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Abstract 
 

Polycyclic Aromatic Hydrocarbons (PAHs) are persistent, toxic and carcinogenic 
environmental pollutants consisting of two or more aromatic rings. The estimation of the 
toxicity of PAHs can be challenging and time-consuming due to the complexity of PAH-
mixtures found in the environment, for example at contaminated sites. To solve the problem of 
a high complexity, PAH-mixtures can be divided into fractions. In the present study, Normal 
Phase (NP) and Reverse Phase (RP) Liquid Chromatography (LC) methods were evaluated and 
developed to separate and fractionate 16 U.S. Environmental Protection Agency’s (EPA) 
priority PAHs. Two stationary and six mobile phases, different column temperatures, flow rates, 
injection volumes, gradient and isocratic elutions were evaluated in order to achieve the best 
separation and fractionation. Best separation of PAHs was achieved with the RP-LC method 
using a phenyl stationary phase and gradient elution with mixture of methanol, acetonitrile and 
water. Fractionation was performed based on PAHs’ retention time windows, as well as peaks’ 
threshold and slope values. The elution order of fractions was verified by identification and 
quantification of the PAHs by GC-MS. Fractionation of a soil extract with the developed RP-
LC method resulted in successful separation and fractionation of five EPA’s priority PAHs 
naphthalene, fluorene, phenanthrene, anthracene and chrysene, as well as two non-priority 
PAHs carbazole and 4H-Cyclopenta[d,e,f]phenanthrene. The study shows that developed RP-
LC method can be further optimized to fractionate complex mixtures of alkyl substituted, 
oxygenated and other polycyclic aromatic compounds (PACs). 
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1. Introduction 
Polycyclic aromatic hydrocarbons (PAHs) are organic compounds composed of two or more 
aromatic rings. The major anthropogenic sources of PAHs are petroleum processing or 
combustion of hydrocarbons in processes such as coke production, incineration, combustion in 
auto-engines etc. (Baek et.al., 1991). Previous study showed (Mastrangelo et.al., 1996) that a 
heavy occupational exposure to complex PAH-mixtures entails a significantly increased risk of 
the developing skin, lung or bladder cancer. PAHs can also induce immunotoxic effects, e.g. 
PAHs can inhibit the differentiation of blood monocytes into macrophages, thus causing the 
suppression of immune responses in humans (van Grevenynghe et.al., 2003).  Because of the 
toxic and carcinogenic properties of PAHs, the U.S. Environmental Protection Agency (EPA) 
identified sixteen of PAHs (naphthalene, acenaphthylene, acenaphthene, fluorene, 
phenanthrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, 
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene, 
benzo[g,h,i]perylene, indeno[1,2,3-cd]pyrene) as priority pollutants (Figure 1). Named sixteen 
EPA’s priority PAHs are highly hydrophobic, non-ionic and soluble in nonpolar organic 
solvents. 

Figure 1. Molecular structures of 16 EPA’s priority PAHs (ATSDR, 1995) 

Eleven of the sixteen EPA’s priority PAHs are isomers; phenanthrene and anthracene with 
molecular mass 178 u; fluoranthene and pyrene 202 u; benzo[a]anthracene and chrysene 228 u; 
benzo[b]fluoranthene, benzo[k]fluoranthene and benzo[a]pyrene 252 u; benzo[g,h,i]perylene 
and indeno[1,2,3-cd]pyrene 276 u. Because there are only 16 PAHs on the EPA’s priority list, 
a large amount of other “non-priority” PAH-isomers can potentially interfere the analysis of 
priority PAHs (Wise et.al, 2015). PAH isomers may differ considerably in their toxic effects 
and carcinogenic activities (Clarke, 2012); therefore, the wrong estimation of isomeric 
concentrations can result in over- or underestimation of toxicity and carcinogenicity of PAH-
mixtures. For example, out of five C18H12 cata-condensed isomers that are present in 



5 
 

combustion PAH mixtures, only two (benzo[a]anthracene and chrysene) are on the EPA’s 
priority list. The “non-priority” C18H12 isomer triphenylene is also usually present in 
combustion residues at similar levels as chrysene (Wise et.al, 2015). Therefore, a co-elution of 
triphenylene with chrysene or benzo[a]anthracene can lead to the overestimation of the 
concentration.  

Two common techniques are used to separate PAHs – Gas Chromatography (GC) and Liquid 
Chromatography (LC). A proficiency testing of 127 laboratories from 35 countries, which was 
performed to evaluate PAH analysis in sediments, showed that about 80% of laboratories used 
GC, and the remaining 20% employed LC (Hon et.al, 2013). To analyze complex matrices such 
as biological tissues, sediments or food, GC is a preferred separation approach, mainly because 
a greater sensitivity, selectivity and resolution can be obtained in GC (Poster et.al, 2006).  

 

1.1 Fraction collection 

The analysis of toxic and carcinogenic properties of PAHs can be troublesome because 
contaminated sites contain complex mixtures of PAHs (Wenning & Martello, 2014). Due to 
this complexity, it can be difficult to estimate the risk of exposure to PAH-mixtures. A previous 
study showed that even a simple binary mixture of benzo[a]pyrene and dibenzo[a,l]pyrene has 
a more than additive effect on the activation of DNA damaging signalling (Jarvis et.al, 2013). 
However, other studies showed that PAH-mixtures can also have a less than additive effects on 
the bio-activation of DNA damaging signalling (Jarvis et.al, 2014). 

Effect-directed analysis was performed in a study to identify aryl hydrocarbon receptor (AhR) 
activating compounds in suspended particulate matter (SPM) (Wölz et.al., 2010). Three 
fractions of SPM were collected after HPLC separation. The second fraction contained non-
polar polycyclic aromatic compounds (PACs) and caused highest AhR-mediated effects. 
Therefore, a secondary fractionation of the second fraction was performed with another HPLC 
method. Out of seven collected sub-fractions, three did not contain PAHs and did not cause 
activities. Yet, in the four other sub-fractions, 16 EPA’s priority PAHs explained up to 137% 
AhR-mediated activities. 

A fractionation, i.e., a separation of an initial PAH-mixture into several fractions with one or a 
few analytes, can potentially lead to a better understanding of additive toxic and carcinogenic 
effects of mixture interactions of PAHs. In other words, if the complex mixture of PAHs can 
be fractionated into a less complex, which in turn can be subject for further analysis by other 
techniques, then better understanding of PAH-mixtures’ behaviour and their mutagenic hazards 
can be achieved. For example, a bioassay analysis of fractionated PAHs can potentially lead to 
a better estimation of PAH’s synergetic or antagonistic additive effects, and better 
characterisation of compound’s toxicity and carcinogenicity. 

 

1.2 Normal Phase Liquid Chromatography (NP-LC) 

In the NP-LC, the mobile phase used to elute analytes is less polar than the stationary phase. 
Therefore, mobile phases are nonpolar or moderately polar organic solvents and one of the 
common polar stationary phases is an unbound silica (Snyder et.al., 2010). The elution time of 
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a substance, i.e., the rate of a substance’s migration through a column, is generally depending 
on the analyte’s polarity. Nonpolar substances are retained poorly on the polar column and 
therefore elute early. More polar substances are retained for a longer time and, as a result, elute 
in the order of an increasing polarity. The NP-LC technique can serve as a good 
chromatographic method for the separation of PAHs, due to their very low polarity and low 
water solubility. Extraction of PAHs from highly polluted soils is more effective when 
performed with the nonpolar organic solvents, such as cyclohexane or toluene (Berset et.al., 
1999). Therefore, sample solvent does not need to be changed if the analysis of soil extract will 
be carried out with the NP-LC method. 

Stationary phases with unbounded silica, cyano- (CN), pentabromobenzyl- (PBB), phenyl-, 
nitrophenyl- and amino- functional groups (Olsson et.al., 2014) as well as mobile phases 
composed of non-polar and moderately polar organic solvents, such as hexane (Aygün & 
Özcimder, 1996), methyl tert-butyl ether MTBE (Olsson et.al., 2014), heptane (Mourey et.al., 
1980) and octane (Impey et.al., 2004) can be used in NP-LC to separate PAHs. 

One of the limitations in NP-LC using a UV as detection method is a high absorbance of UV-
light below 230-250 nm by dichloromethane (234 nm) or ethyl acetate (256 nm). The problem 
arises because naphthalene, acenaphthylene and acenaphthene have UVmax below 230 nm, 
therefore a detection of smaller 2-ringed PAHs can be interfered by abovementioned solvents.  

Gradient elution with unmodified silica columns should also be avoided, especially if localising 
solvents such as propanol are used as “strong” more polar solvents (Lloyd et.al., 2010). A 
localising solvent is a solvent that competes for the surface retention sites with the analyte, i.e., 
elution of analytes becomes not dependent on interactions between mobile phase and analyte, 
but on strong retention of the mobile phase to the stationary phase. This can lead to 
chromatographic problems, e.g., analyte is poorly retained on the column, and poor separation 
and low retention factor values are obtained. 

 

1.3 Reverse Phase Liquid Chromatography (RP-LC) 

In the RP-LC, the mobile phase used is more polar than the stationary phase. Therefore, more 
polar compounds would theoretically migrate at higher rates through the column and elute first. 
Larger PAHs are generally more hydrophobic than smaller (Pearlman et.al., 1984). As a result, 
out of 16 EPA’s priority PAHs, 2-ringed naphthalene would elute first, 3- and 4- ringed PAHs 
elute later and larger 5-ringed PAHs at last. However, this would also mean that substances 
with similar hydrophobic properties such as isomeric PAHs would separate poorly in the RP-
LC, which is not always the case (Sander et.al., 1999). Previous studies showed that PAHs can 
be separated by shape selectivity and an improved separation of geometric isomers can be 
performed using certain stationary phases (Wise et.al., 2015). Because of a fused ring system, 
PAHs have a rigid molecular shape, some of them are planar and other are non-planar. In 
addition, due to steric hindrances between proximate carbon or/and hydrogen atoms, every 
PAH-isomer have a unique three-dimensional shape. An important result of these studies was 
that elution order of planar PAH isomers in the RP-LC closely follows molecular geometrical 
dimensions, i.e. smaller size PAHs elute earlier. Yet, when PAHs have similar length and width 
dimensions, the non-planar “bulkier” isomers elute earlier. 
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Various RP-LC methods have been evaluated and used for separation of 16 EPA’s priority 
PAHs. Studies showed that 16 EPA’s priority PAHs were best separated on polymeric C18 
columns, which contain alkyl bonded silica with a high carbon loading (Wise et.al., 2015). 
Gradient elution with mixture of water and acetonitrile and mixture of water and methanol as 
mobile phases are commonly used (Snyder et.al., 2010). 

 

1.4 High Performance LC and Ultra Performance LC (HPLC and UPLC) 

Ultra Performance Liquid Chromatography can be considered as an upgraded version of a High 
Performance Liquid Chromatography. The principal improvement of the UPLC compared to 
the HPLC is the use of the analytical column with smaller particle size, less than 2 µm (Swartz, 
2005). The chromatographic resolution (RS) is thus improved in UPLC.  

Mathematically, the resolution can be expressed with the help of the fundamental resolution 
equation (Snyder & Kirkland, 1979): 

Rs =
𝑡𝑡𝑅𝑅2 −  𝑡𝑡𝑅𝑅1

1
2 (𝑤𝑤1 + 𝑤𝑤2)

=
√𝑁𝑁
4
�
𝛼𝛼 − 1
𝛼𝛼

��
𝑘𝑘

𝑘𝑘 + 1
� 

Where tR1 and tR2 – retention times of a pair of peaks, w1 and w2 – corresponding baseline peak 

widths, N – number of theoretical plates, α – selectivity factor and k – retention factor. The √𝑁𝑁
4

 

multiplier is a physical factor and describes column efficiency, �𝛼𝛼−1
𝛼𝛼
� and � 𝑘𝑘

𝑘𝑘+1
� are chemical 

factors and describe selectivity and retentivity. In the UPLC, chemical factors are the same as 
in the HPLC, so increasing the number of theoretical plates (efficiency) is a primary focus of 
the UPLC technology development. 

The efficiency or the column resolving power, i.e., a number of theoretical plates N, can be 
expressed as (Snyder & Kirkland, 1979): 

N =
𝐿𝐿

HETP
 

Where L – column length and HETP – Height Equivalent to a Theoretical Plate. From the 
equation, it can be seen that smaller HETP will result in larger N, thus the smaller height of the 
theoretical plate, the better resolving power of a column. 

 

 

The van Deemter equation (van Deemter et.al., 1956) describes HETP as a sum of three terms 
A, B and C:  

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐴𝐴 + 
𝐵𝐵
𝑢𝑢

+ (𝐶𝐶𝑠𝑠 + 𝐶𝐶𝑚𝑚) ∙ 𝑢𝑢  
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Where A term – Eddy diffusion parameter, B term – longitudinal diffusion, C term – rate of 
mass transfer and u – linear velocity. The A term can be written in the form: 

𝐴𝐴 = 2𝜆𝜆𝑑𝑑𝑝𝑝 

Where λ – constant and dp – average particle diameter. The B term can be expanded to:  

𝐵𝐵 = 2
γ𝐷𝐷𝑚𝑚

u
 

Where γ – factor related to the diffusion restriction by the column packaging, Dm – analyte’s 
diffusion coefficient in the mobile phase and u – linear velocity. The C term can be written as:  

𝐶𝐶 = ω
𝑑𝑑𝑝𝑝2

𝐷𝐷𝑚𝑚
𝑢𝑢 

Where ω – coefficient determined by the pore and particle size distribution and shape, dp – 
average particle diameter, Dm – analyte’s diffusion coefficient in the mobile phase and u – linear 
velocity. Thus, the expanded form of the van Deemter equation can be written as: 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 2𝜆𝜆𝑑𝑑𝑝𝑝 +  2
γ𝐷𝐷𝑚𝑚

u
+  ω

𝑑𝑑𝑝𝑝2

𝐷𝐷𝑚𝑚
𝑢𝑢 

This means that smaller particle size will decrease the height of the theoretical plate HETP and 
increase the number of theoretical plates N, and as a result, the resolution power of the column 
will be increased. 

Advantages of UPLC over HPLC can be summarized as a better separation with a shorter 
analysis time. On the other hand, lower sample injection volume and lower mobile phase flow 
used in UPLC will result in a decreased volume of collected fractions, which can limit an 
applicability of the UPLC fractionation. Because no NP-UPLC columns were available during 
NPLC method development, a NP-HPLC column was used instead. 

 

1.5 Objectives 

The aims of this bachelor degree project are: 

- to develop a liquid chromatographic method for separation and fractionation of EPA’s 
sixteen priority PAHs using either normal phase liquid chromatography (NP-LC) or 
reverse phase liquid chromatography (RP-LC) 

- to identify fractionated PAHs with Gas Chromatography Mass Spectrometry (GC-MS) 
- to evaluate the developed method by analysing a PAH contaminated soil 

During the method development, variables such as retention factor (k) and selectivity factor (α) 
will be optimized to achieve a better separation and effective fractionation of PAHs. To evaluate 
and compare developed NP-LC and RP-LC methods, following criteria will be used: separation, 
ideally, of all 16 priority PAHs to facilitate an efficient fractionation and repeatability of 
analyses. 
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2. Method and materials 
 
2.1 Standards and solvents 

All solvents used during method developments were of HPLC-grade quality. Ultrapure (18.2 
MΩ·cm at 25 °C) water used was purified by a Milli-Q system. To avoid contamination, ethanol 
(Solveco), n-hexane (SupraSolv) and dichloromethane (Fluka Analytical) were used to rinse all 
glassware in sequence.  

A standard containing 16 EPA’s priority PAHs (US-106N) was purchased from Ultra Scientific. 
A standard containing 16 deuterated EPA’s priority PAHs (PAH-mix 9) was purchased from 
Labor Dr.Ehrenstrofer-Schäfers and used as internal standard to correct losses of analytes 
during sample preparations. A standard with deuterium labelled perylene was purchased from 
Sigma-Aldrich and used to access the recovery of the internal standard. 

Hamilton syringes that were used to prepare standards and dilute samples. They were rinsed ten 
times with n-hexane and ten times with toluene before use to avoid a cross-contamination. A 
stock standard of native 16 EPA’s priority PAHs with concentration 200 ng/µL was prepared 
by dilution of the PAH standard with toluene. The stock standard was diluted with appropriate 
solvents for both NP-LC and RP-LC. A diluted standard in n-hexane with concentration 1 ng/µL 
for NP-LC was prepared by dilution of the stock standard. Intermediate standard for RP-LC 
with concentration 100 ng/µL was prepared by evaporating the stock standard under nitrogen 
flow and diluting with acetonitrile. A standard for RP-LC with concentration 10 ng/µl was 
prepared in acetonitrile/ultrapure water (1:1). 

A soil sample collected from a creosote contaminated area was homogenized, sieved with a 2-
mm sieve and extracted using Pressurized Liquid Extraction (PLE, Fluid Managements 
Systems, Inc.). The extraction was performed in two static cycles using n-hexane/acetone (1:1) 
in 22-mL extraction cells. Stainless steel extraction cells were packed with anhydrous sodium 
sulphate (Na2SO4) at the bottom, followed by the homogenized creosote contaminated soil and 
another layer of anhydrous Na2SO4 at the top. The heat up and extraction time was set at 10 min 
(120 °C and 12 MPa) and 80% flush volume was used. The soil extract was cleaned up on an 
open column with 15 mm inner diameter, containing 5 g deactivated silica and 1 g anhydrous 
sodium sulphate at the top. The elution was performed with 10 mL n-hexane, followed by 30 
mL n-hexane/dichloromethane (3:1) and 60 mL dichloromethane. Prior to the RP-LC analysis, 
n-hexane and dichloromethane were evaporated under a gentle nitrogen flow and the soil extract 
was diluted in acetonitrile/water (1:1). To remove particles, the sample was centrifuged at 8000 
rpm for 15 min and transferred to a new LC-vial. 

Samples and standards were stored in a freezer at -8 °C. 

2.2 Instrumentation 

An Acquity UPLC H-Class system (Waters Corporation) equipped with a quaternary solvent 
manager (QSM), a sample manager with flow-through needle (SM-FTN), a column manager-
active (CM-A), a photodiode array detector (PDA) and a Fraction Manager-Analytical (FM-A) 
components was used. Detection was performed at five different wavelengths: 244 nm, 258 nm, 
262 nm, 281 nm and 292 nm. Waters Empower software was used to evaluate chromatograms, 
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calculate retention factor k, selectivity factor α, width at 50% peak height, number of theoretical 
plates N and resolution R. 

To verify results of the fractionation, GC-MS analysis was performed on an Agilent 7890A gas 
chromatograph coupled to a 5975 mass spectrometer. A method with following conditions and 
parameters was used to identify PAHs in fractions (Vestlund, 2014). Helium was used as a 
carrier gas with constant flow 2 mL/min. Injector temperature was set to 250 °C. Injections with 
a volume 1 µL were performed in splitless mode. PAHs were separated on a Select PAH column 
(Agilent Technologies) 30 m x 0.25 mm, df = 0.15 µm. Detection of PAHs was performed in 
selected ion monitoring (SIM) mode. A GC-MS analysis of the fractions was performed with 
the temperature programme described in the Appendix A – Table 5. Quantification of the PAHs 
was performed by one-point calibration using a quantification standard containing 16 EPA’s 
PAHs, 16 deuterium labelled EPA’s PAHs and deuterium labelled perylene. 

 

2.3 LC method development 

To achieve a good resolution between PAH-peaks, a retention factor (k) and a selectivity 
factor (α) were optimized during the LC method development. To optimize a retention factor 
k, different mobile phase compositions were evaluated. This was performed to adjust the 
period of time the PAHs were retained in a stationary phase and as a result to improve the 
resolution. To separate co-eluting peaks a selectivity factor α was optimised by trying 
different mobile phase constituents, as well as different column temperatures and injection 
volumes described in following sections. 

   

2.3.1 NP-LC method development 

In the NP-LC method development, n-hexane, 2-propanol (Fischer Scientific) and 
dichloromethane were used as mobile phases and a SunFire Silica Prep Column (Waters 
Corporation), 100Å, 5 µm, 4.6 mm x 150 mm was used as a stationary phase. 

To develop a NP-LC method, parameters such as different mobile phase compositions (n-
hexane, 2-propanol, dichloromethane), different column temperatures (25-40 °C), different 
flow rates (0.3-1.0 mL/min) and different injection volumes (10-50 µl) were tested. One 
stationary phase was evaluated, namely unbounded silica. Further evaluation using fraction 
collection was not performed, due to poor resolution and long equilibration time of the column 
needed to achieve repeatable results. 

 

2.3.2 RP-LC method development 

To develop a RP-UPLC method, water, acetonitrile (Fisher Scientific) and methanol (Fisher 
Scientific) were used as mobile phases and an Acquity UPLC BEH Phenyl column (Waters 
Corporation), 130 Å, 1.7 µm, 2.1 mm x 100 mm was used as a stationary phase. RP-LC analyses 
with mobile phases composed of water/acetonitrile and water/methanol were performed. A 
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phenyl stationary phase was evaluated. Chromatographic methods published by Thermo 
Scientific (Dionex Corporation, 2009) and Agilent (Diaz Ramos et.al. 2012), based on EPA 
method 550 were used as starting points. To achieve a better separation of co-eluting peaks, the 
two methods were altered and combined into one. 

 

2.4 Fractionation 

After separation on the stationary phase and detection with photo diode array detector, eluting 
compounds were fractionated into LC-vials. Two different methods were used to fractionate a 
standard and the soil extract sample. The standard containing 16 EPA’s priority PAHs was 
fractionated based on substances’ retention time. Due to the sample’s complexity, the soil 
extract was fractionated based on the threshold and slope values. To evaluate RP-LC method’s 
repeatability three consecutive analyses of the standard and soil extract were performed prior 
to fractionations. To confirm the peaks’ elution order and evaluate fractionation effectiveness, 
GC-MS analysis with isotope dilution method was performed on the fractions. 

Solvent in 16 EPA’s priority PAH fractions was exchanged to toluene prior to GC-MS analysis 
in following steps. Because collected fractions had different volumes in the range of 60-400 
µL, the water was added up to 250 µL to the fractions with volumes below 250 µL. Twenty-
five microliters of deuterium-labelled Internal Standard with concentration 1 ng/µL was added 
to each fraction. The mobile phase that was used during fractionation was partly composed of 
acetonitrile and methanol. Therefore, to improve a liquid-liquid extraction to toluene, 
acetonitrile and methanol were evaporated from the fractions under gentle nitrogen flow for 10 
minutes. A liquid-liquid extraction of PAHs was performed by adding 250 µL toluene to 
fractions. To improve the extraction, fractions were shaken for 15 min on an over-the-top 
shaker. The liquid-liquid extraction step was repeated once. The two 250 µL extracts were 
combined into GC-vials, so the total volume of each fraction sample was 500 µL. Ten 
microliters of deuterium-labelled perylene Recovery Standard (RS) with concentration 2 ng/µL 
was added to each sample and the samples were analyzed by GC-MS. 

Seven fractions of the soil extract were collected based on the peaks’ threshold and slope values 
at 258 nm wavelength: start threshold 0.04 AU, end threshold 0.01 AU, start slope 0.3, end 
slope -0.1. The threshold/slope logic was set to “AND” mode, so the fractions were collected 
when both threshold and slope values were higher than set values. As a result, only the peaks 
with the absorbance higher than 0.04 AU and slope values higher than 0.3 at 258 nm were 
collected (Figure 2).  
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Figure 2. Chromatogram of the soil sample with seven fractions collected. Fraction collection was based on the 
peaks’ threshold and slope values at 258 nm wavelength. 

Fractions of the soil sample were prepared in the same way for GC-MS analysis, except that 
acetonitrile/water (1:1) was added up to 250 µL to each fraction before the evaporation step. 

 

3. Results 

To develop a LC method for separation and fractionation of PAHs, both NP and RP 
chromatographic techniques were assessed. After the evaluation of tried methods, the best 
separation method was used to fractionate the standard containing 16 EPA’s priority PAHs and 
a soil sample extract. NP-LC was evaluated using 281 nm and RP-LC using 254 nm, because 
the PAHs peaks obtained in the NP-LC analysis at 254 nm, were very low in comparison to the 
toluene peak (due to toluene’s high absorbance at 254 nm). 

 

3.1 NP-HPLC 

In the process of the NP-HPLC method development using unbounded silica (150 mm) as 
stationary phase it was noted (see Figures I and II in Appendix B) that usage of any amount of 
2-propanol or higher than 5% dichloromethane as strong solvent and n-hexane as weak solvent, 
resulted in fast elution of all peaks and an overall bad separation. A separation with gradient 
elution with propanol and dichloromethane as strong solvents was not performed due to the bad 
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separation even with isocratic elution. Changing the column temperature from 25 to 40 °C 
resulted in faster elution time and worse separation of the peaks (Figure III in Appendix B). 
Using a 100% n-hexane isocratic elution with 0.5 mL/min flow, column temperature 25 °C and 
injection volume 20 µL resulted in the best separation. However, equilibration of the NP-
column with more than 30 column volumes (> 2 hours) had to be done prior to the NP-HPLC 
analysis to achieve stable retention times. Out of 16 EPA’s priority PAHs, only thirteen peaks 
could be detected using the optimised method, and five of them were poorly resolved (Figure 
3). 

 
Figure 3. Chromatogram of 16 EPA’s priority PAHs 1 ng/µL diluted in n-hexane, obtained at 281 nm after the 
NP-HPLC analysis with 100% n-hexane as a mobile phase, 0.5 mL/min flow and 25 °C column temperature. 
Column has been equilibrated for more than two hours, i.e. >30 column volumes. 

Retention time, retention and selectivity factors and resolution values are noted in the Table 1. 
Peaks 8-12 were not resolved enough to calculate resolution R using the equation stated in 
section 1.4. 

Table 1. Separation results of the optimized NP-HPLC analysis calculated with Waters Empower software. 

Peak # Retention time 
(min) 

Retention factor, 
k 

Selectivity factor, 
α 

Resolution, 
R 

1 5.510 0.58    
2 6.473 0.85 1.48  3.33  
3 7.019 1.01 1.18 1.78 
4 7.644 1.19 1.18 1.82 
5 8.322 1.38 1.16 1.80 
6 8.759 1.51 1.09 1.11 
7 9.370 1.68 1.12 1.51 
8 10.825 2.10 1.25  
9 11.051 2.17 1.03  
10 11.995 2.44  1.12   
11 12.276 2.52 1.03  
12 12.791 2.66 1.06  
13 15.104 3.33 1.25  
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3.2 RP-UPLC 

Different parameters were evaluated during the RP-LC method development on the Phenyl 
stationary phase (100 mm), e.g. different composition of mobile phases (water/acetonitrile, 
water/methanol and water/acetonitrile/methanol), isocratic and gradient elutions, different 
column temperatures, different flow rates and different injection volumes. 

Various isocratic (65/35, 60/40, 55/45, 50/50 H2O/CH3CN) and gradient programs with water 
as a weak and acetonitrile as a strong solvent, as well as different column temperatures (25-50 
°C), flow rates (0.3-0.5 mL/min) and injection volumes (10-30 µL) were tried. The best 
separation was achieved using a gradient program at 0.5 mL/min flow, with 10 µL injection 
volume and 50 °C column temperature (Appendix A – Table II). Out of 16 EPA’s priority 
PAHs, eleven were separated (Figure 4). Other five PAHs eluted as a critical pair of peaks 8 
and 9 and a critical triplet of peaks 12-14. 

 
Figure 4. Chromatogram of 16 EPA’s priority PAHs 10 ng/µL diluted in water/acetonitrile (1:1), obtained at 258 
nm after the RP-UPLC analysis with gradient elution using mobile phase composed of water and acetonitrile, 0.5 
mL/min flow and 50 °C column temperature.  

Same procedure as for the NP-HPLC method was performed to integrate peaks and get 
separation results (Table 2). Peaks 8 and 9, as well as 12-14 were not resolved enough to 
calculate resolution R using the equation stated in section 1.4. 
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Table 2. Separation results of the RP-UPLC analysis with water/acetonitrile gradient run, calculated with Waters 
Empower software. 

Peak # Retention time 
(min) 

Retention factor, 
k 

Selectivity factor, 
α 

Resolution, 
R 

1 2.492  4.19    
2 3.856 7.03 1.68  8.46  
3 5.140 9.71 1.38 6.24 
4 6.887 13.35 1.38 6.53 
5 7.516 14.66 1.10 1.80 
6 8.940 17.63 1.20 4.22 
7 9.806 19.43 1.10 2.93 
8 12.260 24.54 1.26  
9 12.274 24.57 1.00  

10 16.330  33.02  1.34   
11 16.784 33.97 1.03 1.83 
12 18.704 37.97 1.12  
13 18.796 38.16 1.01  
14 19.023 38.63 1.01  
15 20.406 41.51 1.07 6.59  
16 20.680 42.08 1.01 1.50 
17 21.190 43.15 1.03 3.00 

 

To improve the resolution between the critical peaks, a separation of PAHs with water as a 
weak solvent and methanol as a strong solvent using isocratic (20/80, 30/70, 35/65, 40/60, 45/55 
H2O/CH3OH) and gradient elutions were tried. The best separation was achieved with an 
isocratic elution using 40%/60% water/methanol at 0.3 mL/min flow, 10 µL injection volume 
and 50 °C column temperature (Appendix A – Table III). Out of sixteen EPA’s priority PAHs, 
ten peaks were separated. Peaks 4 and 5, 13 and 14, as well as 15 and 16 were co-eluting as 
critical pairs (Figure 5). 

 
Figure 5. Chromatogram of 16 EPA priority PAHs 10 ng/µL diluted in water/methanol (1:1), obtained at 258 nm 
after the RP-UPLC analysis with 40%/60% water/methanol as mobile phase, 0.3 mL/min flow and 50 °C column 
temperature. 

Separation results calculated with Waters Empower software can be seen in Table 3. Peaks 4 
and 5, as well as 13-16 were not resolved enough to calculate resolution R using the equation 
stated in section 1.4. 
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Table 3. Separation results of the RP-UPLC analysis with water/methanol isocratic run calculated with Waters 
Empower software. 

Peak # Retention time 
(min) 

Retention factor, 
k 

Selectivity factor, 
α 

Resolution, 
R 

1 2.054  1.54    
2 2.738 2.38 1.55  7.43  
3 3.333 3.11 1.31 5.49 
4 4.553 4.62 1.48  
5 4.693 4.79 1.04  
6 5.155 5.36 1.12 3.15  
7 5.552 5.85 1.09 2.50 
8 6.821 7.42 1.27 7.11 
9 7.186 7.87 1.06 1.86 
10 10.689  12.20  1.55  13.89  
11 11.234 12.87 1.06 1.74 
12 15.123 17.67 1.37 10.53 
13 15.757 18.45 1.04  
14 15.949 18.69 1.01  
15 21.963 26.12 1.40  
16 22.302 26.53 1.02  
17 24.198 28.87 1.09 2.33 

After the comparison of chromatograms obtained in water/acetonitrile and water/methanol runs 
(Figures 4 and 5), it was noted that except for peaks 13 and 14, there were different peaks co-
eluting depending on the strong solvent used. As a result, a RP-UPLC method with three 
solvents, i.e., water, acetonitrile and methanol, was developed (Appendix A – Table IV). A 
chromatogram obtained at 258 nm using the developed method can be seen in Figure 6. Out of 
16 EPA’s priority PAHs, fourteen were resolved and peaks 13 and 14 were co-eluting (Figure 
6). 

 
Figure 6. Chromatogram of 16 EPA priority PAHs 10 ng/µL diluted in water/acetonitrile (1:1), obtained at 258 
nm after the RP-UPLC analysis with gradient elution with mobile phase composed of water, acetonitrile and 
methanol, 0.3 mL/min flow and 30 °C column temperature. 
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Separation results of 16 EPA’s priority PAHs separated in the gradient run with water, 
acetonitrile and methanol noted in the Table 4. Peaks 13 and 14 were not resolved enough to 
calculate resolution R using the equation stated in section 1.4. 

Table 4. Separation results of the RP-UPLC analysis with water/acetonitrile/methanol gradient run calculated 
with Waters Empower software. 

Peak # Retention time 
(min) 

Retention factor, 
k 

Selectivity factor, 
α 

Resolution, 
R 

1 6.042  6.46    
2 8.015 8.89 1.38  14.53  
3 9.644 10.91 1.23 9.54 
4 11.855 13.64 1.25 10.42 
5 12.476 14.40 1.06 2.51 
6 14.211 16.54 1.15 6.09 
7 15.237 17.81 1.08 3.20 
8 17.518 20.63 1.16 7.80 
9 17.849 21.04 1.02 1.29 

10 21.977  26.13  1.24  14.78  
11 22.516 26.80 1.03 1.78 
12 25.814 30.87 1.15 9.32 
13 26.395 31.59 1.02  
14 26.395 31.59 1.00  
15 30.825 37.06 1.17  
16 31.395 37.76 1.02 1.15  
17 32.631 39.29 1.04 2.75 

 

3.3 Fractionation 

Elution order of the 16 EPA’s priority PAHs using the optimized method (Figure 6 and 
Appendix A – Table IV) was studied by fractionation using time windows and subsequent mass 
spectrometry analysis. The fraction containing peak 1 was identified as toluene (Table 5). Rest 
of the fractions were identified as 16 EPA’s priority PAHs (Table 5). An example of a total ion 
GC-chromatogram can be seen in Figure 7. 
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Figure 7. Example of a total ion chromatogram (fraction #11) of “16 EPA priority PAHs” standard obtained with 
SIM mode in GC-MS analysis. Highest peak eluting at 20.70 min belongs to benzo[a]anthracene, other peaks are 
the internal standards. 

Table 5. List of identified and quantified PAHs in fractions assessed by GC-MS analysis of “16 EPA priority 
PAHs”- standard. “Peak #” refers to the peak number in RP-UPLC (Figure 6). 

Peak # GC-MS Ret. 
time, min 

Substance Amount, ng IS recovery, % 

1 1.83 Toluene N/A N/A 
2 4.74 Naphthalene 78 2.0 
3 6.21 Acenaphthylene 109 0.80 
4 6.36 Acenaphthene 139 19 
5 7.06 Fluorene 91 8.3 
6 9.13 Phenanthrene 93 25 
7 9.23 Anthracene 97 72 
8 12.52 Fluoranthene 95 65 
9 13.56 Pyrene 96 64 
10 20.98 Chrysene 106 81 
11 20.70 Benzo[a]anthracene 100 80 
12 24.84 Benzo[b]fluoranthene 110 96 

13+14 24.78 Benzo[k]fluoranthene 78 81 
26.69 Benzo[a]pyrene 75 79 

15 35.37 Benzo[g,h,i]perylene 72 134 
16 34.04 Indeno[1,2,3-cd]pyrene 90 92 
17 34.13 Dibenz[a,h]anthracene 68 95 

 

Seven fractions of a soil extract collected using the optimised RP-LC method (Appendix A – 
Table IV) were analysed with the same GC-MS method. With the help of a quantification 
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standard it was determined that all fractions contained compounds that could be identified as 
PAHs, five of which are listed as 16 EPA’s priority PAHs (Table 6). Quantification of 
Carbazole and 4H-Cyclopenta[d,e,f]phenanthrene was not performed, because quantification 
standards were not available. Calculation of the recovery of abovementioned non-priority PAHs 
was done by use of the closest eluting labelled standard, indicated in the brackets in the table’s 
“IS recovery”-column. 

Table 6. List of PAHs in fractions of a soil extract identified and quantified by GC-MS. “Peak #” refers to the 
peak number in RP-UPLC. 

Peak 
# 

GC-MS Ret. 
time, min 

Substance Amount, 
ng 

IS recovery, % 

1 4.70 Naphthalene 49 1.5 
2 10.06 Carbazole N/A 61 (d10-Fluorene) 
3 6.98 Fluorene 49 61 
4 9.03 Phenanthrene 121 92 
5 9.13 Anthracene 221 104 
6 10.25 4H-Cyclopenta[d,e,f]phenanthrene N/A 78 (d10-anthracene) 
7 20.85 Chrysene 7.6 109 

 

Reproducibility of the optimized RP-UPLC method was evaluated by calculating the relative 
standard deviation for retention times and peak areas, obtained after three consecutive injections 
of “16 EPA’s priority PAHs”-standard (Table 7). 

Table 7. Relative standard deviation (%) of peaks’ area and retention times of identified PAHs using the 
optimised RP-UPLC method. “Peak #” refers to the peak number in RP-UPLC. 

Peak # Substance %RSD Retention time %RSD Peak area 
2 Naphthalene 0.06 0.1 
3 Acenaphthylene 0.05 0.4 
4 Acenaphthene 0.07 0.9 
5 Fluorene 0.09 0.0 
6 Phenanthrene 0.12 0.6 
7 Anthracene 0.13 1.3 
8 Fluoranthene 0.08 0.1 
9 Pyrene 0.09 0.6 
10 Chrysene 0.07 0.1 
11 Benzo[a]anthracene 0.07 0.2 
12 Benzo[b]fluoranthene 0.08 0.3 

13+14 Benzo[k]fluoranthene 0.08 0.3 
 Benzo[a]pyrene   

15 Benzo[g,h,i]perylene 0.10 0.2 
16 Indeno[1,2,3-cd]pyrene 0.10 0.4 
17 Dibenz[a,h]anthracene 0.07 0.3 

 

A relative standard deviation of retention times did not exceed 0.13% and, except for anthracene 
(1.3%), RSD for peak areas of 16 EPA’s priority PAHs did not exceed 0.9%. Low RSD values 
indicate a good reproducibility of the RP-UPLC method. 
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Discussion 

Two stationary phases, one NP and one RP, were evaluated, because of project’s time limit. NP 
was mainly included in the study due to the unipolar/water free mobile phase, which facilitates 
further analysis with GC/MS and bioassays. Unbounded silica was chosen in the NP-LC method 
development, which is one of the most stable NP stationary phase and gives a similar PAH 
separation results compared to stationary phases with cyano- (CN) and amino- (NH2) functional 
groups (Aygün & Özcimder, 1996; Snyder at.al., 2010; Olsson et.al., 2014). Phenyl stationary 
phase was used to develop the RP-LC method because of its good selectivity for PAHs (Waters, 
2014). 

Comparison of the chromatograms obtained with the optimised methods using normal or 
reverse phase liquid chromatography can be seen in Figure 8. It is evident that the separation 
performed with the RP-LC method is much better, i.e. peaks are better resolved after the RP-
LC analysis. It is obvious that shorter retention times of the analytes in NP-LC, limit the 
separation. However, the NP-LC method could not be further optimised to achieve a longer 
retention time, because the weakest mobile phase composition (100% n-hexane) and lowest 
column temperature (25 °C) were already used in the optimised method. 

 
Figure 8. Comparison of chromatograms obtained at 281 nm for the developed NP-HPLC (above) and RP-UPLC 
methods (below). The analyzed sample is 16 EPA’s priority PAHs standard. 

Retention factor values with the optimised NP-HPLC method (Figure 8) are in the range of 
0.5<k<3.5 (Table 1), which is often considered as insufficient if many compounds are separated 
(Snyder et.al, 2010). In the RP-UPLC, the range of the retention factor values was considerably 
improved to 5<k<40 (Table 4). The number of theoretical plates N increased tenfold from 6 000 
– 9 000 for the NP-HPLC method to 40 000 – 90 000 for the RP-UPLC method (Tables I and 
IV in Appendix C). Thus, according to the fundamental resolution equation, the 
chromatographic resolution RS is increased √10 ≈ 3.3 times. This is experimentally validated 
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as the resolution increased from 1.11 – 3.33 calculated for six PAHs in NP-HPLC to 1.15 – 
14.78 calculated for twelve PAHs in RP-UPLC (Tables I and IV in Appendix C). A previous 
study has also shown that a better separation of PAHs is achieved in RP-HPLC compared to 
NP-HPLC. Retention factor values of 0.5<k<1.6 in NP-HPLC and 1.8<k<10 in RP-HPLC were 
achieved for the 16 EPA’s priority PAHs (Aygün & Özcimder, 1996). Compared to the present 
study, the higher values of the retention factors obtained in RP-UPLC can be explained by the 
smaller particle size in the UPLC compared to the HPLC technique. 

The fact that five PAHs were strongly co-eluted in one peak in NP-HPLC (Figure I in Appendix 
B) when the moderately polar organic solvent 2-propanol was used, can be explained by a 
solvent demixing problem (Snyder, 1980). When polar solvents such as propanol come in 
contact with a silica column, they can be selectively adsorbed to the polar silica. For example, 
a mobile phase composed of 95% n-hexane and 5% 2-propanol would initially elute as a pure 
n-hexane until the column is saturated with 2-propanol. When saturation occurs, the sudden 
increase in propanol in the mobile phase can cause co-elution of PAHs with poor separation 
and low retention factor as a result. If the NP-HPLC method would be developed further, then 
other mobile phases, for example MTBE, could be tested. However, a low UV cut off at less 
than 230 nm of smaller PAHs would limit the choice of organic solvents (Maureen, 2003). 

Fractionation of the soil extract sample was performed based on the threshold and slope values 
detected at 258 nm (the black chromatogram in Figure 9). If other wavelengths would have 
been used instead, then other analytes could have been fractionated and collected. 

 
Figure 9. Chromatograms simultaneously obtained at 244 nm, 258 nm, 262 nm, 281 nm and 292 nm after the 
RP-HPLC fractionation of the soil extract sample. Seven collected fractions are indicated with red vertical lines.  

For example, if a 281 nm wavelength would have been used to program the fractionation (the 
turquoise chromatogram in Figure 9), it would have been possible to collect a peak eluting at 7 
minutes. However, the analyte eluting at 21 min would have been missed due to a low 
absorbance. Smaller fraction volumes than 30 µL could not be collected because of instrumental 
limitations. Because 0.3 mL/min flow was used in the optimized RP-UPLC method, the peak’s 
baseline width should be at least 0.1 min. The collection of a fraction stops at set “end 
threshold”-value, thus to increase a volume of fractions the “end threshold”-value should be set 
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as low as possible. However, if two or more peaks are not resolved enough they will be collected 
into the same fraction vial. 

Another instrumental limitation of the fraction collection based on threshold/slope values is the 
unavailability of a waste collection, i.e., all substances that elute between collected fractions 
are discarded. The fraction collection based on the retention times allows to collect substances 
between the set time windows, however to obtain a reproducible retention times of the collected 
substances, samples have to be analysed two or three times prior to the fraction collection. Yet, 
if a sample matrix is complex, the variation of the retention times is observed (Van De Steen & 
Lambert, 2008). Therefore, in this project the fraction collection of a soil extract was based on 
peaks’ threshold and slope values. 

The mobile phase composition, and thus the solvent in collected fractions, differ between NP 
and RP. The fraction solvent used in NP-LC was a nonpolar organic solvent – n-hexane, 
whereas a mixture of water and polar organic solvents (acetonitrile and methanol) was used in 
the optimised RP-LC method. To subsequently identify and quantify PAHs in collected 
fractions, a GC-MS analysis was carried out. Evaporation of acetonitrile and methanol and a 
liquid-liquid extraction from water to a toluene had to be performed prior to the GC-MS 
analysis. Recovery of internal standards for two and three ringed PAHs was in 0.8% - 25% 
range, and the recovery of four and five ringed PAHs was between 64% - 134% (Table 5). The 
low recovery of smaller PAHs can be explained by higher volatility of two and three ringed 
PAHs (Hawthorne et.al., 2000). However, as only one fraction collection of “16 EPA’s priority 
PAHs”-standard was carried out, the recovery values have a very high uncertainty. For example, 
comparing the recovery of PAHs between the standard and the soil extract, it was noted that 
recovery of fluorene was improved from 8% to 61%, and recovery of phenanthrene from 25% 
to 92% (Tables 5 and 6). This can probably be explained by the gentler nitrogen flow that was 
used to evaporate acetonitrile and methanol from the soil extract fractions before the liquid-
liquid extraction. The liquid-liquid extraction of PAHs can also be performed with other 
solvents that are non-soluble in water, such as n-hexane, dichloromethane etc. Thus, collected 
with the optimised RP-LC method PAH fractions can be used for further bioassay analyses 
(Houtman et.al., 2010). 

After separation of the soil extract sample, seven fractions were collected. If the fractions would 
be analyzed further with bioassay analyses, then a better understanding of additive effects of 
PAH-mixture interactions could be obtained. For example, if one of the fractionated PAHs had 
an antagonistic effect, then a summarised toxicity of single PAHs could be higher than an 
overall toxicity of the PAH-mixture. The limitation of the developed RP-LC method in the 
detection of PAHs, i.e. the substances with low molar UV-absorptivity are not detected with 
PDA-detector and go to waste. Thereby, if one or more antagonistic or agonistic substances 
without chromophores were present in the soil extract, then summarised toxic effects of 
collected fractions would be over- or under estimated. 

The optimized RP-UPLC fractionation method can be used in the applications when a 
separation of complex PAH-mixtures is necessary, e.g. analyses of petroleum oils, combustion 
products, contaminated sediments or soils, interaction of PAHs in complex mixtures, effect-
directed analysis of aryl hydrocarbon receptor-mediated activities etc. This study was focused 
on the fractionation of 16 EPA’s priority PAHs, however if the developed RP-UPLC method 
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will be further optimised, then other than 16 EPA’s priority PAHs, such as alkyl substituted, 
oxygenated and other polycyclic aromatic compounds can potentially be fractionated. 

 

Conclusion 

The developed NP-HPLC method is not recommended to separate and fractionate PAHs, 
because of the poor separation of 16 EPA’s priority PAHs, low retention factor values 
(0.5<k<3.5) and too long equilibration of the column. Out of three developed RP-UPLC 
methods, the method with mobile phase composed of three different solvents (water, 
acetonitrile and methanol) showed the best separation of PAHs with retention factor values in 
the range of 5<k<40. The optimized RP-UPLC method can be used for separation and fraction 
collection of PAHs, based on peaks’ retention time windows or threshold/slope values. The soil 
sample extract was successfully divided into seven fractions containing five EPA’s priority 
PAHs and two non-priority PAHs. The developed RP-UPLC fractionation method has the 
potential to be further optimised to fractionate complex mixtures of alkyl substituted, 
oxygenated and other polycyclic aromatic compounds, like azaarenes. 
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Appendix A – Temperature and gradient programs 
 

Table I. Parameters and conditions for the optimized NP-HPLC method with n-hexane mobile phase 
Conditions  
NP Column  SunFire Silica Prep Column, 100Å, 5 µm, 4.6 mm x 150 mm 
Column temperature  25 °C 
Injection volume 20 µL 
Flow 0.5 mL/min 
Isocratic run 100% n-hexane 
Detection 244 nm, 258 nm, 262 nm, 281 nm and 292 nm 

 

Table II. Parameters and conditions for the optimized RP-HPLC method with water/acetonitrile 
mobile phase 
Conditions  
RP Column  Acquity UPLC BEH Phenyl, 130 Å, 1.7 µm, 2.1 mm x 100 mm 
Column temperature  50 °C 
Injection volume 10 µL 
Flow 0.5 mL/min 
Gradient program Water/Acetonitrile: 65/35 (initial)  65/35 (8 min)  60/40 (13 

min)  55/45 (16 min)  50/50 (19 min)  40/60 (25 min)  
30/70 (25 min)  65/35 (30 min)  

Detection 244 nm, 258 nm, 262 nm, 281 nm and 292 nm 

 

Table III. Parameters and conditions for the optimized RP-HPLC method with water/methanol mobile 
phase 
Conditions  
RP Column  Acquity UPLC BEH Phenyl, 130 Å, 1.7 µm, 2.1 mm x 100 mm 
Column temperature  50 °C 
Injection volume 10 µL 
Flow 0.3 mL/min 
Isocratic run  40/60 water/methanol 
Detection 244 nm, 258 nm, 262 nm, 281 nm and 292 nm 
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Table IV. Parameters and conditions for the optimized RP-HPLC method with 
water/acetonitrile/methanol mobile phase 
Conditions  
RP Column  Acquity UPLC BEH Phenyl, 130 Å, 1.7 µm, 2.1 mm x 100 mm 
Column temperature  30 °C 
Injection volume 10 µL 
Flow 0.3 mL/min 
Gradient program  Water/Acetonitrile/Methanol: 80/10/10 (initial)  50/25/25 (3 min) 

 50/25/25 (13 min)  50/40/10 (14 min)  50/45/5 (18 min)  
50/50/0 (30 min)  30/50/20 (34 min)  0/60/40 (37 min)  

80/10/10 (40 min) 
Detection 244 nm, 258 nm, 262 nm, 281 nm and 292 nm 

 

Table V. Parameters and conditions for the GC-MS analysis. 
Conditions  
Column  Select PAH, 30m x 0.25mm, df 0.15µm 
Injection volume 1µL 
Injector 250 °C, 1 min at 50 mL/min, splitless mode 
Carrier gas Helium at constant flow 2 mL/min 
Temperature 70 °C (2 min), 40 °C/min to 180 °C (0 min), 7 °C/min to 230 °C    

(7 min), 20 °C/min to 280 °C (10 min), 5 °C/min to 325 °C (7 min) 
SIM Parameters 
(Mass, Dwell time) 

 (128.00, 30) (136.00, 30) (152.00, 30) (154.00, 30) (160.00, 30) 
(164.00, 30) (166.00, 30) (176.00, 30) (178.00, 30) (188.00, 30) 
(190.00, 30) (202.00, 20) (212.00, 30) (216.00, 30) (228.00, 30) 
(240.00, 30) (252.00, 30) (264.00, 30) (276.00, 30) (278.00, 30) 

(288.00, 30) (292.00, 30) (302.00, 30) 
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Appendix B – Chromatograms 
 

 
Figure I. Chromatograms of a sample containing mix of 5 PAHs (fluorene, anthracene, benz[a]anthracene, 
chrysene and benzo[a]pyrene) diluted in n-hexane, obtained at 0.5 mL/min isocratic flow rate and 281 nm 
wavelength in the NP-HPLC analysis. All parameters are the same, except for the compositions of mobile 
phases: 100% n-hexane (above) and 95%/5% n-hexane/2-propanol (below). 
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Figure II. Chromatograms of a standard containing 16 EPA’s priority PAHs diluted in n-hexane, obtained at 0.5 
mL/min isocratic flow rate and 281 nm wavelength in the NP-HPLC analysis. All parameters are the same, 
except for the compositions of mobile phases: 100% n-hexane (above) and 90%/10% n-hexane/dichloromethane 
(below). 
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Figure III. Chromatograms of a standard containing 16 EPA’s priority PAHs diluted in n-hexane, obtained at 0.5 
mL/min isocratic flow rate and 281 nm wavelength in the NP-HPLC analysis. All parameters are the same, 
except for the column temperatures: 25 °C (above) and 40 °C (below). 
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Appendix C – Raw data and calculations 
 

Following formulas were applied to calculate system suitability separation results (Waters 
Corporation, 2002): 

- Retention factor: 𝑘𝑘 = 𝑅𝑅𝑡𝑡
𝑉𝑉0
− 1.0. Where Rt – retention time and V0 – void volume time. 

- Selectivity factor: α = 𝑅𝑅𝑡𝑡2− 𝑉𝑉0
𝑅𝑅𝑡𝑡1− 𝑉𝑉0

. Where Rt2 – retention time of the second peak, Rt1 – 

retention time of the first peak and V0 – void volume time. 

- Number of theoretical plates: 𝑁𝑁 = 5.54 � 𝑅𝑅𝑡𝑡
𝑊𝑊1/2

�. Where Rt – retention time and W1/2 – 

peak width at 50% of peak height. 
- Width at 50% height: 𝑊𝑊1/2 = 𝑥𝑥2 − 𝑥𝑥1. Where 𝑦𝑦2 = 1

2
(𝑦𝑦𝑟𝑟𝑟𝑟 − 𝑦𝑦𝑒𝑒) +  𝑦𝑦𝑒𝑒; 𝑦𝑦1 =

1
2

(𝑦𝑦𝑟𝑟𝑟𝑟 − 𝑦𝑦𝑠𝑠) +  𝑦𝑦𝑠𝑠; x1 = interpolated point on chromatogram from xs to xrt where y=y1; 
and x2 = interpolated point on chromatogram from xrt to xe where y=y2. 

 
- Resolution: 𝑅𝑅 = 2.0(𝑅𝑅𝑟𝑟2−𝑅𝑅𝑟𝑟1)

1.7(𝑊𝑊2+𝑊𝑊1) . Where R = Resolution, Rt = Retention time, W1+W2 = 

Sum of peak widths at 50% peak height. 

 

Table I. Separation results of the NP-HPLC analysis with 100% n-hexane calculated with Waters Empower 
software. 

Peak 
# 

Retention 
time 
(min) 

Area 
(µV*sec) 

Height 
(µV) 

Retention 
factor, k 

Selectivity 
factor, α 

Width at 
50% 

height 

Number of 
theoretical 
plates, N 

Resolution, 
R 

1 5.510 36737  3532  0.58   0.162512  6368   
2 6.473 95874 7286 0.85 1.48  0.178874 7256 3.33  
3 7.019 120467 9407 1.01 1.18 0.182952 8154 1.78 
4 7.644 43652 2652 1.19 1.18 0.221750 6583 1.82 
5 8.322 198448 13032 1.38 1.16 0.221888 7792 1.80 
6 8.759 89559 5732 1.51 1.09 0.240924 7322 1.11 
7 9.370 256701 15713 1.68 1.12 0.235635 8761 1.51 
8 10.825 739937 38957 2.10 1.25    
9 11.051 471711 31134 2.17 1.03    

10 11.995 518333  25171  2.44  1.12     
11 12.276 254167 16314 2.52 1.03    
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12 12.791 219643 9666 2.66 1.06    
13 15.104 544983 20286 3.33 1.25 0.398894 7943  

 

 

Table II. Separation results of the RP-UPLC analysis with water/acetonitrile gradient run, calculated with Waters 
Empower software. 

Peak 
# 

Retention 
time 
(min) 

Area 
(µV*sec) 

Height 
(µV) 

Retention 
factor, k 

Selectivity 
factor, α 

Width at 
50% 

height 

Number of 
theoretical 
plates, N 

Resolution, 
R 

1 2.492  4286055  829738  4.19   0.082984  4998   
2 3.856 246734 35347 7.03 1.68  0.107229 7163 8.46  
3 5.140 212351 23017 9.71 1.38 0.135431 7979 6.24 
4 6.887 164427 13447 13.35 1.38 0.180539 8063 6.53 
5 7.516 1451033 95920 14.66 1.10 0.231843 5823 1.80 
6 8.940 1785775 159714 17.63 1.20 0.166317 16008 4.22 
7 9.806 988286 81530 19.43 1.10 0.182073 16068 2.93 
8 12.260 835345 97552 24.54 1.26    
9 12.274 829577 98274 24.57 1.00    

10 16.330  3716969  373384  33.02  1.34  0.149390  66197   
11 16.784 1889606 188625 33.97 1.03 0.143307 75992 1.83 
12 18.704 2052422 238340 37.97 1.12    
13 18.796 1082381 186714 38.16 1.01    
14 19.023 1180920 128727 38.63 1.01 0.139441  103110   
15 20.406 569080 78671 41.51 1.07 0.108261 196832 6.59  
16 20.680 1064542 138365 42.08 1.01 0.105953 211039 1.50 
17 21.190 601258 89220 43.15 1.03 0.094459 278792 3.00 

 

Table III. Separation results of the RP-UPLC analysis with water/methanol isocratic run calculated with Waters 
Empower software. 

Peak 
# 

Retention 
time 
(min) 

Area 
(µV*sec) 

Height 
(µV) 

Retention 
factor, k 

Selectivity 
factor, α 

Width at 
50% 

height 

Number of 
theoretical 
plates, N 

Resolution, 
R 

1 2.054  2320529  698277  1.54   0.050461  9177   
2 2.738 462149 116127 2.38 1.55  0.058178 12268 7.43  
3 3.333 442083 89254 3.11 1.31 0.069791 12635 5.49 
4 4.553 258434 55471 4.62 1.48    
5 4.693 2895127 516185 4.79 1.04 0.082980  17722   
6 5.155 3612208 593101 5.36 1.12 0.089752 18276 3.15  
7 5.552 1570258 232942 5.85 1.09 0.097507 17963 2.50 
8 6.821 1459797 191606 7.42 1.27 0.112940 20207 7.11 
9 7.186 2097348 255660 7.87 1.06 0.118491 20378 1.86 

10 10.689  3466959  281987  12.20  1.55  0.179121  19729  13.89  
11 11.234 2598020 185329 12.87 1.06 0.189439 19482 1.74 
12 15.123 3628230 218156 17.67 1.37 0.246446 20861 10.53 
13 15.757 614786 61835 18.45 1.04    
14 15.949 2664096 127380 18.69 1.01 0.326625 13209  
15 21.963 175293 14219 26.12 1.40    
16 22.302 1467693 50084 26.53 1.02 0.403668  16910   
17 24.198 206207 4856 28.87 1.09 0.558354 10406 2.33 
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Table IV. Separation results of the RP-UPLC analysis with water/acetonitrile/methanol gradient run calculated 
with Waters Empower software. 

Peak 
# 

Retention 
time 
(min) 

Area 
(µV*sec) 

Height 
(µV) 

Retention 
factor, k 

Selectivity 
factor, α 

Width at 
50% 

height 

Number of 
theoretical 
plates, N 

Resolution, 
R 

1 6.042  4428330  1007391  6.46   0.069267  42154   
2 8.015 440282 73203 8.89 1.38  0.090918 43053 14.53  
3 9.644 370072 51185 10.91 1.23 0.110517 42184 9.54 
4 11.855 347589 33537 13.64 1.25 0.139843 39812 10.42 
5 12.476 2831912 280022 14.40 1.06 0.152739 36964 2.51 
6 14.211 3663557 299726 16.54 1.15 0.183167 33348 6.09 
7 15.237 1920498 147619 17.81 1.08 0.194828 33885 3.20 
8 17.518 1423971 146772 20.63 1.16 0.150352 75210 7.80 
9 17.849 2019685 193554 21.04 1.02 0.153160 75244 1.29 
10 21.977  3832088  644145  26.13  1.24  0.176351  86040  14.78  
11 22.516 7520433 306865 26.80 1.03 0.181058 85674 1.78 
12 25.814 3952493 257194 30.87 1.15 0.236300 66112 9.32 
13 26.395 2851520 301435 31.59 1.02    
14 26.395 3281133 301435 31.59 1.00    
15 30.825 1247443 64656 37.06 1.17 0.304945  56606   
16 31.395 2258367 115205 37.76 1.02 0.277742 70786 1.15  
17 32.631 994341 56019 39.29 1.04 0.253424 91851 2.75 

 

Table V. List of identified PAHs in fractions after performed GC-MS analysis of “16 EPA priority PAHs”- 
standard. 

Sample Fracti
on # 

Peak 
# 

Retention 
time, min 

Trace Substance Amount, 
ng 

IS 
recovery, 
% 

LRA_160419_06 1 1 1.83 92 Toluene N/A N/A 
LRA_160419_07 2 2 4.74 128 Naphthalene 78.0 2.0 
LRA_160419_08 3 3 6.21 152 Acenaphthylene 108.8 0.8 
LRA_160421_09 4 4 6.36 154 Acenaphthene 138.7 19 
LRA_160421_10 5 5 7.06 166 Fluorene 90.9 8.3 
LRA_160419_11 6 6 9.13 178 Phenanthrene 92.6 25.1 
LRA_160421_13 7 7 9.23 178 Anthracene 96.6 71.9 
LRA_160421_14 8 8 12.52 202 Fluoranthene 95.4 64.7 
LRA_160419_15 9 9 13.56 202 Pyrene 95.7 64.2 
LRA_160419_16 10 10 20.98 228 Chrysene 105.7 81.1 
LRA_160419_17 11 11 20.70 228 Benzo[a]anthracene 100.1 80.2 
LRA_160419_18 12 12 24.84 252 Benzo[b]fluoranthene 109.5 96.4 
LRA_160503_06 13 13+14 24.78 252 Benzo[k]fluoranthene 77.8 81.4 

26.69 252 Benzo[a]pyrene 74.8 79.2 
LRA_160421_20 14 15 35.37 276 Benzo[g,h,i]perylene 72.3 134.3 
LRA_160421_21 15 16 34.04 276 Indeno[1,2,3-

cd]pyrene 
89.6 92.4 

LRA_160419_22 16 17 34.13 278 Dibenz[a,h]anthracene 68.1 94.9 
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Table VI. List of identified PAHs in fractions after performed GC-MS analysis of the soil extract. 
Sample Fraction 

# 
Retention 
time, min 

Trace Substance Amount, 
ng 

IS recovery, % 

LRA_160503_13 1 4.70 128 Naphthalene 49.1 1.5 
LRA_160503_12 2 10.06 167 Carbazole N/A 61.1  

(d10-Fluorene) 
LRA_160503_11 3 6.98 166 Fluorene 49.3 60.8 
LRA_160503_10 4 9.03 178 Phenanthrene 121.1 91.5 
LRA_160503_09 5 9.13 178 Anthracene 220.7 104.3 
LRA_160503_08 6 10.25 190 4H-

Cyclopenta[d,e,f]
phenanthrene 

N/A 78.4 
(d10-anthracene) 

LRA_160503_07 7 20.85 228 Chrysene 7.6 108.9 
 


	Abstract
	Table of content
	1. Introduction
	1.1 Fraction collection
	1.2 Normal Phase Liquid Chromatography (NP-LC)
	1.3 Reverse Phase Liquid Chromatography (RP-LC)
	1.4 High Performance LC and Ultra Performance LC (HPLC and UPLC)
	1.5 Objectives

	2. Method and materials
	2.1 Standards and solvents
	2.2 Instrumentation
	2.3 LC method development
	2.3.1 NP-LC method development
	2.3.2 RP-LC method development
	2.4 Fractionation

	3. Results
	3.1 NP-HPLC
	3.2 RP-UPLC
	3.3 Fractionation

	Discussion
	Conclusion
	Acknowledgements
	References
	Appendix A – Temperature and gradient programs
	Appendix B – Chromatograms
	Appendix C – Raw data and calculations

