Spectrometry (HS-GC-MS). The analysis was carried out using an Agilent GC-MS
system (Santa Clara, CA, USA) consisting of a GC 6850 Series Il Network coupled to a Pal
G6500-CTC injector and a Mass Selective Detector 5973 Network. HS autosampler
injector conditions are: incubation oven temperature 80°C, incubation time 50 min,
headspace syringe temperature 85°C, agitation speed 250 rpm, agitation on time 30 s,
agitation off time 5 s, injection volume 500 uL, fill speed 30 uL s-1, syringe pull-up delay
5 s, injection speed 250 pL s, pre-injection delay O s, post injection delay 2 s, syringe
flush 30 s with nitrogen.

A DB-624 Ul GC column (L=20 m, I.D. = 0.18 mm, df = 1.00 um film thickness, Agilent,
Santa Clara, CA, USA) was used. High purity helium was the carrier gas with a constant
flow rate of 0.7 mL min~'. The oven temperature gradient started at 40°C for 4 min and
then ramped to 130°C at 15 °C min~. The injector temperature was kept at 150°C. All
samples were injected in split mode (10:1). The mass spectrometer operated in electron
impact mode (positive ion, 70 eV). The source temperature and the quadrupole
temperature were set to 230°C and 150°C, respectively. The mass spectra were acquired
in full scan mode.

The electronic scan speed was 1562 amu s~ in a mass range from 30 to 300 amu. For
identification and quantification of the target analyte the SIM (selected ion monitoring)
chromatograms were extracted from the acquired signal by selecting the most abundant
characteristic fragments at m/z = 112. Chromatographic peak of analytes was identified
by comparison of the retention time and the mass spectrum with standard compound

and library data; quantitative analysis was performed using calibration curves.

Thermal Analyses

The Netzsch STA 409 PC LUXX® (Geratebau, Germany) simultaneous TG/DTA
thermogravimetric balance was employed in order to carry out both thermogravimetric

(TG) and differential thermal analyses (DTA) on Y and ZSM-5 zeolites before and after
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CB loading. The measurements were performed in constant air flux conditions using a

heating rate of 10°C min, from room temperature (RT) to 900°C.

X-ray Powder Diffraction Data Collection and Refinement Strategy

X-ray diffraction patterns on powders of Y and ZSM-5 zeolites loaded with CB were
carried out on a Bruker D8 Advance (Karlsruhe, Germany) diffractometer (Cu Kal,2
radiation) equipped with a Sol-X detector. Diffraction data were collected at RT, in 3°—
110° 26 (for ZSM-5) and 3°—100° 26 (for Y zeolite) 26 ranges respectively, with a counting
time of 12 s each 0.02° 20. GSAS software [35] and the EXPGUI graphical interface [36]
were employed for Y-CB and ZSM-5-CB structural refinements through a full profile
Rietveld analysis. Unitcell and structural parameters were determined starting from the
monoclinic P21/n (for ZSM- 5) and the cubic Fd-3 (for Y) space groups of Martucci et al.
[10], and Braschi et al. [11] structural models, respectively. The Bragg peak profiles were
modelled by a Pseudo-Voigt function with 0.001% cut-off peak intensity. Refined
coefficients were: two Gaussian terms (i.e., the tan26 dependent GU and the 6
independent GW), and two Lorentzian terms (i.e., cos6-1 dependent LX, tanB
dependent LY), respectively. A Chebyschev polynomial function with 24 and 22
coefficients was used in order to empirically fit the instrumental background for Y and
ZSM-5, respectively. In both structural refinements, scale factor, 20-zero shift and unit-
cell parameters were also refined. Soft constraints were initially imposed on Si-0, O—

0, C—C and C—Cl bond distances (tolerance (o) value of 0.04 A) and completely removed
in the final cycles. Finally, atomic coordinates, site occupancy and isotropic atomic
displacement parameters were refined. Furthermore, the displacement parameters for
a given atom type were constrained to be equivalent (i.e., Si and O sites), thus limiting
the number of refined atomic displacement parameters to two. Additionally, in Y-CB x/a
and y/b parameters of the chlorobenzene molecule were constrained to be equal in
order to maintain the planarity. Table 6.2.1 reports the details of the data collection and

Rietveld refinements.
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ZSM-5 ZSM-5-CB ¥ Y-CB
W [SiOud  [SiuOual SCHC)BHO)  [SivgiOses] L2 S2(CHCD)
70(H.0)
Space group P2i/n P2./n Fd-3m Fd3
a(A) 19.899(5) 19.919(1) 24.259(1) 24.263(1)
b(A) 20.117(6) 20.107(1) 24.259(1) 24.263(1)
c(A) 13.389(4) 13.3967(1) 24.259(1) 24.263(1)
a (%) 90 a0 90 90
B (%) 90.546(3) 90.528(3) 90 90
y (%) 90 90 90 90
V(A3 5359.9(3) 5365.7(5) 14,277.1(1) 14,284.4(6)
Wavelength (A): Cu Kay 1.540593 1.540593 1.540593 1.540593
Cu Kaz 1.544427 1.544427 1.544427 1.544427
Refined 26 (°) range 3°-110° 3°-110° 3°-100° 3°-100°
Contributing reflections 5861 6362 620 620
Noos 5350 5350 4850 4850
Ny 289 301 40 40
Rup (%) 10.3 13.3 12.8 12.9
Rs (%) 9.4 10.4 12.5 12.6
RZ (%) 7.00 7.25 9.95 10.0

Ry =2[Yio - Yid/ZVYio: Rup = [ZWi( Y50 - Yol TZwiY % R = Z|FF - FAlIFS]

Table 6.2.1 Details of the data collection and Rietveld refinements.

6.2.3 Results and Discussion

Adsorption Isotherms from Aqueous Solutions

The uptake g (mg g!) was calculated as follows:

(Co-C)V

(Eq.3)

where G is the initial concentrations in solution (mg L™), C is the concentration at time

t in kinetics experiments (mg L), V is the solution volume (L) and m is the mass of

sorbent (g). In Figure 6.2.1 the uptake data for CB on Y and ZSM-5 are reported.
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Figure 6.2.1 Chlorobenzene (CB) uptake vs. contact time for ZSM-5 (a) and Y (b) for initial concentration of 35, 25,
15 mg/L. The insets: enlarged image of the boxed regions.

It can be seen that the kinetics of the adsorption process was very fast; the equilibrium
was reached in about 10 min. Similar behaviours were also observed for the adsorption
of other aqueous contaminants, such as dichloroethane and toluene onto ZSM-5 and Y
zeolites [5— 10,13]. We have previously verified [5-10,13] that uptake data of the

investigated zeolites can be fitted by the pseudo-second order model as:
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_ kpqdt
qc = .

- 1+k2qet (Eq.4)

where gt and ge are the amounts of solute adsorbed per mass of sorbent at time t and
at equilibrium, respectively, and k2 is the second-order adsorption rate constant. The
values of equilibrium uptake ge and the adsorption rate constant k2 were obtained from
non-linear fit of qt vs. t (see Table 6.2.2). Analogous to what was observed for the
adsorption of other aqueous contaminants, the uptake data of CB can be modelled by a
pseudo-second order kinetic model, as indicated from the high coefficient of

determination.

Co(mgL') a(mgg') k(gL 'mg') R
23.4 0.44
15 0.9845
(23.3,23.5)  (0.41, 0.47)
443 0.37
ZSM-5 25 0.9803
(44.2,44.3)  (0.33, 0.41)
67.6 0.21
35 0.9985
(67.5,67.6) (0.19, 0.23)
393 0.14
25 0.9822
(39.2,39.4)  (0.11, 0.17)
70.3 0.13
Y 35 0.9969
(70.2,70.3)  (0.11, 0.15)
823 0.10
45 0.9935
(82.4,82.5) (0.085, 0.12)

Table 6.2.2 Estimated kinetics parameters (see Equation (4)). The confidence limits at 95% of
probability of the estimated parameters are reported in brackets.

Furthermore, for the adsorption of CB it can be noted that the kinetic constant
decreases by increasing the initial concentration [37], and that the adsorption onto Y
zeolites is characterised by a lower kinetic constant than that found for ZSM-5. These
findings allow us to generalise the difference observed in the adsorption kinetics of
these two zeolites. In particular, the adsorption kinetics of neutral organic molecules
(namely, toluene, dichloroethane, methyl tert-butylether and CB), which differ from
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each other in physicochemical properties and molecular dimensions, is faster on ZSM-5
than on Y zeolite. It has been already shown that adsorption of organics in aqueous
solutions onto ZSM-5 hydrophobic zeolites are well fitted by the Langmuir equation
[5,6,8,13], that assumes monolayer adsorption onto energetically equivalent adsorption
sites and negligible sorbate— sorbate interactions. The relationships describing the

Langmuir isotherm is [38]:

__ qsbCe
q= 1+bC, (Eq. 5)

where b is the binding constant (L mg™) and gs is the saturation capacity of the
adsorbent material (mg g™'). The experimental data obtained for the adsorption of CB
on both ZSM-5 and Y are shown in Figure 6.4.2. It can be observed that the isotherms
are shaped differently from each other; they can be classified as concave (Type |) and

sigmoidal (Type V) isotherms, respectively.
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Figure 6.2.2 Adsorption isotherms of CB for ZSM-5 (red squares) and Y (blue squares).

Similar differences in the adsorption of polar organic compound from aqueous solution
onto ZSM-5 and Y were also observed for methyl tert-butylether and toluene. In such

cases, a Hill isotherm model was employed:
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de = Qs e (Eq. 6)

Ky+ Cg'

where KH is the Hill constant, and n is the Hill coefficient which is related to the degree
of cooperativity. The Hill isotherm is often employed to describe cooperative adsorption
in biological systems, and it has also been used to model adsorption data on zeolites due
to evidence of the presence of water-organic compound clusters [39] inside the zeolite
frameworks. Since the tendency to form clusters increases by increasing the porosity
dimensions, the clusters are more probably formed in the large cage of Y than in the
channel system of ZSM-5 [40]. To evaluate if clusters can be formed for CB, a structural
investigation was carried out (vide infra). In Table 6.2.3, the isotherm parameters for
ZSM-5 and Y estimated by non linear fitting of Equations 6.4.3 and 6.4.4 respectively,
are reported. It can be seen that the saturation capacity of these zeolites are higher than
those obtained with graphite materials (i.e., 28.3 mg g for dichlorobenzene) [41], and
in particular Y zeolite has a saturation value higher than adsorbents single-walled carbon
nanotubes, especially if they are partially oxidized [42]. In addition, HSZs can be
regenerated without significant loss of their adsorption properties [5,6,29,30].
Therefore, hydrophobic zeolites are very promising adsorbents for the removal of

chlorinated aromatic compounds from water.

R? SSE*
Langmuir
CB-Z5M-5 s 76.6 (74.8, 79.5)

0.9874 198

b 5.0(3.7, 6.6)

Hill
qs 227 (218, 245)
CB-Y

Ky 9.2(6.6,12.1) 0.9654 2135

n 5.5(4.3,6.7)

Table 6.2.3 Isotherm parameters for the adsorption of CB on ZSM-5 and Y. (*SSE: sum of squared
errors)

Structural Modifications upon Chlorobenzene Adsorption on High Silica Zeolites

Y-CB

Y zeolite (FAU framework topology [34]) is built up of large cavities (o cages or
supercages) with a diameter of 12 A linked to four other supercages through 12

membered-ring windows (diameter of 7.4 A) and cuboctahedral B cages connected each
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other through double hexagonal rings (D6R). Topological symmetry of the unloaded
material is cubic Fd-3m, but it has been highlighted that the embedding of organic
compounds can decrease the symmetry to Fd-3 [10-13,43]. A careful examination of
powder diffraction patterns after chlorobenzene adsorption highlights that Y-CB peak
positions are quite similar to those of the as-synthetised material in all the 26 range
investigated. Contrariwise, peak intensities strongly decrease after pollutant

incorporation, especially at low 28 angles (Figure 6.2.3).
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Figure 6.2.3 Observed powder diffraction patterns of Y-CB (a) and ZSM-5-CB (b), respectively, showing differences
both in intensity and position of the diffraction peaks in the low and intermediate 20 regions. Blue lines represent
the unloaded samples, red lines the loaded ones.
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These differences suggest variations in the extraframework species content as well as in

the lattice parameters (Table 6.2.1), thus attesting to CB adsorption into the porous

structure of the zeolite. After adsorption, the T1-O and T2—0 mean distances are 1.621

and 1.620 A, respectively, the O-T—O angles range from 103.3° to 112.3°. The T-O-T
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bond angles adopt a wide range of values from 125° to 171° (mean value = 142°). The
T-0, T-O-T and O-T-0 grand mean values are in high agreement with those reported
for other pure silica zeolites (PSZ) [44]. Furthermore, after adsorption the channel
ellipticity € (defined as the ratio between the smaller and larger O—0O “free diameters”
of the 12-rings) changed (¢ = 1.02 in Y, € = 1.21 in Y-CB) and at the same time, the
openings reached a wider Crystallographic Free Area (C.F.A., sensu Baerlocher [34])
when compared with the assynthesised material (Table 6.2.4), thus confirming the high

flexibility of FAU-type materials [45,46].

Parameter Y-CB Y [11]
04-04 distance (A) 11.16 9.81
01-01 distance (A) 968 9.70

Free diameter 04-04 (A) 8.46  7.11
Free diameter O1-O1 (A) 6.98  7.00
Mean diameter (A) 772 7.06
Mean radius (A) 386 3.53
C.F.A. (A?) 46.81 39.07

£ 1.21 1.01

Table 6.2.4 Crystallographic Free Area and ellipticity (¢) comparison between unloaded Y [11] and Y-CB systems.
C.F.A. = px(mean radius): (A2); £ = ratio between the longest and the shortest pore dimensions.

Rietveld structural refinement allows us to detect 32 CB molecules per unit cell
(corresponding to ~ 22.0% dry weight, dw %) located within the Y supercage (Figure
6.2.4a). Chlorobenzene molecules occupy one crystallographic independent and

partially occupied site, and statistically can assume six different orientations (Figure

6.2.4a).
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Figure 6.2.4 Distribution of CB molecules in Y (a) and ZSM-5 (b) zeolites, respectively. Chlorine (red circle) and
carbon (green circle) are shown. Drawings produced by VESTA 3 [47].
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Moreover, the evidence of relatively short CI-01 bond distances (i.e., CI-01 = 2.723(1) A and
2.680 A, respectively) proves that chlorobenzene directly interacts with framework oxygens.
Furthermore, difference-Fourier maps of the electron density analysis revealed the presence of
co-adsorbed H20 molecules hosted in three additional extraframework sites. Additionally, based
on the W sites refined distance these sites interact with both each other and chlorine atoms
forming oligomers (W2-W2 = 2.93 A, W3-Cl = 3.21 A and W1- W2 = 2.93 and 2.74 A,
respectively) that strongly interact with the framework oxygen atoms via chlorine (Figure
6.2.4a). According to the recent literature [5-8,10-13,29,44], the strong interactions among
organic molecules—H20 short chain-frameworks play a relevant role in stabilising the guest
structures within the zeolite porosity. On a whole, on the basis of Rietveld refinement 70 H20
molecules (~ 8% dw %) were detected in good agreement with the TG curve (Figure 6.2.5a),
which shows two main weight losses: the first one (about 7.3 dw % zeolite, 25—-110°C) is related
to desorption of species retained on the surface, the second one (23.5 dw % zeolite, 110-900°C)

to the removal from the structure of loaded CB and H20 molecules.
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Figure 6.2.5 Thermal analysis of Y (a) and ZSM-5 (b) loaded with chlorobenzene from room temperature to 900 °C. In
blue and gray circles, the total weight loss curve (TG) and the derivative of it (DTG); in red the differential thermal
analysis (DTA) curve.

ZSM-5-CB

The ZSM-5 zeolite framework consists of two intersecting channel systems: a straight

channel parallel to [010] direction and a sinusoidal one parallel to [100] direction [34].
Both channels are limited by 10MR of TO4 tetrahedra with free diameters of 5.4-5.6 A
and 5.1-5.5 A for sinusoidal and straight channel, respectively. After CB adsorption, the
evolution of the powder diffraction pattern indicates that ZSM-5 maintains its
crystallinity as well as the monoclinic P21/n symmetry. In Table 6.2.1, the comparison
between refined lattice parameters of starting material and of the ZSM-5-CB system
highlights the occurrence of chlorobenzene adsorption in the ZSM-5 micropores. The
structural characterisation was carried out starting with the model proposed by
Rodeghero et al. [6] and an examination of the difference Fourier maps of the electron
density suggested the presence of extraframework content. In detail, some of
recognised maxima were reasonably attributed to chlorobenzene adsorption sites in
both the sinusoidal channel (CB2 sites) and the intersection between sinusoidal and
straight channels (CB1 sites) (Figure 6.2.4b). On the whole, a total amount of about 6

molecules per unit cell (p.u.c.) of organics were detected.
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Besides, residual maxima of difference Fourier maps also indicate the presence of
coadsorbed H,0 molecules (~ 1.5 dw %) hosted at W1 and W2 sites. In particular, based
on the refined distances between the extraframework content and framework oxygen
atoms strong interactions among chlorobenzene molecules hosted in both adsorption
sites (CB1 and CB2), H,0 molecules (W1 and W2 sites), and framework oxygen atoms
occur (i.e., 04—C10 = 3.01(1) A, 018-C9 = 2.61(1) A, 031-CI1 = 2.69(1) A, 047—CI1 =
2.99(1) A, W2-W2 = 3.15(1) A, 026-CI2 = 3.03(3) A, W1-C1 = 3.16(3) A) (Figure 6.2.4b).
Additionally, thermogravimetric analysis (Figure 6.2.5b) indicated that relevant weight
loss, occurring at temperatures higher than 100°C (7% in weight), is due to the expulsion
from the structure of extraframework ions embedded in the ZSM-5 channels. The
residual one at lower temperature can be ascribed to the expulsion of water and/or CB
molecules bonded to the surface (3% in weight below ~100 °C). These results are quite
well supported by the total amount of adsorbed molecules detected through both
saturation capacity determined by the adsorption isotherm and the results obtained by
Rietveld analysis. After adsorption, the T-O bond length ranges from 1.602 to 1.608 A,
the O—-T-0 angles varies from 96° to 125°, with a mean value of 109.4°. According to
Wragg et al. [44] the T-O-T bond angles adopt a wide range of values from 124° to 178°.
Regarding the channel geometry, after organics adsorption, any changes in both shape
and channel dimension were also evaluated.

Specifically, both straight and sinusoidal channels hosting the organic molecules change

their shape and become more elliptical (Table 6.2.5).
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Table 6.2.5 C.F.A. and ellipticity (€) comparison between unloaded ZSM-5 [13] and ZSM-5—CB systems. C.F.A. =o(mean

2

radius)2 (A2); € = ratio between the longest and the shortest pore dimensions.

6.2.4 Conclusions

This work aims to highlight the adsorptive capacity of commercial high silica zeolites

ZSM-5 (MFI topology), and Y zeolite (FAU topology), for removal of chlorobenzene (CB)
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from water. Both high silica ZSM-5 and Y zeolites are characterised by fast kinetics, that
combined with good adsorption capacity, suggest they can be efficiently used as a
sorbent media to control the concentration of chlorobenzene in water systems. In
particular, ZSM-5 is more efficient in the removal of CB at low concentration level, while
Y shows higher saturation capacity than ZSM-5. Difference Fourier maps of the electron
density provide insight into the preferred zeolite adsorption sites in both microporous
materials. The refined framework—extraframework bond distances highlight the
existence of CB, and hydrophobic zeolites interactions mediated via co-adsorbed H20
molecules. Adsorption of CB on ZSM-5 and Y zeolites is accompanied by structural
changes, i.e. variations in both unit-cell parameters and channel shape when compared
to the as-synthesised microporous materials, clearly confirming the very relevant role of
H20 molecules in both the diffusion and adsorption processes in hydrophobic zeolites.
After adsorption, the channels become more distorted, thus indicating remarkable

framework flexibility for both ZSM-5 and Y zeolites.
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6.3 Photodegradation of contaminants using semiconductor W10032*

The data herein reported are part of my work of thesis and have been published in: Luisa
Pasti, Elena Sarti, Annalisa Martucci, Nicola Marchetti, Claudia Stevanin, Alessandra
Molinari (2018). An advanced oxidation process by photoexcited heterogeneous sodium
decatungstate for the degradation of drugs present in aqueous environment. Applied

Catalysis B: Environmental 239, 345-351

The aim of this work was to verify the photodegradation of organic contaminants in
water media through the use of a photocatalyst. The main feature of the chosen
photocatalyst, sodium decatungstate, is that in the presence of light it can produce OH
radicals in aqueous solution. These radicals are not selective so they can react with a
large number of molecules. After preliminary tests in which the catalyst in dispersed
solution was used, it was immobilized in different supports.

The ability of the decatungstate anion (W1003,%) to photoproduce OH- radicals from
water is preserved when the polyoxanion is immobilized on solid supports and can be
exploited as a heterogeneous photocatalytic process aimed at water reclamation.

It was possible to study the production of OH- radicals in solution for both working
conditions, dispersed phase and heterogeneous phase, by means of EPR-spin trapping
experiments.

However, we show that the interaction between OH- radicals and drug molecules
depend on the physicochemical properties of the chosen medium. In fact, we
demonstrate that the silica particles covered by decatungstate anions are not efficient
in the degradation of carbamazepine and sulfamethoxazole (ubiquitous contaminants
of natural waters) which are respectively neutral and negatively charged at an operating
pH of 6. On the contrary, the entrapment of W1003; 4 within a mesoporous organosilic
matrix it leads to a heterogeneous photocatalytic system with its own hydrophobic
characteristics. Organic molecules enter the mesopores and easily leave the aqueous
environment. Inside the pores the reaction between the photoproduced OH- radicals is
favored. The mono and dihydroxylated products precede the fragmentation and

degradation of the studied drug.
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6.3.1 Introduction

Water scarcity is a well-recognized challenge to the sustainable development of many
countries that claims for further efforts to develop and improve water treatment
technologies. It is therefore necessary the development of processes capable to ensure
the total elimination of trace of organic contaminants from waters [1,2].

The use of advanced oxidation processes (AOPs) has been demonstrated to be a possible
approach for the remediation of contaminated waters [3,4]. AOPs are based on the
insitu production of free radical species, such as (OH%), which being a strong oxidant
characterized by a very high standard reduction potential (E° = +2.80 V vs. SHE) rapidly
oxidizes electron-rich organic compounds up to their mineralization [5]. Among the large
variety of oxidation processes, photochemical methods offer the advantage of energy
efficiency, rapidness and limited use of chemicals (oxidants), which together concur to
the sustainability of the process [5]. In particular, photocatalysis with TiO, has been
demonstrated to be an efficient method for the destruction of low amounts of water-
soluble organic pollutants [6-8], even if other semiconductor materials, such as WOs3,
have been recently successfully utilized [9]. In water decontamination issue, the
applicability of polyoxotungstates for the degradation and mineralization of
chlorophenols, chloroacetic acids and herbicide has been also explored [10,11]. Among
polyoxotungstates, decatungstate anionic cluster has light absorption properties very
similar to those of TiO, and for this similarity it can be considered a soluble analogue of
the most employed semiconductor. In addition, it has been demonstrated that
photoexcitation of NasW10032 dissolved in water produces OH% radicals from water
oxidation [12]. The interest for heterogeneous decatungstate photocatalyst in advanced
oxidation processes framework has led to the development of several heterogenization
procedures, such as impregnation on a solid support [13] and ion exchange [14,15].
Indeed, heterogeneous (photo)catalysis has the advantage of easy separation and
recovery.

Recently, a heterogeneous photocatalytic system obtained by immobilization of the
anionic decatungstate cluster on silica particles functionalized with —NH, groups has
been employed for the degradation of some contaminants of emerging concerns in
aqueous matrix [16]. It was proved that the photocatalytic system was efficient and

recyclable. The degradation process is achieved by photoexcitation of heterogeneous
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decatungstate that results in the formation of OH% radicals as revealed by EPR spin
trapping spectroscopy.

In addition, studies on the reaction mechanism of heterogeneous polyoxotungstates
indicate that the selectivity and efficiency of these photocatalysts depend on the
support characteristics. In general, pore structures, distributions of the active sites and
hydrophilic-hydrophobic interactions with the substrate are key factors for the catalytic
activity and selectivity of solid heterogeneous catalysts [17-19]. Therefore, the choice
of support matrices is very important for highly efficient catalytic systems. In this paper,
we show how support matrix properties can tune the degradation ability of immobilized
decatungstate with respect to three target molecules in dilute aqueous solutions:
propranolol, carbamazepine and sulfamethoxazole. These molecules are selected as
probes since all of them are ubiquitary contaminants of natural waters. In particular,
carbamazepine is a psychotic drug, resistant to conventional wastewater treatment and
sulfamethoxazole is an antimicrobial largely employed, which has been detected in
surface and drinking waters [20].

Two different heterogeneous photocatalysts, obtained either by immobilization of
W1003,% by an ion exchange mechanism [16] or by encapsulation of the anionic cluster
into a silicate structure [21], that were proved to be able to oxidize organic compounds,
are here investigated. In particular, their photocatalytic degradation activity with
respect to contaminants of emerging concern is evaluated and the observed differences
are related to both the support and the drug molecule physical chemical properties. EPR
spin trapping technique and HPLCMS analysis are employed to gain information about
the operating degradative mechanism and the nature of reaction intermediates. In
addition, composition and structural properties of the heterogeneous photocatalytic
system are more deeply investigated. To the best of our knowledge, this is the first
contribution where the photoactivity of decatungstate anion heterogenized on two
different supports is compared, thus demonstrating that it is possible to tune the
photocatalytic activity of the polyoxoanion by varying the chemical-physical properties

of the support.
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6.3.2. Experimental

Materials

Propranolol (PRP, purity 99.8%), carbamazepine (CBZ, purity 99.8%), sulfamethoxazole
(SMX, purity 99.8%) and formic acid were purchased from Fluka (Fluka Chemie AG,
Switzerland). Sodium hydroxide (Titolchimica, Rovigo, Italy), hydrochloric acid (Carlo
Erba, Milano, Italy) of analytical grade were employed to adjust the pH of diluted drugs
solutions. The pH was measured using an AMEL pHmeter (Milano, Italy). High-
performance liquid chromatography (HPLC) grade acetonitrile (ACN) was purchased

from Merck (Darmstadt, Germany). The water was Milli-Q® grade (Millipore, MA, USA).

Photocatalysts preparation

Sodium decatungstate (NasW10032) was synthesized following reported literature
procedures [22,23]. The heterogeneous photocatalysts silica-NHs*/ NasW10032~ have
been prepared carrying out the procedure recently published [16].
NasW1003,/SiO2/BTESE  was  prepared by  simultaneous  hydrolysis  of
tetraethylorthosilicate (TEOS, 23 mmol) and 1,2-bis(triethoxysilyl)ethane (BTESE, 2.3
mmol) in an acid aqueous solution of NasW10032 [21]. The obtained material has a
content of decatungstate of 0.33 mmol/g. The composition was determined by
Inductively Coupled Plasma-Optical Emission Spectrometer ICP-OES (Perkin-Elmer
Optima 3100 XL) equipped with an axial torch, segmented array charge coupled device
(SCD) detector and Babington-type nebulizer with cyclonic spray chamber for sample
introduction. Plasma conditions were: RF power of 1.40 kW applied to the plasma; 15 L
min-1 flow rate for plasma and 0.5 L min! for auxiliary gas. Nebulizer gas flow rate was
0.65 L mint. Sample uptake was 1.5 mL min-1 for each of three replicate scans. 0.5 g of
samples were mineralized by microwave acid digestion (HNOs, HF and H3BOs3) at 200 °C
and high pressure (200 psi), with 20 min dwell time. At the end of preparation, UV-vis
spectra of washing water aliquots showed that polyoxoanion was not released in the

solution.

Photocatalytic experiments with homogeneous NasW1003:
An aerated aqueous solution (3 mL, final pH=6) containing dissolved NasW1003; (2 107

M) and the drug of interest (Co=10mg L'!) was put into a spectrophotometric cell (optical
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path 1 cm) and placed in front of a Hg medium pressure lamp (Helios Italquartz, 15W
cm). The solution is magnetically stirred and irradiation was carried out using a cut-off
filter, placed between the lamp slit (1 cm x 3 cm) and the cuvette in order to select the
suitable wavelength range (PRP, A>330 nm, SMX A>335 nm; CBZ, A>300 nm). Selection
of suitable cut off filter was performed in order to avoid direct photolysis of the drug
compound. At the end of illumination, the sample was filtrated with 0.22 um PVDF
membrane filters Captiva Econofilter Agilent Technologies (Santa Clara, CA, USA) and
HPLC analysis was performed.

Samples containing dissolved decatungstate anion have been kept in the dark and then

analyzed.

Photocatalytic experiments with heterogeneous Na;W1003;

In a typical photocatalytic experiment, the optimal amount determined elsewhere
[16,21] of silica-NHs*/NasW10032™ (5 g/L) or of NasW10032/Si02/BTESE (8 g/L) was kept in
suspension in aqueous solution (3 mL, pH=6) containing the drug of interest (Co=10mg
L) inside a spectrophotometric cell. Then, irradiation was carried out for the required
period of time with the selected cut off filter (PRP, A>330 nm, SMX A>335 nm; CBZ, A>300
nm) and at the end of irradiation the solution was analyzed as described above. After
irradiation, the solutions were centrifuged to separate the heterogeneous
photocatalysts and UV-vis spectra have been recorded to evaluate leaching of
decatungstate anion. Moreover, these solutions have been subsequently irradiated to
establish eventual photoactivity of traces of decatungstate cluster, leached into the
solution and not detected by spectrophotometric analysis.

Some photocatalytic experiments have been carried out to evaluate the stability of
decatungstate on the support, by recovering NasW10032/ SiO2/BTESE (8 g/L) after the
first photocatalytic experiment, washing with aliquots of acetonitrile and drying in the
oven at 373 K for 60 min. The photocatalytic system has been reused in a second
experiment, suspending it in an aqueous solution (3 mL, pH=6) containing CBZ (Co=10mg
L) and irradiated as described above. The irradiated solution was then analysed.

2.5. HPLC analysis A HPLC/DAD (Waters, MA, USA pump: Waters 515, DAD: Waters PDA
996) was employed under isocratic elution conditions, reported in Table 2. The flow rate
was 1 mL min™!, while the column was thermostated at 25 °C. The column was

150x4.6mm (Phenomenex, CA, USA) and packed with a C18 silica-based stationary
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phase with a particle diameter of 5 um. The injection volume was 20 L for all standards

and samples.

HPLC/MS analysis

HPLC/MS analyses were carried out by means of Surveyor Plus micro-HPLC hyphenated
to a linear ion trap mass spectrometer (LTQ XL Thermo Scientific, Waltham, MA, USA).
The HPLC apparatus was composed of a solvent delivery system, a quaternary pump
(including a membrane degasser) and an autosampler (including a thermostated column
compartment). The LTQ system was equipped with an electrospray ionization (ESI) ion
source. The mobile phase was obtained as a mixture of ACN and formic acid 0.1% v/v:
water formic acid 0.1% v/ v. Chromatographic separation was performed under gradient
elution conditions: 0—6 min 5% ACN, 6—14 min 5-70% ACN, 14-15 min 70% ACN, then
held isocratically at 95% of ACN for 3 min before reconditioning the column. The flow
rate was 100 pL min~%, while the column was thermostated at 25 °C. The column was
50x2.1mm (Restek, Bellefonte, PA, USA) packed with a C18 silica-based stationary phase
with a particle diameter of 3 um. The injection volume was 5 ulL for all standards and
samples. MS experimental conditions were as follows: spray voltage 4 kV, capillary

temperature 275 °C, capillary voltage 11 V and tube lens 25 V for positive ESI conditions.

EPR-spin trapping experiments

EPR-spin trapping experiments were carried out with a Bruker ER200 MRD spectrometer
equipped with a TE201 resonator (microwave frequency of 9.4 GHz). The homogeneous
samples were aqueous solutions containing 5,5-dimethylpyrroline N-oxide (DMPO, 5
1072 M) as spin trap and NasW1003; (2 10 M). In heterogeneous experiments, silica-
NHs*/NasW10032” was suspended in an analogous solution.

When requested, CBZ (Co=10mg L?!) was introduced together with the spin trap. The
samples were put into a flat quartz cell and directly irradiated in the EPR cavity with a
medium pressure Hg lamp equipped with cut off filter (A\>300 nm). No signals were
obtained in the dark or during irradiation of the solution in the absence of

decatungstate.
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XRD analysis

X-ray diffraction was used to verify the incorporation of BTESE on silica-based support.
Powder patterns were measured on a Bruker D8 Advance Diffractometer equipped with
a Sol-X detector, using Cu Kal,a2 radiation in the 3—110 20 range and a counting time
of 12 s/ step. Table 2S reports reflection information for NasW10032/SiO2/ BTESE phase,
where HKL are hkl, STOL is the value of sinB/\A, TTH is the 20 position of the reflection,
FWHM is the full width at half maximum of the reflection, FOSQ is Fo 2, SIG is an estimate
o Fo 2, FOBS s Fo. The GSAS LeBail computer program with the EXPGUI interface (Larson,
A.C., & Von Dreele, R. B. General Structure Analysis System (GSAS); Los Alamos National
Laboratory: Los Alamos, NM, 2000, 86—748).

6.3.3. Results and discussion

6.3.3.1 Sodium decatungstate heterogenized on modified silica particles
(silica-NHs*/NasW100s327).

We recently demonstrated that a robust and recyclable photocatalytic system can be
obtained by immobilization of the anionic cluster on silica particles functionalized with
—NH; groups [16]. Moreover, photoexcitation of heterogeneous decatungstate (5 g/L)
suspended in aqueous solutions (pH=6) containing one among levofloxacine or
trimethoprim or atenolol (Co =10 mg/L) caused drug degradation mediated by OH%
radicals, whose formation has been pointed out by EPR spin trapping spectroscopy [16].
With the aim of evaluating the wide scope of the found method, we decided both to
confirm the observed performance by using propranolol (PRP), another B-blocker similar
in structure to the previous studied atenolol, and to prove the photocatalytic method
extending to other two drugs having different structure and physical chemical
properties. In particular, we choose the antibiotic sulfamethoxazole (SMX, often used in
combination with the studied trimethoprim) and the antidepressant carbamazepine
(CBZ), which is known as a very recalcitrant drug. The degradation of each substrate is
followed during irradiation time and it is expressed as ratio C/Co (where C is the drug
concentration at a certain time and Cois the initial one). Interestingly, we observe (Fig.
6.3.1) that PRP behaves similarly to atenolol and after 3 h irradiation about 60—65% of

degradation was obtained. On the contrary, irradiation of the silica-NH3 */ NazW1003; ~
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system does not cause any appreciable photocatalytic degradation of both SMX and

CBZ.

® SMX
0.2}
* cBZ
0.1
O 05 1 15 2 25 3

time (h)
Fig. 6.3.1. Degradation kinetics of drugs by photoexcitation of silica-NH3*/NasW1003,™ (5 g/L) suspended in an aqueous

solution (pH 6) containing propranolol (PRP), or sulfamethoxazole (SMX) or carbamazepine (CBZ). Co=10 mg/L. PRP,
A>330 nm, SMX A>335 nm; CBZ, A>300 nm.

On the basis of these results, we propose that the inefficient degradation of both SMX
and CBZ could be due to one of the following factors: i) low photoactivity of the
polyoxoanion with respect to these molecules; ii) scarce affinity of the catalyst support
for the two drugs; iii) combination of factors ascribable to decatungstate and its support.
In order to evaluate the photocatalytic activity of decatungstate anion itself,
experiments are carried out in homogeneous phase irradiating aqueous solutions
containing dissolved NasW1003; (2x10-4 M) and CBZ, SMX or PRP (Co=10 mg/L).
obtained results are reported in Fig.6.3.2 (circles), together with control experiments in
which analogous samples are kept in the dark (squares). It is shown that around 90% of
starting CBZ and PRP are degraded after 60 min of illumination in the presence of
homogeneous sodium decatungstate, and a lower degradation efficiency is obtained
with SMX that is, however, photodegraded of about 60% in the first hour of irradiation.
This decrease is attributable to the photocatalytic activity of W10032* since the decrease
in the dark of CBZ, SMX or PRP never exceeds 10% (Fig.6.3.2, squares). Furthermore,

EPR-spin trapping experiments support this statement.
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Fig.6.3.2. Degradation kinetics of carbamazepine (CBZ), sulfamethoxazole (SMX) and propranolol (PRP) by
photoexcitation of Na4W10032 (2x10~* M) dissolved in water at pH 6 (circles). Control experiments are carried out

in the dark (squares). C0=10mg L-1. CBZ, A > 300 nm; SMX, A > 335 nm; PRP, A > 330 nm.
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Fig. 6.3.3. Fixed-field signal intensity of the [DMPO-OH]- adduct in time upon irradiation (A > 300 nm) of Na;W1003;
(2x107* M) dissolved in water containing DMPO (5x10-2 M): in the absence (full triangles) and in the presence (empty

triangles) of CBZ (10 mg/L). Reported values are the mean of three repeated experiments. Errors do not exceed +10%.
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Fig.6.3.4. Fixed-field signal intensity of the [DMPO-OH]- adduct in time upon irradiation (A >300 nm) of silica-NHs*/
Na3W1003,~ suspended in an aqueous solution containing DMPO (5x102 M): in the absence (full symbols) and in the
presence of CBZ (10 mg/L) (empty symbols). Reported values are the mean of three repeated experiments. Errors do

not exceed+5%.

In fact, photoexcitation of NasW100s3; dissolved in water in the presence of the spin trap
DMPO causes the formation of a quartet 1:2:2:1 (aN = aH=14.8 G) ascribable to the
paramagnetic adduct [DMPOOH]: in accordance to previous investigation [12]. As shown
in Fig. 6.3.3, the intensity of this signal increases by increasing the irradiation time,

showing that reactions:

wO + H,0 -> W100325' +OH + H* (R. 1)
DMPO + ‘OH > [DMPO-OH]: (R.2)

solution causes an important decrease of [DMPO-OH]- signal. This could be an indication
that CBZ competes with DMPO in the reaction with OH% radicals, and probably this
reaction is the first step of the photocatalytic drug degradation pathway.

Analogous EPR spin trapping experiments carried out irradiating silica-NHz*/ NazW10032™
suspended in water containing DMPO show that the paramagnetic adduct [DMPO-OH]-
is still formed, indicating that the primary photochemical process (Reaction 1) that
produces OH- radicals is operating also with the heterogeneous system. Contrarily to
what observed for homogeneous decatungstate, the addition of CBZ does not cause any
decrease in the intensity of the paramagnetic adduct (Fig.6.3.4). This indicates that OH%

radicals generated by photoexcited silica-NH3*/ NasW10032™ do not quickly react with
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CBZ, in agreement with the absence of degradation of this drug shown in Fig. 6.3.1.
Possibly, CBZ does not adequately approach the surface of the heterogeneous
photocatalyst where OH: radicals are produced or CBZ concentration in the solution in
contact with the particle is insufficient to favor the reaction between them two. The
different behavior of silica-NH3*/ NazW10032~ with respect to the studied drugs can be
tentatively rationalized considering their distribution diagrams: at the operative pH of
6, while the B- blockers (PRP and atenolol, ATN) are mainly present in solution as cations,
the same is not for CBZ and SMX. In fact, CBZ is in its neutral form and SMX presents an
equilibrium between neutral and even negative form. Since the silica particles are
covered by decatungstate anions, it can be supposed that immobilized decatungstate
anions and CBZ or SMX are not sufficiently close each other, a needed requirement for

the reaction between drug molecule and photogenerated OH- radicals.

6.3.3.2. Sodium decatungstate heterogenized on hydrophobic

mesoporous silica support (Si0O2/BTESE/ NasW1003>)

One of the main advantages of heterogeneous photocatalysis is the flexibility in
choosing the support with the proper characteristics. Starting from the fact that silica-
NHs */ NasW10032™ is not able to perform efficient photocatalytic degradation of CBZ and
SMX (Fig. 6.3.1), we thought that a heterogeneous photocatalyst obtained by direct
hydrolysis of TEOS and of an organotrialkoxy silane (BTESE) should be hydrophobic
enough to favor the approach of organic drugs dissolved in an aqueous matrix.
Morphological features of SiO,/BTESE/NaisW10032 have been determined: we have
checked that SiO,/BTESE/NaiW10032 employed in this research presents similar
morphological characteristics to those of an analogous heterogeneous system
previously used [21]. In particular, the specific surface area is roughly 700m? g and
about 80% of total pore volume are classified as mesopores. Additionally, FTIR spectra
clearly showed that organic fragments (coming from BTESE) and silica moieties are
distributed within the framework and microgravimetric adsorption isotherms pointed
out that SiO,/BTESE/NasW10032 enhances adsorption of toluene vapors with respect to

that of water [21]. To complete the characterization, XRD was used to determine

139



NasW1003; unit cell parameters starting from the CIF file deposited with the Cambridge
Crystallographic Data Center under number CCDC 1548831.

The NaisW1003,/Si02/BTESE refined XRD pattern is shown in Fig. 6.3.5. From Fig. 6.3.5
the peaks at scattering angle (20) values of 16.52°, 25.57°, 34.22° and 35.04° were
assigned to NasW1003, respectively. The main crystallographic data and refinement
results are as follows: triclinic crystal symmetry, space group P-1, a=11.9532(6) A,
b=12.2201(7) A, ¢=12.1898(8) A, a=75.343°(4) B=71.525°(4) y=88.083°(5), cell
volume=1631.70(17) A3. Values in parenthesis represent the standard deviations of the
parameters computed on the basis of 8467 independent observations. Final reliability
factors over the observed reflections Rp=0.0403, Rwp=0.0535, x2=1.029 (where Rp =
2[Yio - Yic]/zYio; Rwp = [Zwi(Yio - Yic)2/ZwiYio 2]0.5). These data allows us to infer that
decatungstate anion is not significantly modified during the synthesis of the
heterogeneous system via hydrolysis of TEOS and of BTESE. In addition, XRD analysis
shows that it is encapsulated inside the mesoporous network. Finally, the decatungstate
content was determined by ICP-OES measurement. As described in the Experimental
Section, the synthesis process of SiO2/BTESE/NasW1003; includes the hydrolysis of TEOS
and of BTESE in the presence of an acid solution of sodium decatungstate. Silanol groups

(ASieOH) can be protonated in the acidic medium to form ASieOH; *.
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Fig. 6.3.5. Observed (red dotted line), calculated (green solid line) and difference (purple bottom line) X-ray
powder diffraction patterns for Na4W10032/Si02/ BTESE. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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These groups, in turn, should act as counterions for decatungstate anion, that on the
basis of XRD results is entirely encapsulated in the mesopores, leading to (*SieOH;")
(NazsW100327) [24]. This strong interaction is confirmed by UV-vis spectra of washing
water aliquots showing that polyoxoanion was not released in the solution. Therefore,
this heterogeneous photocatalytic system was used for attempting the degradation of
CBZ and SMX and, in a typical experiment, SiO2/BTESE/NasW1003,, suspended in an
aqueous solution containing the drug of interest, is irradiated for a desired time (see
Experimental section). In parallel, samples prepared in an analogous way are kept in the
dark for the same period. The degradation of each substrate is expressed, as before, in

terms of C/Co ratio vs time (Fig. 6.3.6).
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Fig. 6.3.6. Degradation kinetics of carbamazepine (CBZ), sulfamethoxazole (SMX) and propranolol (PRP) by
photoexcitation of SiO,/BTESE/NasW1003, (500 g L™1) suspended in water at pH 6 (circles). Control experiments are
carried out in the dark (squares). C0=10mg L™1. CBZ, A > 300 nm; SMX, A > 335 nm; PRP, A > 330 nm.

One can observe that CBZ and SMX are now degraded upon photoexcitation of
decatungstate. After 4 h illumination, more than 80% of CBZ and of SMX disappear from
the aqueous solution. To verify the photoactivity of eventual leached polyoxoanion, the
solution after one hour irradiation was separated from the heterogeneous
photocatalyst, analyzed and then directly irradiated for an hour. The final analysis of

these samples do not show a significant change (< 2%) in remained drug concentration
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indicating that release of decatungstate into the solution is negligible. These results
allow us to infer that the removal of CBZ and SMX occurs via the heterogeneous
photocatalytic system employed.

Moreover, the charge taken by the drug molecule at pH 6 that was an obstacle in the
case of silica-NHs*/ NazW10032™ is overcome by this kind of support.

Concerning the stability of the material, SiO2/BTESE/NasW10032 was recovered, washed
with acetonitrile, dryed at 373 K for 60 min and then used in a second experiment. The
loss of activity in terms of both adsorption and photocatalytic degradation was within
10% after the two cycles, in agreement with the lack of release of anion during the
experiment.

In Table 6.3.1 the kinetic constants obtained by fitting the data with a pseudo first order
kinetic model are reported. A comparison can be made between homogeneous samples
and heterogeneous experiments. One can additionally observe that SMX degradation
kinetic is the slowest also with homogeneous sodium decatungstate, reinforcing the
idea that the ionic charge of the drug molecule at pH 6 has a relevant role for the
beginning of the oxidation process. From these results, we suggest that the ability of
SiO2/BTESE/NasW10032 to photodegrade CBZ and SMX can be attributed to the
hydrophobicity induced by BTESE to the heterogeneous photocatalytic system.
Moreover, the molecular dimensions are suitable with the pore sizes of the support
where decatungstate anion is encapsulates. This can facilitate their approach to OH%
radicals photoproduced nearby. In addition, SiO2/BTESE/NasW1003, maintains a very
good performance also in the degradation of PRP, showing that hydrophobicity
introduced in the support does not preclude positively charged molecules from
approaching the polyoxoanion. This result is particularly relevant since drugs
photodegradation can be performed despite the form (charged or not) mainly present

at the working conditions and answers to the requirement of general applicability.
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Photocatalyst drug kthh RZ

Na,W,,03 solution CBZ 2.46 (2.10, 2.82) 0.9808
PRP 2.94 (2.73, 3.05) 0.9934
SMX 0.90 (0.89, 0.91) 0.9987
Silica-NH3* / NasW;0035 CBZ 0.024 (0.021, 0.027) 0.9837
PRP 0.35 (0.28, 0.42) 0.9867
SMX 0.021 (0.018, 0.024) 0.9881
Si0,/BTESE /Na;W 1032 CBZ 0.97 (0.83, 1.11) 0.9977
PRP 1.18 (1.08, 1.28) 0.9982
SMX 0.48 (0.36, 0.60) 0.9825

Table 6.3.1 Kinetic constants obtained by fitting the experimental data with a first order kinetic equation (C/Co=exp(-
kt)). Data in parenthesis are the confidence limits at 95% of probability.

6.3.3.3. HPLC/MS analysis

Degradation mechanism of drug molecules by SiO,/BTESE/NasW1003,2 was investigated
analyzing irradiated solution by HPLC-MS. Identification of the degradation byproducts
was based on the analysis of the total ion current (TIC) and on the corresponding mass
spectra. The identified intermediates for the case of SMX and of CBZ are reported in
Tables 6.3.2 and 6.3.3 respectively. The intermediate with 301 m/z corresponds to a
monohydroxylation of the aromatic ring and a nitration of the amino group of SMX. The
product with 283 m/z derives from the oxidation of the amino group to nitro derivative,
whereas the intermediate with 270 m/z correspond to the hydroxylation of SMX
aromatic ring. Oxidation of the isoxazole ring of 270 m/z results in the formation of 288
m/z and 228 m/z intermediate and the intermediate with 216 m/z can derive from the
opening of the isoxazole ring of SMX. The cleavage of bond between isoxazole ring and
the amine group of SMX, can generate the 174 m/z by-product. The compound with 190
m/z was identified as an hydroxylated form of the amino group of 174 m/z derivative.
Structures similar to those described were observed also in the photo-Fenton

degradation of SMX [27].
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Table 6.3.2 SMX: degradation intermediates, retention times, fragment ions and proposed structures.
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Precursor Ion ty MS~ Structure
(m/z) (min) (m/z)
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MH;
251.1 12.3 208.0
253.1 210.0
236.0
267.1 16.2 168
196.1
211.1
271.1 9.6 210
253

Table 6.3.3 CBZ: degradation intermediates, retention times, fragment ions and proposed structures.

From Table 6.3.2 it is seen that hydroxylation of SMX by hydroxyl radical (OH-) attack
could be an important reaction for the subsequent degradation of SMX. Indeed, three
mono-hydroxylated byproducts (i.e. 301 m/z, 270 m/z and 288 m/z) are revealed.

Mono and dihydroxylated intermediates were also identified in the CBZ degradation by
photoexcited /SiO,/BTESE/NasW1003; catalyst in aqueous solution and they correspond
to the intermediates 253 and 271 m/z respectively in Table 6.3.3. Further oxidation of
both these compounds leads to the formation of 251 and 267 m/z intermediates. The
detection of these intermediates indicates that hydroxylation and oxidation are the
main reactions responsible for CBZ degradation. Based on reported and previous results
we propose a reaction mechanism for photoexcited /SiO2/BTESE/NasW1003; that can be
considered general for pharmaceutical photocatalytic degradation. Photoexcitation of
decatungstate anion dissolved or suspended in an agueous environment causes the

oxidation of water to OH- radicals [12], as shown in reaction 1. EPR spin trapping
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experiments and HPLCMS point out that hydroxyl radicals attack drug molecules giving

monoor dihydroxylated intermediates. Their formation is the prelude to fragmentation.

6.3.4. Conclusions

The ability of photoexcited sodium decatungstate to oxidize water producing OH:
radicals, already observed in homogeneous conditions, is kept also when the
polyoxoanion is heterogenized on siliceous supports. In this paper, we demonstrate that
support characteristics are of paramount importance when reaction between OH-
radicals and the organic molecule is the first step of its degradative pathway. In
particular, silica-NH3*/ NasW10032~ system, constituted by particles covered by
decatungstate anions, is not efficient in the degradation of carbamazepine and
sulfamethoxazole, which are neutral or negatively charged at the operating pH. On the
contrary, entrapment of NasW1003: inside a mesoporous organosilica matrix leads to a
heterogeneous photocatalytic system with proper characteristic of hydrophobicity that
is able to degrade not only carbamazepine and sulfamethoxazole but also all the other
categories previously studied. In fact, the higher hydrophobicity of the organosilica
support with respect to the aqueous environment favors adsorption of organic
molecules, which enter the mesopores. Here, their proximity to photoproduced OH:
radicals favors the hydroxylation of drug molecule. HPLC-MS investigation points out
that mono- and di-hydroxylated products are formed and precede fragmentation
pathways and degradation. Results obtained from the used independent techniques and
methods allow us to formulate a general advanced oxidation process mechanism for the

photocatalytic degradation of drug molecules by heterogeneous sodium decatungstate.
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6.4 Water remediation using B25/WOs system

The data herein reported are part of my work of thesis and have been published in: Vito
Cristino, Gelsomina Longobucco, Nicola Marchetti, Stefano Caramori, Carlo Alberto
Bignozzi, Annalisa Martucci, Alessandra Molinari, Rita Boaretto, Claudia Stevanin,
Roberto Argazzi, Maurizio Dal Colle, Renzo Bertoncello, Luisa Pasti (2020).
Photoelectrochemical degradation of pharmaceuticals at 25 modified WO3 interfaces.

Catalysis Today 340 302-310.

In this work we explored the applications of WOs-based nanomaterials to the
degradation of organic molecules belonging to the category of emerging pollutants such
as Ketoprofen and Levofloxacin, selected among the anti-inflammatory and analgesic
species and the most widely used antibiotics and which therefore represent
omnipresent water contaminants.

WQOs is a semiconductor which has an indirect band gap, between 2.6-2.7 eV. This band
gap allows the absorption of the part <480 nm of the visible spectrum. Compared to
conventional photocatalytic conditions, which were not effective in oxidative
degradation of ketoprofen, the application of electrical bias was successful in promoting
50% degradation of ketoprofen after 5 hours of illumination, with a constant
degradation rate of 0.22 h-1. Similar improvement was seen with Levofloxacin. The
degradation rate was further accelerated by exploiting WO3 films modified with 25
zeolites which obtained, on the same time scale, a degradation> 65% with Ketoprofen
and ca. 90% with Levofloxacin. The complete disappearance of the oxidation
intermediates of these two drugs was observed on a time scale of ca. 20 h, indicative of
the achievement of complete drug mineralization at the 25 / WOs illuminated interface
under 1 solar illumination. the decrease in concentration was verified by HPLC analysis
and subsequently the evaluation of the photoproducts was investigated by HPLC / MS

analysis for both drugs.

6.4.1 Introduction
Among the wide variety of Contaminants of Emerging Concerns (CECs) pharmaceuticals,
personal care products and their metabolites have especially alarmed the public and

regulators. Although adverse human health consequences from the existing trace levels
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of these substances in natural or drinking water are in general unlikely, their impact to
aquatic ecosystems is more evident [1]. Some of these emerging pollutants are indeed
very stable molecules, capable to survive the current potabilization and water
remediation processes [2] and are thus able to reach and impact the aqueous
environment with unaltered efficacy. In view of the growing world population,
increasing industrialization of emerging countries and climate change, the re-use and re-
cycle of water and the protection of aqueous ecosystems represent major societal
challenges. Photocatalytic routes to the degradation of harmful organics, exploiting
sunlight to trigger the formation of high energy electron/hole pairs (e/h) within
dispersed semiconductor (nano)particles, to promote direct or indirect (mediated for
example by oxidants like %0,7, H,O,, ‘OH) oxidation reactions is an established
approach, particularly with TiO; [3—6] and ZnO [7-9] based materials. Some of the
present authors also employed a decatungstate polyoxoanion heterogenized on silica
particles in the photomineralization of pharmaceuticals [10]. The common feature of all
these materials is the ability to photoproduce ‘OH radicals, whose oxidation potential
(E°=2.1 V vs NHE) allows for the oxidation of a variety of organic compounds leading,
with sufficient time, to their mineralization [11]. In the absence of visible absorbing dye
sensitizers [12,13], an important drawback of the materials and molecular clusters
mentioned above is their limited capacity of harvesting the solar spectrum, with no
practical photochemical activity beyond 420 nm.

Other semiconductors, and among them WQO3, offer a lower band gap (ca. 2.7 + 0.1 eV)
[14] for harvesting a sizable portion of the visible region, up to 460 nm, with a valence
band edge suitable for the production of ‘OH radicals following monoelectronic
oxidation of water [15]. The application of electric potential (bias) to a nanocrystalline
thin film semiconductor, allows to optimize the charge separation at the
Semiconductor/Electrolyte Interface (SEl), improving the rate of degradation of organic
targets [16,17]. Recently, the photoelectrochemical approach employing WO3
photoanodes to the degradation of CECs, represented by either neutral (Carbamazepin,
CBZ)) or positively charged (Atenolol, ATN) molecular species, outperformed open
circuit photocatalysis by a of three-to-five factor [18].

In this contribution we have focused on the degradation of Ketoprofen (KTP) and
Levofloxacin (LFX) (Chart 6.4.1) in diluted aqueous electrolytes ([Na2504] =7x107* M) at

pH 6. These targets were selected among the most widely used anti-inflammatory and
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analgesic species (KTP) and antibiotics (LFX). LFX is an antibacterial fluoroquinolone
widely used in the treatment of respiratory diseases and bacterial infections. The urinary
excretion of fluoroquinolones delivers about 85% of the unmodified parent compounds,
consequently a considerable amount of active drugs is present in waste waters [19].

Concerning the widely used KTP, roughly 80% of the administered dose is excreted in
the urine, primarily as the glucuronide metabolite explaining its abundance in waste
waters [20]. Additionally, these substances have been chosen as target molecules for
their different acid/base characteristics, that allow us to investigate how the
photocatalyst activity is influenced by the structure and physico-chemical properties of
the target substrate. Indeed, KTP carries a carboxylic acid (see 1 in Chart 6.4.1), which
dissociates at pH=6 having a typical pKa = 4.5 [21] resulting in an anionic species within
the pH selected for the photodegradation experiments. LFX has a carboxylic group as
well (5), but it also possesses two tertiary sp> nitrogens (2—4) one of which can be
protonated at neutral and acidic pH. The protonation constants indicate that this
compound is present mainly as a zwitterionic form at pH 6, whereas at pH higher than 7
it prevails in the negative form [22]. Available nitrogen lone pairs in LFX might also
interact with W6+ acid groups at WOs surface, favoring the contact between LFX and
the oxidant species generated by the photocatalyst. Interestingly, while it has been
found that LFX is effectively degraded under both photocatalytic (no bias) and
photoelectrochemical (applied bias) conditions, in the case of KTP there is an extreme
difference in the photochemical vs photoelectrochemical degradation kinetic: under
conventional photocatalytic conditions, KTP does not show any appreciable photocalytic
degradation, whereas under applied bias its degradation is roughly 70% complete within
a 5 h illumination cycle. This behavior was explained by the induction of a local excess
of KTP at the WOs SEI under positive potential, allowing a faster reaction with surface
generated ‘OH radicals. In the absence of positive bias, at pH 6, such interaction does
not occur, due to electrostatic repulsion between the anionic KTP and the negatively
charged WOs surface, having zero zeta potential below pH 2. This indicates that besides
modulating the charge separation rate at the SEl, the electric bias is useful to tune the
solar degradation of otherwise impervious molecular species, ostensibly acting through
double layer effects which result in an increased concentration of the molecular targets

in proximity of the mesoporous photoactive material.
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Finally, the degradation activity of WO3 was enhanced by incorporating an adsorbent
material, in particular a Beta zeolite (BEA) having SiO»/Al,0s ratio equal to 25 (B25) [23].
The use of composite materials based on WO3 modified with zeolites has been reported
in catalysis, [24] sensor application [25] and, more recently, in gas phase photocatalysis
[26], but, to the best of our knowledge, it was never reported for the degradation of
these emerging contaminants in aqueous solution in a photoelectrochemical cell. The
combination of the photocatalyst with the adsorbent allows to collect and trap
contaminant molecules in proximity of the surface, where ‘OH photogeneration occurs,
allowing to increase the chance of bimolecular encounter between the target and this

highly reactive oxidant. This strategy thus results in efficient degradation of species, such

as KTP, even under purely photocatalytic (no bias) conditions.

Chart 6.4.1. Molecular structures of KTP (left) and LFX (right). Both molecules are represented in their neutral
form. Red numbers refer to the ionizable groups in their molecular structures.

6.4.2. Experimental
6.4.2.1 Chemicals for analytical and photo-electrochemical

measurements

Levofloxacin (Fluka, purity>98%), ketoprofen (Sigma-Aldrich, purity>98%), sodium
sulfate (Sigma-Aldrich, purity, 99%), sulfuric acid (Sigma-Aldrich, 95%), were used as
received. Zeolite Beta (Zeolyst International) in its ammonium cation form, having a
Na,O content lower than 0.05% wt was employed after a calcination process. Calcination
was carried out by raising the temperature from room temperature to 600 °C in 1 h,
then holding at 600 °C for 4 h. Finally, the adsorbents were kept at room temperature
for 3 h. High-performance liquid chromatography (HPLC) grade acetonitrile (ACN) was

purchased from Merck (Darmstadt, Germany). The water was Milli-Q® grade (Millipore,
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MA, USA). A dilute aqueous solution of sulfuric acid was employed to adjust at 6 the pH
of the drug solution (in the range 30—-2 ppm Levofloxacin or Ketoprofen) containing
0.7mM of sodium sulfate as supporting electrolyte. The saline concentration was chosen
to reproduce the average salinity of freshwater [27]. The pH of the drug solutions was
measured with a combined glass electrode connected to an AMEL pH-meter (Milano,

Italy).

6.4.2.2 Preparation of materials and thin films for photocatalysis and

photoelectrocatalysis

Nanocrystalline WO3 was prepared by following a published procedure [15]. Briefly,
H,WOswas generated from 2.5 g of Na; WO, (Alfa Aesar) dissolved in 100 mL of Millipore
water by addition of 20 ml of concentrated HCI (Sigma-Aldrich), followed by several
washings in order to eliminate NaCl. The colloidal suspension of H;WO. nanoparticles
was obtained by dissolving the H;WO4 gel in 3M oxalic acid (2.5 ml) at 60 °C (Sigma-
Aldrich) and stabilized by addition of 20% w/w Carbowax (Sigma-Aldrich, 15,000-20,000
u) and Triton X-100 (Fluka) (1 drop/2 g of colloidal precursor) which acted as
densifier/sintering agent and tensioactive respectively. WOs electrodes (active area 1
cm2) were fabricated by spin casting (600 rpm for 6 s followed by 2000 rpm for 20 s)
colloidal H;WQ4 onto well cleaned FTO substrates (Fluorine Tin Oxide, Pilkington TEC 8)
glass, followed by firing at 550 C°. This procedure was repeated six times in order to
obtain films having a thickness of ca. 2 um and a photoresponse up to 470 nm, as shown
by a typical photoaction spectrum in sulfuric acid. Deposition of zeolites on WOs3
electrodes was achieved by repeated spin coating (4%, 600 rpm for 6 s followed by 2000
rom for 20 s) of a 4% w/v B25 suspension in water. After each deposition of 825, the
electrode was heated at 550 °C to consolidate deposition.

B25/WO0s3 nanocrystalline powder was prepared by adding 0.1 g of B25 zeolite to the
H2WO4 gel obtained as previously described, followed by stirring for 24 h. The resulting

solid was separated by centrifugation and heated at 550 C° for 8 h to obtain a powder.

6.4.2.3. AFM

Atomic force microscopy (AFM) images were collected using a Digital Instruments

Nanoscope lll scanning probe Microscope (Digital Instruments, CA). The instrument was
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equipped with a silicon tip (RTESP-300 Bruker) and operated in tapping mode. Surface
topographical analysis of raw AFM images was carried out with NanoScope analysis 1.5
and Gwyddion, a free modular program for SPM (scanning probe microscopy) data

visualization.
6.4.2.4. XRD and XPS

X-ray diffraction (XRD) measurements were performed using a BRUKER D8 Advance X-
ray diffractometer equipped with a Sol-X detector, working at 40 kV and 40 mA. The X-
ray diffraction patterns were collected in a step-scanning mode with steps of A26=0.01°
and a counting time of 12 s/step using Cu Kal radiation (A=1.54056 A) in the 20 range
3-100°. XPS experiments were conducted using a ®5600ci X-Ray Photoelectron
spectrometer (Perkin Elmer, Waltham, MA, USA) with an Mg K anode X-ray source
(1253.6 eV) with a primary beam energy of 14 kV and an electron current of 20 mA. A
CHA (Concentric Hemispherical Analyser) was used to collect the output signals.
Analysed areas were circles of 0.8mm in diameter. Multiplex scan mode was performed
with a 0.125 eV steps (pass energy 23.50 eV). Bes were calibrated against the C1s peak
(285 eV).

6.4.2.5. Photocatalytic experiments

In photocatalytic measurements the electrode (either WO3 or B25/ WOs, having 1 cm?
geometric active area) was immersed in 10 mL of electrolyte solution comprising 0.7mM
NazS0s4 and KTP or LFX in 30—10 ppm concentration at pH 6. The photoanode was
irradiated under open circuit conditions (disconnected wires) with a Hg medium
pressure lamp at 0.128 W/cm?. In order to avoid decomposition pathways arising from
direct photochemical excitation of the pharmaceutical targets, appropriate cut-off filters
were interposed between the source and the cell (360 nm for LFX, 380 nm for KTP, in
accordance to the absorption threshold of the respective molecules). Typical
photocatalytic experiments were carried out for five hours, monitoring the target

concentration at 1, 3 and 5 h intervals.

6.4.2.6. Photo-electrochemical experiments

Photodegradation experiments under photo-electrochemical conditions were carried

out in a two electrode cell (volume=10 mL) under potentiostatic conditions controlled
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by an Eco Chemie PGSTAT 101 potentiostat/galvanostat running under Nova
environment. The working electrode (photoanode) was either a WO3 or a $25/WOs thin
film supported on FTO, while the counter electrode was a platinum grid. An ABET sun
simulator (AM 1.5 G with the appropriate cut offs) was used as an illumination source
for photoelectrochemical experiments. Constant potential photoelectrolysis was
conducted in aerated 0.7mM NaxSO4 aqueous solutions at pH 6 by applying a constant
bias of 1.2 V for KTP and 0.4 V for LFX respectively. These potential values were selected
on the basis of the respective current density vs potential (J/V) curves (see Results and
Discussion section). Typical experiments had a duration of 5 h, during which
depolarization cycles at 0 V for 10 min were introduced between polarization cycles of
the duration of 30 min in order to ensure a reproducible and stable operation of the
photoelectrode. Longer experiments, aimed at the determination of decomposition
intermediates were carried out for 20 h, by adopting the same electrochemical program

specified above.

6.4.2.7. HPLC/DAD analysis

A HPLC/DAD (Waters, MA, USA pump:Waters 515, DAD:Waters PDA 996) was employed
under isocratic elution condition, the eluent was 18:82 ACN: phosphate buffer 25mM at
pH 4 and 60:40 MeOH: phosphate buffer 2mM at pH 3.3 for LFX and KTP respectively.
The flow rate was 1 mL/min. The column was 4.6x150mm Kromasil Eternity-5-C18. The

injection volume was 20 ulL for all standards and samples.

6.4.2.8. HPLC/MS analysis

HPLC/MS analyses were made by means of Surveyor micro-HPLC hyphenated to a linear
trap quadrupole mass spectrometer (LTQ XL Thermo Scientific, Waltham, MA, USA). The
HPLC apparatus was composed of a solvent delivery system, a quaternary pump
(including a membrane degasser) and an autosampler (including a thermostated column
compartment). The LTQ system was equipped with an electrospray ionization (ESI) ion
source. The mobile phase was obtained as a mixture of acetonitrile (ACN) formic acid
0.1% v/v: water formic acid 0.1% v/v. Chromatographic separation was performed under

gradient elution conditions: 0-6 min 5% ACN, 6—14 min 5-70% ACN, 14-15 min 70%
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ACN, then held isocratically at 95% of ACN for 3 min before reconditioning the column.
The flow rate was 100 pL/min, while the column was thermostated at 25 °C. The column
was 50x2.1mm (Restek, Bellefonte, PA, USA) and packed with a C18 silica-based
stationary phase with a particle diameter of 3 um. The injection volume was 5 L for all
standards and samples. MS experimental conditions were as follows: spray voltage 4 kV,
capillary temperature 275 °C, capillary voltage 11 V and tube lens 25 V for positive ESI

conditions.

6.4.3. Results and discussion

6.4.3.1. Morphological, structural, optical and electrochemical properties
Structural and morphological properties of colloidal WOs3 films prepared by sequential
spin coating-annealing cycles by our group, were reported previously [15,28]. AFM
images taken on the B25/W0O3 composite are consistent with previous results taken on
unmodified films, showing a network of rather polydisperse, partly fused, roughly
spherical particles, whose diameter varies between 60 and 30 nm. The film shows
mesopores of the order of 50-100 nm, which allow for electrolyte percolation through
the film, more evident at intermediate magnification (scale bar 1 um in Fig. 6.4.1A, B).
Smaller interstices are evident between nanoparticle interconnections at higher
magnification in Fig. 6.4.1C. 25 modified WOs displays the presence of comparatively
larger elongated prismatic structures, having a ca. 1:2 aspect ratio and a length of ca.
200-250 nm assigned by comparison with pure 25 zeolites.

These are prevailingly distributed at the surface of the film, and are often embedded
and surrounded by the outermost layers of WOs nanoparticles. This is consistent with
the two step preparation route of 25 modified WOs3 surfaces which is based on the spin
casting of zeolite suspensions on the pre-formed WOs film. Attempts to disperse zeolites
within the bulk of the film, by modifying with zeolites the colloidal precursor for one-
step film deposition, were successful from the synthetic point of view, but led to
photoanodes having poor photoelectrochemical reproducibility due to scarce film
adhesion to the ohmic contact and were early abandoned for this work.

X-ray powder diffraction patterns of 25 before and after WO3 embedding are shown in

Fig. 6.4.2. The strong changes in the XRD patterns can be interpreted by assuming the
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presence of two phases: 25 and tungsten trioxide WO3s with monoclinic symmetry. The
evidence for the monoclinic-type phase of WOsiis strongly supported by the occurrence
of new diffraction peaks (PDF file # 83-0951). WOs phase showed a high intensity peak
at (020) reflection as well as lower intensity ones corresponding to (212), (410), (240)

reflections.

Fig.6.4.1. AFM micrographs showing the surface of f25/WOs;. Blue circles indicate some zeolite structures at the
surface and embedded within the outermost layers of much smaller WOs particles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Comparative XPS measurements (Fig. 6.4.3) carried out on the thin film electrodes
supported on FTO show that both the tungsten W4f7/2 and the O1s peaks associated to
WOs in the B25 modified film are essentially unchanged with regard to binding energy,
peak intensity ratio and FWHM (1.4 (W) and 1.6 (O) eV) with respect to the unmodified
WOs3 where BEs of 35.7 eV (W) and 530.5 (O) perfectly match with known literature data
for such material (35.7 £ 0.1 and 530.5 + 0.1 eV for W and O in WOs respectively) [29],
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suggesting a negligible electronic perturbation to the W core levels upon physical

deposition of B25 on the nanocrystalline WOs.
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Fig. 6.4.2. (a) Intensity-normalized X-ray diffraction patterns of B25 (blue line) and B25/WO3 in the 3-100° 20 range.
(b) The occurrence of new peaks related to the embedding of WOs. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 6.4.3. W4f7/2 XPS peaks observed in unmodified WO3 and 25 modified thin films supported on FTO.

Consistent with the XPS evidence, the electronic spectra and the cyclic voltammetry of
pure WO3 and of B25 modified WO3 electrodes are substantially super-imposable, (Fig.
6.4.4 A,B) corroborating the fact that no new electronic levels in the semiconductor are
introduced upon casting of the zeolite on the pre-formed WOs thin films. In both
unmodified and 25 modified materials, the absorption spectra are characterized by the
same onset of the visible absorption at 450 nm, as one should expect from the forbidden
gap value of WOs. The presence of zeolites, larger than the average WO3 nanoparticles,
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as shown by AFM, contributes to the increased light scattering from the B25/WOs film,
evident from the increased background at A > 450 nm, where the electronic transitions
of the semiconductor are absent. Cyclic voltammetry, reported in Fig. 6.4.4B, shows
similar capacitive charging currents at positive potentials (i.e. > 0 V vs SCE) where
faradaic processes are absent. Also, WO3 and B25/WOs show the same onset of the W®*/
W>* reduction (ca. 0 V vs SCE), corresponding to trapping of electrons in defects and
surface states close to the conduction band edge, confirming the marginal impact
coming from zeolite modification to the semiconductor energetics. In both W03 and
B25/W0s, the similar intensity of the faradaic reductive wave, where charge
compensation of the W®/ W>* process occurs by movement of cations from the
electrolyte (in our specific case Na*) to the porous semiconductor, indicates that after
coating with zeolites the WO3 porous film maintains its permeability to the electrolyte,
with an electrochemically active area comparable to that of pristine WOs. This is again
consistent with AFM, where the presence of rather sparse zeolitic structures decorating
the surface of the semiconductor, cannot preclude the access of the electrolyte to most

of the porous photoelectrode.
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Fig. 6.4.4. Electronic absorption spectra (A) and cyclic voltammetry (20 mV/s) in 0.5M Na,SO4 recorded on WO3 and
B25/WO0s electrodes.

6.4.3.2. Photochemical and photoelectrochemical degradation of KTP and LFX at WO3
electrodes

Photochemical degradation experiments were initially carried out on 0.7mM Na;S04
aqueous solutions containing 10 mg/L of drug (KTP or LFX) where the electrolyte was
added to reproduce the overall ionic content of natural freshwaters and to provide, for

comparative purposes, the same ionic environment established at the SEI under
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photoelectrochemical conditions. In photochemical experiments, colloidal WOj3 films
were employed in the absence of applied potential bias. Under such conditions WO3
electrons are promoted by valence band excitation under A > 360 nm, into both
delocalized (conduction band) and localized (trap) states, while holes, surviving
recombination, are scavenged by water (leading to ‘OH formation) or by direct reaction
with the organics interacting with the WOs surface. In the absence of surface co-
catalysts [30], production of oxidizing intermediates via reduction of molecular oxygen
by surface trapped electrons is considered to be slow and inefficient at WOs
nanoparticles having>30 nm size, exhibiting no quantum confinement [31], thus the
oxidation reactions are, in our case, mainly carried out by photogenerated holes.
Clearly both the direct (via reaction with holes having an approximate quasi-Fermi
potential of 2.7 V vs SCE) and the indirect pathway, via ‘OH mediated oxidation, would
lead to the oxidative degradation of these organic species.

Flat band conditions are quickly established in the solid under illumination due to
electron accumulation, neutralizing the positive charges within the depletion layer
formed upon initial Fermi level equilibration following contact between the solid and
the liquid phases. In these stationary conditions no electric field should exist in the
semiconductor film and transport of holes to the WOj3 surface, where scavenging occurs,
takes place solely by diffusion. Fig. 6.4.5 shows that photochemical degradation of 10
ppm LFX is ca. 75% complete after 5 h of illumination at ca. 0.13 W/cm?, according to a
monoexponential kinetic with a rate constant of 0.27 h™1. On the contrary, in the same
experimental conditions, KTP is not degraded, showing no deviations in the solution
concentration from the initial 10 ppm value, which remains substantially constant,
within the experimental error, during an irradiation cycle of 5 h. This finding can be
possibly explained by considering the electrostatic repulsion between the negative
charge of KTP at pH 6 and the negatively charged WOs3 surface [32,33]. This would cause
a depletion of KTP from the immediate proximity of the semiconductor surface reducing
the probability of direct scavenging by reaction with holes and also the likelihood of bi-
molecular reaction with ‘OH which, being highly reactive species, are not expected to
diffuse very far from the surface whereupon are generated under illumination.
Competitive reaction of ‘OH with SO4? to form S20s%, bi-molecular events yielding H,0,
or electron recapture on the semiconductor surface leading to reformation of water will

indeed limit the lifetime of ‘OH and hence their diffusional path. In the
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photoelectrochemical experiment, the application of a 1.2 V vs Pt potential bias to a
WOs film, significantly improves the degradation of KTP under simulated solar
illumination (AM 1.5 G+380 nm cut off filter) resulting in a ca. 50% abatement of the
initial concentration of KTP after 5 h of illumination, with a rate constant of 0.13 h™! (Fig.

6.4.6, brown circles).
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Fig. 6.4.5. Photocatalytic degradation kinetics (no applied potential) of 10 ppm KTP (A > 380 nm) and of LFX (A > 360
nm) on colloidal WO3 thin films (area=1 cm2) at pH 6 in 0.7mM Na2SO4. Hg medium pressure mercury lamp 0.128
W/cm2.
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Fig. 6.4.6. Photoelectrochemical degradation kinetics of 10 ppm KTP (AM 1.5 G and A > 380 nm) at WO3 (area=1 cm2)
(brown) and at B25/W0O3 (orange) at pH 6 in 0.7mM Na2S04 under 1.2 V vs Pt bias.

degradation of KTP under simulated solar illumination (AM 1.5 G+380 nm cut off filter)
resulting in a ca. 50% abatement of the initial concentration of KTP after 5 h of
illumination, with a rate constant of 0.13 h™! (Fig. 6.4.6, brown circles). The applied
potential bias was set at 1.2 V since at this value no substantial dark anodic current is

observed, while the photoanodic plateau (i.e. the maximum rate of hole extraction from

the semiconductor) is reached. Additionally, from chronoamperometry data it can be

162



observed that the photocurrent is essentially constant and reproducible, with a steady
state photoanodic current density of ca. 100 pA/cm?, during 10 polarization cycles at 1.2
V vs Pt, each of the duration of 30 min, confirming the stability of the photoanodic
response of WOs employed for the decontamination process. Since a 10 ppm
concentration of KTP in the poorly conductive 0.7mM Na,SOs solution was not ideal to
observe the direct impact of the photo-oxidation of this drug on the resulting J-V
characteristic of the WOs photoelectrode, three electrode potentiodynamic
experiments were carried out in 0.5M Na;SO4 at pH 6 in the presence of 10-3 M KTP,
representing the drug solubility limit in water at pH 6. Compared to the blank electrolyte
made of 0.5M Na;SO4 at pH 6 (Fig. 6.4.7 blue line), the presence of 10-3 M KTP (Fig.
6.4.7, black line) induces a ca. 100 mV anticipated photoanodic response, while the
photocurrent in the activation region of the curve, i.e. between 0.2 and 0.4 V vs SCE,
where minority carrier recombination is more significant, is ca. twice higher, with a good
matching of the steady state JV with square shaped photoanodic transients (red line,
Fig. 6.4.7). All these photoelectrochemical features provide unambiguous evidence of
reduced photogenerated carrier recombination thanks to the participation of KTP to

hole scavenging (or ‘OH scavenging) processes at the SEI under positive polarization.
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Fig. 6.4.7. )V characteristic of colloidal WOj5 thin films (area=1 cm2) under AM 1.5 illumination with 380 nm cut-off

filter at pH 6 in 0.5M Na,SO, in the presence (black and red curves) and in the absence of 10-3 M KTP (blue). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The improved degradation of KTP under applied bias can be explained by the
combination of two factors. First, the positive polarization reduces recombination, by
continuously removing photogenerated electrons from conduction band and sub-band
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gap states, increasing the flux of holes through the SEI where scavenging by the
electrolyte occurs. Second, the positive charges induced on the electrode, comprising
both the underlying FTO contact and mesoporous WO3 are counterbalanced by anionic
species in the electrolyte. The ionic cloud surrounding the electrode is generally
described in the framework of the Stern-Graham model, where the first linear potential
drop in the electrolyte takes place within the Helmholtz plane, i.e. a compact sheet of
ionic charge at a fixed distance from the electrodic surface, followed by a diffuse layer,
where the potential drop, according to a linear approximation of the Poisson-Boltzmann
equation occurs exponentially [34]. The induction of an ionic cloud, constituted by SO4%
and KTP, having charge opposite to that of the electrode surface, thus results in a local
surface excess of KTP, favoring the effective bimolecular encounter with an increased
flux of photogenerated ‘OH, leading to enhanced oxidative degradation. Possible
chemical interactions of KTP with the electrode surface, consisting for instance in the
coordination of the carboxylate group to either Sn** of FTO or W®* of WO3 could also
result from the electrostatically increased surface excess of KTP. The local uptake of KTP
by the mesoporous electrode under 1.2 V vs Pt polarization was confirmed by HPLC
analysis carried out on 10 ppm KTP/0.7mM NaxSOa, within a time interval spanning 5 h,
during which the solution was left to equilibrate with the electrode under positive
polarization in the dark. We can indeed observe in Fig. 6.4.8 (blue squares) a slow
depletion of KTP from the solution, slowly decreasing to a ca. 10% uptake after 5 h.
Photoelectrochemical KTP degradation is further accelerated by exploiting the B25
modified WOs film, giving a>65% abatement (orange circles, Fig. 6.4.4) and a
degradation rate constant of 0.22 h™ within the same time interval and in otherwise
identical conditions. The photoanodic current density, recorded during such experiment
was also comparable with that delivered by the unmodified WO3 SEl, with a steady state
value ranging between 100 and 150 pA/cm?2.

Consistent with the degradation results, the B25/WO0s3 electrode shows a much faster
KTP uptake, (Fig. 6.4.8 green dots), with 90% of the relative variation occurring within
the first hour, indicating a favorable trapping and confinement of KTP within the zeolites

[35] embedded in the WOs film.
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Fig. 6.4.8. KTP (10 ppm in 0.7mM Na,SO,) uptake by WOs3 (blue) and B25/WOs (green) in the dark under 1.2 V vs Pt
polarization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

This well explains the faster degradation kinetics observed under photoelectrochemical
conditions with the B25/W03 modified electrode. Imprisoning of KTP inside zeolites is
also consistent with the high photoactivity of 25/WQOs in the absence of applied bias
where degradation of KTP was achieved with a time constant of 0.27 h~! under medium
pressure Hg lamp (A > 380 nm) illumination. It should be recalled that in otherwise
identical conditions, no significant KTP degradation was observed with the unmodified
WOs3 film. This piece of evidence suggests that direct reaction of KTP with
photogenerated holes at the SEl is not the likely mechanism for drug degradation, since
in the case of KTP trapping inside B25, the direct contact between such organic species
and the semiconductor surface is precluded. Rather, the degradation most probably
involves reaction with ‘OH diffusing away from the semiconductor surface upon primary
hole scavenging by water.

In the case of LFX, for which a satisfactory performance was already observed (see Fig.
6.4.1) under purely photocatalytic (no bias) conditions, the application of the potential
to either WOs or B25/WO0s also translates in a significant acceleration of the oxidative
degradation of this drug at the SEI under illumination. Differently from KTP, which was

essentially stable showing only a slight decrease at 1.5 V bias, probably due to surface
uptake upon polarization, LFX is appreciably degraded by electrolysis at potential>0.4 V
vs. Pt, (Fig. 6.4.9), consistent with the observation of a dark electrochemical process,

occurring at the exposed back contact (FTO) of the photoanode, having a threshold at
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0.6 Vvs Pt. In order to avoid spurious electrochemical contributions to drug degradation,
the rate of LFX degradation was monitored at a bias of 0.4 V vs Pt, a potential at which
only photoinduced charge separation within WO3s should be active in triggering oxidative
processes. Unsurprisingly, due to reduced bias, the photoanodic current generated by
WOs3in 10 ppm LFX dissolved in 0.7mM Na;SOsat pH 6, was smaller than in the KTP case,
being in the order of ca. 50 uA/cm2. Nevertheless, the photocurrent was satisfactorily
stable and reproducible during prolonged experiments. Essentially, in this case the
enhanced activity stems from an increased hole flux reaching the SEI: under 0.4 V vs Pt
and AM 1.5 G (> 380 nm) illumination, causing the initial concentration of LFX to drop to
less than 90% within 5 h, according to a rate constant of 0.69 h™* (Fig. 6.4.10). No obvious
advantages were found from the use of a 25 modified WOs thin film, given the fact that
LFX is already likely to display a good interaction with the semiconductor surface, either
through electrostatic interactions or by surface adsorption via nitrogen lone pairs.
Compared to KTP, LFX is also an easier to oxidize species, which may react with a wider
family of oxidant intermediates, like H;0,, generated upon primary water

photooxidation by the coupling of two ‘OH radicals.
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Fig. 6.4.9. Electrodegradation of LFX (blue bars) and KTP (red bars) in the dark at the WO3 SE| biased at various anodic
potentials. The ratio of the concentration of either LFX or KTP with respect of their respective initial concentration
(10 ppm) is reported after 3 h of anodic polarization at 0.4, 0.6 and 1.5 V vs Pt in the dark at pH 6 in 0.7mM Na2S04.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 6.4.10. Photoelectrochemical degradation kinetics of 10 ppm LFX, under AM 1.5 G and A > 380 nm illumination at
WO3 (area=1 cm2) (brown) and 25/ WO3 (orange) at pH 6 in 0.7mM Na2S04 under 0.4 V vs Pt bias.

6.4.3.3. Drug mineralization and characterization of the degradation intermediates

The main degradation products of both KTP and LFX generated during the photo-
electrocatalytic process were identified. The structural assignments of the
intermediates were done on the basis of the comparison of the fragment ions detected
in the MS-MS spectra with those reported in previous studies [36,37]. Concerning LFX,
in addition to the parent molecule, five intermediate products were identified (Table
6.4.1) in the withdrawal solutions obtained during photoelectrochemical degradation.
These compounds have molecular ions at m/z 335, 278, 337, 347 and 364. All of them
correspond to the protonated molecule [M+H]*.

The byproduct having m/z 335 corresponds to the partial degradation of the
piperazynilic ring, it is 27 Da lighter than LFX, and it could correspond to a secondary
amine generated by the net loss of C2H2 from the piperazynic moiety consistent with a
previous observation by El Najjar et al. [38] The product with m/z 278 can be attributed
to the oxidation of the piperazine side-chain in analogy to previously reported floxacin
degradation products [39]. The intermediate with m/z of 364 possibly derives from the
ring-opening at the N1 position (see Chart 6.4.1) followed by further oxidation via OH
radical [40]. The fragment at m/z 347 may be generated through the transformation of
the molecule chromophoric group. Additionally, literature data suggest that even the
oxidation of quinolone moiety is mediated by %OH [41]. The product having m/z 347

possibly derives from demethylation (-14 Da) of the parent compound m/z 362. [40].
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The exact concentrations of the intermediates have not been quantified since the

corresponding standards for calibration are not commercially available.
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Table 6.4.1 Structure of the photoelectrochemical degradation products of LFX identified by mass spectrometry.
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Table 6.4.2 Structures of the detected photoelectrochemical degradation products of KTP.

Peak Area x 10 ° (a.u.)
—
(4]
|

T T

1 T
4 6 8 10 12 14

I i 1 ' 1

—
16 18 20 22

Irradiation time (h)

Fig. 6.4.11. Photoelectrochemical degradation of the LFX intermediates at the B25/WOQOsz SEl under AM 1.5 G
illumination with 380 nm cut off.
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Fig. 6.4.12. Photoelectrochemical degradation of the KTP intermediates at the B25/WOs; SEl under AM 1.5 G
illumination and 380 nm cutoff.

However, the relative abundance of the oxidation products can be evaluated from their
associated peak integral. Fig. 6.4.11 shows that the intermediates described above
underwent a complete degradation, generally resulting below the detection limit of this
analytical technique after 20 h of photoelectrolysis employing [B25-WOs3
photoelectrodes, consistent with the mineralization of LFX. In the degradation of KTP,
the four most abundant intermediates observed have m/z 227, 225, 212 and 211 (see
Table 6.4.2). The molecular weight of KTP is 254, whereas the intermediate having m/z
211, reported in Table 6.4.2, show a 44 Da decrease in the molar mass suggesting a
decarboxylation of the parent compound. The most significant (MS?) fragments
obtained from the m/z 211 compound, are reported in Table 6.4.2 alongside with the
structural assignment performed on the basis of the comparison of the m/z fragments
with the work by Szabo et al. [42]. It is thus possible to identify this compound as 3-
ethylbenzophenone (EB). The m/z 212 intermediate seems to correspond to 3-
hydroxymethyl-benzophenone, possibly deriving from oxidation of EB. On a similar
basis, the fragment analysis of the intermediates with m/z 277 and 225 leads to 3-
acetylbenzophenone and 3-hydroxylethyl benzophenone. The peak area of the

fragments vs. irradiation time is reported in Fig. 6.4.12, where it can be observed that
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also for KTP the intermediates become undetectable after 20 h of photoelectrolytic

process, consistent with the achievement of drug mineralization.

6.4.4. Conclusions

In this contribution we have explored the applications of WO3 based nanomaterials to
the degradation of Ketoprofen (KTP) and Levofloxacin (LFX), representing ubiquitous
water contaminants of emerging concern. Interestingly, it was found that, while LFX is
effectively degraded under both photocatalytic (no bias) and photoelectrochemical
(applied bias) conditions, in the case of KTP there is an extreme difference in the
photochemical vs. photoelectrochemical degradation kinetic: under conventional
photocatalytic conditions, KTP does not show any appreciable degradation, whereas
under applied bias its degradation is roughly 70% complete during a 5 h illumination
cycle with A > 380 nm. This behavior was explained by the induction of a local excess of
KTP at the WOs SEl under positive potential, allowing a faster reaction with surface
generated ‘OH radicals. In the absence of positive bias, at pH 6, such interaction does
not occur, due to electrostatic repulsion between the anionic KTP and the negatively
charged WOs surface, having point of zero charge at pH lower than 2. This indicates that
besides modulating the charge separation rate at the SEl, the electric bias could be
useful to tune the solar degradation of otherwise impervious molecular species via
double-layer effects.

Further, in the case of KTP, the degradation activity of WO3 could be further enhanced
by incorporating B25 zeolites into the photoactive semiconductor, allowing to trap and
confine KTP in the immediate proximity of the WO3 surface, where the exposure to the
flux of -OH generated by monoelectronic oxidation of water should be optimal. Indeed,
under appropriate photoelectrochemical conditions, B25-WOs led to the complete
degradation of both KTP and LFX, as well as of their respective oxidation intermediates
following 20 h of illumination. Our research is now directed towards the fabrication of
thick WOs3 films optimized for application under solar concentration and to the
exploitation of WO3/BiVOa junctions, where the better light harvesting should allow for

a considerable acceleration of the photoelectrochemical degradation of CECs.
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6.5 Adsorption of PFAS onto Mixed matrix membranes (MMMs)

The data herein reported are preliminary results of a new project and further

investigations will be carried out.

This work is focused on the study of the adsorption process on CANAM (carbon
nanostructured advanced material) for PFAS removal from water matrix. CANAM is a
mixture of graphene, carbon nanotubes, graphite, and fullerene to form mesoporous
structures with a very high specific surface. The carbon material was incorporated into
several polymeric matrices, which were obtained by polymerization reaction between
two different PEGDEs and two different amino-functionalized monomers. The
membranes obtained showed differences in crosslinking, swelling and hydrophilicity
due to the intrinsic characteristics of monomers used in the formulations. Furthermore,
a different percentage of carbon was added to each resulting mixed membrane matrix
(MMMs). Porous fillers added to a polymer matrix not only increases the permeability
of the desired component, but also increases the overall selectivity, overcoming the
traditional permeability-selectivity trade-off of the polymeric membranes.

Among all the polyfluoroalkyl substances, PFOA was selected for its relevant use in
industrial processes and products (due to its hydro-repellent and oleo-repellent
characteristics) and for its presence in the environment, particularly in surface waters.
The adsorption and kinetic studies were carried out by batch method, in which a known
amount of the adsorbent material was put in contact with a known concentration of
PFOA in aqueous solution.

Kinetics studies showed that the kinetic equilibrium was reached in 3 hours for the
MMMs, while it was faster for carbon powder (less of 30 minutes). Adsorption capacities
were evaluated through the determination of adsorption isotherms for both the MMMs
and the powdered carbon material; the results showed that higher adsorption capacities
were obtained for MMMs than CANAM.

Furthermore, swelling tests were carried out to evaluate the swelling capacities for each

formulation of the mixed matrix membrane.
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6.5.1 Materials and Methods

6.5.1.1 Reagents

PFOA was purchased from (Sigma-Aldrich 98% purity), PEDGE_Ethyl purchased from
(Sigma-Aldrich), PEGDE_Propyl (Sigma-Aldrich), Jeffamine ED_600 (Sigma-Aldrich),
PEONH; (Sigma-Aldrich), CANAM (Vyridis)

6.5.1.2 MMMs Preparation

To synthesize the hydrogel polymers, mass polymerization reaction was carried out,
under stirring condition for 24 h at 60°C. Carbon material (CANAM) was added in
different percentages w/w. The structure formula of each monomer and reaction are

schematized in figure 6.5.1

a
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CHy
PEGDE_Propyl PEO-NH,

Figure 6.5.1 Structure formulas of the various monomers employed

Reaction was carried out as follow:

e PEGDE ethyl JEFFAMINa. Ethyl PEGDE and Jeffamina ED-600 reacted in 2/1 ratio
for the blank. MMMs were obtained by adding CANAM at 5% and 10% w/w
respectively.

e PEGDE ethyl PEO-NH,. An amount of ethyl PEGDE was added to an aliquot of
PEO-NH; (ratio 7/1) for the blank. To obtain the corresponding MMM, 5% w/w
of CANAM was added.
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e PEGDE propyl PEO-NH». PEGDE Propyl was added to PEO-NH; in 8/1 ratio for the
blank. To obtain the corresponding membrane, a quantity of CANAM at 5% w/w

was added.

6.5.1.3 Batch Adsorption

Adsorption experiments were carried out into 20 mL polypropylene flasks and the solutions
were stirred at room temperature for 24 hours. After the contact, an aliquot of the sample
was centrifuged at 14000 rpm for 2 minutes and the surnatant was analized by HPLC-MS.
For each batch with increasing contaminant concentration (from 1 to 200 ppm of PFOA) the
absorbent to solution ratio w/v was 1: 1 mg / mL. Batch tests were performed for all
absorbent materials (MMMs) and compared with the respective blanks (hydrogels) and the
carbon powder.

HPLC/MS analyses were made by means of Surveyor micro-HPLC hyphenated to a linear trap
guadrupole mass spectrometer (LTQ XL Thermo Scientific, Waltham, MA, USA). The HPLC
apparatus was composed of a solvent delivery system, a quaternary pump and an
autosampler. The LTQ system was equipped with an electrospray ionization (ESI) ion source.
The mobile phase was obtained as a mixture of acetonitrile (ACN) with formic acid 0.1% v/v
and water with formic acid 0.1% v/v in a 60/40 ratio. Chromatographic separation was
performed under isocratic elution conditions. The flow rate was 150 pL/min, while the
column was thermostated at 25 °C. The column used was Symmetry C18 100x2.1mm
(Restek, Bellefonte, PA, USA) packed with a C18 silica-based stationary phase with a particle
diameter of 2.1 um. The injection volume was 2 ulL for all standards and samples. MS
experimental conditions were: spray voltage 3 kV, capillary temperature 275 °C, capillary

voltage -4 V and tube lens -80 V for negative ESI conditions.

6.5.2 Result and Discussion

6.5.2.1 Adsorption Isotherm

Adsorption studies were carried out to evaluate saturation capacity (gs) for PFOA on
each mixed membranes matrix and on CANAM powder (Figure 6.5.1). gqs (mg/g)
corresponds to the maximum quantity of contaminant adsorbed per gram of adsorbent

and is calculated using adsorption isotherm models.
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The data obtained from batch experiments were fitted to the Langmuir isotherm model

with the following equation:

— QSbCe
1= T+ e,

where b is the binding constant (L mg™) gs is the saturation capacity of the adsorbent
material (mg g™') and Ce is the equilibrium concentration. The Langmuir model describes
an adsorption process on a homogenous surface, and it does not take into account
adsorbate-adsorbate interactions and adsorbate-solvent interactions. Furthermore, the

model represents an adsorbent characterized by energetically equivalent sites.

e (rmgfo)

it Tl il

Ce ppm)

Fig.6.5.2 Adsorption isotherm of carbon powder

As can be seen in figure 6.5.2 the adsorption isotherm is concave and consists of a steep
initial part and a saturation zone. The concave shape of the adsorption isotherm
indicates a favorable adsorption of PFOA on CANAM, and therefore this material can be

defined as a good adsorbent. The saturation capacity obtained is reported in Table 6.5.1

Table 6.5.1 Estimated parameters obtained using the Langmuir isotherm model, the confidence bonds at 95% of

probability are reported in brackets.

as (mgg?) b (L mg?) R?

30.5(29.3; 31.8) 0.235(0.198; 0.273) | 0.9933

In Figure 6.5.2 the adsorption isotherms of the contaminant on MMMs are reported.
Experimental data were fitted with the Hill isotherm model which describes the

adsorption process as a cooperative phenomenon; the binding capacity of the ligand to
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one site on the macromolecule can influence different binding sites on the same

macromolecule.
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Figure 6.5.2 Adsorption isotherm comparison between: (a) PEGDE_Ethyl_PEONH2+5% carbon and Blank and (b)
PEGDE_Ethyl_JEFF + 5% Carboneous material vs Blank

The mathematical expression of the Hill isotherm model is the follow:

qe = CISHCenH
¢ Kp+Cpf
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Where qe is the mass of adsorbate per adsorbent unit (mg g?), gs+ is the maximum
absorption saturation of the Hill isotherm (mg L), Kp is the Hill constant, nH is the Hill
cooperativity coefficient of the bond interaction and C. is the concentration of the
species of interest at equilibrium (mg L1).

The comparison of adsorption isotherms between blanks and the corresponding mixed
matrix membranes (Fig.6.5.2), showed that in each case an increase of saturation
capacity occurred when the filler was added to the polymeric matrices. This indicates
that with the addition of CANAM, materials with a better adsorption capacity than the
starting ones are obtained.

Furthermore, kinetic studies were carried out. To determine the kinetic parameters,
experimental data were interpolated by the pseudo second order kinetic equation:

k,qit

%= 77 k,q,t

in which gt represents the amount of adsorbed PFOA at the time t, k, the pseudo second

order constant, ge and the amount of adsorbed material at equilibrium.
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Figure 6.5.3 Adsorption kinetic of CANAM
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Figure 6.5.4 Comparison of adsorption kinetic trends of the polymeric matricies

Comparing the adsorption kinetics of the different adsorbent materials (Figure 6.5.3,
6.5.4) it can be seen that CANAM reaches the equilibrium faster than the various
polymeric matrices. In fact, the carboneous powder reached equilibrium in less than 30
minutes, while in the case of the polymeric matrices the equilibrium was reached after

4 hours.

6.5.3 Swelling
Swelling percentage was evaluated weighting the sample at different contact time to
evaluate the increases of mass and weight of the hydrogel sample. Experiments were carried
out in water solution under stirred (25°C) for 24 hours. To obtain swelling percentage was
used the following equation:

SWr —

o = W Wi,
SW% = L=« 100
i

Were SWs corresponding to the weight of sample after a period of contact time, and SWi is

the weight of starting hydrogel. In figure 6.5.4 swelling percentages vs. contact time, are

reported.
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Figure 6.5.4 Swelling percentage of PEGDE_Ethyl-Jeffamine ED-600 (green line), PEGDE_Ethyl-PEONH; (blue line) and
PEGDE_Propyl-PEONH,

Experimental data shows that higher swelling percentage occures for PEGDE_Ethyl-JEFF
and the followed, in order of swelling increase, are PEGDE_Ethyl-PEONH; and
PEGDE_Propyl-PEONH.. As it can seen in figure 6.5.1, the higer hydrophilic polymeric
matrix is PEGDE_Ethyl-JEFF; in view of this, it emerges that the swelling is linked to the

hydrophilic characteristics of the material.
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6.6 Comparison of the adsorption process between Y zeolites

Part of the results illustrated herein are included in an article in preparation.

Among the various removal approaches of PFAS contaminants, adsorption in low
concentration from complex waste and surface waters through microporous materials
has proven to be highly effective, albeit the PFOA and PFOS adsorption mechanism is
not yet completely defined [1]. Due to their large surface area, controllable pore size,
along with cost effective production on a large scale, eco-compatibility, long-life
capability, high acid resistance and catalytic activity [2], zeolites have been widely used
in water purification [3-5] organic solvent filtration, gas separation. Introduction of
noble metals (e.g., Ag) nanoparticles NPs onto zeolites confers unique physical, chemical
properties along with strong absorption property, good stability and good conductivity.
Silver immobilized in the zeolite solid matrix has the most powerful antimicrobial activity
against a range of both Gram-negative (e.g. Acinetobacter, Escherichia, Pseudomonas,
Salmonella and, Vibrio) and Gram-positive bacteria (e.g. Bacillus, Clostridium,
Enterococcus, Listeria, Staphylococcus and, Streptococcus), fungi (e.g. Aspergillus niger,
Candida albicans, Saccharomyces cerevisiae and, Penicillium citrinum), virii (e.g Hepatitis
B, and HIV-1), and antibiotic-resistant pathogens.

This work is focused on the adsorptive properties of Y zeolite with different
silica/alumina ratio (SAR) towards FPOA and PFAS. This zeolite (FAU-type topology) is an
inorganic microporous crystalline material whose three-dimensional framework is built
up from TO4 tetrahedra giving rise to three-dimensional channels arranged in a cubic
structure. The present work aims to investigate, for the first time by Rietveld structure
refinements on, the structural evidences of PFOA and PFOS adsorption on Y zeolites with
different silica/alumina ratio (SAR) before and after Ag-functionalization.

The objective was to investigate the host-guest interactions as well as demonstrate the
potential application of these high selective microporous materials for PFOA removal

from aqueous solutions.

182



6.6.1. Material and methods

6.6.1.1 Materials

High silica “Y” type faujausite zeolites powders CBV720 (30 SiO»/Al,03 molar ratio, 0.03 wt%
Na,0), CBV760 (60 SiO,/Al,03 molar ratio, 0.03 wt% Na,0) and Y HSZ390HUA (500 SiO,/Al,Os
molar ratio, 0.05 wt% Na,0), were purchased from Zeolyst International (Conshohocken, PA,
USA) and Tosoh Corporation (Tokyo, Japan) respectively. More details are reported in Table
6.6.1. Silver Nitrate (AgNOs - ACS Reagent — purity 299.0% - 209139-25G) was purchased from
Merck (Darmstadt, Germany). The water was Milli-Q grade (Millipore, Ma, USA). PFOA standard
was purchased from Sigma-Aldrich (99% purity) while PFOS standand from LGC Standard (96%

purity). Structures of perfluoroalkyl chemicals under investigation are reported in Figure 6.6.1.

PFOA F FF FF F O PFOS F FF FF FF F
F F

OH SOzH
F F

Figure 6.6.1 Molecular strutcures of PFOA and PFOS

Table 6.6.1 Characteristics of Y zeolites

samble Supplier and Si0,/Al,0;  Surface Area Na:0 Nominal
P Product Code Ratio (BET, m?/g) (wWt%) Cation Form
Zeolyst International
Y72 7 . H
0 CBV720 30 80 0.03 ydrogen
Zeolyst Int tional
Y760 eolyst nternationa 60 720 0.03 Hydrogen
CBV760
Tosoh C ti
Y390 osoh Lorporation 500 630 0.05 Hydrogen

HSZ390HUA

6.6.1.2 Preparation of silver-exchanged zeolites

The AgY zeolites were prepared using standard ion-exchange method. Caution was
taken due to the silver photosensitivity. 1 g of each Y-zeolite was used as received and
introduced in 250 mL of 0.05 M AgNQOs aqueous solution and continuously stirred at 150
rom for 24 h at 60 °C (ORBITAL INCUBATOR SI50 — Stuart Scientific) in darkness
conditions. The solid was recovered by vacuum filtration on a membrane filter (mixed
cellulose esters (MCE), 8 um pore size, 47 mm diameter, MF-Millipore) and washed

thoroughly with deionized water. The silver-exchanged zeolites were dried at room
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temperature and atmospheric conditions in a dark area and were stored in a dryer

before the analysis.

6.6.1.3 Batch experiments

Adsorption experiments were performed with the batch method, where solutions of
increasing concentration of PFAS were put in contact with known amounts of zeolite in
1:1 ratio (mg:mL). The PFAS, particularly PFOS, are adsorbed on glassy material,
therefore, to evaluate the saturation capacity of the zeolites, it was necessary to use
inert polypropylene volumetric flasks. During the contact time (24 hours) the solutions
were continuously stirred at 25 ° C. After this period, an aliquot of sample solution was
centrifuged at 14000 rpm for 5 minutes, and analyzed by HPLC / MS.

HPLC/MS analyses were carried out by means of Surveyor micro-HPLC hyphenated to a
linear trap quadrupole (LTQ) mass spectrometer (LTQ XL Thermo Scientific, Waltham,
MA, USA). The LTQ system was equipped with an electrospray ionization (ESI) ion
source. The mobile phase was obtained as a mixture of acetonitrile (ACN) with formic
acid 0.1% v/v and water with formic acid 0.1% v/v in 60/40 ratio. Chromatographic
separation was performed under isocratic elution conditions and the flow rate was
150 pL/min. The column used was Ascentis express C18 100x2.1mm (Supelco, USA)
packed with a C18 silica-based stationary phase with a particle diameter of 2 um. The
injection volume was 2 L for all standards and samples. MS experimental conditions
were: spray voltage 3 kV, capillary temperature 275 °C, capillary voltage -4 V and tube

lens -80 V for negative ESI conditions.

6.6.1.4 X-ray powder diffraction measurements and structure
determination

X-ray powder diffraction patterns (XRD) were measured on a D8 Advance X-Ray
Diffractometer, with DAVINCI Design, (copper anode; operating conditions, 40 kV and
40 mA), and a linear array detector (LynxEye), coupled with a Ni filter to completely
remove the Cu KB component. Data scans were collected at RT in the 20 range 4-80°,
0.02° 20 step size, with point-detector equivalent counting times of 3 s/step. LeBail
method get precise integrated intensities and refine accurately the lattice parameter a
in Fd-3m space. Rietveld structure refinements were then performed using the GSAS

package [6] with EXPGUI graphical interface [7]. Group starting from the structural
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model reported by Braschi et al. (2010). The Bragg peak profiles were modelled by the
third profile function described by Finger, Cox and Jephcoat (LX, LY, S/L, H/L) [n], with
the peak cut-off set to 0.0005%. The instrumental background curve was fitted using a
Chebyschev polynomial with 20 variable coefficients. The 28-zero shift, scale factor, and
unit-cell parameters were refined. Geometric soft constraints were initially imposed on
tetrahedral Si-O, 0-0, C-C, C-F bond distances (Si-O 1.62+ 0.04 A, 0-0 2.60+ 0.04 A, C-C
1.40+ 0.02 A, C-F 1.35+ 0.02 A, respectively). Their weighting factor was then reduced in
the last cycles of the refinement until reasonable bond lengths were obtained. The
positions of extraframework sites were defined applying Fourier and Difference Fourier
maps. Atomic coordinated, displacement factors and occupancies (Tables 15-6S) of the
organic molecules were refined during the early stage of the refinement and then fixed
in the final stage of the refinement. The approximation of crystallite sizes of zeolites was

achieved by the Scherrer equation and Williamson-Hall analysis.

6.6.2. Results and Discussion

6.6.2.1 Adsorption

The adsorption of PFAS from the aqueous solution onto zeolites was evaluated by fitting
the experimental data with the Langmuir adsorption isotherm model. The uptake q (mg
g'!) was calculated as follow:

— QSbCe
1= 13 nc,

where b is the binding constant (L-mg™), gs is the saturation capacity of the adsorbent
material (mg-g™!) and Ce (mg L?) is the solute concentration at equilibrium. The
adsorption isotherms of PFOA and PFOS on Y and AgY zeolites are shown in Figure 6.6.2
and 6.6.3.
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Figure 6.6.2 PFOA adsorption comparison between Y zeolites (a), PFOA adsorption comparison between

AgY zeolites (b)
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Figure 6.6.3 comparison of PFOS adsorption between Y zeolites (a), comparison PFOS adsorption between
AgY zeolites (b)

As it can be seen in figure 6.6.2 and in figure 6.6.3 the saturation capacity is higher for
the Y390 zeolite, whereas Y720 and Y760 have a similar uptake of PFOA and PFOS. By
comparing the Y zeolites in terms of saturation capacities and binding constants (Table
6.6.2), the more hydrophobic Y390 generally demonstrated to offer higher efficiency
than Y720 and Y760, despite the same surface area, thus confirming that the SAR of the

zeolite is an important factor in the adsorption process.

Furthermore, the saturation capacity of each zeolite towards PFAS increases after
adsorption of silver ions onto the material. Even in this case, the higher saturation
capacity was reached for Y390 zeolite. Therefore, hydrophobic zeolites are very
promising adsorbents for the removal of PFAS from water. Comparing the saturation

capacities, it can be seen that the uptake of PFOA on all zeolites is higher than PFOS.
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Furthermore, kinetic studies were carried out to evaluate the kinetic costants and the
reaching of the kinetic equilibrium. Experimental data reported in Figure 6.6.4 can be
fitted by the pseudo-second order model:

_ kaqit
U= 1 kgt
where g: and ge are the amounts of solute adsorbed per mass of sorbent at a time t and
at the equilibrium, respectively, and k; is the pseudo second-order adsorption rate

constant.
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Figure 6.6.4. PFOA uptake vs. contact time for Y390 (green line), Y760 (red line) and Y720 (blue line) for

initial concentration of 10 mg/L

Results showed that the adsorption kinetic process was very fast for all Y zeolites; the
equilibrium was reached in about 20 min. The values of the uptake at the equilibrium,
ge, and the adsorption rate constant, k;, obtained from the pseudo second order kinetic

model, are reported in table 6.6.2.

Table 6.6.2 Kinetic parameters obtained from pseudo second order kinetic equation. The confidence limits at 95% of
probability of the estimated parameters are reported in brackets.

Sample q(mgg?) K2 (g Lmg?) R2

Y390 8.87 (8.86 ; 8.8) 0.42 (0.39; 0.45) 0.9985
Y760 6.78 (6.77 ; 6.79) 0.33(0.30; 0.36) 0.9898
Y720 7.98(7.97:7.99) |0.31(0.28:0.34) | 0.9948
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6.6.3 Characterization by X-ray diffraction

A careful characterization of all starting selected zeolites was carried out by the Rietveld
method to define their unit cell parameters (Table 6.6.3), tetrahedral bond distances

and angles. Mean Si-O bond lengths and Si-O-Si and O-Si-O angles do not differ

significantly.

Table 6.6.3. Unit cell parameters of Y and AgY zeolites

Sample Spacegroup a=b=c(A) V(A3

Y720 Fd-3m 243160(4) 14377.3(4)
Y720-PFOA  Fd-3m 24.2978(4)  14345.1(5)
Y720-PFOS  Fd-3m 24.3028(4)  14353.9(4)
AgY720 Fd-3m 243077(3)  14362.6(3)
AgY720-PFOA  Fd-3m 24.3054(3)  14358.5(3)
AgY720-PFOS  Fd-3m 24.2869(4)  14325.7(4)
Y760 Fd-3m 24.2789(6)  14311.6(6)
Y760-PFOA  Fd-3m 24.2865(4)  14324.9(4)
Y760-PFOS  Fd-3m 24.2809(4)  14315.1(4)
AgY760 Fd-3m 24.2844(4)  14321.3(4)
AgY760-PFOA  Fd-3m 24.2824(4)  14317.7(4)
AgY760-PFOS  Fd-3m 24.2869(4)  14325.7(4)
Y390 Fd-3m 24.2882(4)  14328.1(4)
Y390-PFOA  Fd-3m 24.2854(3)  14323.1(3)
Y390-PFOS  Fd-3m 24.2845(2)  14321.6(2)
AgY390 Fd-3m 24.2839(4)  14320.5(4)
AgY390-PFOA Fd-3m 24.2824(4)  14317.7(4)
AgY390-PFOS  Fd-3m 24.2831(3)  14319.0(3)

Analysis of the Fourier maps highlighted the occurrence of co-adsorbed water molecules
in the supercage (w1, w2, w3 and w4 sites, respectively), linked to each other to form 4

different water molecular oligomers (04-w3-w1-w2-w4-w4-w3-04; 04-w3-w2-wl-wl-
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w3-04;04-w3-wl-wl-w2-w3-04 and 0O4-w3-wl-wl-w2-wl-wl-w3-04) hydrogen

bonded to the 04 framework oxygen atom (Figure 6.6.4 a).

The unequal water molecules amount confined in structural pores (130, 94 and 86 water
molecules per unit cell in Y720, Y760 and Y390, respectively) explains the different

intensities of (111) and (220) reflections in the powder diffraction patterns.

After Ag-exchange, the comparison of the main peaks’ intensity with those of the as-
synthesized materials indicates a progressive variation of both intensity and position
suggesting the entering of Ag ions inside the microstructural porosities. Moreover, no
loss of crystallinity or new diffraction lines are observed thus excluding the formation of
amorphous/secondary phases (Figure 6.6.4 b). A careful examination of the intra-
framework bond lengths and angles highlighted that no significant deviations of the
coordinates are detected for the framework atoms. The unit-cell parameters as well as
the dimensions of the apertures were comparable with those of the pristine materials
(Table 6.6.1). In all exchanged zeolites, the occurrence of co-adsorbed water hydrogen
bonded to each other’s and interacting with the 04 framework oxygen was also

maintained (Figure 6.6.4b).
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Figure 6.6.4 Fourier maps of a Y zeolite (a), fourier maps of a AgY zeolite (b)

Rietveld structure refinements highlighted that Ag ions were hosted in three disordered
sites with partial occupancies interacting with the negatively charged framework oxygen
atoms: site Ag(l) in the center of the hexagonal prism, closely surrounded by six oxygens
(03) of the two bases of the hexagonal prism; site Ag(l’) on the external basis of the
hexagonal prisms, just inside the sodalite cage and six-fold coordinated to 02 and O3
framework oxygens; site Ag(llb) in the middle of the six-membered ring forming the
frontier between the supercage and the sodalite cage, coordinated to water molecule
at w3 site and to 02 and O3 oxygens of the framework (Figure 6.6.4 b). Silver ions at
Ag(llb) site acted as a bridge with the water oligomers thus forming continuous “tube”
of water molecules H-bonded (Figure 6.6.4 b) to framework oxygens (Ag(llb)-O4-w3-w1-
w2-w4-wi-w3-04-Ag(llb)-04-w3-w2-wl-wl-w3-04- Ag(llb) 04-w3-wl-wl-w2-w3-04-
Ag(llb)-04-w3-wl-wl-w2-wl-wl-w3-04-Ag(llb)).
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According to Hutson et al. (2000) [8] the short Ag(l)-Ag(l') bond distances (1.98 and 1.49
A in Ag(Y)760 and Ag(Y)390, respectively) prevented the formation of Ag*-Ag® (the sum
of the ionic radius of Ag* and the atomic radius of Ag metal, 1.26 + 1.445 = 2.705 A ) or
Ag®-Ag® (Ag0-AgO distance in silver metal, 2.89 A) bonds at these sites but the Ag*-Ag*
(the sum of the ionic radius of Ag* ions 1.26 + 1.26 = 2.52 A) occurrence was physically
possible in Ag(Y)720 (Ag(1)-Ag(l') =2.39 A). The total number of Ag ions per formula unit
obtained by the structural refinement (~2.5 a.u.c in both AgY720 and AgY760, ~ 1 a.u.c.
in AgY390).

After loading all selected Y samples with PFOA and PFAS, the PXRD patterns showed
strong differences in the Bragg’s peak intensities, especially at low 20 angles suggesting
modifications of the extraframework content. The check of the unit cell did not reveal
phase change to the Fd-3m symmetry. The Rietveld procedure was started with the
introduction of the framework coordinates (taken from our refinements of Y samples
with different Si/Al ratio) without an inclusion of the adsorbed guest molecules. At this
stage of the refinement, a careful analysis of difference Fourier maps highlighted the
occurrence of groups of electron density peaks around the center of the large
‘supercage’ ([4'86%12%]. Except for slight variations in the thermal motions of the organic
molecules, a general convergence between the electron density maps has been
observed, thus providing a good picture of the real location of hosted ions and
molecules. The most intense peaks are due to the PFAS/PFOA molecules, which had not

yet been inserted in the structural model (Figure 6.6.5).

Figure 6.6.5 Interaction between PFOA and a Y zeolite
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At the same time, the residual ones were assigned to co-adsorbed water molecules. The
extra-framework sites detected by difference Fourier maps were optimized using the
EXP0O2014 program (by plane wave DFT with dispersion correction, DFT-D [9] and then
the optimized structure coordinates were fixed in the final cycles of Rietveld refinement

to secure a stable refinement.

In all structural refinements, PFOS and PFOA molecules are arranged at the center of the
supercage, thus assuming six different molecular orientations, all partially statistically

occupied (Figure 6.6.5).

In silver functionalized systems, the concentration Ag ions as well as those of PFAS were

unchanged thus attesting that Ag did not compete with their adsorption (Figure 6.6.6).

Figure 6.6.6 Interaction between PFOA and an AgY zeolite

The Ag(l’) cations migrate towards Ag(l) site, located in the center of the hexagonal
prism, closely surrounded by six oxygens (0O3) of the two bases of the hexagonal prism.
At the same time, Ag(llb) is coordinated with three water moleucules at w3 site, and
these last are hydrogen bonded to water in w1 thus forming Ag-PFAS/PFOS olygomers
interact strongly with the framework oxygens thus immobilizing the pollutants in the
zeolite microporosities. The presence of these oligomers with weak changes of their

intermolecular distances can explain why the channel systems of all investigated
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systems are affected by structural distortion in the 04-04 direction of the 12-ring

channel.

6.6.4 Conclusions

This work aims to highlight the adsorption capacity of commercial high silica zeolites for
the removal of PFAS from water. All high silica Y zeolites investigated are characterized
by a good adsorption capacity and fast kinetics, suggesting that they can be efficiently
used as a sorbent media towards PFOA and PFOS in water matrices. In particular, Y390
is the most efficient in the removal of PFAS, and shows higher saturation capacity than
Y720 and Y760 zeolites. An increase of saturation capacity occurred when Y zeolites
were exchanged with Ag* ions. Characterization of framework—extraframework bond
distances after Ag-exchange, indicates a progressive variation in intensity and position,
suggesting the entering of Ag* ions inside the microstructural porosities.

In all structural refinements, PFOS and PFOA molecules are arranged at the center of the
supercage of the zeolite. In each case the uptake of PFOA onto all zeolites is higher than
PFOS, probably due to the steric hindrance of the sulfonic group. The higher dimension
of sulfonic substituent could be responsible for the lower adsorption of PFOS onto

zeolites.
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6.7 Characterization and activity of Aqueous Extracts from Asparagus

officinalis L. Byproducts

The data herein reported are part of my work of thesis and have been published in:
Arianna Romani, Fabio Casciano, Claudia Stevanin, Annalisa Maietti, Paola Tedeschi,
Paola Secchiero, Nicola Marchetti and Rebecca Voltan (2021) Anticancer Activity of
Aqueous Extracts from Asparagus officinalis L. Byproduct on Breast Cancer Cells.

Molecules 26, 6369.

Cultivation of asparagus (Asparagus officinalis L.; Asp) for food and medicinal use has
taken place since the early Roman Empire. Today, Asp represents a worldwide diffuse
perennial crop. Lower portions of the spears represent a food industry waste product
that can be used to extract bioactive molecules. In this study, agueous extracts derived
from the non-edible portion of the plant (hard stem) were prepared and characterized
for chemical content. Furthermore, the biocompatibility and bioactivity of Asp aqueous
extracts were assessed in vitro on normal fibroblasts and on breast cancer cell lines.
Results showed no interference with fibroblast viability, while a remarkable cytostatic
concentration-dependent activity, with significant G1/S cell cycle arrest, was specifically
observed in breast cancer cells without apoptosis induction. Asp extracts were also
shown to significantly inhibit cell migration. Further analyses showed that Asp extracts
were characterized by specific pro-oxidant activity against tumoral cells, and,
importantly, that their combination with menadione resulted in a significant
enhancement of oxidants production with respect to menadione alone in breast cancer
cells but not in normal cells. This selectivity of action on tumoral cells, together with the
easiness of their preparation, makes the agueous Asp extracts very attractive for further
investigation in breast cancer research, particularly to investigate their role as possible

co-adjuvant agents of clinical drug therapies.

6.7.1 Introduction

Breast cancer (BC) is the most common cancer among women [1]. It is classified mainly
based on the expression of three receptors that determine its pharmacological response

and, therefore, severity: estrogen receptor (ER), progesterone receptor (PgR), and
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epidermal growth factor receptor 2 (HER2). The majority of cases are hormone-
dependent, showing overexpression of ER and PgR [2]. In those patients, endocrine-
based treatment is used as a first-line treatment; however, after its initial efficacy, about
50% of patients develop endocrine resistance and treatment failure, requiring different
choices or use of combined therapy [3]. Triple-negative breast cancers (TNBC; ER-, PgR-
, HER2-), on the other hand, account for 10—-15% of cases and still do not have efficient
treatment. Since TNBC show an unfavorable prognosis and hormone-dependent BC has
a 5-year survival rate of 25%, it is important to find an efficient and relatively safe cure
to improve patients’ survival [4]. Increasing attention in novel drug research has been
focused on natural products as a source of compounds that exhibit few adverse effects
[5,6]. One of the most common vegetables reported with therapeutic proprieties is
asparagus, a plant nutritionally and commercially important belonging to the
Asparagaceae family. Worldwide, more than 200 species have been identified [7], and
among them, Asparagus officinalis L. (Asp) is the main species cultivated and
commercialized [8]. The 2019 survey by FAO (http://www.fao.org/faostat/en/#data, on
5 October 2021 ) evidenced that asparagus cultivation is distributed worldwide, even if
only six countries demonstrate major production: China (over 8 million tons); Peru
(367,000 tons); Mexico (272,000 tons); Germany (131,000 tons); Spain (59,000 tons);
Italy (50,000 tons). Italy has the largest yield in Europe and holds third place globally (7
tons per hectare), while the top yield globally belongs to Peru (11.5 tons per hectare).
In Italy, asparagus production is focused only on five regions, with nearly 10,000
hectares cultivated (Cso Italy, Centro Servizi Ortofrutticoli,
https://www.csoservizi.com/focus-prodotti/asparagi/, on 5 October 2021) by large agri-
food farms. Hence, it is promptly understandable that potential solutions facing the
recovery of bioactive molecules with asparagus waste material (i.e., hard stems, roots,
plant aerial parts) might have a great impact on this agri-food chain. Different factors,
including species, type of cultivation, seasons, or plant section used greatly change the
content of the active biological molecules extracted [9]. Previous studies, focused mainly
on the stem portion, have identified phenolic compounds, saponins, sterols, sulfur-
containing acid, carotenoid, and amino acids as the main bioactive components [10].

Components such as flavonoids and carotenoids are well known for their antioxidant

activity; others, such as saponins, have been reported to possess cell cycle modulatory

197



activity in cancer cells [11]. Lately, asparagus methanol extracts from Asparagus laricinus
have been reported to induce cytotoxicity in breast and prostate cancer cell lines [12].
More recently, Asp has become of interest for the possibility to extract bioactive
molecules from non-edible portions [13]. Indeed, besides edible stems used in industrial
processing, hard stems and roots, which are normally discarded, have been suggested
to be used to extract phytochemicals with biological activities [7,14]. Recycling food
industry byproducts will be beneficial from both economic and ecological points of view.
Therefore, the present study first had the purpose of characterizing the chemical
composition of hard stem Asp extracts prepared by a simple agueous method that does
not alter the structure nor the biological activity of important functional molecules.
Then, the next aim of the study was to investigate in vitro the biological effects of the
water extracts on survival and proliferation, oxidative balance and migration of BC cell
lines belonging to different phenotypes, as well as in a normal cell line. The simple
procedure to obtain water extracts of Asp hard stem, its chemical composition and its
bioactivity on breast cancer cell lines represent the most innovative key-points

of this study.

6.7.2 Results

6.7.2.1 Asparagus Exctraction

Asparagus matrix has a moisture content of about 89.9% + 0.1% w/w, as estimated by
freeze-drying. The yield of water extraction was 7.25% + 0.23% w/w. The estimation of
total phenolic content (TPC), total flavonoid content (TFC) and antioxidant activity
(DPPH and ABTS) for aqueous extract are reported in Table 6.7.1. TPC value evidenced
a moderate amount of phenols extracted in Asp hard stem, confirmed also by low levels
of antioxidant activity. As a matter of fact, the water extract contains 3.6% of phenolic
compounds and 4% of flavonoids that constitute the hard stem matrix. It seems,
therefore, that the aqueous extract is made of similar relative amounts of TPC and TFC
than those available in ASP hard stem for extraction. Interestingly, flavonoids represent
about 92.3% of water-extracted phenolic compounds, while in the hard stem, their
relative amount is 83.8% of total phenolics on a dry matter basis. Thus, since phenolic
compounds and flavonoids are water-extracted to the same extent (3.6% and 4%,

respectively), and the relative amount of flavonoids is about 8.5% higher in dry water
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extracts than in dry hard stems, this can be interpreted in two ways: the dry water
extract contains a slightly larger representative fraction of flavonoids than ASP hard
stem matrix; or part of the waterextracted phenolics are lost during the lyophilization
process and the relative amount of flavonoids results a bit higher.

Table 6.7.1. Values of total phenolic content (TPC), total flavonoid content (TFC) and antioxidant activities (DPPH and

ABTS) in water extracts from asparagus hard stem byproducts. Values are expressed in terms of gallic acid equivalents
(GAE) and Trolox equivalents (TE) per mg of dry extract (mgde).

TPC (LgCAE/ MEde) 10.09 +1.23
TFC (LgGAE/ MEde) 9.31 +0.74
DPPH (pmolrg/mgge) 0.010 £ 0.006
ABTS (umoltg/mgg.) 0.017 + 0.006

6.7.2.2 LC-MS/MS Analysis of Asparagus Extracts
6.7.2.2.1 Free Amino Acid Profile

Proteins and peptides in the hard stem represent about 1.85% w/w on a fresh matter
basis and exhibit antioxidant and ACE inhibitory properties, as already evidenced
recently [15]. Here, we mainly focused on the free aminoacidic profile. Single amino acid
concentrations are reported in Table 6.7.2. lon transitions (i.e., MRM (m/z) column)
allowed us to correctly identify all amino acids, except for leucine (LEU) and Isoleucine
(ILE). These two were quantified together. The total amount of free amino acids in the
hard stem is noticeably higher (i.e., 45 pug/mgde) than in the edible stem (i.e., 32.7
ug/mgde) (data not published). The most abundant free amino acids in the hard stem
are lysine (56.3%) and asparagine (30.3%). Proline, alanine, valine and glutamic acid are
in the range 1-3%. Arginine, aspartic acid, histidine, leucine and isoleucine, methionine,
phenylalanine, serine, threonine and tryptophan are in the range 0.1-0.9%, while only
tyrosine is below 0.1%. Tryptophane is about 35 times more concentrated in the hard
stem than in the edible part of the stem, while histidine and arginine are only 1.9 and
1.5 times higher in the hard stem. Additionally, levels of lysine and asparagine are higher
in the hard stem than in the whole edible stem and spear: even though they are still the
most abundant amino acids in the edible part, lysine is about 1.4 times and asparagine

is 1.7 times more abundant in the hard stem.
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Table 6.7.2. Quantitative determination of free amino acids in asparagus hard stem byproducts.

Amino Acid Concentration (ng/mgg,) MRM (m/z)
ALA 0.101 + 0.023 90.2 — 44.2
ARG 0.369 + 0.019 175.1 — 70.1
ASN 13.65 £ 1.12 133.1 —» 74.1
ASP 0.322 + 0.022 1341 — 74.1
GLU 0.451 + 0.027 148.2 — 84.2
HIS 0.254 £+ 0.015 156.1 — 110.2

LEU+ILE 0.368 = 0.018 132.1 — 86.1
LYS 25334175 147.1 — 84.1
MET 0.069 + 0.004 150.2 — 104.1
PHE 0.117 £ 0.012 166.2 — 120.2
PRO 1.434 + 0.068 116.1 — 70.1
SER 0.364 + 0.016 106.1 — 60.1
THR 0.253 + 0.011 120.1 — 74.1
TRP 0.144 = 0.009 205.2 — 146.2
TYR 0.039 £ 0.007 182.2 — 136.2
VAL 0.814 = 0.034 118.1 =+ 72.1

6.7.2.2.2 Organic Acids, Phenolic Acids, Polyphenols and Derivatives

Few secondary metabolites were identified in water extracts. Their tentative LCMS/MS
identification is reported in Table 6.7.3. Compounds are grouped based on their most
intense ionization mode. The second column presents the precursor ion, while the third
column contains all informative fragment ions useful for compound identification.
Numbers in parenthesis are the ion relative intensity. The last column reports the

relative abundance for each identified compound, calculated on the basis of peak area.
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Table 6.7.3. Tentative LC-MS/MS identification of most abundant compounds in asparagus hard stem.

Compound [M — HI~ (m/z) MS/MS Fragments (m/z) Relative Abundance
Dicaffeoyltartaric acid 473 311 (100), 293 (80) 179 (5), 149 (3) 0.5%
Caftaric acid n 149 {100, 179 (55), 135 (5) 6.7%
Caffeoylquinic acid 353 191 (100, 179 (5) 0.27%
Malic acid 133 115 (100) 48.8%
Myricetin-O-rhamnoside 463 316 (100, 317 (50), 271 (15) 0.40%
Quinic acid 141 111 (100, 173 (20) 38.0%
Feruloylquinic acid 367 191 (100), 173 (5) 0.04%
Quercetin 30 179 (100, 151 (75), 273 (15), 257 (10) 0.03%
Tricin-O-glucoside 441 476 (100), 329 (70), 328 (15), 314 (5) 0.2%
Isorhamnetin-O-glucuronide 4491 315 (100), 255 (10), 151 (5) 0.02%

[M +HI* (m/z)
Laricitrin-O-glucoside 495 333 (100) 0.04%
Syringetin 347 201 (100), 153 (50), 287 (20) 0.08%
Kaempferol 267 153 (100), 121 (50), 213 (20), 229 (5) 0.1%
Apigenin 271 153 (100), 229 (30), 225 (30), 119 (10) 0.3%
Rutin 611 303 (100), 465 (30) 24%
Genistein 2N 153 (100), 215 (85), 243 (60), 149 (25) 0.2%
Prunetin 285 200 (100), 257 (60), 267 (30), 163 (25) 1.2%
[MJ* (mlz)
Petunidin-O-pentoside 449 317 (100) 0.4%,
Malvidin-O-pentoside 463 331 (100) 0.3%

Among common organic acids (i.e., malic and quinic) and phenolic acid esters (i.e.,
dicaffeoyltartaric acid, caftaric acid, caffeoylquinic acid, feruloylquinic acid), important
free aglycones were found: three flavonols (i.e., quercetin, kaempferol and syringetin),
two isoflavones (i.e., genistein and prunetin) and one flavone (i.e., apigenin).
Additionally, some common and less common glycosylated flavonoids were identified,
such as myricetin-O-rhamnoside, tricin-O-glucoside, isorhamnetin-O-glucuronide,
laricitrin-O-glucoside and rutin. Interestingly, two anthocyanins were identified (i.e.,
petunidin- and malvidin-Opentoside derivatives) and listed separately as [M]*.

Both isoflavones and flavonols are known to play important bioactive roles as estrogens
and antioxidants. Hence, alone or in synergy with all compounds identified in water
extracts, they may have captivating effects on cancer cells. Compounds tentatively

identified in Asp hard stem aqueous extracts are in accordance with literature works,
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although most of them concerned more exhaustive hydroalcoholic extracts and most of

the extensive chemical characterization regards the edible part [11,16—-20].

6.7.2.2.3 Asparagus Extracts Affect Viability of MCF-7 Breast Cancer Cells
through Cell Cycle Block

To evaluate the biological effects of Asp extracts on cellular activities, cellular
morphology, replication and apoptosis were assessed on NIH/3 T3 fibroblasts and breast
cancercell lines MDA-MB231 and MCF7, before and after treatments with several doses
of Asp extracts. As shown in Figure 6.7.1, no changes in morphology and distribution
were observed in NIH/3T3 as well as in MDA-MB231 cells until 48 h after treatments.
However, a remarkable reduction in cell density coupled with cell size increase (typical
of cellular senescence) was observed in MCF7 cells treated for 48 h with Asp with respect
to the untreated. In agreement, as reported in the panels in Figure 6.7.2a,b, no
significant changes in the number of viable cells were identified in NIH/3T3 and MDA-
MB231 cells. On the contrary, a significant reduction in the number of viable cells was
identified in the MCF7 cell line treated with 500 pg/mL Asp extracts for 48 h, compared
with untreated cells maintained in culture in the same condition (Figure 6.7.2c; p-value

0.0434).
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Figure 6.7.1. Representative images were taken by light microscopy of NIH/3T3, MDA-MB231 and MCF7 cells
untreated or treated with 50, 100, and 500 pg/mL of Asparagus extracts (Asp) for 48 h. Magnification 10x, scale bar

200 pm.
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Figure 6.7.2. Cell viability of (a) NIH/3T3, (b) MDA-MB231, (c) MCF7 exposed to 50, 100, and 500 pg/mL of Asp for 24
and 48 h. Data are reported as mean * standard error of the mean from three independent experiments. Statistical
analysis was performed by ANOVA followed by Bonferroni’s post hoc test. * p < 0.05 vs. untreated at the same
incubation time.

Next, we investigated whether induction of apoptosis was responsible for the observed
effects on cell viability. As reported in Figure 6.7.3, there were no significant differences
between treated and untreated samples for all three cell lines, analyzing early and late
apoptotic events, as well as necrotic events. Only for the MCF7 cell line, an increasing
trend was observed for late apoptotic population in response to increasing
concentrations of extracts, even if it was not significant with respect to the untreated
control.

To further investigate the possible implication of Asp extracts on cell proliferation, the
cell cycle was analyzed by flow cytometry upon BrdU incorporation. In agreement with
cell viability results, Asp treatment on NIH/3T3 and MDA-MB-231 cells did not modify
the cell cycle phase distribution either after 24 h or 48 h of treatment (Figure 6.7.4). By
contrast, in MCF7 cells, Asp (500 pg/mL) induced a relevant contraction of the number
of cells in S phase already after 24 h, when compared with untreated (p-value = 0.0169).
Extending the treatment to 48 h, the alteration of cell cycle phases was more marked,
showing a concentration-dependent effect with a significant reduction in cells in the S
phase (100 pg/mL vs. untreated, p-value = 0.0469; 500 pg/mL vs. untreated, p-value =
0.0016; Asp 50 pg/mL vs. Asp 500 pg/mL, p-value = 0.0205), accumulation in G1 (500

ug/mL vs. untreated, p-value= 0.0169) and consequent induction of cell cycle blockade.

6.7.2.2.4. Asparagus Extracts Cause ROS Production in Breast Cancer Cells but Not in
Normal Cells
To further study the biological effects of Asp extracts in normal (NIH/3T3) and tumoral

(MCF7) cell lines, a possible role of Asp in modulating the production of oxidants upon
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treatment was assessed by a method that enables the flow cytometric detection of
reactive oxygen species (ROS) in live cells (CellROX Green Flow Cytometry Assay).

As depicted in Figure 6.7.5, following exposure to several Asp concentrations, normal
cells did not significantly change their ROS level, while a significant increase in the
production of oxidant species was observed in breast cancer MCF7 cells treated with
500 pg/mL of Asp for 48 h, with respect to the untreated sample (Asp O ug/mL) (p-value
= 0.0126).

6.7.2.2..5. Asparagus Extracts Increase Oxidant Activity of Menadione in Breast Cancer
Cells

In order to investigate the role of Asp extracts on oxidative balance, both normal
(NIH/3T3) as well as tumoral cells (MCF7) were exposed to Asp and then triggered with
a pro-oxidant concentration of menadione (Figure 6.7.6). Asp 50 ug/mL was chosen as
the pre-treatment dose to exclude concomitant effects derived from an alteration in

viability or cell cycle modulation.
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Figure 6.7.3. NIH/3T3; MDA-MB231; MCF7 percentage of apoptotic cells after 48 h, calculated from the flow
cytometry dot plots after Annexin V/PI staining. (a) Results from untreated or treated with 50, 100, and 500 pg/mL
Asp extracts were expressed as a percentage of the total population. Data are reported as mean + standard error
from three independent experiments. (b) Representative flow cytometry dot plots. The axis scales for fluorescence
are reported as logarithmic.
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Figure 6.7.4. NIH/3T3; MDA-MB231; MCF7 cell distribution in the different phases of the cell cycle calculated from
the flow cytometry dot plots after BrdU/PI staining of cultures after 24 or 48 h. (a) Results from cells untreated or
treated with 50,100, and 500 pg/mL of Asp extracts were expressed as a percentage of the total population. Data are
reported as mean + standard error from three independent experiments. Statistical analysis was performed by
ANOVA followed by Bonferroni’s post hoc test. p-values < 0.05 were considered significant: * p < 0.05, ** p <0.01;
(b) Representative flow cytometry dot plots of cell cycle profiles after 48 h of treatments. The Pl axes scale is reported
as linear and the BrdU axes scale is reported as logarithmic.
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Figure 6.7.5. NIH-3T3 (a) or MCF7 (b) cells were treated with 0, 50, 100 or 500 ug/mL of Asp extracts for
48 h and incubated with CellROX Green Reagent to investigate the oxidation level (stress) of the cells. Left
panels: MFI data are reported as mean * standard error of results from three independent experiments;
right panels: super imposed graphs from flow cytometry dot plots data of a representative experiment.
The axes scale for fluorescence is reported as logarithmic. Statistical analyses were performed by ANOVA
followed by Bonferroni’s post hoc test. * p <0.05.

As expected, cells treated only with Menadione (positive control) showed a significant
increase in oxidation production compared to untreated cells (p-value 0.0425 and p-
value < 0.0001 for NIH/3T3 and MCF7, respectively). Interestingly, cells pre-treated with
Asp extracts showed an opposite response in normal and cancerous cells when triggered
with Menadione. Indeed, in fibroblasts (Fig. 6.7.6a) Asp did not induce a significant
variation with respect to Menadione; however, in MCF7 cells (Fig. 6.7.6b), a combination
of Asp and menadione significantly enhanced oxidation production compared to cells

treated with Menadione alone (p-value =0.0038).

6.7.2.2.6. Asparagus Extracts Impair Cell Migration

To complere the characterization of biologicaal activities of Asp on cells, we first
assessed effects on migration by using traditional wound repair. A single scratch was
manually performed on NIH/3T3 cells grown with a reduced concentration of serum (5%
FBS) to lower interference from normal cell replication. Cells were treated with Asp at
different doses and pictures were taken at different time points until 48 h of incubation
(Figure 6.7.7). At 24 h, no significant variation in wound area was found, although a
significant reduction in wound closure was observed in fibroblasts treated with 500
ug/mL of Asp compared with untreated cells (Asp 0 pg/mL) after 48 h of treatment (p-
value = 0.0103).
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Figure 6.7.6. NIH/3T3 (a) or MCF7 (b) were treated with 50 pg/mL Asp for 48 h and then triggered with oxidative
stimulation performed by Menadione (Men) 100 uM for 30 min. The left panels reported data as mean % standard
error of results from at least three independent experiments. Right panels: representative flow cytometry dot plots.
The axes scale for fluorescence is reported as logarithmic. Statistical analysis was performed by ANOVA followed by
Bonferroni post hoc test; * p < 0.05, ** p < 0.01 and *** p < 0.001.
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Figure 6.7.7. Scratch assay performed on fibroblasts (NIH/3T3). (a) Representative images were taken under light
microscopy of fibroblast monolayers untreated or treated with 50, 100, and 500 pg/mL of asparagus (Asp) at O h
(immediately after scratch were performed), 24 or 48 h. Scale bar 1000 um. (b) Data from four independent
experiments are reported as mean * standard error. Statistical analyses were performed by ANOVA followed by
Bonferroni’s post hoc test. * p < 0.05.

To deeply investigate the role of Asp extracts in cell motility, dynamic high-resolution
assessments of migration using the xCELLigence assay were performed on both normal
and breast cancer cells. Results showed a significant inhibitory effect on cell migration
mediated by Asp extracts, with respect to untreated, in all cell line tested (Figure 8). In
detail, a significant reduction in NIH/3T3 cell migration was observed in response to 100
and 500 pg/mL (p-value 0.0068 and < 0.0001, respectively), confirming data from wound
repair. Importantly, MCF7 cell lines showed a significant reduction in migration in a
concentration-dependent manner (p-value < 0.0001 for all dosed vs. untreated; p-value
<0.001 for 100 pg/mL and 500 pg/mL vs. 50 pug/mL), reducing the migration of this cell
line below the basal threshold (0% FBS). Of note, migration was also significantly
impaired in triple-negative MDA-MB231 cells after treatment with Asp 500 ug/mL (p-
value 0.0038 vs. untreated; p-value 0.0115 vs. Asp 50 pg/mL; p-value 0.0162 vs. Asp 100

ug/mL).
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Figure 6.7.8. NIH-3T3 (a), MCF7 (b) and MDA-MB231 (c) cells were seeded in the upper chamber of CIM plate and
monitored for migration through the lower chamber in response to different concentrations of Asp (0-500 pg/mL)
with the xCELLigence system (DP-RTCA) for 24 h. Positive controls were performed by using medium with 10% FBS in
the lower chamber as the chemoattractant, while negative controls were performed by using medium without FBS
(0% FBS). In the left panels, data are expressed as fold change compared to untreated cells of results from three
independent experiments and are reported as mean + standard error. Statistical analysis was performed by ANOVA

followed by Bonferroni’s post hoc test. p-values < 0.05 were considered significant: * p < 0.05, ** p < 0.005, *** p <
0.001 **** p < 0.0001. Right panels show representative graphs from RTCA software reporting overtime cell index.

6.7.3 Discussion

In recent years, increasing attention has been paid to sustainable recycling of food
waste, mainly focusing on recovering bioactive molecules. This might represent a new
source for drug production [21], especially for fields such as cancer where drug
resistance or side effects still cause treatment interruption or failure. In the present
study, we characterized the chemical composition and biological activities of hard stem
asparagus aqueous extracts obtained from food industry waste recycling.

The chemical composition analyses revealed the absence of many antioxidants that

were frequently found on edible stems of asparagus. However, the presence of
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isoflavones, flavonols and flavones together with other glycosylated flavonoids might
result in an effective pool of molecules with bioactivity on breast cancer cells. In
particular, a relevant feature is represented by the presence of two isoflavones (i.e.,
prunetin and genistein) and one flavone (i.e., apigenin), counting all three together for
the 1.7% relative amount in the extracts. It is known that these compounds might exert
some antiestrogenic activity on estrogen-receptor-a positive tumor cells, such as MCF7.
Indeed, we demonstrated in vitro, on cellular models of breast cancer with different
phenotypes, specific anticancer effects, mainly attributable to cell cycle arrest,
migration inhibition and oxidant production.

Firstly, we observed a significant reduction in the proliferation rate of the MCF7 breast
cancer cell line (expressing HR+/HER2- phenotype), associated with a significant
blockade of the cell cycle and low levels of apoptosis. This evidence is in accordance with
other reports demonstrating cell cycle arrest in different cancer cell types following
treatment with asparagus extracts [11,12]. However, studies are difficult to compare,
since they use different raw materials and different methods for the extraction. We
believe that the antiproliferative effect of Asp extracts on these cells might be the final
result due to the combined effects of antiestrogenic phytocompounds and other
antioxidants, mainly rutin, which is the most abundant flavonoid (i.e., 2.4%).
Undoubtedly, the copresence of different components with activities connected to
antitumor effects (i.e., anti-inflammatory), together with the antioxidant one (see rutin),
might end up with particularly efficacious bioactivity against hormone-sensitive tumor
cells. On the contrary, no direct involvement in these types of effects concerns the two
organic acids (i.e., malic and quinic acids), which are the most abundant compounds in
the extracts (i.e., 49% and 38%, respectively) and they are known to have antibacterial
and anticholinesterase properties. Nonetheless, it is possible that malic and quinic acids
can contribute somehow to the overall antioxidant property of the extract, as well as
kaempferol and the other glycosylated flavonoids. Instead, three phenolic acids, such as
caftaric (6.7%), dicaffeoyltartaric (0.5%) and caffeoylquinic (0.3%), can play a supportive
role in affecting the tumor cell cycle and its response to other compounds.

Our results also indicated that any significant changes in proliferation, cell cycle and
apoptosis were observed in MDA-MB-231 triple-negative cells (representative of a more

aggressive phenotype of breast cancer), but not in NIH/3T3 noncancer cells.
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Phytochemicals are commonly associated with beneficial effects, mainly for the
presence of antioxidant molecules; however, the asparagus extracts used in our study,
derived from the portion discarded from the food industry, were characterized by poor
antioxidant content. This apparent defect translated into an advantage when we
assessed the extracts on MCF7 tumoral cells. Indeed, in this model, we demonstrated a
specific significant prooxidant activity of the extracts used alone at high dosage and,
importantly, their capability at low dosage to enhance the level of ROS production
induced by menadione. To explain this last feature, we can assume that the antioxidant
molecules, even if present at low levels in the extracts, might be sufficient to induce
redox amplification, cooperating in the ROS production prompted by menadione. This
concept is supported by other authors that previously demonstrated an interaction
between menadione and antioxidant molecules, resulting in increased oxidative stress
in the same model—the MCF7 cells [22]. They reported apoptosis induction by
ascorbate/menadione combination treatment, suggesting inhibition of ERK2 induced by
H202 generated from menadione redox cycling, with specific action on cancer cells. Our
results similarly showed a specific cooperative effect on HR+/HER2- cells (MCF7), while
preserving normal control fibroblasts. To further support our theory, it is of interest to
cite Bakalova et al., who demonstrated that using menadione/ascorbate in combination
with 13 conventional clinically used drugs for leukemia treatment did not induce
cytotoxicity in cancer cells, but instead, caused irreversible metabolic changes,
increasing sensitivity toward conventional therapy [23]. These observations are
particularly important because they lay the foundations for future use of extracts to
enhance the effects of clinically used drugs that act on breast cancer cells through the
induction of oxidative stress, such as tamoxifen (used for hormonal therapy) or
paclitaxel (used for chemotherapy). This aspect deserves further preclinical studies to
evaluate its feasibility and effectiveness.

Next, we observed a significant inhibition of concentration-dependent migration of
MCF7 cells and, surprisingly, even of the triple negative MDA-MB-231 cells. In particular,
for MCF7, which showed a low degree of apoptosis after treatment with ASP, we exclude
the role of cell death due to the intrinsic characteristics of the assay that allows seeding
of the cells in the upper chamber, while the medium with treatment is placed only in
the lower chamber. Inhibition of cell migration on MDA-MB-231 cell models has been

described following treatments with traditional anticancer drugs (e.g., cisplatin) [24] and
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purified molecules (e.g., curcumin) [25]. Interference with cellular migration represents
a pivotal effect of the anticancer activity of the extracts, suggesting a possible role in
inhibition of the metastatic process. A separate explanation is needed to interpret the
data obtained on the migration of NIH/3T3 noncancer cells. In fact, these cells are
fibroblasts and, as cells normally present in the connective tissue, in the case of tumors,
they become part of the tumor microenvironment. Here, they are known to release
substances that promote tumor proliferation [26]. In addition, they are also able to
migrate to tumor implantation sites (or metastases) to support their growth through the
induction of angiogenesis [27]. Therefore, inhibiting the migration of these cells, even if
of the nontumor phenotype, has important implications in preventing the development
of a tumor-friendly microenvironment. This is a preliminary study that will need more
investigations to comprehend the molecular mechanisms involved in the observed
biological effects, as well as to understand the efficacy of the combined use of Asp
extracts with traditional drugs by using preclinical in vitro and in vivo models.
Nonetheless, we believe that our results will open up new opportunities to use natural
products, alone or combined with traditional treatment, to improve therapy for BC. In
particular, observations reporting the inhibition of proliferation and menadione
combined oxidant production in HR+ cells, as well as migration reduction in both HR+
and TNBC cells, seem to be particularly relevant for patients who develop drug
resistance.

6.7.4. Materials and Methods
6.7.4.1. Preparation of Asparagus Extracts, Phenolic Content, Total

Flavonoids and Antioxidant Activity

Asp hard stem samples employed in this study were from a farm located in the Province
of Rovigo (Veneto Region, Italy). They were waste materials from greenhouse cultivation
of Asp obtained when harvested spears are sorted and packed for the market. Aqueous
extracts from lyophilized Asp hard stems were obtained by the following procedure,
which has already been applied with modifications to other vegetable matrices [15,28—
30]: ultraturrax (T18 model by IKA-Werke, Staufen, Germany) mechanical
homogenization of 1 gram (dry matrix) in 25 mL of water (1:25 w/v) for 1 min; ultrasound
bath (Elmasonic S 30 H, ElIma Schmidbauer, Singen, Germany) for 10 min at 37 kHz (80

W effective ultrasonic power); suspension centrifuged at 10,000 g for 10 min (model
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PK121R, Thermo Fisher Scientific, Waltham, MA, USA). Then, water supernatants were
recovered, and the extract was lyophilized.

Phenolic content and antioxidant activity were determined by means of four different
parameters: total phenolic compounds (TPC); total flavonoids (TFC); two Trolox
equivalent antioxidant capacity (TEAC) assays based on DPPH and ABTS radicals. TPC and
TFC are reported as pg of gallic acid equivalents per mg of dry extract (ugGAE/mgde)
and they were determined in accordance with Singleton [31] and the aluminum chloride
colorimetric method [32,33], respectively. Results for DPPH and ABTS assays were
calculated as umol of Trolox equivalents per mg of dry extract (umolTE/mgde).

These parameters were also estimated for hard stems (on dry basis) by using an
overnight hydroalcoholic extraction (80:20 methanol:water + 0.1% v/v of formic acid)
[25].

They were similarly expressed as ugGAE/mgdm and pumolTE/mgdm, where mgdm

means mg of dry matter (i.e., lyophilized ASP byproducts).

6.7.4.2. LC-MS/MS Analysis of Asparagus Extracts
6.7.4.2.1. Free Amino Acid Profile

Protein content and bioactive peptides in this byproduct matrix have already been
investigated by the same authors [14]. Thus, here, we focused more on the
determination of free amino acids. They were determined by external calibration
method. Liquid chromatographic separation was obtained on a Restek Raptor Polar X
column (100 * 2.1 mm) packed with superficially porous particles (diameter 2.7 um). The
mobile phase was a mixture of water + formic acid 0.1% (v/v) (A) and acetonitrile +
formic acid 0.1% (v/v) (B). Chromatographic runs were conducted under gradient elution
conditions (from 25% to 70% of A in 10 min) at a mobile phase flow rate of 150 pL/min.
MS/MS detection was carried out under MRM mode (multiple reaction monitoring) with

the positive ESI mode (see Section 2.2.1 for ion transitions and results).

6.7.4.2.2. Organic Acids, Phenolic Acids, Polyphenols and Derivatives

Untargeted LC-MS/MS analysis of phenolics was carried out bymeans of a 2.1 * 150mm
Symmetry C18 column (Waters, Milford, MA, USA), packed with 3.0 mm fully porous

particles, thermostated at 30 °C, under gradient elution conditions. Mobile phases were
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mixtures of water and formic acid 0.1% (v/v), channel A, and acetonitrile and formic acid
0.1% (v/v), channel B. The gradient elution was obtained with 5% to 70% channel B in
25 min. MS detection was achieved with a Thermo LTQ XL linear ion trap, equipped with

an ESl interface (both positive and negative ionization modes were used).

6.7.4.3. Cell Culture and Treatment

Mouse embryo fibroblasts (NIH/3T3) and human breast cancer cell lines MDA-MB- 231
(TNBC) and MCF7 (ER+, HER2-) were purchased from Lonza (Basel, Switzerland) and
grown in DMEM (4.5 g/L glucose) containing 10% FBS, 1% pen/step and L-glut (all from
Life Technologies, Monza, Italy). Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2. Doubling times of the three cell lines were determined by the
calculator available at http://www.doubling-time.com/compute.php on 28 September

2021 (Roth V. 2006 Doubling Time Computing; NIH/3T3: 15 + 1 h; MCF7: 15 + 2 h; MDA-
MB231: 22 £ 2 h). Lyophilized Asp extracts were dissolved in DMEM containing 1% FBS,
1% pen/strep, and L-glut, sterilized by filtration and used for in vitro treatment at
predetermined concentrations of 50, 100, and 500 pg/mL for 24 and 48 h on NIH/3T3,
MDA-MB231 and MCF7 cells seeded at the density of 25,000 cells/cm2. Cells were
analyzed for cell shape and growth changes. Phase-contrast images were recorded with
an EVOS digital microscope (Advanced Microscopy Group, Bothell, WA, USA). Recorded

images were normalized for brightness with Fiji software [34].

6.7.4.4. Assessment of Cell Viability, Cell Cycle Profile and Apoptosis

Twenty-four and 48 hours after treatmentwith Asp extracts, cell viabilitywas examined
by Trypan blue exclusion dye. Cell cycle profiles were analyzed by 5-bromodeoxyuridine
(BrdU; Sigma, St Louis, MO, USA) incorporation, as previously described [35]. Briefly,
cells after incubation with 50 uM BrdU for 1 h at 37 °C were stained with primary mouse
anti-BrdU antibody (clone 3D4, BD Bioscience, San Jose, CA, USA), goat F(ab’)2
antimouse 1gG (H+L) fluorescein isothiocyanate-conjugated secondary antibody
(Beckman coulter, Brea, CA) and propidium iodide (PI; Sigma, St Louis, MO, USA), and
were acquired using an FACS Calibur flow cytometer (BD Bioscience, San Jose, CA, USA)

[36].
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Apoptosis was analyzed in flow cytometry by Annexin V-FITC/propidium iodide (PI)
staining (Immunotech, Marseille, France), as previously reported [36]. Flow cytometric

acquisition was analyzed with the FlowJo software (Tree Star, Ashland, OR, USA).
6.7.4.5. Analysis of ROS

Changes in intracellular reactive oxygen species (ROS) levels were determined by
cellpermeable CellRox® Green Oxidative Stress Reagent (Molecular Probes, Life
Technologies) and analyzed using FACS Calibur flow cytometer. CellRox® is a
nonfluorescent (or very weak fluorescent) dye in a reduced state, which is used for ROS
measurement in live cells based on the strong fluorogenic signal developed after
oxidation. Briefly, 50,000 NIH/3T3 or MCF7 cells were seeded on 24-well plates and
grown for 24 h. The next day, the medium was removed, and cells were treated with 50
ug/mL of Asp extracts (diluted in fresh medium) for 48 h or left untreated as a negative
control. As a positive ROS control, cells were treated with 100 uMMenadione (Sigma-
Aldrich, St Louis, MO, USA) for 30 min. Cells were then stained with 2.5 uM CellRox®
reagent for 30 min at 37 °C protected from light.

Cells were harvested by trypsinization, washed with PBS and centrifuged at 125xg for 5
min. In the end, cells were re-suspended in PBS with 0.5 ug/mL 7-AAD (BD Bioscience,
San Jose, CA, USA) and analyzed by flow cytometry. Dead cells, positive for 7-AAD
staining, were excluded from the analysis. Flow cytometric acquisition was analyzed
with the FlowJo software (Tree Star, Ash-land, OR, USA).

In some experiments, 100 uM menadione was added for 30 min to NIH/3T3 or MCF7
pretreated with 50 uM Asp for 48 h and then stained with 2.5 uM CellRox® reagent for
30 min at 37 °C protected from light. Flow cytometric acquisition was performed as

reported above.

4.6. Wound Healing Assay

NIH-3T3 cells were seeded on a 6-well plate (13,000 cell/cm2) in DMEM, 5% FBS, 1%
sodium pyruvate, 1% pen/step and L-glut and left to grow for 24 h. A linear scratch was
performed in the middle of each well using a p200 tip; then, the medium was removed
and cells were washed twice with PBS before adding fresh media containing a
predetermined concentration of 5% FBS and Asp extracts (0, 50, 100 or 500 pg/mL).

Phase-contrast images were recorded with an EVOS digital microscope. Four frames for
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each well were taken following the scratch length at different time points (immediately
after the scratch was performed, after 24 and 48 h). For each well, analysis of the
scratched area was performed by the Fiji software edge recognition tool and calculated

by the following formula:

_ [Aeo — Aae
Wound closure (%) = | 100
to

where Ato is the average of four frames measured immediately after scratching and ADt
is the average of four frames measured after 24 or 48 h after scratching. Wound closure
in cells treated with Asp extracts was compared with untreated cells at the same time

point.

6.7.4.7. Assessment of Cell Migration

Cell migrations were performed using a DP-RTCA xCELLigence real-time cell analyzer (F.
Hoffmann-La Roche SA, Basel, Switzerland) which records changes in impedance
(reported as Cell Index) over time in a non-invasive system. Migration assay was
performed using RTCA DP CIM-Plates 16. Cells were starved for 2 h with DMEM
containing 0.2% FBS, 1% pen/strep, and L-glut and then seeded (40,000 cells/well) in the
upper chamber in DMEM containing 1% FBS, 1% pen/strep, and L-glut. A 1% FBS
concentration was experimentally established to support the length (24 h) of the
experiments. Each condition was run in triplicate. Cells were left to equilibrate at RT for
30 min. Migration kinetics were analyzed in the presence of Asp (0, 50, 100, 500 pg/mL
in DMEM containing 1% FBS, 1% pen/strep, and L-glut) in the lower chamber and
recorded every 15 min for 48 h. The positive control was performed using DMEM
containing 10% FBS in the lower chamber as the chemoattractant. Data were analyzed
using the RTCA software (F. Hoffmann-La Roche, version 1.2.1, Basel, Switzerland) and
expressed as fold change + SEM of Cl of migration with respect to untreated cultured

set.

6.7.4.8. Statistical Analysis

All data, obtained from independent experiments, were tested for normal distribution

by the Shapiro—Wilk normality test and for homogeneity of variance by the Brown—
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Forsythe test. Results were evaluated by one-way ANOVA followed by Bonferroni post
hoc test (from multiple corrections) using GraphPad Prism (GraphPad Software, San
Diego, CA, USA). Results were expressed as mean + standard error of the mean (SEM) of

replicate experiments. Statistical significance was defined as p < 0.05.
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7 Conclusions

In this work of thesis, different nanostructured adsorbent materials were employed for
the removal of some classes of contaminants from aqueous solutions.
The study of the thermodynamics and the kinetics of the adsorption process of organic

contaminants in aqueous solution onto zeolites provided the following results:

v’ The adsorption process is very fast for all the studied zeolites towards several classes
of pollutants. Also, the adsorption kinetic of PFAS on microporous materials is
satisfying if compared with literature data dealing with other types of adsorbents,
with the equilibrium reached within 10 minutes.

v’ The adsorption capacities of zeolites depend on their structure, surface area and SAR.
High adsorption capacities have been observed for zeolite Y and BEA, with respect of
different organic compounds. ZSM-5 has generally lower adsorption capacity.
However, ZSM-5 can be applied in water remediation since it is more efficient than Y
in the removal of contaminants from very dilute solutions. Therefore, it can be used
as adsorbent in finishing adsorption units, where the regulation limits of
concentration of contaminants in the effluent are low.

v’ The zeolites with high silica/alumina ratio were tested as pre-concentration media in
the dispersive-solid phase extraction procedure, extraction experiments led to high
recoveries, especially for ketoprofen and hydrochlorothiazide with recoveries above
95% for KTP and HCT and approximately 85% for ATN. Among all zeolites, in general
better adsorption performances were observed for zeolites with higher
silica/alumina ratio.

v’ The zeolites exchanged with silver ions were also studied to obtain new adsorbent
materials and determine the influence of this metal on the adsorption process. In all
cases, zeolites showed fast kinetics and high saturation capacities towards the PFAS,
higher than those of the starting materials. In each case, zeolites proved to be
excellent adsorbent materials for the adsorption of organic contaminants of great

concern from water matrices.

v' Mixed matrix membranes, that are composed by a continuous polymer phase and a
dispersed inorganic filler, were employed for the adsorption of PFAS form water
matrix. Nanostructured carbon material (CM) has been included in several
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formulations of hydrogels which differ in hydrophilicity, cross-linking and swelling.
Kinetic studies showed that within 4 hours the kinetic equilibrium is reached for all
the MMMs considered. In all cases, the addiction of inorganic filler (CANAM) into
polymeric matrix leads to higher saturation capacities, among the MMMs better
adsorption performances were observed for the material with intermediate

hydrophilicity and swelling (PEGDE_Ethyl-PEONH; + 5% CANAM).

In this work of thesis, advanced oxidation processes were studied for the degradation
of some pharmaceuticals, representing ubiquitous water contaminants of emerging
concern.

v/ The ability of photocatalysts to oxidize water producing -OH radicals, already
observed in homogeneous conditions, is kept also when the materials are
heterogenized on different supports.

v/ The entrapment of NaisWi1003; and WOs inside porous matrices leads to a
heterogeneous photocatalytic system with proper characteristics of hydrophobicity
that is able to degrade pharmaceuticals (i.e. carbamazepine and sulfamethoxazole).
The different hydrophobicity of the support employed favors adsorption of organic
molecules, which enter into the pores. Here, their proximity to photoproduced -OH

radicals favors the degradation of contaminant.

The final part of this work of thesis includes a study about the bioactivity and
biocompatibility of Asp aqueous extracts on normal fibroblasts and on breast cancer cell
lines. The chemical composition analyses revealed the absence of many antioxidants
that were frequently found on edible stems of asparagus. By in vitro tests it was
observed a significant reduction in the proliferation rate of the MCF7 breast cancer cell
line (expressing HR+/HER2- phenotype), associated with a significant blockade of the
cell cycle and low levels of apoptosis. Results also indicated that any significant changes
in proliferation, cell cycle and apoptosis were observed in MDA-MB-231 triple-negative
cells (representative of a more aggressive phenotype of breast cancer), but not in

NIH/3T3 noncancer cells.
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Abstract: The present work focused on the use of high-silica commercial zeolites as sorbent media
for pharmaceuticals in an aqueous matrix. As drug probes, ketoprofen, hydrochlorothiazide,
and atenolol were selected, because of their occurrence in surface waters and effluents from wastewater
treatment plants. Pharmaceuticals adsorption was evaluated for two Faujasite topology zeolites with
Silica/Alumina Ratio 30 and 200. The selected zeolites were demonstrated to be efficient sorbents
towards all investigated pharmaceuticals, thanks to their high saturation capacities (from 12 to 32%
w/w) and binding constants. These results were corroborated by thermal and structural analyses,
which revealed that adsorption occurred inside zeolite’s porosities, causing lattice modifications.
Finally, zeolites have been tested as a pre-concentration media in the dispersive-solid phase extraction
procedure. Recoveries higher than 95% were gained for ketoprofen and hydrochlorothiazide and
approximately 85% for atenolol, at conditions that promoted the dissolution of the neutral solute
into a phase mainly organic. The results were obtained by using a short contact time (5 min) and
reduced volume of extraction (500 uL), without halogenated solvents. These appealing features make
the proposed procedure a cost and time saving method for sample enrichment as well as for the
regeneration of exhausted sorbent, rather than the more energetically expensive thermal treatment.

Keywords: adsorption; emerging contaminants; pre-concentration; sorbent regeneration; zeolites

1. Introduction

The increasing use of pharmaceutical compounds in human and veterinary medicine has become an
environmental problem, which received widespread attention from scientists over the past 20 years [1,2].
Hundreds of tonnes of pharmacologically active substances enter sewage treatment plants, where they
are poorly removed. Consequently, they can enter into surface water collecting the plant effluents [3,4].
Indeed, the occurrence of pharmaceuticals in surface water and sediments has been extensively
reviewed [5,6]. Likewise, “source-to-tap” studies concerning the fate of pharmaceuticals from
wastewater to finished drinking water have been reported [7,8]. The concentrations measured in
natural and drinking waters are very low, generally in the ng L™ to ug L1 [9,10], thus requiring
accurate and sensitive methods for their detection. Likewise, to reduce the negative impact of
pharmaceutical on biota and human health, new technologies should be investigated to improve the

Molecules 2020, 25, 3331; d0i:10.3390/molecules25153331 www.mdpi.com/journal/molecules
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efficiency of water treatment plants in the removal of drugs. Therefore, it is important on one hand
to develop analytical methods able to detect these molecules at a low concentration level to better
evaluate their impact on the environment and, on the other hand, to enhance the efficiency of water
remediation technologies in order to reduce water contamination. Sorption based technologies were
demonstrated to be efficient and economical methods both for the enrichment of trace pollutants as
well as for their removal from water [11-13]. Among the wide variety of adsorbents, zeolites are very
promising for environmental application thanks to their properties such as high surface area, controlled
pore size, thermal and chemical stability. Recent studies demonstrated the efficiency of zeolites in
the adsorption of several organic pollutants from water, such as pharmaceuticals [14,15], polycyclic
aromatic hydrocarbons [16,17], and petrol-derived compounds such as toluene [18], methyl tert-butyl
ether [19], chlorobenzene [20]. In addition, zeolites were also investigated as materials for the
enrichment of organic compounds in dilute aqueous solutions. Dispersive solid-phase extraction is
a promising sample pre-treatment technique, first introduced by Anastassiades et al. [21], which is
based on the SPE methodology, but the sorbent is dispersed in a sample solution containing the
target analytes instead of being immobilized inside a cartridge. This approach enables the sorbate
to interact equally with all the sorbent particles and avoids channeling or blocking of cartridges or
disks, as occurs in traditional SPE [22]. Other advantages with respect to the conventional SPE are the
small sample volume required, reduced operational time, and high recoveries [23]. The dispersive-SPE
has been successfully introduced for several analyses (i.e., pesticide residues in various matrices,
antibiotics in animal tissues, pharmaceuticals in whole blood), with the purpose of sample clean-up and
elimination of matrix interferences [24]. In the present work, the adsorptive properties of high-silica
zeolites toward drugs in aqueous solutions were studied in order to investigate the efficiency of
these siliceous materials in two applications, namely: (1) The removal of contaminants from the
aqueous matrix, (2) the pre-concentration step for micropollutants analysis. An interesting future
perspective of the present work could be the investigation of the possible reuse of zeolites after
solvent extraction of sorbed analytes. Despite the fact that the thermal treatment usually requires
high temperatures and long times, it still represents the most common regeneration technique of
an exhausted adsorbent. It has been already demonstrated that exhausted zeolites maintain their
adsorption efficiency after thermal regeneration [25,26]. Adsorbent regeneration by solvent extraction
could be an attractive alternative to thermal treatment, because it is time-saving, requires less energy,
and could permit the recovery of bioactive molecules from waste. Target pharmaceuticals were chosen
based on their presence in effluents of wastewaters treatment plants and in surface waters [3,27,28].
In detail, the three investigated pharmaceuticals were ketoprofen (non-steroidal anti-inflammatory
drug), hydrochlorothiazide (diuretic), and atenolol (beta-blocker), which are characterized by different
physicochemical properties. As adsorbent media, commercial high-silica zeolites [29] (FAU and
BEA framework type), differing in structure and surface properties, were considered. The release of
sorbed pharmaceuticals from zeolites was evaluated by varying the pH and organic modifier of the
extracting phase.

2. Results and Discussion

2.1. Adsorption

The adsorption of pharmaceuticals from the aqueous solution onto zeolites was evaluated in a
wide concentration range and by fitting the experimental data with the proper mathematical model.
In this case, good fits were obtained using Langmuir adsorption isotherm Equation (1) which has been
already employed to investigate several organic molecule-zeolite systems [25,30,31]:

_ qsbCe

1= 1+ bCe M
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In Equation (1), q (mg g_l) is the adsorbed amount per unit weight of adsorbent, C. (mg L) is
the solute concentration at equilibrium, qs is the saturation capacity (mg g™') and b (L mg™!) is the
Langmuir coefficient (binding constant). The adsorption isotherms of drugs adsorption on Y zeolites
in Milli-Q water are shown in Figure 1 and the respective parameters estimated by non-linear fitting
are reported in Table 1. Data concerning the drugs adsorption onto Beta25 are reported elsewhere [15].
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Figure 1. Adsorption isotherms of ketoprofen (KTP: green symbols), hydrochlorothiazide (HCT: dark
blue symbols), and atenolol (ATN: red symbols) on Y200 (a) and Y30 (b) in Milli-Q water. Dotted lines
are the confidence limits at 95% of probability of the fitted curves.
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Table 1. Parameters Estimated by Non-Linear Fitting, According to the Langmuir Model, of Three
Drugs Adsorption on Y200 and Y30. The Confidence Limits at 95% of Probability of Parameters are
Reported in Brackets.

Drug-Zeolite w mljg 1 (mgqgs 1 R?
KTP-Y200 (0.;);11.1) (205?21 2 0.9887
HCT-Y200 (0.05§?3.7044) (302,-%42) 0-9856
ATN-Y200 (o.ogzgé.m) (171??95) 0.9737

KTP-Y30 (0.0;);;)?)%069) (14513,-7597) 0-9756
HCT=Y30 (0.01053(,-)%)%026) (11&28) 0.9957
ATN-Y30 (0.0%3;8(‘)1.11) (22?257) 0.9727

As can be seen in Table 1, both USY zeolites show high saturation capacities toward all the
examined drugs. These data could be compared with saturation capacities approximately ranging from
20 to 100 mg g~! found by other studies for the adsorption of pharmaceuticals by different adsorbents,
such as carbon black [32], granular or derivatized activated carbon [33,34], polymer clay composite [35].
In particular, by comparing the adsorptions on Y200, it can be noted that the highest saturation capacity
(gs) was reached for HCT, but the isotherm slope (b), related to the adsorption constant, is the lowest
one. At low concentrations, Y200 shows the greatest adsorption efficiency towards KTP. From the data
of Table 1, it can also be observed that Y30 shows higher adsorption capacity and affinity for ATN
than for the other pharmaceuticals. This last finding could be ascribed to electrostatic interactions
between Y30, which is less hydrophobic than Y200, and ATN which is partially positively charged.
By comparing the USY zeolites in terms of saturation capacities and binding constants (Table 1),
the more hydrophobic Y200 generally demonstrated to offer higher efficiency than Y30, despite the
lower surface area (see Table S1), thus confirming that the surface area is not exhaustive for predicting
adsorption properties. In the light of above, further investigations were performed solely on Y200.
In order to obtain more information on the adsorption process, thermal and diffractometric analyses
were carried on. Thermogravimetric curves of Y200 before and after saturation with drugs are shown
in Figure 2.

The TG curves of as-synthesized Y200 show a total weight loss of 1.7% at 900 °C. The thermal
profile shows a sudden slope variation at a temperature below 100 °C, thus suggesting the presence of
water molecules weakly bonded to the surface [14]. The TG curves of Y200 saturated with drugs display
two main weight losses: The first one below 100 °C can be attributed to the desorption of species (water
and/or drug) weakly retained on the zeolite surface, while the second one at temperatures above 100 °C
can be ascribed to the decomposition of drug sorbed inside the zeolite porosities. According to the
literature data [36-38], KTP and HCT present a stable profile until about 250 and 300 °C, respectively,
while the ATN thermal decomposition starts at lower temperatures (120-150 °C).

Thermogravimetric curves of Y200 after saturation with ATN, HCT, and KTP show weight losses
at 900 °C of 20.4%, 27.2%, and 22.6%, respectively. These results indicated that, at saturation conditions,
the higher amount of sorbed drug was found for HCT, followed by KTP and ATN. The same trend can
be observed by comparing the saturation capacities extrapolated from adsorption isotherms (see qg in
Table 1). Differences in the amounts obtained from TG and isotherm data can derive from different
factors, such as the contribution of co-adsorbed water molecules to TG results. In addition, saturation
capacity is a limit value estimated from non-linear fitting of experimental data (see Figure 1) and it
does not refer to a single adsorption measurement.
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Figure 2. Thermogravimetric curves of Y200 before (black) and after drugs adsorption (KTP: Green,
HCT: Blue, ATN: Red).

The Y200 dealuminated zeolite is characterized by the presence of both microporosity and
macroporosity mainly due to the dealumination process [39]. Although drug adsorption can occur
in both micro- and mesoporous structures, the deeply investigation of the adsorption site location
lies beyond the aim of the present work. In order to have an experimental evidence of the effective
incorporation of the drug inside the zeolite porosity and not only on the zeolite surface, a structural
investigation was carried out. Figure 3 shows the results attained for Y200-KTP and Y200-ATN systems.
Structural analyses carried out on Y200 saturated with HCT led to results similar to those obtained for
KTP: For this reason, the diffractometric data of HCT have not been reported here.

The XRD diffraction patterns of Y200 before and after KTP and ATN adsorption showed changes in
the entire 20 range investigated (Figure 3a) and especially in the low 29 region (Figure 3b). After drugs
adsorption, the intensity of the (111) reflection decreased and the full width at half maximum (FWHM),
reported in Figure 3b, increased, thus indicating changes in crystallinity of the original sample. At the
same time, shifts in the peaks positions revealed unit cell parameters modifications (Table 2) whereas
variations in their intensity suggested modifications induced by KTP and ATN adsorption, indicating
that the molecules are effectively penetrated inside the structural microporosities of Y200.
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Figure 3. X-ray powders diffraction pattern in the entire 29 range investigated (a) and in the low 29
region (b) of as-synthesized Y200 (black), Y200 saturated with KTP (green), and ATN (red).
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Table 2. Lattice Parameters for Y200 Before and After Pharmaceuticals Adsorption.

Y200 Y200-KTP Y200-ATN

Crystallite size (A) 668.5 621.5 563.4
a=b=c(A) 24.259(1) 24.255(1) 24.159(1)

V (A%) 14,277.1(1) 14,269.1(1) 14,101.5(1)
04-04 (A) 9.81 10.30 9.90
01-01 (A) 9.70 9.63 9.58
C.EA. (A?) 39.07 41.43 38.90
Ellipticity (¢) 1.01 1.07 1.03

Considering the structural difference between the channels, the framework oxygens distances
between the pores give important indications in determining the stability of a sorption site. A guest
molecule on a stable sorption site favors those distances that minimize the van der Waals interaction
potentials. This means that due to the host-guest interactions, the pore sizes of the channels are
roughly the same, but the precise structures of the channels are quite different. The bond lengths
and angles in the framework geometry and the diagonal O—O internuclear distances in the 12-ring
channel (12MR) are listed in Table 2. The 12MR diameters, calculated from the Rietveld structure
refinement, are indicated by O1-O1 and O4-O4 distances, treating the framework oxygen atoms as cold
hard spheres with van der Waals radius equal to 1.35 A. The oblate spheroidal KTP and ATN profile
“forced” the 12-ring channel to adapt to the host molecules geometry, with a consequent variation
of Crystallographic Free Area (CFA). The 12MR had been compressed becoming more elliptical,
as expressed by the channel ellipticity (¢), defined as the ratio between the smaller and the larger O-O
“free diameters” of the 12-rings. The refined atomic occupancy factors gave rise to an adsorption of
19% and 18% in weight for KTP and ATN, respectively. This finding is in good agreement with those
determined by adsorption isotherms (see qg in Table 1) and by thermogravimetric analyses (see Figure 2).
The positions occupied by atenolol and ketoprofen atoms appeared strongly disordered due to real
static disorder or to dynamic disorder. For these reasons, the complete geometry of selected molecules
inside the supercage was not achieved. The benzene ring of the drugs molecule was recognized in
the supercage (Figure S1 in Supporting Information) and the adsorption site was partially occupied
in both cases and each shows, on a statistical basis, four possible orientations. In particular, two and
four orientations were identified for the tert-butyl and methoxyl groups, respectively. This result
could indicate that structural and topological information contents may be significantly different,
due to the geometry of extra-framework species, their ordering and respective symmetry lowering,
framework distortions, etc. Consequently, we cannot exclude that the FAU framework could be in
higher symmetry (F d -3) compared to the symmetry of the guest molecules. Moreover, the absence of
cubic forbidden peaks indicating change in the space group does not get reported after adsorption,
consequently, the F d -3 one was also adopted in the structure refinement.

Since it is known that the solution pH influences the adsorption of molecules with ionizable
functional groups [40], adsorption experiments were carried out in water at different pH.
The pH-dependent adsorption behaviour was studied by measuring the amount of adsorbed drug (q),
normalized to the maximum value found in the investigated pH range (qmax) for each analyte vs. the
pH of the solution (see Figure 4). The pK, values of analytes are reported in Supplementary Materials
(Table S2).
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Figure 4. Normalized adsorbed amount (q/qmax) on Y200 of KTP (green), HCT (blue), and ATN (red)
vs. pH.

At 2 < pH < 12, the zeolite surface remains negatively charged due to the dissociation of the
hydroxyl groups [41]. In the explored pH range, literature data [42] reported that the Y zeolite does
not undergo degradation.

The pK, of KTP is 4.0, hence at pH < 4 KTP is mainly in its neutral form and at pH > 4 it is negatively
charged. As shown in Figure 4, the adsorption of KTP decreases as pH increases, due to repulsive
electrostatic interactions between KTP and the zeolite surface, both negatively charged. Analogously
to KTP, the molecule of HCT (pK,; = 7.9) is undissociated at pH < pK,; and negatively charged in
more alkaline solutions. The adsorption is almost constant until the HCT molecule remains neutral
and decreases as the negatively charged molecule becomes dominant. These results demonstrated that
KTP and HCT interact with the high-silica zeolite mainly in their neutral form thanks to hydrophobic
interactions. The preferential adsorption of neutral organic micropollutants by high-silica zeolites
was observed also by Fukahori et al. [40] who reported that sulfa-drugs in neutral form could be
more readily adsorbed onto FAU zeolites than those in cationic and anionic forms, based on the
hydrophobic interactions. On the contrary, when the anionic forms are dominant under alkaline
conditions, a reduction of adsorption capacity occurs [31]. Atenolol showed an opposite behaviour
with respect to other two drugs, likewise to what was observed for BEA zeolites [15]. It should be
minded that this molecule is cationic at pH < pK, and neutral at pH > pK, (pKs = 9.6). As the pH
increases, the conversion of cationic species in the neutral one may result in greater hydrophobic
interactions with Y200 and, at the same time, a lower solubility of the neutral ATN [43] which displays
higher affinity with the sorbent surface rather than the liquid phase. Both these aspects could be
responsible of the increase of ATN adsorption with pH.

2.2. Release

The performances of Y200 as a pre-concentration media for drugs enrichment was compared to a
BEA zeolite having SAR 25, which was previously calcined (referred to as Beta25c), since it has been
proved that this thermal treatment increases the adsorption efficiency of BEAs, thanks to the increase
of acidity due to the thermal release of ammonia for NHy-zeolites and to the increase of acidity as
well as to surface and structural modifications induced by thermal treatments [15,18]. The extracting
phases, at different pH and organic modifier contents, were selected in order to minimize the attractive
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interactions between the sorbed drug and the zeolite framework (see Figure 4) and, at the same
time, to favour the analyte’s dissolution in the liquid phase. In general, for each zeolite-drug system,
the following extracting phases were tested: Water, an organic polar solvent (methanol and acetonitrile),
aqueous solutions at pH values where the adsorption has demonstrated to be low, mixtures organic
modifier/formic acid or organic modifier/ammonium hydroxide. Despite the fact that in some cases
acidic or alkaline extracting phases were employed, the time of contact of 5 min with the loaded zeolite
(see Section 3.3) is too brief to induce structural degradation. Moreover, it should be considered that,
in the studied pH range, it has been reported that zeolites [42,44] do not undergo degradation.
The release efficiency was calculated as a percentage recovery, according to Equation (2) [45]:

Ce V¢

%R = 100
GV

@

where C; corresponds to the concentration (mg L™!) of the released drug in the final volume V¢
(0.2-1073 L), V; is the initial volume (1 - 1073 L), C; is the initial drug concentration (in the range
0.05-1 mg L™1). The details of the dispersive-SPE procedure were reported in Section 3.3. In Table 3,
the results obtained from dispersive-SPE applied to KTP, at an initial concentration of 1 mg L7},
are reported.

Table 3. Percentage Release of KTP at an Initial Concentration of 1 mg L~ from Y200 and Beta25¢c
(+ SD: Standard Deviation).

Extracting Phase Y200 Beta25c

ACN 53+4 53+5

MeOH 63+38 47 £3
MeOH:formic acid 90:10 pH 2.4 94 +14 115 £ 17
MeOH:formic acid 95:5 pH 2.5 88 +11 86 +12

For both zeolites, KTP is not at all released in water and the release is still negligible even by
increasing the pH of water to 10. At this pH, KTP is negatively charged, hence electrostatic repulsions
with a zeolite framework, negatively charged too, were expected. Percent recoveries higher than 80%
were obtained with mixtures of methanol and formic acid, probably due to interactions between the
neutral form of KTP at pH < pKj and the extracting phase enriched in an organic modifier.

Some further experiments were carried out by varying the initial drug’s concentration, in order to
verify if such positive results could be achieved also in the low concentrations range. The data reported
in Supplementary Materials (Figure 52) confirm that great recovery efficiencies were achieved with
both zeolites also at low analyte concentrations (1, 0.1, and 0.05 mg L‘l). The results of the present
work were compared with those obtained by other studies [8,46] focused on solid phase extraction of
KTP by using a commercial adsorbent and the efficiency was found comparable. Figure 5 shows some
of the results obtained by extraction of HCT with different phases from both zeolites.

The release of HCT in water from Y200 is low but not negligible. However, a higher release
(61 + 6% as shown in Figure 5a) was obtained by increasing the pH to 10, because of electrostatic
repulsions between the negatively charged drug and the zeolitic framework. A high recovery of
96 + 11% was obtained with MeOH:H, O = 70:30 at pH 5.0: analogously to KTP, in these conditions
(pH < pK,) HCT is neutral and displays high affinity with the extracting phase which is mainly
organic. Some experiments were carried out also at HCT concentrations lower than 1 mg L7! (i.e.,
0.1 and 0.05 mg L_l): No significant differences were observed between the different concentrations,
thus indicating that the dispersive SPE of the Y200-HCT system is effective also in the low concentrations
range, similarly for what was observed for KTP. The recovery efficiency on Beta25c (Figure 5b) was
evaluated by keeping constant the composition of the extracting phase and by varying the pH from
4 to 6. The highest recovery (71 + 7%) was obtained at pH 5 as already found for Y200, even if the
extraction was less efficient. This could be due to higher affinities between HCT at low concentrations
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and Beta25c (a binding constant of 0.60 L mg_1 was found [15]) with respect to Y200 (b = 0.037 L mg_1
as reported in Table 1). Finally, for that which concerns ATN, this drug was not at all released from Y200
in water at pH 3, despite the fact that it was found that the adsorption is negligible at strongly acidic
pH (Figure 4). Other experiments were performed at acidic pH by adding an organic modifier, and the
best result (71 + 5%) was obtained with a mixture (ACN:formic acid) (95:5) as an extracting phase.
Further tests were carried out at high pH values, by using extracting phases constituted by an organic
modifier (MeOH, ACN, or a mixture of them) and ammonium hydroxide at different concentrations.
These alkaline conditions should promote the dissolution of neutral ATN into the liquid phase which
is mainly organic. The highest efficiency (83 + 9%) was obtained with an extracting phase composed
by (MeOH:ACN 40:60):(NH4 OH 5%) = 70:30. The solute enrichment obtained with the proposed
procedure (five-fold enrichment of concentration, as described in Section 3.3) could be improved
by using higher volumes of the initial drug solution. Moreover, the extraction efficiency could be
enhanced by using longer time contact or higher volume of extraction phases. However, the results
herein presented could be considered a good compromise between the efficiency of the enrichment
process (> 80%) and the cost and time saving of the concentration procedure. Unfortunately, for the
Beta25c-ATN system, very low recoveries were obtained with several extracting phases, in fact the best
result was reached with a mixture (MeOH:ACN 40:60):(NH4 OH 5%) = 80:20 which led to a scarce
13 + 2%. The differences in terms of recovery efficiencies between the two selected zeolites could
be ascribed to the binding constants. The b parameter of the Beta25c-ATN system was found to be
58+28L mg‘1 [15], while that of the Y200-ATN system was 0.11 + 0.03 L rng_1 (Table 1). As already
hypothesized for HCT and KTP, the lower recovery of ATN from Beta25c could be due to its higher
affinity with respect to Y200.

a 120 -
8100 e H,0 pH11.0
@ « MeOH:H,0 70:30
2 80 pH 5.0
o
P » MeOH:formic
2 60 acid 90:10 pH
o 24
» MeOH:formic
20 acid 95:5pH
2.5
0
b 120 -
@ 100 1 « MeOH:H,0
@ 70:30 pH 4.1
9 g0 - g
(]
—
°\o 60 - I e« MeOH:H,0
70:30 pH 5.0
40 -
58 MeOH:H,0
20 - 70:30 pH 6.0
0 -

Figure 5. Release of HCT 1 mg L~! from Y200 with different extracting phases (a) and from Beta25c
with mixture MeOH:H; O 70:30 at different pH (b).
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3. Materials and Methods

3.1. Materials

Technical grade (99% purity) ketoprofen (KTP), hydrochlorothiazide (HCT), and atenolol (ATN)
were obtained from Sigma-Aldrich (Steinheim, Germany), as well as sodium phosphate monobasic for
the HPLC eluent. HPLC grade acetonitrile (ACN) and methanol (MeOH) were purchased from VWR
International PBI Srl (Radnor, PA, USA). The water was Milli-Q grade (Merck Millipore, Burlington,
MA, USA). Formic acid and ammonium hydroxide solution were obtained from Merck (Darmstadt,
Germany). Hydrochloric acid and sodium hydroxide (Alfa Aesar, Haverhill, MA, USA) were used for
pH adjustment. The pH was measured with an Amel 2335 pH-meter (Milano, Italy). Zeolite powders
were obtained from Zeolyst International (Conshohocken, PA, USA) and from Tosoh Corporation
(Tokyo, Japan). The main features of the selected zeolites are reported in Supplementary Materials
(Table S1). In our study, two USY zeolites with a Silica/Alumina Ratio (SAR) of 30 and 200 (referred as
Y30 and Y200) and a BEA with SAR of 25 (referred as Beta25) have been employed. According to Cejka
et al. [29], who discriminated between high-silica and low-silica zeolites when SAR was respectively
above or below 5, the selected materials can be considered high-silica zeolites. Structures and chemical
properties of the selected drugs are reported in Supplementary Materials (Table S2) [47-50].

3.2. Sorption Studies

The adsorption experiments were carried out using the batch method, by putting in contact
aqueous solutions of drugs at different concentrations in Milli-Q water with a known amount of zeolite.
It has been reported in previous studies [15] that the equilibrium is quite fast, nevertheless in this
work a contact time of 24 h was employed. Batch experiments were carried out in duplicate in 25 mL
crimp top reaction glass flasks sealed with PTFE septa (Supelco, Bellefonte, PA, USA). During the
equilibration, the solutions were thermostated at a temperature of 25.3 + 0.5 °C and continuously
stirred at 700 rpm. The solid was separated from the solution by centrifugation (Eppendorf 5418,
Hamburg, Germany) at 14,000 rpm for 10 min. For each level of concentration, the amount of analyte
in the solution, before and after the contact with the adsorbent, was determined by HPLC-DAD as
described in Supporting Information. Thermogravimetric and diffractometric analyses were performed
on zeolites before and after saturation with the selected drugs. Thermogravimetric (TG) measurements
were performed in air up to 900 °C, at 10 °C min~! heating rate, using an STA 409 PC LUXX® - Netzch
Gerédtebau GmbH (Verona, Italy). The X-ray diffraction analysis was carried out on a Bruker D8
Advance (Karlsruhe, Germany) diffractometer (Cu Ku1,2 radiation) equipped with a Si (Li)SOL-X
solid-state detector. The GSAS software and the EXPGUI graphical interface were employed for
structural refinements through a full profile Rietveld analysis. Statistical elaborations were carried out
through MATLAB® ver. 9.1 software (The MathWorks Inc., Natick, MA, USA).

3.3. Dispersive-SPE Studies

The dispersive-SPE procedure was carried out as follows: In a safe-lock microcentrifuge tube, 2 mg
of zeolite were added to 1 mL of drug solution, in a concentration range of 0.05-1 mg L~! in Milli-Q
water, and mixed for 5 min by vortex (VWR International PBI Srl, Radnor, PA, USA) equipped with a
specific adapter for microcentrifuge tubes. The resulting suspension was centrifuged at 14,000 rpm
for 5 min and the supernatant was analyzed by HPLC-DAD, in order to quantify the adsorption.
In all cases, it was found that the drug concentration in the supernatant was below the instrumental
limit of detection. Therefore, the drug was completely adsorbed in the brief time of contact, thanks
to the fast kinetic offered by the zeolites [14,15], especially in the low concentration range. After the
supernatant’s removal, the loaded zeolite was re-suspended for 5 min with 500 pL of solutions having
different compositions (i.e., pH and organic modifier concentration) and then centrifuged at 14,000 rpm
for 5 min. Finally, the supernatant was dried by evaporation under a gentle stream of nitrogen gas,
dissolved with 200 pL of the HPLC mobile phase (see Supplementary Materials) and analyzed by
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HPLC-DAD for the quantification of the released drug. With the proposed procedure, a five-fold
enrichment was achieved. All measurements were performed in triplicate.

4. Conclusions

In this study, the adsorptive properties of two commercial high-silica Y zeolites, with a
Silica/Alumina Ratio 30 and 200 (namely Y30 and Y200), toward drugs in a diluted aqueous solution
were evaluated, with the aim to investigate their possible use in the enrichment step of the analysis.
In fact, the determination of pharmaceuticals at trace levels in natural waters requires advanced
analytical methodologies enabling a more efficient detection with lower limits of quantitation. Owing
to their high surface area, hydrophobicity and water stability, the selected materials were demonstrated
to be efficient sorbents, both in terms of saturation capacity and binding constant. Among the two
Y-zeolites, in general better performances were observed for Y200. The structural analyses of saturated
zeolites revealed that drugs adsorption occurred inside the porosities of Y200 leading to modifications
of lattice parameters and channel ellipticity. Pharmaceuticals pre-concentration from dilute aqueous
solutions was carried out through the dispersive-solid phase extraction technique, thanks to its
attractive features, such as the short experimental times and small reagents amount required. As a
pre-concentration medium, in addition to Y200, a calcined Beta-zeolite with Silica/Alumina Ratio 25
was tested. The dispersive-solid phase extraction experiments led to high recoveries, especially for
ketoprofen and hydrochlorothiazide. These results are promising, especially by considering the short
operational times required for the entire procedure.

Supplementary Materials: The following are available online at; Table S1: Zeolites characteristics; Table S2:
Molecular structures and physical chemical properties of the studied drugs; Section S1: Experimental HPLC/DAD;
Figure S1: Adsorption site in the supercage for ATN and KTP benzene ring; Figure S2: Release of KTP at three
concentration levels with MeOH:formic acid 90:10 pH 2.4 as an extracting phase.
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Table S1. Zeolites characteristics

Producer SiO2/Al:0s ratio  Nominal cation form  Surface area (m?g)
Y200 Tosoh Corporation 200 Hydrogen 630
(HSZ-390HUA)
Y30 Zeolyst 30 Hydrogen 780
(CBV 720)
Beta25 Zeolyst 25 Ammonium 680
(CP814E)

Table S2. Molecular structures and physical chemical properties of the studied drugs
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S1. Experimental: HPLC/DAD

Drugs solutions were analysed by a Dionex HPLC (Thermo Fisher Scientific Inc., Waltham, MA, USA)
equipped with a P680 pump and a UVD340U detector. The flow rate was kept at 1 mL min-! under isocratic
conditions. The reversed-phase C18 analytical column (Agilent Technologies, Santa Clara, CA, USA; 150 x 4.6
mm, L.D. 5 um) was thermostated at 25 °C. The injection volume was 20 uL. As mobile phases, the following
mixtures were employed: for KIP (MeOH: phosphate buffer 2mM pH 3) (60:40), for HCT (MeOH: phosphate
buffer 2mM pH 3) (15:85), for ATN (ACN: phosphate buffer 2mM pH 3) (5:95). The selected detection
wavelength were 255 nm, 224 nm and 225 nm for KTP, HCT and ATN, respectively.

Figure S1. Adsorption site in the supercage for ATN and KTP benzene ring
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Figure S2. Release of KTP at three concentration levels with MeOH:formic acid 90:10 pH 2.4 as extracting
phase
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Abstract: In this work, the capability of two commercial high silica zeolites (HSZs), namely
ZSM-5 and Y, for the removal of chlorobenzene (CB) from water was investigated by combining
chromatographic and diffractometric techniques. The adsorption isotherms and kinetics of CB
on ZSM-5 and Y zeolites were determined from batch tests. The adsorption kinetics were very
fast; the time to reach equilibrium was less than 10 min. The equilibrium data of CB on the two
HSZs showed dissimilarities that are particularly evident in the adsorption data concerning the
low concentration range, where Y zeolite is characterized by low adsorption. On the contrary,
at higher solution concentrations the adsorption capacity of Y is higher than that of ZSM-5.
The crystalline structures of Y and ZSM-5 saturated with CB were investigated by X-ray diffraction
(XRD) techniques. Rietveld refinement analyses of XRD data allowed for quantitative probing of the
structural modifications of both zeolites after CB adsorption and provided insight into the preferred
zeolite adsorption sites in both microporous materials. The refined framework-extraframework
bond distances confirm that interactions between the selected organic contaminant and hydrophobic
zeolites are mediated via co-adsorbed H,O. The occurrence of HyO-CB—framework oxygen oligomers
explains variations in both the unit cell parameters and the shape of the channels, clearly confirming
that water plays a very relevant role in controlling the diffusion and adsorption processes in
hydrophobic zeolites.

Keywords: chlorobenzene; sorption; ZSM-5; X-ray powder diffraction; Rietveld structure
refinement; chromatography

1. Introduction

Industrial and agricultural discharges, chlorine disinfection by-products (DBPs) of drinking water
and wastewater, and incineration of wastes are the main sources of chlorine and organochlorine
compounds (OCICs), such as chlorobenzene (CB). These compounds can cause toxic effects on
both human health and environmental systems, even at low concentration [1]. In particular,
the Environmental Protection Agency (EPA) fixed the maximum contaminant level (MCL) of CB
at 0.1 mg/L; above this threshold value CB can cause negative health effects, such as gastrointestinal
irritations, hepatoxicity and kidney damages [2]. Therefore, it is important to remove this pollutant
from the environment and different methodologies have been proposed.

Actually, the physical method based on adsorption processes is a recuperative method exploited
for in situ water treatments which combines high flexibility of the system, efficiency even at low
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concentration levels, low energy, cheap operating costs, and possible waste reductions [3]. Different
adsorbent materials can be employed, and their efficiency depends on the host-guest interactions
between sorbent and sorbate [4-13]. In general, carbonaceous adsorbents are low cost materials,
widely employed in remediation technology. However, their applicability can be limited by fouling
that cause a pore blocking (i.e., to the presence of dissolved organic matter), to low adsorption
capacity, sharp rise of bed temperature and difficulty of regeneration [14-17]. In recent years, organic
contaminants removal by single-walled carbon nanotubes (SWCNTs) has attracted great interest due
to their chemical, electronic and mechanical properties [18]. However, the saturation capacity of these
adsorbents for OCICs is moderate and functional groups on the surface of carbonaceous adsorbents can
further reduce the adsorption features [19-21]. In the past few decades, surfactant modified clays have
been proposed as a potential alternative to carbonaceous adsorbents for removing OCIC pollutants.
Indeed, it has been proved that these materials are efficient and they can be easily regenerated. One of
the main disadvantages is their limited stability due to a progressive release of surfactant which can
have a negative impact on biota [22-25]. Synthetic and hydrophobic zeolites offer an attractive and
efficient option for the removal of chlorine, and organochlorine compounds from water. The main
advantages are related to their high surface area and porous structure, high specific capacity and
organic pollutants selectivity. Additionally, fast kinetics, mechanical, biological and chemical stability
make them promising and efficient adsorbents [4,6-8,26-28]. Furthermore, their high thermal stability
guarantees the possibility of regeneration through thermal treatments in order to reintroduce them in
new adsorption processes [5,29-33].

This work is part of a wider study aimed at systematically evaluating the adsorptive capacity of
high silica zeolites (HSZ) (e.g., mordenite, ZSM-5, faujasite, beta, ferrierite [4,7,10,29,30]) for fuel-based
compounds differing in chemical properties (e.g., polarity, functional groups, size, host-guest
interactions, etc.), which can provide useful information to accurately predict the behavior of HSZs as
well as improve their individual performance.

The objective of this study is to evaluate the capability of two commercial HSZs, ZSM-5
(MFI topology), and Y zeolite (FAU topology) [34], for removal of chlorobenzene (CB) from water.
For that purpose, the adsorption process from water was investigated in order to gain information on
the interactions between the selected organic contaminant and hydrophobic zeolites. The information
gathered from this work provides a tool for the selection of adsorbent materials for environmental
remediation. Additionally, the investigation of host-guest interactions can provide information on
the fate and transport of OCICs in the environment, and in particular for the partition of those
contaminants in the mineral fraction of soils, normally constituted by aluminosilicate.

2. Experimental Methods

2.1. Materials and Methods

High-silica Y (code HSZ-390HUA, 200 SiO,/Al,O3 molar ratio, 750 m2/ g surface area,
0.05 wt % NayO content) and ZSM-5 (code CBV 28014, 280 SiO, / Al,O3 molar ratio, 400 m?/ g surface
area, 0.01 wt % NayO content) hydrophobic zeolites were purchased in their as-synthetized form by
Tosoh Corporation (Tokyo, Japan) and Zeolyst International (Conshohocken, PA, USA) respectively.

Chlorobenzene (CB) in its anhydrous form (purity of 99.8%) was provided by Sigma-Aldrich
(Steinheim, Germany) and used as received.

2.2. Batch Adsorption

The adsorption isotherm was determined using the batch method. Batch experiments were carried
out in duplicate in 20 mL crimp top reaction glass flasks sealed with PTFE septa (Supelco, Bellefonte,
PA, USA). The flasks were filled in order to have the minimum headspace and a solid:solution ratio of
1:2 (mg~mL’1) was employed. After equilibration, for 24 h at a temperature of 25.3 & 0.5 °C under
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stirring, the solids were separated from the aqueous solution using centrifugation (14,000 rpm for
30 min).

The concentration of contaminants in the aqueous solution, before and after the contact with
the adsorbent was determined by Headspace Gas Chromatography coupled to Mass Spectrometry
(HS-GC-MS). The analysis was carried out using an Agilent GC-MS system (Santa Clara, CA, USA)
consisting of a GC 6850 Series II Network coupled to a Pal G6500-CTC injector and a Mass Selective
Detector 5973 Network.

HS autosampler injector conditions are: incubation oven temperature 80 °C, incubation time
50 min, headspace syringe temperature 85 °C, agitation speed 250 rpm, agitation on time 30 s,
agitation off time 5 s, injection volume 500 pL, fill speed 30 uL-s~!, syringe pull-up delay 5 s, injection
speed 250 uL-s~!, pre-injection delay 0 s, post injection delay 2 s, syringe flush 30 s with nitrogen.
A DB-624 UI GC column (L =20 m, I.D. = 0.18 mm, df = 1.00 pm film thickness, Agilent, Santa Clara,

CA, USA) was used. High purity helium was the carrier gas with a constant flow rate of 0.7 mL-min .

The oven temperature gradient started at 40 °C for 4 min and then ramped to 130 °C at 15 °C-min 1.
The injector temperature was kept at 150 °C. All samples were injected in split mode (10:1). The mass
spectrometer operated in electron impact mode (positive ion, 70 eV). The source temperature and
the quadrupole temperature were set to 230 °C and 150 °C, respectively. The mass spectra were
acquired in full scan mode. The electronic scan speed was 1562 amu-s~! in a mass range from 30 to
300 amu. For identification and quantification of the target analyte the SIM (selected ion monitoring)
chromatograms were extracted from the acquired signal by selecting the most abundant characteristic
fragments at m/z = 112. Chromatographic peak of analytes was identified by comparison of the
retention time and the mass spectrum with standard compound and library data; quantitative analysis
was performed using calibration curves.

2.3. Thermal Analyses

The Netzsch STA 409 PC LUXX® (Geritebau, Germany) simultaneous TG/DTA
thermogravimetric balance was employed in order to carry out both thermogravimetric (TG)
and differential thermal analyses (DTA) on Y and ZSM-5 zeolites before and after CB loading.
The measurements were performed in constant air flux conditions using a heating rate of 10 °C/min,
from room temperature (RT) to 900 °C.

2.4. X-ray Powder Diffraction Data Collection and Refinement Strategy

X-ray diffraction patterns on powders of Y and ZSM-5 zeolites loaded with CB were carried
out on a Bruker D8 Advance (Karlsruhe, Germany) diffractometer (Cu Ko » radiation) equipped
with a Sol-X detector. Diffraction data were collected at RT, in 3°~110° 26 (for ZSM-5) and 3°-100° 20
(for Y zeolite) 20 ranges respectively, with a counting time of 12 s each 0.02° 26. Figure S1 reported
observed, calculated and difference X-ray powder diffraction patterns of Y-CB (a) and ZSM-5-CB
(b), respectively.

GSAS software [35] and the EXPGUI graphical interface [36] were employed for Y-CB and
ZSM-5-CB structural refinements through a full profile Rietveld analysis. Unit-cell and structural
parameters were determined starting from the monoclinic P21 /n (for ZSM-5) and the cubic Fd-3 (for Y)
space groups of Martucci et al. [10], and Braschi et al. [11] structural models, respectively. The Bragg
peak profiles were modelled by a Pseudo-Voigt function with 0.001% cut-off peak intensity. Refined
coefficients were: two Gaussian terms (i.e., the tan26 dependent GU and the 0 independent GW),
and two Lorentzian terms (i.e., cosf ~! dependent LX, tanf dependent LY), respectively. A Chebyschev
polynomial function with 24 and 22 coefficients was used in order to empirically fit the instrumental
background for Y and ZSM-5, respectively. In both structural refinements, scale factor, 26-zero shift
and unit-cell parameters were also refined. Soft constraints were initially imposed on Si-O, O-O,
C-C and C—Cl bond distances (tolerance (¢) value of 0.04 A) and completely removed in the final
cycles. Finally, atomic coordinates, site occupancy and isotropic atomic displacement parameters were
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refined. Furthermore, the displacement parameters for a given atom type were constrained to be
equivalent (i.e., Si and O sites), thus limiting the number of refined atomic displacement parameters to
two. Additionally, in Y-CB x/a and y/b parameters of the chlorobenzene molecule were constrained
to be equal in order to maintain the planarity. Table 1 reports the details of the data collection and
Rietveld refinements. In Supplementary Materials (Tables S1 and S2, respectively) the refined atomic
coordinates, occupancies and isotropic thermal parameters of Y and ZSM-5 loaded structures are
reported. Extraframework atomic fractional coordinates, thermal isotropic displacement factor and
occupancy of Y-CB and ZSM-5-CB are in Tables S3 and S4, respectively. Selected bond distances (A)
and angles (°) within both the Y-CB and ZSM-5-CB framework and extraframework atoms are listed
in Tables S5 and S6, respectively. CIFs for all reported crystal structures are added in Supplementary
Materials as supplementary information.

Table 1. Details of the data collection and Rietveld refinements.

ZSM-5 ZSM-5-CB Y Y-CB
Parameter [Sig6O1921 [Sig601921-6(C¢H5CD-8(H,0) [Si1920384] [5119203;3232(0(:61{5(:1)'
20)
Space group P2y /n P2y /n Fd-3m Fd-3
a(A) 19.899(5) 19.919(1) 24.259(1) 24.263(1)
b(A) 20.117(6) 20.107(1) 24.259(1) 24.263(1)
c(A) 13.389(4) 13.3967(1) 24.259(1) 24.263(1)
a(°) 90 90 90 90
B(°) 90.546(3) 90.528(3) 90 90
) 90 90 90 90
Vv (A%) 5359.9(3) 5365.7(5) 14,277.1(1) 14,284.4(6)
Wavelength (A): Cu Koy 1.540593 1.540593 1.540593 1.540593
Cu Koy 1.544427 1.544427 1.544427 1.544427
Refined 26 (°) range 3°-110° 3°-110° 3°-100° 3°-100°
Contributing reflections 5861 6362 620 620
Nops 5350 5350 4850 4850
Nuyar 289 301 40 40
Rap (%) 10.3 133 12.8 12.9
Ry (%) 9.4 10.4 12.5 12.6
RE? (%) 7.00 7.25 9.95 10.0

Ry = Z[Yip — Yiel /Yio; Rup = [Ewi(Yo — Yi)*/ZwiY;s”1*% Re? =X 1F,* — F2 1/ IR,

3. Results and Discussion

3.1. Adsorption Isotherms from Aqueous Solutions

The uptake g (mg-g~!) was calculated as follows:

C — Q)V
q= G-OF - ) )
where Cj is the initial concentrations in solution (mg-L’l), C is the concentration at time t in kinetics
experiments (mg~L_1), V is the solution volume (L) and m is the mass of sorbent (g). In Figure 1 the
uptake data for CB on Y and ZSM-5 are reported.
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Figure 1. Chlorobenzene (CB) uptake vs. contact time for ZSM-5 (a) and Y (b) for initial concentration
of 35, 25, 15 mg/L. The insets: enlarged image of the boxed regions.

It can be seen that the kinetics of the adsorption process was very fast; the equilibrium was
reached in about 10 min. Similar behaviors were also observed for the adsorption of other aqueous
contaminants, such as dichloroethane and toluene onto ZSM-5 and Y zeolites [5-10,13].

We have previously verified [5-10,13] that uptake data of the investigated zeolites can be fitted by
the pseudo-second order model as:

kagzt

= 2
14 kpget @)

qt

where g; and g, are the amounts of solute adsorbed per mass of sorbent at time t and at equilibrium,
respectively, and k; is the second-order adsorption rate constant. The values of equilibrium uptake
ge and the adsorption rate constant k, were obtained from non-linear fit of g; vs. t (see Table 2).
Analogous to what was observed for the adsorption of other aqueous contaminants, the uptake data of
CB can be modelled by a pseudo-second order kinetic model, as indicated from the high coefficient
of determination.
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Table 2. Estimated kinetics parameters (see Equation (2)). The confidence limits at 95% of probability
of the estimated parameters are reported in brackets.

CO (mg-L_l) qt (mg.g_l) k2 (g-L_l-mg_l) R?

15 23.4(23.3,235)  044(041,047) 09845

ZSM-5 25 443 (44.2,443)  037(0.33,041)  0.9803
35 67.6 (67.5,67.6)  021(0.19,023)  0.9985

25 39.3(39.2,39.4)  0.14(0.11,0.17) 09822

Y 35 70.3(70.2,70.3)  0.13(0.11,0.15)  0.9969
45 823 (824,825 0.10(0.085,0.12)  0.9935

Furthermore, for the adsorption of CB it can be noted that the kinetic constant decreases by
increasing the initial concentration [37], and that the adsorption onto Y zeolites is characterized
by a lower kinetic constant than that found for ZSM-5. These findings allow us to generalize the
difference observed in the adsorption kinetics of these two zeolites. In particular, the adsorption
kinetics of neutral organic molecules (namely, toluene, dichloroethane, methyl tert-butylether and CB),
which differ from each other in physicochemical properties and molecular dimensions, is faster on
ZSM-5 than on Y zeolite.

It has been already shown that adsorption of organics in aqueous solutions onto ZSM-5
hydrophobic zeolites are well fitted by the Langmuir equation [5,6,8,13], that assumes monolayer
adsorption onto energetically equivalent adsorption sites and negligible sorbate-sorbate interactions.
The relationships describing the Langmuir isotherm is [38]:

QSbCe

1= 110G, ©)

where b is the binding constant (L-mg~!) and g; is the saturation capacity of the adsorbent material
(mg-g~!). The experimental data obtained for the adsorption of CB on both ZSM-5 and Y are shown
in Figure 2. It can be observed that the isotherms are shaped differently from each other; they can be
classified as concave (Type I) and sigmoidal (Type V) isotherms, respectively.

T I Y y
o = B

P zsus
[ [s:29

.
4‘0 50 6l0 70 8l0 90
Ce (mg-L1)

Figure 2. Adsorption isotherms of CB for ZSM-5 (red squares) and Y (blue squares).
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Similar differences in the adsorption of polar organic compound from aqueous solution onto
ZSM-5 and Y were also observed for methyl tert-butylether and toluene. In such cases, a Hill isotherm
model was employed:

Je = ‘7576 4)
H

where K is the Hill constant, and n is the Hill coefficient which is related to the degree of cooperativity.
The Hill isotherm is often employed to describe cooperative adsorption in biological systems, and it has
also been used to model adsorption data on zeolites due to evidence of the presence of water-organic
compound clusters [39] inside the zeolite frameworks. Since the tendency to form clusters increases
by increasing the porosity dimensions, the clusters are more probably formed in the large cage of Y
than in the channel system of ZSM-5 [40]. To evaluate if clusters can be formed for CB, a structural
investigation was carried out (vide infra).

In Table 3, the isotherm parameters for ZSM-5 and Y estimated by non linear fitting of Equations
(3) and (4) respectively, are reported. It can be seen that the saturation capacity of these zeolites are
higher than those obtained with graphite materials (i.e., 28.3 mg/g for dichlorobenzene) [41], and in
particular Y zeolite has a saturation value higher than adsorbents single-walled carbon nanotubes,
especially if they are partially oxidized [42]. In addition HSZs can be regenerated without significant
loss of their adsorption properties [5,6,29,30]. Therefore hydrophobic zeolites are very promising
adsorbents for the removal of chlorinated aromatic compounds from water.

Table 3. Isotherm parameters for the adsorption of CB on ZSM-5 and Y. SSE: sum of squared errors.

R? SSE
Langmuir
CB-ZSM-5 76.6 (74.8, 79.5)
s ’
b 5.0 (3.7, 6.6) 0.9874 198
Hill
CB-Y s 227 (218, 245)
Ky 9.2 (6.6,12.1) 0.9654 2135
n 5.5(4.3,6.7)

3.2. Structural Modifications upon Chlorobenzene Adsorption on High Silica Zeolites

3.21. Y-CB

Y zeolite (FAU framework topology [34]) is built up of large cavities (« cages or supercages) with
a diameter of 12 A linked to four other supercages through 12 membered-ring windows (diameter
of 7.4 A) and cuboctahedral B cages connected each other through double hexagonal rings (D6R).
Topological symmetry of the unloaded material is cubic Fd-3m, but it has been highlighted that the
embedding of organic compounds can decrease the symmetry to Fd-3 [10-13,43]. A careful examination
of powder diffraction patterns after chlorobenzene adsorption highlights that Y-CB peak positions
are quite similar to those of the as-synthetized material in all the 26 range investigated. Contrariwise,
peak intensities strongly decrease after pollutant incorporation, especially at low 20 angles (Figure 3).
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Figure 3. Observed powder diffraction patterns of Y-CB (a) and ZSM-5-CB (b), respectively, showing
differences both in intensity and position of the diffraction peaks in the low and intermediate 26 regions.
Blue lines represent the unloaded samples, red lines the loaded ones.

These differences suggest variations in the extraframework species content as well as in the
lattice parameters (Table 1), thus attesting to CB adsorption into the porous structure of the zeolite.
After adsorption, the T1-O and T2-O mean distances are 1.621 and 1.620 A, respectively, the O-T-O
angles range from 103.3° to 112.3° (Table S5). The T-O-T bond angles adopt a wide range of values
from 125° to 171° (mean value = 142°). The T-O, T-O-T and O-T-O grand mean values (Table S5)
are in high agreement with those reported for other pure silica zeolites (PSZ) [44]. Furthermore, after
adsorption the channel ellipticity € (defined as the ratio between the smaller and larger O-O “free
diameters” of the 12-rings) changed (¢ = 1.02in Y, ¢ = 1.21 in Y-CB) and at the same time, the openings
reached a wider Crystallographic Free Area (C.F.A., sensu Baerlocher [34]) when compared with the
as-synthesised material (Table 4), thus confirming the high flexibility of FAU-type materials [45,46].
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Table 4. Crystallographic Free Area and ellipticity (¢) comparison between unloaded Y [11] and Y-CB
systems. C.EA. = 71-(mean radius)? (Az) ; € = ratio between the longest and the shortest pore dimensions.

Parameter Y-CB Y [11]

04-04 distance (A) 11.16 9.81
01-01 distance (A) 9.68 9.70
Free diameter 04-04 (A) 8.46 7.11
Free diameter O1-O1 (A) 6.98 7.00
Mean diameter (A) 7.72 7.06
Mean radius (A) 3.86 3.53

C.FA. (A?) 46.81 39.07

e 1.21 1.01

Rietveld structural refinement allows us to detect 32 CB molecules per unit cell (corresponding
to ~22.0% dry weight, dw %) located within the Y supercage (Figure 4a). Chlorobenzene molecules
occupy one crystallographic independent and partially occupied site (C and Cl atoms in Table S3),
and statistically can assume six different orientations (Figure 4a).

Figure 4. Distribution of CB molecules in Y (a) and ZSM-5 (b) zeolites, respectively. Chlorine (red circle)
and carbon (green circle) are shown. Drawings produced by VESTA 3 [47].

Moreover, the evidence of relatively short C1-O1 bond distances (i.e., CI-O1 = 2.723(1) A and
2.680 A, respectively) proves that chlorobenzene directly interacts with framework oxygens.

Furthermore, difference-Fourier maps of the electron density analysis revealed the presence
of co-adsorbed H>O molecules hosted in three additional extraframework sites (W1, W2 and W3
sites, respectively, Table S3). Additionally, based on the W sites refined distance these sites interact
with both each other and chlorine atoms forming oligomers (W2-W2 =2.93 A, W3-Cl = 3.21 A and
W1-W2 =293 and 2.74 A, respectively) that strongly interact with the framework oxygen atoms via
chlorine (Figure 4a). According to the recent literature [5-8,10-13,29,44], the strong interactions among
organic molecules-H,O short chain-frameworks play a relevant role in stabilizing the guest structures
within the zeolite porosity.

On a whole, on the basis of Rietveld refinement 70 H>O molecules (~8% dw %) were detected
in good agreement with the TG curve (Figure 5a), which shows two main weight losses: the first
one (about 7.3 dw % zeolite, 25-110 °C) is related to desorption of species retained on the surface,
the second one (23.5 dw % zeolite, 110-900 °C) to the removal from the structure of loaded CB and
H,0O molecules.
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Figure 5. Thermal analysis of Y (a) and ZSM-5 (b) loaded with chlorobenzene from room temperature
t0 900 °C. In blue and gray circles, the total weight loss curve (TG) and the derivative of it (DTG); in red
the differential thermal analysis (DTA) curve.

3.2.2. ZSM-5-CB

The ZSM-5 zeolite framework consists of two intersecting channel systems: a straight channel
parallel to [010] direction and a sinusoidal one parallel to [100] direction [34]. Both channels are
limited by 10MR of TOy tetrahedra with free diameters of 5.4-5.6 A and 5.1-5.5 A for sinusoidal and
straight channel, respectively. After CB adsorption, the evolution of the powder diffraction pattern
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indicates that ZSM-5 maintains its crystallinity as well as the monoclinic P2; /n symmetry. In Table 1,
the comparison between refined lattice parameters of starting material and of the ZSM-5-CB system
highlights the occurrence of chlorobenzene adsorption in the ZSM-5 micropores. The structural
characterization was carried out starting with the model proposed by Rodeghero et al. [6] and
an examination of the difference Fourier maps of the electron density suggested the presence of
extraframework content. In detail, some of recognized maxima were reasonably attributed to
chlorobenzene adsorption sites in both the sinusoidal channel (CB2 sites) and the intersection between
sinusoidal and straight channels (CB1 sites) (Table 54, Figure 4b). On the whole, a total amount
of about 6 molecules per unit cell (p.u.c.) of organics were detected. Besides, residual maxima
of difference Fourier maps also indicate the presence of co-adsorbed H,O molecules (~1.5 dw %)
hosted at W1 and W2 sites. In particular, based on the refined distances between the extraframework
content and framework oxygen atoms strong interactions among chlorobenzene molecules hosted
in both adsorption sites (CB1 and CB2), H,O molecules (W1 and W2 sites), and framework oxygen
atoms occur (i.e., 04-C10 = 3.01(1) A, 018-C9 = 2.61(1) A, O31-Cl1 = 2.69(1) A, 047-Cl1 = 2.99(1) A,
W2-W2 =3.15(1) A, 026-CI2 = 3.03(3) A, W1-C1 = 3.16(3) A) (Figure 4b and Table S6). Additionally,
thermogravimetric analysis (Figure 5b) indicated that relevant weight loss, occurring at temperatures
higher than 100 °C (7% in weight), is due to the expulsion from the structure of extraframework
ions embedded in the ZSM-5 channels. The residual one at lower temperature can be ascribed to the
expulsion of water and/or CB molecules bonded to the surface (3% in weight below ~100 °C).

These results are quite well supported by the total amount of adsorbed molecules detected
through both saturation capacity determined by the adsorption isotherm and the results obtained by
Rietveld analysis. After adsorption, the T-O bond length ranges from 1.602 to 1.608 A, the O-T-O
angles varies from 96° to 125°, with a mean value of 109.4° (Table 56). According to Wragg et al. [44] the
T-O-T bond angles adopt a wide range of values from 124° to 178° (Table S6). Regarding the channel
geometry, after organics adsorption, any changes in both shape and channel dimension were also
evaluated. Specifically, both straight and sinusoidal channels hosting the organic molecules change
their shape and become more elliptical (Table 5).
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Table 5. C.F.A. and ellipticity (¢) comparison between unloaded ZSM-5 [13] and ZSM-5-CB systems. C.EA. = 77-(mean radius)? (AZ); ¢ = ratio between the longest and

the shortest pore dimensions.

Straight Channel
0O-O distance (A) 07-01 08-02 031-037 044-046 047-048 €
ZSM-5-CB 8.22 8.20 8.02 8.22 7.97 1.03
ZSM-5 7.90 7.94 8.04 8.41 7.80 1.08
Free diameter (A) 07-01 08-02 031-037 044-046 047-048
ZSM-5-CB 5.52 5.50 5.32 5.52 5.27 -
ZSM-5 5.20 5.24 5.34 5.71 5.10 -
Mean diameter (A) Mean radius (A) C.FA. (A%
ZSM-5-CB 543 2.71 23.12 -
ZSM-5 5.32 2.66 22.20 -
0O-0 distance (A) 011-05 020-018 021-022 027-033 028-034 €
ZSM-5-CB 8.08 7.89 8.11 8.22 8.08 1.04
ZSM-5 8.19 8.35 7.98 8.13 7.76 1.08
Free diameter (A) 011-05 020-018 021-022 027-033 028-034
ZSM-5-CB 5.38 5.19 5.41 5.52 5.38
ZSM-5 549 5.65 5.28 543 5.06
Mean diameter (A) Mean radius (A) C.EA. (A?)
ZSM-5-CB 5.37 2.69 22.67
ZSM-5 5.38 2.69 22.74
Sinusoidal Channel
0O-O distance (A) 020-015 024-026 027-02 028-01 041-046 e
ZSM-5-CB 8.08 7.87 7.76 8.16 8.69 1.12
ZSM-5 8.15 8.07 7.97 7.76 8.51 1.10
Free diameter (A) 020-015 024-026 027-02 028-01 041-046
ZSM-5-CB 5.38 5.17 5.06 5.46 5.99
ZSM-5 5.45 5.37 5.27 5.06 5.81
Mean diameter (A) Mean radius (A) C.FA. (A%
ZSM-5-CB 541 2.71 23.01
ZSM-5 5.39 2.70 22.82
0-O distance (A) 017-018 023-025 030-05 031-04 044-043 €
ZSM-5-CB 7.50 8.58 8.20 7.89 7.75 1.14
ZSM-5 7.30 8.31 8.32 8.05 7.95 1.14
Free diameter (A) 017-018 023-025 030-05 031-04 044-043
ZSM-5-CB 4.80 5.88 5.50 5.19 5.05
ZSM-5 4.60 5.61 5.62 5.35 5.25
Mean diameter (A) Mean radius (A) C.FA. (A2)
ZSM-5-CB 5.28 2.64 21.92
ZSM-5 5.29 2.64 21.93
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4. Conclusions

This work aims to highlight the adsorptive capacity of commercial high silica zeolites ZSM-5
(MFI topology), and Y zeolite (FAU topology), for removal of chlorobenzene (CB) from water. Both
high silica ZSM-5 and Y zeolites are characterized by fast kinetics, that combined with good adsorption
capacity, suggest they can be efficiently used as a sorbent media to control the concentration of
chlorobenzene in water systems. In particular, ZSM-5 is more efficient in the removal of CB at low
concentration level, while Y shows higher saturation capacity than ZSM-5. Difference Fourier maps of
the electron density provide insight into the preferred zeolite adsorption sites in both microporous
materials. The refined framework—extraframework bond distances highlight the existence of CB, and
hydrophobic zeolites interactions mediated via co-adsorbed H,O molecules. Adsorption of CB on
ZSM-5 and Y zeolites is accompanied by structural changes, i.e. variations in both unit-cell parameters
and channel shape when compared to the as-synthesized microporous materials, clearly confirming
the very relevant role of H,O molecules in both the diffusion and adsorption processes in hydrophobic
zeolites. After adsorption, the channels become more distorted, thus indicating remarkable framework
flexibility for both ZSM-5 and Y zeolites.

Supplementary Materials: The following are available online at www.mdpi.com/2075-163x/8/3/80/s1, Figure
S1: Observed (dotted line), calculated (solid line) and difference (bottom) X-ray powder diffraction patterns
of Y-CB (a) and ZSM-5-CB (b), respectively, Table S1: Framework atomic fractional coordinates and thermal
isotropic displacement factor of Y-CB, Table S2: Framework atomic fractional coordinates and thermal isotropic
displacement factor of ZSM-5-CB, Table S3: Extraframework atomic fractional coordinates, thermal isotropic
displacement factor and occupancy of Y-CB, Table S4: Extraframework atomic fractional coordinates, thermal
isotropic displacement factor and occupancy of ZSM-5-CB; x/a atomic fractional coordinates of CB2 molecule
atoms have exactly the same values, in order to maintain the molecule planarity, Table S5: Selected bond distances
(A) and angles (°) within both the Y-CB framework and extraframework atoms at T,,,;, Table S6: Selected bond
distances (A) and angles (°) within both the ZSM-5-CB framework and extraframework atoms at T,,,,;,. CIFs for
all reported crystal structures are added as Supplementary Information.
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Figure S1. Observed (dotted line), calculated (solid line) and difference (bottom) X-ray powder
diffraction patterns of Y-CB (a) and ZSM-5-CB (b), respectively.
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Table S1. Framework atomic fractional coordinates and thermal isotropic displacement factor of

Y-CB.

Sites xla y/b zlc Uiso (A2) Fraction
T1 -0.0536(1) 0.1178(2) 0.0380(1) 0.002(1) 1.00
T2 -0.0534(1) 0.0330(1) 0.1234(1) 0.002(1) 1.00
o1 ~0.1080(3) -0.0029(1) 0.1099(1) 0.005(1) 1.00
02 ~0.0053(7) ~0.0094(1) 0.1417(2) 0.005(1) 1.00
03 -0.0333(1) 0.0607(1) 0.0660(1) 0.005(1) 1.00
04 -0.0546(2) 0.0858(1) 0.1640(1) 0.005(1) 1.00

Table S2. Framework atomic fractional coordinates and thermal isotropic displacement factor of

ZSM-5-CB.

Sites xla y/b zlc Uiso (A2) Fraction
T1 0.0501(4) 0.4255(4) -0.3339(5) 0.52(1) 1.00
T2 0.0303(4) 0.3159(4) -0.1760(8) 0.52(1) 1.00
T3 0.0632(4) 0.2806(2) 0.0325(3) 0.52(1) 1.00
T4 0.0658(4) 0.1215(2) 0.0359(2) 0.52(1) 1.00
T5 0.0275(1) 0.0727(4) -0.1785(5) 0.52(1) 1.00
T6 0.0590(4) 0.1914(4) -0.3193(3) 0.52(1) 1.00
T7 ~0.1748(3) 0.4261(1) ~0.3355(4) 0.52(1) 1.00
T8 ~0.1296(3) 0.3149(1) -0.1827(6) 0.52(1) 1.00
T9 ~0.1757(3) 0.2712(1) 0.0337(6) 0.52(1) 1.00
T10 -0.1829(3) 0.1191(1) 0.0346(3) 0.52(1) 1.00
T11 -0.1309(2) 0.0698(4) -0.1786(4) 0.52(1) 1.00
T12 ~0.1638(5) 0.1882(2) -0.3172(5) 0.52(1) 1.00
T13 0.4411(3) 0.4281(4) ~0.3370(4) 0.52(1) 1.00
T14 0.4721(2) 0.3179(4) -0.1879(4) 0.52(1) 1.00
T15 0.4354(2) 0.2828(2) 0.0313(2) 0.52(1) 1.00
T16 0.4335(3) 0.1235(2) 0.0193(2) 0.52(1) 1.00
T17 0.4717(4) 0.0729(2) -0.1960(2) 0.52(1) 1.00
T18 0.4361(4) 0.1930(4) -0.3274(4) 0.52(1) 1.00
T19 0.6657(1) 0.4225(1) -0.3232(2) 0.52(1) 1.00
T20 0.6305(2) 0.3069(4) -0.1734(4) 0.52(1) 1.00
T21 0.6653(2) 0.2756(3) 0.0500(2) 0.52(1) 1.00
T22 0.6717(3) 0.1191(3) 0.0376(2) 0.52(1) 1.00
123 0.6324(2) 0.0732(6) -0.1837(4) 0.52(1) 1.00
T24 0.6815(4) 0.1911(4) -0.3163(4) 0.52(1) 1.00
01 0.0484(5) 0.3843(6) -0.2314(4) 0.71(2) 1.00
02 0.0738(3) 0.3144(2) -0.0749(3) 0.71(2) 1.00
03 0.0620(3) 0.2009(4) 0.0264(4) 0.71(2) 1.00
04 0.0634(2) 0.1021(2) -0.0803(3) 0.71(2) 1.00
05 0.0453(6) 0.1197(4) -0.2713(4) 0.71(2) 1.00
06 0.0433(3) 0.2516(6) -0.2444(4) 0.71(2) 1.00
07 ~0.1567(4) 0.3785(4) -0.2429(3) 0.71(2) 1.00
08 -0.1634(3) 0.3002(3) -0.0765(4) 0.71(2) 1.00
09 -0.1554(4) 0.1940(4) 0.0356(4) 0.71(2) 1.00

010 -0.1594(3) 0.0884(4) -0.0702(4) 0.71(2) 1.00
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011 ~0.1567(5) 0.1152(4) ~0.2696(4) 0.71(2) 1.00
012 -0.1385(4) 0.2480(3) ~0.2470(4) 0.71(2) 1.00
013 ~0.0498(5) 0.3216(4) -0.1675(4) 0.71(2) 1.00
014 -0.0516(3) 0.0682(4) -0.1568(3) 0.71(2) 1.00
015 0.1222(3) 0.4169(4) -0.3852(4) 0.71(2) 1.00
016 -0.0138(4) 0.4025(4) -0.3986(4) 0.71(2) 1.00
017 ~0.1357(4) 0.4017(4) -0.4332(4) 0.71(2) 1.00
018 0.1338(4) 0.1817(4) ~0.3605(4) 0.71(2) 1.00
019 ~0.0011(3) 0.2057(4) -0.3964(4) 0.71(2) 1.00
020 -0.1322(3) 0.1841(4) ~0.4268(4) 0.71(2) 1.00
021 0.0599(4) 0.0022(4) ~0.2069(4) 0.71(2) 1.00
022 -0.1630(3) -0.0006(3) -0.2087(4) 0.71(2) 1.00
023 ~0.2552(4) 0.4281(3) -0.3435(3) 0.71(2) 1.00
024 ~0.2411(3) 0.2009(3) ~0.3454(4) 0.71(2) 1.00
025 ~0.2543(3) 0.2769(3) 0.0577(3) 0.71(2) 1.00
026 -0.2550(4) 0.1077(3) 0.0843(3) 0.71(2) 1.00
027 0.4406(3) 0.3835(4) -0.2378(4) 0.71(2) 1.00
028 0.4396(3) 0.3142(3) -0.0787(3) 0.71(2) 1.00
029 0.4356(3) 0.2031(3) 0.0258(5) 0.71(2) 1.00
030 0.4389(4) 0.0929(4) -0.0910(3) 0.71(2) 1.00
031 0.4357(3) 0.1213 -0.2750(3) 0.71(2) 1.00
032 0.4574(3) 0.2530(4) ~0.2546(4) 0.71(2) 1.00
033 0.6554(4) 0.3721(3) -0.2317(3) 0.71(2) 1.00
034 0.6562(3) 0.3066(4) -0.0597(3) 0.71(2) 1.00
035 0.6591(4) 0.1975(3) 0.0277(3) 0.71(2) 1.00
036 0.6605(4) 0.0963(3) -0.0764 0.71(2) 1.00
037 0.6613(3) 0.1204(3) -0.2698(3) 0.71(2) 1.00
038 0.6620(4) 0.2454(4) -0.2334 0.71(2) 1.00
039 0.5503(4) 0.2996(3) -0.1794(4) 0.71(2) 1.00
040 0.5522(4) 0.0783(3) -0.1942(3) 0.71(2) 1.00
041 0.3779(4) 0.4188(4) -0.4104(3) 0.71(2) 1.00
042 0.5051(3) 0.4133(4) ~0.4057(3) 0.71(2) 1.00
043 0.6415(3) 0.3911(3) -0.4275(3) 0.71(2) 1.00
044 0.3651(3) 0.1872(3) -0.3836(3) 0.71(2) 1.00
045 0.5017(3) 0.2017(3) -0.3951(3) 0.71(2) 1.00
046 0.6299(3) 0.1972(3) ~0.4084(3) 0.71(2) 1.00
047 0.4484(3) ~0.0023(4) -0.2169(3) 0.71(2) 1.00
048 0.6539(4) -0.0021(3) -0.2070(4) 0.71(2) 1.00
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Table S3. Extraframework atomic fractional coordinates, thermal isotropic displacement factor and
occupancy of Y-CB.

Sites xla y/b zlc Uiso (A2) Fraction
C 0.4768(1) 0.4768(1) 0.5463(3) 0.161(3) 0.34(6)
Cl 0.4496(1) 0.4496(1) 0.6008(1) 0.161(3) 0.34(6)

w1 0.3096(4) 0.3096(4) 0.3096(4) 0.113(1) 0.82(1)
W2 0.4176(2) 0.4176(2) 0.4176(2) 0.113(1) 0.80(8)
W3 0.6277(1) 0.2209(1) 0.0081(1) 0.113(1) 0.18(1)

Table S4. Extraframework atomic fractional coordinates, thermal isotropic displacement factor and
occupancy of ZSM-5-CB; x/a atomic fractional coordinates of CB2 molecule atoms have exactly the
same values, in order to maintain the molecule planarity.

Sites xla y/b zlc Uiso (A2) Fraction
C1 0.7547(4) 0.5975(9) 0.0273(7) 0.211(7) 0.93(5)
2 0.3017(5) 0.4444(9) 0.008(5) 0.211(7) 0.93(5)
C3 0.8151(8) 0.5686(7) 0.0564(6) 0.211(7) 0.93(5)
C4 0.8237(4) 0.5008(8) 0.0502(8) 0.211(7) 0.93(5)
C5 0.7110(7) 0.4899(6) -0.0129(7) 0.211(7) 0.93(5)
Cé 0.2285(7) 0.5386(9) ~0.0175(5) 0.211(7) 0.93(5)
cll 0.0991(2) 0.5357(2) 0.921(2) 0.211(7) 0.93(5)
C8 0.213(4) 0.1474(7) 0.7608(3) 0.285(2) 0.54(6)
C9 0.213(6) 0.0885(8) 0.7066(3) 0.285(2) 0.54(6)
C10 0.213(4) 0.0834(7) 0.9116(3) 0.285(2) 0.54(6)
C11 0.213(3) 0.1444(7) 0.8632(3) 0.285(2) 0.54(6)
C12 0.213(7) 0.0274(7) 0.8573(3) 0.285(2) 0.54(6)
C13 0.213(8) 0.0275(7) 0.7553(3) 0.285(2) 0.54(6)
CI2 0.213(9) -0.0544(7) 0.7127(3) 0.285(2) 0.54(6)
W1 0.7170(9) 0.7343(5) 0.1285(5) 0.193(3) 1.00(2)
p) 0.4209(7) 0.5034(5) ~0.0025(8) 0.193(3) 1.00(3)

Table S5. Selected bond distances (A) and angles (°) within both the Y-CB framework and

extraframework atoms at Tame.

Distance Value (A) Distance Value (A)
T1-01 1.629 T2-01 1.619
T1-02 1.612 T2-02 1.620
T1-03 1.622 T2-03 1.621
T1-04 1.620 T2-04 1.619

Mean Value 1.621 Mean Value 1.620
Angle Value (°) Angle Value (°)
01-T1-02 105.6 01-T2-02 107.7
01-T1-03 110.5 01-T2-03 107.3
01-T1-04 117.7 01-T2-04 122.3
02-T1-03 112.3 02-T2-03 106.4
02-T1-04 103.3 02-T2-04 1104
03-T1-04 107.3 03-T2-04 101.6
Mean value 109.45 Mean value 109.3
Angle Value (°) Angle Value (°)
T1-0O1-T2 124.7 01-C1 2.680
T1-02-T2 142.7 01-C1 2.723

T1-O3-T2 128.6 04-Cl1 2.599
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Table S6. Selected bond distances (A) and angles (°) within both the ZSM-5-CB framework and

extraframework atoms at Tame.

T1-04-T2 171.4 Cc-C 1.379
Mean value 141.8 Mean value 1.620
Distance Value (A) Distance Value (A)
W2-W2 2.926 WI1-W3 2.201
W2-W1 2.737 W3-CL 2.454
W2-W3 2421 W3-CL 3.211

Distance Value (A)
T1-0O1 1.604
T1-015 1.606
T1-016 1.602
T1-0O47 1.604
Mean value 1.604
T2-0O1 1.604
T2-02 1.604
T2-06 1.606
T2-013 1.605
Mean value 1.605
T3-02 1.606
T3-03 1.605
T3-045 1.607
T3-046 1.606
Mean value 1.606
T4-O3 1.604
T4-O4 1.605
T4-042 1.605
T4-043 1.602
Mean value 1.604
T5-0O4 1.606
T5-05 1.603
T5-014 1.606
T5-021 1.604
Mean value 1.605
T6-O5 1.603
T6-06 1.605
T6-018 1.604
T6-019 1.603
Mean value 1.604
T7-07 1.605
T7-017 1.605
T7-023 1.604
T7-048 1.605
Mean value 1.605
T8-0O7 1.604
T8-08 1.606
T8-012 1.606
T8-013 1.605
Mean value 1.605
T9-08 1.609

S6 of S16



Minerals 2018, 8

T9-09 1.603
T9-025 1.605
T9-044 1.604

Mean value 1.605
T10-09 1.603
T10-0O10 1.607
T10-0O26 1.604
T10-041 1.605
Mean value 1.605
T11-010 1.606
T11-011 1.605
T11-014 1.606
T11-022 1.604
Mean value 1.605
T12-011 1.605
T12-012 1.607
T12-020 1.604
T12-024 1.604
Mean value 1.605
T13-021 1.603
T13-027 1.604
T13-041 1.603
T13-042 1.605
Mean value 1.604
T14-027 1.605
T14-028 1.606
T14-032 1.608
T14-039 1.605
Mean value 1.606
T15-019 1.605
T15-020 1.605
T15-028 1.606
T15-029 1.604
Mean value 1.605
T16-0O16 1.603
T16-017 1.605
T16-029 1.603
T16-030 1.605
Mean value 1.604
T17-030 1.606
T17-031 1.604
T17-040 1.607
Mean value 1.605
T18-031 1.603
T18-032 1.606
T18-044 1.603
T18-045 1.605
Mean value 1.604
T19-022 1.605
T19-023 1.604
T19-033 1.605
T19-043 1.604
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Mean value 1.605
T20-0O33 1.605
T20-034 1.603
T20-038 1.607
T20-039 1.605

Mean value 1.605
T21-018 1.605
T21-025 1.606
T21-034 1.605
T21-0O35 1.603

Mean value 1.605
T22-015 1.606
T22-026 1.602
T22-035 1.602
T22-036 1.608

Mean value 1.605
T23-036 1.607
T23-037 1.605
T23-040 1.607
T23-048 1.605

Mean value 1.606
T24-024 1.605
T24-0O37 1.605
T24-038 1.606
T24-0O46 1.605

Mean value 1.605

Angle Value (°)

01-T1-015 109.6

01-T1-016 107

0O1-T1-047 96.1

015-T1-016 116.6
015-T1-047 105.3
016-T1-047 120.2

Mean value 109.1

01-T2-02 106.6

01-T2-06 112.8

01-T2-013 101.5

02-T2-06 112.2

02-T2-013 118.2

06-T2-013 105.1

Mean value 109.4

02-T3-03 112.3

02-T3-045 123.5

02-T3-046 102.1

03-T3-045 103.9

03-T3-046 108.3

045-T3-046 105.8

Mean value 109.3

03-T4-0O4 99.5

03-T4-042 116

03-T4-043 103.1

04-T4-042 110.4
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04-T4-043 106.2
042-T4-043 119.5
Mean value 109.1
04-T5-05 108.6
04-T5-014 107.7
04-T5-021 109.9
05-T5-014 113.4
O5-T5-021 104.2
014-T5-021 113
Mean value 109.5
05-T6-06 113.2
0O5-T6-018 100.9
O5-T6-019 107
06-T6-018 119.6
06-T6-019 96.8
018-T6-019 119.4
Mean value 109.5
07-17-017 109.9
07-1T7-023 106.5
0O7-T7-048 101.8
017-T7-023 116.3
017-T7-048 115.9
023-T7-048 105
Mean value 109.3
07-T8-08 116.7
07-T8-012 111.3
07-T8-013 109.1
08-T8-012 105.9
08-T8-013 108.9
012-T8-013 104.1
Mean value 109.3
08-T9-09 109
08-T9-025 108.2
08-T9-044 1114
09-T9-025 108.2
09-T9-044 111.6
025-T9-044 108.3
Mean value 109.5
09-T10-010 105.5
09-T10-026 115.9
09-T10-041 100.8
010-T10-026 125.1
010-T10-041 89.7
026-T10-041 114.6
Mean value 108.6
010-T11-011 116.2
010-T11-014 101.2
010-T11-022 106.9
011-T11-014 117.3
011-T11-022 100.7
014-T11-022 114.7

Mean value

109.5
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011-T12-012 115.2
0O11-T12-020 106.5
0O11-T12-024 108.7
012-T12-020 116.8
012-T12-024 108.3
020-T12-024 100.1
Mean value 109.3
021-T13-027 102.5
021-T13-041 108.8
021-T13-042 113.2
027-T13-041 115.7
027-T13-042 1124
041-T13-042 104.5
Mean value 109.5
027-T14-028 104.9
027-T14-032 1115
027-T14-039 126.5
028-T14-032 113.4
028-T14-039 108.8
032-T14-039 91.6
Mean value 109.4
019-T15-020 112.9
019-T15-028 116.8
019-T15-029 99.7
020-T15-028 101.9
020-T15-029 115.6
028-T15-029 110.5
Mean value 109.6
016-T16-017 100.6
016-T16-029 105.8
016-T16-030 117.3
017-T16-029 108.4
017-T16-030 107.9
029-T16-030 115.6
Mean value 109.3
030-T17-031 104
030-T17-040 112.4
030-T17-047 105.6
031-T17-040 114.3
031-T17-047 109.1
040-T17-047 110.8
Mean value 109.4
031-T18-032 114.3
031-T18-044 97.6
031-T18-045 110.7
032-T18-044 124.6
032-T18-045 92.8
044-T18-045 117.6
Mean value 109.6
022-T19-023 90.7
022-T19-033 113.6
022-T19-043 126.9

510 of S16



Minerals 2018, 8

023-T19-033 107.7
023-T19-043 99.9
033-T19-043 112.2
Mean value 108.5
033-T20-034 1115
033-T20-038 105.2
033-T20-039 111.2
034-T20-038 110.4
034-T20-039 111
038-T20-039 107.2
Mean value 109.4
018-T21-025 109.7
018-T21-034 115.7
018-T21-035 129.3
025-T21-034 99.1
025-T21-035 95.9
034-T21-035 101.6
Mean value 108.6
015-T22-026 104.2
015-T22-035 113.7
015-T22-036 113.7
026-T22-035 108.3
026-T22-036 116.8
035-T22-036 100.4
Mean value 109.5
036-T23-037 110.3
036-T23-040 113.5
036-T23-048 110.9
037-T23-040 105.1
037-T23-048 108.7
040-T23-048 108.1
Mean value 109.4
024-T24-037 116.5
024-T24-038 108.8
024-T24-046 114.5
037-T24-038 105.7
037-T24-046 101.9
038-T24-046 108.9
Mean value 109.4
T1-O1-T2 147.7
T2-02-T3 133.7
T3-03-T4 171.7
T4-O4-T5 153.4
T5-0O5-T6 151.7
T2-06-T6 175.3
T7-0O7-T8 159.5
T8-08-T9 161.3
T9-09-T10 145.5
T10-O10-T11 170.5
T11-011-T12 148.0
T8-012-T12 167.0
T2-013-T8 165.6
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T5-014-T11 158.6
T1-015-T22 151.5
T1-0O16-T16 168.2
T7-017-T16 147.6
T6-018-T21 124.0
T6-019-T15 176.0
T12-020-T15 129.3
T5-021-T13 136.7
T11-022-T19 142.9
T7-023-T19 165.4
T12-024-T24 147.8
T9-025-T21 163.9
T10-026-T22 129.4
T13-027-T14 143.2
T14-028-T15 151.4
T15-029-T16 178.3
T16-030-T17 158.8
T17-0O31-T18 146.1
T14-032-T18 173.5
T19-033-T20 158.2
T20-034-T21 154.7
T21-035-T22 159.6
T22-036-T23 167.5
T23-037-T24 153.6
T20-038-T24 165.2
T14-039-T20 161.5
T17-040-T23 171.3
T10-041-T13 157.4
T4-042-T13 164.6
T4-043-T19 127.3
T9-044-T18 136.6
T3-045-T18 172.6
T3-046-T24 157.5
T1-047-T17 140.7
T7-048-T23 148.0
Distance Value (A)
C5-Cé6 1.39
C5-C4 2.40
C5-C2 1.35
C5-C3 2.76
C5-C1 2.39
C5-W2 2.64
C6-C5 1.39
Co—C4 1.38
C6-C2 241
C6-C3 2.38
C6-C1 2.76
C6-Cl1 2.70
C4-C5 2.40
C4-Cé6 1.38
C4-C2 2.83
C4-C3 1.38
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C4-C1
Cc4-Cl1
C2-020
C2-C5
C2-Co
C2-C4
Cc2-C3
Cc2-C1
C2-W2
C2-C14
C3-C5
C3-Cé6
C3-C4
C3-C2
C3-C1
C3-CI2
Cc3-C7
C1-024
C1-C5
C1-Ce
C1-C4
C1-C2
C1-C3
C1-W1
C1-C14
C8-018
C8-025
c8-C9
C8-C10
C8-C11
c8-C12
C8-C13
C8-W1
C9-018
C9-C8
C9-C10
Co9-C11
C9-C12
C9-C13
Co-CI2
C10-0O4
C10-043
C10-C8
C10-C9
C10-C11
C10-C12
C10-C13
C11-04
C11-C8
C11-C9
C11-C10
C11-C12

2.40
1.75
3.03
1.35
241
2.83
2.49
1.48
2.66
297
2.76
2.38
1.38
249
1.39
294
2.72
3.21
2.39
2.76
240
1.48
1.39
3.16
2.76
2.36
3.19
1.39
240
1.37
2.74
241
3.13
2.61
1.39
2.75
2.38
2.36
1.39
2.87
3.01
2.64
240
2.75
1.39
1.34
2.38
3.19
1.37
2.38
1.39
2.35
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C11-C13
Cl11-W1
C12-021
C12-026
C12-041
C12-C8
C12-C9
C12-C10
C12-C11
C12-C13
C12-C14
C13-021
C13-C8
C13-C9
C13-C10
C13-C11
C13-C12
C13-C12
W1-020
W1-028
W1-C1
W1-C8
W1-C11
W2-C5
W2-C2
W2-W2
CL2-021
CL2-026
CL2-027
CL2-041
CL2-C2
CL2-C3
CL2-C1
CL2-C9
CL2-C12
CL2-C13
Cl1-031
Cl1-0O44
Cl1-047
Cl1-Co6
Cl1-C4
Cl1-C3

2.76
2.81
3.20
2.95
2.93
2.74
2.36
1.34
2.35
1.37
2.54
3.14
241
1.39
2.38
2.76
1.37
1.74
3.33
3.33
3.16
3.13
2.81
2.64
2.66
3.15
3.44
3.03
3.32
3.26
297
294
2.76
2.87
2.54
1.74
2.69
3.17
2.99
2.70
1.75
2.72
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Crystallographic Information File (CIF) of Y-CBY-CB

_symmetry_space_group_name_H-M  'Fd-3'
_cell_length_ a  24.263506
_cell length b 24.263506
_cell_length ¢ 24.263506
_cell_angle_alpha  90.0000
_cell_angle_beta  90.0000
_cell_angle_gamma  90.0000
loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_B_iso_or_equiv

_atom_site_occupancy
SI1 SI-0.05360 0.11780 0.03802 0.197391754562 1.00000
SI2 SI -0.05346 0.03299 0.12335 0.197391754562 1.00000
01 O -0.10804 -0.00289 0.10993 0.394783509124 1.00000
02 O -0.00534 -0.00939 0.14171 0.394783509124 1.00000
03 O -0.03333 0.06065 0.06604 0.394783509124 1.00000
04 O -0.05463 0.08582 0.16401 0.394783509124 1.00000
w2 0 0.41760 0.41760 0.41760 9.04496393424 0.80392
w1 O 0.30959 0.30959 0.30959 9.04496393424 0.82154
C1 C0.47678 0.47678 0.54634 12.7041333236 0.33590
w3 O 0.62774 0.22086 0.00814 9.04496393424 0.18780
CL1 CL 0.44958 0.44958 0.60084 12.7041333236 0.33590
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Crystallographic Information File (CIF) of ZSM-5-CB

_symmetry_space_group_name_H-M  'P2i/n’
_cell_length_ a  19.919321
_cell length b 20.109558
_cell_length ¢ 13.395503
_cell_angle_alpha  90.0000
_cell_angle_beta  90.3905
_cell_angle_gamma  90.0000
loop_

_atom_site_label

_atom_site_type_symbol

_atom_site_fract_x

_atom_site_fract_y

_atom_site_fract_z

_atom_site_B_iso_or_equiv

_atom_site_occupancy
SI1 SI0.05010 0.42550 —0.33391 0.41452268458 1.00000
SI2 SI0.03031 0.31594 —0.17604 0.41452268458 1.00000
SI3 SI0.06317 0.28059 0.03250 0.41452268458 1.00000
SI4 SI0.06578 0.12149 0.03589 0.41452268458 1.00000
SI5 SI0.02748 0.07270 —0.17852 0.41452268458 1.00000
SI6 SI0.05904 0.19140 —0.31926 0.41452268458 1.00000
SI7 SI -0.17483 0.42614 —0.33549 0.41452268458 1.00000
SI8 SI -0.12956 0.31494 —0.18272 0.41452268458 1.00000
SI9 SI -0.17567 0.27118 0.03375 0.41452268458 1.00000
SI10 SI -0.18289 0.11913 0.03461 0.41452268458 1.00000
SI11 SI -0.13091 0.06979 -0.17856 0.41452268458 1.00000
SI12 SI -0.16376 0.18816 -0.31719 0.41452268458 1.00000
SI13 SI 0.44109 0.42809 —0.33705 0.41452268458 1.00000
SI14 SI 0.47207 0.31785 —0.18791 0.41452268458 1.00000
SI15 SI 0.43537 0.28278 0.03134 0.41452268458 1.00000
SI16 SI 0.43351 0.12352 0.01930 0.41452268458 1.00000
SI17 SI 0.47173 0.07287 —0.19599 0.41452268458 1.00000
SI18 SI 0.43613 0.19295 —0.32742 0.41452268458 1.00000
SI19 SI 0.66574 0.42249 —0.32322 0.41452268458 1.00000
SI20 SI 0.63048 0.30694 —0.17338 0.41452268458 1.00000
SI21 SI 0.66526 0.27562 0.04999 0.41452268458 1.00000
SI22 SI1 0.67166 0.11910 0.03762 0.41452268458 1.00000
SI123 SI 0.63244 0.07315 —0.18366 0.41452268458 1.00000
SI124 SI 0.68150 0.19112 -0.31632 0.41452268458 1.00000
01 O 0.04839 0.38426 -0.23144 0.557829098392 1.00000
02 0 0.07378 0.31442 -0.07487 0.557829098392 1.00000
03 0 0.06198 0.20090 0.02639 0.557829098392 1.00000
04 0 0.06341 0.10206 —0.08032 0.557829098392 1.00000
05 O 0.04533 0.11968 —0.27131 0.557829098392 1.00000
06 O 0.04327 0.25164 —0.24440 0.557829098392 1.00000
07 O -0.15674 0.37854 -0.24294 0.557829098392 1.00000
08 O -0.16344 0.30023 -0.07652 0.557829098392 1.00000
09 O -0.15544 0.19405 0.03559 0.557829098392 1.00000
010 O -0.15936 0.08842 —0.07025 0.557829098392 1.00000
011 O -0.15669 0.11520 —0.26963 0.557829098392 1.00000
012 O -0.13849 0.24803 —0.24695 0.557829098392 1.00000
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013 O -0.04984 0.32159 -0.16754 0.557829098392 1.00000
014 O -0.05156 0.06816 -0.15675 0.557829098392 1.00000
015 O 0.12220 0.41693 -0.38520 0.557829098392 1.00000
016 O -0.01379 0.40255 —-0.39858 0.557829098392 1.00000
017 O -0.13567 0.40174 -0.43317 0.557829098392 1.00000
018 O 0.13382 0.18167 -0.36052 0.557829098392 1.00000
019 O -0.00109 0.20575 -0.39644 0.557829098392 1.00000
020 O -0.13217 0.18413 —-0.42684 0.557829098392 1.00000
021 O 0.05992 0.00224 -0.20693 0.557829098392 1.00000
022 O -0.16296 -0.00064 -0.20872 0.557829098392 1.00000
023 O -0.25518 0.42810 -0.34345 0.557829098392 1.00000
024 O -0.24111 0.20091 -0.34537 0.557829098392 1.00000
025 O -0.25429 0.27687 0.05773 0.557829098392 1.00000
026 O -0.25498 0.10772 0.08435 0.557829098392 1.00000
027 O 0.44055 0.38346 —-0.23782 0.557829098392 1.00000
028 O 0.43955 0.31423 -0.07868 0.557829098392 1.00000
029 O 0.43557 0.20310 0.02584 0.557829098392 1.00000
030 O 0.43888 0.09287 -0.09101 0.557829098392 1.00000
031 O 0.43565 0.12127 —-0.27501 0.557829098392 1.00000
032 O 0.45736 0.25295 -0.25464 0.557829098392 1.00000
033 O 0.65543 0.37206 -0.23169 0.557829098392 1.00000
034 O 0.65621 0.30662 -0.05970 0.557829098392 1.00000
035 O 0.65912 0.19754 0.02769 0.557829098392 1.00000
036 O 0.66048 0.09635 -0.07639 0.557829098392 1.00000
037 O 0.66132 0.12040 -0.26983 0.557829098392 1.00000
038 O 0.66202 0.24538 -0.23343 0.557829098392 1.00000
039 O 0.55034 0.29961 -0.17937 0.557829098392 1.00000
040 O 0.55219 0.07833 -0.19416 0.557829098392 1.00000
041 O 0.37786 0.41880 —-0.41044 0.557829098392 1.00000
042 O 0.50509 0.41334 -0.40569 0.557829098392 1.00000
043 O 0.64147 0.39114 -0.42750 0.557829098392 1.00000
044 O 0.36506 0.18718 —-0.38359 0.557829098392 1.00000
045 0 0.50172 0.20171 -0.39509 0.557829098392 1.00000
046 O 0.62994 0.19723 -0.40843 0.557829098392 1.00000
047 O 0.44837 —0.00226 -0.21689 0.557829098392 1.00000
048 O 0.65387 —0.00214 -0.20702 0.557829098392 1.00000
C5 C0.71101 0.48992 -0.01282 16.5809073832 0.93337

C6 C 0.22847 0.53856 —-0.01752 16.5809073832 0.93337

C4 C 0.82371 0.50085 0.05021 16.5809073832 0.93337

C2 C0.30172 0.44442 0.00800 16.5809073832 0.93337

C3 C0.81510 0.56856 0.05637 16.5809073832 0.93337

C1 C0.75470 0.59747 0.02726 16.5809073832 0.93337

C8 C 0.21303 0.14737 0.76076 22.5394538431 0.54944

C9 C 0.21303 0.08846 0.70666 22.5394538431 0.54944

C10 C 0.21303 0.08337 0.91158 22.5394538431 0.54944
C11 C 0.21303 0.14436 0.86321 22.5394538431 0.54944
C12 C 0.21303 0.02742 0.85731 22.5394538431 0.54944
C13 C 0.21303 0.02742 0.75525 22.5394538431 0.54944
W1 0O 0.71704 0.73433 0.12855 15.3066251725 1.00000
W2 O 0.42098 0.50336 —-0.00245 15.2497763471 1.00000
CL-2 CL 0.21303 —0.05442 0.71269 22.5394538431 0.54947
CL-1 CL 0.09900 0.53573 0.92100 16.5809073832 0.93333
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The ability of decatungstate anion (W;,03,* ") to photoproduce OH- radicals from water is retained when the
polyoxoanion is immobilized on solid supports and can be exploited as a heterogeneous photocatalytic process
aimed to water remediation. However, we show that interaction between OH- radicals and drug molecules
depends on the physical chemical properties of the chosen support. In fact, we demonstrate that silica particles
covered by decatungstate anions are not efficient in the degradation of carbamazepine and sulfamethoxazole

(ubiquitary contaminants of natural waters) that are respectively neutral and negatively charged at operating pH
of 6. On the contrary, entrapment of W1,03," ~ inside a mesoporous organosilica matrix leads to a heterogeneous
photocatalytic system with proper characteristic of hydrophobicity. Organic molecules enter mesopores and
easily leave the aqueous environment. Inside pores, the reaction between photoproduced OH- radicals is fa-
vored. Mono- and di-hydroxylated products precede fragmentation and degradation of the investigated drug.

1. Introduction

Water scarcity is a well-recognized challenge to the sustainable
development of many countries that claims for further efforts to de-
velop and improve water treatment technologies. It is therefore ne-
cessary the development of processes capable to ensure the total
elimination of trace of organic contaminants from waters [1,2].

The use of advanced oxidation processes (AOPs) has been demon-
strated to be a possible approach for the remediation of contaminated
waters [3,4]. AOPs are based on the in situ production of free radical
species, such as (OH-), which being a strong oxidant characterized by a
very high standard reduction potential (E° = +2.80V vs. SHE) rapidly
oxidizes electron-rich organic compounds up to their mineralization
[5]. Among the large variety of oxidation processes, photochemical
methods offers the advantage of energy efficiency, rapidness and lim-
ited use of chemicals (oxidants), which together concur to the sus-
tainability of the process [5]. In particular, photocatalysis with TiO, has
been demonstrated to be an efficient method for the destruction of low
amounts of water-soluble organic pollutants [6-8], even if other
semiconductor materials, such as WO3, have been recently successfully
utilized [9].

In water decontamination

issue, the applicability of

* Corresponding authors.

polyoxotungstates for the degradation and mineralization of chlor-
ophenols, chloroacetic acids and herbicide has been also explored
[10,11]. Among polyoxotungstates, decatungstate anionic cluster has
light absorption properties very similar to those of TiO, and for this
similarity it can be considered a soluble analogue of the most employed
semiconductor. In addition, it has been demonstrated that photo-
excitation of NayW;(Os3, dissolved in water produces OH- radicals from
water oxidation [12]. The interest for heterogeneous decatungstate
photocatalyst in advanced oxidation processes framework has led to the
development of several heterogenization procedures, such as impreg-
nation on a solid support [13] and ion exchange [14,15]. Indeed, het-
erogeneous (photo)catalysis has the advantage of easy separation and
recovery.

Recently, a heterogeneous photocatalytic system obtained by im-
mobilization of the anionic decatungstate cluster on silica particles
functionalized with —-NH, groups has been employed for the degrada-
tion of some contaminants of emerging concerns in aqueous matrix
[16]. It was proved that the photocatalytic system was efficient and
recyclable. The degradation process is achieved by photoexcitation of
heterogeneous decatungstate that results in the formation of OH- ra-
dicals as revealed by EPR spin trapping spectroscopy.

In addition, studies on the reaction mechanism of heterogeneous
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polyoxotungstates indicate that the selectivity and efficiency of these
photocatalysts depend on the support characteristics. In general, pore
structures, distributions of the active sites and hydro-
philic-hydrophobic interactions with the substrate are key factors for
the catalytic activity and selectivity of solid heterogeneous catalysts
[17-19]. Therefore, the choice of support matrices is very important for
highly efficient catalytic systems. In this paper, we show how support
matrix properties can tune the degradation ability of immobilized
decatungstate with respect to three target molecules in dilute aqueous
solutions: propranolol, carbamazepine and sulfamethoxazole. These
molecules are selected as probes since all of them are ubiquitary con-
taminants of natural waters. In particular, carbamazepine is a psychotic
drug, resistant to conventional wastewater treatment and sulfa-
methoxazole is an antimicrobial largely employed, which has been
detected in surface and drinking waters [20].

Two different heterogeneous photocatalysts, obtained either by
immobilization of W;403,*~ by an ion exchange mechanism [16] or by
encapsulation of the anionic cluster into a silicate structure [21], that
were proved to be able to oxidize organic compounds, are here in-
vestigated.

In particular, their photocatalytic degradation activity with respect
to contaminants of emerging concern is evaluated and the observed
differences are related to both the support and the drug molecule
physical chemical properties. EPR spin trapping technique and HPLC-
MS analysis are employed to gain information about the operating
degradative mechanism and the nature of reaction intermediates. In
addition, composition and structural properties of the heterogeneous
photocatalytic system are more deeply investigated. To the best of our
knowledge, this is the first contribution where the photoactivity of
decatungstate anion heterogenized on two different supports is com-
pared, thus demonstrating that it is possible to tune the photocatalytic
activity of the polyoxoanion by varying the chemical-physical proper-
ties of the support.

2. Experimental
2.1. Materials

Propranolol (PRP, purity 99.8%), carbamazepine (CBZ, purity
99.8%), sulfamethoxazole (SMX, purity 99.8%) and formic acid were
purchased from Fluka (Fluka Chemie AG, Switzerland). Sodium hy-
droxide (Titolchimica, Rovigo, Italy), hydrochloric acid (Carlo Erba,
Milano, Italy) of analytical grade were employed to adjust the pH of
diluted drugs solutions. The pH was measured using an AMEL pHmeter
(Milano, Italy). High-performance liquid chromatography (HPLC) grade
acetonitrile (ACN) was purchased from Merck (Darmstadt, Germany).
The water was Milli-Q” grade (Millipore, MA, USA).

2.2. Photocatalysts preparation

Sodium decatungstate (NaysW;¢03,) was synthesized following re-
ported literature procedures [22,23]. The heterogeneous photocatalysts
silica-NH3 "/ NagW;,03,~ have been prepared carrying out the pro-
cedure recently published [16]. NayW;¢035/SiO5/BTESE was prepared
by simultaneous hydrolysis of tetraethylorthosilicate (TEOS, 23 mmol)
and 1,2-bis(triethoxysilyl)ethane (BTESE, 2.3 mmol) in an acid aqueous
solution of NayW;¢03, [21]. The obtained material has a content of
decatungstate of 0.33 mmol/g. The composition was determined by
Inductively Coupled Plasma-Optical Emission Spectrometer ICP-OES
(Perkin-Elmer Optima 3100 XL) equipped with an axial torch, seg-
mented array charge coupled device (SCD) detector and Babington-type
nebulizer with cyclonic spray chamber for sample introduction. Plasma
conditions were: RF power of 1.40 kW applied to the plasma; 15 L min™*
flow rate for plasma and 0.5L min™ for auxiliary gas. Nebulizer gas
flow rate was 0.65 L min*. Sample uptake was 1.5 mL min™ for each of
three replicate scans. 0.5 g of samples were mineralized by microwave
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acid digestion (HNO3, HF and H3BO3) at 200°C and high pressure
(200 psi), with 20 min dwell time.

At the end of preparation, UV-vis spectra of washing water aliquots
showed that polyoxoanion was not released in the solution.

2.3. Photocatalytic experiments with homogeneous Na,W10032

An aerated aqueous solution (3 mlL, final pH = 6) containing dis-
solved NasW10O32 (2 10~ * M) and the drug of interest (Co = 10 mg LY
was put into a spectrophotometric cell (optical path 1 cm) and placed in
front of a Hg medium pressure lamp (Helios Italquartz, 15 W cm2). The
solution is magnetically stirred and irradiation was carried out using a
cut-off filter, placed between the lamp slit (1 cm x 3 cm) and the cuvette
in order to select the suitable wavelength range (PRP, A > 330nm,
SMX A > 335nm; CBZ, A > 300 nm). Selection of suitable cut off filter
was performed in order to avoid direct photolysis of the drug com-
pound. At the end of illumination, the sample was filtrated with
0.22um PVDF membrane filters Captiva Econofilter Agilent
Technologies (Santa Clara, CA, USA) and HPLC analysis was performed.
Samples containing dissolved decatungstate anion have been kept in the
dark and then analyzed.

2.4. Photocatalytic experiments with heterogeneous NasW;0032

In a typical photocatalytic experiment, the optimal amount de-
termined elsewhere [16,21] of silica-NHz " /NazW1003,~ (5 g/L) or of
Na4W;¢03,/Si05/BTESE (8 g/L) was kept in suspension in aqueous
solution (3 mL, pH = 6) containing the drug of interest (Co = 10 mg LY
inside a spectrophotometric cell. Then, irradiation was carried out for
the required period of time with the selected cut off filter (PRP,
A > 330nm, SMX A > 335nm; CBZ, A > 300nm) and at the end of
irradiation the solution was analyzed as described above.

After irradiation, the solutions were centrifuged to separate the
heterogeneous photocatalysts and UV-vis spectra have been recorded
to evaluate leaching of decatungstate anion. Moreover, these solutions
have been subsequently irradiated to establish eventual photoactivity of
traces of decatungstate cluster, leached into the solution and not de-
tected by spectrophotometric analysis.

Some photocatalytic experiments have been carried out to evaluate
the stability of decatungstate on the support, by recovering NasW;0032/
SiO,/BTESE (8 g/L) after the first photocatalytic experiment, washing
with aliquots of acetonitrile and drying in the oven at 373 K for 60 min.
The photocatalytic system has been reused in a second experiment,
suspending it in an aqueous solution (3mL, pH = 6) containing CBZ
(Cop = 10mg L™ Y and irradiated as described above. The irradiated
solution was then analysed.

2.5. HPLC analysis

A HPLC/DAD (Waters, MA, USA pump: Waters 515, DAD: Waters
PDA 996) was employed under isocratic elution conditions, reported in
Table 2. The flow rate was 1 mL min~ !, while the column was ther-
mostated at 25 °C. The column was 150 X 4.6 mm (Phenomenex, CA,
USA) and packed with a C18 silica-based stationary phase with a par-
ticle diameter of 5 um. The injection volume was 20 pL for all standards
and samples.

2.6. HPLC/MS analysis

HPLC/MS analyses were carried out by means of Surveyor Plus
micro-HPLC hyphenated to a linear ion trap mass spectrometer (LTQ XL
Thermo Scientific, Waltham, MA, USA). The HPLC apparatus was
composed of a solvent delivery system, a quaternary pump (including a
membrane degasser) and an autosampler (including a thermostated
column compartment). The LTQ system was equipped with an elec-
trospray ionization (ESI) ion source. The mobile phase was obtained as
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a mixture of ACN and formic acid 0.1% v/v: water formic acid 0.1% v/
v. Chromatographic separation was performed under gradient elution
conditions: 0-6 min 5% ACN, 6-14 min 5-70% ACN, 14-15min 70%
ACN, then held isocratically at 95% of ACN for 3min before re-
conditioning the column. The flow rate was 100 L. min~', while the
column was thermostated at 25°C. The column was 50 X 2.1 mm
(Restek, Bellefonte, PA, USA) packed with a C18 silica-based stationary
phase with a particle diameter of 3 um. The injection volume was 5 pL
for all standards and samples. MS experimental conditions were as
follows: spray voltage 4kV, capillary temperature 275 °C, capillary
voltage 11V and tube lens 25V for positive ESI conditions.

2.7. EPR-spin trapping experiments

EPR-spin trapping experiments were carried out with a Bruker
ER200 MRD spectrometer equipped with a TE201 resonator (micro-
wave frequency of 9.4 GHz). The homogeneous samples were aqueous
solutions containing 5,5’-dimethylpyrroline N-oxide (DMPO, 5 1072 M)
as spin trap and NasW;403; (2 10 M). In heterogeneous experiments,
silica-NHs " /NagW1003,- was suspended in an analogous solution.
When requested, CBZ (Co = 10mg L) was introduced together with
the spin trap. The samples were put into a flat quartz cell and directly
irradiated in the EPR cavity with a medium pressure Hg lamp equipped
with cut off filter (\. > 300 nm). No signals were obtained in the dark or
during irradiation of the solution in the absence of decatungstate.

2.8. XRD analysis

X-ray diffraction was used to verify the incorporation of BTESE on
silica-based support. Powder patterns were measured on a Bruker D8
Advance Diffractometer equipped with a Sol-X detector, using Cu
Kal,a2 radiation in the 3-110 20 range and a counting time of 12s/
step. Table 2S reports reflection information for NasW;¢032/SiO5/
BTESE phase, where HKL are hkl, STOL is the value of sin6/A, TTH is
the 20 position of the reflection, FWHM is the full width at half max-
imum of the reflection, FOSQ is F,2, SIG is an estimate o F,2, FOBS is Fo.
The GSAS LeBail computer program with the EXPGUI interface (Larson,
A. C.,, & Von Dreele, R. B. General Structure Analysis System (GSAS);
Los Alamos National Laboratory: Los Alamos, NM, 2000, 86-748).

3. Results and discussion

3.1. Sodium decatungstate heterogenized on modified silica particles (silica-
NH3"*/ NasW100327)

We recently demonstrated that a robust and recyclable photo-
catalytic system can be obtained by immobilization of the anionic
cluster on silica particles functionalized with -NH, groups [16].
Moreover, photoexcitation of heterogeneous decatungstate (5 g/L)
suspended in aqueous solutions (pH = 6) containing one among levo-
floxacine or trimethoprim or atenolol (Co, = 10mg/L) caused drug
degradation mediated by OH- radicals, whose formation has been
pointed out by EPR spin trapping spectroscopy [16].

With the aim of evaluating the wide scope of the found method, we
decided both to confirm the observed performance by using propranolol
(PRP), another B-blocker similar in structure to the previous studied
atenolol, and to prove the photocatalytic method extending to other
two drugs having different structure and physical chemical properties.
In particular, we choose the antibiotic sulfamethoxazole (SMX, often
used in combination with the studied trimethoprim) and the anti-
depressant carbamazepine (CBZ), which is known as a very recalcitrant
drug. The degradation of each substrate is followed during irradiation
time and it is expressed as ratio C/C, (where C is the drug concentration
at a certain time and Co is the initial one). Interestingly, we observe
(Fig. 1) that PRP behaves similarly to atenolol and after 3 h irradiation
about 60-65% of degradation was obtained. On the contrary,
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Fig. 1. Degradation kinetics of drugs by photoexcitation of silica-NH;*/
NagW;0032~ (58/L) suspended in an aqueous solution (pH 6) containing
propranolol (PRP), or sulfamethoxazole (SMX) or carbamazepine (CBZ).
Co = 10 mg/L. PRP, A > 330 nm, SMX A > 335nm; CBZ, A > 300 nm.

irradiation of the silica-NH3 "/ NagW;003,~ system does not cause any
appreciable photocatalytic degradation of both SMX and CBZ.

On the basis of these results, we propose that the inefficient de-
gradation of both SMX and CBZ could be due to one of the following
factors: i) low photoactivity of the polyoxoanion with respect to these
molecules; ii) scarce affinity of the catalyst support for the two drugs;
iii) combination of factors ascribable to decatungstate and its support.

In order to evaluate the photocatalytic activity of decatungstate
anion itself, experiments are carried out in homogeneous phase irra-
diating aqueous solutions containing dissolved NasW;0032 (2 X 104
M) and CBZ, SMX or PRP (C, = 10 mg/L). Obtained results are reported
in Fig. 2 (circles), together with control experiments in which analo-
gous samples are kept in the dark (squares).

It is shown that around 90% of starting CBZ and PRP are degraded
after 60 min of illumination in the presence of homogeneous sodium
decatungstate, and a lower degradation efficiency is obtained with SMX
that is, however, photodegraded of about 60% in the first hour of ir-
radiation. This decrease is attributable to the photocatalytic activity of
Wi10032* ™ since the decrease in the dark of CBZ, SMX or PRP never
exceeds 10% (Fig. 2, squares).

Furthermore, EPR-spin trapping experiments support this statement.

CBZL

CBZD

® SMXL

= SMXD

® PRPL

" PRPD

L s s

30
time (min)

40 50 60

Fig. 2. Degradation kinetics of carbamazepine (CBZ), sulfamethoxazole (SMX)
and propranolol (PRP) by photoexcitation of NasW;¢032 (2 X 10~* M) dis-
solved in water at pH 6 (circles). Control experiments are carried out in the dark
(squares). Co = 10mg Ll CBZ, A > 300nm; SMX, A > 335nm; PRP,
A > 330 nm.
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Fig. 3. Fixed-field signal intensity of the [DMPO-OH]- adduct in time upon
irradiation (A > 300nm) of NasW;003, (2 x 10™% M) dissolved in water
containing DMPO (5 X 102 M): in the absence (full triangles) and in the pre-
sence (empty triangles) of CBZ (10 mg/L). Reported values are the mean of
three repeated experiments. Errors do not exceed +10%.

In fact, photoexcitation of NayW;¢03, dissolved in water in the pre-
sence of the spin trap DMPO causes the formation of a quartet 1:2:2:1
(ay = ay = 14.8G) ascribable to the paramagnetic adduct [DMPO-
OH]- in accordance to previous investigation [12]. As shown in Fig. 3,
the intensity of this signal increases by increasing the irradiation time,
showing that reactions:

wO + H,0 — W;003,°~ + OH- + HY (¢

(2)

efficiently occur. Interestingly, addition of CBZ (10 mg/L) to the
solution causes an important decrease of [DMPO-OH]- signal. This
could be an indication that CBZ competes with DMPO in the reaction
with OH- radicals, and probably this reaction is the first step of the
photocatalytic drug degradation pathway.

Analogous EPR spin trapping experiments carried out irradiating
silica-NH3 "/ NagW;03,~ suspended in water containing DMPO show
that the paramagnetic adduct [DMPO-OH] - is still formed, indicating
that the primary photochemical process (reaction 1) that produces OH-
radicals is operating also with the heterogeneous system. Contrarily to
what observed for homogeneous decatungstate, the addition of CBZ
does not cause any decrease in the intensity of the paramagnetic adduct
(Fig. 4). This indicates that OH- radicals generated by photoexcited
silica-NH3 "/ NagW1003,~ do not quickly react with CBZ, in agreement
with the absence of degradation of this drug shown in Fig. 1. Possibly,
CBZ does not adequately approach the surface of the heterogeneous
photocatalyst where OH- radicals are produced or CBZ concentration in
the solution in contact with the particle is insufficient to favor the re-
action between them two.

The different behavior of silica-NH3*/ NagW;,03,~ with respect to
the studied drugs can be tentatively rationalized considering their dis-
tribution diagrams (Fig. S1): at the operative pH of 6, while the [3-
blockers (PRP and atenolol, ATN) are mainly present in solution as
cations, the same is not for CBZ and SMX. In fact, CBZ is in its neutral
form and SMX presents an equilibrium between neutral and even ne-
gative form. Since the silica particles are covered by decatungstate
anions, it can be supposed that immobilized decatungstate anions and
CBZ or SMX are not sufficiently close each other, a needed requirement
for the reaction between drug molecule and photogenerated OH- ra-
dicals.

DMPO + OH: — [DMPO-OH]-
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Fig. 4. Fixed-field signal intensity of the [DMPO-OH]- adduct in time upon
irradiation (A. > 300 nm) of silica-NH; "/ NasW;,03,~ suspended in an aqu-
eous solution containing DMPO (5 X 1072 M): in the absence (full symbols) and
in the presence of CBZ (10 mg/L) (empty symbols). Reported values are the
mean of three repeated experiments. Errors do not exceed * 5%.

3.2. Sodium decatungstate heterogenized on hydrophobic mesoporous silica
support (SlOZ/BTESE/ Na4W10032)

One of the main advantages of heterogeneous photocatalysis is the
flexibility in choosing the support with the proper characteristics.
Starting from the fact that silica-NHs*/ NasW,;,03, " is not able to
perform efficient photocatalytic degradation of CBZ and SMX (Fig. 1),
we thought that a heterogeneous photocatalyst obtained by direct hy-
drolysis of TEOS and of an organotrialkoxy silane (BTESE) should be
hydrophobic enough to favor the approach of organic drugs dissolved in
an aqueous matrix. Morphological features of SiO,/BTESE/NasW10035
have been determined: we have checked that SiO,/BTESE/NasW1003,
employed in this research presents similar morphological character-
istics to those of an analogous heterogeneous system previously used
[21]. In particular, the specific surface area is roughly 700 m?g? and
about 80% of total pore volume are classified as mesopores. Ad-
ditionally, FTIR spectra clearly showed that organic fragments (coming
from BTESE) and silica moieties are distributed within the framework
and microgravimetric adsorption isotherms pointed out that SiO,/
BTESE/Na,sW10035 enhances adsorption of toluene vapors with respect
to that of water [21]. To complete the characterization, XRD was used
to determine NayW;0035 unit cell parameters starting from the CIF file
deposited with the Cambridge Crystallographic Data Center under
number CCDC 1548831. The Na;W,(035/Si05/BTESE refined XRD
pattern is shown in Fig. 5.

From Fig. 5 the peaks at scattering angle (20) values of 16.52°,
25.57°, 34.22° and 35.04° were assigned to NasW;0035 respectively.
The main crystallographic data and refinement results are as follows:
triclinic crystal symmetry, space group Pj, a = 11.9532(6) A,
b =12.2201(7) A, ¢ = 12.1898(8) A, a = 75.343°(4) B = 71.525°(4)
y = 88.083°(5), cell volume = 1631.70(17) A3, Values in parenthesis
represent the standard deviations of the parameters computed on the
basis of 8467 independent observations. Final reliability factors over
the observed reflections Rj, = 0.0403, R, = 0.0535, x2 =1.029
(where R, = Z[Y;, — Yil/ZVi; Rup = [Zwi(Vio — Yid*/Zw;Y;°1%%).

These data allows us to infer that decatungstate anion is not sig-
nificantly modified during the synthesis of the heterogeneous system
via hydrolysis of TEOS and of BTESE. In addition, XRD analysis shows
that it is encapsulated inside the mesoporous network. Finally, the
decatungstate content was determined by ICP-OES measurement (see
par. 2.2).

As described in the Experimental Section, the synthesis process of
SiO,/BTESE/Na4W;(03, includes the hydrolysis of TEOS and of BTESE
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Fig. 5. Observed (red dotted line), calculated (green solid line) and difference
(purple bottom line) X-ray powder diffraction patterns for NayW;¢035/SiO/
BTESE. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

in the presence of an acid solution of sodium decatungstate. Silanol
groups (=Si—OH) can be protonated in the acidic medium to form
=Si—OH,". These groups, in turn, should act as counterions for dec-
atungstate anion, that on the basis of XRD results is entirely en-
capsulated in the mesopores, leading to (=Si—OH,*)(NasW;0032 ")
[24]. This strong interaction is confirmed by UV-vis spectra of washing
water aliquots showing that polyoxoanion was not released in the so-
lution.

Therefore, this heterogeneous photocatalytic system was used for
attempting the degradation of CBZ and SMX and, in a typical experi-
ment, SiO,/BTESE/Na4W1003,, suspended in an aqueous solution
containing the drug of interest, is irradiated for a desired time (see
Experimental section). In parallel, samples prepared in an analogous
way are kept in the dark for the same period. The degradation of each
substrate is expressed, as before, in terms of C/C ratio vs time (Fig. 6).

One can observe that CBZ and SMX are now degraded upon pho-
toexcitation of decatungstate. After 4 h illumination, more than 80% of
CBZ and of SMX disappear from the aqueous solution. To verify the
photoactivity of eventual leached polyoxoanion, the solution after one
hour irradiation was separated from the heterogeneous photocatalyst,
analyzed and then directly irradiated for an hour. The final analysis of
these samples do not show a significant change (< 2%) in remained

CBZD
CBZL
" PRPD
PRP L

= SMXD

SMX L

25 3

time (h)

Fig. 6. Degradation kinetics of carbamazepine (CBZ), sulfamethoxazole (SMX)
and propranolol (PRP) by photoexcitation of SiO,/BTESE/NasW;0032
(500gL_1) suspended in water at pH 6 (circles). Control experiments are
carried out in the dark (squares). Co = 10 mg L~ CBZ, A > 300nm; SMX,
A > 335nm; PRP, A > 330 nm.
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Table 1

Kinetic constants obtained by fitting the experimental data with a first order
kinetic equation (C/Co = exp(-kt)). Data in parenthesis are the confidence
limits at 95% of probability.

Photocatalyst drug k(h™1 R?
NagW100s solution CBZ 2.46 (2.10, 2.82) 0.9808
PRP 2.94 (2.73, 3.05) 0.9934
SMX 0.90 (0.89, 0.91) 0.9987
Silica-NH; */ NagW100s32 ™ CBZ 0.024 (0.021, 0.027) 0.9837
PRP 0.35 (0.28, 0.42) 0.9867
SMX 0.021 (0.018, 0.024) 0.9881
SiO,/BTESE/NasW10032 CBZ 0.97 (0.83, 1.11) 0.9977
PRP 1.18 (1.08, 1.28) 0.9982
SMX 0.48 (0.36, 0.60) 0.9825

drug concentration indicating that release of decatungstate into the
solution is negligible. These results allow us to infer that the removal of
CBZ and SMX occurs via the heterogeneous photocatalytic system em-
ployed. Moreover, the charge taken by the drug molecule at pH 6 (Fig.
S1) that was an obstacle in the case of silica-NH3*/ NasW;003, " is
overcome by this kind of support.

Concerning the stability of the material, SiO5/BTESE/Na4W;¢03>
was recovered, washed with acetonitrile, dryed at 373 K for 60 min and
then used in a second experiment. The loss of activity in terms of both
adsorption and photocatalytic degradation was within 10% after the
two cycles, in agreement with the lack of release of anion during the
experiment.

In Table 1 the kinetic constants obtained by fitting the data with a
pseudo first order kinetic model are reported. A comparison can be
made between homogeneous samples and heterogeneous experiments.
One can additionally observe that SMX degradation kinetic is the
slowest also with homogeneous sodium decatungstate, reinforcing the
idea that the ionic charge of the drug molecule at pH 6 has a relevant
role for the beginning of the oxidation process.

From these results, we suggest that the ability of SiO,/BTESE/
Na4W;¢03, to photodegrade CBZ and SMX can be attributed to the
hydrophobicity induced by BTESE to the heterogeneous photocatalytic
system. From Table S1, CBZ and SMX are hydrophobic (see log k) and
it has been already proved that they are adsorbed by high silica mi-
croporous material [25,26]. Moreover, the molecular dimensions are
suitable with the pore sizes of the support where decatungstate anion is
encapsulates. This can facilitate their approach to OH- radicals pho-
toproduced nearby.

In addition SiO5/BTESE/Na4W;¢03, maintains a very good perfor-
mance also in the degradation of PRP, showing that hydrophobicity
introduced in the support does not preclude positively charged mole-
cules from approaching the polyoxoanion (Fig. 1S). This result is par-
ticularly relevant since drugs photodegradation can be performed de-
spite the form (charged or not) mainly present at the working
conditions and answers to the requirement of general applicability.

3.3. HPLC/MS analysis

Degradation mechanism of drug molecules by SiO,/BTESE/
Na4W;(03, was investigated analyzing irradiated solution by HPLC-MS.
Identification of the degradation byproducts was based on the analysis
of the total ion current (TIC) and on the corresponding mass spectra.
The identified intermediates for the case of SMX and of CBZ are re-
ported in Tables 2 and 3 respectively.

The intermediate with 301 m/z corresponds to a monohydroxyla-
tion of the aromatic ring and a nitration of the amino group of SMX. The
product with 283 m/z derives from the oxidation of the amino group to
nitro derivative, whereas the intermediate with 270 m/z correspond to
the hydroxylation of SMX aromatic ring. Oxidation of the isoxazole ring
of 270m/z results in the formation of 288m/z and 228m/z
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Table 2
SMX: degradation intermediates, retention times, fragment ions and proposed
structures.

Precursor Ion te MS? Structure
(m/z) (min) (m/z)
301 9.18 177 " ° Ho
133 [ }m—g—@_noz
— I \=
283 9.18 239 N (R
177 Q7N HN—%ONOZ
133 = o
270 10.25 206 o HO
228 N
Q7N HN—S"—</_I}7NH2
Il
i 0 =
174 10.20 156 (”)
NH:O?—OH
o
190 3.76 158 (”’
Ho—HNO—ﬁ—OH
(¢}
216 13.54 198 = (ﬁ
NHZ—Q—S—N{X
b -
- HoN
288 14.46 270 0 ﬁ " H‘l’
I
H;c—g-CHz-NH—C—HN—‘IS;—<-=—>—NH;
0
228 14.70 5 ” o
Hsc—ﬂ-cnrNH-c—HN—%—CHz—CHo
0
Table 3

CBZ: degradation intermediates, retention times, fragment ions and proposed
structures.

Precursor Ion t, MS? Structure
(m/z) (min) (m/z)
237.1 14.35 194.01 ~ —H|*
220.06 @
-
o¢/\
NH;
251.1 12.3 208.0 Q
253.1 210.0 — u|*
\ .
236.0 ®
=y
O%N Ha O%NHJ oH
267.1 16.2 168 Q o
196.1 N
211.1 O —“|
O
og\
NH,
271.1 9.6 210 HQ
OH
253

intermediate and the intermediate with 216 m/z can derive from the
opening of the isoxazole ring of SMX. The cleavage of bond between
isoxazole ring and the amine group of SMX, can generate the 174 m/z
by-product. The compound with 190m/z was identified as an
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hydroxylated form of the amino group of 174 m/z derivative. Structures
similar to those described were observed also in the photo-Fenton de-
gradation of SMX [27].

From Table 2 it is seen that hydroxylation of SMX by hydroxyl ra-
dical (OH-) attack could be an important reaction for the subsequent
degradation of SMX. Indeed, three mono-hydroxylated byproducts (i.e.
301 m/z, 270 m/z and 288 m/z) are revealed.

Mono and dihydroxylated intermediates were also identified in the
CBZ degradation by photoexcited /SiO,/BTESE/NasW;003, catalyst in
aqueous solution and they correspond to the intermediates 253 and
271 m/z respectively in Table 3. Further oxidation of both these com-
pounds leads to the formation of 251 and 267 m/z intermediates. The
detection of these intermediates indicates that hydroxylation and oxi-
dation are the main reactions responsible for CBZ degradation.

On the basis of reported and previous results we propose a reaction
mechanism for photoexcited /SiO,/BTESE/Na4W;003, that can be
considered general for pharmaceutical photocatalytic degradation.
Photoexcitation of decatungstate anion dissolved or suspended in an
aqueous environment causes the oxidation of water to OH- radicals
[12], as shown in reaction 1. EPR spin trapping experiments and HPLC-
MS point out that hydroxyl radicals attack drug molecules giving mono-
or dihydroxylated intermediates. Their formation is the prelude to
fragmentation.

4. Conclusions

The ability of photoexcited sodium decatungstate to oxidize water
producing OH- radicals, already observed in homogeneous conditions,
is kept also when the polyoxoanion is heterogenized on siliceous sup-
ports. In this paper, we demonstrate that support characteristics are of
paramount importance when reaction between OH- radicals and the
organic molecule is the first step of its degradative pathway. In parti-
cular, silica-NH3 ™/ NagW;003,~ system, constituted by particles cov-
ered by decatungstate anions, is not efficient in the degradation of
carbamazepine and sulfamethoxazole, which are neutral or negatively
charged at the operating pH. On the contrary, entrapment of
Nay4W;(03, inside a mesoporous organosilica matrix leads to a hetero-
geneous photocatalytic system with proper characteristic of hydro-
phobicity that is able to degrade not only carbamazepine and sulfa-
methoxazole but also all the other categories previously studied. In fact,
the higher hydrophobicity of the organosilica support with respect to
the aqueous environment favors adsorption of organic molecules,
which enter the mesopores. Here, their proximity to photoproduced OH
- radicals favors the hydroxylation of drug molecule. HPLC-MS in-
vestigation points out that mono- and di-hydroxylated products are
formed and precede fragmentation pathways and degradation. Results
obtained from the used independent techniques and methods allow us
to formulate a general advanced oxidation process mechanism for the
photocatalytic degradation of drug molecules by heterogeneous sodium
decatungstate.
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ARTICLE INFO ABSTRACT

Keywords: In this contribution we have explored the applications of WO3 based nanomaterials to the degradation of
WOs Ketoprofen and Levofloxacin, selected among the most widely used anti-inflammatory and analgesic species and

Zeolite antibiotics and representing thus ubiquitous water contaminants of emerging concern. Compared to conven-
}lzzotoelec';ro?hemlstry tional photocatalytic conditions, which were not effective in the oxidative degradation of Ketoprofen, the ap-
otocatalysis

plication of the electric bias was successful in promoting a 50% Ketoprofen degradation after 5 h illumination,
with a degradation rate constant of 0.22 h™'. A similar improvement was found with Levofloxacin. The de-
gradation rate was further accelerated by exploiting WO; films modified with 25 zeolites which achieved, on
the same time scale, > 65% degradation with Ketoprofen and ca. 90% with Levofloxacin. The complete dis-
appearance of the oxidation intermediates of these two drugs was observed on a time scale of ca. 20 h, indicative
of the achievement of complete drug mineralization at the illuminated 325/WO3 interface under 1 sun illumi-

Environmental remediation

nation.

1. Introduction

Among the wide variety of Contaminants of Emerging Concerns
(CECs) pharmaceuticals, personal care products and their metabolites
have especially alarmed the public and regulators. Although adverse
human health consequences from the existing trace levels of these
substances in natural or drinking water are in general unlikely, their
impact to aquatic ecosystems is more evident [1]. Some of these
emerging pollutants are indeed very stable molecules, capable to sur-
vive the current potabilization and water remediation processes [2] and
are thus able to reach and impact the aqueous environment with un-
altered efficacy. In view of the growing world population, increasing
industrialization of emerging countries and climate change, the re-use
and re-cycle of water and the protection of aqueous ecosystems re-
present major societal challenges. Photocatalytic routes to the de-
gradation of harmful organics, exploiting sunlight to trigger the for-
mation of high energy electron/hole pairs (e/h) within dispersed
semiconductor (nano)particles, to promote direct or indirect (mediated
for example by oxidants like 'O, ™, H>O,, "OH) oxidation reactions is an
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established approach, particularly with TiO, [3-6] and ZnO [7-9]
based materials. Some of the present authors also employed a dec-
atungstate polyoxoanion heterogenized on silica particles in the pho-
tomineralization of pharmaceuticals [10]. The common feature of all
these materials is the ability to photoproduce 'OH radicals, whose
oxidation potential (E° = 2.1V vs NHE) allows for the oxidation of a
variety of organic compounds leading, with sufficient time, to their
mineralization [11]. In the absence of visible absorbing dye sensitizers
[12,13], an important drawback of the materials and molecular clusters
mentioned above is their limited capacity of harvesting the solar
spectrum, with no practical photochemical activity beyond 420 nm.
Other semiconductors, and among them WOs;, offer a lower band gap
(ca. 2.7 = 0.1eV) [14] for harvesting a sizable portion of the visible
region, up to 460 nm, with a valence band edge suitable for the pro-
duction of 'OH radicals following monoelectronic oxidation of water
[15]. The application of electric potential (bias) to a nanocrystalline
thin film semiconductor, allows to optimize the charge separation at the
Semiconductor/Electrolyte Interface (SEI), improving the rate of de-
gradation of  organic targets [16,17].  Recently, the
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Chart 1. Molecular structures of KTP (left) and LFX (right). Both molecules are represented in their neutral form. Red numbers refer to the ionizable groups in their
molecular structures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

photoelectrochemical approach employing WO3; photoanodes to the
degradation of CECs, represented by either neutral (Carbamazepin,
CBZ)) or positively charged (Atenolol, ATN) molecular species, out-
performed open circuit photocatalysis by a of three-to-five factor [18].

In this contribution we have focused on the degradation of
Ketoprofen (KTP) and Levofloxacin (LFX) (Chart 1 ) in diluted aqueous
electrolytes ([NaySO4] = 7 X 10~ % M) at pH 6. These targets were se-
lected among the most widely used anti-inflammatory and analgesic
species (KTP) and antibiotics (LFX). LFX is an antibacterial fluor-
oquinolone widely used in the treatment of respiratory diseases and
bacterial infections. The urinary excretion of fluoroquinolones delivers
about 85% of the unmodified parent compounds, consequently a con-
siderable amount of active drugs is present in waste waters [19].
Concerning the widely used KTP, roughly 80% of the administered dose
is excreted in the urine, primarily as the glucuronide metabolite ex-
plaining its abundance in waste waters [20]. Additionally, these sub-
stances have been chosen as target molecules for their different acid/
base characteristics, that allow us to investigate how the photocatalyst
activity is influenced by the structure and physico-chemical properties
of the target substrate. Indeed, KTP carries a carboxylic acid (see 1 in
Chart 1), which dissociates at pH = 6 having a typical pK, = 4.5 [21]
resulting in an anionic species within the pH selected for the photo-
degradation experiments. LFX has a carboxylic group as well (5), but it
also possesses two tertiary sp> nitrogens (2—-4) one of which can be
protonated at neutral and acidic pH. The protonation constants indicate
that this compound is present mainly as a zwitterionic form at pH 6,
whereas at pH higher than 7 it prevails in the negative form [22].
Available nitrogen lone pairs in LFX might also interact with W®* acid
groups at WO3 surface, favoring the contact between LFX and the oxi-
dant species generated by the photocatalyst. Interestingly, while it has
been found that LFX is effectively degraded under both photocatalytic
(no bias) and photoelectrochemical (applied bias) conditions, in the
case of KTP there is an extreme difference in the photochemical vs
photoelectrochemical degradation kinetic: under conventional photo-
catalytic conditions, KTP does not show any appreciable photocalytic
degradation, whereas under applied bias its degradation is roughly 70%
complete within a 5h illumination cycle. This behavior was explained
by the induction of a local excess of KTP at the WO3 SEI under positive
potential, allowing a faster reaction with surface generated 'OH radi-
cals. In the absence of positive bias, at pH 6, such interaction does not
occur, due to electrostatic repulsion between the anionic KTP and the
negatively charged WO3 surface, having zero zeta potential below pH 2.
This indicates that besides modulating the charge separation rate at the
SEI the electric bias is useful to tune the solar degradation of otherwise
impervious molecular species, ostensibly acting through double layer
effects which result in an increased concentration of the molecular
targets in proximity of the mesoporous photoactive material.

Finally, the degradation activity of WO3; was enhanced by in-
corporating an adsorbent material, in particular a Beta zeolite (BEA)
having SiO,/Al,03 ratio equal to 25 (25) [23]. The use of composite
materials based on WO3; modified with zeolites has been reported in
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catalysis, [24] sensor application [25] and, more recently, in gas phase
photocatalysis [26], but, to the best of our knowledge, it was never
reported for the degradation of these emerging contaminants in aqu-
eous solution in a photoelectrochemical cell. The combination of the
photocatalyst with the adsorbent allows to collect and trap contaminant
molecules in proximity of the surface, where ‘OH photogeneration oc-
curs, allowing to increase the chance of bimolecular encounter between
the target and this highly reactive oxidant. This strategy thus results in
efficient degradation of species, such as KTP, even under purely pho-
tocatalytic (no bias) conditions.

2. Experimental
2.1. Chemicals for analytical and photo-electrochemical measurements

Levofloxacin (Fluka, purity > 98%), ketoprofen (Sigma-Aldrich,
purity > 98%), sodium sulfate (Sigma-Aldrich, purity, 99%), sulfuric
acid (Sigma-Aldrich, 95%), were used as received. Zeolite Beta (Zeolyst
International) in its ammonium cation form, having a Na,O content
lower than 0.05% wt was employed after a calcination process.
Calcination was carried out by raising the temperature from room
temperature to 600 °C in 1 h, then holding at 600 °C for 4 h. Finally, the
adsorbents were kept at room temperature for 3 h. High-performance
liquid chromatography (HPLC) grade acetonitrile (ACN) was purchased
from Merck (Darmstadt, Germany). The water was Milli-Q® grade
(Millipore, MA, USA).

A dilute aqueous solution of sulfuric acid was employed to adjust at
6 the pH of the drug solution (in the range 30-2 ppm Levofloxacin or
Ketoprofen) containing 0.7 mM of sodium sulfate as supporting elec-
trolyte. The saline concentration was chosen to reproduce the average
salinity of freshwater [27]. The pH of the drug solutions was measured
with a combined glass electrode connected to an AMEL pH-meter
(Milano, Italy).

2.2. Preparation of materials and thin films for photocatalysis and
Pphotoelectrocatalysis

Nanocrystalline WO5; was prepared by following a published pro-
cedure [15]. Briefly, Hb WO, was generated from 2.5 g of Na,WO, (Alfa
Aesar) dissolved in 100 mL of Millipore water by addition of 20 ml of
concentrated HCI (Sigma-Aldrich), followed by several washings in
order to eliminate NaCl. The colloidal suspension of H,WO, nano-
particles was obtained by dissolving the Ho WO, gel in 3 M oxalic acid
(2.5ml) at 60 °C (Sigma-Aldrich) and stabilized by addition of 20% w/
w Carbowax (Sigma-Aldrich, 15,000-20,000u) and Triton X-100
(Fluka) (1 drop/2 g of colloidal precursor) which acted as densifier/
sintering agent and tensioactive respectively. WO3 electrodes (active
area 1 cm?) were fabricated by spin casting (600 rpm for 6 s followed by
2000 rpm for 20s) colloidal H,WO,4 onto well cleaned FTO substrates
(Fluorine Tin Oxide, Pilkington TEC 8) glass, followed by firing at 550
C°. This procedure was repeated six times in order to obtain films
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having a thickness of ca. 2um and a photoresponse up to 470 nm, as
shown by a typical photoaction spectrum in sulfuric acid (Fig. S1).

Deposition of zeolites on WO5 electrodes was achieved by repeated
spin coating (4 x, 600 rpm for 6 s followed by 2000 rpm for 205s) of a
4% w/v (25 suspension in water. After each deposition of R25, the
electrode was heated at 550 °C to consolidate deposition.

25/WOj3 nanocrystalline powder was prepared by adding 0.1 g of
B25 zeolite to the H,WO, gel obtained as previously described, fol-
lowed by stirring for 24 h. The resulting solid was separated by cen-
trifugation and heated at 550 C° for 8 h to obtain a powder.

2.3. AFM

Atomic force microscopy (AFM) images were collected using a
Digital Instruments Nanoscope III scanning probe Microscope (Digital
Instruments, CA). The instrument was equipped with a silicon tip
(RTESP-300 Bruker) and operated in tapping mode. Surface topo-
graphical analysis of raw AFM images was carried out with NanoScope
analysis 1.5 and Gwyddion, a free modular program for SPM (scanning
probe microscopy) data visualization.

2.4. XRD and XPS

X-ray diffraction (XRD) measurements were performed using a
BRUKER D8 Advance X-ray diffractometer equipped with a Sol-X de-
tector, working at 40 kV and 40 mA. The X-ray diffraction patterns were
collected in a step-scanning mode with steps of A20 = 0.01° and a
counting time of 12 s/step using Cu Kal radiation (A = 1.54056 A) in
the 26 range 3-100°.

XPS experiments were conducted using a ®5600ci X-Ray
Photoelectron spectrometer (Perkin Elmer, Waltham, MA, USA) with an
Mg K anode X-ray source (1253.6 eV) with a primary beam energy of
14kV and an electron current of 20mA. A CHA (Concentric
Hemispherical Analyser) was used to collect the output signals.
Analysed areas were circles of 0.8 mm in diameter. Multiplex scan
mode was performed with a 0.125 eV steps (pass energy 23.50 eV). BEs
were calibrated against the Cls peak (285 eV).

2.5. Photocatalytic experiments

In photocatalytic measurements the electrode (either WO3 or 25/
WOs3, having 1 cm? geometric active area) was immersed in 10 mL of
electrolyte solution comprising 0.7 mM Na,SO, and KTP or LFX in
30-10 ppm concentration at pH 6. The photoanode was irradiated
under open circuit conditions (disconnected wires) with a Hg medium
pressure lamp at 0.128 W/cm? In order to avoid decomposition path-
ways arising from direct photochemical excitation of the pharmaceu-
tical targets, appropriate cut-off filters were interposed between the
source and the cell (360 nm for LFX, 380 nm for KTP, in accordance to
the absorption threshold of the respective molecules). Typical photo-
catalytic experiments were carried out for five hours, monitoring the
target concentration at 1, 3 and 5h intervals.

2.6. Photo-electrochemical experiments

Photodegradation experiments under photo-electrochemical condi-
tions were carried out in a two electrode cell (volume = 10 mL) under
potentiostatic conditions controlled by an Eco Chemie PGSTAT 101
potentiostat/galvanostat running under Nova environment. The
working electrode (photoanode) was either a WO3 or a f25/WO3 thin
film supported on FTO, while the counter electrode was a platinum
grid. An ABET sun simulator (AM 1.5 G with the appropriate cut offs)
was used as an illumination source for photoelectrochemical experi-
ments. Constant potential photoelectrolysis was conducted in aerated
0.7 mM Na,SO,4 aqueous solutions at pH 6 by applying a constant bias
of 1.2V for KTP and 0.4V for LFX respectively. These potential values
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were selected on the basis of the respective current density vs potential
(J/V) curves (see Results and Discussion section). Typical experiments
had a duration of 5h, during which depolarization cycles at 0V for
10 min were introduced between polarization cycles of the duration of
30 min in order to ensure a reproducible and stable operation of the
photoelectrode. Longer experiments, aimed at the determination of
decomposition intermediates were carried out for 20 h, by adopting the
same electrochemical program specified above.

2.7. HPLC/DAD analysis

A HPLC/DAD (Waters, MA, USA pump:Waters 515, DAD:Waters
PDA 996) was employed under isocratic elution condition, the eluent
was 18:82 ACN: phosphate buffer 25 mM at pH 4 and 60:40 MeOH:
phosphate buffer 2mM at pH 3.3 for LFX and KTP respectively. The
flow rate was 1 mL/min. The column was 4.6 X 150 mm Kromasil
Eternity-5-C18. The injection volume was 20 pL for all standards and
samples.

2.8. HPLC/MS analysis

HPLC/MS analyses were made by means of Surveyor micro-HPLC
hyphenated to a linear trap quadrupole mass spectrometer (LTQ XL
Thermo Scientific, Waltham, MA, USA). The HPLC apparatus was
composed of a solvent delivery system, a quaternary pump (including a
membrane degasser) and an autosampler (including a thermostated
column compartment). The LTQ system was equipped with an elec-
trospray ionization (ESI) ion source. The mobile phase was obtained as
a mixture of acetonitrile (ACN) formic acid 0.1% v/v : water formic acid
0.1% v/v. Chromatographic separation was performed under gradient
elution conditions: 0-6 min 5% ACN, 6-14 min 5-70% ACN, 14-15 min
70% ACN, then held isocratically at 95% of ACN for 3 min before re-
conditioning the column. The flow rate was 100 yL/min, while the
column was thermostated at 25°C. The column was 50 X 2.1 mm
(Restek, Bellefonte, PA, USA) and packed with a C18 silica-based sta-
tionary phase with a particle diameter of 3 um. The injection volume
was 5L for all standards and samples. MS experimental conditions
were as follows: spray voltage 4 kV, capillary temperature 275 °C, ca-
pillary voltage 11 V and tube lens 25V for positive ESI conditions.

3. Results and discussion
3.1. Morphological, structural, optical and electrochemical properties

Structural and morphological properties of colloidal WO3 films
prepared by sequential spin coating-annealing cycles by our group,
were reported previously [15,28]. AFM images taken on the $25/WO;
composite are consistent with previous results taken on unmodified
films, showing a network of rather polydisperse, partly fused, roughly
spherical particles, whose diameter varies between 60 and 30 nm. The
film shows mesopores of the order of 50-100 nm, which allow for
electrolyte percolation through the film, more evident at intermediate
magnification (scale bar 1 pm in Fig. 1A, B). Smaller interstices are
evident between nanoparticle interconnections at higher magnification
in Fig. 1C. B25 modified WO; displays the presence of comparatively
larger elongated prismatic structures, having a ca. 1:2 aspect ratio and a
length of ca. 200-250 nm assigned by comparison with pure 325 zeo-
lites. These are prevailingly distributed at the surface of the film, and
are often embedded and surrounded by the outermost layers of WO3
nanoparticles. This is consistent with the two step preparation route of
B25 modified WO3 surfaces which is based on the spin casting of zeolite
suspensions on the pre-formed WO3 film. Attempts to disperse zeolites
within the bulk of the film, by modifying with zeolites the colloidal
precursor for one-step film deposition, were successful from the syn-
thetic point of view, but led to photoanodes having poor photoelec-
trochemical reproducibility due to scarce film adhesion to the ohmic
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Fig. 1. AFM micrographs showing the surface of $25/WO3. Blue circles indicate some zeolite structures at the surface and embedded within the outermost layers of
much smaller WO; particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

contact and were early abandoned for this work.

X-ray powder diffraction patterns of (25 before and after WO3
embedding are shown in Fig. 2. The strong changes in the XRD patterns
can be interpreted by assuming the presence of two phases: 325 and
tungsten trioxide WO3; with monoclinic symmetry. The evidence for the
monoclinic-type phase of WOj3 is strongly supported by the occurrence
of new diffraction peaks (PDF file # 83-0951). WO3 phase showed a
high intensity peak at (020) reflection as well as lower intensity ones
corresponding to (212), (410), (240) reflections.

Intensity (arb. units)

50 60 70

26 (9

100

Intensity (arb. units)

a)

Comparative XPS measurements (Fig. 3) carried out on the thin film
electrodes supported on FTO show that both the tungsten W4f7/2 and
the O1s peaks associated to WO5 in the $25 modified film are essen-
tially unchanged with regard to binding energy, peak intensity ratio
and FWHM (1.4 (W) and 1.6 (O) eV) with respect to the unmodified
WO3 where BEs of 35.7eV (W) and 530.5 (O) perfectly match with
known literature data for such material (35.7 £ 0.1 and
530.5 + 0.1eV for W and O in WO3 respectively) [29], suggesting a
negligible electronic perturbation to the W core levels upon physical

\\WMW

28

31 34

3 37
2009

40

b)

Fig. 2. (a) Intensity-normalized X-ray diffraction patterns of 25 (blue line) and 325/WOs in the 3-100° 26 range. (b) The occurrence of new peaks related to the
embedding of WOs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. W4f7/2 XPS peaks observed in unmodified WO3 and 325 modified thin
films supported on FTO.

deposition of 325 on the nanocrystalline WO3.

Consistent with the XPS evidence, the electronic spectra and the
cyclic voltammetry of pure WO3 and of 325 modified WO3 electrodes
are substantially super-imposable, (Fig. 4A,B) corroborating the fact
that no new electronic levels in the semiconductor are introduced upon
casting of the zeolite on the pre-formed WOj3 thin films. In both un-
modified and (25 modified materials, the absorption spectra are
characterized by the same onset of the visible absorption at 450 nm, as
one should expect from the forbidden gap value of WO3. The presence
of zeolites, larger than the average WO3; nanoparticles, as shown by
AFM, contributes to the increased light scattering from the (25/WO3;
film, evident from the increased background at A > 450 nm, where the
electronic transitions of the semiconductor are absent. Cyclic voltam-
metry, reported in Fig. 4B, shows similar capacitive charging currents at
positive potentials (i.e. > 0V vs SCE) where faradaic processes are
absent. Also, WO3 and 25/WO3 show the same onset of the Wé*+/ W°*
reduction (ca. OV vs SCE), corresponding to trapping of electrons in
defects and surface states close to the conduction band edge, confirming
the marginal impact coming from zeolite modification to the semi-
conductor energetics. In both WO3 and f25/WOs, the similar intensity
of the faradaic reductive wave, where charge compensation of the
W8/ W°* process occurs by movement of cations from the electrolyte
(in our specific case Na™) to the porous semiconductor, indicates that
after coating with zeolites the WO53 porous film maintains its perme-
ability to the electrolyte, with an electrochemically active area com-
parable to that of pristine WOs3. This is again consistent with AFM,
where the presence of rather sparse zeolitic structures decorating the
surface of the semiconductor, cannot preclude the access of the elec-
trolyte to most of the porous photoelectrode.
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3.2. Photochemical and photoelectrochemical degradation of KTP and LFX
at WO3 electrodes

Photochemical degradation experiments were initially carried out
on 0.7 mM Na,SO, aqueous solutions containing 10 mg/L of drug (KTP
or LFX) where the electrolyte was added to reproduce the overall ionic
content of natural freshwaters and to provide, for comparative pur-
poses, the same ionic environment established at the SEI under pho-
toelectrochemical conditions. In photochemical experiments, colloidal
WOs; films were employed in the absence of applied potential bias.
Under such conditions WO3 electrons are promoted by valence band
excitation under A > 360 nm, into both delocalized (conduction band)
and localized (trap) states, while holes, surviving recombination, are
scavenged by water (leading to "OH formation) or by direct reaction
with the organics interacting with the WO3 surface. In the absence of
surface co-catalysts [30], production of oxidizing intermediates via
reduction of molecular oxygen by surface trapped electrons is con-
sidered to be slow and inefficient at WO3 nanoparticles having > 30 nm
size, exhibiting no quantum confinement [31], thus the oxidation re-
actions are, in our case, mainly carried out by photogenerated holes.
Clearly both the direct (via reaction with holes having an approximate
quasi-Fermi potential of 2.7V vs SCE) and the indirect pathway, via
'OH mediated oxidation, would lead to the oxidative degradation of
these organic species.

Flat band conditions are quickly established in the solid under il-
lumination due to electron accumulation, neutralizing the positive
charges within the depletion layer formed upon initial Fermi level
equilibration following contact between the solid and the liquid phases.
In these stationary conditions no electric field should exist in the
semiconductor film and transport of holes to the WO5 surface, where
scavenging occurs, takes place solely by diffusion. Fig. 5 shows that
photochemical degradation of 10 ppm LFX is ca. 75% complete after 5h
of illumination at ca. 0.13 W/cm?, according to a monoexponential
kinetic with a rate constant of 0.27 h™ . On the contrary, in the same
experimental conditions, KTP is not degraded, showing no deviations in
the solution concentration from the initial 10 ppm value, which remains
substantially constant, within the experimental error, during an irra-
diation cycle of 5h. This finding can be possibly explained by con-
sidering the electrostatic repulsion between the negative charge of KTP
at pH 6 and the negatively charged WO;3 surface [32,33]. This would
cause a depletion of KTP from the immediate proximity of the semi-
conductor surface reducing the probability of direct scavenging by re-
action with holes and also the likelihood of bi-molecular reaction with
"OH which, being highly reactive species, are not expected to diffuse
very far from the surface whereupon are generated under illumination.
Competitive reaction of ‘OH with S0,* to form S,0g>, bi-molecular
events yielding H,O, or electron recapture on the semiconductor sur-
face leading to reformation of water will indeed limit the lifetime of
"OH and hence their diffusional path.

In the photoelectrochemical experiment, the application of a 1.2V
vs Pt potential bias to a WO; film, significantly improves the

—— WO,/B25

T T T

T
0.4 06 08

V(V) vs SCE

T
-0.2 0.0 02

Fig. 4. Electronic absorption spectra (A) and cyclic voltammetry (20 mV/s) in 0.5M Na,SO4 recorded on WO3 and (25/WO3 electrodes.
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Fig. 5. Photocatalytic degradation kinetics (no applied potential) of 10 ppm
KTP (A > 380nm) and of LFX (. > 360nm) on colloidal WO thin films
(area = 1 cm?) at pH 6 in 0.7 mM Na,SO,. Hg medium pressure mercury lamp
0.128 W/cm>.
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Fig. 6. Photoelectrochemical degradation kinetics of 10 ppm KTP (AM 1.5G
and A > 380 nm) at WO3 (area = 1 cm?) (brown) and at B25/WO3 (orange) at
pH 6 in 0.7 mM Na,SO, under 1.2V vs Pt bias.

degradation of KTP under simulated solar illumination (AM
1.5G + 380 nm cut off filter) resulting in a ca. 50% abatement of the
initial concentration of KTP after 5h of illumination, with a rate con-
stant of 0.13h ™! (Fig. 6, brown circles). The applied potential bias was
set at 1.2V since at this value no substantial dark anodic current is
observed, (Fig. S2), while the photoanodic plateau (i.e. the maximum
rate of hole extraction from the semiconductor) is reached (Fig. S3).
Additionally, from chronoamperometry data (Fig. S4) it can be ob-
served that the photocurrent is essentially constant and reproducible,
with a steady state photoanodic current density of ca. 100 uA/cm?,
during 10 polarization cycles at 1.2V vs Pt, each of the duration of
30 min, confirming the stability of the photoanodic response of WO3
employed for the decontamination process.

Since a 10 ppm concentration of KTP in the poorly conductive
0.7 mM Na,SO, solution was not ideal to observe the direct impact of
the photo-oxidation of this drug on the resulting J-V characteristic of
the WO3 photoelectrode, three electrode potentiodynamic experiments
were carried out in 0.5M Na,SO, at pH 6 in the presence of 10™> M
KTP, representing the drug solubility limit in water at pH 6. Compared
to the blank electrolyte made of 0.5 M Na,SO, at pH 6 (Fig. 7 blue line),
the presence of 103 M KTP (Fig. 7, black line) induces a ca. 100 mV
anticipated photoanodic response, while the photocurrent in the acti-
vation region of the curve, i.e. between 0.2 and 0.4V vs SCE, where
minority carrier recombination is more significant, is ca. twice higher,
with a good matching of the steady state JV with square shaped pho-
toanodic transients (red line, Fig. 7). All these photoelectrochemical
features provide unambiguous evidence of reduced photogenerated
carrier recombination thanks to the participation of KTP to hole
scavenging (or 'OH scavenging) processes at the SEI under positive
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——with KTP
—— chopped with KTP
—— without KTP

J(mA/em?)

06 08
V(V) vs SCE
Fig. 7. JV characteristic of colloidal WOj5 thin films (area = 1 cm?) under AM
1.5 illumination with 380 nm cut-off filter at pH 6 in 0.5M NaySO,4 in the
presence (black and red curves) and in the absence of 103 M KTP (blue). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

polarization.

The improved degradation of KTP under applied bias can be ex-
plained by the combination of two factors. First, the positive polariza-
tion reduces recombination, by continuously removing photogenerated
electrons from conduction band and sub-band gap states, increasing the
flux of holes through the SEI where scavenging by the electrolyte oc-
curs. Second, the positive charges induced on the electrode, comprising
both the underlying FTO contact and mesoporous WO3; are counter-
balanced by anionic species in the electrolyte. The ionic cloud sur-
rounding the electrode is generally described in the framework of the
Stern-Graham model, where the first linear potential drop in the elec-
trolyte takes place within the Helmholtz plane, i.e. a compact sheet of
ionic charge at a fixed distance from the electrodic surface, followed by
a diffuse layer, where the potential drop, according to a linear ap-
proximation of the Poisson-Boltzmann equation occurs exponentially
[34]. The induction of an ionic cloud, constituted by S0,2~ and KTP,
having charge opposite to that of the electrode surface, thus results in a
local surface excess of KTP, favoring the effective bimolecular en-
counter with an increased flux of photogenerated 'OH, leading to en-
hanced oxidative degradation. Possible chemical interactions of KTP
with the electrode surface, consisting for instance in the coordination of
the carboxylate group to either Sn** of FTO or W8 of WO5 could also
result from the electrostatically increased surface excess of KTP. The
local uptake of KTP by the mesoporous electrode under 1.2V vs Pt
polarization was confirmed by HPLC analysis carried out on 10 ppm
KTP/0.7 mM Na,SO,, within a time interval spanning 5 h, during which
the solution was left to equilibrate with the electrode under positive
polarization in the dark. We can indeed observe in Fig. 8 (blue squares)
a slow depletion of KTP from the solution, slowly decreasing to a ca.

—m—KTP 10 ppm / WO,
—@—KTP 10 ppm p25/WO,

cie,

0.92 T T T

time (h)

Fig. 8. KTP (10 ppm in 0.7 mM Na,SO,) uptake by WO3 (blue) and 25/WO3
(green) in the dark under 1.2V vs Pt polarization. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)



V. Cristino et al.

10% uptake after 5h.

Photoelectrochemical KTP degradation is further accelerated by
exploiting the B25 modified WO; film, giving a > 65% abatement
(orange circles, Fig. 4) and a degradation rate constant of 0.22h~?
within the same time interval and in otherwise identical conditions. The
photoanodic current density, recorded during such experiment was also
comparable with that delivered by the unmodified WO3 SEI, with a
steady state value ranging between 100 and 150 uA/cm? (Fig. S5).

Consistent with the degradation results, the $25/WO3 electrode
shows a much faster KTP uptake, (Fig. 8 green dots), with 90% of the
relative variation occurring within the first hour, indicating a favorable
trapping and confinement of KTP within the zeolites [35] embedded in
the WO3 film. This well explains the faster degradation kinetics ob-
served under photoelectrochemical conditions with the B25/WO;
modified electrode. Imprisoning of KTP inside zeolites is also consistent
with the high photoactivity of $25/WOj3 in the absence of applied bias
(Fig. S6) where degradation of KTP was achieved with a time constant
of 0.27 h~! under medium pressure Hg lamp (A > 380 nm) illumina-
tion. It should be recalled that in otherwise identical conditions, no
significant KTP degradation was observed with the unmodified WO
film. This piece of evidence suggests that direct reaction of KTP with
photogenerated holes at the SEI is not the likely mechanism for drug
degradation, since in the case of KTP trapping inside 25, the direct
contact between such organic species and the semiconductor surface is
precluded. Rather, the degradation most probably involves reaction
with "OH diffusing away from the semiconductor surface upon primary
hole scavenging by water.

In the case of LFX, for which a satisfactory performance was already
observed (see Fig. 1) under purely photocatalytic (no bias) conditions,
the application of the potential to either WO3 or $325/WO; also trans-
lates in a significant acceleration of the oxidative degradation of this
drug at the SEI under illumination. Differently from KTP, which was
essentially stable showing only a slight decrease at 1.5V bias, probably
due to surface uptake upon polarization, LFX is appreciably degraded
by electrolysis at potential > 0.4V vs. Pt, (Fig. 9), consistent with the
observation of a dark electrochemical process, occurring at the exposed
back contact (FTO) of the photoanode, having a threshold at 0.6 V vs Pt
(Fig. S7). In order to avoid spurious electrochemical contributions to
drug degradation, the rate of LFX degradation was monitored at a bias
of 0.4 V vs Pt, a potential at which only photoinduced charge separation
within WO3 should be active in triggering oxidative processes. Un-
surprisingly, due to reduced bias, the photoanodic current generated by
WOs3 in 10 ppm LFX dissolved in 0.7 mM Na,SO, at pH 6, was smaller
than in the KTP case, being in the order of ca. 50 pA/cm?. Nevertheless
the photocurrent was satisfactorily stable and reproducible during
prolonged experiments (Fig. S8).

Essentially, in this case the enhanced activity stems from an in-
creased hole flux reaching the SEI: under 0.4V vs Pt and AM 1.5G
(> 380 nm) illumination, causing the initial concentration of LFX to
drop to less than 90% within 5h, according to a rate constant of 0.69
h~?! (Fig. 10). No obvious advantages were found from the use of a 25
modified WO3 thin film, given the fact that LFX is already likely to
display a good interaction with the semiconductor surface, either
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Fig. 10. Photoelectrochemical degradation kinetics of 10 ppm LFX, under AM
1.5G and A > 380 nm illumination at WO3 (area = 1 cm?) (brown) and p25/
WO3 (orange) at pH 6 in 0.7 mM Na,SO4 under 0.4V vs Pt bias.

through electrostatic interactions or by surface adsorption via nitrogen
lone pairs. Compared to KTP, LFX is also an easier to oxidize species,
which may react with a wider family of oxidant intermediates, like
H,0,, generated upon primary water photooxidation by the coupling of
two "OH radicals.

3.3. Drug mineralization and characterization of the degradation
intermediates

The main degradation products of both KTP and LFX generated
during the photo-electrocatalytic process were identified. The structural
assignments of the intermediates were done on the basis of the com-
parison of the fragment ions detected in the MS-MS spectra with those
reported in previous studies [36,37].

Concerning LFX, in addition to the parent molecule, five inter-
mediate products were identified (Table 1) in the withdrawal solutions
obtained during photoelectrochemical degradation. These compounds
have molecular ions at m/z 335, 278, 337, 347 and 364. All of them
correspond to the protonated molecule [M+H]™*.

The byproduct having m/z 335 corresponds to the partial de-
gradation of the piperazynilic ring, it is 27 Da lighter than LFX, and it
could correspond to a secondary amine generated by the net loss of
C,H, from the piperazynic moiety consistent with a previous observa-
tion by El Najjar et al. [38]

The product with m/z 278 can be attributed to the oxidation of the
piperazine side-chain in analogy to previously reported floxacin de-
gradation products [39]. The intermediate with m/z of 364 possibly
derives from the ring-opening at the N1 position (see Chart 1) followed
by further oxidation via OH radical [40]. The fragment at m/z 347 may
be generated through the transformation of the molecule chromophoric
group. Additionally, literature data suggest that even the oxidation of
quinolone moiety is mediated by "OH [41].

The product having m/z 347 possibly derives from demethylation
(—14Da) of the parent compound m/z 362. [40]. The exact con-
centrations of the intermediates have not been quantified since the
corresponding standards for calibration are not commercially available.

15V 06v 04V 15 0.6V

Fig. 9. Electrodegradation of LFX (blue bars) and KTP (red bars)
in the dark at the WO3 SEI biased at various anodic potentials. The
ratio of the concentration of either LFX or KTP with respect of
their respective initial concentration (10 ppm) is reported after 3 h
of anodic polarization at 0.4, 0.6 and 1.5V vs Pt in the dark at pH
6 in 0.7 mM Na,SO,. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of
this article.)
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Table 1
Structure of the photoelectrochemical degradation products of LFX identified
by mass spectrometry.

Precursor tr MS?> Structure
ion
362 7.18 362 \O Y
318 Y.
279 9.79 261 'j@{ﬁi
>
336 6.96 261 . 11
235 . |
% .
338 4.48 320 ke o
310 “_ I e
294 . o
292 o
348 7.10 304 /\ o/\/“
284 N N
261
364 6.51 346 iof
333 ™
289 ¥ ’
261 a7 °\/K
235
4.0+
3.54
3.0
;; 2.5
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3 1.5
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Irradiation time (h)

Fig. 11. Photoelectrochemical degradation of the LFX intermediates at the
B25/WO3 SEI under AM 1.5 G illumination with 380 nm cut off.

However, the relative abundance of the oxidation products can be
evaluated from their associated peak integral. Fig. 11 shows that the
intermediates described above underwent a complete degradation,
generally resulting below the detection limit of this analytical tech-
nique after 20h of photoelectrolysis employing 325-WO3; photoelec-
trodes, consistent with the mineralization of LFX.

In the degradation of KTP, the four most abundant intermediates
observed have m/z 227, 225, 212 and 211 (see Table 2).

The molecular weight of KTP is 254, whereas the intermediate
having m/z 211, reported in Table 2, show a 44 Da decrease in the
molar mass suggesting a decarboxylation of the parent compound. The
most significant (MS?) fragments obtained from the m/z 211 com-
pound, are reported in Table 2 alongside with the structural assignment
performed on the basis of the comparison of the m/z fragments with the
work by Szabo et al. [42]. It is thus possible to identify this compound
as 3-ethylbenzophenone (EB). The m/z 212 intermediate seems to
correspond to 3-hydroxymethyl-benzophenone, possibly deriving from
oxidation of EB. On a similar basis, the fragment analysis of the inter-
mediates with m/z 277 and 225 leads to 3-acetylbenzophenone and 3-
hydroxylethyl benzophenone. The peak area of the fragments vs. irra-
diation time is reported in Fig. 12, where it can be observed that also for
KTP the intermediates become undetectable after 20 h of photoelec-
trolytic process, consistent with the achievement of drug
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Table 2
Structures of the detected photoelectrochemical degradation products of KTP.
Precursor Tr MS? Structure
Ion
211 17.17 196 i I
182 (> )
183 -
154
212 1435 105 8
oo™
225 15.48 183 T i
147 ‘ N o
105 7
227 13.59 76 ﬂ i"
209 Z 7
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1.2
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L3
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<
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Fig. 12. Photoelectrochemical degradation of the KTP intermediates at the
B25/WO3 SEI under AM 1.5 G illumination and 380 nm cutoff.

mineralization.

4. Conclusions

In this contribution we have explored the applications of WO3 based
nanomaterials to the degradation of Ketoprofen (KTP) and Levofloxacin
(LFX), representing ubiquitous water contaminants of emerging con-
cern. Interestingly, it was found that, while LFX is effectively degraded
under both photocatalytic (no bias) and photoelectrochemical (applied
bias) conditions, in the case of KTP there is an extreme difference in the
photochemical vs. photoelectrochemical degradation kinetic: under
conventional photocatalytic conditions, KTP does not show any ap-
preciable degradation, whereas under applied bias its degradation is
roughly 70% complete during a 5h illumination cycle with
A > 380 nm. This behavior was explained by the induction of a local
excess of KTP at the WO3 SEI under positive potential, allowing a faster
reaction with surface generated "OH radicals. In the absence of positive
bias, at pH 6, such interaction does not occur, due to electrostatic re-
pulsion between the anionic KTP and the negatively charged WO;
surface, having point of zero charge at pH lower than 2. This indicates
that besides modulating the charge separation rate at the SEI, the
electric bias could be useful to tune the solar degradation of otherwise
impervious molecular species via double-layer effects.

Further, in the case of KTP, the degradation activity of WO3 could
be further enhanced by incorporating 325 zeolites into the photoactive
semiconductor, allowing to trap and confine KTP in the immediate
proximity of the WO; surface, where the exposure to the flux of "OH
generated by monoelectronic oxidation of water should be optimal.
Indeed, under appropriate photoelectrochemical conditions, $325-WO3
led to the complete degradation of both KTP and LFX, as well as of their
respective oxidation intermediates following 20 h of illumination.

Our research is now directed towards the fabrication of thick WO4
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films optimized for application under solar concentration and to the
exploitation of WO3/BiVO, junctions, where the better light harvesting
should allow for a considerable acceleration of the photoelec-
trochemical degradation of CECs.

Acknowledgements

This work is part of the HP-Solar Project supported by Regione
Emilia Romagna under POR/FESR 2014-2020 program and PRIA pro-
ject founded by the University of Ferrara.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.cattod.2018.09.020.

References

[1] M. La Farre, S. Perez, L. Kantiani, D. Berceld, Trends Analyt. Chem. 27 (2008)
991-1007.

M. Schriks, M.B. Heringa, M.M. van de Krooi, P. de Voogt, A.P. van Wezel, Water
Res. 44 (2010) 461-476.

K. Hashimoto, H. Irie, A. Fujishima, Jpn. J. Appl. Phys. 44 (2005) 8269-8285.

X. Chen, S.S. Mao, Chem. Rev. 107 (2007) 2891-2959.

M.A. Henderson, Surf. Sci. Rep. 66 (2011) 185-297.

J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Horiuchi, M. Anpo,

D.W. Bahnemann, Chem. Rev. 114 (2014) 9919-9986.

N. Daneshvar, D. Salari, A.R. Khataee, J. Photochem. Photobiol. A: Chem. 162
(2004) 317-322.

E.S. Elmolla, M. Chaudhri, J. Hazard. Mater. 173 (2010) 445-449.

E.S. Elmolla, M. Chaudhuri, Desalination 256 (2010) 43-47.

A. Molinari, E. Sarti, N. Marchetti, L. Pasti, Appl. Catal. B: Environ. 203 (2017)
9-17.

A. Molinari, R. Argazzi, A. Maldotti, J. Mol. Catal. A: Chem. 372 (2013) 23-28.
G. Liu, T. Wu, H. Hidaka, N. Serpone, Environ. Sci. Technol. 33 (1999) 2081-2087.
C. Chen, W. Zhao, P. Lei, J. Zhao, N. Serpone, Chem. Eur. J. 10 (2004) 1956-1965.
A. Tanaka, K. Hashimoto, H. Kominami, J. Am. Chem. Soc. 136 (2013) 586-589.
V. Cristino, M. Sabrina, A. Molinari, S. Caramori, S. Carli, R. Boaretto, R. Argazzi,
L. Meda, C.A. Bignozzi, J. Mater. Chem. A 4 (2016) 2995-3006.

1. Tantis, L. Bousiakou, Z. Frontistis, D. Mantzavinos, I. Konstantinou,

(2]

[31
[4]
[5]
[6]

71

(8]
[91
[10]

[11]
[12]
[13]
[14]
[15]

[16]

310

[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]

[26]

[27]
[28]

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]

Catalysis Today 340 (2020) 302-310

M. Antonopoulou, G.-A. Karikas, P. Lianos, J. Hazard. Mater. 294 (2015) 57-63.
1. Tantis, E. Stathatos, D. Mantzavinos, P. Lianos, J. Chem. Technol. Biotechnol. 90
(2015) 1338-1344.

G. Longobucco, L. Pasti, A. Molinari, N. Marchetti, S. Caramori, V. Cristino,

R. Boaretto, C.A. Bignozzi, Appl. Catal. B: Environ. 204 (2017) 273-228/272.

M. Ferech, S. Coenen, S. Malhotra-Kumar, K. Dvorakova, E. Hendrickx, C. Suetens,
H. Goossens, J. Antimicrob. Chemother. 58 (2006) 423-427.

C. Tixier, H.P. Singer, S. Oellers, S.R. Muller, Environ. Sci. Technol. 37 (2003)
1061-1068.

H.R. Lozano, F. Martinez, Braz. J. Pharm. Sci. 42 (2006) 601-613.

J.A.O. Gonzalez, M.C. Mochon, F.J.B. de la Rosa, Talanta 52 (2000) 1149-1156.
J.M. Newsam, M.M.J. Treacy, W.T. Koetsier, C.B. De Grutyer, Proc. R. Soc. Lond.
Ser. A 420 (1988) 375-405.

H. Liu, S. Huang, L. Zhang, S. Liu, W. Xin, Catal. Commun. 10 (2009) 544-558.
P. Varsani, A. Afonja, D.E. Williams, I.P. Parkin, R. Binions, Sens. Actuators B 160
(2011) 475-482.

1. Jannson, K. Yosshiiri, H. Hori, F.J. Garcia-Garcia, S. Rojas, B. Sanchez, B. Ohtani,
S. Suarez, Appl. Catal. A: Gen. 521 (2016) 208-219.
https://www3.epa.gov/caddis/ssr_ion_int.html.

L. Meda, G. Tozzola, A. Tacca, G.L. Marra, S. Caramori, V. Cristino, C.A. Bignozzi,
Sol. Energy. Mat. Sol. Cells 94 (2010) 788-796.
https://srdata.nist.gov/xps/main_search_menu.aspx.

H. Irie, S. Miura, K. Kamiya, K. Hashimoto, Chem. Phys. Lett. 457 (2008) 202-205.
T. Suzuki, H. Watanabe, Y. Oaki, H. Imai, Chem. Commun. 52 (2016) 6185-6188.
M. Anik, T. Cansizoglu, J. Appl. Electrochem. 36 (2006) 603-608.

S. Yamazaki, T. Yamate, K. Adachi, Appl. Catal. A: Gen. 454 (2013) 30-36.
J.O.M. Bockris, A.K.N. Reddy, M. Gamboa-Aldeco, Modern Electrochemistry 2A:
Fundamentals of Electrodics, Kluwer Academic Publishers, New York, Boston,
Dordrecht, London, Moscow, 2002.

L. Pasti, E. Sarti, A. Cavazzini, N. Marchetti, F. Dondi, A. Martucci, J. Sep. Sci. 36
(2013) 1604-1611.

Y. Gong, J. Li, Y. Zahng, M. Zhang, X. Tian, A. Wang, J. Hazard. Mater. 304 (2016)
320-328.

T. Kosjek, S. Perko, E. Heath, B. Kralj, D. Zigon, J. Mass Spectrom. 46 (2011)
391-401.

N.H. El Najjar, A. Touffet, M. Deborde, R. Journel, N.K.V. Leitner, Chemosphere 93
(2013) 604-611.

A.S. Maia, A.R. Ribeiro, C.L. Amorim, J.C. Barreiro, Q.B. Cass, P.M. Castro,

M.E. Tiritan, J. Chromatogr. A 1333 (2014) 87-98.

L. Michael, E. Hapeshi, J. Acena, S. Perez, M. Petrovic, A. Zapata, D. Fatta-Kassinos,
Sci. Total Environ. 461 (2013) 39-48.

P. Calza, C. Medana, F. Cabone, V. Giancotti, C. Baiocchi, Rapid Commun. Mass
Spectrom. 22 (2008) 1533-1552.

R.K. Szabo, C. Megyeri, E. Illes, K. Gajda-Schrantz, P. Mazellier, A. Dombi,
Chemosphere 84 (2011) 1658-1663.



Supporting Information to

Photoelectrochemical Degradation of Pharmaceuticals at B25-modified WOs3
interfaces

Vito Cristino?, Gelsomina Longobucco?®, Nicola Marchetti®, Stefano Caramori** Carlo Alberto
Bignozzi®, Annalisa Martucci °, Alessandra Molinari?, Rita Boaretto® Claudia Stevanin®, Roberto
Argazzi® Maurizio Dal Colle,* Renzo Bertoncello® and Luisa Pasti*®.

(a) Department of Chemical and Pharmaceutical Sciences, University of Ferrara, 44121, Via
Luigi Borsari 46, 44121
(b) Department of Physics and Earth Sciences, University of Ferrara, Via Saragat 1, 44121
Ferrara.
(c) Department of Chemical Sciences, University of Padua, Via Marzolo 1, 35131, Padua.
(*) psu@unife.it; cte@unife.it

60 O,

50 4 o/ \
wl § \

O
301 / \

20 4 o}

IPCE%

T T T T T T T T T T
300 320 340 360 380 400 420 440 460 480 500
(nm)

Figure S1. Typical photoaction spectrum of the WO;3; colloidal film wused for the
photoelectrochemical degradation studies. Data recorded in 1 M H2SO4 at 1.5 V vs SCE.
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Figure S2. Dark JV characteristic of colloidal WO; thin films (area = 1 cm?) at pH 6 in 0.7 mM
NaxSO4 in the presence of 10 ppm KTP. The onset of the dark anodic current at voltages > 1.3 V
vs Pt is due to water oxidation at the exposed FTO back contact.
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Figure S3. Potentiodynamic (scan rate = 10 mV/s) J-V characteristic of colloidal WOs3 thin films
(area =1 cm?) at pH 6 in 0.7 mM NaSO4 in the presence of 10 ppm KTP. Under AM1.5 G, A>380
nm illumination, the photoanodic plateau is reached at a voltage > 1V, at which the dark current is

still negligible.
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Figure S4. Chronoamperogram recorded with colloidal WO3 thin films (area = 1 ¢cm?) at pH 6 in
0.7 mM NazSO; in the presence of 10 ppm KTP AM 1.5 G A > 380 nm illumination. During a
typical 5 hours experiment 10 irradiation cycles of the duration of 30 minutes at 1.2 V vs Pt are
separated by 10 minutes rest cycles at 0 V vs Pt.
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Figure S5. Chronoamperogram recorded with colloidal WO3-$25 modified thin films (area = 1
cm?) at pH 6 in 0.7 mM Na,SO4 in the presence of 10 ppm KTP. AM 1.5 G A > 380 nm
illumination. During a typical 5 hours experiment 10 irradiation cycles of the duration of 30
minutes at 1.2 V vs Pt are separated by 10 minutes rest cycles at 0 V vs Pt.
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Figure S6. 30 ppm KTP degradation kinetics at WO3-B25 SEI (area = 1 cm?) under medium
pressure Hg lamp illumination (A > 380 nm). 0.7 mM Na»SOg at pH 6.
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Figure S7. Dark J-V characteristic of the WO3 SEI in the presence of 10°M LFX in 0.1 M
NaS0s. A diffusion limited oxidation wave, assigned to electrochemical LFX oxidation at the
exposed FTO back contact, is observed starting at 0.6 V vs Pt, followed by another faradaic process
at > 1.2 V vs Pt, overlapping with the onset of water oxidation.
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Abstract: Cultivation of asparagus (Asparagus officinalis L.; Asp) for food and medicinal use has
taken place since the early Roman Empire. Today, Asp represents a worldwide diffuse perennial
crop. Lower portions of the spears represent a food industry waste product that can be used to
extract bioactive molecules. In this study, aqueous extracts derived from the non-edible portion of
the plant (hard stem) were prepared and characterized for chemical content. Furthermore, the
biocompatibility and bioactivity of Asp aqueous extracts were assessed in vitro on normal
fibroblasts and on breast cancer cell lines. Results showed no interference with fibroblast viability,
while a remarkable cytostatic concentration-dependent activity, with significant G1/S cell cycle
arrest, was specifically observed in breast cancer cells without apoptosis induction. Asp extracts
were also shown to significantly inhibit cell migration. Further analyses showed that Asp extracts
were characterized by specific pro-oxidant activity against tumoral cells, and, importantly, that their
combination with menadione resulted in a significant enhancement of oxidants production with
respect to menadione alone in breast cancer cells but not in normal cells. This selectivity of action
on tumoral cells, together with the easiness of their preparation, makes the aqueous Asp extracts
very attractive for further investigation in breast cancer research, particularly to investigate their
role as possible co-adjuvant agents of clinical drug therapies.

Keywords: Asparagus officinalis; breast cancer; cellular migration; reactive oxygen species (ROS)

1. Introduction

Breast cancer (BC) is the most common cancer among women [1]. It is classified mainly
based on the expression of three receptors that determine its pharmacological response and,
therefore, severity: estrogen receptor (ER), progesterone receptor (PgR), and epidermal
growth factor receptor 2 (HER2). The majority of cases are hormone-dependent, showing
overexpression of ER and PgR [2]. In those patients, endocrine-based treatment is used as a
first-line treatment; however, after its initial efficacy, about 50% of patients develop
endocrine resistance and treatment failure, requiring different choices or use of combined
therapy [3]. Triple-negative breast cancers (TNBC; ER-, PgR-, HER2-), on the other hand,
account for 10-15% of cases and still do not have efficient treatment. Since TNBC show an
unfavorable prognosis and hormone-dependent BC has a 5-year survival rate of 25%, it is
important to find an efficient and relatively safe cure to improve patients’ survival [4].
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Increasing attention in novel drug research has been focused on natural products as
a source of compounds that exhibit few adverse effects [5,6]. One of the most common
vegetables reported with therapeutic proprieties is asparagus, a plant nutritionally and
commercially important belonging to the Asparagaceae family. Worldwide, more than
200 species have been identified [7], and among them, Asparagus officinalis L. (Asp) is the
main species cultivated and commercialized [8]. The 2019 survey by FAO
(http://www fao.org/faostat/en/#data, on 5 October 2021 ) evidenced that asparagus
cultivation is distributed worldwide, even if only six countries demonstrate major
production: China (over 8 million tons); Peru (367,000 tons); Mexico (272,000 tons);
Germany (131,000 tons); Spain (59,000 tons); Italy (50,000 tons). Italy has the largest yield
in Europe and holds third place globally (7 tons per hectare), while the top yield globally
belongs to Peru (11.5 tons per hectare). In Italy, asparagus production is focused only on
five regions, with nearly 10,000 hectares cultivated (CSO Italy, Centro Servizi
Ortofrutticoli, https://www.csoservizi.com/focus-prodotti/asparagi/, on 5 October 2021)
by large agri-food farms. Hence, it is promptly understandable that potential solutions
facing the recovery of bioactive molecules with asparagus waste material (i.e., hard stems,
roots, plant aerial parts) might have a great impact on this agri-food chain.

Different factors, including species, type of cultivation, seasons, or plant section used
greatly change the content of the active biological molecules extracted [9]. Previous
studies, focused mainly on the stem portion, have identified phenolic compounds,
saponins, sterols, sulfur-containing acid, carotenoid, and amino acids as the main
bioactive components [10]. Components such as flavonoids and carotenoids are well
known for their antioxidant activity; others, such as saponins, have been reported to
possess cell cycle modulatory activity in cancer cells [11]. Lately, asparagus methanol
extracts from Asparagus laricinus have been reported to induce cytotoxicity in breast and
prostate cancer cell lines [12].

More recently, Asp has become of interest for the possibility to extract bioactive
molecules from non-edible portions [13]. Indeed, besides edible stems used in industrial
processing, hard stems and roots, which are normally discarded, have been suggested to
be used to extract phytochemicals with biological activities [7,14]. Recycling food industry
byproducts will be beneficial from both economic and ecological points of view.

Therefore, the present study first had the purpose of characterizing the chemical
composition of hard stem Asp extracts prepared by a simple aqueous method that does
not alter the structure nor the biological activity of important functional molecules. Then,
the next aim of the study was to investigate in vitro the biological effects of the water
extracts on survival and proliferation, oxidative balance and migration of BC cell lines
belonging to different phenotypes, as well as in a normal cell line.

The simple procedure to obtain water extracts of Asp hard stem, its chemical
composition and its bioactivity on breast cancer cell lines represent the most innovative
key-points of this study.

2. Results
2.1. Asparagus Extracts

Asparagus matrix has a moisture content of about 89.9% + 0.1% w/w, as estimated by
freeze-drying. The yield of water extraction was 7.25% + 0.23% w/w. The estimation of
total phenolic content (TPC), total flavonoid content (TFC) and antioxidant activity (DPPH
and ABTS) for aqueous extract are reported in Table 1. TPC value evidenced a moderate
amount of phenols extracted in Asp hard stem, confirmed also by low levels of antioxidant
activity. As a matter of fact, the water extract contains 3.6% of phenolic compounds and
4% of flavonoids that constitute the hard stem matrix (see Table S1, Supplementary
Material). It seems, therefore, that the aqueous extract is made of similar relative amounts
of TPC and TFC than those available in ASP hard stem for extraction. Interestingly,
flavonoids represent about 92.3% of water-extracted phenolic compounds, while in the
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hard stem, their relative amount is 83.8% of total phenolics on a dry matter basis. Thus,
since phenolic compounds and flavonoids are water-extracted to the same extent (3.6%
and 4%, respectively), and the relative amount of flavonoids is about 8.5% higher in dry
water extracts than in dry hard stems, this can be interpreted in two ways: the dry water
extract contains a slightly larger representative fraction of flavonoids than ASP hard stem
matrix; or part of the water-extracted phenolics are lost during the lyophilization process
and the relative amount of flavonoids results a bit higher.

Table 1. Values of total phenolic content (TPC), total flavonoid content (TFC) and antioxidant
activities (DPPH and ABTS) in water extracts from asparagus hard stem byproducts. Values are
expressed in terms of gallic acid equivalents (GAE) and Trolox equivalents (TE) per mg of dry
extract (mgde).

TPC (ugcae/mgade) 10.09 +1.23
TFC (ugcae/mgde) 9.31+0.74
DPPH (umolre/mgde) 0.010 + 0.006
ABTS (umolre/mgde) 0.017 + 0.006

2.2. LC-MS/MS Analysis of Asparagus Extracts
2.2.1. Free Amino Acid Profile

Proteins and peptides in the hard stem represent about 1.85% w/w on a fresh matter
basis and exhibit antioxidant and ACE inhibitory properties, as already evidenced
recently [15]. Here, we mainly focused on the free aminoacidic profile. Single amino acid
concentrations are reported in Table 2. Ion transitions (i.e., MRM (m/z) column) allowed
us to correctly identify all amino acids, except for leucine (LEU) and Isoleucine (ILE).
These two were quantified together. The total amount of free amino acids in the hard stem
is noticeably higher (i.e., 45 pg/mgde) than in the edible stem (i.e., 32.7 pug/mgde) (data not
published). The most abundant free amino acids in the hard stem are lysine (56.3%) and
asparagine (30.3%). Proline, alanine, valine and glutamic acid are in the range 1-3%.
Arginine, aspartic acid, histidine, leucine and isoleucine, methionine, phenylalanine,
serine, threonine and tryptophan are in the range 0.1-0.9%, while only tyrosine is below
0.1%. Tryptophane is about 35 times more concentrated in the hard stem than in the edible
part of the stem, while histidine and arginine are only 1.9 and 1.5 times higher in the hard
stem. Additionally, levels of lysine and asparagine are higher in the hard stem than in the
whole edible stem and spear: even though they are still the most abundant amino acids in
the edible part, lysine is about 1.4 times and asparagine is 1.7 times more abundant in the
hard stem (see Table S2, Supplementary Material, for the free amino acidic profile in the
edible stem).



Molecules 2021, 26, 6369

40f19

Table 2. Quantitative determination of free amino acids in asparagus hard stem byproducts.

Amino Acid Concentration (ug/mgac) MRM (m/z)
ALA 0.101 +£0.023 90.2 > 44.2
ARG 0.369 +0.019 175.1 -» 70.1
ASN 13.65+1.12 133.1 - 74.1
ASP 0.322 +0.022 134.1 - 74.1
GLU 0.451 +0.027 148.2 —» 84.2
HIS 0.254 +0.015 156.1 - 110.2

LEU+ILE 0.368 + 0.018 132.1 - 86.1
LYS 25.33+£1.75 147.1 - 84.1
MET 0.069 + 0.004 150.2 - 104.1
PHE 0.117 +0.012 166.2 - 120.2
PRO 1.434 +0.068 116.1 - 70.1
SER 0.364 +0.016 106.1 - 60.1
THR 0.253 +0.011 120.1 -» 74.1
TRP 0.144 + 0.009 205.2 - 146.2
TYR 0.039 +0.007 182.2 - 136.2
VAL 0.814 + 0.034 118.1 - 72.1

2.2.2. Organic Acids, Phenolic Acids, Polyphenols and Derivatives

Few secondary metabolites were identified in water extracts. Their tentative LC-
MS/MS identification is reported in Table 3. Compounds are grouped based on their most
intense ionization mode. The second column presents the precursor ion, while the third
column contains all informative fragment ions useful for compound identification.
Numbers in parenthesis are the ion relative intensity. The last column reports the relative
abundance for each identified compound, calculated on the basis of peak area.

Among common organic acids (i.e., malic and quinic) and phenolic acid esters (i.e.,
dicaffeoyltartaric acid, caftaric acid, caffeoylquinic acid, feruloylquinic acid), important
free aglycones were found: three flavonols (i.e., quercetin, kaempferol and syringetin),
two isoflavones (i.e., genistein and prunetin) and one flavone (i.e., apigenin).
Additionally, some common and less common glycosylated flavonoids were identified,
such as myricetin-O-rhamnoside, tricin-O-glucoside, isorhamnetin-O-glucuronide,
laricitrin-O-glucoside and rutin. Interestingly, two anthocyanins were identified (i.e.,
petunidin- and malvidin-O-pentoside derivatives) and listed separately as [M]*.

Both isoflavones and flavonols are known to play important bioactive roles as
estrogens and antioxidants. Hence, alone or in synergy with all compounds identified in
water extracts, they may have captivating effects on cancer cells.
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Table 3. Tentative LC-MS/MS identification of most abundant compounds in asparagus hard stem.

Compound [M - HI- (m/z) MS/MS Fragments (m/z) Relative Abundance
Dicaffeoyltartaric acid 473 311 (100), 293 (80) 179 (5), 149 (3) 0.5%
Caftaric acid 311 149 (100), 179 (55), 135 (5) 6.7%
Caffeoylquinic acid 353 191 (100), 179 (5) 0.27%
Malic acid 133 115 (100) 48.8%
Myricetin-O-rhamnoside 463 316 (100), 317 (50), 271 (15) 0.40%
Quinic acid 191 111 (100), 173 (20) 38.0%
Feruloylquinic acid 367 191 (100), 173 (5) 0.04%
Quercetin 301 179 (100), 151 (75), 273 (15), 257 (10) 0.03%
Tricin-O-glucoside 491 476 (100), 329 (70), 328 (15), 314 (5) 0.2%
Isorhamnetin-O-glucuronide 491 315 (100), 255 (10), 151 (5) 0.02%

[M + HI* (n/z)
Laricitrin-O-glucoside 495 333 (100) 0.04%
Syringetin 347 291 (100), 153 (50), 287 (20) 0.08%
Kaempferol 287 153 (100), 121 (50), 213 (20), 229 (5) 0.1%
Apigenin 271 153 (100), 229 (30), 225 (30), 119 (10) 0.3%
Rutin 611 303 (100), 465 (30) 2.4%
Genistein 271 153 (100), 215 (85), 243 (60), 149 (25) 0.2%
Prunetin 285 229 (100), 257 (60), 267 (30), 163 (25) 1.2%
IMI* (m/z)
Petunidin-O-pentoside 449 317 (100) 0.4%
Malvidin-O-pentoside 463 331 (100) 0.3%

Compounds tentatively identified in Asp hard stem aqueous extracts are in
accordance with literature works, although most of them concerned more exhaustive
hydro-alcoholic extracts and most of the extensive chemical characterization regards the
edible part [11,16-20].

2.3. Asparagus Extracts Affect Viability of MCF-7 Breast Cancer Cells through Cell Cycle Block

To evaluate the biological effects of Asp extracts on cellular activities, cellular
morphology, replication and apoptosis were assessed on NIH/3T3 fibroblasts and breast
cancer cell lines MDA-MB231 and MCF7, before and after treatments with several doses
of Asp extracts. As shown in Figure 1, no changes in morphology and distribution were
observed in NIH/3T3 as well as in MDA-MB231 cells until 48 h after treatments. However,
a remarkable reduction in cell density coupled with cell size increase (typical of cellular
senescence) was observed in MCEF7 cells treated for 48 h with Asp with respect to the
untreated. In agreement, as reported in the panels in Figure 2a,b, no significant changes
in the number of viable cells were identified in NIH/3T3 and MDA-MB231 cells. On the
contrary, a significant reduction in the number of viable cells was identified in the MCF7
cell line treated with 500 pg/mL Asp extracts for 48 h, compared with untreated cells
maintained in culture in the same condition (Figure 2c; p-value 0.0434).
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Figure 1. Representative images were taken by light microscopy of NIH/3T3, MDA-MB231 and MCF7 cells untreated or
treated with 50, 100, and 500 ug/mL of Asparagus extracts (Asp) for 48 h. Magnification 10x, scale bar 200 pm.
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Figure 2. Cell viability of (a) NIH/3T3, (b) MDA-MB231, (c¢) MCEF7 exposed to 50, 100, and 500 pg/mL of Asp for 24 and 48
h. Data are reported as mean + standard error of the mean from three independent experiments. Statistical analysis was
performed by ANOVA followed by Bonferroni’s post hoc test. * p <0.05 vs. untreated at the same incubation time.

Next, we investigated whether induction of apoptosis was responsible for the observed
effects on cell viability. As reported in Figure 3, there were no significant differences
between treated and untreated samples for all three cell lines, analyzing early and late
apoptotic events, as well as necrotic events. Only for the MCEF?7 cell line, an increasing trend
was observed for late apoptotic population in response to increasing concentrations of
extracts, even if it was not significant with respect to the untreated control.

To further investigate the possible implication of Asp extracts on cell proliferation,
the cell cycle was analyzed by flow cytometry upon BrdU incorporation. In agreement
with cell viability results, Asp treatment on NIH/3T3 and MDA-MB-231 cells did not
modify the cell cycle phase distribution either after 24 h or 48 h of treatment (Figure 4). By
contrast, in MCEF?7 cells, Asp (500 pg/mL) induced a relevant contraction of the number of
cells in S phase already after 24 h, when compared with untreated (p-value = 0.0169).
Extending the treatment to 48 h, the alteration of cell cycle phases was more marked,
showing a concentration-dependent effect with a significant reduction in cells in the S
phase (100 pg/mL vs. untreated, p-value = 0.0469; 500 pg/mL vs. untreated, p-value =
0.0016; Asp 50 pg/mL vs. Asp 500 pg/mL, p-value = 0.0205), accumulation in G1 (500
pg/mL vs. untreated, p-value= 0.0169) and consequent induction of cell cycle blockade.
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Figure 3. NIH/3T3; MDA-MB231; MCF7 percentage of apoptotic cells after 48 h, calculated from the flow cytometry dot
plots after Annexin V/PI staining. (a) Results from untreated or treated with 50, 100, and 500 pg/mL Asp extracts were
expressed as a percentage of the total population. Data are reported as mean + standard error from three independent
experiments. (b) Representative flow cytometry dot plots. The axis scales for fluorescence are reported as logarithmic.
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Figure 4. NIH/3T3; MDA-MB231; MCF?7 cell distribution in the different phases of the cell cycle calculated from the flow
cytometry dot plots after BrdU/PI staining of cultures after 24 or 48 h. (a) Results from cells untreated or treated with 50,
100, and 500 pg/mL of Asp extracts were expressed as a percentage of the total population. Data are reported as mean +
standard error from three independent experiments. Statistical analysis was performed by ANOVA followed by
Bonferroni’s post hoc test. p-values < 0.05 were considered significant: * p < 0.05, ** p < 0.01; (b) Representative flow
cytometry dot plots of cell cycle profiles after 48 h of treatments. The PI axes scale is reported as linear and the BrdU axes

scale is reported as logarithmic.

2.4. Asparagus Extracts Cause ROS Production in Breast Cancer Cells But Not in Normal Cells

To further study the biological effects of Asp extracts in normal (NIH/3T3) and
tumoral (MCEF?7) cell lines, a possible role of Asp in modulating the production of oxidants
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upon treatment was assessed by a method that enables the flow cytometric detection of
reactive oxygen species (ROS) in live cells (CellROX Green Flow Cytometry Assay).

As depicted in Figure 5, following exposure to several Asp concentrations, normal cells
did not significantly change their ROS level, while a significant increase in the production
of oxidant species was observed in breast cancer MCF7 cells treated with 500 pug/mL of Asp
for 48 h, with respect to the untreated sample (Asp 0 pg/mL) (p-value = 0.0126).

a) NIH/3T3 Bl Asp 0 ugiomL
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[ 804
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5 5 60|
g 20 = 40
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Figure 5. NIH-3T3 (a) or MCF7 (b) cells were treated with 0, 50, 100 or 500 pug/mL of Asp extracts
for 48 h and incubated with CellROX Green Reagent to investigate the oxidation level (stress) of the
cells. Left panels: MFI data are reported as mean + standard error of results from three independent
experiments; right panels: super imposed graphs from flow cytometry dot plots data of a
representative experiment. The axes scale for fluorescence is reported as logarithmic. Statistical
analyses were performed by ANOVA followed by Bonferroni’s post hoc test. * p <0.05.

2.5. Asparagus Extracts Increase Oxidant Activity of Menadione in Breast Cancer Cells

In order to investigate the role of Asp extracts on oxidative balance, both normal
(NIH/3T3) as well as tumoral cells (MCF7) were exposed to Asp and then triggered with
a pro-oxidant concentration of menadione (Figure 6). Asp 50 pg/mL was chosen as the
pre-treatment dose to exclude concomitant effects derived from an alteration in viability
or cell cycle modulation.

As expected, cells treated only with Menadione (positive control) showed a
significant increase in oxidant production compared to untreated cells (p-value 0.0425 and
p-value <0.0001 for NIH/3T3 and MCF7, respectively). Interestingly, cells pre-treated with
Asp extracts showed an opposite response in normal and cancerous cells when triggered
with Menadione. Indeed, in fibroblasts (Figure 6a), Asp did not induce a significant
variation with respect to Menadione; however, in MCF7 cells (Figure 6b), a combination
of Asp and Menadione significantly enhanced oxidant production compared to cells
treated with Menadione alone (p-value = 0.0038).



Molecules 2021, 26, 6369

11 0f 19

a) NIH/3T3 D‘ Untreated

—E—
250 w0 [Jmen 100 pgimL
200 [l Asp 50 pg/mL + Men 100 pg/mL
E 80
E 150 5 o]
X 100 5
] = 40
© 50
204
0
> N o
) @ & 0 g T T 1
e'b\ « ‘\X‘ 10° 10’ 102 103 10%
0‘\\5 vf’Q FL1-H: CellROX
b) MCF7
l—*'*—|
'_t.t.t_l
250 —E— 100
g 200 o]
% 150 g 60|
) I =
£ 100 5
] 40
© 50
20+
0 T
> > <> 0 " T r
q:g?‘ w x& 10° 10° 102 10% 104
\3‘& R FL1-H: CelROX

Figure 6. NIH/3T3 (a) or MCF7 (b) were treated with 50 ug/mL Asp for 48 h and then triggered with
oxidative stimulation performed by Menadione (Men) 100 uM for 30 min. The left panels reported
data as mean + standard error of results from at least three independent experiments. Right panels:
representative flow cytometry dot plots. The axes scale for fluorescence is reported as logarithmic.
Statistical analysis was performed by ANOVA followed by Bonferroni post hoc test; * p <0.05, ** p
<0.01 and *** p < 0.001.

2.6. Asparagus Extracts Impair Cell Migration

To complete the characterization of biological activities of Asp on cells, we first
assessed effects on migration by using traditional wound repair. A single scratch was
manually performed on NIH/3T3 cells grown with a reduced concentration of serum (5%
FBS) to lower interference from normal cell replication. Cells were treated with Asp at
different doses and pictures were taken at different time points until 48 h of incubation
(Figure 7). At 24 h, no significant variation in wound area was found, although a
significant reduction in wound closure was observed in fibroblasts treated with 500
ug/mL of Asp compared with untreated cells (Asp 0 pug/mL) after 48 h of treatment (p-
value = 0.0103).

To deeply investigate the role of Asp extracts in cell motility, dynamic high-
resolution assessments of migration using the xCELLigence assay were performed on
both normal and breast cancer cells. Results showed a significant inhibitory effect on cell
migration mediated by Asp extracts, with respect to untreated, in all cell line tested
(Figure 8). In detail, a significant reduction in NIH/3T3 cell migration was observed in
response to 100 and 500 pg/mL (p-value 0.0068 and <0.0001, respectively), confirming data
from wound repair. Importantly, MCF7 cell lines showed a significant reduction in
migration in a concentration-dependent manner (p-value < 0.0001 for all dosed vs.
untreated; p-value < 0.001 for 100 pg/mL and 500 pg/mL vs. 50 pg/mL), reducing the
migration of this cell line below the basal threshold (0% FBS). Of note, migration was also
significantly impaired in triple-negative MDA-MB231 cells after treatment with Asp 500
pg/mL (p-value 0.0038 vs. untreated; p-value 0.0115 vs. Asp 50 ug/mL; p-value 0.0162 vs.
Asp 100 pg/mL).
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Figure 7. Scratch assay performed on fibroblasts (NIH/3T3). (a) Representative images were taken under light microscopy
of fibroblast monolayers untreated or treated with 50, 100, and 500 pg/mL of asparagus (Asp) at 0 h (immediately after
scratch were performed), 24 or 48 h. Scale bar 1000 um. (b) Data from four independent experiments are reported as mean
+ standard error. Statistical analyses were performed by ANOVA followed by Bonferroni’s post hoc test. * p <0.05.
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Figure 8. NIH-3T3 (a), MCF7 (b) and MDA-MB231 (c) cells were seeded in the upper chamber of CIM plate and monitored
for migration through the lower chamber in response to different concentrations of Asp (0-500 pg/mL) with the
xCELLigence system (DP-RTCA) for 24 h. Positive controls were performed by using medium with 10% FBS in the lower
chamber as the chemoattractant, while negative controls were performed by using medium without FBS (0% FBS). In the
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left panels, data are expressed as fold change compared to untreated cells of results from three independent experiments
and are reported as mean + standard error. Statistical analysis was performed by ANOVA followed by Bonferroni’s post
hoc test. p-values < 0.05 were considered significant: * p < 0.05, ** p < 0.005, *** p < 0.001 **** p < 0.0001. Right panels show
representative graphs from RTCA software reporting overtime cell index.

3. Discussion

In recent years, increasing attention has been paid to sustainable recycling of food
waste, mainly focusing on recovering bioactive molecules. This might represent a new
source for drug production [21], especially for fields such as cancer where drug resistance
or side effects still cause treatment interruption or failure. In the present study, we
characterized the chemical composition and biological activities of hard stem asparagus
aqueous extracts obtained from food industry waste recycling.

The chemical composition analyses revealed the absence of many antioxidants that
were frequently found on edible stems of asparagus. However, the presence of
isoflavones, flavonols and flavones together with other glycosylated flavonoids might
result in an effective pool of molecules with bioactivity on breast cancer cells. In particular,
a relevant feature is represented by the presence of two isoflavones (i.e., prunetin and
genistein) and one flavone (i.e., apigenin), counting all three together for the 1.7% relative
amount in the extracts. It is known that these compounds might exert some antiestrogenic
activity on estrogen-receptor-a positive tumor cells, such as MCF7.

Indeed, we demonstrated in vitro, on cellular models of breast cancer with different
phenotypes, specific anticancer effects, mainly attributable to cell cycle arrest, migration
inhibition and oxidant production.

Firstly, we observed a significant reduction in the proliferation rate of the MCF7
breast cancer cell line (expressing HR*/HER2- phenotype), associated with a significant
blockade of the cell cycle and low levels of apoptosis. This evidence is in accordance with
other reports demonstrating cell cycle arrest in different cancer cell types following
treatment with asparagus extracts [11,12]. However, studies are difficult to compare, since
they use different raw materials and different methods for the extraction. We believe that
the antiproliferative effect of Asp extracts on these cells might be the final result due to
the combined effects of antiestrogenic phytocompounds and other antioxidants, mainly
rutin, which is the most abundant flavonoid (i.e., 2.4%). Undoubtedly, the copresence of
different components with activities connected to antitumor effects (i.e., anti-
inflammatory), together with the antioxidant one (see rutin), might end up with
particularly efficacious bioactivity against hormone-sensitive tumor cells. On the
contrary, no direct involvement in these types of effects concerns the two organic acids
(i.e., malic and quinic acids), which are the most abundant compounds in the extracts (i.e.,
49% and 38%, respectively) and they are known to have antibacterial and
anticholinesterase properties. Nonetheless, it is possible that malic and quinic acids can
contribute somehow to the overall antioxidant property of the extract, as well as
kaempferol and the other glycosylated flavonoids. Instead, three phenolic acids, such as
caftaric (6.7%), dicaffeoyltartaric (0.5%) and caffeoylquinic (0.3%), can play a supportive
role in affecting the tumor cell cycle and its response to other compounds.

Our results also indicated that any significant changes in proliferation, cell cycle and
apoptosis were observed in MDA-MB-231 triple-negative cells (representative of a more
aggressive phenotype of breast cancer), but not in NIH/3T3 noncancer cells.

Phytochemicals are commonly associated with beneficial effects, mainly for the
presence of antioxidant molecules; however, the asparagus extracts used in our study,
derived from the portion discarded from the food industry, were characterized by poor
antioxidant content. This apparent defect translated into an advantage when we assessed
the extracts on MCF7 tumoral cells. Indeed, in this model, we demonstrated a specific
significant pro-oxidant activity of the extracts used alone at high dosage and, importantly,
their capability at low dosage to enhance the level of ROS production induced by
menadione. To explain this last feature, we can assume that the antioxidant molecules,
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even if present at low levels in the extracts, might be sufficient to induce redox
amplification, cooperating in the ROS production prompted by menadione. This concept
is supported by other authors that previously demonstrated an interaction between
menadione and antioxidant molecules, resulting in increased oxidative stress in the same
model —the MCF?7 cells [22]. They reported apoptosis induction by ascorbate/menadione
combination treatment, suggesting inhibition of ERK2 induced by H20: generated from
menadione redox cycling, with specific action on cancer cells. Our results similarly
showed a specific cooperative effect on HR*/HER2- cells (MCF7), while preserving normal
control fibroblasts. To further support our theory, it is of interest to cite Bakalova et al.,
who demonstrated that using menadione/ascorbate in combination with 13 conventional
clinically used drugs for leukemia treatment did not induce cytotoxicity in cancer cells,
but instead, caused irreversible metabolic changes, increasing sensitivity toward
conventional therapy [23]. These observations are particularly important because they lay
the foundations for future use of extracts to enhance the effects of clinically used drugs
that act on breast cancer cells through the induction of oxidative stress, such as tamoxifen
(used for hormonal therapy) or paclitaxel (used for chemotherapy). This aspect deserves
further preclinical studies to evaluate its feasibility and effectiveness.

Next, we observed a significant inhibition of concentration-dependent migration of
MCEF7 cells and, surprisingly, even of the triple negative MDA-MB-231 cells. In particular,
for MCF7, which showed a low degree of apoptosis after treatment with ASP, we exclude
the role of cell death due to the intrinsic characteristics of the assay that allows seeding of
the cells in the upper chamber, while the medium with treatment is placed only in the
lower chamber. Inhibition of cell migration on MDA-MB-231 cell models has been
described following treatments with traditional anticancer drugs (e.g., cisplatin) [24] and
purified molecules (e.g., curcumin) [25]. Interference with cellular migration represents a
pivotal effect of the anticancer activity of the extracts, suggesting a possible role in
inhibition of the metastatic process. A separate explanation is needed to interpret the data
obtained on the migration of NIH/3T3 noncancer cells. In fact, these cells are fibroblasts
and, as cells normally present in the connective tissue, in the case of tumors, they become
part of the tumor microenvironment. Here, they are known to release substances that
promote tumor proliferation [26]. In addition, they are also able to migrate to tumor
implantation sites (or metastases) to support their growth through the induction of
angiogenesis [27]. Therefore, inhibiting the migration of these cells, even if of the
nontumor phenotype, has important implications in preventing the development of a
tumor-friendly microenvironment.

This is a preliminary study that will need more investigations to comprehend the
molecular mechanisms involved in the observed biological effects, as well as to
understand the efficacy of the combined use of Asp extracts with traditional drugs by
using preclinical in vitro and in vivo models. Nonetheless, we believe that our results will
open up new opportunities to use natural products, alone or combined with traditional
treatment, to improve therapy for BC. In particular, observations reporting the inhibition
of proliferation and menadione combined oxidant production in HR* cells, as well as
migration reduction in both HR* and TNBC cells, seem to be particularly relevant for
patients who develop drug resistance.

4. Materials and Methods

4.1. Preparation of Asparagus Extracts, Phenolic Content, Total Flavonoids and Antioxidant
Activity
Asp hard stem samples employed in this study were from a farm located in the
Province of Rovigo (Veneto Region, Italy). They were waste materials from greenhouse
cultivation of Asp obtained when harvested spears are sorted and packed for the market.
Aqueous extracts from lyophilized Asp hard stems were obtained by the following
procedure, which has already been applied with modifications to other vegetable matrices
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[15,28-30]: ultraturrax (T18 model by IKA-Werke, Staufen, Germany) mechanical
homogenization of 1 gram (dry matrix) in 25 mL of water (1:25 w/v) for 1 min; ultrasound
bath (Elmasonic S 30 H, Elma Schmidbauer, Singen, Germany) for 10 min at 37 kHz (80 W
effective ultrasonic power); suspension centrifuged at 10,000 g for 10 min (model PK121R,
Thermo Fisher Scientific, Waltham, MA, USA). Then, water supernatants were recovered,
and the extract was lyophilized.

Phenolic content and antioxidant activity were determined by means of four different
parameters: total phenolic compounds (TPC); total flavonoids (TFC); two Trolox
equivalent antioxidant capacity (TEAC) assays based on DPPH and ABTS radicals. TPC
and TFC are reported as pg of gallic acid equivalents per mg of dry extract (ugcae/mgde)
and they were determined in accordance with Singleton [31] and the aluminum chloride
colorimetric method [32,33], respectively. Results for DPPH and ABTS assays were
calculated as umol of Trolox equivalents per mg of dry extract (umolre/mgde).

These parameters were also estimated for hard stems (on dry basis) by using an
overnight hydroalcoholic extraction (80:20 methanol:water + 0.1% v/v of formic acid) [25].
They were similarly expressed as pgcar/mgam and pmolre/mgdam, where mgam means mg
of dry matter (i.e., lyophilized ASP byproducts).

4.2. LC-MS/MS Analysis of Asparagus Extracts
4.2.1. Free Amino Acid Profile

Protein content and bioactive peptides in this byproduct matrix have already been
investigated by the same authors [14]. Thus, here, we focused more on the determination
of free amino acids. They were determined by external calibration method. Liquid
chromatographic separation was obtained on a Restek Raptor Polar X column (100 x 2.1
mm) packed with superficially porous particles (diameter 2.7 um). The mobile phase was
a mixture of water + formic acid 0.1% (v/v) (A) and acetonitrile + formic acid 0.1% (v/v) (B).
Chromatographic runs were conducted under gradient elution conditions (from 25% to
70% of A in 10 min) at a mobile phase flow rate of 150 pL/min.

MS/MS detection was carried out under MRM mode (multiple reaction monitoring)
with the positive ESI mode (see Section 2.2.1 for ion transitions and results).

4.2.2. Organic Acids, Phenolic Acids, Polyphenols and Derivatives

Untargeted LC-MS/MS analysis of phenolics was carried out by means of a 2.1 x 150
mm Symmetry C18 column (Waters, Milford, MA, USA), packed with 3.0 mm fully
porous particles, thermostated at 30 °C, under gradient elution conditions. Mobile phases
were mixtures of water and formic acid 0.1% (v/v), channel A, and acetonitrile and formic
acid 0.1% (v/v), channel B. The gradient elution was obtained with 5% to 70% channel B
in 25 min. MS detection was achieved with a Thermo LTQ XL linear ion trap, equipped
with an ESI interface (both positive and negative ionization modes were used).

4.3. Cell Culture and Treatment

Mouse embryo fibroblasts (NIH/3T3) and human breast cancer cell lines MDA-MB-
231 (TNBC) and MCEF7 (ER*, HER2") were purchased from Lonza (Basel, Switzerland) and
grown in DMEM (4.5 g/L glucose) containing 10% FBS, 1% pen/step and L-glut (all from
Life Technologies, Monza, Italy). Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2. Doubling times of the three cell lines were determined by the
calculator available at http://www.doubling-time.com/compute.php on 28 September
2021 (Roth V. 2006 Doubling Time Computing; NIH/3T3: 15 + 1 h; MCF7: 15 + 2 h; MDA-
MB231: 22 + 2 h). Lyophilized Asp extracts were dissolved in DMEM containing 1% FBS,
1% pen/strep, and L-glut, sterilized by filtration and used for in vitro treatment at
predetermined concentrations of 50, 100, and 500 pg/mL for 24 and 48 h on NIH/3T3,
MDA-MB231 and MCF7 cells seeded at the density of 25,000 cells/cm?2. Cells were
analyzed for cell shape and growth changes. Phase-contrast images were recorded with
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an EVOS digital microscope (Advanced Microscopy Group, Bothell, WA, USA). Recorded
images were normalized for brightness with Fiji software [34].

4.4. Assessment of Cell Viability, Cell Cycle Profile and Apoptosis

Twenty-four and 48 hours after treatment with Asp extracts, cell viability was
examined by Trypan blue exclusion dye. Cell cycle profiles were analyzed by 5-
bromodeoxyuridine (BrdU; Sigma, St Louis, MO, USA) incorporation, as previously
described [35]. Briefly, cells after incubation with 50 uM BrdU for 1 h at 37 °C were stained
with primary mouse anti-BrdU antibody (clone 3D4, BD Bioscience, San Jose, CA, USA),
goat F(ab’)2 anti-mouse IgG (H+L) fluorescein isothiocyanate-conjugated secondary
antibody (Beckman Coulter, Brea, CA) and propidium iodide (PI; Sigma, St Louis, MO,
USA), and were acquired using an FACS Calibur flow cytometer (BD Bioscience, San Jose,
CA, USA) [36]. Apoptosis was analyzed in flow cytometry by Annexin V-FITC/propidium
iodide (PI) staining (Immunotech, Marseille, France), as previously reported [36]. Flow
cytometric acquisition was analyzed with the Flow]Jo software (Tree Star, Ashland, OR,
USA).

4.5. Analysis of ROS

Changes in intracellular reactive oxygen species (ROS) levels were determined by
cell-permeable CellRox® Green Oxidative Stress Reagent (Molecular Probes, Life
Technologies) and analyzed using FACS Calibur flow cytometer. CellRox® is a
nonfluorescent (or very weak fluorescent) dye in a reduced state, which is used for ROS
measurement in live cells based on the strong fluorogenic signal developed after
oxidation. Briefly, 50,000 NIH/3T3 or MCEF?7 cells were seeded on 24-well plates and grown
for 24 h. The next day, the medium was removed, and cells were treated with 50 pug/mL
of Asp extracts (diluted in fresh medium) for 48 h or left untreated as a negative control.
As a positive ROS control, cells were treated with 100 uM Menadione (Sigma-Aldrich, St
Louis, MO, USA) for 30 min. Cells were then stained with 2.5 uM CellRox® reagent for 30
min at 37 °C protected from light.

Cells were harvested by trypsinization, washed with PBS and centrifuged at 125xg
for 5 min. In the end, cells were re-suspended in PBS with 0.5 pg/mL 7-AAD (BD
Bioscience, San Jos¢, CA, USA) and analyzed by flow cytometry. Dead cells, positive for
7-AAD staining, were excluded from the analysis. Flow cytometric acquisition was
analyzed with the FlowJo software (Tree Star, Ash-land, OR, USA).

In some experiments, 100 uM menadione was added for 30 min to NIH/3T3 or MCF7
pretreated with 50 uM Asp for 48 h and then stained with 2.5 pM CellRox® reagent for 30 min
at 37 °C protected from light. Flow cytometric acquisition was performed as reported above.

4.6. Wound Healing Assay

NIH-3T3 cells were seeded on a 6-well plate (13,000 cell/cm?) in DMEM, 5% EBS, 1%
sodium pyruvate, 1% pen/step and L-glut and left to grow for 24 h. A linear scratch was
performed in the middle of each well using a p200 tip; then, the medium was removed
and cells were washed twice with PBS before adding fresh media containing a
predetermined concentration of 5% FBS and Asp extracts (0, 50, 100 or 500 pig/mL). Phase-
contrast images were recorded with an EVOS digital microscope. Four frames for each
well were taken following the scratch length at different time points (immediately after
the scratch was performed, after 24 and 48 h). For each well, analysis of the scratched area
was performed by the Fiji software edge recognition tool and calculated by the following
formula:

Ato—Ant

Wound closure (%) = [ " ] x 100

to
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where Ay, is the average of four frames measured immediately after scratching and Aa: is
the average of four frames measured after 24 or 48 h after scratching. Wound closure in
cells treated with Asp extracts was compared with untreated cells at the same time point.

4.7. Assessment of Cell Migration

Cell migrations were performed using a DP-RTCA xCELLigence real-time cell
analyzer (F. Hoffmann-La Roche SA, Basel, Switzerland) which records changes in
impedance (reported as Cell Index) over time in a non-invasive system. Migration assay
was performed using RTCA DP CIM-Plates 16. Cells were starved for 2 h with DMEM
containing 0.2% FBS, 1% pen/strep, and L-glut and then seeded (40,000 cells/well) in the
upper chamber in DMEM containing 1% FBS, 1% pen/strep, and L-glut. A 1% FBS
concentration was experimentally established to support the length (24 h) of the
experiments. Each condition was run in triplicate. Cells were left to equilibrate at RT for
30 min. Migration kinetics were analyzed in the presence of Asp (0, 50, 100, 500 ug/mL in
DMEM containing 1% FBS, 1% pen/strep, and L-glut) in the lower chamber and recorded
every 15 min for 48 h. The positive control was performed using DMEM containing 10%
FBS in the lower chamber as the chemoattractant. Data were analyzed using the RTCA
software (F. Hoffmann-La Roche, version 1.2.1, Basel, Switzerland) and expressed as fold
change + SEM of CI of migration with respect to untreated cultured set.

4.8. Statistical Analysis

All data, obtained from independent experiments, were tested for normal
distribution by the Shapiro-Wilk normality test and for homogeneity of variance by the
Brown-Forsythe test. Results were evaluated by one-way ANOVA followed by
Bonferroni post hoc test (from multiple corrections) using GraphPad Prism (GraphPad
Software, San Diego, CA, USA). Results were expressed as mean + standard error of the
mean (SEM) of replicate experiments. Statistical significance was defined as p < 0.05.

Supplementary Materials: The following are available online. Table S1: Values of total phenolic
content (TPC), total flavonoid content (TFC) and antioxidant activities (DPPH and ABTS) in
hydroalcoholic extract from asparagus hard-stem by-products, Table S2: Quantitative
determination of free amino acids in asparagus edible-stem extract, Figure S1: LC-MS/MS ESI
negative ion extracted chromatograms of identified compounds listed in Table 3, Figure S2: LC-
MS/MS ESI positive ion extracted chromatograms of identified compounds listed in Table 3.
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Table S1. Values of total phenolic content (TPC), total flavonoid content (TFC) and antioxidant
activities (DPPH and ABTS) in hydroalcoholic extract from asparagus hard-stem by-products.
Values are expressed in terms of gallic acid equivalents (GAE) and trolox equivalents (TE) per mg
of dry matter (mgde).

TPC (ugcar/mgam) 276.1+33.5

TEC (ugcae/mgdm) 2314 +184
DPPH (umolrs/mgdm) 0.271 +0.164
ABTS (umolre/mgdm) 0.426 + 0.032

Table S2. Quantitative determination of free amino acids in asparagus edible-stem extract.

Amino acid Concentration (ng/mggde)
ALA 0.016 +0.019
ARG 0.234 +0.025
ASN 8.02+0.94
ASP 0.379 +0.035
GLU 0.754 +0.033
HIS 0.135+0.011

LEU+ILE 0.341 +0.024
LYS 17.54 +1.17
MET 0.211+0.013
PHE 0.135+0.017
PRO 1.463 + 0.055
SER 1.159 £ 0.048
THR 0.223 +0.009
TRP 0.014 + 0.005
TYR 0.054 +0.011

VAL 1.088 + 0.031
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Figure S1. LC-MS/MS ESI negative ion extracted chromatograms of identified compounds listed

in Table 3.
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