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Introduction 
The Analytical Quality by Design (AQbD) approach contributes to achieving an improved 
method performance to ensure the analytical procedure is clearly defined, reliable, and 
suitable for its intended purpose. For development of the analytical process related to 
quality by design, it is important to follow Guideline Q8 (R2) on Quality by Design from 
the International Conference on Harmonization (ICH), which is defined as “a systematic 
approach to development that begins with predefined objectives and emphasizes 
product and process understanding and process control, based on sound science and 
quality risk management” (ICH Harmonized Tripartite Guidance Q8(R2), 2009). The 
process of developing an analytical method in a QbD environment is containing several 
steps - starting with setting of Analytical Target Profile (ATP), which specifies what will 
be measured, in which matrix, and over what concentration range, following the 
selection of a proper method; accompanied with definition of necessary robustness of 
analytical procedure and design of experiments setting the attributes in the 
development process and in frame of that the selection of parameters for optimal 
method to be developed (Tome et al., 2019).  

In this work, the AQbD approach was chosen for analytical method development 
(Study I). Analytical target in this case is oil spill into the soil and compounds that are 
spilled, namely 16 parent polycyclic aromatic hydrocarbons (PAHs) and their alkylated 
analogs, 7 polychlorinated biphenyls (PCBs), and four aliphatic fractions from octane to 
pentatriacontane. Method to use is gas-chromatography mass spectrometry (GC-MS) 
where the design of the experiment (DoE) was applied, in order to choose the optimal 
chromatographic conditions. Subsequently, the set-up of the Design Space (DS) for 
method development was investigated, including the selection of a suitable GC column.  

The method was validated as per the guidelines established by the Nordtest Guide 
and the International Council for Harmonisation (ICH) (Study II). The developed method 
was validated by the validation parameters (linearity, the limit of detection (LoD), and 
the limit of quantification (LoQ), within laboratory precision and the measurement 
uncertainty) evaluated. The Z scores were calculated when using the results of the 
proficiency test for 16 PAHs and 7 PCBs. 

 A combination of chemometric and analytical methods was used to identify the 
sources of PAHs, which could be attributed to the soil pollution in the former primitive 
asphalt pavement plants (APPs) in Estonia (Study III). The identification and classification 
of oil spills were performed using chemometric techniques, such as the principal 
component analysis (PCA) and the clustering analysis (CA).  

Statistical methods (Pearson’s product-moment correlation (PPMC) and the Shapiro-
Wilk test) were employed to compare different analytical methods for analysing soil 
samples polluted with PAHs (Study IV). The Analytical Greenness Metric (AGREE) was 
employed to assess the greenness of the methods considering the twelve principles of 
green analytical chemistry (GAC) (Study V).  

Thus, this study developed a robust, rapid, simple, sensitive, and selective GC method 
for PAHs, PCBs, and aliphatic and aromatic compounds. The reduction of the different 
pretreatment steps on a single sample and reduced amount of the consumables makes 
this method greener. The validation of developed method demonstrated that it could 
be used for controlled testing of the soil and the sediment.  
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Abbreviations 
Acy  acenaphthylene 
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Ant  anthracene 
APP  asphalt pavement plants 
AQbD  Analytical Quality by Design 
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CMAs  critical method attributes 
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DiAnt  dibenz(a,h)anthracene 
DoE  Design of Experiments 
DS  design space 
FDA  Food and Drug Administration 
Fla  fluoranthene 
Flu  fluorene 
FMEA  failure mode and effects analysis 
GC-FID  gas chromatography-flame ionisation detection 
GC-MS  gas chromatography-mass spectrometry 
HFO  high fuel oil 
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HPLC  high-performance liquid chromatography  
ICH  International Council for Harmonisation  
Ind  indeno(1,2,3-cd)pyrene 
ISTD  internal standards 
LFO  light fuel oil  
LMW  low molecular weight 
ME  matrix effect 
MU  measurement uncertainty 
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PCA  principal component analysis 
PCBs  polychlorinated biphenyls 
Phe  phenanthrene 
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Pyr  pyrene 
QRM  quality risk management 
TPH  total petroleum hydrocarbon 
SIM  selected ion monitoring 
UCMs  unresolved complex mixtures 
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1 Literature overview 

1.1 Analytical method development  
Analytical method development and validation are continuous and inter-dependent 
tasks associated with research and development, quality control (QC), and quality 
assurance (Doltade et al., 2019). All developed analytical methods need to be validated 
to ensure that each measurement of the analyte content in the sample during routine 
analysis is close to the true values. International guidelines have been established for 
the validation of analytical methods by organisations such as the Food and Drug 
Administration (FDA), European Medicines Agency (EMA), International Union of Pure 
and Applied Chemistry (IUPAC), and Association of Official Analytical Chemists (AOAC) 
(Moosavi and Ghassabian, 2017). The primary purpose of method development is to 
obtain an analytical procedure fit for the intended purpose, and which can measure the 
attribute(s) of the material with the required specificity/selectivity, accuracy, and 
precision over the reportable range (ICH harmonised guideline Q14, 2023). 

ISO 17025 lays out requirements for the operation of laboratories to deliver 
consistent and high-quality results that fulfil the expectations of the client. According to 
this standard, a method should be validated when it is necessary to demonstrate that its 
performance characteristics are adequate for use for a particular purpose (United 
nations industrial development organization, 2009). The laboratory should decide which 
performance characteristics require investigation and what level of detail the 
investigation must entail. The most important performance characteristics that are 
typically included in a validation study are the selectivity, working range and linearity, 
limit of detection/limit of quantification (LoD/LoQ), precision, accuracy, ruggedness, and 
measurement uncertainty (MU) (Eurachem Guide, 2014). Changes dependent on the 
analyst, new equipment or equipment part (new column, new detector), or a new 
reagent batch are subject to control variation and validation parameters (Hibbert, 2007). 

Chromatographic methods such as gas chromatography-flame ionisation detection 
(GC-FID), gas chromatography-mass spectrometry (GC-MS), and high-performance 
liquid chromatography (HPLC) are typically used for identification of oil compounds in 
soil. GC-MS has emerged as an effective and sensitive method for tracking the presence 
of oil pollutants in soil. The obtained mass spectrum can be used to resolve compounds 
that are spectrally similar yet chemically independent. However, different factors 
interfere with the accurate and efficient identification of each compound in the dataset. 
These factors include baseline drifts between samples, shifts in the timing of the elution 
peak of individual compounds, co-elution of compounds contaminating specific mass 
spectra, and chemical and electronic background noise that masks the presence of low-
concentration analytes (Murphy et al., 2012). In addition, when the co-eluted molecules 
possess the same mass and same fragmentation pattern (e.g., alkylated polycyclic 
aromatic hydrocarbons, PAHs), MS provides incorrect identification. It is common 
practice to employ single ion monitoring (SIM) or single ion extraction (SIE) from full scan 
data to clean and extract complex GC-MS spectra. SIM can help eliminate background 
noise and impurities with other mass fragments (Zhao et al., 2014; Christensen and 
Tomasi, 2007). 
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1.2 Analytical Quality by Design 
Analytical Quality by Design (AQbD) is employed in the development and optimisation 
of analytical methods. Figure 1 shows a flowchart of the process of analytical method 
development in an AQbD environment. 

 
Figure 1. Flowchart depicting the process of analytical method development in an AQbD 
environment. 

The AQbD approach commences with defining the goal of the proposed method, also 
termed as the analytical target profile (ATP), the critical method parameters (CMPs), 
whose influence will be evaluated, and the critical method attributes (CMAs), or the 
variables to be monitored that will confirm the reproducibility and quality of the 
method. Risk assessment is related to sample preparation for further analyte 
determination, focusing on data analysis. Subsequently, further potential variables such 
as noise variables can be identified, which can be evaluated by measurement system 
analysis and instrumental parameters, and assessed by design of experiment (DoE) 
strategies. The experiments commences with the scouting phase, which aims to define 
the parameters that are critical to the process. To guide the choice of experiments and 
assist in their efficient execution, DoE is an important component of the AQbD approach 
(Ellwanger, 2020; Araújo, 2021). From the DoE results and their interpretation, the 
Design Space (DS, the region where all input parameters can vary without altering the 
quality of the product) of the analytical method is obtained. An analytical procedure 

ATP
•Analytical target profile
•What, where to measure, and over what concentration range

Method

•Analytical method and procedure selection
•Critical method parameters
•Critical method attributes
•Method performance criteria

Risk
•Definition of analytical procedure robustness
•Use of risk assestment tools
•FMEA (failure mode and effects analysis) or other matrices

DoE

•Method development
•Design of experiment
•Optimization (e.g., by response surface design, response modelling, 

or ANOVA)
•Design space

Control
•Validation
•Control strategy: recovery test, participation in inter-laboratory test
•Meet method performance criteria
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control strategy is then designed to ensure that the analytical procedure is suitable for 
the intended purpose during routine use throughout its lifecycle (ICH Harmonized 
Tripartite Guidance Q8(R2), 2009). 

1.3 Analytical target profile 
Establishing the ATP is the first step in the development of an analytical method by the 
AQbD approach. The ATP drives the choice of analytical technology, sets the criteria that 
define what will be measured, in which matrix, and over what concentration range, and 
defines the required performance criteria of the method. The first stage in the life cycle 
of an analytical procedure includes knowledge gathering, establishing the ATP, 
understanding the effects of various process parameters on the procedure performance, 
optimising them, and defining the initial control strategy. The ATP is independent of any 
specific analytical procedure; hence, only after defining the ATP can the analyst choose 
the analytical technique. Once a technique is selected, the ATP serves as a foundation 
to derive the analytical procedure attributes and performance criteria for validating the 
procedure. The ATP facilitates ongoing monitoring and continuous improvement of the 
analytical procedure. The ATP is maintained over the lifecycle and can also be used as a 
basis for lifecycle management to ensure that the existing, revised, or new analytical 
procedure remains fit for the intended purpose (Rozet et al., 2013; Szoleczky at al., 2024; 
ICH harmonised guideline Q14, 2023).  

In environmental analysis, the establishment of an ATP in any environment (air, 
water, or soil) inherently depends on the threshold values of the contaminants 
established by relevant authorities. Compliance control requires the use of reliable and 
reproducible methods of sampling, sample pre-treatment prior to analysis, and 
analytical measurements to produce results that are legally valid. The ATP is similar to 
the environmental parameter profile, which prospectively summarises the requirements 
associated with the quality attributes of the measurement that the analytical procedure 
needs to meet (Jurjeva and Koel, 2025; Jackson et al., 2019). 

1.4 Critical method parameters and critical method attributes 
CMPs are essential elements in method development that significantly impact the 
quality of analysis. CMPs can include the conditions of extraction in sample preparation, 
GC-MS instrument parameters, and gradient program in chromatography, all of which 
have a significant impact on the performance of the analytical procedure. The influence 
of each CMP on the performance characteristics such as the sensitivity, selectivity, 
precision, accuracy, linearity, LoQ, and LoD should be assessed during method 
development. To this end, the required method development experiments and their 
results are evaluated to establish the acceptable criteria for each critical parameter. The 
subsequent step is to optimise the analytical procedure conditions to achieve the best 
compromise among the sensitivity, selectivity, and other performance criteria. CMAs 
can include the run time of the analysis, resolution of the critical pair, precision of the 
analytical method, and lower limit of quantification of the analytical method (Jurjeva 
and Koel, 2025; Beg et al., 2015). 
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1.5 Risk assessment management
Risk communication should be employed to support the continuous improvement of 
the performance of the analytical procedure throughout its lifecycle. The AQbD 
approach requires a good understanding and control of the analytical method based 
on quality risk management (QRM) (ICH harmonised guideline Q9(R1), 2023; Koel and 
Jurjeva, 2022).

The use of QRM is encouraged in the development of a robust analytical procedure 
to mitigate the risks of poor performance and the reporting of incorrect results. A risk 
assessment is typically performed early in the development cycle of the analytical 
procedure, and this assessment is updated with the increasing availability of 
information. The analytical method can be structured in a flowchart that highlights the 
main steps of the procedure, from sample preparation and instrumental settings to final 
data analysis. This helps determine the critical attributes related to product quality as 
well as the analytical method parameters that should be examined during method 
development. Different risk assessment matrices are used to identify, evaluate, and 
manage risks. Failure mode and effects analysis (FMEA) helps reveal potential failures in 
processes to prevent them from occurring, or mitigates their impact by identifying their 
potential location of occurrence and impact. The risk assessment tools described in ICH 
Q9 can be used for the following purposes:

Identify analytical procedure parameters and their potential impact on the 
performance. Visualisation can be achieved with the help of a fishbone or 
Ishikawa diagram (Figure 2), which identifies potential factors and distributes 
factor-related risks into categories associated with instrumentation, materials, 
methods, measurements, laboratory environments (temperature, relative 
humidity, and light), and human factors. 
Assess the potential impact of analytical procedure parameters on the 
performance of the procedure.
Identify and prioritise analytical procedure parameters to be investigated 
experimentally.
Obtain information on the need and extent of ongoing monitoring as part of a 
risk review (ICH harmonised guideline Q14, 2023; Kardosa et al., 2021).

Figure 2. Fishbone diagram for risk assessment in an AQbD environment.
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1.6 Design of Experiments  
DoE is a statistical technique to screen factors, plan, conduct, analyse, and optimise the 
conditions of the system to be used as well as interpret experimental data (Araújo et al., 
2021). The experiments commence in the scouting phase, which aims to define the 
parameters that are critical to the process. DoE is an important component of the AQbD 
environment to guide the choice of experiments and execute them more efficiently. 
After statistical analysis, the DoE results can help determine the relationships among 
factors affecting a process and the output of such a process (Ellwanger et al., 2020). Full 
factorial designs incorporate every possible combination of factors at the designated 
levels, and there are Lk combinations of k factors at L levels. Full factorial design is 
employed in industrial settings to identify the most active factors that affect responses 
or processes. However, the high cost of performing a full factorial is the reason why 
fractional factorial designs are used (Alomair et al., 2020). Fractional factorial designs 
are a specific subset of a full design. Other experimental designs include the Plackett–
Burman, central composite, Box–Behnken, Doehlert, D-optimal, G-optimal, and mixture 
designs (Hibbert, 2012). 

1.7 Design space in the development of analytical procedures 
From the DoE results and their interpretation, the DS of the analytical method is 
obtained. Working within the DS is not considered a change. The DS allows for 
responsive action when “process drifts” are observed. These drifts could be caused by 
changes in reagents or materials for analysis, like the presence of different types of soil 
or water. These factors cannot be actively controlled to maintain the environmental 
parameters at the intended quality level. Additionally, in analytical procedures, it is 
possible to move within the DS without the need to initiate a regulatory post-approval 
change process (Hakemeyer et al., 2016; Ng and Rajagopalan, 2009). In the framework 
of method development, the DS can be considered as a zone of theoretical robustness, 
as no drastic changes in the levels of CMAs are typically observed. Hence, to define an 
analytical DS, an appropriately selected number of factors (here, CMPs) that affect the 
analytical technique under development should be studied simultaneously. Generally, 
the CMPs are obtained from a risk analysis and prioritisation strategy (Rozet et al., 2013). 

1.8 Method validation 
Validation of an analytical procedure involves a series of laboratory studies to confirm 
that the analytical procedure is suitable for its intended purpose. It aims to strike a 
balance among costs, risks, and technical possibilities. For validation, the laboratory 
should factor customer and regulatory requirements, available tools, satisfactory 
laboratory design, stable environmental conditions, and suitable QC procedures. 
Moreover, the laboratory should identify and evaluate relevant performance 
characteristics and verify them against the analytical requirements. The effects of 
changes in other parameters, such as the analyst, instrument, or laboratory 
environment, should also be verified. Validation is completed with a conclusion and 
statement about whether or not the analytical requirement is met. If not met, further 
method development is necessary (Eurachem Guide, 2014). 
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Statistical analysis of the data obtained during method validation should be 
performed to demonstrate the validity of the analytical method. There are many 
statistical parameters and tests that are essential for summarising data and deriving 
objective judgements on differences between sets of data (significance testing). The 
most important parameters are the mean, standard deviation, relative standard 
deviation, confidence intervals, regression, and correlation. Other statistical tools 
used in method validation include comparative studies employing Student's t-test, 
Fisher's test, analysis of variation (ANOVA), and assessment of outliers. These 
calculations are characteristically performed using statistical software packages such 
as SPSS, R, Excel Stat, and Minitab. Analysts should be able to evaluate the precision, 
bias, linear range, LoD, LoQ, and MU using statistical methods (Eurachem Guide, 2014; 
Belouafa et al., 2017). 

1.9 Analytical procedure control strategy  
The control strategy for an analytical procedure comprises a set of controls derived from 
the current understanding of the analytical procedure, including development data, risk 
assessments, robustness, and prior knowledge. This control strategy should be defined 
before validation and should be confirmed after the validation is complete (ICH 
harmonised guideline Q2(R2), 2023). The control strategy for an analytical procedure 
includes analytical procedure parameters that require control. The analytical procedure 
should describe the steps necessary to perform each analytical test, related to the 
sample, reference materials and reagents, sample and control preparations, use of the 
apparatus, generation of the calibration curve, number of replicates, and use of the 
formulae for calculating the reportable results. Conducting an inter-laboratory 
proficiency test is a part of the control strategy. Another methodology that can be 
implemented as a control strategy for analytical methods is to use statistical control 
charts such as Shewhart X and R charts. Thus, out-of-control methods can be detected 
efficiently, and corrective actions can be realised by tracking the daily performance of 
analytical methods on such charts (Rozet et al., 2013). 

1.10 Soil pollution and health 
The AQbD approach used in pharmacy can also be applied in environmental analysis, 
specifically, soil analysis (Jurjeva and Koel, 2022). Soil is an important component of the 
earth’s biosphere, playing a critical role not only in the production of food and fibre, but 
also in the maintenance of local, regional, and global environmental quality (Dorana and 
Zeiss, 2000). Healthy soils are critical for supporting human health. Depending on the 
chemicals involved, soil pollutants can affect various organs, as well as immune, 
reproductive, nervous, and cardiovascular systems (European Environment Agency). 
Soils become polluted in various ways, including through seepage from a landfill, 
discharge of industrial waste into soil, percolation of contaminated water into soil, 
rupture of underground storage tanks, excess application of pesticides, herbicides or 
fertiliser, and solid waste seepage (Ashraf et al., 2013). 

Currently, approximately 80% of land is contaminated/polluted by products of a 
petroleum origin (e.g., hydrocarbons or solvents), which are used as energy sources in 
the oil industry, as well as chemicals. Various pollutants affect soil and subsoil, such as 
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fuel and oil products, hydrocarbon residues, crude oil, and other products from 
industrial operations (e.g., saturated and unsaturated aliphatic hydrocarbons, and 
monocyclic and polycyclic aromatics) (Marinescu et al., 2010). The most commonly 
analysed components from soil for the identification of oil pollution are PAHs, volatile 
organic compounds (benzene, toluene, ethylbenzene, and three xylene isomers), 
polychlorinated biphenyls (PCBs), heavy metals, total petroleum hydrocarbons (TPHs), 
and the hydrocarbon oil index (HOI). The major source of PAHs is the incomplete 
combustion of organic material such as coal, oil, and wood. In soil or sediments, PAHs 
tend to adsorb strongly onto suspended particulate matter (Jefimova et al., 2014; 
Retnam et al., 2013; Lau et al., 2010). The presence of organic pollutants such as PAHs 
in the soil used for crop production is a major concern in modern agriculture. Owing 
to the toxic nature as well as mutagenic, cancerogenic, and teratogenic activities of 
some compounds from PAH groups, their occurrence in soil has numerous disastrous 
consequences, such as economic losses (decreased yield), hazards to human health, 
and toxic effects on flora and fauna. Human health is at risk as these pollutants can 
migrate to plant tissues, thereby contaminating food or feed. The source of PAH 
contamination in soil can be pyrogenic (i.e., caused or produced by combustion or by 
the application of heat) or petrogenic (i.e., related to the origin or formation of rocks) 
( ngpiachan et al., 2018; Dudhagara et al., 2016). The USA 
EPA has listed 16 PAH compounds as priority pollutants, including naphthalene, 
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, 
pyrene, chrysene, benz(a)anthracene, benzo(b)fluoranthene, benzo(k)fluoranthene, 
benzo(a)pyrene, benzo(g,h,i)perylene, dibenz(a,h)anthracene, and indeno(1,2,3-
cd)pyrene (Kumar et al., 2011). 

The HOI is defined as the total amount of all hydrocarbons extracted from a sample 
by a non-polar solvent (e.g., hexane) and then eluted between n-decane and n-
tetracontane on an apolar capillary GC column. Mineral oils are combinations of 
paraffins, napthenes, and aromatic oils. Mineral oils are petroleum-based hydrocarbons, 
which can be found in diesel, kerosene, home heating oils, heavy fuel oils, transformer 
oil, and lubricants. These hydrocarbons can contaminate water or be consumed by 
organisms that can enter the human food chain (Koch et al., 2005;  et al., 2003; 
Agilent Technologies). 

PCBs comprise a class of 209 individual compounds. In the past, they were used in 
several applications, including as hydraulic fluids and dielectric fluids in transformers, 
and as additives in paints, paper, sealants, and plastics. PCBs have been widely used as 
additives in thermal oils or transformer oils owing to their non-flammability, chemical 
and thermal stability, high boiling point, and low electrical conductivity. Exposure to 
transformer oils containing PCBs is known to be associated with numerous health issues, 
including cancer, neurological disorders, and adverse effects on the immune system, 
reproductive system, and endocrine system as endocrine disruptors. PCB concentrations 
are often reported as the sum of seven congeners (PCB7, IUPAC No. 28, 52, 101, 118, 
138, 153, 180) or as the ‘total PCB’ (Faraday et al., 2024; Kalbe et al., 2019). 

There are studies in the literature on the development of methods for the 
quantification and identification of PAHs, (Yamada et al., 2009; Volk and Gratzfeld-
Huesgen, 2011) PCBs ( -Konieczka and Buszewski, 2015), and aliphatic and 
aromatic fractions (Sadler and Connell, 2003) in soil, along with method validations. 
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Different factors such as the type of sample, concentration of target compounds, 
required sensitivity, and available instrumentation influence the choice of the method. 
Further, the methods differ in terms of sample preparation steps (e.g., sample clean up, 
filtration, concentration, evaporation) and extraction type (e.g., Soxhlet extraction, 
sonication or ultrasonic treatment, mechanical agitation, accelerated solvent extraction 
(ASE), solid phase microextraction (SPM)). The selection of a suitable extraction method 
is challenging as the efficiency of extracting PAHs from soils and sediments is influenced 
by several factors such as the soil moisture, PAH content in samples, and soil texture 
(Lau et al., 2010). The extraction solution and its volume are important in determining 
the greenness of the method. Typically, acetone, hexane, or dichloromethane is used as 
the extraction solvent. Dichloromethane can extract many compounds; however, some 
countries have restrictions on working with dichloromethane owing to its potential 
health hazards (Swedish Chemicals Agency). The analytical instrumentation methods for 
determining contaminants from soil include HPLC with UV/fluorescence detectors and 
GC-MS. The most commonly used methods for PAH analysis in soils are chromatographic 
techniques with MS detection, including HPLC-MS and GC-MS. In most cases, GC-MS is 
the preferred instrumentation method, as it can be used for most parameters and 
required LoQs (  and Placek, 2015; Adeniji et al., 2018).  

1.11 Chemometric approach in oil identification 
The chemometric approach with chromatographic methods can help identify and 
classify soil based on the type of contamination. It is used to classify and recognise 
similarities and differences in data, correct signals obtained from the analytical 
instrument, and control the statistical process (Mali et al., 2017; Singh et al., 2013). In 
PCA, data analysis can be performed in the matrix form (rectangular table) consisting of 
n rows and m columns. Each row corresponds to an object, for instance, a sample name 
or number, while each column corresponds to a particular feature of the object, such as 
the physical or chemical properties of the sample. PCA decomposes the matrix into the 
product of scores matrix and transposed loading matrix plus the residual matrix. The 
loading plot shows the importance of different variables responsible for clustering in the 
score plot. The score plot provides information about the relationships between each 
object, showing groups and outliers (Panchuk et al., 2018; Lubes and Goodarzi, 2017; 
Gad et al., 2013).  

 Before PCA, the data are standardised and the Min-Max scaled and autoscaled 
methods are used. In the Min-Max scaled (normalisation) method for every feature, the 
minimum value of that feature is transformed into 0, the maximum value is transformed 
into 1, and every other value is transformed into a decimal between 0 and 1. The Min-
Max scaled is typically calculated via the following equation: 

=  

To avoid the problem of different scales, the data are often centred, and all values 
are divided by the standard deviation for each variable. The equation for auto-scaling is 
expressed as: 
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=  

(Raschka, 2014; Risvik, 2007). 
Cluster analysis (CA) or clustering is a statistical technique employed to sort a set of 

observations (individuals) into different groups called clusters. The first step of CA is to 
determine the similarity between objects (e.g., correlation coefficients between 
samples, the Euclidean distance, squared Euclidian distance, and Manhattan distance). 
The next step is to link the objects. Two of the most similar objects (e.g., with the highest 
correlation coefficient) form a group. The main task is to recalculate the numerical 
similarity values between the new group and the remaining objects. The next step 
continues to group the data until all objects have joined one large group. The results of 
hierarchical clustering are usually presented in a dendrogram, which visualises grouping 
among samples in a two-dimensional space (Nováka et al., 2017; Brereton, 2003). 

The Jaccard similarity index combines the two most similar sites to each other. It can 
be expressed as follows: 

= + +  

where coefficient a is the number of species in sample A and in sample B; b is the number 
of species in sample B, but not in sample A; and c is the number of species in sample A, 
but not in sample B (Oksanen, 2011; Romesburg, 2004). To quantify the distance 
between the two clusters, single, complete, and average linkages are used. 

1. Single linkage clustering 
As in all CAs of an agglomerative type, the single linkage begins with a matrix of 

similarity (or dissimilarity) coefficients. First, the most similar pair(s) of samples, or the 
first clusters, are identified. Next, the second most similar pair(s) of samples, or those 
with the highest similarity between a sample and the first cluster (whichever is greater), 
are identified. However, a disadvantage of single linkage clustering is its tendency to 
produce long clusters. 

2. Complete linkage clustering 
Compared to single linkage clustering, complete linkage clustering often tends to 

cause opposite extremes by producing very tight compact clusters. This method 
calculates the similarity measures after new groups are formed, and the two groups with 
the high  

3.  Average linkage clustering 
This technique avoids the extremes introduced by single and complete linkage 

clustering. To compute the average similarity between a sample and an existing cluster, 
the type of average should be precisely defined using unweighted or weighted 
techniques. In the unweighted technique, the new similarity (Sab) is calculated by the 
following equation. If group A has Na objects and group B has Nb objects, then: 
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= ++  

The weighted mean value is calculated by: 

= +2  

(Brereton, 2003; Jurjeva and Koel, 2019). 
There are studies describing the use of a combination of analytical methods and 

chemometrics for the identification and grouping of samples. Retnam et al. used a 
combination of CA and discriminant analysis (DA), and were able to group and 
discriminate aquaculture sites according to contamination levels. The combination of CA 
and PCA was effective for identifying PAH sources in aquaculture surface sediments 
(Retnam et al., 2013). Mali et al. demonstrated that the chemometric approach is 
advantageous for assessing and modelling contamination patterns of highly polluted 
areas, and hence, could contribute to effectively monitoring their quality. They analysed 
the distribution of contaminants using two complementary chemometric techniques, 
PCA/CA and factorial ANOVA (Mali et al., 2017). Miki et al. employed CA using Ward’s 
method with squared Euclidean distances to identify the sources of parent and alkylated 
PAHs in sediments with the R language (Miki et al., 2014). 

1.12 Green chemistry approach 
Since analytical method development also involves the use of toxic and hazardous 
solvents and the generation of a large amount of waste, it is important to calculate and 
understand their impact on the environment, health, and general safety. Green 
analytical chemistry (GAC) has twelve basic principles (Table 1). These basic principles 
include replacement with greener solvents, miniaturisation of analytical devices, 
reduced analysis time, and reduced amount of waste generated. Analytical methods 
should be developed and evaluated by considering these principles. GAC aims to 
eliminate or reduce the use of hazardous chemicals in analytical processes to improve 
their environmental and health friendliness without compromising the method 
performance (Saroj et al., 2017; Yabréa et al., 2020). 

Table 1. Twelve principles of GAC (Pena-Pereira et al., 2020). 

Number Principle 
1. Direct analytical techniques should be applied to avoid sample 

treatment. 
2. The sample size and number of samples should be minimal. 
3. In situ measurements should be performed. 
4. Analytical processes and operations should be integrated to save energy 

and reduce the use of reagents. 
5. Automated and miniaturised methods should be selected. 
6. Derivatisation should be avoided.  
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Number Principle 
7. The generation of a large volume of analytical waste should be avoided 

and proper analytical waste management measures should be 
implemented. 

8. Multianalyte or multiparameter methods are preferred versus methods 
using one analyte at a time. 

9. The use of energy should be minimised. 
10. Reagents obtained from renewable sources should be preferred. 
11. Toxic reagents should be eliminated or replaced. 
12. The safety of the operator should be improved. 

GAC encourages the reduced usage of toxic chemicals/reagents, while promoting the 
use of energy-efficient equipment and generating minimal waste. Recent trends in 
analytical method development have focused on the miniaturisation of sample 
preparation devices, development of solventless or solvent-minimised extraction 
techniques, and utilisation of less toxic solvents. The twelve principles of GAC serve as 
basic guidelines for improving greenness in an analytical procedure. However, in many 
scenarios, some additional steps are unavoidable. Therefore, it is important to evaluate 
the greenness of analytical procedures to assess and, if possible, reduce their impact on 
the environment and operators (Sajid and -Wasylka, 2022).  

Several metrics have been developed for evaluating the greenness of analytical 
procedures. Among these, the Analytical Eco-Scale, Green Analytical Procedure Index, 
Blue Applicability Grade Index (BAGI), and Analytical Greenness (AGREE) metric, are 
important tools for assessing the greenness of analytical procedures. All these metrics 
consider different aspects of the analytical procedure to provide the green index of the 
procedure (Manousi et al., 2023). The AGREE metric system assesses the greenness of 
analytical procedures based on the SIGNIFICANCE principles. The assessment criteria are 
obtained from the twelve principles of GAC and are transformed into a unified 0–1 scale. 
The final score is calculated based on the SIGNIFICANCE principles. The result is a 
pictogram indicating the final score, performance of the analytical procedure in each 
criterion, and weights assigned by the user (Pena-Pereira, 2020). 
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2 Aim of work 
The specific aims of this thesis are: 

I. Applying the AQbD concept to target compounds (PAHs, PCBs, and aliphatic and 
aromatic fractions) with the following steps: obtaining the ATP, identifying the 
CMPs, carrying out a performance assessment, establishing acceptable ranges, 
and optimising conditions. 

II. Validating the robust, rapid, simple, sensitive, and selective GC method for 
PAHs, PCBs, and aliphatic and aromatic compounds, along with monitoring and 
control.  

III. Using the analytical and chemometric tools for soil contamination 
identification. PCA and CA are employed to combine the samples into groups. 
The binary ratios of the PAHs are used to distinguish the potential sources of 
PAHs in the environmental samples. 

IV. Comparing different PAH methods using statistical tools.  

V. Evaluating the greenness of the method. 
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3 Materials and Methods 

3.1 Sampling, extraction, and sample preparation 
All soil and sediment samples used during study were collected in plastic Rilsan bags 
or in pre-washed glass jars. The samples were stored in a dry, dark, and cool place 
(refrigerator) and analysed within one week (calculated from their arrival time in the 
laboratory). Before weighing the samples, they were homogenised by removing rocks, 
stones, wooden pieces, and other debris, and shaken or mixed thoroughly. The 
samples were not dried prior to the analysis. The water content was determined 
according to ISO 11465:1993 (ISO 11465:1993) and the analysis results were 
calculated on a dry matter basis. 

Paper I describes the method suitable for determining the HOI, C10-C40, and PAH 
content in soil and sediment samples. First, the samples were extracted (and shaken) 
with acetone and the extraction solution for 16 h. After extraction, ultrapure water was 
added, which bound the acetone and separated the extraction solution with the analytes 
(sample extract). The PAHs were analysed from a layer of the sample extract, which was 
dried over anhydrous Na2SO4. Another part of the extract was purified with a Florisil 
column, using which the HOI was determined. The HOI in C10-C40 sample solutions was 
determined using GC-FID and the PAHs were analysed with GC-MS in the SIM mode. 

Paper III describes the method suitable for determining aliphatic and aromatic 
fractions of hydrocarbons (C8-C35), PAHs, and PCBs in soil and sediment samples. The 
method is suitable for the determination of hydrocarbons in diesel, light fuel oils, 
lubricant oils, and motor oils. Gasoline (e.g., 95E) could not be determined with this 
method as it consists of very volatile hydrocarbons that are mostly <C8H22. Fractioning 
was performed based on mass ions with GC-MS, and not by sample pre-treatment. The 
aliphatic fraction of hydrocarbons C8-C35 includes all aliphatic hydrocarbons from octane 
to pentatriacontane without a benzene ring structure in the boiling range of 126-490 °C. 
The aromatic fraction of hydrocarbons C8-C35 includes all aromatic hydrocarbons from 
C8 to C35 containing a benzene ring. First, the samples were extracted (shaken) with 
acetone containing internal standards (ISTDs) for 40 min. Subsequently, hexane and 
sodium pyrophosphate solution were added, and the samples were shaken for 
approximately 10 min. Two layers appeared at this point: a hexane mixture in the upper 
layer with the analytes and a water/acetone mixture in the lower layer. From the sample 
extract, the aliphatic and aromatic fractions of hydrocarbons, PAHs, and PCBs were 
analysed using GC-MS. 

3.2 Target analytes 
The target analytes in this research were 16 EPA PAHs (naphthalene, 
acenaphthylene, acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, 
pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene, 
benzo(a)pyrene, indeno(1,2,3,c,d)pyrene, dibenz(a,h)anthracene, 
benzo(g,h,i)perylene), the alkylated PAHs (methylnaphthalenes, 
dimethylnaphthalenes, trimethylnaphthalenes, 1,4,6,7-tetramethylnaphthalene, 
1,2,5,6-tetramethylnaphthalene, 1,2-methylanthracene/methylphenanthrene, 
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methylpyrenes/fluoranthenes, methylchrysenes/benz(a)anthracenes), seven PCBs 
(PCB28, PCB52, PCB101, PCB118, PCB153, PCB138, PCB180), four aliphatic fractions 
(aliphatic >C8-C10, aliphatic >C10-C12, aliphatic >C12-C16, aliphatics >C16-C35), and 
biphenyls. These compounds were analysed by GC-MS in the SIM mode using two or 
three ions for each compound for identification (Table 2). The HOI was determined 
using GC-FID.  

Table 2. Ions used for identification. 

Compound  Ions  
o-Terphenyl ISTD 215 (230)  
Aliphatic C8-C10  71 (85)  
Aliphatic C10-C12  71 (85)  
Aliphatic C12-C16  71 (85)  
Aliphatic C16-C35  71 (85)  
Methylnaphthalenes  142 (115, 141)  
Biphenyl  154 (153, 152)  
Dimethylnaphthalenes  156 (141)  
Trimethylnaphthalenes  170 (171)  
1,4,6,7-Tetramethylnaphthalene  169 (184)  
1,4,6,7-Tetramethylnaphthalene  169 (184)  
Methylanthracene  192 (193, 165)  
Methylpyrenes/methylfluoranthene  216 (215)  
Methylchrysene/methylbenz(a)anthracenes  242 (241)  
Naphthalene D8 ISTD 136 (108)  
Naphthalene  128 (102)  
Acenaphthylene D10 ISTD 162 (164)  
Acenaphthylene  152 (153)  
Acenaphthene  153 (152)  
Fluorene  166 (165)  
Phenanthrene D10 ISTD 188 (184)  
Phenanthrene  178 (176)  
Anthracene D10 ISTD 188 (184)  
Anthracene  178 (176)  
Pyrene D10 ISTD 212 (208)  
Fluoranthene  202 (200)  
Pyrene  202 (200)  
Benzo(a)anthracene D12 ISTD 240 (236)  
Benzo(a)anthracene  228 (226)  
Chrysene  228 (226)  
Benzo(a)pyrene D12 ISTD 264 (260)  
Benzo(b)fluoranthene  252 (126)  
Benzo(k)fluoranthene  252 (126)  
Benzo(a) pyrene  252 (126)  
Dibenzo(ah)anthracene D14 ISTD 292 (291)  
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Compound  Ions  
Indeno(123cd)pyrene  276 (274)  
Perylene-D12 264 (260) 
Dibenzo(ah)anthracene  278 (276)  
Benzo(g h i)perylene  276 (274)  
PCB No.: 28  258 (256)  
PCB No.: 52  292 (290)  
PCB No.: 101  326 (324)  
PCB No.: 118  326 (324)  
PCB No.: 153  360 (362)  
PCB No.: 138  361 (362)  
PCB No.: 180  396 (394)  
Isopropylbenzene  105 (120)  
Propylbenzene  91 (120)  
3-4-2_ethyltoluene 1,3,5-trimethylbenzene  105 (120)  
1,2,4-trimethylbenzene  105 (120)  
1,2,3-trimethylbenzene  105 (120)  
1,4-1,2_diethylbenzene  119 (134)  
1,2,4,5-1,2,3,5_tetramethylbenzene  119 (134)  

3.3 Materials and reagents  
The stock solutions used in this work for preparing the calibration standards and ISTDs 
were purchased from AccuStandard (New Haven, USA), Sigma-Aldrich/Merck 
(Darmstadt, Germany), Dr. Ehrenstorfer GmbH Reference Materials (Augsburg, 
Germany), and Chiron Petroleum Reference Standards (Trondheim, Norway). Hexane 
and acetone were purchased from Honeywell International Inc., Charlotte, USA. Table 3 
shows all standards used in Paper II with the respective suppliers. 

Table 3. Standards and solutions used for method development. 

Purpose Substance Supplier 

Aliphatic hydrocarbons: C8-C35 standards 

Calibration standard Calibration window defining the 
hydrocarbon standard (C8-C40 

1000 mg/L of each compound) 

AccuStandard 

Internal standard  o-Terphenyl, 99% Agilent 

Reference standard Hydrocarbon window defining 
standard in chloroform (C8 - C40 
500 mg/L of each compound) 

AccuStandard  
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Purpose Substance Supplier 

Certified reference 
material  

TPH Sand 1 (CRM372-100G) Sigma-Aldrich 

RT checking solution Hydrocarbon window defining 
standard in chloroform (C8 - C40 
500 mg/L of each compound) 

AccuStandard 

Aromatic hydrocarbons: C8-C35 standards 

Calibration standard Custom mix, multi-standard 
alkylated PAHs and aromatics in 

toluene (100 mg/L of each 
compound) 

Chiron 

Internal standard Naphthalene D-8 for aromatic 
fractions C8-C16. Pyrene D-12 for 

aromatic fractions C16-C35 

Dr. Ehrenstorfer 

Certified reference 
material 

TPH Sand 1 (CRM372-100G) Sigma-Aldrich 

PAHs 

Calibration standards PAH mix-9 100 ng/μL in 
acetonitrile  

Dr. Ehrenstorfer 

Internal standard Separate isotope-labelled solid 
stock standards: Naphthalene D8, 

Pyrene D10, Perylene D-12 

Dr. Ehrenstorfer, 

Supelco 

Reference standard PAH-Mix 63 (1000 mg/L in 
toluene) 

Dr. Ehrenstorfer  

Certified reference 
material 

Soil CRM BAM ERM-U013b  LGC Standards 

 

PCBs 

Calibration standard PCB Mix-3 (10 ng/μL in iso-
octane) 

Dr. Ehrenstorfer 
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Purpose Substance Supplier 

Internal standards Pyrene D10  Dr. Ehrenstorfer 

Reference standard PCB Mix-20 (10 ng/μL in iso-
octane) 

Dr. Ehrenstorfer 

Certified reference 
material 

SETOC sample  WEPAL 

3.4 Instrumentation and operating parameters 
The HOI analysis described in Paper I was performed on an Agilent 7890B instrument 
equipped with a flame ionisation detector and an Agilent 7693 autosampler. The column 
used for these analyses was an Agilent J&W GC Column DB-1 of dimensions 15 m × 320 

s were analysed on an Agilent 6890N GC 
system equipped with a mass-selective detector (Agilent Technologies 5973), together 
with an Agilent 7683 series autosampler. The column used for this analysis had 
dimensions of 20 m × 180 μm × 0.18 μm (ZB-5MS). For both instruments, all samples 
were injected in the splitless injection mode with helium as the carrier gas.  

In Paper III, Agilent GC-MS systems 7890B GC and 5977B MS were used for method 
development. An RXI-

-MS was carried out under the following conditions: pulsed pressure spitless 
injection; column flow, 1.8 mL min-1; oven temperature program: initial temperature, 40 

-1 -1 
-1  

3.5 Three-level Design of Experiment (Study I) 
This study captured the projection properties of fractional factorial designs with three 
levels, namely, the low, intermediate, and high levels. The three-level design was 
implemented to investigate the optimal levels for the initial oven temperature, final 
oven temperature, and inlet temperature of the gas chromatograph. DoE was 
performed using the Custom Design Platform in JMP software. The chromatographic 
peak areas and resolution between the peaks were compared for different instrument 
parameters.  

3.6 Method validation, statistical methods, and control strategy (Study II) 
The within-laboratory validation was performed according to Eurachem, the GUM guide, 
the Nordtest guide and ICH guideline (Eurachem Guide, 2014; GUM JCGM 100:2008, 
2008; Nordtest project, 2012; ICH harmonised guideline Q2(R2), 2023). The optimised 
method was ratified in terms of the linearity, LoQ, LoD, precision, accuracy, and MU. The 
effect of the matrix was also evaluated. Statistical tools, namely the lack-of-fit test, T-
test statistics and null hypothesis, and one-way ANOVA supported the validation. For 
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the control strategy, the performance characteristics were evaluated through inter-
laboratory ring tests. 

Linearity and working range 
The linearity was assessed by a visual inspection of the plot, supported by statistical 
results (the lack-of-fit test) and residuals plot from the linear regression. For each 
analyte, these calculations were performed according to linear calibration models. The 
residuals were normally distributed around zero in the linear range. A calibration curve 
was generated for each analyte and used to calculate the concentration of the analyte 
in unknown samples. To determine the linearity of the calibration curve, a set of 
calibration standards at concentrations of 10, 50, 500, 2000, 5000, 10000, and 20000 
μg/L was prepared for determining the PAHs, and at concentrations of 0.3, 3, 15, 60, 
150, and 600 μg/L for determining the PCBs. The linearity of the aliphatic compounds 
was determined in the ranges of 5000 to 50000 μg/L, and for alkylated PAHs (aromatic 
compounds), in the ranges of 200 to 5000 μg/L for the individual compounds. All 
measurements were performed in triplicate to confirm the homoscedasticity and 
heteroscedasticity of the data.  

Determination of LoD and LoQ 
The LoD and LoQ were determined separately for each matrix (soil and sediment) using 
the following equations (Eq. (1, 2)): 

LOD = Xavg+3*STDEV (1) 
LOQ = Xavg+10*STDEV (2) 

where Xavg is the average concentration of the replicates and STDEV is the standard 
deviation of 10 replicate samples.  

Accuracy, precision, and measurement uncertainty estimation  
Two approaches were used during the validation for determining the bias and MU, 
analysis of the certified reference materials (CRMs) and recovery tests (standard 
addition to a sample), as suggested by the Nordtest guide. The minimum number of 
replicates used in the calculation of the precision and bias was 10 for each matrix. The 
recovery experiments were performed by comparing the analytical results for the 
extracted samples at three concentration levels (low, medium, and high). To calculate 
the expanded MU, the coverage factor k = 2 was used, providing a level of confidence of 
95%. 

Matrix effect 
The effect of the matrix was studied by analysing the zero matrix. For this, clean soil 
without the analyte was spiked with the calibration solutions at three levels of 
concentration (near the LoQ, intermediate, and upper levels of the calibration curve). 
The matrix effect was calculated as follows (Eq. (3): % = 100 (3) 
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where SLcal (the sensitivity of the method) is the slope of the calibration curve and SLsp 
is the slope of the calibration curve with the matrix at the same concentration levels. An 
ME% value of 100% indicates no effect, a value less than 100% indicates ionisation 
suppression, and an ME% over 100% indicates ionisation enhancement due to the co-
elution of sample compounds (Zhou et al., 2017). Figure 3 shows representative 
standard calibration curves for the aliphatic fractions of C10-C12, with and without the 
spiked matrix. 

Figure 3. Standard and spiked matrix calibration curves for aliphatic fractions of C10-C12.

Lack-of-fit test 
A linear regression model was expected to be obtained for all the compounds in this 
work. The relationship between x (the concentration of the analyte) and y (the 
instrument response) was a straight line defined by y = b1x+ b0, where b0 is the y-
intercept and b1 is the slope of the line. The three replicates of the five expected levels 
of concentration values were measured by GC-MS for all the compounds included in the 
method. 

The linear calibration model was validated by the lack-of-fit test in conjunction with 
a residual plot. The F-statistic was used to test the null hypothesis that the linear model 
was correct when used. The F value was obtained and the probability (P) associated with 
the F statistic was calculated using the Excel 2010 function =F.INV.RT (0.05 probability; 
DoF (degree of freedom) (numerator, n-2); DoF (denominator, n*(p-1)) (Moosavi and 
Ghassabian, 2017; Thompson et al., 2002). 

T-test statistics and null hypothesis
T-test statistics and the null hypothesis showed that the candidate method (the new 
validated method described in Paper III) provided PAH results that were equivalent to 
an existing method (the old laboratory method described in Paper I). The t-test was used 
to evaluate whether there was a statistically significant difference between the mean 
value for a series of determinations and the accepted reference value (Cherry et al., 
2012). The sample used for the t-test was a real soil sample, analysed three times each 
with the old and new validated methods. For the t-test, 16 EPA PAH differences 
(replicate average results) were calculated.
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The t-test is expressed in Eq. (4) as the mean value of the differences, Xavg dif, divided 
by the mean value of the deviation of the differences, STDEV dif, multiplied by the square 
root of the resulting pairs.  =     (4) 

One-way ANOVA  
One-way ANOVA was employed to confirm the reproducibility of the methods. Four 
different chemists performed the analyses on different days. The F, critical F, and P 
values allowed for direct conclusions to be drawn on whether the variations between 
the results obtained by the different chemists were significantly greater than the 
variation in the results obtained by one chemist. 
 
Z-Score in chemical proficiency testing  
The final step during the validation of the analytical method was to evaluate the 
performance characteristics through inter-laboratory ring tests, namely, proficiency 
tests, in order to demonstrate that the method was fit for its intended purpose. The 
results of the laboratory tests were assessed by converting them to a Z score using the 
following equation (Eq. (5)):  =   (5) 

where Xi is the result of laboratory i, Xa is the assigned reference value, and  is the 
assigned standard deviation for the proficiency test. The Z-scores were typically 

 (Hibbert, 2007; Analytical Methods Committee, 2016). The 
reported value (laboratory result) was compared with the assigned value (the value used 
to assess the proficiency), and the Z scores for the 16 PAHs and 7 PCBs were calculated 
by the organiser of the proficiency test (Merck). 

3.7 Oil spill fingerprinting (Study III) 
On a dry matter basis, soil pollution from former asphalt pavement plants (APPs) was 
identified using the binary ratios of the PAH isomers, such as Ant/Phe, Fla/Pyr, 
Ant/(Ant + Phe), Fla/(Fla + Pyr), Ind/(Ind + B(g,h,i)P, and B(a)Ant/(B(a)Ant + Chr), as 
well as the ratios of the four-to-six-ring parent PAHs to the sum of the two-and -three-
ring parent PAHs (HMW/LMW). For PCA, a matrix consisting of 54 samples and 7 binary 
ratios was used. The Min-Max scaled and the autoscaled data were subjected to PCA. 
In this study, a Microsoft Excel Macro using the NIPALS (nonlinear iterative partial least 
squares) algorithm was applied to determine the eigenvectors of the most important 
principal components. 

CA was performed for clustering the samples. The data consisted of 7 PAH isomers 
(Ant/Phe, Fla/Pyr, Ant/(Ant + Phe), Fla/(Fla + Pyr), Ind/(Ind + B(g,h,i)P, 
B(a)Ant/(B(a)Ant + Chr), and (HMW/LMW) from 18 Jänesselja APP samples. The 
distance was used as the similarity/dissimilarity measure between the samples. Before 
computing the distances, the PAH binary ratios were first normalised by the maximum-
minimum range. Three kinds of linkages were selected (single, average, and complete) 
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to determine which among them was most suitable for the PAH ratios. All linkage 
methods showed almost the same groups in CA. The average distance of the linkage 
methods better reflected the relationships between the binary ratios of the PAHs and 
the oil types in Jänesselja APP. 

To define the similarity between the samples, R software was employed. R is a 
programming language for statistical analysis, graphics representation, and reporting 
(Zuur et al., 2009). 

3.8 Comparison of different methods and statistical analysis (Study IV) 
The PPMC and Shapiro–Wilk test were applied to compare the different methods. 
PPMC is a measure of the linear relationship between two ratio variables and can have 
a value between -1 and 1. PPMC is advantageous in that it is a simple means to assess 
the association between two variables in terms of whether they share variance 
(covary) and if the relationship is positive or negative, as well as to assess the degree 
to which they correlate. The disadvantage of using PPMC is that it cannot identify 
relationships that are not linear, and may show a correlation of zero when the 
correlation has a relationship other than a linear one (Chee, 2013). 

The Shapiro-Wilk test is a hypothesis test applied to a sample with a null hypothesis 
that the sample has been generated from a normal distribution. If the p-value is less 
than the chosen alpha level, then the null hypothesis is rejected and the sample is 
considered to not have been generated from a normal distribution. If the sample size 
is sufficiently large, this test may detect even trivial departures from the null 
hypothesis. Additional investigation of the effect size is typically advisable. A Q-Q 
(quantile-quantile) plot is used to verify if a dataset follows a particular theoretical 
distribution. It compares the quantiles of the observed data to the quantiles of the 
other distribution (Builtin; Datacamp). 

3.9 Analytical GREEnness Metric (Study V) 
The determination of PAH compounds in soil or sediment is a complicated analytical 
procedure, requiring significant energy and material inputs; hence, it is important to 
ascertain the environmental friendliness of this method. For this purpose, AGREE 
metric analysis following the twelve principles of GAC was applied in Paper III. The 
assessment was performed using software with an automatically generated clock-like 
graph and an assessment report. The performance of the procedure according to each 
of the twelve principles is reflected with a red-yellow-green colour scale, while the 
weight of each principle is reflected with the width of its corresponding segment. The 
final assessment result is the product of the assessment results for each principle. The 
overall score is shown in the middle of the pictogram. A summary of transformations 
applied to every principle is presented in graphical form in Figure 4. The maximum 
score of 1 represents a methodology that is fully compliant with the twelve principles 
of GAC (Pena- -Wasylka, 2022). 
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Figure 4. Graphical representation of the functions applied to convert the variables to scores in the 
0 1 scale (Pena-Pereira et al., 2020).
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4 Results and discussion 

4.1 Analytical target profile, method optimisation, and design of 
experiment (Study I) 

The AQbD concept was applied to develop a modified analytical method for compounds 
from oil spills, namely PAHs, PCBs, and aliphatic and aromatic fractions. Establishing the 
ATP is an important step in the development of a precise and accurate method to 
determine oil compounds in soil and sediment using GC-MS. The ATP supports 
uncertainty estimation throughout the range of analyte concentrations and achieves the 
necessary limits of quantification. Here, the peak areas on the chromatograms and the 
resolution between the peaks were used as CMAs. 

The analytical target in this case is oil spills into soil and the compounds that are 
spilled, namely 16 parent PAHs and their alkylated analogues, 7 PCBs, 4 aliphatic 
fractions from octane to pentatriacontane, and different aromatic compounds. 

Experiments were conducted using different sample weights, extraction volumes, 
times, and speeds, as well as two types of GC columns (Rxi-XLB, low-polarity phase, 
proprietary and Rxi-17Sil, mid-polarity phase, Crossbond), to evaluate the impact of 
these parameters on the performance characteristics (sensitivity, selectivity, precision, 
accuracy, linearity, and LoQ). The columns were selected based on the manufacturer’s 
recommendation (RESTEC) as they offer excellent inertness and selectivity for active 
environmental compounds such as PCB congeners and PAHs. However, there was no 
information available regarding their selectivity for aliphatic compounds. Preliminary 
experiments were conducted using the chromatographic conditions suggested by the 
column manufacturer for the PAH and PCB analyses. A mixture of the target compounds 
was injected into the GC-MS instrument. The Rxi-17Sil column enabled the best 
separation of co-eluted PAHs (e.g., benzo(b)fluoranthene, benzo(k)fluoranthene, and 
benzo(j)fluoranthene), while the Rxi-XLB column exhibited the highest responses for 
aliphatic compounds. The latter column was chosen for further validation as the 
separation between benzo(b)fluoranthene, benzo(k)fluoranthene, and 
benzo(j)fluoranthene was not crucial in this study. 

An initial screening study of the analytical procedure was carried out by examining 
the oven and inlet temperatures, flow rate, and temperature gradient, which are 
parameters known to significantly affect peak retention and separation in GC-MS 
analysis. The preliminary experiments achieved the target LoQ, reproducibility, and MU 
(Table 4).  

Table 4. Target LoQ, reproducibility, and MU. 

Compound LoQ, mg kg-1 Reproducibility, % Measurement 
uncertainty, % 

Individual PAHs < 0.030 < 20 < 30 
Ali > C8–C10 < 5 < 20 < 30 
Ali > C10–C12 < 5 < 20 < 30 
Ali > C12–C16 < 5 < 20 < 30 
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Compound LoQ, mg kg-1 Reproducibility, % Measurement 
uncertainty, % 

Ali > C16–C35 < 10 < 20 < 30 
Aromatic > C8–C10 < 3 < 20 < 30 
Aromatic > C10–C16 < 1 < 20 < 30 
Aromatic > C16–C35 < 1 < 20 < 30 
Methyl-pyr/fluorant < 0.5 < 20 < 30 
Methyl-chry/benz(a)a < 0.5 < 20 < 30 
Individual PCBs < 0.002 < 20 < 30 

The results of the initial screening study and primary risk assessment revealed that 
three factors, namely the initial and final oven temperatures and the inlet temperature, 
considerably affected the retention time and separation of peaks. The DoE used in this 
work consisted of three factors, each at three levels. It can be expressed as a 3 × 3 × 3 = 
33 design. Table 5 displays the design matrix, incorporating the selected factors during 
the screening studies, along with their respective low (0), intermediate (1), and high (2) 
levels.  

Table 5. 33 Design. 

    Factor A (initial oven temperature) 
Factor B (final oven 

temperature) 
Factor C (final inlet 

temperature) 0 1 2 

0 0 000 100 200 
0 1 001 101 201 
0 2 002 102 202 
1 0 010 110 210 
1 1 011 111 211 
1 2 012 112 212 
2 0 020 120 220 
2 1 021 121 221 
2 2 022 122 222 

Selected Parameter  Levels of factor studied 
   Low (0) Intermediate (1)  High (2)  

Initial oven temperature  40 50 60 

Final oven temperature 300 320 340 
Final inlet temperature 300 310 320 

For this model, 21 experimental runs were conducted in total. A standard 
concentration of 25 mg/L for each of the aliphatic compounds was used for all the 
runs. They were analysed for critical analytical attributes, namely, the C35/C10 ratios 
(response of the C35 peak to the response of the C10 peak). The response of the 
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experiments was the ratio between the areas of the C35 and C10 peaks, and the aim 
was to find a ratio of 1.

The actual and predicted plots in Figure 5 provide a visual assessment of the model 
fit, reflecting the variations due to random effects. For a good fit, the points should be 
close to the fitted line (diagonal line). 

Figure 5. Actual and predicted plots.

Interaction effects were also incorporated in the model. The influence of second-
order interactions between the initial and final temperatures of the oven, the oven and 
final inlet temperatures, and the initial oven and final inlet temperatures was evaluated. 
The last two interactions (Table 6) were not statistically significant (p-value > 0.05) and 
hence were removed from the model.

Table 6. Summary of model effects.

Source P Value

Final inlet temperature 0.0022
Initial oven temperature*Final oven temperature 0.0066
Initial oven temperature 0.0133
Final oven temperature 0.0487
Final oven temperature*Final inlet temperature 0.1164

Initial oven temperature*Final inlet temperature 0.2933

Figure 6 shows the influence of the temperatures on the change in the C35/C10 ratios. 
There is no difference in the ratios when the final temperature of the oven is changed from 
300 °C to 340 °C. However, when the final inlet temperature is increased from 300 °C to 
320 °C, the ratios of C35/C10 change significantly (the slope of the design curve increases).
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Figure 6. Influence of temperatures on the change in the ratios of C35/C10.

The optimal chromatographic conditions were chosen based on the ratios of C35/C10 

that were close to 1. The optimised chromatographic solution was observed at an initial 
oven temperature of 40 °C, with a final oven temperature of 340 °C and a final inlet 
temperature of 320 °C (Figure 7). 

Figure 7. Optimal chromatographic conditions.

4.2 Validation of the analytical method and control strategy (Study II)
The following parameters were evaluated for each component during validation: 
linearity, LoQ, LoD, accuracy, precision, and MU. A linear calibration curve was 
confirmed in the ranges of 50-5000 μg/L for all the parent PAHs, 400-5000 μg/L for the 
alkylated PAH compounds, 15-600 μg/L for the PCBs, and 10000-50000 μg/L for the 
aliphatic compounds, with a coefficient of determination R2

concentrations and obtained concentrations did not differ by more than 20%. The lowest 
calibration point was equal to the LoQ. At this level, each analyte was determined with 
acceptable uncertainty.

Table 7 shows the reproducibility, accuracy, MU, LoQ, and recovery results. The 
results fall within the expected laboratory uncertainty (30%). The reproducibility of the 
measurements of the PCBs, PAHs, and aliphatic and aromatic fractions is lower than 
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20%. The difference between the expected and obtained concentrations is below 20%. 
All the calculated LoQs are lower than those required by Swedish legislation.  

The within-laboratory reproducibility, accuracy, and uncertainty were validated for 
the two matrixes (sediment and soil). For the sediment matrix, the values of the 
parameters were higher than they were for the soil matrix. The higher values obtained 
in the analyses of the oil compounds in the sediment met expectations, as this matrix 
had more complicated mineral structures than the soil. 

For the recovery test, blank matrix samples were spiked with known concentrations 
of the analyte in the range of the calibration curve (three levels: LoQ, intermediate, and 
high concentration). At each level, the samples were prepared in triplicate. The criterion 
of recovery was selected according to the calculated MU, implying that the recovery 
must fall between 80% and 120% in order to be acceptable (2/3rd of the calculated MU 
30%). In the present work, all the compounds exhibited a recovery within the allowed 
range. Table 7 shows the recoveries in soil at the intermediate concentration level.  

Table 7. Calculated reproducibility, accuracy, uncertainty, LoQ, and recovery. 

Compound Reproducibility, 
% 

Accuracy, 
% 

Uncertainty, 
% 

LoQ, 
mg kg-1 

Recovery 
% 

Naphthalene 2 11 21 0.015 93 

Acenaphthylene 5 10 19 0.014 90 

Acenaphthene 4 12 23 0.016 92 

Fluorene 4 5 12 0.018 99 

Phenanthrene 5 6 10 0.014 102 

Anthracene 7 8 16 0.016 99 

Fluoranthene 3 8 17 0.014 97 

Pyrene 2 10 20 0.015 94 

Benz(a)anthracene 6 7 14 0.019 97 

Chrysene 5 8 16 0.017 96 

Benzo(b)fluoranthene 4 8 15 0.019 110 

Benzo(k)fluoranthene 8 8 17 0.020 99 

Benzo(a)pyrene 2 11 22 0.018 112 

Indeno(1,2,3,c,d)pyrene 6 7 14 0.014 105 

Dibenz(a,h)anthracene 4 6 13 0.016 102 

Benzo(g,h,i)perylene 7 9 18 0.016 103 

Ali > C8–C10 10 12 24 5 88 

Ali > C10–C12 9 9 17 5 101 

Ali > C12–C16 8 8 19 5 105 

Ali > C16–C35 10 10 19 10 99 

Aromatics C8–C10 7 9 18 0.9 100 

Aromatics C10–C16 3 3 19 0.9 109 
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Compound Reproducibility, 
% 

Accuracy, 
% 

Uncertainty, 
% 

LoQ, 
mg kg-1 

Recovery 
% 

Methyl-pyr/fluorant 10 13 26 0.2 91 

Methyl-chry/benz(a)a 12 14 27 0.1 92 

Aromatics C16–C35 10 12 24 0.9 92 

PCB28 6 9 17 0.001 106 

PCB52 9 10 20 0.001 104 

PCB101 9 12 24 0.002 92 

PCB118 5 5 10 0.002 99 

PCB153 6 13 26 0.002 89 

PCB138 4 4 9 0.002 102 

PCB180 3 11 22 0.002 89 

The two PAH laboratory methods (described in Paper I and Paper III) were compared 
using the t-test statistic. The mean value of the differences between the 16 PAHs was 
0.0041 and the deviation was 0.8629. The t-test provided a reading of t = 0.02. Compared 
to the table value of 2.13 with a freedom level of 15 (16 PAHs -1) and 95% probability, 
there were no differences in the results between the two methods. A reduction in the 
extraction time of a single sample positively influenced production in the laboratory. 

One-way ANOVA was employed to compare the results obtained by four different 
chemists, and determine whether the variation in the results obtained by the different 
chemists was significantly greater than the variation in the results obtained by one 
chemist. Table 8 shows representative ANOVA results. There are no differences between 
the results obtained by the chemists in the analyses of the PAHs and PCBs (F crit > F). 

Table 8. F statistical, P-value, and F critical calculations using one-way ANOVA.  

Source of variation SS df MS F P-value F crit 

Between groups 1.762 3 0.587 0.963 0.436 3.287 

Within groups 9.151 15 0.610    

Total  10.912 18         

The results of the proficiency test (inter-laboratory comparison, Table 9) for the 16 
PAHs and 7 PCBs were satisfactory. The Z-scores for the 14 PAHs and 7 PCBs were in the 
range of -1.5 to 1.7 (acceptable), and that of 2 PAHs, chrysene and 
benzo(b)fluoranthene, was 2.8, which is questionable. The separation between 
benzo(b)fluoranthene and benzo(k)fluoranthene was insufficient. Benzo(j)fluoranthene, 
which was not part of the EPA PAHs, was eluted between the two analytes; this could 
lead to higher concentrations than expected. For known interferences in the 
determination of chrysene, triphenylene was much more resonance-stable than its 
isomers. In cases where interferences are unavoidable, the sum of the individual 
compounds can be reported, for instance, triphenylene/chrysene and benzo(b,j,k) 
fluoranthene. 



40 

Table 9. Z-scores of 16 PAHs and 7 PCBs. 

Compound Z-score Result 
Naphthalene 1,7 acceptable 
Acenaphthylene -0,4 acceptable 
Acenaphthene -0,4 acceptable 
Fluorene -0,5 acceptable 
Phenanthrene 1,3 acceptable 
Anthracene 0,3 acceptable 
Fluoranthene 0,6 acceptable 
Pyrene 0,0 acceptable 
Benzo(a)anthracene -0,2 acceptable 
Chrysene 2,8 questionable 
Benzo(b)fluoranthene 2,8 questionable 
Benzo(k)fluoranthene 1,2 acceptable 
Benzo(a)pyrene 0,5 acceptable 
Indeno(1,2,3-cd)pyrene 1,7 acceptable 
Dibenz(a,h)anthracene -0,5 acceptable 
Benzo(g,h,i)perylene 1,1 acceptable 
2,2',5,5'-Tetrachlorobiphenyl (PCB52) -1,5 acceptable 
2,2',4,5,5'-Pentachlorobiphenyl (PCB101) -0,7 acceptable 
2,3',4,4',5-Pentachlorobiphenyl (PCB118) -1,5 acceptable 
2,2',3,4,4',5'-Hexachlorobiphenyl (PCB138) -0,7 acceptable 
2,2',4,4',5,5'-Hexachlorobiphenyl (PCB153) -1,0 acceptable 
2,2',3,4,4',5,5'-Heptachlorobiphenyl (PCB180) -0,2 acceptable 
2,4,4'-Trichlorobiphenyl (PCB 28) -1,3 acceptable 

 

4.3 Chemometrics approach for identifying residual oil contamination 
from former primitive asphalt pavement plants (Study III) 
Contaminated soil from two Jänesselja and Maadevahe APPs was analysed to identify 
the oil type. GC-FID chromatograms were acquired for an initial screening of the oils. 
The chromatograms of the soil sample were visually compared with those of the control 
oils, and the levels of oil weathering were estimated. Figures 8-13 show the control oils 
used in this study for oil spill identification: diesel (Figure 8), light fuel oil (LFO) (Figure 9) 
shale oil grade C (Figure 10), used motor oil (Figure 11), new motor oil (Figure 12), and 
high fuel oil (HFO) (Figure 13). Retention times between 3.5 min and 6 min defined the 
HOI from decane (C10) to heneicosane (C21), and those between 6 min and 8.5 min 
defined the fractions C21-C40. The chromatogram in Figure 8 shows that the common 
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diesel components include alkanes from C10 to C24, while LFO (Figure 9) includes 
components from C10 to C32. Broader unresolved complex mixtures (UCMs) are observed 
in the motor oils (Figure 11 and Figure 12), but no UCMs are identified in diesel (Figure 
8) or LFO (Figure 9).

Figure 8. GC-FID chromatograms of diesel.

Figure 9. GC-FID chromatograms of LFO.
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Figure 10. GC-FID chromatograms of shale oil grade C.

Figure 11. GC-FID chromatograms of used motor oil.

Figure 12. GC-FID chromatograms of new motor oil.
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Figure 13. GC-FID chromatograms of HFO.

The seven diagnostic ratios (Ant/Phe, Fla/Pyr, Ant/(Ant + Phe), Fla/(Fla + Pyr), 
Ind/(Ind + B(g,h,i)P, B(a)Ant/(B(a)Ant + Chr), and HMW/LMW), together with PCA, 
were used in the identification of oil sources in the Jänesselja and Maadevahe APP 
soil samples. The same diagnostic ratios of the control oils, like diesel, LFO, used 
motor oil, shale oil, and HFO, were also calculated and compared with those of the 
soil samples. 

The average ratio of Ind/(Ind + B(g,h,i)P) for all 54 samples was 0.48. One sample 
had a value > 0.5, which may be attributed to biomass combustion. The other 
samples had values between 0.42 and 0.5, indicating petroleum combustion as the 
possible source of the PAHs. The variations in the PAH sources, as indicated by these 
indices, could be due to the different sampling sites, which have different 
hydrological and spatial variations. The Ant/(Ant+Phe) for the Jänesselja samples 
was in the range of 0.18-0.84 and for the Maadevahe samples, it was in the range of 
0.15-0.33 (Table 10). Ant/(Ant+Phe) < 0.1 indicates that the PAHs in the soil are from 
petroleum contamination sources, whereas Ant/(Ant+Phe) > 0.1 may imply that the 
PAHs are from wood and coal combustion sources.

Table 10. Ranges of the binary ratios for the Jänesselja and Maadevahe APPs.

Binary ratios Ant/
Phe

Fla/
Pyr

Ant/
Ant+Ph

Fla/
Fla+Pyr

Ind/
Ind+B(g,h,i)P

B(a)Ant/
B(a)Ant+Chr

HMW/
LMW

Jänesselja 
APP

0.21-
5.19

0.63-
0.95

0.18-
0.84

0.38-
0.49

0.42-
0.71

0.51-
0.65

0.02-
2.63

Maadevahe 
APP

0.18-
0.50

0.70-
0.87

0.15-
0.33

0.41-
0.46

0.44-
0.50

0.38-
0.62

0.06-
0.70

Most of the samples from the APPs exhibited Fla/(Fla+Pyr)<0.5, B(a)Ant/(B(a)Ant 
+ Chr > 0.4, and Ind/(Ind + B(g,h,i)P > 0.35. These indices from the APPs indicate that 
the sources of contamination in the APPs were oil shale and petroleum combustion. 

The score plot of the first and second PCs (Figure 14) shows 54 samples from the 
APPs, including diesel, LFO, used motor oil, shale oil, and HFO. The first two PCs 
account for 70.69 % of the total components in the complex mixtures of the oil 
samples. PC1 accounts for 45.46 % of the total oil spill compounds, while PC2 
accounts for 25.23 % of the total variance. The score plot reveals that most of the 
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samples are similar to the used motor oils. This study used motor oil in the form of 
a mixture of different used motor oils from diesel and petroleum engines. Diesel, 
shale oil, HFO, and LFO clasters were far from the analysed oils in the soil samples. 
Sample 2 from the Jänesselja APP was detected as an outlier, since it lay far apart 
from the other soil samples and control oils in the score plot. The Ant/Phe ratio was 
5, while for all other samples, Ant/Phe < 0.66. The source of anthracene in this 
sample was unknown. 

Figure 14. Score plot of the binary ratios of the samples from the Jänesselja APP, Maadevahe APP, 
LFO, diesel, shale oil, used motor oil, and HFO.

The 16 relative PAHs (Figure 15) were divided into 5 groups: 2 benzene rings, 3-rings, 
4-rings, 5-and 6- rings, and acenaphthylene. In this study, the behaviour of
acenaphthylene in the GC system differed from that of other 3-ring PAHs. In some cases, 
this compound decomposed in the GC inlet, rendering the analysis of acenaphthylene
more difficult than that of other PAHs. This issue can be overcome using a programmable 
temperature vaporisation (PTV) inlet and specific ISTD. The other individual PAHs with
similar chemical characteristics were clustered into the same group. For example,
Cluster 1 was composed of Nap (2-ring benzene), Cluster 2 had 3-ring PAHs, Cluster 3
consisted of 4-ring PAHs (Fla, Pyr, Chr, B(a)Ant). B(b)F, B(k)F, B(a)P, B(g,h,i)P, DiAnt, and
Ind), and Cluster 4 consisted of high-molecular-weight 5- and 6-ring PAHs.
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Figure 15. Groups of relative ratios of PAHs (Jänesselja APP).

Based on the clusters obtained from the CA of the samples from the Jänesselja APP 
(Figure 16) and using the chromatograms, the sampling sites in this study were 
grouped according to the oil mixture type. Cluster 1 included Sample 2 (the outlier). 
In Cluster 2, Sample 13 was polluted mostly with LFO. Sample 4 was polluted with a 
mixture of shale oil and diesel. Cluster 4 represented the samples that were mostly 
polluted with HFO (probably mazut). Cluster 5 represented samples polluted with a 
shale oil/LFO mixture. Some sample pairs, namely, 1-10, 7-14, 8-16, and 3-15, were 
located next to each other on the dendrogram. The clusters that were generated were 
highly convincing, as the samples in the groups had similar PAH binary ratios and 
similar sampling backgrounds.

Figure 16. Dendrogram of the groups of the samples from Jänesselja APP.
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4.4 Comparison of different methods and statistical analysis between 
the parameters (Study IV) 
The advantages and disadvantages of the 10 different GC-MS, GC-FID, and HPLC 
methods, including the one developed in the current study, were compared  
(Table 11) in the analysis of PAHs. The comparison considered the cost of one 
sample, energy consumption, time of extraction, the time spent by the analyst for 
sample preparation, and the amount of waste generated, all of which were crucial 
in the choice of the suitable method. Additionally, the LoQ, 
repeatability/reproducibility, and recovery rate of the methods were compared.  

Different methods used samples weighing from 1 to 60 g. The sample weight is 
usually selected considering the type of solid material and the LoQs to be achieved. 
The weight of 20 g for the validated method was chosen to obtain a representative 
sample with a sufficient LoQ. In the validated method, hexane and acetone were 
used as extraction solvents, as they enable the extraction of more polar compounds. 
The modified method in this study first used acetone alone, followed by the addition 
of hexane. It was confirmed that using the solvents in this specific order resulted in 
a higher extraction efficiency than that obtained using the solvents individually. 

Most methods used ISTDs or surrogate standards. The number of standards 
ranged from 3 to 11. Methods 2, 4, 7, and 9 applied external calibration. The correct 
ISTDs can compensate for the low extraction efficiency and reduce the matrix effect. 
In this study, four ISTDs were used: one for aliphatic compounds, one for high PAHs 
and PCBs, one for intermediate PAHs, one for light PAHs. 

Method 7 employed solid-phase microextraction (SPME) with a needle-trap 
device (NTD), which is a green and solvent-free sample preparation method. 
However, the packing of sorbents into the NTD by this method was a time-
consuming process with low repeatability (Dalvand and Ghiasvand, 2019). Methods 
2 and 5 used Soxhlet extraction, which required 24 and 6 h, respectively, to complete 
a single extraction. Besides being time-consuming, this method used a large amount 
of solvent, which is disadvantageous from the cost and environmental perspectives. 
In Method 5, a dichloromethane extraction solution volume of 120 mL was used. 
The accelerated solvent extraction employed in Method 3 was faster, consumed less 
solvent, and could be easily automated; however, the equipment for accelerated 
solvent extraction is expensive. In addition, heat-sensitive compounds may still be 
affected during accelerated solvent extraction (Han et al., 2019). Similar to Method 
10, the present study employed mechanical extraction. Mechanical extraction can 
be used for different soil types and is easy to implement in a laboratory setting. 
Mechanical agitation can accelerate the extraction process by facilitating the 
movement of the solvent through the soil matrix. However, continuous mechanical 
agitation requires energy, which may increase operational costs. 
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Table 11. Methods of PAH analysis. 

Method Reference Equipment Extraction 
type 

Number 
of 
stages 

~Time, 
min 

Weight, 
G Extracts Volume, 

mL ISTDs Greenness 
score 

LoQ, 
mg kg-1 

Reproducibility, 
% 

Recovery, 
% 

1 
(current study) N/A GC-MS Mechanical 5 60 20 2 30 3 0.42 0.014 

–0.020) 2–8 88–112 

2  Huang et al., 
2013 HPLC-FLD-DAD Soxhlet 9 1460 2 4 ~72 0 0.33 0.001–0.0095 < 5 29.8–96 

3 Han et al., 
2019 GC-MS ASE 11 40 5 3 ~80 11 0.32 0.0001–0.00017 1.3–18.4 80–100 

4 Kumar et al., 
2014 HPLC UV-DAD Sonication 12 190 20 4 ~237 0 0.25 0.00005–0.00171 3.34–14.68 82– 106 

5 
Environment 
Agency, 
2003 

GC-MS Soxhlet 9 400 10 2 ~185 6 0.22 < 1 1-33 N/A 

6 Yamada et 
al., 2009 GC-MS Sonication 12  150 10 3 ~200 6 0.23 0.00136–0.01186   2–20 68–108 

7 
Dalvand and 
Ghiasvand, 
2019 

NTD-GC-FID SPM 2* 40 2 0 0 0 0.68 0.000001–0.00001 7.3–13.2 92.53–
110.75 

8 Dong et al., 
2012 GC-MS Sonication 12 100 1 2 15 5 0.33 0.0006–0.0054 1.1–13.7 87–128 

9 

Volk and 
Gratzfeld-
Huesgen, 
2011 

HPLC FLD-DAD Sonication 7 40 5 3 ~50 0 0.34 0.00741–0.45258 < 14 84–87 

10 
Reflab 
metode 
4:2008, 2008 

GC-MS Mechanical 5 730 60 2 40 3 0.45 0.005 < 15 90 

*The preparation of the NTD prior to extraction is not incorporated in the preparation stage. 
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Statistical analysis between the parameters used for comparing different methods 
 
The PPMC coefficients (Table 12) between the parameters (the weight (Weight) of the 
sample (in grams), number of solvents (Extracts), number of method preparation steps 
(Stages), number of ISTDs, volume of solvents (Volume), extraction time in min (Time), 
minimum and maximum LoQ values obtained using these methods (LoQ.min and 
LoQ.max), average repeatability (Repeatability) of the method in %, and average 
recovery (Recovery) of the control samples) were calculated using the R statistic to 
determine the strength of the relationship between the parameters.  
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Table 12. PPMC results. 

  Weight Extracts Stages ISTDs Volume Time LoQ min LoQ max Repeatability Recovery 
Weight 1.000 0.274 -0.112 0.045 0.195 0.496 0.071 -0.184 0.536 -0.166 
Extracts 0.274 1.000 0.291 0.320 -0.071 0.118 -0.252 0.136 -0.114 -0.034 
Stages -0.112 0.291 1.000 0.030 0.647 -0.248 0.310 -0.047 -0.289 -0.360 
ISTDs 0.045 0.320 0.030 1.000 0.186 0.625 0.242 -0.393 0.483 -0.068 
Volume 0.195 -0.071 0.647 0.186 1.000 0.126 0.840 -0.040 0.112 -0.786 
Time 0.496 0.118 -0.248 0.625 0.126 1.000 0.215 -0.211 0.456 -0.164 
LoQ min 0.071 -0.252 0.310 0.242 0.840 0.215 1.000 0.103 0.119 -0.654 
LoQ max -0.184 0.136 -0.047 -0.393 -0.040 -0.211 0.103 1.000 -0.804 -0.394 
Repeatability 0.536 -0.114 -0.289 0.483 0.112 0.456 0.119 -0.804 1.000 0.167 
Recovery -0.166 -0.034 -0.360 -0.068 -0.786 -0.164 -0.654 -0.394 0.167 1.000 
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The Shapiro-Wilk test was conducted to calculate the p values and to test the null-
hypothesis. High degrees of positive correlation (from 0.5 to 1) were obtained for 
Weight and Repeatability at 0.536; Stages and Volume at 0.647; ISTDs and Time at 
0.625; and Volume and LoQ min at 0.840. High degrees of negative correlation (from -
0.5 to -1) were obtained for Volume and Recovery at -0.786 and for Recovery and LoQ 
min at - Weight and ISTDs at 
0.045; Weight and LoQ min at 0.071; number of Extracts and Volume at -0.071; number 
of Extracts and Recovery at - 0.034, and number of ISTDs and Recovery at - 0.068. 

Figure 17 shows the linear relationship between the two sets of data and the plot 
with a normal distribution error: Volume vs. Recovery (r = -0.786 and p-value = 0.971), 
Volume vs. LoQ min (r = 0.840 and p-value = 0.098), Stages vs. ISTDs (r = 0.030 and p-
value = 0.767). An increase in the volume of the extract decreases the recovery of the 
PAHs, while a decrease in the volume of the extract results in a lower LoQ. Figure 17 
(Stages vs. ISTDs) is a representative example where the correlation between the 
parameters is absent.  

 
Figure 17.  Linear relationship between the two sets of data and the plot with a normal 
distribution error. 

4.5 Greenness assessment of the method (Study V) 
The column “Greenness score” in Table 11 presents the calculated AGREE scores for all 
methods under consideration. AGREE metric analysis was chosen as it is a 
comprehensive, flexible, and straightforward assessment approach that provides an 
easily interpretable and informative result. The weight for all GAC principles was set to 
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two, as all principles are equally important. The low AGREE scores in all methods can be 
attributed to the use of traditional extraction methods. Soxhlet extraction and sonication 
exhibit an explicitly worse score (less than 0.35), while mechanical procedures (our 
method and Method 10) have similar scores (0.42 and 0.45, respectively). One exception 
is Method 7, where the use of SPME for analyte extraction yields a higher score.  

Table 13 shows the results of the AGREE analysis for the current method. The 
procedure involved an external sample treatment with a reduced number of steps 
(principle (p) 1), and the use of 20 g of the soil sample (p 2). The measurement was 
conducted off-line (p 3) and the procedure involved five distinct steps (p 4). The 
procedure was not automated, but incorporated a miniaturised sample preparation 
technique (p 5). No derivatisation agents were used in the analysis (p 6). The analytical 
waste contained 20 g of the sample, 20 mL of acetone, 10 mL of hexane, and 1 g of Na2SO3 
(p 7). In all, 43 analytes were determined in a single run, and the sample throughput was 
2 samples per hour (p 8). GC-MS was found to be the most energy-intensive analytical 
technique (p 9). Some of the reagents (acetone) may have originated from bio-based 
sources (p 10). The procedure required 10 mL of toxic solvents (hexane) (p 11), while 
PAHs were persistent and toxic to aquatic life (p 12). 

Table 13. Results of AGREE analysis. 

No Criterion 
 

Score Amounts / Notes 

1 Sample treatment 0.3 External sample treatment with a reduced number of 
steps 

2 Sample amount 0.22 20 g of the soil sample 
3 Device positioning 0.0 Off-line 
4 Sample preparation steps 0.6 Five  

5 Automation & miniaturisation 0.5 The procedure was not automated but incorporated 
miniaturised sample preparation technique 

6 Derivatisation 1.0 No derivatisation agents 

7 Waste generation 0.17 20 g of sample, 20 mL of acetone, 10 mL of hexane, 
and 1 g of Na2SO3 

8 Analysis throughput 1.0 43 analytes in a single run, 2 samples per hour 

9 Energy use 0.0 GC-MS is the most energy-intensive analytical 
technique 

10 Reagent source 0.5 Acetone may originate from bio-based sources 
11 Toxicity 0.2 10 mL of toxic solvents (hexane) 
12 Operator hazard 0.6 PAHs are persistent and toxic compounds 
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5 Conclusions 
This work aimed to develop and apply a suitable analytical method for the precise, 
robust, and selective analysis of oil compounds in soil, as well as to investigate the use of 
different statistical/chemometric techniques in the method development phase and 
identify the oil type in contaminated soil. 
The main conclusions can be summarised as follows: 

I. The AQbD approach in environmental analysis was used for the simultaneous 
identification and quantification of 16 PAHs, 7 PCBs, alkylated PAHs, and 
aliphatic compounds in the soil. The ATP, CMPs, and CMAs were identified. The 
acceptable ranges were established. DoE enabled the determination of optimal 
GC conditions for the new method to be developed.  

II. The robust, rapid, simple, sensitive, and selective GC method was validated. The 
reproducibility, accuracy, MU, and recovery of the method were highly 
acceptable, and the LoQ satisfied regulatory requirements.  

III. Two chemometric techniques (CA and PCA) and two analytical methods (GC-MS 
and GC-FID) were applied to better understand the distribution of PAHs in the 
soils from former APPs, as well as to identify the possible sources of the old oils. 
The combination of analytical and chemometric methods in oil spill 
fingerprinting helped in interpreting the data based on the ratios of the PAHs, 
while determining the possible sources of the old oils, thus contributing to 
considerable time and cost savings in oil classification.  

IV. Comparison showed that there was no single “best” method for measuring all 
types of soil-contaminating PAH compounds. A comparison of 10 methods 
revealed the newly developed method to be most suitable for the intended 
purpose in every aspect, including for rapid analysis. Including all steps of 
sample preparation, the analysis time was approximately 1 h. The PPMC 
coefficients between the parameters were calculated with the use of R statistic. 
Volume vs. Recovery showed a negative correlation, Volume vs. LoQ min 
showed a positive correlation, while Stages vs. ISTDs showed no correlation 
between the parameters. 

V. The greenness of the method was evaluated using AGREE metric analysis. The 
greenness score of the present method generally surpassed that of the other 
methods. The present method involved five steps of sample preparation 
without cleanup and evaporation, making it greener than the other methods. 
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Abstract 
Analytical Quality by Design in environmental analysis 
Analytical Quality by Design (AQbD) is a holistic method and development approach that 
encompasses the entire analytical procedure, from risk assessment to lifecycle 
management. The enhanced AQbD approach reduces the time and effort necessary to 
develop reliable analytical methods, enables flexible change control through the method 
operable design region, and lowers out-of-specification results. In this work, the AQbD 
approach was chosen for analytical method development. This approach aided in the 
simultaneous identification and quantification of polycyclic aromatic hydrocarbons 
(PAHs), polychlorinated biphenyls (PCBs), alkylated PAHs, and aliphatic compounds in soil 
and sediment by gas chromatography-mass spectrometry (GC-MS). Additionally, the 
mechanical extraction method was employed for sample preparation, resulting in the 
development of a modified method with superior analytical parameters. Subsequently, 
the set-up of the Design Space (DS) for method development was investigated, including 
the selection of a suitable GC column. The obtained experimental design allowed the 
determination of the optimal GC conditions to develop a new method that yields 
adequate resolution and recovery. The method development process involved modifying 
the sample preparation procedure to make it simpler and faster. Decreasing the number 
of extraction steps contributed to reducing the staff required and the consumable costs 
for extraction. Thus, a method to analyse PAHs, PCBs, and aliphatic and aromatic 
compounds in a single run with reliable accuracy, precision, linearity, and recovery rates 
was developed. This new method was validated in the laboratory, and an inter-laboratory 
comparison was also carried out. With this new validated method and chemometric tools 
(principal component analysis (PCA) and cluster analysis (CA)), the source of soil 
contamination could be identified. Statistical methods (Pearson’s product-moment 
correlation (PPMC) and the Shapiro-Wilk test) were employed to compare different 
analytical methods for analysing soil samples polluted with PAHs. The Analytical 
Greenness Metric (AGREE) was employed to assess the greenness of the methods 
considering the twelve principles of green analytical chemistry (GAC). Thus, this study 
developed a robust, rapid, simple, sensitive, and selective GC method for PAHs, PCBs, 
and aliphatic and aromatic compounds. The method was validated as per the guidelines 
established by the Nordtest Guide and the International Council for Harmonisation (ICH).  
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Lühikokkuvõte 
Analüütilise disainiruumi kontseptsiooni rakendamine 
saasteainete pinnases määramise meetodi väljatöötamisel 
Analüütiline disainiruumi kontseptsioon (AQbD) on terviklik meetodite arendamise 
lähenemisviis, mis hõlmab kogu analüütilist protseduuri alates riskihindamisest kuni 
meetodi elutsükli juhtimiseni. Täiustatud AQbD lähenemine vähendab usaldusväärsete 
analüütiliste meetodite väljatöötamiseks vajalikku aega ja töömahtu, võimaldab 
paindlikku muudatuste kontrolli läbi meetodi toimiva disainipiirkonna ning vähendab 
väljaspool spetsifikatsioone (out-of-specification) tulemuste esinemist. 

Käesolevas töös valiti analüütilise meetodi arendamiseks AQbD lähenemine. See 
võimaldas samaaegselt tuvastada ja kvantifitseerida polütsüklilisi aromaatseid 
süsivesinikke (PAH-id), polüklooritud bifenüüle (PCB-id), alküülitud polütsüklilisi 
aromaatseid süsivesinikke ja alifaatseid ühendeid pinnases ja setetes, kasutades 
gaaskromatograafiat-massispektromeetriaga (GC-MS). 

Proovide ettevalmistamiseks kasutati mehaanilist ekstraheerimismeetodit, mille 
tulemusel töötati välja muudetud meetod paremate analüütiliste parameetritega. Edasi 
uuriti meetodi arendamiseks vajaliku disainiruumi, sealhulgas sobiva GC kolonni valikut. 
Eksperimentaalne disain võimaldas määrata optimaalseid GC tingimuseid uue meetodi 
väljatöötamiseks, mis tagas piisava lahutusvõime ja saagise. 

Meetodi arendamise käigus lihtsustati ja kiirendati proovide ettevalmistamise 
protseduuri. Ekstraheerimisetappide arvu vähendamine aitas kaasa tööjõukulu ja 
tarvikukulude vähenemisele. Seega töötati välja meetod, mis võimaldab määrata PAH-
id, PCB-id ning alifaatseid ja aromaatseid ühendeid ühe mõõtmistsükli jooksul 
usaldusväärse täpsuse, lineaarsuse ja saagisega. 

Uus meetod valideeriti laboris ning viidi läbi ka laboritevaheline võrdluskatse. 
Valideeritud meetodi ja keemomeetriliste tööriistade (peakomponentide analüüsi ja 
klasteranalüüsi) abil oli võimalik määrata pinnase saastumise allikas. Statistilisi 
meetodeid, nagu Pearsoni korrelatsioonikordaja ja Shapiro-Wilki test, kasutati erinevate 
analüütiliste meetodite võrdlemiseks PAH-idega saastunud pinnaseproovide 
analüüsimisel. Lisaks kasutati Analüütilise Rohelisuse Maatriksi (AGREE) meetodite 
keskkonnasõbralikkuse hindamiseks, tuginedes rohelise analüütilise keemia 
kaheteistkümnele põhimõttele. 

Seega töötati selles uuringus välja usaldusväärne, kiire, lihtne, tundlik ja selektiivne GC 
meetod PAH-ide, PCB-de ning alifaatsete ja aromaatsete ühendite määramiseks. Meetod 
valideeriti vastavalt Nordtesti juhistele ja rahvusvahelise nõuete ühtlustamise nõukogu 
(ICH) juhistele. 
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Appendix 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Jurjeva, J., Koel, M. (2019). The chemometric approach to identification of residual oil 
contamination at former primitive asphalt pavement plants. Oil Shale, 36(3), 410-430. 
https://doi.org/10.3176/oil.2019.3.04 
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Publication II 
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Appendix 3 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication III 
Jurjeva, J., Koel, M. (2025). Application of the concept of design space in method 
development for the determination of contaminants in soil. Proceedings of the Estonian 
Academy of Sciences, 74(1), 71–81. https://doi.org/10.3176/proc.2025.1.07  
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àbcdcde�fgchcfij�
kahlmn�oigikahagp�
qrstuv�fgchcfij�
kahlmn�ihhgcwxha�

qrsyu��
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z�gidpomghihcmd�qjmecphcfpu�cp�mda�mb�hla�appadhcij�ajakadhp�cd�hla�
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ìhi�lidnjcdev�gapxjh�
fijfxjihcmd

zrlak�hihcmd��ip�xpan�cd�hla�jiwmgihmg�bmg�nihi�ogmfappcde~

sahlmn��ijcnihcmd
z�cdaigch�v�ogafcpcmdv�iffxgif�v��m��idn�kaipxgakadh�
xdfaghicdh���ijcnihcmd~

�xijch��fmdhgmj z�afm�ag��haphv�oighcfcoihcmd�cd�idcdhag�jiwmgihmg��haph~

�

������������������������������� ¡¢�£����£���¤�



�����������	
����
����	�	�������

���������������������������������� ��������������������!���"�

�#������������$�����$���!��%�������$��$���� ��� �� ������$"�

&'()*��$���#��$�� �����������$��������������+�� ����

��$�����$���$������$��,�����!���$����$�$��-�.�����������$�(

�����$���$�� �������������������+$�!���$���� �����$����� ���(

!����$����!������$��,���-�����$�%����� �������������������$�(

!�#�$����!���������������������� ����������$����� ��!����$���

���������������"��#��������$�������,"�����������,"� �������$"�

���#���,"���$�����,��$��/�0-�1�������"������������������(

� ��$���% �����$����$�"���� �������,"��������#����2��������#�(

������������3������������� ��3������������!�����������������

 ��������-�����!#��������� �2������� ����4�������$��,������

 �����#�����$�����$�����������������3������� �������3��2��$�

��$�������,"�����������,��$�������� ��!����$�����������-�5����

���� ��6��������$���������+������$�����������#���$�3��2��$�

���� ��6��2����').��3���#��������������������,������������

������������������������#����!�������$��$���!���$����$�$����$�

�������������3�������3,������#����������789:-�.!���������6�$���!�

� ����4����$"������������2�������������#��$+����$����� �����(

�#���-�����$�#������������������������$����3#����$�������3���

���������"�������$�����$+��$����$������!���������� ����������

2��� ��!������3,����������,�������$�� ������ ����$��$��$��$���(

��3������,�����-�

;<�=>?@AB�AC?DEDFG?DAH�
I�J��K��
���L	�M���N�����

����&'()*�����$�O#��2��������$�!����������$�$+���������(

 �#$����$�������$��������$��3���#����!������3����,������ ������

��� �#$����$���� ��%���%�#�����$���#  �������#����,��$��

 �������$�2����$�����2�������$+���!��$��,�����$��$������$��

��O#�����3,��!!��������+#�����$��789"8P:-�

�����������!�������Q.5���$��,����2���3������$�����

!��������3������,��������78R:�2����&'()*��$���#��$�����$�

#���-������$��,�����!��������+������ �#$���2���� ��!������

�$��$�.+���$��STRUV�&'��,����������2����O#�  ���2������

����(�������������������9RSSV�)*-�W% �����$���2������$�(

�#�����#��$+���!!���$��������, ���X����,"����,�,"���$�,Y"���!�(

!���$��2��+���"��%�������$����#���"�������$��� �������2�������

�2���, ����!�&'����#�$��XZ%�([/V�X��2( ������,� �� ������,�

 ����Y��$��Z%�(\S*���X��� ������,������3�$�� ����YY����

����#���������� �����!������3���� �����������$� ��!����$���

����������������X��$�������,"�����������,"� �������$"����#���,"�

��$�����,��$��/�0Y-�V�������#�$�"��������$+���������������(

��$�����$��!����� ���#����XZW*�W]Y"��%��3����%�����$��

�$���$�����$������������,�!�����������$����$��$������� �#$��"�

�#������Q'V���$+�$�����$��Q.5�-�5�2����"�!������ ������

��� �#$��"�$���$!�������$��3�#������������,�2���������3��-�

Q������$��,��% �����$���2������$�#�����#��$+������������(

��+�� ������$�����$���������$����3,��������#�$� ���#����

!�������Q.5��$��Q'V��$��,���-�.���%�#����!����+�������(

 �#$������#�����$�$(��%�$��2����$̂�������$���&'()*-�����

���$������#����2���_�����3�����$̀2�$��2���!�$�$+��,����(

���3�$����$�����X'Ta'bU�\UUU��+̀/��!��������� �#$�Y�!����

.��#*��$����"�c�2�5���$"�d*.e��#�������%"��#������$�����

��6,������Q.5���$�������������$����#�$��X\UU��+̀/��!������

��� �#$�Y�!����'����$"����$�����"�c��2�,e�Q.5���%(R�

\UU�$+̀f/��$������$�������!����g�-�W���$����!���&�35"�

.#+�3#�+"�&����$,e�Q'V���%(h�X\U�$+̀f/��$����(����$�Y�!����

g�-�W���$����!���&�35-�V�������#�$�����2����#!!����$��

�����#���$�!���Q.5���$��Q'V�e���2����"�Z%�([/V����#�$�

2��������������������$��,���������#�$�3���#������ ���#��������

3���� ��6���� ��!������ ��������� �#$��-�

.$��$�����������$�$+���#�,��!������$��,������ �����#���2���

���������#���%���$�$+��������$��$���$������� ����#���"�!��2�

������$����� ����#���+�����$��a����� ����������6$�2$���������

����+$�!���$���� �����$� ��6�����$���$��$���� ������$��$�&'(

)*��$��,���-�����/�0"��� ���#��3����,��$������#����$��#$�(

������$�,��% �����$���2������$�#������$������#�������������(

�$+��������c��������+#����7hU:-���3���h����2�����#����!��������

 ������$��,���#�,-��

�
I����i�
�����L��j��
���	��k�	�
����	�	�������

�2��6�$����!� ��3�����$�������3���������2����$�����!�����(

2��6��!�g*�3,��% �����$��������+$-�����!��������������������

2�����!���������,���+$�!���$��,��!!����������� �$����!��$�

�% �����$�"��$����������$��������!�$��!���������#��������� ���(

��4��������� �$���7h\:-��������#�����!������$�����������$�$+��$��

 �����,����6���������$��������������������������!�������a�����

�$�������$��!�$������$���� ����#�������2������������$��������(

 ����#���a�+�����,��!!��������������$���$�������$���� ������$�

�!� ��6�-�

���������(������g�W�2��� ��!������3,�#��$+�l)Q�

��!�2����7h8:�����$�����+��������� �������������!��������$������

���$���� ����#��"�����!�$������$���� ����#����$�������$����

��� ����#��-�������������+�� ���� ��6��������$�����������(

�#���$�3��2��$����� ��6��2������� �����#$������!!���$��

�������������������������������������������������������������������������������������������������������������������������������������mnopqr�ostun�pr�vnwxyz�zn{n|ysvnrw���������}~

�
��������� �������������� ������������������� ����������������������������

���������������� ��������� ¡ ¢ � ��£ � ��¢ �

����¤������¥��¦��� � ���������§� ��£ � ��¢ �

����¤������¥��� ���£� ���������§� ��£ � ��¢ �

����¤������¥���£���̈� ���������§� ��£ � ��¢ �

����¤������¥���̈��¢§� ���������� � ��£ � ��¢ �

����������¥��¦��� � ���������¢� ��£ � ��¢ �

����������¥��� ���̈� ����������� ��£ � ��¢ �

����������¥���̈��¢§� ����������� ��£ � ��¢ �

���¤��©������ª«�������¤���� ��������� ¡§� ��£ � ��¢ �

���¤��©�¤������ª���¬­�®���¤������� ��������� ¡§� ��£ � ��¢ �

�������������̄ �� ��������� ¡  £� ��£ � ��¢ �

�

°	±
��I��²³́µ¶·�̧¹º»�́¶¼́¹½¾¿ÀÁÀÂÀ·Ã�³Ä½�Å¶³Æ¾́¶Å¶Ä·�¾Ä¿¶́·³ÀÄ·Ã�



����������	
����������	
��	���
����	��	���	��
��������	���	

���	�����	��	���	
���	�����	��	���	���	����	
��	���	���	��	

����	�������	����	�����	���	�����	��	����	����	���	�����	��	

���	���	���	���	��������	���	������������	�����	� ������	!

���	���	���	����!����	��������������	������	������"�� 	����	

#��$�	%	�����	��	&�	��
��������	����	���������	�����	���	

�������	��	���
�����	���
�����	���'���	��	���	���������	!

����	��	&�	��	('�	���	����	���
�����	���	���	����	�����	��	

���)���	���	�����������	*����	��	�����	��������	��	���	���	!

��	�������	����	���	��������	
���	����	�����	�����	��	���	�����	

+�	�����"��	�����	�� 	����������	������	���	������	��	��'

,�	-�	���	���	�������	�"��	���
��������	���'�,�	-�	���	���	

�����	�"��	���
�������	���	�&�'�&�	-�	���	���	�����	���
���	!

�����	
��	��
�������	+������	��������	
����	.����	+��/.�0������	!

����	���	��� ����0	���	���	�����������
���	
���	�����	��	

1%2��	1�*�	���	��������	���
�����	����	�"�������	�����	

�����	�����������	����	������������	������	"���������	���	

����������	
	

3434	56789:	;<=>:<7>9?		

@A@ABA	CDEFGHEIJK	GKL	MGNOPQ	OFQOGFGEIJK	


��	����������	��	1%2��	���
�������	���������	���	1�*�	���	

+����	��	�	��������	������	��	RST	�UV��W&���	#�,$�	%�������	

��	&�	�	����	���	����	���
��	����	�����	���������	��	��������	

���	����	������	���	������	
 ��
���
����	.&&�	('�	

X�
,
T
V
1
&
0	����	������	
��	���
���	����	���	�����	
����	��	

���	���� ����	
��	�����	�������	���	����������	���������	��	

RST	��,U�W�YY�	���	���	���� ���	�������	����������	��	���	�� 	

������	+����	#��$�	
��	���
���	����	�����������	���	���	�

��	

�� ��	�����	����	X�
&
ST
�
	��	����"�	��������	������	
��	�����	

�������	���	�����������	����	���	Z�	"���	���	���	Z�![S	

���� ����	

	
@A@A\A	]KMEF̂NQKEGP	OGFGNQEQFM	


��	Z�![S	���� ���	���	�������	���	�����	���	���������	

����������W	
�����	
�������	�
�������	��_������̀	������	����	

��a	�(	���'�	̀�"��	���
�������	
��������W	�������	���	!


�������	,�	-b	.����	����	�	���0̀	,�	-b	���'�	��	�U�	-b̀	

&�	-b	���'�	��	���	-b	.����	����	���	���0̀	,�	-b	���'�	��	

�,�	-b	.����	����	Y�V�	���0̀	���������	���
�������	�&�	-b�	


��	���� ���	����	
��������	��	�	��������	���	����������	

.SR[0	����	�����	���	��	�����	����	���	����	���
����	���	

��������������	#&��&Y��U$�	

	
@A@A@A	cQM̂PEM	


�+��	,	�����	����	���	���	�������	����	������	���	��
�����	

��+������ 	���������� 	.��d0�	
��	��
������+���� 	��	���	

������������	��	1�*��	1%2�	���	���
�����	���	��������	

���������	���	�����	����	&�d�	
��	����������	+������	���	

��
�����	��������������	���	�����	�+������	���	+����	&�d�	


��	����"�� 	��	1%2	���
�����	������	����	aa	��	��&d�	

e��	���	
�����	1%2��	�	������	����+������	���"�	��	���	�����	��	

��'����	��	('�	���	�+������̀	���	��� �����	1%2	���
�����	

��	���	��,'�	��	('��	���	1�*�	��	���	��'U��	��	('��	���	���	

���
�����	���
�����	����	�	�����������	��	�������������	

.f&	g	��YYa0	��	���	��'��	��	('��	(�h�	��
������+���� �	��	!

�������� 	���	������� 	����	��������	�����	���������	���������	

��	�������	.�f[�0W	����	�f[	*%[!i���+	����	(Z�	����	�	!

�����	
����������	[���������	ij̀	
12	����	�	.�f[�V&!

���Z0	����	S����!%������)[�����	k���������	Z����� ̀	

Sl
T�	���
��	����	�l1%(�	*��������	
��	X�����������	


��	�������	��	���������� 	����	���������W	���	���������� 	

���	
�����	����	���	���������	��	�������	"����	���	���	��	!

�������� 	���
�����	���	+����	e����� �	���	����������	��������	

��	�������� 	���	�����
����	+ 	�	m��"�����	������n�	�	o	&�	��	


��"���	��	��
�����	���������� 	#��$�	

R�	���	�������������	�����	��"����������	���	������� �	


��������	���	���������� 	�����"��	����	����������� �	%��	���	

����������	(�h�	����	�����	����	�����	��������	+ 	���	

S������	������������	
��	��� 	����������	��	���	������	���	

���	�������	��	���� ��	����� 	
�������	���
����	R�	����	�����	���	

���
���	������	��	+�	�������	���	���	����������	����	���	!

������ 	�����������	

pq	rstuvwxytu	uxzxw{	|}~	��{x�s	{�ty�	|}~	}xu		
				�~}��yw{	xs	w��	�s�x~}sz�sw	
R�	���	�����������	���	���	����	�������	�����	����	����	���	

��"���
����	��	���	�������	��	��������������	���	������	!

��������	��	1%2�	#�V��a$�	1�*�	#�Y$	���	���
�����	���	���	!

�����	���������	#,�$	��	����	���	����	
��"���	���	"���������	��	

�����	��������	
��	�������	������	��	�����	��	���
��	
��
	!

�������	.���
��	������
�	�����������	��������������	�"�
	!

�������0�	����������	� 
�	.S������	�����������	����������	��	

����������	����������	����������	����������	�����������	���	!

"���	����������	.%Sl0�	�����!
����	���������������	.S1[00	

���	���� ���)���������	.Z�![S�	Z�!eRk�	����!
����������	

������	�����������
� 	.21(�00�	R�	��	���	�����	����	"������	

�������	����	��	���
��	� 
��	������	���	
����	��������������	

��������	�������"�� 	���	�"����+��	��	�������������	���������	

������	�������	l���	������	���	���	��"�������	���	���	!

��"�������	����	���	��+���������	����	��������	��	�������	kS	

���	��
��"���	���	��������		

R�	����	���� �	���	
���	���	����	��	��	���������	Z�![S�	

Z�!eRk	���	21(�	��������	���������	���	���	��	"���
��	

��	���	�������	���� �	����	���
����	.
�+��	�0�	
��	����	��	

����������	�����������	���	�

��������	����	�
���	���	���	


��
�������	��	���	���
��	.���������	���	����������	����0	���	

���	���������	��	���	������	����	����	�"��������	R�	���������	

(�h�	��
����+���� )��
������+���� 	���	����"�� 	����	��	���	

�������	����	���
�����	


���	���
������	��	���	�������	��
�����	��	���	����������	

���������	���	�+�����	��	�	���+����	������	���	���	�����	!

�������	���� ���	��	1%2��	1�*�	���	���
�����	���	��������	

���
������	
��	
������	���
������	���	��	+�	����	+������	

���	�������	��	���� ���	��	1%2�	��� �	

	
�4�4	�?<=��>�	76�8?>��6�	��6:	


��	����	������� 	����	�������	���	���	1%2�	���� ���	��	

�����	���	�����������
���	����������	����	����!�
��������� 	

���������	���������	21(�	���	Z�![S�	R�	����	������	Z�![S	

��	���	
��������	����������	#,�$�	R�	��	�

����+��	��	���	��	!

_���� 	��	
���������	���	��������	(�h��	Z�![S	���	����	

����	��	���	������	���	��	���	�"����+���� 	��	���	��+������ �	

��									��	�������	���	��	����



���������	
���

�����
������������	�
����

������������� ��!"�#�$�%��&��'�()�'(���%�) ��� *�'�+��������

$�(#* �(��&�&���,�����- �'�.,� *�� ,���������('��� �%(����)'�

 *��/�0�� ��.���-*(�1�'+�2*��$�(#* ����3"�#���%���1��('� �'�

�� *�'�$���-*���)� ��#� ���%��%���) � (1���������$( *���

�&��(-(�) �/�0+��

2*���4 %�- (�)����& (�)�1��&���()� *���� *�'��&)'�%�

-����%(��)�$���()� *��%�)#�����"5�6"��/+�2*(��(��(���% �) �

()�'� �%�()()#� *��#%��))������� *���� *�'+�7�&���,8� *��

�4 %�- (�)����1�) �&��'�(���-� �)�8�*�4�)���%�'(-*��%����9

 *�)�+�:(-*��%��� *�)��-�)��4 %�- ���),�-����&)'�;�*�$�9

�1�%8������-�&) %(����1�('�$�%<()#�$( *�'(-*��%��� *�)�����

( ���,�-�&���*��� *�(��&���=>3?+�2*���'1�) �#�����&�()#�

�-� �)���)'�*�4�)��(�� *� �( ��)�.������%������%�-����&)'��

 ��.���4 %�- �'+�2*����'(�(�'��� *�'�()� *(��� &',��(%� �&��'�

�-� �)�����)���)'� *�)�*�4�)��$����''�'+�@ �$���-�)�(%��'�

 *� �&�()#����1�) ��()� *(�����-(�(-��%'�%�����$����%�*(#*�%�

�4 %�- (�)����(-(�)-,�-����%�'� ��&�()#����1�) ��()'(1('&���,+�

�
��A��B�	�C�����������������

@) �%)���� �)'�%'��D@�2:�E��%��&%%�#� ��� �)'�%'��$�%��&��'�

()���� ��� *�'�+�2*��)&�.�%����� �)'�%'��%�)#�'��%���F� ��

��+�G4 �%)���-��(.%� (�)�$�������(�'�()�H� *�'��38�>8�I��)'�J+�

2*��%(#* �() �%)���� �)'�%'��-�)�-����)�� ����%� *����$��4�9

 %�- (�)����(-(�)-,��)'�%�'&-�� *���� %(4�����- +�2*��%��9

���%-*�%����� *��-&%%�) �� &',�&��'���&%�@�2:�K��)����%���(�9

�*� (-�-����&)'�8��)����%�*(#*�LMN���)'�LOP�8��)����%�

�(''���LMN���)'��)����%��(#* �LMN�+�

�
�����Q�����������
�R���

:(���%�) ��4 %�- (�)��� *�'���%��&��'+�2*������- (�)���� *��

�4 %�- (�)��� *�'�(��-*����)#()#�.�-�&��� *�����(-(�)-,���� *��

�������������������������������������������������������������������������������������������������������������������������������������STUVWX�UYZ[T�VX�\T]̂_̀�̀TaTb_Y\TX]���������cc

�
defgehij� klgmejhnopoqorst�u� vnnhmwnst�u� xinlmrwoirst�u� yezt�f{�|{}~�

�wg�r�wqlil� ���� ~~� �~� ��������������~��

vnliwg�r�sqlil� ���� ~�� ~�� ��������������~��

vnliwg�r�lil� ���� ~�� ��� ��������������~��

�qhemlil� ���� ���� ~�� ��������������~��

��liwir�mlil� ���� ���� ~�� ��������������~��

vir�mwnlil� ���� ���� ~�� ��������������~��

�qhemwir�lil� ���� ���� ~�� ��������������~��

�smlil� ���� ~�� ��� ��������������~��

�li��w�wir�mwnlil� ���� ���� ~�� ��������������~��

d�ms�lil� ���� ���� ~�� ��������������~��

�li�e�p��qhemwir�lil� ���� ���� ~�� ��������������~��

�li�e�|��qhemwir�lil� ���� ���� ~�� �����������������

�li�e�w�gsmlil� ���� ~~� ��� ��������������~��

�ijlie�~t�t��nj�gsmlil� ���� ���� ~�� ��������������~��

�opli��wt��wir�mwnlil� ���� ���� ~�� ��������������~��

�li�e�{t�to�glmsqlil� ���� ���� ~�� ��������������~��

vqog�wron����d�}d~�� ~�� ~�� ��� �������������

vqog�wron����d~�}d~�� ���� ���� ~�� �������������

vqog�wron����d~�}d~�� ���� ���� ~�� �������������

vqog�wron����d~�}d��� ~�� ~�� ~�� ���������~��

vmefwron��d�}d~�� ���� ���� ~�� ���������������

vmefwron��d~�}d~�� ���� ���� ~�� ���������������

�lr�sq�gsmlil��qhemwir�lil� ~�� ~�� ��� ���������������

�lr�sq�n�ms�lil�pli��w�wir�mwnlil� ~�� ~�� ��� �������������~�

vmefwron��d~�}d��� ~�� ~�� ��� ���������������

�d���� ���� ���� ~�� ���������������~�

�d���� ���� ~�� ��� ���������������~�

�d�~�~� ���� ~�� ��� �����������������

�d�~~�� ���� ���� ~�� �����������������

�d�~��� ���� ~�� ��� �����������������

�d�~��� ���� ���� ���� �����������������

�d�~��� ���� ~~� ��� �����������������

��C	
������������ ��¡�¢�£�¤£¥¢ �¦§¦�¦¡̈©���� £��̈©� ª��£¡�¦ª¡̈��ª¢�«¥¬�



���������	
��
�
��
����
�����
�	�
������	��
��
�	����	���
��


�������
��������
����
��
����
���������
�
��
��	��	�
�	
�������


�	�
���
�������
��
�����
�����
���
����� �����
��������������	


!"�#$%
&���
�
	����� ����
������
!'�(%
����
�	
#�����
)


��
�
*���	�
�����	� ����
����������	
��
���
������+
��&�����


���,�	*
��
�����	��
�	��
'�(
��
����
������
��
�
���� ��	
 

����	*
�������
&���
��&
�������������
��-��
"������
��
 

�������	
����&�
���
�����	*��
�	�
��	��	����
���������	�


&����
��	
*���
��*���
������
��������
��
�����
�������
�����


#������
.
�	�
/
���	*
"������
���������	
��0����
.�
�	�
-


������
�������������
��
��������
�
��	*��
���������	�
1������


���	*
���� ��	����	*�
����
������
����
�
���*�
����	�
��


�����	��
&����
��
�
��	���	
�	
�����
��
����
�	�
�	����	
 

��	���
�������
2	
#�����
/�
���
���������	
�������	
������


��
3.4
�5
��
�������������	�
&��
�����
���
�����������


�����	�
���������	
!#�����
�%
&��
�������
��	�����
����
���
 

��	�
�	�
�����
��
������
���������+
��&�����
���
�0�����	�


���
�����������
�����	�
���������	
��
����	�����
2	
�������	�


���� ��	������
������	��
���
�����
��
��������
����	*


�����������
�����	�
���������	
�����
"��������
��
#�����
34�


���
�����	�
�����
����
�����	����
���������	�
����
���������	


��
���������
��
�������	�
����
�����
�	�
��
����
��
�������	�


�	
�
����������
�����	*�
#����	����
�*������	
��	
����������


���
���������	
�������
��
����������	*
���
������	�
��
���


�����	�
�����*�
���
����
�������
��&�����
��	��	����
����
 

�	����
�*������	
��0�����
�	��*��
&����
���
�	������
����
 

����	��
������




6787
9:;<=>?
@A;?@
<=B
@<C?:;
DE=D;=AF<AGE=


(������	�
��������
��0����
���
����������	
��
��������
��
 

�������	
�	�
����	��
�����
��/��

�
����
���
������
�������
��


���
���	��	�	��
��
���
�	������	��
��
������
��
��	�������


&������
����	�	*
��
	���������
"���
�������
�	�����
���
���


�����
��
����������	�
&����
��,��
�
������
�������
�	�


���� ��	����	*
!#������
��
-�
H%�
2	
���
�������
���
����	��


���*�
&��
���	�
��
��
�		���������
$���������	
��
�������
��


�������
	�����
��
�����	
��&
5�I�

�����
���
�������
!.�
��


��
/�
-�
H�
J%
���������
���
����	�
��
�������
���
������
����
 

������	�
#�����
.
���&��
���
��*�����
�
��
��
��
0����
��	
 

������
��
���
����������	
����
���
��
���
�����	��
����������
����


����	*
���
����������	
�������
��.��
���
5�I
�	
���
������


&������
����������	
&��
����
���	
4�4.4
�*
,*K3�
L������	*


���
���������
������
�	
�����
��
���
��	��	�
��
��	����	�	��


�	
����
�����������
��
���
"&�����
����������
���
��������


������
&��
��	������
�	��*��
#������
.�
��
��
-�
)�
H


!�����
/%
����
��&��
5�I�
��������
��
���
�����	�
�������


��&�����
���
����	��
�	�
������
��	��	������	
�����
��,�


����
�����������
�	�
���� ��	����	*
!&���
���
��������	


��
#�����
)
&����
���
	�����
��
���*��
��
�&�%�

	
�����


������
�����	
����
��
���
�������
������
���
ML
�	������
�����


��
�,�����
�	
���
�����	�
������
��,�	*
����
����
�������
�	�


�������











NO








PQ
PRSTUVW
WXY
ZQ
[\U]

^
_̀
a
b
c



d
_e
_f
_g
h_



i
j
k
lm
n
_g̀



i
ò
fp
h̀
lb
g

̀
q
m
_


r
k
n
s
_f

b
e

t̀
pu
_t


v
ln
_w

n
lg


x
f_
_g
g
_t
t

th
b
f_



y
b
z
w

n
u

{
u
|
} 


d
_m
fb
c
k
hl
s
l~
l̀
q
w

�


d
_h
b
�
_f
q
w

�






}

�
hk
ff
_g̀

t̀
k
c
q
�


r
��



x
�
�̂
�



^
_h
a
pg
lh
p~






�















�
�



�
��
�



�
��
}
�
|
�
��
�
�



�
|
�



�
�
|
}
}
�






�




�
�



�
�
y
�
��
y
�
��
�
�



�
b
o
a
~_̀






�









}
�
�
�



�
��
�



�
��
�
}
|
�
��
�
�
�



�

 �



�
�
��
|
�
�






�



�
�



x
�
�̂
�



�
�
i



}
}















�
�



�
��
�



�
��
�
�
}|
�
��
�
�
}
�



}
��
|
}
�
��



�
�
|
}
�
�






�



�
�



�
�
y
�
��
�
��
�
�



�
b
g
lh
p̀
lb
g



}
�












}
�
�



�
��
�



�
��
�
�
�
�
|
�
��
�
}
�
}



�
��
�
|
}
�
��
�



�
�
|
}
�
�






�



�
�



x
�
�̂
�



�
b
o
a
~_̀






�












�
�
�



�
��
�



�

}



}
|
�
�



r
��






�



�
�



x
�
�̂
�



�
b
g
lh
p̀
lb
g



}
�












}
�
�



�
��
�



�
��
�
}
�
�
|
�
��
}
}
�
�



�
|
�
�



�
�
|
}
�
�






�



�
�



r
v
�
�x
�
��
��



�
�̂






�















�
�



�
��
�



�
��
�
�
�
�
}
|
�
��
�
�
�
}



�
��
|
}
�
��



�
�
��
�
|
}
}
�
��
�






�



�
�



x
�
�̂
�



�
b
g
lh
p̀
lb
g



}
�












}
�
�



�
��
�



�
��
�
�
�
|
�
��
�
�
�



}
�}
|
}
�
��



�
�
|
}
�
�






�



�
�



�
�
y
�
��
y
�
��
�
�



�
b
g
lh
p̀
lb
g






�















�
�



�
��
�



�
��
�
�
�
}
|
�
��
�
�
�
�



�

 }
�



�
�
|
�
�



}
�



�
�



x
�
�̂
�



^
_h
a
pg
lh
p~






�












�
�
�



�
��
�



�
��
�
�



�

 }
�



�
�



�
�
�
��

�
 

¡
¢
£¤
¥
¦
§

¥̈

£
¤
¢

©
ª
«
§

¬
­
¬
®̄
§
°§





������������	�
����	�

�����������
���������������������������� �!��"����"��#����"���������"�

����� #�$����#%����#� �����!����������&!���"�"�'���������

����'%������������#��� !�"(�)���"��#"���� �����������""�""�����

��*���������#�������#���""��������������"�!"��(�+�������#������

 !� �"�,������-.//�����������#%"�"���##�0��'�����12� ����3

�� #�"����'��������#%����#������"��%�4-�56�0�"��  #�����������

 ��"����"�!�%(�������$��!��"������&!�#���������� ��"���"���

�������#�'%�������"��!##%���� #�����0��������12� ����� #�"����

-�5�789:(������""�""�����0�"� ���������!"��'�����"���0����

0��������!��������##%�'���������'�� ����������""�""�����

�� ����78;:(�.�����#%,�"������� #�������%�'������""�""�����

���#"���*��<�������*��#�<#��0��������"���0�������������

�"������������  #���<�#��%������!�������#��%����������#%����#�

�������78=:(�

)����<#��>,���#!���?-������""�"����@,�������#�!#�����

�-.//�"����"������##�����������"�!��������"��������������

 ��"�����(�A"��'��#���#�""���#��$���������������&!�"��"�����

���"�����������#�0��-.//����#%"�"�"����"�����##�����������"(�

����B�$�#����$�������������"���������� �����!��"�����"��0��

�����*���$ #����#%�0��"��"����"�4#�""������C(D>6,�0��#������

���������#� �����!��"�4�!�������������E������1C6���*��

"���#���"����"�4C(82�����C(8>,���" ����*�#%6(�F����$�� ������"�

E������;,�0�����!"��'�B�E����������$���������������#%��"�

'�*�"�����'����"����(��

+�'!���2�"��0"�������"!#�"���������-.//����#%"�"������!��

������(����� �����!�����*�#*�"�����$�����#�"�� #������������

0���������!�����!�<������"�� "�4 ����� #��4 6�16�������"��#�

"�� #�����2C�'�4 �26(��������"!��������"����3#����4 �D6�����

���� �����!�����*�#*�"���*����"������"�� "�4 �86(����� �����!���

�"������!��������<!����*�#*�"���������!��G���"�� #�� �� �3

��������������&!��4 �>6(�H������*���G�������'���"�����!"������

�������#%"�"�4 �96(����#%����#�0�"��"���������2C�'����"�� #�,�

2C��I�����������,�1C��I������$��������1�'����H�2BFD�4 �;6(�

8D����#%��"���������������������"��'#���!�,���������"�� #��

����!'� !���"��0��"�� #�"� �����!��4 �=6(�-53EB��"�������"��

����'%3��������'����#%����#�������&!��4 �J6(�B��������������3

�'���"�4�������6���%����'�����������<��3<�"���"�!���"�4 �1C6(�

���� �����!�����&!���"�1C��I������$���"�#*���"�4��$���6�

4 �116,�0��#�����"����� ��"�"�����������$�������&!�����#����

4 �126(�

������� ���"���"��0"�������������"����"��'#��?<�"�@��������

�������"!���'��##��% �"����"��#3������������'���������3

 �!��"(�������� ���"������K����������!���������"�� ���"�� #�,�

����'%����"!� ����,����������$��������,�����������������#%"��

" �������"�� #�� �� �������������������!������0�"��,�0�����

0�"���!���#�����������������������  �� ������������(�

������� ���"����������1C�������"���*��#��������!����"@�

����������<��������"��"!���<#������������������� !� �"�����

�*��%��" ���,�<���'��#"������������ ������#%"�"(�L�����##�"�� "�

���"�� #�� �� �����������#!���,����������������#%"�"�0�"�

�  ��$�����#%�������!�(������"���,�����*��%����� ��K���"��3

#!�������������������0������'�#%����� ��<#����������I�M�

��� #����0����������'!#����%���&!�������"(���������������3

*�#*�"���*��"�� "����"�� #�� �� ��������0����!���#���! �����

�*� �������,���K��'����'������(�����'������""�"������������

 ��"�����������'�����##%�"!� �""�"�������������������������"(�

N��O
�PQR�S
���
T�"�'��" �����"������ �������"�� �������������*�#� ���������

��*���������#����#%"�"���*�#*�"��������!#�"�!�%����#����"�"���

<%��!��������"��"�0�##��"����� �""�<�#����"�����$�"���'����#%����#�

������"(����"� ��*���"���"����'���!������������������"�'�����

�$ �������,�0�������"���# �������������%������ ����#����3

"��!�����#����������"�������*�#� ��'�������0�������(�����

"��!#�����!"��������������������&!����������������19� �#%�%�#���

����������%������<��",�"�*��� �#%��#���������<� ���%#",�

�#K%#��������"������#� ��������� �!��"����"��#���*�#*���

����������'�������&!�#��%�<%�����"�'���  �����������*�����3

�����#����#%"�"(�+���"�� #�� �� �������,�����-53EB�����3

#%����#�������&!��0�����������������#��$����������������0�"�

�� #�%��(�A"��'��� �� ���-5���#!���0��������� ����G���

�*��� ��'���������<#��������*��'�"!�����������"�#!���������

����*��%(�B�� #�� �� ��������0�"����#!�����"� ��������������

��*�#� ���������!'��0���������$���� !�����������"�� ��������

"�� #�"�<����������-5����#%"�"���!#��<��"K�  ��,���K��'����"�

 ����"�� #���������"���(�U%������%��'������$��������� �����3

�!��,����0�"� �""�<#��������#%"���!#�� #�����#%��"�������",�

�5U"������#� ���������������������� �!��"���!����#%������

"��'#���!��0������"!#�"��������� #%����B0���"����'!#�����"(�

T�����"��'������!�<�������$���������"�� "�����������#%"�"����

��"��'#��"�� #��0�##����!���"������!�<��"��"�0�##��"�����3

"!��<#����"�"(�)����������,�������!��"�������� #�$��%����#��3

<�������%���'���G������<%�������"���'������!�<����������������

 ����""�"����<����##�0��(�H�0���%",������"�<�������#��"��

���������%�����""�""�����'������""����������*�#� ����������

������� ��*�����!������#����"!��"���������(���������������3

���%� ���������*�#� ��'�����0������������������!���'�������

#�<�������%� ���������"���"�*�#�������,�0��������#!��"���������3

#�<������%���� ���"��(��

���� ��"�����$ �������������"�������������������"������

�������������*�#� �����0������ ��*�����������#���������3

#%����#� ��������",�0���������<��!"�������������##�����"���'�

���"��#�����"���������������",��5U"������#� ����������

������������ �!��"�0������#��<#�����!���%,� ����"���,�#���3

�����%���������*��%�����"����������*�"���'�������������������

���'�(�

�������������������������������������������������������������������������������������������������������������������������������������VWXYZ[�X\]̂W�Y[�_Ẁabc�cWdWeb\_W[̀���������fg
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