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NORMATIVE REFERENCES

In this dissertation, references to the following standards are used:

Compendium Method TO-15. Determination of volatile organic compounds
(VOCs) in air collected in specially prepared canisters and analyzed by gas
chromatography-mass spectrometry (GC-MS).

Compendium Method TO-17. Determination of volatile organic compounds in
ambient air using active sampling onto sorbent tubes.

GOST 16017-2-2007. Atmospheric air, the working area and enclosed spaces.
Sampling of volatile organic compounds using a sorption tube with subsequent thermal
desorption and gas chromatographic analysis on capillary columns.

TR CU 008/2011. Technical regulations of the customs union on the safety of
toys.

MU 1649-77. Guidelines for colorimetric determination of acetophenone in air.

MUC 4.1.618-96. Guidelines for chromato-mass spectrometric determination of
volatile organic substances in atmospheric air.

Method OSHA PV2003. Occupational safety and health administration.
acetophenone.

Method EPA-RCA 8270D. Semivolatile organic compounds by GC-MS.

Method EPA-EAD 1625. Semivolatile organic compounds by isotope dilution
GC-MS.

Method 3510C. Separatory funnel liquid-liquid extraction.



ACN
AED
B:T:E
BTEX
Car
CHPs
COPD
DEM
DI
DVB
ECD
EPA
ESA
FID
GC-MS
GDP
HS
IARC
LODs
LOQ
MOF
MPC
MTBE
NAQMN
NTD
OCPs
PAHs
PCBs
PDMS
PM1
PM10
PM2.5
PTFE
PTV
RSDs
S/N
SD
SIM
SOA
SPME
SRTM
SVOCs

LIST OF ABBREVIATIONS

Acetonitrile
Atomic emission detector
Benzene, toluene, and ethylbenzene
Benzene, toluene, ethylbenzene and xylenes
Carboxen
Combined Heat and Power Plants
Chronic obstructive pulmonary disease
Digital elevation model
Direct immersion
Divinylbenzene
Electron capture detector
Environmental protection agency
European space agency
Flame-ionization detector
Gas chromatography-mass spectrometry
Gross Domestic Product
Headspace
International Agency for Research on Cancer
Limits of detection
Limit of quantification
Metal-organic framework
Maximum permissible concentration
Methyl tert-butyl ether
National Air Quality Monitoring Network
Needle-trap device
Organochlorine pesticides
Polycyclic aromatic hydrocarbons
Polychlorinated biphenyls
Polydimethylsiloxane
Ultrafine particulate matters
Coarse particulate matters
Fine particulate matters
Polytetrafluoroethylene
Programmable temperature vaporization
Relative standard deviations
Signal-to-noise
Standard deviation
Selected ion monitoring
Secondary organic aerosol
Solid-phase microextraction
Shuttle radar topography mission
Semivolatile organic compounds
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T/B
TDU
TSP
TVOCs
TWA
USA
VOCs
WHO
X/E

Toluene-to-benzene

Thermal desorption unit

Total suspended particles

Total volatile organic compounds
Time-weighted average

United states of America
Volatile organic compounds
World health organization
m-,p-xylenes to ethylbenzene



INTRODUCTION

Characterization of the work

This study is aimed at the development of low-cost, accurate, “green” and simple
methods for the determination of the single and time-weighted average (TWA)
concentrations of volatile organic compounds (VOCs) in air based on solid-phase
microextraction (SPME). Also, this study is devoted to the approbation of the
developed methods for determination of VOCs in ambient air.

The relevance of the work

Air pollution is a serious global problem affecting human health and the
environment. According to World Health Organization (WHO), in 2019, 99% of the
world breathed air, the quality of which was below WHQO’s limits. Air pollution is
caused by various sources, including industrial emissions, coal/biofuel combustion,
transportation, and agriculture. Long-term exposure to air pollution can lead to a range
of health problems including lung cancer, heart disease, and respiratory illnesses.
Moreover, the direct impact of air pollution on increase of COVID-19 cases has been
established. Air is one of the most complex environmental objects for the analysis.
There are many drawbacks associated with the sampling, sample preparation, and
transportation of air samples. Air pollutants can be divided into two main groups:
inorganic, which include particulate matter, NO, SO,, CO, ozone, heavy metals, etc.,
and organic pollutants, which include semi-volatile and volatile organic compounds.
VOCs are a group of chemicals that can evaporate from various sources, such as solid
fuel combustion, vehicle emissions, industrial activities, biogenic sources, etc. Some
of VOCs can have hazard effects on human health, also VOCs can contribute to
formation of secondary aerosols and ground-level ozone.

Conventional methods for the determination of organic pollutants are based on
sampling on sorbent tubes or in special canisters. The use of special canisters and
sorbent tubes requires preliminary cleaning from possible contaminants with high-
purity gases before sampling. In addition, deactivation of the inner part of the samplers
is needed to prevent analytes adsorption. For analytes desorption from sorbent tubes,
expensive thermal desorption equipment or toxic solvents for chemical desorption are
required. To improve separation and increase the accuracy of sample analysis,
cryogenic focusing of all analytes in the inlet or column of the gas chromatography
(GC) must be used. These drawbacks limit the application of standard methods in
developing countries. In Kazakhstan, monitoring of organic pollutants concentrations
in the air has not been carried out due to these limitations. To solve these problems, the
development of cost-effective, simple, and accurate methods for the determination
organic pollutants in the air are required.

The most promising method for the determination of VOCs in ambient air is
SPME, which excludes the drawbacks of conventional methods. SPME combines
sampling and sample preparation in a single step and meets the principles of “green”
analytical chemistry. SPME is based on the sorption of VOCs by a micropolymeric
coating followed by the desorption of analytes directly in the GC inlet. SPME can be
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used to determine single and time-weighted average VOC concentrations. SPME is the
simplest sampling method for determining of VOC concentrations in air. However,
there are limitations to using SPME-based methods for air analysis, such as complex
calibration, losses during storage and transportation, and the main disadvantages are
low accuracy and precision. Thus, the development of methods based on SPME, which
can improve the existing drawbacks for the determination of single and TWA
concentrations of VOCs in the air is still an important task.

The aim of the study: development of simple and accurate methods based on
solid-phase microextraction, which can improve the current methods, for the
determination of single and time-weighted average concentrations of organic pollutants
in the air.

The tasks of the study:

1) To develop a low-cost and accurate method for the determination of single
concentrations of more than 20 VOCs in ambient air;

2) Application of the developed method for the assessment of seasonal variation
and spatial distribution of VOCs and identification of their possible sources in the air
of Almaty;

3) To assess the effect of COVID-19 restrictions measures on air quality in
Almaty associated with organic pollutants;

4) To develop a model for SPME for the determination of TWA concentrations
of VOCs using finite element analysis software;

5) To prove that the developed model can be used for the development of an
accurate method for quantification of VOCs TWA concentrations in the field using
SPME.

Objects of the study: methods for quantification of multiple volatile organic
compounds in air using solid-phase microextraction.

The subjects of the research: accuracy and simplicity of methods for
determination of VOC:s in the air; single and TWA concentrations of VOCs in the air
of Almaty.

The methods of the research

Complex modern physicochemical research methods were used to achieve the aim
and solve tasks of the research. The following methods were used in this work: solid-
phase microextraction in combination with gas chromatography-mass spectrometry
(GC-MS) for the analysis of air samples; scientific method for the formulation of
hypotheses and design of experiments.

The scientific novelty of the research

1) A new method for the quantitation of more than 20 VOCs single concentrations
based on sampling into 20 mL vials and analysis by SPME GC-MS was developed.

2) Seasonal and spatial variations of organic pollutants in the ambient air of
Almaty were evaluated for the first time.

3) For the first time, the effect of the COVID-19 lockdown measures on the
concentrations of organic pollutants in Almaty air was studied.

4) A model for SPME extraction of VOCs by fiber coating located inside the
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protecting needle was developed using finite element analysis software. The sampler
with an alternative geometry was proposed to increase the accuracy of the
determination of TWA concentrations of VOCs.

5) A new method for the determination of TWA concentrations of VOCs in
ambient air using sampler with alternative geometry and SPME fiber was developed
for the first time.

The validity and reliability of the results

The obtained results were valid and reliable since all experiments were carried out
with one or two independent variables, while the rest of the variables were constant.
The dependent variables displayed the main parameters of the methods, such as the
accuracy, recovery, analyte responses, limits of detection and quantification, and
reproducibility. All measurements were conducted in two — four replicates. Gas
chromatography with mass spectrometric detection was used to achieve the sensitive
and selective identification and separation of VOC:s.

Relation of the thesis with research and government programs

This research work was conducted within the framework of projects funded by
the Science Committee of the Ministry of Education and Science of the Republic of
Kazakhstan: Grant No. AP05133158 “Development of analytical methods, materials
and equipment for cost-efficient “green” environmental monitoring” (2018-2020 yy.)
and Grant No. AP09058606 “ Development of method for determination of organic
pollutants time-weighted average concentrations for monitoring of ambient air of
Almaty” (2021-2023 yy.).

The main provisions to be defended

1) The 65-um polydimethylsiloxane/divinylbenzene (PDMS/DVB) SPME fiber
provides a better combination of detection limits (from 0.010 to 7 ug/m?®) and relative
standard deviations (RSDs) of slopes (<10% for 22 analytes) compared to 85-um
Carboxen (Car)/PDMS, 100-um PDMS and 50/30-um DVB/Car/PDMS for the
determination of 25 volatile organic compounds in the air.

2) The developed method based on SPME with a 65-um PDMS/DVB coating
provides spike recoveries in the range from 90 to 105% for 20 out of 25 studied
analytes.

3) The seasonal variations of 9 out of 19 studied VOCs were significant (p< 0.01)
with maximum concentrations on winter sampling days in Almaty in 2020.

4) Decreasing diameter of the diffusion path from 0.75 to 0.34 mm allows
achieving better accuracy of the determination of TWA concentrations of 9 out of 13
VOCs using Car/PDMS SPME fiber exposed in a glass liner.

The theoretical and practical significance of the thesis

The theoretical significance of the work is based in the development of simple
and accurate methods for the determination of multiple organic pollutants in the air.
Also, the theory of the determination of time-weighted average concentrations by solid-
phase microextraction was improved. The proposed sampler with alternative geometry
was used for improving the accuracy of the determination of TWA concentrations by
SPME.
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The developed methods for the determination of single and TWA concentrations
of multiple volatile organic compounds in the air can be used by the environmental
laboratories to conduct monitoring. The results of the investigation of seasonal and
spatial variations of organic pollutants in the air of Almaty can be used by decision
makers to develop activities for air quality improvement.

Presentation of the practical results

The results of the thesis were reported at the international conferences such as The
International Chemical Congress of Pacific Basin Societies, “Pacifichem 2021 and
the XI International Beremzhanov Congress on Chemistry and Chemical Technology,
2021.

Publications

The main results of this research were published in scientific papers, including:

— 4 articles in international journals with impact factors 3.11, 10.754, 3.344, and
4.927, indexed in Web of Science and/or Scopus databases;

— 1 article in the journal recommended by the Committee for Quality Assurance
in the Sphere of Education of the Ministry of Education of the Republic of Kazakhstan;

— 2 patents for invention;

— 2 abstracts at international conferences and congress, including 1 abstract at
foreign international conference (United states of America (USA)).

The author's contribution to this research work consists in the formulation of
scientific questions and hypotheses, planning and conducting experiments, statistical
evaluation of the obtained data and writing reports and articles based on the final
results.

The structure of the thesis. The thesis is presented in 110 pages and contains 25
tables, 42 figures, and 161 references. The thesis consists of introduction, six sections,
conclusion, list of references, and annex.
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1 LITERATURE REVIEW

1.1 The problem of air quality in the world and the importance of air quality
monitoring for environmental impact assessment

Air pollution is one of the most acute problems in modern society, the spread of
which and its health effects cover the whole world and require a global solution. Air
pollution leads to disturbance in ecosystems and substantial economic and social
damage to society. The WHO reports that in 2019, 99% of the world breathed air, the
quality of which was below the WHO’s limits. The Lancet Commission estimated
mortality for the same year, resulting in 6.7 million premature deaths from air pollution,
including deaths from household air, ambient particulates, and ozone [1].

Air pollution has a great impact on human health and can cause many diseases,
such as respiratory, and cardiovascular diseases, cancer, and chronic obstructive
pulmonary disease (COPD), etc. According to the 2017 global ranking, total air
pollution ranked fifth among the risk factors for overall mortality worldwide [2]. The
health impact of air quality depends on the type of pollutant and the duration of
exposure (long or short term) [3]. However, both types of exposure can have negative
effects on population health. Moreover, recent studies have revealed a direct effect of
air pollution levels on the increase in COVID-19 cases [4-8].

Besides the hazardous health effects, air pollution can lead to economic losses.
The economic losses related to air pollution can be caused by the effects of pollution
on human health, which results in decreased work efficiency; increased number of
hospitalizations; and negative effects on other fields, such as agriculture, etc. The
Lancet Commission calculated the economic losses (using the cost of statistical life) in
2015 related to pollution, which amounted to 6.2% of global Gross Domestic Product
(GDP) [1, p.e539]. Outdoor and indoor air pollution accounted for 82% of the
economic losses. The World Bank estimated economic losses in 2019, which were
equal to 6.1% of the global GDP and were associated with household and ambient air
pollution by fine particulate matters (PMzs) [9]. It was found that middle- and low-
income countries were more affected by PM, s pollution [10].

Air pollution is a part of climate change due to the same sources of emissions that
affect both issues. The sources of air pollution are complex and diverse, depending on
the geographical location and quality of life. The major air pollution sources can be
divided into two groups: anthropogenic and biogenic. Anthropogenic sources include
fossil fuel burning for heating, electricity generation, transport, industrial activities,
emissions from mining and various industries, and waste incineration. While biogenic
sources include dust, sea salt, emissions from volcanoes and plants [11].

Due to the variety of pollution sources, effective and complex measures are
required to improve air quality. Examples include eliminating the use of low-quality
fuel in transport, optimizing the public transport system in cities, and reducing the
emission limits in the industrial sector, reducing, or eliminating the use of solid fuels
for electricity generation and heating by power plants and households. However, one
of the main steps to improve air quality is monitoring of pollutant concentrations.
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Air quality monitoring is important for environmental impact assessments. The
results of the monitoring are used to comply with air quality standards, estimate
pollution trends, and develop effective solutions for the improvement of air quality.
Also, the data obtained during monitoring can be used for the prediction of the pollutant
concentration variations and identification of ambient air content. The WHO Global
air quality guidelines recommend controlling the concentrations of key pollutants,
which have significant effects on human health. The WHO guidelines provide
thresholds and limits for fine (PM_5s), coarse (PMyg), and ultrafine (PM;) particulate
matters, O3, NO,, and SO, [12]. However, volatile organic compounds, which are
known for their cancerogenic effects, should be controlled during air monitoring. The
ambient air quality guidelines in New Zealand, developed by the Ministry of the
Environment have a wider list of pollutants including CO, NO,, Oz, PMjo, SO», H,S,
Pb, benzene, 1,3-butadiene, formaldehyde, acetaldehyde, benzo(a)pyrene, mercury
(organic and inorganic), arsenic, arsine, and chromium IV, and I11 [13]. In addition, the
United States Environmental Protection Agency (EPA) has implemented various
programs for air quality monitoring. For intstance, Air Toxics Monitoring National
Program that includes such pollutants as acrolein, benzene, 1,3-butadiene, carbon
tetrachloride, chloroform, tetrachloroethylene, trichloroethylene, vinyl chloride,
acetaldehyde, formaldehyde, naphthalene, benzo(a)pyrene, As, Be, Cd, Mn, Pb, and Ni
[14].

In Kazakhstan, the National Hydrometeorological Service of Kazakhstan
“Kazhydromet” is the only organization legally responsible for air quality monitoring
[15]. Kazhydromet air monitoring programs include CO, NO, NO,, SO,, and total
suspended particles (TSP). Measurements of PM,s and PM; have started recently and
are carried out using a limited number of monitoring stations. In the case of VOCs,
only phenol and formaldehyde are determined, and the data obtained are insufficient
for air quality assessment.

1.2 Importance of quantification of organic pollutants in the air

Gas sampling of organic compounds is integral to analytical chemistry, with
specific applications in environmental science, air pollution, process control, reaction
Kinetics, and toxicology. Monitoring of volatile organic compounds in the air is a very
important task because these pollutants can have high concentrations in air and cause
serious health risks. VOCs are a large group of chemicals, which have high vapor
pressures and can originate from biogenic and anthropogenic sources [16]. Short-term
exposure to individual organic pollutants can cause headaches, eyes, throat or nose
irritation [17], while long-term exposure can lead to nervous and endocrine system
diseases [18], respiratory diseases [19], and COPD. In addition, Alford et al. [20]
demonstrated that exposure to some VOCs can be the reason of the cardiovascular
diseases. The list of most toxic VOCs include formaldehyde, benzene, ethylbenzene,
styrene, phenol, benzaldehyde, naphthalene, and many other compounds, and their
concentrations must be monitored.

Groups of VOCs require special attention and control due to their high toxicity
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and carcinogenicity. One such group is benzene, toluene, ethylbenzene and xylenes
(BTEX) [21], of which benzene has cancinogenic effect and belongs to the
International Agency for Research on Cancer (IARC) group 1 [22]. Toluene has lower
toxicity than benzene, ethylbenzene, and xylenes. Toluene is an irritant of the central
nervous system, skin, eyes, and respiratory tract. In addition, possible occurrence of
headache, drowsiness, difficulty breathing, cramps and nausea may occur [23].
Ethylbenzene directly follows benzene in terms of its harmful effects on human health.
High concentrations of ethylbenzene in the air irritate the eyes and respiratory tract
[24]. Xylene, as toluene, decomposes into low-toxic compounds under sunlight. Its
influence on humans can cause headaches, and irritation of the eyes, skin and throat,
and may disrupt comfort in the gastrointestinal tract and motor coordination [25].
Monitoring of VOCs concentrations can be used for health risk assessment by
calculating of cancirogenic and non-cancirogenic risks [26].

VOCs in ambient air affect the formation of ozone, secondary organic aerosols
(SOA), and PM [27-29]. Ozone is one of the major components of photochemical
smog [30], and has a negative impact on agriculture [31] and human health [32]. SOA
or secondary organic pollutants are formed in the atmosphere during chemical or
photochemical reactions, while primary organic pollutants are emitted directly from
the sources. VOCs can enter the atmosphere from various sources, such as solid and
fossil fuels combustion, transport-related sources, industrial facilities, waste
incineration or burning, and solvent and paint usage [29, p.9-11].

The determination of VOCs concentrations in the ambient air can be used for
possible source identification based on the ratios of individual organic pollutants. The
BTEX ratios can be useful for identifying sources related to coal/biomass combustion,
and industrial and vehicle emissions. Toluene-to-benzene (T/B) ratio above 1 indicates
the main contribution of solid fuel combustion, while ratios below 1 indicate traffic-
related sources [33]. In addition, the photochemical age of air masses at sampling sites
can be determined using m,p-xylenes-to -thylbenze (X/E) ratio [34]. Alkanes are
indicators of air pollution from the evaporation or combustion of gasoline and are also
associated with emissions from solid fuel combustion. The ratio of the concentrations
of isopentane to n-pentane can determine whether air pollution is associated with coal
burning [35]. Methyl tert-butyl ether is an indicator of air pollution from vehicle
exhaust [36,37]. Propane, n-dodecane, n-undecane, naphthalene, acetone, 2-butanol,
toluene, trimethylbenzenes and isopropyl alcohol are released into ambient air from
passenger vehicles in which gasoline or diesel is used as fuel [38].

Quantification of organic pollutants in ambient air is an important part of an air
monitoring program, however, its determination is complicated due to expensive and
time-consuming convential methods of sampling and analysis.

1.3 The conventional methods for the determination of volatile organic
compounds in the air

Ambient air quality standards establish limits for the average concentrations of
pollutants during periods of 1 h, 8 h, 24 h, and even 1 year. Occupational exposure
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standards vary from acute (typically defined as ~15 min) to chronic (typically defined
on an ~8-10 h per day basis and ~40 h workweek). While the measurement of single
VOCs concentrations is sometimes possible, it typically requires sophisticated
instrumentation or a trade-off between specificity and sensitivity. Average
concentrations can be established using the results of single measurements or time-
weighted average (TWA) sampling (Figure 1). TWA sampling allows higher cost
efficiency because it decreases the number of analyses and instrument sample
throughput. Compared to single (e.g., instantaneous, rapid collection into a sampling
vessel such as a syringe) measurements, TWA sampling can provide better accuracy
due to its sensitivity to all fluctuations in analyte concentration. Periods between single
measurements can be quite long, resulting in overlook of major ramps or drops in the
concentration. In addition, determination of TWA concentrations using single
measurements require large number of samples. On the other hand, drastic changes in
VOCs concentrations can be easily omitted with TWA sampling.

Determination of TWA concentrations

Average of single
measurements p . li Acti li
G Gt 4Gy assive sampling ctive sampling
B n
Extraction on sorbent
by diffusion according Air purge via
to Fick's law itable absorb
_ mxZ suitable absorber
AXtX Dg

Figure 1 — Sampling approaches for determination of TWA concentrations

There are several methods for TWA quantification of VOCs in the air based on
passive and active sampling (Figrue 1). Active sampling is based on the purging of air
via a suitable liquid or solid cumulative medium, or through samplers (canisters,
calibrated bulbs) [39]. Passive sampling is an alternative to active air sampling, which
does not require any additional major sampling equipment with moving parts and a
power supply. Passive sampling is based on the molecular diffusion of the free gas
phase of organic pollutants through the barrier between sampling and extraction media.
This barrier is responsible for the extraction rate of molecules, which is limited by
diffusion through it [40]. In most laboratories, passive sampling is conducted using
sorbent badges, sorbent tubes or Radiello samplers [41-43]. After sampling, sorbent or
cartridge is retrieved and VOCs are either (a) eluted from a tube or cartridge by a
suitable solvent followed by injection of the eluate to GC or (b) undergo thermal
desorption, focusing, and introduction to a GC via a transfer line.

However, the use of thermal desorption is associated with several problems.
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Thermal desorber is a costly upgrade, which requires additional maintenance and
expenses. Desorption of analytes can be slow and requires additional focusing before
or in front of the GC column. Cryogenic focusing is required for most volatile analytes.
After solvent desorption, the peaks of the most volatile analytes overlapped by a
solvent peak. The detection limits after solvent elution are higher than those after
thermal desorption.

Conventional methods for the determination of single and TWA concentrations
of VOC:s in the air are commonly based on sampling to polymer, glass, or stainless
steel containers [44—46], purging via suitable sorbent followed by thermal or chemical
desorption to GC [47,48] and on-site analysis using portable instruments or mobile
stations [49-51]. Portable instruments do not provide sufficient accuracy but are useful
for obtaining single VOC concentrations. The above-mentioned standard methods
have the following disadvantages: cleanup of samplers by ultra-high purity helium,
chemical desorption requiring a large volume of toxic solvents, the need of expensive
additional devices for desorption and/or water trapping during thermal desorption,
cryofocusing of analytes, and possible adsorption of analytes in the transfer lines of the
thermal desorption unit, which can lead to cross-contamination and inaccurate results.
All these disadvantages limit the use of standard methods for air monitoring in
developing countries. The development of low-cost air sampling methods can solve
existing problems. Cheap, robust, and accurate approaches are important for air quality
assessment that requires analysis on a daily basis and at multiple sampling points. The
low-cost methods are required for developing countries such as Kazakhstan that do not
have the opportunity to purchase monitoring stations or use high-cost methods but need
to assess air quality and its improvement.

1.4 The solid-phase microextraction for determination of volatile organic
compounds in the air

1.4.1 The principles and advantages of solid-phase microextraction for
determination of volatile organic compounds in the air

Solid-phase microextraction represents an advantageous alternative to
conventional methods for air analysis, which partially solves the described problems
[52-54]. SPME is a simple, “green”, fast, low-cost, and reusable method that combines
sampling and sample preparation in one step. Such a combination allows the avoidance
uncertainties and errors during sample preparation, which effects method accuracy
[55]. SPME is based on the sorption of analytes by a thin (<100 um) coating made of
a pure polymer absorbent or polymer-adsorbent mixture (Figure 2). Compared with the
most diffusion-based sampling methods, solid-phase microextraction does not require
a separate thermal desorption unit because desorption is conducted directly in the
injection port of a gas chromatograph. Several available commercial SPME fibers can
detect all VOCs and semi-VOCs (SVOCs) or a narrow group of analytes depending on
their polarity and volatility.
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Figure 2 — Sampling and sample preparation by SPME

Three main approaches are used for the quantification of VOCs in the air by
SPME:

— extraction by exposed fiber in the field;

— sampling air into a container, Teldar bags, etc., followed by exposed fiber
extraction;

— extraction by retracted fiber (inside the protecting needle of the SPME
device).

These methods can be used to determine single and TWA concentrations
depending on the extraction time. Extraction by exposed SPME fiber is widely used
for quantification of VOCs in ambient air [56,57], indoor air [58,59], and breath air
[60]. However, the air flow rate had a significant impact on the mass loading rate by
exposed fiber. Also, SPME fiber can be easily saturated when directly exposed to air
with high concentrations of VOCs.

TWA sampling using SPME can be performed using either an exposed (<1-2 h
sampling time) or retracted fiber. TWA SPME has been used for sampling outdoor and
indoor air, exhaust gases from cars and technological processes [55, p.173,61,62].
When the fiber is located inside the protecting needle, the extraction rate is much
slower than that of the exposed fiber and can be controlled by the depth of fiber
retraction as the diffusion path length Z [54, p.1515]. The diffusion process occurs
through the boundary layer between the tip of the SPME fiber and the tip of the needle
housing [54, p.1514]. It avoids fiber saturation and provides continuous extraction of
VOCs over long periods (>24 h). TWA concentration, which was determined by SPME
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fiber, can be calculated using simplified Fick's first law (1):

mg X Z
Crwa = 25 txD 1)
where: Crwa — time-weighted average concentration of an analyte, mg/m?;

m;— analyte mass extracted by fiber coating, mg;

Z — diffusion path length, m;

A — cross sectional area of a protective needle, m?;

t — extraction (sampling) time, s;

D — diffusion coefficient of an analyte, m?/s.

Compared to other TWA sampling approaches, SPME provides greater cost
efficiency because analytes can be rapidly desorbed from a coating to a GC in a
standard configuration without additional thermal desorber. It simplifies maintenance
and provides the efficient use of an instrument (GC). The needle-trap device (NTD) is
a great alternative to SPME; however, it use is associated with less reliable thermal
desorption in a GC port, which can require additional modification.

Environmental conditions such as temperature, humidity, and wind speed can
have substantial effects on the extraction efficiency and sampling rate during SPME.
Martos et al. established that there is no significant difference in mass loading rate of
analytes with partition coefficient (K) less than 5000 between static and dynamic
sampling (laminar and turbulent flows) with the same exposure time for analytes. The
K values between air and the 30-um and 100-um PDMS fiber coatings were used. The
authors suggested that the partition coefficient (K) can be calculated using the literature
values of the analyte heat of vaporization (,H") and allow the prediction of K values at
different temperatures using theoretical equations without experiments. The mass
uptake of the analytes by the PDMS fiber was affected by humidity higher than 90%
at 290, 298, and 310 K [63]. This effect can be eliminated using a more hydrophobic
fiber coating.

According to Chen et al. environmental conditions such as humidity, air flow rate
and ozone concentration do not effect SPME device sampling rate using 75-um
Car/PDMS in retracted mode. However, high concentrations of ozone the sampling
environment can react with alkanes on the fiber and lead to destruction of the fiber
coating. Temperature affects the compounds in different ways. An increase in
temperature leads to a slight increase in the mass loading rate of alkanes with a high
boiling point and a decrease in it for alkanes with a low boiling point [64]. It was
established that the deactivated protecting needle of the SPME fiber and fiber coating
75-um Car/PDMS allows to get closer to the theoretical values of the sampling rate.

1.4.2 Calibration approaches for determination single and time-weighted average
concentrations of volatile organic compounds by solid-phase mciroextraction

Calibration is a crucial step in the quantitative determination of analytes in air
samples. Precise preparation of standard gas mixtures with known analyte
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concentrations is required for calibration by SPME. Standard gas-generating vials (in
vial gas-generating system) that contain semipermeable membranes or sorbents are one
of the methods for the preparation of gaseous standards [65-67]. Mostly, SPME
calibrations are based on the equilibrium mode. Equilibrium should be reached
between the air sample and the SPME fiber coating. If the equilibrium time is long, the
pre-equilibrium (non-equilibrium) mode can be used [68,69]. Also, exhaustive
extraction, which is not often used for SPME, can be used for calibration. The main
principle of exhaustive extraction is that analytes are fully extracted by the SPME fiber
coating. However, this type of extraction can only be used for samples with small
volumes and large distribution constants. The cold fiber and multiple SPME are
commonly used for exhaustive extraction. Cold fiber approach is based on
simultaneous cooling of the fiber assembly and heating of the sample matrix [70]. The
multiple extraction method is based on repeated extractions from the sample and can
be calculated using multiple extractions, even if the total amount of analytes is not
extracted [71]. In addition, multiple extraction can be used for determination of
distribution constant between fiber and sample. However, both approaches are
unsuitable for air analysis.

Traditional methods of calibration can be used for quantification of VOCs single
concentrations in air samples based on external or internal standards, or standard
addition methods [72]. External standard calibration is based on the analysis of a series
of gaseous standard solutions with known concentrations, followed by the analysis of
air samples using similar analytical parameters. Application of external standard
method for air analysis required using ‘zero’ (clean) air as matrix for preparation Of
gas mixture. Also, loss of analytes during the storage and transportation of air samples
should be controlled.

Internal standard calibration can be used to avoid the effect of analyte losses and
to control changes in environmental conditions and the work of measurement devices.
Internal standard calibration is based on the addition of an internal standard to
calibration solutions and samples. For calibration plots, the ratio between the analytical
signals of analytes and internal standard in solution with different concentrations of
analytes and the constant concentration of the internal standard is used. Hovewer,
finding an appropriate internal standard for complex samples is difficult task [70,
p.186, 72, p.172].

Standard addition method is based on the addition of standard solutions of known
concentrations to samples, containing unknown amounts of analytes. The analyte
concentrations in the sample is calculated by using analytical characteristics of the
calibration plot (slope and intercept). Standard addition method is used for elimination
of effect of complex sample matrix and for avoiding usage of ‘zero’ air [73]. However,
using the standard addition method for samples with different matrices leads to the
analysis of a large number of samples, which is required for each unknown matrix [72,
p.170].

As previously mentioned, the SPME fiber coating should be retracted inside the
protecting needle for determination of TWA concentrations of VOCs in the air during
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long sampling times. In this mode, the analytes reach the fiber coating due to their
diffusion from the sample to the coating through the open part of the protection needle
[72, p.176]. One of the calibration methods that based on diffusion is described by
Fick’s first law of diffusion (Equation 1) [70, p.187]. The calibration by liquid injection
can be used to determine analyte masses extracted by the fiber coating during TWA
sampling. Calibration by liquid injection should be performed if analytes are
completely transferred from the SPME fiber and during the direct injection of the liquid
standard. The transfer efficiency can be affected by the liner and/or column
dimensions, the cross-sectional area between the inner part of the GC liner and the
outer part of the column, or the presence of wool. However, the authors [74] concluded
that it is possible to use a common SPME liner for calibration by liquid injection.

1.4.3 Uncertainties, limitations, and problems of air analysis using solid-phase
microextraction with a possible solution

SPME is widely used in environmental analysis. According to Llompart et al. [75]
most of the developed methods based on SPME are toward analysis of water samples
and less to analysis of solid and air samples. The lower application of SPME for air
analysis can be caused by difficulties in quantification due to the effect of atmospheric
parameters (temperature, humidity, and wind) on extraction efficiency [76-79],
problems with reproducibility, and loss of analytes during storage and transportation
of air samples [80]. The use of SPME fibers requires constant control of the
effectiveness and performance of the fiber coating when analyzing a large number of
samples (>100) [81]. Another limitation of wide application of SPME to air analysis is
related to time- and labor-consuming calibration procedures that require standard gas-
generation systems [82]. Slow or partial desorption of analytes from the fiber coating
after extraction can lead to a decrease in the method accuracy [83]. The authors [64,
p.2008, 83, p.5] mentioned the differences between the experimental and theoretical
values during the determination of TWA concentrations of volatile organic compounds
by SPME. Such differences can be caused by the desorption of analytes from the fiber
coating during extraction, adsorption on the metallic surface of the SPME protecting
needle, or significant drop in analyte concentrations in air. The application of SPME
requires accurate sampling and sample preparation procedures. The possible
limitations of SPME for the analysis of air samples and their solutions are presented in
Table 1.

SPME in combination with other sampling and sample preparation (extraction)
techniques is used for determination of semi-volatile organic compounds in air [84—
87]. The Raeppel et al. developed a method for the determination of 30 pesticides in
air using accelerated solvent extraction coupled with SPME. Sampling was carried out
using glass fiber filters and XAD-2 resin traps. The developed method allows for a
decrease in the method detection limit and matrix effect in comparison with
conventional methods. The use of pressurized solvent extraction in combination with
solid-phase extraction and SPME allow determination of approximately 150 organic
compounds with different polarities and properties [85, p.8].
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Table 1 — The limitations of SPME application in air analysis

(Teflon) or septum;
— on-site analysis or using bed dry ice for
transportation.

The  competitive
adsorption on
SPME fiber coating

— It can be solved by using shorter sampling
time and static mode for low affinity of analytes
to fiber coating.

— Cross contamination during long storage time
with reusable Teflon cap. To avoid cross
contamination, it is necessary to use highly
efficient sorbent or conditioning at high
temperature of sealing material.

The using standard
gas generating
devices that lead to

It can be solved by:
—using 20 mL vials for sampling and
calibration;

time- ~ and  lab- | _pnrenaration of standard gas mixture using
consuming liquid solutions.

calibration

Adsorption of | This problem can be solved by:

analytes on metallic | — using deactivated protecting needle;

surface of | — increasing of extraction temperature (partially
protecting  needle | solved);

during extraction by
retracted fiber

— using glass GC liner instead of SPME
protecting needle.

and
related

Uncertainties
complexity
to calibration

— Fiber-to-fiber uncertainties. Solution: daily
calibration of each SPME fiber or using
reference standard with known concentration are
needed.

— Strict control of extraction time if calibration
and analysis carried out at non-equilibrium
condition.

— Narrow linear range for dynamic mode.
Solution: using static mode.

— Sampling of non-volatile or non-stable
analytes. Solution: using derivatizing agent on
SPME fiber.

— Fragile fiber coating or protecting needle.
Solution: constant SPME device protection
from damages.

22

Sampling The limitations Possible solutions Ref.

method

1 2 3 4

Sampling | Losses of analytes | This problem can be eliminated by: [53,55,58,
by during storage or | — using highly efficient sorbent of SPME fiber | 64,68,78,7
exposed or | transportation coating; 9,82,83,88
retracted — low temperature (subambient) for storage and | ,89]
SPME transportation;
fiber — strong sealing of fiber with inert material




Table 1 continued

1 2 3 4
Sampling | Losses of | This problem can be eliminated by: [56,57,
in 20 mL | analytes  during | — analyze sample as soon as possible; 69,73,7
vial/Tedlar | storage or | — using 1 L jars for storage and transportation filled | 7]
bag/gas transportation with sampled air;
sampling — try to avoiding analytes
bulb transformation/decomposition in vials;

using cooler for storage and transportation.

The competitive | To solve this problem, authors suggested to use 2
adsorption on | cm SPME fiber coating due to higher sorption
SPME fiber | capacity.

coating
Uncertainties and | — Strict control of extraction time if calibration and
complexity analysis carried out at non-equilibrium condition.
related to | — Reactive VOCs with low molecular weight can
calibration not be accurately quantified by Tedlar/SPME.
Solution: using another device for sampling.
RSDs about 25% in 20 mL that higher than using 250
mL calibrated gas sampling bulbs.
Solution: strict control of analytes losses.
Sampling | Losses of | The sampling and sample preparation were | [81]
by wusing | analytes during | conducted by standard method that based on the
additional | storage or | bubbler impingers. Authors placed impingers to cool
devices transportation box for avoiding losses of analytes during sampling.
(bubblers, | Uncertainties and | It is necessary to use internal standard for calibration
filters, complexity process for improving method accuracy.
etc.) related to
calibration

1.5 Section conclusion

Monitoring of volatile organic compounds in ambient air is important for
environmental impact and health risk assessment. The standard methods for
quantification of VOCs are based on the sampling of special canisters or purging of air
through a suitable sorbent, followed by thermal or chemical desorption. These methods
require time- and labor-consuming calibrations, cleaning of samplers (canisters) using
ultra-pure inert gases, toxic solvents for chemical desorption, and/or additional
expensive equipment for thermal desorption. All of these drawbacks limit the
application of standard methods in developing countries, such as Kazakhstan. The
number of methods have been developed by researchers to overcome the above-
mentioned disadvantages of conventional methods. One alternative is solid-phase
microextraction, which is a solvent-free method that combines sampling and sample
preparation in one step and does not require additional devices. As described in the
previous sections, there are a number of SPME methods for the determination of VOCs
in ambient and indoor air. However, there are still limitations for using the developed
SPME method for daily monitoring or analysis in environmental laboratories.
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Methods based on SPME face problems related to reproducibility and accuracy
compared with standard methods. In addition, the loss of analytes from the SPME fiber
coating during storage and transportation, quantification of a low number of analytes,
and time-consuming experiments and calibration required to develop a method for
determining TWA concentrations limit the widespread use of SPME for air analysis.
In this study, the following tasks were proposed to eliminate the existing drawbacks of
SPME applications for determination the single and TWA concentrations of VOCs in
ambient air:

— to develop a low-cost and accurate method for the determination of single
concentrations of more than 20 VOCs in ambient air;

— application of the developed method for assessment of the seasonal variation
and spatial distribution of VOCs and identification of possible sources in the air of
Almaty;

— to assess the effect of COVID-19 restriction measures on the air quality in
Almaty;

— to develop a model for SPME extraction for determination of TWA
concentrations of VOCs using a finite element analysis-based model,

— to prove that the developed model can be used for the development of an
accurate method for quantification of VOCs TWA concentrations in the field using
SPME.

24



2 DEVELOPMENT OF METHOD FOR LOW-COST QUANTITATION
OF MULTIPLE VOLATILE ORGANIC COMPOUNDS IN AIR USING
SOLID-PHASE MICROEXTRACTION

Preamble

The part of materials and results described in this section have been published in
research articles “Ibragimova O.P., Baimatova N., Kenessov B. Low-cost quantitation
of multiple volatile organic compounds in air using solid-phase microextraction //
Separations. — 2019. — Vol.6. — p. 1-17” [57, p.1-17] and reprinted with the journal
permissions (Annex A). The copyright to these materials belongs to the MDPI, and any
request for further use of this information should be requested from them. The materials
are licensed under the Creative Commons Attribution 4.0 International License. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/ or send a
letter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA.

2.1 Introduction

Current standard sampling approaches for quantification of VOCs in air [90] are
mainly based on collecting air samples into evacuated canisters [44, p.5, 91] or trapping
analytes onto sorbent tubes [47, p.5, 92] followed by the analysis on a gas
chromatograph with a chosen detector, mostly being flame-ionization (FID) or mass
spectrometry. Despite good reliability, these sampling techniques are quite complex,
labor- and time-consuming, as well as requiring additional costly equipment. Air
sampling by standard methods based, e.g., on sorbent tubes, requires additional
equipment such as an air sampling pump and a thermal desorption system connected
to a gas chromatograph. Before air sampling, it is necessary to thoroughly clean sorbent
tubes from possible contaminants and residues from previous sampling by highly pure
helium. In order to solve these problems, it is necessary to reduce the volume of organic
solvents used for extraction, or completely exclude them; fully or partially automate
the sampling process; integrate the sampling and measurement stages; and reduce
laboratory work and time costs. Additional problems may include carryover of analytes
and clogging of the cryogenic focusing system [93], which considerably limit the
application of standard methods. Therefore, low-cost, simple and solvent-free methods
for quantification of VOCs in the air combining sampling and sample preparation in
one step are needed. Solid-phase microextraction that is based on extraction of VOCs
by a micro coating, followed by desorption in a GC injection port, meets these
requirements [94]. SPME is widely used for the determination of VOCs in ambient air
(Table 2), indoor air and different emissions [55, p.182, 68, p.828, 88, p.50, 95-101].
Methods based on SPME do not need a pump, a thermal desorption system, and any
additional equipment, which reduce the cost of analysis [102,103]. Desorption of
analytes is fast resulting in narrow peaks of analytes without a cryogenic focusing.

Despite the high efficiency of the described methods for determination of VOCs
in air by SPME (Table 2), thereAir Sampling and Analysis of Volatile Organic
Compounds with Solid Phase Microextractio are still challenges limiting their
application in routine and research environmental laboratories. Some authors report
limitations due to labor-intensive calibration, i.e., requirements for construction of gas
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generation system with a known concentration of analytes [62,69,78,104]. Most
methods require using high-purity gases for preparation of calibration samples, which
can be difficult to purchase and prepare. Baimatova et al. [56] developed a very simple,
automated and accurate method for quantification of BTEX using SPME and
successfully applied it for the analysis of ambient air in Almaty, Kazakhstan. Sampling
was conducted with 20 mL crimp top vials, which were transported to the laboratory,
located on the Combi PAL (CTC Analytics, Switzerland) autosampler tray and
automatically analyzed using GC-MS. To simplify the method, the authors used
standard addition calibration, which did not require any additional equipment and pure
gases.The only major drawback of this method was that it allowed quantification of
only four analytes [56, p.48], while more than 100 organic compounds are present in
outdoor air of Almaty [105]. Lee et al. [69, p.492] developed the method for
determination of 36 VOCs. However, the sampling was done into Tedlar bags, which
did not allow automation. In addition, the calibration was carried out with a standard
gas mixture of VOCs in pure nitrogen.

The objective of this study was to improve the method developed by Baimatova
et al. [56, p.48] for quantitation of >20 VOCs in 20 mL ambient air samples using
SPME and GC-MS. During this study, SPME fiber, extraction, desorption and storage
times were optimized. The developed method was applied for quantification of chosen
VOCs in outdoor air of Almaty, Kazakhstan.

Table 2 — Methods for quantification of organic compounds in ambient air by exposed
SPME fibers

. . SPME Fiber, 3
Sampling Principle Extraction Time Instrument Analytes LOD (ng/m?3) Ref.
1 2 3 4 5 6
Car/PDMS PDMS
75-um
. Car/PDMS, Methanethiol 0.04-0.06 4
SPME from openair | 450 1 ppms, | CCAED ™ Dimethyl sulfide | 0.003-0.004 | 2 | %
20 min Isopropanethiol 0.005-0.007 2
Isobutanethiol 0.003-0.004 0.7
Methanol
Acetone
Dichloromethane
Methy| ethyl ketone
Ethyl acetate
SPME from static or 75-pm Dichloroethane
S Car/PDMS, GC-FID - 2-5 [88]
moving air 1 mi Methyl isobutyl
min
ketone
Toluene
Butyl acetate
Ethylbenzene
p-Xylene
A3-Carene
a-Pinene
65-pum Limonene
SPME from fan- PDMS/IDVB, | GC-MS Pinonaldehyde n/a [78]
blown air 2
2h Pinonic acid
Dimethylamine +
ethylamine
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Table 2 continued

1 2 3 4 5 6
Air purging via 75-pm
bubbler impinger with Car/PDMS,
KOH solution. HS - GC-MS HCN 0.16 [81]
SPME
Sampling on XAD-2 100-pm PDMS, 22 PCBs
resin, accelerated GC-Dual
solvent extraction . § 2x10°5-49x 107 [87]
with ACN, dilution 40 min ECD 19 OCPs
with water, DI SPME
Tripropyl phosphate 20
Shospnate 0
Sampling .Of PMlO on Tris(2-chloroethyl)
quartz fiber filter, 70
microwave extraction 50/30-um GC- phosphate
with ethanol-water DVB/Car/_PDMS, MS/MS Tris(1-chloro-2- 42 [106]
. A . 5 min propyl) phosphate
mixture, dilution with Tris(1 3-dichloro-2
water and DI SPME ris(1,3-dichloro-2- 138
propyl) phosphate
Triphenyl phosphate 51
Tricresyl phosphate 60
BTEX
Propylbenzene
. 100-pm PDMS, i 1,3,5- _
SPME from open air 30-45 min GC-MS Trimethylbenzene 1-100 [107]
Butyl benzene
alkanes (Cs, C10-C27)
. 75-um
Sampling to Tedlar Car/PDMS, GC-MS 36 VOCs 0.01-0.93 [69]
bags, SPME .
15 min
Benzene 5
Sampling into 20-mL | 100-um PDMS, i Toluene 2
vials, SPME 3 min GC-MS Ethylbenzene 2 [56]
0-Xylene 2
Lo 65-pm .
Sampling into 20-mL | pp\sinyE | Ge-Ms 25 \/OCs 0.01-6.9 This
vials, SPME - study
10 min
Notes: n/fa—not available; ACN — acetonitrile; AED — atomic emission detector; BTEX — benzene, toluene,
ethylbenzene, xylenes; Car — Carboxen; DI — direct immersion; DVB — divinylbenzene; ECD — electron capture
detector; FID — flame ionization detector; GC — gas chromatography; HS — headspace; LOD - limit of detection;
MS — mass spectrometry; MS/MS — tandem mass spectrometry; OCPs — organochlorine pesticides; PCBs —
polychlorinated biphenyls; PDMS — polydimethylsiloxane; SPME — solid-phase microextraction; VOCs — volatile
organic compounds.

2.2 Materials and methods

2.2.1 Chemicals

Analytes of interest were chosen according to the literature review of VOCs
determination in ambient air in different cities [108-113] and previous studies of
compounds detected in the exhausts of six arbitrarily chosen cars of different models
and production years [105]. Chosen analytes belong to several classes of pollutants
having various physicochemical properties (Table 3). All solutions were prepared in
methanol (purity > 99.9%) that was obtained from Sigma-Aldrich (St. Louis, MO,
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USA). Helium (purity > 99.995%) was obtained from “Orenburg-Tehgas” (Orenburg,
Russia).

Table 3 — The list of chosen VOCs and their physical properties

Purit Molar Boiling
Compound % )y Origin CAS No. mass Point
° (@/mol) | (°C)
. Sigma-Aldrich
2,2,4-Trimethylpentane >99.5 (St. Louis, MO, USA) 540-84-1 114.2 99
n-Heptane >99.0 142-82-5 100.2 98
Methyl ethyl ketone 080 (I\;eg:g:\fvab'gga) 78-93-3 72.11 80
Methylene chloride - ' 75-09-2 84.93 40
Benzene >99.8 EKOS-1LLP 71-43-2 78.11 80
n-Decane >99.5 (Moscow, Russia) 124-18-5 142.3 174
Sigma-Aldrich
1,1,2,2-Tetrachloroethylene >99.5 (St. Louis, MO, USA) 127-18-4 165.8 121
Toluene >99.8 EKOS-1LLP 108-88-3 | 9214 | 111
(Moscow, Russia)
1,2-Dichloroethane >990 | Componentreactive LLO 1 457065 | 9g9s | 83
(Moscow, Russia)
LLO Ekroschem
n-Undecane >99.0 (St. Petershurg, Russia) 1120-21-4 156.3 196
Ethylbenzene 100-41-4 106.2 136
m-Xylene >99.0 108-38-3 106.2 139
p-Xylene Sigma-Aldrich 106-42-3 106.2 138
Propylbenzene >98.0 (St. Louis, MO, USA) 103-65-1 120.2 159
0-Xylene >99.0 95-47-6 106.2 144
Chlorobenzene >99.5 108-90-7 112.6 132
1,3,5-Trimethylbenzene >99.0 LLO Ekroschem 108-67-8 | 1202 | 165
Y - (St. Petersburg, Russia) '
1,2,4-Trimethylbenzene >98.0 Topan LLP (Uralsk, 05-63-6 | 1202 | 169
Kazakhstan)
L Sigma-Aldrich
3-Picoline >99.0 (St. Louis, MO, USA) 108-99-6 93.13 144
Chemregion LLO
Benzaldehyde >98.0 (Nizhniy Novgorod, Russia) 100-52-7 106.1 178
n-Hexadecane >99.0 Sigma-Aldrich 544-76-3 226.4 287
Naphthalene >99.0 (St. Louis, MO, USA) 91-20-3 128.2 218
Thermo Fisher Scientific
Phenol >99.5 (Waltham, MA, USA) 108-95-2 94.11 182
Acenaphthene >99.0 Sigma-Aldrich 83-32-9 154.2 279
Fluorene >98.0 (St. Louis, MO, USA) 86-73-7 166.2 295

2.2.2 Gas chromatography-mass spectrometry conditions

All analyses were conducted on a 7890A/5975C Triple-Axis Detector diffusion
pump-based GC-MS (Agilent, Wilmington, DE, USA) equipped with a split/splitless
inlet and MPS2 (Gerstel, Miilheim an der Ruhr, Germany) autosampler capable of
automated SPME. The inlet was equipped with a 0.75 mm ID SPME liner (Supelco,
Bellefonte, PA, USA) and operated in splitless mode. For separation, a 60 m % 0.25
mm DB-WAXetr (Agilent, Santa Clara, CA, USA) column with a film thickness of
0.50 um was used at the constant flow of He (1.0 mL/min). Oven temperature was
programmed from initial 35 °C (held for 5 min) to 150 °C (held for 5 min) at the heating
rate of 10 °C/min, then to 250 °C (held for 7 min) at the heating rate of 10 °C/min.
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Total GC run time of the analysis was 38.5 min. The MS detector worked in selected
ion monitoring (SIM) mode. All ions were divided into six consequently detected
groups for better shape of peaks and lower limits of detection (Table 4).

Table 4 — MS detection program of analytes in SIM mode

: Quantificat | Confirmati | Group
Retention )
No. Time Group Analyte ion lon m/z | on lons m/z S_tart
(min) No. (amu (amu T|r_ne
(dwell)) (dwell)) (min)
1 5.1 2,2,4-Trimethylpentane 57 (100) | 56, 41 (50)
2 55 1 n-Heptane 43 (50) 41 (50) 0
3 9.9 Methyl ethyl ketone 43 (50) 72 (50)
4 10.4 Methylene chloride 49 (100) 84 (50)
5 10.8 2 Benzene 78 (100) 10.2
6 11.8 n-Decane 142 (100)
7 12.6 1.1,2,2- 166 (50) 164 (50)
Tetrachloroethylene
8 13.1 Toluene 91 (100)
9 13.5 3 1,2-Dichloroethane 62 (100) 64 (50) 12.2
10 13.8 n-Undecane 156 (100) '
11 14.9 Ethylbenzene
12 15.0 m-Xylene 106 (100)
13 15.1 p-Xylene
14 15.7 Propylbenzene 105 (100)
15 15.9 0-Xylene 106 (50)
16 16.5 4 Chlorobenzene 112 (100) 77 (50) 155
17 17.0 1,3,5-Trimethylbenzene 105 (100) '
18 17.7 1,2,4-Trimethylbenzene
19 18.1 3-Picoline 93 (100) 66 (50)
20 23.4 Benzaldehyde 77 (100)
21 24.8 5 n-Hexadecane 57 (100) 43 (100) 22.0
22 27.9 Naphthalene 128 (100)
23 31.0 Phenol 94 (100)
24 33.7 6 Acenaphthene 153 (100) 30.0
25 36.8 Fluorene 166 (100)

An example of a chromatogram is shown in Figure 3. Peaks were identified using
retention times of each analyte, which were preliminarily determined by analyzing
standard solutions of pure analytes and confirmed in full scan (m/z 10-250 amu) mode
of the MS detector. Optimal dwell time for each ion was 50-100 ms. The temperatures
of MS interface, ion source and quadrupole were 250, 230 and 150 °C, respectively.
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Figure 3 — Chromatogram obtained using the developed method based on SPME-
GC-MS of air sample with Cagq = 100 pg/m?®

2.2.3 Selection of the optimal solid-phase microextraction fiber

Standard addition calibration plots were obtained for all 25 analytes using the four
most common commercially available SPME fibers: 85 um Car/PDMS, 100 pm
PDMS, 65 um PDMS/DVB and 50/30 um DVB/Car/PDMS (all-from Supelco,
Bellefonte, PA, USA). The calibration process was the same as described by
Baimatova et al. [56, p.48]. Calibration samples were prepared by adding 1.00 uL of a
standard solution of analytes (0.50, 1.00, 2.00 and 4.00 ng/uL for benzene, toluene and
alkanes; and 0.050, 0.100, 0.200 and 0.400 ng/uL for other analytes) into the 20 mL
crimp-top headspace vial (HTA, Brescia, Italy) filled with laboratory air. Ranges of
concentrations of VOCs added to calibration samples were chosen in order to cover
their real concentrations in ambient air (according to the preliminary screening results).
Added concentrations of benzene, toluene, and alkanes in the calibration samples were
25, 50, 100 and 200 png/m?3. Added concentrations of ethylbenzene, m-, p-, o-xylenes,
polycyclic aromatic hydrocarbons and other analytes were 2.5, 5, 10 and 20 pg/m?®.
Extraction was conducted at room temperature (22 °C) for 10 min; desorption time was
1 min.

From the calibration plots, relative standard deviations (RSDs) of slopes and
limits of detection (LODs) were determined. RSDs of slopes were determined using
the LINEST () function of Microsoft Excel software (Microsoft® Excel for Office 365,
Version 1909, Redmond, WA, USA). LODs were calculated using:

(g + Caqa) X 3 )
S/N

LOD =
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where: b — the intercept of a calibration plot;

a — the slope of a calibration plot;

Cada — the standard addition concentration (ug/m?®);
S/N — the signal-to-noise ratio.

2.2.4 Effects of extraction and desorption times

The experiment was conducted on air samples with standard additions of all
analytes at 100 ng/m3. The following extraction times were studied: 1, 3, 5, 7, 10, 20
and 30 min followed by a 5 min desorption. Desorption times 1, 3, 5, 7 and 10 min
were studied after 10 min extraction of analytes by 65 um PDMS/DVB fiber.

2.2.5 Effect of storage time

Effects of storage time on the responses of analytes were studied in crimped 20
mL vials with concentrations of standard additions of analytes at 100 pg/m?3. Samples
were stored at room temperature (22 °C) on the autosampler tray during 0, 2, 4, 8, 16,
24, 36 and 48 h, and extracted by 65 um PDMS/DVB fiber for 10 min followed by a 1
min desorption. Two replicate samples were analyzed after each storage time.
Significance of differences (p-value) between the initial response of analytes and its
response after a certain storage time was estimated using a two-sample two-tailed
Student’s t-test with a preset relative standard deviation (10%).

2.2.6 Estimation of the method accuracy

Accuracy of the method was estimated using spike recoveries from laboratory air
samples. Concentrations of analytes in laboratory air were determined using a standard
addition calibration by dividing intercepts by slopes. Three replicate laboratory air
samples, which were collected at the same time as samples used for preparing
calibration standards, were spiked at C = 100 pg/m? for benzene, toluene and alkanes,
and at C = 10.0 pg/m3 for other analytes. After analysis, spike recoveries (R, %) were
determined using

R — Cmeas—Cair X 100%’ (3)

Ssp

where, Cneas — the determined concentration of an analyte in a spiked sample
(ng/m®); . _ _

Cair — the concentration of an analyte in the laboratory air (ug/m?®);

Csp — the concentration of the standard addition of an analyte (ug/m?).

2.2.7 Air sampling and analysis

The developed method was applied for monitoring of VOCs in ambient air in
Almaty on 30 March, 2 April and 4 April 2019. The sampling process and coordinates
of sampling locations (Table 5) were identical to those used by Baimatova et al. in
2015 [56, p.49].
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Table 5 — Description of VOCs sampling sites

Elevation | Distance | Distance Objects close to
(m) to CHP-2 | to CHP-3 sampling sites
Residential area with
high buildings, Mega

o , Center Alma-Ata mall,
sy | Radostovetsstr.— | N3 o 12'007, 978 13 26 Kazakh-Russian
al-Farabi ave. E76°53.774 .

Gymnasium Ne38,
Almaty Management
University

Residential and office
Mendikulov str. — | N43°13.654' areas with high

S2 | alFarabiave. | E76°57.252 | % 5 22 buildings, Al-Farabi
highway

Residential and office

are with low buildings,

Atrium mall, parking,

Code Crossroad Coordinates

Nauryzbay Batyr N43°16.099" Kazakh Academy of
S3 str. — Raiymbek oer rm 764 11 18 Labor and Social
E76°56.062 .
ave. Relations, Kazakh-
Russian Medical
University, crossroad
with high traffic load
. o . Private low buildings,
S4 Papanin str. - N43 19'095, 700 14 12 household Warehouge,
Suyunbay ave. E76°57.781 ;
small parking
Private low buildings,
S5 Raiymbek ave. — | N43°14.950' 770 6 23 crossroad with high
Akhrimenko str. E76°50.844' traffic load, bakery
plant
Mahatma Gandhi Park,
6 Shevchenko str. — | N43°14.612' 803 9 29 office, and residential
Gagarin ave. E76°53.586' areas with middle-rise
buildings

Prior to sampling, all 20 mL vials and septa were washed using distilled water and
conditioned at 160 °C for 4 h. Ambient air samples were collected into 20 mL crimp
vials (i.e., by opening the vial to air and shaking for ~60 sec) and then sealed with
aluminum caps and polytetrafluoroethylene (PTFE)-silicone septa (Agilent, Santa
Clara, CA, USA). Vials were transported to the laboratory in 1 L clean glass jars to
prevent possible losses of analytes during the transportation. Vials with air samples
were placed on the autosampler tray. Air samples were extracted from the vial using
65 um PDMS/DVB fiber coating at optimized method parameters. Calibration plots
were obtained before each sampling day. Weather conditions, such as temperature,
humidity, wind velocity and pressure, were taken from the public database Gismeteo
(Table 6).
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Table 6 — Weather conditions on sampling days

Temperature | Wind Velocity Pressure Humidity
Sampling Date (°C) (m/s) (mmHQ) (%)
(weather) 8:00 | 800 | 800 | 800 | 800 | 800 | 800 | 800
AM PM AM PM AM PM AM PM
03/30/19 (rainy) 9 11 0.7 0.3 692 694 80 67
04/02/19 (cloudy) 10 6 1 1 693 696 75 95
04/04/19 (cloudy) 16 14 1 1 692 693 69 77

2.3 Results

2.3.1 Selection of the optimal solid-phase microextraction fiber

Analytes of interest were chosen according to the literature review of VOCs
determination in ambient air in different cities [108,110-114] and previous studies of
compounds detected in the exhausts of six arbitrarily chosen cars of different models
and production years [105, p.56-57]. Chosen analytes belong to several classes of
pollutants having various physicochemical properties.

Selection of the optimal SPME fiber for quantification of multiple analytes having
different physicochemical properties is a difficult process. In most cases, the fibers are
chosen based on an experimental or theoretical basis. Experimental fiber selection is
straightforward only when one fiber provides greater responses for all analytes. In other
cases, a theoretical approach can be involved based on known selectivity of the
coatings to compounds having different molecular weights and polarities [72, p.105].
In our study, the selection of the optimal fiber was conducted based on the two most
important indicators: limit of detection and relative standard deviation of a calibration
slope. Lower LODs will allow greater applicability of the method, while lower RSDs
would provide better accuracy and precision. We estimated how many analytes can be
determined at different LODs and RSDs. After determining LOD and RSD for each
analyte using the four most common commercial fibers (Car/PDMS, PDMS,
DVB/Car/PDMS and PDMS/DVB), it was checked how many analytes have LODs
below 1, 2, 5 and 10 pg/m3, and RSDs below 1%, 2%, 5% and 10% using each fiber.

LODs < 1 pg/m? for the greatest number of analytes (20 of 25) were achieved
using the DVB/Car/PDMS fiber (Table 7). Car/PDMS and PDMS/DVB fibers
provided such LODs only for 17 analytes. LODs < 2 ug/m?® were achieved for 23
analytes using DVB/Car/PDMS and PDMS/DVB fibers. Such LOD using these fibers
was not achieved only for n-hexane and n-hexadecane. LODs < 5 ng/m? were achieved
for 24 analytes using PDMS/DVB fiber. LODs < 10 pug/m?* were achieved for all 25
analytes using PDMS, DVB/Car/PDMS and PDMS/DVB fibers. Overall,
DVB/Car/PDMS and PDMS/DVB fibers provide greatest numbers of analytes at most
target LODs. At the same time, PDMS/DVB provides lower LODs for three polycyclic
aromatic hydrocarbons (PAHSs), which are considered more toxic compared to other
analytes.
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Table 7 — Limits of detection obtained using different SPME fibers

Limit of Detection (ng/m®)

Analyte Car/PDMS | PDMS | DVB/Car/PDMS | PDMS/DVB
2,2,4-Trimethylpentane 3 8 0.7 1.8
n-Heptane 50 9 8 7
Methy! ethyl ketone 15 7 0.8 1.9
Methylene chloride 1.8 9 1.1 0.6
Benzene 0.6 6 0.5 1.2
n-Decane 3 3 1.2 1.5
1,1,2,2-Tetrachloroethylene 0.04 0.2 0.04 0.04
Toluene 0.5 4 1.6 1.2
1,2-Dichloroethane 0.2 1.2 0.8 1.7
n-Undecane 2 1.0 0.8 1.0
Ethylbenzene 0.010 0.10 0.2 0.03
m-Xylene 0.2 0.2 0.6 0.2
p-Xylene 0.10 0.2 0.2 0.2
Propylbenzene 0.3 0.3 0.2 0.10
0-Xylene 0.04 0.10 0.10 0.04
Chlorobenzene 0.04 0.10 0.05 0.04
1,3,5-Trimethylbenzene 0.3 0.10 0.10 0.10
1,2,4-Trimethylbenzene 0.2 0.04 0.04 0.10
3-Picoline 0.5 0.2 0.10 0.010
Benzaldehyde 0.10 0.10 0.4 0.10
n-Hexadecane - 5 10 5
Naphthalene 0.2 0.10 0.10 0.04
Phenol 0.8 0.10 0.10 0.10
Acenaphthene 0.3 0.10 0.2 0.10
Fluorene 5 0.10 0.6 0.10

Number of analytes with a limit of detection <

1 pg/m® 17 16 20 17

2 png/m® 19 17 23 23

5 ug/m® 22 20 23 24

10 pg/m® 22 25 25 25

When comparing RSDs of calibration slopes (Table 8), PDMS/DVB fiber also
provides better values. RSDs are below 5% for 17 analytes and below 10% - for 22
analytes, which is greater than for DVB/Car/PDMS fiber - 11 and 20 analytes,
respectively. When using PDMS/DVB fiber, RSDs of slopes above 10% were obtained
only for methyl ethyl ketone (25%), 1,2-dichloroethane (20%) and p-xylene (15%).
When using DVB/Car/PDMS fiber, RSDs of slopes for benzaldehyde and n-
hexadecane were 79% and 32%, respectively. Thus, based on these results,
PDMS/DVB fiber was chosen as most appropriate for simultaneous quantification of

25 VOCs.
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Table 8 — Relative standard deviations of calibration slopes obtained using different

SPME fibers
Analyte Relative Standard Deviation of a Slope (%)
Car/PDMS PDMS DVB/Car/PDMS | PDMS/DVB
2,2,4-Trimethylpentane 0.50 2.7 1.7 2.7
n-Heptane 44 11 4.5 5.2
Methyl ethyl ketone 42 14 7.8 25
Methylene chloride 95 200 5.3 4.2
Benzene 4.4 94 3.2 1.1
n-Decane 3.5 5.6 0.50 5.9
1,1,2,2-
Tetrachloroethylene 2.6 1.2 0.40 3.1
Toluene 18 3.4 5.8 6.4
1,2-Dichloroethane 2.1 9.0 10 20
n-Undecane 5.9 5.7 1.8 4.7
Ethylbenzene 0.50 2.7 4.8 4.4
m-Xylene 3.8 1.7 9.6 4.6
p-Xylene 1.2 6.8 7.5 15
Propylbenzene 4.0 2.4 9.6 2.2
0-Xylene 0.60 1.3 7.5 3.4
Chlorobenzene 3.8 1.3 1.3 1.3
1,3,5-Trimethylbenzene 0.30 0.80 2.2 3.2
1,2,4-Trimethylbenzene 7.6 3.5 6.1 3.8
3-Picoline 51 6.5 15 6.2
Benzaldehyde 8.0 3.2 79 3.7
n-Hexadecane - 4.5 32 8.3
Naphthalene 5.7 1.8 20 2.2
Phenol 15 1.4 24 2.5
Acenaphthene 4.2 5.3 4.3 2.5
Fluorene 5.5 1.5 4.0 3.5
Number of analytes with a relative standard deviation of a slope <

1% 4 1 2 0

2% 5 8 5 2

5% 13 15 11 17

10% 19 22 20 22

2.3.2 Effects of extraction and desorption times

Extraction and desorption times are important parameters of VOC quantification
by SPME, which have an impact on intensity of analyte responses. Speed of
equilibration during the extraction stage depends on a vessel volume, the diffusion
coefficient of an analyte and its distribution constant between the coating and the air
[115]. The equilibrium between the fiber and air for almost all analytes was reached
after 5-10 min of extraction (Figure 4). Extraction time did not affect the responses of
methylene chloride, methyl ethyl ketone and 1,2-dichloroethane—their responses
varied by 1-13%. The responses for benzene were stabilized after 3 min of extraction.
Based on the obtained results, an extraction time of 10 min was chosen as optimal.
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Figure 4 — Effects of extraction time on responses of analytes

The increase in desorption time above 1 min had no significant effects on
responses of all studied VOCs (Figure 5). After this time, the responses varied by 0.43—
15%. Therefore, the desorption time of 1 min was chosen as the optimal.
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Figure 5 — Effect of desorption time on responses of analytes
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2.3.3 Effect of storage time

During transportation and storage of air samples, concentrations of analytes can
decrease due to their decomposition, losses via leaks and adsorption to internal walls
of a vial and septum. The approach proposed by Baimatova et al. [56, p.49] was used
to minimize the losses of analytes. The goal of this experiment was to estimate losses
of analytes during their storage on the autosampler tray.

Figure 6 shows the effect of storage time on responses of analytes. Two-sample
two-tailed t-tests indicated that the changes in responses of n-undecane, acenaphthene
and fluorene in relation to initial values were significant (p < 0.05 at RSD = 10%) after
24 h of storage (Table 9), while responses of other 22 analytes were stable. After 48 h
of storage, changes in responses of n-undecane, n-hexadecane, acenaphthene and
fluorene were significant. Greater losses of more hydrophobic analytes could be
explained by their adsorption to a hydrophobic surface of a PTFE-lined septum being
in direct contact with air. Despite these septa being considered highly inert, adsorption
of very hydrophobic compounds by PTFE was earlier reported in the literature [116].
For achieving the greatest accuracy for these analytes, samples should be analyzed as
quickly as possible, e.g., during the first 8 h after sampling.
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Figure 6 — Effect of storage time on responses of analytes
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Table 9 — Probabilities of difference between initial responses of analytes and their
responses after different storage times

Storage time, h
Analyte 08 | 016 | 024 | 036 | 048
P values

2,2,4-Trimethylpentane 0.14 0.47 0.44 0.19 0.30
n-Heptane 0.16 0.49 0.43 0.16 0.29
Methy! ethyl ketone 0.16 0.28 0.11 0.13 0.16
Methylene chloride 0.80 0.89 0.71 0.30 0.87
Benzene 0.57 0.94 0.68 0.40 0.90
n-Decane 0.19 0.20 0.18 0.18 0.18
1,1,2,2-Tetrachloroethylene 0.55 0.95 0.62 0.47 0.85
Toluene 1.00 0.78 0.47 0.30 0.38
1,2-Dichloroethane 0.16 0.30 0.63 0.23 0.95
n-Undecane 0.05 0.03 0.02 0.02 0.01
Ethylbenzene 0.95 0.91 0.47 0.34 0.77
m-Xylene 0.87 0.96 0.44 0.37 0.72
p-Xylene 0.93 0.74 0.43 0.48 0.73
Propylbenzene 0.82 0.79 0.66 0.46 0.55
0-Xylene 0.96 0.66 0.77 0.65 0.84
Chlorobenzene 0.90 0.42 0.92 0.97 0.90
1,3,5-Trimethylbenzene 0.80 0.39 0.76 0.83 0.56
1,2,4-Trimethylbenzene 0.76 0.37 0.90 0.57 0.29
3-Picoline 0.83 0.31 0.14 0.30 0.15
Benzaldehyde 0.83 0.37 0.92 0.37 0.29
n-Hexadecane 0.17 0.29 0.27 0.04 0.03
Naphthalene 0.18 0.08 0.07 0.04 0.05
Phenol 0.50 0.93 0.67 0.63 0.39
Acenaphthene 0.17 0.06 0.05 0.03 0.02
Fluorene 0.11 0.04 0.03 0.02 0.01
Number of analytes, responses
of which were significantly
different from initial values at p 1 2 3 > >
<0.05 and RSD = 10%

2.3.4 Estimation of the method accuracy

Spike recoveries of all analytes except methyl ethyl ketone, methylene chloride,
3-picoline and n-hexadecane were 90-105% (Table 10), which is consistent with the
results of previous experiments. Lower recoveries of methyl ethyl ketone, methylene
chloride, 3-picoline and n-hexadecane could be explained by high RSDs in their
determined concentrations, which were 7.4%, 17%, 43% and 11%, respectively. RSDs
of other analytes were 1.8-6.5%.

2.3.5 Air sampling and analysis
During the monitoring of the atmospheric air in Almaty using the optimized
method, all analytes were detected except methyl ethyl ketone and 1,2-dichloroethane.
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Mean concentrations of analytes ranged from 0.2 to 83, from 0.1 to 70 and from 0.1 to
74 ug/m?® on 30 March, 2 April and 4 April, respectively.

Table 10 — Spike recoveries of analytes

Analyte Cair (ug/m®) | Cop (ug/m®) | Crmeas (ug/m®) | Recovery (%)
2,2,4-Trimethylpentane 22.3 100 124 102
n-Heptane 55.0 100 158 103
Methyl ethyl ketone 88.4 10 93.6 51
Methylene chloride 20.7 10 29.6 89
Benzene 80.2 100 183 103
n-Decane 17.7 100 117 100
1,1,2,2-Tetrachloroethylene 0.58 10 10.6 100
Toluene 25.7 100 128 102
1,2-Dichloroethane n/d 10 9.3 93
n-Undecane 50.2 100 146 96
Ethylbenzene 1.36 10 114 101
m-Xylene 1.74 10 11.9 102
p-Xylene 1.92 10 12.0 100
Propylbenzene 1.17 10 11.2 100
0-Xylene 1.57 10 11.7 101
Chlorobenzene 0.60 10 10.6 100
1,3,5-Trimethylbenzene 1.82 10 11.6 97
1,2,4-Trimethylbenzene 4.33 10 14.2 98
3-Picoline 8.63 10 17.2 86
Benzaldehyde 0.83 10 10.4 96
n-Hexadecane 132 100 213 81
Naphthalene 3.80 10 13.6 98
Phenol 3.52 10 13.5 100
Acenaphthene 1.61 10 12.1 105
Fluorene 4.64 10 14.7 101

The highest concentrations (0.7-89 ug/m?®) for 16 of the 23 analytes were detected
on the 3rd day of sampling (Table 11). It can be caused by higher temperatures (14-16
°C) than on previous sampling days (6—11 °C). The highest concentrations for the rest
of the VOCs, such as benzene, propylbenzene, benzaldehyde and hexadecane, were
detected on March 30, which made up 56, 0.3, 1.8 and 123 pg/m?, respectively. The
2nd sampling day showed the highest concentrations of naphthalene, phenol and
fluorene—2.4, 3.9 and 0.8 pg/md, respectively. The lowest concentrations of the
greatest number of analytes (16) were detected in sampling point S2 (Table 12) located
in the upper part of the city close to mountains. The highest concentrations of the
greatest number of analytes (12) were detected in sampling point S3 located in the
central part of the city. The relative standard deviations of three replicate analyses of
the air samples did not exceed 15.6%.
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Table 11 — Measured VOC concentrations in air

Concentration =+ Standard Deviation (ug/m?®)

Sampling date >> Saturday, 30 March Tuesday, 2 April Thursday, 4 April Outliers
Analyte 8 AM 8 PM Mean 8 AM 8 PM Mean 8 AM 8 PM Mean Number %
2,2,4-Trimethylpentane 18+2 20+2 19+2 1943 15+2 17+2 34+6 22+£2 28+4 6 5.7
n-Heptane 46+ 5 53+£5 50£5 46 +3 38£5 42+4 89+9 60+£6 74+ 8 5 4.6
Methyl ethyl ketone n/d n/d n/d n/d n/d n/d n/d n/d n/d n/a n/a
Methylene chloride 25+7 25+5 25+6 10+1 8+2 9+2 45+7 53+13 49+ 10 14 13
Benzene 40£5 56+4 48 £4 37+3 46 +£9 416 48 £4 567 52+6 6 5.6
n-Decane 11£3 13£2 12+£2 4.8+1.2 8.4+1.0 6.6+1.1 30£6 28+4 2945 6 5.6
1.1,2,2- 0.14+0.05 | 0.18+0.03 | 0.160.04 | 0.08 +0.01 | 0.124+0.07 | 0.10+0.04 1.3£0.6 1.2+0.2 1.2+04 9 8.3
Tetrachloroethylene
Toluene 34+3 50+3 42+3 28 £ 1 21+6 25+£3 8l +15 60+6 70 £11 6 5.6
1,2-Dichloroethane n/d n/d n/d n/d n/d n/d n/d n/d n/d n/a n/a
n-Undecane 22+ 6 27+3 25+4 13+£2 14+£2 13+£2 36+£7 22+4 2945 13 12
Ethylbenzene 0.49+0.13 | 0.68+0.05 | 0.58+0.09 | 0.43+0.02 | 0.35+0.03 | 0.39+0.03 | 0.94+0.14 | 0.84+0.08 | 0.89+0.11 n/d n/d
m-Xylene 0.55+0.14 | 0.90£0.05 | 0.73£0.09 | 0.67+0.03 | 0.47+0.04 | 0.57 +0.04 1.3+0.2 0.99+0.09] 1.14+0.2 n/d n/d
p-Xylene 0.81+0.16 | 1.26 £0.09 | 1.04£0.13 | 0.95+0.04 | 0.72+0.07 | 0.83 +0.05 1.9+0.2 1.82+0.12 | 19402 1 1.0
Propylbenzene 0.284+0.12 | 0.11£0.02 | 0.20+0.07 | 0.18+0.01 | 0.06+0.02 | 0.12+0.02 | 0.22+0.13 | 0.07+0.02 | 0.14+0.08 11 10
0-Xylene 0.55+0.14 | 0.59+£0.04 | 0.57+£0.09 | 045+0.13 | 0.30+£0.02 | 0.37+0.08 | 0.70£0.16 | 0.61 £0.04 | 0.65+0.10 2 1.9
Chlorobenzene 1.1£04 |149+£0.09 | 13+0.2 1.1£03 [076£0.06 | 09+02 1.5+0.2 1.254+0.07 | 1.38 +£0.18 2 1.9
1,3,5-Trimethylbenzene 2.0£0.6 1.22 + 0.08 1.6+£04 21+£02 ]10.79+£0.05 | 1.45+0.13 31+£1.0 1.09+£0.05 | 2.1+0.5 3 2.8
1,2,4-Trimethylbenzene 1.3+£0.5 |297+0.14 | 22403 1.3£04 [ 1.57+£0.11 | 14+03 20+0.8 32407 26+0.7 5 4.6
3-Picoline 8.1+2.6 0.9+£0.2 45+14 7.0+£19 |039+008 | 3.7+1.0 12.5+£5.3 1.4+ 1.1 7.0+£3.2 9 8.3
Benzaldehyde 1.3+0.7 1.8+0.3 1.5+£0.5 0.7+£04 14+0.2 1.1£0.3 0.6+04 1.4+0.5 1.0+04 8 7.4
n-Hexadecane 123£16 44+ 6 84+11 90+ 10 50+9 71+ 10 85+ 14 47+4 66+9 19 18
Naphthalene 1.8£0.6 1.8+£0.2 1.8+£04 1.3+£04 24+0.6 1.9£0.5 1.5+£0.3 23+04 1.9+0.3 4 3.7
Phenol 2.1£0.6 29+0.5 2.5+0.5 24+0.6 39+0.9 3.1+0.8 33+£1.1 33£1.2 33+£1.2 10 9.3
Acenaphthene 224+0.13 | 0.13+0.04 | 1.194+0.09 | 2.6£0.8 0.3+0.03 1.4+04 2.6 £0.8 0.29+0.10 | 1.5+0.5 12 12
Fluorene 04+02 [0.59+001 | 048+0.11 | 0.8+0.2 | 057+0.12 | 0.7+0.2 0.6+0.3 0.5+0.3 05+0.3 7 7.2

Note: n/d—not detected; n/a — not available.
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Table 12 — Sampling locations where lowest and highest concentrations of analytes
were determined at different sampling times

Locations where lowest/highest concentrations were determined
Sampling date >> Saturday, March 30 Tuesday, April 2 Thursday, April 4
Analyte 8 AM 8 PM 8 AM 8 PM 8 AM 8 PM
2,2,4-Trimethylpentane S2/S3 S4/S3 S1/S3 S2/S5 S2/54 S2/S5
n-Heptane S2/S3 S5/S3 S1/S3 S1/S5 S1/s4 S4/S5
Methyl ethyl ketone n/d n/d n/d n/d n/d n/d
Methylene chloride S4/S3 S1/S5 S3/S2 S1/S2 S2/S4 S6/S2
Benzene S1/S3 S1/S3 S1/S3 S3/54 S1/S3 S2/S6
n-Decane S5/S1 S5/S6 S2/S6 S5/S2 S2/S4 S4/S3
1,1,2,2-Tetrachloroethylene S4/S1 S6/S2 S1/S2 S1/S3 S1/S3 S1/S6
Toluene S1/S3 S1/S5 S1/S3 S6/S4 S2/S4 S4/S5
1,2-Dichloroethane n/d n/d n/d n/d n/d n/d
n-Undecane S5/54 S3/S2 S2/S6 S4/S2 S2/S4 S6/S5
Ethylbenzene S2/S5 S2/S5 S2/S3 S6/S5 S1/S4 S4/S3
m-Xylene S2/S4 S1/S5 S1/S3 S6/S5 S2/S4 S4/S5
p-Xylene S1/S3 S1/S5 S1/S3 S6/S5 S1/S4 S1/S3
Propylbenzene S1/S3 S2/S5 S1/S3 S1/S5 S6/S4 S4/S1
0-Xylene S1/S3 S1/S5 S1/S3 S1/S5 S1/S3 S4/S5
Chlorobenzene S1/S3 S2/S5 S1/S3 S6/S5 S2/S4 S1/S3
1,3,5-Trimethylbenzene S1/S3 S2/S5 S1/S3 S1/S5 S1/s4 S1/S6
1,2,4-Trimethylbenzene S2/S5 S2/S5 S2/S5 S1/S5 S2/S5 S1/S3
3-Picoline S1/S3 S2/S1 S1/S3 S5/S6 S1/s4 S1/S3
Benzaldehyde S3/S2 S1/54 S2/S5 S5/S6 S3/S5 S4/S3
n-Hexadecane S5/S2 S2/S3 S5/S2 S4/S6 S5/S3 S3/S2
Naphthalene S4/S2 S3/54 S6/S3 S1/54 S6/S5 S1/S3
Phenol S6/S3 S1/54 S1/S3 S3/S4 S1/S3 S1/S2
Acenaphthene S5/54 S3/S4 S5/S2 S3/S4 S5/S3 S1/S3
Fluorene S5/S2 S3/S2 S3/S5 S2/S4 S3/S5 S1/S2
Note: n/d — not detected

From 108 measurements, the greatest numbers of outliers (one out of three
replicate measurements according to Grubbs’ test) were identified for n-hexadecane
(19), methylene chloride (14), n-undecane (13) and acenaphthene (12). No outliers
were identified for ethylbenzene and m-xylene.

Toluene-to-benzene concentration ratios during the sampling period varied from
0.46 to 1.69. During the first two days of sampling, T/B ratios were below 1 indicating
that the main source of BTEX was not transport. During these two days, the
temperatures were 3—7 °C lower than during the third day of sampling, and the central
and domestic heating systems were more active. During the third day of sampling, T/B
ratios were 1.69 and 1.06, and the main BTEX emissions originated from transport.
The same trend was reported for the similar period in 2015 [56, p.50]. However, T/B
were lower than 1 mostly in days with negative temperatures. In 2019, such ratios were
observed at temperatures between 6 and 11 °C, which could mean that the fraction of
BTEX emissions from transport-related sources decreased since 2015.
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2.4 Section conclusion

A low-cost method for quantitation of multiple VOCs in ambient air using SPME-
GC-MS was developed. It was proven that 65 um PDMS/DVB fiber provides a better
combination of detection limits, accuracy and precision compared to 85 pm
Car/PDMS, 100 um PDMS and 50/30 um DVB/Car/PDMS. The increase in extraction
time above 10 min did not have a significant impact on the responses of analytes.
Optimal desorption time is 1 min. For quantification of all analytes, except n-undecane,
vials with samples should not stand on the autosampler tray for more than 8 h.
Quantification of 22 of the most stable analytes can be conducted during 24 h after
sampling. Spike recoveries of 21 of the 25 chosen analytes were 90-105%. Recoveries
of other analytes were 51-89% at RSDs of 7.4-43%.

The developed method was successfully applied for quantification of chosen
analytes in atmospheric air of Almaty in Spring, 2019. On average, the completely
automated analysis of one sample took 50—-60 min, which was enough to analyze 24
(18 air + 6 calibration) air samples per day. All analytes were detected, except methyl
ethyl ketone and 1,2-dichloroethane. RSDs of the responses of 23 VOCs varied from
0.1% to 15.6%. The use of three replicate samples allowed identifying outliers. For 18
detected analytes, the fraction of outliers was <18%. Results for the other five detected
analytes contained 10-20% outliers. Mean concentrations of 23 VOCs during all
sampling times ranged from 0.1 to 83 ug/m?. Toluene-to-benzene concentrations ratios
were below 1.0 in colder days of sampling, indicating that most BTEX in these days
originated from non-transport-related sources. The obtained results prove that the
method is very simple, automated, low-cost and provides sufficiently low detection
limits, which allow recommending it for monitoring of a wide range of VOCs in
atmospheric air of Almaty and other similar cities. The measured concentrations cannot
be used to generalize the air pollution problem in Almaty because additional research
is needed for this purpose. These data along with the developed method can be useful
for improving the air pollution monitoring program in Almaty.
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3 SEASONAL AND SPATIAL VARIATION OF VOLATILE ORGANIC
COMPOUNDS IN AMBIENT AIR OF ALMATY CITY, KAZAKHSTAN

Preamble

The part of materials and results described in this section have been published in
research articles “Olga P. Ibragimova, Anara Omarova, Bauyrzhan Bukenov, Aray
Zhakupbekova, Nassiba Baimatova. Seasonal and Spatial Variation of Volatile
Organic Compounds in Ambient Air of Almaty City, Kazakhstan // Atmosphere. —
2021. — Vol.12. — 1592 [117] and reprinted with the journal permissions (Annex A).
The copyright to these materials belongs to the MDPI, and any request for further use
of this information should be requested from them. The materials are licensed under
the Creative Commons Attribution 4.0 International License. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/ or send a letter to Creative
Commons, PO Box 1866, Mountain View, CA 94042, USA.

3.1 Introduction

The developed method in Section 2 was successfully applied for monitoring of
VOCs in ambient air of Almaty, Kazakhstan during 2020 and in ambient air in
Taldykorgan during 2018 [118]. Almaty, the former capital and the largest (2 million
people) [119] city of Kazakhstan, is located in the center of the Eurasian continental
area at the foot of the Trans-Ili Alatau Mountains, with a continental climate covering
700 km?. The urban part of Almaty is situated from 600 m (in the north) to 1400 m (in
the south) above sea level, while the elevation of the mountainous areas reaches up to
4000 m. The geographical location of the city and air movements from the mountains
can cause temperature inversion, which may affect the pollution dispersion. Electricity
and heat in Almaty are provided by three Combined Heat and Power Plants (CHP-1,
CHP-2, CHP-3). The CHP-2 and CHP-3 are located within and 3 km away from the
city, respectively. The CHP-1 uses natural gas as a fuel, while CHP-2 and CHP-3 burn
approximately 3.7 million tons of low-grade coal with a high ash content (~40%)
annually [120]. Advanced emissions-control technologies (desulphurization,
denitrification) are not used at coal power plants, and the removal of pollutants is not
reported. The number of registered passenger cars of Almaty is about 467 thousand,
with additional vehicles from suburban areas of the city [121].

Almaty is one of the most polluted cities in Kazakhstan with unacceptable
carcinogenic risk, high acute and chronic effects, and a high hazard index for the
respiratory system's chronic exposure [122]. It was observed that outdoor workers in
Almaty are at high risk of respiratory diseases in the cold season [123].

The number of studies based on the assessment of air quality in Almaty is very
limited. Previous studies were aimed at the effect of inorganic air pollutants on human
health [122-125], evaluation of air pollution data and environmental situation [126],
spatiotemporal variations and contributing factors of inorganic air pollutants [127],
characteristics [128], and traffic component of air pollution in Almaty [105, p.49],
quantification of VOCs, including BTEX in Almaty under the application of developed
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simple and cost-effective methods [56, p.46, 57, p.1], and accessing of air quality
during COVID-19 lockdown [129].

Data on the VOCs concentrations are not available for all cities in Kazakhstan,
except Almaty, where only several short-term studies were carried out [56, p. 49, 57,
p.8, 105, p.53, 129 p.2,130]. According to the previous study [56, p.50], average
concentrations of BTEX in ambient air of Almaty on 31 March — 4 April 2015 were
53,57, 11, and 14 pg/m3, respectively. The maximum benzene concentration was 237
pg/m3, comparable with highly polluted cities, such as New Delhi, Cairo, and Rome
[56, p.50]. On 30 March - 4 April 2019, the mean concentrations of benzene
homologues, alkanes, polycyclic aromatic compounds, and chlorinated VOCs were in
the range of 0.1-81 pug/m? 5-123 pug/m?3, 1.3-2.6 pg/m?, and 0.1-53 pg/md, respectively
[57, p.14].

Air pollution in Almaty has a complex nature [129, p.6]. It may be caused by
various factors, including the geographical location of the city, meteorological
conditions, several manufacturing enterprises, a vast number of vehicles, and coal
combustion at power plants. The appropriate identification of the sources of emissions
in Almaty remains a challenge due to the lack of capacity, outdated methodologies,
scarcity of data, and nontransparent energy statistics. In addition, previous short-term
studies are insufficient for a detailed description of VOCs concentrations and their
sources in the air of Almaty. The assessment of spatial and seasonal variations of VOCs
and their possible sources are needed for developing effective measures for air quality
improvement by reducing harmful emissions.

Therefore, the goals of this Section were to evaluate (1) seasonal variation of
VOCs in the air in 2020, (2) spatial distribution of total VOCs by season, and (3) to
identify the emission sources of BTEX.

3.2 Materials and Methods

3.2.1 Description of sampling sites

Air sampling of VOCs was conducted at six sites S1-S6 (Table 4 in Section 2.2.7).
Each sampling site was more than 15 m away from the road. VOCs sampling locations
were selected to represent five districts (Almaly, Auezov, Bostandyk, Medeu, and
Turksib) of Almaty (Figure 7).

Average temperatures in sampling periods in winter, spring, summer, and autumn
in Almaty in 2020 were -5.7, 15.8, 24.3, and 9.3 °C, respectively. The heating season
in Almaty lasted from 15 October 2019 to 21 April 2020 and resumed on 28 September
2020.

Concentrations of NO,, SO,, and CO were obtained from The National Air
Quality  Monitoring  Network (NAQMN) operated by the National
Hydrometeorological Service of Kazakhstan “Kazhydromet” and were used for
correlation analysis. Air is analyzed using OP-824TTs and OP-280 aspirators, K-100
gas analyzer, and AFA-VP-20-1 filters (JSC OPTEK, Saint Petersburg, Russia). Data
are published each month and year by “Kazhydromet” in the information bulletins
[131].
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Figure 7 — Map showing the location of the sampling sites in Almaty, Kazakhstan

The data of PM; 5 were obtained from the public network “Airkaz” [132], which
uses PMz s sensors (The Plantower Pms5003, Beijing, China) for air quality monitoring
based on PM, 5 concentrations. Four (4) stations (Figure 7, Table 13) of the network,
close to VOCs sampling sites, were selected for this study. Due to technical problems
of sensors, 23.3% of the data on PM; s concentrations were omitted.

Table 13 — Coordinates of Kazhydromet and PM, s sampling sites

“Kazhydromet” stations

No. Coordinates Crossroad Closes_,t VQCS
sampling sites
PNZ 31 | N43°10' 48.5574" E76°53' 22.5348" Al-Farabi av. S1
PNZ 1 | N43°14'16.6128" E76°56' 0.3048" Amangeldy str. — Satpaeva str. S2
PNZ 12 | N43°16'9.9618" E76°56' 3.4044" Raiymbek av. - Nauryzbay batyr str. S3
PNZ 26 | N43°15'1.047" E76°52' 31.8858" Tole bi str. — Brusilovsky str. S5, S6
PM 5 stations
6 N 43°12'50.2" E76°53'35.2" Rozybakieva str. — Baikadamova str. Sl
2 N 43°13'26.0" E76°56'17.2" Al-Farabi av. — Markova str. S2
108 N 43°18'43.5" E77°00'03.8" Zhana Kairat microdistrict S4
5 N 43°15'09.8" E76°54'40.6" Tole bi str. — Baizakova str. S6

Spatial distribution of total VOCs across Almaty in different sampling periods in
2020 were obtained using Geographic Information System software — ArcGIS
(ArcMap 10.8.1) and cokriging Geostatistical Analyst tool. A simple cokriging method
with normal score transformation and exponential model of semivariogram was used
to build the map for the primary dataset. As a secondary dataset, the digital elevation
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model (DEM) of Almaty was used. The DEM was obtained from United States
Geological Survey and Shuttle Radar Topography Mission data.

3.2.2 Sampling and analysis of volatile organic compounds

Air samples were collected at the height of 1.5 m above the ground. Samples were
collected at 9 A.M. and 9 P.M. on 15, 17, and 19 January (winter); 3, 5, and 7 April
(spring: heating period); 28, 30 April, and 3 May (spring: non-heating period); 22, 24,
and 26 July (summer); 21, 23 and 25 October (autumn) (Table 14).

Table 14 — Description of VOCs sampling periods

The average value of the meteorological parameter
Sampling Samplin Description of Humi | Wind Precipitati P
period g season sampling T,°C | dity, | speed, recipriation, | Fressure,
mm mm Hg
% m/s
15,17, and 19 Winter Peak of the heating 57 783 03 0 774.7
January season
Spring: Two weeks before
3.5.and 7| poating | theendofthe 1,0 | 565 | 03 0.2 763.4
April : heating season,
period
lockdown
28,30 April, | 2 e heting
and heati 91 176 68.8 0.3 1.8 759.9
3 May eating season, post-
period lockdown
non-heating
22,24, and 26 Summer season, 24.3 50.3 15 0.4 755.7
July
lockdown
Three weeks after
21,23 and 25 Autumn the start of the 9.3 56.5 0.2 0.7 768.2
October i
heating season

The obtained data do not represent the whole season due to limited sampling days.
Air sampling and analysis were carried out by the methods described by Baimatova et
al. [56, p.49] and in the Section 2.2. Air samples were collected in triplicates into 20-
mL crimp-top vials. Solid-phase microextraction of VOCs from 20-mL vials was
conducted using exposed 65-pum DVB/PDMS at 22 °C (room temperature) for 10 min
followed by analysis on 7890A/5975C Triple-Axis Detector diffusion pump-based gas
chromatography with mass-spectrometric detection. A detailed description of the
parameters of GC-MS analysis is provided in Section 2.1.2. Calibration curves
(R?=0.97-0.99) were obtained before each sampling day. The concentrations units (ug
m-3) of VOCs were not adjusted to temperature and pressure changes between sampling
sites and analysis, contributing uncertainties to concentration measurement. Thirty-six
samples were taken on each sampling day; the total number of the analyzed samples
was 540 (180 measurements in triplicates).
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3.2.3 Data collection and pre-processing
Meteorological parameters (temperature, wind speed, pressure, and air humidity)
were taken from [133] (Table 15).

Table 15 — Air sampling periods and meteorological parameters

Date Time Temperature, °C | Humidity,% Win(rjniseed, Precirﬁ)]irtr?tion, Pr;e;sarge ’
01/15/2020 |00 > > 0 0 e
01/17/2020 |00 2 o ; ; 850
01/19/2020 (5208 21 > : 0 b
T L
e e e e
0410712020 |32 08 D7 > ; 0 o
g e
L e e |
05/03/2020 |00 2 o ; ; o4
L e e e e
0712412020 |00 229 = 2 ; e
12612020 | D00AM |26 % 1 0T o0
1012112020 |- 008 Ll = ; 0 o
T
1072512020 | SOUAM |43 6 : R /T

Descriptive statistics of the VOC concentrations during study periods are
presented in Table 16. Data of VOCs concentrations lower than LODs (23.8% from
the total number of measurements) and outliers (4.9% of the total number of samples)
were omitted.

The mean concentrations of benzene, toluene, methylene chloride, and n-heptane
in all sampling days and sampling sites ranged from 23 to 64 pug/m?®. The maximum
benzene concentration exceeded the WHO limit (5 ug/m?®) by 68 times during the
sampling period. While the mean concentrations of ethylbenzene, m-, p-xylenes, o-
xylene, 1,2,4-trimethylbenzene, phenol, benzaldehyde, 3-picoline, naphthalene, 1,3,5-
trimethylbenzene, and n-decane were 1.2-8.5 pg/m*® and for propylbenzene, and
fluorene — 0.53-0.96 pg/m?.
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Table 16 — Descriptive statistics of the VOC concentrations during the study period

. Concentration, pg/m?®
No Analytes N Mean | SD | Minimum | Maximum
1 Benzene 179 64 67 2.3 341
2 Toluene 180 39 43 1.4 223
3 Ethylbenzene 180 1.8 1.4 0.13 9.5
4 m-Xylene 177 | 38 | 39 | 02 41
5 p- Xylene
6 0-Xylene 180 2.7 2.5 0.15 20
7 | 1,2,4-Trimethylbenzene 180 2.3 3.3 0.12 36
8 | 1,3,5-Trimethylbenzene 177 1.2 1.5 0.10 13
9 Propylbenzene 117 053 | 25 0.10 27
10 Phenol 180 3.1 3.9 0.19 31
11 Chlorobenzene 156 0.21 | 0.68 0.040 8.2
12 Benzaldehyde 180 3.4 2.7 0.11 13
13 3-Picoline 131 2.5 3.7 0.10 23
14 Naphthalene 180 2.5 3.3 0.39 26
15 Fluorene 101 0.96 | 1.39 0.14 11
16 1,2-Dichloroethane 84 4.0 4.8 1.7 42
17 Methylene chloride 137 23 29 0.66 168
18 n-Decane 142 8.5 5.7 1.5 28
19 n-Heptane 99 64 48 8.7 235
*Note: N— number of measurements; SD — standard deviation

The data of PM, s and inorganic pollutants with concentrations lower than LODs
(6.2% of the measurements) were omitted. The mean concentrations of NO,, PM,s,
SO, and CO during the studied period were 81 pg/m?, 44 ug/m3, 8.4 pg/m*and 1.2
mg/m?3, respectively (Table 17). Maximum concentrations of NO, (436 ug/mq) and
PM>s (260 pg/m?) exceeded WHO limits by 17 times (Table 17).

Table 17 — Descriptive statistics of the concentrations of NO,, SO,, CO, and PM; 5

Concentration, pg/m?®
*
Analyte N Mean SD Minimum | Maximum (24-f\1/gl|1_|r?imit)
NO2 81 81 68 0.10 436 25
PM2 s 92 44 49 2.00 260 15
SO, 67 8.4 8.5 0.10 36 40
CO, mg/m® 69 1.2 1.2 0.06 5.0 -
*Note: N — number of measurements; SD — standard deviation

3.3 Results and Discussion
3.3.1 Average seasonal variations of volatile organic compounds

Significant seasonal variations (one-way ANOVA, Tukey test, p<0.01) were
observed for 9 out of 19 VOCs (Figure 8). However, those 9 VOCs (benzene,
propylbenzene, benzaldehyde, 3-picoline, naphthalene, fluorene, methylene chloride,
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n-decane, and n-heptane) resulted in a non-significant or low correlation with humidity
and precipitation (Table 18). The pollutants correlated negatively with temperature and
positively with pressure except for benzaldehyde, which exhibited a reverse trend. The
increasing benzaldehyde level by 5 times in sampling days in summer compared to
winter can be caused by higher photochemical activity in that season, leading to
secondary carbonyl compounds. Similar seasonal variations were obtained by Liu et
al. [134], who proposed that the primary source of benzaldehyde is vehicle emissions.
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Figure 8 — Seasonal concentrations (mean of the sampling days in each season + SD)
of the VOCs

The concentrations of n-heptane, naphthalene, and benzene decreased gradually
by 78-90% from winter to summer sampling days and then increased by 2-3 times in
sampling days in autumn (Figure 8). Fluorene concentrations were detected in winter
and autumn sampling periods, while in spring and summer, concentrations were below
LODs. Moreover, in the winter sampling periods, the maximum concentrations of n-
decane (19 pg/m3®) and methylene chloride (47 ng/m?3) were observed.

The high levels of the above-mentioned VOCs in sampling periods in winter can
be attributed to meteorological conditions of Almaty and specific geographic location
[127, p. 1341]. During winter sampling, the mean temperature and pressure were -
5.7°C and 775 mm Hg, while during sampling in spring, summer, and autumn, it varied
from 9.3 to 24.3 °C and from 762 to 768 mm Hg (Table 14). The highest average wind
speed was observed during the sampling period in summer (1.5 m/s); in other seasons'
sampling periods, average wind speed ranged from 0.2 to 0.3 m/s. Liang et al. [135]
proposed that high TVOCs concentrations in the heating season (winter) can be
attributed to the decreasing VOCs photodegradation. In addition, high concentrations
of VOC:s in winter may be associated with poorer dispersion conditions caused by high
pressure [136], low planetary boundary layer heights, or the presence of low-level
inversion layers.
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Table 18 — Pearson correlation between the concentration of pollutants and meteorological parameters

Correlation coefficients
No. Compounds
1 2 3 4 | 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

1 Benzene 1.0%** 0.5%** 0.0 0.08 0.15 0.43*** | 0.16 0.08 0.46*** | 0.05 -0.44%** | 0.28 0.65*** | 0.43** 0.43* 0.64*** 0.61*** | 0.69***
2 Toluene 0.5%** 1.0%** 0.54*** | 0.49*** | 0.61*** | 0.64*** | 0.51*** | 0.43** -0.02 0.44*** | 0.12 0.5%** 0.25 -0.26 0.51*** | 0.07 -0.01 0.05
3 Ethylbenzene 0.0 0.54*** | 1.0*** | 0.89*** | 0.95%** | 0.7*** | 0.68*** | 0.4** 0.11 0.34* 0.67*** | 0.58*** | 0.27 -0.04 0.39 -0.11 -0.21 -0.01
: :-QI/:Z:Z 0.08 0.49*** | 0.89*** | 1.0*** 0.91*** | 0.81*** | 0.76*** | 0.72*** | 0.29 0.57*** | 0.53%** 0.41*** | 0.51*** | 0.07 0.29 0.01 -0.07 0.19
6 0-Xylene 0.15 0.61*** | 0.95*** | 0.91*** | 1.0*** 0.76*** | 0.69*** | 0.48*** | 0.19 0.35** 0.53*** 0.57*** | 0.39*** | -0.0 0.4 0.01 -0.12 0.1
7 1,2,4-Trimethylbenzene | 0.43*** | 0.64*** | 0.7*** | 0.81*** | 0.76*** | 1.0*** | 0.76*** | 0.64*** | 0.41*** | 0.54*** | 0.23 0.64*** | 0.76*** | 0.12 0.36 0.13 0.13 0.38
8 1,3,5-Trimethylbenzene | 0.16 0.51*** | 0.68*** | 0.76*** | 0.69*** | 0.76*** | 1.0*** 0.63*** | 0.26 0.54*** | Q.4%** 0.29 0.51*** | 0.04 0.2 0.02 0.01 0.19
9 Propylbenzene 0.08 0.43** | 0.4** 0.72%** | 0.48%** | 0.64*** | 0.63*** | 1.0*** | 0.08 0.95*** | 0.24 -0.06 0.46*** | -0.1 0.1 -0.04 -0.02 0.13
10 Phenol 0.46*** | -0.02 0.11 0.29 0.19 0.41*** | 0.26 0.08 1.0%** 0.06 -0.1 0.31 0.75*** | 0.64*** | 0.0 0.41*** 0.53*** | 0.67***
11 Chlorobenzene 0.05 0.44*** | 0.34* 0.57*** | 0.35%* | 0.54*** | 0.54*** | 0.95*** | 0.06 1.0%** 0.31 -0.08 0.38** -0.16 0.07 -0.07 -0.03 0.09
12 Benzaldehyde -0.44*** | 0.12 0.67*** | 0.53*** | 0.53*** | 0.23 0.4*** 0.24 -0.1 0.31 1.0%** 0.19 -0.13 -0.17 0.13 -0.34* -0.43*** | -0.32
13 3-Picoline 0.28 0.5%*** 0.58*** | 0.41*** | 0.57*** | 0.64*** | 0.29 -0.06 0.31 -0.08 0.19 1.0%** 0.44*** | 0.28 0.54** 0.12 -0.35* 0.11
14 Naphthalene 0.65*** | 0.25 0.27 0.51*** | 0.39*** | 0.76%** | 0.51*** | 0.46*** | 0.75*** | 0.38** -0.13 0.44%** | 1.0%** 0.61*** | 0.17 0.47*** 0.56*** | 0.71***
15 Fluorene 0.43** -0.26 -0.04 0.07 -0.0 0.12 0.04 -0.1 0.64*** | -0.16 -0.17 0.28 0.61*** | 1.0%** -0.09 0.58*** 0.58*** | 0.42
16 1,2-Dichloroethane 0.43* 0.51*** | 0.39 0.29 0.4 0.36 0.2 0.1 0.0 0.07 0.13 0.54** 0.17 -0.09 1.0%** -0.12 -0.18 -0.02
17 Methylene chloride 0.64*** | 0.07 -0.11 0.01 0.01 0.13 0.02 -0.04 0.41*** | -0.07 -0.34* 0.12 0.47*** | 0.58*** | -0.12 1.0%** 0.66*** | 0.48**
18 n-Decane 0.61*** | -0.01 -0.21 -0.07 -0.12 0.13 0.01 -0.02 0.53*** | -0.03 -0.43*** | -0.35* 0.56*** | 0.58*** | -0.18 0.66*** 1.0%** 0.7%**
19 n-Heptane 0.69*** | 0.05 -0.01 0.19 0.1 0.38 0.19 0.13 0.67*** | 0.09 -0.32 0.11 0.71*** | 0.42 -0.02 0.48** 0.7%** 1.0%*=
20 Cco 0.38 0.35 0.35 0.39 0.47* 0.75*** | 0.29 -0.09 0.48** -0.07 -0.08 0.62*** | 0.6*** 0.52 -0.35 0.22 0.18 0.3
21 SO, 0.55*** | -0.08 0.04 0.11 0.08 0.38 0.07 -0.32 0.54*** | -0.21 -0.26 0.08 0.61*** | 0.54 -0.25 0.61*** 0.61*** | 0.56
22 NO, 0.24 0.15 0.06 0.08 0.2 0.15 0.0 -0.18 0.08 -0.03 -0.13 0.19 0.14 -0.01 0.09 0.28 0.21 -0.09
23 PMzs 0.62*** | 0.02 -0.01 0.09 0.08 0.31 0.15 -0.05 0.57*** | -0.07 -0.41* 0.68*** | 0.64*** | 0.73*** | 0.08 0.59*** 0.8*** 0.65***
24 Temperature, °C -0.55*** | 0.08 0.27 0.11 0.17 -0.27 0.04 0.04 - 0.08 0.59*** -0.36* - -0.55*** | 0.01 -0.51*** | -0.57*** | -0.56***
25 Humidity, % 0.01 -0.31* -0.28 -0.08 -0.21 0.02 -0.06 0.11 0.27 0.07 -0.32* -0.2 0.28 0.19 -0.1 0.05 0.2 0.35
26 Wind speed, m/s -0.24 -0.2 0.12 0.23 0.18 -0.19 -0.03 0.04 0.03 -0.08 0.18 -0.28 -0.15 0.08 -0.08 0.06 -0.08 0.02
27 Precipitation, mm -0.44*** | -0.21 -0.09 -0.1 -0.14 -0.22 -0.13 -0.03 -0.24 0.01 0.1 -0.15 -0.32* -0.23 -0.09 -0.37** -0.36** -0.24
28 Pressure, mm Hg 0.5%** 0.02 -0.19 -0.05 -0.09 0.31* -0.03 -0.03 0.51*** | -0.08 -0.55%** | 0.41*** | 0.57*** | 0.34 0.11 0.33 0.38** 0.54***

Statistically significant:

***n<0.01

**p<0.05

*p<0.1
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The seasonal variations of toluene, 1,2-dichloroethane, ethylbenzene, m-,p-,o-
xylenes, propylbenzene, chlorobenzene, 1,3,5-trimethylbenzene, 1,2,4-
trimethylbenzene, and phenol were insignificant and varied from 0.070 to 61 pg/m?®
(Figure 9).
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Figure 9 — Seasonal variations of the mean VOCs concentrations (mean of the
sampling days in each season = SD)

The mean spring sampling period concentrations of VOCs were calculated as
mean concentrations of sampling days in heating (3,5, 7 April) and non-heating (28,
30 April and 3 May) periods. Above-mentioned periods were chosen for sampling in
spring for evaluation effect of the heating season, which ended a week before sampling
on 28 April. Moreover, the sampling period in 3-7 April coincided with the COVID-
19 lockdown in Kazakhstan (19 March — 13 April) with the absence of traffic activity
[137]. Kerimray et al. [129, p.5] assessed the effect of the lockdown restrictions on
benzene, toluene, ethylbenzene, and o-xylene emissions by comparing their
concentrations in April 2020 with the same period in the previous years from 2015 to
2019. Authors proposed that an increase of benzene and toluene concentrations by 2-3
times in 2020 can be related to 2-fold higher temperature and no-precipitation
conditions during sampling and indicated the non-traffic sources. In addition, the
COVID-19 lockdown period can be associated with higher coal combustion by private
houses and bathhouses (saunas).

The significant reduction of n-heptane, methylene chloride, benzene, n-decane,
toluene, 1,2-dichloroethane, and naphthalene by 27-90% (t-test, p<0.05) was observed
in the non-heating period compared to the heating period in spring (Figure 10).

Temperatures (14.0 vs. 17.6 °C) and pressure (763 vs. 760 mm Hg) were
comparable in both spring sampling periods. Therefore, such reduction may indicate
that coal combustion during heating season primarily affected the emissions of the
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above-mentioned VVOCs. The obtained results of benzene and toluene emissions are in
agreement with Kerimray et al. [129, p.7].

160 3,57 April

140 m 28,30 April, 3 May
120

100
80
60
40

Concentration (ug m=3)

Figure 10 — Variations of the VOCs concentrations (mean of the three sampling days
+ SD) in spring sampling periods during heating and non-heating season

A significant increase by 2-5-fold of ethylbenzene and benzaldehyde
concentrations was observed from the heating period to the non-heating period in
spring, which can be explained by a substantial reduction of traffic in the heating period
due to the lockdown and resuming traffic in the non-heating period [137]. A similar
effect of traffic-free conditions was observed by Kerimray et al. [129, p.5], when
concentrations of ethylbenzene and o-xylene decreased by 4 and 2.7 times in April
2020 (lockdown) compared to the same period in 2015-2019. The variations of mean
concentrations of the rest of the analytes were insignificant and varied from 0.36 to 3.1
ng/m?3 (Figure 10).

3.3.2 Spatial differences of volatile organic compounds

The total VOCs concentrations (the sum of the mean concentrations of individual
VOCs during the sampling period) varied across sampling sites during all seasons in
2020. The total VOCs variations were from 233 to 420, from 231 to 437, from 48 to
151, from 46 to 133, and from 72 to 393 ug/m? in sampling days in January, April,
April-May, July, and October, respectively. TVOCs concentrations decreased on 28,30
April and 3 May by an average of 74 and 67% compared to 15, 17, 19 January and 3,
5, 7 April, respectively.

The spatial distribution of TVOCs (Figure 11) varied from the south to the north.
All sampling seasons had a similar spatial profile, with lower TVOCs concentrations
in the south and higher in the north of Almaty, where CHPs are located.
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Figure 11 — Spatial distribution of total VOCs concentrations during sampling periods
in 15, 17, 19 January (a), 3, 5, 7 April (b), 28, 30 April, 3 May (c), 22, 24, 26 July (d),
and 21, 23, 25 October (&)
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15,17, 19 January and 21, 23, 25 October were characterized by a strong negative
correlation between TVOCs level and elevation of sampling sites withr =-1.0and r =
- 0.89, while a moderate negative correlation was observed in sampling days in April,
April-May, and July (Figure 12). These correlations indicate the possible effect of
heating season on TVOCs spatial distribution due to increased coal consumption [120]
at low ambient temperature.
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Figure 12 — TVOCs concentrations and sampling site’s (S1-S6) elevation above the
sea level during sampling periods

For the studied periods, the most polluted sampling site in Almaty was site S4
(Papanin str. — Suyunbay ave.). The sampling site S4 is at 12 km from CHP-3 and 14
km from CHP-2 and the lowest elevation above the sea level (700 m). There is a
number of private houses close to S4 sampling sites that use solid fuel for heating (coal)
and avenues with heavy traffic, which could contribute to air pollution around the S4
sampling site. The lower TVOCs concentrations were obtained in sampling sites S1
and S2 during all sampling periods. These sampling sites are located at a higher level
(978 and 944 m) close to mountains and far from CHP-3 (22-26 km) and CHP-2 (13-
15 km).

3.3.3 BTEX source apportionment

Several studies have reported that the ratio of toluene to benzene can be used to
find pollutants sources [37,138]. The T/B ratio can be applied to determine the
emission sources of BTEX in ambient air. T/B < 1 indicates the non-traffic-related
sources (biomass/biofuel/coal burning), while T/B > 1 shows the dominant
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contribution of traffic-related sources (vehicle emissions) [33, p.187-188]. Figure 13
shows that sources of air pollution in Almaty have a complex nature. During the
sampling in January, April, and July, the prevailing sources of BTEX were the
combustion of biomass/biofuel/coal. While, in May and October sampling days, BTEX
were mainly originated from vehicle emissions. In July sampling period, the lower
contribution of vehicle-related sources can be explained by partial lockdown measures
(5 July — 16 August) due to the second wave of COVID-19 in Kazakhstan [137].
However, CHPs had been operating for a whole year in Almaty explaining the
contribution of coal-burning sources to air pollution.

The m-,p-xylenes to ethylbenzene ratio indicates the photochemical age of
pollution. m- and p-Xylenes are more reactive than ethylbenzene and quickly react with
*OH radicals [34, p.16]. The X/E ratio higher than 3 indicates the fresh and local
emissions, while the ratio lower than 3 shows aged air masses and consequently
emissions from remote sources [139]. The majority of X/E ratios were lower than 3 in
all sampling periods, assuming the presence of aged air masses from remote sources
(Figure 13). Several X/E ratios (6% of total) were higher or close to 3, which indicate
the local, fresh emissions and a mixture of aged air masses (Figure 13). The strong
correlation of ethylbenzene, m-,p-xylenes, and o-xylene (r>0.9, p<0.01) suggests the
constant and familiar sources of these VOCs (Table 18). Based on these results, it can
be concluded that the contribution of the remote sources is dominant in Almaty at all
sites and periods.
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Figure 13 — The ratios of BTEX at different sampling periods

The benzene, toluene, and ethylbenzene (B:T:E) ratio is applied to evaluate
aromatic sources in ambient air [26, p.16444, 37, p.6679, 139]. Biomass/biofuel/coal
burning is characterized by the mean relative proportions of B:T:E — 0.69:0.27:0.04,
traffic emissions — 0.31:0.59:0.10, industrial emissions — 0.06:0.59:0.35 [37, p.6679].
B:T:E ratio of each air sample was calculated and plotted in ternary diagrams to
understand the emissions sources better. The obtained B:T:E ratio showed that in
Almaty, there were two main sources of BTEX during the studied period: traffic
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emissions and biomass/biofuel/coal burning (Figure 14). For all sampling sites,
biomass/biofuel/coal burning was a prevalent source of VOCs on 15, 17, 19 January,
with an average B:T:E ratio of 0.87:0.12:0.01. During the heating season, the use of
coal increases by more than two times [120, p.9], which leads to dramatically increase
in SO, emissions from CHP-2 [140] and PM, s concentrations [120, p.9]. The moderate
correlation of benzene with concentrations of a coal combustion marker SO, [141] and
PM_5 (1>0.5, p<0.01) can also indicate that the burning of solid fuel is one of the
primary sources of pollution during the heating season in Almaty (Table 18). Similar
findings were obtained in the Dushanzi district, Northwest China [142], and in a rural
area of North China [33, p.186, 36, p.9], where coal combustion was the main source
of VOCs emissions during cold seasons.
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Figure 14 — B:T:E ratios in Almaty

On 3, 5, 7 April, sampling was carried out during the first lockdown (19 March —
13 April) under non-traffic conditions, and the B:T:E ratio was 0.61:0.39:0 indicating
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the coal combustion as the main source of BTEX.

On 28, 30 April, 3 May and 21, 23, 25 October, B:T:E ratios were 0.32:0.64:0.04
and 0.48:0.50:0.02, respectively, which indicated the traffic and non-traffic-related
BTEX sources. In July sampling days, three out of six sampling sites (S1, S2 and S6)
depicted the distribution of B:T:E ratios in the coal combustion area. While the
distribution of B:T:E ratios of the rest of the sampling sites (S3, S4, S5) was in both
(traffic and coal combustion) areas. The B:T:E ratios at sampling sites S3, S4, and S5
differed from S1, S2, S6 due to their closest location to the main roads.

The correlation analysis of VOCs concentrations and BTEX source
apportionment in Almaty showed the complex nature of air pollution and variation of
the primary source depending on the season and sampling site.

3.4 Section conclusion

Assessment of the air pollution in Almaty, Kazakhstan, in 2020 was conducted by
measurements of VOCs concentrations using the previously developed method. The
seasonal variations for 9 out of 19 VOCs were significant, with maximum
concentration in sampling days in winter. The high concentrations of VOCs in the
winter sampling period can be related to the higher emissions from coal combustion,
meteorological parameters, and the geographic location of Almaty. In addition, in
winter, the low planetary boundary layer heights and low-level inversion layers can
affect VOCs dispersion. Insignificant seasonal variations of the rest of the analytes may
indicate that their sources have a constant contribution to air pollution during all
sampling periods.

Comparison of the two sampling periods (3, 5, 7 April and 28, 30 April, 3 May)
in spring were used for evaluating the effect of the heating season and COVID-19
lockdown restrictions in Almaty on VOCs emissions. The obtained results and analysis
of typical ratios of BTEX demonstrate that the primary sources in Almaty are
associated with the burning of biomass/biofuel/coal and vehicle emissions with the
dominant effect of solid fuel combustion in heating seasons. Additionally, the observed
X/E ratios (lower than 3) indicate that sampling sites in Almaty are affected mainly by
aged air masses from remote sources. It was found that the spatial distribution of the
TVOCs concentrations depends on the sampling site's elevation and distance from
CHPs. The spatial difference of TVOCs has a similar trend in all sampling periods,
with the most polluted site in the north part of the city.

The limitation of this study is that the obtained results represent only short
sampling periods and boundary layer heigh as well as temperature inversions were not
investigated due to data gaps. However, it is the first attempt to study VOCs' seasonal
and spatial air pollution in Almaty, one of the most polluted cities in Kazakhstan. The
obtained data could serve as a basis for action plans for improving the air quality based
on air monitoring data and could be an impulse for further comprehensive
investigations. Moreover, observed complex air pollution in Almaty, Kazakhstan,
requires further detailed source-apportionment studies of the VOCs and their diurnal,
temporal, and seasonal variations.
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4 ASSESSING AIR QUALITY CHANGES IN LARGE CITIES DURING
COVID-19 LOCKDOWNS: THE IMPACTS OF TRAFFIC-FREE URBAN
CONDITIONS IN ALMATY, KAZAKHSTAN

Preamble

The part of materials and results described in this section have been published in
research articles “Alymgul Kerimray, Nassiba Baimatova, Olga P. lbragimova,
Bauyrzhan Bukenov, Bulat Kenessov, Pavel Plotitsyn, Ferhat Karaca. Assessing air
quality changes in large cities during COVID-19 lockdowns: The impacts of traffic-
free urban conditions in Almaty, Kazakhstan // Science of the Total Environment. —
2020. — Vol.730. — 139179~ [129, p.1-8] and reprinted with the journal permissions
(Annex A). The copyright to these materials belongs to the Elsevier, and any request
for further use of this information should be requested from them.

4.1 Introduction

The first case of SARS-CoV-2 infection was registered in Kazakhstan on March
13, 2020. Learning from the experience of other countries, the reaction of authorities
was fast. On March 16, 2020, an emergency situation was declared, and beginning on
March 19, 2020, a city-scale quarantine or “lockdown” was introduced for the whole
city of Almaty. Limits on entry and exit in the city were applied (with the exception
of cargo trucks for vital purposes). Since March 28, more restrictive measures were
introduced, and residents of Almaty could leave their homes only for grocery shopping
and work (only with special permission). Since March 30, 2020, all organizations and
enterprises were temporarily suspended, with a gradual staged opening of some
selected industries expected in late April and in May. Such measures resulted in nearly
absent of road traffic, while at the same time, coal-fired combined heat and power
plants were continuously operating. Air quality changes due to the COVID-19
lockdowns quickly became a new topic of recent research studies. Decreases in
nitrogen dioxide levels (NO;) over China during February 10-25 (during quarantine)
compared to January 1-20, 2020 (before quarantine) were identified using satellite data
from NASA and the European Space Agency (ESA) [143]. [144] also depicted
substantial air quality improvements after two weeks of lockdown in Barcelona
(Spain). The results support the idea that air pollution could be substantially improved
in cities where transport was a major source. However, the air quality improvements
during COVID-19 lockdowns may not clearly favor improving the air quality in areas
with a more complex mix of sources, where transport emissions have minor impacts
compared to emissions from other sources (e.g., coal combustion for power and
heating).

In this Section, changes in the air quality before and during the period of COVID-
19 lockdown in Almaty were quantified. The possible effects of traffic emissions were
discussed. BTEX concentrations were measured during three days in the middle of the
lockdown and compared with the concentrations observed during the same periods of
previous years (2015-2019). This Section aims to assess the impacts of COVID-19
lockdown conditions (traffic-free) on the air quality of Almaty, which is one of the
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most polluted large cities in the world.

4.2 Methodology

4.2.1 Methodology of sampling

Monitoring of benzene, toluene, ethylbenzene, and o-xylene was conducted every
spring at 8 AM and 8 PM at six different locations (Figure 7) during the period from
the end of March to the beginning of April from 2015 to 2020. The sampling and
analysis methods developed by Baimatova et al. [56, p.49] and in Section 2.1 were
followed. The lockdown BTEX sampling was conducted on three days in the middle
of the lockdown.

The wind speed, wind direction, temperature, relative humidity, precipitation
were obtained from the http://rp5.kz website [133], which collects data from the
National Oceanic and Atmospheric Administration (USA) from the station located at
43.15°N, 76.57°E at an elevation of 848 m above sea level.

The cokriging method utilized in the ArcGIS® Geostatistical Analyst tool was
used to map benzene distributions across Almaty in 2018-2019 and 2020, respectively.
The digital elevation model of Almaty from the Shuttle Radar Topography Mission
(SRTM) data was used as a secondary dataset. Ordinary cokriging was used to build
the map with the first order of trend removal for the primary dataset and local
polynomial interpolation, as in all cases, the data had a trend in distribution.

4.2.2 Meteorological conditions

Significant temperature variations in the region characterize the transitional
period from February to April. Detailed information on the meteorological factors
during the selected periods are summarized in Table 19. The period between February
21 to April 14, 2020 was characterized by a substantial difference (23.3 °C) between
the minimum daily temperature (-6 °C) and the maximum daily temperature (17.3 °C).
The average temperature before lockdown was 5.5 °C, while it was 8.7 °C during
lockdown. Additionally, there were less frequent rains before lockdown period (9 days
out of 27) compared to the lockdown period (16 days out of 27). These results show
that the meteorological conditions were in favor of air pollution reductions during the
lockdown period compared to the preceding days.

On the other hand, the meteorological conditions during the lockdown were
almost similar to those of the same periods in the previous years of 2018 and 2019
(Table 19; Figure 15). The numbers of rainy days were 15, 16, and 16 days, and the
average temperatures were 11.2, 11.6, and 8.7 °C in 2018, 2019, and 2020, respectively.
The lockdown period was slightly colder compared to previous years, as there were six
days during the lockdown period when the daily average temperature was below 5 °C,
while such temperature falls were observed only on one day in 2018 and two days in
2019. These results show that the lockdown period had slightly unfavorable
meteorological conditions for air pollution compared to the earlier years.
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Table 19 — Meteorological conditions for the preceding days (February 21 — March
18), and the lockdown days (March 19 — April 14)

Temperature Relative humidity Wind speed Precipitation
0 (%) (m/s) (mm)
Average | SD | Average | SD [Average| SD |Average| SD
February 21 — March 18
2018 4.7 3.8 73.9 15.2 0.3 0.1 5.5 3.3
2019 4.6 4.5 66.5 16.5 0.3 0.2 3.5 2.3
2020 5.5 5.4 62.4 17.4 0.4 0.3 3.3 3.5
March 19 — April 14
2018 11.2 4.2 60.3 14.9 0.4 0.2 5.5 4.2
2019 11.6 3.2 63.5 13.3 0.4 0.2 4.5 4.9
2020 8.7 4.7 66.1 16.4 0.4 0.2 5.2 4.9
20 1.2
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Figure 15 — Meteorological conditions in the period between March 19 and April 14,
2020

4.3 Results and discussion

4.3.1 BTEX concentration analysis

The average concentrations of BTEX analytes from 2015 to 2020 are illustrated
in Figure 16. The averages for benzene (101 pg/m?) and toluene (67 pg/m3) were 3 and
2 times higher, while those for ethylbenzene (1.0 pg/m?®) and o-xylene (1.6 pg/m?®) were
4 and 2.7 times lower in 2020 than during the same sampling period in 2015-2019
(Table 20). In addition, the average concentration of benzene was 15% higher in
January 2020 compared to the lockdown period.
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Table 20 — Percent change of BTEX concentrations during three days of spring 2020

lockdown compared to the average concentrations detected in the same periods of
2015-2019

Analyte S1 S2 S3 S4 S5 S6 Average
Benzene 209% 227% 183% 274% 123% 164% 199%
Toluene 113% 123% 99% 241% 36% 67% 110%
Ethylbenzene | -72% -82% -81% -43% -83% -76% -712%
0-Xylene -67% -56% -81% -21% -79% -717% -61%

4.3.2 Differences in meteorology

The sampling period during the lockdown in April 2020 was characterized by
warmer temperatures ranging from 10.2 to 16.2 °C, while the temperature ranged from
-6.2 to 14.5°C on the sampling days in 2015-2019 (Table 21, Figure 15). The average
temperature was 14.0 °C in 2020 and 7.1 °C in 2015-2019. Wind speeds during the
sampling period in 2015-2020 were similar and ranged from 0 to 1 m/s.

One of the reasons for the increased concentrations of benzene and toluene during
the sampling days in 2020 could be attributed to the no-precipitation conditions. Since
there was no traffic activity during the lockdown, the higher levels of benzene and
toluene may indicate that their origins are predominantly nontraffic sources, and the

declining levels of ethylbenzene and o-xylene by up to 3-fold could be linked to the
traffic-free conditions.
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Table 21 — Meteorological conditions on BTEX sampling days in 2015-2020

Sampling | Temperature (°C) Relative humidity, % | Wind speed, m/s | Precipitation, mm
date Average | SD | Average | SD Average | SD [ Average | SD

2015

31.03 -6.2 1.8 75.5 4.9 1.0 0.0 0.9 -

02.04 -0.5 3.1 82.5 12.0 0.0 0.0 1.5 0.7

04.04 7.4 3.7 50.0 8.5 0.5 0.7 n/d -
2016

31.03 13.1 1.8 85.5 12.0 0.5 0.7 0.4 -

02.04 7.8 1.4 96.5 0.7 0.0 0.0 6.0 4.2

05.04 11.6 1.9 69.5 6.4 0.0 0.0 n/d -
2017

01.04 11.2 6.2 65.0 29.7 0.5 0.7 19.0 -

04.04 2.4 1.3 88.0 8.5 0.5 0.7 2.0 -

06.04 2.1 0.2 77.0 4.2 0.0 0.0 8.0 7.1
2018

03.04 6.1 2.4 50.5 17.7 0.0 0.0 n/d -

05.04 9.8 7.3 61.5 17.7 0.0 0.0 n/d -

07.04 12.4 4.3 75.0 28.3 0.0 0.0 6.0 -
2019

30.03 8.8 1.2 85.5 9.2 1.0 0.0 6.0 4.2

02.04 7.1 1.4 79.0 5.7 0.0 0.0 0.3 -

04.04 14.5 1.3 69.5 17.7 1.0 0.0 1.0 -
2020

03.04 10.2 1.2 85.5 6.4 0.5 0.7 1.0 -

05.04 16.2 1.1 33.0 4.2 0.5 0.7 n/d -

07.04 15.6 2.6 51.0 5.7 0.0 0.0 n/d -

4.3.3 Spatial differences

BTEX concentrations were inversely proportional to the elevation (above the sea
level) of the sampling sites (Figure 17) which was similar to the case for PMys
concentrations. At the higher elevations (closer to the mountains), the concentrations
of BTEX were lower than those at the lower elevations (Figure 17), and this could be
explained by the location of the coal-fired power plants and households burning coal
at the lower elevations.

The BTEX concentrations in 2020 were inversely correlated with the distance to
CHP-3, with R?=0.87 for benzene and R?=0.82 for toluene. The distance—concentration
correlations for CHP-2 were weak (R?<0.1), which could be due to the large distances
of sampling sites from CHP-2 (Figure 18). The correlation of the benzene and toluene
concentrations with the distance from CHP-3 was stronger than the correlation with the
elevation (Figure 17), and this may indicate the dominant contribution of CHP-3 to
BTEX pollution in the city. According to the environmental reports of CHP-3 in 2015,
coal consumption at CHP-3 was expected to increase in the future due to the rising
demand for electricity [145].
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Figure 18 — Measured BTEX concentrations and distance to CHP-2

There were substantial increases in benzene and toluene during the lockdown
period compared to the average during the 2015-2019 years, while some reductions
were observed in ethylbenzene and o-xylene concentrations. The variations were
significant and ranged between 123% and 227% for benzene and between 36% and
241% for toluene. The highest increases in the concentrations were observed at Station
S4, which were 274% (by 119 ug/m?3) for benzene and 241% (by 86 pug/m?) for toluene
(Table 21). Station S4 is located at a low elevation (700 m), close to coal-burning
housing developments and at the distances of 12 km from CHP-2 (Figure 18) and 14
km from CHP-3 (Figure 17). There is also an Almaty bus fleet park located 2.6 km
away, and the public bus service was still in operation during the lockdown. The
burning of coal at residential houses could have been higher, as people remained in
their homes all the time during the 2020 lockdown, and there are plenty of nearby

63



public bathhouses (saunas) that are often heated by burning their garbage or coal. On
one of the sampling days, a bonfire was also observed.

Relatively lower concentrations of benzene (76-78 pg/m®) and toluene (41-42
ng/m?3) during the 2020 lockdown were observed at sites S1 (978 m) and S6 (803 m).
Sampling site S1 is located in the upper part of Almaty (closer to the mountains), while
site S6 is located in a public park at 803 m above sea level. Sampling sites S3 (764 m)
and S5 (770 m) are located near significant roads; however, the high levels of BTEX
at sites S3 and S5 during the 2020 lockdown indicate the significant contribution from
coal combustion (Figure 19).
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Figure 19 — Estimated average concentration of benzene in three days of spring in
2015-2019 (left) and 2020 (right), ug/m?

4.3.4 Identification of BTEX emission sources

The varying T/B observed during 2015-2019 indicated the complex nature of
BTEX in the ambient air of Almaty (Figure 20). In 2015, the obtained T/B ratios were
<1 in 18 out of 36 measurements, indicating that sources of BTEX were both vehicle
exhaust and coal combustion [56, p.50]. The T/B found in most of the analyzed samples
in 2016 (30 from 36 measurements) and 2018 (31 from 35 measurements) were >1,
suggesting that BTEX mainly originated from transport-related sources. The T/B of the
vast majority of collected samples in 2017 (33 from 36 measurements) and 2019 (23
from 35 measurements) were <1, which indicated that BTEX mainly originated from
coal burning [57, p.13].

Though there were higher concentrations of toluene and benzene, the T/B ratios
were below 1 in most (32 of 36) measurements, indicating the minor effect of traffic
emissions during the 2020 lockdown. Three measurements at sampling sites S2, S4,
and S5 resulted in T/B values of more than 1, and one measurement at sampling site
S4 showed T/B >2. The results indicate that BTEX mostly originated from coal
combustion (e.g., power plants and private houses) during the lockdown.
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4.4 Section conclusion

Every year, the air quality in Almaty improves gradually from February to April
due to seasonal changes in the temperature and precipitation, as well as due to a
subsequent reduction of coal use at the combined heat and power plants and in
individual houses. Therefore, it was not reliable to perform a temporal analysis and
attribute the temporal reductions to the traffic-free conditions. As an alternative method
to eliminate the weather impact, the same period was compared with that during the
previous years.

Highly elevated concentrations of benzene and toluene on three sampling days
during the lockdown (101 and 67 ug/m?®) and the toluene-to-benzene ratios suggest that
these compounds originated from coal-related sources such as power plants and
households and to possible episodic cases of garbage burning, bathhouses, and bus fleet
stations.

This research demonstrates the complicated nature of air pollution in Almaty,
which urgently needs further investigation through spatial inventories and source-
apportionment studies. The SARS-CoV-2 lockdown period was a unique opportunity
to test how any possible reductions in urban transport parameters may improve the air
quality in the city. The results suggest that even traffic-free conditions could not cause
substantial reductions in pollution levels since several primary emission sources
dominate the pollution profile over the city.
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5 OPTIMIZATION OF TIME-WEIGHTED AVERAGE AIR SAMPLING
BY SOLID-PHASE MICROEXTRACTION FIBERS USING FINITE
ELEMENT ANALYSIS SOFTWARE

Preamble

The part of materials and results described in this section have been published in
research articles “Kenessov B., Koziel J.A., Baimatova N., Demyanenko O.P.,
Derbissalin M. Optimization of time-weighted average air sampling by solid-phase
microextraction fibers using finite element analysis software // Molecules. - 2018. —
Vol.23. - Article 2736 [83, p.1-14] and reprinted with the journal permissions (Annex
A). The copyright to these materials belongs to the MDPI, and any request for further
use of this information should be requested from them. The materials are licensed under
the Creative Commons Attribution 4.0 International License. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/ or send a letter to Creative
Commons, PO Box 1866, Mountain View, CA 94042, USA.

5.1 Introduction

Calibration for determination of TWA concentrations is relatively simple
compared with “classic” exposed SPME fiber that is subject to variable thickness of
the boundary layer that affects the rate of extraction [146,147]. TWA sampling by
retracted SPME fibers 1s described by the simplified version of the Fick’s law of
diffusion [54, p.1514-1515] (Equation 1). Equation (1) can also be interpreted by
extraction process, i.e., the amount of analyte extracted is proportional to TWA
concentration outside of the SPME needle opening, needle opening area, sampling
time, and the gas-phase molecular diffusion coefficient, and inversely proportional to
retraction depth.

Several important assumptions are made with the application of Equation (1) to
TWA-SPME, i.e., (1) fiber coating acts as a “zero sink” and does not affect the rate of
sampling, (2) SPME fiber coating is consistent and reliably responding to changing
concentrations in the bulk gas-phase outside of the needle opening, and (3) gas-phase
concentration in the bulk are the same as at the face of the fiber needle opening.

To date, all published research on TWA-SPME used Equation (1) as the basis of
quantification [53, p.457, 54,p.1515, 61, p.4, 62, p.554, 64, p.2008, 79, p.1482, 148-
150]. of VOC:s in laboratory air, pyrolysis reactor air, engine exhaust and process air.
Equation (1) predicted measured gas concentrations with reasonable accuracy and
precision. However, more evidence suggests that the discrepancies between the model
and experimental data exist. Woolcock et al. [149, p.2] reported significant departure
from the zero-sink assumption and from Equation (1) suggesting ‘apparent’ diffusion
coefficient (D) dependent on both sampling time (t) and retraction depth (2).
Baimatova et al. [61, p.7] reported significant differences in extracted mass of
naphthalene gas for different SPME coatings, i.e., that Equation (1) does not
incorporate. Recent research by Tursumbayeva [151] shows that the discrepancy
between Equation (1) and experimental data are amplified when a wide-bore glass liner
is used for passive sampling with SPME fiber retracted inside it. Work by
Tursumbayeva suggests that not only the tip of the fiber coating (at the physical
retraction depth Z) is involved in extraction, but the whole fiber coating surface with
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an ‘apparent’ Z that is ~55% longer. Apparent saturation sorption kinetics might also
be involved as predicted by Semenov et al. [152]. Thus, research is warranted to
address apparent problems with the use of Equation (1).

Experimental optimization of the gas sampling process is very time-consuming,
particularly at longer extraction times (>24 h). Such experimental setups are quite
complex, difficult to build and properly maintain in steady-state conditions (e.g.,
without leaks and with minimal impact of sorption onto the system itself). During
experiments, the sensitivity of the analytical instrument can change leading to
additional uncertainties. Uncertainties during experimental method optimization do not
allow studying effects of parameters having potentially minor impacts on accuracy and
precision.

The numerical simulation could provide useful data at various sampling
parameters in much faster and more accurate way. It could also allow modeling the
sensitivity of Equation (1) to ranges of practical (user controlled) parameters for air
sampling with retracted SPME. COMSOL Multiphysics allowed efficient numerical
modeling of SPME process using finite element analysis-based model [153-157] for
liquid-phase extraction and absorption by SPME coating. Using this approach, it was
possible to predict sampling profiles of analytes, which were consistent with
experimental data.

The goal of this Section was to develop a model for TWA-SPME and optimize
time-weighted average SPME sampling of ambient air with both absorptive and
adsorptive retracted fibers using finite element analysis-based model (COMSOL
Multiphysics).

5.2 Materials and Methods

5.2.1 General parameters of modeling

Simulations were completed using COMSOL Multiphysics 5.2a on a desktop
computer equipped with quad-core Core i7 processor, 8 Gb of random access memory
and 1 Tb hard drive. For modeling, “Chemical Species Transport” module (“Transport
of diluted species” physics) was used in “Time-Dependent” mode in two dimensions
(axisymmetric). Fick’s second law of diffusion was used by the module:

ac;
a_tl = V- (D;Vc;) (4)

Benzene, a ubiquitous air pollutant, was used as a model analyte for most initial
calculations. Diffusion coefficients of benzene in the air and PDMS coating were set
to 8.8-10° and 101° m?/s, respectively [158]. Distribution constant (Kg) for benzene
and common SPME coatings was set to 150,000 (85 um CAR/PDMS) [97, p.27], 8,300
(65 um PDMS/DVB) [97, p.27], and 301 (PDMS) [72, p.258]. For dichloromethane,
acetone and toluene, distribution constants between 85 pm Car/PDMS coating and air
were set to 72,000, 71,000 and 288,000, respectively [97, p.27].

The geometry of a fiber assembly was built in as inputs based on the data provided
by Pawliszyn [72, p.100]. Simulations were conducted for Stableflex (Supelco,
Bellefonte, PA, USA) fibers with a core diameter of 130 um. For 85 pm Car/PDMS
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and 65 um PDMS/DVB, total fiber diameters were set to 290 and 270 um, respectively.
Calculations were conducted for 24- and 23 ga coatings having internal diameter of
310 and 340 pum, respectively.

The extra fine free triangular mesh was used for the modeling. To provide better
meshing at the coating-air interface, the resolution of narrow regions was increased to
“2”. The computation was completed in the range between 0 and 100,000 s at the step
of 1000 s. The concentration of an analyte at the tip of the protecting needle was set to
0.641 pmol/m?, which corresponds to 50 pg/m? of benzene.

5.2.2 Sampling using absorptive coatings

Inward (and outward) fluxes from (or backward to) air into an absorptive coating
(Flux;, and Flux,, respectively) at the boundaries (marked by a red lines in Figure 21)
were simulated using the equation, previously proposed by Mackay and Leinonen
[159] for the water-air interface:

Flux1=kx(Ca—Cf/Kd>; Flux2=k><(Cf/Kd—Ca> (5)

where:

k — flux coefficient, m/s;

Ca and C; — concentrations of an analyte in air and coating at the boundary layer,
respectively, mol/m3;

Kq — distribution constant for a VOC between SPME coating and air.

60 mm

10 mm

Fiber core

310 um
130 um

Coanng

Figure 21 — The geometry of SPME device (retracted inside a protective needle for
TWA sampling) used for modeling. Note: red lines indicate the boundaries between
air and coating

The true value of flux coefficients was unknown, but in this research, it was
assumed to be sufficiently high for not affecting flux, as was recently proposed by
Alam et al. [154]. Thus, flux coefficient was set to 1000 m/s. A further increase of the
flux coefficient did not affect the results of the modeling.

5.2.3 Sampling using adsorptive coatings
For adsorptive coatings, the “Adsorption” mechanism was activated in the model.
The isotropic diffusion coefficient (in the air inside pores) was the same as for air (set
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to 8.8, 8.7, 12.4 and 10.1 mm?/s for benzene, toluene, acetone and dichloromethane,
respectively). The approach proposed by Mocho and Desauziers [160] involving
Knudsen diffusion in micro-pores was also tested. However, it was later rejected for
model simplification because the diffusion of analytes inside coating is mainly driven
by molecular diffusion inside macro-pores. The presence of PDMS binder was not
considered in the model because: 1) it has much weaker affinity to analytes than
Carboxen; and 2) the layer of PDMS in the coating is very thin and should not affect
the diffusion of analytes [72, p.50-51]; 3) there is not enough published information
about exact structure of the coating.

Adsorption was set to “User defined” with a distribution constant (K,, m%kg)
calculated as a dimensionless distribution constant divided by a coating density (Kq/p).
Coating porosities (¢ = 0.685 for Car/PDMS, and 0.775 for PDMS/DVB) were
calculated using intra-particle porosities (0.37 for Car, and 0.55 for DVB [161]) and
inter-particle porosity. The exact value of the latter is proprietary and not available in
the open literature. Taking into account, the spherical shape of particles and available
scanning electron microscope (SEM) photos, the inter-particle porosity of both
coatings was set to the maximum possible value (0.50). A particle porosity (&) was
calculated as the total volume of pores (0.78 mL for Car, and 1.54 mL for DVB) divided
by the total volume of one gram of material (2.13 mL for Car, and 2.78 mL for DVB).
Densities of the coatings were calculated using free fall densities of the particles (470
kg/m? for Car, and 360 kg/m? for DVB) [161] and inter-particle porosity. Effective
diffusion coefficients were calculated during the calculations by the COMSOL
software using the Tortuosity model proposed by Mocho and Desauziers:

_&hy (6)
e T

where:
€ — porosity;
T — tortuosity factor calculated from the porosity [160]:

T=¢+15(1—¢) (7)

For Car/PDMS and PDMS/DVB coatings, tortuosity was set to 1.16 and 1.1125,
respectively.

5.3 Results and Discussion

5.3.1 Time-weighted average sampling profiles of benzene from air using
different coatings

A sampling of VOCs from the air via retracted SPME has been described using a
simplified form of the Fick’s first law of diffusion (Equation 1). However, this equation
works only when a SPME fiber acts as a “zero sink” sorbent. Modeling using
COMSOL software allowed obtaining sampling profiles for benzene (Figure 22).
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Figure 22 — Benzene sampling profiles from ambient air (T =298 K, Z =10 mm, 24
ga needle, p = 1 atm, Chenzene = 0.641 umol/m?) obtained using different fiber
coatings. The ideal case pertains to Equation (1)

Closer inspection of Figure 22 illustrates that none of the studied coatings behave
as “zero sink” sorbent adhering to Equation (1), an effect amplified by extended
sampling time. After 100,000 s of sampling, Car/PDMS, PDMS/DVB and PDMS
extracted 77, 38 and 2.7%, respectively, of the theoretically required for a passive
sampling technique. Even if sampling time is decreased to 10,000 s, recoveries for
these three SPME fiber coatings were 91, 69 and 12.6%, respectively. At sampling time
1000 s, recoveries were 97, 88 and 32% for Car/PDMS, PDMS/DVB and PDMS,
respectively.

One possible explanation for the departure from Equation (1) is that it can be
caused by the increase of the analyte concentration in the air near the fiber tip (Figure
23a), which is directly proportional to the analyte concentration in the fiber tip
continuously increasing during the sampling. The increase of analyte concentration in
the air near the fiber tip results in the decrease of the analyte flux (i.e., the number of
moles of analyte entering protecting needle per cross-sectional area and time) from the
sampled air with time. This affects the sampling rate (i.e., number of moles of an
analyte extracted by a coating per unit of time), which was previously assumed to be
constant [53, p.457, 54,p.1515, 61, p.4, 62, p.554, 64, p.2008, 79, p.1482, 148, p.801,
149, p.554, 150, p.3]. SPME fiber coating can affect the apparent rate of sampling. This
was previously assumed to be negligible. According to the Figure 23, Car/PDMS is the
most efficient coating for TWA sampling of benzene because it provides highest
benzene extraction effectiveness indicated by the highest distribution constant.
However, sampling by this coating is limited by the slow diffusion of an analyte via
pores of the adsorbent. At sampling time 100,000 s, the closest 1 mm of the Car/PDMS
coating to the needle opening contains 41% of the total extracted analyte. Benzene
concentration in the fiber tip is about 500 times higher than in its other end (furthest
from the needle opening). For PDMS/DVB coating, the concentration in the tip is about
24% higher. Slower diffusion of benzene via pores of Car/PDMS fiber is caused by the
higher affinity of benzene to the surface of the solid phase (higher distribution
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constant), and lower porosity. Such non-uniform distribution of analytes in the
Car/PDMS may be the reason of their slow desorption after TWA sampling and highly
tailing peaks, particularly for most volatile analytes, which cannot be cold-trapped and
refocused in a column front without cryogens. This problem also decreases the
accuracy of the method.
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Figure 23 — Concentrations of benzene in diffusion path air (a) and coating (b) of the
retracted SPME device after 100,000 s of TWA air sampling at Z = 10 mm

The accuracy of the model was validated by increasing the pore diffusion
coefficient of benzene inside Car/PDMS coating by three orders of magnitude. In this
case, the benzene sampling profile was the same as predicted by Equation (1). This
also confirms that an analyte diffusion coefficient inside a coating affects sampling
profile and the accuracy of its quantification using TWA SPME. The model has also
been validated in the 3D mode of COMSOL software, which is much slower compared
to 2D. The difference between the results of 2D and 3D modeling were below 2%,
which confirms the accuracy of the 2D model.

5.3.2 Effect of diffusion coefficient and distribution constant on sampling of
analytes by 85-um Car/PDMS coating

The Car/PDMS coating was used for simulating extraction of other common
VOCs associated with a wide range of diffusion coefficients and distribution constants.
During 100,000, 3.3, 3.9, 3.5 and 3.3 pmol of dichloromethane, acetone, toluene, and
benzene, respectively, were extracted, which corresponds to 68, 65, 82 and 77% of the
theoretical values predicted by Equation (1) (Figure 24). The lowest value was
observed for acetone having a distribution constant close to dichloromethane, and the
highest diffusion coefficient among studied compounds. Highest recovery was
observed for toluene having the lowest diffusion coefficient and the highest distribution
constant. Thus, both diffusion coefficient and distribution constant affect the recovery
of sampled analytes. Highest recovery can be achieved at the lowest diffusion
coefficient and highest distribution constant. At sampling times 1000 and 10,000 s,
recoveries are greater (95-98 and 85-93%, respectively) and less affected by the
analyte’s properties.
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Figure 24 — Effect of sampling time of TWA recoveries of analytes having different
diffusion coefficients and distribution constants using 85-um Car/PDMS fiber (T =
298 K, Z = 10 mm, 24 ga needle, p = 1 atm, C = 0.641 pumol/m?)

5.3.3 Effect of a protecting needle gauge size

Commercial SPME fiber assemblies are available with two different sizes of a
protecting needle 24 and 23 ga having an internal diameter (i.d.) 310 and 340 um,
respectively. A cross-section area of the 23 ga needle is 20.3% greater than that of 24
ga needle, which (according to Equation 1) should result in the proportionally greater
amount of an analyte extracted by a 23 ga SPME assembly. However, as shown above,
faster extraction rates result in a faster saturation of the coating and lower recovery at
longer sampling times. According to the results of COMSOL simulations, despite
~19% greater amounts of extracted analytes compared to a 24 ga assembly, sampling
with a 23 ga assembly provided similar recoveries of analytes.

Such results can be explained by considering the effect of a greater space between
the coating and the internal wall of the protecting needle allowing faster diffusion of
analytes to the side and rear sides of a coating (Figure 25).
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Figure 25 — Effect of protecting needle gauge size concentration profile of benzene in
the Car/PDMS coating after 100,000 s sampling
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This is consistent with recent experimental observations where straight glass GC
liners were used (actual measured I.D. is ~0.84 mm compared with the nominal 0.75
mm 1.D.) instead of SPME needle for sampling with retracted fiber [151, p.9]. Thus,
TWA sampling using 23 ga SPME assembly is recommended over 24 ga for achieving
lower detection limits without negative impact on the accuracy. All further modeling
was conducted using a 23 ga SPME device.

5.3.4 Effect of diffusion path (Z) at constant analyte concentration in sampled air

Diffusion path length is one of the two parameters that can easily be adjusted by
users for achieving the optimal sampling conditions (the other one being sampling
time). The increase of Z decreases the rate of sampling. It slows down the saturation of
the fiber tip and increases recoveries of analytes (Figure 26) at longer sampling times.
For all studied analytes, at t = 100,000 s and Z = 40 mm, recovery was 86-93 %
compared to 66-82% at Z = 10 mm (Figure 26).
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Figure 26 — Effect of diffusion path length on recoveries of four analytes (C = 0.641
umol/md) after sampling for 100,000 s using 23 ga Car/PDMS fiber assembly

The only major drawback of the increase of Z is the decrease of an analyte amount
extracted by a coating and a lower analytical signal, which result in the increased
detection limits. At Z = 40 mm, C = 50 pg/m?® (C = 0.641 pmol/m?®) and t = 100,000 s,
23 ga Car/PDMS assembly extracts ~100 pg of benzene. For GC-MS, the detection
limit of benzene is less than 2 pg [56, p.49] meaning that the detection limit will be ~1
ng/m3, which is five times lower than the maximum permissible annual average
concentration of benzene in ambient air in the European Union (5 pg/m?). In other
countries, permissible concentrations are even higher.

5.3.5 Effect of diffusion path (Z) at variable analyte concentration in sampled air
(worst-case scenario)

Time-weighted average sampling is conducted during long time periods (e.g., 24
h), during which concentrations of analytes in the sampled air can vary significantly.
The apparent worst-case scenario can be when in the first half of sampling,
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concentration is much higher than during the second half. When the concentration of
an analyte in the sampled air becomes close to or lower than the concentration near the
fiber tip, the flux of analytes inside protecting needle can go to a reverse direction
resulting in desorption of analytes from a coating. However, this violates the main
principle of TWA sampling: the rate of sampling should depend only on the
concentration of an analyte in a sampled air. It means that if an analyte concentration
in sampled air is zero, a rate of extraction should also be equal to zero. Thus, the aim
of this part of the work was to model such a case and estimate the highest possible
uncertainty of the TWA SPME sampling approach.

As was assumed, desorption of dichloromethane, acetone, and benzene from a
fiber started after concentrations of analytes dropped from 1.176 to 0.1176 umol/min
the middle of extraction process (Figure 27).

(a) (b)
—Dichloromethane Acetone  —Toluene  —Benzene 90

85
80
75

70

Recovery (%)

65

60

55

Amount of analyte extracted (pmol)
o [ = ~ ~ w w IS IS w

50
0 5 10 15 20 25 0 10 20 30 40 50
Sampling time (h) Diffusion path lengh (mm)

Figure 27 — Sampling (Z = 10 mm) profiles (a) of four analytes from air having their
Varying concentrations (Co-49,0005 =1.176 umol/m3, C4gyooo_5110005 =1.176 - 0.1176
umol/m?3, Cag.000-100,000s = 0.1176 pmol/m?3) and recoveries of analytes (b) at t =
100,000 s and different Z

Desorption of toluene was not observed because it has the highest distribution
constant among all studied analytes. However, the toluene sampling rate after the drop
of its concentration in sampled air was lower than theoretical. Recoveries of analytes
at Z =10 mm dropped from 65-82 to 52-70%, at Z = 20 mm from 78-90 to 67-79%, at
Z =30 mm from 85-93 to 73-82, at Z = 40 mm from 86-93 to 75-82 % (Figure 27).
Only at Z = 40 mm, it was possible to keep recovery of all analytes above 75%. Thus,
if possible, for greater accuracy, sampling must be arranged so that no significant drop
in concentration takes place. Such a drop can be observed, e.g., if the end of sampling
is planned for the night when VOCs concentrations in ambient air are typically lower
due to much lower road traffic and other human activities. Also, using shorter sampling
times can minimize the risk of the reverse diffusion when ambient concentrations are
predicted to drop significantly.

5.3.6 Alternative geometries for time-weighted average solid-phase
microextraction sampling

As was shown above, recoveries of analytes can be increased by increasing the
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internal diameter of a protecting needle because analytes can faster diffuse around and
to the side of the fiber coating than inside it. It decreases the controlling role of the
fiber coating and should lead to a more accurate and reproducible results.

Tursumbayeva [151, p.12] proposed using SPME liner for TWA SPME to avoid
sorption of analytes onto metallic walls of a protecting needle. The same approach can
be used to avoid equilibration of analytes between the fiber tip and surrounding space
after sampling over longer time periods. At variable concentrations of analytes (as
simulated in the previous section), calculated recoveries for VOCs using Z = 67 mm
(Figure 28a) are 73-84%, which is close to the values obtained using retracted fiber at
Z =40 mm.

(a)
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0.75 mm
Thermogreen septum

Z (max 67 mm)

SPME liner
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Modified SPME liner

Figure 28 — Alternative geometries for TWA SPME sampling: (a) used by
Tursumbayeva [151], and (b) proposed in this research to minimize sources of
deviation from Fick’s law of diffusion calibration

No improvement was observed because 0.75 mm i.d. SPME liner has 4.9 times
greater cross-sectional area than 23 ga protecting needle, which results in a 2.9 times
greater theoretical flux of analytes from sampled air to the coating under the set Z (67
and 40 mm, respectively). To decrease flux of analytes, the liner can be modified to a
lower i.d. (e.g., 0.34 mm as for 23 ga needle) from the sampling side almost to the
expected location of the fiber as shown in Figure 28b. Under these conditions,
recoveries increased to 88-91% (Figure 29).

The use of these alternative geometries (Figure 30) resulted in a more uniform
distribution of the analytes in a coating; for 0.75 mm i.d. SPME liner concentrations of
analytes near the fiber tip were only 1.1-2.7 times greater than at another side of the
coating. This should result in a faster desorption of analytes, less pronounced peak
tailing and greater accuracy of the method. A similar effect is achieved when using
Radiello® passive air sampler [41, p.899], which provide a greater surface area of an
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adsorbent available for the diffusive air sampling.
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Figure 29 — Effect of TWA SPME sampling geometry on recoveries (t = 100,000 s,
Co-49,000s = 1.176 pmol/m?, Cag000-51,000s = 1.176 — 0.1176 pmol/m?, Cag 000-100,000s =
0.1176 umol/m3)
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Figure 30 — Profiles of analyte concentration in the Car/PDMS coating after sampling
ambient air (Co-4910005 =1.176 umol/mS, C4g,000,51,0005 =1.176 - 0.1176 umol/m3,
C49,000-100,000s = 0.1176 umol/m3) for 100,000 s using the geometry presented in Figure
28a

5.4 Section conclusion

A finite element analysis-based model (based on COMSOL Multiphysics
software) allowed efficient simulation of TWA air sampling of VOCs using retracted
SPME fibers. It was possible to model the effects of sampling time, coating type
(including adsorptive coatings for the first time) and composition, diffusion coefficient,
the distribution constant, the internal diameter of a protecting needle and diffusion path
on the recovery of analytes, their concentration profiles in the air inside protecting
needle, and the coating. The advantages of such a simulation compared to an
experiment are: (1) time and cost savings; (2) lower uncertainty and the possibility to
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discover minor impacts of sampling parameters on its performance; and (3) the
possibility to understand and optimize a sampling process in greater detail. The results
of this research allowed disclosing potential sources of the apparent departure from
Fick’s law of a diffusion-based model used for quantification of VOCs with retracted
SPME.

It was established that sampling by porous coatings with high affinity to the
analyte (Car/PDMY) is affected by the saturation of the fiber tip and slow diffusion of
analytes in the coating. Highest recoveries are achieved for analytes having lowest
diffusion coefficients and highest affinities to a coating. The increase of an internal
diameter of a protecting needle from 24 to 23 ga allows proportionally greater
responses to be obtained at similar recoveries.

The most important parameter of a sampling process that users can control is a
retraction depth. The increase of Z allows slowing down the sampling and achieving
higher recoveries of analytes. In this study, at Z = 40 mm and constant analyte
concentration in a sampled air, recoveries of studied analytes reached 86-—93%
compared to 65-82% at Z = 10 mm. The developed model allowed simulation of the
worst sampling case when analyte concentrations significantly drop in the middle of
sampling. For the first time, it has been proven that at such sampling conditions and Z
=40 mm, recoveries of analytes can drop by ~10%, while at Z = 10 mm by ~15%.

According to the results of the simulation, it is optimal to conduct sampling of
studied VOC:s using a 23 ga Car/PDMS assembly at Z = 40 mm. Expected detection
limits at these parameters are about 1 pg/m?3.

Alternative geometries of a protective TWA SPME sampling devices could be
used to increase recoveries of analytes. Sampling using 0.75-mm 1.D. SPME GC liner
at Z = 67 mm provides similar recoveries compared to sampling using a protecting
needle at Z = 40 mm, but it provides greater amounts of analytes extracted and lower
detection limits. To achieve greater recovery, part of the liner should have narrower
I.D. (e.g., 0.34 mm). The increase of the diameter of the extraction zone where the
coating is located results in a more uniform distribution of analytes, which should lead
to faster desorption, less pronounced peak tailing and greater accuracy. Specific
sampler parameters should be selected for particular sampling time and environmental
conditions (temperature and atmospheric pressure) using the developed model. The
methodology used in this study could also be used for more accurate and simpler
calibration of the method. It can be used to model the sampling of other environments
(process gases, water) by retracted SPME fibers. Further modification of this model
could allow simulation of soil and soil gas sampling.
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6 DEVELOPMENT OF THE METHOD FOR THE DETERMINATION OF
TIME-WEIGHTED AVERAGE CONCENTRATIONS OF VOLATILE
ORGANIC POLLUTANTS IN THE AIR BASED ON A MODIFIED SAMPLER
WITH AN ALTERNATIVE GEOMETRY AND SOLID-PHASE
MICROEXTRACTION

In Section 5, an alternative geometry of a protective TWA SPME sampler was
proposed. It was suggested that the narrow inner diameter (0.34 mm) of the glass liner
during the diffusion path and the wider diameter (0.75 mm) in the extraction zone
would provide higher recoveries of the TWA concentrations of VOCs. Experimental
optimization is required to confirm the developed model based on numerical modeling
using COMSOL Multiphysics. This Section aims to the development of a modified
sampler with an alternative geometry and method for the determination of TWA
concentrations of VOCs in ambient air using SPME.

6.1 Experimental part

6.1.1 Reagents and materials

A wide range of VOCs was used in this study (Table 22). All standard solutions
for experiments were prepared in methanol (purity > 99.9%) that was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Helium (purity > 99.995%) for GC-MS analysis
was obtained from “Orenburg-Tehgas” (Orenburg, Russia). Nitrogen (99.5%) was
obtained from Ihsan Technogaz (Almaty, Kazakhstan) for the gas generation system.

Table 22 — The list of VOCs and their physical properties

Molar | Boiling

Compound P(uo;(:;[y Origin CAS No. mass Point
(9/mol) | (°C)
n-Dodecane 112-40-3 170.3 216.3
Tetrachloroethane 79-34-5 167.8 146
Ethylbenzene Sigma-Aldrich 100-41-4 106.2 136
m-Xylene >99.0 (St. Louis, MO, USA) 108-38-3 106.2 139
p-Xylene 106-42-3 106.2 138
0-Xylene 95-47-6 106.2 144
Naphthalene 91-20-3 128.2 218
Benzene ~99.8 EKOS-1LLP 71-43-2 78.11 80
Toluene - (Moscow, Russia) 108-88-3 92.14 111
n-Undecane ~99 0 LLO Ekroschem 1120-21-4 156.3 196
1,3,5-Trimethylbenzene - (St. Petersburg, Russia) 108-67-8 120.2 165
1,2-Dichloroethane >99.0 Component-reactive LLO 107-06-2 98.96 83
Methyl tert-butyl ether >99.9 (Moscow, Russia) 1634-04-4 88.15 55.2
1,2,4-Trimethylbenzene | >98.0 (Urag IS,F)IiZZLaLkEstan) 95-63-6 | 1202 | 169
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6.1.2 The modified sampler with an alternative geometry for time-weighted
average sampling of volatile organic compounds

The main concenpt of sampler modification was proposed by Kenessov et al. [83]
and by the results obtained in Section 5. The use of glass liner with alternative geometry
was proposed: an increased inner diameter in the extraction zone (0.80 mm) and a
reduced inner diameter during the diffusion path (0.34 mm) (Figure 31). Before
sampling with the developed sampler, a glass capillary (1) was installed on the adapter
(3) from the 1/4” side and screwed with a PTFE ferrule (2) and metal nut (5).
Subsequently, the inner part of the modified sampler was purged with pure nitrogen to
avoid contamination by VOCs. SPME fiber (7) was inserted from the 1/8” side to the
adapter and fixed with a PTFE ferrule (4) and metal nut (6). For determination time-
weighted average concentrations of VOCs, the SPME fiber was exposed inside the
glass capillary at the extraction zone.
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Figure 31 — The modified TWA sampler with alternative geometries

6.1.3 Gas chromatography-mass spectrometry conditions

All analyses were conducted on a 7890A/5975C (Agilent, USA) GC-MS system
equipped with split/spitless inlet and the MPS (Gerstel, Germany) autosampler.
Separations were performed using 30 m x 0.25 mm HP-INNOWax column (Agilent,
USA) with a 0.25 um film thickness at a constant helium flow of 1.0 mL/min. Thermal
desorption of analytes from SPME fiber in the GC injector was performed in spitless
mode at 240 °C using 0.75 mm i.d. liner (Supelco, USA). The oven temperature was
programmed from 40 °C (held for 5 min) to 205 °C with a heating rate of 10 °C/min,
then to 240 °C (held for 3 min) with a heating rate of 50 °C/min. The total GC run time
was 25.2 min. Temperatures of MS ion source, quadrupole and interface were 230, 150
and 250 °C, respectively. MS detection was performed using the electron impact
ionization at 70 eV in selected ion monitoring mode. For better separation and peaks
shape, ions were divided into 4 groups (Table 23).

6.1.4 Variability of solid-phase microextraction fibers

The study of SPME fibers variability was carried out in static mode and was based
on a comparison of analyte responses obtained by six 85 um Car/PDMS fibers. During
extraction, the SPME fibers were exposed inside a glass capillary at Z=20 mm. The
glass capillary was similar to the GC glass liner for SPME, but the internal diameter
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was equal to 0.80 mm. Extraction was conducted for 1 and 8 hours in a 1 L jar with
modified caps, which consisted of seven holes (6 for glass capillary and 1 for solution
injection) (Figure 32). Gas with known concentrations of VOCs was prepared by
adding 5 pL of a standard solution of analytes with a concentration of 100 ng/uL
through Thermogreen septaina 1 L jar. The concentration of analytes added to jar was
500 pg/m?.

Table 23 — MS detection program of analytes in SIM mode

No F\_’etentic_)n Group Compounds Quantification lon G_roup St_art
time, min Ne m/z, amu (dwell) Time (min)

1 3.50 Benzene 78 (50)

2 5.77 1 Toluene 91 (50) 3.10

3 6.66 1,2-Dichloroethane 62 (50)

4 7.25 n-Undecane 57 (50)

5 7.91 » Ethylbenzene 106 (50) 210

6 8.07 m-Xylene 106 (50)

7 8.22 p-Xylene 106 (50)

8 9.14 0-Xylene 106 (50)

9 9.42 3 n-Dodecane 57 (50) 9.00

10 10.29 1,3,5-Trimethylbenzene 105 (50) '

11 10.95 1,2,4-Trimethylbenzene 105 (50)

12 14.41 4 Tetrachloroethane 83 (50) 14.00

13 17.33 Naphthalene 128 (50) '

Figure 32 — The 1 L jar with modified caps and six glass capillaries

6.1.5 The development of system for generation of gas with known concentrations
of volatile organic compounds

The developed system for gas generation with known VOC concentrations is
shown in Figure 33. The gas line of the developed system consisted of a nitrogen gas
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cylinder with valve (1), which was connected to gas reduction valves including switch
(2) (Brass 1/4 in. Swagelok, USA), and needle valves (3) (Stainless Steel Low-Flow
Metering Valve, 1/4 in., Swagelok, USA). The gas line was connected to two 20 mL
vials filled with activated carbon (4) to purify nitrogen to achieve “zero” air that
required for the accurate determination of TWA concentrations. Before each series of
experiments, the blank of nitrogen flow was checked to avoid possible inaccuracy due
to contamination. After purification, the gas line was connected to the thermostated
station, consisting of mixing port (5), motorized syringe pump (6) (KD Scientific, Inc.,
Holliston, MA, USA), and a 250 uL gas tight syringe (7) (Hamilton, Reno, NV, USA).
A mixing port was required for the injection of a standard solution of VOCs into the
system. To equilibrate the VOCs concentration in the system, 5 m PTFE tubing (8) was
used.

The equilibration zone was connected to the extraction zone, which consisted of
a custom-made gas sampling bulb (9) with four sampling ports. The developed
samplers with alternative geometry (10) were installed in the sampling ports. The
heating and temperature control in the developed system was performed using a
custom-made heating system and thermocouple thermometer, respectively. For
stability assessment a 20 mL vial (11) was connected to the developed system. The vial
was placed on a GC autosampler tray (12), which was installed on GC-MS. The gas
line of the system was connected to SKC check-mate Flowmeter (13) (SKC Inc.,
Dorset, UK) to control airflow during extraction and for the accurate preparation of gas
with known concentrations. All the connections were made of PTFE to avoid the
adsorption of VOC:s.
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Figure 33 — The scheme of the developed system for determination of TWA
concentrations

Extraction of VOCs was carried out in a 20 mL vial by exposed 85 um Car/PDMS
for 1 min every 3 h. The total duration of stability assessment was 48 h. The
concentration of the VOCs in the system was 333 ug/m?®, which was prepared by
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injection a standard solution with an analytes concentration 2000 ng/uL using a syringe
pump at speed of 3 uL/h. The nitrogen flow rate was set at 300 mL/min. Stabilization
of VOC:s concentrations in the developed system was carried out for 24 h.

6.1.6 Methodology of optimization of solid-phase microextraction fiber coating

Five commercially available fibers (50/30 um DVB/Car/PDMS with 1 and 2 cm
coatings, 100 um PDMS, 85 um Car/PDMS and 65 um PDMS/DVB) and one
synthesized in our laboratory SPME fiber with a metal-organic framework (MOF)-199
coating were chosen for optimization. Extraction was carried out in the developed
system using modified TWA sampler at Z=67 mm for 24 h at 30 °C. The concentrations
of VOCs in the system were 345 pug/m? for MOF-199, DVB/Car/PDMS with 1 and 2
cm coatings and PDMS, and 408 pg/m? for Car/PDMS and PDMS/DVB.

The selection of the optimal SPME fiber coating was based on the recovery of the
analyte adsorption/absorption masses:

meas

m
R = x 100% (8)
mtheory

where: Mpeas aNd Mineory — Measured and theoretical masses of the analytes on the
SPME fiber extracted during TWA sampling, respectively.

The measured masses of the analytes were calculated using calibration plots
obtained by liquid injection of the standard solution in the GC-MS. The theoretical
masses were calculated using Fick’s law:

: ©)
where: Crwa — time-weighted average concentration of an analyte in system,
ug/m®;
t — extraction time, s;
D — diffusion coefficient of analytes, sm?/s;
A — cross sectional area of modified sampler, m?;
Z — diffusion path length, m.

6.1.7 Comparison of GC liner and modified sampler for determination of time-
weighted average cocnentrations

The experiment was conducted using the developed system with VOC
concentrations of 376 ug/m?. Extraction was carried out by exposed 85 um Car/PDMS
and MOF-199 at Z=67 mm for 24 h at 30 °C in developed modified sampler and
common GC liner for SPME. The use of a GC liner for TWA extraction was proposed
by Tursumbayeva et al. [89]. Before each extraction, blanks of the nitrogen flow were
obtained under the same conditions.
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6.1.8 Effect of diffusion path length

The effects of the diffusion path length on the analyte recoveries were studied at
VOCs concentrations of 350 ug/m?in the developed system. Extraction was conducted
at 30 °C for 24 h by 85 um Car/PDMS at 27, 67, 97 and 127 mm. All diffusion path
lengths were analyzed using two replicates.

6.1.9 Comparison of the developed method with sorbent tube-based method

The developed method was compared with the sorbent tube-based method, which
was used as the “reference” method. For comparison, the sampling of real air samples
was conducted simultaneously by 85 um Car/PDMS SPME fiber exposed in sampler
with alternative geometry at Z=67 mm and sorbent tubes packed with Carbopack®
B+X. In addition, the developed system was applied for air sampling to assess the
difference between the static and dynamic modes for the determination of analyte TWA
concentrations. Extraction was conducted for 24 h.

The sampling was conducted simultaneously using a developed sampler installed
in a box that protects SPME fibers from meteorological conditions (rain, snow, and
strong wind) (Figure 34) and in the developed thermostated system. The sampling part
of the sampler was exposed to the ambient air. SPME fiber analysis of was conducted
immediately after sampling.

Figure 34 — The sampling of ambient air: (a) using developed sampler; (b) using
developed sampler and system

Before sampling, the sorbent tubes were preconditioned at 300 °C under helium
flow for 25 min and sealed in special containers for storage and transportation using
PTFE ferrules and Swagelok-type fitting. Sampling was carried out using the Pocket
pump TOUCH (SKC Inc., Dorset, UK) at a flow rate of 30 mL/min for 24 hours. The
total sample volume was 43.2 L. Analysis was conducted on a 7890A/5975C (Agilent,
USA) GC-MS system equipped with a CIS4 programmable temperature vaporization
(PTV) inlet, commanded by a C506 controller (Gerstel, Germany), and MPS2 (Gerstel,
Germany) autosampler. Separations were performed using a 60 m x 0.25 mm DB-624
column (Agilent, USA) with a 1.4 um film thickness at a constant helium flow of 1.0
mL/min. Samples were injected via the TDU-PTV inlet at the solvent vent mode, and
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50 mL/min helium flow was purged through the sorbent tube in the thermal desorption
unit TDUZ2, then directed to the cooled injection system.

TDU was heated from 10 °C (held for 0.5 min) to 300 °C (held for 10 min) at a
heating rate of 100 °C/min. In the PTV, analytes were trapped in a Carbotrap® B-
packed liner at -80 °C. For cryofocusing liquid nitrogen was obtained from Laboratory
of Cryophysics and Cryotechnologies (Almaty, Kazakhstan). The PTV injection
temperature was programmed from -80 °C (held for 5 min) to 250 °C (held for 15 min)
at a heating rate of 10 °C/min. The transfer temperature was set at 200 °C. The oven
temperature was programmed from 35 °C (held for 5 min) to 240 °C (held for 10 min)
at a heating rate of 10 °C/min. The total run time was 35.5 min.

6.2 Results and Discussion

6.2.1 Study of variability of solid-phase microextraction fibers

A study of SPME fibers variability is necessary to assess the possibility of
simultaneous use of several fibers with the same coating. Simultaneous use reduces the
time required for experiments and allows parallel measurement of TWA
concentrations.

The experiment was carried out using a modified 1 L jar, which should provide
an infinite volume for long-term extraction by six SPME fibers without substantial
changes in the VOCs concentrations in the jar. COMSOL Multiphysics was used to
prove the infinite volume for 1 L jar. The modified 1 L jar was built in COMSOL for
extraction by one and six SPME fibers over 50 h. According to the simulation, the
difference between analyte masses adsorbed by one and six fibers was insignificant
(<5%) during 50 h of extraction (Figure 35). The obtained results indicated the
possibility of using a 1 L jar for simultaneous extraction by six SPME fibers for further
experiments.
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Figure 35 — Simulation of extraction in 1L jar with one and six SPME fibers

The responses of the analytes obtained by the six Car/PDMS fibers were
statistically analyzed using the Grubbs test to study the variability (Minitab 19, trial
version, USA). Two outliers were determined using Grubbs test for methyl tert-butyl
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ether and n-dodecane after 8 h of extraction (p<0.05) (Table 24). All outliers were
obtained by fiber Ne4. According to the Grubbs test, the differences between analytes
extracted by different Car/PDMS fibers were statistically insignificant, except fiber
Ne4. Therefore, in further experiments all fibers can be used for parallel measurements.
Fiber Ne4 was not used in further experiments.

Table 24 — p-values obtained by Grubbs test

Compounds p (1h) p (8 h)
MTBE 0.244 0.013*
1,2-Dichloroethane 0.528 0.909
Benzene 1.000 0.200
Toluene 0.925 0.622
Ethylbenzene 1.000 0.593
m,p-Xylene 0.814 0.453
0-Xylene 1.000 0.453
Tetrachloroethane 0.121 1.000
1,3,5-Trimethylbenzene 0.352 1.000
1,2,4-Trimethylbenzene 1.000 0.880
n-Undecane 0.294 0.239
n-Dodecane 0.134 0.013*
Naphtalene 0.293 0.473
Note: * - statistically significant

The relative standard deviations of the responses obtained by studied six SPME
fibers were calculated for determination of precision. Maximal RSDs were obtained
for n-dodecane at extraction time of 1 h (39%) and 8 h (23%) and naphthalene at 1 h
(33%). The RSDs of the remaining analytes varied from 2 to 15% (Table 25).

Table 25 — The RSDs of the analytes responses obtained at 1h and 8 h extraction

Compounds RSD at 1 h (%) RSD at 8 h (%)

MTBE 7 9
1,2-Dichloroethane 11

Benzene 11 3
Toluene 9 12
Ethylbenzene 11 5
m,p-Xylene 9 4
0-Xylene 11 4
Tetrachloroethane 15 5
1,3,5-Trimethylbenzene 15 5
1,2,4-Trimethylbenzene 13 4
n-Undecane 12 15
n-Dodecane 39 23
Naphtalene 33 7
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However, RSDs for all analytes, except MTBE, toluene and n-undecane, were
1.7-4.5 times higher at 1 h extraction than at 8 h. To achieve less variability between
fibers, it is recommended to carry out simultaneous extraction by six SPME fibers for
8 h or longer.

6.2.2 Study of the stability of the developed system for generation of gas with
known concentrations of volatile organic compounds

The stability of the VOCs concentrations generated by the system was assessed
by extraction using exposed Car/PDMS fiber every 3 h. Each extraction was conducted
in one replicate due to the time-consuming analysis (~30 min) and automatization of
the system, which does not allow for extraction in replicates.

The 48 h operating of the developed system resulted in variations in analyte
responses from 85 to 111% of the initial values (Figure 36). The responses of VOCs
ranged between 81 and 147% during all operating times of the system, which proved
the stability of the gas generation. During the stability study, after 12 h of system
operation, only one outlier was determined, which was 44% for o-xylene. The results
indicate that the developed system can be used to produce stable analyte responses over
48 h. This stable system provides reproducible results for further experiments. In
addition, each set of experiments will be followed by the extraction of analytes using
the exposed Car/PDMS fiber to control the concentrations of analytes generated by the
developed system.
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Figure 36 — Changes in responses of VOCs during the stability study of developed
system for 48 hours

6.2.3 Study of effect of solid-phase microextraction fiber coatings on analytes
recoveries

The selection of the optimal SPME fiber coating was based on the recovery of the
VOCs masses adsorbed/absorbed by the fiber during TWA extraction in the developed
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system. The blanks of the system and the extraction of gas with known VOCs
concentrations were carried out for each fiber.

The obtained results indicated two most appropriate fibers, Car/PDMS and
DVB/Car/PDMS with a 2-cm coating, which showed recoveries for 9 out of 13 VOCs
ranged from 99 to 120% and from 93 to 118%, respectively (Figure 37). However, the
RSDs obtained by the 2-cm DVB/Car/PDMS were 16-41% for 9 VOCs, which will
effect the accuracy of VOCs determination. PDMS provided the lowest recoveries for
most analytes, with the exception of o-xylene, 1,3,5-trimethylbenzene, 1,2,4-
trimethylbenzene and naphthalene, for which lowest recoveries were obtained with 1-
cm DVB/Car/PDMS. Recoveries higher than 120% were achieved for 9 VOCs using
the PDMS/DVB fiber that is not appropriate for accurate determination of TWA
concentrations in ambient air. The synthesized fiber with MOF-199 coating provided
75-115% recoveries for 8 out of 13 VOCs, and RSDs 3-21%, except for
tetrachloroethane, 1,3,5-trimethylbenzene and n-dodecane (Figure 37). Overall, the
Car/PDMS and 2-cm DVB/Car/PDMS fibers provided the greatest recoveries for most
of studied VOCs. At the same time, the Car/PDMS provided the lowest RSDs, which
varied from 2 to 22% for all analytes. Thus, based on the obtained results the
Car/PDMS SPME fiber was chosen as optimal for determination of the TWA
concentrations of VOCs, which is in accordance with results in Section 5. In addition,
MOF-199 fiber coating was chosen for further experiments for comparison with
commercially available SPME fiber.
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Figure 37 — Recovery of determination of VOCs TWA concentrations by different
SPME fiber coatings
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6.2.4 Comparison of the accuracy of determination of time-weighted average
concentrations by GC liner and modified sampler using solid-phase microextraction
fiber

The modified sampler was compared with the sampler proposed by
Tursumbayeva et al. [89, p.11] using a GC liner with an exposed SPME fiber inside it.
The comparison was conducted based on the recovery of VOCs obtained by the
Car/PDMS and MOF-199 fibers using modified sampler and GC liner.

The modified sampler with Car/PDMS showed better recovery than the GC liner
for 9 out of 13 VOCs, which varied from 91 to 137%, except for MTBE (Figure 38).

300 | mmModified sampler
#zaGC liner
250 | —100%

Recovery (%)

Figure 38 — Recovery of determination of VOCs TWA concentrations by Car/PDMS
fiber using modified sampler and GC liner

The minimum recoveries achieved for MTBE using a modified sampler and GC
liner were 59% and 38%, respectively. The GC liner with Car/PDMS resulted in better
recoveries of tetrachloroethane, 1,3,5-trimethylbenzene, n-undecane and n-dodecane,
which were 82, 76, 116% and 98%, respectively.

The use of MOF-199 with a modified sampler provided better recovery for all the
studied analytes than the GC liner. The minimum recovery was obtained for n-
dodecane using a modified sampler (44%) and GC liner (34%) (Figure 39). For the rest
of the VOCs recovery ranged from 52 to 90% for the modified sampler and from 37 to
64% for the GC liner. The obtained results are in accordance with previous theoretical
simulations in COMSOL Multiphysics (Section 5 and [83, p.1-14]) and prove that the
modified sampler achieves better analytes recovery compared to GC liner.
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Figure 39 — Recovery of determination of VOCs TWA concentrations by MOF-199
fiber using modified sampler and GC liner

6.2.5 Effect of diffusion path length on the recovery obtained using a modified
sampler

As mentioned previously, an increase in the diffusion path length leads to a
decrease in the sampling rate, and consequently, to a decrease in the saturation of the
fiber. The saturation of the fiber tip decreases analyte recovery [83, p.6]. The modified
sampler avoids saturation of the fiber tip, which leads to an increase in analyte
recovery. The extraction process was simulated in COMSOL Multiphysics to assess
the effect of diffusion path length. The model described in Section 2.5 was used in the
simulation.

In the modified sampler, the entire surface of the fiber works, which makes it
possible to achieve recovery of >80% at constant analyte concentrations, even at short
diffusion path lengths (17 mm) (Figure 40).
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Figure 40 — Effect of diffusion path length on analytes recovery obtained using a
modified sampler from air with constant concentrations (100 pg/m?®) at t = 100,000 s
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The effect of diffusion path length was assessed at 100,000 s (~27.8 h) with an
analyte concentration of 100 pg/m3. According to the obtained results, the recoveries
of benzene, toluene, and dichloromethane were 84-87%, 86-88% and 80-87%,
respectively (Figure 40). During the sampling of real ambient air samples, the analyte
concentrations are not constant and can vary substantially. The extraction process was
simulated when the analyte concentrations substantially decreased in the middle of the
extraction.

The decrease was simulated from 100 to 10 pg/m? during 2000 s (from 49,000
(~13.6 h) to 51,000 s (~14.2 h) of extraction). Increasing the diffusion path length from
17 to 67 mm increased the analyte recovery at varying analyte concentrations and an
extraction time of 100,000 s (Figure 41). A further increase in the diffusion path length

led to a decrease in the recovery of benzene, toluene, and dichloromethane from 83-
85% to 78-79%.
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Figure 41 — Effect of diffusion path length on analytes recovery obtained using a
modified sampler from air with varying concentrations (Co.49.000s = 100 pg/m?2, Cag000-
51,0005 — 100-10 ug/m3, C51,ooo_100,0005 =10 ug/m3) att = 100,000 S

For a short diffusion path (17 mm), changes in the concentration reduced the
recovery compared to a constant concentration from 84 to 80%, 86 to 82%, and 80 to
70% for benzene, toluene, and dichloromethane, respectively. A minimal effect
(reduction of approximately 3%) of varying concentrations on analyte recovery was
achieved at 67 mm. According to the simulation of the extraction process in COMSOL
Multiphysics, the 67 mm diffusion path length provided better recovery at constant and
varying concentrations of analytes in the sampled air.

To confirm the computational model results, the effect of the diffusion path length
on analyte recovery as experimentally studied using a modified sampler w. Four
diffusion path lengths (Z=27, 67, 97, and 127 mm) were used to study the effect of
retraction depth on analyte recovery (Figure 42).
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Figure 42 — Effect of diffusion path length on analytes recovery

The 17 mm diffusion path was not studied due to the impossibility of installing a
modified sampler with Z=17 mm into the developed system for the determination of
TWA concentrations. The lowest recoveries of the studied VOCs were obtained at
Z=27 mm, and were in the range of 23 - 69% (Figure 42).

The 67 mm diffusion path length showed the highest recoveries (56-116%) for
the greatest number of analytes (9 out of 12), except for n-undecane, n-dodecane, and
naphthalene. The subsequent increase in the diffusion path length led to a decrease in
analyte recovery. The recoveries of 11 out of 12 VOCs were 47-107% at Z=97 mm,
whereas Z=127 mm showed 31-105% recoveries for 9 out of 12 analytes. The
recoveries of n-dodecane (160%) at Z=97 mm, and 1,3,5-trimethylbenzene (141%),
1,2,4-trimethylbenzene (129%), and tetrachloroethane (131%) at Z=127 mm were
extremely high. Based on the obtained results, Z=67 mm was chosen as the optimal
value for the accurate determination of the TWA concentrations of VOCs. The
obtained results are in accordance with COMSOL simulations, which showed that
Z=67 mm is optimal for TWA determination of VOCs.

6.2.6 Determination of the developed method accuracy by comparison with
sorbent tube-based method

Fick’s law was used to calculate the TWA concentrations of VOCs determined
using SPME. However, real air samples are sampled at different temperatures and
pressures, which affect the diffusion coefficients of the analytes. The calculation of
diffusion coefficients at different pressures and temperatures is required to consider the
effect of environmental conditions on diffusion and to increase the accuracy of
determination of TWA concentrations. The calculations were performed using the
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following equation:

Tn Po
D =Dy X (=—)3/? x —
0 (TO) " (10)
where: D — diffusion coefficient at sampling pressure and temperature, cm?/s;

D, — diffusion coefficient at Ty and po, cm?/s;

T, — sampling temperature, K;

To — zero temperature, 273 K;

Po — Zero pressure, 760 mmHg;

pn — Sampling pressure, mmHg.

The sampling of real air samples was conducted in Almaty on December 8, 2022
at -3 °C and p=690 mmHg using developed samplers with SPME fiber, which were
installed in the sampling box (static mode), developed system (dynamic mode) and
sorbent tubes.

The TWA concentrations of VOCs determined by SPME and developed sampler
in static and dynamic modes were similar and varied from 0.7 to 14.5 pg/m?® and from
1.1 to 15.3 ug/m?3, respectively (Table 25). The dynamic mode differed from the static
mode by 0.5-2.1 times for all analytes, except 1,3,5-trimethylbenzene and 1,2,4-
trimethylbenzene, which differed by 3.0 and 3.6 times, respectively. The standard
method, based on the sorbent tube, showed lower TWA concentrations of the studied
VOCs, ranging from 0.07 to 7.5 pg/m3. Concentrations of n-dodecane and
tetrachloroethane were not detected by the sorbent tube; therefore, it was not possible
to compare their concentrations. A comparison of the SPME method (static and
dynamic modes) and sorbent tube-based methods showed that the TWA concentrations
of the VOCs obtained by SPME were higher. The static mode showed concentrations
higher by 1.5-4.4 times than sorbent tube-based method, except for 1,2-dichloroethane
and 1,2,4-trimethylbenzene, which concentrations were 16.1-fold higher and 1.4-fold
lower, respectively. VOCs concentrations obtained by the dynamic mode were by 1.1-
4.6 times higher than those obtained by sorbent tubes, except for 1,2-dichloroethane,
naphthalene and m,p-xylene, which were 15.0, 9.2 times higher and 1.8 times lower,
respectively.

The differences between static and dynamic modes using SPME and sorbent tube
methods were statistically significant (ANOVA, Tukey test, p<0.05), except for
toluene, and varied depending on the analytes (Table 25). Such differences can be
caused by the type of sampling used: passive sampling for SPME methods and active
sampling for sorbent tubes. However, the comparison of concentrations obtained by
SPME dynamic mode and sorbent tube showed statistically insignificant differences
for toluene, ethylbenzene, m,p- and o-xylenes (ANOVA, Tukey test, p>0.05). The
limits of detection and quantification of the developed method were calculated by
multiplying analyte concentrations by 3:1 and 10:1, respectively, and dividing by the
signal-to-noise ratio. LOD and LOQ varied from 0.2 to 4.0 ng/m3and from 0.7 to 13.2
ng/md, respectively.
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Table 25 — TWA concentrations of VOCs determined by SPME in static and dynamic
mode and by sorbent tube

Mean concentration (pLg/m°) Differences
Compound Dynamic | Static | Sorbent p-Value
mode (D) | mode (S) | tube(ry | P/ | BT | ST

Benzene 15.3 145 3.4 1.1 45 | 4.2 0
Toluene 14.4 12.8 7.5 1.1 19 | 1.7 0.164
1,2-Dichloroethane 1.1 1.2 0.1 09 | 150 | 16.1 | 0.001
Ethylbenzene 1.4 2.0 1.3 0.7 1.1 | 1.6 | 0.001
m,p-xylene 1.9 4.0 2.4 0.5 0.8 | 1.7 | 0.001
0-Xxylene 2.2 3.0 1.9 0.7 1.1 | 1.6 | 0.004
n-Dodecane 2.7 1.3 n/d 2.1 nfa | nla n/a
1,3,5-Trimethylbenzene 1.9 0.7 04 3.0 4.6 15 0
1,2,4-Trimethylbenzene 3.6 1.0 1.4 3.6 25 | 0.7 | 0.001
Tetrachloroethane 4.9 3.5 n/d 1.4 nfa | nla n/a
Naphtalene 7.9 3.8 0.9 2.1 9.2 | 44 | 0.001

Note: n/d — not detected; n/a — not available.

Based on the obtained results, the developed SPME method in dynamic mode in
combination with the developed system can be recommended for the determination of
daily average concentrations of the studied VOCs with appropriate accuracy and
reproducibility. In the case of 1,2-dichloroethane and naphthalene, additional
experiments are required to increase accuracy of TWA concentration determination.

6.3 Section conclusions

A method for determining the time-weighted average concentrations of VOCs
using solid-phase microextraction and a modified sampler with an alternative geometry
was developed. The results obtained in Section 3.4 were confirmed in this section. It
was proven that 85 um Car/PDMS provided better recoveries and RSDs for the
determination of TWA concentrations of the studied VOCs in comparison with 50/30
um DVB/Car/PDMS with 1 and 2 cm coatings, 100 um PDMS, 65 um PDMS/DVB
and MOF-199 (synthesized fiber). However, MOF-199 showed great recoveries for 8
out of 13 VOCs, ranging from 75 to 115%, and was used for further method
development. The developed modified sampler in combination with Car/PDMS
provided better recovery for 9 out of 13 studied VOCs than the sampler based on GC
liner for SPME proposed by Tursumbayeva et al. [89, p.11]. MOF-199 with modified
sampler showed better recoveries for all analytes.

The diffusion path length (retraction depth), which is one of the most important
parameters, affecting the recovery and rate of sampling, was optimized. The 67 mm
diffusion path length provided the best recoveries (56-116%) for the greatest number
of analytes. According to the obtained results, it is optimal to use 85 um Car/PDMS
with the developed sampler at Z=67 mm for accurate determination of daily average
concentrations of studied VOCs.
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The developed method was compared with the standard method, which is based
on sorbent tubes, to demonstrate accuracy under field conditions. According to the
obtained results TWA sampling with the modified sampler and SPME showed a
reasonable match with the standard method, except 1,2-dichloroethane and
naphthalene.

The developed method is simple, accurate, reusable, and does not require
additional expensive devices for sampling and/or desorption of VOCs. The method can
be applied for the determination of the daily average concentrations of the studied
VOCs in ambient air. However, there are some limitations of the proposed method.
The simultaneous use of multiple fibers requires the study of fiber variability before
each new sampling. Also, additional experiments are needed to understand the effect
of environmental conditions on method accuracy and reproducibility.
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CONCLUSION

In accordance with the results obtained in the framework of this thesis, the
following conclusions were made:

— The 65 um PDMS/DVRB fiber provides a better combination of LODs and RSDs
of slopes for the simultaneous determination of single concentrations of 25 VOCs. The
LODs for 25 VOCs varied from 0.010 to 7 ng/m?3, and the RSDs were low 10% for 22
out of 25 VOCs. The RSDs for methyl ethyl ketone, 1,2-dichloroethane, and p-xylene
were 25, 20 and 15%, respectively.

— The effects of the extraction, desorption and storage times were investigated.
According to the obtained results, the extraction time of 10 min and desorption time of
1 min were chosen as optimal. To achieve the highest accuracy of the developed
method, samples should be analyzed during the first 8 h after sampling.

— The developed method for the determination of single VOC
concentrations provides spike recoveries of 90—-105% for all analytes, except methyl
ethyl ketone, methylene chloride, 3-picoline, and n-hexadecane. Ambient air in Almaty
was monitored using the developed method. Mean concentrations of 23 out of 25
VOCs, except methyl ethyl ketone and 1,2-dichloroethane, were 0.2 — 83, 0.1 —70 and
0.1 — 74 ng/m3on 30 March, 2 and 4 April 2019, respectively.

— The developed method of simultaneous determination of single concentrations
of 25 VOCs was used for the first time to study the seasonal variation and spatial
distribution of the total VOCs in the air of Almaty in 2020. Significant seasonal
variations were observed for 9 out of 19 VOCs with maximum concentrations in the
winter sampling days, which can be associated with higher emissions from coal
combustion, environmental conditions, and geographic location of the city. The total
VOCs were 233 — 420, 231 — 437, 48 — 151, 46 — 133, and 72 — 393 pg/mon the
sampling days in January, April, April-May, July, and October, respectively. The
spatial distribution of TVOCs was similar in all studied seasons, with lower
concentrations in the south and higher concentrations in the north of Almaty, where
CHPs are located.

— The comparison of heating and non-heating periods and analysis of typical
BTEX ratios showed that air pollution in Almaty has a complex nature with two main
sources: burning of biomass/biofuel/coal and vehicle emissions. Solid fuel combustion
had a dominant effect on air pollution during the heating season in Almaty, especially
coal combustion by CHPs and private houses. In addition, it was found that the
sampling sites were mostly affected by aged air masses from remote sources.

— The effect of COVID-19 lockdown measures (traffic-free conditions) in 2020
on improving air quality in Almaty was studied by comparing the BTEX concentrations
during the lockdown period with the same periods in previous years (2015-2019) to
exclude the influence of meteorological parameters. The average concentrations of
benzene and toluene were 3- and 2-times higher during the lockdown period,
respectively, which indicates that the sources of these compounds were active during
the lockdown and could be associated with coal combustion by power plants and
households. The average concentrations of ethylbenzene and o-xylene were 4 and 2.7
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times lower, respectively, in 2020 than during the same sampling period in 2015-
20109.

— The simulation of TWA air sampling by retracted SPME fiber using a finite
element analysis-based model (using COMSOL Multiphysics software) decreases the
time and cost of experiments for method optimization and/or development, decreases
the uncertainty, and helps understand the extraction processes more deeply.

— The proposed sampler with an alternative geometry allows to increase the
accuracy of the determination of TWA concentrations of VOCs in ambient air in
comparison with the SPME GC liner. The developed method based on a sampler with
an alternative geometry and 85 um Car/PDMS SPME fiber provides greater recoveries
at Z=67 mm for 9 out of the 12 studied VOCs. The developed method in dynamic mode
showed substantial similarity to the sorbent tube-based method, except for 1,2-
dichloroethane and naphthalene.

Based on the these conclusions, the following recommendations were proposed:

— For simultaneous quantification of single concentrations of multiple VOCs in
ambient air, it is recommended to conduct sampling in 20 mL vials with subsequent
analysis by 65 um PDMS/DVB SPME fiber at 10 min extraction time and GC-MS.

— Ambient air monitoring in Almaty showed the complicated nature of air
pollution and the lack of data, outdated methodologies, and non-transparent energy
statistics needed to assess air quality. The obtained results can increase the awareness
of decision-makers and the population to develop reliable measures to improve air
quality in Almaty. According to the obtained data, it was proposed to use less toxic
fossil fuel for heating and electricity, to improve the quality of low-grade coal or
change the fossil fuel to alternative fuel (natural gas), and to apply strict standards for
transport, industrial, power plants and household emissions.

— For a better understanding of sampling processes by SPME and for reducing
the time of experiments, the simulation of optimization of time-weighted average air
sampling using finite element analysis software is recommended. The simulation
allows the investigation of the effects of parameters such as sampling time, SPME
coating type, diffusion path length, and internal diameter of the fiber protecting needle
or alternative samplers on analyte recovery.

— For a more accurate and simple determination of the daily average
concentrations of VOCs in ambient air, it is recommended to use a developed sampler
with an alternative geometry in combination with an 85 pm Car/PDMS SPME fiber at
Z=67 mm and a developed system.

As a result of this study, two new methods and one sampler were developed:

— determination of single concentrations of multiple VOCs in ambient air based
on exposed fiber of solid-phase microextraction combined with GC-MS;

— sampler with an alternative geometry for the determination of time-weighted
average concentrations of VOCs by solid-phase microextraction;

— determination of time-weighted average concentrations of VOCs in ambient air
based on retracted SPME fiber in sampler with alternative geometry with subsequent
analysis by GC-MS.
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