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Abstract  

 
In this study, a solid phase extraction (SPE) method was developed that can be used to 
extract a wide range of polycyclic aromatic compounds (PACs), including polycyclic 
aromatic hydrocarbons (PAHs), oxygenated PAHs (oxy-PAHs) and azaarenes, from 
water samples.  Three commercially available SPE materials, i.e. Oasis HLB, 
ISOLUTE C2/C18 (EC) and ISOLUTE PAH, were tested for their capability to 
accomplish the extraction, and two were chosen for further optimization. Several 
different combinations of solvents were tested. Experiments were performed on both 
spiked and real contaminated water samples. The ISOLUTE C2/C18 (EC) performed 
best on spiked samples for most of the target PACs while the Oasis HLB material was 
more suitable for real samples. The results from both materials agreed well with the 
results obtained with a traditional method based on liquid-liquid extraction (LLE) 
followed by silica gel fractionation. The final method was based on Oasis HLB eluted 
with dichloromethane/ methanol (7:3) using a flow rate not exceeding 2ml/min. This 
method was applied on ten real samples collected from a water treatment plant 
operating at a creosote contaminated wood preservation site in order to exam how 
much the dissolved concentrations of target PACs varied in the plant. The SPE 
method is faster and consumes much less solvent than a method based on LLE for 
instance and it is also less labor intensive. The SPE method is therefore favorable 
during larger studies on PACs contamination in aqueous environments. 
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1 Introduction 

1.1 PAHs, oxy-PAHs and Azaarenes 

Polycyclic aromatic hydrocarbons (PAHs), oxygenated PAH (oxy-PAHs) and 
azaarenes all belong to the group of environmental contaminants defined as 
polycyclic aromatic compounds (PACs), of which many are toxic and harmful to 
humans and the environment. PAHs are the most commonly studied PACs, consisting 
of fused benzene rings in linear or cluster arrangement. The much less studied 
oxy-PAHs are oxidation products PAHs containing carbonylic oxygens attached to 
aromatic rings (Lundstedt et al. 2007). Azaarenes are heterocyclic PACs in which one 
of the carbon atoms in the ring structure have been replaced by a nitrogen atom 
(Bleeker et al. 1998). Some examples of PAHs, oxy-PAHs and azaarenes are shown 
in Table 1. 
 
PAHs are known as one of the most widespread organic contaminants in environment, 
including many contaminated sites. But what is less commonly known is that the 
PAHs often are accompanied by oxy-PAHs and azaarenes. Although these compounds 
generally are found in lower levels than the PAHs, in the environment as a whole 
(Lundstedt et al. 2006), they tend to be distributed in the aquatic environment to larger 
extent which is a result of their higher water solubilities. (Means. 1998) This means 
that the oxy-PAHs and azaarenes have higher tendency to leach and spread from a 
contaminated area as compared to the ordinary PAHs. In addition, oxy-PAHs and 
azaarenes may also be more easily taken up by living organisms.  
 

PAHs, oxy-PAHs and azaarenes are formed during incomplete combustion of organic 
material such as fossil fuel, coke, and wood. Another important source of oxy-PAHs is 
via transformation of PAHs which may occur through natural processes or during 
remedial treatments for instance. (Lundstedt et al. 2006). As a result, PAHs, 
oxy-PAHs and azaarenes are commonly found at contaminated sites like old gasworks, 
coke production, and wood preservation sites. (Howsam and Jones. 1998) 
 
Since PACs primarily are lipophilic compounds, they mainly occur adsorbed to 
particles in the environment, often ending up in soils and sediments. However, to 
some extent they are also distributed into aqueous phases of the environment, such as 
surface and groundwater, and particularly the oxy-PAHs and azaarenes. Consequently, 
in order to correctly assess the levels of these compounds in the environment, efficient 
and accurate analytical methods are needed for both solid and aqueous samples. The 
methods for solid samples have been developed quite extensively in recent years, with 
efficient automated extraction techniques and on-line coupled clean-up steps 
(Lundstedt et al. 2006, Lundstedt et al. 2007), while the methods for aqueous samples 
still depend largely on time consuming and labor-intensive techniques such as 
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liquid-liquid extraction followed by various external clean-up steps. To increase the 
throughput and reduce the cost for aqueous samples more efficient methods would 
therefore be needed.  
 

Table 1. PAHs, oxy-PAHs and azaarenes involved in this research 
Compound m/z Structure Compound m/z Structure 

PAHs   Oxy-PAHs   

Naphthalene 128 

 

Indanone 

 

132 

 
Acenaphtylene 

 

152 

 

9-Fluorenone 

 

180 

 
Acenaphthene 

 

154 

 

Anthracene-9,10-dione 208 

Fluorene 

 

166 

 

4H-Cyclopenta(def)phenthrenone 

 

204 

Phenanthrene 

 

178 

 

2-Methylanthracene-9,10-dione 

 

222 

Anthracene 

 

178 

 

Benzo(a)fluorenone 

 

230 

 

Fluoranthene 

 

202 

 

7H-Benz(de)anthracen-7-one 

 

230 

 

Pyrene 

 

202 

 

Benz(a)anthracene-7,12-dione 

 

258 

 
Benzo(a)anthracene 

 

228 

 

Naphthacene-5,12-dione 

 

258 

Chrysene 

 

228 

 

6H-Benzo(cd)pyren-6-one 

 

254 

 
Benzo(b)fluoranthene 

 

252 

 

Azaarenes    

Benzo(k)fluoranthene 

 

252 

 

Quinoline 

 

129 

 

Benzo(a)pyrene 

 

252 

 

Benzo(h)quinoline 

 

179 

Indeno(1,2,3-cd)pyrene 

 

276 

 

Carbazole 

 

167 

 

Dibenzanthracene 

 

276 Acridine 

 

179 

 

Benzo(ghi)perylene 

 

276 

 

   

 
PAHs, oxy-PAHs and azaarenes are formed during incomplete combustion of organic 
material such as fossil fuel, coke, and wood. Another important source of oxy-PAHs is 
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via transformation of PAHs which may occur through natural processes or during 
remedial treatments for instance. (Lundstedt et al. 2006). As a result, PAHs, 
oxy-PAHs and azaarenes are commonly found at contaminated sites like old gasworks, 
coke production, and wood preservation sites. (Howsam and Jones. 1998) 
 
Since PACs primarily are lipophilic compounds, they mainly occur adsorbed to 
particles in the environment, often ending up in soils and sediments. However, to 
some extent they are also distributed into aqueous phases of the environment, such as 
surface and groundwater, and this is as mentioned above particularly true for 
oxy-PAHs and azaarenes. Consequently, in order to correctly assess the levels of these 
compounds in the environment, efficient and accurate analytical methods are needed 
for both solid and aqueous samples. The methods for solid samples have been 
developed quite extensively in recent years, with efficient automated extraction 
techniques and on-line coupled clean-up steps (Lundstedt et al. 2006, Lundstedt et al. 
2007), while the methods for aqueous samples still depend largely on time consuming 
and labor-intensive techniques such as liquid-liquid extraction followed by various 
external clean-up steps. To increase the throughput and reduce the cost for aqueous 
samples more efficient methods would therefore be needed.  
   
Methods based on solid phase extraction (SPE) have attracted more and more interest 
in recent years, both for extraction of compounds from aqueous samples and for 
purification, and fractionation purposes. (Żwir-Ferenc and Biziuk. 2006) SPE is based 
on the partitioning of compounds between a liquid, e.g. an aqueous sample, and a 
solid adsorbent, which is utilized to isolate analytes from the matrix as well as from 
other sample components. The general procedure of SPE is to load a liquid sample 
onto an SPE phase, in a column or a cartridge for instance, that will adsorb the 
analytes while the liquid matrix and the undesired sample components are washed out. 
The analytes are then eluted form the SPE material with an appropriate solvent. Many 
different SPE materials exist, which together embrace a wide range of chemical 
properties. Two examples are Oasis HLB (Water Corporation, Milford, MA, USA) 
and ISOLUTE C2/C18 (EC) (Biotage, Uppsala Sweden). Oasis HLB is a sort of 
macroporous copolymer built up of the monomersdivinybenzene and 
N-vinlpyrrolidone (structure shown in Figure 1a) presenting both lipophilic and 
hydrophilic properties (Oasis Notebook. 2002). Advantages of Oasis HLB includes: 
low pH-sensitivity and low sensitivity to variation in drying time (Oasis Notebook. 
2002). ISOLUTE C2/C18 (EC) is a double layer SPE-column containing ethyl- (C2) 
and octadecyl- (C18) modified silica, respectively. The C18 layer is end-capped (EC) 
to reduce the interactions from the silanol groups (Figure 1b). The combination of 
both C2 and C18 (EC) optimizes extraction and retention of both low molecular 
weight (LMW) semi-polar compounds and high molecular weight (HMW) non-polar 
compounds. The HMW compounds are retained mainly by the C2 phase, while LMW 
compounds are retained primarily by the C18 (EC) phase.  
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Figure1. Chemical structures of the SPE adsorbents a) Oasis HLB (to the left), and b) 
ISOLUTE C2/C18 (EC) (to the right) 
  

Several SPE methods for PAHs have been developed but for more polar PACs, such 
as oxy-PAHs and azaarenes, such methods are scarce and for the whole range of 
compounds they are more or less non-existing.  

1.2 Aim 

The aim of this study was to develop and validate a SPE method that simultaneously 
can extract PAHs, oxy-PAHs and azaarenes from water samples. Different 
SPE-materials and elution solvents were evaluated using spiked water samples, after 
which the most promising combinations were optimized and validated using 
PAC-contaminated water from a wood preservation site. Finally, the selected method 
was applied on a number of samples from a water purification plant located at the 
same wood preservation site.  
 
During the study it was also investigated whether the SPE-extracts needed further 
clean-up and fractionation after the extraction, or if it was possible to run them 
directly with GC/MS. Furthermore, it was investigated if it would be possible to 
perform a fractionation directly on the SPE-column using solvents of decreasing 
polarity. The SPE-results obtained during the validation step were compared with 
those obtained by a traditional LLE-method. 

2  Experimental  

2.1  Reagents and Solvents  

All solvents used, i.e. dichloromethane, acetone, methanol, n-hexane, tetrahydrofuran, 
isopropanol and toluene, were of analytical grade. Native reference standards 
containing the PAHs: naphthalene, acenaphthylene, acenaphthene, fluorene, 



 

5 
 

phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyrene, indeno(c,d)pyrene, 
dibenz(a,h)anthracene, benzo(g,h,i)perylene from LGC Standards (Wesel, Germany), 
the oxy-PAHs: 1-indanone, 9-fluorenone, anthracene-9,10-dione, 
4H-cyclopenta(def)phenthrenone, 2-methylanthracene-9,10-dione, 
benzo(a)fluorenone, 7H -benz(de)anthracen-7-one, benz(a)anthracene-7,12-dione, 
naphthacene-5,12-dione, 6H -benzo(cd)pyren-6-one, from Sigma-Aldrich (Stockholm, 
Sweden), IRMM, (Geel, Belgium) and Alfa Aesar (Karlsruhe, Germany) and the 
azaarenes: quinoline, benzo(h)quinoline, carbazole, acridine from Sigma-Aldrich 
(Stockholm, Sweden) were prepared in toluene. Internal standards (IS) for PAHs, 
including [2H8]-naphthalene, [2H8]-acenaphthylene [2H10]-acenaphthene, 
[2H10]-fluorene, [2H10]-anthracene, [2H10]-pyrene, [2H12]-chrysene, 
[2H12]-benzo[k]fluoranthene, [2H12]-benzo(ghi)perylene, were obtained from 
Cambridge Isotope Laboratories (Andover, MA, USA), and for oxy-PAHs and 
azaarenes, including [2H8]-Anthracene-9,10-dione, were from Sigma Aldrich 
(Stockholm, Sweden). A recovery standard consisting of [2H10]-fluoranthene was 
obtained from Cambridge Isotope Laboratories (Andover, MA, USA).  Silica gel and 
sodium sulfate (Merck, Darmstadt, Germany) was purified an activated at 550 °C and 
then stored at 130 °C. The silica gel was deactivated with 10 % water before use. The 
SPE cartridges used was obtained from Waters Corporation, Milford, MA, USA 
(Oasis HLB) and Biotage, Uppsala, Sweden (ISOLUTE C2/C18 (EC) and ISOLUTE 
PAH). 

2.2  Samples 

Spiked samples were prepared by adding 30 µl of the native standard mixtures 
solution into 1000 or 500 mL tap water to reach a concentration of 1.5-3 µg/L for the 
PAHs, 0.75-1.5 µg/L for the oxy-PAHs and the azaarenes. 
  
During the validation and application of the method, groundwater and drainage water 
from a creosote contaminated site in Holmsund 15 km south of Umeå Sweden were 
used. The list of target contaminants is shown in Table 1. At the site, which is 
currently under remedial treatment, contaminated water was purified by a series of 
treatment steps before being discharge into the nearby bay. During the method 
application in this study samples were taken from several places in this facility. Figure 
2 show a sketch of the facility and at which places the samples were collected Before 
the field water samples were extracted they were filtered through a glass fiber filter 
(GF/B, Whatman) and a 0.45 µm polyamide membrane filter (Sartolon, Sartorius) to 
remove suspended particles.  
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Figure 2. The water treatment plant in Holmsund, showing the different treatment 
steps as well as the sampling spots numbered from ①-⑨.  
 
All samples were spiked with 50 µl of a mixture of the IS-compounds to reach a final 
IS-concentration of 1.5 -5µg/L for the perdeuterated PAHs and 1-3.7 for the 
perdeuterated anthracenedione. The quantification standard was prepared by adding 
native and internal standard to a GC-vial directly. 

2.3  Methods 

The laboratory work in this study was divided into three parts; 1) method 
development and optimization, which included selection of SPE materials and elution 
solvents, 2) method validation, which included a comparison with a reference method 
based on LLE, and 3) method application, which included the analyses of a number of 
water samples from a PAHs contaminated site. All SPE experiments have been 
summarized in table 2. 
 
The SPE-extractions were performed with ready-made cartridges that were eluted 
using a vacuum manifold system. The general procedure used was: 1) Conditioning of 
the SPE-cartridge with 8 mL of the selected extraction solvent followed by 5 mL of 
methanol and 5 mL of milliQ water, 2) loading of the sample using a selected flow 
rate (normally between 3-5 mL/min), 3) washing off polar components using 5 mL of 
milliQ water, 4) eluting the analytes with 8 mL of the selected elution solvent (at this 
stage the sample bottle was also rinsed with an aliquot of this solvent).  
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In some cases the sample is also pretreated with a modifier before it is added to the 
column. For example, in this study 10% isopropanol was added to the samples 
intended for the ISOLUTE PAH column.    
 

Table 2. Solid phase extraction (SPE) experiments performed within the study and the 
experimental condition used 
 Selection Optimization Validation Application 

 Exp1 Exp2 Exp3 Epx4 Exp 5 Exp6 Exp7 Exp8 Exp10 

SPE material Oasis 

HLB 

ISOLUTE 

PAH 

ISOLUTE 

C2/C18(EC) 

Oasis 

HLB 

Oasis 

HLB 

ISOLUTE 

C2/C18(EC) 

Oasis 

HLB 

ISOLUTE 

C2/C18(EC) 

Oasis 

HLB 

Sample used Spiked Real 

Replicates 2 2 2 3 3 2 3 3 10 samples 

Extracted 

Volumne (ml) 

1000 1000 1000 500 500 500 440 440 300-500 

Flow rate 

(ml/mim) 

3 3 3 4 4 4 4 4 5 

Pretreatment - 10% IPA - - - - Glass fiber filter 

0.45μm membrane  

Elution solvent 

(8ml)
a

 

DCM or 

Acetone 

THF: 

Hexane 

THF or 

DCM 

MeOH 

DCM 

THF:MeOH 

DCM:MeOH 

MeOH 

DCM:MeOH 

DCM:MeOH 

 

2.3.1 Method development and optimization 

By using information from the literature and various manufacturers three 
SPE-materials were selected for investigation in this study, i.e. Oasis HLB, ISOLUTE 
C2/C18 (EC) and ISOLUTE PAH. The first experiments (exp1, exp2 and exp3) were 
conducted with spiked samples. The extractions conditions used are shown in Table2.  
 
Based on the results from the first experiments Oasis HLB and ISOLUTE C2/C18 
(EC) were chosen for further studies (optimization). In these experiments, however, 
the sample volume was reduced to 500 mL (instead of 1000 mL), and the loading 
flow rate increased to 4 ml/min, while the elution flow rate was kept below 2 mL/min.  
The elution solvents were also changed as shown in Table 2. 

2.3.2 Method Validation: 

The optimized methods for Oasis HLB and ISOLUTE C2/C18 (EC) were validated 
using real water samples from the wood preservation site. 440 mL aliquots of the 
same filtered sample were extracted in triplicates with each of the two methods 
according to Table 2. At the same time three identical samples were extracted with a 
reference method based on LLE. In this method the samples were shaken with 3x40 
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mL of DCM in separatory funnels. The DCM-phases were collected and evaporated 
into 1 mL of hexane, after which they were purified and fractionated on silica gel 
columns (ø = 16 mm, 10% deactivated silica gel). The PAHs were eluted with 15 ml 
of n-hexane/DCM (3:1 v/v) after which the oxy-PAHs and the azaarenes were eluted 
with 30 mL of DCM. 

2.3.3  Method application: 

The samples collected from the water purification plant were extracted using the 
method developed for Oasis HLB according to Table 2. The volume extracted varied 
depending on the expected analyte level. Of the incoming water 300 mL was thus 
extracted while 1000 mL was extracted of the outgoing water.  

2.4  Analysis 

All SPE-extracts, as well as the fractions from the LLE and silica gel columns, were 
evaporated into 0.5 mL of toluene and spiked with 50 µl of recovery standard (RS). 
The samples were then analyzed by gas chromatography (GC) coupled to mass 
spectrometry (MS), using either of two different systems; an Agilent 6890N GC 
equipped with a 30m x 0.25 mm RESTEK Rxi-5ms capillary column (0.25 µm film 
thickness), coupled to an electron impact Agilent 5975 inert XL mass selective 
detector (MSD) or an Agilent 5890 GC equipped with a 60m x 0.25 mm J&W 
Scientific DB-5ms capillary column (0.25 µm film thickness), coupled to an electron 
impact VG AutoSpec high resolution MS, depending on availability.   
 
The target analytes were identified using mass spectra and retention time and 
quantified by comparing chromatographic peak areas obtained for the samples with 
those obtained for a quantification standard containing known amounts of the analytes. 
The quantification was performed using the isotope dilution methodology.   

3 Results and discussion:  

3.1  The SPE method selection 

The aim of this part was to identify the SPE-material that was most suitable for the 
whole range of targeted contaminants by comparing how well the materials could 
extract the compounds from a spiked water sample. The methods used were based on 
published methods or methods suggested by the providers of the SPE-materials. Two 
different elution solvents were tested for each of Oasis HLB and ISOLUTE C2/C18 
(EC), while only one was tested for ISOLUTE PAH. 
 
The resulting recoveries of the native compounds are shown in Figure 3, while the 
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recoveries of all analyzed compounds, including the IS-compounds are shown in 
appendix A. However, the recoveries for the IS-compounds agreed well with those for 
the natives that they were supposed to represent. For Oasis HLB, DCM performed 
better than acetone in eluting all PAHs, oxy-PAHs and azaarenes from the 
SPE-column. This indicates that acetone is too weak (polar) to efficiently elute all 
compounds from this material. For ISOLUTE C2/C18 (EC), THF also seemed 
somewhat too weak as DCM generally resulted in higher recoveries, except for 
acenaphthene and fluoranthene (appendix A).  
 
Overall, ISOLUTE C2/C18 (EC) with DCM showed the most promising results. In 
fact, it was the only method that actually gave acceptable recoveries, i.e. above 50% 
for most compounds. However, there were many improvements that could be done in 
the general sample handling, such as rinsing of the sample container, optimization of 
the drying time etc., which were assumed to increase the recoveries for all compounds. 
The comparison between the methods was therefore considered to be more important 
than the absolute recoveries. Thus, the ISOLUTE C2/C18 showed better result than 
both Oasis HLB and ISOLUTE PAH especially for HMW PAHs, but also for some 
oxy-PAHs. The Oasis HLB showed somewhat higher recoveries than ISOLUTE PAH 
for HMW PAHs but somewhat lower for most oxy-PAHs and azaarenes. The recovery 
for Indanone was low in all the tested methods, which may be due to this compounds 
higher water solubility, which may make it difficult to trap in the SPE-adsorbents.  

 
Figure 3. Bar graph showing the average recoveries of PAHs, oxy-PAHs and 
azaarenes obtained using by different SPE methods. 
 
Finally, Oasis HLB and ISOLUTE C2/C18 (EC) were chosen for further studies, 
ISOLUTE C2/C18 (EC) because of the promising results in the first screening of this 
study, and Oasis HLB because of its wide usage recently. The preferred elution 
solvent for both materials seemed to be DCM. The ISOLUTE PAHs material was 
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excluded from further studies, partly because of the less promising results during the 
first experiments and the sample pretreatment this method required, and partly 
because of the low availability of these columns in laboratory.   

3.2 	 Method	optimization:	

In this part, the methods for Oasis HLB and ISOLUTE C2/C18 (EC) were further 
optimized. As during the first experiments spiked samples were used, although the 
volume was reduced to 500 mL (compared to 1000 mL during the first experiments). 
Also, based on the results from the first experiments DCM, or DCM mixed with 
methanol, was used as elution solvent. However, preceding this solvent a more polar 
eluent was used. This was done in order to investigate whether it was possible to elute 
the oxy-PAHs/azaarenes and PAHs sequentially, i.e. to perform a fractionation directly 
on the SPE-column.   
 
The idea was that the more polar oxy-PAHs and azaarenes should elute with the first 
solvent, while the less polar PAHs should elute with the second solvent. However, 
from the results presented in Figure 4 and Appendix B, it is clear that none of the 
tested methods was able to accomplish this separation completely. With the first 
HLB-method (exp 4) the PAHs was indeed retained until the second fraction, but that 
was also the case for most of the oxy-PAHs, while the azaarenes ended up in both 
fractions (although mainly in the first one). With the second HLB-method (exp.5) and 
the C2/C18 (EC)-method (exp.6) most compounds eluted already in the first fraction. 
The conclusion from this was that it would be difficult, but perhaps not impossible, to 
accomplish this fractionation directly on the SPE-material. And even if it might work 
with some more adjustment of the solvent compositions, no more time was spent on 
this within the present study. 
 
Regarding the total recoveries, ISOLUTE C2/C18 (EC) still showed higher recoveries 
than Oasis HLB for the HMW PAHs. However, for medium sized PAHs (containing 
four rings) and the oxy-PAHs the HLB gave somewhat better results, at least when 
pure DCM was used as the second solvent. Overall, the recoveries were higher than 
during the first experiments and the two SPE-materials can be considered to perform 
quite similarly. 
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Figure 4. Recoveries of the analyzed PACs in the two fractions eluted from each 
SPE-column.  

3.3 	 Method	validation:	 	

The idea of this part was to validate each of the two selected SPE-methods (Oasis 
HLB and ISOLUTE C2/C18 (EC)) by comparing them with a traditional LLE-method 
followed by external silica gel clean-up. This validation was performed on real 
creosote contaminated water samples.  
 
Table 3. Internal standard average recovery in method validation experiments 

 Average recovery % 

PAHs internal standard (IS) Oasis HLB ISOLUTE C2/C18 LLE 

IS-Naphthalene 70 41 53 

IS-Acenaphthylene 65 74 84 

IS-Acenaphthene 74 82 76 

IS-Fluorene 69 67 98 

IS-Anthracene 69 67 92 

IS-Pyrene 61 64 82 

IS-Chrysene 48 53 63 

IS-Benzo(k)fluoranthene 39 43 46 

IS-Dibenz(a,h)anthracene 40 44 47 

oxy-PAHs and azaarenes IS    

IS-9,10-Anthraquinone 134 130 112 

 
The results show similar performance of the three methods (Table 3 and Table 4). 
Most of the internal standards were recovered to a somewhat higher extent by the 
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LLE-method (Table 3), but the quantified levels of the native compounds were in the 
same range for most compounds (Table 4). Some differences that were identified were 
that the LLE seemed to give slightly higher values for LMW PAHs, while the SPE 
methods performed better for some of the azaarenes like quinoline and acridine (Table 
4). The latter might be due to a very strong adsorption of these compounds to the 
silica gel column. Furthermore, the most water soluble compound, 1-indanone, 
seemed to be difficult to trap with the C2/C18 (EC) material. 
 
From this it can be concluded that the SPE-methods performed as good as or even 
better than the LLE-method. In addition the SPE-methods consumes much less 
solvent (16 mL compared to at least 65 mL for the LLE), which is good both from an 
economic, environmental and health perspective. Furthermore, the work-up time and 
the effort spent will be significantly reduced by using the SPE-methods. Both Oasis 
HLB and ISOLUTE C2/C18 (EC) can be used for the extraction, but Oasis HLB was 
chosen for the subsequent method application, since it performed better for 
1-indanone and because it was available in lab.  

3.4 Method	application:	 	

In this part, the method developed for Oasis HLB was applied on nine samples from a 
water treatment plant that was under operation at the contaminated site. The samples 
were collected at several places in the plant, before and after the different treatments 
steps, starting with the incoming drainage water all the way to the outgoing purified 
water. A nearby ground water was also sampled at the same time. 
 
The results show that the concentrations of PACs clearly decreased in the water from 
the incoming water to the outgoing. However, the decrease was not linear with a 
gradual decrease after each treatment step. The PAHs (Figure 6a) were even showing 
higher levels in the first flocculation/sedimentation tank compared to the incoming 
water (pond), but lower levels in the second flocculation/sedimentation tank. The 
levels were then kept at this level until the last filtration steps. The levels of the 
oxy-PAHs and azaarenes (Figure 6b) varied in an even more unexpected way. These 
increased until the first sand filter and were then kept at high levels until the last two 
filtration steps in which the levels decrease drastically.  
 
The results might seem odd, but it should be remembered that these measured 
concentrations are not representing the total levels in the collected samples but only 
the truly dissolved fraction of the contaminants. Prior to the SPE-extraction all 
suspended particles had been removed through filtration, and since most of the 
contaminants probably were adsorbed to these particles, the results do not actually 
show the performance of the purification plant but only how much the dissolved 
concentrations varied in the plant. All but the last two treatment steps in the plant 
were actually designed to remove particles from the water, which most likely reduced 
the total concentrations of contaminants. However, it seems like this also have 
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significantly altered the distribution of the contaminants between the dissolved and 
the adsorbed phases. For a complete validation of the performance of the treatment 
plant the particulate phases of the samples also have to be analyzed. 
 
Table 4. Concentration of PAHs, oxy-PAHs and azaarenes in real samples by using 
SPE and LLE method  

 Concentration μg/l 

 exp 7 exp 8 exp 9 

PAHs Oasis HLB C2/C18 LLE-PAHs 

Naphthalene 4.98E+03 8.29E+03 1.11E+04 

Acenaphthylene 1.03E+02 1.01E+02 1.19E+02 

Acenaphthene 1.91E+03 1.95E+03 3.44E+03 

Fluorene 9.25E+02 1.02E+03 1.20E+03 

Phenanthrene 7.87E+02 8.18E+02 1.11E+03 

Anthracene 8.04E+01 8.67E+01 4.91E+01 

Fluoranthene 2.89E+01 2.52E+01 3.05E+01 

Pyrene 5.57E+00 5.03E+00 7.11E+00 

Benzo(a)anthracene 5.10E-01 4.30E-01 9.00E-02 

Chrysene 2.90E-01 2.40E-01 1.60E-01 

Benzo(b)fluoranthene 9.00E-02 9.00E-02 5.00E-02 

Benzo(k)fluoranthene 6.00E-02 3.00E-02 1.00E-02 

Benzo(a)pyrene 5.00E-02 3.00E-02 1.00E-02 

Indeno(c,d)pyrene 8.00E-02 6.00E-02 5.00E-02 

Dibenz(a,h)anthracene 1.10E-01 6.00E-02 3.00E-02 

Benzo(g,h,i)perylene 1.10E-01 8.00E-02 7.00E-02 

Oxy-PAHs and Azaarenes     

1-Indanone 1.85E+01 4.53E+00 1.56E+01 

9-Fluorenone 1.65E+01 1.73E+01 1.52E+01 

9,10-Anthraquinone 2.03E+01 2.04E+01 1.97E+01 

4H-Cyclopentaphenanthrenone 1.01E+00 9.40E-01 1.14E+00 

2-Methylanthraquinone 1.82E+00 1.57E+00 1.39E+00 

Benzo[a]fluorenone 1.00E-01 7.00E-02 8.00E-02 

Benzanthrone 8.00E-02 5.00E-02 1.00E-02 

Benzanthraquinone 9.00E-02 7.00E-02 1.00E-02 

Naphthacenequinone 7.00E-02 4.00E-02 1.00E-02 

Benzo[cd]pyrenone 0.00E+00 0.00E+00 0.00E+00 

Quinoline 1.10E+01 1.03E+01 8.20E-01 

Benzo[h]quinoline 4.98E+01 5.76E+01 6.48E+01 

Carbazole 8.08E+01 8.44E+01 1.06E+02 

Acridine 2.57E+01 2.73E+01 4.37E+00 

 
Nevertheless, it seems like the first steps in the purification plant that principally 
consisted of different particle removing filters and processes mainly reduced the 
dissolved levels of the PAHs and not so much of the oxy-PAHs and azaarenes. This 
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may be explained by the higher water solubility of the latter groups, which would 
retain or even push these compounds to the dissolved phase when the particles are 
removed.  For the groundwater, the dissolved levels of PAHs were just slightly 
above those of the outgoing water from the purification plant, while for the oxy-PAHs 
and azaarenes the groundwater levels were even lower than the levels in the outgoing 
water. This indicates that the groundwater in this particular well had a low degree of 
contamination. However, to confirm this information about the levels in the 
suspended particle fraction would be required.  

 

Figure 6. Concentration of dissolved a) PAHs (to the left) and b) oxy-PAHs and 
azaarenes (to the right) in water samples collected at several places at the water 
purification plant in Holmsund, Sweden

 

One possible explanation to the difference between flocculation 1 and 2 is that they 
were treated somewhat differently during the filtration step. The sample from the first 
flocculation tank (flocculation 1) was thus shaken prior to filtration, while the sample 
from the second flocculation tank (flocculation 2) was decanted into the filtering 
equipment. This leads to more particles on the flocculation 1 filter, which may have 
resulted in larger partitioning into the water phase of this sample. However, if this is 
true it shows that the filtration process is critical for the result, and that it actually by 
itself may alter the partitioning equilibrium. 

3.5  Potential losses of PAHs, oxy-PAHs and azaarenes  

Hydrophobic chemicals like PAHs and sub-hydrophobic compounds such as 
oxy-PAHs and azaarenes have the potential to be adsorbed to any materials that is in 
contact with eluates, e.g. pipettes, sample bottles, and filtration equipment etc. In fact, 
for real samples the filtration step might be the main step for analyte loss, not least in 
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the membrane filters (Enell A. 2004). The dewatering step after the SPE-procedure 
can be another step in which analytes might have been lost since it involved many 
pipettes transfers and contact with several containers.   
 
Elution flow rate in the SPE-columns also plays an important role for the recovery of 
the analytes. For example, if the elution flow rate exceeds 2ml/min some of the PACs 
would not be efficiently eluted from the column. Moreover, abiotic degradation can, 
at least theoretically, be a mechanism of analyte loss. PAHs can for example be 
degraded by photolysis and precautions should therefore be taken by keeping the 
samples in darkness and at low temperatures. 

4 Conclusion: 

In this study, SPE-methods for PAHs, oxy-PAHs and azaarenes in water samples were 
developed, validated and applied. Of the three SPE-materials tested (Oasis HLB, 
ISOLUTE C2/C18 (EC) and ISOLUTE PAH), the ISOLUTE C2/C18 (EC) showed 
the best overall performance and was therefore selected for further studies. However, 
the Oasis HLB was also kept for further optimization as it has shown to be promising 
in many previous studies. In the further optimization and validation experiments 
ISOLUTE C2/C18 (EC) and Oasis HLB showed similar performance with acceptable 
recoveries for most compounds. However, none of the materials could be easily 
utilized for direct fractionation of the compound classes, by using solvents of 
decreasing polarity. The final methods, which were based on Oasis HLB or ISOLUTE 
C2/C18 (EC) eluted with DCM and methanol, produced extracts that could be 
injected directly into a GC/MS for analysis. The SPE methods are faster, less labor 
intensive and consume less solvent than a traditional method based on LLE followed 
by silica gel cleanup. At the same time the SPE-methods give similar or more accurate 
results than the LLE-method. For example, the SPE-method seems to be much better 
for azaarenes such as quinoline and acridine.  
 
Since the SPE methods offer rapid but also accurate analyses of the targeted PAHs, 
oxy-PAHs and azaarenes, it can provide more information in a shorter time and less 
effort than a traditional method based on LLE. Therefore, SPE is an advantageous 
method for studying PACs in contaminated water sample.  
 
Finally, when one of the developed SPE-methods was applied on several samples 
from a water treatment plant operating at a creosote contaminated site; it showed 
overall decreasing levels from the incoming to the outgoing water. However, since the 
method only measure truly dissolved concentrations they were varying somewhat 
during the treatment process. For a complete picture of the purification performance, 
data on the total levels in the water (including the suspended particles) would be 
needed.  
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Appendix A.  

Average recovery of PAHs, oxy-PAHs and Azaarenes applied in three target SPE 
columns with different elution solvents. 

 Average Recovery  

 exp1 exp 2 exp 3 

Material Oasis HLB ISOLUT PAH ISOLUT C2/C18 

Solvents  DCM Acetone THF:Hexane THF DCM 

PAHs      
Napthalene 0.45 0.24 0.54 0.34 0.54 

IS-Naphthalene 0.46 0.25 0.30 0.10 0.43 

Acenaphtylene 0.56 0.39 0.60 0.21 0.47 

IS-Acenaphtylene 0.57 0.42 0.64 0.16 0.65 

Acenaphthene 0.57 0.31 0.54 0.36 0.09 

IS-Acenaphthene 0.58 0.35 0.62 0.31 0.58 

Fluorene 0.62 0.39 0.65 0.46 0.45 

IS-Fluorene 0.59 0.40 0.76 0.45 0.63 

Phenanthrene 0.61 0.34 0.67 0.49 0.56 

Anthracene 0.56 0.34 0.60 0.44 0.49 

IS-Anthracene 0.53 0.30 0.90 0.36 0.63 

Fluoranthene 0.73 0.29 0.73 0.66 0.54 

Pyrene 0.56 0.28 0.69 0.60 0.60 

RS-Fluoranthene 1.00 1.00 1.00 1.00 1.00 

IS-Pyrene 0.54 0.22 0.65 0.50 0.80 

Benzo(a)anthracene 0.38 0.29 0.29 0.47 0.95 

Chrysene 0.43 0.35 0.28 0.53 0.85 

IS-Chrysene 0.40 0.35 0.29 0.57 1.04 

Benzo(b)fluoranthene 0.37 0.29 0.29 0.46 1.19 

Benzo(k)anthracene 0.49 0.37 0.25 0.47 1.15 

Benzo(a)pyrene 0.29 0.27 0.22 0.42 1.14 

IS-Benzo(k)anthracene 0.34 0.29 0.26 0.57 1.27 

Indeno(cd)pyrene 0.33 0.23 0.22 0.33 1.41 

Dibenzanthracene 0.35 0.26 0.23 0.34 1.30 

Benzo(ghi)perylene 0.40 0.31 0.24 0.39 0.94 

IS-benzo(ghi)perylene 0.34 0.28 0.24 0.37 1.19 

Oxy-PAHs      
Indanone 0.12 0.10 0.03 0.00 0.16 

9-Fluorenone 0.76 0.63 1.05 0.60 0.70 

Anthracene-9,10-dione 0.96 0.63 1.02 0.65 0.76 

4H-Cyclopenta(def)phenthrenone 0.79 0.52 1.01 0.63 0.71 

2-Methylanthracene-9,10-dione 0.81 0.46 0.98 0.58 0.74 

Benzo(a)fluorenone 0.80 0.20 0.56 0.57 0.95 
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7H-Benz(de)anthracen-7-one 0.82 0.39 1.32 0.68 1.19 

Benz(a)anthracene-7,12-dione 0.50 0.13 0.57 0.47 1.20 

Naphthacene-5,12-dione 0.64 0.23 1.07 0.57 1.46 

6H-Benzo(cd)pyren-6-one 0.55 0.19 0.80 0.59 1.32 

IS-Anthracene-9,10-dione 0.81 0.68 1.23 0.60 0.92 

Azaarenes      

Quinoline 0.18 0.16 0.12 0.04 0.53 

Benzo(h)quinoline 0.67 0.57 0.79 0.59 0.70 

Carbazole 0.76 0.74 0.61 0.41 0.74 

Acridine 0.76 0.66 0.83 0.55 0.79 
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Appendix B. 

Average recovery of PAHs, oxy-PAHs and Azaarenes applied in Oasis HLB and 
ISOLUT C2/C18 columns with different sequential elution solvents.  

 Average recovery  
  Oasis  C2/C18  

 exp 4  exp 5 exp 6 

PAHs MeOH DCM Total THF: 

MeOH 

DCM: 

MeOH 

Total MeOH DCM: 

MeOH 

Total 

Napthalene 0.06 0.12 0.18 0.19 0.01 0.20 0.21 0.02 0.23 

IS-Naphthalene 0.07 0.12 0.19 0.16 0.01 0.17 0.23 0.02 0.25 

Acenaphtylene 0.08 0.26 0.34 0.29 0.01 0.30 0.38 0.03 0.41 

IS-Acenaphtylene 0.09 0.24 0.33 0.34 0.01 0.35 0.39 0.03 0.42 

Acenaphthene 0.05 0.34 0.39 0.12 0.02 0.14 0.35 0.06 0.41 

IS-Acenaphthene 0.06 0.34 0.40 0.28 0.02 0.30 0.38 0.05 0.43 

Fluorene 0.04 0.47 0.51 0.34 0.03 0.37 0.37 0.08 0.45 

IS-Fluorene 0.05 0.45 0.50 0.37 0.03 0.40 0.40 0.08 0.48 

Phenanthrene 0.04 0.68 0.72 0.53 0.06 0.59 0.45 0.19 0.64 

Anthracene 0.02 0.74 0.76 0.50 0.06 0.56 0.36 0.16 0.52 

IS-Anthracene 0.02 0.71 0.73 0.54 0.06 0.60 0.35 0.14 0.49 

Fluoranthene 0.02 0.73 0.75 0.43 0.07 0.50 0.38 0.20 0.58 

Pyrene 0.02 0.68 0.7 0.44 0.07 0.51 0.36 0.20 0.56 

RS-Fluoranthene 1.00 1.00 2.00 1.00 1.00 2.00 1.00 1.00 2.00 

IS-Pyrene 0.02 0.63 0.65 0.53 0.08 0.61 0.36 0.22 0.58 

Benzo(a)anthracene 0.00 0.82 0.82 0.42 0.09 0.51 0.54 0.17 0.71 

Chrysene 0.01 0.79 0.80 0.40 0.09 0.49 0.55 0.15 0.70 

IS-Chrysene 0.01 0.75 0.76 0.41 0.07 0.48 0.59 0.16 0.75 

Benzo(b)fluoranthene 0.00 0.38 0.38 0.20 0.04 0.24 0.56 0.18 0.74 

Benzo(k)anthracene 0.00 0.44 0.44 0.22 0.05 0.27 0.57 0.17 0.74 

Benzo(a)pyrene 0.00 0.36 0.36 0.15 0.03 0.18 0.48 0.18 0.66 

IS-Benzo(k)anthracene 0.00 0.41 0.41 0.24 0.04 0.28 0.58 0.14 0.72 

Indeno(cd)pyrene 0.00 0.13 0.13 0.14 0.04 0.18 0.53 0.27 0.80 

Dibenzanthracene 0.00 0.17 0.17 0.17 0.05 0.22 0.59 0.23 0.82 

Benzo(ghi)perylene 0.00 0.12 0.12 0.12 0.04 0.16 0.53 0.27 0.80 

IS-benzo(ghi)perylene 0.00 0.11 0.11 0.14 0.03 0.17 0.56 0.24 0.80 

Oxy-PAHs          

Indanone 0.23 0.00 0.23 0.25 0.09 0.34 0.14 0.01 0.15 

9-Fluorenone 0.47 0.26 0.73 0.64 0.01 0.65 0.65 0.02 0.67 

Anthracene-9,10-dione 0.33 0.59 0.92 0.82 0.03 0.85 0.83 0.04 0.87 

4H-Cyclopenta(def)phenthrenone 0.22 0.57 0.79 0.69 0.05 0.74 0.68 0.08 0.76 

2-Methylanthracene-9,10-dione 0.13 0.75 0.88 0.71 0.05 0.76 0.67 0.07 0.74 

Benzo(a)fluorenone 0.02 0.94 0.96 0.50 0.09 0.59 0.58 0.16 0.74 
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7H-Benz(de)anthracen-7-one 0.03 0.77 0.80 0.38 0.04 0.42 0.66 0.10 0.76 

Benz(a)anthracene-7,12-dione 0.01 0.83 0.84 0.35 0.05 0.40 0.59 0.15 0.74 

Naphthacene-5,12-dione 0.01 0.78 0.79 0.36 0.05 0.41 0.65 0.15 0.80 

6H-Benzo(cd)pyren-6-one 0.00 0.30 0.30 0.17 0.03 0.20 0.58 0.17 0.75 

IS-Anthracene-9,10-dione 0.23 0.00 0.23 0.25 0.09 0.34 0.14 0.01 0.15 

Azaarenes          

Quinoline 0.36 0.01 0.37 0.43 0.24 0.67 0.49 0.01 0.50 

Benzo(h)quinoline 0.45 0.27 0.72 0.76 0.02 0.78 0.64 0.02 0.66 

Carbazole 0.64 0.26 0.90 0.82 0.01 0.83 0.71 0.01 0.72 

Acridine 0.82 0.08 0.90 0.91 0.01 0.92 0.65 0.02 0.67 

 

 

 

 


