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Abstract

A wide variety of nitrogen-containing compounds present in the air can contribute
to air pollution, which in turn affects both human health and the climate. In this
thesis, the applicability of two miniaturized air sampling techniques, solid-phase
microextraction (SPME) Arrow and in-tube extraction (ITEX) was studied, for the
selective collection of nitrogen-containing compounds in air samples. Different
types of sorbent materials, including Mobil Composition of Matter No. 41 (MCM-
41), titanium hydrogen phosphate-modified MCM-41 (MCM-41-TP), and zinc
oxide-modified mesoporous silica microspheres, were used as sorbent materials in
the ITEX sampling system. The adsorption and desorption behavior of gaseous
nitrogen-containing compounds in passive SPME-Arrow and active ITEX sampling
systems, coated and packed with different sorbent materials, was investigated. In
addition, saturation vapor pressures of atmospheric trace gases were
experimentally and theoretically estimated. The sampling systems with selected
sorbent materials were applied to the determination of nitrogen-containing
compounds in boreal forest SMEAR 1I station, indoor air, and cigarette smoke.

Adsorbent and adsorbate properties, such as hydrophobicity and basicity, were the
major factors that affected sorbent selectivity towards nitrogen-containing
compounds. Moreover, the pore volume and pore sizes of the sorbents were
essential parameters for the adsorption performance, especially in the SPME Arrow
system. The ITEX packing and the SPME Arrow coatings were reproducible and
reusable. Due to the active sampling principle, the ITEX sampler with higher
adsorption and desorption rates provided better results for the analysis, especially
when quick injection was needed in gas chromatography. The selectivity of the ITEX
sampling system was increased with the trap accessory, but further study is needed
to prevent the loss of the targeted compounds. Whereas the ITEX’s filter accessory
was successfully employed to remove particles, enabling ITEX to collect only gas-
phase samples. Vapor pressure results were achieved by laboratory experiments (by
retention index approach) and by the COSMO-RS model.

An aerial drone was successfully employed as a platform to study vertical profiles of
VOCs at high altitudes, from 50 to 400 m, for miniaturized SPME Arrow and ITEX
atmospheric air sampling systems, along with portable devices for the real-time
measurement of black carbon (BC) and total particle numbers. There was a clear
distribution of the nitrogen-containing compounds collected at different altitudes
at SMEAR II station, Finland, depending on their sources. In addition, other VOCs
demonstrated the same trend.
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1. Introduction

Research on atmospheric organic compounds has grown in recent decades due to
their impact on the environment and human health. These compounds can serve as
a source of secondary organic aerosol that in turn, as an example, can contribute to
the production of fine aerosol particulate matter, like PM 10 and PM 2.5, which
pollutes the environment [1-5]. Nitrogen-containing compounds are important
components of organic aerosols that can lead to the formation of air pollution. It is
very challenging to determine them due to their high volatility, high polarity, and
low concentrations in mixtures. Although many air sampling techniques have been
recently developed [6], many nitrogen-containing compounds still need new,
especially selective sampling techniques for their reliable analysis from complex
sample mixtures to provide better understanding of their distribution in the
environment, to clarify their effect on air quality and human health, and their

specific role in the atmosphere.

Selecting appropriate sampling techniques with selective sorbent/coating materials
is a crucial step before performing the analysis. They should be functional under
different atmospheric conditions (humidity, temperature, wind speed, ozone) and
for compounds with different physicochemical properties. The mass transfer of
nitrogen-containing compounds from air to the sorbents of sampling devices, and
then from these sorbents to analytical instruments, are important processes that

can be evaluated by adsorption and desorption kinetics.

Miniaturized air sampling (MAS) techniques are ideal for on-site sampling due to
their small size, flexibility for practical applications, low sampling time, low cost
and environmental friendliness. Two different MAS techniques were selected for
this study: passive solid-phase microextraction (SPME) Arrow and active in-tube
extraction (ITEX). They combine the sampling and sample preparation steps
without any need for organic solvent and they have been successfully used for the
collection of volatile organic compounds (VOCs) from environment samples with

straightforward analysis and quantification [6—8].

The main goal of this doctoral dissertation was to study the effect of different

materials on the performance of microextraction techniques and thereby to develop



corresponding analytical methods for environmental, food, and biogenic chemistry
studies. One objective was to compare commercially available and newly developed
sorbent materials in terms of extraction affinity, extraction selectivity, and
extraction kinetics. The potential applicability of an aerial drone as the carrier for

new miniaturized passive and active samplers was demonstrated.

In this doctoral thesis, the applicability of different materials as ITEX sorbents for
reliable selective collection of nitrogen-containing compounds in air samples was
evaluated. To improve the selectivity further the ITEX sampling system was
furnished with accessories that were assessed and a new sorbent material was
synthesized. The physical properties of different materials for the adsorption and
desorption kinetics of nitrogen-containing compounds were compared when the
materials were packed into the ITEX and coated onto the SPME Arrow sampling
systems. The mass transfer process of nitrogen-containing compounds from air to
sorbents was examined through the adsorption kinetic models, to improve
sampling selectivity and find optimum sampling conditions. The desorption kinetic
model assisted in determining the typical adsorbent-adsorbate interactions, and to
clarify optimal conditions for analyte desorption. Saturation vapor pressures were
also determined. Accurate vapor pressure calculations are needed to investigate
compounds partitioning into atmospheric organic aerosols since the gas/particle

partitioning mechanism depends on these values.

The performance of the ITEX sampling system with selective sorbent materials,
furnished with various accessories, was assessed by simultaneous collection of gas
phase and aerosol particles in boreal forest SMEAR II Station, Finland. A drone was
utilized to carry the miniaturized air sampling systems at high altitudes. The
compositions of various aerosol and gas fractions collected by ITEX and SPME
Arrow systems, as well as real-time measurement of black carbon (BC) and particle
numbers using portable BC and condensation particle counter (CPC) devices, were
evaluated with temporal variation and at different altitudes at SMEAR II Station,
Finland.



1.1. Aims of the study

The main aim of the doctoral thesis was to develop miniaturized microextraction
sampling techniques for selective collection of volatile nitrogen-containing

compounds in air samples.
The specific aims of the thesis were:

1. To clarify the suitability of ITEX and SPME Arrow systems for air sampling
(Papers I-III).

2. To study the applicability of different materials as ITEX sorbents (Papers I-
IID).

3. To study the adsorption and desorption kinetics of selective sorbent materials
for the mass transfer process of gaseous nitrogen-containing compounds to
ITEX and SPME Arrow sampling systems (Paper IV).

4. To utilize a variety of ITEX accessories for air sampling (Papers I and II).

5. To evaluate the applicability of aerial drones as the platform for simultaneous
collection of atmospheric air and real-time particle measurement at high
altitudes (Papers I and II).

2. Background to the work

2.1. \Volatile organic compounds

The role and importance of organic compounds in atmospheric chemistry are well
known. A variety of compounds from numerous sources, including some volatile

organic compounds (VOCs), contributes to the pollution of the atmosphere [9—11].

According to the European Union, VOCs are defined as organic compounds having
an initial boiling point lower than or equal to 250 °C at 101.3 kPa, whereas organic
compounds themselves are any compound containing at least the element carbon
and one or more of hydrogen, oxygen, sulphur, phosphorus, silicon, nitrogen, or a
halogen, except for carbon oxides and inorganic carbonates and bicarbonates [12].
Meanwhile the United States Environmental Protection Agency (US-EPA) specifies

VOCs as any carbon compound that participates in the atmospheric photochemical



reaction, with the exception of carbon monoxide, carbon dioxide, carbonic acid,
metallic carbides, or those designated by EPA to have negligible photochemical
reactivity [13].

Due to their frequent occurrence in everyday routine such as at the workplace and
consumer products, VOCs can be found anywhere both indoors and outdoors [14].
Their cycling across major environmental media such as in atmospheric air,

somehow poses threats to all humans, the environment, and climate.

The ubiquitous VOCs that are present in the atmosphere are caused by human
activities including industrial processes, vehicular emission, solvent usage, oil
refining, food manufacture, agriculture, residential activities, and landfill wastes.
In addition, biogenic sources like plants, trees, wild animals, volcanoes, and forest
fires all emit VOCs [10,11]. Their emission to the atmosphere is due to their low
boiling points and high vapor pressures. The higher the volatility, the easier the
compound emitted from the surface into the air. VOCs are typically released into
the environment through various pathways as mixtures with different
concentrations rather than as a single compound. These compounds are a major
concern due to many reasons, such as some of them are important precursors for
ozone formation and secondary air pollutants [15—17]. These pollutants can
accumulate and persist in the environment, enhance the global greenhouse effect,
and pose unpredicted health risks ranging from various kinds of allergies to cancers

due to their hazardous nature [9,12,16—18].

2.2. Nitrogen-Containing Compounds

Nitrogen is an important nutrient for organism growth [19]. This constituent exists
in many chemical forms and undergoes various chemical transformations that are
unique to this element [2,20,21]. Unique because for some gaseous nitrogen-
containing compounds, such as amines, only few atmospheric models encompass
them since little is known about their atmospheric chemistry behavior, particularly
in terms of physicochemical properties such as gas/particle partitioning [2,22]. This
is because of the fact that these compounds are very challenging to determine or
analyze due to their high polarity, volatility, and their presence in mixtures with low

concentrations [23—25].



Nitrogen-containing compounds are emitted by numerous anthropogenic (e.g. road
vehicles and industrial) and biogenic sources (e.g. plants, trees, and soil). Like other
VOCs, gaseous nitrogen-containing compounds also play a crucial role in the
formation of atmospheric aerosols. For instance, Wedyan et al. [26] reported that
up to 80 % of the atmospheric aerosols in the Coastal Gulf of Agaba was caused by
these compounds. Nakamura et al. [27] also observed that the primary source of
atmospheric nitrogen in the Pacific Ocean’s coastal regions is particle phase

nitrogen-containing compounds from East Asia.

Nitrogen-containing compounds also have adverse effects on environment, climate,
and human health. Their emission to the atmosphere involves the formation and
growth of new aerosol particles [1,28]. The aerosol particles in the atmosphere have
both direct and indirect effects on the climate system, for instance, they scatter
sunlight, transmit and absorb radiation, and serve as nuclei for cloud formation
[1,16,29—31]. The inhalable particle can transport toxic chemicals into lungs causing

health problems.

In addition to their unfavorable effects, nitrogen-containing compounds have
drawn a lot of attention due to their ability to complex with carbon dioxide resulting
in carbon capture and storage (CCS) [28,32—35]. Because of the significant amount
and environmental implications of CO: emission, CSS becomes one of key

approaches to mitigate CO- negative effects, such as climate change.

Low vapor pressure nitrogen-containing compounds, such as alkanolamines, have
been extensively used in commercial technologies as an adsorbent-based CO-
capture unit [28,32]. The most common solvent alkanolamines employed in this
process are those that generate the formation of ammonium carbamate species
under anhydrous condition and transforms to ammonium bicarbonate and
carbonate species in the presence of water [33,36]. The use of solvent poses many
drawbacks, including high-energy consumption, equipment corrosion, solvent
regeneration, and toxic emission [36,37]. Therefore, many studies have switched to
the attachment of amine functional group onto high surface area sorbents based on
polymers, zeolites, graphite, clay, etc. to overcome these drawbacks [36—39].
Despite the fact that the use of amines in CCS is desirable, it is still likely for amines

to be released into the atmosphere during operation, either at the amine treatment



plant or during amine attachment to the solid sorbent material [40]. Moreover,

amines are widely generated or emitted in a range of processes [2,41].

2.2.1. Some nitrogen-containing compounds and their possible

reactions in the atmosphere

This section includes the instances of nitrogen-containing compounds that are

known to make major contributions to atmospheric chemistry.
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Figure 1. The schematic diagram describing the emission-to-deposition cycle of

atmospheric amines. This figure is reproduced from Ref. [2].

Amines are an example of nitrogen-containing compounds that have gained huge
attention in the past decades. Amines, which are basic compounds, are derivatives
of ammonia in which one or more hydrogen atoms are replaced by an alkyl or aryl

group.

Some reactions of amines in the atmosphere can be seen as below:



NR34) + HX(4) @ HNR3X(s), where X refers to Cl or NOs; (1)
ZNRg(g) + H2504(g) {_—) (HNR3)2 504(5) (2)

Similar to ammonia, gaseous aliphatic amines may undergo quick acid-base
reactions to form salt particles when exposed to atmospheric acids such as HCI,
HNO3, and H-SO,4 (Egs (1) and (2)) [2,4]. Short aliphatic amines with high vapor
pressures most likely occur in the form of alkyl ammonium salts when present in
the particle phase [42]. These constituents continually form molecular clusters in
the atmosphere, and can lead to the formation of growing nanoparticles in a process

called nucleation [3—5,18,43].

Amines also react with organic acids to produce amides, and with atmospheric
oxidants such as 03, OH~, and NO; to form less volatile products and further
subsequently partition into aerosol particles leading to the formation of the
secondary organic aerosol (SOA) [3,5,18,43]. The SOAs are the major components
of fine aerosol particulate matter (such as PM 10 and PM 2.5) that pollute the
environment [2,5,44]. Gaseous amines are not only reacting with atmospheric acids
or oxidants to form less volatile products to form SOA, but they can also be adsorbed

or directly partitioned into aerosol particles (Fig. 1).
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Figure 2. Example of routes of atmospheric photo-oxidation of tertiary amine. This

figure is reproduced from Ref. [45].



In addition to particle formation, amines can lead to the formation of toxic
compounds, such as nitrosamines and nitramines, through reactions between

precursor amines and oxidants (Fig. 2).

Some other nitrogen-containing compounds that have attracted a lot of attention
from atmospheric scientists are imidazoles and pyridines. Imidazoles are an
important constituent in atmospheric N-heterocycle brown carbon (BrC) due to
their unprecedented light absorption properties [46]. According to Kampf et al.
[47], even trace levels of imidazoles can significantly increase an aerosol’s capacity
to absorb light. BrC aerosol scatters and absorbs solar radiation which affects the
Earth’s radiative budget. Imidazoles can be produced in the atmosphere in the
presence of primary amines or ammonium salts by nucleophilic attack [46,48].
Some studies have proposed the reaction pathways of imidazole as the part to

produce the N-heterocycles which have been suggested to be the cause of browning

[47-50].

Pyridine is one of the nitrogen-containing compounds listed in EPA 8270 as volatile
organic pollutants that need to be assessed from air samples [51]. In addition to
pyridine, the oxidation of pyrrole will also generate NO that is known as a toxic

pollutant to cause serious environmental problems such as acid rain [52—54].

Reactions (3) and (4) show how pyridine and pyrroles produce NO in the

atmosphere, respectively.
27 5
CsHsN(gy + 77 02(g) = 5C02g) +5 H20(g) + NOg) (3)

23 5
CoHsNigy + 702 () = 4 €Oz (g) +5 Hy0(g) + NO (g 4)

2.3. Miniaturized sampling systems

Sample preparation has always been a crucial step in separation science to
determine targeted compounds from a complex matrix. The analytes isolation from
the sample matrix is a major task to ensure the success of the qualitative and
quantitative analysis of the compounds. Liquid-liquid extraction (LLE) is a classical
sample preparation technique that is time-consuming, labor-intensive, and

consumes large volumes of organic solvents. This method is considerably expensive

8



and generates a large amount of waste that is harmful for human health and

environment [55,56].

In the last three decades, significant progress has been made in the development of
miniaturized sampling techniques based on microextraction that enable the
efficient extraction and preconcentration of targeted analytes from a broad range of
samples. Typically, this method uses an appropriate extraction phase, which can be
a liquid or a solid material. Miniaturized sampling techniques based on sorbent
microextraction and liquid-phase microextraction are extremely important since
they are environmentally friendly and serve as an alternative to traditional
extraction methods. Other benefits of these systems include their ability to extract
samples quickly, concentrate samples simultaneously, possibly automate the
process, and directly inject all analytes into the analytical instrument, enabling

rapid qualitative and quantitative analysis of complex matrices [6—8].

Sorbent microextraction, such as solid-phase microextraction (SPME), is regarded
as an advance miniaturized solid-phase extraction (SPE) technique [57,58], while
liquid-phase microextraction (LPME) like single drop microextraction (SDME) is

recognized as a miniaturized LLE procedure [59,60].

Particularly for air samples, SPME has been exploited as a successful miniaturized
sampling technique in numerous studies [61—-68]. Air sampling techniques can be
classified into two categories, namely non-exhaustive (passive sampling) and
exhaustive (active sampling), which will be discussed in more detail in sections 2.4
and 2.5. SPME belongs to a passive sampling technique, whereas an active sampling
technique such as in-tube extraction (ITEX) [61,63,65,60] and needle trap
microextraction (NTME) [7,70,71] have also been developed for air collection and

employed with reliable results.

2.4. Passive sampling

Passive sampling (PS) has been developed for various gaseous pollutants including
CO, NO-, and VOCs. This technique was invented in 1927 [72] and used for the first
time to quantify the atmospheric sulphur dioxide in 1973 [73,74]. A physical
process, such as diffusion through a static air layer or permeation through a
membrane, controls the sampling rate of a passive sampler [75]. Because of the

9



difference in chemical potential between the two media, the analytes in this process
move from the sampling medium with higher concentration to the sorbent
(collecting medium) until the equilibrium is reached. Therefore, in order to ensure
reproducibility results and use this tool for quantitative analysis, control of the
extraction time and other extraction parameters, such as humidity, temperature,

ionic strength, and wind conditions is essential [57,67,75,76].

Most miniaturized passive samplers work based on the diffusion, which is known
as diffusive sampling. Examples of these include the SPME, solid-phase dynamic
extraction (SPDE), and diffusive needle trap device (NTD)[6].

2.4.1. Solid-phase microextraction

Early in the 1990s, SPME was licensed and commercialized following its late 1980s
patenting [77]. To address the need for quick sample preparation both in the
laboratory and on-site analysis, several different SPME formats including fiber
(SPME-fiber), cold fiber (CF-SPME), arrow (SPME-Arrow), in-tube (IT-SPME) and
thin-film (TF-SPME), have been extensively explored both theoretically and
experimentally [6,57,78].

The first invented SPME is based on externally coated fibers mounted in a syringe-
like needle for protection. In this case, the fiber can be either solid or hollow [57,79].
There are three basic modes of extraction in SPME, namely direct immersion (DI),
headspace extraction (HS), and a membrane protection approach (Fig. 3). In the DI
type, the coated sorbent is placed into the liquid sample medium, and the analytes
are transferred directly from the sample to the collecting phase. This mode is
designed primarily to extract less volatile or non-volatile compounds from liquid or

solid samples.

In the HS mode, the analytes need to be transported through an intermediate
substance, usually atmospheric air, before they can reach the coating. HS is widely
used to extract semi-volatile and volatile compounds from the headspace of the
samples. This mode is suitable to eliminate high-molecular weight or non-volatile
interference, whereas the membrane protection mode is used to protect the sorbent

(specific for SPME fiber) against damage when analyzing very dirty samples. The
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latter is also utilized to determine analytes with too low volatilities for the headspace
approach. The membrane is made of a material that can improve the extraction

process’s selectivity [57,80].

TH
TH

Coating Membrane

Liquid phase

Figure 3. SPME Extraction modes: (a) direct immersion; (b) headspace mode; (c)

membrane protection.

Quantification in SPME can be defined by two approaches. First, if an equilibrium
between the sample matrix and sorbent phase is reached, the amount extracted will
not be affected by the convection conditions. The second quantification approach
uses short pre-equilibrium extraction times, where the amount of analyte extracted
is proportional to time if convection is constant. In the latter situation, quantitation

is performed based on analytes’ time accumulation in the coating sorbent [57,81].

2.4.2. SPME Principle

As has been discussed in the previous section, the first approach of SPME
quantification is when the analytes concentration reaches equilibrium in the sample

medium and the sorbent coating.
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In direct immersion (DI) mode, the phases that contribute significantly to the
extraction process are sample and extraction phase (sorbent material), thus, the

equilibrium condition can be described by equation (5):
ColVs = C°Vs + C°Vs (5)

where Co is the initial concentration of analytes in the sample, while C;° and C;° are
equilibrium concentration of analytes in the sample and sorbent coating,
respectively. V; and V, are volumes of the sample and the sorbent coating,

respectively.

When immobilized liquid fiber (liquid polymer coated SPME fiber) is used, we can
consider C¢°V; as Cf°Vy, where (¢ and V; are equilibrium concentration of analytes
in the liquid polymer fiber coating and volume of liquid polymer fiber coating,

respectively.

The distribution coefficient of the analytes (K;) between the fiber coating and the

sample matrix is defined as:

COO
Krs = c% (6)
Equation (5) and (6) can be combined into equation (7) below:
o __ KfsVs
G =Go KpsV p+Vs ™)

The mass of analytes (n) extracted by the fiber coating can be calculated from
equation (8). This equation shows the linear relation between the amount of analyte
extracted onto the coating (n) and the analyte concentration in the sample (Co).

KpsVsVr
O KpsVp+Vs

In some determination, the sample volume V; is much larger than the capacity of

the sorbent coating V;, resulting in a very simple relationship:

n= COKfSVf (9)
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In contrast to the DI mode that only considers two media (i.e. sample and sorbent
coating), the headspace method includes three phases, namely the original sample,
the sample headspace, and the sorbent coating. Therefore, the equilibrium

condition is achieved by equation (10):
CoVs = CVs + CVi, + GOV (10)

where C;° and V,, are equilibrium concentration of analytes in the headspace and
headspace volume, respectively.

00 c®
If: K, = b . and Kep = c%’ are the headspace/sample matrix and the sorbent
h

0
Cs

coating/headspace distribution constants, respectively, thus, the amount of analyte
(n) extracted by the sorbent coating can be calculated from equation (11):

KfnKpsVsV
n=waVf=C0 L ssTS
thKhsz+Khth+Vs

(11)

If the effect of moisture in the gaseous headspace can be neglected, then we assume
that:

Kfs = thKhs (12)

Thus, equation (11) can be rewritten to equation (13):

KpsVsV s

n=06 ——m——
0 KgsVe+KpsVptVs

(13)

As long as the sample volume V; >> KV, it is not necessary to sample a well-
defined volume since the amount of analyte extracted is independent of V. As a
result, an SPME device can be immediately placed in the analytical instrument for

quantification [82].

When solid sorbent coated SPME fiber is employed, analytes bind to surface active

sites, so that the equilibrium amount of analytes is determined by:

_ KVsz (Cfmax_cﬁo)
O Vs+KV s (Cf max—C2)

n (14)
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where K is the analyte’s adsorption equilibrium (affinity) constant, while Cf 4y is

the maximum concentration of active sites on the coating.

The amount of analyte A extracted at equilibrium is also affected by the presence of
other analytes, for instance analyte B. As a result, the following equation (15)

determines the amount of analyte A that was extracted under this condition.

n=C KaVsVr (Cfmax_cﬁ)
= (o
KaV (Cfmax—CF)+Vs(1+KBCH)

(15)

The second approach on SPME quantification is the use of a short pre-equilibrium
extraction time, where the amount of analyte extracted is related to time if
convection or agitation are kept constant. The entire kinetic process of SPME in this
circumstance can be described by:

n = CyL% [1 — exp (—agt)] (16)

T O K s
where n is the amount of extracted analyte at time “t”, and ay is a constant that
depends on the volume extraction phase, headspace and sample volumes, mass

transfer constant, distribution coefficients, and the surface of extraction phase

[57,83].

In the SPME sampling system, the device affinity is proportional to the number of
molecules extracted from the sample matrix. This indicates that the amount of
analyte increases as the sample volume increases, until a point where the sample
volume is significantly higher than the sorbent volume and the distribution
coefficient. The analytes distribution is affected by temperature, humidity,
agitation, ionic strength, pH, and the polarity of analytes and SPME sorbent phase.
For instance, according to Alpendurada [84], a rise in temperature can cause an
analyte’s distribution constant to decrease. Addition of salt will change the ionic
strength of the sample solution, salting-out polar analytes [57,85]. Adjusting the pH
will improve the extraction efficiency of basic and acidic analytes [57].
Consequently, careful optimization and thorough calibration are required to

develop a reliable and robust quantitative SPME method.
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2.4.3. SPME Arrow

A variety of SPME sampling systems, including thin-film SPME, in-tube SPME, and
SPME Arrow, have been developed as a result of the rapid growth of technology to
overcome issues encountered during SPME implementation. In this thesis, only the
most recent SPME Arrow system is discussed. The SPME Arrow that was
introduced in 2015 by CTC Analytics AG, was designed to overcome the traditional
SPME fiber drawbacks, such as small sorbent volume, fragility, limited mechanical

robustness, and relatively poor reproducibility [8,77].

SPME Arrow has larger coating volume (3.8-11.8 pL) than SPME Fiber (0.03-0.61
uL), which enhances extraction efficiency, measurement sensitivity, and detection
limit [8,64]. The SPME Arrow’s body is made of stainless steel with a diameter
approximately 2 — 3 times bigger than that of conventional SPME fibers (Fig. 4).

Stainless-steel rod
(a) SPME Arrow (open) Outer Arrow tip

- | |

(b) SPME Arrow (closed)

Sorbent
_ material
(Sorption

phase)
(¢) SPME Fiber (open)

Outer
Figure 4. The SPME Arrow with sorbent exposed (a) and with sorbent covered by

a stainless-steel rod (b). These Arrows are compared to SPME fiber (c) that has

smaller surface area and thinner sorbent than that in SPME Arrow (a).

The stainless-steel rod also replaces the fragile fused silica fiber. The Arrow tip at
the end of the rod allows the complete closure of SPME Arrow to prevent

contamination of the sorbent during the transfer process (Fig. 4b). Due to its design,
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the SPME Arrow tip also enables the SPME Arrow to directly inject the analytes into
the GC injector without modifying the GC injection port, such as by installing a
desorption unit. This approach thereby improves mechanical durability, versatility,
and maintains the compatibility for direct thermal desorption for GC analysis
[8,64,77]. SPME Arrow coated with various stationary phases such as commercial
polydimethylsiloxane (PDMS), carbon wide range (CWR), and divinyl benzene
(DVB)/PDMS have been utilized in many applications, such as for food and
environmental analyses [6,24,61,62,64,65,77,86].

2.5. Active sampling

The active air sampling (AAS) technique has been regarded as the most accurate
method to measure VOCs concentration in air as they collect both gas and particle
phase [6,76]. Due to its independence from wind speed, temperature, and pressure,
the AAS offers more accurate and reliable quantification when compared to the
passive sampling technique [87]. Different to passive air sampler (Fig. 5a), AAS
requires a pump as the driving force to collect air samples (Fig. 5b). The collection

device can be a filter or a trap, such as an adsorbent packed tube [7,70,76,88].

- * .
0® o Gas phase
L]
Air °. .,
sample c@e 0T Particle phase

Collection S
device ®_® X ° +— Adsorbent trap

Mopy Iry

Gas phase

Adsorbent traj

(a) (b)
Figure 5. Schematic of (a) passive and (b) active air samplings. In active air
sampling (b), the air sample is drawn through the adsorbent by the help of the

pump.
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AAS can be classified into high volume and low volume samplers based on their flow
rates and sample collection times. High volume samplers typically have flow rates
between 15 and 80 m3.ht and total sample volumes more than 400 m3, while low
volume samplers typically have flow rates of less than 3 m3.h*. Depending on the
sorbent capacity, low volume samplers can extend the sampling period for
continuous sampling, for instance, up to 14 days [76,89]. The pump’s variable speed
allows the collection of samples over the desired sampling time. Compared to
passive air sampling, AAS offers several advantages, including a shorter sampling
time, higher sampling capacity and efficiency, simultaneous collection of gas and

particle phase, and a lower detection limit.

In AAS, sampling efficiency is affected by the type of sampling device and sorbent,
the artifact of collection device and sorbent, degradation of sorbent and analytes,
and breakthrough (analytes loss from the adsorbent trap) [90,91]. In order to
prevent low sampling efficiency, some configurations and parameters such as
sampling device configuration, sampling flow rate, and sampling time should be

assessed and optimized.

The innovative miniaturized active air samplers were developed in the 2000s, such
as needle trap microextraction (NTME) and in-tube extraction (ITEX) [87,92].
These miniaturized samplers have several benefits including a short sampling
system, simple operation and automation, and on-line coupling with analytical

instruments like gas chromatography-mass spectrometry.

2.5.1. In-tube extraction

ITEX belongs to active samplers that was first made commercially available in 2006
and was upgraded in 2009 to be compatible with any PAL-type autosampler
without modification [87]. Dynamic ITEX, which pumps the sample headspace
using a gastight syringe through a connected tube filled with sorbent material, can
be fully automated for CTC PAL series autosamplers. In this configuration, an
electric heater is placed around the gastight syringe (that has a 1.3 mL volume size)
and ITEX sorbent tube to prevent sample condensation and enable thermal

desorption to the gas chromatograph’s injector.
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ITEX conditioning can be performed through a side-port hole in the glass body of
the gastight syringe. Lifting the syringe plunger over the side-port hole allows the
continuous inert gas (e.g. nitrogen) flushing of the syringe and the packed sorbent
to prevent carryover between analyses. For headspace dynamic extraction, the
syringe plunger is moved up and down (defined as a stroke) to collect the headspace
sample and pass through the sorbent material. For desorption, a predetermined
volume of helium is aspirated from the GC inlet into the syringe as a desorption
volume. The heater is then heated to the desorption temperature, and the syringe
plunger is then lowered to inject and desorb the analytes into the GC injector system
at a fixed desorption flow rate. Following desorption, the inert gas is introduced
through the syringe’s side-port hole to flush the sorbent material at the optimized

temperature for post-conditioning.

Figures 6 - 8 show the steps of the ITEX procedure including ITEX conditioning,

sample extraction, and desorption, respectively.

Important parameters:

1. Cleaning temperature

2. Cleaningti
Cleaning time l R N, flow
Packed sorbent [y S p— Heater
material /

Figure 6. ITEX conditioning stage. This figure is reproduced from Ref [93]
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Important parameters:

1. Trap temperature

2. Extraction strokes -

3. Extraction volume - Plunger moves up and

4. Extraction flow t -« down as a sampling
stroke

-
Extracted analytes —— > /

q } Gas phase / headspace sample

Figure 7. ITEX sampling stage. This figure is reproduced from Ref [93]

Important parameters:

1. Desorption temperature = =
g- Besorpt!on ;10“””91 | - Plunger moves down
. Desorption flow rate I
4. GC-Injector temperature 7 ;on;T:/?:; 23? push the
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>

<+— GC Injector

Analytes to the GC column
Figure 8. ITEX desorption stage. This figure is reproduced from Ref [93]

ITEX has been exploited for on-site determination of VOCs from air sample,

beverage, and cigarette smoke [61-63,65,69,94]. Additionally, a fully automated
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and integrated ITEX system for continued air sampling and online measurement

has been successfully developed [62].

2.6. Air sampling methods

Owing to the challenge posed to air sampling at high altitude, very little is known
about the abundance, diversity, and extent of nitrogen-containing compounds in
the Earth-atmosphere system. Consequently, there is very little data available on
the diversity and concentration of nitrogen-containing compounds in the high
altitude resulting in difficulties of studying their roles in the atmosphere. To directly
address this knowledge gap, some aerosol sampling platforms at high altitudes have
been designed and constructed such as aircraft [95—97], helicopter [98], tower [99—
101], balloons [102,103], zeppelin [104,105], and aerial drone [61,63,65,106,107].
Of these, the uncrewed vehicles (e.g. balloons and aerial drone) are a more cost-
effective and feasible method than the piloted flights (e.g. zeppelin and helicopter)
[108].

Instrumentations that are attached in the tall tower (Fig. 9a) can conduct
continuous monitoring of VOCs and a broad range of aerosol characteristics.
However, it can only be used to study the tower surrounding and at fixed altitude,

since it cannot be flexibly moved vertically or horizontally.

A balloon-based sampler is inexpensive, has a long duration of sampling, and can
reach altitudes of up to 40 km. Balloons can lift the payload at various weights and
can be lifted to different altitudes depending on the balloon capacity. However, the
drawback would be that it could only conduct sampling limited to the vertical range
and at a certain altitude, or, it would be expensive to exploit a controlled balloon
[103,109]. Another risk that may happen is sample contamination and being lost
during payload retrieval or when the balloon landed by exhausting the balloon gas.
For example, Bryan et al. [103] developed a bioaerosol sampling payload to collect
microbial aerosols from air at different altitudes. The payload was transported
using a latex sounding balloon and was released and descended by parachute. In
this case, there is risk that there is no way to ascertain a safe landing site for the

payload.

20



Piloted flight for air sampling covers a wider range of sampling area and is able to
flexibly collect samples with both vertical and horizontal movements. In addition,
it has higher reliability in terms of securing the samples from damage and loss.

However, it would be costly to perform the sampling [108].

A Zeppelin, a semi-rigid airship, has a hull diameter of about 14 m and a length of
75 m. It can lift up to 1900 kg using He as the lifting gas. The high payload capacity
enables scientists to carry state-of-the-art instrumentation designed to collect
information on the process between chemical compounds and aerosol particles to
better estimate their role in the atmospheric chemistry [104]. The Zeppelin NT has
a maximum range of 900 km and a maximum flight altitude of 2600 m. The highest
height that could be reached when carrying the heaviest instrument combination,
for instance the aerosol mass spectrometer (AMS) and weighting more than 1000
kg, was between 400 and 750 m [105]. In Zeppelin, the instrumentation can be
installed inside the gondola (highlighted in red in Fig. 9c).

=
!
!
;
s

Figure 9. Various platforms for air sampling and measurement systems: (a)
Towers, (b) Tethered balloon, and (c) Zeppelin. The instrumentation is located in

the red circle.

The aerial drone, a remotely piloted aircraft system, has grown very popular for
aerosol measurement over the last decades. Aerial drones as carriers of air sampling
devices and aerosol measurement devices such as sensors and portable miniature-
mass spectrometry allow samplings at high altitudes and in areas with poor

accessibility and with low cost [110,111]. Aerial drones also use electrical power
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engines that limit the potential contamination sources [65,112]. The versatility of
air sampling with a drone system has become an advantage in comparison with

conventional sampling platforms such as towers, balloons, or aircraft.
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Figure 10. Schematic picture of the aerial drone as a carrier for a miniaturized air
sampling system (SPME Arrow and ITEX). The collected samples are then analyzed
using the gas chromatography-mass spectrometry (GC-MS).

The applicability of an aerial drone as a carrier for miniaturized air sampling devices
such as SPME Arrow an ITEX has been studied in recent studies allowing the
simultaneous collection of multiple air samples as well as both gas and particle
phases [61,63,65,113]. Aerial drones have also been used as carriers of aerosol
measurement devices such as sensors and miniature-mass spectrometry [110]. A
wide variety of sensors have been attached to aerial drones for monitoring of
different parameters such as temperature, humidity, black carbon, CO2, NO., and

VOCs concentration [110,112,114,115].
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3.

Experimental

The main aim of this doctoral thesis was to develop reliable microextraction

techniques to selectively collect nitrogen-containing compounds from air samples.

The applicability of various sorbents, including a new material that was developed

in this thesis and some other commercial sorbents, were compared. The

physicochemical properties of those materials were also studied when they were

packed into the ITEX and coated onto the SPME Arrow sampling systems.

The lists of chemicals (Table 1), materials, instruments, and equipment (Table 2),

methods and experimental conditions used in the studies are provided in this

chapter. Detailed information is found in Papers I-1V.

Table 1. List of chemicals.

Chemical Purity Supplier Papers
1-Butanamine 99% Sigma Aldrich (St. Louis, MO, USA) I
1-Butanenitrile 99% Merck KGaA (Darmstadt, Germany) I
1-Butanol 99.8%  Sigma Aldrich (Steinheim, Germany) 111
1-Methylimidazole 99% Alfa Aesar GmbH (Karlsruhe, Germany) I
1-Methylimidazole 99% Sigma Aldrich (St. Louis, MO, USA) v
1-Nitropropane Sigma Aldrich (Steinheim, Germany) I
-Propanol HPLC  Rathburn  Chemicals (Walkerburn, I

grade Scotland)

1,3-Diaminopropane 98% TCI (Tokyo, Japan) I
2-Butanol 99.5% E Merck (Darmstadt, Germany) LII
2-Butanone >99.5% Sigma Aldrich (St. Louis, MO, USA) I
2-Methylimidazole 99% Alfa Aesar GmbH (Karlsruhe, Germany) I
2-Propen-1-amine 098% Sigma Aldrich (St. Louis, MO, USA) I
2,3-Butanedione 97% Sigma Aldrich (Steinheim, Germany) 1I
3-Amino-1-propanol 98% Sigma Aldrich (Steinheim, Germany) I
4-Ketopimelic acid 98% Sigma Aldrich (St. Louis, MO, USA) I
4-Methyl benzylamine >97% Fluka (Steinheim, Germany) I
(+) Camphene >90% Sigma Aldrich (St. Louis, MO, USA) III
Acetonitrile >299,0% Honeywell GmbH (Seelze, Germany) 11, III
Acetophenone 95% ']E‘:};Zla]ir(;;lsh Drug Houses Ltd. (Poole, 1L, 111
Acetic acid >99,8% Merck KGaA (Darmstadt, Germany) I
Adipic acid £99.9% ;l;;lal?ll;;lsh Drug Houses Ltd. (Poole, I
Azelaic acid >099% Fluka (Buchs, Switzerland) 11
Ammonium acetate 99.9 %  Fisher Scientific (USA) I
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Table 1 (cont.). List of chemicals.

Chemical Purity Supplier Papers
Ammonium carbonate ;}:J:en Riedel de Haen (Seelze, Germany) I
Benzaldehyde >99% Fluka (Buchs, Switzerland) 1I
Cis-pinonic acid 98% Sigma Aldrich (St. Louis, MO, USA) I
Citric acid >99,5% Sigma Aldrich (St. Louis, MO, USA) I
Crotonic acid 98% Sigma Aldrich (St. Louis, MO, USA) I
Decafluorobiphenyl 99% Sigma Aldrich (St. Louis, MO, USA) I, 11, 111
Decane 98% E Merck (Darmstadt, Germany) v
Dichloromethane ;1:135 Sigma Aldrich (St. Louis, MO, USA) II1, IV
Diethylamine >99.5% Fluka (Steinheim, Germany) L1II
Dimethylamine-HCI 99.5%  Fluka (Steinheim, Germany) I
Dimethylformamide 99.9%  Sigma Aldrich (St. Louis, MO, USA) LI IV
Dipropylamine 99% Fluka (Buchs, Switzerland) I III, IV
Ethanolamine >95.5% Sigma Aldrich (Steinheim, Germany) I
Ethyl acetate >99.7% Sigma Aldrich (Steinheim, Germany) 11, III
Ethylbenzene 99% Sigma Aldrich (St. Louis, MO, USA) I
for
Ethylenediamine synthes Sigma Aldrich (St. Louis, MO, USA) I
is
Formic acid ?gc—)(y gl\gie)chemlcals (Fontenay-sous-Bois, N
(o]
Fumaric acid >98% Fluka (Buchs, Switzerland) I
Glutaric acid >99% E Merck (Darmstadt, Germany) I
Glycolic acid >99% Fluka (Buchs, Switzerland) I
Hexadt'ecyltrlmet'hyla ~99% Sigma Aldrich (St. Louis, MO, USA) 11
mmonium bromide
Helium 09/9'996 AGA, Espoo, Finland I-1v
(o]
Heptane p.a E Merck (Darmstadt, Germany) v
Hexane >97% Honeywell (Seelze, Germany) 111, IV
Hexanal 98% Sigma Aldrich (St. Louis, MO, USA) 11, 111
Hexylamine 99% Sigma Aldrich (St. Louis, MO, USA) I-1V
Isobutanol >98.5% E Merck (Darmstadt, Germany) I
Isobutylamine 99% Sigma Aldrich (St. Louis, MO, USA) I-1v
L-Tartaric acid 99% Sigma Aldrich (St. Louis, MO, USA) I
Maleic acid >099% Fluka (Buchs, Switzerland) 1I
Malonic acid >98% Fluka (Buchs, Switzerland) I
Mandelic acid £99.5% El;zlalzllgglsh Drug Houses Ltd. (Poole, o
Methanol 299.9% Honeywell GmbH (Seelze, Germany) LII
Methyl isobutyl ketone 98.5%  Sigma Aldrich (St. Louis, MO, USA) 11, 111
Nonane 99% E Merck (Darmstadt, Germany) v
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Table 1 (cont.). List of chemicals.

Chemical Purity Supplier Papers
N,N- >99.99 . . .
Dimethylformamide % Sigma Aldrich (St. Louis, MO, USA) I II
Octanal >95% Sigma Aldrich (St. Louis, MO, USA) 111
Octane 95% JT Baker (Deventer, Holland) v
o-Toluidine >99.5% Fluka (Buchs, Switzerlands) 11, IV
Lab Scan Analytical Science
o,
Pentane 95% (Sowinskiego, Poland) v
p-Cymene 99% Sigma Aldrich (St. Louis, MO, USA) I, 11, 111
Phthalic acid 299.5% E Merck (Darmstadt, Germany) I
Polyacrylonitrile Sigma Aldrich (St. Louis, MO, USA) LIL IV
(Mw = 150000)
Pyridine 100% VWR Chemicals (Fontenay-sous-Bois, -1V
France)

Sodium hydroxide 99% E Merck (Darmstadt, Germany) III
Spherical silica
microparticles g
(M.S.GEL. EP-DF-5- AGC Si-Tech Co., Ltd. (Fukuoka, Japan) 111
120A)
Suberic acid 98% Sigma Aldrich (St. Louis, MO, USA) I
Succinic acid 99% E Merck (Darmstadt, Germany) I
Tenax-GR Alltech (Deerfield, IL, USA) I
Tenax-TA Alltech (Deerfield, IL, USA) I
Tetrahydrofuran >99.9% Honeywell GmbH (Seelze, Germany) I, III
Toluene >99.8 Fischer Scientific (Loughborough, UK) 111
Triethylamine 299% Merck KGaA (Darmstadt, Germany) I III, IV
Trimestic acid 95% Sigma-Aldrich (St. Louis, MO, USA) I
Trimethylamine VICI Metronics Inc., (Poulsbo, USA) LII
Triphenyl phosphate >99% Sigma-Aldrich (St. Louis, MO, USA) I
Ultrapure water Millipore DirectQ-UV, Billerica, MA, USA I, I, IV
Undecane 99% Fluka (Buchs, Switzerlands) v
Vanillic acid >97% Fluka AG (Buchs, Switzerland) I
Zinc nitrate o . . .
hexahydrate >99% Sigma-Aldrich (St. Louis, MO, USA) II1
Table 2. Materials, instruments, and equipment

Material/Instruments/Equipment Model and manufacture Papers

PAL RTC, CTC Analytics,
Autosampler Zwingen, Switzerland -
Geodrone X4L, Videodrone
Aerial Drone Finland Oy, Muurame, I, 1II

Finland
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Table 2 (cont.). Materials, instruments, and equipment

Material/Instruments/Equipment Model and manufacture Papers
Pierce Reacti-Therm Heating
Heating block Module, Rukford, Illinois, I
USA
Bare ITEX BG.B Analytik AG, Zurich, _ IV
Switzerland
Bare SPME Arrow BGB  Analytik AG, Zurich, | 1y
Switzerland
AethLabs AE51-S6-1408,
Black Carbon (BC) portable application version of 2.2.4.0, 1I
San Francisco, CA, USA
Zeiss GeminiSEM 450
Energy dispersive spectra (EDS) instrument, Oberkochen, 11
Germany
Flow meter and controller Alicat  Scientific,  Arizona, I-1v
USA.
6890 N, Agilent Technologies,
Gas Chromatograph Palo Alto, USA I-1V
HP-1 (30 m length x 0.25 mm
. i.d. x 0.1 um phase thickness),
GC capillary column Agilent Technologies, Palo v
Alto, USA
InertCap™ for amines (30 m
GC capillary column length x 0.25 mm i.d.), GL I-1v
Sciences, Tokyo, Japan
Deactivated fused silica (2.5 m
GC retention gap x 0.25 mm id.) Agilent I-1v
Technologies, Palo Alto, USA
Glass press-fit connector BGB Analytik, Switzerland I-1v
. 20 mlL, Phenomenex,
Headspace vial Torrance, California, USA 1
Heating oven Heraeus, Hanau, Germany I
High performance liquid Agilent 12.60 Infinity HP.LC
chromatography (HPLC) system system, Agilent Technologies, II
Palo Alto, CA, USA
SeQuant ®ZIC®-cHILIC
(2.1x150 mm, 3 um particle
HILIC column size), MerckKGaA, Darmstadt, 1
Germany
Laboratory made, Analytical
Lab-made permeation system Chemistry Lab, University of I1-1IV
Helsinki, Finland
Lab-made condensation particle University of  Helsinki, I

counter (CPC)

Finland
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Table 2 (cont.). Materials, instruments, and equipment

Material/Instruments/Equipment Model and manufacture

Papers

Shaker
Mass Spectrometer

Mass Spectrometer

Mass Spectrometer

Membran filter
Particle cutter

Polytetrafluoroethylene (PTFE) filter

Scanning electron microscope

SPME Arrow

SPME Arrow

Surface area and porosity analyzer

Transmission electron microscopy

ULTRA HPLC in-line filter

Water purification system

X-ray diffractometer

IKA VIBRAX-VXR, Breslau,
Germany

5973C, Agilent Technologies,
Palo Alto, USA

5975C, Agilent Technologies,
Palo Alto, USA

Agilent 6420 triple-
quadrupole mass
spectrometer, Agilent
Technologies, Palo Alto, CA,
USA

0.45 mm pore size, Millipore,
Ireland

Ultramicrotome, Leica EM
ucCy

Phenomenex, Torrance,
California, USA

Zeiss GeminiSEM 450
instrument, Oberkochen,
Germany

Carbon WR (Arrow diameter
1.1 mm, sorbent film thickness
120 pm, sorbent length 20
mm), CTC Analytics AG,
Zwingen, Switzerland
DVB/PDMS (Arrow diameter
1.1 mm, sorbent film thickness
120 pm, sorbent length 20
mm), CTC Analytics AG,
Zwingen, Switzerland
ASAP-2010, Micromeritics
Co., Norcross, GA, USA

JEOL JEM-1400 Plus
transmission electron
microscope, Tokyo, Japan

0.5 um, Phenomenex Inc,
Torrance, CA, USA

Millipore DirectQ-UV,
Billerica, MA, USA

Bruker D8 Discover
instrument, Bruker AXS
GmbH, Karlsruhe, Germany

I, IL IV

II

II

II, IV

III

III

II

LIL IV

III
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3.1. Synthesis of materials

The mesoporous silica-based materials, Mobil Composition of Matter No. 41
(MCM-41) and titanium hydrogen phosphate-modified MCM-41 (MCM-41-TP),
were synthesized via sol-gel template routes as described in literatures [86,116].

These materials were used in Paper I-IV.

ZnO incorporated into mesoporous silica materials were prepared via
pseudomorphic transformation (Paper IIT). The pseudomorphic transformation
of commercially available spherical silica microparticles was carried out to produce
a pseudomorphic silica material called PM-SiO- [117]. The PM-SiO- material was
then infiltrated with 1-3 cycles of ZnO using a double solvent approach to obtain a
nanocomposite sample called the PM-SiO»/Zn0O-1, PM-SiO>/Zn0O-2, and PM-
Si02/Zn0-3 materials, respectively [118].

The infiltration cycle was done as following: 250.0 mg of the silica particles were
dispersed in 4.0 mL of hexane. 190.0 pL of a 2 M aqueous Zn(NOj3)2-6H=0 solution
was added to this dispersion, and stirred for 1 h. The hexane phase was then
removed carefully, and the particles were dried at room temperature for 4 h. Finally,
the particles were calcined at 300 °C for 2 h with a 1 °C/min heating ramp (Paper
I11).

As a reference, smaller ZnO-modified silica nanoparticles (~0.5 pm) were
synthesized. The MCM-41-type spherical silica particles were synthesized according
to the Lind et al. protocol [119]. The ZnO loading of the pore structure followed the

same two infiltration/heating cycles protocol as described above (Paper III).

3.2. Material characterization

Zeiss GeminiSEM 450 Scanning electron microscopy was used to observe the
surface morphology of the synthesized materials. A few nanometers Pt layer was
sputtered onto the materials prior to analysis. For the transmission electron
microscopy (TEM) measurements, particles were embedded in resin and ultrathin
sections were cut using an ultramicrotome Leica EM UC7 to a thickness of 70 nm.
JEOL JEM-1400 Plus TEM was then employed at 80 kV acceleration voltage to

examine the sections. ASAP-2010 instrument was used to investigate the materials’
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porosity with nitrogen physisorption. Bruker D8 Discover instrument was
employed to examine the X-ray diffraction spectra of the synthesized material in
the 20 range 1-10° (step size: 0.01°) as well as in the 20 range 10-70° (step size:

0.04°).

3.3. In-tube extraction packing and SPME Arrow coating

procedures

The ITEX packing instruction were similar to those in the literature [69]. The MCM-
41-TP and PM-SiO>/Zn0O-2 sorbent materials, were packed separately onto the
ITEX tube as follows: 10 mg of deactivated silica wool, 30 mg of adsorbent, 10 mg
of deactivated silica wool, and a stainless-steel spring, respectively (Papers I-IV),
while TENAX-GR sorbent was packed with 60 mg rather than 30 mg (Paper II).
Each ITEX was then preconditioned with nitrogen flow at 250 °C for 12 h before

first time sampling.

The procedure for SPME Arrow coating was done according to Lan et al. [86]. In
order to clean the bare SPME Arrow, methanol/water (50/50, v/v) and MilliQ water
were used consecutively. After cleaning, the Arrow was sonicated and dried with
nitrogen flow. A total of 12 cycles of gentle dipping into adsorbent /PAN mixture
were performed on the cleaned SPME Arrow, followed by drying with nitrogen flow
between each cycle. The SPME Arrow was then preconditioned at 250 °C for 12 h

before first-time sampling.

3.4. Permeation system

The laboratory-made permeation system was employed to create the gas phase of
standards for on-line ITEX and SPME Arrow samplings (Papers I-IV) [69].
Figure 11 shows how the permeation system produces the gas flow. Briefly, the
permeation system consisted of a metal cylinder used to put vials containing pure
nitrogen-containing compounds. The metal cylinder was kept in the oven at 30°C,
and a constant nitrogen flow (i.e. 50 mL min-1) was introduced to flush the
permeated model compounds out. Additional nitrogen flows were used for the

dilution, with the total dilution of up to 1:10492. The determination of dilution
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factors is described in Paper IV. The diluted gas-phase compounds were then
directed to the auto sampler’s extraction port for sample collections. The
compounds’ vapors in the permeation system were stabilized overnight before
doing the first sampling. In this thesis, a PAL Cycle Composer and PAL RTC
autosampler were employed to collect gas samples from the permeation system
(Papers I-IV).

Permeation system

SPME Arrow, or -
—_— ]
Nitrogen in can be replaced =
T 4 Oven (30°C) \ with ITEX §
:;5 3¢ §
N, i Sampling**" . =2
o o /hpnrl.-:.‘:
2 o sy 5
o g B o / o
g |
7]
>
h .
—
&
-]
®
@
8
k . . .
2 Nitrogen is carrying
B GC
the vapor of
i s column
K / nitrogen-containing
pELEE TS 4
nds to the

v GC sampling port

Small vials inside the permeation system tube, where we put nitrogen-
containing compounds, Each tube contain one pure compound

Figure 11. Simple laboratory-made permeation system.

The permeation system was also employed to develop standard calibration curves
for quantitative analysis. The compounds used are listed in Papers I-IV. However,
for those detected compounds that we did not have the standards, were semi-
quantified using the partial least squares regression (PLSR) method. In this case,
the data collected from the standard calibration curves were used to estimate the
concentration of the identified compounds based on PLSR of the ion intensities
(Papers I-III).
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3.5. Adsorption selectivity study

3.5.1. Selection of in-tube extraction sorbent materials

Several different ITEX sorbent materials were evaluated for the selective extraction
of gaseous nitrogen compounds using model VOCs (Table 3). Two different
approaches were used to produce headspace samples. The first approach involved
the introduction of 1.0 uL of standard solution (5.0 ug mL-* in DCM) into the 20.0
mL headspace vials. The vial was then incubated at 40°C for 15 min (Paper III).
While the second approach was based on the use of the permeation system (Papers
I and III).

The selection of sorbent material was done after comparing their affinity towards
nitrogen-containing compounds. The chromatogram peak area of the individual

compounds was used as response factor.

Table 3. Compounds used for selectivity study

Model compounds used for selectivity study Paper

Dimethylamine, diethylamine, dipropylamine, dimethyl
benzylamine, isobutylamine, pyridine, trimethylamine, I

triethylamine, 2-butanone, 2-butanol, and p-cymene

Dipropylamine, hexylamine, isobutylamine, o-toluidine,
pyridine, triethylamine, acetonitrile, butanol, camphene, -
cyclohexane, ethyl acetate, hexane, hexanal, methyl isobutyl

ketone, octanal, propanol, tetrahydrofuran, toluene

3.6. ITEX accessories

ITEX’s trap accessory was prepared to remove undesired VOCs (i.e. other than
nitrogen-containing compounds) from air samples. In this study, three different
sorbents namely polyacrylonitrile (PAN) 10%, Tenax-TA, and Tenax-GR were
evaluated for ITEX’s trap accessory. Tetrahydrofuran (THF) was added to
materials, separately, to produce material slurry and then coated into the Pasteur

pipet’s walls and then dried in the oven at 9o °C. The coating procedure was
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repeated five times to obtain proper coating thickness. The coating material was

then conditioned at 250 °C for 30 minutes to remove the THF and other impurities

(PaperI).

As an active sampler, ITEX system allows the simultaneous collection of gas and
particle phase compounds. In order to collect gas phase only using ITEX, a
polytetrafluoroethylene (PTFE) filter with the pore size of 0.2 um was used as ITEX
filter accessory to remove aerosol particles from air samples [120]. Figure 12
describes the schematic of the ITEX sampling system furnished with trap and filter

accessories (Paper I).

to trap other than
nitrogen-containing to climinate

compoi.mds particles
@ /
ITEX Accessories| | PTFE Filter

| (Tenax-GR) | | 0.2 um

(b) f ——

ITEX .
Accessories

| (Tenax-GR)

Figure 12. Schematic of ITEX sampling system to selectively collect the nitrogen-
containing compounds from (a) gas phase and (b) aerosols (gas and particle

phases). This figure is adopted from Paper I.

3.7. Sampling and desorption conditions of ITEX and
SPME Arrow

Before sampling, ITEX and SPME Arrow were pre-conditioned at 250°C for 10 min
under inert gas N, followed by internal standard addition (i.e. decafluorobiphenyl
vapor) and subsequent sample collections. For desorption, ITEX was heated at a

temperature of up to 250 °C for one minute, and the analytes were injected at a
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speed of up to 200 ul s*'with an injection volume of 800 ul (Papers I-IIT), whereas
SPME Arrow was directly desorbed in the GC inlet for one minute at 250 °C
(Papers I-III). In the case of on-site analysis, the preconditioning and desorption
conditions were similar as in the laboratory as described above, except the ITEX

pre-heating time was 2 min (Paper I-II).

3.7.1. Sampling and desorption condition of ITEX and SPME

Arrow for kinetic studies

For the kinetics study (Paper IV), two different adsorbents (MCM-41-TP and
TENAX-GR) for ITEX systems and three different coating materials (MCM-41,
MCM-41-TP, and DVB/PDMS) for SPME Arrow systems, were compared.

The sampling times for the adsorption kinetics study ranged between 2 and 30 min
for both ITEX and SPME Arrow systems (Fig. 13). The gaseous nitrogen-containing
compounds were collected from the permeation system at a constant temperature
of 23°C (Paper IV). Both ITEX and SPME Arrow systems then desorbed the
analytes at the temperature of 250°C with desorption volumes and rates of 800 uL

and 50 pL-st for ITEX system, and a 1-min desorption for SPME Arrow,

respectively.
Sampling at 23 °C Desornion:
- Different sampling time | - . "pHon: — GC-MS analysis
. (250 °C for 1 min)
(2 to 30 min)

Figure 13. Diagram for adsorption kinetic study

In order to study desorption kinetics, Origin 2022b was employed to design the
experiment using a central composite design 22 + star, involving 11 experiments (3
center points) per adsorbent material. All experiments used the same sampling
time, which was 15 min for ITEX system, and 20 min for SPME Arrow system. The
sample collection temperature for both ITEX and SPME Arrow systems was 23°C,
while the desorption temperatures ranged from 180 to 280°C. The desorption time
in SPME Arrow was varied from 20 to 100 s for each desorption temperature,
whereas the length of desorption time in ITEX system was calculated by the ITEX

desorption flow rate which was from 20 to 80 uL-s! (Fig. 14). Three replicates of
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each experiment were made, and average retention times and peak areas were used

in the calculations.

Desorption:
s | - Different desorption temperatures | === GC-MS analysis
- Different desorption time

Sampling at 23 °C
- 1 sampling time

Figure 14. Diagram for desorption kinetic study

3.7.2. SPME Arrow conditions for vapor pressure study

The DVB/PDMS-SPME Arrow sampler was used to study vapor pressures of
selected nitrogen-containing compounds (Paper IV). The SPME Arrow was
conditioned for 10 min at 250°C, followed by 10 min sampling from the permeation
system. Desorption was done in the GC inlet for one min at various injector
temperatures, i.e. 100, 150, 200, and 250°C. This study was done in a constant
pressure of 70.0 kPa. The GC oven was maintained at six to eight isothermal
temperatures that differed by five degrees during each run in order to build an
Ii(T)/ T plot for each different desorption temperature (Table 4 and Paper IV). The

temperature range for the measurement was between 35 and 80°C (Table 4 and
Paper 1V).

3.8. Drone platform construction

A remote-controlled Geodrone X4L was employed to carry out miniaturized air
sampling and analysis systems. With the dimension of 58x58x37 cm (width x depth
x height), it was furnished with a modified sampling box that contained up to four
SPME Arrow units, up to four ITEXs, and a sampling pump for ITEX system (Fig.
15). Some portable devices were also attached to the drone, namely a portable BC
monitor (AethLabs AE51-S6-1408) and a lab-made CPC. BC device was operated at
880 nm wavelength with the air flowrate of 99 mL min-*. The portable lab-made

CPC measured total aerosol particle number concentration for sizes from 20 nm to

5 pm.
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(d) (e) ()

Figure 15. Construction of the air sampling unit and measurement devices for the
drone: (a) Air sampling box. (b) BC placed behind the box. (¢) CPC placed inside
the sampling box. (d) Sensor that measures temperature and relative humidity. (e)
Front position of the sampling box consisted of SPME Arrow units (blue) and a VOC
sensor (red circle). (f) The sampling box’s sides featured ITEX units and filter

accessory (brown). This figure is adopted from Paper II.

3.9. Measurement sites and sample collections in the
field

3.9.1. VOCs collections from outdoor samples

The samplings were carried out at the SMEAR II station (Station for Measuring
Ecosystem—Atmosphere Relations, with the coordinate of 61.846350°N -
24.295333°E), Hyytidld, from 6 to 16 July 2020 and from 4 to 14 October 2021.
SPME Arrow units with different coating materials: DVB/PDMS, MCM-41, Carbon
WR, were used to collect gas phase samples. While MCM-41-TP-ITEX and TENAX-
GR-ITEX sampling systems were used to simultaneously collect gas and particle

phases. Both diurnal and vertical profiles of nitrogen-containing compounds were
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observed by collecting samples in different time series and heights (height from

0.25 m to 400 m) (Papers I and II).

For the time series study, all the air samples were collected at the altitudes of 50 m
(Paper I). ITEX furnished with trap accessory was exploited to simultaneously
collect gas phase and particles, while ITEX furnished with trap accessory + filter
accessory was employed to collect the gas phase only (Paper I). The
concentrations of aerosol particles were then calculated as the subtraction between

those two techniques.

The evaluation of ITEX’s filter accessory was also studied in Paper II. ITEX
furnished with filter accessory was employed to collect the gas phase only. The
results obtained were directly compared with those achieved by Carbon WR-SPME
Arrow sampling system. In this case, the recovery was calculated from the
difference between concentrations obtained by ITEX furnished with filter accessory
and by SPME Arrow.

For the vertical profiles observation, the ITEX was used to collect aerosol, while
SMPE Arrow was used to collect gas-phase samples. The altitudes of sampling
collection were between 0.25 and 150 m in Paper I, and between 50 and 400 m in
Paper II. The concentrations of aerosol particles were obtained from the
subtraction of aerosol and gas-phase samples. A total sampling time was up to 20
min for each sample. The ITEX airflow ranged from 40 to 78 mL min-, and it was
carefully measured before the sampling and after analyte desorption. The ITEX
airflow rates were multiplied with the total sampling time to obtain the ITEX

sampling volumes used for quantification.

The VOC composition at the altitudes of 50 m and 400 m was also determined
(Paper II). A detailed schematic picture on our sampling system can be seen in
Fig. 16 (sampling at 50 m for 10 min), Fig. 17 (sampling at 400 m for 10 min), and

Fig. 18 (mixed altitudes from 50 m to 400 m).
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. 4 400 m, SPME Arrow is still closed and ITEX
1/' i | pump is off. Stay for 1 min

1‘%’\’: 300 m, stay for 1 min
*?E_\’;‘ 200 m, stay for 1 min
g?g;g 100 m, stay for 1 min
v 50 m, SPME Arrow is opened and ITEX pump is
*;?f‘r’“ switched on. Stay 10 min for sampling. Then, SPME
Switch on the ' ‘l, Arrow is closed and the pump switched off before

portable BC and t*@;— landing.
K CPC devices (&) Ground /

Figure 16. The schematic of sample collection using ITEX and SPME Arrow

sampling systems at the altitude of 50 m. This figure is adopted from Paper II.

/

400 m, SPME Arrow is opened and ITEX pump is switched on:
Stay 10 min for sampling. Then, SPME Arrow is closed and the

pump is switched off.

\y 'g. 300 m, stay for 1 min

* ¢

* 7? i. 100 m, stay for 1 min

.

200 m, stay for 1 min

&) 50 m, stay for 1 min

Switch on the

portable BC and ’;ﬁ,“.
KCPC devices (&3 Ground j

Figure 17. The schematic of sample collection using ITEX and SPME Arrow

sampling systems at the altitude of 400 m. This figure is adopted from Paper II.
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Figure 18. The schematic of sample collection using ITEX and SPME Arrow

sampling systems from mixed altitudes, from 50 to 400 m. This figure is adopted

from Paper I1I.

The potential influence of meteorological variables, i.e. air temperature, wind
speed, wind direction, rainfall, and humidity, on the sample composition, were

evaluated using a linear discriminant analysis (LDA) model (Paper I).

In addition to sampling in the forest, consecutive outdoor air samples were also
collected near the highway located close to Kumpula Campus in Helsinki, Finland.

The samples were collected in triplicate in autumn 2022 (Paper III).

3.9.2. VOCs collection from Indoor air samples

Indoor air samples were collected from the chemistry laboratory close to the cabinet
containing the nitrogen-containing compounds in autumn 2022. The samples were
collected for 15 min with the ITEX using a flowrate of 50 mL min-, and in triplicate
(3 consecutive samples). The collected samples were then directly analyzed with the
GC-MS system (Paper III).

3.9.3. Organic acid collection from outdoor samples

ITEX’s filter accessory that was used to collect particles was subsequently analyzed

for the determination of the organic acids (Paper II). Aerosol particles were
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collected onto the filter attached to the ITEX unit in the drone. Aluminum foil was
used to wrap all the collected filter samples and placed into separate Minigrip bags

which were stored in freezer (-20 °C) prior to analysis.

3.9.4. On-site measurement of black carbon and total particle

number

Portable BC and CPC devices as mentioned in section 3.8 were always active on
measuring BC and total particle numbers during the flight of the drone (Figs. 16 to
18). The detected BC and total particle numbers obtained with the portable devices
were compared with those obtained with reference devices at the SMEAR II Station
(Paper II).

3.9.5. Cigarette smoke samples

Figure 19 shows the experimental setup used to collect cigarette smoke samples.
This setup was designed to simulate the human puffs during the smoking. The total
sampling times were 5 min, with ITEX flowrate of 50 mL min-. The samplings were

done in triplicate and then directly analyzed using the GC-MS system (Paper III).

Cigarette

Figure 19. Experimental setup used to simulate human puff during smoking. This

figure is adopted from Paper III.

39



3.10.Gas chromatography-mass spectrometry conditions

The chromatographic separation and identification were achieved with gas

chromatography-mass spectrometry (GC-MS). The experimental parameters

including types of GC-MS and GC capillary column and their conditions are under

Tables 4 and 5.

Table 4. Analytical conditions used during laboratory measurement.

Instrument | GC column | GC conditions MS conditions Papers
* Injector, 250°C e Transferline
o Splitless 250°C ’
e GC 6890 N, | InertCap for * Oveg T.P, 4(0)CC ¢ Ion source, 230°C
Agilent amines (30 (2,mm)’ 20 e Quadrupole,
min- to 250 °C I-1I1
e MSD 5975C, | mx 0.25 (10 min) 150°C
Agilent mm) ) e EI mode (70 eV)
e Helium, constant Scanning range
flow rate, 1.2 mL * ’
min-. m/z of 15 to 350
* Injector, 250°C e Transferline
« Splitless 250°C ’
o
e GC 6890 N, | InertCap for * Over% T.P, 4°OCC ¢ Ion source, 230°C
Agilent amines (30 (3.m1n), 25 ¢ Quadrupole,
min to 250 °C (5 v
e MSD 5975C, | mx 0.25 min) 150°C
Agilent mm) ; e EI mode (70 eV)
e Helium, constant .
flow rate, .2 mL | ° Scanning range,
min-. m/z of 15 to 350
e Injector: 100, 150, o Transferline
20(,)’ and 250°C between 35 and
e Splitless 80°C
. iql68t90 N, HP-1 (30 m e Isothermal, 35,6 « Ton source, 230°C
suen X 0.25 mm X 40, 45, 50, 55, 00, |, Quadrupole, v
* MSD5975C, | ;| um) 65, 70, 75, and 150°C
Agilent 80°C.
. e EI mode (70 eV)
e Helium, constant )
LeSSUTE. 70.0 ¢ Scanning range,
iPa " 70 m/z of 29 to 350

T.P = Temperature program
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Table 5. Analytical conditions used during field measurement.

GC - -
Instrument GC conditions MS conditions Paper
column

e Injector, 250°C

e Splitless

e Oven T.P, 40 °C
(2 min), 20 °C

e Transferline,
250°C

¢ GC 6890 N, | InertCap ¢ Ion source, 230°C

. iagsﬂl()m;gm . i‘;f)i;n;nes min to 250 °C |° %Zi%uPOIe’ I-II
Agilent 0.25 mm) (10 min) e EI mode (70 eV)

e Helium, constant
flow rate, 1.2 mL
min-.

e Scanning range,
m/z of 15 to 350

3.11. Hydrophilic Interaction liquid chromatography-

tandem mass spectrometry conditions

Hydrophilic interaction liquid chromatography tandem mass spectrometry
(HILIC-MS/MS) was employed for organic acid determination (Paper II).
Specifically, an Agilent 1260 Infinity high performance liquid chromatography
(HPLC) system was coupled to an Agilent 6420 triple-quadrupole mass
spectrometer equipped with electrospray ion source (ESI). Chromatographic
separations were performed with a 2.1x150 mm SeQuant ZIC-cHILIC HILIC
column, with 3 um particle size, while a KrudKatcher ULTRA HPLC in-line filter
(0.5 um) protected the column from particulate impurities. The ESI was operated

in both positive and negative modes.
3.12. Data Processing and statistical analysis

Agilent ChemStation and Agilent MassHunter softwares were used for peak
identification and integration (Papers I — IV). An Mzmine2 (version 2.53)
software consisting of an algorithm Automated Data Analysis Pipeline (ADAP-GC)
was exploited to pre-process the untargeted mass spectrometric data for
deconvolution and alignment of the chromatographic peaks in the collected
samples (Papers I-III) [61,63,65]. NIST2017 and NIST2020 (NIST MS Search
v.2.3) mass spectral databases were used to compare the mass spectra of the aligned

peaks and their retention indices. The criterion for the spectral match was >800,
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while the maximum allowable difference between experimental and library Kovéats

retention indices was + 45 unit.

Origin 2022b and R 3.5.1 software were used for the development and evaluation of
the experimental design, including for desorption and conditioning method
optimization, while PLSR equations were used for the
quantification/semiquantification of the detected nitrogen-containing compounds
from air samples (Papers I-III) [121]. Python 3.9.15 was used to model the
adsorption and desorption kinetics with support libraries Matplotlib, Spicy, Numpy
and Imfit (Paper IV).

The COnductor-like Screening MOdel for Real Solvent (COSMO-RS) model was
exploited to calculate saturation vapor pressures of selected nitrogen-containing
compounds that involved three-step modeling approaches (Paper IV). First, the
COSMOconf program that utilized the COSMO-RS model executes a conformer
sampling routine where the final conformer structures are calculated on a density
functional theory level of theory [122]. The next step is to calculate the conformers
in the gas phase on the same level of theory. The last step is by exploiting the
COSMOtherm program to calculate a saturation vapor pressure at 25.0°C, where it
weights multiple conformers according to Boltzmann distribution of states with

different free energies.

Vapor pressures of selected nitrogen-containing compounds were also defined
using retention indices (Ix) approach as described in Hartonen et al. [123]. The
laboratory experiments are described in section 3.7.2. Retention time data that were
collected from these experiments were used to calculate the analytes’ retention
indices with the help of the n-alkane series, and the data points were plotted to draw
an L(T)/T plot for each different desorption temperature to obtain analytes’
retention indices at 298 K. The vapor pressures of analytes then were calculated

using Equations (17) and (18) below (Paper IV).

n(2) = (1- )

(100z—1)in(-L2
InP = InP, + # (18)
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where p is the n-alkane vapor pressure, pois a normal atmospheric pressure, p. and
P@+) are the vapor pressures of the n-alkanes eluting before and after the analyte,
respectively. To is the temperature at which the constants were determined, T'is the
temperature where the experiment was conducted, whereas Ao, Ai, and A- are

constants of n-alkanes in which the values were taken from literature [124].

4. Results and discussion

The main objective of this thesis was to develop microextraction techniques to
selectively collect nitrogen-containing compounds from air samples. In order to
achieve this aim, the applicability of different materials as ITEX sorbents was
evaluated. Some of the selected materials were also employed as SPME-Arrow
sorbents. The physicochemical properties of different materials in the collection of
nitrogen-containing compounds, were compared when they were packed into the
ITEX and coated onto the SPME Arrow sampling systems. The vapor pressures of
the selected nitrogen-containing compounds were also studied to identify their
behaviors that would be useful for analysis. In order to improve the selectivity and
sensitivity of the ITEX sampling system, accessories were added, and a new sorbent
material was synthesized. The applicability of ITEX and SPME Arrow sampling
systems were also compared for the collection of nitrogen-containing compounds
in air. This section summarizes the main findings obtained from both laboratory
studies and on-site measurement in the boreal forest. More detailed information is

presented in the original articles.

4.1. Saturation vapor pressure of nitrogen-containing

compounds

Two methods were used to determine the saturation vapor pressures of the selected
nitrogen-containing compounds, experimentally using a retention index (Ix)
approach after GC-MS analysis [123], and from computational modelling utilizing
the COSMO-RS model [125,126].

An SPME Arrow sampling system coated with DVB/PDMS material was exploited
for vapor pressure determination in the laboratory using the Ix approach.
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DVB/PDMS presents a medium polarity sorbent that is critical for sampling
collection in order to reduce the discrimination towards very non-polar and polar
volatile nitrogen-containing compounds [127]. A non-polar column, HP-1 MS was
used as the stationary phase to prevent some polar interactions, such as weak
hydrogen bonding, which lengthen the retention times of model compounds
relative to those of the n-alkane reference compounds, resulting in the lower vapor
pressure values [123]. The analytes’ retention indices from each experiment were

plotted to draw an Ix(T)/T plot to obtain analytes’ retention indices at 25 °C.

The study was conducted at four injector temperatures. The accuracy of the
measured vapor pressure values was accessed by comparison to those found in the
literature. The vapor pressures of analytes were calculated using Equations (17) and
(18), and the results are presented in Table 6 (Paper IV).

Table 6. Vapor pressures (p) at 25 °C measured experimentally by GC-MS
(retention indices Ix approach), and theoretically calculated using CosmoTherm
Program. Samples collected by SPME Arrow coated by DVB/PDMS.

p (mmHg)
Compound Formula _. Theoretical Exp e.rl‘mental usmgg Luwith
Literature . injector T of (°C):
(modelling)

100 150 200 250
Triethylamine CeHisN  57.1[128] 69.0 55.4 527 78.0 133.3
Dipropylamine CéHisN  20.1[129] 20.6 1.1 14.7 15.8 13.5

Hexylamine CéHisN  8.0[129] 9.8 5.1 6.0 6.7 6.9
1-Me Imidazole = C,H¢N. o0.5[130] 0.4 0.2 0.2 0.4 0.45
Pyridine C:H;N  20.7[131] 13.2 12.8 19.0 17.8 14.6

o-Toluidine C,HyN 0.3[132] 0.34 0.9 0.9 0.9 0.9

Table 6 shows that when the experiments were conducted at lower injector
temperatures, the results of compounds with higher vapor pressure were closer to
those found in literature. Triethylamine has the highest vapor pressure at 25 °C,
suggesting that it is easier to measure experimentally by using GC-MS technique
due to its high gas-phase concentrations, whereas less volatile compounds, such as
hexylamine and 1-methylimidazole, needed higher injector temperatures for more
accurate results. The order of the vapor pressure values of triethylamine,

dipropylamine, and hexylamine, which have the same molecular formula (CsHisN),
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demonstrates that branched compounds tend to exhibit higher vapor pressures

than corresponding linear isomers.

The laboratory results were also compared to the results modelled by the
COSMOconf and COSMOtherm programs that utilize the COSMO-RS model. The
computed saturation vapor pressures showed good agreement with experimental
and literature values (Table 6), demonstrating that the modeling works well for

molecules with just one functional group (Paper IV).

4.2. Physicochemical properties of ITEX and SPME Arrow

in collection of nitrogen-containing compounds

Understanding the physicochemical properties that control a compound’s
partitioning between gas and particle phases in the environment is necessary for
accurate sampling and measurement. These properties can be used to collect
substances by adsorption onto sorbent material of the sampling device, and to
release the analytes in a desorption process, e.g. in gas chromatography-mass
spectrometry (GC-MS). In this thesis work, the adsorption and desorption kinetics
of model compounds with different sampling techniques (ITEX and SPME Arrow)
and adsorbents (DVB/PDMS, MCM-41, MCM-41-TP, and TENAX-GR) were
observed (Paper IV). The model compounds used in this study were
isobutylamine, triethylamine, pyridine, dipropylamine, hexylamine, and o-

toluidine.

4.2.1. Adsorption kinetics

The adsorption rates of 2-30 min were performed to investigate the rate-limiting
step in the mass transfer of analytes through the adsorbent of SPME Arrow and

ITEX (Paper IV). Among various models tested, only the Elovich model worked
in this study.

q(t) = %(ln (t + ﬁ) +1In ab) (19)
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The initial adsorption parameter a was calculated by fitting the adsorption data
using nonlinear regression to Eq. (19). The peak areas were used as the measured

amount of analytes adsorbed by the adsorbent (q), during time t [133—136].

A moderately high R2 value (R2 > 0.800) indicates that the Elovich model could
describe the adsorption kinetics of model compounds to the selected sorbent
materials. The adsorbent-adsorbate kinetics will be discussed in more detail in

section 4.4.1.

Table 7. Initial adsorption rates (a) and quality of model fit (R2) of selected
compounds with several SPME Arrow and ITEX sorbent materials using Elovich
Eq. (19)

DVB/PDMS- MCM-41-SPME MCM-41-TP- MCM-41-TP- TENAX-GR-
SPME Arrow Arrow SPME Arrow ITEX ITEX
Compounds a a a a a
(area-s R2 (area-s R2 (area-s R2 (area-s R2 (area-s R2
P 1) P P P)
Isobutylamine | 50.6 0.959 | 3.2:102 | 0.913 | 14.2 0.844 | 1.8:10% | 0.941 | 2.1-10%> | 0.922
Triethylamine | 2.6-103 | 1.000 | 2.2:103 | 0.949 | 2.3:102 | 0.971 | 2.3-103 | 0.994 | 2.2:103 | 0.985
Pyridine 4.9-102 | 0.997 | 2.7-102 | 0.950 | 38.9 0.969 | 3.1-102 | 0.989 | 4.4-102 | 0.953
Dipropylamine | 3.8-103 | 0.992 | 6.5-102 | 0.913 | 1.3-102 | 0.954 | 1.6-103 | 0.984 | 1.8-103 | 0.954
Hexylamine 94.2 0.856 | 80.4 0.796 | 26.3 0.927 | 5.0-102 | 0.949 | 3.0-102 | 0.915
o-Toluidine 1.9-10%> | 0.950 | 27.2 0.889 | 8.0 0.908 | 72.2 0.947 | 53.8 0.904

As can be seen in Table 7, in general active ITEX sampling methods showed higher
adsorption rates than the passive SPME Arrow, most probably due to the aid of the
pump that speeded up the sample enrichment. While in passive SPME Arrow
sampling, the adsorption rates were mostly affected by the adsorbent’s surface

functional group and pore size (Paper IV).

4.2.2. Desorption kinetics

The Pseudo-first-order (PFO) model was used to study the desorption of targeted
analytes from the adsorbent materials of two different techniques, passive SPME
Arrow and active ITEX sampling systems, with good model fitting (i.e. R2 > 0.9 for
72% of total experiments). Desorption parameters used in SPME Arrow were
desorption temperature and time, while in the active ITEX sampling, in addition to
heat, gas flow pushing the analytes out from the adsorbent was exploited (Paper

).
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The active ITEX sampling demonstrated faster desorption rates than the passive
SPME Arrow, which is similar to that in the adsorption kinetics study (Paper IV).
This is most probably due to the extra pressure used in the ITEX as a driving force
to push the analytes out for desorption. An efficient heater that is placed directly
around the ITEX tube (Fig. 8) also aids in quick desorption. Therefore, with the
combination of higher adsorption rates, bigger adsorption volume, and faster
desorption rates, ITEX is considered better for the analysis, especially when gas

chromatography is used with need for quick injection.
4.3. Sorbent selectivity for ITEX

Four sorbent materials, namely MCM-41, MCM-41-TP, porous ZnO, and PAN 10%,
were evaluated for ITEX sorbent selectivity (Paper I). The comparison of the
selected ITEX sorbents in extracting the model compounds with different

functional groups are shown in Fig. 20.
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Figure 20. Comparison of = ZnO, = MCM-41-TP, « MCM-41, and = PAN 10% as
ITEX sorbents in trapping compounds in terms of GC-MS normalized peak area

(peak area/ITEX flow rate). This figure is adopted from Paper I.
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Overall, ZnO as an ITEX sorbent showed the highest extraction efficiency towards
nitrogen containing compounds among other sorbents, except for isobutylamine
and dimethyl benzylamine. However, the ZnO-ITEX encountered a mechanical

issue where it was quickly getting blocked only after a few extraction cycles.

MCM-41 and MCM-41-TP exhibited slightly lower extraction affinity than ZnO but
better than PAN 10%, particularly for all aliphatic and aromatic amines (Paper I).
Although MCM-41 demonstrated better extraction efficiency than MCM-41-TP
when they were used as coating materials of SPME Arrow (Table 7), MCM-41-TP
showed better selectivity towards a wider range of nitrogen-containing compounds
such as for diethylamine, dimethylbenzylamine, isobutylamine, and triethylamine,
due to the presence of the titaniumphosphate (-TP) enhancing its surface acidity
(Fig. 20). In addition to amines, MCM-41 also extracted ketones, alcohols, and
hydrocarbons which we tried to eliminate. Hence, the MCM-41-TP was regarded as
the best selective material for extraction of amines without any ITEX mechanical

problems (Paper I).

4.4. Sorbent selectivity study based on their

physicochemical properties.

The sorbent selectivity was also investigated further by using passive SPME Arrow
sampling in terms of their physicochemical phenomena, specifically their
adsorption and desorption kinetics (Paper IV). In the passive sampling approach,
both adsorbent pore size and surface functional groups play significant roles in the
adsorption and desorption processes (Paper IV). In this section, the selective
mesoporous silica-based sorbents (described in section 4.3), namely MCM-41 and
MCM-41-TP, were compared with DVB/PDMS, which is a universal type of sorbent
for VOCs collection.

4.4.1. Adsorbent-adsorbate adsorption kinetics.

The curve shapes (i.e. concave upward) shown in Fig. 21, explained that the
dominant mechanism of the intraparticle mass transfer of all sorbents is a surface

diffusion model, that belongs to physical adsorption [137,138]. Since there is limited
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information in the literature about the adsorption kinetics of nitrogen-containing
compounds in mesoporous materials, the transport mechanism could be simplified
by assuming that the intraparticle transport is controlled by pore or surface
diffusion. However, there have been some publications that revealed the possibility
of poor adsorbent-adsorbate interactions on mesoporous adsorbents [139,140]. In
this study, the curve did not achieve the plateau shape, indicating there was no pore

condensation on the mesoporous silica (Paper IV).
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Figure 21. Adsorption kinetic plots that were fitted with the Elovich model for
DVB/PDMS-SPME Arrow, MCM-41-SPME Arrow and MCM-41-TP-SPME Arrow
systems. This figure is adopted from Paper IV.

In passive SPME Arrow sampling, the material’s pore size played an important role
due to the random diffusion of molecules onto the pore channels. DVB/PDMS with
pore sizes of 40 nm gave comparable initial kinetic rates (see Table 7, parameter a)

to an MCM-41 (pore size 3.8 nm). This can be explained by the fact that even though
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the DVB/PDMS sorbent had larger pore size, its neutral and hydrophobic surface
afforded limited interactions with the highly polar nitrogen-containing compounds.
Whereas the silanol group on the surface of the silica-based MCM-41 coating
material allowed it to interact with basic analytes, like the nitrogen-containing
compounds. The addition of —TP group to the MCM-41 unfortunately decreased the
material’s volume, resulting in a slower adsorption rate than the original MCM-41
(Table 7, parameter a). However, both MCM-41 and MCM-41-TP showed the same
order in adsorbing nitrogen-containing compounds based on compounds’ basicity,
where the most basic amines posed the fastest adsorption rates. The basicity order
for the alkyl group of gaseous nitrogen-containing compounds is as follows: tertiary
(most basic) > secondary > primary (least basic). In the case of aromatic compound
(pyridine), the aromatic ring decreases its basicity due to the nitrogen atom directly

linked to an aromatic ring, which affects its electron withdrawing properties.

4.4.2. Adsorbent-adsorbate desorption kinetics.

The desorption rates were calculated using the PFO model, and it was found that
for all analytes desorbed from the adsorbents under study, the rate increased as the

temperature increased (Paper IV).

The DVB/PDMS material demonstrated faster desorption rates than MCM-41 and
MCM-41-TP as sorbents in releasing nitrogen-containing compounds (Paper IV).
The low affinity sorption sites of the DVB/PDMS sorbents, where the analytes are
attached via physisorption, can be the cause of the analytes’ rapid release. The weak
van der Waals forces contribute to the physisorption when the molecules are
sufficiently close, thus resulting in easy desorption especially with the passive

SPME Arrow sampling technique.

The slower increase in kq rates in desorption experiments using sorbents MCM-41
and MCM-41-TP indicated the desorption process from higher affinity sorption
sites [141], supporting that in addition to physisorption, chemical adsorption may
be involved. This explains why the desorption did not easily occur as chemical
adsorption is stable [142]. The silanol groups on the mesoporous silica surface
might interact with the nitrogen atom in the amine groups that were responsible for

the hydrogen bonding [143—145]. The hydrogen bonds are weaker than ionic or
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covalent bonds but stronger than van der Waals forces [146,147]. Owing to the
energies of 1-40 kJ mol-, the intermolecular hydrogen bonding can be disrupted at
high temperature [146], as they were in this work where the desorption
temperatures ranged from 180 to 280°C. Raised temperature increases the kinetic

energy of the molecules, which decreases the amount of hydrogen bonding.

The silanol group on mesoporous silica surface and the titanium phosphate (—TP)
grafted on mesoporous silica (MCM-41-TP) could also interact with gaseous amines
via Lewis and Bregnsted mechanisms [145,148—-150]. In this case, amines act as a
Bronsted-Lowry base since they have a lone electron pair that is used to accept

protons [151].

It can be concluded that MCM-41 is regarded as the best option for SPME Arrow’s
adsorbent for the collection of volatile nitrogen-containing compounds due to its
adsorption kinetics rates compared to other adsorbents under study. A thermal
desorption approach can be used to address the MCM-41-SPME Arrow’s slower
desorption rates because of the chemical interaction that might be present. Further
studies, including longer sampling time, are required to prove this chemisorption
theory. However, since the MCM-41-TP is proved to be more selective than the
MCM-41 material, then the use of ITEX packed with MCM-41-TP, as described also
in sections 4.2 and 4.3, is recommended for the most selective sampling method to

collect nitrogen-containing compounds and best for GC-MS analysis.
4.5. Sampling accessories for ITEX

Two different accessories were investigated in this study, namely a trap accessory
made from the material coated in the Pasteur glass pipet and a filter accessory
(PTFE filter) (Paper I).

4.5.1. The evaluation of ITEX trap and filter accessories

Tenax-GR was chosen among three different sorbents as the best material for the
ITEX trap accessory, since it captured more alcohols and ketones (Fig. 22). In
comparison to TENAX-GR, TENAX-TA as a trap accessory provided slightly better

recovery for several model compounds such as dipropylamine, isobutylamine, and
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triethylamine, but this material did not effectively trap 2-butanol, 2-butanone, and
p-cymene.

According to Fig.22, further studies exploiting other types of materials as sorbent
trap accessory, which more selectively retain non-polar compounds and without

losing much of the targeted nitrogen-containing compounds, is needed.

In the case of filter accessory, PTFE as hydrophobic material was selected due to its
low background, interference-free determination, and low affinity for water
[152,153]. Since the ITEX can simultaneously collect both gas phase and aerosol
particles, the PTFE filter accessory can prevent the particles from entering the ITEX

if one wants to collect only gas phase compounds (Schematic is shown in Fig. 12)

(Papers I and II).
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Figure 22. Compounds recovery after the use of PAN 10%, TENAX-TA, and

TENAX-GR as materials for trap accessory. The trap accessory was placed in front
of the ITEX (Fig. 12b). The sorbent material packed in the ITEX tube was MCM-41-

TP. This figure is adopted from Paper I.

The applicability of ITEX equipped with the trap and filter accessories, and SPME

Arrow for the collection of gaseous amines was compared. As described in sections
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4.3 and 4.4, MCM-41 was selected as the best sorbent material for SPME Arrow,
whereas the material used for the ITEX was MCM-41-TP.

As can be seen in Fig. 23, MCM-41-TP-ITEX, furnished with trap-and-filter
accessories, collected the gas-phase higher chain amines (=C3) better, whereas the
MCM-41-SPME Arrow was better for collection of lower chain amines such as
dimethylamine and trimethylamine (Paper I). This study demonstrates good
agreement with the desorption kinetics study as described in section 4.4.2. The
consistent results are shown in Table 7 (section 4.2.1), where MCM-41-TP-ITEX
exhibits faster initial adsorption rates (a) for higher chain amines than MCM-41-
SPME Arrow (Paper IV). Only gas-phase samples were used for the kinetics

research.

60

= @

50

Average concentration (ng/m®)

40

Trimethylamine
4

30 4

Average concentration (ng/m?)

20 H

10

1
Dimethylamine Trimethylamine Dipropylamine sec-butylamine

Figure 23. Comparison of & MCM-41-TP-ITEX (ITEX furnished with trap-and-
filter accessories) and M®EMCM-41-SMPE Arrow for collection of gas-phase amines.

This figure is adopted from Paper I.

The evaluation of the ITEX filter accessory was also conducted in a different study
targeting VOCs (Paper II). In this study, a filter accessory was attached to the
ITEX packed with TENAX-GR, which was used as a sorbent material, instead of a
trap accessory. TENAX-GR was selected as ITEX sorbent due to its good capability
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to collect different VOCs present in the air [61,69]. Similarly, the SPME Arrow

coated with carbon wide range (Carbon WR) was selected for comparison.

The concentrations of the VOCs collected from atmospheric outdoor air by TENAX-
GR-ITEX furnished with a filter were comparable with those obtained by the
Carbon-WR-SPME Arrow, even though they are not exactly the same (Fig. 24).
Slightly higher concentrations obtained by the ITEX system could be caused by
higher collected amount compared to that collected by the passive SPME Arrow

sampler.
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Figure 24. Evaluation of ITEX filter accessories in collecting gas phase. The
gaseous samples were collected using (a) TENAX-GR-ITEX system with filter
accessories and (b) Carbon WR-SPME-Arrow system. White color represents that

a compound was not detected. This figure is adopted from Paper II.

Table 8. Recoveries obtained for compounds collected by ITEX sampling system

furnished with filter accessory.

Compounds Recovery (%) Compounds Recovery (%)
2-Methyl-1-propanol 81.4 3,4,5-Trimethylheptane 26.8
2,3-Butanedione 58.3 6-Ethyl-2-methyldecane 37.5
2,3-Pentanedione 84.9 2,6,11-Trimethyldodecane 13.2
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Compounds Recovery (%) Compounds Recovery (%)

5-Undecanone 9.2 2-methyl-2-propen-1-amine 99.2
Trans-limonen oxide 94.4 2-Pentanamine 87.2
Methyl glyoxal 98.8 1-Hexanamine 96.8
Acetic acid 79.7 n-Hexylmethylamine 15.3
Oxalic acid, butyl

propyl ester 5.8 4-Heptylamine 64.9
Ethyl acetate 95.1 2-Amino-1-propanol 41.4

Alkanes, which are non-polar compounds, only show recoveries of about <50 %
(Table 8), while the more polar compounds, such as alcohols and nitrogen-
containing compounds, were mainly found at higher recoveries from 50 % to 99 %.
PTFE that has a non-polar structure most likely adsorbed the non-polar compounds
due to the like dissolve like principle [154,155]. This study demonstrated that ITEX
furnished with PTFE filter does not only allow ITEX to remove particles, but is also
excellent for the collection of polar compounds, such as gaseous nitrogen-

containing compounds (Paper II).

4.6. Synthesis of new sorbent material

As has been described in section 4.3, porous ZnO as an ITEX sorbent demonstrated
a strong affinity towards amines [61,69]. However, these materials had poor
mechanical stability, getting blocked after a very small number of analyses. Another
study found that functionalized mesoporous silica material has excellent
mechanical stability for ITEX packing in addition to good selectivity for the
collection of nitrogen-containing compounds. Unfortunately, the selectivity of
mesoporous silica materials towards nitrogen-containing compounds was not as
good as porous ZnO [61]. In order to acquire both good selectivity and mechanical
stability, ZnO-modified mesoporous silica materials were evaluated in terms of
selectivity and mechanical stability for the collection of nitrogen-containing

compounds from air (Paper III).

In this study, commercial silica microspheres with a particle diameter of ~5.0 um
were modified using the pseudomorphic transformation approach to produce a
material with narrow mesopores (2.75 nm), while the particles’ spherical

morphology was retained (sample PM-SiO- in Figs. 25 and 26a) [117,156]. The

55



original pore structure in the silica material is rearranged during pseudomorphic

transformation process to an ordered MCM-41-like pore structure.
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Figure 25. Nitrogen physisorption isotherms of (a) the PM-SiO:/ZnO
nanocomposite materials with different ZnO loadings. This figure is adopted from
Paper I11.

After the transformation process, the PM-SiO. sample showed a typical MCM-41-
type material, which is a type IVa nitrogen physisorption isotherm (see Fig 25). The
surface area, pore size, and pore volume were 936.0 m2g-, ~2.75 nm, and 0.80 cms3

g1, respectively (Table 9).

Table 9. Textural properties (derived from the nitrogen physisorption data) of the
PM-SiO- sample with different ZnO loadings.

Number of ZnO BET surface Pore volume Pore size
infiltration cycles area (m2 g) (cm3g?) (nm)
EP-DF-5-120A o 317 1.03 13
PM-SiO, 0 936 0.80 2.75
PM-Si0,/Zn0O-1 1 754 0.61 2.75
PM-Si0,/Zn0O-2 2 580 0.42 2.75
PM-Si0./Zn0-3 3 485 0.34 2.75
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The pores of PM-SiO. sample were infiltrated with zinc nitrate salt, which
underwent mild thermal processing at 300 °C to produce amorphous ZnO. The
infiltration was done in 1-3 cycles to produce PM-SiO2/Zn0O-1, PM-SiO»/Zn0-2, and
PM-Si02/Zn0-3, respectively. The morphology of the particles was unaffected by
the ZnO infiltration process, but the available surface area and pore volume
decreased steadily with each infiltration cycle, suggesting that additional ZnO was

introduced into the pore in each step (Table 9).

Figure 26 shows the SEM images of the starting PM-SiO. sample and after 3
infiltration cycles that are identical. While Fig. 27 demonstrates the sharp
reflections from the zincite phase in the samples loaded with 3 cycles of ZnO (PM-
Si02/Zn0-3). It indicates that the location of the additional ZnO should be outside
of the pore system. Suggesting that when three cycles are used, the pores will be
overfilled, and will lead to the formation of large ZnO structures on the exterior of

the silica pores.

Figure 26. SEM images of the a) PM-SiO-, b) PM-Si02/Zn0-1, ¢) PM-SiO>/Zn0O-
2, and d) PM-Si0O2/Zn0O-3 materials. This figure is adopted from Paper II1I.
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Figure 27. High-angle XRD results of the pseudomorphic silica material as well as
of PM-SiO. / ZnO composites made with 1-3 infiltration cycles. This figure is
adopted from Paper III.

4.7. Selectivity test of PM-SiO2/ZnO materials towards

nitrogen-containing compounds

Figures 28 and 29 show that the sample with three infiltration cycles (PM-
Si02/Zn0-3) gave the best results in collecting nitrogen-containing compounds.
Ballerini et al [157] suggested that ZnO surfaces can interact with gaseous amines,
by both Lewis and Brensted mechanisms (with Zn2+ and hydroxyl groups on the
surface of ZnO, respectively), where the reversible Brgnsted interaction would be

the dominant one.

The materials’ affinity towards the nitrogen-containing compounds increased with
the number of ZnO infiltration cycles. However, problems with the mechanical
stability of the packed ITEX or backpressure were observed when the number of
cycles was higher than 2. To eliminate this problem, PM-SiO- material infiltrated
with only two ZnO cycles (PM-SiO2/Zn0-2) was chosen as the best material for

further experiments.
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Figure 28. Evaluation of MCM-41-ZnO material selectivity using ITEX from a)
headspace vials spiked with model compounds and from b) permeation system
(nitrogen-containing compounds). PM-SiO2 (m), PM-SiO2/ZnO-1 (m), PM-
Si02/Zn0-2 (=), PM-SiO2/Zn0-3 (=). Error bars calculated for n= 3. This figure is

adopted from Paper III.
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Figure 29. Total ion chromatograms (TIC) obtained for the evaluation of MCM-
41-ZnO material selectivity from permeation system. This figure is related to Fig.
28 (b). IBA = isobutylamine; TEA = triethylamine; DPA=dipropylamine;
HA=hexylamine.

4.8. Optimization of the desorption and conditioning

procedures

4.8.1. Optimization of MCM-41-TP-ITEX for air sampling

Three parameters were optimized in this study: ITEX pre-cleaning, desorption
condition, and ITEX breakthrough volume (Paper I). As a result, a temperature of
250°C for 300 s was chosen as the optimal setting for conditioning. While for
desorption, 800 ul injection volume, 200 pl st injection speed, and 240°C

desorption temperature was the optimal method for complete and fast desorption.

In the case of breakthrough evaluation, three different flow rates representing low
(33 mL mint), moderate (70 mL min?), and high flow (105 mL min?) were
evaluated (Fig. 30). Dipropylamine and trimethylamine showed breakthrough after
15 min using low and mid flow rates, while diethylamine was still quantitatively

extracted without breakthrough even up to 30 min. After 20 min of low flow-rate
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sampling, breakthroughs were occurring for triethylamine, isobutylamine, and
pyridine. Triethylamine with mid flow showed breakthrough after 15 min, while
isobutylamine and pyridine only after 20 min of sampling. In the case of high flow,
only isobutylamine and pyridine exhibited good extraction affinity for up to 20 min,
whereas the others had breakthrough after 10-15 min of sampling. Hence, the ITEX
flowrate of 40 to 50 mL min and 20 min sampling time were selected as optimal
to minimize breakthrough and to provide the best sampling efficiency for

quantitative analysis.
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Figure 30. GC-MS response as a function of the sampling time for model
compounds for MCM-41-TP-ITEX. The breakthrough was evaluated from the
bending of the curve. This figure is adopted from Paper I.

4.8.2. Optimization of PM-SiO2/Zn0O-2 for air sampling

The conditioning, desorption, and breakthrough volume were also optimized for
PM-Si0>/Zn0-2 as an ITEX sorbent. The optimal circumstance for conditioning

was at the temperature of 250°C for 600 s. While for the desorption, 800 pl
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injection volume, 50 ul s injection speed, and 200°C desorption temperature was

selected as optimal desorption’s method (Paper III).

Only two low flowrates were used to evaluate the breakthrough, i.e. 55.0 and 25.6
mL min?, since high flow rates (over 100 mL min) caused too high ITEX

backpressure (Table 10).

Table 10. Evaluation of the ITEX breakthrough volume. Breakthrough expressed
as time (min).

Amount of sorbent 30.0 mg
Flow-rate (mL min) 55.0 25.6

Isobutylamine 10 10
Triethylamine 20 30
Pyridine 20 20
Dipropylamine 20 20
Hexylamine 10 20
O-Toluidine 10 30

As can be seen in Table 10, the ITEX flowrates of between 25.6 and 55.0 mL min-t
and 20 min sampling can be selected to provide the best sampling conditions for all
analytes (with the exception of small isobutylamine, which is only 10 min sampling)
without breakthrough. The repeatability and reproducibility of ITEX packed with
PM-Si0./Zn0O-2 sorbent were also evaluated, with deviations of under 16.8% and

19.4%, respectively.

4.9. Application of ITEX sampling systems for outdoor

air, indoor air, and cigarette samples (Paper Ill).

All the nitrogen-containing compounds under study (i.e. dipropylamine,
hexylamine, isobutylamine, pyridine, o-toluidine, triethylamine) were detected in
the indoor air samples. This is due to the selection of the sampling place close to the

storage cabinet of the nitrogen-containing compounds in the laboratory.

Acetonitrile was the main compound detected and semi-quantified in cigarette
smoke samples. This is not surprising since acetonitrile is a well-known constituent
of the cigarette smoke [158]. A relatively high number of amines and nitroso amines
were also detected. However, nicotine was found in small concentrations, which is

probably due to the design of the experimental setup to reproduce the natural
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exhalation process after smoke intake. Compounds with low polarity and volatility

might be adsorbed on the walls of the device used to mimic the smoking process.

The results achieved for untargeted analysis of outdoor air samples, collected near
Kumpula Campus in Helsinki, showed that the highest concentrations of nitrogen-
containing compounds were achieved for secondary and tertiary amines. Other
nitrogen-containing compounds such as nitro-, azo-compounds and pyridine were
also detected and semi-quantified with lower concentration compared to the

previous ones.

4.10. Application in field measurement using drone as a

carrier for miniaturized air sampling system

An aerial drone was employed as the carrier of a miniaturized air sampling system,
featuring ITEX and SPME Arrow with selective sorbent materials for the reliable
collection of nitrogen-containing compounds in both gas phase and aerosol
particles. The applicability of this sampling system with the drone was successfully
evaluated for the observation of diurnal patterns and spatial distribution of

nitrogen-containing compounds in boreal forests in 2020 and 2021 (Papers I and

ID).

Up to 17 nitrogen-containing compounds were detected at the altitudes of 50 m and
150 m with the concentration of up to 2927 + 15 ng m3and 5480 + 27 ng m-3in gas
phase and particle phase, respectively (Paper I). These results were comparable
to another study conducted a year after at higher altitudes (up to 400 m), where up
to 18 nitrogen-containing compounds were detected with concentrations of up to
2005 + 7 ng m3 and 6122 + 20 ng m3 in gas phase and particle phase, respectively
(Paper II).

Most amines showed a diurnal variation with a daytime maximum due to their
dependency on temperature for their emission, indicating the contribution from
biogenic sources, according to both studies (Papers I and II). In contrast, the
morning and evening hours revealed the peak concentration of amines in the
particle phase (Fig. 31). These findings were similar to those studied by You et al.

(2014) and Hemmila et al. (2018), which found that temperature dependencies
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were affecting amine deposition at night, and as temperature rose in the morning,

they partitioned back to the atmosphere. [159,160]
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Figure 31. Concentrations of detected nitrogen-containing compounds in the gas-
phase (a) and in particle-phase (b) at altitude of 50 m. This figure is adopted from
Paper 1.

For the vertical profiles (Figs. 32 and 33), the concentration of amines that are
emitted mainly from biogenic sources decreased at higher altitudes. This could be
due to the turbulent transport and reaction with hydroxyl radical [161]. The soil in

boreal forest, that is both a source and a sink of atmospheric alkylamines, might
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also contribute to high amine concentration at lower altitudes. The concentrations
of nitrogen-containing compounds that are mostly produced by anthropogenic
sources, on the other hand, increased at the higher altitudes, suggesting that the

wind direction transporting the compounds from other areas is also affecting these

results.
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Figure 32. Concentrations of detected nitrogen-containing compounds at
different altitudes in A) gas-phase and B) aerosol particles in July 2020. This figure
is adopted from Paper I.

Pyridine, which can be emitted from biomass such as peat burning [162,163], was
detected in high concentrations only in 2020 (Figs. 32 and 33). Most of the
peatlands are located in boreal and subarctic zones, including in Finland. However,
some peatlands restorations that have been made to mitigate climate change, most

likely affected the significantly lower amount of pyridine in 2021 (Fig. 33).
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1-Methyl imidazole and 1H-imidazole were two different imidazoles found in 2020
and 2021, respectively. This could depend on the various sources that produce these
compounds. Imidazoles can be formed via reaction between glyoxals (e.g. glyoxal
or methylglyoxal) and amines, ammonia, or amino acids [164,165]. Glyoxal and

methylglyoxal are dicarbonyls that are produced in the atmosphere through the

oxidation of various VOCs [47,165,166].
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Figure 33. Concentrations of detected nitrogen-containing compounds at

altitudes 50 and 400 m in the gas-phase and in particle-phase collected on 8 to 10

October 2021. This figure is adopted from Paper II.
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Methylglyoxal was detected by our system both in gas and particle phases, in which
the concentration was higher at the altitude of 400 m (Paper II, Fig. 5). Similar
vertical trends with methylglyoxal and nitrogen-containing compounds were also
seen for other identified VOCs. Those that were emitted from anthropogenic
sources, such as ketones and alcohols, were found in high concentrations at higher
altitudes. Whereas those produced by biogenic sources, like monoterpene p-
cymene, were detected in higher concentrations at lower altitudes (Paper II, Fig.
5). Universal sorbent materials Carbon-WR in SPME Arrow and TENAX-GR in
ITEX sampling systems were successfully used to collect the non-nitrogenated
VOCs.

The anthropogenic sources were most likely from the south and southwest - the
direction of 174° to 250° (Fig. 34), which are the directions of harbors and
industrial areas (Paper I). The evaluation of meteorological variables by using
LDA showed that wind direction affected the sampling (Paper I).
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Figure 34. Map of the SMEAR II boreal forest site in Hyytidla and its surrounding.

4.11. Analysis of aerosol particles collected by ITEX filter
accessory using liquid chromatography tandem

mass spectrometry

Aerosol particles collected by ITEX filter accessory were extracted and analyzed to

quantify carboxylic and dicarboxylic acids (Paper IT). These organic acids are also
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important constituents since they can increase the hygroscopicity of aerosol
particles and contribute to the acidity of precipitation and cloud water. Five of the

18 identified acids were quantified, as can be seen in Table 11.

Table 11. Total concentrations of acids (ng m-3) collected from the ITEX filters at

the altitudes of 50-400 m.

. . Succinic Benzoic  Phthalic Glutaric Adipic
Sampling time

acid acid acid acid acid
11.10.2021 1416 1416 657 1619 10926
12.10.2021 435-789 1416 769 n.d. n.d.
13.10.2021 496-4654 n.d. n.d. n.d. n.d.
14.10.2021 n.d. n.d. n.d. 1720 6374

n.d. = not detected

4.12. On-site measurement of BC and total particle

number at high altitude

The total particle number and BC concentrations were measured at high altitudes
(100, 200, 300 and 400 m) by using portable CPC and BC monitors carried by the
drone (Paper II). Both total particle numbers and BC showed similar trends at all
altitudes. Total particle numbers at all altitudes and BC at the altitude of 400 m
revealed a diurnal cycle, with peak numbers observed in the morning of the working
day. The highest concentration could be due to morning traffic or wind-driven
pollution transport as suggested by other studies [167,168]. Long-range transport
could be the main cause for the high BC concentration at high altitude, particularly
at 400 m, while both BC and other particles contributed to overall particle number

concentrations.

The drone stability was assessed while moving vertically and horizontally. Figure
35 demonstrates how the drone motions, particularly rapid ascending (area number
I), had an impact on the readings of BC concentration and total particle numbers.
When the drone began to warm up, take off, and then quickly moved vertically with
the speed of 2.5 ms!, BC measurements revealed negative values. This could be
because the BC sensor was very sensitive to the movement and temperature changes
during these times [169]. The portable CPC device also showed a high amount of

particle number concentrations, which could be due to the propellers that were
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causing dust from the ground to rise into the air and then detected by the CPC.
When the drone approached the altitude of 365 m, both BC device and CPC started
to stabilize. In comparison to the portable BC device, the portable CPC was

significantly less affected by the horizontal movements (area numbers III and IV).
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Figure 35. Evaluation of drone’s vertical and horizontal movements. I = Drone is
moving up (speed: 2.5 ms1); II= Drone is descending to each altitude (speed: 1.25
ms) before staying for 30 s; III and IV = Horizontal movement (100 m far, speed:

5 ms). This figure is adopted from Paper II.

5. Conclusions

The main objective of this doctoral thesis was to develop reliable miniaturized
microextraction techniques for selective collection of volatile nitrogen-containing

compounds in air samples. The applicability of different materials as ITEX sorbent
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played an important role in the studies. The suitability of ITEX and SPME sampling
systems, packed or coated with selective sorbent materials for air sampling was also
clarified in terms of the adsorption and desorption kinetics. The applicability of the
aerial drone as the platform for remote passive and active air sampling and for the

real-time particle measurement was demonstrated.

The selectivity of two mesoporous silica-based materials, MCM-41 and MCM-41-
TP, was tested for miniaturized passive SPME Arrow and active ITEX air sampling
systems. Due to the selectivity and pore structures (pore volume and size) of MCM-
41 it was chosen as the best option for SPME Arrow adsorbent. MCM-41-TP was the
best ITEX material for gas chromatography-mass spectrometry analysis and for
selective collection of nitrogen-containing compounds without any mechanical
problems. In addition, ITEX trap accessory containing TENAX-GR material for the
elimination of other substances than nitrogen-containing compounds improved the

selectivity of the sampling system still further.

MCM-41 and MCM-41-TP materials followed the same adsorption order of
nitrogen-containing compounds under study in terms of basicity with the exception
of isobutylamine and pyridine, giving the fastest adsorption rates for the most basic
amines. The adsorption kinetics were well described by an Elovich model, while a
pseudo-first-order kinetic model was utilized to describe the desorption kinetics.
The desorption kinetics study proved the MCM-41 and MCM-41-TP sorbent
materials to exhibit chemical adsorption in addition to physisorption, but
additional studies with longer sampling times are needed to confirm this

preliminary result.

The saturation vapor pressures, which are important for the prediction of the
adsorption of nitrogen-containing compounds to airborne particulate matter, were
also determined. The results achieved by laboratory experiments using a retention
index approach agreed with only small deviations with those obtained by the
COSMO-RS model.

A new material, PM-SiO2/Zn0O-2, synthesized from ZnO incorporated into
mesoporous silica materials and prepared via pseudomorphic transformation, was
evaluated as an ITEX sampling sorbent for the collection of nitrogen-containing

compounds. Its selectivity and affinity was better than the silica material alone. The
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mechanical problem of pure ZnO was avoided by the ZnO infiltration with less than
three cycles into mesoporous silica. The ITEX system, packed with PM-SiO2/ZnO-
2 was successfully applied for the selective and efficient collection of nitrogen-
containing compounds in cigarette smoke, indoor air, and outdoor air. The sorbent
developed in this study can be used also as sorbent materials in other traditional

sampler tubes such as in Carbograph tube.

An aerial drone carried reliably at high altitudes the versatile miniaturized air
sampling systems SPME Arrow and ITEX, a portable black carbon monitor, and a
condensation particle counter device, the latter used for particle real-time
measurements. This combined system was also successfully employed for the
evaluation of diurnal patterns and spatial distribution of the nitrogen-containing
compounds and other VOCs in the boreal forest SMEAR 1I station, Finland.

In the gas phase, nitrogen-containing compounds had generally the largest
concentrations in the warmer afternoons, whereas, in the particle phase,
concentration peaks were seen in the mornings and evenings. The diverse sources
of their emission, both biogenic and anthropogenic, affected the variations of their
compositions at different altitudes. A similar trend was also observed for other
VOCs.

The capability of the active ITEX sampling systems, furnished with a filter accessory
for the collection of gas phase samples, was evaluated by comparing it with the
passive SPME Arrow sampler. The results were in agreement, especially for polar
compounds with recoveries up to 99 %. While non-polar compounds, such as
alkanes, yielded low recoveries due to the like dissolve like rule meaning that they

might be adsorbed to the non-polar PTFE filter of the ITEX sampling system.

The total particle number and black carbon gave similar diurnal trends, where the
highest concentrations correlated with human activities. Black carbon
concentrations were enhanced at higher altitudes due to long-range transport and
the atmospheric boundary layer. The total particle numbers varied more depending

on the sources.

Altogether, these findings provide an excellent platform for future research to

evaluate the impact of nitrogen-containing compounds on human health and the
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environment. Careful choice of the sorbent material, especially for the ITEX
sampling systems, is crucial, not only to increase sampling selectivity but also to
prevent ITEX from mechanical problems. The miniaturized active sampler ITEX
packed with selective material proposed in this thesis has a number of advantages
including better selectivity, a smaller sampling volume, a shorter sampling time,
simple operation, and can be automated with online coupling with an analytical
instrument. In addition, the established sampling system can be applied to other
environmental studies, such as indoor air quality analysis, and to collect the volatile
nitrogen-containing compounds from soil, water, and food samples. The
calculations of kinetics and vapor pressures of the compounds were accurate and
are useful in atmospheric chemistry applications. An aerial drone also proved to be
an ideal carrier for miniaturized air sampling systems and portable

instrumentations.

However, although several advances were achieved in this work, further studies are
still needed. For instance, new materials to enhance selectivity towards small
nitrogen-containing compounds, particularly for amines with C < 2 are required.
Higher selectivity will provide a higher sensitivity method for ambient air
measurement. Further studies for the ITEX trap-accessory materials would be
beneficial, particularly those that aim for more selective retaining or trapping of the
non-polar compounds, allowing only polar compounds to pass through the ITEX
sampler. In addition to ITEX trap accessory, the compounds lost in the ITEX filter
accessory must be studied further, even though the filter has lower polarity than the
target analytes. The online dynamic ITEX system coupled to gas chromatography
with high-resolution mass spectrometry would also be useful to provide better mass
accuracy and higher sensitivity, especially for untargeted analysis. Moreover, the
development of new models and equations to study kinetics for small gaseous
nitrogen-containing compounds with better fits would be very important to model
their physicochemical properties. Further experiments with longer sampling times
are also needed to prove the chemical interactions between silica-based materials
and the nitrogen-containing compounds during the adsorption processes. The
portable gas chromatography-mass spectrometry would also accelerate on-site
reliable measurements. The PLSR method for quantitative and semi-quantitative

analyses needs to be evaluated especially for aerosol particle measurements. Last
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but not least, a portable black carbon monitor with an improved electronic model

and optimized position in the drone would be essential to increase the reliability of

the black carbon results.
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