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Analytical quality by design (AQbD) – the term mostly used in the pharmaceutical 
industry – aims to integrate analysis and chemical state control development, resulting 
in more reliable analytical procedures that need less effort for performance verifi ­
cation and post­approval changes because of a better­defined design space (DS) – the 
region where all the input parameters can vary without altering the quality of the 
product [1]. 

According to the International Conference on Harmonisation (ICH) of Technical 
Requirements for Registration of Pharmaceuticals for Human Use [2], the setting of 
this space starts from the specifications of a product or the quality target product 
profile (QTPP), which forms the basis for the design and development of the product. 
It summarizes all the terms of processes, product properties, product quality criteria 
as well as safety issues both for the production process and the product itself through 
the use of which the product can have the desired quality. The next step is directly 
related to the identification of critical quality attributes (CQAs) of the product, 
defining the appropriate limits for the product properties or distribution to ensure the 
desired product quality [2]. Here the direct relationship with quality risk management 
comes into play to identify which material attributes and process parameters impact 
CQAs [2,3]. This approach was originally designed for the production process, but 
similar principles can be applied to the environmental analysis of soil, water or air, 
where the quality of analysis is an important characteristic describing the state of the 
environment and controlling the quality of remediation. 

DS is important in relation to quality management because working within DS is 
not considered a change. DS allows to react when the ‘process drifts’ are observed 
that could be caused, for example, by changes in analysed ma terials, such as different 
types of soil or water that cannot be actively controlled in order to keep the quality 
of environmental parameters at the intended level. Such changes within an approved 
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ABSTRACT  
The analysis of polycyclic aromatic hydrocarbons and polychlorinated biphenyls is an im -
portant topic in environmental analysis, and several analysis procedures have already been 
proposed. Following the approach of analytical quality by design (AQbD) contributes to the 
development of simultaneous identification and quantification of polycyclic aromatic hydro -
carbons (PAHs), polychlorinated biphenyls (PCBs), alkylated PAHs and aliphatic compounds 
in soil by the gas chromatography-mass spectrometry (GC-MS) analytical technique, using 
the mechanical extraction method for sample preparation, which results in the modified 
method with superior analytical parameters. In the study, the set-up of design space (DS) for 
method development was introduced, including the selection of an appropriate gas chroma -
tography (GC) column. Subsequently, design of experiment enabled finding the optimal GC 
conditions for the new method that allowed achieving adequate resolution and recovery. 
Method development involved changes in sample preparation, making it simpler and faster. 
Decreasing the number of different extraction steps enabled reducing staff numbers and 
consumable costs. As a result, methods of analysis of PAHs, PCBs and aliphatic and aromatic 
compounds in a single run were developed, offering reliable accuracy, precision, linearity and 
recovery rates that fully comply with Swedish regulations. This new method and its intro -
duction to laboratory practice was validated, and the greenness of the method was evaluated. 

1. Introduction
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DS do not require the authorities’ notification or preapproval 
[4], while the move ment out of DS does and should nor ­
mally initiate a post­approval regu latory change process [5]. 
 
1.1. Design space in the development of analytical  
      procedures 
There are different approaches and methods for defining DS 
and its relationship with the product – in the present case, the 
environmental parameters [6]. There are no official guidelines 
for establishing these kinds of parameters, and different 
methods can be used for this purpose, for ex ample, literature 
search and relevant statistics [7]. 

Developers of analytical measurements are often asked 
the following questions: what methods are available for the 
measurements? What are the characteristics of the samples? 
What analytical performance criteria are requested by regu ­
latory agencies? What is the method­provided perform ance? 
What laboratory resources are available? These questions and 
the related answers enable the developers to define the exact 
concept of the method and the limits for analytical pro ced ­
ures, which in principle form the DS for a particular ana lytical 
process.  

The environmental quality and level of monitoring define 
and constitute the basis for the control and limits of the en vir ­
onmental parameters in DS, and the procedure devel opment 
and control are aligned with a similar DS for the analytical 
parameters. The analytical target pro file (ATP) is similar to 
the environ mental parameters profile, which prospectively 
summarizes the requirements associated with the quality 
attributes of the measurements that need to be met by an ana ­
lytical procedure. The general criteria de fined in ATP relate to 
the maximum uncertainty associated with the reportable re ­
sult that gives an acceptable confidence in the quality of the 
decision. Other important performance characteristics for 
each ATP are spe cificity, accuracy and precision, taking into 
account the ex pected range of the ana lyte [8]. One must keep 
in mind that ATP does not refer to a specific analytical tech ­
nique or an operative mode; rather it establishes the criteria 
required for the technique as well as the measurement para ­
meters. During the method search phase, prior knowledge is 
gath ered, and, if necessary, preliminary experiments are car ­
ried out. In sep aration procedures, which are common in envir ­
on mental analysis, stationary phases and solvents in chro ma ­
tography, operative mode/pseudo­station ary phases in liquid 
chroma tography as well as sample prep aration are quickly 
evaluated or selected based on the litera ture, univariate ex ­
periments and/or the laboratory’s experience, with the aim of 
approach ing ATP. Regarding sample preparation, the choice 
of target concentration values as well as the prep aration of 
reference solutions should be con sidered, paying attention to 
high performance and efficiency. For example, in en vi ron ­
mental sample preparation, one needs to carefully consider 
the selection of analyte(s), pay due at tention to the properties 
of the extraction solvent as well as carry out the sampling of 
the environmental probe in a rep resentative way.  

In environmental analysis, the setting of an ATP depends 
on the threshold values of contaminants established by rel e ­

vant authorities for each case (air, water, soil). Compliance 
control requires using reliable and reproducible methods for 
sampling, sample pre­treatment prior to analysis and ana ­
lytical measurements to produce results that are valid for legal 
purposes. This stresses the importance of the methods of vali ­
dation, which is especially relevant in the development of 
reliable analytical procedures [9,10]. Quality parameters such 
as accuracy and robustness are therefore evaluated only at 
the end of the method development process. Notably, method 
robustness, defined by the ICH guideline Q2(R1) as ‘a measure 
of the capacity of the method to remain unaffected by small 
but deliberate variations in method parameters’ [11], is a key 
point in assessing the quality of an analytical procedure.  

AQbD involves good understanding and control of an 
analytical method, based on quality risk management [12]. 
Risk assessment can be carried out using several tools. In the 
first place, for visualisation it is helpful to use a fishbone or 
Ishikawa diagram, which identifies potential factors and dis ­
tributes factor­related risks into categories associated with 
instrumentation, materials, methods, measurements, laboratory 
environment and human factors [13]. In addition to the above, 
the recognition of significant factors for DS and their opti ­
mization can be made using statistical analysis and methods 
of design of experiment (DoE) [14]. 

In this study, the concept of DS was applied to developing 
a modified analytical method for compounds from oil­spills, 
namely polycyclic aromatic hydrocarbons (PAHs), poly ­
chlori nated biphenyls (PCBs) and aliphatic and aromatic 
fractions, which are known as accumulating contaminants. 
PAHs are formed mainly during the incomplete combustion 
of organic materials. PCBs can be released into the soil by 
leakages from landfills with PCB­containing products and 
disposed industrial waste [9]. ATP was related to the devel ­
opment of a precise and accurate method for determining oil 
compounds in soil and sediment using the gas chromato ­
graph­mass spectrometry (GC­MS) technique in order to sup ­
port uncertainty estimation throughout the whole range of 
analyte concentrations and achieve the necessary limits of 
quan tification (LoQ). In this case, the peak areas on chroma ­
tograms and the resolution between the peaks were used as 
critical methods attributes (CMAs). 

An analytical target in this case is the oil spill into the soil 
and the compounds that are spilled, namely 16 parent PAHs 
and their alkylated analogues, seven PCBs, four aliphatic 
frac  tions from octane to pentatriacontane and different aro ­
matic compounds. The concept of DS applied to the target 
com pounds in this study consists of the following steps: iden ­
ti fication of critical method parameters, performance assess ­
ment, establishment of acceptable ranges, optimization of 
conditions, method validation, monitoring and control. 
 
1.2. Legal limits of design space for oil products in the 
       environment (Scandinavian examples) 
An increasing number of countries have established threshold 
values to monitor and evaluate the content of contaminants 
in soil, water and air. Compliance control requires using 
reliable, reproducible and validated methods for sampling, 
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sample pre­treatment prior to analysis and analytical mea s ­
urements to produce results valid for legal purposes [10]. 
This way, DS is referring to a multidimensional combination 
of method parameters and conditions that ensures method 
robustness, reliability and performance [15]. The use of chemo ­
metrics in environmental studies is a powerful tool that dis ­
tinguishes three main areas of interest: quantitative chemi cal 
analysis, monitoring for environmental quality assessment 
and prediction of toxicological effects [16]. It is particularly 
important in the development of analytical methods for com ­
plex analyses, such as the determination of PAHs, PCBs and 
aliphatic and aromatic compounds in a single run. 

The compounds used for this study are emerging con ­
taminants, which were chosen due to their potential risks and 
increasing occurrence in soil and sediment. In Scandinavian 
countries, great attention is paid to the pollution of soil and 
its remediation [17]. In Norway, a set of guidelines has been 
developed by the Norwegian Environment Agency [18,19]. 
The Environmental Damage Fund, managed by the Ministry 
of the Environment, is responsible for compen sating for the 
costs of remediating oil­contaminated soil and groundwater 
when the party that caused the accident is not known [20]. 
The Soil Contamination Act, which entered into force on 
1 January 2000 in Denmark, has two main objec tives: one is 
groundwater protection and the other is pre ven tion of health 
problems that may arise from the con taminated areas 
[21,22]. The Swedish Environmental Code harmonizes the 
gen eral rules and principles in environmental legislation [23]. 

The Swedish Environmental Protection Agency has estab ­
lished guidelines and standards for acceptable levels of con ­
taminants in soil (Table 1) [24,25]. 

Several methods exist in Sweden for analysing oil com ­
pounds in soil. First, there is a method devised by the Swedish 
Environmental Protection Agency, which was then further 
developed under the so­called SPIMFAB project (Svenska 
Petroleum Institutet Miljösaneringsfond AB) [26] for ana ­
lysing aliphatic fractions in soil. Also, the instruction for 
carrying out the analysis of the aromatic fractions > C16–C35 
[27] is available. In addition, a method for analysing PAHs 
that meets regulatory requirements of contaminants in soil 
can be used. Table 1 presents the limits of contaminants in the 
living and industrial zones for PCB­7 (sum of PCB 28, PCB 
52, PCB 101, PCB 118, PCB 138, PCB 153, PCB 180), PAH­L 
(sum of light PAHs: naphthalene, acenaphthene, acenaph ­
thylene), PAH­M (sum of medium PAHs: fluorene, phenan ­
threne, anthracene, fluoranthene, pyrene), PAH­H (sum of heavy 
PAHs: benz(a)anthracene, chrysene, benzo(b)fluoranthene, 
benzo(k)fluoranthene, benzo(a)pyrene, indeno(1,2,3­cd)pyrene, 
dibenz(a,h)anthracene, benzo(g,h,i)perylene) as well as for dif ­
ferent aromatic and aliphatic fractions. Table 2 lists the limits 
of contaminants in the living zone for aliphatic fractions and 
PAHs in Denmark. In that country, all the methods of analysis 
developed must comply with the existing soil quality criteria 
for oil and/or petrol products in soil and must be carried out 
according to the methods prescribed by the Danish Environ ­
mental Protection Agency [22]. 
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Compound Limit in the living zone, mg kg�1 Limit  in the industrial zone, mg kg�1 

PCB-7                      0.008                                   0.2 
PAH-L                      3                                 15 
PAH-M                      3                                 20 
PAH-H                      1                                 10 
Aliphatic > C8�C10                    20                               120 
Aliphatic > C10�C12                  100                               500 
Aliphatic > C12�C16                  100                               500 
Aliphatic > C16�C35                  100                             1000 
Aromatic > C10�C16                    10                                 50 
Aromatic > C10�C16                      3                                 15 
Aromatic > C16�C35                    10                                 30 

 
Compound Soil quality criteria for sensitive land, mg kg�1 

C6�C10                                      25 
> C10�C15                                      35 
> C15�C20                                      55 
> C20�C40                                    150 
C6�C40                                    150 
PAHs, total*                                        1.5 
Benzo(a)pyrene                                        0.1 
Dibenz(a,h)anthracene                                        0.1 
PCBs, total                                        0.02 

 
Table 2. Soil quality criteria given by the Danish Environmental Protection Agency for sensitive lands [21,22,28] 

 
* defined as the sum of individual components: fluoranthene, benzo(b,k)fluoranthene,    
  benzo(a)pyrene, dibenz(a,h)anthracene and indeno(1,2,3­cd)pyrene 

 
Table 1. Concentration limits for contaminated land in Sweden [25] 



The values for the hydrocarbon fractions given in the 
Danish regulation differ from those presented in the Swedish 
regulation. The difference may be mainly due to the fact that 
the hydrocarbon values in Denmark were determined by gas 
chromatography flame ionization detector (GC­FID) and in 
Sweden, by GC­MS. For the PAHs analysis, both countries 
used GC­MS. 

2. Steps for the new method development 
2.1. Analysis scheme 
In this study, the legal aspect of DS for oil compounds in soil 
is based on the guidelines devised by the Swedish En viron ­
mental Protection Agency. Also, the analytical perform ance 

criteria requested were defined by this agency. In soil ana ­
lysis, the number of the samples to be analysed is usually 
relatively high, and the analysis method has to be applicable 
to different types of soil. 

In the present study, all samples were analysed for ali ­
phatic and aromatic fractions as well as for PAHs, and ap ­
proximately 80% of samples for PCBs. It means that the 
combined method was highly preferable for analysing all 
compounds in one run. 

The concentration limits of contaminants set in regu ­
lations and the expected detection limits require defining the 
critical method parameters for method development. The flow 
chart (Fig. 1) shows the steps of the concept of DS applied to 
the target compounds in this study. 
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Defining critical 
method parameters 

(CMP), critical 
method attribute 

(CMA)  

�CMP: preparation techniques, extraction methods, instrument 
parameters and chromatographic conditions.
�CMA: chromatographic peak areas and the resolution between 
the peaks.
�As many parameters from the same sample as possible were 
included in the method to reduce the need for splitting and 
parallel extraction.

Defining 
performance 

characteristics 
�Sensitivity, specificity, precision, accuracy, linearity and LoQ. 

Analytical target
profile

�Precise and accurate method for determining oil compounds in 
soil and sediment using proper chromatographic technique and 
detection method.

Sample weight
�Sample amount of 20 g is sufficient to achieve low LoQ and 
make a homogeneous and representative sample. 
�Transportation (logistics) is one of the essential elements in the 
choice of sample weight.

Extraction solvent 
and solvent volume

�Took into consideration the following keypoints: health risk for 
the employee, extraction efficiency and cost, legislation.

Extraction type and 
time �Equipment used, speed and time.

Choice of internal 
standard (ISTD)

�In this study, four ISTDs were used for different groups of 
compounds.

Cleaning/
evoporation �This step was avoided in the study.

Equipment/
instrumentation

�Depends on the choice of parameters, the required LoQs and 
laboratory resources.

Injection �In one injection, as many parameters as possible were included.

Choice of columns �Two types of columns were tested.

Data handling, result 
calculation �ChemStation was used in the laboratory for data processing.

Method validation �Linearity, precision, accuracy, LoQ and measurement 
uncertainty validation.

Quality control �Recovery test, participation in an inter-laboratory test.

 
Fig. 1.  Setting DS for oil products in soil. 



2.2. Critical method parameters 
There are several critical method parameters to choose from, 
such as the conditions of extraction in sample preparation, 
GC­MS instrument parameters and the chromatographic 
conditions in the analysis of contaminants. All these con ­
ditions and parameters have a significant impact on the per ­
formance of the analysis. The next step is to assess the in ­
fluence of each critical method parameter on the performance 
characteristics, such as sensitivity, selectivity, precision, 
accuracy, linearity and LoQ. For that, the method devel ­
opment experiments and, respectively, the results were evalu ­
ated to establish the acceptable criteria for each critical 
parameter. The further step was to optimize the analytical 
procedure conditions to achieve the best compromise between 
sensitivity, selectivity and other performance criteria. Here 
the peak areas on chromatograms and the resolution between 
the peaks were CMAs because these are directly related to 
the strict threshold values of the content of contaminants in 
the soil established by the authorities [25]. After this kind of 
optimization, the method was validated using standard proce ­
dures. To ensure that the method remains robust and reliable 
over time, the monitoring and control of critical parameters 
was performed by a recovery test and participation in an inter­
laboratory test. 

3. Method optimization 
3.1. Preliminary studies 
The GC­MS technique was chosen for determining oil com ­
pounds in soil and sediment because of its ability to separate 
compounds in complex mixtures and support accu racy and 
precision within the whole range of analyte concentrations 
required by official regulations [25,26]. 

The method for the PAHs analysis was based on the 
former laboratory method [29] with GC­MS instrumentation 
used. The analyses of the target compounds were performed 
on an Agilent 7890B GC system that was equipped with a 
mass­selective detector 5977B MS. Experiments were con ­
ducted using different soil types (loamy, clayey, sandy), dif ­
ferent weights, extraction volumes, time and speed as well as 
two types of GC columns (Rxi­XLB (low­polarity proprietary 
phase) and Rxi­17Sil (midpolarity crossbond phase)) to 
evaluate the impact of the above parameters on performance 
characteristics (sensitivity, selectivity, precision, accuracy, 

linearity and LoQ). Both columns, according to the re com ­
mendation of the producer (RESTEK), exhibit excellent 
inertness and selectivity for active environmental compounds, 
such as PCB congeners and PAHs. However, for aliphatic 
compounds, no information about selectivity was available. 
Preliminary experiments were conducted using the chroma ­
tographic conditions recommended by the column producer 
for the PAH and PCB analyses. A mixture of target com ­
pounds diluted in n­hexane was injected into GC­MS. The 
standards used were: calibration/window defining hydro ­
carbon standard (C8–C40 1000 mg/L of each compound) from 
AccuStandard, New Haven, USA; custom mix, multistandard 
alkylated PAHs and aromatics in toluene (100 mg/L of each 
compound) from Chiron, Trondheim, Norway; PAH mix­9 
100 ng/µL in acetonitrile from Dr. Ehrenstorfer GmbH, 
Augsburg, Germany; PCB mix­3 (10 ng/µL in iso­octane) from 
Dr. Ehrenstorfer GmbH. Both columns showed sufficient 
resolution for PAHs and PCBs; however, Rxi­XLB column 
was selected as the analytical column because it produced the 
best peak shape for aliphatic compounds. 

An initial screening study of the analytical procedure was 
carried out examining the oven and inlet temperatures, flow 
rate and temperature gradient – the parameters known to have 
a significant impact on peak retention and separation in GC­
MS analysis. The LoQ, reproducibility and measurement un ­
certainty experiments were conducted and calculated accord ­
ing to the Nordtest guide [30]. Table 3 shows results from the 
preliminary study.  
 
3.2. Selection of chromatographic parameters 
Two kinds of problems need to be solved within the frame ­
work of DS by experimental design. The first is to discover 
which factors may significantly affect the response of an 
experiment, and the second is to find factor values that opti ­
mize the response [31]. The results of the initial screening and 
primary risk assessment revealed that the three factors – the 
initial and final oven temperatures as well as the inlet tem ­
perature – greatly affected the retention time and separation 
of peaks. 

The three­level DoE was performed by using JMP 
software [32] to investigate the optimal levels for the initial 
oven temperature, the final oven temperature and the inlet 
temperature. The chromatographic peak areas and the reso ­
lution between the peaks were compared under different 
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Compound  LoQ, mg kg�1 Reproducibility, %  Measurement uncertainty, % 

Individual PAHs        < 0.030 < 20 < 30 
Aliphatics > C8�C10        < 5 < 20 < 30 
Aliphatics > C10�C12        < 5 < 20 < 30 
Aliphatics > C12�C16        < 5 < 20 < 30 
Aliphatics > C16�C35        < 10 < 20 < 30 
Aromatics > C8�C10        < 3 < 20 < 30 
Aromatics > C10�C16        < 1 < 20 < 30 
Aromatics > C16�C35        < 1 < 20 < 30 
Methyl-pyrene/fluoranthene        < 0.5 < 20 < 30 
Methyl-chrysene/benz(a)anthracene        < 0.5 < 20 < 30 
Individual PCBs        < 0.002 < 20 < 30 

 
Table 3. Target LoQ, reproducibility and measurement uncertainty 



instrument parameters. The response of the experiments was 
the ratio of the peak areas of C35 and C10. The aim was to 
find whether this ratio was equal to one. When the areas of 
C10 and C35 are similar, the chromatogram looks symmetri ­
cal and the high­mass discrimination effect relatively weak 
[33]. A total of 21 experiments were conducted using the 
mixture of aliphatic compounds C10–C35 in the concentra ­
tion of 25 mg L–1 for each compound, and the area ratio of 
C35/C10 was calculated. Based on these results, it was dem ­
on strated that the required peak area ratio equal to one would 
be achieved under any conditions within the ranges of 35–
40 °C for the initial oven temperature, 335–340 °C for the 
final oven temperature and 320–325 °C for the inlet tempera ­
ture. The separation between critical pairs (e.g. benz(a)anthra ­
cene and chrysene) and the chromatographic peak areas of 
PAHs, PCBs and aromatic compounds were evaluated under 
these conditions, and, furthermore, method validation was 
conducted. 
 
3.3. Method validation  
 Extraction and sample preparation 
The extraction of PAHs, aliphatics, aromatics and PCBs was 
based on a modified method of ISO 16703:2011 [34]. Aliquots 
of 20 g from the soil sample were first extracted in acetone, 
and then hexane and sodium pyrophosphate (22g L–1 
Na4O7P2) were added. The samples were not dried prior to 
the analysis. The water content was determined according to 
ISO 11465:1993 and the analysis results calculated on the dry 
matter basis [35]. The samples were centrifuged and the upper 
layer dried with Na2SO3 to remove residual water. The dried 
extract was transferred into the GC vial for the GC­MS 
analysis. 
 
 Instrumental parameters 
The GC­MS analysis was carried out under the following 
conditions: pulsed pressure splitless injection; column flow 
1.8 mL min–1; oven temperature programme: initial tem ­
perature 40 °С (hold time 3 min); 40 °С min–1 to 160 °С; 
25 °С min–1 to 315 °С (hold time 3.5 min); 40 °С min–1 to 
340 °С (hold time 9.75 min); interface temperature 320 °С. 
The analyses were performed in a selected ion monitoring 
(SIM) mode using two or three ions for each compound for 
identification [25,29,36]. 
 
 Results 
Table 4 shows that all the results fall within the expected 
laboratory uncertainty (30%). The reproducibility of the 
measurements of PCBs, PAHs and aliphatic and aromatic 
fractions was lower than 20%. The difference between the 
expected concentrations and those obtained was below 20%. 
The recovery of PAH compounds ranged from 88 to 112%. 
For all parent PAHs, a linear calibration curve in the range of 
50–5000 ug L–1 was obtained; for alkylated PAH compounds 
it was 0.4–5 mg L–1, for PCBs it was 15–600 ug L–1, and for 
aliphatic compounds with a coefficient of determination 
(R2 ≥ 0.998) it was 10–50 mg L–1. LoQ, reproducibility, un ­
certainty and accuracy were assessed using certified reference 

ma terials (CRMs): soil CRM BAM­U013b from LGC stan d ­
ards, Teddington, Middlesex, UK; TPH sand 1 (CRM372­
100G) from Sigma­Aldrich/Merck, Darmstadt, Germany; 
SETOC sample from WEPAL, Bennekom, The Netherlands. 
Two sources of uncertainty were estimated: the uncertainty 
com ponent from the certified or nominal value and the un ­
certainty component for bias. Finally, the calculated standard 
un certainty was multiplied by a ‘coverage factor’, k = 2, to 
provide an expanded uncertainty [30]. 

In the concentration range investigated, the accuracy, 
precision and uncertainty achieved were satisfactory. All the 
calculated LoQs were lower than those required by the 
Swedish legislation. The only limitation of the method was 
its failure to analyse highly polluted samples. In that case, the 
samples needed to be diluted and the instrument more fre ­
quently maintained. 

4. Analytical limits for design space for oil  
    products in the environment 
In the literature, one can find studies which deal with the 
development of the methods of quantification and identi ­
fication of PAHs [37,38], PCBs [39] and aliphatic and aro ­
matic fractions [40] in soil and also provide the validation of 
these methods. The methods differ in terms of sample prep ­
aration (sample cleanup, filtration, concentration, evap ­
oration), extraction type (Soxhlet extraction, sonication or 
ultrasonic treatment, mechanical agitation, accelerated sol ­
vent extraction (ASE), solid­phase microextraction (SPM)) 
and analysis/detection (GC­MS, GC­FID, high­performance 
liquid chromatography (HPLC)). It is out lined that various 
factors such as sample type, target com pound concentration, 
required sensitivity and available in strumentation influence 
method choice. Each method has its advantages and dis ­
advantages that the laboratories must consider in setting DS 
for improving the methods.  

In this study, the pros and cons of 10 different GC­MS, 
GC­FID and HPLC methods, including the one de veloped 
in the current study, were compared (Table 5). The cost of 
extraction techniques, the approximate time spent for the 
preparation of one sample (including the extraction time) and 
the greenness of the method were also evaluated. In addition, 
LoQ, repeatability/reproducibility and recovery rate of the 
methods were compared. 

This comparison of the methods reported in the literature 
disclosed the absence of a combined method for the simul ­
taneous analysis of PAHs, PCBs and aliphatic and aromatic 
compounds. The present comparison had to be made between 
the methods of analysis of PAHs only. 
 
4.1. Analysis techniques used 
The most commonly used methods for the PAHs analysis in 
soils are chromatographic techniques with mass­spectrometry 
detector, including HPLC and GC­MS. In most cases, GC­MS 
is the preferred instrument [41]. It is applicable to the ma ­
jority of parameters and required LoQs. GC­MS was also 
used in our method due to the availability in the laboratory. 
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4.2. Sample size and extraction solvents 
Samples of 1 to 60 g were used in different methods. Sample 
weight is usually selected by the type of solid material and 
the LoQs to be achieved. The weight of 20 g for a validated 
method was chosen to get a representative sample with a 
sufficient LoQ.  

The extraction solution volume in the methods under 
comparison was in the range of 0–150 mL. This is important 
in determining the greenness of the method. Usually, the 
extraction solvent used is acetone, hexane or dichlorome ­
thane. Dichloromethane can extract many compounds; how ­
ever, some countries avoid working with dichloromethane as 
it may cause health issues [42]. The advantage of using 
acetone and hexane is that it enables more polar compounds 
to be extracted. The modified method in this study first used 
acetone alone and then hexane was added. It was confirmed 

that using solvents in this specific order allows for higher 
extraction efficiency compared to using solvents individually. 
 
4.3. Calibration standards 
Internal standards (ISTDs) or surrogate standards were used 
in most methods. The number of standards ranged from 3 to 
11. External calibration was applied in Methods 2, 4, 7 and 9. 
The right internal standards can compensate for the low ex ­
traction efficiency and reduce the matrix effect. The re ­
searchers of the current study used four ISTDs: one for ali ­
phatic compounds, one for high PAHs and PCBs, one for 
middle PAHs and one for light PAHs. 
 
4.4. Extraction method 
Different extraction methods are used. The selection of the 
extraction method is challenging because the efficiency of the 
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Compound Reproducibility, % Accuracy, % Uncertainty, % LoQ, mg kg�1 

Naphthalene   2 11 21            0.015 
Acenaphthylene   5 10 19            0.014 
Acenaphthene   4 12 23            0.016 
Fluorene   4   5 12            0.018 
Phenanthrene   5   6 10            0.014 
Anthracene   7   8 16            0.016 
Fluoranthene   3   8 17            0.014 
Pyrene   2 10 20            0.015 
Benz(a)anthracene   6   7 14            0.019 
Chrysene   5   8 16            0.017 
Benzo(b)fluoranthene   4   8 15            0.019 
Benzo(k)fluoranthene   8   8 17            0.020 
Benzo(a)pyrene   2 11 22            0.018 
Indeno(1,2,3-cd)pyrene   6   7 14            0.014 
Dibenz(a,h)anthracene   4   6 13            0.016 
Benzo(g,h,i)perylene   7   9 18            0.016 
Aliphatics > C8�C10 10 12 24            5 
Aliphatics > C10�C12   9   9 17            5 
Aliphatics > C12�C16   8   8 19            5 
Aliphatics > C16�C35 10 10 19          10 
Aromatics C8�C10   7   9 18            0.9 
Aromatics C10�C16   3   3 19            0.9 
Methyl-pyrene/fluoranthene 10 13 26            0.2 
Methyl-chrysene/benz(a)anthracene 12 14 27            0.1 
Aromatics C16�C35 10 12 24            0.9 
PCB28   6   9 17            0.001 
PCB52   9 10 20            0.001 
PCB101   9 12 24            0.002 
PCB118   5   5 10            0.002 
PCB153   6 13 26            0.002 
PCB138   4   4   9            0.002 

PCB180   3 11 22            0.002 

Table 4. The calculated reproducibility, accuracy, uncertainty and LoQ 



extraction of PAHs from soils and sediments is influenced by 
several factors, such as soil moisture, PAHs content in samples 
and the texture of soils [43]. The solid­phase microextraction 
(SPME) with a needle­trap device (NTD) used in Method 7 
is a green, solvent­free preparation of the sample; however, 
packing of sorbents into NTD by this method is a time­con ­
suming process with low repeatability [46]. Soxhlet ex ­
traction allows for prolonged and continuous extraction, 
which can give higher yields compared to other methods [44]. 
Methods 2 and 5 using Soxhlet extraction require 24 and 6 
hours, respectively, to complete a single extraction. Besides 
being time­consuming, this method uses a large amount of 
solvent, which is a concern in terms of cost and environ ­
mental impact. In Method 5, the extraction solution volume 
of 120 mL of dichloromethane was used. The accelerated 
solvent extraction (Method 3) was faster, consumed less sol ­
vent and could be easily automated; however, the equipment 
for accelerated solvent extraction is expensive. In addition, 
heat­sensitive compounds may still be affected during 
accelerated solvent extraction [43]. Similarly to Method 10, 
the present study used mechanical extraction. This extraction 
is adaptable to 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 mech ­
anical agitation requires energy, which may increase oper ­
ational costs. 
 
4.5. Cleanup steps and sample concentration 
Different matrices require the application of specific ex ­
traction and cleanup steps [45]. As they are mostly related to 
the maintenance of the instrument, it should be considered 
whether cleaning is necessary. Some methods include all the 
steps of preparation, which makes a method complex and 
time­consuming (Methods 4, 6, 8). In our method, the cleanup 
stage was found to be unnecessary. Evaporation of extract is 
usually needed to obtain low LoQ. Almost all methods (2, 3, 
4, 5, 6, 8, 9) decreased the amount of extract via rotary evap ­
oration. Method 2 showed the lightest PAHs to be quite sen ­
sitive to the evaporation step due to the distinct volatility loss 
during the evaporation process [42]. The LoQ in our method 
without evaporation was less than 0.020 mg kg–1. Comparing 
the threshold values in terms of the content of contaminants 
in soil established by the Swedish authority, the modified 
method was sensitive enough. Methods 2, 3, 4, 6, 7, 8 
(Table 5) have lower LoQs compared to the current method. 
However, the cleanup and sample concentration steps make 
them complicated and time­consuming (with the exception 
of Method 7 where the number of stages is two). An extra 
purifi cation step of the samples before the GC analysis could 
be skipped in the current study, making this part simpler and 
faster. 
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5. Assessment of method greenness 
The determination of PAH compounds in soil or sediment is 
a complex analytical procedure that requires significant 
energy and material inputs. It is also important to assess the 
environmental friendliness of the methods used. For the latter 
purpose, the AGREE metric analysis following the 12 prin ­
ciples of green analytical chemistry (GAC) was applied in the 
present study. The maximum score equal to one represents a 
methodology that is fully compliant with the 12 principles of 
GAC [46]. The assessment was performed using the software 
with an automatically generated graph and an assessment 
report [47]. Recently, some complementary green assessment 
tools have become available with the software that can 
estimate the applicability and functionality of an analytical 
method [48]. 

In Table 5, column ‘Greenness score’, the calculated 
AGREE scores for all the methods under consideration are 
presented. Using old classical extraction techniques is the 
reason for the low AGREE analysis scores in all the methods. 
The Soxhlet extraction and sonication procedures are shown 
to have explicitly worse scores (less than 0.35), while the 
mechanical procedures (our method and Method 10) have 
similar scores (0.42 and 0.45, respectively). One exception is 
Method 7, where using SPM for the extraction of analytes 
gives a higher score.  

Figure 2 shows the results of the AGREE analysis for our 
method. The procedure involves an external sample treatment 
with a reduced number of steps (principle (p) 1) and a soil 
sample of 20 g (p 2). The measurement is off­line (p 3) and 
the procedure involves five distinct steps (p 4). The procedure 
is not automated but involves a miniaturized sample prep ­
aration technique (p 5). No derivatization agents are used in 
the analysis (p 6). Analytical wastes contain 20 g of sample, 
20 mL of acetone, 10 mL of hexane and 1 g of Na2SO3 (p 7). 
43 analytes are determined in a single run, and the sample 
throughput is two samples per hour (p 8). GC­MS is the most 
energy­demanding analytical technique (p 9). Some of the re ­
agents (acetone) may originate from bio­based sources (p 10). 
The procedure requires 10 mL of toxic solvents (hexane) 
(p 11), while PAHs are persistent and toxic to aquatic life 
(p 12). 

The comparison shows that there is no single ‘best’ method 
for measuring all types of soil­contaminating PAH com ­
pounds. The comparison took into account the cost per sample, 
energy consumption, time of extraction, the time the analyst 
spent on sample preparation and the amount of waste, which 
was crucial in the choice of the appropriate method. 

The comparison of the 10 methods revealed the authors’ 
method to be the most suitable for the intended purpose in 
every aspect, being also fit for rapid analysis. With all steps 
of sample preparation included, the time of analysis was 
approximately one hour. Precision, recovery and peak reso ­
lution of the method were highly acceptable and the LoQ 
complied with the regulatory requirements. The method in ­
volves five steps of sample preparation without cleanup and 

evaporation, making it greener. The greenness score of the 
present method generally surpasses that of the other methods. 

6. Conclusions 
Design space as an important step in method development for 
environmental analysis involves a careful study of limits set 
by authorities as well as the possibilities of existing analytical 
methods. This provides a strong foundation for the design of 
experiment, which has helped to identify the optimal in ­
strumental conditions for developing the new method. The 
simultaneous identification and quantification of 16 polycyclic 
aromatic hydrocarbons, seven polychlorinated biphenyls, 
alkylated PAHs and aliphatic compounds in soil involved 
determining their quality by a design approach in environ ­
mental analysis. For sample preparation, the GC­MS ana ­
lytical technique with the mechanical extraction method was 
employed. Using a proper GC column with the optimized 
oven programme enabled achieving sufficient resolution and 
recovery. Sample preparation was included as part of method 
development through which an extra purification step of the 
samples before the GC analysis could be skipped, making this 
part simpler and faster. By modifying the extraction proce ­
dure, it was possible to analyse multiple analytes of PAHs, 
PCBs and aliphatic and aromatic compounds routinely in a 
single run with results that comply to Swedish regulations. 
Decreasing the number of extraction steps in the analysis of 
a single sample will reduce staff numbers as well as con ­
sumable costs. In addition, it reduces the complexity of la ­
bora tory organization by diminishing the number of different 
processes to be followed. Nowadays, it has become almost 
man datory to assess the greenness of the developed method 
and to provide numerical measures for that. Another manda ­
tory part of developing a new method and introducing it to 
lab oratory practice is its validation, which includes an inter­
laboratory comparison.  

The present experiment demonstrated that there is room 
for method development with improved technical and ana ­
lytical parameters, which can be used for controlled testing 
of soil and sediment for PAHs, PCBs and aliphatic and 
aromatic compounds with reliable accuracy, precision, lin ­
earity and recovery rates in the investi gated concentration 
range. 
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Fig. 2.  Results of the AGREE analysis. 
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Disainiruumi kontseptsiooni rakendamine saasteainete pinnases mää-
ramise meetodi väljatöötamisel 

Jelena Jurjeva ja Mihkel Koel 

Disainiruum (DS) määrab protsessi sisendite (nt materjalid ja protsessi parameetrid) ja kriitiliste kvaliteediatri-
buutide vahelise seose. Kvaliteedijuhtimise seisukohast on see kontseptsioon väga oluline, sest DSis töötamist 
ei peeta muudatuseks. Disainiruumi rakendamine on vajalik samm keskkonnaanalüüsi meetodite väljatöötamisel, 
et arvestada saasteainete piirnormidega ja toetada olemasolevate analüüsimeetodite arendamist. Selles töös 
rakendati disainiruumi kontseptsiooni naftareostusest pärinevate ühendite analüüsimeetodi väljatöötamiseks, 
keskendudes polütsüklilistele aromaatsetele süsivesinikele, polüklooritud bifenüülidele ning erinevatele alifaat-
setele ja aromaatsetele fraktsioonidele. Sihtühenditele rakendatud disainiruumi kontseptsioon koosneb järg-
mistest etappidest: meetodi kriitiliste parameetrite tuvastamine, tulemuslikkuse hindamine, vastuvõetavate 
tööpiiride määramine, tingimuste optimeerimine, meetodi valideerimine, seire ja kontroll. Meetodi arendus hõl-
mas ka muudatusi proovide ettevalmistuses, mis lihtsustas ja kiirendas vastavat osa mõõtmisprotsessis. Lisaks 
võimaldas disainiruum tuvastada olulisi tegureid ning optimeerida neid statistilise analüüsi ja katsete planee-
rimise meetodite abil. 
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