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PREMISE

Since man’s appearance on Earth, human activity has started to affect the environment. The
progress of civilization and the consequent population growth have led to an alteration of the
ecological balance due to deforestation, enhanced greenhouse effect, desertification, and
contamination of the environment. In particular, starting from the industrial revolution, the
atmosphere was highly influenced by human activities such as the combustion of biomass,

vegetation and fossil fuels, industrial activities, transport, and alteration of land surface.

The human-related contribution to the global atmospheric composition over the centuries is
permanently archived in the glacier ice of remote areas, i.e., regions characterized by a
minimum contribution of anthropogenic emissions and a concentration of contaminants similar

to natural background values [1].

During the atmospheric deposition, airborne particulates and air bubbles are trapped in the
snow, so that the chemical content is preserved in the cryosphere including important tracers of
transport processes and markers of human activity. Therefore, the analysis of pollutants trapped
in snow pits and ice cores from polar regions such as Arctic and Antarctica, as well as high-
altitude environments like Alps and Caucasus [1-3] provide chemical records on a temporal
scale [4]. This information is fundamental for assessing pollution sources [5], long-range
transport mechanisms of contaminants [4] and, more generally, the anthropogenic impact and

climatic variations over time [1].

Paleoclimatic reconstruction is a great challenge for analytical chemistry as it requires the use
of appropriate sample preparation methodologies and very sensitive analytical techniques to
determine environmental proxies in snow and ice [4]. In particular, the organic markers trapped
in ice samples are usually found at very low concentration, in the order of trace and ultra-trace
levels. Moreover, the deeper layers of the ice cores, corresponding to the oldest ice, are expected
to be highly compressed. Therefore, analysis of a small sample volume is required in order to

improve the temporal resolution of the ice stratification and to obtain meaningful data.

Persistent organic pollutants (POPs) are a group of contaminants resistant to chemical and
biological degradation in the environment so they accumulate in living organisms and
ecosystems [6]. POPs are considered evident markers of human activity and include substances
such as pesticides, polychlorinated biphenyls (PCBs), per- and polyfluoroalkyl substances
(PFASs), and polycyclic aromatic hydrocarbons (PAHs) [1]. An investigation of these

compounds provides information on sources, occurrence, and pathways of contaminants [7]



since they may volatilize and be transported over long distance [8]. The latitudinal temperature
gradient is considered one of the main drivers of the long-range atmospheric transport (LRAT)
of contaminants, since the low temperatures of remote areas reduce or block the evaporation of
POPs, thus producing an accumulation of pollutants as a result of a “cold-trapping” process [8—
11]. Among POPs, PAHs have been widely studied in remote environments as tracers of
anthropogenic emission sources [3,10,12—15]. Nevertheless, a general lack of data on their

occurrence and concentrations in Antarctica compared to the Arctic was described [16].

In this context, the present Thesis work is part of the project “Innovative Analytical Methods
to study biogenic and anthropogenic proxies in Ice COres” (Progetti di Ricerca di Rilevante
Interesse Nazionale - PRIN - grant 2017EZNJWN) which aimed to develop innovative
analytical methods for the chemical characterization of ice and snow to support paleoclimatic
reconstruction. The novel aspect of the herein described Thesis was the development of
methods based on the use of miniaturized sample treatment techniques for the determination of
PAHs as organic tracers in Antarctic snow and ice. The use of pre-concentration steps and low-
volume miniaturized procedures has resulted in improved performance and selectivity of
analytical methods providing promising tools capable of determining analytes at trace and ultra-
trace levels and detecting even small differences of atmospheric proxy indicators in the ice

sheets.
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Introduction

I POLYCYCLIC AROMATIC HYDROCARBONS

Polycyclic aromatic hydrocarbons (PAHs) include a broad class of ubiquitous organic

compounds that consist of two or more fused benzene rings having linear, angular or cluster
molecular arrangements [17] (Fig. 1).

Angular Q’

Clustered OQO

Fig. 1 Molecular arrangement of PAHs

The number of rings of each PAH affects its physicochemical properties, although all of them
generally present high boiling and melting points, and low vapour pressure. PAHs having high
molecular weight (4 or more aromatic rings) exhibit very low vapour pressure and are insoluble
in water, therefore they are mostly found adsorbed on the surface of the particulate matter in
the environment. Instead, low molecular weight PAHs (2-3 rings) present a higher vapour
pressure and a slight solubility in water, so they could also be found in the vapour phase or in
solution in aqueous matrices [18]. In this respect, the octanol-water partition coefficient (Kow)
is a physicochemical property useful for modeling the fate and transport of PAHs in the aquatic
environment and terrestrial environment. As shown in Table 1, the log Kow values for these

compounds ranged from 3.30 (naphthalene) to 6.70 (indeno[1,2,3-cd]pyrene).

Based on the type of emission source, PAHs are divided into three main categories: biogenic,
petrogenic and pyrogenic. The biogenic PAHs derive from biological processes and include
e.g. retene and perylene. Petrogenic PAHs are present in petroleum and its refining products,
and could enter the environment due to use and spill of oil. Mostly alkylated lighter PAHs, such
as alkylphenanthrenes, are part of this group [19]. Pyrogenic PAHs originate from the
incomplete combustion of organic materials under condition of oxygen scarcity and could have
both natural (volcanic eruption and forest fire) or anthropogenic sources (biomass and fossil
fuel combustion) [20]. Due to their release into the atmosphere, they could be dispersed globally

[21]. Pyrosynthesis and pyrolysis are the main formation mechanisms of these compounds.
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During combustion, at temperatures between 400 and 500 °C, hydrocarbons undergo cracking
which leads to the formation of smaller and unstable molecules (pyrolysis). These fragments,
mostly radicals, could recombine to produce polycyclic aromatic hydrocarbons (pyrosynthesis)

whose formation is thermodynamically favored [22].

After industrialization most of the PAHSs emissions are considered to be of anthropogenic origin
[3], thus making this class of compounds an evident tracer of human activity [13]. As a result
of the increased content of PAHs in the environment, these pollutants received great attention
due to their toxic potential, and some of them were recognized to be carcinogenic to humans or
possibly carcinogenic to humans [23]. Therefore, 16 PAHs were regulated by the United States
Environmental Protection Agency (US EPA) as priority organic pollutants [24], and eight of
these PAHs are classified as carcinogens of category 1B (European Union, 2013) [25]. The 16
priority PAHs represent the target analytes in this Thesis (Table 1).

Table 1 Name, CAS and formulas of the US-EPA 16 priority pollutant PAHs. The molecular weight
(MW) and the octanol-water partition coefficient (Log Kow) are also shown

Name CAS# Formula MW | Log Kow
CioHs
Naphthalene 000091-20-3 128.17 | 330
Nap
CiHs
Acenaglcn;hyleﬂe 000208-96-8 O'b 15219 | 4.00

Acenaphthene

000083-32-9 O. 154.21 3.92
B Q)

CisHio
Fluorene
i 000086-73-7 ) 16622 | 418
CisHyo
Phenanthrene 000085-01-8 OO 178.23 4.57
Phe O
CisHio
Anthracene
A 000120-12-7 OQ 17823 |  4.54
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CisHio
Fluoranthene 000206-44-0 O.O 20225 | 5.18
CisHio
Pylﬁ;“e 000129-00-0 O‘O‘ 20225 | 5.2
CisHiz
Benzolalanthracene | )56 55 3 22829 | 591
BaA 'O
CisHio
Chrysene 000218-01-9 1) | 22829 | 591
Chr OO ’ )
CooHi2
Benz"[blgg"F"anthe“e 000205-99-2 -~ ‘gh - 252.31 5.80
CoH12
Benzo[klfluoranthene | ), ¢ ¢ ® 25231 | 6.00
BKF 00‘0
CooHin
Benzo[a]pyrene
BaP 00050-32-08 00.90 252.31 5.91
CxHp2
Benzo[ghi]perylene ‘
BehiP 000191-24-2 OQ‘O? 27633 |  6.63
CxHis
Dibenzo[a,h]anthracene
DiabA 000053-70-3 00‘0 27835 | 650
g
CxHip
Indenof1.2.3-cdlpyrene | o0)193.30.5 | (7~ | 27633 | 670
InPy S .

1.1 PAHs IN REMOTE REGIONS

Arctic and Antarctica, as well as high-altitude glaciers, are characterized by lower levels of
contaminants than other parts of the planet due to their remote location, thus they play an
important role for studying possible sources of pollutants and assessing their distribution on a

time scale [5,7].
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The first paleoenvironmental ice core record of PAHs was reported in 1994 by Kawamura et
al. [26]. Analysis of the 400-year-old ice core from Greenland revealed a presence of PAHs
related to fossil fuel combustion and crude oils. Moreover, the historical trend of the levels of
PAHs detected showed an increase in the anthropogenic pollutant concentrations after the
1930s, likely associated with the increase in emissions from the mid-latitudes of the Northern
Hemisphere. The results achieved highlighted that the distribution of PAHs in Arctic regions is

strongly influenced by long-distance transport mechanisms.

The presence of persistent organic pollutants has also been detected in Antarctica, although its
geographical position is more isolated from developed countries compared to the Arctic. This
indicates that global transport mechanisms of anthropogenic pollutants operate also in the
Southern Hemisphere, but the concentration levels in Antarctica were generally lower than in
Arctic [27]. Fuoco et al. [5] reported PAH and PCB concentrations from a snow/firn four-
century record at Talos Dome on the East Antarctic Plateau. After the 1930s, a significant
increase in the PAHs concentration was observed in relation to anthropogenic activities, thus
confirming the exponential increase in emissions from anthropogenic combustion sources in
the 20th century. In addition, the highest PAHs concentration was found at depth profile
corresponding to the Tambora eruption, the largest volcanic eruption in recorded history.
Therefore, it is clear that volcanic eruptions also contribute to the peak of atmospheric PAHs

concentration, but certainly in a limited time.

PAHs undergo LRAT based on their physicochemical properties and environmental conditions
[28]. PAHs volatilize in their source regions and once in the atmosphere they are subject to dry
or wet deposition. However, PAHs could re-volatilize and be transported to remote locations
adsorbed on aerosol particles through a number of deposition/volatilization cycles, termed as

the “grasshopper effect” (Fig. 2).

Fig. 2 The grasshopper effect
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In remote regions, the low temperatures make deposition processes more intense than
evaporation, so resulting in PAHs accumulation in the local environments [28,29]. Several
atmospheric transport models were developed to investigate the global distribution of PAHs
and their transport potential, using also the evaluation of parameters such as the gas/particle
partitioning, the photochemical degradation processes and the reactivity of PAHs in the

atmosphere [29,30].

Although PAHs resulting from anthropogenic combustion in low latitudes are the main input
of these contaminants in remote regions [29], PAHs pollution related to human activities was
also found at a local scale. In particular, the Arctic has important sources of local contamination
due to the presence of permanent population, military bases and coal-mining activities. Rose et
al. [31], for instance, identified the coal combustion occurring in the Isfjord power stations
(Svalbard) as significant local emission sources of PAHs. They also showed that the pattern of
coal consumption during the winter months reflects peak concentrations of some PAHs.
Conversely, Antarctica could be considered almost free from any source of local contamination
due to anthropogenic contribution, with the exception of research stations and related activities
[27]. Kukucka et al. [15] analyzed a snow pit from the Ekstrom Ice Shelf and ascribed the
detected PAHs contamination to sources present in the polar region. Based on the air mass
trajectories, it was assumed that the same PAH concentrations were found near the coastal area

where the research stations are mostly located.

In general, the analysis of PAHs may present some issues and challenges related to their
determination in snow and ice samples at ultra-trace levels, which could result in poor analyte
recovery or the use of large sample volumes [5,10,14,15,26]. In fact, the determination of PAHs
as organic tracers in ice core samples requires high sensitivity and selectivity due to the
presence of these compounds at ultra-trace levels. In addition, despite the large volume
requirements, the volume of sample available would be in the order of tens of mL to obtain a

good temporal resolution for paleoclimatic reconstruction [1].

Therefore, the development of new sensitive analytical techniques is demanded for quantifying
the full range of 16 US EPA PAHs, in order to investigate snow and ice records in areas

considered to be the most pristine on the planet.
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2 MINIATURIZED SAMPLE TREATMENT TECHNIQUES

Most methods that address the analysis of PAHs in polar snow and ice samples include a pre-
concentration step due to the presence of targets at trace and ultra-trace levels. Sample pre-
treatment techniques are used to increase the selectivity and sensitivity of the method by
removing potential interferents and concentrating the analytes, respectively. A correct approach

to sample preparation is essential to obtain valid results from analytical measurements [32].

Solid-phase extraction (SPE) and liquid-liquid extraction (LLE) were the most commonly used
sample preparation procedures as they allow to obtain excellent recovery and LOD values
[3,5,10,11,33]. However, these techniques have several drawbacks: the most common involve
the use of large volumes of sample and organic solvents and, consequently, the need for
evaporation of the solvent entails the risk of losing the lower molecular weight analytes [34].
Furthermore, the generation of toxic residues has side effects for both operators and the

environment.

Miniaturization of analytical methodologies has improved dramatically in recent years as
innovative approach in sample preparation, by reducing solvent consumption according to the
principles of green analytical chemistry [35,36]. Microextraction techniques require a smaller
sample volume than conventional ones and eliminate or reduce the use of organic solvents to
desorb analytes. In addition, they are less time-consuming and allow for automation and
integration of multiple steps in a single operation, thus minimizing sample handling and the
risk of contamination [34,36]. The latter is critical for ice core and snow samples as they require
careful handling to avoid external contamination that could affect the results due to the presence

of the analytes at very low concentrations [3].

This section introduces the miniaturized techniques that have been investigated in this Thesis

for the development of methods to analyze PAHs at the ultra-trace level in polar snow samples.

2.1  SOLID-PHASE MICROEXTRACTION

In 1990 Pawliszyn and Arthur developed solid-phase microextraction (SPME) as a fast and
solvent-free technique based on the extraction of analytes using a fused silica fiber externally
coated with a small amount of adsorbent stationary phase exposed to the sample (Fig. 3) [37].

This solvent-free sample preparation technique offers the advantage of integrating sample

12
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collection, extraction, analyte enrichment, and isolation from sample matrices in one step,

thermal desorption of analytes taking place directly in the gas chromatograph injector.

dl

Fiber-attachment needle —

Coated SPME fused silica fiber——»

Fig. 3 SPME device

The extraction can be carried out by direct immersion (DI-SPME) or by headspace extraction
(HS-SPME). In DI-SPME, the fiber is immersed in the liquid sample and the analytes are
transported directly from the matrix to the fiber providing good precision. In HS-SPME the
analytes are extracted from the gas phase in equilibrium with the sample. This approach is
recommended in case of complex matrix analysis or sample modifications, e.g. adjusting the

pH or salting the matrix without the risk of damaging the fiber (Fig. 4).

Immersion Headspace

= —=

E‘J"J ) C %
/’l’\
ad b
LS

B W

Fig. 4 SPME sampling modes

During extraction process, the analytes are partitioned between the sample and the fiber until
the equilibrium is reached. Once in the equilibrium, the exposure of the fiber for a longer time
does not cause an increase in the extraction yield. In general, setting the conditions of the SPME
technique represents a compromise between sensitivity, speed and precision. As stated above,
both sensitivity and accuracy are higher under equilibrium conditions. However, the time
necessary to reach this equilibrium often is not feasible in practice. Sample agitation contributes
to accelerate the partitioning process by promoting the mass transfer and the mobility of low

diffusion compounds from aqueous sample to fiber, avoiding the formation of analyte-depleted

13
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areas near the fiber. The use of extraction temperatures higher than room temperature also
increases the extraction rate. On the other hand, since extraction is an exothermic process, the
increase in temperature favors desorption of the compounds from the fiber with consequent
lower recovery of analytes. It is clear that the selection of appropriate extraction conditions
should consider the behaviors of all target analytes, particularly when analyzing a group of

compounds with different physicochemical properties, such as the 16 PAHs [38].

The type of stationary phase is another important factor affecting the sensitivity and
repeatability of the SPME method as the extraction efficiency is a function of the mutual affinity
between analytes and coating material. The fiber coating surface can interact with the analytes
via m—m interactions, hydrogen bonds or van der Waals forces. In general, the selection of the
most suitable materials for a specific application takes into account the characteristics of the
analytes, such as molecular size, volatility and polarity, as well as the complexity of the matrix

[39].

Several commercial coatings and devices have been developed that allow a wide range of SPME
applications. Among commercial fibers, polydimethylsiloxane (PDMS) fibers proved to be the
most suitable for the extraction of PAHs from aqueous matrices, so that some standard and
official methods are based on their use [39-42]. Nevertheless, commercially available fibers
have limitations related to low thermal stability, short lifetime and poor selectivity. New
advances in the development of techniques and sorbent materials for use as coatings allowed to
enhance the SPME capabilities [43]. The sol-gel technique led to major improvements in the
thermal, physical and chemical stability of SPME fibers and was applied to extract a wide range
of compounds including PAHs [44,45]. Molecularly-imprinted polymers (MIPs)-based fibers
combine the high selectivity of the recognition cavities towards target analytes with chemical
and thermal stability [46]. However, the steric recognition of PAHs in MIP cavities implies
lower selectivity than compounds having functional groups that tend to interact via hydrogen
bonds with specific sites in the cavity [47]. Nanoparticles (NPs) are known to exhibit
exceptional properties for extracting PAHs such as a large surface area that results in a great
sorption capacity. Several types of NPs have been applied as coatings for SPME fibers in the
analysis of PAHs, including metal organic frameworks (MOFs) and carbon nanoparticles,
which also provided stability to the fibers [48,49]. The performance and applicability of carbon-
based sorbent materials used as fiber coatings to extract PAHs from polar snow samples were

demonstrated in this Thesis.
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2.2 DISPERSIVE MICRO-SOLID-PHASE EXTRACTION

Dispersive solid-phase extraction (DSPE) is an alternative technique to classical SPE and
involves the use of a sorbent phase or a combination of different phases, dispersed in a liquid
sample. Firstly, the purpose of the DSPE was to selectively retain potential interference, as in
the case of the technique known as QuUEChERS (an acronym to summarize the proposed
advantages: Quick, Easy, Cheap, Effective, Rugged, and Safe) developed in 2003 by
Anastassiades et al. for the multiresidue extraction of pesticides from fruit and vegetable
samples [50]. Afterward, the potential of dispersion was used for the microextraction of
contaminants such as PAHs, mycotoxins and residues of veterinary drugs from different food
matrices, and this approach is commonly referred to as dispersive micro-solid-phase extraction
(D-pu-SPE) [51]. The kinetics of the sorption of D-pu-SPE is favored by the close contact between
the sorbent particles and the analytes in the sample solution. However, an external energy
source is fundamental to accelerate extraction by enhancing the dispersion of the sorbent as
well as the diffusion of the analytes. Ultrasound and vortex are generally used for these purposes
as they could promote mass transfer and disaggregate particles to increase their overall size.
Elution is carried out by using an appropriate desorption solvent before instrumental analysis.
The choice of sorbent is fundamental for achieving high performance and depends on the nature
of the analytes and the sample matrix. In addition, the reversibility of the interaction should be
considered in order to effectively desorb the analytes from the phase by using few microliters
of eluting solvent. The high area-volume ratio gives the NPs an excellent sorption capacity, and
the potential for functionalization and magnetization increased their range of applications in D-
u-SPE. In particular, magnetization allows for feasible recovery of the sorbent after extraction
and desorption using an external magnetic field without the need for filtration or centrifugation
[52]. Many authors developed methods based on magnetic NPs-carbon nanotubes for the
determination of PAHs in different matrices, showing the advantages of this simple, fast and
efficient extraction technique [53—55]. In this work, a magnetic nanocomposite based on carbon
nanotubes and cyclodextrins was studied for the extraction of PAHs at ultra-trace level from

aqueous matrix.

2.3 MICROEXTRACTION BY PACKED SORBENT

Microextraction by packed sorbent (MEPS) was introduced in 2004 by Abdel-Rehim as a

miniaturization of the classical SPE technique, developing a single device that integrated
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sample extraction, pre-concentration and cleaning [56,57]. The microextraction is performed
using 1-4 mg of sorbent material packed in a syringe as a plug or in a cartridge called Barrel
Insert and Needle (BIN) [58]. The microextraction can be fully automated using the syringe
coupled with autosampler used in gas-chromatography (GC) or liquid-chromatography (LC)
apparatus. Sampling can also be performed with a semi-automatic procedure using the eVol®
system compatible for use with BIN (Fig. 5). Both methodologies allow to set parameters such

as the number of loading/ejecting steps, the sampling volume and the speed.

Fig. 5 eVol™ Handheld Automated Analytical Syringe and schematic MEPS BIN

The main advantage of this technique is the possibility of extracting a very low sample volume.
Therefore, MEPS immediately found wide application in bioanalysis, since the sample volume
of body fluids is usually limited [59-61]. However, environmental analysis also benefited from
the performance of MEPS by reducing the extraction time and improving both automation and
sensitivity [62,63]. The MEPS technique can be performed using two different microextraction
modes, selected in relation to recovery values, reliability and analysis time. The "Draw-eject"
mode consists of a sequence of aspiration and ejection cycles of sample aliquots in the same
vial. In the "extract-discard" mode each aliquot of aspirated sample is discarded as waste [64].
Since the analytes are adsorbed on a small amount of sorbent, they are eluted using a few
microliters of organic solvent, thus allowing MEPS to be coupled online with GC or LC. In
addition, the consumption of limited quantities of solvents makes the technique more cost-
effective and environmentally friendly than SPE and LLE. The evaluation of both number of
sampling and elution cycles is fundamental to carry out a fast, sensitive and selective procedure.
When analyzing complex matrices, a washing step may be required between loading and elution

steps to remove interfering compounds retained in the sorbent. However, decreases in recovery
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were observed, so the need for this step should be assessed individually for each extraction

[57,58].

The miniaturized features of the MEPS allow for easy reduction or elimination of carryover by
washing the sorbent bed between runs with an appropriate solvent, thus enabling reuse of the
same cartridge for multiple extractions. In particular, the number of reuses for the solid phase
depends on the complexity of the sample matrix, namely for the analysis of water samples a
BIN can performs up to 300 injections. Cartridge lifetime is shorter for non-centrifuged plasma,
as the quality of matrix may alter the sorbent surface and affect the retention of the analytes

[57].

Similarly to other sample preparation techniques, the type of sorbent is a crucial factor for
MEPS selectivity [65]. A wide range of materials can be used as sorbents, some of which are
commonly applied in SPE as well, e.g. materials based on silica (C2, C8 and C18), ion exchange
(SCX), polystyrene-divinylbenzene copolymers (PS-DVB) and mixed mode sorbents. MEPS
also takes advantage of using non-commercial materials, including MIPs, nanoporous and
graphitic sorbents, but the feasibility provided by the use of commercial phases integrated into
BINs is not negligible, especially when automation is required to extract sample volumes in the
order of mL [58]. In addition, reversed phase separation has been shown to be suitable for the
extraction of hydrophobic compounds such as PAHs from water samples. To date, the
development of several MEPS-based methods for the analysis of PAHs in aqueous matrix has
been reported in the literature, however the potential of this technique has not been used for
paleoclimatic purposes [64,66,67]. Based on these considerations, in this Thesis, a MEPS-based

method was developed for the first time to extract PAHs from Antarctic snow samples.
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3 SORBENT MATERIALS FOR THE EXTRACTION OF PAHs

This section provides a description of the main features and the most common uses of carbon
nanotubes, silica-based bonded phase and cyclodextrins, i.e. the groups of materials including

the sorbents investigated in the present Thesis for the extraction of PAHs from snow samples.

3.1 CARBON NANOTUBES

The term carbon nanotubes (CNTs) refers to a group of materials discovered in 1991 by Iijima
showing unique physicochemical properties such as a large surface area and high thermal
stability [68]. The CNTs are divided into two categories depending on whether they are formed
by a single or several sheets of graphene. Single-walled carbon nanotubes (SWCNTSs) have
diameters of 1-2 nm, while multi-walled carbon nanotubes (MWCNTs) have larger diameters

(5-50 nm) (Fig. 6).

SWCNTs MWCNTs

Fig. 6 Molecular structure of SWCNTs and MWCNTs

SWCNTs show excellent electric properties, in particular they exhibit electrical conductivity
having semiconductor or metallic behavior. These properties make SWCNTSs suitable in the
field of nanoelectrodes and sensors [69]. MWCNTSs have been very useful in many analytical
fields, such as separation and sample preparation techniques. Although sample pre-treatment
techniques also involve SWCNTs, MWCNTs have received more attention because being made
up of several rolled-up sheets they show a greater surface area and consequently a higher

adsorption capacity of organic compounds [70].
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The adsorption mechanisms that characterize CNTs are different depending on the type of
targets. The affinity potential of CNTs towards chemicals is due to the hydrophobic interactions
and n—m bonds between the CNTs and organic compounds having 7 electrons, i.e. molecules
with carbon-carbon double bonds or aromatic rings [71]. Hydrogen bonds and electrostatic
interactions are also used to predict the relations between organic substances and CNTs due to
the functional groups and charges present on the CNT surface, respectively. In particular, the
presence of specific functional groups and charges can affect the hydrophilicity of CNTs thus
determining chemical polarity. For example, the presence of functional groups on the surface
of CNTs that increase the oxygen content, are able to reduce the available surface area, thus
interfering with the hydrophobic interactions between CNTs and non-polar chemicals. The
presence of functional groups on CNTs (e.g. hydroxyl, carboxyl or carbonyl) can be the result
of synthesis and purification procedures or can be incorporated on CNT by oxidation processes;
their removal from CNTs can occur by means of heat-treatments [72]. Besides the influence on
adsorption capability, the presence of functional groups also allows for synthesis of new
composite sorbents by bonding CNTs with other materials such as polypyrrole or cyclodextrins

in order to enhance the analytical performance [73,74].

In general, different adsorption processes operating simultaneously and dependent on the
properties of both CNTs and chemicals can predict interactions between CNTs and organic
compounds. These mechanisms could also show opposite effects to consider when investigating
a carbon sorbent: i.e., CNTs with smaller diameter have a greater surface curvature that results
in a higher number of multilayers and a greater adsorption capacity for molecular species.
Nevertheless, molecules with planar structures such as benzene show better affinity for CNTs

with larger diameters due to the flatter surface that provide higher contact [72].

PAHs having an aromatic ring structure and relatively high hydrophobic partition coefficients
are known to show a strong interaction towards CNTs [71]. Therefore, in this Thesis the
capabilities of four groups of commercially available MWCNTs, including one functionalized
with carboxylic moieties (COOH-MWCNT) and one with helical configuration (HMWCNT)
were evaluated as selective coatings for SPME extraction and subsequent GC-MS analysis of
the 16 PAHs at ultra-trace in aqueous samples. The results showed greater extraction efficiency

in adsorption and recovery of analytes using the SPME fiber coated with HMWCNT.

Furthermore, in this Thesis the capabilities of a type of composite material based on

functionalized MWCNT and cyclodextrins as innovative materials were investigated.
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3.2  BONDED SILICA PHASES

In this work, commercial silica-based materials, i.e., C2, C8 and C18, were studied as sorbents
for the MEPS technique. C2, C8 and C18 have alkyl chains of different lengths (ethyl, octyl,

octadecyl, respectively) which are covalently bonded to an inert matrix of silica (Fig. 7).

These sorbents are examples of silica-based materials used in the reverse phase separation mode
(RP). As is known, the retention of organic compounds is mainly due to hydrophobic

interactions and Van der Waals forces between the analytes and the stationary phase.

CHy, (I:")
H
C2 —o-s!,«—c’—cn, Cs —O‘SIA—(CH;»—C*»
CH, CH,
CHy
C18

—o'bl-‘_'(cﬂ;)u'cﬂl

CHy

Fig. 7 Structures of the silica bonded phases studied in the present study

According to the increase of the retention capacity of the phase with the chain length, C18 is
the phase with the highest hydrophobicity able to adsorb even weak hydrophobic analytes from
the aqueous solution. C8 is a moderately hydrophobic phase used for methods that require less
analyte retention. C2 is the phase with less hydrophobicity than C18 and C8 [75]. The main
applications of this type of sorbents concern the extraction of drugs and their metabolites in
biological fluids as well as organics at trace and ultra-trace levels in environmental aqueous
samples. In particular, these phases are considered suitable for the extraction of PAHs from

water samples due to hydrophobic interactions [65].

On this basis, in the present work of the Thesis an innovative method based on the MEPS
technique with GC-MS analysis for the extraction of US-EPA PAHs was developed: for this
purpose, in a preliminary phase, efficiency of microextraction using C2, C8 and C18 packed

sorbents was evaluated.

3.3 CYCLODEXTRINS

Cyclodextrins (CDs) are natural compounds having cyclic structure made up of glucopyranose
units linked by a-(1,4) bonds. CDs include three main types of oligosaccharides that differ in
the number of glucose residues, namely a-CD (six) B-CD (seven) and y-CD (eight) [76]. The
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secondary hydroxyl groups of glucopyranose (C2 and C3) are found at the margin that delineates
the wider end of the ring whereas the primary hydroxyl groups (Ce) are found around the bottom
edge. Since the primary hydroxyl groups can freely rotate, the diameter of the bottom side is

reduced compared to the face that hosts the secondary hydroxyl groups (Fig. 8).
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Fig. 8 Structures of cyclodextrins
The cyclic structure has a hydrophobic cavity bounded by the glycosidic H and O atoms. The
non-bonding electrons of the glycosidic oxygen located at the level of the cavity originate a
high electron density which gives CDs Lewis base properties. The hydroxyl group on the Cz of
glucopyranose can form a hydrogen bond with the hydroxyl group on the C3 of the adjacent
unit. The formation of these hydrogen bonds supports the rigid structure of CDs and results in
the low solubility of B-CD in water. This formation of hydrogen bonds is partial in a-CD
because a glucopyranose unit is in a distorted position so that only four hydrogen bonds can be
formed. The y-CD has a more flexible non-planar structure which makes them more soluble in

water than o-CD and B-CD [77].

In aqueous solution the cavity of the CD is occupied by water molecules. However, the
interaction between polar and non-polar molecules is energetically disadvantaged, therefore the
water molecules are replaced by lower polarity compounds. CDs have the ability to form host-
guest inclusion complexes with a wide range of molecules. The driving force for the formation
of the complex is determined by entropic factors (displacement of water molecules) and
enthalpy factors (hydrophobic interactions between the CD cavity and the guest). The complex
is stabilized by Van der Waals forces and hydrogen bonds in a dynamic equilibrium. The
affinity of a molecule for the CD cavity is a function of two elements. The first is steric, as

o—, B—, and y-CD have different diameters so they can include molecules based on their fitting,
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whereas the second depends on the thermodynamic interaction between the different

components of the system, i.e. CDs, guest and solvent [78].

Inclusion in the cavity of CD causes significant changes in the physicochemical properties of
the guest molecules. Changes that would be difficult to achieve otherwise include e.g. increased
solubility of insoluble guests, stabilization against the degrading effects of oxygen and light,
control of volatility and sublimation, physical isolation of compounds, chromatographic
separations, masking of flavours and smells, and controlled delivery of drugs. Therefore, these
attributes make CDs and their derivatives suitable for applications in different fields such as

pharmaceuticals and analytical chemistry [77].

In particular, the potential of CDs has recently been used in combination with other materials
to prepare sorbents for sample preparation techniques [79]. B- and y-CD have been the most
used in environmental analysis due to the size of their cavity capable of complexing analytes

such as PAHs and phenolic compounds [80-82].

In this Thesis B- and y-CD were used for preparation of composites with functionalized
MWCNTs as innovative materials for the efficient extraction of PAHs in water samples. At
first, the sorbents were studied using the magnetic D-u-SPE technique, but poor recovery
efficiency was achieved. Therefore, the nanocomposites were successfully used to develop a

SPME-GC-MS method for the analysis of 16 US-EPA PAHs in water samples.
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4 CHEMICALS AND MATERIALS

Hexane (puriss. p.a., ACS reagent, >99.0% GC), acetonitrile (ACN) (suitable for HPLC,
gradient grade, >99.9%), dichloromethane (DCM) (puriss., meets analytical specification of Ph.
Eur., NF, >99% GC), and ethyl acetate (EtAc) (puriss. p.a. ACS, Reag. Ph. Eur., Reag. ISO)
were supplied by Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Methanol (MeOH)
>99.7% purity) was supplied by Honeywell Riedel-de Haén (Seelze, Germany).

Four different types of carbon nanotubes, i.e. HMWCNTs 100-200 nm OD, length: 1-10 pm;
MWCNTs >50 nm OD, length: 10-20 um (SOMWCNTs); MWCNTs <8 nm OD, length: 10—
50 um (SMWCNTs) and one type of functionalized COOH-MWCNTs: >50 nm OD, length:
10-20 um were purchased from Cheap Tubes Inc. (Cambridgeport, USA).

Five mg of y-cyclodextrin were purchased by Fluorochem (UK).

One cm SPME bare fused silica and 1 cm-30 um PDMS fibers were provided by Supelco
(Bellefonte, PA, USA). Duralco 4460 epoxy glue was purchased by Cotronics Corp. (Brooklyn,
NY, USA).

Ultrapure water was produced by a Millipore Milli-Q Element A10 Water Purification System
(Merck-Millipore, Milan, Italy).
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5 INSTRUMENTAL EQUIPMENT

The research activity was carried out in the Analytical Chemistry Laboratories of the
Department of Chemistry, Life Sciences and Environmental Sustainability of the University of
Parma. The synthesis and characterization of MWCNT-CD nanocomposites were conducted in
the Laboratory 83 of Inorganic and Bioinorganic Chemistry under the supervision of Prof. F.

Bisceglie.

5.1  GAS CHROMATOGRAPHY-MASS SPECTROMETRY

Analyses of the 16 US-EPA PAHs were performed using a HP 6890 Series Plus gas
chromatograph (Agilent Technologies, Milan, Italy) supplied with a PAL Combi-xt
autosampler (CTC Analytics AG, Switzerland) and coupled to a MSD 5973 mass spectrometer
(Agilent Technologies).

The GC used is equipped with a S/SL (Agilent Technologies) injection port: all the analyses
were carried out by operating in splitless mode, and helium was used as carrier gas at a constant
flow rate of 1.0 mL min'!. The mass spectrometer was equipped with an electron ionization (EI)
ion source and an electron energy of 70 eV was always used. The transfer line and the ion
source were maintained at 280 °C and 150 °C, respectively. Preliminarily, full scan mass spectra
were recorded in the 40-400 amu range (scan time: 2 scan s~ ') to select a list of both qualifier
and quantifier ions per target analyte. GC-MS analyses were carried out under selected ion
monitoring (SIM) conditions. The SIM mode was used for quantitative measurements setting a
dwell time of 30 ms for each ion. The selected ions are listed in Table 2. The ChemStation

(Agilent Technologies) was used for signal acquisition and data processing.

Taking into account that the GC column has been replaced over the three years of this work,
the GC runs are described later in each method section, as well as time windows of quantifier

ions.

Table 2 lons monitored for target PAHs (quantifier ions are underlined) in SIM mode.

PAHs Qualifier and quantifier ions (m/z)
Nap-d8 136, 137, 108
Nap 128, 127, 102
Acy-d8 160, 158, 161
Acy 152, 151,76
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Ace-d10 162, 164, 160

Ace 153, 154,76

Flu-d10 176, 174, 175

Flu 166, 165, 139

Phe-d10 188, 189, 184

Phe 178,176, 152

Ant-d10 188, 189, 184

Ant 178, 176, 152

Flt-d10 212,208, 213

Flt 202, 200, 101

Py-d10 212,211, 208

Py 202, 200, 101

BaA-d12 240, 236, 241

BaA 228,226,113

Chr-d12 240, 236, 241

Chr 228,226, 113

BbF-d12 264, 265, 260

BbF 252,253,126

BkF-d12 264, 265, 263

BKkF 252,253, 126

BaP-d12 264, 265, 260

BaP 252,253,126

InPy-d12 288, 289, 144

DiahA-d14 292, 288, 293

InPy 276,279, 278, 2717,
139

DiahA 278,279, 277, 276, 139

BghiP-d12 288, 287, 289

BghiP 276, 279, 278, 277, 139

5.2 CHARACTERIZATION OF MATERIALS: INSTRUMENTS

o Thermogravimetric analysis (TGA) was performed using a TGA 7 instrument
(PerkinElmer, Walthan, MA).
o Morphological characterization was performed using an environmental scanning electron

microscope (ESEM) Quanta TM 250 FEG (FEI, Hillsboro, OR, US).
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Fourier transform infrared (FTIR) spectra were recorded by a Spectrum Two™ FT-IR
Spectrometer (PerkinElmer).

Raman spectra were recorded by using a Renishaw System-1000 spectrometer (Renishaw,
UK).

Zeta-potential (C-potential) measurements were performed by Dynamic Light Scattering

(DLS) using a Zetasizer-Nano ZSP (Malvern Panalytical, Worcestershire, UK).
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6 METHOD VALIDATION

The developed methods were validated according to EURACHEM guidelines [83].

Detection (yp) and quantitation (yq) limits were expressed as signals based on the mean blank

(xv) and the standard deviation of blank responses (sb) as follows:
yD =Xb+ 3 Sb
yQ =Xb+ 10 sp

The value of x» and sb were calculated carrying out 10 blank measurements. The concentration
values of the limit of detection (LOD) and limit of quantitation (LOQ) were obtained by
projection of the corresponding signals yp and yq through a calibration plot y = f(x) onto the

concentration axis.

Calibration curves were constructed performing 3 replicate measurements on six concentration
levels spaced across the range of interest evaluating at least over 1 order of magnitude.
Homoscedasticity was verified by applying the Bartlett's test (o = 0.05). Linearity was evaluated
by applying the Mandel’s fitting test (o = 0.01), whereas the Lack-of-fit was performed to
evaluate the goodness of the fit (o = 0.05). The significance of the intercept (significance level

5%) was established by running a Student's ¢-test.

Precision defined as repeatability and intermediate precision was calculated in terms of relative
standard deviation (RSD) % on three concentration levels performing six replicates at each
level. Intermediate precision was estimated over three days proving homoscedasticity of data

and carrying out ANOVA at 95% confidence level.

Trueness was evaluated in terms of recovery rate (RR%) calculated as follows:

RR% = 2 x 100
C2

where c1 is the measured concentration and c2 is the concentration calculated from the amount
spiked into the sample. For each concentration level 10 replicated measurements were carried

out.
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7 METHODS

As mentioned in the Introduction, the contamination control strategy plays an important role in
extracting reliable data from polar samples due to the expected low level of analyte
concentration. In fact, awareness of the importance of contamination control has increased over
the past few decades and therefore clean materials, reagents and careful procedures have been

developed, allowing pristine and detailed records to be extracted from polar samples [4].

In this work, after washing and drying, all glassware was thoroughly rinsed three times using
hexane as an ultrapure special grade non-polar solvent is recommended to remove residual

organic contaminants when the target analytes are POPs, including PAHs [10].

7.1  SPME-GC-MS METHOD USING HMWCNTs AS FIBER COATING

This section provides the description of each step of the development and validation of the
analytical method for the SPME-GC-MS analysis of the 16 PAHs proposing, for the first time,
HMWCNTs as novel SPME coating. The developed method was the subject of the research
paper entitled “Helical multi-walled carbon nanotube-coated fibers for solid-phase
microextraction determination of polycyclic aromatic hydrocarbons at ultra-trace levels in ice

and snow samples” by Arcoleo et al. (2020), published in Journal of Chromatography A [84].

7.1.1 Analytical standards and reagents

EPA 525 PAH Mix A including Nap (99% purity), Ace (99% purity), Flt (98% purity), Acy,
Flu, Phe, Ant, Py, BaA, Chr, BbF, BkF, BaP, InPy, DiahA, BghiP (certified reference material,
500 pg mL! each component in dichloromethane), and perdeuterated PAHs including Nap-d8
(>99% atom D), Ace-d10 (>99% atom D), Phe-d10 (>98% atom D), Py-d10 (>98% atom D),
BaA-d12 (>98% atom D), BaP-d12 (>98% atom D), BghiP-d12 (>98% atom D) were purchased
from Sigma-Aldrich (Milan, Italy).

Native and deuterated PAHs stock solutions containing each analyte/deuterated standard at the
concentration of 10 mg L' were prepared in MeOH and kept at 4 °C in darkness. The working

solutions were prepared by proper dilution of the stock solutions.

7.1.2 Fiber preparation and characterization
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The MWCNTs fiber coatings were obtained by dipping 1 cm portion of the silica substrate of
the fibers into the Duralco 4460 epoxy glue and, after 2 min, into 1 g of each MWCNT powder

for three times.

TGA of HMWCNTs was performed in the 50600 °C temperature range (heating rate: 10 °C

min') under inert (N2) atmosphere.

7.1.3 SPME procedure

Before use, each fiber was conditioned at 270 °C in the GC inlet for 2 h under a helium flow in

order to remove impurities.

All of the experiments were performed by direct immersion technique in a 10 mL glass vial
containing 9.5 mL of the sample solution spiked with internal standards each at the
concentration of 10 ng L'!. Vials were fitted with crimped aluminium caps lined with PTFE

septa. Desorption was carried out at the temperature of 310 °C for 5 min.

7.1.4 GC-MS conditions

Separation was performed on a Rxi—17Sil MS capillary column (30 m x 0.25 mm i.d., 0.25 pm
film thickness) (Restek, Bellefonte, PA, USA). A Rxi-5Sil MS capillary column (30 m x 0.25
mm i.d, 0.25 pm film thickness) (Restek, Bellefonte, PA, USA) was used for confirmation

purposes.

Table 3 Time windows of the monitored ions

PAHS Time v;"indow

(min)

Nap, Nap-d8 2.00-5.00

Acy, Ace, Flu, Ace-d10 5.00-8.50

Phe, Ant, Phe-d10 8.50-11.00

Flt, Py, Py-d10 11.00-17.00

BaA, Chr, BaA-d12 17.00-22.00

BbF, BKF, BaP, BaP-d12 22.00-30.00

InPy, DiahA, Bghi, BghiP-d12 30.00-37.33

The S/SL (Agilent Technologies) injector was set at 310 and 270 °C for the desorption of the
HMWCNTs and 30 pm PDMS fibers, respectively. The temperature program for the

30



Materials and methods

chromatographic run was as follows: 110 °C; 15 °C min™! up to 220 °C, 4 °C min™! up to 320

°C, 320°C for 5 min. The time windows of the monitored ions are summarized in Table 3.

7.1.5 Extraction optimization by experimental design

Variables such as extraction temperature (T) and extraction time (t) were optimized using a 22
full factorial design (FFD). Low and high levels in the experimental domain were T = 40-80
°C and t = 15-60 min, respectively. This experimental plan allows the evaluation of the effects
of both the main factors and their interactions [85]. In order to evaluate the experimental error,
four replicates at the center of the experimental domain were carried out. For the experiments,

standard solutions at the concentration of 50 ng L"! for each PAH were used.

A F-test was performed to evaluate the existence of relevant quadratic effects comparing the
experimental and calculated responses at the center of the experimental domain and a star
design was added to the factorial design experiments. The final regression models were then
calculated by a forward search stepwise variable selection algorithm and the optimal conditions

were assessed by using the multicriteria method of the desirability functions [85,86].

All statistical analyses were performed by using the statistical package SPSS Statistics 23.0
(IBM, Milan, Italy).

7.1.6 Validation

Calibration curves were prepared by spiking the appropriate amount of analytes into 9.5 mL of
groundwater in order to obtain the 1.5-30 ng L'! concentration range. Deuterated PAHs (used

as internal standards) were added at 10 ng L.

Precision was calculated at 3, 10 and 30 ng L'!. Two concentration levels at 5 and 30 ng L™! for

each analyte were analyzed to calculate RR%.

7.1.7 Enrichment factors

The enrichment factors (EFs) were calculated for both HMWCNTs-coated and commercial 30
um PDMS fibers using a concentration of 10 ng L' for each PAH. EFs were calculated as the
ratio of the concentration of the analyte extracted onto the fiber surface to that of the analyte in
the standard mixture, i.e. using the ratio of the chromatographic peak area of each analyte after
SPME compared to that obtained by the direct injection of a standard solution at 10 pug L' [87].

Three replicated measurements were performed.
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7.2 MEPS-GC-MS METHOD

The herein described MEPS-GC-MS method resulted in the publication of a research paper in
Chemosphere, entitled “A sensitive microextraction by packed sorbent-gas chromatography-
mass spectrometry method for the assessment of polycyclic aromatic hydrocarbons

contamination in Antarctic surface snow”, by Arcoleo et al. (2021) [88].

7.2.1 Analytical standards and reagents

The standard mixture of 16 PAHs Nap, Ace, Flt, Acy, Flu, Phe, Ant, Py, BaA, Chr, BbF, BKF,
BaP, InPy, DiahA and BghiP (each component at a concentration of 100 ug mL ™! in aceto-
nitrile), and deuterated PAHs internal standard (IS) containing Nap-dS8, Ace-d10, Phe-d10, Ant-
d10, BaA-d12, Chr-d12, BghiP- d12, DiahA-d14, Acy-d8, Flu-d10, Flt-d10, Py-d10, BaP-d12,
BbF-d12, BkF-d12 and InPy-12 (each component at a concentration of 10 pg mL™! in
acetonitrile) were purchased from Neochema (Bodenheim, Germany) and were stored in the

absence of light at 4 °C.

Intermediate stock solutions of native and deuterated PAHs, each at 1 mg L™!, were prepared
in MeOH. Daily, standard native and deuterated PAHs working solutions were prepared by

proper dilution of the stock solutions before use.

7.2.2 Environmental snow sample collection

Surface snow samples collected on the coastal area of Victoria Land (Antarctica) during the
2020-2021 austral summer were kindly provided by the National Antarctic Research Program
(PNRA). Samples were maintained at =20 °C until analysis, then they were thawed in the
laboratory at room temperature preventing exposure to solar irradiation and subjected to MEPS

procedure.

7.2.3 Semi-automated MEPS procedure

Microextractions were carried out using the hand-held digital device eVol® Sample Dispensing
System equipped with a 50 pL syringe. This device allows for using commercially available
BINs. In this work the BINs packed with 4 mg of phases C2, C8 and C18 respectively were
used. The entire apparatus was purchased from SGE Analytical Science (SGE Analytical

Science Pty Ltd., Victoria, Australia).
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Prior to first use, each BIN was activated three times with 50 pL of MeOH followed by the

same volume of ultrapure water at a speed of 10 uL s™!.

The sample (4 mL) was extracted from a 10 mL glass vial by 80 loading steps of 50 pL each at
a speed of 12.50 puL s™! and all portions were discarded into the waste. Then the sorbent was

dried by 10 cycles of pulling and pushing air at a flow rate of 25.00 pL s~

Based on the assumption that small aliquots commonly elute analytes of interest more
efficiently than one large aliquot [89], the adsorbed PAHs were collected in three fractions (10
uL each) by eluting with EtAc at the speed of 1.67 uL s™!. The eluate was spiked with IS at the
concentration of 10 ug L' and 1 pL of the solution was injected into the GC-MS. After the
elution step, the sorbent was washed with EtAc, MeOH and ultrapure water (50 puL each) to

avoid any carryover and to condition the solid phase before the next extraction.

7.2.4 GC-MS conditions

The injection port temperature was set at 300 °C. Separation was achieved on a Rxi-5Sil MS
capillary column (30 m % 0.25 mm i.d, 0.25 um film thickness) (Restek, Bellefonte, PA, USA).
The GC oven temperature program was as follows: 70 °C; 15 °C min~! to 290 °C (held for 4
min) for a total run time of 19.17 min. The time windows of the selected ions are listed in Table

4.

Table 4 Time window for target PAHs

PAHs Time window (min)
Nap, Nap-d§ 3.90-5.50
Acy, Ace, Acy-d8, Ace-d10 5.50-7.60
Flu, Flu-d10 7.60-9.00
Phe, Ant, Phe-d10, Ant-d10 9.00-10.50
Flt, Py, Flt-d10, Py-d10 10.50-12.50
BaA, Chr, BaA-d12, Chr-d12 12.50-14.50
dB]sz, BKF, BaP, BbF-d12, BkF-d12, BaP- 14.50-16.50
InPy, DiahA, Bghi, InPy-d12, DiahA-d14,
thyip-c;lz g Aty ' 16.50-19.17
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7.2.5 Selection of the sorbent and elution solvent

The method was developed using uncontaminated snow from Antarctic Plateau as blank matrix.
Three reversed-phase sorbent materials (silica-C2, silica-C8 and silica-C18) were evaluated and
compared for the enrichment of the target PAHs from water samples. For each sorbent the
extraction of three independent replicate sample solutions spiked with PAHs at 500 ng L! was

performed.

After the optimization of best sorbent material, the effect of three different elution solvents
(DCM, EtAc and MeOH) on PAHSs desorption from C8-BIN was investigated performing
extraction of three independent sample solutions spiked with PAHs at 250 ng L' for each

solvent.

The performance of both the sorbents and the elution solvents was expressed in terms of relative

chromatographic peak areas using the formula:
Area ratio = A(spike, net)/A(internal standard)

where: A(spike, net) is the net chromatographic peak area of the compound in a spiked “blank”
sample which was subjected to MEPS; A(internal standard) is the chromatographic peak area

of the internal standard added after sample extraction.

7.2.6 Optimization of the MEPS procedure by experimental design

For the optimization of the experimental parameters, measurements were carried out on blank
water obtained by melting uncontaminated snow spiked with PAHs mixture at 250 ng L!. The
influence of two factors and of their interactions on MEPS performance was studied using a
full centred design (FCD). The investigated factors were the following: the number of loading
cycles (x1) and the number of eluting cycles (x2). Low and high levels were: x1=40-80, x2 = 3-

10. Four replicates at the centre point were considered to estimate the experimental variability.

The FCD was used to calculate the final regression models which were used to identify the
optimal conditions by means of the multicriteria method of the desirability functions [86]. The

software package SPSS Statistics 23.0 (IBM, Milano, Italy) was used for statistical calculations.

7.2.7 Validation

Calibration curves were constructed on six concentration levels in the LOQ-150 ng L! range

by spiking uncontaminated snow from Antarctic Plateau used as blank samples.
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15, 50 and 150 ng L' were the concentration levels used to calculate repeatability and

intermediate precision over three days. Trueness was assessed at 20, 70 and 130 ng L.

Before each injection, IS was added at 10 pg L"! to the PAH standard solutions and to samples

after extraction.

7.2.8 Enrichment factors

The enrichment capabilities of semi-automated MEPS-C8 were evaluated in terms of EFs.
Under the optimized conditions, EFs were calculated as the ratio of the concentration of the
analytes at 20 and 50 ng L ™! extracted by MEPS to that obtained by the direct injection of 1 uL
of standard solution of PAHs at 10 pg L™!. Experimentally, the ratio of the chromatographic
peak area for each analyte after MEPS was compared to that obtained by direct injection and

corrected by using the proper response factor. Three replicate measurements were carried out.

7.3  SPME-GC-MS METHOD USING MWCNT-CD NANOCOMPOSITE AS FIBER
COATING

This experimental section describes the second SPME-GC-MS method developed in this
Thesis. The method makes use of nanocomposites based on functionalized COOH-MWCNT
and B— and y—cyclodextrins (B- and y-CD), respectively, as fiber coatings for the extraction of
the 16 PAHs. The MWCNT-CD based materials combine the thermal and chemical stability of
MWCNTs with the ability of CDs to complex analytes within their hydrophobic cavity.

The analytical standards and the information regarding both the preparation of the working
solutions and the utilised GC-MS conditions were already described in paragraphs 7.2.1 and

7.2.4, respectively.

7.3.1 Preparation of SPME coatings

The synthesis and characterization of nanocomposites were carried out by the group of
Inorganic and Bioinorganic Chemistry of the Department of Chemistry, Life Sciences and
Environmental Sustainability under the supervision of Prof. Franco Bisceglie. The commercial
COOH-MWCNTs were subjected to two types of oxidative treatment by using nitric acid and
ammonium hydroxide/hydrogen peroxide, respectively, in order to increase the concentration
of carboxylic functions on the graphitic surface. Chemical oxidation was performed according

to the procedure described by Datsyuk et al. [90] with minor modifications. Briefly, 500 mg of
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CNTs were dispersed in 40 mL of either nitric acid and of a mixture of ammonium
hydroxide/hydrogen peroxide (1/1 v/v) and maintained at room temperature for 72 h. The
subsequent addition of B-CD and y-CD was carried out as reported by Cheng et al. [91].
Therefore, four types of nanocomposites were obtained, namely MWCNT-HNO3-B-CD,
MWCNT-HNO3-y-CD, MWCNT-H202-B-CD and MWCNT-H202-y-CD.

7.3.2 Characterization and fiber preparation

The four types of nanocomposites were characterized by FTIR, TGA and X-ray photoelectron
spectroscopy (XPS), the latter being carried out thanks to a collaboration with the Institute of
Nanosciences of the National Research Council of Modena. Oxidized and untreated COOH-
MWCNTs were subjected to {-potential measurement by DLS technique. In addition, Raman
spectra of MWCNT-HNO3 and MWCNT-H20:2 reduced with hydrazine hydrate and their

unreduced analogues were recorded.

The MWCNT-CD and COOH-MWCNT coatings of the fibers were obtained by dipping a 1
cm portion of the bare fused silica fibers in Duralco 4460 epoxy glue and, after 2 minutes, in

100 mg of each powder of MWCNT-CD and COOH-MWCNTs for three times.

7.3.3 Optimization of the SPME procedure

The experimental plan was obtained by applying a central composite design (CCD) consisting
of a 23 FFD, four replicates at the center point and a star design [92]. Three variables were
investigated, namely desorption time (X1), extraction temperature (x2) and extraction time (X3).
The experimental domain was: x1= 3-5 min, x2=40-60 °C and x3 = 40-80 min. For this purpose,
standard solutions spiked with PAH standards mixture at the concentration of 50 ng L' were

used.

The presence of relevant quadratic effects was evaluated using an F-test comparing the
experimental and calculated responses at the center of the experimental domain. The
identification of the optimal conditions was assessed using the desirability function method.
Statistical analysis carried out by using the software package SPSS Statistics 23.0 (IBM,
Milano, Italy).

7.3.4 SPME procedure

Before use, each fiber was conditioned in the GC injection port at 270 °C for 1 h under a helium

flow.
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The experiments were performed using the direct immersion mode under the optimized
conditions. Ten mL glass vial containing 9.5 mL of the sample solution spiked with internal
standard at the concentration of 10 ng L' were used. Desorption was carried out at the

temperature of 270 °C.

7.3.5 Validation

Calibration curves in the LOQ-30 ng L"! range were obtained by spiking the appropriate amount

of standard PAH mix in Antarctic Plateau snow used as blank matrix.

Precision was calculated at 2, 15 and 30 ng L-'. RR% values were assessed by performing the

analyses at 3, 10 and 20 ng L.

7.3.6 Enrichment factors

The MWCNT-H20:2-y-CD fiber was used to calculate EFs by operating under the optimized
conditions. A standard solution spiked with PAHs at the concentration of 10 ng L' was used
and 3 replicate measurements were performed. The ratio of chromatographic peak areas
obtained for each PAH after SPME were compared to that obtained by the direct injection of 1

uL of standard solution of PAHs at 10 ug L™! and corrected by using the proper response factor.

7.3.7 Solution for the preparation of co-crystals

Solid state experiments to investigate the ability of CDs to complex PAHs were carried out. For
this purpose, y-CD (50 mg) and pyrene (8 mg) were dissolved in 9 mL of water and MeOH,
respectively. After the two solutions were combined, they were stirred for two hours at room
temperature. Two hundred mL of acetonitrile were added to the solution. The mixture was
evaporated at room temperature and when it reached approximately 20 mL it was placed under
magnetic stirring at 70 °C for two days. The temperature was progressively lowered to room

temperature by 2 degrees at a time.
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8 SPME-GC-MS METHOD USING HMWCNTs AS FIBER COATING

8.1  FIBER COATING SELECTION

The four types of MWCNTs investigated as SPME fiber coating for the ultra-trace extraction
of the 16 PAHs are depicted in Fig. 9.

Fig. 9 SEM images of the MWCNTs under study (a) SMWCNTs, (b) SOMWCNTs, (¢c) COOH-MWCNTs and (d)
HMWCNTs.

As observed from the SEM images, the MWCNTs under study have different morphologies
and external diameters, which influence the adsorption of PAHs along with other parameters

such as the presence of functional groups on the surface.

The potential of wide applications in separation science for carbon nanotubes is due to non-
covalent forces including hydrogen bonding, electrostatic forces, n—mn stacking, hydrophobic
interactions and van der Waals forces, thus making MWCNTs effective sorbents for the
extraction and preconcentration of organic compounds [93]. In addition, their chemical and
physical properties make them stable materials suitable for application as coating for SPME
fibers [94]. The assessment of the four types of MWCNTs tested as coating in this work and a
commercial 30 um-PDMS fiber is shown in Fig. 10.
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Fig. 10 Evaluation of extraction efficiency of a commercial 30 um PDMS fiber and four different MWCNTs

coated fibers for the extraction of 16 PAHs from water samples spiked with 16 PAHs at the concentration of

50 ng L' each (n=3). SPME conditions: sample volume, 9.5 mL; extraction temperature, 60 °C; extraction
time, 30 min; desorption temperature, 270 °C, desorption time, 2 min.

The comparison of the fibers showed that the one coated with HMWCNT exhibited the highest
GC-MS response for most PAHs compared to the other MWCNTs tested, especially for PAHs
with 5 and more aromatic rings. This result is consistent with other studies in which HMWCNTSs
were used as sorbent to extract PAHs by DSPE [95,96]. In fact, HMWCNTSs have a larger
external diameter (100-200 nm) than SMWCNT (< 8 nm) and SOMWCNT (> 50 nm), which
results in better contact between planar PAHs and the flat surface of the nanotube and therefore
a better extraction efficiency [72]. Concerning SOMWCNT, this material showed very good
extraction efficiency for several 3 and 4-rings PAHs (Flu, Phe, Ant, Flt and Py).

As for the COOH-MWCNTs, the functionalization of the nanotube surface generally implies a
reduction of the surface available for the adsorption of the analytes and this effect is even more
evident when extracting planar molecules [97]. This finding could explain the absence of GC-
MS response in this study for InPy, DiahA and BghiP when using COOH-MWCNTs-coated
fiber.

Commercial PDMS fiber allowed for the highest extraction yield for InPy, DiahA and BghiP
as it allowed for more effective desorption of the heavier PAHs. Conversely, strong adsorption
occurs through the n—n interactions between PAHs with higher molecular weight and CNTs,

thus making desorption more difficult [98].
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Since HMWCNT fiber was shown to be the most effective for extracting most PAHs exhibiting
up to 3 times higher GC responses than PDMS fiber, it was selected for method optimization

and validation.

8.2  CARRYOVER EFFECT

After the selection of the fiber coated with HMWCNTs, the thermal stability of the material

was investigated to evaluate the most suitable desorption conditions.

Commonly, the carryover effect is known to influence subsequent SPME analyses due to the
memory effect of the analytes adsorbed on the coating, especially in the case of low volatile
compounds [38]. This could compromise the extraction efficiency, therefore longer desorption

times and higher desorption temperatures may be necessary [99,100].

A TGA of the HMWCNTs was performed to determine the optimal injection port temperature
and desorption time values. The analysis showed that HMWCNTSs are stable at temperatures
below 350 °C (Fig. Al). Based on these results, a desorption temperature of 310 °C was selected
to achieve desorption of all PAHs without damaging the fiber coating. The effect of desorption
time was also studied in the 2 — 5 min range, resulting in a time of 5 minutes to completely
desorb the analytes. These desorption conditions were found to be suitable for not observing

the carryover effect.

8.3  SPME OPTIMIZATION

The extraction conditions of the HMWCNT coated fiber were optimized by running a CCD to

investigate the effects of both extraction temperature and extraction time as main factors.

The experimental domain was selected taking into consideration the properties of the analytes
and the feasibility of the analysis. As for the extraction temperature, values below 40 ° C were
not investigated as they were not sufficient to allow the extraction of the heaviest target PAHs,
while values above 80 °C could favor the volatilization of the lightest analytes. As regards the

extraction time, a time range suitable for routine analyses was chosen (40-60 min).

Table 5 shows the regression models calculated for each PAH. A decrease in the GC-MS
response was observed for the more volatile PAHs at higher temperature values, while longer
extraction times favor the adsorption of higher molecular weight PAHs (having five or six

rings).
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The optimal conditions for the simultaneous extraction of all PAHs studied were found using
the multi-criteria method of desirability functions. An extraction temperature of 68 °C and an
extraction time of 60 min were calculated as optimal conditions. Furthermore, a global
desirability value D = 0.86 and good single desirability values were obtained, thus confirming

a suitable procedure for the simultaneous extraction of the 16 PAHs.

Table 5 Regression coefficients of the polynomial functions calculated by optimization procedure

PAHs Regression models

Nap | y= 13750 (£1310) + 2730 (£1210)Tt - 3040 (£1390)T2

Acy | y=15130 (£1340) - 3670 (£1890)T2

Ace | y=13390 (£1180) - 3830 (£1670)T2

Flu | y=26560 (22050) - 6290 (£2900)T?

Phe | y=75330 (£3920) + 9630(x3510)T + 18040(23510)t - 11590 (£5270)T2 - 13020(x5270)12
Ant | y= 84210 (24240) + 14800 (£4240)T + 25260 (£4240)t - 9990 (+5200)Tt - 20030 (£6000)>
Flt y = 101430 (£3770) + 24020 (23750)T + 36820 (£3750)t - 17770 (+4590)Tt - 23470 (£5300)2
Py y = 101440 (£3560) + 22420 (£3560)T + 37420 (£3560)t - 18060 (:4360)Tt - 24260 (£5030)2
BaA | y=79150 (£5090) + 37660 (£7200)t - 17010 (£8820)Tt

Chr | y=280490 (£5490) + 32560 (£5490)t - 13900 (£6720)Tt - 15820 (£7760)>

BbF | y=96650 (+8980) + 54290 (+12690)t

BKF | y=92880 (+8730) + 53430 (£12350)t

BaP | y = 97060 (9670) + 57110 (+13680)t

InPy | y=176330 (£18030) + 117950 (£25490)t

DiahA | y = 156760 (£15590) + 99730 (£22040)t

BghiP | y =120220 (£12130) + 80370 (£17150)t

84  METHOD VALIDATION

The SPME-GC-MS method based on the use of HMWCNT coated fiber was validated using
groundwater spiked with the standard solution of PAH, and deuterated PAH as internal
standards. The HMWCNTs showed excellent capability as sorbent material for the
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determination of PAHSs in water at ultra-trace levels, since excellent results were achieved with

LOD and LOQ values at low ng L' level for all analytes (Table 6).

Table 6 Validation parameters of the HUWCNT-SPME-GC-MS method

Compound LOD LOQ  bo(+s4,) bi(+sp,)  Linear range
ng L1 ng L1

Nap 08 26 10(202)  007(x001) 3-30
Acy 1.2 3.0 - 0.128 (£0.004) 3-30
Ace 1.1 3.0 - 0.093 (£0.004) 3-30
Flu 0.6 2.0 - 0.226 (+0.005) 3-30
Phe 0.1 0.4 0.8 (£0.1) 0.202(+0.009) 1.5-30
Ant 0.3 0.8 - 0.195 (#0.004) 1.5-30
Fit 0.3 0.8 - 0.173 (#0.002) 1.5-30
Py 0.2 0.7 0.15 (20.05) 0.158 (£0.003) 1.5-30
BaA 0.7 2.2 - 0.189 (£0.004) 3-30
Chr 0.5 1.5 0.41 (20.09) 0.171 (£0.005) 1.5-30
BbF 0.2 0.8 0.29 (20.06) 0.162 (£0.004) 1.5-30
BkF 0.7 2.2 - 0.156 (£0.002) 3-30
BaP 04 1.4 0.14 (£0.04) 0.169 (£0.002) 1.5-30
InPy 0.3 1.0 0.5 (x0.1) 0.208 (+0.008) 1.5-30
DiahA 0.2 0.8 - 0.176 (£0.004) 1.5-30
BghiP 0.9 2.9 0.39 (£0.09) 0.192 (£0.006) 3—-30

(-): not significant.
Regression equation: y = by + by - x

Mandel's fitting test was applied in the range 3-30 ng L'! for Nap, Acy, Ace, Flu, BaA, BKF

and DiahA and in the range 1.5-30 ng L! for the other analytes, demonstrating good linearity.

Regarding repeatability, at the lowest concentration (3 ng L!) the calculated RSDs were in the
range of 1.5-15% and at the highest concentration level (30 ng L™!) in the range of 1.1- 11.7%.

RSD values always lower than 22% were obtained for the intermediate precision (Table 7).

43



Results and discussion

Table 7 Repeatability and intermediate precision of the HUWCNT-SPME-GC-MS method

(n=6)
Repeatability (RSD %) Intermediate precision (RSD %)
PAHs | 3ngL! 10ngL! 30ngL! | 3ngL! 10ngL!' 30ngL!
Nap 6 13 12 9 14 14
Acy 4 10 6 21 20 9
Ace 8 3 5 18 5 6
Flu 7 13 5 10 9 5
Phe 13 13 4 18 1 3
Ant 10 8 6 14 16 6
Flt 7 0.2 2 19 2 6
Py 7 1 2 10 7 7
BaA 6 7 5 8 16 10
Chr 6 14 5 3 13 4
BbF 12 2 5 16 22 6
BKF 2 4 3 5. 9 6
BaP 2 0.1 2 10 1 2
InPy 15 3 2 9 7 11
DiahA | 14 5 3 11 9 2
BghiP | 5 1 1 7 5 9

For all PAHs, recovery rates were obtained in the range 92.5 (£ 0.4) —119.7 (% 0.2)% calculated
at concentration levels of 5 ng L' and 30 ng L', thus demonstrating that the analytical
procedure has a suitable level of trueness even at levels close to the LOQ of the analytes (Table

8).

The excellent extraction efficiency of the fiber is also evaluated on the basis of comparison with
methods developed by other authors using different coatings to determine PAHs in water
samples [49,99,101-108]. The LODs provided by the developed method are appreciably lower
than most of those obtained in other studies, also in relation to the type of separation or detection

technique used (Table 9).
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Table 8 Recovery rates (n=10) of the HUWCNT-SPME-GC-MS method

RR% (+Srry)

PAHs S5ngL! 30ngL!
Nap 118.6 (0.1) 108.3 (20.4)
Acy 105.89 (20.04)  102.7 (x0.2)
Ace 118.81 (£0.03)  101.4 (20.1)
Flu 109.9 (£0.20) 102.0 (20.3)
Phe 100.30 (£0.07)  98.9 (20.2)
Ant 117.40 (£0.03)  98.8 (+0.3)
Flt 95.43 (£0.03)  101.1 (20.1)
Py 94.65 (£0.03) 99.0 (£0.1)
BaA 97.94 (£0.01) 101.9 (20.3)
Chr 100.94 (£0.01)  100.8 (0.3)
BbF 98.4 (0.1) 99.3 (+0.2)
BKF 94.6 (+0.1) 99.1 (20.1)
BaP 98.04 (£0.03) 100.3 (z0.1)
InPy 96.01 (£0.06)  101.1 (20.2)
DiahA 92.5 (+0.4) 99.7 (+0.2)
BghiP 119.7 (20.2) 102.7 (+0.1)

It should also be emphasized that the high sensitivity of the method developed in this Thesis
concerns the 16 US-EPA PAHs which have different volatility and water solubility, while many

other studies have focused only on a part of them.

Finally, the developed method can also be defined cost-effective as the fiber coated with
HMWCNT proved to be reused up to 200 times without a significant loss of the extraction

performance due to its thermal stability.
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Table 9 Comparison of LOD values achieved in this work with those of previous studies for the
determination of PAHs

Coating Analytes LODs Method Technique  Reference
ng/L

MWCNT/ZrO, 6 PAHs 33-160 HF*-SPME HPLC-UV [99]
MWCNTSs/PoPDP 7 PAHs 20-90 HS-SPME  GC-FID [101]
MWCNTs 5 PAHs 9-13 HF-SPME  GC-FID [102]
PoPD-co-PoT¢/MCNTs 8 PAHs 1-6 HS-SPME  GC-MS [49]
MWCNTSs/PoAP! 7 PAHs 2-10 HS-SPME  GC-MS [103]
MWCNTs 6 PAHs 30-70 HS-SPME  GC-MS [104]

PA° 8 PAHs 0.05-5 HS-SPME GC-HRMS [105]
PEDOT @ AuNPsf 5 PAHs 25-25 HS-SPME GC-FID [106]
PTMS-SBA-158 8 PAHSs 271 2_ HS-SPME  GC-MS [107]
MIL-53(Al)" 16 PAHs g:; 37 DI-SPME 1(\}/[(;/M S [108]
HMWCNTs 16 PAHs 0.1-12 DI-SPME GC-MS This work

2 Hollow fiber-SPME

b Poly-ortho-phenylenediamine

¢ Poly(o-phenylenediamine-co-o-toluidine)

4 Poly-ortho-aminophenol

¢ Polyacrilate

fPoly(3,4-ethylenedioxythiophene) @ Au nanoparticles

€ Nanoporous phenyltrimethoxysilane functionalized silica
h Material Institut Lavoisier

8.5  ENRICHMENT FACTORS

The HMWCNT coated SPME fiber showed a good enrichment capability in terms of EFs with
values in the range 2670 (+ 290) —142120 (+ 580).

The comparison with the commercial 30 yum PDMS fiber showed that the EFs achieved with
HMWCNTs were higher for most of the analytes investigated, with the exception of the
heaviest PAHs (InPy, DiahA and BghiP) (Fig. 11).
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Fig. 11 EFs of the HUWCNTs-based coating vs commercial 30 um PDMS coating (n=3).

As already stated, the results achieved could be explained by considering the strong adsorption
of the high-molecular weight PAHs with the surface of the CNTs, making the desorption

process more critical.

As shown in the figure, the highest EFs were calculated for BaA, BbF and BaP, the latter

classified by the International Cancer Agency as a human carcinogen (Group 1) [23].

Getting better EFs is fundamental to achieving lower detection and quantification limits. In this
perspective, the development of coatings characterized by a high extraction performance is a
key point for the detection of organic compounds at ultra-trace levels, thus making the SPME

technique a promising tool for paleoclimatic investigation.

8.6 REAL SNOW SAMPLES ANALYSIS

The method was successfully applied to the analysis of four surface snow samples from Ny-
Alesund (Svalbard) for the determination of PAHs at the ultra-trace level. The samples were
collected in April 2019 at three sampling sites: the Austre Brgggerbreen (BRG) and Midtre
Lovénbreen (MDB) glaciers, and the area of the Gruvebadet Aerosol Laboratory (GVB1 and
GVB2) located near the village of Ny-/oklesund.

As shown in Table 10, Flu, Flt, InPy and BghiP represent the 67% of the X1sPAHs concentration
and were detected in all samples with the following concentration ranges: 3.86—13.1 ng L!

(Flu), 2.1-2.8 ng L"! (Flt), 1.06-3.0 ng L'! (InPy) and 0.86-1.87 ng L' (BghiP).
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Table 10 Concentrations of PAHs determined in Arctic snow samples from Svalbard islands

BRG MDB GVB1 GVB2
PAHs ng L1
Nap 4.1 (20.5) 8.9 (+0.1) n.d 9.9 (x0.3)
Acy n.d n.d n.d n.d
Ace n.d n.d n.d n.d
Flu 3,86 (£0.01) 5.3 (x0.1) 13.1 (£1.3) 4.2 (£0.5)
Ph nd 0.40 (x0.03) 1.0 (x0.1) n.d.
An n.d n.d n.d n.d
Flt 2.6 (x0.3) 2.1 (x0.3) 2.4 (x0.3) 2.8 (x0.5)
Py n.d. n.d 0.8 (z0.1) n.d.
BaA n.d n.d n.d n.d
Chry n.d n.d n.d n.d
BbF n.d n.d n.d n.d
BkF n.d n.d n.d nd
Bap n.d n.d n.d n.d
InPy 1.06 (x0.01) 1.6(x0.2) 3.0 (0.1) 1.68 (+0.02)
DiahA nd n.d n.d n.d
BghiP  0.86 (0.05) 1.1 (%0.2) 1.87 (#0.04) 0.9 (x0.03)

(n.d.): not detected.

Nap and Phe were detected in at least 50% of the samples. Furthermore, Nap which is

considered the main pollutant in the environment of Svalbard [109] when observed, was

detected at the highest concentration level compared to the other PAHs.

The X16PAHs concentration determined in the BRG sample (12.5 ng L!) had a value similar to

that found in the top layer of snow by Vecchiato et al. [14], which hypothesized combustion as

the main source of PAHs in the snows of Austre Brgggerbreen.
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9 MEPS-GC-MS METHOD

9.1 DEVELOPMENT OF MEPS PROCEDURE

MEPS was performed by using the extract-discard extraction mode in agreement with other
studies that demonstrated the best performance of this procedure in terms of recovery and
sensitivity compared to the draw-eject mode [63,64]. In addition, Prieto et al. reported that by
applying the extract-discard mode an improvement in the lifetime of the MEPS syringe was
observed as a consequence of the reduction of the mechanical stress of the syringe plunger

[63,110].

Once the extraction mode was selected, the effect of other parameters on the extraction
efficiency of the MEPS technique was investigated, e.g. the type of absorbent material and the
type of elution solvent [65,66]. Although a washing step may be required between sample
loading and analyte elution [58], this was avoided because the wash step could adversely affect
analyte recovery and because the matrix blank chromatogram showed the absence of interferent

peaks in the matrix (Fig. A2).

Sample loading and analyte elution rates were also investigated (data not shown). Particular
attention was paid to reach a good compromise between an effective extraction yield and obtain
suitable timing for routine analyses. The speeds available on the eVol® device equipped with

-1 so the most suitable extraction and elution

a 50 pL syringe are in the range of 1.67-25.00 uL s
rates for the extraction of PAHs were found in correspondence of 12.50 uL s ! and 1.67 pL s,
respectively. In fact, an extraction rate in the range 10-20 uL s~ is considered appropriate to
obtain excellent interactions between analytes and sorbent [58,63]. On the other hand, the
choice of the lowest elution rate allowed a good elution of the analyte despite the use of a very

small volume of solvent [63].

9.2 PERFORMANCE OF C(C2, C8 AND C18 SORBENTS ON PAHs
MICROEXTRACTION

In general, the type of sorbent suitable for obtaining adequate recovery depends on the nature
of the analytes as well as the sample matrix [57,59,62,65,110]. In this study, three different
types of silica-based sorbent phase C2, C8 and C18 packed in MEPS BINs were evaluated for
the extraction of the analytes from water samples. In the preliminary phase of the study,

dichloromethane was used as an elution solvent, since previous studies reported its high elution
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efficiency for the determination of PAHs in water samples [66,96,111]. The effect of other

elution solvents on recovery for the selected sorbent phase was then evaluated.

As shown in Fig. 12 the best performance for most analytes was achieved using C8-BIN,
especially for two-, three- and four-ring PAHs due to the highest sorption/partition potential,
whereas C2-BIN demonstrated the highest yield for InPy, DiahA and BghiP. The lowest
extraction yields for higher molecular weight PAHs using C8-BIN are likely due to the less
effective elution process related to stronger retention of heavier PAHs on the C8 sorbent
compared to C2.
mC2 m(C8 HCI8
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Fig. 12 Comparison of extraction efficiency of the MEPS sorbents C2-BIN, C8-BIN and C18-BIN (n=3).
Sample PAHs concentration, 500 ng L™'; pump cycles of sample loading, 40 x 50 uL; speed of sample
loading, 12.50 uL s™!; pump cycles of eluent, 10 x 10 uL; elution solvent, DCM; speed of eluent, 1.67 uL s~'.

As expected, C18-BIN was the phase that exhibited the lowest yields for PAHs with four or
more aromatic rings. In fact, the C18 phase, which is characterized by a longer alkyl chain,
provides a greater retention of more hydrophobic compounds and consequently a poor recovery

when eluting with a small volume of organic solvent [112,113].

Therefore, C8-BIN was selected as the most suitable MEPS sorbent having more balanced
performance for this application compared to C2-BIN and C18-BIN, considering the wide range

of log Kow values of the analytes considered in this study.

9.3  EFFECT OF DESORPTION SOLVENTS ON PAHs MICROEXTRACTION

Since the type of eluting solvent is also a fundamental parameter for the performance of MEPS
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[57], DCM, EtAc and MeOH were studied for the elution of the 16 PAHs from C8-BIN. Fig.
13 shows that EtAc determined the best recovery for all target analytes except Nap. The lowest
response obtained by DCM is probably due to residual water on the sorbent particles packed in
the BIN after sample loading despite the drying step. This could result in a poor recovery of
PAHs being DCM immiscible with water. Regarding MeOH, other works proposed it as elution
solvent for PAHs desorption from silica-based BIN [64,66,67,114]. However, in the present
study MeOH showed lower responses than EtAc with the exception of Nap. In fact, Nap which
has the lowest Kow has a more effective desorption by MeOH. Finally, the effect of the solvents
was tested by performing a one-way ANOVA followed by Bonferroni #-test for multiple
comparisons. The presence of significant differences (p < 0.05) between the mean responses
was demonstrated by ANOVA. The better extraction yield of EtAc for all PAHs (except Nap)
compared to MeOH was confirmed by the #-test (p < 0.05). Based on these findings, EtAc was
applied in the overall MEPS experiments.
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Fig. 13 Comparison of performance of elution solvent (DCM, EtAc, MeOH) (n=3). Sample PAHs
concentration, 250 ng L™!; pump cycles of sample loading, 40 x 50 uL; speed of sample loading, 12.50 uL
s~!; pump cycles of eluent, 10 x 10 uL; speed of eluent; 1.67 uL s™'; sorbent, C8.

9.4  MEPS OPTIMIZATION

After establishing the loading and elution rates and selecting the appropriate sorbent and elution
solvent, an FCD was run to optimize the number of loading and elution cycles. The number of
loading cycles should ideally be sufficient to reach a suitable concentration factor while

avoiding prolonged extraction times [115].

Table 11 shows the calculated regression models used to estimate the optimal extraction
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conditions for the 16 PAHs.

Table 11 Regression model for each analyte

PAHs Regression models

Nap | y=574 (30)+ 118 (= 39)x; — 230 (+ 39)x
Acy |y =666 (+34)+ 104 (+ 43)x; — 283 (£ 43)x
Ace | y=499 (£27) + 96 ( 34)x; — 200 (+ 34)x,
Flu | y=569(32)+ 111 (= 40)x; — 240 (+ 40)x
Phe |y =848 (50) + 152 ( 64)x; — 375 (+ 64)x,
Ant | y=640 (£41)+ 122 (= 51)x; — 296 (£ 51)x
Flt y =798 (+46) + 145 (£ 58)x; — 359 (+ 58)x,
Py y =819 (£ 46) + 138 (£ 58)x; — 350 (+ 58)x,
BaA |y =489 (+34)— 193 (+ 43)x,

Chr | y=495(+34)— 199 (+43)x,

BbF | y =304 (+28) + 74 (+ 35)x; — 198 (+ 35)x,
BKF | y=301 (£28)+ 74 (£ 35)x; — 173 (+ 35)x,
BaP | y=325(+34)— 181 (+ 43)x

InPy | y=201(+23)— 204 (+29)x

DiahA | y =133 (£25)— 159 (+ 31)x,

BghiP | y =212 (+23)-216 (+29)x,

x1: number of loading cycles.
x2: number of elution cycles.

The variable x1, when significant, shows an increase in the GC-MS response of analytes for a
high number of loading cycles, on the contrary a reduced number of elution cycles is adequate

to achieve satisfactory recovery.

Finally, the multicriteria method of desirability functions allowed to identify the optimal
conditions for the simultaneous extraction of the PAHs studied, namely 80 loading cycles and

3 elution cycles.

The global desirability was D = 0.91 with also good single desirability values always higher
than 0.9. The developed method therefore proved to be feasible for the simultaneous extraction

of target analytes. Furthermore, the method can also be considered time efficient having an

52



Results and discussion

average time of 20 minutes per sample compared to MEPS procedures reported by other

authors, which require a greater number of loading and eluting cycles [64,67].

9.5 METHOD VALIDATION

Under the above mentioned optimal extraction conditions, linearity, LOD, LOQ, trueness and

precision were evaluated as validation parameters for the developed MEPS-GC-MS method.

In addition, the extraction potential of the C8 sorbent was also assessed by calculating the EFs

exhibiting good results ranging from 64 (+ 7) for Ace to 129 (+ 18) for Phe.

Table 12 Validation parameters of the developed MEPS-GC-MS method

Compound LOD LOQ bo (£ sp,) by (% sp,) Linear range
ng L! ng L!
Nap 1 4 0.088 (£ 0.003) 0.00248 (£ 0.00004) LOQ - 150
Acy 1 4 0.026 (£ 0.005) 0.0023 (+0.0001) LOQ - 150
Ace 1 5 - 0.0036 (+ 0.0001) LOQ - 150
Flu 1 2 0.03 (£ 0.01) 0.0027 (£ 0.0001) LOQ - 150
Phe 0.3 1 0.17 (£ 0.01) 0.0029 (+ 0.0001) LOQ - 150
Ant 1 4 0.07 (£ 0.01) 0.0030 (+ 0.0001) LOQ - 150
Flt 0.3 1 0.05 (£ 0.01) 0.0039 (+ 0.0002) LOQ - 150
Py 0.4 1 0.06 (= 0.02) 0.0044 (+ 0.0002) LOQ - 150
BaA 1 2 0.04 (z0.01) 0.0036 (+ 0.0001) LOQ - 150
Chr 1 2 0.04 (z0.01) 0.0061 (+ 0.0001) LOQ - 150
BbF 3 8 0.06 (£ 0.02) 0.0032 (+ 0.0002) LOQ - 150
BKkF 3 8 - 0.0064 (+ 0.0002) LOQ - 150
BaP 4 13 0.09 (= 0.02) 0.0040 (+ 0.0003) LOQ - 150
InPy 3 12 0.05 (= 0.01) 0.0034 (+ 0.0001) LOQ - 150
DiahA 5 15 - 0.0042 (+ 0.0001) LOQ - 150
BghiP 4 14 0.07 (0.02) 0.0037 (+ 0.0002) LOQ - 150

(-): not significant.

Regression equation: y = by + by - x
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Table 12 shows the excellent LOD values at the low level of ng L! for all target PAHs provided
by the developed method, thus demonstrating fitness for purpose for the analysis of the analytes

at ultra-trace levels.

These values are comparable with those reported in previous works [64,67], which validated
the methods using spiked ultrapure water, while in the present study the validation was carried
out using uncontaminated snow from Antarctic Plateau as blank sample. Good linearity in the

LOQ — 150 ng L"! range for all PAHs was verified by applying the Mandel fitting test.

Table 13 Repeatability and intermediate precision of the MEPS-GC-MS method (n=6)

Repeatability (RSD %) Intermediate precision (RSD %)
PAHs | 15ngL! 50ngL?! 150ngL! | 15ngL' 50ngL! 150 ngL-!
Nap 2 0.4 2 5 4 6
Acy 0,3 2 1 9 7 3
Ace 3 4 4 10 12 12
Flu 4 4 10 13 9 10
Phe 7 2 1 6 5 0,4
Ant 5 2 1 11 4 6
Flt 4 4 0,1 3 9 5
Py 1 0,8 2 9 9 2
BaA 10 0,3 4 8 2 12
Chr 11 8 2 12 13 9
BbF 3 6 3 15 15 1
BKF 2 10 5 12 11 13
BaP 5 4 9 14 14 15
InPy 1 10 1 7 15 8
DiahA | 5 11 7 9 11 6
BghiP | 11 9 6 15 11 11

Precision in terms of repeatability was calculated showing RSDs% in the range 0.3-11% at the
lowest concentration (15 ng L") and in the range 0.1-10% at the highest concentration level

(150 ng L ). As regards the three-day intermediate precision, RSD values were always lower
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than 15% (Table 13).

Recovery rates in the range of 77.6 (£ 0.1) —120.8 (+ 0.1)% were achieved, thus demonstrating

Results and discussion

the good trueness of the developed method (Table 14).

Table 14 Recovery rates (n=10) of the MEPS-GC-MS method

RR% (£Sgrry)
PAHs 20 ng L! 70 ng L! 130 ng L!
Nap | 117.05(20.02) 99.96 (£0.02)  89.65 (£0.02)
Acy | 110.9(#0.1) 11933 (£0.03) 111.5 (20.1)
Ace 81.46 (£0.01)  93.00 (20.01)  87.63 (+0.01)
Flu | 1208 (#0.1)  119.58 (+0.03) 120.1 (20.1)
Phe | 100.31 (0.01) 112.18 (£0.01) 105.38 (20.01)
Ant | 108.63 (£0.04) 115.86 (£0.02) 108.06 (x0.04)
Flt 104.56 (£0.03) 118.96 (£0.02) 112.03 (£0.03)
Py 104.32 (£0.01) 110.23 (x0.01) 102.66 (£0.01)
BaA | 80.13 (20.01) 77.86 (x0.01)  79.37 (x0.01)
Chr | 111.61 (0.02) 95.83 (+0.02)  86.03 (£0.02)
BbF 78.07 (£0.04)  81.66 (£0.02)  85.63 (£0.04)
BkF 101.3 (0.1) 82.46 (£0.04)  83.2 (£0.1)
BaP | 1064 (£0.1)  87.29 (20.04)  77.6 (x0.1)
InPy | 101.70 (:0.03) 94.34 (£0.02)  85.95 (£0.03)
DiahA | 95.02 (20.04) 78.93 (£0.02)  79.80 (£0.04)
BghiP | 98.92 (x0.04)  100.25 (£0.03) 92.74 (£0.04)

Furthermore, it should be emphasized the high analytical performance of this method
demonstrated suitable for the determination of all 16 PAHs, i.e., compounds very different in
terms of physical and chemical properties, while other MEPS methods mainly concerned only
low molecular weight PAHs [66,114], with the exception of the previously commented MEPS-
GC-MS methods [64,67].

It should also be noted that these results were obtained by extracting a sample volume of 4 mL,
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representing a further result for the purposes of paleoclimatic temporal resolution, unlike other
studies on PAH contamination in polar sites based on the use of very large sample volumes (7

—10L) [5,10].

9.6 REAL SNOW SAMPLE ANALYSIS

The determination of PAHs in five surface snow samples kindly provided by the PNRA project
“Emerging COntaminants in Antarctic Snow: sources and TRAnsport” demonstrated the

applicability of the developed MEPS-based method.

Samples were collected at four sites on the coast of Victoria Land (Antarctica) during the austral

summer 2020-2021 (Fig. 14).

Fig. 14 Sampling sites in Antarctica of the snow samples analysed in this study

Sample A was from the Icaro Camp meteorological station area (74 © 42'37 'S, 164 ° 07'05" E);
samples B and E were collected near the “Enigma Lake” scientific research base (74 © 43 'S,
164 ° 01' E); samples C and D were sampled near Cape Phillips (73 © 03 'S, 169 ° 36' E) and
Adélie Cove (74 ° 45 'S, 164 ° 00' E) respectively. The latter is a colony of around 13 — 15

thousands Adélie penguin nests.

PAHs with more than four aromatic rings were not detected in the samples analysed (Table 15).
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This could be explained considering the low presence of high molecular weight PAHs in the
snow matrix as they are more lipophilic and less water soluble than lighter PAHs [116]. Values
ranging from 24 to 39 ng L'! for £16PAH concentrations were detected in each sample, with the
lowest concentration detected at the site near Adélie Cove (D). In general, the concentrations
of X16PAHs showed comparable values among the different areas considered, including even

the most isolated sampling site (Cape Phillips).

Table 15 Concentrations of PAHs determined in the Antarctic snow samples

Icaro (A) Enigma (B) Cape Phillips (C) Adélie Cove (D) Enigma2 (E)

PAHSs ng L!

Nap 11.2 8.8 7.8 6.7 6.0
Acy n.d. n.d. 7.1 n.d. 7.4
Ace n.d. n.d. n.d. n.d. n.d.
Flu 10.1 7.8 8.1 7.7 8.5
Phe n.d. n.d. n.d. n.d. n.d.
Ant n.d. n.d. n.d. n.d. n.d.
Flt 52 6.2 5.2 5.1 53
Py 4.3 5.7 4.2 4.4 4.2
BaA n.d. 6.9 n.d. n.d. n.d.
Chr n.d. 35 n.d. n.d. n.d.
BbF n.d. n.d. n.d. n.d. n.d.
BkF n.d. n.d. n.d. n.d. n.d.
BaP n.d. n.d. n.d. n.d. n.d.
InPy n.d. n.d. n.d. n.d. n.d.
DiahA  n.d. n.d. n.d. n.d. n.d.
BghiP  n.d. n.d. n.d. n.d. n.d.

(n.d.): not detected.

The compounds that exhibited the highest concentration level compared to the other analytes
for all sampling sites were Nap and Flu (41 and 42% of the total Z16PAH, respectively). They

are also the main components of diesel fuel [117], therefore these results confirmed other
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studies describing the presence of regional environmental pollution around scientific stations
due to naval operations and fuel combustion [8,10,15]. Furthermore, the mean concentration of
Y16PAHS of the analysed samples is 32 ng L"!, very similar to that described by Vecchiato et al.
[10], who hypothesized a contamination due to distribution of PAHs by wind from a twin-otter
refueling point since an anomalous concentration of Nap was detected in the sample collected
at Mid Point. These considerations further support the description of PAH contamination

phenomena due to local sources in Antarctica.

As stated in the Introduction, Antarctica could be regarded as the most pristine region compared
to other remote areas [27]. For comparison purposes, the concentrations of PAHs determined
in this work were compared with those found in other remote areas, such as Caucasus and Alps.
The concentrations of PAHs found in the ice core drilled in 2009 at the western Elbrus plateau
showed a concentration range of 112-166 ng L'! in the upper and hence more recent part of the

core [2].

The seasonal snowpack of the eastern Italian Alps corresponding to 2004-2005 was examined
by Gabrieli et al. [118]. High altitude sites (> 1700 m a.s.l.) revealed ZPAH concentrations
ranging from 20 to 59 ng L!. As regards the urban area of the valley bottom, the highest
concentration of TPAH was found, i.e. 290 ng L.

Therefore, as evidenced by comparing different remote environments, the differences in the
level of contamination reflect the influence for each sampling site of their regional sources, as

well as of PAH deposition and distribution phenomena.
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10 SPME-GC-MS METHOD USING MWCNT-CD NANOCOMPOSITE
AS FIBER COATING

10.1 CHARACTERIZATION OF THE MWCNT-CD NANOCOMPOSITES

As already reported, the determination of PAHs in polar snow and ice samples presents issues
due to the high sensitivity and selectivity required by the analytical methods to allow the
detection of the analytes at ultratrace levels. This condition is particularly truthful for PAHs
with 4 or more aromatic rings since these compounds are more lipophilic than lighter PAHs
[116]. Therefore, in order to increase the extraction efficiency of MWCNTs towards the heavier
PAHs, nanocomposites based on MWCNTs and CDs (B- and y-) were prepared. The choice of
B-CD and y-CD, respectively is related to the presence of cavities suitable for the complexation
of PAHs, thus allowing to improve the interactions between the sorbent and the target analytes

[73,80].

The effect of oxidation treatments on the MWCNTSs was evaluated by means of C-potential
measurements on the concentration of carboxylic functionalization on the graphitic surface.
More negative C-potential values compared to the untreated COOH-MWCNT were observed
when the oxidation treatments were performed, thus suggesting an increased presence of OH

groups on the surface of the nanotubes (Table A1).

Subsequent reduction of oxidized MWCNTs with hydrazine hydrate was performed to reduce
defects on the MWCNTs. Raman spectra (Fig. A3) show that the R-value representing the
intensity of the band ratio In/Ic was slightly lower for reduced systems, thus suggesting a

decrease of the defects on the surface of the MWCNT after the reduction process.

The presence of CDs onto the surface of the MWCNTs was assessed also by FTIR (Fig. AS5)
and XPS (Figg. A6-A7) analyses. Fig. A6 shows the XPS spectra related to Cls and Ols of the
COOH-MWCNT, MWCNT-HNO3-y-CD and MWCNT-H202-y-CD samples. A higher
intensity of the peak of the structures with high binding energies is observed in the samples
containing CDs compared to the reference COOH-MWCTN sample, thus confirming that the

supramolecular receptors are able to interact with the MWCNTSs mainly via H-bonding

Finally, the TGA curves (Fig. A4) confirmed the thermal stability of the materials, thus

assessing the reliability for SPME applications.
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10.2 PERFORMANCE STUDY OF DIFFERENT MWCNT-CD NANOCOMPOSITES AS
FIBER COATINGS

As mentioned in the introduction, the MWCNT-CD based nanocomposite was initially
evaluated as sorbent material for magnetic D-u-SPE. However, poor recovery values were
obtained (data not shown), probably due to issues related to not exhaustive elution using a few
uL of organic solvent. Therefore, the evaluation of the nanocomposites was carried out using

the SPME technique, which involves the thermal desorption of analytes [119].

The performance of the MWCNT-HNO3-B-CD, MWCNT-HNO3-y-CD, MWCNT-H20:-B-CD,
MWCNT-H202-y-CD and original COOH-MWCNTs fibers were compared in terms of GC-
MS response (Fig. 15).

B MWCNT-H202-B-CD ® MWCNT-H202-y-CD B MWCNT-HNO3-y-CD ® MWCNT-HNO3-3-CD B COOH-MWCNTs
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Fig. 15 Comparison of the responses of the four MWCNT-CD nanocomposites coatings and COOH-MWCNTs
for the DI-SPME—-GC-MS analysis of the investigated PAHs (extraction time: 60 min, extraction temperature:
68 °C; desorption temperature, 270 °C, desorption time, 2 min) (n=3).

The sorption mechanism of PAHs by COOH-MWCNTs was previously discussed in paragraph
8.1. As for the COOH-MWCNT fiber a significant decrease of the extraction performance (up
to 7 times in terms of GC-MS response) was observed after nine extraction cycles. This
behaviour can be ascribed to the decarboxylation of the coating when exposed to the high
temperatures of the GC injector required for desorption of the analytes [120]. By contrast, fibers
coated with MWCNT-CD based materials proved to be stable up to 270 °C with a weight loss
of about 7% and 1% for B-CD and y-CD based coating, respectively (Fig. A4).

In general, the best extraction performance for most of the investigated PAHs were obtained
using the fibers coated with the materials subjected to H202 treatment. As reported by Datsyuk

et al. it could be hypothesised that the use of strong oxidizing agents, such as HNOs3, lead to
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exfoliation and fragmentation of the material itself. On the contrary, a lower degree of damage

is obtained when the H2O2 treatment is applied [90].

Although in this work the MWCNT-HNOs3 have undergone to a less extreme treatment (not
refluxed), compared to the procedure reported in literature [90], the material was likely affected
by damage to the graphitic integrity as well, with a consequent increase in carbon defects. This
was confirmed by the most negative C-potential value obtained compared to MWCNT-H20:2
and pristine COOH-MWCNTs (Table Al). Hence, the H20: treatment proved to be more

effective providing a gentler oxidation of CNTs.

Among the fibers coated with nanocomposites and synthetized starting from MWCNT-H202,
the MWCNT-H202-y-CD provided the best extraction performance. This may be the result of
the ability of y-CD to better complex PAHs, especially the higher molecular weight PAHs.
These findings are in agreement with the results achieved by Belenguer-Sapifia et al. which
obtained better extraction performance for the investigated PAHs using y-CD compared to -
CD [80]. This behavior was attributed to the cavity size of the CDs. In fact, the greater
interaction between PAHs and y-CD is related to the possibility for the molecules to fit
completely in the cavity and not only with a part of them [80,81]. More precisely, the ability of
CD to form an inclusion complex with a guest molecule is mainly due to steric factors, i.e. it
depends on both the size of the CD cavity and the size of the guest molecule as well as on the
orientation of the molecule in the CD cavity and the overall hydrophobicity of the guest.
Therefore, only compounds with similar or smaller molecular size and adequate structure have
the possibility of being included within the cavities of CDs by means of hydrophobic
interactions or Van der Waals forces [81,121]. In order to confirm the complexation capability

of the y-CD towards the investigated PAHs further studies based on 'H-NMR are in progress.

It should be considered that, in addition to the complexation capability of CDs, MWCNTs also
promote the extraction of PAHs mainly via n-m interactions. The performance of the developed
CD-based materials was compared with those achieved using the other materials tested during
the PhD research activity. The performance of the nanocomposites obtained from MWCNT-
H20: resulted to be significantly higher than those of the COOH-MWCNT fiber (Fig. 15). In
particular, the MWCNT-H202-y-CD coated fiber showed GC-MS responses up to 6 times
higher than the COOH-MWCNT fiber for all the 16 PAHs. This result is even more remarkable
if we consider that the COOH-MWCNT fiber showed an evident decrease in the extraction
performance after 6 extraction cycles due to the decarboxylation of the sorbent. Therefore, the

MWCNT-H202.y-CD coated fibers were selected for method optimization and validation
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10.3  SPME OPTIMIZATION

Both the extraction and desorption conditions were optimized by applying a CCD. Similarly to

the case of the SPME-GC-MS method based on the use of HMWCNTs, the selected extraction

parameters were extraction temperature and extraction time.

Table 16 Regression model for each analyte

PAHs Regression models

Nap y = 10278 (£ 636) — 1307 (= 511)x2

Acy y = 28400 (£ 2436) — 13177 (+ 1958)x,

Ace y =24104 (£ 1474) — 11319 (+ 1185)x

Flu y = 73865 (+ 3807) — 18240 (£ 3060)x2

Phe y = 215426 (£ 13529) + 28655 (+ 10875)x3

Ant y = 329525 (£ 13761) + 65539 (£ 11062)x> + 44989 (+ 11062)x3 — 29824 (£ 12367)x2x3

Flt y = 350403 (+ 10879) + 143907 (+ 9730)x2 + 89682 (+ 9730)x3 + 38395 (+ 14595)x5’

Py y= 375910 (£ 9323) + 168742 (+ 7738)x> + 102450 (+ 7738)x3 + 38202 (+ 13898)x,% + 33028 (+
13898)x5>

BaA y = 136219 (+ 13237) + 75300 (£ 11840)x, + 68400 (£ 11840)x3 + 70949(% 17760)x,?

Chr y = 386033(x 19288) + 118321(x 16009)x, + 127226(x 16009)x3 — 71651 (& 28753)x,% + 141084
(£ 28753)x,”

BbF y = 134342 (£22614) + 46482 (+ 15105)x3

BKF y = 474448 (£ 67769) + 149182 (+ 45266)x3

BaP y = 122203 (+ 17018) + 44173 (£ 13680)x3 + 89557 (+ 26280)x,>

InPy y =133868 (x19778) + 42874 (+ 13211)x3

DiahA | y = 132997 (+ 20563) + 40591 (+ 13735)x3 — 68914 (* 26750)x;>

BghiP | y =167597 (+ 17969) + 47667 (+ 12002)x3 — 68801 (¥23375)x,>

x1: desorption time
X2: extraction temperature

X3: extraction time

Taking into account that the desorption of the higher molecular weight PAHs requires high
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desorption temperatures, the desorption time was considered as additional variable to be
optimised (in the 3-5 min range) in order to identify the most suitable condition for obtaining

an efficient recovery of the analytes without excessive stress on the fiber.

Table 16 shows the regression models calculated for each PAH. Response surfaces for Ant, Py
and BaP are also presented in Fig. 16. As expected, the low molecular weight PAHs show a
negative coefficient in correspondence with the extraction temperature, whereas, a longer

extraction time positively affects the extraction of higher molecular weight PAHs.

Using the desirability function method, the optimal conditions resulted in a desorption time of
4 min, an extraction temperature of 40 °C and an extraction time of 80 min, with a global
desirability D = 0.81. The results showed that a low temperature extraction and a prolonged
extraction time were required in order to promote the adsorption of the analytes on the fiber
coating. Desorbing PAHs for 4 min at 270 °C allowed to achieve the complete recovery of the

extracted analytes, in fact no carryover was observed after desorption.

Ant BaP
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Fig. 16 Response surfaces of Ant, Py and Ba. depicted by representing the temperature (x2) and extraction
time (x3) vs. GC-MS response

104 METHOD VALIDATION

Under optimized conditions, the method was validated showing excellent LOD and LOQ values
in the low ng L' (Table 17). The LODs obtained were lower than those achieved using the
HMWCNT coated fiber (Table 18). The capability of determining lower concentrations levels,
especially for heavier PAHs, plays a very important role in paleoclimatic investigations. In fact,
PAHs with 4 or more rings are more lipophilic and less soluble in water than PAHs having low
molecular weight, therefore their concentrations in aqueous matrices are even lower. Good
linearity for over an order of magnitude in the LOQ — 30 ng L'! range was demonstrated by
applying the Mandel’s fitting test. Excellent trueness was confirmed in terms of RR in the 88

(£2) — 119.8 (£0.4)% range, calculated at 3, 10 and 20 ng L' (Table 19). Furthermore,
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satisfactory precision was calculated in terms of repeatability and intermediate precision over

three days, always exhibiting RSD within 21% also at the lowest level (Table 20).

Table 17 Validation parameter of the developed method

Compound LOD LOQ by(+ sp,) by(* sp,) Linear range
ng L1 ng L1
Nap 07 23 015(0.1) 0015(x0001) LOQ-30
Acy 0.7 2.2 0.07 (x0.2) 0.062 (£0.001) LOQ-30
Ace 0.4 1.4 - 0.058 (x0.001) LOQ-30
Flu 0.2 0.8 0.32(x0.9) 0.14=0.1) LOQ-30
Phe 0.1 0.3 0.32(£0.5) 0.036 (£0.009) LOQ-30
Ant 0.2 0.7 0.20 (+0.3) 0.042(+£0.002) LOQ-30
Fit 0.1 0.2 - 0.41 (£0.01) LOQ-30
Py 0.1 0.3 1.2(x04) 0.44(x0.02) LOQ-30
BaA 0.2 0.6 0.2(£0.1) 0.151(£0.005) LOQ-30
Chr 0.1 0.5 - 0.64 (£ 0.01) LOQ-30
BbF 0.2 0.8 - 0.175 (= 0.004) LOQ-30
BkF 0.3 0.9 - 0.86 (= 0.02) LOQ-30
BaP 0.3 1.0 - 0.36 (= 0.01) LOQ-30
InPy 0.2 0.6 - 0.30 (£ 0.01) LOQ-30
DiahA 0.3 0.9 0.4(x0.2) 0.300.01) LOQ-30
BghiP 0.3 0.9 05x0.1) 0.35=0.01) LOQ-30

(-): not significant.

Regression equation: y = by + by - x
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Table 18 Comparison of performance of the validated SPME-GC-MS methods under study

Fiber coatings LODs (ng L) Recovery rate (%)* Intermediate precision (RSD % )**

HMWCNTSs 0.1-12 92.5 (£0.4)-119.7 (0.2) <22

MWCNT-H;0,-v-CD  0.1-0.7

88 (¥2) — 119.8 (£0.4)

<21

*(n=10)
**(n=6) Over three days

Table 19 Recovery rates (n=10) of the MWCNT-H202-y-CD-SPME-GC-MS method.

RR% (+Sgro)
PAHs 3ngL! 10 ng L! 20 ng L!
Nap | 87.8 (+0.2) 91.0 (x0.1) 91.45 (+0.26)
Acy | 11131 (20.04) 94.3 (x0.1) 91.19 (£0.18)
Ace 110.57 (20.06) 91.1 (0.1) 91.87 (£0.29)
Flu 109.9 (£0.1) 95.3 (£0.2) 94.85 (£0.29)
Phe 112.72 (£0.07) 119.7 (£0.1) 117.56 (£0.19)
Ant | 89.1 (20.1) 90.4 (+0.1) 91.7 (+0.1)
Flt 119.80 (+0.04) 90.80 (£0.04)  97.8 (+0.3)
Py 90.38 (£0.06)  92.26 (+0.03)  97.28 (£0.39)
BaA 96.17 (20.06)  95.7 (20.1) 98.8 (x0.5)
Chr | 119.33 (20.01) 93.40 (£0.04)  96.11 (20.18)
BbF | 104.16 (20.08) 105.1 (x0.1)  105.2 (+0.2)
BkF 107.15 (20.03) 97.7 (20.1) 100.9 (x0.3)
BaP 95.51 (#0.03)  91.4(%0.1) 94.1 (20.2)
InPy | 109.07 (x0.18) 100.56 (£0.19) 97.98 (20.16)
DiahA | 115.19 (£0.09) 90.11 (0.9)  99.01 (+0.02)
BehiP | 90.7 (+0.3) 88.09 (£0.05)  90.3 (x0.1)
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Table 20 Repeatability and intermediate precision of the MWCNT-H202-y-CD-SPME-GC-MS
method (n=6)

Repeatability (RSD %) Intermediate precision (RSD %)
PAHs | 2ngL?! 15ngL?' 30ngL!|2ngL?' 15ngL! 30ngL’!
Nap 11 7 4 20 17 18
Acy 7 6 5 16 11 10
Ace 14 11 8 13 18 14
Flu 14 5 7 13 9 10
Phe 20 14 9 17 18 8
Ant 19 10 8 17 10 7
Flt 13 12 8 16 17 12
Py 11 11 9 16 18 14
BaA 7 11 5 18 13 11
Chr 14 2 3 21 13 8
BbF 6 13 4 14 20 7
BKF 20 11 7 18 13 6
BaP 19 11 5 20 13 17
InPy 14 11 7 11 17 10
DiahA | 18 5 5 18 18 15
BghiP | 18 6 3 17 16 13

10.5 ENRICHMENT FACTORS

The enrichment capability of the fiber coated with the MWCNT-H202-y-CD nanocomposite
was investigated and good enrichment factors in the 3770 (£ 259) — 113349 (+ 3058) range
were obtained. The result was compared with EFs calculated using HMWCNTs coated fiber
(Fig. 17).
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Fig. 17 Enrichment factors of the MWCNT-H202-y-CD coating vs HMWCNTs coating

As shown in the figure, both coatings exhibited excellent enrichment capabilities. It should also
be noted that MWCNT-H202-y-CD fiber showed higher EFs for heavier PAHs than
HMWCNTs fiber (up to 3 times for DiahA). As already pointed out, the greater extraction
efficiency for higher molecular weight PAHs provided by CDs results in an important
improvement in the paleoclimatic studies of organic pollutants since the heavier PAHs are
particularly lipophilic and their determination in aqueous matrices requires very sensitive

detection of analytes.

Unfortunately, the reliability of the validated method could not be tested on real samples as

research expeditions in remote regions were postponed due to the Covid-19 pandemic.

10.6 SOLID STATE INVESTIGATION

To get a better insight into the interactions taking place between y-CD and PAHs, solid-state
investigations were carried out by growing co-crystals for X-ray diffraction analysis. A search
using the Cambridge Structural Database (Version 5.42, September 2021, [122]) for generic
co-crystals of cyclodextrins with molecules containing at least one benzene ring yielded 399
entries. Only two of them contained a PAH in the structure: [bis(B-cyclodextrin) octanol
clathrate pyrene hydrate] (refcode PUKPIU) and[bis(B-cyclodextrin) tris(cyclohexanol)
clathrate pyrene hydrate] (refcode PUKPOA) [123]. A portion of their crystal structure is shown
in Fig. 18.
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Fig. 18 Perspective view of the crystal structure of PUKPIU (left) and PUKPOA (right). Alcohol molecules
and pyrene units are represented in blue and green, respectively. Hydrogen atoms and lattice solvent
molecules were omitted for clarity.

In both cases, the alcohol (coloured in blue) forms a host-guest complex with the macrocycle,
while pyrene (in green) is sandwiched between two 3-CDs by means of dispersion interactions.

Inspired by these results, crystallization experiments with y-CD and pyrene were set up.

The crystals obtained were analysed through X-ray diffraction methods. Intensity data and cell
parameters were recorded at 200(2) K on a Bruker D8 Venture PhotonlI diffractometer (CuKa
radiation A = 1.54178 A). The raw frame data were processed using SAINT and SADABS to
yield the reflection data files [124,125]. The structures were solved by Direct Methods using
the SIR2019 program [126] and refined on Fo? by full-matrix least-squares procedures, using
SHELXL.-2018 [127,128] in the WinGX suite v.2014.1 [129]. The structure was solved in the
tetragonal space group P4212, with cell parameters a = b = 23.7980(7), ¢ = 31.6880(7) and a. =
B=y=90°

Fig. 20 shows a portion of the crystal structure. The macrocycle skeleton is clearly visible, and
several water molecules are present in the lattice (not shown in the figure for clarity). No other
definite molecular group could be properly modelled, but the main residual electron density
(green mesh in the figure) is sandwiched between two cyclodextrins, similarly to the position
of pyrene in the example of the B-cyclodextrin clathrates previously discussed. Further attempts

to grow better quality crystals are ongoing.
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Fig. 19 Top (left) and side (right) view of the crystal structure containing y-CD. Hydrogen atoms and lattice
water molecules are not shown for clarity. The residual electron density is represented as a green mesh.
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Conclusions

The goal of the PhD Thesis was the development of innovative analytical methods based on the
use of miniaturized sample treatment techniques for the analysis of 16 US EPA priority PAHs
as environmental proxies at the ultratrace level in polar snow and ice samples to support
paleoclimatic research. All methods were optimized by applying the chemometric approach of
the experimental design, obtaining excellent LOD values at the minimum ng L' level for all
target compounds and demonstrating their ability to analyze these proxies at ultratrace levels

with the advantage of extracting a few mL of sample.

Regarding the SPME-GC-MS method, HMWCNT was proposed for the first time as a coating
of the SPME fiber, proving higher extraction efficiency than commercially available 30 pm
PDMS fiber and other MWCNTs tested as coatings. The fully automated method was developed
and validated demonstrating adequate sensitivity and selectivity for the determination of the
analytes. Furthermore, the proposed HMWCNT-SPME-GC-MS method proved to be suitable

for the analysis of PAHs from Arctic snow samples.

Reliable and rapid determination of PAHs from Antarctic snow samples at ultratrace levels was
achieved using the MEPS-GC-MS method developed and validated in this work. The method
was based on the use of the silica-C8 sorbent, which under optimized conditions showed a high
extraction efficiency and selectivity towards PAHs. High precision was provided due to the use
of the semi-automatic device which also allowed for reduced sample handling, which is a
fundamental prerequisite to avoid potential sources of sample contamination during extraction.
Furthermore, the MEPS-based method achieved high sensitivity by extracting 4 mL of sample
volume, representing a promising tool for the analysis of chemical records in paleoclimate
research. Finally, the method proved to be suitable for the analysis of ultratrace PAHs in snow
samples collected in Antarctica, highlighting the likely contribution of PAH contamination

from local pollution sources.

Finally, another aspect addressed in the Thesis concerned a study of the inclusion properties of
CD with PAHs and the development of a new MWCNT-H202-y-CD nanocomposite as a SPME
fiber coating for the GC-MS analysis of PAHs. This method has allowed to improve the
extraction efficiency of the analytes, obtaining LOD at the level of ng L! lower than reported
in the previous methods discussed in the Thesis. In particular, an enhanced sensitivity towards

high molecular weight PAHs was obtained.

On the basis of these promising results and to investigate the complexation of PAHs with CDs,

a co-crystallization study was carried out. To gain more insight on the formation of inclusion
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complexes of PAHs with cyclodextrins, investigations based on 'H-NMR and fluorescence

spectroscopy are also in progress.

It can be concluded that the methods developed in this Thesis revealed to be promising tools
for the ultra-trace analysis of PAHs as organic markers in snow/firn and ice cores from polar
regions. The future application of these methods to the paleoclimate research could provide
paleoenvironmental records to assess occurrence and global contamination with PAHs and

other chemical proxies.
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Fig. A4 TGA curves of COOH-MWCNT and MWCNT-CD nanocomposites

Fig. A5 FTIR spectra showing pristine - and y-CD, MWCNT- HNO3 and MWCNT- H202

reduced with hydrazine hydrate, and the four nanocomposites evaluated in this work.

Fig. A6 — A7 XPS spectra of COOH-MWCNT and y-CD-based nanocomposites.

Table Al C-potential values of the acidic, basic and pristine COOH-MWCNTs.
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Table A 1 The ¢-potential values of the acidic, basic and pristine COOH-MWCNTs

MWCNTs COOH Concentrations (mmol/g) | £ (mV)
MWCNT-HNO; 1.45 -31.1
MWCNT-H,0, 0.94 -12.5
COOH-MWCNTs | 0.34 -1.9

T
© red-H202
0.8|— R=028 _

T
B HNO3

08| =0.29 i —
04— i —
0 I | I L
T T E |
" red-HNO3 ¢ I
08— R=0.25 ' —

0.4

0

Fig. A 3 Raman spectra of the two systems that were pretreated with reduction by hydrazine hydrate (red-
MWCNT-HNO; and red-MWCNT-H20:2) and their untreated counterparts (MWCNT-HNO; and MWCNT-H:20:2).
R value (ratio between the bands) gives an indication of the disorder of the MWCNTs. Reduced systems have
slightly lower R values.
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Fig. A 4 TGA curves obtained with (a) red-MWCNT-HNOs3, (b) red-MWCNT-H202, (c) MWCNT-HNOs-$-CD,

(d) MWCNT-HNO3;-y-CD, (e) MWCNT-H202-f-CD, (f) MWCNT-H20:2-y-CD and (g) pristine COOH-MWCNTs.

Greater weight losses are observed for nanocomposites containing fi-CDs compared to y-CDs, highlighting a
greater thermal stability of the latter.
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Fig. A 5 FTIR spectra showing pristine [- and y-CD, MWCNT-HNOs and MWCNT-H20: reduced with
hydrazine hydrate, and the four nanocomposites evaluated in this study. The presence of CDs on the MWCNTs
was proved by presence of characteristics peaks of CDs in the spectra of the nanocomposites. However, no

conclusions regarding the nature of the links between CDs and MWCNTs can be stated.

99



C1s a b
— CNT
= CNT+/CD+HNO,
—— CNT+/CD+H,0, R
—— CNT
= CNT+/CD+HNO;
—— CNT+/CD+H,0,
) 7
:
& £
2 >
@ =
£ £
....... ST T R 0T 0T W Y (T R T 5 ISP 1 0 5 o PRI SRS BEUTEIN ST SErEr S s
-296 -292 -288 -284 -280 -540 -538 -536 -534 -532 -530 -528 -526
binding energy (eV) binding energy (eV)

Fig. A 6 The figures show the XPS spectra relating to C 1s and O 1s of the 3 analyzed samples.

A higher intensity of the peak of the structures with high binding energies is observed in the samples containing
CDs compared to the reference MWCNT sample.

(a) In all the samples we observe a main peak of C at about 284 eV due to C-C bonds, and a series of
structures with higher binding energies (292-285 eV) due to C-O and C-N bond.

(b) The figure shows an increase in the intensity of the O 1s signal in samples containing CD compared to
the pristine COOH-MWCNT. The O Is line is asymmetrical with a main peak around 533 eV, due to
carboxyl and hydroxyl groups, and a shoulder at lower bond energies (about 530 eV), due to
physisorbed oxygen and/or carbonates.
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Fig A 7 The figure shows the fits of the XPS spectra of C 1s made with 6 components, according to the work
reported by Datsyuk et al. [90].
Peak 1 283.9 ¢V 2 C-C
Peak 2 285.1 eV =2 difect C-OH
Peak 3 286.4 ¢V 2 C-O, C-N
Peak 4 288.1 eV 2 -0-C=0, C-OOH, N-C=0
Peak 5 289.8 eV =2 carbonates
Peak 6 291.3 eV 2 n-r transitions
The C atoms bonded to nitrogen (C-N) have a binding energy between 286 and 287 eV [130] and therefore are
likely to overlap with the peak 3. The C atoms with N-C=0 bonds have binding energy around 288 eV and
overlap the peak 4 [131]. The interactions between CDs and can be ascribed to n—mn, or H-bonding involving
the surface of the CNTs.
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