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Abstract

L’acqua € un bene prezioso, fonte di vita sulla Terra. Sin dalla notte dei tempi,
questa minuscola molecola fatta di soli due elementi e tre atomi, ha assistito
all’alternarsi di ere geologiche, ha conosciuto epoche e visto lo sviluppo e il
declino di civilta che attorno all’acqua hanno costruito la loro ricchezza e il loro
sostentamento. Dall’acqua dipende la vita e attorno all’acqua si e costruita la vita.
L’idea che questa risorsa naturale sia sempre stata presente sulla Terra ha fatto
credere per molto tempo che essa sia una fonte inesauribile, a cui tutti possono
accedere illimitatamente per soddisfare i propri bisogni. Tuttavia, se fino al
secolo scorso, il rapporto tra la domanda e I'offerta si & mantenuto pressoché
unitario, con l'avvento della civilta moderna e, dunque, con lo sviluppo
economico che cio ha comportato, si € assistito a un progressivo aumento della
disuguaglianza tra questi due termini, con il primo, quello della domanda, che &
letteralmente schizzato alle stelle. La richiesta d’acqua da parte della popolazione
mondiale, che attualmente ammonta a 8 miliardi, per il soddisfacimento dei
propri bisogni quotidiani ha portato, nel corso degli anni, a un enorme consumo
di questa risorsa, senza pero che la Terra ricevesse nel frattempo un efficiente
ricambio di acqua pulita. Non solo, infatti, il consumo d’acqua & notevolmente
aumentato, e le risorse del pianeta nel frattempo sono rimaste pressoché uguali,
ma gran parte di questa grossa quantita di acqua e stata sprecata e costantemente
inquinata. Inquinata da quella stessa popolazione che ne fa domanda, attraverso
il rilascio improprio di rifiuti provenienti dagli impianti di scarico di attivita
connesse con il sostentamento della vita umana, in primis quelle industriali.
Stando a quanto riportato dall’ONU all’ Assemblea Generale delle Nazioni Unite
del luglio 2010, I'acqua e un diritto umano universale e a tutti deve essere
garantito l'accesso all'acqua potabile, al fine di prevenire I'insorgere di malattie
infettive. Pratiche di igiene e sanificazione sono dunque necessarie e obbligatorie
per rimuovere gli inquinanti presenti nelle acque, prima che queste vengano
nuovamente introdotte sulla superficie terrestre e giungano poi sulla nostra
tavola. A seguito della notevole diversificazione delle attivita antropogeniche, gli

inquinanti comunemente rinvenuti nelle acque sono molteplici. Si annoverano



coloranti, pesticidi, metalli pesanti, farmaci e organismi patogeni come batteri e
virus. Accanto a queste “molecole”, una grossa fonte di inquinamento & poi
rappresentata dalla presenza di plastiche, il cui consumo negli ultimi decenni &

cresciuto in maniera esponenziale.

I seguente lavoro di tesi si propone di sviluppare delle nuove membrane a base
di nanotubi di carbonio (CNTs) da impiegare nella rimozione di inquinanti dalle
acque mediante processi di fotocatalisi o di assorbimento. Le membrane a base
di CNTs, anche note come buckypapers, si presentano come dei fogli sottili,
perfettamente autosostenuti, in cui i CNTs sono assemblati formando una vera e
propria rete. Le prestazioni di tali membrane dipendono molto dal tipo di CNTs
utilizzati (SWNTs o MWNTs); in generale, pero, a differenza delle membrane
polimeriche attualmente in commercio, esse sono stabili anche ad alte
temperature, sono inoltre flessibili, presentano una buona stabilita chimico-fisica
e una buona conduttivita elettrica. Al fine di migliorare le loro performances, tali
membrane sono state dopate con opportune nanoparticelle, introdotte allo scopo
di incrementare selettivamente il recupero dei seguenti inquinanti: piombo e
cerio, per quanto concerne la categoria dei metalli pesanti, e, per la categoria dei
farmaci, le molecole di diclofenac, ketoprofene e naprossene, tutte comunemente
impiegate come antinfiammatori. Nell’ottica della degradazione di inquinanti
mediante processi fotocatalitici, sono state inoltre sviluppate nuove membrane
composite della forma semiconduttore/buckypapers, in cui questi ultimi
espletano la funzione di supporto a uno strato fine di semiconduttore depositato
sulla loro superficie. In tal caso, una nuova applicazione nella degradazione di
coloranti e antinfiammatori ¢ stata rinvenuta per tali membrane, le quali hanno

mostrato delle ottime efficienze di rimozione per gli inquinanti investigati.



Introduction

“The earth, the air, the land and the water are not an inheritance from our
forefathers but on loan from our children. So we have to hand over to them at

least as it was handed over to us.” - Mahatma Gandhi

“Water is essential to life. It need not be spelt out exactly how important it is.
Yet water pollution is one of the most serious ecological threats we face today.”

- WWF

Water is a precious resource and access to water is officially recognized as a
universal human right. Its ubiquity on the planet, in the form of lakes, seas,
glaciers, rain, rivers, has led humanity to believe that this natural resource is
practically unlimited. The rising demand for water coming from the entire
world’s population is responsible for the exponentially increasing that water
consumption has experienced over time, with the last decades, in concomitance
with the beginning of the third industrial revolution, contributing in a
substantial way to this brutal escalation. The aims of progress and development
carried out by modern society through the fulfilment of anthropogenic activities
necessarily prevailed and this natural resource, even if it must be preserved
precisely as being a resource, has been wasted and polluted over the years.
Today humanity has to deal with the consequences arising from this excessive,
uncontrolled and unrestricted use of water. First, water is not unlimited: even
if Earth surface is prevalently covered by water, the amount of fresh water
immediately available is slightly less than 2%, a few percent considering that 8
billion people demand for water each day. Second, water is full of pollutants,
such as heavy metals, dyes, pesticides, pharmaceuticals, exhibiting different
levels of toxicity to human health. This means that separation and purification
technologies are required to remove contaminants from water, before entering
the environment once more. Currently wastewater treatment technologies for
pollutants removal from water are often known with the acronym WWTPs,
standing for wastewater treatment plants. These systems are often older,
designed more than 30 years ago, thus failing in the complete removal of

contaminants, especially those discovered very early and grouped under the



name of emerging contaminants (ECs). Moreover, the removal of these
contaminants often requires more appropriately and specific treatment
technologies leading to a major processing cost, which industries and owners
of WWTPs are not always willing to pay. Nevertheless, water pollution is an

environmental growing concern and cannot be avoided anymore.

This project, titled “Nanofillers doped buckypaper membranes for highly enhanced
recovery of pollutants from wastewater”, aims to develop new carbon nanotubes-
based membranes, called buckypapers (BPs), opportunely doped with different
types of nanofillers, such as graphene oxide or metal organic frameworks, to
improve their separation performances. After a detailed physico-chemical
characterization, the as prepared membranes were tested for the removal of
several pollutants from water, including heavy metals, dyes, and
pharmaceuticals, by adsorption processes. Considering great removal
efficiencies reached in advanced oxidation processes (AOPs), buckypapers
were also employed as support for the deposition of a thin layer of
photocatalyst, such WOs3, and tested in water purification treatments by

photocatalytic processes.

In order to better explain the aim of the project, the present dissertation has been
structured in two sections, Theoretical and Experimental Part, and 10 chapters,
five for each section. Theoretical Part has the objective to provide a general
framework on water pollution. Starting from Chapter 1, focused on the
description of contemporary water crisis and contaminants commonly found in
wastewaters, including legislations currently in force worldwide, the discussion
continues in Chapter 2, where a detailed overview of wastewater treatment
technologies is provided. Chapter 3 is largely devoted to membranes and
carbon nanotubes membranes, the core of this project, presenting the state-of-
art of this field up to the latest developments. Chapter 4 and Chapter 5 briefly
describe techniques employed in membrane characterization and theory of
adsorption, respectively, both fundamental in the designing of high-
performance membranes. Finally Experimental Part, to which Chapter 6 to

Chapter 10 are dedicated, presenting the scientific work in its entirely, from the



preparation of buckypaper membranes and nanofillers doped BPs up to results
obtained for pollutants removal from water by adsorption and photocatalytic
processes. Except for Chapter 6, providing a detailed description of
contaminants investigated in this project, scientific publications are directly
attached in the subsequent chapters. The structure in chapters is due to the
organization of scientific publications for BP typology (BP-MOF and BP-GO)
and treatment technology employed (adsorption or photocatalysis). Lastly,
considering the enormous environmental threat arising from microplastics
(MPs) in aquatic systems, a comprehensive review on sources, accumulation,

impact, and removal technologies of MPs is also included in Chapter 10.



Chapter 1



1.1 Water pollution: a real time problem

Water is essential to life. This is a fact, without any doubt. If there is something
in our life of which every living being can be sure, this is certainly the fact that
its live depends on a constant and continuous supply of water. Fresh, clean,

uncontaminated water, to be exact.

Today, the importance of water in everyday life is not only a scientific
consideration. With the Resolution 64/292, approved by the United Nations
General Assembly in July 2010, ONU establishes that water and sanitation are
universal human rights and recognizes also the importance of clean drinking
water and sanitation for the realization of all human rights 1. As a matter of fact,
in November 2002, with the General Comment No. 15 adopted on the right to
water, the Committee on Economic, Social and Cultural Rights had already
drawn attention about the importance of “sufficient, safe, acceptable and
physically accessible and affordable water for personal and domestic uses” to
everyone 2. The difference is that Resolution introduces an important
correlation: it is not only the right to water, but also the most reliable right to

sanitized water, on which life on the planet undoubtedly depends.

From the beginning of XIX century, with the advent of industrialization and
urbanization phenomena and the development of more profitable human
activities, the demand for water, for industrial and domestic purposes, which
was always contained up to that time, has experienced a remarkable surge to
meeting growing human needs, without too much attention on concept such as
waste or contamination. This has inevitably brought to an excessive,
unscrupulous and unrestrained use of water and consequently to a waste of this
important natural resource. Reason why today humanity has to face up with
which are the consequences of this “wicked behaviour”: a) How much water
can Earth supply in real time? Is it sufficient to satisfy actual human needs? b)

Can this water supply be effectively used for industrial and domestic purposes?

From a technically point of view, in reference to question a), the amount of

water of the Earth today is the same of many years ago, the same of many


http://www.un.org/es/comun/docs/?symbol=A/RES/64/292&lang=E
http://www.unhchr.ch/tbs/doc.nsf/0/a5458d1d1bbd713fc1256cc400389e94/$FILE/G0340229.pdf
https://context.reverso.net/traduzione/inglese-italiano/unscrupulous

centuries ago. Earth is rich in water, especially considering that 70% of
terrestrial surface is entirely covered by this natural resource. The problem, the
real problem relies in the abundance of fresh water, which is the water of which
humanity really needs. Of the totally amount of water currently available on
Earth, only a short percentage, 2%, can be counted as fresh water while the
remaining 98% is seawater, impossible to use because of the presence of salt in
it. This becomes more problematic when one considers that only 0,036% of fresh
water, which is already an insignificant slice of this “water pie”, is available and
accessible for use. The residual 1,96% is trapped in polar ice caps, aquifers, and
underground wells, not always easy to access. It is estimated that, only for
Mediterranean Region, the water demand, which was around 280 km3/year in
1990, has increased of nearly 50% in the last 25 years, with a water consumption
which if it was equal to 357 km3/year in 2010, it is estimated to reach 500
km3/year by 2025 3. Constant access to Earth “blue water” (fresh surface water
and groundwater) is strictly dependent on availability of this natural resource,
but during last years climate changes and unqualified social and economic
politics have affected negatively on it bringing to light the most alarming
problem of water scarcity. Mekonnen and Hoekstra (2016) estimated that today
four billion people live in areas characterized by physical water scarcity at least
one month per year 4 The study, which monitors the water monthly availability
through the monthly blue water scarcity index (WS), clearly evidences that
regions affected by high water scarcity are those characterized by high
population density (China, India, Greater London), presence of too much
irrigated agriculture (High Plains in the United States) or both (eastern China,
Nile delta, India). Last but not least, it must also be added to the list those
regions (Gobi, Taklamakan, Sahara, Central Australia deserts) which have

already a low water availability for natural circumstances (Fig. 1).

Thus, if on the one hand water scarcity comes forward, on the other it must be
considered that fresh water sources, even where they are available, cannot
always be used because of a large presence of pollution, which is absolutely a

danger for human life. It is legitimate to ask where water pollution comes from.



The great amount of contaminants found in water is totally due to domestic,
agricultural, and industrial activities, too often focused on profit and not
enough interested in environment preservation. As a result, the same activities
which contributed to waste this natural resource are those which today pay the
worst consequences. And the world population, too. One of the last estimation
reports in fact that around 80% of the world population has to cope with
problems of water supply and water sanitation today 5 Concerning water
sanitation, actually 2.1 billion people live without safe drinking water at home
6. It is clearly evident that a change of direction is required, hoping a strict
collaboration between government, human and industrial authorities to
promote policies turned to safeguard this precious resource. In 1746, Franklin
wrote “When the Well’s dry, we know the worth of water”. Now more than

ever these words are the truest ones anyone can read.

Before dealing with a problem and suggesting a solution, it is necessary to
investigate its causes and to understand its origin. Therefore, in order to
evaluate and understand what water pollution is, next paragraph is entirely
dedicated to the identification and description of pollutants actually found in
water, pointing out what are the major threats for human health resulting from

unsafe water.



Blue water scarcity
B 0-02
B 0.2-05
[]os-1
[ J10-15
B 15-2
B 20-30
B :0-50
5o

No data

January - February - March

— —_—

Blue water scarcity g
B 0-02
B 02-05
[ 0.5-1
[ J10-15
B 15-2
B 20-30

April - May - June

- -

Blue water scarcity
B 002
I 0.2-05
[ Jos-1
[]10-15
B 15-2
B 20-30
Bl :0-50
5o

No data

Blue water scarcity "Gt
B 002
I 0.2-05
[ Jos-1
[ J10-15
B 1.5-2
B 20-30
B 30-50
5o

No data

October - November - December

Fig. 1. Monthly blue water scarcity (1996-2005). Source: M. M. Mekonnen and A. Y. Hoekstra, Sci. Adv.,
2016, 2, e1500323..



1.2 Water contaminants: classifications, sources
and human health potential adverse effects

Where does water pollution come from? (Fig. 2) Anthropogenic activities are
the primarily responsible for water contamination, releasing every day a lot of
pollutants directly into the environment. Another large contribution originates
from municipal discharges, with wastewater treatment technologies being often
obsolete and thus failing the process of sanitation and purification. The wide
plethora of organic and inorganic pollutants which can be currently found in
water includes dyes and pigments, plastics, heavy metals, pharmaceuticals, and
pathogens. A comprehensive description of these classes of pollutants is

provided below.

Incidental
vessel
discharges

feeding A\
operations 3‘
ry h .
Untreated

wastewater /
stormwater

Fig. 2. Main sources of water pollution.
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1.2.1 Dyes and pigments

Because of their widespread use, dyes and pigments can count today on a global
market of millions of dollars. 26.53 billion of dollars was the market value in
2017, but this sum is set to increase in the next years 7. Similar onerous numbers
are those of waste: 7x107 tons of synthetic dyes are produced annually
worldwide, of which 10,000 tons come entirely from textile industry and more
than 80% are azo dyes 8. Use of pigments and dyes is now completely included
in many industrial production cycles involved in several sectors such as paints,
printing inks, coatings, paper and textiles, plastics, glass, construction and
automotive, food and cosmetics. Compounds belonging to the group of
pigments and dyes, including synthetic dyes, are very large in number, reason
why different types of classifications were proposed over the years according
to their source, chemical structure, color, solubility, and application methods.
Even if the classification based on chemical structure is the most suitable
because of its uniqueness, it must also be considered that colorants are complex
molecules and IUPAC names are very long and often difficult to remember.
Classification based on application methods is therefore preferred, counting on
a better ease of identification of these compounds through those properties
which allow them to be used in one process or another 7. Fig. 3 shows briefly
how dyes and pigments are classified according to their chemical structure and
application methods. Colorants applied in food and cosmetics ? are subjected to
a strict legislation because of their direct contact with human health. Food
industry has built an empire on these compounds considering that the
appearance of the food, especially in terms of its color, plays an important role
in the capacity to attract the consumer to consume. It has been shown that food
or beverage color can influence the flavor perception, in fact 10. Natural
colorants are the most used in this sector, being the ones considered harmless
or even healthy. In this direction, plant pigments like chlorophylls, betalains,
anthocyanins and carotenoids are the new emerging class of food colorants
because of their beneficial effects on human health as antioxidants 1. Regarding
to cosmetics, the picture is not so favorable. Even if serious health hazards have

been rarely associated with cosmetic products, colorants used in this sector are
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not always harmless, some of these suspected to be carcinogenic or with long-
term effects. Instead, skin irritations and allergic reactions, such as rashes and
contact dermatitis, are effects much more reported, proving that dyes and

pigments in these products are less healthy than many people would believe 12.

Chemical Application
FALL Q structure methods
S0 elassification classification
—_k dyes * Reactive dyes
s Anthraquinone dyes * Disperse dyes
= Indigo dyes * Acid dyes
| * Basic dyes
* Direct dyes
* Vat dyes
* Inorganic and organic
pigments

Fig. 3. Dyes classifications according to chemical structure and application methods.

The major concern associated with dyes and pigments comes from
manufacturing sector, leaded by textile industries, which discharges effluents
full of colorants directly in water and in the environment 8. Even if a legislation
exists and requires that effluents must not contain colorants before their
disposal, it is also true that it is often circumvented because treatment
technologies needed to remove colorants are missing or, where they are
adopted, they are inadequate. Water pollution caused by dyes and pigments
can bring to a lot of detrimental effects. Colorants, also detectable in small
concentrations (less than 1ppm) due to their brilliance, can absorb and reflect
the sunlight in the water, reducing the amount of light entering the photic zone
of the aquatic environment. Photosynthetic activity of algae decreases, plant
flowering and germination change, influencing the entire food chain and
causing eutrophication 3. Negative effects have been observed in most living
organisms 8. Genotoxic effects and diseases to the immune system have been
reported for fishes. Concerning human health, dyes and pigments can be
responsible of less negative effects such as dermatitis, skin and eye irritation,

up to the most harmful ones like problems to the central nervous system,
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ovulation and spermatogenesis interference and carcinogenesis. Degradation of
dyes and pigments promoted by water treatment technologies as chlorination
or anaerobic digestion can lead to the origination of aromatic amines, known
for their mutagenic potential and therefore harmful for human health 4. This
phenomenon needs also to be monitored in order to prevent negative effects
coming from what would be thought to be a solution to colorants removal from

water.

1.2.2 Emerging contaminants (ECs)

Emerging contaminants (ECs) class is very large and includes all chemicals
compounds characterized by low concentrations in water, from ng/L to pg/L
15, These emerging contaminants are not new, probably their occurrence in
water is the same of other pollutants. However, they are referred as emerging
contaminants because their discovery in water is relatively recent, made
possible by the development and improvement of new analytical techniques
able to detect compounds even at low concentrations or trace levels (ng/L).
Although their potential negative impacts on human health and environment
have been reported, ECs detection drives too fast, so many compounds still
remain out of a regulatory legislation or are actually under a regularization
process. Emerging contaminants class includes pharmaceuticals, personal care
products, pesticides and disinfection byproducts, all belonging to the group of

EDCs, endocrine disrupting compounds.

Pharmaceuticals or Pharmaceutically Active Compounds (PhACs) are
considered one of the categories of greater concern 1¢. Their occurrence in water
is due to different sources 17: landfill leachates, hospital effluents, industrial and
domestic wastewater not sufficiently and properly treated. Human assumption
of pharmaceuticals is undoubtedly accountable for the largest release of PhACs
into water. After their assumption, pharmaceuticals are metabolized by human
body and can be transformed in glucuronide or sulfate conjugates or can be
subjected to hydrolysis, oxidation, reduction or alkylation reactions. After the
metabolization process, PhACs are excreted via bile or urine in the form of more

polar and hydrophilic metabolites, even if the occurrence of the pristine
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pharmaceutical in a little percentage cannot be excluded. Pharmaceuticals from
veterinary medicine and those coming from intensive livestock farming
represent the other common pathway through which PhACs enter the water.
Whatever the release source, it has been shown that common wastewater
treatment plants (WWTPs) are often unable to remove PhACs due to their
complex molecular structure and low concentrations in water 18-21, with a
maximum removal percentage of 10% in the worst cases. Antidepressants,
antibiotics, anti-inflammatories, analgesics, antacids, antipyretics, hormones,
lipid-lowering, beta-blockers, stimulants, drugs, tranquilizers and steroids are
the most common pharmaceuticals found in water treatment effluents.
Therefore, even if pharmaceuticals occurrence in water cannot be avoided
because current wastewater treatment technologies are not sufficient, it must
also be said that there are not too many concerns about PhACs in water.
Effluents from farms are often released into surface water without any
treatment while animal excrements, feces especially, are usually used in
agriculture as fertilizers, directly damaging the food chain in this way.
Pharmaceuticals are developed to treat and prevent human and animal
diseases, reason why they have to be biologically active and persistent in the
organism enough time to exhibit their therapeutic effect. However, these
imperative properties are at the same time the reason for which PhACs removal
from wastewater is difficult. It has been shown that many pharmaceuticals can
mimic the activity of endogenous steroid hormones by inducing similar
hormonal responses 192122, Many of them are classified as endocrine disrupting
compounds because they can interfere and block endocrine systems in humans.
Serious consequences such as diabetes, endometriosis, obesity, abnormal
reproductive growth and cancer can be caused by this alteration of endocrine
systems 23. Another evidence shows that a mixture of therapeutic drugs can
inhibit human embryonic cell growth 24 In fact, drugs as naproxen,
sulfamethoxazole and erythromycin can persist for more than one year in the
environment while this time can be longer in the case of clofibric acid. One of
the major risks associated with pharmaceuticals is that antibiotics occurrence

can bring to antibiotic resistance genes (ARGs) and antibiotic resistant bacteria
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(ARB) 25-%7, with the consequence that their therapeutic potential towards
human and fauna pathogens can be reduced or even suppressed. Another
aspect often underestimated is represented by the huge number of new
transformation products, produced by metabolization processes of
pharmaceuticals in living organisms, whose toxicity is not always known or

investigated.

Sunscreens, disinfectants, antifungal agents, fragrances and insect repellents are
all classified as personal care products (PCPs) 282, Being designed for external
use only, PCPs main difference with pharmaceuticals resides in the fact that the
formers are not subjected to metabolization processes. However, on the other
hand, personal care products are released in the environment in huge
quantities, reaching surface waters without any difficulty, especially by wash-
off during bathing or showering. Recent studies have shown that PCPs are
bioactive, persistent and can bioaccumulate 3031, Considering the major threat
coming from pharmaceuticals, personal care products are not often investigated
and little is known about their toxicity. A preliminary hazard assessment about
potential chronic toxicity has been found for triclosan and triclocarban, two
biphenyl ethers used as antimicrobials in deodorants, soaps, toothpaste, skin

creams and plastics 2.

The exponential rise in food demand during the last century has forced
agriculture to increase crop yields of huge quantities. To achieve this goal and
ensure the complete yield of each single crop without economical waste,
agriculture has begun to use pesticides 32, chemicals which led to a better control
of pests and diseases, by reducing insect-borne diseases (encephalitis, filariasis,
malaria, dengue, etc.) in the human health sector. Nonetheless, these
compounds are often released in the environment without any care,
consequently enriching surface waters. In spite of agriculture being the main
source of pesticides in water, these chemicals have been also found in WWTPs
whose origin, instead, comes from applications in public health (rodent-control
areas, mosquito-abatement districts and aquatic areas), in grass-management

(educational facilities, cemeteries, golf courses and parks), in and in non-
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agricultural crops (horticulture, plant-nurseries and commercial forestry) and
in industrial vegetation control (electric utilities, industrial facilities, roadways,
pipelines and railroads) 33. Literally, the term pesticide is a contract name and
indicates all compounds able to kill living organisms. Considering this
definition, pesticides include fungicides, herbicides and insecticides. Because
they are designed with the objective of killing living organisms, pesticides are
biologically active substances and, therefore, exhibit variable levels of toxicity
for humans. Human exposure routes to pesticides include inhalation, ingestion
and dermal contact. It has been shown that prolonged or acute exposure can
cause neurobehavioral disorders, immunosuppression and autoimmune
diseases, allergy, myoglobinuria, reproductive abnormalities such as mal-
descent of testes, spermatogenetic dysfunction and malformations of penis,

leukemia and cancer (malignant lymphoma, multiple myeloma) 34-36,

Current water disinfection processes employ sanitizers to remove or inactivate
pathogens from water and avoid water-borne diseases in order to achieve the
quality parameters required for a safe drinking water consumption. Among
them, chlorine and chlorine-based disinfectants are the most common and
widely used thanks to their economy of operation, convenience, taste
improvement, persistence in the distribution network and high efficiency
towards many pathogens. Disinfection byproducts (DBPs) represent a side
effect of these treatments since these substances originate from the reactions
between natural organic matter (NOM), contained in waste and raw water, and
inorganic ions (chlorine, bromide and iodide), of which disinfectants are made
3738, Being more specificc, DBPs formation depends on different factors,
including wastewater composition (NOM, pesticides, pharmaceuticals etc.) and
water treatment operational parameters such as temperature, pH, contact time
and disinfection agent type and concentration. The first DBP to be identified
was trichloromethane, in 1974, and since then a lot of epidemiologic studies
have been done to evaluate human health risks resulting from DBPs exposure.
What is clearly observed is that iodinated DBPs are generally more carcinogenic

than their brominated analogues, which are in turn more toxic than the
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chlorinated ones 3. Increased incidences of pregnancy abnormalities and cancer
to bladder and colorectal have been related to consumption of disinfected
drinking water 3°. Recent studies have paid attention to new emerging DBPs,
such as iodo-acids, iodo-trihalomethanes, halofuranones, halonitromethanes,
haloamides, halobenzoquinones and nitrosamines, which are resulted
extremely toxic and responsible for serious adverse effects on human health 40-
4. Even if many disinfection byproducts can be potential carcinogenic,
mutagenic and teratogenic, risk assessments revealed that the magnitude of
these effects can not only be associated to DBPs, which is why further studies

are required.

1.2.3 Heavy metals

Despite the adjective “heavy”, the class of metalloids is often included in the
group of heavy metals. Not taking into consideration the contribution coming
from natural sources (Earth’s crust) and natural causes (geological weathering,
soil erosion, metal corrosion, metal evaporation from soil and water and
sediment re-suspension, volcanic activity), in the last decades their
concentration in water increased significantly as a result of anthropogenic
activities 4. Industrial operations such as electroplating, electrolysis, metal
smelting and chemical synthesis processes, together with coal driven power
plants, waste incinerators and medical waste represent the primarily
responsible for the release of metals in the environment. Following, the second
major contribution comes from the agricultural field. In contrast to organic
pollutants, heavy metals and metalloids could not be degraded by simple
biological treatments. As a consequence, they are more easily transported in the
environment and, depending on the conditions (oxic/anoxic, presence/absence
of microorganisms), they can react through redox, complexation,
precipitation/dissolution and adsorption processes, promoting in this way
their accumulation and bioaccumulation. Once entered in human and animal
organism, metals can escape control mechanisms such as transport,
homeostasis, compartmentalization, and, more importantly, can cross cell

membranes and bind to specified cell constituents such as proteins and DNA,
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leading to the modification of protein structures, to the alteration of enzyme
functions and, in the worst cases, to DNA damage %4¢. Teratogenicity,
carcinogenicity, and detrimental health problems represent sufficient evidence
to consider heavy metals and metalloids extremely toxic for human and animal
beings. Aluminum, Arsenic, Cadmium, Chromium, Cobalt, Copper, Lead,
Mercury, Nickel and Zinc are the most priority aquatic pollutants because of
their toxicity 46. Metal concentration levels at which they are toxic for human
beings are strictly dependent on the peculiar characteristics of the metal, which
is why some of them (As, Hg, Pb) are extremely toxic even at low concentrations
while others, such as Al, Co and Zn, become toxic upon a certain concentration
value 447 For example, it has been shown that persistent exposure to arsenic
can cause the damage of skin, liver, cardiovascular, endocrine and central
nervous systems, and is connected with the appearance of various types of
cancer 48. High exposure to mercury, considered the most toxic metal, can
produce deleterious effects on the cardiovascular system, on the immune and
reproductive systems and on the central nervous system and can also bring to
blindness and deafness 4°. Adverse effects on the kidney, stomach and nervous
system have been observed for lead, which is extremely persistent in the human

body 0.

1.2.4 Fluoride

With a concentration of about 0.3 g/kg, fluorine is the 13t most abundant
element in the Earth’s crust, normally found in water in its ionic form, as
fluoride. It is classified as an essential environmental element and recognized
as beneficial 1. However, its environmental accumulation registered in the last
decades, due to anthropogenic practices like coal burning, hydrofluoric acid,
phosphate fertilizers and enamel production, aluminum smelting, textiles and
dyeing, and glass and ceramic manufacturing, provoked a rise in its
concentration big enough to observe fatal consequences both to human, animal
and plant health. In human beings, in fact, when dosages are low (<1 mg/L),
fluoride is useful for the development of normal bones and teeth 52. On the

contrary, if concentration exceeds 1.5 mg/L or the organism is subjected to
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chronic exposure, adverse effects such as dental fluorosis, skeletal and dental
lesions and dysfunctions, enamel discoloration, together with growth and
development problems, have been observed 5. At the present time, water
contamination from fluoride represents a serious problem in arid, semi-arid and

mid-latitude world countries, such as India, China, Poland and Africa 53-55.

1.2.5 Microplastics

Plastic occurrence in water and marine environments is one of the most relevant
global concerns. Just in 2020, annual plastic production amounted to 367 million
tons while more than 10 billion tons of plastic have been produced from 1950 6.
Land-based sources and microbeads are responsible for around 80% of all
plastic currently polluting the oceans and marine environment 57%8. Contrary to
what one would expect, maritime operations are not the main source of ocean
plastic pollution. Plastic reaches the marine environment through wind, tides,
internal waterways and wastewater outflows and comes mainly from
industrial, coastal and domestic activities, followed by coastal tourism, aqua
industries and commercial fishing %. Plastic particles found in water differ in
shape, size, chemical composition and specific density. Polystyrene, the least
dense (40 kg/m?3), polypropylene and polyethylene are usually visible on the
sea surface as, being very light, they float. Therefore they can be easily
transported through wind and currents and be found even in the most remote
places on the planet. Plastic particles whose density is greater than that of
seawater, on the other hand, sink and settle on the seabed. Among them there
are polyamide, polyester, acrylicc PVC and the densest of all,
polytetrafluoroethylene (2020 kg/m3). According to their size, plastic particles
are classified in megaplastics (diameter >50 cm), macroplastics (5-50 cm),
mesoplastics (0.5-5 cm) and microplastics (<0.5 cm). Megaplastics (MEPs) and
macroplastics (MAPs) are easy to see due to large dimensions of debris. These
fragments come mainly from disposable products ¢ and can cause the death of
aquatic living organisms by suffocation, since they often ingest plastic debris
mistaken them for food or end up entangled by debris ¢1. Mesoplastics (MePs)

are particles with lower dimensions, principally produced by degradation and
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fragmentation of mega and macroplastics. Microplastics (MPs) can be released
in water both from marine coatings, tires, road markings, personal care
products, synthetic textiles, plastic pellets and city dust (primary sources), both
from degradation and fragmentation of large plastic debris by physical,
chemical and biological processes (secondary sources) 2. Microplastics are
generally found in the oceans in the form of fibers, pellets or fragments. They
can directly reach the oceans from domestic and industrial drainage systems.
Due to their small size, in fact, wastewater treatment plants fail very often to
retain these particles which, inevitably, remain in the effluents (about 50% of
the initial concentration) and from there arrive in the water bodies 964, Carried
by wind and currents, floating microplastics and microbeads reach the
subtropical gyres where they tend to accumulate, creating real “special

accumulation zones” © denoted by the term "ocean garbage patches" % (Fig. 4).

COLD CURRENT
-
WARM CURRENT ‘o .?

Fig. 4. Geographical collocation of “ocean garbage patches”.

The first "hotspot" entirely made of plastic was discovered in the North Pacific
central gyre ¢7. Today there are at least 6 gyres: South Indian, South Pacific,
North Pacific, South and North Atlantic and the zone of Barents Sea %9, Data

is alarming to say: estimates show that the number of microplastic particles in
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the South Pacific garbage patch is at least 30,000 particles/km? 70, with 270,000
tons of plastic for each subtropical gyre . Numbers regarding plastic pollution
of the beaches are no longer comforting. 25 beaches along the coastal area of
Hong Kong are occupied by 90% of microplastics, estimating around 5,600
particles/m? 71, In Belgium, studies show that the percentage of MPs along the
coast is around 93 particles/kg of dry sediment 72. Also, along the beaches of
the island of Malta the presence of MPs is about 1,000 particles/m? on the
surface, while the beaches of Guanabara Bay, in Brazil, have been counted
among those with the highest percentage of MP pollution %. Anthropogenic
activities are clearly the major contributor to microplastic pollution. Guoin et al.
(2011) showed that the US population annually produces 263 tons of
polyethylene for use of personal care products, an amount responsible for about
25% of the microplastic intake that ends up in the North Atlantic subtropical
gyre 73. In 2016, Varinsky showed that around 29 tons of plastic microfibers are
released into the oceans every day, 35% of which comes entirely from clothing
74, In 2018, Resnick estimated that through a single laundry wash it is possible
to release a very high number of plastic microfibers into the oceans, equal to
22,992 microfibers for poly-cotton, 121,465 in the case of acrylic fabrics and
82,672 for polyester 74. Another important way of introducing microplastics into
the marine environment is certainly due to sewage sludges, which contain an
even greater quantity of microplastics than effluents, and to the degradation of
plastic debris promoted by weathering 4. Last but not least, an important
component of microplastics is added to the oceans through wind, currents and
storm sewers. Rivers, for example, are among the main carriers of microplastics
up to the coasts 75. Here, the transported sediment, which includes both
macroplastics and microplastics, ends up in shallow marine sediment deposits
and from here it can follow two paths: to reach submarine canyon head or to be

reworked by coastal phenomena such as longshore drift 7¢.

Due to their small size, microplastic particles are of greater concern since they
can bioaccumulate in organisms through the food chain, resulting in several

detrimental effects such as disruption of immune functions, alteration of
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metabolism, oxidative stress, cytotoxicity up to the most threatening one,

carcinogenicity 7778,

1.2.6 Pathogens

Among water pollutants of greater concern, pathogens must also be considered.
Pathogens are disease-causing microorganisms and include viruses, bacteria,
protozoa, helminths and fungi 798. The reason why they represent a threat for
human health is essentially due to these three characteristics: a) pathogens
spread in the environment in high numbers and are highly infectious to humans
even at low concentrations; b) if environmental conditions are favorable,
pathogens can also multiply outside of a host; c) pathogens are often highly
resistant to currently water treatments, surviving in the environment for a long
time during which they continue to remain highly infectious. The main route
through which pathogens contaminate water bodies is by human and animal
feces, which represent the natural habitat for microorganisms such as
Salmonella, Aeromonas, Campylobacter, Leptospira, Vibrio, Shigella and so on.
Contributions to this fecal waste come from different discharge sources, ranging
from raw sewage to industrial drains, and from non-point source discharges
such as forestry, agriculture, wildlife and urban run-off, whose waste, due
primarily to anthropogenic activities, is typically introduced in water bodies
without any control 81. Even if origin and source of contamination can be easily
identified, pathogens removal from water represents one of the hardest
challenges of these years. Historically, the presence of pathogens of the form of
viruses, bacteria and protozoa is monitored by the fecal indicator bacteria (FIB),
including total and fecal coliforms and enterococci 8. It is useful to consider that
this analysis gives results only in a probabilistic way: if FIB is upon a certain
value, this may indicate fecal pollution and there may be a possible association
with enteric pathogens. In addition, because of the number of pathogens is
extremely high, these routine microbiological water analyses are based on the
detection of few indicator organisms, chosen in term of population (the most
numerous) and with the same natural habitats. This inevitably introduces a lot

of limitations, both in terms of selectivity, since numerous uncommon
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pathogens remain undetected, and in terms of sensibility, since the method is
poorly performing at low concentration levels 83. Consequently, although new
fecal indicators have been proposed, none of those currently used meet all ideal
criteria required for water quality assessment 84. Generally, the major risk for
human health is associated with the ingestion of fecal contaminated water. It
has been shown that the main bacterial diseases transmitted through drinking
water are cholera, typhoid fever and other serious salmonellosis, gastroenteritis
caused by vibrios, bacillary dysentery or shigellosis, acute diarrheas and
gastroenteritis 7. These diseases are particularly diffused in developing
countries, especially in Africa and Asia, where poor financial resources
preclude the adequate and appropriate sanitation of hygienic facilities,

becoming in turn the suitable habitat for pathogens proliferation 8586.

Once in water, all these pollutants interfere with flora and fauna ecosystems
and, as a result, enter the food chain. The main route of ingestion for humans is
represented by drinking water, immediately followed by food consumption.
Taking into consideration hazardous effects for which these contaminants are
responsible for human health, the World Health Organization has issued new
2022 Guidelines for drinking water, which are briefly resumed in the following

paragraph.
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1.3 2022 Guidelines for drinking water: WHO and
EPA

Access to safe drinking water is a human right and it is strictly important in
effective policy of health protection. Since 1958, when the first document was
published, World Health Organization provides on a regular basis reports
examining the current state of water on a global scale, by posing attention to
problematics such as access to safe drinking water, water scarcity and water
pollution. The first editions of these reports bore the name WHO International
standards for drinking water and were published in 1958, 1963 and 1971.
Subsequently, the name has been changed in Guidelines for drinking-water quality.
Four editions have been released: 1983-1984, 1993-1997, 2004 and 2011.
Considering the large number of studies and the speed at which results are
published, Guidelines are constantly updated in order to include the most recent
findings. This leads to the introduction of major new recommendations and
modifications of acceptable limits for assessed pollutants but also to the
inclusion of new chemicals in the list of water pollutants. Therefore, it is
strongly advisable to always access the latest updates of these Guidelines.
Recalling the words in the Preface of the latest edition, “The primary goal of the
Guidelines is to protect public health associated with drinking-water quality”.

Guidelines objectives are briefly described below:

o “provide an authoritative basis for the effective consideration of public health in
setting national or regional drinking-water policies and actions”;

e “provide a comprehensive preventive risk management framework for health
protection, from catchment to consumer, that covers policy formulation and
standard setting, risk-based management approaches and surveillance”;

o “emphasize achievable practices and the formulation of sound requlations that
are applicable to low-income, middle-income and industrialized countries alike”;

o “summarize the health implications associated with contaminants in drinking
water, and the role of risk assessment and risk management in disease prevention
and control”;

e “summarize effective options for drinking-water management”;

25



e “provide guidance on hazard identification and risk assessment”.

Guidelines are always supported by a series of scientific publications regarding
both internationally peer-reviewed risk assessments for specific chemicals and
the scientific basis underpinning their development. The latest updates to the

fourth edition (first published in 2011) have been included in March 2022.

U.S. EPA is the acronym of United States Environmental Protection Agency and
it is an American organization, born with the scope to “improve the lives of
millions of Americans by reducing pollution in neighborhoods where people live, work,
play, and go to school; accelerating environmental justice efforts; and tackling our
biggest climate challenges”. Water pollution and water sanitation practices fall
perfectly within the environmental topics of which EPA takes particularly care.
Actually, EPA has drinking water regulations for more than 90 pollutants and,
in the same way of WHO, periodically publishes its list of contaminants, called
Contaminant Candidate List or CCL. For each pollutant in CCL, EPA defines
two important limits: the maximum contaminant level goal (MCLG) and the
maximum contaminant level (MCL). The first represents “the maximum level of a
contaminant in drinking water at which no known or anticipated adverse effect on the
health of persons would occur, allowing an adequate margin of safety”. Once MCLG
has been determined, EPA introduces an enforceable standard, the maximum
contaminant level. MCL is “the maximum level allowed of a contaminant in water
which is delivered to any user of a public water system”. EPA limits and regulations
are always reported in the document National Primary Drinking Water

Regulations (NPDWR), online available here: https://www.epa.gov/ground-

water-and-drinking-water /national-primary-drinking-water-regulations.

Latest updates have been introduced in January 2022.

Table 1 briefly resumes currently acceptable limits in drinking water for the

most common pollutants set by WHO and EPA 87,88,
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Table 1. Currently acceptable limits in drinking water for the most common pollutants.

Contaminant

Alachlor
Aldicarb
Aldrin and
dieldrin
Arsenic
Atrazine
Cadmium
Carbofuran
Chloramines

Chlordane
Chromium
Copper
DDT

Lead
Manganese
Mercury
Nickel
Perchlorate
Polynuclear
aromatic
hydrocarbons
(PAHs)
Selenium

Styrene

Trihalomethanes:

Bromoform
Chloroform
Vinyl chloride

Category WHO limit (pg/L) EPA MCLG EPA MCL

herbicide

pesticide
chlorinated

pesticides

herbicide
heavy metal
pesticide
disinfection
by-products
insecticide
heavy metal
heavy metal
insecticide
heavy metal
heavy metal
heavy metal
heavy metal
anion
organic
pollutant

metal
organic
pollutant
organic
pollutant

organic
pollutant

20
10
0.03

10
100

3000

0.2
50
2000

10
80

70
70
0.7

40
20

100
300
0.3

(ng/L)
0
1

|68}

40
4000

100
1300

1 O

N

50
100

70

(ng/l)
2
3

10
3
5
40
4000

100
1300

50
100

80
80
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Chapter 2



Water pollution: most currently employed
treatment technologies for water purification

The world entire has a constant need for water. In fact, in addition to drinking,
which is undoubtedly vital for humanity, water is widely used in a large part
of human activities such as agricultural and industrial operations, food
processing and cleaning. However, increasing water pollution on the one hand
and the appearance of the problem of water scarcity, due also to climate
changes, on the other make water supply even more difficult. Concepts such as
water remediation and water reuse are not an innovation of the last century.
According to literature, Mesopotamian civilization already took care of
sanitation problems building latrines leading to cesspits and a drainage system
to carry away wastes from homes #. Greeks and Romans are undoubtedly
forerunners of modern sanitation technologies: their water systems included
latrines, sewers and drainage systems in order to convey waste outside the city
8. The main difference compared to then is that the 21st century has to deal with
a water demand which, considering the currently world population of about 8
billion, is strictly high while water sources are in short supply and the problem
of water pollution continues to grow. Wastewater reuse is undoubtedly a
crucial step to meet and accommodate the living standards of modern society.
Considering the large number of contaminants found in water, wastewater
need to be properly managed prior to enter again water bodies and be reused.
Wastewater treatment plants (WWTPs) are the currently adopted systems to
remove contaminants from water and achieve high quality standards required
for a correct public hygiene . The first WWTP dates back to the beginning of
20th century when the outbreaks of waterborne diseases such as typhoid and
cholera made evident that they originated from drinking water contamination

by pathogens transported from wastewater .

Depending on its origin, wastewater is classified in domestic, industrial and
commercial or urban sewage. Domestic wastewater originates from residential
sources such as laundry, bathing, toilets and sinks and can contain

contaminants such as detergents, soaps, drugs, personal care products, bacteria
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or other pathogenic organisms. Industrial wastewater is the sewage produced
by manufacturing facilities and industrial operations including commercial
wastewater from stores, offices, hotels and other enterprises. Urban wastewater
is usually a mix between domestic, industrial and commercial sewage and, if
the city disposes of an only one sewer system, municipal wastewater also
includes stormwater. Bearing in mind that pollutant types in wastewater are
strictly dependent on the sewage origin, WWTPs need to be correctly
engineered to ensure the proper decontamination of water from pollutants. This
involves the design of each single step of treatment, evaluating benefits and
potential risks of each unit operation in the WWTP, i.e. from the moment when
the influent enters the system up to when the effluent is released into water
bodies. According to the method employed, currently conventional treatments
are divided in physical operations, chemical and biological processes. Physical
operations include all type of operations in which pollutants are removed only
by physical forces while, in chemical and biological processes, contaminants
removal is operated respectively by chemical and biological activity. Water
decontamination usually requires the use of more than one treatment, reason
why it is also strictly important the order with which removal methods are
employed. Generally, WWTPs include the following stages of treatment: 1)
preliminary treatments; 2) primary treatments; 2) secondary treatments; 3)
tertiary treatments (not always applied) °1. In order to achieve water quality
standards required by EPA and WHO, it is absolutely necessary that each
treatment in a WWTP provides highest performances, both in terms of results
and lifetime 2. For this reason, quality of influents and effluents entering and
exiting each step must be constantly monitored. Generally, wastewater quality
is evaluated through the following parameters: fraction of suspended solids
(SS), biochemical oxygen demand (BOD) and chemical oxygen demand (COD)
9394 Tt must be noted that BOD measures only the fraction of organic matter
which can be biodegraded in terms of oxygen demand while COD quantifies
organics and a portion of certain inorganics, such as ferrous iron, sulfites and
sulfides, nitrites and chlorides, which can undergo chemical oxidation. The sum

of BOD and COD constitutes the total oxygen demand (TOD). These parameters
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can provide only a preliminary view about wastewater quality. It is beyond any
doubt that more sensitive analytical determinations and specific analysis must
be also added to the list 295-%, in order to evaluate nutrient availability, pH
conditions, occurrence of heavy metals or other toxic contaminants, whose

removal can also require more specific treatments.

A brief description about tasks and role of each treatment unit is now proposed,
to better understand benefits and limits coming from each step of a WWTP and
the reason why tertiary treatments often turn out to be indispensable before

releasing water into water bodies.

Preliminary processes. Preliminary processes have the scope of removing all

floating large material, often found in raw wastewater, and the portion of
inorganic solid heavy enough to settle, making use of only physical operations.
This includes the removal of pieces of paper, cloth, wood, plastics, garbage but

also sand, gravel, glass, metal and some fecal matter .

Primary treatments. Organic and inorganic suspended solids, unaffected by

preliminary processes, are generally removed during primary treatments
through sedimentation and flotation %%. In sedimentation, wastewater
containing grit, silt and suspended solids (SS) is collected in large tanks and left
undisturbed /semidisturbed for a certain period of time, depending on the size
and density of solids to remove. Solids and other suspended inorganic material
settle by gravity at the bottom tank. Because this process can also take a long
time, generally some chemicals are introduced in the tanks with the scope to
adjust pH to the value at which process is faster 190. Removal percentage of oils
with sedimentation is about 99% while suspended solids are reduced of
approximately 60%. In the flotation process, suspended and biological solids,
greases and oils are removed by adhering them to air or gas bubbles. After being
captured in bubbles, these pollutants form agglomerates which, due to the
lower density, accumulate at the water surface and can be easily removed. To
ensure a good quality process, gas or compressed air are generally insufflated

from the bottom tank in order to go through all wastewater volume and help
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bubbles lift until the water surface. As in sedimentation, flotation is also
promoted by adding some chemicals such as activated silica or alum. Compared
to sedimentation, the fraction of suspended solids removed by flotation is
increased of an extra 15% while removal percentage of oils and greases are

almost the same (99%).

Secondary treatments. In terms of solid fraction, effluents from primary

treatments contain generally 30% of suspended solids and about 65% of
dissolved solids, while the colloidal portion is about 6%. Secondary treatments
are therefore employed to remove this organic matter using typical biological
processes adopted by microorganisms under a specific and controlled
environment %. Water is circulated in a reactor in which microbe concentration
is preserved high and organic matter is converted in water, CO, and NH3, even
if secondary products such as nitrate, glucose and alcohol can also be
originated. Because degradation occurs through typical biological pathways, it
is extremely important at this stage to have the complete absence of toxic
organic and inorganic pollutants which can inevitably interfere with
metabolization reactions of microorganisms, making them harmless or, in the
worst cases, causing their death even before degradation can start. Secondary
treatments are divided in aerobic and anaerobic processes, depending on the
presence or absence of oxygen and on the rate at which microbes metabolize
organic matter 101. In aerobic conditions, parameters which must be monitored
are temperature, retention time, oxygen availability and biological activity of
microbes. To promote bacterial growth, some chemicals can be added. More
than 90% of biodegradable organic matter can be removed, including
volatile/non-volatile suspended and dissolved organics. One of the major
problems of this process is the high production of biosolids, whose
management and disposal require an expensive cost. In anaerobic conditions,
degradation of organic matter is operated by microbes which can live in absence
of oxygen and whose metabolization processes release, as waste products, gases
such as methane, nitrogen, ammonia and hydrogen sulfide. Because of their

toxicity, anaerobic treatment does not reach common standard permitted
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discharge levels and it is often used as a primary step, previously to aerobic
process, to treat high strength wastewaters 192. Compared to the aerobic
treatment, which needs energy to transfer oxygen, anaerobic process produces
energy in the form of methane. One of the disadvantages of this process is that

initial startup may take a time even greater than 45-60 days.

Depending on the type with which bacteria are cultivated in the reactor,
secondary treatments can be classified in attached growth (biofilms) and
suspended growth (activated sludge) systems. In the first case, bacteria attach
and grow on a fixed substrate such as rock or plastic 103. In suspended growth
systems, wastewater and biomass are maintained under a constant process of
mixing and the reactor is designed so that new wastewater and the fraction of
solids, already treated but not yet sedimentable, can continuously flow in up to

when all organic matter is degraded 104.

Tertiary treatments. Generally, after secondary treatments, influent BOD and

SS are reduced of about 85% to 95% while influent COD of only 65% 9. Tertiary
treatments involve recent advanced technologies to eliminate any other
contaminant whose occurrence in water has not been affected by the previous
units or to remove eventual microbes left by biological processes employed
during the secondary treatment step. Several technologies and chemical
processes have been developed to achieve this task: disinfection, advanced
oxidation processes (AOPs) and membrane technologies are the most

commonly employed tertiary treatments.

Disinfection. Water disinfection has the aim of removing all pathogenic
microorganisms from water 1. Conventional technologies employ chemical
disinfectants such as chlorine, the most common, chlorine dioxide, peracetic
acid and ozone 196-108, Chlorine, used in the form of gaseous chlorine, sodium
hypochlorite or chloramines, interferes with metabolic activities of pathogens,
modifying chemical structures of enzymes which regulate their nutrition, thus
inhibiting their development and their proliferation. Chlorine dioxide acts in

the same way of chlorine towards bacteria but its disinfectant power is equal or
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higher than that of chlorine. Peracetic acid is highly reactive and decomposes
producing acetic acid and oxygen, whose oxidizing power is used against
pathogens. Oxygen or reactive hydroxyl radicals, originated during the
disinfection process, attack and destroy bacterial cell walls and membranes, as
well as some enzymes and DNA. Because of the production of acetic acid, this
process causes the increase of BOD and COD on the final effluent. Ozone is an
extremely reactive gas with oxidizing power, able to kill bacteria through the
disruption of cell walls. Its disinfectant efficiencies are better than chlorine.
Regardless of the type of chemical disinfectant, one main disadvantage of
disinfection process is the possibility to originate organic and inorganic
disinfection byproducts, whose toxicity has been already discussed in the
previous chapter 109-112, Alternatively, UV radiation can also be used, reducing

the problem of byproducts 113.

Advanced oxidation processes. Advanced oxidation processes (AOPs) have
been proposed for water purification for the first time in 1980 114. As the name
suggests, water pollutants are removed through oxidation processes activated
by hydroxyl (OH') or sulfate (SO;) radicals, directly generated in situ.
Compared to chlorine or ozone, which can be used both as oxidants and
disinfectants, AOPs are predominantly employed as removers of organic and
inorganic contaminants in polluted waters. This can be ascribed to the short
half-life (about 10-¢ seconds) of hydroxyl and sulfate radicals, thus implying too
low concentration levels for the detention times required by disinfection. The
final purpose is to degrade these contaminants into less or, hopefully, non-toxic
products in order to release high-quality water, ready to be reused. Except for
sulfate radical-based AOPs, all the other processes are based on the generation
of hydroxyl radical and can be classified in ozone-based AOPs, UV-based AOPs
and Fenton-related AOPs 115. Hydroxyl radical is certainly one of the strongest
oxidants in water, able to operate both in acid and basic conditions. Its high
potential is related to the fact that it is not selective, rapidly reacting with
numerous species. Principal mechanisms of oxidation are hydrogen abstraction,

electron transfer, radical addition and radical combination, through which
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organic pollutants are transformed into more reactive species which undergo
chemical degradation and mineralization. Due to its short half-life, OH" is

always generated in situ.

In ozone-based AOPs, the precursor of hydroxyl radical is ozone (03) according
to the following reaction 303 + H,0 — 20H" + 40, 1. To be honest, ozone itself
is an oxidant but it is rarely employed because its oxidation reaction is more
selective, preferring ionized and dissociated forms of organic compounds. If

irradiation or other oxidants are used, OH" yield can be raised.

Photocatalysis (UV-based AOPs) generates hydroxyl radicals by irradiation of
semiconductors (Ti0,, Zn0O, W03, Sn0,) with UV light of appropriate
wavelength, depending on semiconductor energy band gap 117-119. As the name
suggests, the core of the process lies in the absorption of energy carried by UV
radiation in the form of photons to promote electrons from the semiconductor
valence band (VB), populated by electrons in the ground state, to the
semiconductor conduction band (CB) 120. Due to ejection of electrons, VB
becomes positively charged with the creation of positive holes (hv,,) and CB
host negative electrons (e;,) ejected during absorption of incident photons (Fig.

5), thus generating electron-hole pairs.
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Fig. 5. a) Schematic representation of photocatalysis working principle. b) Band gaps of
common semiconductors employed in photocatalysis.
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Positive holes are characterized by very strong oxidizing power (1.0-3.5 V vs.
NHE, depending on semiconductor and pH): their role consists exactly in the
formation of OH' radicals by oxidation of OH~ anions and H,0 molecules

absorbed on semiconductor surface through the following equations:
OH™ + hv}, - OH (1)
H,0 + hv}, -» OH -+ H* (2)

Once formed, OH radicals attack organic molecules, triggering a wide range of
radical chain reactions which bring to their complete degradation.
Contemporaneously, electrons in the CB reduce oxygen molecules contained in
the air to superoxide anions. These species can also react with intermediate
products originated during organic matter degradation, by forming peroxide
derivatives which are in turn converted to hydrogen peroxide molecules and at
the end to water, therefore promoting an alternative pathway of degradation
for organic pollutants. Because electrons in the conduction band are in excited
states, reverse process of electron-hole pair generation can commonly occur, by
recombination of holes in the VB with electrons in the CB, leading to the
disappearance of both charge carriers on semiconductor surface and thus to a
reduction of the photocatalytic efficiency. The annihilation of charge carriers
returns the energy previously absorbed in the form of light (radiative
recombination) or heat (non-radiative recombination) 121. Photocatalysts
exhibiting high efficiency are metal oxides such as Ti0,, ZnO and Ce0O, while
metal sulfides 122and metal selenides are not stable and consequently discarded
from the list of semiconductors with potential photocatalytic applications 120122,
Among metal oxides, Ti0, excels and is currently the most employed
photocatalyst, due to its high chemical stability both in acidic and basic
conditions, high oxidizing power, cheapness, nontoxic behavior, and
environmental safety 122. Apart from recombination processes, photocatalytic
efficiency is strongly affected by the following parameters: structure, size,
shape, and surface area of the catalyst, amount of catalyst, light intensity,
reaction temperature, pH, and concentration of wastewater 120123,

Semiconductors can exhibit more than one solid phase, each characterized by a
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peculiar photocatalytic activity, depending on how atoms are organized in the
crystal structure. Ti0O,, for example, exhibits three different solid phases:
anatase, rutile and brookite. In terms of photocatalytic activity, anatase is
preferred among the three for the position of its conduction band, the higher
degree of hydroxylation, which means higher amount of OH' radicals, its
stability and adsorption power. Photocatalytic activity strongly depends on
semiconductor surface area: the larger surface area, the bigger efficiency. In this
direction, spherical particles and nanoscale dimensions are recommended for
their high surface-to-volume ratio. Catalyst amount should also be considered.
Higher quantities of semiconductor can ensure a major number of active sites,
originating more OH" radicals, but if semiconductor amount exceeds optimum
concentration, light penetration in the solution reduces and photocatalytic
activity also decreases. Even temperature must be monitored because, if it is too
high, recombination processes are favored. pH is a crucial parameter, driving
the formation and occurrence of charge carriers on semiconductor surface.
Lastly, increasing light intensity means raising the number of photons reaching
the semiconductor surface and consequently the number of active sites which
can be originated, improving photocatalytic efficiency. One of the major
drawbacks of photocatalysis is represented by catalyst recovery. Due to their
high surface-to-volume ratios and surface energy, semiconductor particles tend
to agglomerate, leading to surface area reduction and having detrimental effects
in terms of catalyst reusable lifespan. Efforts have been done in this direction
by preparation of new composite systems, in which semiconductor
nanoparticles are immobilized on a support, such as cellulose, silica, polymeric
materials, and activated carbons 121124125, Regardless of the substrate type, a
good support must respect the following criteria: a) photocatalyst reactivity
must be independent from the technique employed during anchoring process;
b) strong interactions between photocatalyst and support are required, thus
avoiding leaching under various experimental reactions; c) high surface area
must be preserved; d) the new composite system must be stable over a period
of time; e) the support should not be easily degraded during the photocatalytic

process. Polymeric materials have been investigated a lot in recent years, being
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good support candidates due to their cheapness, abundance, chemical and
mechanical stability during photocatalytic processes. Because photocatalysis
involves electrons transfer, conductive polymers appear the most appropriate
choice in their role of support, enhancing the efficiency of the process.
Interesting results have been found when Ti0, or ZnO are incorporated with
polythene (PE), polyvinyl alcohol (PVA), polyethylene terephthalate (PET),
polymethyl methacrylate (PMMA) and polyaniline (PANI) 126129 The
activation of the photocatalytic process often requires higher energies, which
cannot be achieved using visible light. Recent developments are directed
towards the reduction of semiconductor band gap by preparing new mixed
metal oxides nanocomposites, obtained through semiconductor doping with
metal ions such as Pt, Au, Pd, Ag, Co, Cu, Mn, Ce or non-metal elements as N,
C, ClI and S 130-132, These dopants possess a different electronic structure,
introducing new energetic levels placing inside the semiconductor band gap,
without altering its original value (Fig. 6). This can include the creation of a
more energetically VB, closer to CB of the host, or the introduction of a less
energetically level, below the CB, which diminishes the gap with the
semiconductor valence band. Along this path, carbon materials such as
graphene, carbon nanotubes and carbon quantum dots (CQDs) have been also
investigated for visible light photocatalysis 133. Due to their excellent electrical
conductivity and high surface area, graphene and graphene oxide (GO)

exhibited the most interesting results among carbon materials 134-136,
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Fig. 6. Schematic diagram of visible light photocatalysis when conductive polymers are
employed.
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In Fenton-related AOPs, OH precursor is H,0, 137. Reaction is catalyzed by Fe**

ion, through the following subsequent steps:

Fe?* + H,0, > Fe3* + OH + OH~ (3)

Fe3* + H,0, > Fe?* + HO; + H*

(4)

OH' + H,0, - HO; + H,0 (5)
OH + Fe?** - Fe3* + OH™ (6)
Fe3* + HO; - Fe?* + HOZ (7)
Fe?* + HO, + H* - Fe3* + H,0, (8)
2HO5 — H,0, + 0, (9)

Even if Fe?" is re-generated through reaction (4), rate constant of this reaction
is several orders of magnitude less than that of reaction (3). Consequently, the
largest part of Fe3* remains unconverted, resulting in the production of iron
sludge. The problem is that iron sludge requires to be disposed separately, thus
increasing treatment complexity and operational costs. In addition, high yields
of Fenton reaction are obtained only in acidic conditions. Therefore, in order to
render the process more feasible, modifications to the original Fenton reaction
have been proposed, such as Fenton-like system (Fe3* precursor), photo-Fenton
system (UV irradiation) and electro-Fenton system 137. During sulfate radical-
based AOPs, the role of hydroxyl radicals is assumed by sulfate radicals,
obtained from S,0%~ through heat, UV irradiation, elevated pH or transition
metal catalysts (Fe?*, Fe3*, Cut, Ag™) 138139, Just as hydroxyl radicals, sulfate
radicals have also a short half-life but they preferably tend to remove electrons

from organic compounds to produce organic radical cations.

Membrane technologies. Although the application of membranes in
wastewater treatments is not recent (the first industrial application dates back

to 1960), membrane technologies have experienced a big development in the
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last 20 years becoming one of the most popular and employed purification
technologies in a wide range of sectors, from wastewater treatments to sea and
brackish water desalination, passing through gas and vapor separation, food
and beverage production, energy conversion and storage and so on 140-145_ Their
success can be ascribed almost entirely to the reduction in the size of equipment
and to the low energy requirement and capital cost, which allow them to bridge
the economical and sustainability gap and embrace concepts such as
environmental friendliness and easy accessibility to many. From a technical
point of view, a membrane is a system which acts as a barrier between two
phases, restricting the transport of the components contained in these two
phases in a selective way. Membranes can be classified according to the nature
of the membrane material (organic/inorganic), to their geometry
(flat/ tubular/hollow fiber) and morphology (homogeneous/heterogeneous)
but also according to preparation methods, separation regime and processes.
Concerning separation processes, it is clear that a driving force is required to
ensure a movement of media through membranes. In this regard, processes can
be divided in equilibrium and non-equilibrium based membrane processes,
pressure driven and non-pressure driven processes 146147, Among these,
pressure driven membrane processes are the most employed technology in
wastewater tertiary treatments. Depending on membrane pore size and
pressure requirements, pressure driven processes are divided in microfiltration
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). Table 2

resumes briefly the main characteristics of these four processes.
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Table 2. Most relevant characteristics of pressure driven membrane processes.

PRESSURE DRIVEN PRESSURE PORE SIZE MOLECULAR POLLUTANTS
PROCESS REQUIREMENTS DIAMETER WEIGHT CUT- RETAINED
(BAR) (NMm) OFF (MWCO)
(KDA)
REVERSE OSMOSIS 15-75 0,1-1 0,2-2 All pollutants,
(RO) including

monovalent ions

MICROFILTRATION 1-3 102-104 100-500 Bacteria, colloids,
(MF) oil, grease, fat,
organics,

microparticles

ULTRAFILTRATION 2-5 1-10° 20-150 Sugar, organics,
(UF) microplastics,
proteins,

pigments, oils

NANOFILTRATION 5-15 1-10 2-20 Pigments,
(NF) divalent anions,
divalent cations,
sulfates, sucrose,
lactose, sodium

chloride

In order to obtain better performances and high-quality treated water, hybrid
membrane processes (HMPs) have been developed in the recent years. Hybrid
processes include the combination of membrane processes among themselves
(MF/UF, FO!'/RO) and with other wastewater treatments (coagulation,
adsorption, biological processes) 148-151. In this regard, membrane bioreactors
(MBRs)1%2, combining activated sludge processes with a MF, UF or NF
membrane technology, have received greatest attention due to the possibility of
cope with fluctuations in effluent composition and flow rates and meet effluent
discharge limits for reuse purposes, two main disadvantages commonly found
when only activated sludge processes are employed. MBRs can provide high-
quality effluents (BOD/TSS <5 ppm), high biodegradation efficiency and a very
low excess sludge production, working in a comparatively small
configurational system. Considering the problem of membrane fouling,

previous treatments such as sedimentation, coagulation or membrane processes

! Forward osmosis (FO) is generally used to indicate the natural process of osmosis.
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themselves are required before the application of one of these hybrid processes

153,

In contrast to disinfection and advanced oxidation processes, where
contaminants removal from water occurs by chemical degradation, converting
them into less or non-toxic species, in membrane technologies pollutants
remains undamaged and are removed from water through filtration or
adsorption processes. Therefore, the design and choice of materials for
membrane preparation is of outmost importance to ensure best process
performances, both in terms of pollutants removal and in terms of durability
and endurance of the membrane itself. Concerning the first one, it is important
to use materials whose affinity with contaminants is strong enough to retain
them from water but, at the same time, weak enough to release them during the
subsequent step of washing, when membrane is regenerated and reused once
again. Membrane technologies requires different operational conditions in
terms of temperature, pressure, pH conditions, additives occurrence and so on.
Therefore, it is extremely important considering all these factors during the
choice of the appropriate adsorbent, which must remain unaffected and not
damaged by the specific working conditions used during a membrane
technology process. Having regard to this background, a membrane must
possess at least the following characteristics: a) high selectivity (rejection); b)
high flux; c¢) mechanical stability; d) tolerance to temperature variations and to
all feed stream components (fouling resistance); e) low manufacturing cost; f)
ability to be packaged into high surface area modules; g) manufacturing

reproducibility.

Next chapter describes common adsorbents employed in membrane
technologies, highlighting for each of them advantages and disadvantages, until

to arrive to the most recent advances proposed in the field of membranes.
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Chapter 3



Common materials employed in membrane
technologies

The quality of a membrane and consequently of the entire technology depend
in the first instance by the choice of the membrane material, since material is
responsible for membrane separation performance, operational stability,
process design and cost. According to the type of material, membranes can be

divided in organic, inorganic, and mixed-matrix membranes (MMMs).

3.1 Organic membranes

Organic membranes are often referred as polymeric membranes, being
polymers the most employed organic materials in the field of membranes (only
exception is represented by liquid membranes). Despite the huge number of
natural and synthetic polymers currently available, organic membranes choose
from a very little group of polymers, made up as follows: polysulfone (PSU),
polyethersulfone (PES), polyvinylidene fluoride (PVDF), polyacrylonitrile
(PAN), poly vinyl alcohol (PVA), polyimide (PI), polytetrafluoroethylene
(PTFE), polypropylene (PP), cellulose acetate (CA), cellulose nitrates and
cellulose regenerated 15415, Polymeric membranes are characterized by an
excellent mechanical strength, good selectivity, wide range of temperature
(20°C - 150°C) and pressure (up to 137 bar), thus they are widely employed in
water purification and desalination processes. In general, permeability and
selectivity in these membranes are inversely proportional: the more permeable,
the less selective and viceversa. Among polymers above mentioned, PSU and
PES present the best characteristics in terms of permeability, selectivity of
permeate, mechanical stability and chemical resistance. Just to give some data:
the glass transition temperature Tg for PES is equal to 225°C, PSU resist to
different oxidation and pH conditions. Thanks to these properties, PES and PSU
are the most employed polymers in ultrafiltration processes and the best
supports in nanofiltration and reverse osmosis. Concerning microfiltration, best
candidates are instead PP and PVDF. In all these cases, the choice of the polymer

aims to ensure the best possible performances of the separation process, whose
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operational conditions depends on the type of the process itself (MF, UF, NF
etc.). Anyway, it is truly difficult find a polymer which satisfies simultaneously
all the necessary requirements for a good membrane, which means mechanical
strength, chemical/thermal stability, oxidation/pH resistance. In the recent
years, several efforts have been done to improve polymeric membranes
performances, both in terms of permeation flux and operation stability pressure
and in terms of pollution resistance and membrane service life. Being widely
hydrophobic (except for cellulose and its derivatives), one of the major
drawbacks coming from these polymers is the high tendency of polymeric
membranes to fouling, primarily caused by organics and inorganics, proteins,
microorganisms and microbial communities depositing on the membrane
surface. Because of fouling, selectivity decreases, as well as membrane lifetime,
operation costs become greater, making the separation process unsustainable.
In response to this problem, the attention of scientific research shifted in the last
years to the application of surface modification methods 157.160-163, such as
plasma treatment, blending, cross-linking, surface grafting, surfactant methods,
surface segregation methods with amphiphilic block copolymers, surface
coatings with hydrophilic polymers and gamma ray and UV irradiation, in
order to make polymeric membranes more hydrophilic. In addition to less
hydrophobicity, membranes from self-assembly of block copolymers are
characterized by high selectivity, due to their narrow pore-size distribution,
high porosity and consequently high permeability. Recent developments also
include the fabrication of tunable membranes 164-166, obtained mixing a certain
percentage of additives (usually polymers) in the pristine polymers, whose
conformational state can change depending on the process operational
conditions, such as pH or temperature. For example, polymethyl methacrylate
(PMMA) and polyacrylic acid (PAA) can induce shrinking-swelling of the
membrane pores by deionization of carboxyl group (-COOH) and ionization (-
COO~) around their pKa value, rendering membrane permeability affected by
pH, ions and solute concentrations 4. Functionalization with poly(N-
vinylcaprolactam)-based microgels, applied as coating to commercially

available hollow-fiber membranes for MF and UF, produces a reversible
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thermoresponsive permeability and rejection 1¢7. With a supply of about 700
billion tons per year, cellulose is the most abundant natural biomaterial on
Earth. Its availability and natural origin, as well as its low cost and
hydrophilicity have led cellulose to be one of the best promising materials in
the field of membranes, so much that cellulose-based membranes are the first
type of polymeric membranes to receive industrial application. It was 1963
when Loeb and Sourirajan proposed for the first time an asymmetric CA
membrane exhibiting high salt rejection and flux values 1%. Despite the good
hydrophilicity, which avoids the problem of fouling, cellulose acetate
membranes suffer of long-term chemical, biological and thermal stability, being
intolerant to chlorine and able to work only in specific ranges of pH and
temperature. To obtain the best from each material and do not lose typical
cellulose-based membranes hydrophilicity, currently cellulose and its
derivatives are often used as additives of hydrophobic polymers, such us PVDF,
PSF, PES, with the purpose of preparing membranes with good chemical

resistance, thermal stability, mechanical strength and enhanced hydrophilicity

169-171

3.2 Inorganic membranes

Offering high thermal, chemical and mechanical stabilities, inorganic
membranes, obtained from oxides, metals and ceramics, represent a good
alternative to polymeric membranes. With a higher chemical stability and
organic solvent resistance, ceramics are, among inorganics, the most employed
materials in the fabrication of membranes, prevalently used in microfiltration
processes 158172, Generally, the morphology of ceramic membranes consists of
multiple layers, positioned on a coarse support and opportunely spaced
through smaller particles which control and determine the final pore size of the
membrane itself. Desired physical and electrochemical properties, such as
strength, crystallinity, density, thermal and electrical conductivity, require a
starting thermal treatment with temperatures even going over 1000°C. AL;Os,
710y, TiO», Si0,, SiC, ZnO are the most common materials of which ceramic

membranes are made of 173-176. Among them, particular attention has been paid
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in recent years to TiO2 and TiOz-composites due to its high photocatalytic
efficiency, especially useful in wastewater remediation practices, and its
superhydrophilicity, which allows to avoid the problem of membrane fouling
173,177,178 Ceramic membranes overcome the two major disadvantages coming
from polymeric membranes, i.e. fouling and low chemical stability. On the other
hand, ceramic membranes are characterized by lower permeability, due to the
greater layer thickness, and are recommended for small-scale processes due to
their high cost of production. In brief, ceramic and polymeric membranes are
the one the complement of the other, opportunely employed depending on the
specific requirement of the separation process 174179 Recently, good
developments have regarded the use of zeolites 18. Zeolites are crystalline
inorganic materials constituted of Si, Al and O, which, disposing in a
tetrahedron, are responsible of specific cavities and channels in the material,
making zeolites characterized by high porosity with well-established pore
dimensions at molecular level. Therefore, these materials exhibit high
adsorption capacity and molecular sieving ability, becoming good candidates
in the fabrication of membranes to be used in gas separations, reverse osmosis,
pervaporation, catalytic membrane reactors and removal of heavy metals and
ammonium for water softening 180-18¢, Anyway, high production costs and the
presence in the material structure of intercrystalline defects, which lower the
reproducibility of membrane performances, still remain the two big constraints
to the wide use of zeolites in membrane technologies. Along with zeolites, much
attention has also been paid to carbon nanotubes (CNTs) in the last years.
Because part of this project is focused on development of carbon nanotubes
membranes, it is essential to provide much space to these materials in order to
better elucidate their potentiality. For this reason, next paragraph is totally

devoted on CNTs and CNTs membranes.
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3.3 Carbon Nanotubes Membranes

Carbon nanotubes (CNTs) are one of the
allotropes of carbon, discovered for the
first time in 1991 by Sumio Jjima, while

he was working with arc-discharge

technique in his laboratory 8. CNTs are Graphene

sheet

tubular structures characterized by
Fig. 7. Schematic representation of

nanometric diameters and lengths of the ¢,/ N and MWNTS.

order of microns, commonly depicted as

graphite sheets rolled up in a cylinder 18¢. Depending on the number of graphite
sheets, CNTs can be classified in Single-Walled Carbon Nanotubes (SWCNTs o
SWNTs), if the sheet is just one, and Multi-Walled Carbon Nanotubes
(MWCNTs o MWNTs), if the sheets are more than one (Fig. 7). Table 3 shows
SWNTs and MWNTs principal characteristics. Because CNTs are constituted
entirely of sp? carbon atoms, carbon nanotubes exhibit high thermal and
electrical conductivity and excellent mechanical properties 8. Some
remarkable characteristics include C-C bonds 100 times stronger than those in
steel and electrical and thermal conductivities higher than copper (2 orders of
magnitude above) and diamond, respectively. Due to their extraordinary
properties, CNTs have been proposed in a lot of applications, such as field
emission displays, sensors, high-strength conductive composites, hydrogen

storage devices and membrane technologies 188-194,

Table 3. Most relevant characteristics of SWNTs and MWNTs.

SWNTs MWNTs

Purity Poor High
Bulk synthesis Difficult Easy
Specific gravity (g cm™3) 0.8 1.8
Thermal stability in air (°C) >600 >600
Thermal conductivity (W m K1) 6000 2000
Electrical conductivity (S cm™) 10%-10° 103-10°
Electron mobility (cm? Vs?) 10° 10%-10°

Carbon nanotubes synthesis can be carried out through three different

techniques: arc-discharge, laser ablation and chemical vapor deposition (CVD)
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19519, Due to its relative low cost, high production yields with elevated purity
and easy scale-up, CVD is actually the most employed technique for CNTs
production 7. Chemical vapor deposition can be briefly resumed in two steps:
1) catalytic decomposition of organic molecules, which constitute the carbon
source, in vapor phase; 2) gradual and continuous deposition of carbon atoms
on a specific support. Decomposition usually occurs at temperatures around
700°C - 900°C, even if several efforts have been done to lower thermal
conditions required by the process such as thermal CVD (TCVD) or plasma-
enhanced CVD (PECVD) 19719, Regarding organic molecules, best carbon
sources are hydrocarbons because, at molecular mass parity with organics such
as alkenes and alkynes, they have the higher carbon weight percentage per
molecule. Currently, methane, ethylene and carbon dioxide are the most
employed carbon precursors 19200, The heart of CVD resides in the activation of
the catalyst, which is responsible for the decomposition process but also for the
high temperatures. In this direction, temperature reactor should be properly
selected in order to activate catalyst without bringing to its fusion. Most
employed catalysts are transition metals, such as Fe, Ni and Co, in which carbon
is soluble even at high temperatures, or alloys in the form of thin films or
nanoparticles, useful to increase the surface area of the catalyst 200201, Catalysts
are often deposited on supports such as graphite, quartz or silicon, acting not
only as support but also promoting their catalytic power 2. Going inside CVD
process, bonds breaking of organic molecules generates C atoms and
hydrogenated species. The latest are easily removed from the reactor while C
atoms, being soluble in the catalyst, deposit on it. Deposition continues and
when solubility limit, strictly dependent on the type of catalyst and
temperature, is reached, C atoms start to crystallize on the catalyst surface
forming a cylinder-type network, ie. CNTs grow. Catalyst-substrate
interactions govern growth mechanism of carbon nanotubes (Fig. 8). In tip-
growth model, weak interactions between C and catalyst allow carbon atoms to
slide on both sides of catalyst surface where, step by step, addition by addition,
aided by low catalyst-substrate interactions, carbon nanotubes grow, pushing

catalyst to the top and separating it from the substrate. When the metallic
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surface is entirely covered by C atoms, the process is concluded and carbon
nanotubes stop to grow. In base-growth model, strong interactions between
substrate and catalyst stop carbon atoms on both sides of surface catalyst to
push it away from the substrate itself. Consequently, C atoms are forced to
accumulate on the catalyst surface forming a starting dome on which carbon
nanotubes can finally grow. Independently of the model (tip-growth or base-
growth), carbon nanotubes are synthesized directly on catalyst so chemical

vapor deposition is considered a growth-in-place technique.

tip-growth model

Fig. 8. Carbon nanotubes growth models in CVD.

Arc-discharge and laser ablation belong to the category of growth-then-place
techniques 1%-197. During arc-discharge, an electric current is used to heat
carbon electrodes to high temperatures, more than 1600°C, in total absence of
oxygen. Adding a catalyst on one of two electrodes, carbon nanotubes can be
obtained. Considering the high temperatures reached, arc-discharge technique
produces carbon nanotubes with an excellent degree of crystallinity, ensuring
better and superior mechanical and electrical properties. Anyway, the
formation of other carbon products and the presence of catalyst residues, from
which CNTs need to be separated, represent the principal disadvantage of this
technique. Laser ablation working principle is very similar to arc-discharge

technique. The difference lies in the fact that, in laser ablation, energy is
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provided by a laser hitting a graphite-pellet containing the catalyst. Carbon and
catalyst are vaporized and then condensed on a water-cooled copper collector,
where carbon nanotubes form and grow. Considering the high temperatures
(1200°C), also laser ablation produces carbon nanotubes characterized by very
good crystallinity. After production, CNTs need to be purified in order to
remove impurities such as catalyst particles, amorphous carbon from CNTs and
soot. Attention is required and purification treatments must be conducted
carefully since purification treatments often use chemical agents which can
damage and shorten CNTs. The purification step is often followed by one of
functionalization, during which capping operations and groups of molecules or
commonly organic functional groups (-COOH, NHbz) are attached on CNTs
surface. Considering the extraordinary potential of carbon nanotubes, these
materials have been immediately employed in the fabrication of membranes
193,202,203, Carbon nanotubes-based membranes can be essentially divided in a)
freestanding CNTs membranes and b) mixed CNT membranes. The last ones
are based on the addition of CNTs in the polymer backbone of the membrane
so it will be better discussed in the subsequent paragraph, where a panoramic
of mixed matrix membranes is presented. Depending on the organization of
carbon nanotubes in the membranes, freestanding CNTs membranes are in turn
divided in buckypapers (BPs), characterized by a random arrangement of CNTs
in a large porous structure, and vertically aligned CNT (VA-CNT) membranes,
where carbon nanotubes cylinders are disposed perpendicular to the membrane
surface forcing the fluid to pass only inside the tube or between carbon bundles
(Fig. 9). Considering the high cost of production of vertically aligned carbon
nanotubes and the use of harsh chemicals to remove the supporting substrates
on which aligned membranes are generally grown, the field of VA-CNT
membranes is not too much explored 202. In BPs, CNTs are randomly disposed
originating a large porous network where van der Waals and pi-pi interactions
are the only interactions to exist. Even if the lower energy of these interactions,
the number of van der Waals interactions per unit volume is extremely high so
buckypapers exhibit a very cohesive and strong structure with a large surface

area. Lightweight, high porosity (60-70% of the total volume) and high flux,
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together with excellent thermal and electrical conductivity are therefore the
most important characteristics belonging to buckypapers!®202, which can vaunt

several applications such as sensors, artificial muscles, electrodes and filters

194,204-209

S

\

Buckypaper (BP) Vertically aligned carbon
nanotubes (VA-CNTs) membrane

Fig. 9. Classification of carbon nanotubes membranes.

Because of their composition, made up of only C atoms, BP membranes show
also a remarkable hydrophobicity, reason why carbon nanotubes membranes
are ideal to use for desalination in membrane distillation processes 210. On the
other hand, this strong hydrophobic character represents a problem for BP
application in water purification processes. For this reason, functionalized
carbon nanotubes or other fillers are often added to improve hydrophilicity of
these membranes 211212, Great potentialities have also been registered for anti-
bacterial activity. Brady-Esétvez et al. (2008) have prepared a BP membrane
exhibiting high removal of the model virus MS2 bacteriophage due to depth
filtration and high retention of Escherichia coli cells due to size exclusion 213,
Electrospinning, layer-by-layer (LBL) deposition and vacuum assisted filtration
are the most common techniques for BPs preparation even though, due to its
ease of operation, vacuum assisted filtration is by far the most employed one.
In vacuum assisted filtration, BP membranes are obtained by vacuum filtration
of a CNTs dispersion on a specific support. Because of their composition, CNTs
are extremely hydrophobic and, due to the strong interactions, are always
aggregated in micrometric structures, better known as bundles, which resemble
very well to miniature ropes. The crucial point of vacuum assisted filtration is
undoubtedly represented by CNTs dispersions. BP membranes obtained from

higher quantities of untangled nanotubes exhibit superior mechanical and
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adsorption properties compared with those obtained by CNTs bundles. Because
interactions between CNTs are strong, bundles can be broken making use of
physical or chemical treatments. The first method consists in the sonication of
CNTs dispersions for a certain period of time, depending on the ultrasonic
power applied during the treatment (more power, less time). During sonication,
acoustic waves spread inside the liquid forming micrometer sized bubbles
which gradually grow through coalescence and diffusion. When the bubble
dimensions become high enough to render them instable, bubbles collapse
creating microjets of solvent hitting the solid with great force. These jets break
the interactions which hold nanotubes in bundles, releasing them separately
and resulting in better dispersions. Long periods of sonication are not advisable
because the inner structure of carbon nanotube can be altered, introducing
defects on the tube which can reduce their mechanical and electrical properties.
Chemical treatments include the formation of covalent and non-covalent bonds
203, Covalent functionalization modifies carbon nanotubes surface through the
introduction of amino or carboxylic acid groups, thus reducing their
hydrophobic character. In addition, these groups constitute perfect anchoring
sites for larger molecules, such as enzymes or antibodies, which can bind much
more strongly on CNTs surface and make possible the exploration of carbon
nanotubes and carbon nanotubes membranes in much more fields. However,
covalent functionalization often requires harsh conditions or harsh chemicals
which can damage carbon nanotube structure by converting hybridization of
some sp? carbons in sp?® and thus lowering carbon nanotubes peculiar
properties. When non-covalent functionalization is pursued, CNTs surface is
modified through the attachment of amphiphilic dispersant molecules, such as
polymers or surfactants, involving only adsorption processes. Therefore, while
the hydrophobic part binds to carbon nanotubes, the polar component of these
molecules interacts with solvent through hydrogen bonding and dipole-dipole
interactions, favoring a major solubilization of CNTs. Different dispersant
molecules have been investigated to improve CNTs dispersions. Due to their
composition and molecular partition into a polar (head) and apolar component

(tail), surfactants are certainly the most employed dispersants 214215,
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Octylphenolethoxylate, better known as Triton X-100 (Trix), but also sodium
dodecylsulfate (SDS) and sodium dodecylbenzenesulfonate (NaDDBS) are the
most common surfactants, producing great results even at low concentrations
(0.2% w/v of CNTs dispersion). Together with surfactants, biomolecules, such
as DNA or lysozyme, were also investigated to improve CNTs dispersions 2.
The great advantage of using biomolecules is due to their lack of toxicity
compared with surfactants or other dispersant molecules. Independent of the
class, CNTs dispersions containing dispersant molecules have to be stable for
long time, ensuring a great solubilization of carbon nanotubes. Compared with
sonication or covalent functionalization, non-covalent functionalization does
not damage the structure of CNTs, which preserve entirely their properties. The
only drawback is to remove molecular dispersant once BP has been filtered. It
requires an additional washing step, using a solvent whose affinity with the
dispersant molecule is high, to remove all impurities. Vacuum assisted filtration
is also well known as the wet method, mainly used in laboratories. In dry
approach, instead, BP membranes are directly obtained from micro-molecular
hydrocarbons during the process of CNTs production 1931%, Even if membranes
are large in size and costs are low, being therefore particularly useful for
commercial purposes, the major drawback of this approach is represented by
the high amounts of residual catalyst, which are responsible for the complex

and heterogenous composition of BPs.

3.4 Mixed-matrix membranes

Mixed-matrix membranes (MMMs) are essentially composite membranes,
developed with the purpose of overcoming the major drawbacks arising during
separation processes with polymeric or inorganic membranes 18217 MMMs are
obtained by dispersion of inorganic or inorganic/organic materials, acting as
tillers, in polymeric membranes, in order to combine synergistically the
excellent separation performance of fillers with the good processability of
polymers, which still maintain their primary role in the formation of membrane
backbone. The well-known Robeson plot, which establishes for gas separation

processes the upper limit (upper bound) of membrane selectivity for each value
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of permeability (more permeable, less selective), can be therefore rewritten by
the introduction of MMMs which move the upper bound limit towards higher
values of selectivity and permeability, ensuring better membrane performances
(Fig. 10) 218, Since 1970, when 5A zeolite was incorporated in a rubbery polymer
to enhance membrane properties in gas separation processes 219, different types
of fillers have been proposed including metal oxides, activated carbon, various
zeolites, mesoporous silica and carbon molecular sieves. However, due to poor
polymer-filler compatibility, these first mixed-matrix membranes exhibited

defects and nonselective voids, with a significant loss of selectivity.
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Fig. 10. Robeson plot.

To overcome these problematics, attention has moved towards the introduction
of nano-sized inorganic particles and advanced porous materials, such as
graphene oxide (GO), TiO2, CNTs, metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), porous organic cages (POCs) and so on 217220, With
their large surface area, nano-sized materials and polymer can establish a major
number of interfacial interactions, resulting in an enhancement of thermal and
mechanical properties of the composite membrane. In addition, the presence of
functional groups such as carbonyl or hydroxyl on polymer matrix favors
interactions with nano-sized materials through the formation of hydrogen
bonds, thus improving the level of mixing between them. It has been shown

that the incorporation of nanomaterials in polymer membranes produces not
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only better mechanical properties but ensure also higher values of permeate
flux and surface wettability on the final composite. Following, a brief
description of nano-sized materials commonly used in MMMs is proposed,

highlighting principal pros and cons of each one of them.

Metal-organic frameworks (MOFs). MOFs are hybrid materials whose porous
structure is originated by the presence of inorganic nodes (metals) connected to
each other through polytopic organic linkers via coordination bonds 220. Due to
their elevated porosity, tunable pore architectures and diversified pool of
chemical functional groups, MOFs have been included in a lot of applications,
such as catalysis, chemical sensing, gas storage and separation, proton
conduction, thin film devices and biomedical imaging 2?1-224. Compared with
their inorganic counterpart, i.e. zeolites, MOFs can establish better interactions
with polymer chains due to the presence of various organic ligands and
chemical functionalities, avoiding defects or nonselective voids in the final
MMM. In addition, the judicious design of MOF fillers with specific functional
groups, such as amine, hydroxyl, sulfonic, both before or after the incorporation
in MMMs, can enhance polymer-filler interactions and, contemporarily, direct
MOF selectivity towards certain chemical species over others. MOFs can also be
different in terms of pore volumes, pore shapes and surface areas, other tunable
characteristics which can be opportunely chosen and governed to fabricate
membranes of suitable selectivity and permeability. Considering this huge
plethora of possibilities, MOFs are often subclassified as a function of organic
ligands and metals occurring in their structure. In this regard, most common
examples are ZIFs, the Materials Institute Lavoisier (MIL) series, MOF-74 series,
University of Oslo-66 (UiO-66) series and copper-based MOFs (Cu-MOFs) 220
(Fig. 11). In ZIFs, the metal cations Zn?* and Co?* are coordinated by imidazolate
groups and its derivatives, originating frameworks which are very similar with
those of zeolites. ZIFs exhibit different chemical functionalities, tunable pore
structures and exceptional chemical resistance toward organic solvents and
neutral or weakly basic aqueous solutions as well as facile synthesis process,

becoming one of the most employed MOFs subclasses in membrane
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technologies 225226, To enhance polymer-ZIFs interactions, which represent the
major drawback coming from this type of incorporation, different strategies
such as ammonia or hydroxyl functionalization, polymer coating and polymer

grafting have been proposed, showing good results 220,227,228,
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Fig. 11. Base structures of some typical MOFs.
MIL series takes its name from Materials Institute Lavoisier, the institution
which first developed and synthesized this class of MOFs. MOFs belonging to
this series are characterized by high stability and flexibility, often exhibiting a
structural conformational change during adsorption/desorption of guests,
referred as “breathing effect”. This effect is particularly evident for MIL-53
family, where the adsorption of hydrocarbons or gases such as CO2 and HaS
results in the alteration of pore size and geometry of MOF. The peculiar feature
of MOF-74 series is to be ascribed to its organic ligand, 2,5-dioxido-1,4-
benzenedicarboxylate (dobdc#), which, coordinating M?* metals (Mg?*, Mn?*,
Fe?*, Co?*, Ni?*, Cu?* or Zn?*), due to its specific chemical structure, originates
1D hexagonal channels rich of unsaturated metal sites, becoming ideal cavities
for the selective adsorption of polar and non-polar gases such as CO,, HzS, Ny,

CH4. MOFs of UiO-66 series show rich chemical functionality, high porosity and
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excellent stability in various organic solvents and water. Since 2008, when the
tirst UiO-66 has been synthesized ??°, numerous studies have been done to
enhance their properties, especially by introducing a lot of functional groups,
as -(COOH)z, -(COOH)4, -F4, -NHp, -(OH)z2, -(OCH2CHs)2, which enable them
applications in various fields, such as catalysis, drug delivery, bioimaging and
separation 220230231 Copper-based MOFs (Cu-MOFs) can be essentially
classified in Cu3(BTC)2, also known as HKUST-1, from Hong Kong University
of Science and Technology, and CuBDC, where the acronyms BTC and BDC
stand for benzene-1,3,5-tricarboxylate and benzene-1,4-dicarboxylate,
respectively. The principal difference between Cus(BTC)2and CuBDC resides in
their structure: Cus(BTC)2 shows a 3D framework intersected by 3D channels
with a pore size of 9A, while CuBDC has a 2D layered structure, where each

layer is porous and pore dimensions are equal to 5.2A.

Porous organic frameworks (POF)s. POFs represent the pure organic counterpart
of MOFs, being made of only organic blocks held together by strong covalent
bonds 217220, POFs exhibit good thermal and chemical stability and rich chemical
functionality with structures characterized by high surface area and different
pore sizes. Anyway, due to the presence of strong covalent bonds, structures in
POFs loss most of that flexibility belonging to MOFs and become more rigid.
On the other hand, the pure organic nature of POFs allows much better
polymer-filler interactions, completely avoiding cracks or defects in the final
membrane. Based on their crystallinity, POFs can be classified in amorphous
and high crystalline materials. The former includes polymers of intrinsic
microporosity (PIMs), conjugated microporous polymers (CMPs), porous
aromatic frameworks (PAFs) and hyper-cross-linked polymers (HCPs); the
latter is represented by covalent organic frameworks (COFs). COFs have been
attracted much attention due to their high crystallinity and good porosity. After
their discovery in 2005 232, COFs have been progressively developed in order to
completely bypass the problems arising from the first generation of these
materials, which, being based on boron linkages, showed limited resistance in

water, acid and alcohols. Currently, imine-based COFs exhibit much better
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chemical stability, even if crystallinity is slightly reduced 23. Compared with
their crystalline counterparts, amorphous POFs are characterized by excellent
chemical stability towards harsh conditions. HCPs are the youngest materials
to be introduced in this field, with their first application going back to 2016.
They are non-expensive materials with simple synthesis process but,
considering their young age, they still suffer of poor surface area and irregular

pore networks.

Porous molecular compounds. Porous molecular compounds are of recent
discovery in the field of MMMs 220, Growing attention in these materials is to be
ascribed to their great solubility in most common solvents used for dissolving
the polymer matrix, since MOFs and POFs solubility and chemical stability
often reside into a limited group of solvents. For example, it has been shown
that immersion in water for 24h causes a loss of crystallinity in Cus(BTC),
reducing its BET surface area from 1,340 to 647 m?2g?! 234 Most common
employed porous molecular compounds are metal-organic cages (MOCs) and
porous organic cages (POCs). As their names suggest, MOCs are constituted of
metal nodes interconnected by coordination bonds with organic ligands, POCs
are completely made of organic blocks. As MOFs and POFs, they exhibit high
surface area, high porosity and, as previously mentioned, good solubility in a
greater number of solvents. Anyway, with only ten years of research behind,
the use of MOCs and POCs as fillers in mixed-matrix membranes is still in its
infancy, so next years will be fundamental in the improvement and

enhancement of these novel composites.

Inorganic nanoparticles. The category of inorganic nanoparticles is particularly
wide. Most relevant fillers employed in MMMs are carbon nanotubes (CNTs),
graphene oxide (GO), silica (S5iO2) and titanium dioxide (TiOz) 2%. Literature is
rich of works where high thermal and mechanical properties of CNTs have been
exploited with the objective of reinforcing polymeric membranes 202236237, The
incorporation of CNTs in the polymer matrix brings to the improvement of final
composite properties, exhibiting enhanced salt rejection, major water flux,

tavored by transport along CNTs tubes, and improved biofouling resistance,
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deactivating bacteria and viruses and lowering operational costs of the entire
process. In addition, functionalization of CNTs can expand notably the
application of these membranes, which can be judicious prepared controlling
their properties, in order to satisfy various needs which can occur during
separation processes 238. With its considerable number of covalently attached
oxygen-containing groups (epoxy, carbonyl, carboxyl and hydroxyl), graphene
oxide (GO) is often employed as a substitute of functionalized-CNTs to enhance
membrane hydrophilicity. It also possesses a good compatibility in water, better
than CNTs, high surface area and mechanical stability, good electron
conductivity, electro- and magneto-controlled ion transport. GO/ mixed-matrix
membranes are characterized by better mechanical strength and enhanced
rejection of gases such N> and 02239240, 5i0O; is widely employed as an inorganic
additive in MMMs due to its mild reactivity, availability of different chemical
functionalities, nontoxic nature, convenient operation and mechanical strength.
Polymeric membranes, opportunely doped with silica particles, show an
improvement of mechanical strength and thermal stability 2%. Great attention
has been addressed to TiO2 nanoparticles, primarily due to their photocatalytic
activity, thus promoting decomposition of organic pollutants and reducing, or
avoiding, the problem of membrane fouling 241-243, Mixed-matrix membranes
containing TiO,, essentially based on the exploitation of TiO2 photocatalytic
activity, can also count on the easily tunable morphology and suitable chemical
resistance of this inorganic filler, being particularly employed in filtration
processes where membrane fouling is the “deal breaker”. Other inorganic
nanoparticles, such as CaCOs, Ag, Fe3Os, Fe-Mn and different types of zeolites,
have also been explored as potential fillers in mixed-matrix membranes, but

there are still few works that can be found in literature.

Considering the huge number of possibilities and the variety of separation
processes, it is worth noting that polymer matrices and fillers can be
opportunely combined to better address specific needs coming from each
separation process, in order to obtain the best results as possible. Considering

the importance of membrane properties in the development of successful
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technologies, next chapter is focused on a brief description of the most relevant
techniques employed for membrane characterization from a structural,

chemical and physical point of view.
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Chapter 4



Common techniques employed in membrane

characterization

The efficiency of a separation process is closely related to the membrane
employed, which has to ensure best performances in terms of permeability,
selectivity, rejection, flux, fouling and lifetime. All these parameters strictly
depend on membrane surface properties, which in turn are affected from
membrane type and membrane materials as well as from interactions between
membrane and solute. Therefore, structural, chemical and physical
characterization of membranes is strongly required. A short presentation of the

most common employed techniques is provided below 158:244.245,

Scanning electron microscopy (SEM). With a resolution ranging from 10 to
50 nm, depending on the owned equipment, SEM is useful to investigate the
microstructure of a membrane material, directly giving information about its
morphology. Measurement is done in vacuum by exposing the membrane
surface to a beam of electrons, previously accelerated at a certain voltage
(usually 10-20 kV). Because of the vacuum, the sample must be dried before the
measurement and then it is positioned on a support, called stub, and coated with
an ultrathin layer of conductive material, such as gold, platinum, or carbon. The
electrons beam hits the sample and scattered electrons (secondary electrons) are
collected on detector, generating an image. It is worth noting that SEM records
scattered electrons, thus it is good practice to analyze samples of micrometer
thicknesses if inner morphology must be investigated. In addition, dried
samples are required, and this can be a problem when hydrophilic polymers are
used during membrane preparation, since dehydration can alter the membrane
inner structure. Thicknesses can also be measured by SEM through the analysis
of specimen cross-sections. In order to avoid defects due to fracture, sample are
often cut cryogenically, under liquid nitrogen. Even if it is not the most common
method, SEM can also be used to estimate porosity and pore size distribution of

membranes.
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Transmission electron microscopy (TEM). High resolution analysis can be
done by TEM. Measurement is very similar to SEM, except for the fact that the
image of membrane morphology is obtained by collecting transmitted electrons
by sample. TEM attains almost atomic resolution, being particularly useful to
examine thin fine samples smaller than a single column of atoms. Even if
resolution is better, TEM is less employed due to the large instrument size, high
operation cost and major difficulty in sample preparation, which has to be
embedded with epoxy resin and then opportunely cut under cryogenic

conditions before the analysis can start.

Atomic force microscopy (AFM). Possessing high atomic resolution, AFM is
a tool for imaging and measuring any type of surface (polymer glass, composite,
ceramic, biological samples) at the nanoscale level, prior obtaining data about
surface roughness, pore size and its distribution, nodule size and aggregate size
occurring at the surface of the investigated material. Information is collected
through a sharp probe, positioned on a tip of a cantilever and having a radius
smaller than 10 nm, which scans the surface material applying a constant force,
generally around 5 N/m. The cantilever, usually made of silicon or silicon
nitrates, deflects during the surface scanning because of interactions between
the tip and the forces on surface material, which can be Van der Waals forces,
capillary forces, magnetic and electrostatic forces. Deflection is then measured
by a laser beam reflected onto a photodiode and used to create the final surface
image. Because forces can have different intensity values, in order to avoid
probe breaking, AFM can count on three various operating modes (contact,
noncontact, tapping), all conducted at air condition. As the name suggests,
during contact mode the tip scans the sample surface in constant contact, but
this operating mode can often result detrimental for the sample, since surface
damaging can easily occur. As a result, membrane surface investigation is
usually conducted in tapping mode. The cantilever oscillates in close proximity
of sample surface, coming into contact with it only for brief instants, depending
on the cantilever oscillation frequency. Amplitude damping together with the

measurement of the position and deflection of the cantilever are then elaborated
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to create the surface image. Membrane porosity can also be measured by AFM.
However, low surface roughness is required since depression on membrane

surfaces can easily be mistaken with pores.

Contact angle (CA) measurement. Water contact angle is a measurement of
membrane wettability. This parameter is particularly important in the
evaluation of membrane permeability since higher degree of wettability means
greater amount of water, and thus greater membrane flux. In addition, high
wettability degree enables comparatively low-pressure working conditions,
leading to a reduction of energy consumption. Even if membrane water uptake
can also be used, consisting in a simple difference between the weights of dry
and water saturated samples, membrane wettability is usually evaluated by
contact angle measurements. This measurement can be operated in static
(sessile drop method) or dynamic mode (captive bubble method), even if, due
to its ease of operation and better data accuracy, static mode is the most
accredited one. Typically, a droplet of deionized water (2-5 pL) is deposited
onto a membrane surface, and the contact angle formed between the droplet
and the surface is measured by using a goniometer. The angle amplitude
depends on the forces acting on membrane surface. If the cohesion forces,
governing bonds inside the material, are stronger than adhesion forces, which
are the forces between water and membrane surface, wetting is difficult, and
the water droplet remains almost unaltered. On the contrary, if adhesion forces
exceed cohesion ones, wetting occurs and the water droplet spreads on the
surface, leading to a lower contact angle. In general, when contact angles are
smaller than 90°, water intrusion in membrane pores can occur without
additional pressure and hydrophilicity increases with decreasing contact angle
values, until reaching the ideal limit of zero contact angle, corresponding to a
completely hydrophilic membrane. Contact angle measurements can be
affected by chemical composition and heterogeneity, surface roughness,
swelling, adsorption and desorption processes, energy level of surface electrons

and surface configuration change, therefore it is recommendable to repeat
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measurements several times in order to make sure that reproducibility is

observed.

Zeta potential measurement. Surface charge is the electric charge at the
membrane/liquid interface. This property controls membrane adsorption
processes through attractions or repulsions of chemical species, both neutral or
charged, and is responsible for many colloidal properties. In addition, changes
in surface charge can be used to control fouling behavior in order to choose
operational conditions where this phenomenon is reduced to a minimum.
Considering the large diversity of materials which can be employed in the
preparation of membranes, surface charge strictly depends on the material
chemical nature and on solution conditions, such as pH, ionic strength and ionic
composition. In a common solution, electric charge on membrane surface
attracts opposite charge particles from the bulk, which in turn produce a thin
countercharge layer shielding membrane electric surface charge. This is often
referred as electrical double layer and because the countercharge layer
possesses a charge equal to the electric surface charge but opposite in sign, the
complete structure is practically neutral. Zeta potential ({) measures net surface
charge and charge distribution inside the electrical double layer. It can be

calculated by the Helmoltz-Schmolukovski equation, shown below:

E &g

p An

where ¢ and ¢, are respectively the solution and vacuum permittivity, 4 is the

(4.2)

electrolyte conductivity, n the viscosity of the electrolyte solution, p the applied
pressure driving the flow and E the streaming potential generated by electrolyte
flow through a capillary channel. Considering that E, p and 1 are measured
experimentally, &, is a constant and € and 7 are calculated from temperature
measurements, zeta potential can be easily obtained by applying the inverse
formula. The isoelectric point, i.e. the pH value at which streaming potential is

zero, can also be determined by zeta potential measurement.
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Thermal gravimetric analysis (TGA). Because membrane technologies often
require high temperatures, the investigation of membrane thermal stability is
extremely important, just to avoid the possibility that decomposition or damage
can occur, especially during a separation process. TGA is a technique that
monitors physical and chemical changes of the sample as a function of
increasing temperature, letting heating rate constant, or as a function of time,
while temperature or mass loss are kept constant. This technique is useful for
the investigation of some properties of glasses, ceramics, polymers, plastics and
composite materials. It is worth noting that TGA requires a higher degree of

precision for the measurements of mass, temperature and temperature changes.

X-Ray diffraction (XRD). X-Ray diffraction is particularly useful for the
analysis of crystalline properties of nanoparticles in mixed-matrix membranes.
Generally, the pattern of diffraction is recorded over a specific degree range,

depending on the type of filler employed.

Structural and chemical composition of membranes can also be accompanied
by spectroscopic measurements, such as IR, Raman and XPS (X-Ray
photoelectron spectroscopy). All these techniques contribute to characterization
of polymeric membranes and to the monitoring of surface modification and

biofouling.

In conclusion, the efficiency of a separation process depends on the correct
choice of membrane materials and on their adequate characterization through
the techniques described above. All these factors contribute to the success of the
adsorption process, which represents exactly the core of each separation
technology. Therefore, next chapter briefly focuses on adsorption processes
from a thermodynamic and kinetic point of view, highlighting how they can be
correctly studied and implemented, properly choosing and considering all the

parameters taking part in these processes.
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Chapter 5



Adsorption theory

The process of adsorption arises each time a mass transfer occurs between two
in contact phases, of which one is always a solid and the other one is a fluid
(liquid or gas) 24¢. The fluid phase contains the chemicals (adsorbates) to be
removed by adsorption on a solid phase, also known as adsorbent. Considering
that in the greatest amount of adsorption processes the fluid phase is water,
attention will be focused only on solid-liquid adsorption processes.

Once in contact, the adsorbate starts to partition between the two phases and
the process goes on until the equilibrium is reached, i.e. an equal quantity of
adsorbate is adsorbed on the solid phase and at the same time another equal
one is released in the liquid phase, thus concentration does no longer change.
At equilibrium, adsorption processes can be described by the following
equation:

A=A, (5.1)
where A; and A; are respectively the amount of adsorbate on the solid and in
the liquid phase. This partitioning of the adsorbate strictly depends on the
affinity degree of the adsorbate with the solid and liquid phase. Bearing in mind
the scope of adsorption processes, adsorbate must have a major affinity degree
with the adsorbent. According to the type of interactions which can be
established between adsorbent and adsorbate, adsorption can be classified in
chemical adsorption and physical adsorption. Chemical adsorption, also known
chemisorption, involves high energy interactions (40-800 KJ/mol) since, due to
electron transfer, the adsorbate binds the adsorbent through the formation of
covalent or ionic bonds. If chemisorption occurs, desorption is very difficult and
the process is considered irreversible. On the contrary, in physical adsorption
or physisorption, energies involved are low, ranging from 5 to 40 KJ/mol, and
interactions can be electrostatic, van der Waals, dipole-dipole or hydrogen bond
type. Physisorption is a reversible process, thus desorption is possible. As
before mentioned, the choice of the adsorbent material is fundamental for the
good outcome of the adsorption process. From this perspective, a good

adsorbent should have the following characteristics: efficiency, high adsorption

69



capacity, high surface area and pore volume, mechanical, chemical, and thermal
stability, availability, low cost, ease of desorption and reuse, and able to provide
a fast kinetics.

In a laboratory scale, in order to test the quality of the adsorbent and establish
some operational parameters such as pH, temperature, operation time and
amount of adsorbent, adsorption experiments are usually conducted in
discontinuous batch systems. The adsorbent is put into contact with a solution
of the adsorbate and the system is left under stirring at constant temperature
until the equilibrium is reached. Starting from an initial adsorbate concentration
Co and a solution volume V,, at equilibrium, due to adsorption process, new
values of adsorbate concentration and solution volume should be observed,
referred respectively C, and V,. If qo and g, are the adsorbate amounts
entrapped by the adsorbent at time zero and at equilibrium, respectively, the

global mass balance of the adsorbate is represented by the following equation:
CoVo + gom = C, Ve + gom (5.2)

where m is the mass of the adsorbent. For a virgin adsorbent, g, is zero so the
term go,m can be removed from equation (5.2). In addition, the volume variation
of the solution, due to aliquot sampling for adsorbate quantification, can be
considered negligible so V, =V, = V. Rearranging equation (5.2), q, can be
isolated:

(Co—CV (5.3)

qe = m

Scale-up of adsorption experiments requires fixed bed systems. The solution of
the adsorbate (influent) with initial concentration €, is pumped through a
column of fixed height and packed with a certain amount of adsorbent (m), at a
tflow rate Q. During the operation, the adsorbate is captured from the adsorbent
and the concentration of adsorbate (C.) in the output solution (effluent)
decreases. Equilibrium is achieved when C, = C, so the bed saturation occurs

and no more adsorption is possible.
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Adsorption thermodynamics. At equilibrium, the relation between g, the
amount of adsorbate caught by the adsorbent, and C,, the amount of adsorbate
remained in solution, is called adsorption isotherm 24. From adsorption
isotherm curves, it is possible to calculate the maximum adsorption capacity of
a specific adsorbent under determined experimental conditions. In addition,
these curves provide information about the interaction mechanism between
adsorbent and adsorbate and are useful for the estimation of thermodynamic
parameters, such as standard entropy change (AS?), standard enthalpy change
(AH®) and standard Gibbs free energy change (AG®). According to the initial

slope, adsorption isotherms are classified into four classes (S, L, H and C) (Fig.

12) 247,

Fig. 12. Classification of adsorption isotherms.
Each class is in turn subclassified in function of the shape of the upper part of
the curve and its slope variations. S curves or vertical orientation isotherms are
characterized by an inclined slope followed by a vertical orientation. Generally,
S curves appear when a) the adsorbate is monofunctional; b) the intermolecular
attraction is moderate, leading molecules to pack in regular arrays, parallel or

perpendicular to the adsorbent surface; c) for substrate sites, competition
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between molecules of the solvent and adsorbate species is very strong. L curves,
also called normal or “Langmuir” isotherms, are the most common found
adsorption isotherms. The shape of these curves better highlights that in
adsorption processes characterized by these curves adsorption capacity rises
with increasing the solute concentration until reaching a maximum,
corresponding to a total saturation of the adsorbent sites. Generally, molecules
are adsorbed flat on the adsorbent surface and interactions between adsorbent
and adsorbate are weak, such as Van der Waals forces. H curves or high affinity
isotherms are typical of chemisorption processes or of adsorption processes
through electrostatic forces. Curves are very similar to Langmuir ones but the
first exhibit an initial pronounced vertical orientation, with q, values usually
higher than zero, even when adsorbate concentration in the solution is very low.
C curves or constant partition isotherms display a linear behavior of
concentration data suggesting that adsorption capacity is proportional to solute
concentration. This behavior is preserved until a maximum value of adsorption
capacity, over which an abrupt followed by a linear plateau occurs. This
phenomenon can be due to 1) higher affinity of the adsorbate with the adsorbent
compared to solvent; 2) even if the adsorbent sites are available, interactions
between adsorbate and adsorbent are weak and are strictly dependent on liquid
phase concentration. Mathematically, adsorption isotherms can be described by
three different models: Henry’s Law, Monolayer adsorption (Langmuir
Isotherm) and Multilayer Adsorption (BET Isotherm). The first model is useful
for low solute concentrations and adsorption is uniform on adsorbent surface,
thus molecules are perfectly isolated from each other. By analogy with Henry’s
Law describing solubility of gases in liquid phases, adsorption isotherms in
Henry’s Law model are of the form below:
de = KnCe (5.4)

where K} is the Henry constant.

Langmuir isotherm model can be used when the following conditions are
tulfilled: 1) adsorption is characterized by monolayer coverage (only); 2) each
site can hold only one molecule of adsorbate; 3) all sites are energetically

equivalent and the surface is uniform; 4) each molecule adsorbs in a given
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adsorbent site regardless of the occupation of neighboring ones 24. In Langmuir
model, the fractional coverage 6 is defined as the ratio between the number of
adsorbent sites occupied by adsorbate molecules and the total number of
adsorbent sites 248. Considering the above assumptions, according to which each
adsorbent site can contain only one adsorbate molecule, at equilibrium the
number of adsorbent sites occupied can be replaced by g, and the total number

of available sites represents the maximum adsorption capacity g,,. Thus:

number of adsorbent sites occupied g, (5.5)

~ number of adsorbent sites available g,
Pointing the total number of sites with N and adsorbate concentration with Cyg,

adsorption and desorption rates can be described by the following equations:

do
- = kaCaN(1 - ) (5.6)

do _ k,;NO (5.7)
dt ~ ¢ '

with k, and k,; being respectively the kinetic constant of adsorption and
desorption processes. In dynamic adsorption equilibrium, adsorption and
desorption rates are equal. Equating (5.6) with (5.7) and solving for 6, the

following relation can be obtained:
K,.C,

_ (5.8)
1+K,C,

where K is the Langmuir constant, defined as % Considering equation (5.5),
d

(5.8) can be more properly written as following:

_ quLCe

1= 11K,

(5.9)

better known as Langmuir isotherm equation.
In the case of multiple layer adsorption, isotherm curves are well described by

the BET isotherm 249:

_ qperk,Ce (5.10)
(1 - kZCe)(l - kZCe + klce)

with gggr being the monolayer adsorption capacity (mg/g), k; and k, the BET

de

constants (L/mg).
Considering the wide variety of interactions which can be established between

adsorbent and adsorbates and their chemical complexity, other isotherm
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models have been developed to better describe adsorption processes and can be
found here 246

From a thermodynamical point of view, adsorption processes can be considered
a reaction between adsorbent (A) and adsorbate (B) in order to form a AB. The
two most important equations from which thermodynamical parameters can be
extrapolated are the following:

AGO = AHO - TASO (511)
AG° = —RT InK, (5.12)

where R and T are respectively the universal gas constant and the temperature.
Adsorption kinetics. Adsorption kinetics investigate the rate at which
adsorbate (or adsorbates) is removed from the liquid phase and transferred on
the adsorbent. Several mathematical models have been developed and are
classified into diffusional models and adsorption reaction models 246250, In
diffusional models, adsorption kinetics is considered on a base of three
subsequent steps: external mass transfer, intraparticle diffusion and adsorption
on active sites. On the other hand, adsorption reaction models address to the
whole process of adsorption as a chemical reaction, not taking into
consideration the adsorption diffusion steps mentioned above. Adsorption
reaction models are the most common employed models for the kinetic study
of adsorption processes. Before going into detail, a brief description on
diffusional models is presented below.

In diffusional models, adsorbate molecule is considered a spheric particle of
radius R and the process is divided in external mass transfer, intraparticle
diffusion and adsorption on active sites 2°0. External mass transfer describes the
mechanism with which the adsorbate molecule moves from the bulk solution
and reaches the adsorbent surface. This process is governed by the external
mass transfer coefficient ky. Concentration of adsorbate in the bulk solution is
dependent on time and is often indicated as C;. Intraparticle diffusion can occur
through effective pore volume diffusion, surface diffusion or both. The effective
pore volume diffusion regulates the movement of the adsorbate molecules

inside the adsorbent pores and is described by the effective pore volume
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diffusion coefficient Dp. Surface diffusion regards the transport of adsorbate
molecules over the adsorbent surface, moving from sites of higher energy to
lower ones, and is represented by the surface diffusion coefficient Ds. The last
step is the adsorption on active sites, which precisely considers the interaction
between adsorbate molecules and active sites of the adsorbent. One of the most
complete diffusional models is PVSDM, the pore volume and surface diffusion
model, from which external mass transfer model (EMTM), pore volume
diffusion model (PVDM), and surface diffusion model (SDM) can be derived
246251 The first assumes that the movement of the adsorbate from liquid phase
to adsorbent surface is only governed by external mass transfer. Intraparticle
diffusion is instantaneous and concentration gradient inside the adsorbent is
absent. PVDM and SDM models can be considered a simplification of the
PVSDM model. In PVDM, intraparticle diffusion is only regulated by effective
pore volume diffusion while surface diffusion is the only one to govern
intraparticle diffusion in SDM. Homogeneous surface diffusion model (HSDM)
is another important diffusional model 24. It is based on the concept that a dual
mass transport mechanism in the form of surface diffusion occurs along the
hydrodynamic boundary layer surrounding the adsorbent and also governs the
intraparticle diffusion inside it.

Adsorption reaction models are frequently used to describe adsorption
processes, deriving their equations from the kinetic model developed for a
generic chemical reaction. The most common models are pseudo-first-order,
pseudo-second-order and Elovich model 246252, The pseudo-first-order model
developed by Lagergren is based on only one assumption: the solid exhibits a
certain adsorption capacity 2%. In this sense, the equation is the following:

dq;

—r = k1. = q0) (5.13)

where k; (min) is the kinetic pseudo-first-order rate constant, g, and g, (mg/g)
are respectively the adsorption capacities at equilibrium and at time ¢ (min).
Considering that at t = 0 the adsorption capacity q; = 0, and at time t q, = q,,
the integration of (5.13) leads to:

qe = qo(1 — ek (5-14)
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In the pseudo-second-order model, starting equation is described below 24¢:

dq;

P ky(qe — q1)*

with k, (g mg! min1) being the kinetic pseudo-second-order rate constant. As

(5.15)

in the pseudo-first-order model, at t =0 q, = 0, and at time t q; = q,, thus

integration of equation (3.15) yields:

vt _ 1. kyt (5.16)
qe — qt de
which, by placing h, = k,qZ, can be written as follows:
t
Qe =77 t (5.17)
() + @)

The Elovich model was developed by Zeldowitsch to determine the adsorption
rate of carbon monoxide on manganese dioxide and is currently employed for
the description of chemisorption processes of gases on heterogeneous surfaces

254 Tt starts from the following equation:

where a is the desorption constant, £ is the initial adsorption rate and q is the
amount of adsorbed gas at time ¢. Fixing thatatt =0 q = 0 and at time t g = q
and assuming that affit » 1, integration of equation (5.18) gives:

q: = BIn(ap) + fInt (5.19)

which can be also written as:

1
q: = (E) In(1 + aft) (5.20)
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Chapter 6



Introduction to experimental part

This section is totally focused on the presentation of scientific results of the
project “Nanofillers doped buckypaper membranes for highly enhanced recovery of
pollutants from wastewater”.

Project has begun with the preparation of carbon nanotubes membranes, better
known as buckypapers (BPs), by using the wet method. After optimization of
preparation conditions in terms of sonication time, volume of solvent and
tiltering pressure of CNTs dispersions, the as prepared membranes have been
characterized through scanning electron microscopy (SEM), atomic force
microscopy (AFM), contact angle and Young modulus measurements. These
membranes, which are completely self-standing and lightweight, preserve
mechanical and electrical properties of pristine carbon nanotubes. In order to
improve membrane performances and adsorption capacities, buckypapers have
been also prepared in combination with other materials, such as metal organic
frameworks (MOFs) and graphene oxide (GO). Morphological and
physicochemical characterizations of these new composites have shown that
these fillers are completely incorporated in the BP structure, defining the
maximum concentration of dopants which can be introduced in the membranes
without altering their mechanical and electrical properties in a substantial way.
Finally, buckypaper membranes doped with MOF and GO have been employed
for the removal of water pollutants through adsorption processes. In particular,
MOF-BP membranes were designed for the removal of lead and cerium while
GO-BPs have been investigated for the recovery of lead and non-steroidal anti-
inflammatory drugs.

The preparation of new composites in the form of semiconductor/buckypaper
membranes was also pursued as one more line of research. In this case, a thin
layer of WO3 semiconductor has been deposited on BPs surface through reactive
magnetron sputtering. The as prepared WO3/BP membranes were then tested
for the removal of organic pollutants from water through photocatalysis. A
small laboratory system has been developed precisely for this purpose:

WOs3/BP is inserted in a round stainless-steel cell, whose diameter is perfectly
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compatible with the membrane, and the solution rich of contaminants is
allowed to circulate inside the cell by a peristaltic pump. An optical glass,
mounted on the top of the cell, exposes the membrane surface to light, allowing
the transition of electromagnetic radiation required to activate the
photocatalytic process. Three model pollutants, organized in two organic dyes
and one non-steroidal anti-inflammatory drug, have been tested for
photocatalytic degradation.

A more detailed description on water pollutants investigated in these works is

proposed below.

Lead (Pb). The great majority of anthropogenic activities currently include the
use of lead in their processes. Thanks to its properties, such as softness,
malleability, poor conductivity and slow dissolution in water, lead is employed
in several industrial processes such as smelting, electroplating, steel, paint and
battery 25525, Together with industrial processes, another major input to lead
occurrence in the environment comes from land applications of inorganic
fertilizers and pesticides, combustion of fossil fuels, recycling and disposal of
waste material 27258, Considering that lead is one of the most toxic heavy
metals, even at low concentrations, developed countries have significantly
reduced the use of lead over the years while developing countries still continue
to use lead containing products, such as ceramics, pigments and batteries, and,
above all, leaded gasoline 2%°. First evidence of air pollution from lead dates back
to 1969, when it was realized that gasoline combustion produced tetraethyl lead
(TEL), subsequently released by car tailpipes in the environment 2%0. That year
pollution was so high that in some urban areas lead concentration exceeded 20%
259,261 More recently, a case of extensive water pollution from lead occurred in
Flint (Michigan) in 2014-2015 262, Corrosion of household pipe systems
introduced large quantities of lead in water, with concentrations in samples
collected ranging from 217 to 132,000 pg/L, significantly above the current
established limit for drinking water of 15 pg/L. Ingestion of lead contaminated
waters and inhalation of dust and fumes containing Pb are the primary

pathways of human exposure to lead, which is extremely toxic to living beings.
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Once in body, Pb can accumulate in bones, kidney, brain, blood, liver and skin
263, One of the main risks associated with Pb is the formation of reactive oxygen
species (ROS) such as OH' or 03, causing oxidative stress and alteration of cell
functioning. In addition, Pb can interfere with metabolic processes by inhibiting
some enzymatic reactions. Lead is also extremely toxic to central and peripheric
nervous systems and can also affect fertility in male 264. Of the totally amount of
adsorbed lead, 80-85% ends up normally in bones, interfering with their
formation and development processes 2%. This heavy metal enters the
environment from water, dust, soils and paint chips from holder houses 2.
Ingestion of lead contaminated waters is undoubtedly the most common source
of human exposure. Lead is primarily released in water by corrosion of older
fixtures, lead service lines and lead solder connecting drinking water pipes.
Even if in the last few years several cities have replaced lead pipes with copper
or polyvinyl chloride (PVC) systems, there are still 9.3 million homes with Pb
pipes in United States according to EPA 2017 Report 265. Currently, the
phosphate method is largely employed to control lead concentration levels in
water by inhibition, or almost, of its release 2. Depending on water pH,
inhibitors such as orthophosphate, zinc orthophosphate and polyphosphates
promote the formation of lead insoluble compounds, like PbCO;3 (cerussite),
Pbs(P0,)3(OH) (hydroxyl-pyromorphite) and Pb;(C05),(0OH),
(hydrocerussite), which in turn prevent further release of lead by creating an
insoluble scale within the pipe itself. Older houses, especially those built in
1940-1950 or before, are of concern because they can contain leaded paint,
officially banned in 1978. Destruction or restructuring of these houses can
introduce large quantities of lead in the environment, which commonly ends
up entrapped in small dust particles. Apart from dust, another major source of
lead is soil. Soil is characterized by a terrestrial natural abundance of lead
ranging from 1 to 200 mg/kg 2>°. However, anthropogenic activities, gardening
included, can alter considerably this concentration, until to values even greater

than 2,000 mg/kg for the most polluted areas. According to the amount of lead

contained, soils are classified in low risk (Cp, < 100 r:—j), of concern (100 7:—5 <
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Cpp < 1200 1:—99) and high risk (Cp, > 1,200 T—j). Recent growing concerns have

been addressed to food. Hore et al. (2019) found that lead occurs in more than
3,000 samples of consumer products 2¢7. Among them, imported spices have the
highest concentration levels of Pb, probably due to lead chromate practice for
spice adulteration. Candy is also a product of serious concern. Lead in candies
can come from storing or drying processes or when ingredients are grinded
inaccurately. Nevertheless, an adequately regulation which can prevent a
correct inspection of these products is currently missing, allowing lead to arrive
on our tables.

Pb removal from wastewater is performed through several physicochemical
techniques 2. Chemical treatment processes are often avoided due to large
amount of reagents required and to the production of huge quantities of toxic
sludge, whose disposal is not always user-friendly. To overcome these
problems, more cleaner techniques have been developed, including membrane
filtration, adsorption, electrochemical and biological treatments. In the field of
membranes, MMMs have been largely employed for lead removal, showing
prominent results both in terms of adsorption capacity and reusability. Most
recent studies are based on PES membranes opportunely doped with amino-
functionalized MWNTs 268 or aminated-Fe3;0, nanoparticles 2¢%, and on the
preparation of PANI based MMMs, in which MOF-808 270 or GO nanoparticles

271 have been incorporated.

Rare Earth Elements (REEs) or Rare Earth Metals (REMs). The term “rare
earth elements” generally refers to the group of lanthanides (Z=57 to Z=71) plus
scandium and yttrium, included among REEs because of the similarity between
their chemical properties and those of lanthanides. The interest and the demand
for REEs have experienced a big step forward with the advent of technology in
our daily lives. From that moment, REEs have been progressively employed in
industrial applications and advanced technologies, becoming crucial elements
in various fields such as medicinal industry, superconductors, metal alloys,

batteries, hydrogen storage, nuclear technology, permanent magnets and
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military applications 272-275. Due to their widespread use, REMs are often known
as “the vitamins of modern industry”. China is responsible for about 90% of
REEs supply worldwide but the implementation of a protectionist policy on
export of rare earth elements has pushed up their prices remarkably.
Considering the high cost on the market and the difficulty of selective extraction
of REEs from natural sources due to their similar chemical properties, recovery
of rare earth elements from wastewaters has become of utmost importance.
Several technologies have been developed, including ion exchange,
precipitation, solvent extraction, electrochemical processes and adsorption
276277, Solvent extraction lacks in selectivity and, as well as precipitation,
produces a lot of waste which absolutely needs further treatment, increasing
the cost of the process. In terms of adsorption, recent advances have been done
in the development of membrane technologies 2”7. Thanks to their porous
structure, these membranes offer good selectivity, allowing recovery of rare
earth elements in a more environmental friendly pathway. First efforts have
been devoted to the fabrication of liquid membranes (LMs) 278, prevalently
employed for the capture of lanthanide ions (Ln3*). Anyway, LMs exhibited
weak stability and low surface area so they have been early abandoned in favor
of more performing systems, such as polymer inclusion membranes (PIMs)
279,280, These membranes are characterized by long-term stability and low carrier
loss, needing small volumes of diluents and having no problems with phase
separation, becoming a potential green alternative technology for
concentrating, separating and recovering REEs. Cellulose triacetate (CTA),
poly-vinylidene fluoride (PVDF) and poly-vinyl chloride (PVC) are the most
common polymers employed in PIM technologies 277. Very recently,
nanocomposite membranes based on the incorporation of several fillers, such
as metal nanoparticles (Fe, Zr, Ti, Mg etc), carbon nanotubes and graphene
oxide sheets, into organic polymer membranes have also been investigated for
the recovery of REEs 281-28, Even if results are very promising, this field is still
in its infancy so further studies are required to better implement this

technology.
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Non-steroidal anti-inflammatory drugs (NSAIDs). Non-steroidal anti-
inflammatory drugs are medicinal products developed for pharmacological
management of pain 284, Even if pain can be also treated through opiate/opioid
analgesics, NSAIDs are significantly preferred due to long history of clinical
use, low abuse potential and robust efficacy. Paracetamol, phenazone and
aspirin were the first anti-inflammatory to be discovered, found by serendipity
more than 100 years ago 28. From a chemical point of view, NSAIDs are weakly
organic carboxylic acids, whose pKa ranges between 4.00 and 4.91 2%. Due to
their widespread use, also because their utilization does not require medical
prescription, large quantities of anti-inflammatory drugs are released into the
environment on a daily basis. After their administration, these pharmaceuticals
are excreted by human body as intact substances or metabolites through urines
and feces. However, due to their high water solubility, wastewater treatment
plants often fail in their removal from water 28¢. In Spain, naproxen, ibuprofen
and diclofenac were detected in tap water, with average concentrations of
respectively 11, 39 and 18 ppb 2%. In Iran, tap water concentration values
detected for the same pharmaceuticals are respectively 39, 47 and 24 ppb 288. It
has also been shown that, after sewerage treatment, concentrations of anti-
inflammatory drugs in effluents can even increase, resulting in a negative
removal efficiency of WWTPs 28. It can be probably ascribed to the formation
of conjugated compounds during wastewater treatment steps, or to an influent-
effluent mismatching. Despite their therapeutic effect on human health, high
dosages of NSAIDs for long periods can have detrimental effects on a
gastrointestinal and cardiovascular level 284 Prolonged exposure of the
gastrointestinal tract to circulating anti-inflammatory drugs often results in an
increased risk of upper gastrointestinal bleeding 28%. NSAIDs are also
responsible for cardiovascular adverse events, such as hypertension, stroke,
heart failure and myocardial infarction 284, Therefore, NSAIDs removal from
water is of utmost importance. Adsorption, photocatalytic degradation,
electrochemical and sonochemical processes are the most currently employed
technologies in this field 2. Photocatalytic degradation and, more generally,

advanced oxidation processes promote degradation of these pharmaceuticals,
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converting them into less toxic or environmentally friendly small organic
molecules 2%0-2%2, These methods are characterized by removal efficiencies
ranging from 45% up to 90-95%, depending on the type of substrate employed
and on operational conditions such as pH, temperature, reaction time. Several
materials have been explored for adsorption processes. The vast majority of
adsorbents belongs to the category of activated carbons 2% and graphene-based
materials 2%42%, by themselves or incorporated in polymer organic membranes,
particularly indicated for adsorption due to their large surface area and
diversity of chemical functionalities. Molecular imprinted polymers (MIPs)
have also been developed for NSAIDs capture 2%. Even if selectivity is highly

enhanced in these adsorbents, their production costs are currently too high.

Next chapters, having the scope to present the scientific research carried out

during this thesis work, are organized as follows:
e Chapter 7 - MOE/BP membranes:
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Baratta, M., Mastropietro, T. F., Bruno, R., Tursi, A., Negro, C,
Ferrando-Soria, J., Mashin, A. 1., Nezhdanov, A., Nicoletta, F. P,
De Filpo, G., Pardo, E., Donatella Armentano, D., ACS Appl. Nano
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Synthesis and Enhanced Capture Properties of a New
BioMOF @ SWCNT-BP: Recovery of the Endangered
Rare-Earth Elements from Aqueous Systems
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Giovanni De Filpo,* and Donatella Armentano*

1. Introduction

Human society is facing—among other environmental threats—an enor-

mous challenge due to human activities. The extensive use of high-tech
devices and electronics equipment in the daily life makes, among others,
rare-earth elements (REEs) recovery from secondary sources highly required.
Here, a novel bioMOF-based single-walled carbon nanotube buckypaper
(SWCNTBP) is presented as a new and efficient composite material
(BioMOF @SWCNT-BP). The flexible and highly crystalline metal-organic
framework (MOF), prepared from the natural amino acid L-threonine, has
been homogeneously dispersed within the tangled net of a self-standing
SWCNT-BP for lanthanides recovery from water. This MOF-carbon-based
membrane exhibits high efficiency, either in static or dynamic regimes,

in the recovery of lanthanides from aqueous streams outperforming the
state-of-the-art. The capture performances of BPs are successfully improved
after incorporation of such MOF featuring hexagonal functional channels
decorated with the threonine amino acid residues, pointing toward the
accessible void spaces, which boosts the capture properties of the final

The enormous appetite for resources of
modern societyl!l (energy, food, and raw
materials) is putting under pressure the
planet and it is the cause of, at least, half of
greenhouse gas emissions and the almost
totality of biodiversity loss, together with
water stress. The best practices of a cir-
cular economy should be applied as neces-
sary condition to reach climate neutrality
by 2050, joined with a judicious resource
use within planetary boundaries.?!

In the last years, the demand for raw
materials such as rare-earth elements
(REEs) has experienced an exponential
increase due to their essential uses in
circuits of current technology. The exten-
sive use of high-tech devices in our daily
life and the consequent reduction of their

membrane, providing the adaptable functional environment to interact with
lanthanides. This material’s preparation presents also a potential for large-
scale applications with a potential benefit on natural aquatic ecosystems as
well. It is highly demanded because REEs from non-recycled waste materials

primary elements make, among others,
REE’s recovery from secondary sources
highly required. For that reason, REEs
are attracting attention to legislators and

are potential pollutants for surface waters.

scientists to develop innovative recovery
technologies, for sustainable supply of raw
materials. The EU 2020 has listed critical
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Figure 1. a) Graphical idea of the filtration process to recover REEs by means of a BioMOF@SWCNT-BP membrane in low ion concentration regimes.
b) Details of the interaction sites between cerium and functional groups decorating MOF channels and sections of SWCNTs.

raw materials on the basis of their economic importance and
supply risk, which are the two main parameters used to deter-
mine criticality.’}! REEs, divided into light rare-earth and heavy
rare-earth elements, appear already among endangered raw
materials. Furthermore, REEs, from non-recycled waste mate-
rials, are potential pollutants for surface waters. Nevertheless,
the recovery of REEs from industrial waste water streams is
still highly challenging, due to their very low concentrations. It
requires sophisticated and not economically favored processes,
requiring several steps, for the efficient recovery of REEs when
present in traces.*”] Despite the limitations described above,
literature reports some examples of REEs recovery.®®9] In this
scenario, it is clear that the development of novel, simpler,
and less-costly methods for the separation of REEs is highly
important from an industrial point of view. After the pretreat-
ment steps for REEs recycling from e-waste, several methods,
based on liquid-liquid extraction, ion exchange, adsorption, or
chemical precipitation, have been tested to separate REEs.!!"!
Among them, adsorption methods emerged, and started to
show they can be game changers, thanks to high efficiency
and wide-ranging applicability. In this context, metal-organic
frameworks (MOFs),131 which are porous materials known
for a great potential in separation, are demonstrating their high
potentiality even in lanthanide separation.7] Water-stable
MOFs offer tunable microporosity and the possibility to tailor
their channels with the appropriate functionalities to improve
affinity for target elements, even in a selective manner.'8-20
Several works related to MOFs and MOF-based materials have
been reported for the recovery of lanthanides.'®"] However,
they exhibit important disadvantages such as difficult handling
or leaks of fillers, that compromise any industrial process.
Carbon nanotubes (CNT5) are unique nano-structured porous
materials with remarkable electronic and mechanical proper-
ties. They are proven as promising candidates for a wide range
of environmental applications.?!l Free standing or mixed matrix
CNTs membranes have shown a great potential in breaking the
trade-off between membrane flux and selectivity, while featuring
antifouling properties.??) More recently, buckypapers (BPs) have
been proposed as innovative filtration systems alternative to

Adv. Mater. Interfaces 2021, 2100730 2100730 (2 of 10)

polymer membranes thanks to their lightweight, high-tempera-
ture, and chemical resistance.?>?’l They are entangled assembly
of CNTs obtained as the result of filtration of CNT (both single-
walled CNTs and multiwalled CNTs) dispersions.3%3 BPs
merge the characteristic properties of polymer membranes such
as porosity, flexibility, self-standing, and permeation with those
of CNTs such as thermal features, mechanical resistance, and
enhanced electric characteristics.?>331 The morphology of BP
membranes is characterized by the presence of a porous and
highly disordered structure formed by bundles of CNTs inter-
acting via 7~ and van der Waals interactions.>*3°]

2. Results and Discussion

In this context, with the aim to make a step forward on MOF-
based technologies for element recovery and water remedia-
tion, we present a novel, flexible, and self-standing MOF-based
single-walled carbon nanotube buckypaper®**¢ (BioMOF@
SWCNT-BPs) as a new and highly performant material in
REEs recovery (Figure 1). The highly crystalline bioMOF, pre-
viously reported by us!”l and prepared from the natural amino
acid L-threonine, has been homogeneously dispersed within a
thin (150 um) membrane, made with an entangled CNT net-
work and produced by multiple steps of dispersion and filtra-
tion for lanthanide recovery from water. Among the different
MOF subfamilies, bioMOFs,?”38 constructed using biomol-
ecule derivatives as building blocks and often affording water
stable materials, emerge as valuable systems to study the cap-
ture properties and application in water remediation, either
for their chemical functionalization or for being eco-friendly
porous materials.l’”3% The presence of such MOF with for-
mula {Sr'Cu'l[(S,S)-threonine];(OH),(H,0)}-36H,0 BioMOF
(where threomox = bis[(S)-threonine]oxalyl diamide)"”! featuring
hexagonal functional channels decorated with the —CH(OH)
CH; amino acid residues, which point toward the accessible
void spaces, unambiguously boosted the capture properties of
the final BP membrane, providing the appropriate adaptable
functional environment to interact with lanthanides (Figure 2).
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Figure 2. Perspective view of the 3D open-framework of BioMOF along
the ¢ axis. Cu and Sr atoms are represented by cyan and blue spheres,
respectively, whereas the ligands are depicted as sticks. The oxygen atoms
from the L-threonine residues are represented as red spheres. Hydrogen
atoms and the crystallization water molecules are omitted for clarity.

As a consequence, BioMOF@SWCNT-BP membrane,
exploiting the well-known affinity of O atoms for lanthanides,
was capable to adsorb, to a certain degree, CeCl; and equimolar
mixtures of lanthanide chlorides from model solutions.

Recently, a number of carbon-based nanomaterials have
been applied in adsorption processes for this purpose.!2326:40:41]
Literature shows the studies of the recovery of REEs also using
CNTs composites; but SWCNT-based membranes have been
only barely explored.*#?l Up to date, the material with the
highest maximum adsorption capacity of REEs reported in
the literature is an imprinted chitosan/CNT composite, which
exhibits a maximum theoretical recovery of 121.51 mg g !
Most studies on CNT composites have mainly focused, so far,
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on sorption experiments using CNTs with several functionaliza-
tions which improves their efficiency but increase the number
of steps required for their recovery and re-use.?>?!l To the
best of our knowledge, no MOF-based SWCNT-BP have been
reported so far for the recovery of metal species from water.
Herein, we present a green material with potential application
in the recovery of lanthanides present in small quantities, for
low chemical consuming technologies. This material’s prepara-
tion presents also a potential for large-scale application. After
an initial study on a mono-elemental system with cerium as
target ion, investigated both in static and dynamic adsorption
regime with both SWCNT-BP and MOF@SWCNT-BP compos-
ites, we focused on REE recovery study in a multi-elemental
system under dynamic conditions.*#]

In this work, we show that the integration of a suitable MOF
in a BP, with a specifically designed morphology, yields a mem-
brane that combines the superior capture properties of the
MOF, boosting the intrinsic assets of SWCNT-based membrane
with improved applicability. The main scope of this work is,
indeed, to define, for the first time, a viable protocol to immo-
bilize task-specific MOFs, with a high potential for capturing
metal ions, which is related to the high affinity of oxygen atoms
toward lanthanides onto a porous and robust support which
allows easy manipulation and operability. This particular MOFs,
for instance, due to their extremely hydrophilic properties and
the presence of functional groups containing oxygen atoms, has
already demonstrated its capability as receptor toward lantha-
nides and great affinity, underpinned by X-ray crystallography,
for Cerium?* (Figure 3).[""

In this work, the MOFs has been homogenously dispersed
in a highly robust support as a BP for a successful approach
to a stable and handy composite, which guarantees high-water
fluxes, that is, productivity, and an efficient separation process,
that is, purity of the final products.

Polycrystalline samples of MOF (Figure 2) have been pre-
pared even in multigram scale and characterized as previously
reported (see Experimental Section in Supporting Information).

A polycrystalline sample of the MOF, with particle dimen-
sions averaging 0.1 um, was embedded in a SWCNT BP by dis-
persing in an optimized CNT water solution of SWCNTs and
carboxylic acid functionalized SWNTs (COOH-SWCNTs) using

Figure 3. Host—guest interactions at the origin of cerium-MOF affinity previously unveiled by X-ray crystallography: a) Perspective views along the
crystallographic ¢ axis of a single pore in the CeCl;@MOF crystal structure.[”] b) Details of the Ce---O interaction. Spheres: copper—cyan; calcium-blue;
cerium—yellow; oxygen-red; carbon from methyl groups—grey. Sticks: Carbon, nitrogen, and oxygen atoms from the ligand. Free water solvent molecules

are omitted for clarity.
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400 nm* '
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Figure 4. Final appearance of SWCNT-BP (a) and BioMOF@SWCNT-BP (b) obtained under the optimal conditions reported in the Experimental
Section of Supporting Information. Circular membranes own an average diameter of 41+ 1 mm. SEM images of SWCNT-BP (c) and BioMOF@SWCNT-
BP (d). It is possible to notice that BioMOF particles are formed by aggregates of smaller nanosized primary particles.

an ultrasonic bath. Then, the solution was filtered through the
PTFE disks with a vacuum pump, washed several times with
methanol and, finally, dried at room temperature yielding a novel
mixed membrane named BioMOF@SWCNT-BP (Figure 4Db).
The detailed procedure is given in the Supporting Information.

TGA analysis assessed the thermal stability of both SWCNT-
BPs and BioMOF@SWCNT-BPs. The TGA curves demonstrate
that the presence of MOF in BP membrane does not signifi-
cantly influence the pattern of the neat BP decomposition,
showing only slight changes (Figure S1, Supporting Informa-
tion). The most appreciable variation is probably related to the
hydrophilic nature of the MOF and thus to its water content,
which is reflected in a weight loss in the temperature range
of 50-450 °C for BioMOF@SWCNT-BP. Above 450 °C, there
is =50% mass loss for both BioMOF@SWCNT-BP and neat
SWCNT-BP membrane, which accounts for the partial decom-
position of BP (Figure S1, Supporting Information).

As reported in the Experimental Section in Supporting Infor-
mation several factors influence the integrity and self-standing
properties of SWCNT-BP and BioMOF@SWCNT-BP mem-
branes including, in particular, the SWCNT mixture composition
(amount of SWCNTs and COOH-SWCNTs) and the percentage
of BioMOF loading. After several trials, self-sustaining SWCNT-
BPs and BioMOF@SWCNT-BPs were obtained with the weight
ratio SWCNT:COOH-SWCNT = 1:2 and 25 wt% of BioMOF.

Figure 4a,b shows SWCNT-BP and BioMOF@SWCNT-
BP membranes obtained under the abovementioned optimal
conditions. Such circular membranes are characterized by an
average thickness of 150 £ 5 um and an active average diameter of
either 41 = 1 or 37 + 1 mm (average mass of the disks 40 + 2 mg)

Adv. Mater. Interfaces 2021, 2100730 2100730 (4 of 10)

accordingly if they were used in static or dynamic experiments.
Both membranes show similar density and porosity values
(around 0.60 + 0.03 g cm™3 and 70 + 5%, respectively).

The morphology of SWCNT-BP and BioMOF@SWCNT-BP
membranes was assessed by scanning electron microscopy
(SEM). Figure 4c shows the typical microscopic texture of a
SWCNT-BP, characterized by bundles and clusters of SWCN'Ts
arising from 77 and van der Waals interactions. The addition
of the bioMOFs in SWCNT-BPs is evidenced in Figure 4d by
the presence of small spherical aggregates with an average size
lower than 1 um and formed by smaller primary particles with
an average diameter of about 0.1 um. The highly porous and
outstanding stable structure of SWCNT-BPs, firmly hosting the
nanosized BioMOF particles (no leakage was observed at the
end of both static and dynamic experiments), guarantees a high
permeability and a large surface area for the contact and suc-
cessive adsorption of lanthanides present in the test solutions.

Given the high efficiency of MOFs in cerium capture pre-
viously demonstrated in their powder form,”] we started
to evaluate the capture properties of BioMOF@SWCNT-BP
and compare them with those of the neat SWCNT-BP mem-
brane by experimental set-up reported in Figure 5. The study
of the Ce** capture efficiency of both neat SWCNT-BP and
BioMOF@SWCNT-BP membranes has been performed by
static adsorption in batch (Figure 5a) and dynamic adsorp-
tion during permeation, adapting a microfiltration round test
cell (Figure 5b, flow rate = 5 mL min~!, feed pressure = 3 bar).
In the last case, solutions containing the target ion have
been allowed to recirculate through the neat SWCNT-BP and
BioMOF @ SWCNT-BP membrane, using a peristaltic pump.
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Figure 5. Scheme of the set-up used for the: a) static and b) dynamic adsorption experiments.

In our initial screening, performed under static conditions
and different pH values (5, 6, and 8), we found that the pH did
not affect in a remarkable way the binding performance, as
hydroxyl (of bioMOF) and carboxylic acid groups (of SWCNT)
are protonated and deprotonated, respectively, in the whole
pH range studied. The Ce** capture by a SWCNT-BP or a
BioMOF@SWCNT-BP disk (diameter 41 mm) during soaking
in aqueous solutions of 3.5 ppm Ce** (volume 80 ml) at dif-
ferent pH values (5, 6, and 8) in the 0-24 h interval is reported
in Figure 6 and Tables S1 and S2, Supporting Information. As it
is evident from the time behavior of the Ce** adsorption static
experiments, there is no particular difference among the tested
pH conditions for both used membranes: SWCNT-BPs and
BioMOF@SWCNT-BPs are able to reduce the initial 3.5 ppm
Ce** concentration to values lower than 20 ppb in 1000 min and
to around 0 ppb in 1400 min. A slightly faster adsorption can be
noticed by a BloMOF@SWCNT-BP at pH 5, and, consequently,
we set the pH value of our solutions for the successive tests
under dynamic conditions at 5, which unveiled the best capture
properties. In addition, there is no evidence that the presence of
MOFs within the BP membranes could meaningfully increase
the removal efficiency of the neat SWCNT-BP membranes at all
tested pH values.

In the experiments under dynamic conditions two different
solutions were used: a Ce** aqueous solution at different con-
centrations (1.35, 3, 10, 30, and 50 ppm) in order to unveil if
MOFs could enhance capture capacity of the composite mate-
rial versus the neat SWCNT-BP and a multi-elements solution
(REEs standard solution containing Sc*', Y3*, La*, Ce*, Pr’t,
Nd*, Sm3*, Eut, Gd*', Tb**, Dy**, Ho*", Er**, Tm3*, Yb3*, and
Lu?* ions, total concentration 13.4 ppm around 835 ppb for
each element) to assess eventually the presence of a selective
recovery of REEs by a SWCNT-BP or a BloMOF@SWCNT-BP.
Solutions were recirculated in a small continuous plant and the
residual concentration values were monitored through ICP-MS
analysis, which allowed to follow the adsorption as a function
of time.

Under dynamic experiments and at lower Ce*" concen-
trations (1.35 and 3 ppm), no difference was observed in the
adsorption rates of both SWCNT-BP and BioMOF@ SWCNT-BP

Adv. Mater. Interfaces 2021, 2100730 2100730 (5 of 10)
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Figure 6. Ce*" capture by neat SWCNT-BP a) and BioMOF@SWCNT-BP
disks b) (diameter 41 £ 1 mm) during soaking in aqueous solutions of
3.5 ppm Ce** (volume 80 mL) at different pH values (5, 6, and 8) in the
0-24 h interval. The cerium residual concentration by neat SWCNT-BP
and BioMOF@SWCNT-BP membranes under the same conditions for
static adsorption are reported in Tables S1 and S2, Supporting Informa-
tion. The solid lines in the figures are guides for the eye. The experiments
were carried out in triplicate.
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Figure 7. Effect of initial concentrations on the Ce** capture by SWCNT-BP and BioMOF@SWCNT-BP disks (diameter 37 mm) under dynamic experi-
mental conditions for solutions with a Ce>* concentration of: a) 1.35 ppm, b) 3 ppm, c) 10 ppm, d) 30 ppm, and e) 50 ppm. The solid lines in the figures

are guides for the eye. The experiments were carried out in triplicate.

(Figure 7a,b and Table S3, Supporting Information). The initial
lanthanide concentrations fall to less than 10 ppb in 1400 min
and to about 0 ppb in 4320 min. No difference in the adsorption
rates between a net SWCNT-BP and a BioMOF@SWCNT-BP is
again evident.

For larger Ce3* concentrations (10, 30, and 50 ppm) a dif-
ferent behavior is observed in the recovery efficiency by a
neat SWCNT-BP and a BioMOF@SWCNT-BP, (Figure 7c—e
and Tables S4 and S5, Supporting Information). SWCNT-
BPs show a higher plateau after 72 h in the final Ce** con-
centration (3 ppb, 3.79, and 23.64 ppm) than that shown by
BioMOF@SWCNT-BPs in similar conditions (= 0 ppb, 1.91,
and 20.78 ppm, respectively). The recovery efficiencies at 10,
30, and 50 ppm by SWCNT-BPs were, respectively, 99.97%,
87.72%, and 53.77% (calculated uncertainties of +2%) while the
corresponding BioMOF@SWCNT-BP efficiencies were =100%,
93.92%, and 59.94%. In order to be sure that the setup did not

Adv. Mater. Interfaces 2021, 2100730 2100730 (6 of 10)

absorb cerium, Ce*" solutions were recirculated through the
cell used in dynamic adsorption conditions without any mem-
brane. There was no meaningful drop in Ce** concentrations
during all test procedures, confirming that there was no con-
siderable Ce*" adsorption by the tubes, pump, or other parts
of the experimental setup. These results clearly situate the
BioMOF@SWCNT-BP as a potential material for Ce*" cap-
ture from water streams. Dynamic experiments using a solu-
tion of [Ce**] = 50 ppm, recirculating for a week, showed that
SWCNT-BP and BioMOF@SWCNT-BP exhibit a maximum
adsorption capacity of about 157 and 263 mg g', respectively,
which is an adsorption value twice larger than that shown by
current most performing carbon-based membranes (chitosan-
CNT composite with a maximum theoretical and measured
recovery of 121.51 and 88 mg g1, respectively, at 303.15 K).[*I
The perfectly synergistic action of threonine arms of the MOF
and the —COOH groups of the functionalized SWCNTs added
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Figure 8. Selectivity measured as residual Ce**, Fe*", and A** concentra-
tions in an equimolar solution at an initial concentration of 10 ppm for
CeCls, FeCls, and AICl;, analyzed with the ICP-MS under static adsorption
processes for a neat SWCNT-BP and a BioMOF@SWCNT-BP. The solid
lines in the figures are guides for the eye. The experiments were carried
out in triplicate.

to not-functionalized SWCNTs in the preparation of SWCNT-
BP, outperform the state-of-the-art giving the best performant
material for adsorption of REEs. These results not only prove
the validity of our approach, but also allow producing a new
robust and efficient composite of potential application in the
real-world of membranes. Thus, the obtained recovery effi-
ciencies shown by BioMOF@SWCNT-BPs under different
Ce*" concentrations demonstrate the suitability of these mem-
branes for the recovery of cerium from water. The maximum
recovery capacity reaches 263 mg g thanks to the higher
surface area of BioMOFs added in SWCNT-BPs, which con-
tributes with a further recovery after the initial adsorption on
SWCNT membrane.

Overall, even if, at lower Ce concentrations no significant dif-
ferences can be observed between SWCNT-BP and BioMOF@
SWCNT-BP membranes, BioMOF@SWCNT-BP outperforms
SWCNT-BP at higher Ce** concentrations, which is most-
likely due to its larger adsorption capacity, that has special rel-
evance when adsorption sites of SWCNT bundles are saturated.

Aiming at evaluating the efficiency of these two novel
materials in the neat adsorption of lanthanides, an equimolar
multi-element standard solution of ScCl;, YCl;, LaCl;, CeCl;,
PrCl,, NdCl;, SmCls, EuCly, GACl,, TbCls, DyCly, HoCl;, ErCls,
TmCl;, YbCl;, and LuCl; (about 835 ppb for each lanthanide
for a total concentration of about 13.4 ppm) was used as recir-
culating solution across either a SWCNT-BP or a BioMOF@
SWCNT-BP under dynamic conditions at 25 °C and pH 5.

The lanthanide recovery by SWCNT-BP and BioMOF@
SWCNT-BP membranes are reported in Figures S2-S5 and
Tables S6-S13, Supporting Information. All lanthanides were
almost totally recovered by neat SWCNT-BPs with capture per-
centages near 100% in all cases, in strict analogy with dynamic
experiments previously described for Ce** under lower con-
centration conditions (1.35, 3, and 10 ppm). As expected, at
these low concentrations of such standard solutions, no selec-
tive lanthanide recovery was observed for SWCNT-BPs and
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BioMOF @ SWCNT-BPs. However, considering their outstanding
capture properties, both materials situate among the best alter-
natives for the recovery of the scarce and valuable metals.

Overall, capture experiments described above, undoubtedly
suggests that the presence of the MOF within the BioMOF@
SWCNT-BP can be useful to increase the recovery efficiency of the
pure SWCNT-BP membrane at higher lanthanide concentrations.
The role of the MOF is undoubtedly defined by the comparison
with neat SWCNT-BP performance at different [Ce>*].

In turn, under dynamic conditions and at lower concentra-
tions, the Ce3* cations—and also ScCl;, YCl;, LaCl;, CeCl;,
PrCls, NdCl;, SmCls, EuCly, GACly, TbCls, DyCly, HoCl;, ErCls,
TmCl;, YbCl;, and LuCl; when using an equimolar standard
solution—is/are almost totally recovered by both SWCNT-BP
and a BioMOF@SWCNT-BP membranes, confirming the suit-
ability of both neat BP and MOF-loaded BP for the recovery of
lanthanides from water by a simple recirculation through the
same membrane for less than one day. In addition, it is evident
the fundamental role of the MOFs in the increase of lantha-
nides recovery.

Anyway, a further prove of the cooperative mechanism of
capture can be inferred by SEM coupled with energy disper-
sive X-ray (EDX) measurements carried out for SWCNT-BP and
BioMOF@SWCNT-BP after the recovery of CeCl; (Figure S6,
Supporting Information). The EDX color mapping images of
the two membranes after their use show a homogeneous dis-
tribution of red dots in SWCNT-BP membrane arising from the
Ce(I1I) adsorption, while in BloMOF @ SWCNT-BP the BioMOF
particles (green dots) are close together and overlapping in
some cases to red dots from cerium. Such results suggest that
cerium atoms are linked to the alcohol groups of threonine,
as previously unveiled by X-ray crystallography,!”! confirming
the relevant role of MOFs in the capture properties of the final
composite and that such a mechanism is still operating when
MOFs are within the SWCNT-BP membrane.

The stability of the membrane for a potential regeneration
process was also evaluated, in order to test their potentiality
in industrial applications. In that perspective, the develop-
ment of extremely efficient, reusable, and selective sorbents is
needed.l

It is known that both SWCNT-BP*?l and BioMOF in polymer
matrices!”] are stable after regeneration processes showing
integrity and reusability over several successive cycles of
adsorption and regeneration. Such properties were also con-
firmed for BioMOF@SWCNT-BPs, which were reused thrice
after regeneration in 250 mL ethanol for the release of adsorbed
lanthanides. Both SWCNT-BP and BioMOF@SWCNT-BP
membranes showed still significant efficiency recovery after
each regeneration process, losing less than 5% of the original
adsorption capacities and confirming the suitability of such
BPs in industrial applications (data in Table S14, Supporting
Information).

Finally, experiments evaluating the selectivity of SWCNT-
BP and BioMOF@SWCNT-BP membranes toward competing
ions such as Fe3* and AI**, as well as the kinetic profile of these
processes, were designed and carried out in duplicate. Mem-
branes of 3.7 cm as diameter were soaked in 10 ppm aqueous
solutions of CeCl;, containing also 10 ppm of other salts usu-
ally competing in water such as FeCl; and AlCls, respectively,
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during 72 h at pH = 5. ICP-MS analyses indicated that the
cerium salt was adsorbed by SWCNT-BP and BioMOF@
SWCNT-BP with a modest selectivity toward Fe** (Figure 8 and
Table S15, Supporting Information). Results indicate two main
features, the first is that, for both SWCNT-BP and BioMOF@
SWCNT-BP membranes, the AI** is the most competing ion
and Ce*" moderately separated from Fe*" at low concentrations.
The second one is related to different degree of selectivity;
while BioMOF@SWCNT-BP confirms its better adsorption
capacity with respect to SWCNT-BP membrane (Figure 8), it is
scarcely performant in terms of selectivity, being able to recover
Ce3" versus Fe3' in somewhat degree, but failing when com-
pared with AI**, which is captured almost efficiently as Ce?".
Despite the extraordinary affinity of Fe** and AI** for oxygen
atoms, these preliminary results show a sufficient selectivity
at least versus iron(III) metal ion. The kinetic profiles suggest
also some insights about possible mechanisms implied, which
is most likely indicative of a fast adsorption of first raw transi-
tion metal ions by —COOH chemical functionalization of CNT,
leaving MOF’s threonine moieties for further uptake of lantha-
nide ions. The interaction of lanthanide ions with the carboxy-
late functional groups decorating the surface of the SWCNT-BP
is likely to be the kinetically favored step. These hard acid-hard
base interactions mainly driven by Coulombic forces¥! can be
easily established between the lanthanide ions and the freely
exposed carboxylate groups. On the contrary, the adsorption
within the BioMOF structure most likely encompasses a sur-
face adsorption/diffusion step within the porous network, fol-
lowed by the establishment of interactions between the Ce(III)
cations and both the OH— groups from the threonine residue
and a carboxylate oxygen atom from the oxamate network, as
already proven by crystal structure determination.”l Experi-
mental results (see Figure 7) suggest that the first mechanism
predominates at low lanthanide concentration and in the very
early stages of adsorption/filtration experiments, while the
second one mainly contributes in improving the overall mem-
brane performances observed at higher REEs concentration.

In order to characterize surface properties, hydrophilic,
and hydrophobic characteristics of the given SWCNT-BP and
BioMOF@SWCNT-BP membranes, contact angle have been
determined by measuring the contact angle. The hydrophilic
character of SWCNT-BP and BioMOF@SWCNT-BP top sur-
faces was confirmed, measurements gave average contact-angle
values of 50.8° £ 0.5° and 51.5° £ 0.5°, respectively (Figures S7a
and S7b, Supporting Information), highly desirable for water
treatment membranes.!*’)

3. Conclusions

In summary, in this paper the preparation, characterization,
and potential applications of SWCNT-BPs and BioMOF@
SWCNT-BPs in the recovery of REEs from model water solu-
tions were reported. Flexible and self-standing BPs were
obtained by simple filtration of SWCNT and BioMOF/SWCNT
solutions and characterized by SEM, TGA, porosimetry,
XRD, EDX, and contact angle measurements. The ability of
SWCNT-BPs and BioMOF@SWCNT-BPs in recovering lan-
thanides from water solutions was investigated both in static
and dynamic conditions as a function of pH values and initial
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lanthanide concentrations. These experiments showed that the
adsorption is not influenced by pH of lanthanide solutions and
BioMOFs in SWCNT-BPs play a beneficial role in the increase
of Ce*" recovery at higher concentrations thanks to the alcohol
functionalities of threonine, decorating the MOF pores. We
found a relative recovery percentage after a week recirculation
in higher concentration (50 ppm of cerium) solutions—recir-
culating through the same membrane—with a 263.30 mg of
cerium adsorbed per gram of BloMOF@SWCNT-BP.

Although this worthy result is achieved only after a large
recirculation time, suggesting that binding to supported MOF
is kinetically slow, it represents a good background to further
improve the preparation of kinetically faster adsorbent mate-
rials. As previously stated, the interaction of lanthanide ions
with the —COOH functional groups of the SWCNT-BP is
likely to be the kinetically favored step, then followed by MOF
uptake. The self-standing and re-use features with the possi-
bility of an easy up-scale can make SWCNT-BPs and BioMOF@
SWCNT-BPs an effective and cheap solution for the minimi-
zation of toxic pollutants from environment and waste and
boost the recovery of rare elements such as lanthanides from
water. The potential of BioMOF-containing BPs in recovery of
REEs from water have been demonstrated for the first time.
The overall behavior of here reported membranes presents
some advantages but also weakness comparable to other ion-
exchange materials such as resins, for which moderate selec-
tivity was obtained as well, and further optimization of the
resin preparation conditions is needed and expected to improve
the final material performances.’® However, herein, we have
described a new and successful strategy for the preparation of
a BP embedding a MOF carefully designed by us for a specific
purpose. We showed an unprecedented BioMOF @ SWCNT-BP
built up with SWCNTs and a bioinspired MOF highly perfor-
mant in the recovery of ions and possessing intrinsic chemical
affinity for oxygen atoms. It outperforms the state-of-the-art
representing the carbon-based material with the highest max-
imum adsorption capacity of REEs reported so far. The strategy
reported is sustainable, effective, and cheap and can represent
a viable solution to be extended to the whole recovery of REEs
family from water streams. As indicated from EC, recovery
technologies for critical raw materials are highly deliverable to
boost the best practice of a circular economy. The potential of
application of BloMOF@SWCNT-BPs on water streams, after
the first steps of REEs recovery from e-waste, has been demon-
strated here at lab-scale. Its performance is undoubtedly related
to both the exquisite control of the threonine moieties deco-
rating the MOF pores that are used, and the intrinsic affinity
of SWCNTs for lanthanides. The performed dynamic capture
experiments, rarely reported, bring this new composite mate-
rial closer to a large-scale application. These last results repre-
sent a step forward toward the synergistic exploitation of MOFs
and carbon-based materials, reporting one of the rare examples
of MOF-carbon-based materials in applications dealing with
recovery and environmental remediation.

4. Experimental Section

See Supporting Information for a detailed description of MOFs and
membranes preparation, their characterization and capture experiments.
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Experimental Section

Chemicals:

All chemicals were of reagent grade quality. They were purchased from commercial sources
and used as received. SWCNTSs (characterized by an average diameter of 1.4 + 0.1 nm and an
average length longer than 5 pm) and carboxylic acid functionalized SWNTs (COOH -
SWCNTs with bundle average dimensions ranging from 4 to 5 nm in diameter and from 0.5 to
1.5 um in length, as reported in the datasheet from Sigma-Aldrich, Milan, Italy) were used for
the preparation of SWCNT solutions. Compound { Sr''Cu''¢[(S 9-threonine]3(OH)2(H,0)}
36H,0 (MOF) was prepared as reported earlier.[*”

Preparation of membranes:

Buckypaper membranes were obtained by filtration of solutions of SWCNTs and COOH-
SWCNTs. Generally, thirty milligrams of SWCNT mixtures were dispersed in 200 mL of a
0.4% TRITON X100 water solution by an ultrasonic bath (model M1800H-E, Bransonic,
Danbury, CT, USA) for 30 min. Then, solutions were filtered through PTFE disks with a
vacuum pump (pressure = —0.04 bar), washed several times with methanol and, finally, dried
at room temperature. All chemicals were purchased from Sigma-Aldrich, Milan, Italy. It is
well known that several preparation factors influence the fina BP membrane properties,
including the SWCNT solution sonication time, the vacuum depresson magnitude used
during the filtration of SWCNT solutions, the filter porosity and composition.!*¥ In addition,
the main problem found in this study was the best compromise in terms of weight percentage
between long SWCNTSs, which ensure the gain of self-standing and flexible BP disks, and
short COOH-SWCNTSs, which ensure a higher lanthanide adsorption. After several trials, the
best weight ratio was SWCNTs : COOH-SWCNTs = 1 : 2, which gave detachable SWCNT
disks from polymer filters and self-sustaining BPs (Figure 4.a).

BioMOF@SWCNT-BPs were obtained by dispersing MOF in the optimized SWCNT
solution and applying the procedure previously outlined for neat SWCNT-BP. The largest
amount of MOF, which was possible to disperse in the optimized SWCNT solution without
losing detachability and self-sustainability of the final BP disks, was 25% w/w (Figure 4.b).
Both SWCNT-BPs and BioMOF@SWCNT-BPs were flexible disks with an average
diameter of 41 £ 1 mm and an average thickness of 150 £ 5 pm.

Chemical-physical techniques:

Elementa (C, H, N) and powder X-ray Diffraction analyses (of the pure MOF) were

performed at the Microanalytical Service of the University of Caabria. ICP-MS analyses for

the Ce* and |anthanides capture experiments on membrane (vide infra) were performed at the
1
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Department of Chemistry of the University of Calabria. FT-IR spectra were recorded on a
Perkin-Elmer 882 spectrophotometer as KBr pellets. All characterizations confirmed the
purity of the sample when compared with the previously reported by us.[”

X-ray Powder Diffraction Measurements:

Polycrystalline sample of bioMOF 1 to test purity of the bulk, was introduced into 0.5 mm
borosilicate capillaries prior to being mounted and aligned on a Bruker D2 Phaser powder
diffractometer, using Cu Ka radiation (A = 1.54056 A). Five repeated measurements were
collected at room temperature (20 = 2-40°) and merged in asingle diffractogram.

Membrane characterization:

The morphology of SWCNT-BP and BioM OF@SW CNT-BP was characterized by scanning
electron microscopy with a Leica LEO 420 (Leica Microsystems, Cambridge, England)
scanning electron microscope with an accelerating voltage of 10 kV. Samples were covered
with an ultrathin gold layer using a sputter coater.

Figures 4.c and 4.d show the morphology of SWCNT-BP and BioMOF@SWCNT-BP
membranes. SWCNT-BP morphology is characterized by the typica BP microscopic texture
with bundles and clusters of SWCNTs arising from n—n and van der Waals interactions. The
addition of BioMOFs in SWCNT-BPs is evidenced in Figure 4.d by the presence of small
spherical particles with an average size lower than 1 um and formed by smaller primary
particles with an average diameter of = 100 nm. The highly porous structure of SWCNT-BPs,
firmly hosting the nanosized BioM OF particles (no leakage was observed at the end of both
static and dynamic experiments), guarantees a high permeability and a large surface area for
the contact and successive adsorption of lanthanides present in the test solutions. MOFs are
homogenously distributed inside the membrane. No particle sedimentation or agglomeration
phenomena were observed.

Thermogravimetric analysis:

The thermogravimetric analysis was performed on SWCNT-BP and BioMOF@SWCNT-BP
samples under a dry N, atmosphere with a Mettler Toledo TGA/STDA 851° thermobal ance.
The experiments were carried out within a temperature range from 25 °C up to 800 °C at a
heating rate of 10 °C/min. Approximately 20 mg of each sample were placed in a ceramic pan
for the measurement.

Capture experiments:

The REE adsorption performance of SWCNT-BPs and BioM OF@SWCNT -BPs was tested
on CeCl3 (purity >99.99%, Merck, Darmstadt, Germany) water solutions and an equimolar
multielement standard solution of ScCls, YCls, LaCls, CeCls, PrCls, NdCl;, SmCls, EuCls,
GdCls, ThCl3, DyCls, HoCls, ErCls, TmCls, YbCl3 and LuCls (TraceCERT® 50 mg/L of each
element, Merck, Darmstadt, Germany diluted to about 835 ppb for each lanthanide) at room
temperature and under static or dynamic conditions (Tables S1-S13).

In static experiments, SWCNT-BPs and BioM OF@SWCNT-BPs were placed in 100 mL
beckers containing 80 mL of CeCls solution at room temperature (25°C) and different pH
values. pH was adjusted to the desired value (5, 6 and 8) by adding HNO3 or NaOH. Solutions
were stirred by an orbital shaker (PSU-10i, Biosan, Italy).

In dynamic experiments, Cerium (1.35, 3, 10, 30 and 50 ppm) and multielement standard
solutions (pH 5, volume = 200 mL, temperature = 25°C by a thermostatic bath model 1225,
VWR, Milan, Italy) were recirculated in a small continuous plant by a peristaltic system (flow
rate 5 mL min®, Masterflex® L/S®, Cole-Parmer Srl, Cernusco sul Naviglio, MI, ltaly)
through a round cell with a diameter of 41 mm. The effective permeation area was limited to
10.75 cm? by an o-ring with a diameter of 37 mm, used to fix membranes. The filtration setup

2

99



WILEY-VCH

is illustrated in Figure 5. Both in static and dynamic conditions, at fixed time intervals
aliquots of 100 pL were taken for the determination of lanthanide concentrations. The ICP-
MS data are reported considering the dilution factor.

For selectivity experiments, SWCNT-BPs and BioM OF@SWCNT-BPs were placed in 100
mL beckers containing 10 ppm of CeCls, FeCl; and AICI; agueous solution at room
temperature (25°C) and pH value adjusted to 5. Solutions were stirred by an orbital shaker
(PSU-10i, Biosan, Italy).

|CP-MS analyses:

The REE concentrations were determined by utilizing an inductively coupled plasma-mass
spectrometer (ICP-MS iCAP™ TQ Thermo Fisher Scientific, USA) equipped with a Peltier
cooled high purity quartz baffled cyclonic spray chamber, a concentric borosilicate glass
nebulizer, awide 2.5 mm internal diameter quartz injector, a nickel sample and two skimmer
cones with 1.1 mm and 0.5 mm diameter orifices, respectively. The ICP torch was a
demountable single piece quartz torch. The samples were collected by a Thermo Scientific™
Autosampler Housing with a peristaltic pump equipped with three-stop flared PVC pump
tubing. A multielement standard solution was used to calibrate the instrument using different
analytical concentrations (0.5, 5, 10, 20, 50 and 100 ppb, R? of calibration curve ~ 1 and a
limit of detection, LOD, of about 0.015 ppb). Ultrapure water (18.3 MQ cm, Arioso, Human
Corporation, Korea) was used for the aqueous solutions preparation after filtration by 0.45 um
filter (Millex Syringe Filter, Merck, Darmstadt, Germany). Each experiment was performed in
triplicate and results are reported as average values + 3 SD. Data reported in Tables S1-S13.

EDX measurements:

Scanning Electron Microscopy (SEM) measurements were carried out for both SWCNT-BPs
and BioM OF@SWCNT-BPs using a HITACHI S-4800 electron microscope coupled with an
Energy Dispersive X—ray (EDX) detector. Data were analyzed with a QUANTAX 400 EDS
electron microscope analyzer. Both membranes were suspended in a 10 ppm CeCl3; aqueous
solution for 24 h.

Contact angle measurements:

Static contact angle values of SWCNT-BPs and BioM OF@SWCNT-BPs were measured
with a goniometer (Nordtest, Serravalle Scrivia AL, Italy) at 25 °C. A drop (2 pL) of water
was put onto the sample surface by a micro-syringe and measurements were carried out by
setting the tangents on both visible edges of the droplet on five different positions of each
sample and calculating the average value of the measurements. The hydrophilic character of
SWCNT-BP and BioMOF@SWCNT-BP top surfaces was confirmed by contact-angle
measurements, which gave average contact-angle values of 50.8° + 0.5° and 51.5° + 0.5°,
respectively, Figures S7.aand S7.b.
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Table S1. Residual Ce* concentration,®” in the stock solutions at an initial concentration of 3.5 ppm and
different pH analyzed with the ICP-M S under static adsorption processes for aneat SWCNT-BP.

Time/ min [Ce*1@pH8/ ppb [Ce*@pH6/ ppb [Ce*@pH5/ ppb

0 2798 3145 3563

1 2743 2994 3355

5 2658 2856 3224

10 2518 2767 3072

15 2439 2658 2999

30 2268 2407 2654

60 1924 1982 2193

120 1439 1543 1591
240 709 683 658
360 364 333 298
480 184 166 140
600 98 86 68
1000 15 19 18
1440 =0 =0 =0

Recovery / % ~ 100 ~ 100 ~ 100

3_0OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S2. Residual Ce* concentration,®® in the stock solutions at an initial concentration of 3.5 ppm and
different pH analyzed with the ICP-M S under static adsorption processes for a BioM OF@SWCNT-BP.

Time/ min [Ce™]@pH8/ ppb [Ce™@pH6/ ppb [Ce™]@pH5/ ppb
0 3053 3518 3688
1 2958 3403 3434
5 2877 3266 3308
10 2801 3170 3105
15 2732 3083 3033
30 2514 2828 2639
60 2164 2391 2092
120 1641 1754 1012
240 864 854 330
360 468 431 95
480 252 219 21
600 137 111 0
1000 19 15 0
1440 =0 =0 =0
Recovery / % ~ 100 =~ 100 ~ 100

3_OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S3. Residual Ce® concentration,®” in the stock solutions at an initial concentration of 1.35 ppm and 3 ppm

pH 5 andyzed with the ICP-MS under dynamic adsorption processes for a neat SWCNT-BP and a
BioM OF@SWCNT-BP.

[Ce*] = 1.35 ppm [Ce*] =3 ppm
Time/ min SWCNT-BP  BioMOF@SWCNT-BP SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 1359 1350 3001 3013
5 1258 1236 2737 2794
15 1243 899 2604 2189
30 1110 861 2363 1928
60 776 604 1919 1382
120 389 277 931 770
240 152 51 305 167
360 21 4 57 23
480 11 3 19 13
600 8 4 11 5
800 6 1 8 2
1400 2 0 4 1
4320 0 0 ~0 ~0
Recovery / % 99.96 99.98 99.99 99.99

3_OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S4. Residual Ce* concentration,®” in the stock solutions at an initial concentration of 10 ppm pH 5
analyzed with the ICP-MS under dynamic adsorption processes for a neat SWCNT-BP and a

BioM OF@SWCNT-BP.

Time/ min SWCNT-BP  BioMOF@SWCNT-BP
/ ppb / ppb
0 10510 10531
5 8332 8339
15 6979 6978
30 4901 4675
60 3396 3120
120 2375 2094
240 1717 1537
360 1211 1153
480 944 856
600 509 372
800 323 241
1400 171 79
4320 3 =0
Recovery / % 99.97 ~100.00

3_0OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values +
3SD.
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Table S5. Residual Ce** concentration,®” in the stock solutions at an initial concentration of 30 ppm and 50 ppm
analyzed with the ICP-MS under dynamic adsorption processes for a neat SWCNT-BP and a
BioM OF@SWCNT-BP.

[Ce*] = 30 ppm [Ce®*] = 50 ppm

Time/ min SWCNT-BP BioMOF@SWCNT-BP SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 30831 31441 51146 51875
5 29947 30243 45971 44782
15 28769 28128 36457 32374
30 24353 24086 33450 28953
60 20565 18409 32023 27024
120 16736 13843 29950 25471
240 13512 10041 27848 24302
360 10924 7319 26422 23474
480 8782 5542 25611 22890
600 6597 4431 25120 22428
800 5145 3043 24543 21943
1440 4138 2079 23759 20891
4320 3787 1911 23643 20779
Recovery / % 87.72 93.92 53.77 59.94

3_OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S6. Residual Sc** and Y** concentration,®” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and aBioM OF@SWCNT-BP.

Scandium Yttrium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP  SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 813 830 815 849
5 666 650 672 673
15 524 515 531 538
30 379 368 385 382
60 247 249 267 262
120 121 165 215 187
240 39 91 178 137
480 7 32 99 50
600 4 10 61 24
1440 1 2 22 11
4320 ~0 ~0 ~0 =0
Recovery / % ~100.00 ~100.00 99.95 ~100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S7. Residual La*" and Ce** concentration,®” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and a BioM OF@SWCNT-BP.

Lanthanum Cerium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP  SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 800 836 825 871
5 663 660 653 689
15 522 526 515 518
30 383 382 384 386
60 260 257 266 258
120 183 170 179 173
240 143 113 130 108
480 76 46 68 47
600 45 30 40 27
1440 16 7 13 6
4320 =0 =0 =0 =0
Recovery / % 99.97 ~100.00 99.97 ~100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.

10
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Table S8. Residual Pr** and Nd*" concentration,®” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and aBioM OF@SWCNT-BP.

Praseodymium Neodymium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP  SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 829 869 813 843
5 656 685 668 669
15 516 521 527 529
30 386 383 375 371
60 258 257 252 249
120 175 173 170 169
240 124 107 120 105
480 64 45 61 46
600 38 26 36 25
1440 14 6 13 5
4320 =0 =0 =0 =0
Recovery / % 99.97 ~100.00 99.97 ~100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S9. Residual Sm* and Eu®* concentration,®” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and aBioM OF@SWCNT-BP.

Samarium Europium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP  SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 818 856 816 845
5 676 673 675 667
15 530 534 526 533
30 384 378 391 388
60 254 252 261 258
120 167 170 168 171
240 114 104 119 106
480 57 42 60 44
600 34 24 36 24
1440 12 5 11 4
4320 =0 =0 =0 =0
Recovery / % 99.98 ~100.00 99.97 ~100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S10. Residual Gd* and Th*" concentration,®” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and a BioM OF@SWCNT-BP.

Gadolinium Terbium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 814 844 835 874
5 677 673 691 691
15 529 533 544 550
30 381 376 393 391
60 257 253 265 262
120 175 174 182 179
240 126 109 133 115
480 65 42 69 55
600 40 27 41 29
1440 14 6 15 6
4320 =0 =0 =0 =0
Recovery / % 99.97 = 100.00 99.97 ~ 100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S11. Residua Dy** and Ho* concentration,” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and aBioM OF@SWCNT-BP.

Dysprosium Holmium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP  SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 804 833 833 880
5 669 663 694 696
15 525 526 547 550
30 379 379 397 395
60 258 251 270 267
120 180 174 192 184
240 131 113 145 122
480 69 57 77 67
600 43 30 46 34
1440 15 7 16 8
4320 =0 =0 =0 =0
Recovery / % 99.97 ~100.00 99.97 ~100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S12. Residua Er®" and Tm** concentration,®” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and aBioM OF@SWCNT-BP.

Erbium Thulium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP  SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 809 836 839 876
5 672 660 697 700
15 528 526 551 551
30 401 396 397 395
60 271 269 272 268
120 186 178 196 188
240 149 121 150 127
480 79 67 80 64
600 48 36 48 37
1440 14 8 17 8
4320 ~0 ~0 ~0 =0
Recovery / % 99.96 ~100.00 99.96 ~100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.
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Table S13. Residual Yb* and Lu** concentration,®” in an equimolar multielement standard solution at an initial
total concentration of 13.4 ppm analyzed with the ICP-MS under dynamic adsorption processes for a neat
SWCNT-BP and aBioM OF@SWCNT-BP.

Ytterbium Lutetium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP  SWCNT-BP BioMOF@SWCNT-BP
/ ppb / ppb / ppb / ppb
0 796 833 844 879
5 665 658 698 698
15 526 525 551 553
30 394 393 402 398
60 257 253 275 271
120 186 176 200 188
240 148 120 154 131
480 79 69 83 70
600 47 35 50 41
1440 16 8 18 9
4320 ~0 ~0 ~0 =0
Recovery / % 99.96 ~100.00 99.96 ~100.00

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3
SD.

16

113



WILEY-VCH

Table S14. Residual Ce*" concentration,” in the stock solutions at an initial concentration of 30 ppm of neat
SWCNT-BP and BioM OF@SWCNT-BP membranes, reused after three regeneration cycles, analyzed with the
ICP-MS, under dynamic adsorption processes.

Cerium
Time/ min SWCNT-BP  BioMOF@SWCNT-BP

/ ppb / ppb

0 30725 30956

5 30685 30755
15 29207 29816
30 25327 25290

60 21593 19145

120 17573 14535
240 13917 10543
480 9221 5875
600 6729 4653
1440 5786 3521
4320 5052 3226
Recovery / % 83.60 89.58

3Calculated uncertainties of + 2%. "Each experiment was performed in triplicate.
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Table S15. Residual Ce**, Fe** and AI** concentrations,” in an equimolar solution at an initial concentration of
10 ppm for each ion, analyzed with the ICP-MS under static adsorption processes for a neat SWCNT-BP and a

BioM OF@SWCNT-BP.

WILEY-VCH

Time/ Ce-SWNT- Al-SWNT- Fe-SWNT- Ce Al- Fe-
min MOF /ppm MOF/ppm MOF/ppm SWNT/ppm | SWNT/ppm | SWNT/ppm
0 9,599 8,925 9,245 9,537 8,833 9,206
5 8,203 6,695 6,142 8,501 7,390 8,129
15 4577 2,833 4,374 7,550 6,219 7,556
30 3,306 1,083 2,423 5,061 4,405 4,980
60 1,157 0,575 2,041 3,683 3,495 3,943
120 0,328 0,456 1,379 2,825 3,004 3,389
240 0,145 0,374 0,985 1,804 2,222 2,513
480 0,124 0,286 0,838 0,774 1,462 1,950
600 0,116 0,240 0,818 0,525 1,128 1,731
1000 0,092 0,205 0,782 0,282 0,867 1,367
1440 0,084 0,190 0,777 0,276 0,754 1,305
4320 0,076 0,160 0,749 0,271 0,781 1,261

3 OD: 0.015 ppb. "Each experiment was performed in triplicate and results are reported as average values + 3

SD.
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Figure S1. Thermal gravimetrical analyses of a SWCNT-BP and a BioM OF@SWCNT-BP. The initia relative
mass change in BioM OF@SWCNT-BP up is due to moisture loss. The degradation of SWCNTs and BioMOFs

is observed at larger temperatures.
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Figure S2. REE recovery by a SWCNT-BP and a BioMOF@SWCNT-BP from a 13.4 ppm multielement

aqueous solution (pH 5) under dynamic experimental conditions: a) Scandium, b) Yttrium, c) Lanthanum, and d)

Cerium.
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Figure S6. SEM image and the corresponding EDX elemental mapping for Cu and Ce elements from: a) a
SWCNT-BP and b) a BioM OF@SWCNT-BP after their use in the recovery of Ce(l1l) (red dots). Green
dots in (b) are due to Cu(ll) atoms present in BioMOFs. Images confirm a homogeneous distribution of

BioMOFsin SWCNT-BPs and a homogeneous adsorption in both membranes of Ce (111).
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Figure S7. Average contact-angle value of: @) aSWCNT-BP and b) a BioM OF@SWCNT-BP.

25

122



Downloaded via 78.110.191.204 on November 22, 2022 at 17:28:02 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED
NANO MATERIALS

Www.acsanm.org

Multivariate Metal—Organic Framework/Single-Walled Carbon
Nanotube Buckypaper for Selective Lead Decontamination

Mariafrancesca Baratta,§ Teresa Fina Mastropietro,§ Rosaria Bruno,§ Antonio Tursi,§ Cristina Negro,
Jesus Ferrando-Soria,* Alexander I. Mashin, Aleksey Nezhdanov, Fiore P. Nicoletta,*

Giovanni De Filpo,* Emilio Pardo,* and Donatella Armentano™

I: I Read Online

Cite This: ACS Appl. Nano Mater. 2022, 5, 5223-5233

ACCESS |

[l Metrics & More |

Article Recommendations

e Supporting Information

ABSTRACT: The search for efficient technologies empowering the selective
capture of environmentally harmful heavy metals from wastewater treatment
plants, at affordable prices, attracts wide interest but constitutes an important
technological challenge. We report here an eco-friendly single-walled carbon
nanotube buckypaper (SWCNT-BP) enriched with a multivariate amino
acid-based metal—organic framework (MTV-MOF) for the efficient and
selective removal of Pb** in multicomponent water systems. Pristine MTV-
MOF was easily immobilized within the porous network of entangled
SWCNTSs, thus obtaining a stable self-standing adsorbing membrane filter
(MTV-MOF/SWCNT-BP). SWCNT-BP alone shows a moderately good
removal performance with a maximum adsorption capacity of 180 mg-g~' and
a considerable selectivity for Pb(Il) ions in highly concentrated multi-ion
solutions over a wide range of lead concentration (from 200 to 10000 ppb).

Remarkably, these features were outperformed with the hybrid membrane filter MTV-MOF/SWCNT-BP, exhibiting enhanced
selectivity and adsorption capacity (310 mg-g~', which is up to 42% higher than that of the neat SWCNT-BP) and consequently
enabling a more efficient and selective removal of Pb** from aqueous media. MTV-MOF/SWCNT-BP was able to reduce [Pb**]
from the dangerous 1000 ppb level to acceptable limits for drinking water, below 10 ppb, as established by the current EPA and
WHO limits. Thus, the eco-friendly composite MTV-MOF/SWCNT-BP shows the potential to be effectively used several times as a
reliable adsorbent for Pb*" removal for household drinking water or in industrial treatment plants for water and wastewater lead

decontamination.

KEYWORDS: single-walled carbon nanotube membranes, multivariate metal—organic frameworks, lead decontamination,

MOF-based composites, water remediation

B INTRODUCTION

Access to safe drinking water is vital for both human life and
general public health, as contamination of aquatic environ-
ments increases the transmission of life-threatening diseases.”
Among the wide plethora of organic and inorganic pollutants
aquatic environments may contain, which are currently
. . . . .1 2—4

regulated by national and international agencies worldwide,
water contamination from lead has received particular

. 2—4 . . .
attention. Lead contamination of water sources arises
from diverse human activities. For example, some manufactur-
ing and industrial facilities still employ lead in many processes,
releasing this toxic metal ion into wastewater at high
.56 . .
concentrations. However, the main sources of domestic
water lead-contamination are the corrosion of household

plumbing systems or the erosion of natural deposits.

Exposure to lead has detrimental effects on aquatic
ecosystems and human health, as a consequence of its
bioaccumulation and the severe diseases it can cause even at
minor concentration (>0.4 mg L_l).7’8 For instance, the

© 2022 The Authors. Published by
American Chemical Society
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maximum contaminant level goal (MCLG), established by the
United States Environmental Protection Agency (EPA)
through the Safe Drinking Water Act (SDWA),” is 0 ug/L.
However, it is extremely difficult to reach such ideal
concentration by phosphate dosing, which is the most
common technique used to prevent water contamination
from lead. In this sense, the maximum contaminant level
(MCL) that can be achieved using the best affordable available
treatment technologies is fixed to 15 pg/L (1S ppb), whereas
the maximum allowed levels for lead, established by the EPA'°
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Scheme 1. Graphical Conceptualization of the Work Here Reported Consisting of Enriching SWCNT-BP with MTV-MOF to

Produce an MTV-MOF/SWCNT-BP Membrane”

“The high chemical affinity of the amino acid residues of methylcysteine and methionine is exploited to recover selectively Pb** in both low and
high ion concentration regimes, even in the presence of interfering ions, with an increase in adsorption capacity up to 42% with respect to neat

SWCNT-BP.

and the U.S. Food and Drug Administration (FDA),"" are 10
ug/L and S pg/L (for bottled water), respectively.

A recent tragic example of lead contamination of aquatic
environments can be found in Flint (Michigan, United States).
The Flint water crisis (2014—2019) was a public health crisis
which originated when the Flint River was contaminated with
high levels of lead because of excessive pipe corrosion. Pb**
concentration greatly exceeded the established limit and
reached very hazardous levels (>5000 ug/L) in several water
samples. The highest observed concentration was of 13200 ug/
L at the so-called Resident Zero’s home.'” Because this
contamination problem would likely have gone undetected
indefinitely, without the investigation of Resident Zero, it has
renewed the urgency for optimized corrosion controls, as well
as for adopting advanced purification systems to prevent
similar catastrophic situations in the future, especially in low-
incoming countries with old and poorly maintained infra-
structures.'”

Several different techniques have been proposed for Pb(II)
removal from aqueous systems, such as chemical precipitation,
electrochemical procedures, solvent extraction, ion exchange,
flocculation, nanofiltration, and solid-phase adsorption on a
wide variety of inorganic and organic materials.'*~"¢
a definitive technique enabling the reduction of Pb*" to safe

However,

5224

acceptable limits in contaminated water has not been fully
implemented yet.

Metal—organic frameworks (MOFs)'” are hybrid porous
materials that have already shown great efficiency in the
removal of both organic'*~*" and inorganic>*~** contaminants.
They combine water stability and highly and well-defined
functional”>*® porous structures with large internal surface
areas, which allow for tailorable host—guest interactions and
consequently enhanced affinity for target contaminants.”” In
particular, a few water-stable MOFs and MOF-based nano-
composites have been investigated as potential Pb**
adsorbents.”*~** Some of them show high adsorption
capacities'’ and selectivities,”” even in multicomponent metal
ion water systems and/or in the presence of foulants. However,
despite these remarkable advances, to the best of our
knowledge there is no reported MOF able to clean up
contaminated waters within limits accepted for drinking water
(10 ppb, S ppb for bottled water). Another relevant aspect to
be considered is the structuration/process of MOFs powders
into more manageable materials."" The mass production and
large-scale application of MOF adsorbents and nanoadsorbent
materials as fine powders are often problematic from a
technical point-of-view and very expensive. Also, they present
hazard concerns regarding their not-friendly manipulation and
likely accidental release into the environment. Thus, the

https://doi.org/10.1021/acsanm.2c00280
ACS Appl. Nano Mater. 2022, 5, 5223-5233
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development of structured MOF materials in the form of
scalable, and if possible cheap, beads, granules, and membranes
is a required step toward real-world applications.”*~**

Recently, the fabrication of multivariate MOFs">~* (MTV-
MOFs), possessing different and controlled functional groups
within their channels, have emerged as suitable materials
aiming at fabricating modular materials containing cooperative
functionalities that can act synergistically to capture con-
taminants of very different natures. As a proof of concept, some
of us recently reported outstanding examples of MTV-
MOFs*”*" with environmental application in water remedia-
tion. In particular, one of them was reported to simultaneously
and efficiently remove both inorganic heavy metals and organic
dyes.”" Although it is quite well-established that the presence
of functional groups (amino, thiol, and oxygen-containing
groups) decorating MOFs channels is valuable for effective
Pb** removal, much work remains to be done in order to
explore, in detail, the interaction mechanisms involved in the
capture process. To this end, single-crystal X-ray crystallog-
raphy (SCXRD) is an extraordinary tool, but it is not
frequently used in the elucidation of host—guest interactions
for water remediation applications as would be desirable.

Single-walled carbon nanotube buckypapers (SWCNT-BPs)
have emerged as very versatile materials in a wide range of
applications. For example, they have been revealed as
interesting materials for fire protection, heat dispersion systems
in microelectronics, TV screens, electromagnetic interferences
shielding systems, electrical-conductive tissues, photocatalytic
substrates, electrodes for batteries, and supercapacitors.’”
More recently, SWCNT-BPs have been proposed as innovative
high-temperature-resistant and lightweight filtration sys-
tems.”>>*

Having in mind the above-mentioned points, and with the
aim to make a step forward toward the concrete application of
MOF-based technology to water remediation, we have
investigated the integration of MTV-MOFs with SWCNT-
BPs. In order to do so, we first focused on the development of
a novel MTV-MOF, each component of which has been
carefully selected on the basis of our knowledge of MTV-
MOFs for water remediation. Remarkably, this novel material
allowed us to perform an in-depth experimental study through
SCXRD of MTV-MOF---Pb*" interactions, which represent the
first reported example of such host—guest interaction. Then,
we developed an innovative and self-standing membrane,
integrating single-walled carbon nanotube buckypaper and
prepared multivariate MOF (MTV-MOF/SWCNT-BP), as a
novel and well-performing material for lead removal from
aqueous environments (Scheme 1). We have also compared
the lead removal performance of the neat SWCNT-BP with
MTV-MOF/SWCNT-BP, where we have found for the latter a
slight increase in adsorption kinetics and a considerable
improvement in terms of both adsorption capacity and
selectivity over a wide range of lead concentrations (from
200 to 10000 ppb), even in the presence of background
interfering ions. In particular, MTV-MOF/SWCNT-BP
exhibited an improvement of 42% in adsorption capacity
with respect the neat SWCNT-BP and was able to reduce the
[Pb**] from the dangerous 1000 ppb level to acceptable limits
for drinking water, below 10 ppb, as the new lead rule from the
EPA recently established. These features, together with the
nice reusability, good chemical stability, ease of fabrication, and
scalability, situate MTV-MOF/SWCNT-BP as an appealing
technology for large-scale water and wastewater treatment.

5225

B RESULTS AND DISCUSSION

Material Preparation and Characterization. We report
the preparation of a novel MTV-MOF, obtained from the
combination of the metalloligands used in two previously
reported MOFs, using oxamidato ligands derived from amino
acids,**°7% with formulas (Me,N),{Cu,[(S,S)-methox]-
(OH),}-4H,0 and (Me,N),{Cu,[(S,S)-Mecysmox](OH),}-
SH,0, where methox and Mecysmox ligands are bis[(S)-
methionine]oxalyl diamide and bis[(S)-methylcysteine]oxalyl
diamide, respectively. The novel resulting MTV-MOF,
prepared by using equimolar amounts of both metalloligands,
possess the formula {Ca"Cu'[(S,S)-methox], [(S,S)-Mecys-
mox] 50(OH),(H,0)}-38H,0) (1). Single-crystal XRD meas-
urements” "~ on 1 confirm its isostructurality with a previously
reported MTV-MOF, {SrHCuH6[(S,S)—methox]LS[(S,S)—Me—
cysmox]; so(OH),(H,0)}-36H,0°° (crystallographic details
are provided in the Supporting Information, Table SI and
Figure S1). The MTV-MOF features hexagonal functional
channels decorated with two types of thio-ether groups from
the amino acid residues, being either —CH,CH,SCH; or
—CH,SCHj, pointing toward the accessible void spaces, which
provides these materials with an excellent task-specific
functional environment to sequestrate Pb>* ions into the
pores, and they consequently have the potential to enhance the
capture properties of the hybrid membrane with respect the
neat SWCNT-BP, after the preparation of the hybrid material
MTV-MOF/SWCNT-BP. Indeed, the high affinity of sulfur
toward inorganic pollutants such as Pb** toxic metal ions is a
well-known phenomenon, which makes 1 a promising
candidate for the preparation of composite materials—with
improved mechanical properties—for metal contaminant
removal from water. This approach has been followed before
by embedding MOFs in mixed matrix membranes (MMM-
MOFs) and evaluating the efficiency for the capture of
mercury species.”” However, the enhanced mechanical proper-
ties of SWCNT-BP compared to MMMs, provided that the
capture properties are maintained, makes this study worth-
while.

The gram-scale preparation of 1 follows a previously
reported experimental procedure (see Experimental Section
in Supporting Information).’ The experimental PXRD pattern
of 1 is identical to the calculated one (Figure S2), which
confirms the homogeneity of the bulk sample and its
isostructurality to the single-crystals selected for SCXRD (see
below). As a preliminary step to the preparation of MTV-
MOEF/SWCNT-BP, we evaluated the behavior of MTV-MOF
1 in the removal of Pb** from water (see the Supporting
Information for details on preparation of 1). To this end, 50
mg of a polycrystalline sample of 1 was soaked in an aqueous
solution of Pb(NO;), (1 ppm, 10 mL) (see Table S2 and
Experimental Section). Overall, 1 was capable of capturing,
very efficiently, Pb>* cations from the contaminated solution,
as ICP-MS analyses indicate (Table S2). Thus, 1 is capable of
reducing [Pb**] from 1 ppm to less than S ppb, sufficiently
close to acceptable limits for drinking water. Moreover, PXRD
experiments confirm that 1 retains its crystallinity after these
capture experiments (Figure S2c), and X-ray photoelectron
spectroscopy (XPS) of 1 before and after the capture
experiment (Figure S3) indicates that the sulfur oxidation
state is not affected by Pb** loading, as it is observed from the
analysis of the S 2p peak. Finally, the N, adsorption isotherms
at 77 K, for 1, before and after lead capture are shown in
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Figure S4. Both isotherms are characteristic of microporous
materials, with estimated Brunauer—Emmett—Teller (BET)
surface areas of 605 (as synthesized) and 449 m* g™' (after
capture experiments). As expected, after the lead capture we
observed a reduction of N, uptake. Nevertheless, 1 still
presents a sizable porosity.

The Pb*" capture was also followed and unambiguously
unveiled by single-crystal X-ray diffraction (SCXRD) (see the
Supporting Information and Table S1). The crystal structure of
Pb@1, obtained by soaking crystals of 1 in saturated aqueous
solutions of Pb**, clearly shows Pb** metal ions residing (with
both statistical and large thermal disorder) within the pores of
the MTV-MOF, grasped by S:--Pb** linkage [S--Pb** of 2.7(1)
and 2.9(1) A] (Figures 1, S5, and S6). An auxiliary interaction

Figure 1. Perspective view down the ¢ crystallographic axis of a single
channel of Pb@1 crystal structure determined by SCXRD, showing
Pb** ions captured in pores by sulfur atoms from methionine residues
through a supramolecular recognition process. S---Pb** and O---Pb**
interactions are depicted by orange and red dashed lines, respectively.
Color code: copper and calcium atoms from the network are
represented by cyan and blue polyhedra, respectively, whereas organic
ligands are depicted as gray sticks. Yellow and light blue spheres
represent S and Pb atoms, respectively.

of Pb** with oxygen atoms belonging to oxamidate ligands
from the MTV-MOF was also revealed, likely contributing to
stabilizing the metal ions in the confined spaces [O--Pb of
2.54(5) A] (Figure S6b,c). SCXRD data also indicates some
clues regarding the Pb** capture mechanism. It clearly shows
that while methionine arms act as scavengers for lead, shorter
methylcysteine ones reach their stable conformation upon
being confined within the most hindered voids of the crystal
structure (Figure S6b). The length of the amino acid residue
seems to play a key role in the process of the metal species
capture. Hence, the larger length of the ethylmethyl thioether
chains decorating the channels imparts more flexibility,
allowing a faster approach of the target species.

On the other side, the statistical disorder exhibited by
captured Pb** metal ions can be visualized as a series of
snapshots, underpinning the inclusion and somewhat the
transport mechanisms behind the capture within nanoconfined
spaces. Indeed, the heavy metal ion is detected residing either
far or close to the methionine moieties, suggesting a pre- and
postrecognition from the amino acid derivative (see Figure S6
and crystallographic details in the Supporting Information).
Most likely, the split on two sites with similar occupancy
factors is produced by superimposed snapshots of the dynamic
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process within the porous crystal. It must be clarified that this
disorder, as normally occurs for general statistical disorder in a
crystal structure, is given by the spatial views averaged in the
crystal through only one unit cell.

A polycrystalline sample of 1, with average particle
dimensions of 0.1 pm, was immobilized within the porous
network of entangled SWCNT-BP, thus obtaining a stable self-
standing adsorbing membrane filter (Figure 2). A powder of 1

Figure 2. Final appearance of (a) neat SWCNT-BP and (b) MTV-
MOF/SWCNT-BP. The average diameter of membranes was 38 + 1
mm. SEM images of (c¢) SWCNT-BP and (d) MTV-MOF/SWCNT-
BP unveiling MTV-MOF micrometer particles as aggregates of
smaller nanosized primary particles.

was dispersed in an optimized SWCNT-BP water solution
using an ultrasonic bath. The as-made solution was filtered
through the PTFE disks with a vacuum pump and then washed
with ethanol. The novel membrane MTV-MOF/SWCNT-BP
has been produced by drying the washed composite at room
temperature. The detailed procedure for the composite
preparation is given in the Supporting Information. Compared
to the conventional method for preparing MMM-MOFs, a low
cost and simple technique was employed for preparing these
MTV-MOF/SWCNT-BP membranes, which exhibit relatively
high fluxes, porosity, hydro-stability, and mechanical strength.
This preparative procedure requires low amounts of eco-
friendly solvents (water and ethanol) and no postsynthetic
treatment, thus resulting in a more environmentally friendly
process.

The SWCNT-BP selected as porous support for MTV-MOF
immobilization was not an simply a bystander; it is partially
functionalized with carboxylate groups (~3,5%), which can
actively and synergically cooperate in the heavy metal
sequestration. Nevertheless, the mechanisms underpinning
metal ion sorption within carbon nanotubes (CNTs) are
very intricate, and they can be explained by the combination of
several factors, such as electrostatic attraction, sorption—
precipitation, and chemical interaction between the metal ions
and the functional groups eventually present on the CNT
surface.”®

The optimum MOF content of 25 wt % in the SWCNT-BP
was established by considering both factors: maximum lead
uptake/efficiency and mechanical stability of the final
membrane. Thermogravimetric analysis (TGA) evaluated the
thermal stability of MTV-MOF/SWCNT-BP. TGA shows that
the presence of MTV-MOF 1 in the hybrid membrane does
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Figure 3. Pb>" capture by neat SWCNT-BP and MTV-MOF/SWCNT-BP disks (diameter 38 + 1 mm) after soaking in 200 mL of aqueous
solution with [Pb**] of 300 and 1000 ppb of deionized (a and b) or mineral water (c and d) in the 0—16 h interval (data from Tables S3—S8). The
Pb** adsorption performance was tested on Pb(NO,), water solutions at room temperature under static conditions. The solid lines in the plots are

a guide for the eye.

not significantly influence the shape of the neat buckypaper
decomposition (Figure S7). The slight changes observed are
likely related to the porosity of the MOF and its water content
and were observed in the temperature range of 50—250 °C for
the composite membrane of MTV-MOF/SWCNT-BP. A mass
loss of ~47% is observed above 450 °C for both MTV-MOF/
SWCNT-BP and neat SWCNT-BP membrane, accounting for
the partial decomposition of BP.

Panels a and b of Figure 2 show neat SWCNT-BP and
MTV-MOF/SWCNT-BP membranes, respectively, prepared
under the above-mentioned optimized conditions. These
membranes arranged in a circular pattern exhibit an average
thickness of 60 + 1 um plus an average diameter of 38 + 1 mm
with a resulting average mass of the disks of 40 + 2 mg.
Density and porosity values for membranes are similar, as
expected (0.60 + 0.03 g cm™ and 70 + 5%, respectively). The
pore distribution (%) for SWCNT-BP and MTV-MOF/
SWCNT-BP membranes has been evaluated. Figure S8
shows a similar pore distribution for SWCNT-BP and MTV-
MOF/SWCNT-BP membranes, typical of microporous
materials; the estimated Brunauer—Emmett—Teller (BET)
surface area for the used SWCNTs is 520 m* g~ (from Sigma-
Aldrich). Thus, both membranes are potentially good
absorbers, with pore diameters, as expected, only slightly
reduced after MTV-MOF immobilization in SWCNT-BP.

The morphology of SWCNT-BP and MTV-MOF/SWCNT-
BP membranes was evaluated through scanning electron
microscopy. A typical microscopic texture of a SWCNT-BP is
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shown in Figure 2c, where bundles and clusters of SWCNTs
are evident and likely induced by n—z and van der Waals
interactions. Small spherical aggregates appear after the
addition of the MTV-MOF in SWCNT-BP (Figure 2d)
featuring an average diameter of roughly 0.1 pm. The stable
and porous structure of SWCNT-BPs supports and stabilizes
the nanosized MOF particles. Indeed, after capture experiment,
no leakage was observed. Thus, the final composite guarantees
good permeability together with large active surface area for
the adsorption of lead from water solution.

In order to characterize the hydrophilic/hydrophobic surface
properties of SWCNT-BP and MTV-MOF/SWCNT-BP
membranes, the static contact angle has been measured for
both materials. The top surfaces of both membranes feature a
hydrophilic character. However, it is decreased by the presence
of the MTV-MOF, with average contact-angle values of 47.5°
+ 0.5° and 78.5° + 0.5° for SWCNT-BP and MTV-MOE/
SWCNT-BP, respectively (Fi§ure S9a,b), which is required for
water treatment membranes.”” These results suggest a lower
hydrophilic nature for the MTV-MOF/SWCNT-BP compared
to the neat SWCNTs. In terms of transport mechanisms, it can
be seen as an added value of the chosen hybrid support.

PXRD experiments of SWCNT-BP and MTV-MOE/
SWCNT-BP before and after capture and regeneration process
have been also performed (Figure S10). They confirm the
integrity of the membranes, showing the common peaks typical
of SWCNTs and that the open-framework structure of the
filter remains unchanged after the capture of the Pb>" ion and
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regeneration process (vide infra) of MTV-MOF/SWCNT-BP
(Figure S10).

Capture Properties and Pb" Adsorption Performance.
The capture properties of MTV-MOF/SWCNT-BP were then
evaluated through adsorption experiments and compared with
those of the neat SWCNT-BP membrane. Both membrane
disks were activated first by immersion in ethanol followed by
heating at 80 °C under reduced pressure for 24 h prior to the
sorption measurements.

The initial screening was performed in batch, using distilled
water and Pb(NOj), at different concentrations (300 and 1000
ppb). The native pH value of the solution was 6.5. At this pH,
the carboxylic acid groups of SWCNT are deprotonated, but it
is not supposed to affect in a remarkable way the binding
performance of the MTV-MOF. The kinetic profiles and
adsorption% of lead capture by SWCNT-BP or MTV-MOF/
SWCNT-BP disk (diameter 38 + 1 mm), after soaking them at
different lead concentrations in the 0—16 h interval, are shown
in Figures 3 and 4, respectively (results from the whole time
range of 0—72 h are reported in Tables S3—S8).

Figure 4. Pb** capture% by neat SWCNT-BP and MTV-MOF/
SWCNT-BP disks (diameter 38 + 1 mm) during soaking in aqueous
solutions of 1000 ppb [Pb**] [volume 200 mL of Pb(NO;), aqueous
solution, at room temperature] in the 0—16 h interval (data from
Table S4).

Observing the kinetic profiles, some significant differences
can be spotted regarding the capture performanc of the two
membranes. The SWCNT-BP was able to reduce the lead
concentration from the initial value of 300 ppb to values
slightly lower than the 15 ppb action level limit in 4 h (13.7 =
0.2 ppb), while a noteworthy improved removal capacity is
observed for the MTV-MOF/SWCNT-BP over the same time
period, with lead concentration being reduced to 5.5 + 0.1
ppb; this is much lower than the 10 ppb trigger level and thus
within acceptable limits for drinking water (Table S3). A slight
increase of adsorption performance of the MTV-MOF/
SWCNT-BP can be noticed even when the more concentrated
solution was used, in line with an increase in maximum
adsorption capacity at high concentrations (graphic in Scheme
1) (vide infra). The lead concentration was reduced from 1000
to 39.40 + 0.4 and 14.1 + 0.1 ppb in 8 h when the neat
SWCNT-BP and MTV-MOF/SWCNT-BP were used, re-
spectively (Table S3).

A doubled treatment time (16 h) is required to reduce the
lead concentration under the imposed trigger level limit with
the SWCNT-BP (6.65 + 0.1 ppb) (Table S4). The obtained
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results clearly indicate that the presence of the MTV-MOF
within the SWCNT-BP membrane improves, significantly, the
removal efficiency of the neat SWCNT-BP membrane. Indeed,
a considerable reduction of the lead concentration to 0.73 +
0.02 ppb, which is under the limits required for bottled and
drinking water, was observed for the same time (Table S4).

Aiming at evaluating the potential real application of these
membranes, additional experiments were performed, in batch,
using lead solution at different concentrations (300 and 1000
ppb) prepared with a commercial mineral water containing
common and unavoidable background ions (Figure 3c,d and
Tables S5—S8) at pH 6.6. The trend in capture performance is
preserved, and it is evident that none of the cations present in
solution—such as Na*, K*, Mg**, Ca*"—at high concentration
noticeably interfere with the adsorption of lead ions (Figures
S11 and S12), even when a lower Pb>" concentration of 200
ppb was used (Figure S13 and Tables S9 and S10). These
results, confirming the selectivity of this material, are in line
with that observed for other MOFs of the same family.*>**>!
Again, an improved adsorption was observed for the MTV-
MOF/SWCNT-BP membrane at higher lead concentration.
Indeed, while the adsorption ability of the SWCNT-BP and
MTV-MOF/SWCNT-BP was comparable at 200 and 300 ppb,
with lead being reduced below the established limits after 4
and 16 h, respectively, lead concentration falls from 1000 ppb
to 13.9 = 0.1 ppb in 24 h with SWCNT-BP and reached a
halved value (6.9 & 0.1 ppb) in a shorter time (16 h) when the
MTV-MOF/SWCNT-BP was used, thus further confirming
the positive effects of the MTV-MOF on the hybrid membrane
performance (Tables S7 and S8).

In addition, the positive effects of the presence of MTV-
MOF within SWCNT-BP are evident on the adsorption
capacity and selectivity (see below) at high Pb** concentration.

Kinetic experiments evidence that the rate equation for Pb**
capture in solutions follows the Lagergren first-order equation
(capture experiments section, Supporting Information)

9
a = 0
where g, and k, are the lead adsorption capacity per unit of
adsorbent mass (mg g~') at equilibrium and the Lagergren
adsorption rate constant (min~'), respectively (Table S11).
The capture performance of SWCNT-BPs was improved by
the incorporation of MTV-MOF in SWCNT-BPs, increasing
the constant rate values for the concentrations of 300 and 1000
ppb from 0.0120 + 0.0005 and 0.0126 + 0.0008 min~! to
0.0138 + 0.0006 and 0.0143 + 0.0008 min~’, respectively.

In terms of capacity, MTV-MOF/SWCNT-BP reaches a
value up to 310 mg g~ when soaked in an aqueous solution
with [Pb**] of 100 mg L™". This quantity, although it could be
considered modest if compared to that shown by other bulk
MOFs,>**** is quite remarkable considering that we are
dealing with a membrane containing 25% of the MOF.
Moreover, it results in a 42% improvement with respect to the
neat SWCNT-BP, for which, in the same conditions, a
maximum adsorption of 180 mg g™" was observed (bar chart in
Scheme 1 and Tables S12—S17). All these results undoubtedly
validate that CNTs are good supports to immobilize and
prevent leaching of MOFs in target solutions, a drawback often
present in MOF-based mixed polymeric membranes.

Finally, in order to ensure the applicability of MTV-MOF/
SWCNT-BP against any accidental spills, similar to what
occurred in Flint, we performed further adsorbing tests by
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using Pb** solutions at higher initial concentrations (10000,
20000, 30000, 60000, and 100000 ppb) (Figure S and Tables

Figure 5. Dependence of Pb** capture% as a function of
concentration by neat SWCNT-BP and MTV-MOF/SWCNT-BP
disks in 10—100 ppm range of [Pb**] [volume of 200 mL of
Pb(NO;), aqueous solution, at room temperature for 72 h] (data
from Table S12).

S13—S17). After 72 h of treatment, a removal efficiency up to
90% was observed for the SWCNT-BP membrane at 10000
ppb, with final Pb** concentration in water of ca. 1200 ppb.
With respect to this value, a further reduction of the final
concentration of 82% was obtained with the MTV-MOF/
SWCNT-BP membrane in the same conditions, with the final
lead concentration being slightly higher than 200 ppb,
corresponding to a removal efficiency of 98% (Table S12).
When the initial lead concentration rises further, the removal
efficiency of both membranes decreases, with MTV-MOF/
SWCNT-BP still assuring the better performance: after 72 h of
treatment the removal efficiency values were 79 and 94% for
initial lead concentration of 30000 ppb (Table S15) and 42
and 66% for initial lead concentration of 60000 ppb (Table
$16) for SWCNT-BP and MTV-MOF/SWCNT-BP, respec-
tively.

Selectivity toward Common Interfering Metal lons
AP* and Fe?*. The already described improved lead uptake
efficiency of MTV-MOF/SWCNT-BP compared to neat
SWCNT-BP is also accompanied by a remarkable increase in
selectivity. In particular, we evaluated the lead capture
performance of both MTV-MOF/SWCNT-BP and
SWCNT-BP membranes toward Pb** in the presence of
other interfering metal cations, usually found in drinking water,
such as AI** and Fe®* cations. In order to do so, both MTV-
MOEF/SWCNT-BP and SWCNT-BP were soaked in aqueous
solutions containing an initial concentration of 1000 ppb of
each metal, where we observed MTV-MOF/SWCNT-BP
showed higher selectivity toward Pb*" cations (Tables S18 and
$19).

Thus, for MTV-MOF/SWCNT-BP a removal efficiency of
97.8% for lead can be observed, which corresponds to a final
lead concentration of 22 + 1 ppb, whereas the corresponding
removal efficiency for the SWCNT-BP was only 90% for
Pb(II) (99 ppb of lead remaining in solution after treatment)
(Tables S18 and S19).

The calculation of lead distribution coefficients, Kp,, between
membranes and solutions both in neat and multicomponent
(Pb, Fe, and Al) solutions (see Table S20) confirmed the
strong affinity between Pb** ions and membranes. Even if a
decrease in K values was observed for increasing lead
concentrations and in the presence of competitive ions, it is
worth noting that the incorporation of MTV-MOFs in
SWCNTs increased the ion affinity in all cases reported in
Table S20.

Overall, all these capture results indicate that MTV-MOF/
SWCNT-BP is capable of reducing [Pb**] in contaminated
solutions to acceptable limits for drinking water. These results
situate MTV-MOF/SWCNT-BP among the most efficient
materials for lead decontamination and as the most efficient
MOF-based material for this purpose.”*~*’

As stated above, a greatly increased absorption ability for
AI(III) and Fe(III) was observed only for the SWCNT-BP
membrane (removal efficiency of 87 and $7% for AI(III) and
Fe(Ill), respectively), when compared to MTV-MOF/
SWCNT-BP (removal efficiency of 41 and 30% for AI(III)

Figure 6. Selectivity for cation adsorption in 1000 ppb [Pb?*], [Fe**], and [AI**] solutions by MTV-MOF/SWCNT-BP and SWCNT-BP
membranes soaked in a volume of 200 mL, in the 0—72 h interval (data from Tables S18 and S19). Membrane disks were placed in 1 ppm
Pb(NO,),, FeCly and AlCl, aqueous solution at room temperature (25 °C). To avoid precipitation of Fe** and AI** as metal hydroxides from the
aqueous solution during selectivity experiment, the addition of nitric acid for the stabilization has been performed until pH 2.
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and Fe(IIl), respectively). These results are shown in Figure 6
and clearly demonstrate an outstanding selectivity of MTV-
MOF/SWCNT-BP toward Pb*" (Figure 6b), which decreases,
significantly, in neat SWCNT-BP (Figure 6a). Overall, these
results further confirm that the introduction of the MTV-MOF
brings added value to SWCNT-BP, thus facilitating its real
implementation.

These trends are maintained at higher concentrations. When
using solutions with an initial concentration of 10000 ppb for
each metal (Figure S14 and Tables S21 and S22), MTV-
MOF/SWCNT-BP still displays higher selectivity and removal
efficiency for Pb(Il) ions when compared with SWCNT-BP,
being as high as 97% for lead for the composite membrane and
64% for the buckypaper. This behavior should be attributed to
the high chemical affinity of thioether functions for Pb** soft
metal ions. Methionine residues, pointing within pores of the
MTV-MOF, capture Pb** ions as unveiled by the SCXRD
study (Figure 1). These thioether-functionalities, and con-
sequently holding mechanisms, are not present in carbon
nanotubes. In neat SWCNT-BP, there exists an oxygen-rich
environment related, as above-mentioned, to partial function-
alization with carboxylate groups (~3.5%); this and
physisorption mechanisms are likely the main actors in the
capture processes. These nonspecific interactions are most
likely at the origin of the greater affinity unveiled for AI’** and
Fe** in SWCNT-BP (Figure 6). Further evidence of the
synergistic effect of MTV-MOF and SWCNT-BP in the hybrid
membrane is supported by SEM-EDX analysis on both
membranes after Pb>* capture (Figure S15). Images confirm
a still homogeneous distribution of MTV-MOF in SWCNT-BP
and a homogeneous adsorption in both membranes of Pb(1I).

Perspective on Industrial Feasibility and Scale Up:
Mechanical Analysis and Regeneration Process. In order
to ensure that the excellent mechanical properties of BP are
maintained when preparing composites, the mechanical
properties of MTV-MOF/SWCNT-BP were evaluated and
compared to those shown by pure SWCNT-BP. The presence
of MTV-MOF in SWCNT-BP causes a slight decrease in the
Young’s modulus from 1.65 + 0.03 GPa (neat SWCNT-BP) to
1.54 + 0.02 GPa (MTV-MOF/SWCNT-BP). Nevertheless,
these measurements confirm the hi§h mechanical stability of
both membranes (see Figure S16).°

From the perspective of potential industrial applications, and
being aware of the known stability for either SWCNT-BP® or
MTV-MOF" after regeneration processes, the stability of the
MTV-MOF/SWCNT-BP membrane after a regeneration
process was also evaluated. In this regard, recovered Pb**
was extracted after suspension of the membrane in a 10% (v/v
%) aqueous solution of 2-mercaptoethanol for 24 h. The
reusability of MTV-MOF/SWCNT-BP after the extraction
process was studied over five subsequent cycles of adsorption
and regeneration. The results demonstrate the stability,
confirmed by PXRD measurements (Figure S10), and still
good efficiency of the hybrid membrane (Table S23), which
recovers up to 85.1% of the original adsorption capacity, thus
confirming the suitability of MTV-MOF/SWCNT-BP for
industrial applications.

According to our protocol, we asked a company (potentially
involved in the industrial feasibility and scale up) to make a
first estimation of the price of the MTV-MOF at a 5—15 kg
scale. At 5 kg scale using our procedure they estimate a
production cost of 8000 €/kg (including tool depreciation,
labor cost, raw materials, and energy) that could be reduced to
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<4000 €/kg for 15 kg scale by having a more industrial
sourcing of methionine and methylcysteine amino acids. As far
as BP is concerned, we have an estimation of 1000 €/kg. Of
course, the main fraction of the cost comes from the MOF and
reactants, but considering that membranes are prepared with a
MOF content of 25 wt % in the SWCN-BP, it could be
considered cheaper with respect to pure powder of MOF-
based technologies.

It is more difficult at this stage to estimate the operating cost
of the Pb** removal (in €/g of Pb*") and to compare this cost
with the expectation of the market or other existing
technologies. However, we think that the balance between
the membrane production, cost of the regeneration/recovery
steps, and their low environmental impact is the key point.

B CONCLUSIONS

In summary, we have reported the synthesis, characterization,
and lead removal efficiency of a novel material made up of a
single-walled carbon nanotube buckypaper incorporating a
novel multivariate MOF (MTV-MOF/SWCNT-BP). The
combination of SWCNT-BP and MTV-MOF, materials that
exhibit great capture properties individually, originates a
biocompatible, highly stable adsorbent membrane—MTYV-
MOF/SWCNT-BP—with high performance for Pb(II)
removal from aqueous solution. It represents a step forward
with respect to the previous composite we reported so far,”
where the MOF embedded inside the CNTs was completely
different. In that case, it was prepared with a different amino
acid derivative, threonine, owning an alcoholic chemical
functionality of the type —CH(CH;)OH confined within the
pores of the MOF and exhibiting a consequent chemical
affinity for rare earth elements (REEs) as target metal ions. In
the present work we immobilized a multivariate-MOF, which is
a new subclass of MOF, exhibiting multiple chemical
functionalities. Here, we have used two chemical amino acid
derivatives from methionine and methylcysteine, giving a final
MTV-MOF with both —CH,SCH; and —CH,CH,SCH;,
functionalities confined within the pores of the MOF and
exhibiting a totally different binding affinity when compared
with the threonine one. Furthermore, the characterizations of
as-prepared composite membranes indicated that the MTV-
MOF particles are stably enmeshed into the BP skeleton.
Both the SWCNT-BP and the MTV-MOF/SWCNT-BP
featured appreciable values of maximum adsorption capacities.
However, MTV-MOF/SWCNT-BP displayed a remarkable
increase of up to 42%, which is the only one exhibiting a
remarkable selectivity for Pb(II) ions, even in highly
concentrated multicomponent solutions, over a wide range of
lead concentrations. These outstanding properties are likely
related to MTV-MOF host—guest interactions, unequivocally
unveiled by SCXRD measurements. For Pb(II) solution
concentration in the range of 200—1000 ppb, the lead content
was reduced well below the current established EPA and WHO
trigger level and within the drinkable regime (<10 ppb), with
the MTV-MOF/SWCNT-BP membrane assuring a faster and
more efficacious decrease of the lead level in water. When the
solution concentration was further increased (10000—50000
ppb), the MTV-MOF/SWCNT-BP membrane demonstrated
superior removal efficiency with respect to the pristine
SWCNT-BP, guaranteeing lead removal higher than 90% for
initial lead concentration up to 30000 ppb. To further increase
the removal efficiency and reduce the time of treatment,
multiple filtration units could be readily connected in series to
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achieve higher performance and consequently reduce the water
concentration under the required limit. The outstanding
performance of the composite membrane is retained even in
the presence of competitive ions, such as iron(IlI) and
aluminum(IIT), with removal efficiency up to 97% for lead
when solutions containing 10000 ppb of each metal ions were
treated, in contrast to what is observed for the neat membrane.
Furthermore, the structural stability of the MTV-MOEF/
SWCNT-BP was maintained upon lead adsorption/desorption
cycles, and complete regeneration was achieved for up to five
cycles. MTV-MOF/SWCNT-BP has great potential in the
field of water treatment and can be effectively used as a reliable
adsorbent for Pb(II) removal for household drinking water, as
well as in industrial treatment plants for water and wastewater
decontamination.
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Experimental Section

Chemicals.

All chemicals were of reagent grade quality. They were purchased from commercial sources and
used as received. SWCNTSs (characterized by an average diameter of 1.4 = 0.1 nm and an average
length longer than 5 pm) and carboxylic acid functionalized SWNTs (COOH-SWCNTs with bundle
average dimensions ranging from 4 to 5 nm in diameter and from 0.5 to 1.5 pm in length, as
reported in the datasheet from Sigma-Aldrich, Milan, Italy) were used for the preparation of
SWCNT solutions.

Compound { Ca'Cu''g[(S,S)-methox] 1 5[ (S,S)-M ecysmox] 1 so(OH)2(H,0)} -38H,0 (1) (M TV-M OF)
was prepared as reported earlier for similar MTV-MOF containing Sr(11).6°

Inthes's of {Ca'Cu''g[(SS)-methox] 1 s0[ (SS)-Mecysmox] 1 so(OH)2(H20)} - 38H,0 ():

Well-shaped hexagonal prisms of 1 suitable for SCXRD were obtained by slow diffusion in H-
shaped tubes of agueous solutions containing stoichiometric amounts of (MeyN){ Cu,[(S,S)-
methox](OH),} - 4H,0 (0.131 g, 0.18 mmol) and (MesN)A Cuy[(S,S)-Mecysmox](OH),} - 5H,0
(0.229 g, 0.28 mmol) in one arm and CaCl, (0.022 g, 0.2 mmol) in the other. They were isolated by
filtration on paper and air-dried. A gram-scale procedure was also carried out successfully by
mixing greater amounts of (MeyN)A{ Cu,[(S,S)-methox](OH),} - 4H,O (4.37 g, 6 mmol) and
(MegN)Af Cuy[(S,S)-Mecysmox] (OH),} - 5H,0 (4.32 g, 6 mmol) in water (60 mL). Another aqueous
solution of CaCl, (0.440 g, 4 mmol) was added dropwise to the resulting deep green solution and
the final mix was allowed to react, under stirring, for 6 hours. Afterwards, the material was isolated
by filtration and characterized by C, H, N, S, analyses to give a fina formula of {Ca'Cu'4[(S9S)-
methox] 1 50[ (S S)-Mecysmox] 150 (OH)2(H20)} - 38H,0. Anal. calcd. for 1: Cz3CusCaSsH12:NeOsg
(2161.04): C, 18.34; H, 5.69; S, 8.90; N, 3.89%. Found: C, 18.21; H, 5.57; S, 8.77; N, 3.96%; IR
(KBr): v = 1625 and 1596 cm! (C=0).

Preparation of [POING)z]os@{PY'CU' ¢ (S-methox] 1.5 (SS-Mecysmox ;1 s OH)A(H20)}-7H 20

[Pb(NGy).]@1.
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Well-formed hexagonal green prisms of [Pb(NG;);] @1, which were suitable for X-ray diffraction,
were obtained by soaking crystals of 1 (5.0 mg) in a saturated H,O/CH;OH (1:1) solution of
Pb(NO3), for 6 hours. The crystals were washed with water, isolated by filtration on paper and air-
dried. [Pb(NG;)]@1: Anal.: calcd for Ci33CuqCaHgPbS¢NgOsz4 (1933.76): C, 20.50; H, 3.13; S,
9.95; N, 5.79%. Found: C, 20.67; H, 3.11; S, 9.89; N, 5.90%. IR (KBr): v = 1623 cm! (C=0).

[Pb(NGy).]@1.

Preparation of membranes:

Buckypaper membranes were obtained by filtration of solutions of SWCNT and COOH-SWCNTSs.
Generally, 40 mg of SWCNT mixtures were dispersed in 200 mL of a 0.4% TRITON X100 water
solution by an ultrasonic bath (model M1800H-E, Bransonic, Danbury, CT, USA) for 30 min.

Then, solutions were filtered through PTFE disks with a vacuum pump (pressure = —0.04 bar),
washed severa times with methanol and, finally, dried at room temperature. All chemicals were
purchased from Sigma-Aldrich, Milan, Italy. It is well known that several preparation factors
influence the final BP membrane properties, including the SWCNT solution sonication time, the
vacuum depression magnitude used during the filtration of SWCNT solutions, the filter porosity
and composition.®8 In addition, the main problem found in this study was the best compromise in
terms of weight percentage between long SWCNTSs, which ensure the gain of self-standing and
flexible BP disks, and short COOH-SWCNTS, which ensure a higher lead adsorption. After several
trials, the best weight ratio was SWCNTs.COOH-SWCNTSs = 3:1, which gave detachable SWCNT
disks from polymer filters and self-sustaining BPs (Figure 2a).

MTV-MOF/SWCNT-BPs were obtained by dispersing MOF in the optimized SWCNT solution
and applying the procedure previously outlined for neat SWCNT-BP. The largest amount of MTV-
MOF, which was possible to disperse in the optimized SWCNT solution without losing
detachability and self-sustainability of the final BP disks, was 25% w/w (Figure 2b).

Both SWCNT-BP and MTV-MOF/SWCNT-BP were flexible disks with an average diameter of
38 + 1 mm and an average thickness of 60 + 1 pm.

Chemical-physical techniques:

Elemental (C, H, N) and powder X-ray Diffraction analyses (of the pure MOF) were performed at
the Microanalytical Service of the University of Caabria. ICP-MS analyses for the Pb** and
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interferent ion capture experiments on membrane (vide infra) were performed at the Department of
Chemistry of the University of Calabria. FT-IR spectra were recorded on a Perkin-Elmer 882
spectrophotometer as KBr pellets. All characterizations confirmed the purity of the sample when

compared with the previously work reported by us.>°

X-ray Powder Diffraction Measurements:

Polycrystalline sample of 1 to test purity of the bulk, was introduced into 0.5 mm borosilicate
capillaries prior to being mounted and aligned on a Bruker D2 Phaser powder diffractometer, using
Cu Ka radiation (. = 1.54056 A). Five repeated measurements were collected at room temperature
(20 = 2-40°) and merged in a single diffractogram. A polycrystalline sample of 1 was also
measured after lead capture experiments following the same procedure.

The flexible disks of an average diameter of 34 £ 1 mm for both SWCNT-BP and MTV-
MOF/SWCNT-BP have been allocated on a plate sample holder, then mounted and aligned on a
Bruker D2 Phaser powder diffractometer, using Cu Ko radiation (A = 1.54056 A). Three repeated
measurements were collected at room temperature (20 = 2-60°) and merged in a single

diffractogram.

X—ay photoe ectron spectroscopy (XPS) measurements:

Samples of 1, before and after capture experiments, were prepared by sticking, without sieving, the
samples onto a molybdenum plate with scotch tape film, followed by air drying. Measurements
were performed on a K-Alpha™ X-ray Photoelectron Spectrometer (XPS) System using a
monochromatic Al K(alpha) source (1486.6 €V). As an internal reference for the peak positions in
the XPS spectra, the C1s peak has been set at 284.8 eV.

Gas adsorption:

The N, adsorption-desorption isotherms at 77 K, were carried out, on policrystalline samples of of
1, before and after capture experiments, with a BELSORP-mini-X instrument. Samples were first
activated with methanol and then evacuated at 348 K during 19 hours under 10 Torr prior to their

analysis.

Membrane characterization:
The morphology of SWCNT-BP and MTV-MOF/SWCNT-BP was characterized by scanning
electron microscopy with a Leica LEO 420 (Leica Microsystems, Cambridge, England) scanning

A
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electron microscope with an accelerating voltage of 10 kV. Samples were covered with an ultrathin
gold layer using a sputter coater.

Figures 2c and 2d show the morphology of SWCNT-BP and MTV-MOF/SWCNT-BP
membranes. SWCNT-BP morphology is characterized by the typical BP microscopic texture with
bundles and clusters of SWCNTSs arising from n—t and van der Waals interactions. The addition of
MTV-MOFsin SWCNT-BP is evidenced in Figure 2d by the presence of small spherical particles
with an average size lower than 1 um and formed by smaller primary particles with an average
diameter of = 100 nm. The highly porous structure of SWCNT-BP, firmly hosting the nanosized
MTV-MOF particles (no leakage was observed at the end of experiments), guarantees a high
permeability and alarge surface area for the contact and successive adsorption of ions present in the

test solutions. MTV-MOF particles are homogenously distributed inside the membrane.

Thermogravimetric analysis:
The thermogravimetric analysis was performed on SWCNT-BP and MTV-MOF/SWCNT-BP
samples under a dry N, atmosphere with a Mettler Toledo TGA/STDA 851¢ thermobalance. The

experiments were carried out within a temperature range from 25 °C to 800 °C at a heating rate of
10 °C/min. Approximately 20 mg of each sample were placed in a ceramic pan for the

measurement.

Capture experiments:

The Pb2* adsorption performance of SWCNT-BP and MTV-MOF/SWCNT-BP were tested on
Pb(NOs), water solutions and multielement solution of FeCls;, AICI; and Pb(NOs), a room
temperature and under static conditions (Tables S3-S10, S12-S19, S21-S23).

SWCNT-BP and MTV-MOF/SWCNT-BP membrane disks were placed in beakers containing 200
mL of Pb(NOs), solution (of deionized and mineral water) at room temperature (25°C).

For selectivity experiments, SWCNT-BP and MTV-MOF/SWCNT membranes were placed in
100 mL beakers containing 1 and 10 ppm of Pb(NOs3),, FeCl; and AlCl; agueous solution at room
temperature (25°C). All solutions were stirred by an orbital shaker (PSU-10i, Biosan, Italy). Each

experiment was performed in triplicate and results are reported as average values of £ 3SD. The
stabilization of the Pb?* in view of the ICP-MS analysis occurred by adding nitric acid with a purity
of 98 %. The ICP-MS data are reported considering the dilution factor. For selectivity experiment,
to avoid precipitation of Fe3* and Al3* as hydroxide from the agueous solution, the addition of nitric

acid for the stabilization has been performed until pH =2.
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The Pb?* adsorption performance of SWCNT-BPs and MTV-MOF/SWCNT-BPs reported in
Figure 3 (data from Tables S2 and S3) have been fitted under the hypothesis that the lead adsorption
capacity of adsorbent (mg g1) follows the Lagergren-first-order equation®2:

dq,
o = k1(ge —qe) (1)
where g and k; are the lead adsorption capacity per unit of adsorbent mass (mg g?) at equilibrium

and the Lagergren adsorption rate constant (min't), respectively. After integration, the following
equation holds:

g=q(1—e " (2
The experimental amount of adsorbed metal ions (de(t), Mg gt) can be expressed as follows:

(Co—Cp)
Qep(t) = ——V ©

where Cy and C; are the lead concentration in the solution at time zero and t, respectively, mis the
mass of the used membranes, and V is the volume of |ead solution.

Experimental data were fitted as a function of time by OriginPro 2019 Software.® Non-linear
optimization method by Origin software was used instead of linear regression in order to avoid any
distortions created in the original error distribution.*

The obtained Lagergren adsorption rate constants, k; (mint), for SWCNT-BPs and MTV-
MOF/SWCNT-BPs at different initial lead concentrations are reported in Table S11.

The fit of the kinetic profiles of SWCNT-BP and MTV-MOF/SWCNT-BP membranes agrees
with the findings obtained from their direct observation. The capture performance of SWCNT-BPs
was improved by the incorporation of MTV-MOF in SWCNT-BPs increasing the constant rate
values for the concentrations of 300 and 1000 ppb from 0.0120 + 0.0005 and 0.0126 + 0.0008 min't
t0 0.0138 + 0.0006 and 0.0143 + 0.0008 min't, respectively.

Distribution coefficients calculation:

The lead distribution coefficients, Kp, between membranes and solutions both in neat and multi-
component (Pb, Fe, Al) solutions were calculated, in agreement with reference,® according to the
following equation:

Ko ="y, (4)
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where [Pb?*],em (Mg kg?) and [Pb2*],,; (Mg L1) are the lead ions concentrations at equilibrium
adsorbed onto the membrane and present in the solution, respectively. Table S20 shows the log K p
values calculated for the lead initial concentrations of 1000 ppb and 10000 ppb in neat and multi-

component (Pb, Fe, Al) solutions.

Generally alog K value larger than 5 is indicative for a high affinity of ions to be adsorbed onto a
substrate.® As reported in Table S20 at Pb?* concentration of 1000 ppb, the log K, values for lead
neat solutions are larger than 5 both for SWCNT-BPs and MTV-MOF/SWCNT-BPs, confirming

the strong affinity between Pb?* and membranes.

As expected, the log K, values decrease for increasing lead concentrations as a consequence of the
saturation of the active sites present in membranes. Similar trends, but with lower values, were
found for the log Kp in multi-component solutions, confirming the competitive affinity of iron and
aluminum ions for both SWCNT-BP and MTV-MOF/SWCNT-BP membranes. It is worth noting
that the substitution of SWCNTs with MTV-MOFs increases the ions affinity in al cases reported
in Table S20.

|CP-MS analyses:
The Pb?* concentrations together with the Al3*, Fe3*, Nat, K+, Mg?* tested ions were determined by

utilizing an inductively coupled plasma-mass spectrometer (ICP-MS iCAP™ TQ Thermo Fisher
Scientific, USA) equipped with a Peltier cooled high purity quartz baffled cyclonic spray chamber,
a concentric borosilicate glass nebulizer, a wide 2.5 mm internal diameter quartz injector, a nickel
sample and two skimmer cones with 1.1 mm and 0.5 mm diameter orifices, respectively. The ICP
torch was a demountable single piece quartz torch. The samples were collected by a Thermo
Scientific™ Autosampler Housing with a peristaltic pump equipped with three-stop flared PVC
pump tubing. A multielement standard solution was used to calibrate the instrument using different
analytical concentrations (0.5, 5, 10, 20, 50 and 100 ppb, R? of calibration curve = 1 and a limit of
detection, LOD, of about 0.015 ppb). Ultrapure deionized water (18.3 MQ cm, Arioso, Human
Corporation, Korea) was used for the agueous solutions preparation after filtration by 0.45 pum filter
(Millex Syringe Filter, Merck, Darmstadt, Germany). Each experiment was performed in triplicate
and results are reported as average values = 3 SD. Data reported in Tables S2-S10, S12-S19, S21-
S23.
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EDX measurements:

Scanning Electron Microscopy (SEM) measurements were carried out for both SWCNT-BP and
BioMOF/SWCNT-BP using a LEO 420 scanning electron microscope (SEM, Zeiss) (Vacuum
conditions: 8x10-6 Torr, accelerating voltage: 15 kV) coupled with an Energy Dispersive X—ray
(EDX) detector. The EDX module was an INCAx-Sight Oxford Instruments (Vacuum conditions:
8x10°¢ Torr, iProbe: 650 pA, Current: 15 kV). Samples were gold metallized by an Auto Sputter
Coater (Agar). Both membranes were suspended in a 10 ppm Pb(NOj3), aqueous solution for 24 h

for EDX measurements.

Contact angle measurements:
Static contact angle values of SWCNT-BP and MTV-MOF/SWCNT-BP were measured with a
goniometer (Nordtest, Serravalle Scrivia AL, Italy) at 25 °C. A drop (2 L) of water was put onto

the sample surface by a micro-syringe and measurements were carried out by setting the tangents on
both visible edges of the droplet on five different positions of each sample and calculating the
average value of the measurements. The hydrophilic character of SWCNT-BP and MTV-
MOF/SWCNT-BP top surfaces was confirmed by contact-angle measurements, which gave
average contact-angle values of 47.5° + 0.5° and 78.5° £ 0.5°, respectively, Figures Sba and Sbob.

Mechanical properties.

The mechanical properties of SWCNT-BP and MTV-MOF/SWCNT-BP were measured with a
Sauter TVO-S tensile tester equipped with a Sauter FH-1k digital dynamometer and AFH FAST
software (Sauter GmbH, Balingen, Germany). Rectangular strips (width 10 mm and length 34 mm)
were tested at a strain rate of 0.1 mm min~!. The test allowed the determination of the mechanical

properties such as the tensile strength as the maximum stress and the Young's modulus (Figure
S11).

Pore distribution measurements:
Pore size distribution was evaluated by a capillary flow porometer (CFP-1500 AEXL, PMI Porous

Materials Inc., Ithaca, NY, USA). Membranes were fully wetted by keeping them in Porewick®
(Sigma-Aldrich, Milan, Italy) for 24 h. Then, nitrogen was gradually alowed to flow into the
membrane by increasing its pressure and the registration of gas pressure and permeation flow rate

allowed the calculation of the pore size distribution (Figure S8).
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X-ray crystallographic data collection and structure refinement: Crystals of 1 and [Pb(NO3),] @1
with ca. 0.16 x 0.12 x 0.10 and 0.14 x 0.08 x 0.10, mm as dimensions were selected and mounted

on a MITIGEN holder in Paratone oil. Measurement on single crystal of 1 was performed at room

temperature, whereas single crystal of [Pb(NO3),] @1 was very quickly placed on a nitrogen stream
cooled at 100 K to avoid the possible degradation upon dehydration. Diffraction data were collected
on a Bruker-Nonius X8APEXII CCD area detector diffractometer using graphite-monochromated
Mo-K, radiation (A = 0.71073 A) for. The data were processed through SAINT? reduction and
SADABS? multi-scan absorption software. The structure was solved with the SHELXS structure
solution program, using the Patterson method. The model was refined with version 2018/3 of
SHEL XL against F2 on all data by full-matrix least squares.®11

Crystals of [Pb(NO3),] @1, suitable for X-ray diffraction, were obtained by soaking crystals of 1
(5.0 mg) in a saturated aqueous solution of Pb(NOs), for 6 hours, after a crystal-to-crystal
transformation. For these reasons, it is reasonable to observe a diffraction pattern sometimes
affected by expected internal imperfections of the crystals.

All non-hydrogen were refined anisotropically except some carbon and sulfur atoms belonging to
the highly thermal disordered methionine and methylcysteine chains pointing within huge pores and
disordered Pb atoms in [Pb(NO3),]@1. In the latter, the occupancy factors, of Pb?** metal ions have
been defined in agreement with SEM results. Pb?* metal ions exhibit statistic and sever thermal
disorder, as normally expected in porous crystals. Indeed, the heavy metal ion is detected residing
either far (Pb1A with assigned occupancy factor of 0.08333) or close to the methionine moieties
(Pbl and Pb1B with occupancy factors of 0.16777 and 0.08333, respectively), quite suggesting a
pre- and post-recognition from the aminoacidic derivative, with Pb1B representing the first step of
migration of Pb1A (the most far from the walls of the MTV-MOF) towards the fina site of Pbl,
where the Pb?* metal ions interacts both with sulfur atom belonging from methionine derivative and

oxygen atoms from the oxamate ligand (Figure S2).

In both crystal structure refinements, the use of some C-C and C-S together with Pb-S bond, in
[Pb(NOs),] @1, lengths restrains during the refinements of some highly disordered atoms, has been
reasonable imposed and related to ethyl- and methyl-thiomethyl chains of the methox and
mecysmox ligands, respectively that are dynamic components of the frameworks. As a consequence
Alerts A and B in the checkcifs, also related to short intraH---H, are detected.
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The solvent molecules in both models, together with NO5~ anions expected in [Pb(NO3),] @1,
were disordered and no reasonable models have been found to define them. For that reason, the
contribution to the diffraction pattern from the disordered water molecules located in the voids was
subtracted from the observed data through the SQUEEZE method, implemented in PLATON.12 The
hydrogen atoms of the ligand were set in calculated positions and refined as riding atoms whereas
for water molecules were neither found nor cal cul ated.

A summary of the crystallographic data and structure refinement for 1 and [Pb(NO3),]@1 is
given in Table S1. The comments for the aerts A and B are reported in the CIFs using the
validation response form (vrf). The somewhat high R values (levels Alert A and B in checkcifs) is,
most likely, affected by the contribution of the highly disordered solvent and anions to the
intensities of the low angle reflections. CCDC (Cambridge Crystallographic Data Centre) reference
numbers are 2128259-2128260 for 1 and [Pb(NO3),] @1, respectively.

The final geometrical calculations on free voids and the graphical manipulations were carried out
with PLATON2 implemented in WinGX,3 and CRY STAL MAKER programs, respectively.
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Table S1. Summary of Crystallographic Datafor 1 and [Pb(NO3),] @1.

Compound 1 [Pb(NG,).] @1
Formula C33H;2,CaCugNeOs0S6 C33 Hgp Ca Cug Ng O34 Pb S¢
M (g mol™') 2161.04 1933.76

A (A) 0.71073 0.71073
Crystal system hexagonal hexagonal
Space group o3 Fo3

a(A) 17.8511(7) 17.866(2)
c(A) 12.8014(8) 12.6684(18)
V(A3 3532.8(4) 3502.0(10)
V4 2 2

Pealc (g cm3) 2.032 1.834
M(mm) 2.154 4.520
7(K) 296 100
Arange for data collection (°) 1.317- 24.620 2.28-26.45
Completeness to 8 =25.0 94% 99.5%
Measured reflections 37242 59514
Unique reflections (Rint) 3565(0.0469) 4784(0.1047)
Observed reflections [/ > 20(/)] 2653 3398
Goof 1.199 1.163

Ra[/> 26(/)] (all data)
WRP[/>20(/)] (all data)

0.0615 (0.0811)
0.1762 (0.1840)

0.0773 (0.0998)
0.2198 (0.2352)

CCDC

2128259

2128260

2R = Y (IFo| = [F)/XIFol. ® WR = [ZW([Fo| - [Fc)7 X w|Fo[]"2.
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Table S2. Selected data? from the ICP-M S anayses® for the agueous mother solution during the Pb?* adsorption process
by 50 mg of a polycrystalline sample of MOF 1.

Time (min.) [Pp?]
0 997
1 798
5 734
10 724
15 634
30 259
45 221
60 134
75 79.9
90 46.6

120 23.8
180 22.7
240 17.45
300 7.89
360 6.59
720 5.45
1440 5.12
4320 4.89

aResults are given as pug/L. ® LOD: 0,012 pg/L
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Table S3. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water at an
initial concentration of about 300 ppb analysed with the ICP-MS for a neat SWCNT-BP and MTV-MOF/ SWCNT-

BP.

LOD: 0.015 ppb

Deionized

water

Time

min

~N 0o W, O

120
240
480
1000
1440
4320

208 pb
ppb
287.87
283.73
27853
274.72
268.98
266.37
247.31
237.69
203.85
172.14
144.05
54,77
13.68
10.74
10.50
2.75
0.74

SWCNT-BP

SD
ppb

3.39
2.16
1.40
0.31
0.83
1.70
2.42
1.61
3.81
1.60
1.03
1.37
0.18
0.10
0.03
0.01
0.02

300 ppb

RE%

0.00
144
3.24
4.57
6.56
1.47
14.09
17.43
29.19
40.20
49.96
80.97
95.25
96.27
96.35
99.05
99.74

MTV-MOF/ SWCNT-BP

208 Pb
ppb
28551
278.09
271.39
266.66
266.54
254.68
248.15
224.30
190.13
150.60
125.14
35.97
551
4.67
0.49
0.27
0.10

SD
ppb

0.80
171
1.65
0.84
1.64
1.76
2.52
454
0.95
1.59
0.85
0.14
0.04
0.07
0.00
0.28
0.11

RE%

0.00

2.60

4.95

6.60

6.64

10.80
13.09
2144
3341
47.25
56.17
87.40
98.07
98.36
99.83
99.90
99.97
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Table $4. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water at an
initial concentration of about 1000 ppb analysed with the ICP-MS for a neat SWCNT-BP and MTV-MOF/SWCNT-

BP.

LOD: 0.015 ppb

Deionized

water

Time

min

~N 0o w e, O

120
240
480
1000
1440
4320

208 pb
ppb
987.61
941.06
905.79
896.23
870.64
852.37
805.98
760.17
757.98
684.44
603.97
206.04
48.25
39.35
6.65
571
458

SWCNT-BP

SD
ppb
1857
11.23
8.02
19.20
9.37
6.42
4.41
6.96
8.94
11.85
9.13
2.72
0.73
0.43
0.06
0.07
0.11

1000 ppb

RE%

0.00
4.71
8.28
9.25
11.84
13.69
18.39
23.03
23.25
30.70
38.85
79.14
95.11
96.02
99.33
99.42
99.54

MTV-MOF/ SWCNT-BP

208 pb
ppb
993.21
936.54
904.91
882.24
855.37
818.43
795.13
720.80
671.65
554.84
468.33
129.15
17.41
14.07
0.73
0.44
0.39

SD
ppb
1.73
12.93
8.15
7.62
4.69
7.91
2.08
10.74
6.11
6.09
3.28
0.58
0.23
0.05
0.02
0.01
0.12

RE%

0.00
571
8.89
11.17
13.88
17.60
19.94
27.43
32.38
44.14
52.85
87.00
98.25
98.58
99.93
99.96
99.96
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Table S5. Residual Pb?+ concentration and recovery percentage (RE%) in the stock solutions of mineral water at an initial concentration of about 300 ppb analysed with the | CP-
MS for aneat SWCNT-BP. The capture performance was tested also for Na*, Mg?*, K*, and Ca2* ions present in mineral water.

Mineral water 300 ppb — SWCNT-BP

Time 2Na Mg K 4“Ca 208pp
min ppb SD ppb SD ppb SD ppb SD ppb SD  RE%
0 6871.91 74.56 4920.54 62.81 1312.80 11.39 16637.63 153.02 293.73 3.37 0.00
1 6686.03 123.60 4817.24 140.31 1258.96 20.78 16276.08 111.73 283.42 5.16 351
3 6696.62 35.51 4845.49 40.44 1172.87 2391 16276.09 207.81 280.18 347 4.61
5 6529.66 84.87 4696.28 41.69 1141.37 17.84 16104.03 95.72 270.61 449 7.87
7 6825.34 46.86 4704.86 32.86 1168.61 15.70 16171.00 83.41 266.30 324 9.34

10 6849.81 38.35 4474.49 58.41 1142.06 18.72 15585.43 45.48 25754 518 1232
15 6690.83 86.43 4516.36 66.16 1184.37 13.33 15542.47 60.13 241.88 350 17.65
20 6856.03 182.37 4462.22 84.42 1184.80 22.66 15278.75 294.63 22528 287 2330
30 6820.05 128.55 4475.45 11.15 1166.94 8.24 14995.49 78.03 19588 209 3331
45 6775.29 147.37 4535.19 10.59 1179.27 10.68 14830.13 104.73 15833 186 46.10
60 6781.49 150.06 4502.74 56.16 1183.65 21.86 14704.52 136.84 13319 103 54.66
120 6320.56 90.84 4433.10 56.74 1175.66 20.20 14545.28 104.93 62.95 064 7857
240 6181.54 135.54 4589.12 14.02 1231.38 10.33 13749.16 209.70 22.94 015 9219
480 6378.30 60.29 4327.91 112.74 117471 15.26 13550.60 73.28 20.60 013 9299
1000 6569.74 73.00 4615.92 69.67 1246.08 21.73 13514.85 80.31 2.86 0.03 99.03
1440 6394.11 56.54 4573.10 66.84 1219.59 5.83 13362.88 194.31 273 0.03 99.07
4320 6396.42 144.35 4628.81 45.84 1251.99 15.35 13569.02 196.08 0.78 001 99.74

LOD: 0.015 ppb
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Table S6. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of mineral water at an initial concentration of about 300 ppb analysed with the ICP-
MSfor MTV-MOF/SWCNT-BP. The capture performance was tested also for Nat, Mg?*, K*, and Ca?* ions present in mineral water.

LOD: 0.015 ppb

Time

min

~N 0o w -, O

120

240

480
1000
1440
4320

23Na

ppb
6712.21
6645.32
6556.25
6567.21
6544.19
6564.92
6571.14
6438.77
6370.28
6313.65
6225.80
6578.66
6452.84
6539.24
6548.91
6458.55
6248.34

97.47
160.28
179.76
199.20
134.17
155.52

91.39

71.66

79.03
174.78

72.15

99.14
118.17
382.08
119.05
118.87
150.92

Mineral water 300 ppb —MTV-MOF/SWCNT-BP
24Mg

ppb
5099.90
4910.93
4963.62
4930.48
4953.54
4967.77
4958.22
4883.28
4859.73
4737.96
4660.93
4429.78
4337.49
432351
4506.08
4476.48
4507.52

SD
152.52
155.57
104.98

18.26
106.24
152.24
131.60

63.51

32.38

85.99

78.76

50.78

21.50

80.39

26.87

67.19
101.03

39K

ppb
1668.04
1632.23
1645.33
1684.23
1558.51
1550.63
1498.53
1487.36
1469.68
1365.41
1321.21
1388.73
1362.32
1347.35
1384.41
1372.32
1332.31

SD
47.45
50.82
27.58
51.67
11.05
41.09
20.04
22.81
18.52
15.99
14.75
18.91
13.57

5.02
27.31
11.36

4.86

“Ca

ppb
16921.10
16757.20
16711.04
17051.17
16552.03
16855.55
16433.20
16494.30
16089.10
15476.38
15818.71
15561.95
15052.70
13224.44
15109.03
14859.53
13416.08

398.73
220.81
142.73
369.40
318.01
559.17
592.65
366.46
632.35
519.60
411.04
653.22
572.06
445,71
270.32
445.20
580.81

ppb
296.37
28551
281.34
267.25
26357
252.90
243.98
219.48
189.10
128.78
90.98
54.42
16.89
15.14
2.24
1.88
0.01

208p|
SD
4.90
6.34
124
3.75
2.39
2.89
179
2.95
2.37
0.70
1.23
0.38
0.20
0.23
0.03
0.04
0.01

RE%
0.00
3.66
5.07
9.82

11.07

14.67

17.68

25.95

36.19

56.55

69.30

81.64

94.30

94.89

99.24

99.37

100.00

S16

149



Table S7. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of mineral water at an initial concentration of about 1000 ppb analysed with the

ICP-MSfor aneat SWCNT-BP. The capture performance was tested also for Na*, Mg?*, K+, and Ca?* ions present in mineral water.

LOD: 0.015 ppb

Time

min

~N 0o Wk O

120
240
480
1000
1440
4320

23N a
ppb
6979.91
6789.47
6883.22
6896.39
6793.70
6605.50
6150.97
6124.14
6115.12
6200.12
6152.46
6295.25
6165.90
6064.32
6176.15
6059.76
6258.11

55.84
100.03
50.57
86.91
49.07
40.76
74.93
59.71
28.80
77.72
81.09
83.82
90.19
60.29
92.70
77.06
84.12

24\ g
ppb
4945.72
4872.17
4849.25
4745.64
4698.50
4597.45
4634.09
4507.51
4531.90
4489.67
4510.62
4387.14
4452.68
4477.50
4541.63
4581.69
4704.93

Mineral water 1000 ppb — SWCNT-BP

SD
81.69
100.06
75.10
53.70
68.83
32.84
98.82
126.89
37.07
63.50
94.03
112.71
73.83
134.77
108.66
53.35
20.30

39K
ppb
1292.22
1218.08
1157.94
1161.52
1203.30
1214.88
1164.80
1197.72
1179.46
1192.81
1219.19
1182.76
1173.46
1215.68
1198.57
1205.95
1236.08

SD
25.55
17.52
1591
23.25
11.67
19.59
10.10
18.78
21.45
17.22
16.67
12.29

8.37
21.82

5.62

0.83

1.38

“Ca
ppb
16798.67
16354.61
16123.76
16140.85
15598.11
15601.44
15325.99
15184.39
15018.41
14877.18
14699.75
14206.29
13945.91
13789.65
13419.96
13267.45
13308.08

SD
93.08
170.79
198.43
256.77
96.72
186.47
21311
294.63
52.02
219.28
181.66
63.35
79.42
186.46
142.31
76.31
203.07

ppb
997.60
963.57
956.32
924.19
898.13
880.13
851.95
729.06
661.01
594.69
506.23
298.87
14353
84.13
20.66
13.85

7.96

208pp
SD
13.97
16.42
10.06
28.82
12.75
9.09
8.92
6.24
12.00
16.85
13.70
754
2.10
1.02
0.57
0.04
0.19

RE%
0.00
341
4.14
7.36
9.97

11.78

14.60

26.92

33.74

40.39

49.26

70.04

85.61

91.57
97.93
98.61
99.20
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Table S8. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of mineral water at an initial concentration of about 1000 ppb analysed with the

ICP-MSfor MTV-MOF/SWCNT-BP. The capture performance was tested also for Na“, Mg?*, K+, and Ca2* ions present in mineral water.

LOD: 0.015 ppb

Time

min

~N 0o Wk O

120
240
480
1000
1440
4320

ZSN a
ppb
6759.38
6723.76
6606.57
6598.76
6653.03
6701.31
6698.45
6593.12
6505.85
6723.26
6623.60
6597.81
6687.17
6521.32
6603.98
6463.27
6296.84

SD
158.40
90.39
73.25
142.24
107.17
83.85
135.39
128.67
100.20
54.72
164.59
179.48
120.19
85.08
52.64
175.66
94.89

Mineral water 1000 ppb —MTV-MOF/SWCNT-BP

Mg
Ppb
5023.08
4996.97
4958.48
4947.75
4975.52
4921.93
4903.93
4894.24
4821.09
4786.73
4710.59
4608.19
4593.72
4486.57
4387.01
4507.44
4548.16

SD
78.88
96.59
157.72
124.24
68.23
118.15
47.72
91.54
107.42
189.75
63.20
105.82
78.23
45.36
142.08
175.18
97.20

SQK
ppb
1498.26
1423.04
1482.65
1403.25
1397.56
1503.62
1516.73
1491.81
1512.69
1438.42
1407.22
1356.89
1349.24
131358
1295.73
1276.52
1359.20

SD
20.88
7.08
58.66
36.38
47.25
18.01
56.07
39.30
25.17
10.55
4473
57.24
35.71
5.02
31.35
23.37
29.38

“Ca
ppb
16995.46
16803.50
16745.37
16702.73
16786.03
17102.86
16817.04
16763.26
16549.09
16296.99
16008.58
15397.34
14996.10
14237.76
14039.04
13792.54
13567.03

SD
175.71
134.79
208.77
219.48
154.25
123.16
196.11
201.44

95.41
159.62
103.07
176.91

84.88
142.72
119.33
245.55
156.01

ppb
995.39
958.89
941.66
907.68
843.22
812.42
743.96
665.21
593.52
510.35
412.76
204.27
7757
46.04
6.85
3.88
1.76

208pyy
SD
4.90
6.34
124
3.75
2.39
2.89
1.79
2.95
2.37
0.70
1.23
0.38
0.20
0.23
0.03
0.04
0.01

RE%
0.00
3.67
5.40
8.81

15.29

18.38

25.26

33.17

40.37

48.73

58.53

79.48

92.21

95.37
99.31
99.61
99.82
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Table S9. Residual Pb?* concentration and recovery percentage (RE%o) in the stock solutions of mineral water at an initial concentration of about 200 ppb analysed with the ICP-

MS for aneat SWCNT-BP. The capture performance was tested also for Na*, Mg?+, K*, and Ca2* ions present in mineral water.

LOD: 0.015 ppb

Time

min

N 0o w e, O

120
240
480
1000
1440
4320

23N a
ppb
6676.80
6592.12
6602.57
6566.34
6729.48
6753.60
6690.83
6759.74
6724.26
6737.23
6686.25
6231.79
6268.36
6288.72
6551.28
6304.31
6396.42

SD
27.39
176.15
92.62
60.11
67.63
76.72
72.74
46.64
49.40
90.83
206.08
97.94
144.86
77.53
49.99
168.83
95.25

24\ g
ppb
5108.88
5022.29
5081.92
4998.03
5067.68
495252
4831.15
4867.90
4905.12
4857.80
5044.64
4873.00
4892.03
4976.80
4995.78
5062.15
4980.65

Mineral water 200 ppb — SWCNT-BP

SD
81.08
75.30
76.49
66.31
63.21
64.60
86.20

106.42
102.49
54.98
39.06
86.79
98.21
32.02
35.33
37.08
28.27

39K
ppb
1356.60
1281.73
1271.88
1262.21
1285.21
1315.88
1319.48
1323.65
1312.99
1323.79
1348.35
1342.09
1317.63
1316.33
1331.27
1367.07
1238.89

SD
15.53
20.53

9.67
6.97
14.21
5.16
25.01
17.55
10.74
15.72
14.97
591
12.92
9.55
23.00
14.88
7.21

“Ca
ppb
16960.68
16788.62
16706.35
15574.14
15670.73
15517.24
15212.41
14993.35
14918.65
14687.97
14896.06
14117.46
14951.69
14676.36
14276.79
13584.85
13231.39

SD
95.47
278.11
169.03
6.83
102.46
84.19
198.55
147.56
80.12
87.54
82.07
106.93
121.23
25.34
31.83
97.98
90.40

ppb
183.80
165.67
163.59
158.43
155.58
150.14
142.01
129.74
112.20
91.44
80.98
36.11
13.74
11.71
2.20
2.45
0.09

208pp

SD
117
112
1.36
1.25
1.53
2.10
1.83
0.75
1.05
1.26
0.75
0.45
0.13
011
0.04
0.01
0.06

RE%
0.00

9.86

11.00
13.80
15.35
18.32
22,74
2941
38.96
50.25
55.94
80.35
92.52
93.63
98.80
98.67
99.95
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Table S10. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of mineral water at an initial concentration of about 200 ppb analysed with the
ICP-MSfor MTV-MOF/SWCNT-BP. The capture performances have been tested also for Na*, Mg?*, K*, and Ca2* ions present in mineral water.

LOD: 0.015 ppb

Time

min

~N o Wk O

120
240
480
1000
1440
4320

23N a
ppb
6923.33
6579.31
6418.45
6376.71
6265.34
6419.24
6332.51
6478.69
6275.34
6323.16
6362.88
6913.36
6988.54
6804.98
6792.12
6863.95
6821.09

SD
87.34
96.32

115.98
27.72
114.17
98.33
79.84
190.85
97.17
219.89
63.75
92.26
151.57
101.45
83.63
155.00
242.39

Mineral water 200 ppb —MTV-MOF/SWCNT-BP

24\ g
ppb
4918.22
4828.29
4858.95
4717.94
4718.36
4770.07
4694.76
4797.32
4593.38
4627.24
4708.66
4562.43
4571.68
4215.46
4493.74
4509.02
447851

SD
21.94
26.02
79.42
46.62
87.97
76.76
58.54
31.41
79.53
33.93
91.13
14.65
85.95
52.65
37.46
15.48
67.49

39K
ppb
1287.33
1236.15
1264.22
1227.42
1259.80
1264.72
1262.09
1281.07
1242.04
1259.27
1280.67
1284.77
1276.94
1282.27
1261.93
127457
1258.50

SD
20.17
26.19
16.01

5.67
27.32
15.16

9.42

5.08
43.90
25.99

2.26
12.81
19.78

7.34

4.50

581
40.64

“Ca
ppb
17139.60
16854.80
16567.79
16682.78
16204.42
16977.31
16767.61
16199.97
16963.21
16257.51
16965.42
16584.59
16519.95
15285.24
15947.39
16388.46
15158.31

SD
166.35
73.82
171.33
68.22
224.92
227.45
95.20
137.66
60.52
76.89
464.92
521.15
570.09
446.86
706.29
396.40
847.48

ppb
186.99
164.35
162.16
148.63
146.20
139.52
122.35
107.08
79.47
59.82
50.32
24.33
12.42
11.26
2.49
2.15
0.00

208pp

142
3.10
0.71
1.49
1.69
0.99
134
0.87
0.69
0.70
0.55
0.23
0.08
0.10
0.02
0.02
0.01

RE%
0.00
1211
13.28
20.51
21.81
25.39
34.57
42.74
57.50
68.01
73.09
86.99
93.36
93.98
98.67
98.85
100.00
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Table S11. The obtained L agergren adsorption rate constants, k; (mint), for SWCNT-BPsand MTV-MOF/SWCNT-
BPs at different initial lead concentrations.

ppb SWCNT-BPs MTV-MOF/SWCNT-BPs
300 0.0120 + 0.0005 0.0138 + 0.0006
1000 0.0126 + 0.0008 0.0143 + 0.0008
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Table S12. Adsorption capacities (AC / mg g*) and recovery percentage (RE%) by neat SWCNT-BP and MTV-
MOF/SWCNT-BP in 10 - 100 ppm Pb?* range.

LOD: 0.015 ppb

pb2+

ppm

10
20
30
60
100

AC/mgg?

52.00
77.00
121.00
128.00
180.00

SWCNT-BP

RE%
89.76
85.2
79.15
42.23
37.49

MTV-MOF/SWCNT-BP

AC/mgg? RE%
57.00 98.15
97.00 97.1
145.00 93.91
192.00 65.5
310.00 64.31
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Table S13. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water at an
initial concentration of about 10 ppm anaysed with the ICP-MS for aneat SWCNT-BP and MTV-MOF/SWCNT-BP.

LOD: 0.015 ppb

Deionized

water

Time
min
0
1
5
10
15
30
45
60
120
240
480
1000
1440
4320

SWCNT-BP
208p SD
ppb ppb
11681.37  66.93
11489.84  296.53
11377.41  165.23
1080350  17.08
10278.70  30.77
9296.89 7552
828259 5835
7373.06 8356
5059.86  20.45
273464 3157
219472 4524
1564.35  27.45
1263.71 9.27
119588 3167

10 ppm

RE%

1.64

2.60

752

12.01
2041
29.10
36.88
56.68
76.59
81.21
86.61
89.18
89.76

MTV-MOF/ SWCNT-BP

208pb
ppb
11667.17
11126.69
10653.61
9639.33
8886.27
8332.94
7925.47
6798.52
4341.44
1977.40
1288.87
470.99
331.79
215.35

SD
ppb
154.80
46.51
108.12
38.18
7857
64.58
109.90
29.61
49.35
16.59
37.13
4.06
2.19
3.40

RE%

4.63
8.69
17.38
23.84
28.58
32.07
41.73
62.79
83.05
88.95
95.96
97.16
98.15
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Table S14. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water at an
initial concentration of about 20 ppm analysed with the ICP-MS for aneat SWCNT-BP and MTV-MOF/SWCNT-BP.

LOD: 0.015 ppb

Deionized

water

Time
min
0
1
5
10
15
30
45
60
120
240
480
1000
1440
4320

SWCNT-BP
208Pb SD
ppb ppb
19894.31 10341
19582.97  98.27
19057.76  99.93
1817047  20.87
1728518  41.33
15868.70  79.66
1441443  71.03
1277713 87.09
915835  23.26
632142  39.35
5072.06  56.38
3564.07  36.54
3261.68  11.55
294337  32.96

RE%

1.56
4.20
8.66
1311
20.23
27.54
35.77
53.96
68.22
74.50
82.08
83.60
85.20

20 ppm

MTV-MOF/ SWCNT-BP

208pb

ppb
20075.97
19189.61
18607.41
16868.83
15931.28
14554.07
13845.39
12470.18
8165.90
4873.44
3072.62
1639.20
1071.05

583.20

SD
ppb
160.99
71.63
141.64
34.74
68.36
62.64
108.80
33.16
49.84
18.25
32.30
13.94
21.71
13.09

RE%

0
4.42
7.32

15.98
20.65
2751
31.04
37.89
59.33
75.73
84.70
91.84
94.67
97.10

S24

157



Table S15. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water at an
initial concentration of about 30 ppm anaysed with the ICP-MS for aneat SWCNT-BP and MTV-MOF/SWCNT-BP.

LOD: 0.015 ppb

Deionized

water

Time
min
0
1
5
10
15
30
45
60
120
240
480
1000
1440
4320

SWCNT-BP
208Pb SD
ppb ppb
30592.33  170.56
3013144  149.96
2884997  81.74
2749893  108.79
2604844  32.43
2441160  83.95
2246736  77.89
20497.74  96.64
16121.79  50.44
1287325 = 19.21
961229  25.36
822839  24.98
7779.28 17.39
6379.87  40.09

RE%

151
5.70
10.11
14.85
20.20
26.56
33.00
47.30
57.92
68.58
73.10
74.57
79.15

30 ppm

MTV-MOF/ SWCNT-BP

208pb
ppb
30750.21
29467.92
28717.62
26435.95
25018.37
22816.65
20663.52
19836.96
13399.70
11352.97
723552
5433.56
3517.82
1872.68

SD
ppb
200.89
171.87
194.41
91.81
79.85
64.58
99.05
61.81
53.25
39.75
58.29
16.57
494
6.79

RE%

0
4.17
6.61

14.03
18.64
25.80
32.80
35.49
56.42
63.08
76.47
82.33
88.56
93.91
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Table S16. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water at an
initial concentration of about 60 ppm anaysed with the ICP-MS for aneat SWCNT-BP and MTV-MOF/SWCNT-BP.

LOD: 0.015 ppb

Deionized

water

Time
min
0
1
5
10
15
30
45
60
120
240
480
1000
1440
4320

SWCNT-BP
208Pb SD
ppb ppb
6061357  848.74
60084.94 94596
5972259 23357
55905.96  548.36
53100.83  219.80
48269.77  360.10
47370.00  316.06
46804.67  680.68
4514824  519.83
44580.97  296.20
40889.64  309.04
3714255 480.87
3620065  319.02
35019.06  296.90

RE%

0.87
147
7.77
12.39
20.36
21.85
22.78
2551
26.44
3254
38.72
40.28
42.23

60 ppm

MTV-MOF/ SWCNT-BP

208pb

ppb
61404.79
59072.51
58839.87
55240.18
52347.70
47274.89
45705.48
44537.52
39784.47
37576.28
36764.41
35121.33
28373.77
23027.28

SD
ppb
335.74
587.86
700.95
642.84
855.39
395.29
542.69
276.20
119.53
274.82
436.75
393.62
163.66
86.58

RE%

3.80
4.18
10.04
14.75
23.01
25.57
2747
35.21
38.81
40.13
42.80
53.79
65.50
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Table S17. Residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water at an
initial concentration of about 100 ppm analysed with the ICP-MS for a neat SWCNT-BP and MTV-MOF/SWCNT-

BP.

Deionized

water

Time
min
0
2880
4320

LOD: 0.015 ppb

208pb

ppb
95711.39
68080.46
59830.82

SWCNT-BP

SD
ppb
1188.58
554.53
523.85

100 ppm

RE%

28.87
37.49

MTV-MOF/ SWCNT-BP
208ppy

ppb ppb
96764.29 128265  0.00

RE%

42239.43 632.01 56.35
34535.77 170.12 64.31
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Table S18. Residua concentration and recovery percentage (RE%) in a deionized water solution of Pb?*, Fe3*, and Al®*
with an initial concentration of about 1000 ppb for each metal ion, analyzed with the ICP-M S for aneat SWCNT-BP.

Time

min

5
10
15
30
60

120

240

480
1000
1440
4320

ppb
1079.88
1030.06
967.30
943.65
929.39
923.95
869.36
605.91
350.20
222.99
176.15
153.99
143.08

LOD: 0.015 ppb

27Al

SD
35.69
44.28
50.18
45.58
36.07
53.84
12.81
3341
2312
14.81
4.13
2.22
1.96

Deionized water 1000 ppb -SWCNT-BP

RE%
0.00
461
10.43
12.62
13.94
14.44
19.49
43.89
67.57
79.35
83.69
85.74
86.75

ppb
1080.97

1036.74
1024.97
1005.34
987.95
973.12
869.21
862.06
755.27
706.14
687.24
552.13
467.85

57Fe
SD
69.45
4.83
13.62
21.05
11.49
951
524
5.80
7.81
10.71
10.37
1.82
184

RE%
0.00
4.09
5.18
7.00
8.61
9.98
19.59

20.25

30.13

34.67

36.42

48.92

56.72

ppb
1003.06

948.20
938.28
897.30
819.78
719.24
549.81
213.46
92.66
90.03
88.92
86.68
98.11

208pp
SD
0.84
5.86
5.08
7.01
4.13
3.71
3.57
264
0.19
0.10
0.85
0.44
0.39

RE%
0.00
5.47
6.46

10.54

18.27

28.30

45.19

78.72

90.76

91.02

91.13

91.36

90.22
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Table S19. Residua concentration and recovery percentage (RE%) in a deionized water solution of Pb?*, Fe3*, and Al®*
with an initial concentration of about 1000 ppb for each metal ion, analyzed with the ICP-MS for aM OF/SWCNT-BP.

Time

min

5
10
15
30
60

120

240

480
1000
1440
4320

ppb
1044.68
997.92
979.56
91331
898.35
811.74
785.52
782.26
832.42
804.39
849.08
786.61
619.76

LOD: 0.015 ppb

FN|
SD
91.91
73.21
54.82
61.94
66.86
71.23
39.22
59.82
18.04
56.64
34.31
2.01
4.84

Deionized water 1000 ppb —MTV-MOF/SWCNT-BP

RE%
0.00
4.48
6.23

12.58

14.01

22.30

24.81

25.12

20.32

23.00
18.72

24.70

40.67

ppb
1003.38

985.93
959.20
927.83
904.29
891.66
885.09
877.38
869.51
881.60
844.93
765.54
701.51

57Fe
SD

171.95
82.07
74.31
93.69
56.13
78.09
128.61
69.38
29.27
31.34
10.29
10.36
18.72

RE%
0.00
1.74
4.40
7.53
9.88

11.13

11.79

12.56

13.34

12.14

15.79

23.70

30.09

ppb
1043.58

961.43
907.87
921.52
876.41
747.75
644.26
436.17
126.76
98.72
75.84
51.96
2291

208pp
SD
7.07
2.07
1.55
5.87
3.65
2.39
1.08
1.87
114
1.36
1.30
3.30
125

RE%
0.00
7.87

13.00

11.70

16.02

28.35

38.26

58.20

87.85

90.54

92.73

95.02

97.80
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Table S20: log K, values calculated for the lead initial concentrations of 1000 ppb and 10000 ppb in neat and multi-

component (Pb, Fe, Al) solutions.

Neat solution Multicomponent solution
ppb SWCNT-BPs MTV-MOF/SWCNT-BPs SWCNT-BPs MTV-MOF/SWCNT-BPs
1000 5.43 6.50 4.06 4.75
10000 4.04 4.82 3.99 4.59
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Table S21. Residua concentration and recovery percentage (RE%) in a deionized water solution of Pb?*, Fe3*, and Al®*
with an initial concentration of about 10000 ppb for each metal ion, analyzed with the ICP-M S for aneat SWCNT-BP.

Time

min
0
1
5
10
15
30
60
120
240
480
1000
1440
4320

ppb
10894.88
10569.59
10269.54
10109.34
9984.07
9580.62
9003.96
6400.81
3955.54
3785.62
3660.85
3226.73
3511.46

LOD: 0.015 ppb

277
SD
177.03
167.83
90.15
99.40
81.09
68.80
19.13
36.00
32.95
50.79
43.60
2341
33.65

Deionized water 10000 ppb — SWCNT-BP

RE%
0.00
2.99
5.74
7.21
8.36

12.06
17.36

41.25

63.69
65.25
66.40
70.38
67.77

ppb
10195.31

10023.13
9877.82
9687.12
9436.66
9279.99
9182.30
9101.81
7987.70
7755.67
7651.04
5996.67
5242.40

57Fe
SD
123.64
87.05
142.85
112.13
101.42
79.44
58.40
71.23
56.48
93.10
69.56
23.19
34.43

RE%
0.00
1.69
311
4.98
7.44
8.98
9.94
10.73

21.65

23.93

24.96

41.18

48.58

ppb
10045.98
9581.26
9215.70
8997.05
8642.69
8349.39
6837.51
4388.23
2351.79
1941.53
1345.34
1149.98
1140.42

208pp
SD
189.18
118.97
88.51
107.92
136.56
91.71
87.26
109.00
49.87
51.89
89.85
46.27
41.23

RE%
0.00
4.63
8.26
10.44
13.97
16.89

31.94

56.32
76.59
80.67
86.61
88.55
88.65
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Table S22. Residua concentration and recovery percentage (RE%) in a deionized water solution of Pb?*, Fe3*, and Al®*
with an initial concentration of about 10000 ppb for each metal ion, anayzed with the ICP-MS for a MTV-

MOF/SWCNT-BP.

Time

min

5
10
15
30
60

120
240
480
1000
1440
4320

ppb
9924.42
9694.66
9472.30
9014.75
8444.53
8036.24
7418.42
7806.91
7408.55
7319.93
7358.10
7158.16
6765.78

LOD: 0.015 ppb

27Al
SD
191.09
122.08
58.24
39.25
68.60
102.31
92.17
98.24
80.45
66.41
4311
60.09
4841

Deionized water 10000 ppb - MTV-MOF/SWCNT-BP

RE%
0.00
2.32
4.56
9.17

1491

19.03

25.25

21.34

25.35

26.24

25.86

27.87

31.83

ppb
10503.79
10259.29
10012.97
9983.21
9956.92
9616.56
8979.89
8764.83
8495.14
8321.98
8049.31
7993.41
7702.12

SFe
SD

119.54
82.70

74.09

61.65

55.27

78.95

126.10
97.76

82.70

53.38

22.88

35.60

18.25

RE%
0.00
2.33
4.67
4.96
521
8.45

1451

16.56

19.12

20.77

23.37

23.90

26.67

ppb

10435.77
9572.33
9478.74
8932.13
8547.07
7754.54
5688.65
3614.67
1321.64
1180.16

567.44

429.62

327.15

208pp

68.69
65.70
34.53
59.18
66.47
39.87
40.79
28.66
19.39
53.60
20.50
17.01
18.48

RE%
0.00
8.27
9.17

1441

18.10

25.69

45.49

65.36

87.34

88.69

94.56

95.88

96.87
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Table S23. Fina residual Pb?* concentration and recovery percentage (RE%) in the stock solutions of deionized water
at an initial concentration of about 100000 ppb analysed with the ICP-MS for a neat SWCNT-BP and MTV-
M OF/SWCNT-BP after five consecutive use/regeneration cycles. Cycle # 0 represents the initial Pb?* concentration.

Deionized

water

Cycle

LOD: 0.015 ppb

#

ga A W N B O

208 Pb
ppb
95711.39
509830.82
62224.05
64530.64
68802.62
71756.98

SWCNT-BP
SD
ppb
1188.58
523.85
1136.78
1017.12
1256.44
1456.75

RE%

37.49
34.98
32.58
28.11
25.03

100 ppm

MTV-MOF/ SWCNT-BP

208 Pb
ppb
96764.29
34535.77
36252.85
37968.41
40902.84
43952.93

SD
ppb
1282.65
1129.08
1345.10
1109.76
1066.28
1239.76

RE%

64.31
62.54
60.76
57.73
54.58
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Figure S1. View aong c crystallographic axis of the porous structure of {Ca'Cu'g[(SS- methox],s0[(SS)-
Mecysmox]1s0 (OH)2(H.0)} - 38H,0 1. (b) Perspective view along ¢ crystallographic axis of a single channel of the
MTV-MOF 1. (c) View along [011] direction of a single channel of the crystal structure of MTV-MOF 1. The
crystallization water molecules are omitted for clarity. The inset shows the superimposed snapshot of mixed
{ Cu"'y[(S,S)-methox/mecysmox]} dimers, on which crystallographic model of 1 is based. Organic ligands are depicted
as gray sticks, whereas the amino acid residues are represented with the following color code: -CH,SCH3 (yellow) and
—CH,CH,SCHj3 (orange). Calcium, copper, and sulfur atoms are shown as blue, cyan, and orange (for methylcysteine
fragment)/yellow (for methionine fragment) spheres, respectively.
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Figure S2. Theoretical (a) and experimental (b) PXRD pattern profiles of 1 in the 20 range 2—-60°. (¢) Experimental
PXRD pattern profile of 1, in the 26 range 2—60°, after the capture experiments with the polycrystalline sample.
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Figure S3. X—ray photoelectron spectroscopy (XPS) of a polycrystalline sample of 1 before (a) and after capture
experiments (b).
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and empty symbols indicate the adsorption and desorption isotherms, respectively. The samples were activated at 348 K
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Figure S5. Per spective view along c crystallographic axis of Pb(NO3),] @1 crystal structure, showing poresfilled by
Pb?* metal ions. Color code: copper and calcium atoms from the network are represented by cyan and blue polyhedra,
respectively, whereas organic ligands are depicted as grey sticks. Y ellow and sky-blue spheres represent S and Pb
atoms. S:--Pb 2+ and O---Pb 2* interactions are depicted by orange and red dashed lines, respectively.
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Figure S6. Details of Pb(NO3),]@1 crystal structure: perspective view along ¢ and a crystallographic axis of a single
pore filled by Pb?* captured metal ions (a) and (b), respectively. (c) Details of Pb?* interactions with sulfur atoms from
methionine moieties and oxygen atoms of the oxamate core of the ligand. Color code: copper and calcium atoms from
the network are represented by cyan and blue spheres, respectively, whereas organic ligands are depicted as grey sticks.
Yellow and sky-blue spheres represent S and Pb atoms. S--Pb 2+ and O--Pb 2* interactions are depicted by blue and red

dashed lines, respectively.
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Figure S7. Thermal gravimetrical analyses of a SWCNT-BP (black) and a MTV-MOF/SWCNT-BP (orange). The
initial relative mass change in MTV-MOF/SWCNT-BP up to 250 °C is due to solvent loss. The degradation of
SWCNT-BP and MTV-M OF/SWCNT-BP is observed above 450 °C.

173



100| _g—sweNT-BP o
—9—MTV-MOF/SWCNT-BP
~ 80
>
g 50
P
=
:.S o
= 40
=
5
L 20
S
: T
o| ot No—od °9

0,00 0,05 0,10 0,15 0,20
Pore diameter (um)

Figure S8. Pores distribution for SWCNT-BP and MTV-M OF/SWCNT membranes.
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Figure S9. Average contact-angle value of: @) aSWCNT-BP (6 =47.5° + 0.5°) and b) aMTV-M OF/SWCNT-BP (6 =
78.5° £ 0.5°).
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Figure S10. Experimental PXRD pattern profiles of SWCNT-BP (black) and MTV-M OF/SWCNT-BP membranes
before (blue) and after capture and regeneration process (red line) in the 26 range 2-60°.
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Figure S11. Kinetics and selectivity of neat SWCNT-BP membrane in mineral water solution with 1000 ppb of [Pb?*].
(Datafrom Table S7)
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Figure S12. Kinetics and selectivity of MTV-MOF/SWCNT-BP in mineral water solution with 1000 ppb of [Pb?*].
(Datafrom Table S8).
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Figure S13. Capture % of Pb?* by SWCNT-BP and MTV-MOF/SWCNT-BP in mineral water at 200, 300 and 1000
ppb. (Data from Tables S5-S10)
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Figure S14. Data for selectivity in 10000 ppb of [Pb?], [Fe*], [Al3*] solution for aSWCNT-BP (a) and M TV-
MOF/SWCNT-BP membrane (b) soaked in avolume of 200 mL, in the 0-72 h interval. (Data from Tables S21-S22)
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Figure S15. SEM image and the corresponding EDX elemental mapping for Cu and Pb elements from: a)
SWCNT-BP and b) aMTV-MOF/SWCNT-BP after their usein the capture of Pb(l1) (red dots). Green dotsin (b)
are due to Cu(ll) atoms present in MTV-MOFs. Images confirm a homogeneous distribution of MTV-MOF in
SWCNT-BP and a homogeneous adsorption in both membranes of Pb(l1).
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Figure S16. Stress-strain curve for a SWCNT-BP and a MTV-MOF/SWCNT-BP. The presence of MTV-MOF in
SWCNT-BP causes a slight decrease in the Y oung’s modulus from 1.65 + 0.03 GPa (neat SWCNT-BP) to 1.54 + 0.02
GPa (MTV-MOF/SWCNT-BP). Nevertheless, such magnitudes confirm the high mechanical stability of both

membranes.

49

182



References:

1. Rahbari, M.; Goharrizi, A. S. Adsorption of Lead(ll) from Water by Carbon Nanotubes:
Equilibrium, Kinetics, and Thermodynamics. Water Environment Research 2009, 81, 598-607.

2. Forghani, M.; Azz, A.; Livani, M.J.; Kafshgari, L. A. Adsorption of Lead(ll) and
Chromium(VI) from Aqueous Environment onto Metal-Organic Framework MIL-100(Fe):
Synthesis, Kinetics, Equilibrium and Thermodynamics. J. Solid Sate Chem. 2020, 291, 121636.

3. OriginLab Corporation, Northampton, MA, USA.

4. Belhachemi, M.; Addoun, F. Comparative Adsorption Isotherms and Modeling of Methylene
Blue onto Activated Carbons. Appl. Water Sci. 2011, 1, 111-117.

5. Sedefio-Diaz, J. E.; Lépez-Lbpez, E.; Mendoza-Martinez, E.; Rodriguez-Romero, A. J.; Moraes-
Garcia, S. S. Distribution Coefficient and Metal Pollution Index in Water and Sediments: Proposal
of aNew Index for Ecological Risk Assessment of Metals. Water, 2020, 12, 29.

6. US EPA 402-R-99-004A. Understanding Variation in Partition Coefficient, Kd, Vaues. Volume
| - Kd Model, Measurement Methods, and Application of Chemical Reaction Codes. Office of Air
and Radiation, Washington DC: USA 1999.

7. SAINT, version 6.45, Bruker Analytical X-ray Systems, Madison, W, 2003.

8. Sheldrick, G. M. SADABS Program for Absorption Correction, version 2.10, Analytical X-ray
Systems, Madison, WI, 2003

9. Sheldrick, G. M. Crystal structure refinement with SHEL XL. Acta Cryst. 2015, C71, 3-8.

10. Sheldrick, G. M. A short history of SHEL X. Acta Cryst. 2008, A64, 112-122.

11. SHELXTL-2013/4, Bruker Analytical X-ray Instruments, Madison, W1, 2013.

12. Spek, A. L. Structure validation in chemical crystallography Acta Cryst. 2009, D65, 148-155.
13. Farrugia, L. J. WinGX and ORTEP for Windows. An Update. J. Appl. Crystallogr. 2012, 45,
849-854.

14. Pamer, D. C. Zeitschrift fur Krist. Cryst. Mater. 2015, 230, 559-572.

S50

183



Chapter 8



Article

GO-SWCNT Buckypapers as an Enhanced Technology for
Water Decontamination from Lead

Mariafrancesca Baratta *, Antonio Tursi »*, Manuela Curcio 2, Giuseppe Cirillo ?, Fiore Pasquale Nicoletta 2*

and Giovanni De Filpo *

Citation: Baratta, M.; Tursi, A.;
Curcio, M,; Cirillo, G.; Nicoletta,
F.P., De Filpo, G. GO-SWCN
Buckypapers as an Enhanced
Technology for Water
Decontamination from Lead.
Molecules 2022, 27, 4044.
https://doi.org/10.3390/
molecules27134044

Academic Editor: Giorgio Vilardi

Received: 30 May 2022
Accepted: 21 June 2022
Published: 23 June 2022

Publisher’s Note:

neutral with regard to jurisdictional

MDPI  stays

claims in published maps and

institutional affiliations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0)).

license

1 Department of Chemistry and Chemical Technologies, University of Calabria, 87036 Rende, Italy;
mariafrancesca.baratta@unical.it (M.B.); antonio.tursi@unical.it (A.T.)

2 Department of Pharmacy, Health and Nutritional Sciences, University of Calabria, 87036 Rende, Italy;

manuela.curcio@unical.it (M.C.); giuseppe.cirillo@unical.it (G.C.)

Correspondence: fiore.nicoletta@unical.it (F.P.N.); giovanni.defilpo@unical.it (G.D.F.);

Tel.: +39-09-8449-3194 (F.P.N.); +39-09-8449-2105 (G.D.F.)

1t These authors contributed equally to this work.

Abstract: Water decontamination is an important challenge resulting from the incorrect disposal of
heavy metal waste into the environment. Among the different available techniques (e.g., filtration,
coagulation, precipitation, and ion-exchange), adsorption is considered the cheapest and most
effective procedure for the removal of water pollutants. In the last years, several materials have been
tested for the removal of heavy metals from water, including metal-organic frameworks (MOFs),
single-walled carbon nanotubes (SWCNTs), and graphene oxide (GO). Nevertheless, their powder
consistency, which makes the recovery and reuse after adsorption difficult, is the main drawback
for these materials. More recently, SWCNT buckypapers (SWCNT BPs) have been proposed as self-
standing porous membranes for filtration and adsorption processes. In this paper, the adsorption
capacity and selectivity of Pb?* (both from neat solutions and in the presence of other interferents)
by SWCNT BPs were evaluated as a function of the increasing amount of GO used in their
preparation (GO-SWCNT buckypapers). The highest adsorption capacity, 479 + 25 mg g, achieved
for GO-SWCNT buckypapers with 75 wt.% of graphene oxide confirmed the effective application
of such materials for cheap and fast water decontamination from lead.

Keywords: lead; heavy metals; single-walled carbon nanotubes; graphene oxide; buckypaper;
adsorption

1. Introduction

The incorrect disposal of heavy metal waste from different industrial plants
represents a serious hazard for human health and the environment because pollutants can
seriously contaminate, even at low doses, freshwater resources essential for all lifeforms
[1-4]. Lead is the most frequently found heavy metal in contaminated water resources
and, because of its bioaccumulation, can cause several human health problems, including
damage to muscles, bones, kidneys, the nervous system, and cancer [5-7]. The World
Health Organization fixed in 0.01 mg L' (10 ppb) the lead ions provisional guideline value
for drinkable water [8]. Many technologies, including bio-treatments [9], membrane
filtration [10], photocatalysis [11], ion exchange membranes [12], coagulation/chemical
precipitation [13], electrochemical technologies [14], and oxidation/reduction [15], have
been proposed in order to move heavy metal, and lead in particular, concentrations within
the suggested limits from plant effluents. Nevertheless, some drawbacks affect these
processes, such as slow and poor removal efficiencies, toxic by-products, and high costs
[16,17], which can be generally bypassed by adsorption methods. In fact, adsorption
processes are inexpensive and easy to perform and reuse, with no by-products [18].
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Several adsorbents have been proposed for the removal of heavy metals from waste-water
including activated carbon [19], clays and zeolites [20,21], nanoparticles [22,23], organic
resins and polymers [24], metal oxides [25], agricultural waste products [26,27], zero-
valent ions [28]. More recently, other materials have been investigated as efficient
adsorbents for heavy metals ions, including single and multiwalled carbon nanotubes
(SWCNTs and MWCNTs) [29-31], graphene oxides (GOs) [32-34], and organic metal
frameworks (MOF) [35,36] as either single components or in mixtures. Despite their
enhanced adsorption properties, due to their large surface area, porosity, and the
possibility of tuning their interactions with the target pollutants by easy functionalization
[37], these materials lack the possibility of easy recovery and regeneration after use due to
their powdery consistency. Consequently, several researchers have tried to overcome
such drawbacks by assembling such materials in buckypapers (BPs) [38-40].

BPs are films formed by CNTs and CNT bundles self-assembled mainly by m—m and
van der Waals interactions [41,42]. Due to such self-standing properties, they are also
known as CNT films or CNT papers. In addition, BPs are characterized by a porous
structure, low density, and interesting thermal, rheological, and electrical properties [43].
In order to enhance their properties, BPs are used to host other materials such as MOF
[36,44] and GO [42,45], leading to the formation of composite materials with superior
performance in different fields such as flexible sensors [45], batteries [46], smart packaging
[47], artificial muscles [48], fire retardant [49], and membrane-based processes, namely
desalinization and catalysis [40,50]. In the literature, few works deal with the application
of composite BPs as adsorbent membranes. Recently, SWCNT BPs incorporating MOFs
have been proposed as boosted adsorbents for the recovery of rare-earth elements [44]
and the selective capture of lead [36] from wastewater. The presence of MOF in SWCNT
BPs was found to be beneficial for the adsorption of all tested lanthanides, with the Ce
recovery reaching the value of 263.30 mg of cerium adsorbed per gram of MOF-SWCNT
BP. This was related to the alcohol functionalities of threonine within MOF pores.
Similarly, the lead adsorption capacity of neat BPs increased by 42% when 25 wt.%
SWCNTs were substituted by MOFs. Moreover, stable BPs for the adsorption of heavy
metal ions were obtained by the noncovalent interaction of oxidized CNTs with GO [51].
The presence of nanotubes stabilized the mechanical properties of BPs but reduced the
adsorption capacities for all tested heavy metals. In particular, the experimental lead
adsorption capacity by BPs with GO content up to 90 wt.% was lower than the
experimental maximum loading capacity by neat CNT BPs (163 + 10 mg g') due to the
presence of micro- and nano-channels among entangled CNTs.

In this paper, single-walled carbon nanotube/graphene oxide buckypapers (GO-
SWCNT BPs) were prepared and characterized as novel membranes for the adsorption of
lead from wastewater. The adsorption capacity and selectivity towards Pb? (both from
neat solutions and in the presence of other interferents) by GO-SWCNT BPs were
evaluated as a function of the increasing percentage (wt.) of GO used in their preparation.
Hybrid membranes showed high lead adsorption capacity and interesting removal
properties towards other heavy metal ions, allowing the possibility of multielement
decontamination of wastewater.
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(a)

(d)

2. Results

SWCNT BPs and GO-SWCNT BPs were prepared according to the wet method
[52,53], including the uniform dispersion of carbonaceous compounds in a surfactant
solution, vacuum filtration through a PTFE porous filter (average pore size 5 um), several
washes with methanol, drying, and, finally, peeling off from the PTFE filter.

Under the used conditions reported in the Materials and Methods section, the wet
method provided self-standing and flexible BP disks for GO loadings up to 75 wt.%
(Figure 1) due to the -7 and van der Waals interaction forces between SWCNTs and
GOs. Unfortunately, larger GO amounts gave cracked films (see 85% GO-SWCNT BP
picture in Figure 1le). Consequently, successive investigations were limited to BP samples
with a maximum GO loading of 75 wt.% (0, 25, 50 and 75 wt.% GO).

As shown in Figure 1f, BPs were characterized by easy detachability from porous
PTFE filter and self-sustainability for all studied GO wt. percentages. BPs were flexible
disks with an average thickness of around 100 + 2 um and an average diameter of 38 + 1
mm.

Figure 2 shows the morphology of neat SWCNT BP and GO-SWCNT BPs with
different GO content (25, 50, and 75 wt.%). SWCNT BP morphology was characterized by
the presence of the typical SWCNT bundles and clusters arising from m—m and van der
Waals interactions. The found porous structure is expected to give BPs a high permeability
and a large contact surface area for heavy metal adsorption. The addition of an increasing
amount of GO in SWCNT BPs resulted in increased GO sheets number homogenously
hosted inside the membranes.

(b) (c)

(e) (f)
Figure 1. Pictures of (a) SWCNT BP, (b) 25% GO-SWCNT BP, (c¢) 50% GO-SWCNT BP, (d) 75% GO-
SWCNT BP, and (e) 85% GO-SWCNT BP. All samples, except for 85% GO-SWCNT BP (which

showed evident macroscopic cracks), were easy detachable from the porous PTFE filter and resulted
in (f) self-sustainable and flexible disks.
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300 nm

300 nm

(d)

Figure 2. SEM images of (a) SWCNT BP, (b) 25% GO-SWCNT BP, (c) 50% GO-SWCNT BP, and (d)
75% GO-SWCNT BP, showing the presence of GO flakes homogeneously embedded in the SWCNT
BP network.

Nevertheless, the increasing the number of empty spaces around the GO sheets for
BP with higher GO loadings is expected to lead to more fragile BPs with lower mechanical
properties. In fact, even if all samples looked like very similar free-standing membranes,
both from a macroscopic and microscopic point of view, they were found to be
characterized by decreasing values of tensile strength and fracture strain, as reported in
Figure 3 and Table 1.

144 —— SWCNT BP
—— 25% GO-SWCNT BP
124 ——50% GO-SWCNT BP

—— 75% GO-SWCNT BP
10

Stress (MPa)
@

T T T T T T T T
0.000 0.005 0.010 0.015 0.020
Strain (%)

Figure 3. Stress-strain curves of SWCNT BP with different weight percentage of GO.

188



Molecules 2022, 27, 4044 5 of 13

Despite the slight reduction in the mechanical properties, all investigated BPs can be
considered highly stable membranes, and could find important application in adsorption
treatments for wastewater.

The increase in GO content was also found to modify the hydrophilicity of BP top
surfaces. As shown in Table 1, SWCNT BPs were characterized by lower hydrophilicity
(average water contact-angle of 71.3° + 0.5°) than GO-SWCNT BPs, which showed a
gradual decrease in the water contact-angle values from 62.6° + 0.5° (25% GO-SWCNT BP)
to 41.2° £ 0.5° (75% GO-SWCNT BP). Obviously, it is expected that the decrease in water
contact-angle values could make GO-SWCNT BPs more effective devices for wastewater
treatments than neat SWCNT BPs due to easier wettability. On the contrary, the porosity

percentage found for BPs decreased for larger GO amounts due to closer packing between
GO sheets.

Table 1. Mechanical properties, water contact-angles, and the porosity of SWCNT BP with different
weight percentage of graphene oxide (GO).

Sample Tensile Strength (MPa) Fracture Strain (%) Water Contact-Angle (°) Porosity (%)
SWCNT BP 13.8+0.9 22+0.5 71.3+0.5 74+£5
25% GO-SWCNT BP 11.3+0.8 1.9+05 62.6£0.5 705
50% GO-SWCNT BP 72+0.6 1.5+0.4 51.2+0.5 65+5
75% GO-SWCNT BP 47 +0.6 1.3+04 41.2+0.5 59 +5

The lead removal properties of SWCNT and GO-SWCNT membranes were evaluated
through adsorption experiments. Membrane disks were immersed in 800 mL beakers with
Pb(NO:s)2 water solutions at different lead concentrations (1, 10, and 50 ppm). The kinetic
profiles of lead recovery in the 0-72 h interval, are reported in Figure 4.

2+
1004 s a 100 4 100 4 50 ppm Pb
SWCNT BP
80 80 80 @ 25% GO-SWCNT BP
9 s 3 @ 50% GO-SWCNT BP
< i < < @ 75% GO-SWCNT BP
260+ - 260+ . & 60 °
g 1 ppm Pb g 10 ppm Pb o
o [e] 8
o 40 SWCNT BP © 404 SWCNT BP © 40-
14 ] @ 25% GO-SWCNT BP 14 @ 25% GO-SWCNT BP 12
, @ 50% GO-SWCNT BP ) @ 50% GO-SWCNT BP
201 @ 75% GO-SWCNT BP 202 @ 75% GO-SWCNT BP 20 -
0 T T T T 0% T T T T 04 T T T T
0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (min) Time (min) Time (min)
(a) (b) (c)

Figure 4. Pb? recovery by neat SWCNT BP and GO-SWCNT BPs during soaking in 800 mL of
aqueous solutions with [Pb?] of: (a) 1 ppm, (b) 10 ppm, and (c) 50 ppm.

All membranes were able to recover almost 100% of the lead present in the 1 ppm
solutions, as seen in Figure 4a. The residual lead concentration was always lower than 10
ppb (7.2, 5.6, 4.6, and 3.1 ppb, respectively for increasing GO amounts), which represents
an acceptable limit for drinking water [8]. In particular, 75% GO-SWCNT BPs were able
to remove almost all lead ions present in the 1 ppm solution within 8 h. However, slightly
different recoveries (ranging from 85% to 95% for increasing GO amounts) were found
when 10 ppm lead solution was used (Figure 4b), confirming the positive effect of GO
substitution on the adsorption properties of hybrid membranes. For larger concentrations
(50 ppm), the lead recovery varied from 42.18% (SWNT BPs) to 47.19%, 53.02%, and
59.95% for GO amounts of 25, 50, and 75 wt.%, respectively. Such results gave a lead
adsorption capacity per unit of adsorbent mass of 337 + 13, 377 + 9, 424 + 13, and 479 + 25
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mg g, and confirmed again the best adsorption capacity shown by 75% GO-SWCNT BPs.
The obtained adsorption capacity per unit of adsorbent mass is larger than the values
recently found for the lead removal by MOF powders (108 mg g') [54] and BP membranes
hosting MOF (310 mg g) [36] but lower than the lead adsorption capacity by GO flakes
(555 mg g) [54]. It is worth noting that, despite the slight reduction in the adsorption
capacity (—15%) due to the presence of SWCNTs, 75% of GO-SWCNT BPs are self-standing
films, which can be more easily used, recovered, and regenerated than any powder-like
adsorbent (see infra). The adsorbent physicochemical properties, such as water
wettability, surface area, and chemical nature, can affect the adsorption of heavy metals
in addition to the operating conditions (e.g., adsorbent amount, temperature, pH and ionic
strength values, adsorption time, initial concentration, and interferent presence). The
presence of surface functional groups, such as hydroxyl and carboxyl, can improve
wettability and heavy metal chelation. Therefore, the increased lead adsorption capacity
shown by GO-SWCNT BPs with larger amounts of GO (from 42.18% for SWNT BPs to
59.95% for 75% GO-SWCNT BP) can be attributed to the beneficial presence of functional
groups able to enhance membrane wettability and metal chelation and overcome the
possible drawbacks due to the reduced porosity (see Table 1).

The beneficial substitution of SWCNT with GO in BPs was further confirmed through
kinetic experiments. From the literature [36,38], it is known that the rate equation for Pb?*
capture in solutions follows the Lagergren first-order Equation (1):

dq

- = ki@e — a0 1)

where k1 and g. are the Lagergren adsorption rate constant (min™) and the lead adsorption
capacity per unit of adsorbent mass (mg g7) at equilibrium, respectively. The
experimental concentrations measured as a function of time, C(f), were used to determine
the experimental amount, gesp(t), (mg g*) of lead adsorbed by BPs, according to the
following Equation (2):

exp ® = Lo t@® xV )

m

where Co and C(t) are the lead concentration in the solution at time zero and ¢, respectively.
V is the volume of lead solution, and m is the mass of BPs.

Experimental data were well-fitted (R? values always larger than 0.975) by non-linear
optimization method (OriginPro 2019 Software, OriginLab Corporation, Northampton,
MA, USA) [55] with the following Equation (3):

4 = qe(1 — e~¥at) 3)

which can be easily obtained from the integration of Equation (1).

As reported in Table 2, fittings of experimental adsorptions at 1 ppm as a function of
time showed an increase in the ki value for increasing GO amounts incorporated in
SWCNT BPs. In fact, the initial k1 value of 5.44 + 0.07 x 103 min-! found for neat SWCNT
BP increased to 8.81 + 0.05 x 10-3 min-! for 75% GO-SWCNT BP (increase = 62%).

The found Lagergren adsorption rate constants are of the same order and magnitude
as those recently obtained for the lead removal by BP membranes hosting MOF (14.3 + 0.8
x 10~ min) [36], but lower than the lead adsorption rate constant by GO nanosheets (200
x 103 min™) [56].

Table 2. Lagergren adsorption rate constant, k1 (min™), and lead adsorption capacity per unit of
adsorbent mass at equilibrium, g.(mg g™), for BPs with different GO loading.

Sample k1 x 103 (min™") q:(mg g™) R2
SWCNT BP 5.44+0.07 15.3+0.5 0.9784
25% GO-SWCNT BP 6.07 £ 0.06 154+0.4 0.9864
50% GO-SWCNT BP 6.88 +0.07 154+ 0.4 0.9864
75% GO-SWCNT BP 8.81 +0.05 15.9+0.2 0.9958
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To validate the good lead adsorption properties by 75% GO-SWCNT membranes
even in the presence of the most found background ions, further adsorption experiments
were performed with 1 ppm lead solution prepared with mineral water, where both
monovalent and divalent ions (Na*, K*, Mg?, and Ca?*) were present. The initial
concentration of such ions was 6.18, 3.90, 5.96, and 15.89 ppm for Na*, K*, Mg?, and Ca%,
respectively. As it is evident from Figure 5a, both the capture performance of hybrid
membranes and the selectivity towards Pb? ions were preserved.

100 4 1 ppm Pb?

Recovery (%)

-

2+
75% GO-SWCNT BP 100 A 1 ppm Pb 75% GO-SWCNT BP 100 A 1 ppmPb%*  75% GO-SWCNT BP

Recovery (%)

0 500

Time (min)

(a)

1500 0 500 1000 1500 0 500 1000 1500
Time (min) Time (min)

(b) (0

Figure 5. Pb? recovery by 75% GO-SWCNT BPs during the soaking in 800 mL of: (a) a mineral water
solution with [Pb*] of 1 ppm, (b) a multielement heavy metal solution with Pb?, Co?, Zn*, Cd?,
and Hg?, (c) a multielement heavy metal solution with Pb?, Fe*, Al*, and Cu?. The concentration
of each heavy metal in the multielement solutions was 1 ppm.

The observed selectivity of 75% GO-SWCNT BPs toward lead was further confirmed
when other divalent and potential interferent heavy metals (Co?, Zn?, Cd?, and Hg?)
were present in a simulated wastewater at the concentration of 1 ppm, as shown in Figure
5b. In particular, the Co?", Zn?, and Cd? recovery percentage was lower than one half than
the one found for lead.

The lead capture performance was still the highest when 75% GO-SWCNT
membranes were soaked in a solution containing 1 ppm of other heavy metal ions easily
found in wastewater, such as Fe?*, Al**, and Cu?, see Figure 5c.

It is worth noting that, under such drastic experimental conditions, the initial lead
concentration of 1 ppm was lowered to the value of about 300 ppb when a 75% GO-
SWCNT BP was soaked in the solution beaker, whereas the removal efficiency for Pb%,
Fe3*, Al*, and Cu?* was around 67%, 62%, 52%, and 46%, respectively. Even if lower than
the lead adsorption capacity, the removal percentages of all other tested heavy metals by
GO-SWCNT membranes were interesting for wider decontamination of wastewater from
such toxic pollutants.

Stability in the adsorption performance after regeneration is an important item for
every adsorbent in view of its potential industrial applications. The adsorption
performance of 75% GO-SWCNT BP was measured in 1 ppm lead solution after four
regeneration processes, performed by soaking the membranes in a 10% (v/v%) aqueous
solution of 2-mercaptoethanol for 24 h in order to favor the release of the adsorbed lead.
As shown in Figure 6, the initial recovery found after the first immersion in the lead
solution was 99.69% and decreased to 93.42% during the fifth adsorption cycle performed
after the fourth regeneration process, confirming the reusability, efficiency, and stability
of membranes.
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Cycle 5 Recovery 93.42%

Regeneration 4
Cycle 4 Recovery 94.58%

Regeneration 3
Cycle 3 Recovery 95.51%

Regeneration 2
Cycle 2 Recovery 97.09%

Regeneration 1
Cycle 1 Recovery 99.69%

Figure 6. Pb? adsorption performance by 75% GO-SWCNT BPs after four regeneration processes in
a 10% (v/v%) aqueous solution of 2-mercaptoethanol for 24 h. The initial lead concentration was 1

Such properties make GO-SWCNT BPs suitable for industrial wastewater
applications, thanks also to their easy scalability as filtration units both in parallel for
large-scale treatments and in series for their increased efficiency performance.

Regarding the industrial feasibility and scale-up, at this stage, it is difficult to estimate
the operating costs for lead removal by the proposed technology and compare them with
those of other existing technologies. According to a previously reported estimation to
produce BPs (hosting MOFs at 25 wt.% for a 15 kg scale), the costs of BPs and MOFs were
estimated at around 1000 €/kg and less than 4000 €/kg, respectively [36]. Considering that
the GO production costs are noticeably lower than those of MOFs [57], it is possible to
assess that the production of GO-SWCNT BPs is cheaper than that of MOF-SWCNT BPs
or pure-MOF-based devices.

3. Materials and Methods
3.1. Buckypaper Preparation

SWCNT BPs were prepared using mixtures of commercially available single-walled
carbon nanotubes, SWCNTs, with a length longer than 5 um and an average diameter of
1.8 +0.1 nm, and commercially available carboxylic acid functionalized SWCNTs (COOH-
SWCNTs, 1.0-3.0 atom% carboxylic acid) with average bundle lengths from 0.5 to 1.5 um
and diameters from 4 to 5 nm, as reported in their datasheets from Sigma-Aldrich, Milan,
Italy. Briefly, 50 mg SWCNT and COOH-SWCNT mixtures in the ratio 2:1 by weight were
dispersed in 250 mL 0.4% TRITON %100 water solution by an ultrasonic bath (M1800H-E,
Bransonic, Danbury, CT, USA) for 30 min, then filtered through poly(tetrafluoroethylene
disks (PTFE, diameter = 47 mm, average pore size = 5 um, Durapore©, Merck KGaA,
Darmstadt, Germany) with a vacuum pump (pressure = -0.04 bar), washed several times
with methanol and, finally dried at room temperature.

All chemicals were reagent grade and purchased from Sigma-Aldrich, Milan, Italy.

All filtration conditions including the weight percentage between SWCNTs and
COOH-SWCNTs, the amount of TRITON x100, the sonication time, the vacuum
depression, the filter porosity, and material were chosen to obtain self-standing and
flexible BP disks [36] (Figure 1).

Similarly, single-walled carbon nanotube/graphene oxide buckypapers, GO-SWCNT
BPs, were obtained by substituting a given weight amount (25, 50, and 75 wt.%) of
SWCNT-COOH-SWCNT mixture with an identical quantity of graphene oxide, (GO, 15~
20 sheets, 4-10% edge-oxidized, Sigma-Aldrich, Milan, Italy) and following the procedure
previously outlined for the preparation of SWCNT BPs. As shown in Figure 1, BPs were
characterized by easy detachability from porous PTEFE filter and self-sustainability for all
studied GO wt. percentages. The obtained membranes were flexible disks with an average
thickness of 100 + 2 um and an average diameter of 38 + 1 mm. The substitution of SWCNT
mixture with GO amounts larger than 75 wt.% gave cracked films, as reported in Figure
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le for 85% GO-SWCNT BPs, with difficult detachability and, consequently, broken
membranes. Therefore, the maximum GO loading in GO-SWCNT BPs was set at 75 wt.%.

3.2. Characterization Procedure

The morphology of the SWCNT and GO-SWCNT membranes was investigated by a
scanning electron microscope (LEO 420, Leica Microsystems, Cambridge, England,
accelerating voltage of 10 kV) after their sputtering with an ultrathin gold layer.

Static contact-angle values of SWCNT and GO-SWCNT BPs were obtained with a
goniometer (Nordtest, Serravalle Scrivia AL, Italy) at 25 °C. A drop (2 pL) of water was
put on five different positions of the sample surface by a micro-syringe, and angle values
were evaluated by drawing the tangents on both visible edges of each droplet and
calculating the average value of the measurements.

The percentage porosity of BP, P(%), was estimated by measuring the weight of a
wetting liquid (3M-FC-40, 3M Italia Srl, Pioltello, Milan, Italy) contained in the membrane
pores at 25 °C, according to the following Equation (4):

Ww-Wg
P%) = wamwwg 4)
Ww-Wgq,Wq

dw dm

where Ww and Wa are the weight of the wet and dry samples, and dw and dw are the density
of the wetting liquid (1.855 g cm=) and BP membranes, respectively.”

The tensile strength and fracture strain of SWCNT and GO-SWCNT BPs were
measured on rectangular strips (3 cm in length and 5 mm in width) at a strain rate of 0.1
mm min" with a Sauter TVO-S tensile tester equipped with a Sauter FH-1k digital
dynamometer and AFH FAST software (Sauter GmbH, Balingen, Germany).

3.3. Lead Adsorption by SWCNT and GO-SWCNT BPs

Lead adsorption by SWCNT and GO-SWCNT membranes was evaluated at 25 °C in
deionized water solutions of Pb(NOsz)2. SWCNT and GO-SWCNT BPs were placed in
beakers containing 800 mL Pb(NOs)2 solution (lead concentration of 1, 10, and 50 ppm)
and stirred by an orbital shaker (PSU-10i, Biosan, Italy) at 25 °C.

Mineral water solutions were used to test BP performance in lead (1 ppm) adsorption
in the presence of interferent elements commonly found in water, such as Na*, K*, Ca?,
and Mg?*. Further investigations on the effect of the interferents” presence on lead removal
were performed by measuring the lead adsorption from two different heavy metal
multielement solutions, containing Pb%, Co%, Zn?*, Cd?*, and Hg?* ions or Pb?, Fe?, Al*,
and Cu? ions. The concentration of each heavy metal was 1 ppm in both multielement
solutions.

The effect of pH on lead adsorption was tested at the following values: 4.5, 6, and 8.
It was found that a 75% GO-SWCNT BP was able to recover about 99.7% of lead present
in an 800 mL solution at a concentration of 1 ppm when the pH value was 6. The capture
capacity decreased to about 92.0% and 89.9% when pH was 4.5 and 8, respectively.
Consequently, all adsorption experiments were performed at pH 6, if not differently
reported.

The heavy metal ion concentrations were determined by inductively coupled
plasma-mass spectrometry (ICP-MS iCAP™ TQ Thermo Fisher Scientific, Waltham, MA,
USA) equipped with a Peltier cooled high purity quartz baffled cyclonic spray chamber,
a concentric borosilicate glass nebulizer, a wide 2.5 mm internal diameter quartz injector,
a nickel sample and two skimmer cones with 1.1 mm and 0.5 mm diameter orifices,
respectively. The ICP torch was a demountable single-piece quartz torch. Samples were
collected by a Thermo Scientific™ Autosampler Housing with a peristaltic pump
equipped with three-stop flared PVC pump tubing. A multielement standard solution
was used to calibrate the instrument using different analytical concentrations (0.5, 5, 10,
20, 50, and 100 ppb, R? of calibration curve = 1, and a limit of detection, LOD, of about
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0.015 ppb). Ultrapure deionized water (18.3 MQ cm, Arioso, Human Corporation, Korea)
was used for the preparation of the aqueous solution after filtration by a 0.45 um filter
(Millex Syringe Filter, Merck, Darmstadt, Germany). Each experiment was performed in
triplicate, and the results are reported as average values + 3 SD.

4. Conclusions

In the present work, the preparation and characterization of GO-SWCNT
buckypapers was reported, and their efficiency as lead adsorbents was tested as a function
of different amounts of graphene oxide present in the membranes. The partial substitution
of SWCNTs with GO had a beneficial effect in the adsorption properties of SWCNT BPs,
which were still self-standing membranes without any important loss in their mechanical
properties and adsorption capacities.

The GO-SWCNT BPs exhibited great capture properties for Pb>* removal from
aqueous solutions even in the presence of interferent ions, which could be present in
water, such as Na*, K*, Ca%, and Mg?*, and other heavy metal ions, which could be present
in wastewater such as Co%, Zn%, Cd¥, Hg¥, Fe¥, Al*, and Cu?. The GO-SWCNT
membranes were also characterized by interesting capture properties towards all the ions
present in the multielement solutions, allowing the possibility of wider decontamination
of wastewater from several toxic pollutants at the same time.

For solutions with a lead concentration of 1 ppm, all GO-SWCNT BPs were able to
reduce the [Pb?] to values well below the limit of 10 ppb allowed by WHO for drinkable
water. The lead adsorption efficiency of the 75% GO-SWCNT BPs was maintained over
five adsorption/four regeneration cycles without any important reduction (less than 7%)
in the removal efficiency.

In addition to the above-mentioned features, it is important to emphasize the
importance of the easy scalability of the proposed GO-SWCNT BPs as filtration units both
in series for an efficiency increase and in parallel for applications in large-scale
decontamination plants.
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Abstract: Pharmaceutical products such as antibiotics, analgesics, steroids, and non-steroidal anti-
inflammatory drugs (NSAIDs) are new emerging pollutants, often present in wastewater,
potentially able to contaminate drinking water resources. Adsorption is considered the cheapest
and most effective technique for the removal of pollutants from water, and, recently, membranes
obtained by wet filtration method of SWCNT aqueous solutions (SWCNT buckypapers, SWCNT
BPs) have been proposed as self-standing porous adsorbents. In this paper, the ability of graphene
oxide/single-walled carbon nanotube composite membranes (GO-SWCNT BPs) to remove some
important NSAIDs, namely Diclofenac, Ketoprofen, and Naproxen, was investigated at different
pH conditions (pH 4, 6, and 8), graphene oxide amount (0, 20, 40, 60, and 75 wt.%), and initial
NSAIDs concentration (1, 10, and 50 ppm). For the same experimental conditions, the adsorption
capacities were found to strongly depend on the graphene oxide content. The best results were
obtained for 75 wt.% graphene oxide with an adsorption capacity of 118 + 2 mg g for Diclofenac,
116 + 2 mg g for Ketoprofen, and 126 + 3 mg g! for Naproxen at pH 4. Overall, the reported data
suggest that GO-SWCNT BPs can represent a promising tool for a cheap and fast removal of
NSAIDs from drinking water resources, with easy recovery and reusability features.

Keywords: single-walled carbon nanotubes; graphene oxide; buckypaper; non-steroidal
anti-inflammatory drugs; water sources; adsorption

1. Introduction

Emerging pollutant is a general term labeling compounds recently resulting as
dangerous for both environment and human health, with an enhanced threat to humans
being represented by their increased concentration in water sources and the lack of legal
limits at national or international levels.

Nowadays, due to their widespread use to prevent and treat human diseases,
pharmaceutical compounds (PCs) represent a new class of emerging pollutants [1]. Their
improper disposal and accidental contaminations [2], as well as their excretion and
dispersion in wastewater after their assumption, could carry out to their accumulation in
fresh water resources. Due to their low molecular weight, polar nature, and
hydrophilicity, PCs are not separated by conventional wastewater treatment plants, and
thus their persistence and accumulation can cause unforeseen effects on the environment
[3-7]. PCs can be detected in aquatic environments around the world [8,9] with
concentrations up to several mg L as a consequence of their long-term stability [10-12].
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In addition, national drinking-water directives generally do not define limits to the PC
presence, in spite of any precautionary principle claiming for a complete removal of such
pollutants since they can cause acute toxicity, including genotoxicity, endocrine
disruption, development of pathogen resistance, and other often unknown effects on
public health and environment [13,14].

Non-steroidal anti-inflammatory drugs (NSAIDs) represent the most important class
of the new emerging pollutants due to their wide use as analgesic, anti-inflammatory,
antipyretic, and pain-relief drugs [15]. Diclofenac (DIC), Ketoprofen (KET), and Naproxen
(NAP) are some of the main worldwide used NSAIDs, with a production of many
hundreds of tons per year, which can be found at huge concentrations in wastewater,
surface water, groundwater, and drinking-water [16].

In the last years, researchers have proposed several technologies for an effective PC
removal, including bio-treatment [17], advanced oxidation [18,19], membrane filtration
[20,21], and ozonation [22]. Nevertheless, these processes are affected by some drawbacks,
such as high costs, toxic by-products, slow and poor removal efficiencies.

Among others, adsorption is considered the cheapest, easiest, and most effective
technique for pollutant removal from water with no formation of toxic by-products
[23,24]. Several porous materials have been proposed as efficient adsorbents for
pharmaceutical compounds thanks to their stable chemical structure, high porosity, easy
functionalization, and large adsorption capacities [25,26]. In particular, activated carbons
[27,28], waste materials [29,30], metal-organic frameworks (MOFs) [31], magnetic
nanoparticles [32,33], single- and multi-walled carbon nanotubes (SWCNTs and
MWCNTs) [34,35], and graphene oxide sheets (GO) have been tested for the removal of
NSAIDs over the last years [36].

In particular, carbon-based materials were widely explored as promising adsorbents
due to their superior surface properties, although they suffer from difficult recovery and
reuse as a consequence of their powder consistency. More recently, several research
groups have assembled powder adsorbents in porous membranes by either using
polymer additives or exploiting the self-assembling properties of some materials [37-39].
Buckypapers (BPs) are self-standing porous membranes obtained by self-assembling
SWCNT and/or MWCNT bundles mainly via -t and van der Waals interactions during
the wet filtration of carbon nanotube solutions [40,41]. BPs are characterized by interesting
rheological, thermal, and electrical properties [42] and are successfully applied in filtration
and adsorption processes. In fact, they show porous structure, low density, easy
functionalization, as well as the possibility to host other adsorbents, such as natural
polymers [43,44], MOF [45,46], and GO [47,48], to increase the adsorption efficiencies
[46,49].

In our previous work, we proved that the partial substitution of SWCNTs with GO
in BPs structure allowed the obtainment of self-standing hybrid buckypapers (GO-
SWCNT BPs) useful for heavy metal removal with good efficiency [47]. With the present
investigation, we aim to test the versatility of these GO-SWCNT BPs, evaluating the
possibility of using them as a tool for the removal of NSAIDs (namely DIC, KET, and
NAP) from wastewater. In detail, we extensively investigated the effect of key parameters
(e.g., different GO wt. contents, pH values, and initial NSAID concentration) to determine
the optimal adsorption conditions. Overall, we found that the adsorption capacity
towards all NSAIDs increased with the graphene oxide percentage present in the
membrane composition, proving the importance of the GO in the membrane composition.

2. Results

The wet method is probably the easiest procedure to obtain carbon nanotube
buckypapers with homogeneous morphology [41]. Thus, SWCNT BPs were prepared
according to this method by dispersing the SWCNT mixture (SWCNTs and carboxylic
acid functionalized SWCNTs in the wt. ratio 2:1) in a TRITON-X100 water solution
followed by vacuum filtration through a PTFE 5 pm porous filter. BP membranes were
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then washed with methanol several times, dried, and, finally, peeled off from the PTFE
filter. GO-SWCNT BPs were prepared similarly to the procedure outlined for pure
SWCNT BPs, with the substitution of some percentage (20, 40, 60, and 75 wt.%) of SWCNT
mixture with GO (see Materials and Methods section for more details). For all tested wt.
ratios, self-standing and flexible BP disks were obtained for a GO loading up to 75 wt.%
(Figure 1e), while a further increase in GO amount gave cracked films due to insufficient
n-rt and van der Waals interaction forces between SWCNT and GO. Such results agree
with the decrease in the rheological performance (reduced values of tensile strength and
fracture strain) reported in the literature when large GO amounts were used in GO-
SWCNT BPs preparation [47].

As reported in Figure 1a,b, BPs looked very similar to the eye independently from
the amount of GO present in the BP composition, being black and stable membranes with
an average thickness of around 100 + 2 um and an average diameter of 38 + 1 mm. The
SEM investigations showed that the SWCNT BP morphology was characterized by the
presence of the typical SWCNT clusters and bundles arising from van der Waals and nt-nt
interactions, Figure 1c. It is also evident that the typical large porosity confers high
permeability and large contact surface area to BPs, thus allowing for an effective
adsorption process. At a microscopic level, the substitution of GO in GO-SWCNT BPs
resulted in the presence of GO sheets homogenously hosted inside the SWCNT BP
membranes, Figure 1d.

(e)

Figure 1. Pictures of (a) SWCNT BP and (b) 75% GO-SWCNT BP. SEM images of (c) SWCNT BP and
(d) 75% GO-SWCNT BP. The presence of GO flakes embedded in the SWCNT BP network is evident
in the latter image. Samples up to 75 wt.% GO were self-sustainable and flexible disks (e).

The NSAID removal properties by SWCNT and GO-SWCNT membranes were
evaluated through adsorption experiments performed on water solutions of the three
most used active compounds (Diclofenac, Ketoprofen, and Naproxen) at three different
pH values (4, 6, and 8) and initial concentrations (1, 10, and 50 ppm).
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Recovery (%)

In more detail, membrane disks were immersed in 200 mL beakers with a given
NSAID water solution, and the kinetic profiles of drug recovery in the 0-72 h interval
were recorded. The recovery percentage was spectro-photochemically obtained by
measuring the absorbance of the three NSAIDs at their maximum absorption wavelength
(276, 259, and 228 nm for DIC, KET, and NAP, respectively), with Figure 2 showing the
UV-Vis adsorption spectra and chemical structure of the three drugs.

Naproxen

228 nm Ketoprofen
Diclofenac

Absorbance

0.5

200 250 300 350
Wavelength (nm)

Figure 2. UV-Vis adsorption spectra and chemical structure of NAP, KET, and DIC.

The recovery percentage, Re(%), was calculated according to the following Equation
(1):

Abs, — Abs;
Re(%) = TSO x 100 (1)
where Absoand Abs: were the drug absorbance at time 0 and ¢, respectively.

Figure 3 shows the Re(%) behavior for the three NSAIDs in water solutions at
different pH values and a 10 ppm initial concentration when GO-SWCNT BPs with
increasing GO content were used as adsorbents.

The recovery of all NSAIDs as a function of pH after 72 h showed a similar trend with
increasing adsorptions found when GO-SWCNT BPs with larger amounts of GO were
used. pH 4.0 was the pH value ensuring the largest adsorption for all NSAIDs and GO-
SWCNT BPs with the largest GO substitution (75 wt.%) granted the highest recovery
values.
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Figure 3. The recovery percentage, Re(%), of: (a) Diclofenac, (b) Ketoprofen, and (c) Naproxen water

solutions at different pH values and 10 ppm initial concentration as a function of GO content in GO-
SWCNT BPs.

In detail, neat SWCNT BPs showed the lowest recovery values (85.16, 96.53, and
91.23% @ pH 4 for DIC, KET, and NAP, respectively), which increased more or less
linearly (R? values always larger than 0.978) up to 97.2, 98.36, and 99.18% @ pH 4 for 75%
GO-SWCNT BPs. Consequently, pH 4 was chosen as the pH value for carrying out the
subsequent adsorption experiments. It is worth noting that the recovery could be
increased up to the desired value (in accordance with the precautionary principles) also
by successive adsorption steps with new or regenerated BPs (see infra).

At pH 4, all membranes were able to recover the major amount of the NSAIDs present
in the 1 and 10 ppm solutions (Re% larger than 85% in all cases), and the recovery was
further increased when membranes with larger GO amounts were used (Figure 4). In these
conditions, values larger than 97.2% were obtained when 75% GO-SWCNT BPs were
used, confirming the positive effect of GO substitution. At a larger initial concentration
(50 ppm), all Re(%) were lowered to values ranging from 50 to 64%, with the lowest
adsorption value obtained from neat SWCNT BPs (50.91, 57.02, and 53.67% for DIC, KET,

and NAP, respectively) and the highest from 75% GO-SWCNT BPs (59.28, 58.75, and
63.54% for DIC, KET, and NAP, respectively).
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Figure 4. Recovery percentages, Re(%), at pH 4 as a function of GO content in GO-SWCNT BPs for:
(a) Diclofenac, (b) Ketoprofen, and (c) Naproxen water solutions at different initial concentrations.

Such results gave an NSAID experimental SWCNT BPs adsorption capacity per unit
of adsorbent mass, gexy (mg g™), of 102 +2, 114 + 2, and 108 + 2 mg g, in the case of DIC,
KET, and NAP 50 ppm aqueous solutions. e was defined as follows (Equation (2)):

m(NSAID)
m(membrane)

)

Gexp =

where m(NSAID) was the adsorbed NSAID mass in milligrams, and m(membrane) was the
SWCNT BP or GO-SWCNT BP mass in grams.

The gexy values increased up to 118 + 2 (+ 18%), 116 + 2 (+ 2%), and 126 + 3 mg g™ (+
16%) for the adsorption of DIC, KET, and NAP 50 ppm aqueous solutions by 75% GO-
SWCNT BPs, confirming once again the best adsorption capacity of 75% GO-SWCNT BPs.
The obtained gexy values were higher than those obtained for the adsorption of DIC by rGO
flakes (34.1 mg g™) [50], for DIC and NAP removal by some -COOH multi-walled carbon
nanotubes (gexy around 40 mg g1) [51], or for NAP removal by MOF powders (66.1 mg g')
(MIL-101-NO2) [52]. Even if particular GO and MOF samples with comparable NSAID
recovery values can be found in the literature [52-56], it is worth noting that GO-SWCNT
BPs are self-standing films, which can be more easily used, recovered, and regenerated
than any powder-like adsorbent (see infra).

Adsorption, including both chemisorption (involving ionic or covalent bonds) and
physisorption (van der Waals forces), is a surface phenomenon where drug molecules
accumulate at the interface between an adsorbent and a fluid solution of adsorbate [57].
Generally, the adsorption mechanism is dependent on the chemical nature of active
compounds, the adsorbent properties (including chemical nature, number of active sites
present, water wettability, and porosity), and the experimental conditions (e.g., initial
concentration, ionic strength, pH, temperature, and contact time). Since the same
experimental conditions were used for all BPs, the differences in adsorption can arise from
their different physico-chemical characteristics. From previous studies [47], we know that
the GO substitution in SWCNT BPs causes both a decrease in membrane porosity from
around 74 + 5% (neat SWCNT BP) to around 41 + 5% (75% GO-SWCNT BP) and a decrease
in the water contact angle from 71.3 + 0.5° (neat SWCNT BP) to 41.2 + 0.5° (75% GO-
SWCNT BP). In addition, we found that the specific surface area changed from a value of
185 +20 m? g! (neat SWCNT BP) to 126 + 15 m? g™! (75% GO-SWCNT BP).

On the basis of the available datasheets of SWCNTs, COOH-SWCNTs, and GO,
indicating a -COOH group percentage in COOH-SWCNTs of around 1%, and a 4.8%
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oxidation at the GO edge, it is possible to speculate that the NSAID adsorption increase
with GO amount could be attributed to the presence of a larger number of oxygen groups
onto the BP surfaces, as it is known that they favor the adsorption of NSAID molecules by
the formation of H-bonding [51,58]. Such chemical functionalities act as active sites for the
NSAID capture and are able, at the same time, to improve surface wettability, thus
compensating for the detrimental porosity reduction in GO-SWCNT BPs due to the better
packaging of GO sheets.

Z-potential measurements, Figure 5a, showed that the pHzep (the pH value at which
the net charge onto the membrane surface is zero) is #4.86 and =4.41 for SWCNT BPs and
75% GO-SWCNT BPs, respectively. Consequently, BPs possess a net positive surface
charge at pH 4, becoming negative at pH 6 and 8 (Z-potential @ pH 8 < Z-potential @ pH
6).

The Z-potential of both membranes becomes more negative at pH 6 due to the
ionization of the -COOH groups present on the SWNTSs, most probably increase further
as a result of the conformational changes of the nanodomains with pH [59]. In addition,
when the pH of the solution exceeds the pKa (4.15, 4.30, and 4.15 for DIC, KET, and NAP,
respectively [60]), the active compounds dissociate more easily into their anionic forms.
From the speciation diagram determined by the mass law equation (Figure 5b), the
investigated NSAID molecules resulted in being in part negatively charged (molar
fraction = 40%) at pH 4, and almost all negatively charged at pH 6 and 8 (molar fraction =
98 and ~100%, respectively). These conditions made the NSAID adsorption onto BPs more
favorable at pH 4 because of the presence of attractive electrostatic interactions between
the anionic form of NSAID and the positively charged adsorbents and less favorable at
pH 6 and 8, where electrostatic repulsions are expected to occur between negatively
charged adsorbate and adsorbent, Figure 5c. Even if the BP surface charge at pH 8 is less
negative than that at pH 6, the adsorption at the higher pH value could be hindered by
the competition among a larger number of negatively charged adsorbent molecules.
Therefore, the significant role of electrostatic interactions in the NSAID adsorption
process by BPs is evident. The observed decrease of adsorption as a function of pH value
agrees with the results previously reported in the literature [61,62]. Nevertheless, other
adsorption processes, such as -7t interaction/stacking between SWCNT, GO and NSAID
aromatic rings, as well as H-bonds, dispersive forces, and pore filling are expected to play
a significant role in the adsorption of active compounds over BPs, accounting for the
important recovery amount found at the different pH values [63].

—— [NSAIDT”

Molar fraction

(a) (b)
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(©

Figure 5. (a) Z-potential curves of an SWCNT BP (pHup = 4.86) and 75% GO-SWCNT BP (pHuep =
4.41). The lines are just a guide for the eye. (b) Typical speciation diagram determined by the mass
law equation for an NSAID. DIC, KET, and NAP are characterized by a pKa value of 4.15, 4.30, and
4.15, respectively, as reported in [60]. (c) Naive representation of NSAID and NSAID conjugates

base ([NSAIDJ") molar fractions and charge present on BPs at the investigated pH values (4, 6, and
8).

In order to follow the adsorption of NSAIDs as a function of time at different
concentrations (1, 10, and 50 ppm) by neat SWCNT and 75% GO-SWCNT BPs, kinetic
experiments were also performed (Figure 6). Experimental data were fitted by a non-

linear optimization method [64] with a pseudo-first-order or a pseudo-second-order
equation.
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Figure 6. The time-dependent recovery percentage, Re(%), of: (a) Diclofenac, (b) Ketoprofen, and (c)
Naproxen water solutions at pH 4 and different initial concentrations (1, 10, 50 ppm) for neat
SWCNT and 75% GO-SWCNT BPs.

As per results reported in Table 1, the modeling indicated that the adsorption
experimental data at 50 ppm were well fitted by the pseudo-second-order model
compared to the pseudo-first-order as per their larger R? (greater than 0.993), in agreement
with the fittings obtained for NSAIDs adsorption by other adsorbents [56].

Table 1. Pseudo-first and pseudo-second-order adsorption rate constants, ki (min™) and k2 (g mg™
min™), and adsorption capacity per unit of adsorbent mass at equilibrium, g. (mg g™), by SWCNT
BPs and 75% GO-SWCNT BPs for the three different NSAIDs (50 ppm).

Pseudo-First Order Kinetics Pseudo-Second Order Kinetics
3 e 4 e
Diclofenac ka x 10 1 R? ha x 10_ 1 R?
(min-) (mg g (g mg'min~) (mg g
SWCNT BP 10.1+1.1 96.4+25 0.9823 26+04 103.0+5.4 0.9961
75% GO-SWCNT BP 325+25 116.1+2.0 0.9752 84+18 120.5+8.3 0.9914
3 e 3 e
Ketoprofen fa x 10 1 R? ha x 10_ 1 R?
(min-) (mg g (g mg'min~) (mg g
SWCNT BP 6.1+0.7 110.2+3.0 0.9756 14+0.3 118.7 £ 8.3 0.9939
75% GO-SWCNT BP 6.4+0.7 112.8 £3.1 0.9777 1.5+0.3 121.8£8.8 0.9934
3 e 3 e
Naproxen fa x 10 1 R? ha x 10, 1 R?
(min-7) (mg g™ (g mg'min~) (mg g
SWCNT BP 29+0.1 106.6 + 0.8 0.9943 53+1.1 121.1+£9.5 0.9980
75% GO-SWCNT BP 3.2+0.1 125.9 £ 0.8 0.9960 57+1.4 1422 +9.4 0.9988

For all investigated NSAIDs, the pseudo-second-order adsorption rate constant, k,
increases when SWCNT BPs (0.26 £0.04, 1.4 £ 0.3, and 5.3 £ 1.1 x 103 g mg-'min™!, for DIC,
KET, and NAP, respectively) are replaced by GO-SWCNT BPs (0.84 + 0.18, 1.5 + 0.3, and
5.7 £ 1.4 x 10 g mg' min™, for DIC, KET, and NAP, respectively). The found adsorption
rate constants are of the same order and magnitude as those recently obtained for the
NSAID adsorption from water by an aluminum-based metal-organic framework, MIL-53,
(3.7and 5.6 x 10-% g mg' min-! for DIC and NAP, respectively) [61] and by biochar samples
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[63], but lower than the adsorption rate constant for DIC adsorption by GO nanosheets (
=10 x 10 g mg! min™) [50,52].

Regeneration and performance stability are important items for any adsorbent in
view of potential industrial applications. The adsorption performance of 75% GO-SWCNT
BP was measured at pH 4 in a 10 ppm DIC solution after four regeneration cycles,
performed by soaking the membranes in ethanol or 24 h in order to favor the release of
the adsorbed NSAID. The initial DIC recovery after the first immersion of a 75% GO-
SWCNT BP was 97.2%, decreasing to 93.5% after the fourth regeneration cycle, confirming
the reusability and stability of GO-SWCNT BP in industrial wastewater applications. In
addition, GO-SWCNT BP membranes offer the opportunity for easy scalability as
filtration units both in parallel for a large-scale treatment and in series for an increase in
the adsorption efficiency.

3. Materials and Methods
3.1. Buckypaper Preparation and Characterization

SWCNT BPs were prepared according to the wet method procedure reported in the
literature [47] by using mixtures of commercially available single-walled carbon
nanotubes, SWCNTs, (length >5 pm, and average diameter of 1.4 + 0.1 nm) and carboxylic
acid functionalized SWCNTs (COOH-SWCNTs, 1.00% carboxylic acid, 0.5 < average
bundle length < 1.5 um, and 4 < diameter < 5 nm, as reported in their datasheets from
Merck/Sigma Aldrich, Darmstadt, Germany). Briefly, after the dispersion of 50 mg
SWCNT and COOH-SWCNT mixtures (wt. ratio 2:1) in a surfactant water solution (250
mL 0.4% TRITON X100) by an ultrasonic bath (M1800H-E, Bransonic, Danbury, CT, USA)
for 30 min, the solutions were filtered through poly(tetrafluoroethylene disks (PTFE,
diameter = 47 mm, average pore size = 5 um, Durapore©, Merck, Darmstadt, Germany)
by a vacuum pump (pressure = —0.04 bar). Then, BPs were washed several times with
methanol, dried at room temperature, and, lastly, peeled off from the PTFE filter.

Single-walled carbon nanotube/graphene oxide buckypapers, GO-SWCNT BPs, were
similarly prepared after the substitution of a given weight amount (20, 40, 60, and 75 wt.%)
of the SWCNT mixture with an identical quantity of graphene oxide (GO, 15-20 sheets,
4.8% edge-oxidized, Merck/Sigma Aldrich, Darmstadt, Germany). As shown in Figure 1,
the wet method gave BPs the aspect of flexible self-standing membranes (average
thickness 100 + 2 pm and average diameter 38 + 1 mm). The maximum GO loading in GO-
SWCNT BPs was limited at 75 wt.% as cracked films were obtained for larger GO
amounts. All chemicals were reagent grade and purchased from Merck/Sigma Aldrich,
Darmstadt, Germany.

The morphology of buckypapers was investigated by scanning electron microscopy
(LEO 420, Leica Microsystems, Cambridge, UK, accelerating voltage of 10 kV) after their
sputtering with an ultrathin gold layer.

The surface area of buckypapers was obtained from the N2 adsorption isotherms at
77 K by a surface area analyzer (Belsorp Mini X, MicrotracBEL, Osaka, Japan) via the
Brunauer-Emmett-Teller method. The surface charge of buckypapers was measured by a
zeta potential analyzer (SurPASS TM 3, Anton Paar Italia S.R.L., Turin, Italy, equipped
with an adjustable gap cell) as a function of pH value (from about pH 9 to pH3 @ T =25
°C). A pair of each membrane with a cross-section of 2 x 1 cm? was mounted on the sample
holders. The changes in pH were achieved by the addition of 0.05 M HCl, and the zeta
potential was calculated from streaming potential measurements using the equation by
Helmholtz and Smoluchowski [65].

3.2. NSAID Adsorption by Buckypapers

The conditions used for the NSAID adsorption by SWCNT and GO-SWCNT
buckypapers were as follows: Buckypaper mass 50 mg, NSAID solution volume 200 mL,
NSAID concentration 1, 10, and 50 ppm, contact time 0—4320 min, temperature 25 °C, pH
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4, 6, and 8. NSAID concentration was determined by UV-Vis analyses on an Evolution 201
spectrophotometer (ThermoFisher Scientific, Hillsboro, OR, USA) operating with 1.0 cm
quartz cells by using the calibration curves of DIC, KET, and NAP. Ultrapure deionized
water (18.3 MQ c¢m, Arioso, Human Corporation, Korea) was used for the preparation of
the aqueous solution after filtration by a 0.45 um filter (Millex Syringe Filter, Merck,
Darmstadt, Germany).

The concentrations of undissociated NSAIDs and their conjugated base, [NSAID], as
a function of pH were calculated with the following Henderson-Hasselbalch Equation (3):

[NSAID]~
= _— 3
pH = pq +log NSAID ®)

The speciation diagram clearly indicates that around 60% of all NSAID molecules in
the aqueous solution were in a neutral state at pH < 4, Figure 5b.

Kinetic experiments were performed in order to follow the adsorption of NSAIDs as
a function of time at different concentrations (1, 10, and 50 ppm) by neat SWCNT and 75%
GO-SWCNT BPs.

It is known from the literature [53] that the rate equation for NSAIDS adsorption
capacity per unit of adsorbent mass (mg g), q:, by carbonaceous adsorbents can follow
either the Lagergren first-order Equation (4) or a pseudo-second-order Equation (5):

dq
Sl ACH') (4)
dq
= ke — 407 ©

where ki (min) and k2 (g mg? min™) are the pseudo-first and pseudo-second order
adsorption rate constants, ge is the NSAID adsorption capacity per unit of adsorbent mass
(mg g) at equilibrium, respectively. The experimental concentrations measured as a
function of time, C(t), were used to determine the experimental amount, gexp(t), (mg g™) of
NSAID adsorbed by BPs, according to the following Equation (6):

Co—CO)

Gexp (t) = 4 (6)

where Co and C(t) are the NSAID concentration in the solution at time zero and f,
respectively. V is the volume of NSAID solution, and m is the mass of BPs.

Experimental data were fitted by a non-linear optimization method [64] with the
following Equations (7) and (8), respectively:

qe = qe(1 — e %) )
and
k,qit
= 8
=17 k,q,t ®)

which can be easily obtained from the integration of Equations (4) and (5).

All measurements were done in triplicate, and data were expressed as means + SD.
The kinetics parameters were calculated by OriginPro 2019 Software (OriginLab
Corporation, Northampton, MA, USA).

4. Conclusions

In this work, GO-SWCNT BPs were tested as adsorbent membranes of non-steroidal
anti-inflammatory drugs, such as Diclofenac, Ketoprofen, and Naproxen. BPs were
prepared with increasing GO wt. contents and their adsorption capacity was measured at
different pH values and drug initial concentrations. The maximum NSAID removal was
obtained at pH 4 and increased with a larger GO amount. For solutions with a drug
concentration of 1 and 10 ppm, 75% GO-SWCNT BPs were able to remarkably reduce the
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NSAID amount, with a recovery always higher than 97%, while in the case of 50 ppm
solutions, the adsorption capacity increased up to 118, 116, and 126 mg g for DIC, KET,
and NAP, respectively. The adsorption efficiency was maintained over five
adsorption/four regeneration cycles without any important reduction (less than 4%).

This paper confirms that the partial substitution of SWCNTs with GO can increase
the adsorption properties of SWCNT BPs towards NSAIDs without affecting their
mechanical properties. As a consequence, they can still be used as flexible and self-
standing membranes for a cheap and fast removal of NSAIDs from drinking water
resources and allow an easier recovery and reuse than powder-like adsorbents can.
Finally, it should be emphasized the importance of the easy scalability of the proposed
adsorption membranes both in series for an efficiency increase and in parallel for
applications in large-scale wastewater treatment plants. Overall, the experimental
evidence here reported well addressed the precautionary principles towards the
environment and human health, suggesting the adoption of adequate wastewater
treatment techniques able to ensure the maximal removal of emerging pollutants,
including non-steroidal anti-inflammatory drugs.
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Abstract: Photocatalytic materials, such as WO3, TiO,, and ZnO nanoparticles, are commonly linked
onto porous polymer membranes for wastewater treatment, fouling mitigation and permeation
enhancement. Buckypapers (BPs) are entanglements of carbon nanotubes, which have been recently
proposed as innovative filtration systems thanks to their mechanical, electronic, and thermal properties.
In this work, flexible membranes of single wall carbon nanotubes are prepared and characterized
as efficient substrates to deposit by chemical vapor deposition thin layers of WO3; and obtain,
in such a way, WO3/BP composite membranes for application in advanced oxidation processes.
The photocatalytic efficiency of WO3/BP composite membranes is tested against model pollutants in
a small continuous flow reactor and compared with the performance of an equivalent homogeneous
WO3-based reactor.

Keywords: chemical vapor deposition; buckypapers; single wall carbon nanotubes; tungsten trioxide;
photocatalysis; membranes

1. Introduction

Advanced oxidation processes, AOPs, allow the mineralization of organic pollutants by the
generation of highly reactive hydroxyl radicals [1]. Photocatalytic reactions are particular AOPs, which
are carried out when a catalyst is irradiated by a radiation of suitable wavelength [2].

Photocatalysis finds several interesting applications including selective organic reactions, pollutant
degradation, photocatalytic surfaces (e.g., tiles, cements, paints, and asphalts), filters for air purification,
water splitting in Hy and O,, water purification plants, CO, reduction to energy fuels and bacterial
disinfection [3-8]. Semiconductors are the most common used materials used in photocatalytic
processes. Upon irradiation, electrons are promoted from the valence band to the conduction band,
generating electron-hole pairs. Electrons and holes can move to the semiconductor surface and
generate oxidizing species such as hydroxyl radicals (OH®), superoxide anions (O,~°) and hydrogen
peroxide molecules (H,O;), which are able to react with the present chemical species (dyes, pollutants,
and other undesired molecules) and degrade them [9]. Several materials have photocatalytic properties
(GaP, GaAs, CdSe, CdS, Fe;O3, TiOp, WO3, ZnO, SnO;, and CdS, just to mention a few), however not
all of them are sufficiently efficient and stable over time to be used. In fact, GaP, GaAs, CdSe, CdS, or
Fe,Oj3 are less stable in the air and degrade more easily. ZnO forms a passivating layer of Zn(OH); on
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its surface, which seriously compromises its photocatalytic properties [9]. Another important factor
determining the choice of a semiconductor is its band-gap value, which must be as small as possible in
order to allow the use of electromagnetic radiation with larger wavelengths. Titanium dioxide, TiO,,
and tungsten trioxide, WO3, are low-cost semiconductor materials characterized by reduced toxicity
towards environment and health and relatively low energy band-gaps (3.2 eV and 2.6 eV, respectively),
which allow their activation with UV-Vis light (387 nm and 476 nm, respectively) [10].

Further problems for the use of semiconductors in the photocatalytic processes are:

1. The need of high surface area, which can be overcome by using nanometer sized materials; and

2. The semiconductor recovery after their use, which can be solved, for example, by nano-semiconductors
with a magnetic core, by chemically cross-linked semiconductor nanoparticles onto polymer or
ceramic membranes and, more recently, by vapor deposition of thin semiconductor films onto suitable
substrates [11].

Thin film deposition methods can be distinguished in physical vapor deposition, PVD, and
chemical vapor deposition, CVD, processes. In both methods, atoms or molecules in their vapor phase
are carried onto the substrate surface and settle to form a thin layer [11].

Food, pharmaceutical, and, more in general, chemical plants need efficient separation and
purification processes in order to guarantee an efficient treatment of their wastewaters. The removal
of toxic pollutants from industrial wastewaters is a challenge due to the facts that they could not be
effectively removed by filtration, adsorption, sedimentation, bio-oxidation, chlorination, coagulation,
UV, and other classical treatments [12,13] and could represent potential threats to environment and
health even at low concentrations (few ng L asa consequence of their bio-accumulation [14,15].

Recently, polymer membranes have been suggested as simple and efficient materials to be used in
water treatments including separation, purification, desalinization, recovery of critical raw materials
and AOPs [16-19]. In fact, photocatalytic membranes, i.e., membranes with embedded or supported
semiconductors by chemical binding, physical blending and vapor deposition, have been prepared in
order to reduce/mitigate membrane fouling [20,21], enhance filtration fluxes [22], degrade wastewater
pollutants, and remediate the concentrate [23]. Nevertheless, the binding of photocatalysts and polymer
functionalization could need several chemical reactions and long cleaning processes, while the physical
blending generally alter the mechanical properties of membranes and reduce the photocatalytic
performance, as only the catalysts onto the membrane surface can play their photocatalytic activity.

In addition to their potential applications as TV screens, fire protection systems, heat dispersion
in microelectronics, electrical-conductive tissue engineering, electromagnetic interferences shielding,
electrodes for batteries and supercapacitors, buckypapers (BPs) have been proposed as innovative,
high-temperature resistant and lightweight filtration systems. They consist of an entangled
assembly of carbon nanotubes (CNTs) obtained by filtration of CNT dispersions through a polymer
membrane [24,25]. According to such simple procedure, it is possible to get large-scale BP membranes
that merge the mechanical, electronic, and thermal properties of CNTs with the flexibility, porosity, and
transport properties of polymer membranes [26]. At a microscopic level, BPs show a highly disordered
porous morphology due to -7 and van der Waals interactions between and within bundles of carbon
nanotubes [27,28]. Consequently, BPs can result brittle. Such a problem and the risk of nanotubes
release can be overcome enhancing the mechanical properties of BPs by polymer intercalation [29,30].

In this work, flexible membranes of single wall carbon nanotubes, SWNT, (or buckypaper, BP)
were prepared and characterized as efficient substrates to deposit by CVD thin layers of WO3; and
obtain, in such a way, WO3/BP composite membranes for application in advanced oxidation processes.
The photocatalytic efficiency of WO3/BP composite membranes was tested against model pollutants
(Methylene Blue, Indigo Carmine, and Diclofenac Sodium) in a small continuous flow reactor and
compared with the performance of an equivalent homogeneous WO3-based reactor.
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2. Materials and Methods

2.1. Preparation of BP Membranes

Buckypaper membranes were obtained by filtration of SWNT dispersions through PTFE disks
(diameter = 47 mm, average pore size = 5 um, Durapore©, Merck KGaA, Darmstadt, Germany).
The average diameter of SWNTs was 1.4 + 0.1 nm and their length was longer than 5 um as reported
in the datasheet from Sigma-Aldrich, Milan, Italy. Thirty milligrams of SWNTs were dispersed in
200 mL of a 0.4% TRITON X100 water solution by an ultrasonic bath (model M1800H-E, Bransonic,
Danbury, CT, USA) for 30 min. Then, solutions were filtered through the PTFE disks with a vacuum
pump (pressure = —0.04 bar), washed with 20 mL of methanol and, finally, dried at room temperature.
All chemicals were purchased from Sigma-Aldrich, Milan, Italy.

2.2. Deposition of WO3 onto BP Membranes

The deposition of nanostructured tungsten trioxide onto BP membranes was obtained by reactive
RF sputtering using of a tungsten target (purity 99.999%, Goodfellow Cambridge Ltd., Huntingdon,
England) in the presence of oxygen (purity 99.999%) as process and reactive gas under different
conditions of oxygen flow, sample-target distance, sputtering time, and applied RF process power.
The optimal process conditions in term of layer homogeneity and catalyst droplet size were found
to be: Oxygen flow 35 mL min~!, sample-target distance 8 cm, sputtering time 30 min, applied RF
process power 50 W.

The amorphous WOj thin films deposited on BP membranes were converted in monoclinic WO3
thin films, which are characterized by a larger catalytic activity, by heat treatment at 350 °C for 30 min.

2.3. Characterization of BP and WO3/BP Membranes

The porosity, P, of BP and WO3/BP membranes was determined by gravimetric method at 25 °C,
measuring the weight of a wetting liquid (3M-FC-40, 3M Italia Srl, Pioltello, Milan, Italy), contained in
the membrane pores. The porosity was calculated according to the following Equation (1):

.- M)

where wy, is the weight of the wet samples, wq the weight of dry samples, d,, the wetting liquid
density (1.855 g-cm™2), and d is the average membrane density (0.60 + 0.03 g-cm ™ as calculated from
measurements of buckypaper weight, thickness, and surface area).

Pore size distribution was evaluated by a capillary flow porometer (CFP-1500 AEXL, PMI Porous
Materials Inc., Ithaca, NY, USA). Membranes were fully wetted by keeping them in Porewick®
(Sigma-Aldrich, Milan, Italy) for 24 h. Then, nitrogen was gradually allowed to flow into the membrane
by increasing its pressure and the registration of gas pressure and permeation flow rate allowed the
calculation of the pore size distribution.

The electrical conductivity of membranes was determined from the BP electrical resistance in I-V
(current—voltage) measurements by a waveform generator (33220A Agilent, Santa Clara, CA, USA)
and a digital multimeter (34410A Agilent, Santa Clara, CA, USA) on BP rectangular strips (width 5 mm
and length 3 cm).

The mechanical properties were measured with a Sauter TVO-S tensile tester equipped with
a Sauter FH-1k digital dynamometer and AFH FAST software (Sauter GmbH, Balingen, Germany).
The rectangular strips (width 5 mm and length 3 cm) were tested at a strain rate of 0.1 mm-min~!.
The tests allowed the determination of the tensile strength as the maximum stress, the fracture strain
as the percentage of elongation at the breaking point, and the Young’s modulus.

Thermogravimetric analysis (TGA, STA 2500 Regulus simultaneous thermal analyzer, Netzsch,
Selb, Germany) was employed to assess the BP membrane thermal stability. TGA was carried out
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from room temperature to 750 °C with a heating rate of 5 °C/min in a flowing gas mixture consisting
of 1% O, and 99% Ar at a flow rate of 100 sccm. The average roughness of WO3/BP surfaces was
evaluated by atomic force microscopy (Nanoscope III, Digital Instruments, Santa Barbara, CA, USA).
Static contact angle measurements of BP and WO3/BP membranes were measured with a goniometer
(Nordtest, Serravalle Scrivia AL, Italy) at 25 °C. A drop (2 uL) of water was put onto the sample
surface by a micro-syringe and measurements were carried out by setting the tangents on both visible
edges of the droplet on five different positions of each sample and calculating the average value of
the measurements.

The permeation tests were carried out with distilled water using a filtration cell having an active
area of 5 cm?. The feed solution at 25 + 1 °C was pumped by a gear pump at a transmembrane pressure
of 1 bar. The feed flow rate was 250 mL-min~!. Permeate samples were collected every 5 min in order
to determine the transmembrane flux, J, defined as:

Vp

= At

@
where V;, was the permeate volume passed through the membrane in the fixed time interval, At, and A
was the effective membrane area.

2.4. Photodegradation Experiments

The photoactivity of WO3/BP membranes was investigated in a small continuous plant with
model pollutant water solutions (250 mL) of a cationic dye (Methylene Blue, MB, 5, 10, and 20 ppm),
an anionic dye (Indigo Carmine, IC, 20 ppm) and a drug (Diclofenac Sodium, DS, 20 ppm), which
were recirculated by a peristaltic system (flow rate 16.6 mL-min~!, Masterflex® 1./S®, Cole-Parmer Stl,
Cernusco sul Naviglio, MI, Italy) through a round cell. All model pollutants were purchased from
Sigma-Aldrich, Milan, Italy. The experiment temperature was 25 + 1 °C being the becker with the
pollutant solutions placed in a thermostatic bath (model 1225, VWR, Milan, Italy), which kept constant
the flowing solution temperature and avoided the pollutant thermolysis. All model pollutans were
purchased from Sigma Aldrich, Milan, Italy. The WO3/BP membranes divided the cell volume in two
compartments: The upper one (thickness 5 mm, photocatalytic area 8 cm?, irradiated volume 4 cm?)
was equipped with a N-BK7 optical glass window to allow UV-Vis irradiation from a Suntest CPS+
sun simulator (1.5 kW Xenon arc lamp, with an average irradiance of 500 W-m~2 in the wavelength
range 300 nm-800 nm, see Figure S1 of SI, Atlas, Linsengericht-Altenhafslau, Germany). The light
power of sun simulator was calibrated by a FieldMaxII-TO digital power/energy meter (Coherent Italia
S.rl., Monza, Italy) equipped with a PM10 thermopile. The WOj3 sputtered surface of membranes was
exposed to UV light. After irradiation, the solution passed through a quartz flow cuvette placed inside
a spectrophotometer able to read at regular intervals (5 min) the absorbance value at the maximum
absorption wavelength of MB (665 nm), IC (610 nm), and DS (275 nm). Similarly, the photoactivity
of 0.2 mg of monoclinic WO3 nano-powder (which was the same amount of WOj3 sputtered onto BP
membranes) was measured. As each experiment generally lasted 150 min and the recirculation time
was around 15 min, the average contact time of solutions with the active photocatalysis region was
extimated in 10 min.

The photodegradation of pollutants [31] is generally described by the first-order kinetics

dC
— =-kC 3
at ®G)
where C is the pollutant concentration, k is the rate constant and t is the reaction time. After integration,

the following equation is obtained:
C(t)
In— = -kt
" Co @
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where Cy and C(t) are the initial concentration and the concentration at time t of the pollutants. The rate
constant can be obtained from the slope of the plot of ln%t)) as a function of t.

Experimental data were corrected by taking into account the effective photon fluence impinging
on WOjs layer (see SI).

The percentage of pollutant removal, %R, was calculated as:

Co— C(t)

%R =
Co

x 100 %)

3. Results and Discussion

Several factors influence the BP membrane properties including sonication time of the SWNT
solution, the magnitude of the vacuum depression used to filter the SWNT solution, the porosity and
material of the filtration membranes. After several trials, which gave unacceptable results, including
un-detachable BP from polymer membranes (due to small pore size filtration membrane), and brittle
and broken BP (due to fast solvent evaporation), Figure 1a, intact BP were obtained under the optimal
conditions reported in the Materials and Methods, Figure 1b. Such BPs are easily detachable from
the filtration membranes, Figure 1c, and look like free-standing and flexible disks (average thickness
45 + 2 um) as shown in Figure 1d.

Figure 1. Appearance of buckypaper (BP) membranes under different experimental preparation
procedures: (a) Brittle and un-detachable BP membrane filtered through a poly (vinylidene fluoride)
(PVDF) membrane with reduced pore size; (b) whole and detachable; (c) free-standing and (d) flexible
BP membrane obtained under the optimal conditions reported in the Experimental section.
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At a microscopic level, BP membranes showed a highly disordered porous morphology due to
mi—mt and van der Waals interactions between and within bundles and clusters of carbon nanotubes,
Figure 2a,b.

Figure 2. (a,b) Morphology of BP membranes at two different magnification; (c) Thermal stability of BP
membranes. The initial weight loss is due to solvent evaporation, while the second one, which starts at
around 400 °C, is due to the thermal degradation of single wall carbon nanotubes (SWNTs).

The thermal stability of BP membranes was assessed by TGA. As reported in Figure 2c¢, after an
initial weight loss of about 5% due to water evaporation, BP membranes were found to be stable up to
400 °C. For larger temperatures, the degradation of SWNTs is observed.

Table 1 reports some geometrical data and properties for BP membranes. In particular, density,
porosity, and water flow rate values of BPs (0.60 + 0.03 g-cm_3, 70 + 5%, and 12,500 + 100 L-m~2-h~1-bar™!
respectively) fall in the range of values shown by porous polymer membranes, generally used for
filtration processes [32]. In addition, the electrical conductivity and the mechanical properties, namely
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tensile strenght, fracture strain and Young’s modulus, reported in Table 1, allow to consider BPs as
strong and conductive membranes [33].

Table 1. Physical-chemical properties of BPs.

Property Value
Thickness 45 + 2 um
Diameter 37.0 £ 0.1 mm
Density 0.60 + 0.03 g-cm ™3
Porosity 70+ 5%
Electrical Conductivity 83+4Scm™!
Tensile strength 11.8 £ 2.2 MPa
Fracture Strain 2.6 +0.1%
Young’s Modulus 0.9 +0.1 GPa
Water Flow Rate 12,500 + 100 L m~2-h~!-bar~!

In order to give photocatalytic properties to BP membranes, they were covered with thin layers
of WO3; by RF magnetron chemical vapor deposition. CVD is a well-known chemical process for
the deposition of desired thin films onto substrate surfaces by chemical reactions among one or
more volatile precursors. Nevertheless, the film quality is strongly dependent on the CVD process
parameters. Consequently, in this work different sputtering conditions (oxygen flow, sample-target
distance, sputtering time, and power) were tested in order to find the optimal set of parameters able to
give a homogeneous BP coverage without cracks and small WO3 nanoparticles to avoid BP membrane
occlusion and increase photoactivity.

The best results, in terms of both coverage quality and nanoparticle size, were obtained with the
following conditions: Flow(O,) = 35 mL-min~!, d = 8 cm, t = 30 min, power = 50 W. The WO3/BP
membranes looked like flexible, greenish/yellowish disks as shown in Figure 3a.

Figure 3b shows the morphology of the top surface of a WO3/BP membrane sputtered under the
experimental conditions previously reported. A homogeneous layer of small nanoparticles, with a
rather spherical shape and an average diameter of around 50 nm, constitutes the WO3 coating without
cracks and pore occlusion. It is important to remind the presence of BP membrane under the WO3
layer. Figure 3c shows the picture of a particular faulty WO3;/BP membrane with a small crack, where
it is possible to see inside the crack the texture of SWNT bundles, which form the BP substrate.

Figure 4a,b report the pore size distribution of both a pristine BP and a WO;3/BP photocatalytic
membrane and the SEM cross section picture of a WO3/BP membrane, respectively. As shown in
Figure 4a both membranes show similar pore size distribution (within experimental errors) with two
size populations placed at around 0.160 pm (0.163 + 0.016 um and 0.155 + 0.018 pum, respectively) and
at around 0.035 um (0.037 + 0.003 pm and 0.035 + 0.003 pum, respectively) accounting for the presence
of a major macroporous structure and a mesoporous structure (inter-tube pores with a size between 2
and 50 nm) formed between SWNT criss-crossings in the sample [34].

It is evident from the cross section of WO3/BP membrane, that the WO; layer is a few tens of
nanometers thick, but WO3 nanoparticles penetrate the BP membrane for = 2 pm, accounting, most
likely, for the reduction in the mesopore average size.

However, all the membranes prepared are characterized by a porosity of 70 + 5%, which is
expected to favour the water permeability through them.

The homogeneous covering of BP membranes WO3; was further assessed by EDX spectroscopy.
Figure 5 shows the EDX color mapping images of the border area between a WO3/BP membrane
(lower area) and a BP membrane (i.e., the part of sputtered BP membrane, which was covered by
a locking mask, upper area). BP membrane area looks like a red homogeneous region due to the
presence of carbon and chemical impurities from SWNT, on the contrary WO3/BP membrane area
looks like a red background covered by yellow and green spots, deriving by the covering of SWNT
with WOj3 nanoparticles.
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300 nm

C

Figure 3. (a) Flexible, greenish/yellowish WO3/BP membranes; (b) Morphology of the top surface of a
WOj3/BP. The WOj3 coating is a homogeneous layer of small nanoparticles, without cracks and pore
occlusion; (c) Crack of a faulty WO3/BP membrane, inside which it is possible to see the texture of
BP substrate.

Figure 4. (a) Pore size distribution of both a BP membrane (black dots) and a WO3/BP photocatalytic
membrane (red dots); (b) SEM cross section picture of a WO3/BP membrane.
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Figure 5. EDX color mapping image and EDX spectra of the border area between a WO3/BP membrane
(lower area) and a BP membrane (upper area).

The WO; layer showed an average rms roughness of 0.268 pm as determined by AFM
measurements, Figure 6a. Such roughness gives a hydrophilic character to the top surface of
WO3/BP membranes, as confirmed by contact-angle measurements. In fact, the average contact-angle
value of WO3/BP membranes was found to be equal to 57.0° + 0.5°, which is significantly smaller than
the average contact-angle value (119.0° + 0.5°) shown by a BP, Figure 6b,c. The contact angle values of
the WO3/BP membranes did not change after 3 h continuous irradiation by solar simulator, confirming
the stability of WOj3 layer under UV-Vis light. The hydrophilicity of WO3z/BP membranes could result
in a possible increase of membrane fouling, i.e., the deposition of organic cakes onto the surfaces, but
such possible drawback is overcome by fouling mitigation deriving from the photoactivity of WO3
layers. Moreover, the increase in hydrophilicity is expected to have a positive effect in the membrane
permeation properties and makes such membranes suitable for the filtration of aqueous solutions.

Figure 6. (a) AFM topology image of a WO3/BP membrane. The average rms roughness is 0.268 pm;
(b) Average contact-angle value of a BP membrane; (c) Average contact-angle value of a WO3/BP membrane.

It is well known that CVD deposition of tungsten trioxide onto substrates gives amorphous
WOj3, which is about ten times less photoactive than monoclinic WO; [35]. Consequently, WO3/BP
membranes were thermal treated at 350 °C in order to convert the amorphous WOj3 layer into the more
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photoactive monoclinic one. Obviously, such treatment was possible thanks to the enhanced thermal
properties of BP compared to polymer membranes.

Figure 7a shows the thermal evolution of micro-Raman spectrum of WO3/BP membranes.
The Raman spectrum of as-deposited WO; layer shows three main vibrational bands in the range of
200-1000 cm™~! observed at 265, 781, and 969 cm™!. The first peak increases in height as a function of the
temperature, while the second splits into two intense peaks at around 700 and 800 cm™!. These peaks
are the typical Raman peaks of monoclinic crystalline WO3, which correspond to the stretching
vibrations of the bridging oxygen [36,37], and are assigned to WO stretching (v), WO bending (5), and
OWO deformation (y) modes, respectively [38,39].

Figure 7. (a) Thermal evolution of Raman spectrum of WO3 deposited onto BP membranes. The peaks
at around 700 and 800 cm ™! are assigned to WO stretching (v), WO bending (5), and OWO deformation
(y) modes, respectively, confirming the monoclinic structure of WOj3; (b) X-ray diffraction patterns of
WOj; layer sputtered onto BP membranes. Peaks are related to the reflection planes of the monoclinic
phase of WOs3.

The change of amorphous structure of WO3 to monoclinic WO3 was further confirmed by XRD as
shown in Figure 7b, where the reported peaks are related to the reflection planes of the monoclinic
phase of WOs.
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The transmembrane flux WO3;/BP membranes was evaluated in a small continuous plant and
found to be 9.4 x 10*3 L m~2h~1-bar™!, a value which is slightly lower (—25%) than pristine BP
membrane as a consequence of the deposition of WO3 layer.

The photoactivity of WO3/BP membranes was tested with model pollutant water solutions
(250 mL) of a cationic dye (Methylene Blue, MB, 5, 10, and 20 ppm), an anionic dye (Indigo Carmine,
IC, 20 ppm) and a drug (Diclofenac Sodium, DS, 20 ppm), which were recirculated by a peristaltic
system through a round cell.

The effect of initial concentrations of Methylene Blue (5, 10, and 20 ppm) on the reaction rate
is shown in Figure 8. It is evident that the kinetic constant values decrease with increasing initial
concentration (k values were 0.122 + 0.003, 0.113 + 0.003, and 0.085 + 0.002 min~!, respectively).
The higher values for the kinetic constant obtained at lower MB concentrations are explained as a
consequence of [31,40]:

- The increase of the number of photons available per BM molecule;
- the higher amount of available catalytically active sites per BM molecule; and
- an easier penetration of photons through the less concentrated solutions.

0.0 1 @ Methylene Blue 20 ppm
05 ) @ Methylene Blue 10 ppm
e @ Methylene Blue 5 ppm
__-1.0+
g 1.5
< 504
&
£ 2.5
-3.0 -
-3.5-
-4.0 T T T T T T T T T T T T T T T T
0 10 20 30 40
Time (min)

Figure 8. Effect of initial concentrations of Methylene Blue (5, 10, and 20 ppm) on the reaction rate.

Nevertheless, the reported rate constants were corrected for the different photon fluence and
their values do not differ so much from the uncorrected ones (0.118 + 0.003, 0.110 + 0.002 and
0.082 + 0.002 min~!, respectively, see SI). Accordingly, the different photon absorption from Methylene
Blue solutions at different concentrations is not the major cause for the observed differences in the
rate constants for Methylene Blue degradation. Most probably, such differences could arise from the
competition of MB molecules towards active surface sites and reactive oxygen species [41].

In all cases the percentage of MB removal within 35 min was larger than 90%. The residual
concentration of MB was respectively 0.3, 0.7, and 1.5 ppm, values in agreement with other data present
in literature [40]. Removal experiments with no irradiation found very low pollutant adsorption
by WO3/BP membranes. After a 3 h run a WO3/BP membrane was able to adsorb about 0.003 mg
of MB, which was not a significant quantity compared to the weight amount of MB present in the
used solutions.
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Figure 9 reports the photocatalytical properties of WO3/BP membranes against water solutions
of a cationic dye (Methylene Blue 20 ppm), an anionic dye (Indigo Carmine 20 ppm) and a drug
(Diclofenac Sodium 20 ppm), generally used as model pollutants. In all cases WO3/BP membranes
are able to efficiently degrade the water contaminants with a kinetic constant value of 0.085 + 0.002,
0.064 + 0.001, and 0.019 + 0.001 min~!, respectively. Such values are of the same order of magnitude or
lower than the kinetic constants against the same pollutants, found with WO3, TiO,, or other catalyst
nanoparticles dispersed either in the solutions or casted on carbon nanotubes, flakes of graphene oxide
or porous polymer membranes [42-50], as no BP bearing photocatalysts, to the knowledge of authors,
was ever proposed in literature.

0 | @ Methylene Blue
] @ Indigo Carmine
1 ] @ Diclofenac Sodium
g4
t/ 1 o 0
O, ]
Ched
4 _
] o
‘5 " 1 ¢~ 1 T 1T

0 20 40 60 80 100 120
Time (min)

Figure 9. Photoactivity of WO3;/BP membranes against water solutions of a cationic dye (Methylene
Blue 20 ppm), an anionic dye (Indigo Carmine 20 ppm) and a drug (Diclofenac Sodium 20 ppm).

Dark changes in absorbance were less than 1%, while UV controls for all three pollutant solutions
found that after three hours of irradiation the absorbance changes due to the photolysis through
a BP membrane were less than 2%. Such results can be explained by the particular spectrum of
solar simulators (see Figure S1), which have only UV-A and UV-B emissions, and by the particular
transmittance of N-BK7 optical glass cover, which cuts UV-B emissions with wavelengths lower
than 300 nm. The absence of UV-C and lower UV-B wavelengths remarkably reduces the molecular
degradation of pollutants by photolysis.

The performance of WO3/BP membranes was also compared with the photoactivity of 0.2 mg of
monoclinic WO3 nano-powder (the same amount of WOj3 sputtered onto BP membranes).

As shown in Figure 10, the photodegradation of Methylene Blue by both systems (WO3/BP
membrane and monoclinic WO3 nano-powder) follows a first order kinetics with a rate constant of
0.085 + 0.002 min~! and 0.029 + 0.001 min~!, respectively. The enhancement of the photoactivity in
WO3/BP membranes can be due to the presence of BP, as the SWNT substrate prevents the electron/hole
pair recombination during photocatalysis and increases the kinetic rate constant [51]. An almost
complete photodegradation of Methylene Blue was obtained within ~ 50 min and = 140 min by using
WO3/BP membranes and WO3 nano-powder, respectively. Such relatively short degradation times
make the WO3/BP membranes suitable for applications in advanced oxidation processes. In addition,
the long-term stability of WO3/BP membranes was checked by ten cycles of successive photocatalysis
processes. Figure 10 shows the morphology and the photocatalycal efficiency of a WO3/BP membrane
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after the tenth photocatalytical cycle of a 20 ppm BM solution, revealing no evident damage in the
morphology of WO3/BP membranes and no important change in the degradation efficiency, being

the rate constant value equal to the pristine one within experimental errors (0.081 + 0.002 min~?).

In addition, the morphology of the WO3/BP membrane, after the tenth photocatalytical cycle, reveals
the absence of any cakes on the surface and a morphology similar to that shown in the pristine WO3/BP
membrane (Figure 3b), thanks to its photoactivity and different surface chemistry preventing and
destroying any deposition. Further investigations are in progress to test the antifouling activity of
WO3/BP membranes on real industrial wastes rather than on model dye and drug water solutions.

Figure 10. Photodegradation of Methylene Blue by a WO3/BP membrane (red dots) and by monoclinic
WO3; nanopowder (black dots) in the same amount of WO3 present on WO3/BP membrane.

4. Conclusions

A new flexible membrane, based on SWNT and with improved thermal and catalytic properties,
was obtained by RF magnetron sputtering of a nanostructured thin layer of tungsten trioxide and
successive conversion in the more photoactive monoclinic phase. The WO3;/BP membrane was
characterized by SEM, TGA, porosimetry, XRD, EDX, AFM, Raman, contact angle and permeation
measurements. The photocatalytic activity of WO3/BP membranes was tested following the degradation
of three different pollutant water solutions in a small continuous plant confirming the beneficial
contribution of the hydrophilic WO;3 layer. The degradation kinetics rate of the Methylene Blue by
WO;3/BP membranes was about three times that found by an equivalent amount of WO3 nano-powder.

The main advantages of the proposed WO3;/BP membranes can be summarized in:

1.  The possibility to make heterogeneous photocatalytical processes with an easier catalyst recovery
and reuse;

2. their application in continuous flow plants;

3. asimpler and cleaner synthetic approach. Chemical vapor deposition processes do not require
long and expensive purification procedures, which are necessary in other chemical syntheses,
such as solvo-thermal processes. In addition, CVD allows the catalyst amount saving, avoiding
its dispersion in the substrate bulk;
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4.  a higher photocatalytical efficiency, due to the facilitated electron-transfer between carbon
nanostrucutres and catalyst nanoparticles, a reduced recombination between electrons and
holes [51], and the presence of catalyst nanoparticles with small size just only on the top surface
of substrates rather than in the polymer bulk (where they cannot play any catalytic action);

5. the possibility to change the photocatalyst crystal structure in a more photoactive one by thermal
annealing processes at temperatures higher than the melting point of commonly used polymer
substrate. PTFE, polytetrafluoroethylene, which has one of the highest melting points, melts at
327 °C, a temperature lower than the WO3; amorphous-monoclinic phase transition temperature.
On the contrary, BP membranes result thermally stable up to 400 °C;

6.  BPs have both light weight and strong mechanical resistance, and, consequently, are easy to
handle. In addition, BPs are resistant to all organic solvents and acid and base solutions, while
porous polymer membranes can be damaged; and

7.  agreen chemisty approach with an almost zero environmental footprint, as the BP preparation is
based on rather simple and clean experimental set-ups, which allow the recovery and reuse of
solvents, CNT processing waste, end of life BPs and photocatalysts for the preparation of new
catalyst/BP membranes.

The improved photoactivity, long-term stability, solvent-free features, fast catalyst recovery and
re-use, and the possibility of an easy up-scale make WO3/BP membranes efficient devices for the
pollutant degradation by advanced oxidation processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/10/7/157/s1,
Figure S1: Spectrum of Suntest CPS+ sun simulator for three different irradiance values. Reprinted from [S1],
with permission from Royal Society of Chemistry, Figure S2: Normalized fluence across solutions of Methylene
Blue, Indigo Carmine, and Diclofenac Sodium, Table S1: Fluence uncorrected and fluence corrected rate constants.
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Figure 1. Spectrum of Suntest CPS+ sun simulator for three different irradiance values. Reprinted

from [1], with permission from Royal Society of Chemistry.

Fluence Normalization of Kinetic Observations

The activation wavelength of WOs (2.6 eV = 476.86 nm =~ 477 nm) was selected on a FieldMaxII-
TO digital power/energy meter (Coherent Italia S.r.l, Monza, Italy) equipped with a PM10
thermopile. Then, the fluence after crossing a 5 mm thick cell containing water (reference) and
solutions of Methylene Blue, Indigo Carmine and Diclofenac Sodium at different concentrations (2.5
ppm, 5 ppm, 10 ppm, 15 ppm, and 20 ppm) was measured. The active surface area was fixed in 1 cm?
by an aluminium mask.

Results are reported in the following Figure S2, where the fluence across dye solutions was
normalized to the fluence across water.
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The normalized fluences, NF, were well fitted as function of concentration (ppm) with linear fits

(R2>0.999) with fixed intercept:

Methylene Blue: NF =1 - 0.0161 ppm

Indigo Carmine: NF =1 - 0.0059 ppm
Diclofenac Sodium: NF =1 - 0.0056 ppm

and used to normalize the kinetic observations.

The rate constants are reported in the following Table S1.

Table S1. Fluence uncorrected and fluence corrected rate constants.

Uncorrected Rate Constant

Corrected Rate Constant

Solution (min-1) (min-)
Methylene Blue (5 ppm) 0.118 + 0.003 0.122 + 0.003
Methylene Blue (10 ppm) 0.110 £ 0.002 0.113 £ 0.003
Methylene Blue (20 ppm) 0.082 + 0.002 0.085 £ 0.002
Indigo Carmine (20 ppm) 0.062 + 0.001 0.064 + 0.001
Diclofenac Sodium (20 ppm) 0.018 + 0.001 0.019 £ 0.001
WOs nanopowder 0.028 + 0.001 0.029 £ 0.001
Methylene Blue (20 ppm) 10t run 0.080 + 0.002 0.081 + 0.002

The corrected values of rate constants do not differ so much from the uncorrected ones and

exclude that the different photon absorption from Methylene Blue solution at different concentrations
could be the major cause for the observed differences in the rate constants for Methylene Blue
degradation. Most probably, such differences could arise from the competition of MB molecules

towards active surface sites and reactive oxygen species [2].
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Although the discovery of plastic in the last century has brought enormous benefits to daily activities, it must
be said that its use produces countless environmental problems that are difficult to solve. The indiscriminate
use and the increase in industrial production of cleaning, cosmetic, packaging, fertilizer, automotive,
construction and pharmaceutical products have introduced tons of plastics and microplastics into the
environment. The latter are of greatest concern due to their size and their omnipresence in the various
environmental sectors. Today, they represent a contaminant of increasing ecotoxicological interest
especially in aquatic environments due to their high stability and diffusion. In this regard, this critical
review aims to describe the different sources of microplastics, emphasizing their effects in aquatic
ecosystems and the danger to the health of living beings, while examining, at the same time, those few
modelling studies conducted to estimate the future impact of plastic towards the marine ecosystem.
Furthermore, this review summarizes the latest scientific advances related to removal techniques,

Received 28th July 2022 evaluating their advantages and disadvantages. The final purpose is to highlight the great environmental
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problem that we are going to face in the coming decades, and the need to develop appropriate
DOI: 10.1039/d2ra04713¢ strategies to invert the current scenario as well as better performing removal techniques to minimize the

rsc.li/rsc-advances environmental impacts of microplastics.

1950 to 367 million tons in 2020 (about 0.3 percent less than in
2019 due to the impacts of COVID-19 on the sector).” Further-
more, it is estimated that production will further increase to
about 600 million tons in 2025 (Fig. 1).>

Introduction

Growing environmental alarm has arisen recently due to the
presence of plastic waste in aquatic systems. The generation of

anthropogenic waste, 70% of which is plastic, has increased
exponentially in the last decades.” In fact, more than half of
plastic becomes waste in less than a year from production and
most of it is not recycled or reused. Microplastics are found all
over the world, from the poles to the equator, from coastal
regions to aquatic ecosystems. Their diffusion is massive due to
transport phenomena such as wind and ocean currents which
also lead to their presence in other ecosystems.

Since the 3rd industrial revolution in 1950 more than 10
billion tons of plastic have been produced with the annual
production rate increasing exponentially. To be more specific,
plastic production massively increased from 2 million tons in
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The incredible versatility of plastic materials explains the
continuous growth of production year after year as well as their
market value.

Of all the plastic produced, recent studies have shown that
only 9-10% has been recycled, another 10-11% was incinerated
and ca. 30% is still in use due to their long lifetime. The
remaining 50% has been disposed of in landfills or dispersed
into the environment.?

One of the biggest problems, in this case, is precisely the fact
that much of the plastic dispersed in the environment can easily
reach the rivers and oceans. In fact, according to the latest 2020
survey, plastic waste enters the ocean at a rate of approximately
11 million tons per year.’

Plastic pollution is particularly acute in estuaries, indicating
that terrestrial river input is the preferential way of pollution in
coastal and marine environments.**

Furthermore, the COVID-19 pandemic has triggered an
estimated global use of 129 billion masks and 65 billion gloves
every month, generating a further release of plastics into the
environment and therefore into the oceans.

® 2022 The Author(s). Published by the Royal Society of Chemistry 233
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Fig. 1 Annual production of plastics worldwide from 1950 to 2020 (in million metric tons) and their use.?

Recent studies provide some truly dramatic evidences; 5.25
trillion macro and micro pieces of plastic float in our ocean with
46 000 pieces in each square mile, weighing up to 269 000 tons.?
Macroplastics (diameter = 5 mm) are a problem affecting the
marine environment both from an aesthetic and environmental
point of view with enormous repercussions on the marine biota.
For example, plastic ingestion and entanglement in debris are
the main cause of injury and death to mammals, fish, reptiles
and seabirds.*

Moreover, microplastics (MP) with diameter < 5 mm can have
detrimental impacts to organisms, including humans, since, due
to their small size, they bioaccumulate in organisms throughout
the food chain. In addition to this, MP can be of greater concern
than macroplastics because, due to their high surface area and
their distinctly hydrophobic character, they tend to absorb many
pollutants such as heavy metals,”® polycyclic aromatic hydrocar-
bons (PAHs) and polychlorinated biphenyls (PCBs),>* and to
transfer them to marine fauna, thus entering the food chain."*?
Carpenter and Smith (1972) have been the first to highlight the
presence of small plastic fragments in the open sea.*® Plastic
waste can also strongly affect the ecosystem by generating new
habitats on floating plastic debris,"* opacifying the seabed and
creating a barrier that interposes between the sea surface and the
atmosphere with consequent limitation of gas exchange between
the two ecosystems.*” Nowadays, the largest reports of large
quantities of plastic waste come mainly from areas located in
subtropical latitudes, where concentrations of plastic waste,
carried by currents and winds, accumulate on the surface of the
sea, forming real oceanic islands called “garbage patches”. Mass
concentrations per km? reach hundreds of kilograms, counting
up to one million pieces, for particles with a size > 500 pm. In
light of these facts, the pervasiveness of MP waste in aquatic
ecosystems as a result of anthropogenic pollution has received
scientific attention worldwide. The methods currently being
studied for their removal include absorption, filtration, biological
degradation and/or chemical treatment processes.

© 2022 The Author(s). Published by the Royal Society of Chemistry

Alongside the aforementioned methods, in recent decades
efficient techniques for removing MP from wastewater, a main
source of MP discharge to receiving water bodies, have been
eagerly required to increase the quality of the final effluents and
mitigate MP pollution. Several advanced treatment technolo-
gies have been studied through the use of membrane bioreac-
tors for the treatment of the primary effluent and various
tertiary treatment technologies such as disc filters, rapid sand
filtration and dissolved air flotation for the purification of the
secondary effluent.’'® However, there is still ample room for
improvement and optimization of such ad-hoc technologies
until wastewater treatment legislation enforces their applica-
tion in existing wastewater treatment plants (WWTPs).
Furthermore, many recent studies are focusing on the filter
systems themselves, investigating the possibility of using
natural polymers and eco-friendly materials to replace synthetic
ones, in order to reach both comparable remediation efficien-
cies against several pollutant and plastic waste reduction at the
end of their life cycle.””* This review presents recent advances
in understanding the impacts of MP on the environment and
humans as well as the current state of the art on developing
appropriate removal technologies. For this purpose, the major
sources of MP pollution and their classification are reported.
Recent studies focusing on environmental and human health
impacts are reviewed. Furthermore, physical, chemical and
biological technologies for MP removal from wastewater are
assessed, also considering the latest advances in the scientific
field to identify the gaps in the sector and guide future research
priorities.

Classification and sources
Plastic classifications

In aquatic systems, plastic particles differ in shape, size,
chemical composition and specific density.* Currently, the
most widely adopted classification is based on their size (Fig. 2).

RSC Adlv, 2022, 12, 28318-28340 | 28319 234
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Fig. 2 Size classification of plastic particles.

According to this, plastic debris is divided into four categories:
megaplastic (>50 cm), macroplastic (5-50 cm), mesoplastic (0.5-
5 ¢m) and microplastic (<0.5 cm).** In 2011, Andrady* intro-
duced the concept of nanoplastics, defining them as particles
with sizes between 200 nm and 2 pm. A few years later, in 2015,
Jambeck et al.*® set the upper size limit of nanoplastics at
100 nm. A brief description of the most common characteristics
of the above mentioned plastic is provided below.

Megaplastic (MegP) and macroplastic (MaP) are character-
ized by large debris, visible to the naked eye. Although they are
considered one of the major source of marine plastic pollution,
they have garnered increasing attention from the scientific and
social community only in recent years.>**” Greater amounts of
MegP and MaP are released from disposable products, being
produced in large quantities and used for a relatively short
time.?® Winton et al. (2020), in fact, showed that bottles and lids
(7.51% of all litter), bags (5.49%), food wrappers (8.92%), ciga-
rette butts (4.02%), smoking-related packaging (3.40%) and
sanitary items (3.72%) are commonly plastic products found on
European beaches.” The main risk induced by mega/
macroplastic for living organisms is represented by the possi-
bility of entanglement and ingestion, which may cause their
immediate death by suffocation. This is particularly evident for
fish, marine mammals and birds, living in the environments
currently most polluted by plastic.””

Mesoplastic (MesP), mainly deriving from degradation of
macro and megaplastic, exhibits particle sizes between these
two classifications. Currently, the number of articles investi-
gating the presence and characteristics of mesoplastic in the
marine environment is increasingly growing. Recent studies
have shown that MesP density, measured in terms of items per
m?, increases considerably during summer seasons in the most
South-American touristic sites.*® Blettler et al. (2017) observed
that foam plastics are the dominant mesoplastic category,
characterized by many different colors and therefore giving

28320 | RSC Adv, 2022, 12, 28318-28340
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evidence of a high variation in polymer type and origin source.*
However, the number of MesP particles dispersed in the envi-
ronment is always smaller than that of MP.*>** Isobe et al. (2015)
found that the concentration of mesoplastic is about 10 times
lower than that of MP in East-Asian seas, with a number of
collected debris of about 12 000 per MP compared to 780 of
MesP and an average concentration of 3.74 and 0.38 pieces per
m?, respectively.**

Plastics at different sizes can be generated by fragmentation
and degradation of debris** due to physical forces, such as
waves and currents in aquatic systems, and to environmental
and atmospheric conditions, such as solar radiation, pH and
temperature. Physical and chemical characteristics of plastics
also play a major role in the fragmentation and degradation
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Fig. 3 The main sources of MP pollution and the most common
plastic polymers present in the environment.
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Table 1 Chemical-physical properties, sources, and average quantities produced annually (2020) of the common microplastic wastes

Percentage

Plastic class Specific gravity production Products and typical origin

Polypropylene PP 0.83-0.85 19.7 Food packaging and wrappers, caps, microwave
containers, pipes, automotive parts, etc.

Low-density PE-LD 0.91-0.93 17.4 Reusable bags and containers, agricultural film, food

polyethylene packaging film, etc.

High-density PE-HD 0.94 12.9 Milk bottles, toys, shampoo bottles, houseware, etc.

polyethylene

Poly(vinyl chloride) PVC 1.38 9.6 Window frames, profiles, floor and wall covering,
pipes, cable insulation, garden hoses, etc.

Polyethylene PET 1.37 8.4 Bottles for water, soft drinks, juices, cleaners, etc.

terephthalate

Polyurethane PUR 1.05-1.28 7.8 Building insulation, pillows and mattresses, insulating
foams for fridges, etc.

Polystyrene PS 1.05 6.1 Food packaging, building insulation, electrical and
electronic equipment, eyeglasses frames, etc.

Other plastics — — 7.4 Phenolic resins, epoxide resins, melamine resins, urea
resins, etc.

Other — — 10.7 Hub caps (ABS); optical fibres (PBT); eyeglasses lenses,

thermoplastics roofing sheets (PC); touch screens (PMMA); cable

processes. The most common plastic polymers present in the
environment are polypropylene (PP), poly(ethylene tere-
phthalate) (PET), polyethylene (PE), polystyrene (PS), and pol-
y(vinylchloride) (PVC) (Fig. 3). Their chemical and physical
properties, sources, and average quantities produced annually
have been reported in Table 1.>*

Pollution sources

Microplastics pollution sources can be divided into two main
groups, namely primary and secondary, based on their origin.

coating in telecommunications (PTFE); aerospace
components, medical implants, surgical devices,
membranes, protective coatings, etc.

The distinction is based on whether the particles were originally
produced with those dimensions (primary) or whether they
derived from the degradation and/or breakdown processes of
larger debris (secondary) (Fig. 4).

Primary sources. The main sources of primary MP are tires,
road markings, marine coatings, synthetic textiles, personal
care products, plastic pellets, city dust,*° which flow into the
environment mainly through domestic sewage, WWTPs or
atmospheric events.*** In particular, transporting tires and
road wear particles (TRWP) are dispersed through rainwater as
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Fig. 4 Primary and secondary sources of MP pollution.
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a transport route,*>** synthetic fibers deriving from clothing,
personal care products like scrubbers in cosmetics, artificial
grass, landfills and waste incineration®*** are carried by the
wind in the aquatic environment or deposited in the terrestrial
environment. While large plastic particles can be efficiently
removed during wastewater treatment, MP often bypass treat-
ment units, entering and accumulating in the aquatic envi-
ronment.** In fact, most WWTPs are located close to water
courses, seas or oceans, thus inducing a more copious and
simplified release of microplastics due to the shorter path. For
example, in mainland China, more than 50% of wastewater
treatment plants (1873 out of 3340), with a treatment capacity of
around 10" m® day ', are located in coastal regions where their
effluents can discharge directly into aquatic ecosystems.***®
Recent studies have highlighted that agriculture is also one of
the main anthropogenic activities that generates MP pollution
mainly in the soil due to the use of sewage sludge as soil
improvers and the use of agricultural plastics, such as plastic
mulches.*** However, soil MP pollution can be easily trans-
ferred to aquatic systems through agricultural runoffs. MP
release can also occur at various stages of the life cycle of plastic
products (e.g. manufacturing, transportation or recycling).
Nevertheless, most leaks occur mainly during the use phase of
plastic-containing products, which is the main reason that
several countries have banned the use of MP in personal care
products.® In addition, the European Union has called for the
use of specially added microplastics (for example in cosmetics
and personal care and cleaning products) to be banned by 2020.
They have also proposed stricter rules to significantly reduce the
unintentional release of microplastics from products such as
synthetic fabrics, tires, paints and cigarette butts. The strategy
adopted by the EU also includes the use of single-use plastics. In
December 2018, European legislators, Parliament and Council,
approved a ban on the use of certain single-use plastic products,
such as cutlery, plates and balloon sticks, and the obligation for
manufacturers of plastic packaging to contribute to the costs of
waste collection for these products.

Secondary sources. Secondary MP are defined as micro-waste
resulting from the breaking up of larger plastic debris through
physical, biological and chemical degradation processes. These
processes are mainly (a) photodegradation by sunlight (mainly
caused by exposure to UV-B radiation); (b) mechanical degra-
dation such as wave action and sand friction;* (c) thermo-
oxidative degradation or oxidative erosion; (d) biodegradation
by microorganisms that can degrade the hydrocarbons of
plastics;®® and (e) hydrolysis by sea water. Each of these
processes can take place individually or simultaneously on
a plastic fragment, depending on the ambient environmental
conditions. Degradation is usually increased on beaches and
offshore, where plastic debris is subjected to more extreme
conditions than those found in continental areas or in inland
water bodies. All processes can lead to a considerable decrease
in the average molecular weight of the polymer and therefore to
a drastic reduction of its dimensions, generating secondary MP.
In the presence of high oxygen concentrations (i.e. in winter and
early spring, when the water temperature is low, the dissolved
oxygen concentration is high®) the degradation processes,
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especially those of photodegradation or bacterial biodegrada-
tion, are much more favoured. In some cases, polymers can self-
catalyze the degradation processes leading to the generation of
oxygen-rich substances. Such fragmentation and degradation
processes increase the availability of plastic debris in the envi-
ronment, posing additional environmental risks.*

Although the degradation processes that can occur in
aquatic and coastal environments are different, their bio-
decomposition rates are not sufficiently fast to cause a benefi-
cial effect towards environmental dispersed plastics.

The slow degradation is mainly due to the temperature, the
pH of the sea water but above all to the scarce presence of
microbial species capable of degrading these polymers.
Furthermore, fouling-defouling, meaning the accumulation of
encrustations on the surface of floating plastics, and their
subsequent sinking, alternated by the enrichment of foraging
bacteria that make the detritus regain buoyancy, can generate
a continuous change of environmental conditions along the
water column, such as to negatively interfere with the degra-
dation process. Zbyszewski et al. (2014)** highlighted how
studying the degree of surface aging of microplastics can be
useful for tracing the history of particles. Furthermore, the
evaluation of plastic degradation patterns in different ecosys-
tems is fundamental to understand how particles interact with
the environment and how various factors influence their
stability, transport and final fate.>®

Environmental and accumulation cycle
of microplastics
Fate and accumulation

The spread and cycle of microplastics from urban and indus-
trial settlements to rivers and lakes, as well as transport to the
sea and subsequent marine dispersion on the surface and deep
in ocean basins have been intensively studied**° (Fig. 5).
Plastic waste is usually generated (a) by the inhabitants, varying
according to their habits, geographic location and existing
infrastructures; (b) from waste management and treatment,
also including collection and transport; (c) from industrial and
manufacturing plants (Fig. 5). Plastic waste can take different
paths spanning from reuse to recycling, to incineration, to
landfill disposal and to dispersion into the environment. The
most environmentally friendly practices are reuse or recycling,
which keep the plastic in a closed loop (i.e. the material remains
in the value chain). The local distribution of MP is strictly
dependent on the complex interactions between the sources of
plastics, their dispersion and the current environmental
conditions. Therefore, the distribution and fate of microplastics
is highly heterogeneous and challenging to monitor.>* Despite
this, predictive models of MP diffusion have been developed
over the last few years. Diffusion processes can be substantially
influenced by the geography of the territory, by physical,
chemical and biological processes, mainly related to atmo-
spheric conditions, and by the physical properties of the frag-
ments (e.g. size, shape, density, buoyancy).®*** It has been
found that most MP particles released to land will finally end up
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Fig. 5 Pathway example of MP diffusion.

in the marine environment.”>**** Especially in coastal regions,
terrestrial sources are considered an important contribution to
marine plastic debris,* with between 1.15-2.41 million tons per
year of plastic waste being carried into the ocean by rivers.**
Schmidt et al. (2017)% also revealed that rivers are a preferred
route contributing between 80% and 94% of the total plastic
load entering the seas and oceans. Moreover, a strong correla-
tion between population density and microplastic concentra-
tion has been verified. The presence of densely populated
regions and inappropriate waste management can generate
high levels of contamination.®**® From the evidence set out so
far, the global distribution of MP in the marine environment is
well established. Their ubiquitous presence in the marine
ecosystem leads to high interaction with the biota both in
surface waters and in the deepest abysses, as well as in sedi-
ments.* Over 1400 marine species interact, primarily through
entanglement and ingestion, with marine plastic debris in
different ways.” MP are usually mistaken for food due to their
micrometric size and variable coloration. A wide variety of
marine biota such as corals, zooplankton, phytoplankton,
lobsters, sea urchins and fish ingest microplastics and, based
on their movements, transfer them to remote or pristine areas.”
Larger marine biota creatures such as sea turtles, whales,
sharks, polar bears and seals are also susceptible to ingesting
MP in the oceans.” In addition to direct ingestion from water,
MP can be ingested from marine biota through their prey.””* In
particular, the species that feed on phytoplankton can ingest
MP following the formation of the aggregates that the latter
generate with photosynthesizing autotrophic organisms. As for
the predatory vertebrate species, they can involuntarily ingest
MP, confusing the synthetic microparticles for the prey, but also
by ingesting invertebrates containing MP (i.e. bivalves, amphi-
pods, barnacles, polychaetes) favouring their trophic transfer.
Therefore, the variable pathways of MP suggest that all marine
organisms, from those inhabiting the abyssal depths to those
occupying surface waters and benthic zones, are exposed to MP
contamination. This transfer of species to species and the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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different interactions in the various food compartments ulti-
mately generate channelling towards the human food chain.
Microplastics suspended in the ocean water column or
dispersed on the sea surface can be transported from their
release zone to remote areas’ (Fig. 6).

However, most of these micro-fragments can accumulate in
the central oceanic regions (termed “gyres”).” An oceanic gyre is
a system of ocean currents that move in a circular pattern. They
are created by variations in the winds direction and forces
generated by the rotation of the Earth. The oceanic gyre is not
fixed on a particular point in the ocean but moves to coincide
with the wind patterns. These patterns are known to drive the
“ocean conveyor belt” that circulates ocean water across the
planet. The most notable oceanic gyres include the Indian
Ocean Gyre, the North Atlantic Gyre, the South Atlantic Gyre, the
North Pacific Gyre, and the South Pacific Gyre. These ocean
current systems cause the movement of plastic debris but, at the
same time, lead to their accumulation. Cozar et al. (2014)7
estimated that the result of ocean gyres led the Pacific Ocean to
contain about 35% of the global amount of ocean plastic.””
Therefore, non-entrained plastics and MP in gyres can reach
remote ocean regions and coasts as a result of ocean transport
caused by surface currents, bottom water transport, thermo-
haline circulation, Coriolis force and friction with air currents.”

A further factor linking the MP distribution and the action of
the wind is the so-called “Stokes drift”, as well as a combination
of surface residual currents. These phenomena generate the
transport of MP from the open sea to shallow coastal waters.”®”®
The evaluation of the different factors influencing the distri-
bution of microplastics in marine region has allowed to develop
models to quantify the expected plastic load in a given region as
a function of time, in order to locate areas of high accumulation
of debris and potential threats.”®*

Many scientists have applied transport models of waterborne
materials and particles (oil spills, larvae, sediment) to study the
Lagrangian trajectories of surface microplastics.®**"%

The following are the most used models for this purpose:
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Fig. 6 Microplastic diffusion in the aquatic system.

(1) NEMO: Lagrangian tracking model, used to predict both
the accumulation of floating debris and its stranding points in
the Mediterranean area.*® This model, based on repeated 1 year
predictions with 24 hours evaluations, took into account an
initial homogeneous distribution of marine debris;

(2) MEDSLIK-II: prediction model of the movement of plastic
debris in the Adriatic Sea, starting from an estimate of 10 000
tons per year of waste released, with an entry point, at
increasing volumes of plastic, identified in the northwest region
of the Adriatic, and no defined accumulation points. The model
highlights that the main accumulation points are represented
by the seabed and coastal areas;”®

(3) PLETS-2D: Lagrangian model of particle tracking, used to
predict the trajectories in 90 days of debris from different entry
points. The study showed that wind drift greatly influences
particle distribution, generating sources of uncertainty in the
mapping of plastic distribution;**

(4) Pol3DD: Lagrangian simulation model of particle
tracking to predict floating debris in the world ocean. This
model highlighted the high concentration of plastic debris in
subtropical gyres.*

Although many of these models have proved effective, they
are subject to uncertainty, both because of the changeableness
caused by the short-term variation of abiotic factors, such as the
direction and strength of the wind, and because the considered
factors are affected by sources of uncertainty determined by the
global climate change (coral bleaching,®* ocean acidification,®
and ice melt in polar regions® affecting our oceans).

Indeed, these changes, in addition to influencing the ability
of models to predict the position of plastic aggregates, could
also alter geographic areas and ecosystems due to the negative
effects of marine plastic pollution.®

28324 | RSC Adv, 2022, 12, 28318-28340

In addition to induced extrinsic turbulence, a key role also
derives from the intrinsic characteristics of microplastics such
as size, density and shape that modify their speed of adop-
tion.*»*>** Once MP reach the marine ecosystem, their density
greatly influences their distribution. Those with a lower density
than sea water and a neutral surface charge float to the surface
or disperse in the water column, while those with higher density
tend to accumulate in benthic environments,”®® ie. those
ecological zones at the lowest level of a basin or sea, also
including the sediment surface and some subsurface layers.
Taking into account that more than 65% of the produced
plastics have a lower density than sea water, the largest frag-
ments are found floating on the surface or mixed in the surface
water column of the oceans.®**° At this point, MP are dispersed
by dynamic conditions, such as wind strength and geostrophic
circulation, resulting in a very wide variability in surface
concentrations.® ' As far as high-density MP are concerned,
these are not floating and tend to settle both in coastal sedi-
ments and in the seabed.’>** Recently, experimental researches
have been conducted to evaluate the sedimentation behavior of
high density microplastics (density higher than that of
water).*>** For example, Ballent et al. (2012)** studied the sedi-
mentation rate of microplastic pellets having different densities
between 1.06 and 1.13 g cm >. The results showed that the
sedimentation rate (which varies from 20 to 60 mm s ') is
directly proportional to the increase in density.

Neutral surface charge MP can be found on the sea surface
but also suspended in the water column or lying in the subsoil
of deep waters. These considerations emerged following
discrepancies found between the expected plastic concentra-
tions and those actually found in surface ocean waters.”®*

Recent studies have proved that the highest concentration of
microplastics is found in the intermediate part confirming that
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the microplastics are distributed vertically inside of the water
column, mainly due to the turbulent regimes of the waters,
generated by the wind and currents.”

Enders et al. (2015)°° examined the vertical dispersion of
microplastics as a function of their size. Research results
showed that smaller sized microplastics are much more
affected by turbulent mixing. While empirical calculations,
resulting from the use of the General Ocean Turbulence Model
(GOTM), have shown that particle-shaped microplastics have
a higher diffusion rate than sheets, which in turn are more
affected by turbulent phenomena than fibrous debris.””

At the same time, further studies®® have shown that the
sinking speed of microplastic fragments is influenced more by
shape rather than density (particles of different forms of poly-
amide (1.14 g cm ) sink faster than those of polyvinyl chloride
(1.56 g cm ™ ?)).

In addition to the characteristics of shape and density, it is
also necessary to take into account the phenomenon of
biofouling: microorganisms of different nature can rapidly
aggregate on the surface of plastic debris and develop
biofilms.>**%%

Cozar et al. (2014)° and Moret-Ferguson et al. (2010)*
hypothesized that the phenomenon of biofouling could
increase the density of microplastics to such an extent that
particles with a density lower than that of seawater (for example,
polyethylene or polypropylene) can reach densities that exceed
it, leading to a slow sinking of the particles. At the same time,
biofouling can reduce the surface hydrophobicity of micro-
plastics, generating a greater tendency for them to sink:"%'°
plastic particles that would normally float (such as polyethylene
and polypropylene) have been found in marine sediments.'** As
reported by Chubarenko et al (2016),** heavy microplastic
particles take on average less than 24 hours to settle through the
250 m water column, while fibrous plastics, such as poly-
ethylene, take about 6-8 months to sink due to biofouling.

Finally, the sinking speed of microplastics can also be
increased by the phenomenon of incorporation into organic
aggregates.’”'® Long et al. (2015)"* found, based on their
experimental evidence, that the sinking rate of polystyrene
microspheres (2 pm, density of 1.05 g cm ) embedded in
diatom aggregates could reach several hundred meters per day
compared to 4 mm per day for freely suspended beads.

Impact on human health

Microplastics represent a huge problem due to their toxicity and
persistence in the environment. Their toxicity is mainly attrib-
uted to (a) the presence of hazardous chemical additives during
their production process, and (b) to the fact that due to their
considerable surface area and hydrophobic character, MP are
able to absorb and concentrate many organic and inorganic
chemical contaminants (indirect toxicity). It was recently
observed that MP can absorb chemical pollutants such as pol-
ybrominated diphenyl ethers (PBDEs),"* perfluorochemicals
(PFCs), drugs and personal care products (PPCP)."” The
persistent organic pollutants must also be added to the list,
better indicated by the acronym POPs. Among them, MP are
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particularly prone to absorb polycyclic aromatic hydrocarbons
(PAHSs), polychlorinated biphenyls (PCBs) and organochlorine
pesticides such as dichlorodiphenyl trichloroethane (DDTs).
The absorption of these pollutants on MP certainly depends on
both the type of polymer and its state (rubbery or glassy). Due to
their small size, MP can be easily ingested and/or inhaled by
organisms. This therefore implies that, through ingestion and/
or inhalation, MP and the environmental pollutants they
contain enter the circulatory system of organisms, penetrating
into the tissues and organs, which is why toxicological studies
are necessary to highlight the real risks deriving from the
“assumption” of MP.

Human exposure to microplastic

Main sources of human exposure to MP are (a) ingestion, of
water or food; (b) inhalation, both of indoor and outdoor air; (c)
dermal contact, through indoor dust, personal care products
and fabrics. Despite their toxicity, risks for human health
deriving from exposure to MP are not simple to assess as most
of the developed methods provide quantitative data in terms of
MP number, size and shape, failing to translate these in terms
of dose or mass. A recent study'®® estimated that the annual
amount of MP potentially ingested by a person can fluctuate
between 11 845 and 193 200 particles, most of them coming
from drinking water consumption.

Inhalation. Due to their low density and small size, sus-
pended MP particles can accumulate in the atmosphere and can
be easily inhaled by humans. MP concentration in the air can
significantly vary depending on the season, the overall air
quality,’® the characteristics of the particles (density, size,
surface charge, hydrophobicity), and the different sampling
methods adopted for the analyses. For example, a study in Paris
showed that the number of MP in the air significantly increases
during the rainy seasons compared to dry ones.™ The
concentration of MP between indoor and outdoor is also
significantly different; generally the values are about 5 to 10
times higher for indoor air."** However, it should be noted that
most of the data are expressed in terms of daily number of
fibers, particles, fragments or elements per m*> (per fallout) or
per m?® (per air), which can differ significantly from day to day.
For example, Dris et al. (2017) estimated the indoor MP
concentration between 0.4 and 56.5 particles per m® while the
outdoor one was between 0.3 and 1.5 particles per m®.}*2 Taking
into account these data, Prata (2018)'** estimated that an adult
man can inhale on average, considering a human tidal volume
of 6 L min~", a daily number of MP particles between 26 and
130. Furthermore, in 2019 Vianello estimated that, in the case of
a completely sedentary life, this daily value can reach up to
272114

The presence of MP particles in the air (both indoor and
outdoor) is mainly associated with plastic degradation
processes, landfills, synthetic textiles, building materials and
waste.

Inhaled MP particles accumulate predominantly in the
lungs. The pulmonary alveoli have a tissue barrier of less than 1
micron and a large surface area (150 m?) so they constitute an
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optimal adsorption site for MP. The main risks associated with
human health involve the appearance of an inflammatory
response of the lung tissue, which may also be followed by
cytotoxicity and genotoxicity.™* Xu et al. (2019) showed a cyto-
toxic and genotoxic effect on the pulmonary epithelium and
macrophages caused by polystyrene particles of 50 nm size.'*®
Lung inflammation can also be chronic, due to the intense
release of proinflammatory chemotactic factors, often known as
dust overload.'™'” Also, it was observed'*® that workers in
textile factories, exposed to acute and chronic inhalation of MP,
can easily be subjected to respiratory tract diseases. Prolonged
exposure to MP can also lead to lung diseases, including
asthma, pneumoconiosis and extrinsic allergic alveoli-
tis. 10811111318 T addition to the accumulation in the lungs, MP
particles are swallowed by macrophages and, since particles of
15-20 microns in size are toxic to them, MP end up being
transported also in the lymphatic and cardiovascular system."®
More recent findings can be found in Yang et al. (2022)."*° It
must be considered that studies on the effects of MP for inha-
lation require further investigation in order to quantitatively
assess the exposure doses and fully understand the real risks for
human health.

Ingestion. As mentioned above, MP can be easily ingested by
a large number of organisms due to their very small size, which
is considerably smaller than macroplastics. The main sources of
microplastics ingestion for humans are food and water.*** Cox
(2019)"** points out that exposure levels differ between sex
categories and age groups since different are lifestyles and diets,
with a maximum exposure recorded for male and female adult
categories. Recently, Koelmans et al. (2019)"** showed that the
amount of MP particles varies in different water matrices, such
as treated and untreated wastewater, surface water, tap water
and bottled water. Regarding drinking water, a big distinction
must be made between tap and bottled water. The number of
MP particles, in fact, ranges from 0-61 particles per L for tap
water and from 0-10 000 particles per L in the case of bottled
water.""" Currently, the methods used for the treatment of raw
water, known as WTPs (water treatment plants), are able to
remove at least 70% of the MP present. This percentage can
actually increase further, depending on the method type, from
70% in the case of WTP1 (sand filtration) up to a maximum of
85-86% for combined WTP2 (sedimentation + sand filtration)
and WTP3 (flotation + sand filtration) treatments.'** Neverthe-
less, the high number of MP present in bottled water comes
mostly from the container itself and to a lesser extent from the
water distribution and bottling processes. In support of this, it
has been found that about 80% of MP in bottled water consist of
PET, PP, PE, the materials of which caps and bottles are
made."” Furthermore, the same study'” has interestingly
shown that a considerable number of MP particles are also
present in water bottled in glass, leading to the assumption that
the plastic cap is the one releasing the greatest amount of
microplastics (50 particles per L).*** Turning to the numbers,
Cox et al. (2019)***> showed that on average 90 000 are the MP
particles ingested annually by humans only by drinking bottled
water, while the amount is about 22 times lower (4000) by
drinking tap water.
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It is interesting to point out how the presence of MP has also
been highlighted in other food beverages such as energy drinks,
bottled tea, wine and beer. For example, 2563-5857 MP particles
per L were found in white wine from Italy, where the major
amount comes from the synthetic stoppers often made of
polyethylene, and 10-256 particles per L were found in beer
from Germany, even if, in this case, MP sources can be
different.*¢

The presence of MP has also been well documented in food.
The first evidence dates back in 1960, when plastic fragments
were found in the guts of sea birds (the global annual plastic
production was less than 25 million tons at that time).” Today,
the greatest amounts of MP is found in food products such as
crustaceans and commercial fish,'*”**° bivalves,'**** salt"** and
sugar.” Among these sources, sea salt and seafood have
aroused particular interest and a greater number of studies have
been focused on them. An average concentration of about 0-
20 000 MP particles per kg was found in salt but these values
can easily vary depending on the geographical origin. For
example, Kim et al. (2018)*** showed that sea salt from the
coasts of eastern and southern Asia has the highest number of
MP particles compared with sea salt from European, North
American and Australian coasts. It should be noted that this
geographical distribution of MP in sea salt can easily be corre-
lated with the evidence from Lebreton et al. (2017), according to
which rivers flowing near the coasts of eastern and southern
Asia provide the largest contribution to plastic release into the
oceans.* Seafood is currently ranked as the third cause of
human MP consumption, after bottled water and alcohol.**
Rochman et al. (2015)'* found that each fish species can
contain from 25% to 33% of MP, but this percentage rises to
about 60% if all marine species are considered. Also, these
percentages can change considerably according to the
geographical food habits, as some urbanized populations have
significantly higher average consumption of seafood than
others. For example, anchovy, a fish typically eaten without
removing the digestive tract, is a common food in Japan. Given
that 2 MP particles can be found in each anchovy,*® it was
estimated that Japanese seafood consumption can result in the
accumulation of 154 MP particles per day."*

In general, about 90% of ingested MP are eliminated from
the human excretory system via the feces. The removed MP are
usually larger than 150 pm in size while smaller MP can be
absorbed much more easily by the human body. In fact it has
been shown that MP particles with dimensions smaller than
150 pm can easily cross the gastrointestinal epithelium, MP
particles with dimensions of the order of 10 pm can pass
through the placenta and the blood-brain barrier and MP
particles of smaller dimensions at 2.5 pm are able to reach the
systemic circulation by endocytosis."™* Absorption of MP by the
intestinal mucosa is certainly the main route through which MP
remain within the human body. In addition, paracellular
transport in the intestine and cellular uptake in the lungs must
be taken into consideration. Paracellular transport in the gut, in
the form of persorption, occurs when the MP particles are of the
order of 130 pm.**? For dimensions of about 10 um or more, the
main route of entry is the absorption by specialized M cells of
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intestinal lymphoid tissue (Peyer's spots of the ileum) while
smaller MP particles (few microns) can be directly taken up by
the gut and lungs cells.’*®*"**> These compounds are particularly
harmful and can cause various types of physiological damage as
listed below'****?

Disruption of immune function: prolonged exposure to MP
can lead to autoimmune diseases or immunosuppression,**®***
the causes of which are attributable to the release of immuno-
modulators, to the erroneous activation of immune cells and to
oxidative stress.’”” Autoimmune rheumatic disease'*® and
systemic lupus erythematosus® can also occur.

Translocation to distant tissues: translocation occurs
through the circulatory system and produces inflammation
following which an immediate increase in the permeability of
cell membranes is recorded.'” Studies have shown that the
presence of MP in the circulatory system can cause occlusions
and vascular inflammation,"® pulmonary hypertension,
systemic inflammatory response and blood cell cytotoxicity
through internalization.'* Prata et al (2020)'* also demon-
strated that translocation can lead to chronic inflammation,
reduced organ function and increased cancer incidence.
Furthermore, the presence of MP in bone can cause bone loss by
activating osteoclasts."*>***

Altering metabolism and energy balance: exposure to MP can
cause an alteration of human metabolism either directly or
indirectly. In the first case, the activity of metabolic enzymes is
compromised or in any case modified, while in the second case
the energy balance, the homeostatic balance between energy
produced and energy consumed, is interrupted. It has been
shown that the most frequently occurring effects are a lowering
of nutrient intake, an alteration of the activity of metabolic
enzymes and an increase/decrease in energy consumption.'*

Oxidative stress and cytotoxicity: oxidative stress and,
consequently, cytotoxicity are the most common effects gener-
ated by MP exposure. Oxidative stress occurs as MP particles can
release ROS (reactive oxygen species), created by the
manufacturing process of plastics, weathering or exposure to
UV light,"** oxidizing chemicals (such as metals), which easily
adsorb on their surface, or oxygen-containing radicals,
produced as a result of the inflammatory response.'*>'*¢ Stern-
schuss et al. (2012)"*” showed that the inflammatory response of
the human body due to the fitting of limb and joint prostheses
containing MP led to the release of free radicals and acute
toxicants which completely degraded the prosthesis itself.
Oxidative stress and inflammation can lead to cytotoxicity. MP
particles, in fact, can be digested and internalized by
macrophages.

Neurotoxicity: neurotoxicity occurs due to chronic MP
exposure. Direct contact with translocated particles or alter-
ation of the levels of proinflammatory cytokines can lead to the
activation of the immune cells in the brain and to oxidative
stress, with consequent permanent damage at the neuronal
level.**®

Reproductive toxicity: Chang et al. (2020)**® have shown that
MP particles can accumulate in the gonads, leading to a reduc-
tion in their reproductive capacity due to the alteration of
energy metabolism and oxidative stress.
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Carcinogenicity: Chang (2010)**° showed that chronic irrita-
tion and oxidative stress generated by the presence of MP in the
human body can lead to the release of pro-inflammatory
mediators. Such mediators can involve angiogenesis which, in
turn, can lead to the formation of tumors. In 2018, Prata'*® then
demonstrated that the same effects, i.e. chronic irritation and
oxidative stress, can cause the onset of tumors as a result of
DNA damage.

Indirect effects through acting as vectors of toxic chemicals
and microorganisms: as mentioned above, the MP particles can
contain additives, chemical pollutants, metals or other
substances that are highly toxic to humans. From a purely
numerical point of view, the exposure to toxic agents from MP is
irrelevant when compared with the daily intake of MP for food
or dust. However, it is the prolonged exposure to toxic agents
that can cause the numbers to grow to such an extent that they
are considered a real risk factor.™® It has been shown that BPA,
BPS and in general many plastic additives are endocrine-
disrupting chemicals (EDCs), leading to a higher incidence of
early onset of puberty and genital defects, blood infection and
breast cancer.'*'*> Not only toxic agents: the large surface area
of MP can also constitute fertile ground for numerous micro-
organisms such as vibrio spp., one of the most virulent
bacteria,
a promoter of gut microbiome's activities.

Dermal contact. Absorption of MP through the skin is not
possible: it has in fact been shown that only particles smaller
than 100 nm are able to cross the dermal barrier.*” However,

53 or Folsomia candida, a soil organism which acts as
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personal care products such as facemasks, facewashes, hand
cleansers and toothpaste contain MP, which can cause skin
damage due to local inflammation and cytotoxicity.” Schirinzi
et al. (2017)"** showed that oxidative stress can also occur in the
cells of the dermal epithelium. It should be noted that even
plastic products used in surgery can often lead to severe
inflammation. To date, there are few studies on the risks due to
exposure of MP for dermal contact and therefore greater efforts
are required in the coming years to have a much more satis-
factory picture of the situation.

Impact on marine habitat-forming
species

In the last two decades, numerous studies have been carried out
to monitor the presence of plastic in the oceans and the damage
that its presence causes to the marine biota. What emerges very
clearly is that there is no place that plastic has not
reached'75,80,1577163

The greater the amount of MP in the marine environment,
the greater the bioavailability for marine biota. Numerous
studies based on the analysis of the stomachs of marine
organisms have revealed the presence of MP inside them, con-
firming that marine organisms can ingest them.*®'***% This is
attributed to the fact that marine organisms mistake micro-
plastic particles for food due to their small size, and thus ingest
them. The MP uptake by marine biota depends on numerous
factors such as density, shape, color, charge, abundance and
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aggregation of microplastic particles.'®” Regarding the density,
it has been shown that usually the lower density particles are
ingested by copepods and are subsequently excreted in the
faeces. The sinking speed of these fecal pellets is strictly
dependent on the density of the microplastics inside them and
this means that they can in turn become nourishment for
copepods, polychaetes, crustaceans but also for fish. High
density microplastics are usually ingested by benthic inverte-
brates and deep ocean biota. MP shape influences their
dynamics indirectly as it is responsible for the bioavailability
and distribution of the MP particles in the marine environment.
Generally, spherical shaped particles tend to sink much faster
than thin films and plastic fibers of equal density. Shape is also
related to the time MP persist in the marine organisms after
ingestion and to the excretion process. For example, the
amphipod Hyalella azteca is able to ingest both MP fibers and
spheres.'*® However, the clearance time in the case of fibers is
much longer than that for the spheres, thus implying, due to
their difficulty in being excreted, fibers have greater toxicity.
Generally, irregularly shaped MP particles are more toxic than
those of regular shape due to the greater difficulty that organ-
isms have in the process of egestion. MP color is one of the most
striking demonstrations of how ingestion of microplastics by
marine organisms is due to the fact that they often mistake MP
for food. Darker colored MP, especially green microplastic
fibers, are easily ingested by flathead gray mullet (Mugil cepha-
lus) as they closely resemble marine plankton, which this
animal normally feeds on.'® Another example is that blue
polyethylene fragments are ingested by about 80% of the
Amberstripe scads (Decapterus muroadsi) who mistake them for
blue copepods, their prey, being similar to them in color and
size."”® Numerous studies have been carried out and are
currently underway to understand how harmful are the side
effects on marine biota due to MP ingestion.”>**”*”* It has now
been widely demonstrated that damage to the organism can be
both physical and chemical and can lead, in the most serious
cases, to its death.

Once ingested, the fate of microplastics can follow several
paths as described below:

(a) At best, they can be eliminated from the marine organism
by excretion or production of pseudofaeces, thus not leading to
significant side effects except for the alteration of the organ-
ism's energy flow. The function of excretion, in fact, performs
two main tasks: to separate the organic material from the
inorganic components, that is the MP, and to act as a cleaning
mechanism preventing an accumulation of particulate material
at the level of the organism gills. It is often observed that
excretion occurs a few hours after ingestion of the MP particles.
This is due to the fact that, most likely, such organisms are able
to recognize MP as low-energy food and consequently remove
them.* However, pseudofaeces, loaded with microplastics,
constitute in turn food for other marine organisms and the
problem therefore moves to higher trophic levels.

(b) MP are retained by the organism and cause toxic effects.
What occurs is the accumulation of MP in the digestive system,
producing physical damage such as injury and clogging, and
the appearance of adverse effects such as pathological and
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oxidative stress, inflammation and liver toxicity, reduced
growth rate, false satiation, blocked enzyme production and
reproductive complications.

(c) After the digestion process, previously retained MP enter
the bloodstream and reach different internal organs and tissues
through the translocation phenomenon.

(d) According to the food chain, marine organisms that have
ingested MP can in turn constitute food for other organisms,
which therefore ingest MP indirectly.

As already pointed out, the toxicity of MP is also attributable
to the contaminants and pollutants that they are able to retain
on their surface and that can be released into the organism once
MP are ingested.

The entire marine biota is affected by the presence of MP. In
fact, it has been shown that MP can be ingested by a large
number of invertebrate and vertebrate marine organisms
including coral, zooplankton, shrimps, bivalves, copepods,
mussels, lugworms, oysters, fishes and by larger animals such
as turtles, manatees, otters, snakes, sea lions, penguins, seals
and whales. 10172

Currently, with an extension of about 0.2% over the entire
oceanic area, coral reefs, having the task of mitigating the
effects of the ocean destructive forces on the coasts, constitute
the natural habitat of about one third of all marine fish species
and thousands of other marine organisms. They mainly feed on
phytoplankton and zooplankton, copepods and amphipods.
These organisms are all capable of ingesting MP which,
consequently, end up in corals too. MP accumulate in the
digestive tract of corals, leading some species of hard corals to
death and consequently reducing the biodiversity of these
environments.'”?

Among the marine organisms, the most affected by MP
contamination are planktons, a worrying fact especially
considering that they are the nourishment of a large part of the
marine biota. Law (2010) showed that microplastics were found
in about 60% of the plankton living between the North Atlantic
Ocean and the Caribbean Sea.* In the report of the Norwegian
Institute for Water Research of 2014, Nerland et al demon-
strated that MP can cross both cell membranes and cell walls
and interfere with the photosynthesis process by reducing the
concentration of chlorophyll in the green alga Scenedesmus
obliquus.*’* Adverse effects include disturbed feeding and
digestion due to the accumulation of MP in the digestive tract or
in the gut of zooplanktons.” Zooplanktons expel MP in the form
of faecal pellets. This would not be a problem if it wasn't for the
fact that these pellets are nourishment for benthic and pelagic
marine organisms, which therefore ingest MP indirectly.'”

The group of benthic organisms is characterized by
a remarkable biodiversity, covering about 98% of the entire
marine biota, and includes invertebrates such as lobsters, blue
mussels, oysters and barnacles. They are all capable of ingesting
MP."7%%77 A 2014 study found that farmed blue mussels from
Germany, near the North Sea, contain a number of MP particles
equal to 0.36 + 0.07 particles per g (wet weight) while it is equal
to 0.47 + 0.16 particles per g (wet weight) for oysters farmed in
Brittany and France near the North Atlantic Ocean.'”
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MP were found in approximately 36.5% of pelagic and
demersal fishes'”® and in approximately 18% of top predators in
the central Mediterranean Sea, such as bluefin tuna (Thunnus
thymus), swordfish (Xiphias gladius) and albacore (Thunnus
alalunga)."® It has been observed that MP can accumulate in the
gut of fishes, causing starvation and malnourishment which
can also lead to their death.®

Sea birds, which feed on what they find on sea surface, are
also affected by the presence of MP in their digestive tract.”” 30—
35% of the MP particles are in the form of industrial pellets. In
addition to the process of excretion through the production of
faeces, sea birds tend to remove MP from the digestive tract by
regurgitation.®>

At this point the presence of MP was also ascertained in
marine mammals, such as whales, harbor seals, sea turtles, and
polar bears."**'%¢ They can ingest MP through three different
phenomena: inhalation, feeding or trophic transfer from
prey.**” In 2014, Nerland found that around 60.5% of turtles in
Brazil contain MP in their digestive tracts."”* Whales are another
marine mammal particularly affected by MP contamination.
This is due to the fact that they often perform a filtering func-
tion for seawater so they tend to ingest MP, and to accumulate
them in their stomach and liver."®® Due to the high ingestible
quantities of MP, cetaceans are often used as probes to check
the level of plastic pollution in the areas where they live by
measuring the quantity of phthalates in the blubber of stranded
fin whales (Balaenoptera physalus).'® However, these data
currently need to be considered cautiously as phthalates can
come from various sources.

Removal and treatment technologies

The removal of MP from water is a key challenge in the struggle
to mitigate environmental pollution. Traditional water treat-
ment plants are not designed to remove MP and they have been
globally identified as a major source of MP to the environ-
ment.'¢1?418919 Hence, it is important to understand our
current ability to remove these pollutants via engineered treat-
ment methods and identify key opportunities to reduce their
concentration in receiving water bodies. For this purpose,
several physical, chemical and biological processes for the
treatment of MP contaminated water are reviewed below.

Physical processes

Physical separation processes for primary wastewater treatment
include screening, skimming and sedimentation. Using these
methods, fast and low cost filtering of large contaminants is
possible. The ability to remove MP depends on the wastewater
characteristics as well as the type of treatment process applied.

Screening and settling. Traditional screening and settling
methods may remove significant portions of suspended solids
in water. For example, Liu et al. (2018)"" observed that the
average size and number of MP fragments present in the water
in a Chinese WWTP decreased by 58.8% and 40.7%, respec-
tively, after initial screening and sedimentation. The particles
removed were mainly large but the authors also observed the
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adherence of MP to suspended solids in the water, allowing
physical removal of smaller fragments and fibres that might not
be expected otherwise. Moreover, screening and sedimentation
have reportedly removed up to 88% of anthropogenic solids in
a treatment facility in the United States (although this classifi-
cation includes more than just MP)."*> The importance of plastic
density as related to settling velocity during the sedimentation
step is highlighted by Iyare et al. (2020).*** The huge variety of
polymers in terms of density, shape and type that are found in
wastewater can substantially influence their physical separation
from water. Settling alone removes an average of 72% of MP
particles present in sewage influent but the smallest particles
(<27 um in diameter) are likely to pass unimpeded. As well as
failing to capture the smallest particles, reliance on traditional
separation processes to remove MP in this way presents another
problem of transferring the pollutants from liquid to a concen-
trated solid waste.'**'** This can become a serious environ-
mental problem when sludge is recycled for land treatment or
disposed of inappropriately; thus potentially allowing MP to
find their way back into the water system.'*®

The difference in density between MP and the natural
organic matter of water presents an opportunity for physical
removal. Several lab scale studies have applied enhanced
density separation in salt solution as an isolation method for
MP samples in complex matrices such as wastewater or natural
water.'”**® Scaling up this method is challenging due to the
large volumes of high cost salt solutions required.**® Alterna-
tively, enhanced settling via coagulation seems promising for
large-scale application. Using traditional Fe salt coagulation
conditions, the removal of polyethylene (PE) MP was found to
be poor with less than 15% removal.>*** However, in the same
experimental setup, using a high dose anionic PAM coagulant,
removal was increased to over 90%. This can be attributed to the
low density of PE that inhibits settling of the produced flocs and
reduces the efficiency of the coagulation treatment. An impact
of this effect was also observed by Ma et al. (2019),2°> where the
highest efficiency removal of approximately 60% was achieved
for the smallest sized MP. In addition to density, the shape of
MP is likely to affect greatly the settling behaviour. Skaf et al.
(2020) investigated the removal of both fibres and microspheres
of PE using an alum coagulation method and they found that
both could be adequately removed by sweep flocculation.?*® Less
traditional coagulation-like methods such as the bioinspired
agglomeration process developed by Herbort et al (2017,
2018)*°*2% suggest targeting specific MP in water. Electro-
coagulation methods have also been explored and over 90%
removal of PE beads was reported.**® Despite the progress in the
area, the main problem with coagulation based methods is the
highly variable nature of MP surfaces. The surface charge is not
easily predicted meaning that coagulants specifically designed
for MP removal are less efficient than for the removal of organic
material.

Filtration and adsorption. Some developed materials for
adsorption and activated filtration aim to target MP in water.
Biochar offers a low cost option for removal of many pollutant
classes, including MP.2°”?% Sun et al. (2020)** engineered an
adsorption separation process relying on a biodegradable chitin
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and graphene oxide sponge which is capable of removing up to
89% polystyrene from water. Batch filtration was proposed
using a Zr-MOF system with over 95% efficiency for removal of
PVDF microplastics.”®® While promising in performance,
adsorption and batch filtration treatment pose a challenge in
scaling up to meet the needs of a full scale WWTP.

Membrane separation of MP is an option already employed
at scale. Malankowska et al. (2021) review in detail the advances
made in microfiltration, ultrafiltration and nano-filtration
methods in the removal of MP.* Michielssen et al. (2016)
suggest retrofitting WWTPs with granular sand filtration and
membrane filtration has the highest potential for MP removal
in a meta-analysis of available technology.** This finding was
backed up for large scale studies in a comparison of municipal
WWTPs where rapid sand filtration removed 97% of MP.*
However, the high potential removal efficiency comes at the cost
of membrane pore blockage and resulting flux reduction when
applying high-pressure filtration techniques. Such issues arose
within just 48 h of ultrafiltration when 38% flux reduction
occurred due to MP blockage of pores during treatment of MP
contaminated water.”* MP interaction with organic matter in
the water may also enhance the rate of membrane fouling. The
size of MP in the raw water were found to be the major factor
influencing fouling during freshwater ultrafiltration treatment
with the most severe effects at a MP size of 1 um.>**> However,
continuous filter module rotation could significantly reduce the
fouling and the treatment became more attractive for large scale
application. MP in landfill leachate were successfully removed
using membrane separation. Interestingly, the researchers
identified the re-release of captured MP from the filter back into
the effluent suggesting that the particles are not permanently
immobilised onto the membrane and may still be released into
the environment. Similar removal and re-release behaviour
occurred in ultrafiltration membrane treatment of drinking
water as well as some MP penetrating the membrane itself.**
Despite a 98% removal by reverse osmosis treatment, fibers of
plastic under 200 um passed unimpeded indicating that
membrane processes alone cannot completely remove MP.

Chemical processes

Effective chemical degradation of polymers could mineralise
MP during water treatment and avoid transferring any waste to
a new solid phase. Advanced oxidation processes (AOPs) are an
effective means to remove biologically recalcitrant contami-
nants by the generation of non-selective, highly reactive radi-
cals. AOPs are effective in the removal of emerging organic
pollutants, such as antibiotics, personal care products, trace
organics.”**'® Recently, their potential application in the rapid
degradation of MP is drawing attention.*” During chemical
degradation, the surface of the polymer undergoes chemical
change and the MP subsequently fragment.

Photocatalytic treatment. The majority of research pub-
lished in AOP treatment of MP focuses on photocatalytic
methods and is summarised in Table 2. Titania (TiO,) based
photocatalysis is the most common treatment due to its low
cost and relatively high radical generating ability.>*® Due to the
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need for a surface contact during heterogeneous photocatalysis,
the morphology of the catalyst is an important area of focus
with researchers exploring the use of nanotubes and
nanoparticles.

Using TiO, doped with C and N, a significant loss of mass of
72% was lost from high density PE beads after an extended
treatment time of 50 h.>*® The authors enhanced performance
by lowering the water temperature and pH which was attributed
to the enhanced radical forming ability of the optimised process
as well as changes to plastic properties at low temperature.
Nitrogen doped TiO, was also utilised in a study focusing on the
effect of plastic shape on removal rate.”*® By considering the
surface area difference between samples (beads vs. flakes) as
well as the MP particle size, it was concluded that light illumi-
nation was the main factor affecting removal. Furthermore, it
was observed that the low density PE flakes, an insoluble water
pollutant, were floating on the water surface blocking light and
oxygen from reaching the submerged catalyst. This probably
resulted in generating fewer radicals thus yielding a removal
efficiency less than 5%. Similarly, a low removal in water was
also observed during treatment of polystyrene (PS) with TiO,,
which was attributed to low transmittance of UV light.***
Removal of the MP from water by physical means prior to AOP
treatment allowed effective oxidation but this can limit the
practical applicability of the method at large scale.

Other catalyst doping strategies have been explored such as
the use of Pt doped ZnO based AOP.>** It was found that the
proportion of carbonyl and vinyl surface groups on a low density
PE film was increased when treated, which indicates surface
oxidation. As well as doping, the effect of synthesis conditions
on MP removal has been explored. The synthesis method
employed for -catalyst preparation was investigated by
comparing traditional sol-gel and bio derived N-doped TiO,,
with an improvement in MP removal observed for the latter
green-synthesised material.”*® Synthesis of ZnO catalysts was
tuned to produce a variety of nanorod lengths and the effect of
their morphology on plastic removal was studied.”* High
surface area ZnO supported on a glass fibre substrate enabled
trapping of low density MP in place in contact with the catalyst
for continuous flow treatment.””® In the first AOP treatment
specifically reported for fibre degradation, a combination of
UVC irradiation and TiO, photocatalysis achieved 97% mass
reduction of polyamide in 48 hours.?*® Less common materials
have also been investigated such as a PMS carbon nanospring
based catalyst and hydroxy-rich ultrathin sheets**”*** and TiO,
supported on B-SiC alveolar foams.**®

Fenton and Fenton-like treatment. Fenton based AOPs
combine hydrogen peroxide and Fe(u) ions to produce oxidizing
hydroxyl radicals, activated by light or heat.>** A few of these
treatment methods have recently been applied for MP removal
and are summarised in Table 2.

Many of the Fenton based treatment processes reported in
the literature were developed with the aim of accelerating the
ageing of MP in order to study the change in adsorption or
transport behaviour.”**>** Although not aimed at removing MP
completely, these studies provide important insight into how
plastic degradation is initiated by Fenton processes and could

© 2022 The Author(s). Published by the Royal Society of Chemistry 245
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be harnessed for water treatment applications. For example,

o ~ ©
A S during Fenton treatment of PS and HDPE over long timescales,
issues with the deposition of ferric hydroxide were observed
thus leading to poor removal from water, despite steps taken to
oo mitigate this.**> Thermal methods of activating the Fenton
g reaction can offer an alternative mechanism of action, as
g - explored by Hu et al. (2022).** A high mass loss of plastic was
f S observed for a range of polymers but the treatment required the
8 .; use of high temperatures in order to break down the crystal-
o L o g linity of the plastlcst V(.Jhlch limits its applicability gt large: sc.ale.
g %D g g Furthermore,. combln}ng h.eterogeneous sy.stems (ie. §011c.l 1rf)n
£ G 8 b= on a supporting matrix) with photocatalysis resulted in signifi-
g 8 = O: cant reduction in size of PVC and PP particles after 7 days.>**
S;j % g T Ozone and peroxide based treatment. Ozone has been
5| 88 s applied either on its own,***” or in combination with radical
generating hydrogen peroxide®® to degrade MP. In the latter
. case, a 10 minutes treatment affected the surface chemistry and
a2 L, 08 associated adsorption behaviour of several types of plastic.
% g E § ® Although the treatment is not directly designed for removal, the
b E ‘g 2 “i resulting change in adsorbance properties is relevant to
g d(i": g x %’ _§ understanding how MP treated with AOPs may carry additional
§ g 2 g 8 g micro pollutants through the water treatment process and
5 g = g E § therefore extending the treatment duration may be an option
Eﬁ i': g ERY for investigation. Similarly, Zafar et al. (2021) considered the
& Q g g £E._ effect of ozone treatment on the surface of PE particles and
2| 882325 found that reaction time was more effective in increasing the
oxygen prevalence on the surface compared to ozone dose.**®
Hidayaturrahman et al (2019) reported that ozonation
& combined with primary, secondary and coagulation steps
e removed 99.2% of MP in a full-scale treatment plant.*®” While
" Eﬁ reasonably high removal performance is possible, slow reaction
§ o ;{ rates currently limit the applicability of AOPs in water treat-
g é & ment. Long contact times of several hours are not feasible in
w| 2 = a high throughput system. In order to bring AOPs into the focus
S ; -% for water treatment, improvements to the rate of degradation
= 2 g are essential.
5| & E
Biological processes
g Biodegradation of plastic is an intensive area of research and
% has potential for application in wastewater treatment.”**>*
£ . Traditional water treatment systems typically involve an
% g element of biodegradation for the removal of organic matter. In
?3 £ g %) most cases, these systems fail to adequately remove MP, leading
%‘3 E g ; researchers to explore alternatives. In a systematic review for
Al 2= :~ MP removal, Iyare et al. (2020)*** identified that 19 out of 21
| == R traditional wastewater treatment systems included activated
sludge treatment as a secondary step. On average, activated
sludge could reportedly remove 16% of MP from the water
. (across a broad range of 0.2-52%). Alongside limited effective-
5 ness, relying only on traditional water treatment methods like
-~ \‘[\i this can create further challenges. Physical transfer of MP out of
E g\l the wastewater moves the plastic pollution into another part of
@ - o the water treatment process — the sludge. Also, MP can affect the
«~ % % activity of bacteria used for organic matter decomposition as
2| «| § g well as cause issues downstream in sludge treatment.'?">*24
Sl 23S S Wei et al. (2021) showed that PET MP inhibited aerobic
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digestion of waste activated sludge (WAS) by approximately
10%, which was attributed to its influence on microbial
communities.*** In another study, anaerobic digestion of WAS
was found to be impeded by the presence of PVC MP. Moreover,
bisphenol A leaching out of the plastics was linked to a decrease
in methane production and inhibition of the treatment in this
case.”® Biofiltration of wastewater was identified as a more
effective biological secondary step for MP removal than acti-
vated sludge with an average of 19% from the treatment systems
surveyed.”” However, the presence of MP in these systems
drastically impedes the effectiveness of treatment for other
contaminants. Membrane bioreactors (MBR) reportedly expe-
rience immediate decline in removal of organic matter from
80% to below 50% upon addition of PVC MP.*** This was
attributed to an increase in membrane fouling as a result of MP
build up. In order to avoid these knock on effects to treatment
system performance, the presence of MP needs to be taken into
account when (re)designing water and wastewater treatment
processes. Developing biological treatments specifically aimed
at combatting plastics is a challenging area of research but is
clearly required to overcome the shortcomings of traditional
WWTPs. Outwith the context of wastewater treatment, bacteria,
bacterial consortia**’>*° and fungi****** have been investigated
for their ability to degrade plastics. Microbial digestion is an
extremely attractive option to solve the problem of plastic waste
in a potentially sustainable way. One of the main hurdles in
each case is the lengthy treatment times required (many re-
ported biodegradation options take weeks or months) for it to
be effective for large scale application. In 60 days, PE was bio-
degraded by a specifically isolated microbial consortium to
reduce its mass by just 14.7%.>*° PET increased crystallinity and
reduced in particle diameter as a result of bacterial degradation
in a high pH process over 48 h but complete removal was not
achieved.” Using a surfactant to improve interfacial activity,
bacterial degradation of PET reached 11% mass loss in 5
days.”** As well as the lengthy digestion times required, bio-
logical systems are likely to struggle to cope with the diverse
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nature of our plastic waste. Enzymatic digestion relies on
specific target groups in the polymer chain being broken. To
tackle the huge range of polymers present in our waste, a great
many different plastic digesting microorganisms will be
required.”® As it stands, these engineered systems are not
currently capable of treating the high flow of microplastics in
our water treatment systems due to the long timescales required
but are under constant development as reviewed comprehen-
sively elsewhere.>*

As previously discussed, a broad range of polymer types and
MP shapes are present in the environment. Lab scale treatment
studies have focused on a number of different MP subtypes. It is
important to consider the effect of this when evaluating the
efficacy of a reported treatment system. Fig. 7 shows the papers
discussed in this section, broken down by which MP types and
shapes are focused on. Furthermore, Fig. 8 highlights the
performance of treatment technologies reviewed here in terms
of MP removal from water. It can be observed that primary
treatment (screening, settling, sedimentation) can remove
about 50-90% of MP from wastewater, while adsorption and
filtration are able to remove more than 95%. The percentages
for advanced oxidation processes can span from very low to
almost complete removal of MP. For biological engineered
technologies the removal can be up to 20%. Physical treatment
methods offer reasonably consistent high removal rates but are
hampered by the production of solid waste and process prob-
lems such as membrane blockage. Chemical and biological
treatment methods are an area of intense research and have the
potential to effectively destroy MP if the rate of degradation can
be significantly improved. Further research into these impor-
tant water treatment systems is required to further understand
their potential in tackling MP pollution.

Monitoring and treatment technologies: future perspectives

Currently, the most common chemical techniques used for the
identification of MP are generally based on electronic
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Fig.8 Summary of the reported microplastic removal performance of
water treatment technologies reviewed.

microscopies (SEM, TEM), on Fourier transformed infrared (FT-
IR) and Raman spectroscopies (micro-Raman and micro-FT-IR
for smaller particles) and on thermal identification (DSC,
TGA). Detection of polymer type and better quantification of MP
in collected samples are achieved by using more performant
analytical techniques, such as thermal chromatography, usually
coupled with mass spectrometry (Pyro-GC/MS), to ensure highly
sensitive MP detection.>”>%

Considering the global emergency due to plastic pollution, it
is increasingly important for the scientific community to
develop and/or improve technologies and methods that can
guarantee a better quantification of MP, both during the
extraction and analysis phases.”*

In this regard, Silva et al. (2020) implemented the p-FTIR
hyperspectral imagining technique using a new machine
learning approach to quantify and characterize microplastic
particles.?®* Cashman et al. (2022) developed a new method of
extracting MP from marine sediments in order to obtain
significantly higher extraction yields than standard methods.***
Castelvetro et al. (2021) proposed an alternative approach
combining wet chemical techniques of extraction with analyt-
ical quantification techniques such as reverse phase HPLC and
size exclusion chromatography for the determination and
quantification of MP in marine sediments and freshwater.>**

At the same time, the world scientific community is also
striving to develop new technologies focused on preventing
plastic waste from entering the environment. The latest scien-
tific advances and technologies available in this area are
collected in the Plastic Pollution Prevention and Collection
Technology Inventory  (https://nicholasinstitute.duke.edu/
plastics-technology-inventory), created to help local
governments and non-governmental organizations with the
aim of helping to solve the hotspots of marine plastic
pollution.>*

28334 | RSC Adv, 2022, 12, 28318-28340
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The Plastic Pollution Prevention and Collection Technology
Inventory currently contains 52 technologies (developed start-
ing from 20 July 2020) with the aim of:

(1) Prevent plastic pollution from entering the environment;

(2) Collect existing marine plastic pollution.

The technologies in the inventory are classified according to
the remediation strategy (prevention or collection), the plastic
type or the inventory category (laundry balls, textile fibers,
personal care products, disposable products, etc.).

In order to minimize plastic in the environment, the scien-
tific community is also thinking about a final destination for
plastics collected through the exploration of innovative recy-
cling solutions, such as plastic-to-fuel and bioremediation.>*¢>%*

Conclusions

While progress has been made in addressing the global plastics
challenge, commitments from governments and industry will
reduce the annual volume of plastic flowing into the ocean by
only about 7% by 2040.

A great deal of attention has been paid to tackling the
problem of microplastic pollution in water with physical,
chemical and biological treatment options explored by recent
research. Considering the complexity and scale of microplastics
present in our water, a universally effective treatment solution
has not emerged. Incorporation of several innovative steps such
as advanced oxidation and targeted biological degradation into
broader treatment systems may effectively remove micro-
plastics. Updates to traditional methods to deal with an
increased plastic load in our wastewater are required or treat-
ment infrastructure faces the possibility of process problems as
well as release to the environment.

Together with innovative techniques, existing plastic waste
recycling systems should be improved to prevent microplastics
release from the inland to the sea and this task can and must be
reached in a short time. The same goes for municipal sewage
treatment processes which in many cases do not even include
microplastics removal units. This environmental problem,
common to the governments and the communities of all
countries, must trigger practical policies and measures to
ensure conservation actions for the aquatic ecosystem.
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Conclusions

Briefly resuming, the present work concerns the preparation of two different
typologies of buckypaper membranes: a) nanofillers doped BPs; b)
semiconductor/BP membranes. Even if both typologies were employed for
pollutants removal from water, nanofillers doped BPs were designed for
contaminants recovery through adsorption processes while semiconductor/BP
membranes were investigated for degradation of organic pollutants through
photocatalysis. Considering the scientific results obtained, the following

conclusions can be derived.
Nanofillers doped BPs

MOEF/BPs. MOF/BPs are one of the first examples of MOF-carbon-based

materials designed for applications in the field of recovery and water
remediation. Concerning the work described in this thesis, two different MOFs
were incorporated in the structure of buckypaper membranes. In the case of
bioMOF, prepared from the natural amino acid L-threonine, the obtained
BioMOF@SWCNT-BP membrane was tested for lanthanides recovery from
water solutions. Adsorption capacity of the membrane was investigated both in
static and dynamic conditions and is not influenced by pH of lanthanide
solutions. Compared with the neat SWCNT membrane, BloMOF@SWCNT-BP
is able to increase significantly Ce3* recovery when higher concentrations of
lanthanide solutions were employed, reaching a maximum adsorption capacity

of 263 mg g1 of Ce3* adsorbed per gram of BloMOF@SWCNT-BP.

When the multivariate MOF (MTV-MOF), synthesized using oxamidato ligands
of derivatives of the amino acids methionine and methylcysteine, is
incorporated in the buckypaper membrane, lead adsorption capacity of the
prepared MTV-MOF/SWCNT-BP was evaluated. Both membranes, the neat
SWCNT-BP and MTV-MOF/SWCNT-BP, exhibited high recovery efficiencies
for lead even when higher concentrations of the metal (up to 100 ppm) were
tested. Furthermore, when the lead concentration ranges between 200 ppb and

1000 ppb, adsorption experiments showed that the lead content is reduced well
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below the current established limit of 10 ppb set by EPA and WHO for drinking
water, with MTV-MOF/SWCNT-BP driving to a faster and better removal of
Pb2+ from water solutions. The behaviour of MTV-MOF/SWCNT-BP differs
significantly from SWCNT-BP in terms of selectivity, where the MOF doped BP
membrane exceed by more than 42% SWCNT-BP performances in the recovery
of Pb?* from highly concentrated multicomponent solutions (Na*, K*, Mg?*,
Ca?*), over a wide range of lead concentrations. Higher selectivity of MTV-
MOF/SWCNT-BP for lead is also maintained when capture properties of the
membrane were evaluated in a highly concentrated multi-metal solution
containing Pb?*, Al¥*, Fe3* (10 ppm for each metal), preserving removal

efficiencies of up 97% for lead.

GO/ BPs. Great removal efficiencies of GO for water pollutants have guided

to the preparation of GO/BPs membranes in order to enhance adsorption
properties of both materials and overcome one of the major drawbacks of GO
powder: GO recovery and recycle at the end of each adsorption process. The
optimal ratio GO:CNTs = 75:25 (weight percentage) allows to prepare a self-
standing BP membrane, without altering substantially the mechanical and
chemical stability of the pristine buckypapers. GO/BPs were then investigated
in adsorption experiments for lead and non-steroidal anti-inflammatory drugs
recovery. Great capture properties of GO-SWCNT BPs have been observed for
lead when several initial concentrations were investigated, ranging from 1 to 50
ppm, ensuring a removal efficiency until to 60% for the highly concentrated lead
solution and a maximum adsorption capacity of 479 mg g-1. GO-SWCNT BPs
also exhibited great selectivity for Pb?* in the presence of interferent ions, which
could be present in water, such as Na*, K*, Ca?*, and Mg?*, and other heavy
metal ions, which could be present in wastewater such as Co?*, Zn?*, Cd?*.
Similar lead recovery efficiencies have been observed for Hg?*, Fe3*, Al3*, and
Cu?* when these interfering metals are also present in the initial solution,
suggesting the possibility of simultaneously decontamination of wastewater

from several toxic pollutants.
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Diclofenac (DIC), Ketoprofen (KET) and Naproxen (NAP) were selected as
reference pollutants for the NSAIDs category and capture properties of GO-
SWCNT BPs for these organic pollutants were investigated. Adsorption
capacity of GO-SWCNT BP membranes is little influenced by pH solutions, with
better recovery efficiencies reached for pH=4. After optimization of pH
conditions, adsorption experiments were performed for each drug at pH=4 in
the concentration interval 1-10-50 ppm. Adsorption capacity of GO-SWCNT
BPs increased up to 118, 116, and 126 mg g ! for DIC, KET, and NAP,
respectively, maintaining these removal efficiencies even after four

regeneration cycles, without any important reduction (less than 4%).
Semiconductor/BP membranes

A nanostructured thin layer of the semiconductor WOs3 has been deposited
through RF magnetron sputtering on buckypaper surface. Photocatalytic
efficiency of WO3/BP membrane has been tested in a small continuous plant for
degradation of two organic dyes, Methylene Blue (cationic dye) and Indigo
Carmine (anionic dye), and the non-steroidal anti-inflammatory drug
Diclofenac, starting from an initial solution concentration of 20 ppm for each
pollutant. WO3/BP membranes are able to efficiently degrade the water
contaminants, with a degradation kinetics three times greater than that of WO;

nano-powder in the case of Methylene Blue.

In conclusion, nanofillers doped buckypaper membranes are biocompatible and
highly stable adsorbent membranes to be efficiently employed in pollutants
recovery from wastewater. Smoothness and sustainability of the membrane
preparation strategy by using the wet method, and easy recovery of adsorbents,
which can be quickly regenerated and recycled, are among the major
advantages attributable to these novel membranes, representing a viable
solution to be extended to the whole recovery of contaminants from
wastewater. Furthermore, the improved photoactivity, fast catalyst recovery
and easy scale-up process observed for WO3/BP membranes open the door to
the application of these membranes, structured in the form of

semiconductor/buckypapers, in the field of photocatalytic processes and, more
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in general, of advanced oxidation processes, for totally degradation of
pollutants from water in view of more environmental and sustainable

approaches for water remediation.
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