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Abstract: 

 

In this study, a method to determine organochlorine pollutants in pine needles is described. 

Soxhlet and ultrasonic extraction procedures, followed by a single clean-up and work-up 

procedure, are compared for polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs), 

polychlorinated biphenyls (PCBs) and polychlorinated naphthalenes (PCNs) in pine needles 

(Pinus sylvestris L.). The concentrations of the semivolatile chlorinated organic compounds 

PCDD/Fs, PCNs and PCBs in pine needles collected from two sites, the city of Umeå and a rural 

site (Svartberget), were also determined. Lower concentrations of PCDD/Fs were found as 

compared to the concentrations of PCBs. Recoveries of 
13

C labeled surrogate compounds were 

mostly above 50% in both methods. A statistical analysis of the data revealed similarities and 

differences in the methods. The methods used for the determination of PCDD/Fs, PCBs and 

PCNs resulted in insignificant differences in their standard deviations. No significant differences 

between the methods were observed in mean concentrations of PCDD/Fs and PCBs at the 95% 

confidence level (p<0.05). For PCNs, (p<0.01) the mean concentrations were significantly 

different at the 99% confidence level. The mean recoveries obtained for PCDD/Fs and PCBs 

surrogates by the two methods were significantly different at the 99% confidence for the 

PCDD/Fs (p<0.01) and at 95% for the PCBs (p<0.05). The same labeled surrogates were used in 

the quantification of PCNs and in this case both methods gave recovery results that were not 

significantly different at 95% confidence (p<0.05). The congener patterns and homolog profiles 

of the compounds in Umeå and Svartberget sites were similar in the methods employed.  
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List of Abbreviations 

   
DCM Dichloromethane 

  

DL-PCBs dioxin like - polychlorinated biphenyls 

  

Dw dry weight 

  

GC-HRMS gas chromatography – high resolution mass spectrometry 

  

n-o PCBs 

  
I-PCBs 

non-ortho polychlorinated biphenyls  

 

indicator PCBs, including CBs 28, 52, 101, 138, 153, 180 

 
m-o PCBs mono-ortho polychlorinated biphenyls 

 

KOA octanol – air partition coefficient 

  

KOW octanol – water partition coefficient 

  

KAW air-water partition coefficient 

  

NDL-PCBs non-dioxin like polychlorinated biphenyls 

  

PCBs polychlorinated biphenyls 

  

PCDDs polychlorinated dibenzo-p-dioxins 

  

PCDFs polychlorinated dibenzofurans 

  

PCNs polychlorinated naphthalenes 

  

POP persistent organic pollutant 

  

TEF toxic equivalent factor 

  

TEQ toxic equivalents 

  

WHO World Health Organization 

 

ww                               wet weight 
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1. INTRODUCTION 

 

1.1 AIM OF THE STUDY 

 

The aim of the study was to develop an efficient methodology for the extraction, clean up and 

analysis of polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), 

polychlorinated biphenyls (PCBs) and polychlorinated naphthalenes (PCNs) from pine needles 

(Pinus sylvestris L.) by comparing two commonly used extraction techniques, Soxhlet and 

ultrasonication combined with a single cleanup approach. Another aim was to measure the levels 

of the highly toxic PCDD/Fs (the 2,3,7,8-substituted congeners), and selected PCN and PCB 

congeners in needles collected from an urban site (Umeå) and a rural site (Svartberget).  

 

1.2 PERSISTENT ORGANIC POLLUTANTS   

 

Over the last decades, there has been an increasing concern on a subgroup of toxic organic 

chemicals that are generally classified as persistent organic pollutants (POPs). POPs are a group 

of carbon-containing chemical substances which are usually halogenated (chlorinated or 

brominated), persistent, bioaccumulate through the food chain and pose a risk to humans and the 

environment (Jones et al., 1999). Furthermore, these contaminants are capable of long-range 

global transport through air, water and migratory species and can be deposited far removed from 

where they were used or emitted; as a result they accumulate in aquatic and terrestrial ecosystems 

(Harrad, 2009). Among the important classes of POP chemicals are the family of chlorinated 

aromatics, including PCBs and PCDD/Fs. Generally, POPs fall into two classes based on their 

origin: chemicals which are intentionally produced (for example PCBs, and organochlorine 

pesticides) and unwanted by-products like PCDD/Fs. PCNs can be generated both unintentionally 

by several industrial processes and by incomplete combustion and intentionally for different 

applications.  

There are international agreements that come into force to reduce environmental exposure of 

POPs. One such agreement is the Stockholm Convention which targets twenty-one POPs for 

reduction and elimination and five additional chemicals under consideration        

(http://chm.pops.int/Convention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx). The 

convention has the objective to protect human health and the environment from POPs. The 

convention entered into force and became international law on May 2004. PCNs are not among 

the POPs included in this convention, but they were submitted in the late 2005 by the European 

Commission and European Union member states to be included as a candidate to the UNECE 

Long-range Trans-boundary Air Pollution Protocol on Persistent Organic Pollutants 

(www.unece.org/env/popsxg/proposals.htm). PCNs are among the five substances under 

consideration by the Stockholm Convention. 

 

 

 

http://chm.pops.int/Convention/ThePOPs/TheNewPOPs/tabid/2511/Default.aspx
http://www.unece.org/env/popsxg/proposals.htm
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1.2.1 Environmental behavior and distribution of PCN, PCDD/F and PCB 

 

In order to assess the potential risks of these pollutants for the natural environment and human 

health, it is very important to understand the fate and distribution of these pollutants. Certain 

important properties of POPs control their fate in the environment and if these properties are 

recognized, we can make predictions about their fate and behavior. The major properties include 

aqueous solubility, vapor pressure, octanol-water partition coefficient (KOW), octanol-air partition 

coefficient (KOA) and dimensionless Henry’s law constant (KAW). KOW is commonly used to 

predict bioaccumulation and sorption to suspended particles and sediments in water, KOA to 

predict sorption to vegetation and airborne particles and KAW to predict precipitation scavenging 

of gaseous compounds and air-water gas exchange. The three partitioning properties are related 

through KOA = KOW / KAW. 

 

Generally, the distribution and behavior of PCDD/F and PCB in the environment are similar, 

although the PCDD/Fs have lower log KOA values for the same degree of chlorination. This 

means that PCDD/Fs have a greater tendency to partition to airborne particles. The resistance of 

POPs to both chemical and biological degradation and their tendency to evaporate led to their 

global distribution. By the processes of deposition and revolatilization, POPs are transported by 

air and water currents to regions far from their sources until they ultimately gather in colder 

climates (Jones et al., 1999). Because of their lipophilicity, many POPs concentrate in organisms 

and accumulate to high levels in the top members of the food chain such as predatory birds and 

fishes (Wu et al., 2000) and aquatic organisms and humans (Wu et al., 2001). 

 

1.3 POPs AND PINE NEEDLES    

 

Vegetation has become well-known for passive monitoring of the environmental concentrations 

of POPs. Plants, especially pine and spruce needles, are usually covered by a lipid cuticle which 

is likely to accumulate lipophilic POPs. Air contaminants in the gas phase are sorbed to and 

accumulate in the wax of conifer needles which act as diffusive samplers (Simonich et al., 1995). 

The waxy surface of the pine needles also traps particles and as a result, pollutants associated 

with the particles. Different species of conifer needles, such as Picea abies (Zhu et al., 2007, 

Levy et al., 2007, Kirchner et al., 2005, Offenthaler et al., 2009), Pinus sylvestris L 

(Wyrzykowska et al., 2007)  Pinus thunbergii and Pinus densiflora (Hanari et al., 2004), Cedrus 

deodara (Chen et al., 2006) have been used to monitor atmospheric levels of PCNs, PCDD/Fs 

and PCBs. In this work the species Pinus sylvestris L., which is common in the northern 

European areas, was chosen to examine air contamination levels. The POPs investigated in this 

study were PCDD/Fs, PCBs and PCNs and they are described in detail beneath. 
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1.3.1 Polychlorinated dibenzo-p-dioxins and dibenzo furans (PCDDs and PCDFs) 
 

PCDDs are a group of 75 structurally related compounds (congeners), including the most toxic 

2,3,7,8-TCDD. Similarly polychlorinated dibenzofurans (PCDFs) are a group of 135 congeners. 

These 210 congeners are often called “dioxins”. Dioxins are detectable in almost all 

compartments of the global ecosystem in trace amounts. The various PCDD/F congeners, 

compounds that are similar in structures and chemical properties, differ in the number of chlorine 

atoms they possess and in chlorination substitution pattern. Amongst the 210 compounds, 17 

congeners have chlorine atoms in the 2,3,7,8 and possibly additional positions of the parent 

molecule. These congeners are known to be toxic and generally, when dioxins are analyzed, only 

the 17 PCDD/Fs that have a 2, 3, 7, 8-chlorine substitution pattern, are quantified and reported 

(Swedish Environmental Protection Agency, 2009).  

 

                                                          
                                                                         (c) 

 

                                               
                                                                                    

(a)                                                                                       (b)   

                                                                                   
Figure 1. General structure of polychlorinated dibenzo-p-dioxin (a), 2,3,7,8-TCDD (b) and polychlorinated 

dibenzofurans (c) 

 

Dioxins are unwanted by-products of various processes. High temperature conditions and the 

presence of chlorine is favorable for the formation of PCDD/Fs. Chemical manufacturing such as 

the production of PCBs and chlorophenols, industrial processes like bleaching of wood pulp, 

waste incineration and metallurgy are the most known sources (Tame et al., 2007). The total 

annual emission from all industrial sectors in Sweden was estimated to be 160-480 g WHO-TEQ 

yr
-1

 to waste and landfills, 16-84 g WHO-TEQ yr
-1

 to air and 1.9-2.4 g WHO-TEQ yr
-1

 to water 

and sediments (Swedish Environmental Protection Agency, 2009) See section 1.3.4. 

.                                                                

1.3.2 Polychlorinated biphenyls (PCBs) 
 

Polychlorinated biphenyls (PCBs) are a group of man-made organic chemicals which were used 

for various applications since their production in the 1920s. For instance, they were used as 

insulating materials, in capacitors, transformers, fluids in heat transfer systems, additives to 
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paints and coatings, for wood treatment etc. (Connell, 2005). PCBs are a family of 209 congeners 

which differ from each other by level of chlorination and substitution position. One to ten 

chlorine atoms can be attached to the biphenyl molecule at varying locations. Among the 209 

congeners, twelve congeners are known to be similar to dioxins in terms of structure and toxic 

mechanism and are usually called dioxin-like PCBs (DL-PCBs) or planar PCBs (Schecter, 2003). 

These include the non-ortho congeners 77, 81, 126, 169, and the mono-ortho congeners 105, 114, 

118, 123, 156, 157, 167, and 189. All these DL-PCBs have assigned toxic equivalence factors 

(Table 1). PCBs which do not show dioxin like toxicity are named non-dioxin like (NDL-PCBs). 

In this study, among the NDL-PCBs, six NDL PCB congeners which are common in 

environmental monitoring and research were determined in pine needle samples. These are 

commonly called indicator PCBs and include CB 28, 52, 101, 138, 153, and 180. In the literature 

PCB118 is sometimes included in this group. 

                    

 
Figure 2. General molecular structure of polychlorinated biphenyls (PCBs) 

 

PCBs are very stable compounds that break down slowly in the environment. The sources of the 

PCBs which are found in the environment today are related to their uses today and in the past, 

since a large proportion of PCBs from past uses is still present in the environment. The major 

sources of PCBs include open burning of PCB containing products, vaporization from PCB 

containing materials, leakage and accidental spills, disposal in to sewage system and municipal 

disposal facilities (ATSDR, 2000). After being transported from their sources, PCDD/Fs and 

PCBs may deposit on soil and plant surfaces. Once deposited into soil and onto plant surfaces, 

PCBs can be remobilized to contaminate further areas of the environment (Nizzetto et al., 2010). 

The production and use of PCBs was banned in the 1980s. Between the 1930 and 1993, the world 

production of PCBs was approximately around 1.3 million tons (Breivik et al., 2002).    

 

1.3.3 Polychlorinated naphthalenes (PCNs) 

                                                

Polychlorinated naphthalenes (PCNs) are a group of lipophilic and planar compounds with the 

naphthalene ring system. They are known by the chemical formula, C10H8-nCln. One to eight 

chlorine atoms can be substituted on the two fused aromatic rings, thus with the possibility of 

forming complex mixtures of up to 75 congeners. PCNs have physical and chemical properties 

similar to PCBs. PCNs are hydrophobic, have high KOW, high chemical and thermal stability, 

good electrical insulating properties, low flammability and low vapor pressure. PCNs tend to 

bioaccumulate in the food-web and they are found in remote environments in the arctic and 

antarctic marine food-webs (Corsolini et al., 2002). Metabolism of PCNs depends on the chlorine 
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substitution positions and biomagnification is generally limited to a few of the heavier congeners 

(Bidleman et al., 2010). Many studies also confirm that PCNs are a widespread global 

contaminant (Lee et al., 2007), additionally the persistence and long range transport potential of 

PCNs have been demonstrated with measurements of this contaminant in air from remote 

locations (Herbert et al., 2005, Egebäck et al., 2004). Compared to PCDD/Fs and PCBs, 

relatively little is known about the levels of PCNs in vegetation and there are very few studies 

conducted in pine needles.   

 

 
 

Figure 3. General molecular structure of polychlorinated naphthalenes (PCNs) 

 

PCNs have been synthesized in large amounts since 1910 with the most known common names 

of formulation like Halowax, Nibren Waxes, Seekay Waxes, and they have been used in different 

industrial applications such as: dielectrics for transformers and capacitors, automobile industries, 

wood preservatives, lubricants for graphite electrodes, engine oil additives, heat exchange fluids, 

etc. (Falandysz et al., 1998). 

 

PCNs can be formed in incineration plants and during combustion processes; landfills may 

represent a significant potential source of PCN in the environment. Another known source of 

environmental pollution with PCNs is the technical chlorobiphenyl (PCBs) formulations 

(Falandysz et al., 1998). These formulations contain naphthalene, which becomes chlorinated 

during the production of PCBs. As a result, PCNs are usually common impurities found in 

technical PCB mixtures. Evaporation from products and residues and from combustion sources 

also contributes to the PCN air concentrations (Bidleman et al., 2010). 

 

1.3.4 Toxic equivalent factors (TEF) 
 

In general PCDD/Fs are found in mixtures containing a number of congeners and other dioxin-

like compounds, each having their own degree of toxicity. The TEF is the relative toxicity of an 

individual congener to the most potent congener, 2,3,7,8-TCDD which is assigned a TEF of 1.0. 

For instance, OCDD and PCB 169 are assigned TEFs of 0.0001 and 0.01 respectively (1998 

WHO values), reflecting their low toxicity compared with that of 2,3,7,8-TCDD. However, low 

TEFs may be outweighed by higher concentrations. Therefore the toxicity of a mixture is stated 

as TEQ (TCDD equivalents) and is assumed to be equal to the sum of concentration of individual 

congeners multiplied by their potencies (TEF). 

 

                                                                     

WHO-TEQ = ∑        
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where Ci is the concentration of individual PCDD/F, PCN or PCB congener and TEFi is the 

toxicity equivalent factor given in the assessments by the World Health Organization (WHO). 

The TEF approach is applicable only to dioxin-like compounds that have their toxic effects 

mediated by binding to a soluble intracellular protein, the aryl hydrocarbon receptor (AHR), 

consequently because NDL-PCBs (non-coplanar PCBs) do not have a similar mechanism of 

action, they are not accommodated in the TEF approach (Schecter, 2003). Among the PCNs are 

dioxin-like compounds and these can contribute the same mechanism of action in terms of 

toxicity. These days there is an increasing trend to report results as total TEQ and sometimes the 

concentration data for the individual congeners. TEQ values also help to compare results in the 

literature. 

 
Table 1. Toxic Equivalent Factors (TEF) for dioxins and DL-PCBs according to WHO-TEF (1998) and WHO-

TEF (2005). Numbers in bold indicate a change in TEF value. 

[http://www.who.int/foodsafety/chem/2005_WHO_TEFs_ToxSci_2006.pdf] 

  

Compound WHO 1998 TEF WHO 2005 

TEF 

Log 

KOW25 
o
C 

Log KOA 

     

Chlorinated dibenzo-p-

dioxins 

    

2,3,7,8-TCDD 1 1 6.67
a
 10.05

a
 

1,2,3,7,8-PeCDD 1 1   

1,2,3,4,7,8-HxCDD 0.1 0.1 7.56
a
 11.11

a
 

1,2,3,6,7,8-HxCDD 0.1 0.1   

1,2,3,7,8,9-HxCDD 0.1 0.1   

1,2,3,4,6,7,8-HpCDD 0.01 0.01 7.83
a
 11.68

a
 

OCDD 0.0001 0.0003 8.64
a
 12.05

a
 

     

Chlorinated 

dibenzofurans 

    

2,3,7,8-TCDF 0.1 0.1 6.13
a
 9.82

a
 

1,2,3,7,8-PeCDF 0.05 0.03   

2,3,4,7,8-PeCDF 0.5 0.3   

1,2,3,4,7,8-HxCDF 0.1 0.1 7.04
a
 10.67

a
 

1,2,3,6,7,8-HxCDF 0.1 0.1   

1,2,3,7,8,9-HxCDF 0.1 0.1   

2,3,4,6,7,8-HxCDF 0.1 0.1   

1,2,3,4,6,7,8-HpCDF 0.01 0.01 7.37
a
 10.63

a
 

1,2,3,4,7,8,9-HpCDF 0.01 0.01 7.60
a
 11.43

a
 

OCDF 0.0001 0.0003 8.03
a
 11.90

a
 

     

Non-ortho substituted 

PCBs 

    

PCB 77 0.0001 0.0001 6.025
b 

9.254
c
 

http://www.who.int/foodsafety/chem/2005_WHO_TEFs_ToxSci_2006.pdf
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PCB 81 0.0001 0.0003 5.854
b
 - 

PCB 126 0.1 0.1 6.404
b
 10.315

c
 at 30 

o
C 

PCB 169 0.01 0.03 6.991
b
 11.082

c
 at 20 

o
C 

     

Mono-ortho substituted 

PCBs 

    

105 0.0001 0.00003 6.404
b
 9.633

c
 

114 0.0005 0.00003 6.218
b
 - 

118 0.0001 0.00003 6.404
b
 9.880

c
 at 20 

o
C 

123 0.0001 0.00003 6.404
b
 - 

156 0.0005 0.00003 6.991
b
 10.647

c
 at 20

 o
C 

157 0.0005 0.00003 6.991
b
 10.647

c 
at 20 

o
C 

167   0.00001 0.00003 6.991
b
 10.647

c 
at 20 

o
C 

189 0.0001 0.00003 7.359
b
 11.414

c
 at 20 

o
C 

References: a - Åberg et al., (2008), b - Paasivirta et al., (2009), c - Li et al., (2006) 

 

2. LITERATURE REVIEW  

Presented here is a review of previously published methods for the sampling, extraction and 

clean-up of pine needles for PCDD/F, PCNs and PCB analysis. 

2.1. PLANTS AS BIOMONITORS   

Several studies confirm that POPs accumulate from ambient air into plants; therefore plants can 

play an important role in monitoring of airborne pollutants (Levy et al., 2007, Zhu et al., 2007). 

Accumulation of pollutants in plants is a requirement for their detection by chemical-analytical 

methods. Thus reactive or rapidly metabolized compounds are not suitable for accumulative 

biomonitoring (Markert, 2003). Conifers are suitable for investigations of pollutant levels 

because of their ever-green character and often long-term foliage. Due to worldwide distribution 

and high lipid content, pine needles are widely used as a passive sampler for lipophilic 

contaminants from the air, like PCDD/Fs, PCBs and PCNs. 

 

2.1.1. Mechanism of uptake by vegetation 

 

The uptake of chemicals or pollutants by plants can occur in different ways. The two most 

common pathways are: soil to plant that is via root and air to plant via the foliage (Simonich et 

al., 1995, Harrad, 2001). Pollutants may enter the plant by partitioning from contaminated soil to 

the roots and translocated in the plants by the xylem or they may enter vegetation from the 

atmosphere by gas phase and particle phase deposition on to the waxy cuticle of leaves or by 

uptake through the stomata and be translocated by the phloem (Ockenden et al., 1998). The most 

important routes of uptake will be dependent on the physical-chemical properties of the 

pollutants; and environmental condition, such as ambient temperature and organic content of the 



8 

 

soil and the plant species which controls the surface area and lipids available for accumulation 

(Simonich et al., 1995).   

 
Figure 4. Uptake pathways for organic chemicals by plants (Collins et al., 2006) 

 

Uptake of pollutants from contaminated soil via plant roots is the most common pathway of 

accumulation for organic compounds that have high water solubilities, low KOW and low KAW 

(Harrad, 2001). Most lipophilic organic contaminants, like PCDD/Fs, PCBs and PCNs that have 

KOW values greater than 10
4
 can be less readily transported through the root, but the main 

accumulation pathway for these pollutants is from the atmosphere to the leaf surfaces. The log 

partition coefficient between plant foliage and air is linearly related to log KOA for most organic 

chemicals, and this partition coefficient has been suggested as a suitable indicator of the dry 

deposition contamination pathways for organic chemicals. For POPs with log KOA > 9 particle-

bound deposition is relatively more important than gaseous deposition (Collins et al., 2006).   

  

2.1.2 Vegetation as a passive monitor of atmospheric contamination 

 

Atmospheric levels of POPs or other contaminants can be measured by active high volume 

samplers and passive sampling methods. Although active monitoring of atmospheric 

concentrations of POPs is widely conducted, the high cost of equipment, the requirement of 

electric power and skilled operator to run and maintain the sampler are the major drawbacks 

which adds problems in their practical use. Given this, the use of plants as inexpensive and easier 

passive monitors of atmospheric concentration of POPs has received significant attention, 
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especially in remote locations where vegetation samples are much easier to collect than air 

samples. 

Pine needles can be used to reveal spatial (Holoubek et al., 2000) and temporal trends (Eriksson 

et al., 1989) in atmospheric POPs. They have also been used to identify point sources of organic 

pollutants (Sinkkonen et al., 1995), to determine regional contamination in cities or countries (Ok 

et al., 2002), and to determine the global contamination of organic pollutants. 

 

2.2 CHEMICAL ANALYSIS 

 

There are different analytical methods that have been developed for the determination of 

PCDD/Fs and PCBs, based on the sample matrix to increase sensitivity, selectivity and to reduce 

expenses and time. In recent years, methods have built on the early development for PCDD/Fs 

and PCBs analysis and have attained a high degree of sophistication and greatly improved 

accuracy and precision. However, improving the speed and lowering the cost of analysis for these 

pollutants, and generally for POPs, remained the biggest challenge since a stepwise careful 

extraction and sample preparation method and clean up as well as high controlled laboratory 

conditions with standard reference materials are needed. This work is therefore intended to 

modify earlier methodologies in order to be able to quantify the contaminants of interest with 

reduced solvent usage, decreased analysis time in a reproducible way. 

 

Methods for the determination of organochlorine compounds (PCDD/Fs, PCBs and PCNs) 

generally consist of the following four main steps: sampling and storage, extraction of the 

analytes from the sample matrix, clean-up to remove interfering compounds and instrumental 

analysis (separation and quantitation).  

 

2.2.1 Sampling and storage 

 

In their review, Reiner et al., (2006), indicated that there is high imprecision associated with 

sampling for PCDD/Fs analysis, which may be similar to or much greater than the imprecision of 

the remaining steps of the analytical process. Therefore sampling has to be done very carefully 

and samples have to be representative. Kylin et al., 2003 showed how the concentrations of 

different organic pollutants in pine needles vary with needles sampling height and concluded that 

sampling should be avoided lower than 1.5 meter from ground. More or less similar sampling and 

storage procedures of pine needles (Pinus sylvestris L.) for the analysis of PCNs, PCDD/Fs and 

PCB have been used in different literatures. Needle samples can be taken from a height of 

approximately 1.6 m (Bochentin et al., 2007, Hanari et al., 2004), 1-2 m (Sinkkonen et al., 1995) 

or 3-4 m (Sinkkonen et al., 1997) above the ground depending on the sampling location. Needles 

with different age groups were also used to understand temporal trends of POPs in the 

atmosphere (Rappolder et al., 2007, Kylin et al., 2003).  
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The environmental concentrations of PCDD/Fs, PCBs and PCNs are at trace levels, so sample 

containers and storage environments must be free of contamination. This can be achieved by 

using containers like polyethylene bags or glass, aluminum foil already checked for blank 

background. It is also important to store samples at a low temperature (below -20 
0
C) to avoid 

post-sampling degradation of the POPs.  

  

2.2.2 Extraction 

 

Over the past few years, various extraction methods for POPs analysis have been developed 

mainly to improve automation, shorten extraction times and reduce the amount of solvent needed. 

Several extraction methods have been used for PCDD/Fs, PCNs and PCBs in different matrices. 

The extraction of these pollutants from needles can be done by partitioning into appropriate 

organic solvents. A variety of solvents, extraction techniques and times have been used. Needle 

extraction using Soxhlet apparatus with toluene (Rappolder et al., 2007, Ok et al., 2001) or 

dichloromethane (Ockenden et al, 1998), ultrasonic bath using n-hexane (Sinkkonen et al., 1997) 

or dichloromethane (Safe, et al 1992, Sinkkonen et al 1995) and centrifugation or shaking using 

dichloromethane (Kylin et al., 1996, Kylin et al., 1994) are the most common. Hanari et al., 2004 

and Bochentin et al., 2007 used a successive extraction method with two different solvents; 

needles were initially extracted using toluene followed by a mixture of 50% dichloromethane in 

methanol, each step proceeding for 7 hours in a Soxhlet extractor. The extraction of PCNs from 

needles can be done similarly. For example, Wyrzykowska et al., 2007 used a two-step 

procedure; initially extraction was made using toluene followed by 50% methyl chloride (CH3Cl) 

in alcohol and filtration of the extract through a layer of silica was performed to remove 

chlorophyll. Loganathan et al., (2008) extracted PCNs from needles (Pinus taeda) in a similar 

way but with different extraction solvent, a 3:1 v/v ratio of dichloromethane/acetone mixture for 

16 hours. This study compares Soxhlet and ultrasonic extraction methods using toluene as an 

extraction solvent by applying a single clean-up technique. Reproducibility, surrogate recovery 

and concentrations found were end points used to examine the efficiency of the methods. 

 

2.2.3 Clean-up 

 

Sample preparation and cleanup steps for POPs analysis are challenging steps in analytical 

chemistry. There are co-extractable and interfering compounds present in the crude extract, and 

this should be removed in order to be able to detect the analytes, or in other words, to achieve low 

detection limits. In the analysis of POPs, many compounds have similar physical and chemical 

properties as a result a large number of interferences may remain in the cleaned extracts. 

Therefore the cleanup step is intended to reduce the possible interferences between analyte and 

co-extractable materials before instrumental analysis. 

  

Various cleanup procedures for the extract from needles (Pinus sylvestris L.) are described in the 

literature. The most common adsorbents used are deactivated silica gel, Florisil (Bochentin et al., 
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2007, Rappolder et al., 2007, Kylin et al., 1996, Safe et al., 1992), and alumina (Hanari et al., 

2004, Ockenden et al., 1998), and gel permeation chromatography for further cleanup (Klánová 

et al., 2009). The use of mono-layer and multi-layer columns is also described. The cleanup 

procedures involve different steps and can be either with the use of acid or basic treatments and 

by applying different adsorbent materials. In this study three different colmns: Florisil, mixed 

silica and carbon were used for the clean-up process. Florisil is a magnesium silicate with basic 

properties and has been used for the cleanup of chlorinated hydrocarbons, pesticide residues and 

other compounds (http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/3620c.pdf). The 

Florisil cleanup can be done by either the use of glass columns packed with Florisil or using 

solid-phase extraction cartridges containing Florisil. Since Florisil has the property of absorbing 

moisture from the air (hygroscopic), it needs to be activated by heating. Activated carbon is 

mainly used to separate the planar compounds from the non-planar ones. 

 

2.2.4 Instrumental analysis 

 

When determining organochlorine pollutants in environmental samples, low or high resolution 

gas chromatography-mass spectrometry (HRGC-MS) and gas chromatography-electron capture 

detection (GC-ECD) are the most commonly applied analytical techniques. Resolution is a value 

that represents the instruments ability to distinguish two molecules of different masses (R= 

m/∆m). The higher the resolution of the MS, the greater its ability to discriminate between target 

analytes and interferences. The high resolution and mass precision of the magnetic sector of the 

MS allows the accurate mass to be recorded. Therefore interference effects are masked, resulting 

in high selectivity with very low detection limits. 

 

2.2.5 Concentrations of PCDD/Fs, PCBs and PCNs in pine needles (Pinus sylvestris L.) 

 

There is good evidence, based on monitoring of pine needles that air concentrations of PCDD/F 

and PCB are declining in urban and industrialized locations. For example, a temporal trend study 

using Pinus sylvestris showed that atmospheric contamination with PCDD and PCDF has 

declined by about 75% between 1985 and 1997 and about 40% between 1991 and 1997 in two 

different locations in western and eastern Germany respectively (Rappolder et al., 2007). 

However, the concentrations did not change and remained constant at both locations from 1997 to 

2004 at about 1 ng WHO-TEQ/kg dry weight (dw). A 60% decline between the 1990s and 2002 

in six indicator PCB was also observed at one of the urbanized location. The sum of the 

concentrations of the six indicator PCB (28, 52, 101, 138, 153, and 180) in the eastern part were 

found to be 1µg/kg dw from 2002 to 2004. The study also determined the concentrations of the 

12 dioxin-like PCBs and found a concentration range in WHO-TEQ from 0.15 to 0.2 ng/kg dw 

which stayed almost constant since 2000. 

Bochentin et al., (2007) determined the concentrations of the 17 toxic PCDD/Fs in one year old 

pine needles collected in October 2002 at 25 sites in Poland. The results showed the absence of 

the toxic 2,3,7,8 TCDD (below 0.44 pg/g), as well as 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDD, 

http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/3620c.pdf
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1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD and 1,2,3,7,8,9-HxCDF (< 0.27pg/g). A concentration 

range from 1.4 to 34 pg/g for OCDD and 1.5 to 41 pg/g for OCDF was measured. Another study 

of PCDD/F in pine needles collected from 30 sampling points in South Korea (Ok et al., 2002) 

revealed the highest concentrations of PCCD/Fs in the range 2.2-26.9 pg I-TEQ/g dw and the 

lowest concentration with 0.62 pg I-TEQ/g dw. The I-TEQ (the international toxic equivalent) is 

a similar system like the WHO-TEQ but older and its TEFs have somewhat different values than 

the WHO-TEFs. The highest concentration of the toxic 2,3,7,8-TCDD observed was 0.23 pg/g 

dw at Busan and a minimum of 0.02 pg/g dw at Jeju. Moreover, the dominant congeners in that 

study were the tetra-CDDs and -CDFs with the ratio of the sum of PCDDs to PCDFs ranging 

between 0.41-0.80 in all the cities. 

 

A study conducted in Finland using pine needles with different age groups in eight sampling 

locations exposed to pulp and paper mill emissions showed levels of 2,3,7,8-TCDD to be below 

the limit of detection (0.8 pg/g) (Sinkkonen et al., 1997). The highest concentration observed for 

the 1,2,3,7,8-PCDF was 3.6 pg/g, whereas the sum of the concentrations of the hexa-chlorinated 

1,2,3,4,7,8 and 1,2,3,6,7,8 was 4.5-23.3 pg/g. The level of 1,2,3,7,8,9-HxCDF in different 

locations varied greatly and ranged from 3.8-59.2 pg/g. The concentrations of 1,2,3,4,6,7,8-

HpCDF were in the range of 20-70 pg/g in most of the samples.  

 

Analysis of PCNs in needles samples in Poland (Orlikowska et al., 2009) revealed that among the 

tri-CNs analyzed the isomers 1,2,4-/1,3,7- and 1,4,6- triCNs were the dominant one whereas 

1,2,5,8- were the major contributor among the tetra CNs in most samples measured. 1,2,4,6-

/1,2,4,7-/1,2,5,7- tetraCNs were also found in most of the samples. In the case of pentaCNs one 

isomer (1,2,4,5,8-) were found to be a dominant contributor. The range of the sum of PCNs from 

tri to octa was from 70 to 280 pg/g wet weight (w.w) of the least contaminated sites and 340 pg/g 

for some other sites. The more contaminated sites have sum of concentrations of PCNs 1000 and 

1100 pg/g ww. Wyrzykowska et al., 2007 found the sum of concentrations of PCNs in the range 

170-920 pg/g ww with dioxin like PCNs concentration from 0.03 – 0.11 pg/g ww. 

 

3. MATERIALS AND METHODS 

  

3.1 SAMPLE COLLECTION 

 

Sampling was done in October 2011 at Umeå University campus, approximately 200 m from 

major roads and POP emission sources, representing an urban site, and at Svartberget, a rural 

field station in Krycklan Catchment about 70 km from Umeå, representing a rural boreal forest 

site (background site). At each site, five sampling points were chosen approximately 50 meters 

apart. At each sampling point, needles were sampled from Scots pine (Pinus sylvestris L.) from 

two separate trees from a height of about 2.0-3.5 meters above the ground. Six-month old needles 

were collected by removing small sections of branches from the seventh branch of a well-

exposed dominant pine tree using a stainless steel pruning shears. The needles were placed in 
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amber glass bottles. The bottles were covered with clean aluminum foil and capped tightly. 

Samples were kept in an ice box during the sampling time and transported to the laboratory and 

stored in a freezer at -20 
0
C until deneedling and further processing. 

 

Needles were carefully removed from the twigs using stainless steel scissors. The clippings were 

collected on a piece of aluminum foil and then placed in the amber glass containers, which were 

initially used to collect the samples. Samples were then kept in a freezer.  

 

3.2 EXTRACTION AND CLEAN-UP 

 

Two different extraction techniques were compared for the analysis of PCDD/Fs and PCBs in 

pine needles: ultrasonic and Soxhlet extraction using the same extraction solvent, toluene.  

 

For quality assurance, laboratory blank samples were run. Recovery standards were also added to 

each sample to control losses of analytes during extraction and clean-up steps. 

 

3.2.1 Chemicals and standards 

 

All solvents used were of chromatographic grade (99.8% purity, Merck, Germany). The PCDD/F 

quantification and internal standards and the quantification standards of PCBs 77, 81, 126 and 

169 were obtained from Wellington Laboratories (Ontario, Canada). The remaining PCB 

quantification standards were from AccuStandard (New Haven, CT, USA), while all PCB 

internal standards were from Cambridge Isotope Laboratories (Andover, MA, USA). The internal 

standards included seventeen 
13

C-labeled PCDD/Fs (all 2,3,7,8-substituted ones) and fourteen 
13

C-labeled PCBs. The Florisil (0.150-0.250 mm), anhydrous Na2SO4, and silica 60 extra pure 

(0.063-0.200 mm or 70-230 mesh) were from Merck, Germany, while the carbon was 7.9 % AX-

21 Carbon (Anderson Development Co., Adrian, MI, USA) mixed with Celite 545 (Fluka 22140) 

in the proportions 7.9/92.1 (Danielsson et al., 2005). The glass-ware used was solvent washed, 

dried and baked overnight at 500 
o
C.  

 

3.2.2 Ultrasonic extraction 

 

Approximately 50 g of pine needles was weighed and put in a bottle with the addition of 0.1-400 

ng of 
13

C-labeled internal standards. A volume of 450 ml toluene was added as an extraction 

solvent. Samples were sonicated for an hour. Tetradecane, 40 µl, was added as a keeper to 

prevent the analytes from being volatilized during solvent concentration. Extracts were then 

concentrated to approximately 2 ml using rotary evaporation with a bath temperature of 30 
o
C. 

Extracts were then subjected to the clean-up procedure described below. Laboratory blanks 

containing toluene and internal standards were run in parallel.    

 

3.2.3 Soxhlet extraction 

 

Soxhlet cellulose thimbles (35 mm x 150 mm) were prewashed and dried, then packed with about 

40 g of needles. Toluene, 500 ml, was added as an extraction solvent. The 
13

C-labeled internal 

standards were added to the solvent prior to extraction. The sample was refluxed for 16 hours. 
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The organic phase was collected, 40 l tetradecane was added and the sample was concentrated 

using rotary evaporator to a volume of approximately 2 ml. Extracts were then subjected to the 

same clean-up procedure as for the ultrasonic extraction.  

  

3.2.4 Cleanup 

 

The main requirement for any clean-up is that it effectively removes the bulk of the co-

extractants like lipids, sulfur and pigments as well as those compounds that may potentially 

interfere in the final determination. The cleanup procedure in this study consisted of the 

following four successive liquid chromatography columns:  

 

- Column filled with Florisil, elution with dichloromethane  

- Mixed layer column, elution with n-hexane 

- Carbon column, elution with dichloromethane:hexane (1:9) and toluene 

- Mini mixed-layer column, elution with n-hexane 

 

Florisil column 

 

A column was packed with 13 g of activated Florisil and 5 g of anhydrous Na2SO4 (cleaned and 

activated by heating in an oven at 550 
o
C overnight) on the top. The column was washed through 

with dichloromethane before applying the sample. Approximately 2 ml of sample was introduced 

and the column was eluted with 200 ml dichloromethane. The eluate was reduced to 

approximately 2 ml using rotary evaporation. 

 

Mixed layer column 

 

Further purification of the samples was carried out using a mixed column (from bottom upward): 

glass wool, 3 g basic silica in methanol (36% KOH), 5 g neutral silica, 10 g acidic silica (40% 

H2SO4) and 5 g anhydrous Na2SO4. The column was washed twice using n-hexane. Sample was 

then introduced on the top of the column and eluted with 200 ml of n-hexane. Rotary evaporation 

was used to concentrate the eluate to about 2 ml. 

 

Carbon column 

 

This column was used for the separation of multi-ortho PCBs from n-o PCBs, PCNs and 

PCDD/Fs. Approximately 0.5 g of activated carbon was used with 5g anhydrous Na2SO4 on the 

top. The column was washed twice with n-hexane. The concentrated extracts were transferred on 

the top of the column and eluted with 200 ml of a mixture of DCM: hexane (1:9). This portion of 

the sample gives the m-o and indicator PCBs fraction, while back-elution of the same column 

with 100 ml toluene gives the fraction containing the n-o PCBs and the PCDD/Fs. Samples were 

then concentrated using rotary evaporation to a volume of about 2 ml. 

 

Mini column 

 

Finally the extracts were cleaned by multi-layer silica columns prepared in 230 mm Pasteur 

pipettes. The mini column was packed with the same composition as the one used in the mixed 
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layer column. The columns were washed with n-hexane before sample introduction, and then the 

extracts were eluted with n-hexane. Before the HRGC-HRMS analysis, 
13

C–labeled recovery 

standards: 1,2,3,4-TCDD, 1,2,3,4,6-PeCDD, 1,2,3,4,6,9-HxCDF and 1,2,3,4,6,8,9-HpCDF, and 

PCB 188 were added to all the samples and to the quantification standards to be able to calculate 

the recoveries of the internal standards. Sample volume was then reduced using rotary 

evaporation and with the help of gentle nitrogen stream until all the solvents were removed and 

the tetradecane remained (ca. 30-40 µl). GC vials were used to store the samples until analysis. 

Figure 5 summarizes the analytical scheme.   

 

 
                                                                                                                                                                  

Figure 5. Schematic outline of the analytical procedure 

 

3.2.5 Lipid content and dry weight determination 

 

The fact that lipids are soluble in organic solvents, but insoluble in water, provides a convenient 

method of separating the lipid components in needles from water soluble components. Solvent 

extraction is one of the most commonly used methods of isolating lipids and determining the total 

lipid content. The lipid contents for all the samples were determined by drying the fractions taken 

from the toluene extract under nitrogen until constant weight was obtained then the lipid content 

was reported as a percentage of the sample dry weight. 

 

A subsample of approximately 20 g of the original needles was taken and dried at 105 
0
C for 24 

hours until constant weight was obtained and the dry weight was determined for each ten samples 

according to the equation below. 
                                

Percent dry weight =  
                   

           
                                             (1) 

  

3.2.6 Instrumental analysis and quantification 

 

All analyses were performed by high resolution gas chromatography high resolution mass 

spectrometer (HRGC-HRMS) using the isotope dilution quantification method. The HRMS was 

• Sampling 

• Extraction - Soxhlet and Ultrasonication 

• Clean-up -  Florisil, mixed layer, carbon column and mini-column 

• Instrumental analysis - GC-HRMS 

• Data analysis - Microsoft excel 
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operated in the electron impact ionization mode using selected ion monitoring, and quantification 

was made by tracing the two most abundant signals of the isotope cluster of the molecular ions. 

Chromatographic separations were achieved using a Agilent Technologies 6890N gas 

chromatograph utilizing a 50 m x 0.32-mm (0.25 µm film thickness) DB-5ms capillary column. 

The GC conditions were optimized to efficiently separate the various PCDD/Fs, PCNs and PCBs: 

initial oven temperature 190 
0
C; injector temperature, 270 

0
C; injector, splitless mode. The mass 

spectrometer (Micromass Autospec-Ultima) was tuned and calibrated prior to all analysis. A 

minimum resolution of 10 000 (10% valley) was achieved with ionization voltage of about 35eV 

and trap current, 500 µA. Compounds were identified based on the retention times and the ion 

ratio of two peaks was required to be within ± 20 % of the ratio observed in the standards 

(CEN/TC BT/TF 151, 2006). 

 

On the GC-column used, the congeners PCB 118 and 123, PCB 105 and 127, PCB 128 and 167 

and PCB 138, 164 and 163 are coeluting compounds. 

 

Quantification of analytes was done using authentic quantification standards and internal 

standards. The standards contained known amounts of all the analytes of interest and the same 

amounts of internal and recovery standards that were added to the samples. Analytes were 

quantified using the following equation: 

 

Concentration =  
                     

                        
                                 (2) 

 

Where         is the peak area of the analyte in the sample;         is the peak area of the internal 

standard in the quantification standard;       is the amount in ng/g of the quantification 

standard;       is the peak area of the analyte in the quantification standard;            is the 

peak area of the internal standard in the sample;         is a normalization factor like wet weight 

(g), dry weight (g) or lipid weight in (g); but here dry weight was used. Recoveries were 

calculated using the equation below: 

 

Percent recovery =  
                  

                  
                                        (3) 

 

Where         is the peak area of the recovery standard in the quantification standard and 

           is the peak area of the recovery standard in the sample. 

                                                                                                                                                       

3.2.7 Principal component analysis (PCA) 

 

Principal component analysis (PCA) is a multivariate statistical method that reduces the 

dimensionality of the data. The purpose of PCA is to reduce dimensionality by extracting the 

smallest number components that account for most of the variation in the original data and to 

summarize the data with little loss of information. The software used for this purpose in this 

study was MATLAB 7.12 (2012a) and the data were autoscaled to unit variance. 

 

4. RESULTS AND DISCUSSION 
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4.1. QUALITY ASSURANCE/QUALITY CONTROL (QA/QC) 

  

Raw concentrations and other data are given in Appendix 1 and 2. Data for compounds which 

have concentrations below detection limits (<LOD) were eliminated from data analysis. Two 

samples from Svartberget (the background site) that gave unclear chromatograms during peak 

identification were excluded from this study. In addition, among the I-PCBs, PCB 28, 52 and 101 

were not quantified in any samples due to interferences; that is, the chromatograms in both 

extraction techniques were not clear enough in order to calculate peak areas.  

 

Quality control for individual congeners was also done by looking at congener patterns. If a 

congener percentage was far out of line from its percentage in the rest of the samples it was 

replaced by using the congener percentages and concentrations in the rest of the samples. The 

blanks contained less than ten percent of the sample amounts and no samples were blank 

corrected. The limit of detection (LOD) for all congeners in all samples was also determined. The 

signal to noise ratios (S/N) of the peaks from the quantification standards were used for LOD 

calculations, i.e. LOD = 3(S/N). The LOD in pg was then expressed in pg/g dw. 

 

Based on the concentration and recovery results obtained, comparison between the extraction 

methods was made by applying statistical tests in order to understand the similarities and 

differences of the methods and to draw conclusions. 

 

The methods showed recoveries ≥50 % for most of the compounds. The Soxhlet technique gave 

mean recoveries ranging from 61% to 118% for PCDD/Fs and n-o PCBs for samples collected 

from Umeå, while the ultrasonic method showed 44% to 96% for these compounds. For samples 

collected from Svartberget, the range was from 38% to 109% using Soxhlet extraction and from 

26% to 110% using ultrasonication. For the m-o and I-PCBs, mean recoveries ranged from 48% 

to 125% using Soxhlet extraction technique whereas the recoveries using ultrasonication ranged 

from 21% to 78%. The mean recoveries of the lighter and heavier congeners of PCDD/Fs were 

similar, and there was no apparent trend among them. 

 

Box-whisker Plots 

 

This plot is used to display a set of data to show the range of results and indicate the possible 

outliers in the measurement or observation. The plot below shows how the sum of concentrations 

of PCDD/Fs plus n-o PCBs, m-o and I-PCBs and PCNs in the two extraction techniques was 

spread; suspected values as outliers are also shown.  
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Figure 6. Box-and-Whisker plot. DxU_S stands for samples extracted for total PCDD/Fs plus n-o PCBs from 

Umeå using Soxhlet, DxU_U samples extracted for total PCDD/F s plus n-o PCBs using Ultrasonic, and 

similarly for total mono- and ortho-PCBs (Pb) and total PCNs (Pn). The series DxK_S, DXK_U, etc. applies to 

Svartberget. 

  

The box plot splits the data set into quartiles; which goes from the first quartile (bottom of the 

box) to the third quartile (top of the box). In the box-whisker plot above, the median is indicated 

by the line in the box. The two vertical lines above and below the box are called whiskers and the 

range is shown by the distance between the opposite ends of the whiskers. 

  
Q-test 

 

The Q-test helps decide whether to retain or discard a suspect value during the initial analysis of 

data. The experimental Q-value (Qexp) was calculated and compared with a critical Q-value (Qcrit) 

at the 95% confidence level and values were rejected if Qexp > Qcrit. 
 

Q exp =  
       

     
                                                         (4) 

where XN is the suspect value, X N-1 is a value which is nearest to the suspect and XN-X1 is the 

range.  
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Table 2. Suspected values for the sum of concentrations of PCDD/Fs, PCBs and PCNs (pg/g) and Qexp results 

for the 95% confidence level. 

 

 DxU_U3 PbU_U1 PnU_S2 

Suspected 

value 

6.30 1790 18.2 

Qexp 0.61 0.90 0.60 

Qcrit 0.71 0.71 0.71 

Retained ? Yes No Yes 

 

Sample PbU_U1 had an unusually high PCB 180 level, although the other congeners were in line 

with the rest of the samples in this set. Therefore, the suspected value for PCB 180 was dropped 

and replaced by 47 pg/g, which was estimated from the average percentage of PCB 180 in the 

other four PbU_U samples and the sum of the remaining congeners (without 180) in PbU_U1 

(see quality control section). The substitution should result in low uncertainty, since congener 

patterns generally show very low variation within one sampling site.  

 

Comparison of methods 

 

After replacing the data point that was judged to be an outlier and removal of some analytes or 

samples due to chromatographic interferences the following samples were used for statistical 

tests for comparison of methods and between site concentrations (Table 3). 

 

Table 3. Range, mean±SD and (number of samples) for analytes in pine needles from Umeå and Svartberget, 

(pg/g dry weight) determined by different extraction techniques. 

 

 Umeå Soxhlet Umeå 

Ultrasonic 

Svartberget 

Soxhlet 

Svartberget 

Ultrasonic 

∑PCDD/F + n-o 

PCBs 

5.1-7.8 

6.4 ± 1.1 (5) 

4.2-6.3 

4.9 ± 0.82 (5) 

1.5-1.6 

1.5 ± 0.06 (3) 

1.1-1.5 

1.3 ± 0.21 (2) 

∑m/o & I-PCBs 330-473 

374 ± 61 (5) 

231-380 

292 ± 59.0 (5) 

- 

 

- 

∑PCNs 13-18 

14.8 ± 1.9 (5) 

6.4-11 

9.1 ± 2.0 (5) 

7-11 

8.3 ± 1.9 (4) 

7-9 

8.0 ± 1.0 (3) 
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Comparison of the standard deviations of the methods (F-test) 

 

The F-test tells us if two standard deviations are significantly different from each other; and it is 

the quotient of the squares of the standard deviations:  

 

F calculated = 
   

   
 ,  with S1 > S so that F calculated ≥ 1 and                (5) 

n1-1 degree of freedom for the numerator  and  n2-1 for the denominator. 

    
If Fcalculated > Fcrit, then the two standard deviations are significantly different, otherwise they are 

not.   

 

Table 4.  Means, standard deviations and F-values for sum of concentrations of PCDD/Fs and n-o PCBs, m-o 

and I-PCBs and PCNs for samples collected from Umeå. 

  

PCDD/F m-o & I-PCB PCN 

Soxhlet Ultrasonic Soxhlet Ultrasonic Soxhlet Ultrasonic 

Mean (pg/g dw) 6.4 4.9 374 292 15 9.1 

s.d. (pg/g dw) 1.1   0.82    61   59     1.9 2.0 

Fcalc 1.8 1.1 1.1 

Fcrit 9.6 9.6 9.6 

 

A method is more precise if its standard deviation is lower. As can be seen from Table 4, since S1 

> S2, Fcalculated = (1.1)
2
/(0.82)

2
 = 1.8 which is less than the Fcrit value for the PCDD/Fs and 

therefore the two standard deviations are not significantly different. Fcrit value for four degrees of 

freedom for both the numerator and denominator at the 95% confidence is 9.6. A two-tailed test 

is used because we are trying to determine if there is a difference in precision of the two methods 

without specifically asking if Soxhlet is more precise than ultrasonic. 

 

The Fcrit value for the m-o & I-PCB is also 9.6 for four degrees of freedom for both the numerator 

and the denominator at the 95% confidence level. Since Fcalculated < Fcrit, the two standard 

deviations are not significantly different and the methods have similar precisions.  

 

We can also see from Table 3 that the Fcalculated value is less than Fcrit for the PCNs, so we can 

conclude that the two standard deviations are not significantly different. The Fcrit value is for four 

degrees of freedom for both the numerator and the denominator. 
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Comparing means of replicate measurements 

 

Student’s t test is a tool most commonly used to express confidence intervals and to compare 

results from different measurements or experiments. Here it is used to compare the means of one 

set of measurements with another (Soxhlet and ultrasonic extractions). 

  

                   t calculated =  
       

       
 
√    

√     
 , for measurements with Fcalculated < Fcrit   (6) 

                                                                         , with n1 + n2 - 2 degrees of freedom 

 

                               t calculated  =  
       

√  
 

  
 
  

 

  

 , for measurements with Fcalculated > Fcrit                (7)                                                                 

                                                                , with  
(  

   ⁄    
   ⁄ )

 

(  
   ⁄ )

 

    
 
(  

   ⁄ )
 

    

   - 2 degrees of freedom            

 
Table 5. Means, standard deviations and t-values for sum of concentrations of PCDD/Fs and n-o PCBs, m-o 

and I-PCBs and PCNs for samples collected from Umeå. 

 

  

PCDD/F m-o & I-PCB PCN 

Soxhlet Ultrasonic Soxhlet Ultrasonic Soxhlet Ultrasonic 

Mean (pg/g 

dw) 6.4 4.9 374 292 15 9.1 

s.d (pg/g dw) 1.1   0.82   61   59      1.9 2.0 

tcalc 2.28 2.21 4.54 

tcrit 2.31 (8 df, p<0.05) 2.31 (8 df, p<0.05) 3.36 (8 df, p<0.01) 

 

Equation 6 is used for comparing the means of the two extraction techniques since Fcalculated < 

Fcrit. For the PCDD/Fs, the tcrit value is 2.31 for eight degrees of freedom at the 95% confidence 

level (p < 0.05). Table 5 shows that the calculated t-value is lower than tcrit and this signifies no 

significant difference in the means for the two techniques. 

 

As can be seen from Table 5, the calculated t-value (tcalc) for the I-PCB is less than the tcrit value 

for eight degrees of freedom, so the difference between the means is not significant at the 95% 

confidence (p<0.05).  

 

The calculated t-value for the PCNs, as can be seen from Table 5, is greater than the tcrit value  for 

eight degrees of freedom at the 99% confidence level (p<0.01) and it can be concluded that the 

means are significantly different. As a result, the methods give different results for PCNs 

analysis. 
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Paired data test (paired t test) 

 

The paired t test is a good statistical tool to see if there is a significant difference between two 

different methods. In this case, the average recoveries of the 
13

C surrogate standards in the two                                                                                                     

extraction methods were compared in Tables 6-8 to check if the two methods give the same 

results using the equation: 

 

tcalculated =  
   

       
 √                                                        (8) 

where /d/ is the absolute value of the mean difference and n the number of pairs with n-1 degree 

of freedom. If tcalculated > tcrit, the two results (methods) are significantly different. 

 
Table 6. Average recoveries (%) for sum of internal standards (all 17 PCDD/Fs plus four n-o PCBs) using 

Soxhlet and ultrasonic extraction methods. 

Sample number DxU_S 

Method 1 

(% recoveries) 

DxU_U 

Method 2 

(% recoveries) 

Difference (d) 

(DxU_S – DxU_U) 

1 85 72 13 

2 73 65   8 

3 75 57 18 

4 91 65 26 

5 84 67 17 

                                                                                                 /d/    16.4 

                                                                                                 Std dev           6.70 

                                                                                                 tcalc        5.49 

                                                                                                 tcrit        4.60 

 

 

The tcalculated for the average recoveries of PCDD/Fs exceeds the tcrit value. Thus, the Soxhlet 

extraction recoveries are significantly different from the recoveries obtained using ultrasonic 

extraction for the 99% confidence (p<0.01) and four degrees of freedom.  

 
Table 7. Average recoveries (%) for sum of internal standards of m-o & I-PCBs using Soxhlet and ultrasonic 

extraction methods. 

Sample number PbU_S 

Method 1 

(% recoveries) 

PbU_U 

Method 2 

(% recoveries) 

Difference (d) 

(PbU_S – PbU_U) 

1 82 71 11 

2 137 37   100 

3 67 44 23 

4 107 56 51 

5 148 52 96 

                                                                                                 /d/ 56 
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                                                                                                 Std dev    41 

                                                                                                 tcalculated        3.05 

                                                                                                 tcrit        2.78 

 
As can be seen from Table 7, tcalculated > tcrit, therefore there is a significant difference in percent 

recoveries of PCB surrogates by the two methods at 95% confidence (p<0.05) for four degrees of 

freedom.  

 
Table 8. Average recoveries (%) for sum of internal standards of PCDD/Fs using Soxhlet and ultrasonic 

extraction methods (calculated from the PCN quantification GC-MS runs). 

Sample number PbU_S 

Method 1 

(% recoveries) 

PbU_U 

Method 2 

(% recoveries) 

Difference (d) 

(PbU_S – PbU_U) 

1 71 61 10 

2 58 60 -2 

3 68 44 24 

4 68 60   8 

5 66 61   5 

                                                                                                 /d/   9 

                                                                                                 Std dev    10 

                                                                                                 tcalculated        2.02 

                                                                                                 tcrit        2.78 

 

For the average recoveries of PCDD/Fs in the PCN method (Table 8), the two methods do not 

give significantly different recoveries, since tcalculated < tcrit at 95% confidence (p<0.05) for four 

degrees of freedom.  

 

4.2 DRY WEIGHT, LIPID CONTENT AND CONCENTRATION OF PCDD/Fs, n-o PCBs, 

m-o & i-PCBs and PCNs 

 

An average of 44.3% ± 2.4% of water content of P. sylvestris was found (55.7% ± 1.3% dry 

weight). Ockenden et al., (1998) reported an average extractable lipid content of P.sylvestris to be 

11.2 mg/g and a range of 6.1-18 mg/g. In this study an average of 7.5 mg/g ± 2.1 mg/g (dry 

weight) of lipid was obtained. There were no differences in water and lipid percentages between 

the Umeå and Svartberget samples.  

 

The sum of 17 PCDD/Fs + 4 n-o PCBs concentrations in the pine needles are summarized in 

Table 2 and concentrations of individual congeners are listed in Appendix 1. Among the 17 

PCDD/Fs, the most toxic congener, 2,3,7,8-TCDD was not detected except in one sample. The 

1,2,3,4,7,8- HxCDD and the 1,2,3,4,7,8,9-HpCDF were also not detected in all samples. The 

1,2,3,7,8-PeCDD were detected only in three samples with very low concentrations. Bochentin et 

al., (2007) measured all the 17 toxic PCDD/Fs in tree needles from Poland and found 

concentrations below the detection limit for 2,3,7,8-TCDD (<0.44), 1,2,3,7,8-PeCDD, 
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1,2,3,4,7,8-HxCDD, 1,2,3,6,7,8-HxCDD, 1,2,3,7,8,9-HxCDD and 1,2,3,7,8,9-HxCDF (all < 0.27 

pg/g dw). Ok et al., (2002) found the ratio of ∑PCDDs/∑PCDFs ranges between 0.41-0.80. 

In this study, the ratio of ∑PCDDs/∑PCDFs was 1.43 for the Soxhlet method and 1.90 for the 

ultrasonication. 

 

All the four n-o PCBs were detected in all the samples and higher concentration was found for 

PCB 77. PCB 128+167 (coeluting) were not detected except in one sample. Compared to 

PCDD/Fs, indicator and mono-ortho PCBs are detected at higher concentrations. 

 

Among the PCNs analyzed, 1,2,3,5,6,8-HpCN (CN 68) was detected at higher concentrations 

followed by 1,2,3,4,5,6,7-HpCN (CN 73) and 1,2,3,4,5,6,8-HpCN (CN 74). 1,2,3,4-TeCN (CN 

27) was also detected at low concentrations. The concentrations of CN 73 in Umeå sample were 

higher than CN 74 in the Soxhlet method, but less than CN 74 in the ultrasonic method, and the 

concentrations of the congener CN 68 were higher by the ultrasonic method than by Soxhlet.  

 

Table 9 shows comparison of the concentrations of PCDD/Fs, n-o PCBS and m-o & I-PCBs of 

this study to another, a study which was conducted on one-year old pine needles collected in 

2004 in an urbanized location of Germany (Duebener Heide). Sums of concentrations of the 

compounds differ between studies and it should be remembered that this variation would be a 

result of time trends, location of sampling and the difference in method of analysis.    
 

Table 9. Comparison of concentrations measured in this study to another study in pg/g dw. 

 

Reference This study Rappolde

r et al., 

(2007) 

 This study Rappolder 

et al., 

(2007) 

Sampling site Umeå 

Soxhlet 

Umeå 

ultrasonic 

Duebener 

Heide 

 Umeå 

Soxhl

et 

Umeå 

ultrasonic 

Duebener 

Heide 

2,3,7,8-TCDD <0.004 <0.003 0.05 PCB 77 3.82 3.04 10.1 

1,2,3,7,8-

PeCDD 

0.03 <0.01 0.15 PCB 81 0.11 0.10 0.4 

1,2,3,4,7,8-

HxCDD 

<0.16 <0.13 0.10 PCB 

126 

0.13 0.02 1.3 

1,2,3,6,7,8-

HxCDD 

0.15 0.15 0.19 PCB 

169 

0.12 0.10 0.3 

1,2,3,7,8,9-

HxCDD 

0.08 0.08 0.12 SUM 4.18 3.26 12.1 

1,23,4,6,7,8-

HpCDD 

0.44 0.36 1.24 PCB 

105 

7.6 6.5 24 

OCDD 0.72 0.55 2.51 PCB 

114 

2.7 2.6 4 

2,3,7,8-TCDF 0.16 0.17 0.97 PCB 

118 

34 32 73 

2,3,4,7,8-PeCDF 0.06 0.06 0.63 PCB 

156 

7.2 7.5 9 
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1,2,3,7,8-PeCDF 0.04 0.03 0.67 PCB 

157 

1.1 1.0 2 

1,2,3,4,7,8-

HxCDF 

<0.19 <0.15 0.43 PCB 

167 

4.5 0.2 5 

1,2,3,7,8,9-

HxCDF 

0.05 0.05 0.45 PCB 

138 

121 100 140 

1,2,3,6,7,8-

HxCDF 

<0.20 <0.16 <0.04 PCB 

153 

150 95 346 

2,3,4,6,7,8-

HxCDF 

0.03 0.03 0.38 PCB 

180 

50 48 71 

1,2,3,4,6,7,8-

HpCDF 

0.13 0.09 0.72 SUM 374 292 674 

1,2,3,4,7,8,9-

HpCDF 

<0.02 <0.02 <0.11     

OCDF 0.42 0.14 0.25     

SUM 2.31 1.71 8.86     

 

4.3 PATTERNS AND CONCENTRATIONS OF PCDD/F HOMOLOGS, and PCB and 

PCN CONGENERS IN THE TWO EXTRACTION METHODS 

 

For congeners/homologs which were not detected (<LOD), half the detection limit were used in 

the plots. As can be seen from the figures below, homolog profiles of the PCDD/Fs and congener 

patterns of the n-o PCBs (Figure 7b) are similar between the two extraction methods. The 

dominant PCDD/Fs were the higher chlorinated compounds such as HxCDD, HpCDD, OCDDs 

and OCDF in both techniques for Umeå samples, whereas PCB 77 is the dominant congener in 

both methods for samples collected from both sites (Figure 7a, b). The lower chlorine-substituted 

congeners such as tetra-CDDs and penta-CDFs were the dominant PCDD/F homologs detected in 

samples collected from Svartberget (Figure 7b).  

 

Higher concentrations of analytes were detected in samples collected from Umeå than 

Svartberget (the background site) which was actually expected. Although there was no significant 

difference in ∑PCDD/Fs or ∑PCBs by the two extraction methods, inspection of homolog 

profiles and congener patterns suggests slight differences. For example, PCB 77 was found at 

higher concentrations using Soxhlet extraction than ultrasonic (Figure 7a) but the next figure 

(Figure 7b) shows about the same percent contribution of PCB 77 using either method. The 

conclusion is that Soxhlet gets out slightly (but not significantly) more total PCBs, but does not 

discriminate among the congeners. So the two types of plots give complementary information. 

Moreover, the Soxhlet seems to extract a greater proportion of OCDD, but ultrasonic extracts a 

greater proportion of HxCDD (Figure 7b).  Higher levels of OCDD and OCDF were also found 

in Soxhlet extracts for samples collected from Umeå (Figure 7b). Further statistical analysis 

would be required to determine if there are significant differences in the extraction of specific 

homologs or congeners by the two methods. 

 

Among the m-o PCBs, PCB 118 was detected at higher concentrations whereas the two I-PCBs 

153 and 138 were found at higher levels for samples collected from both sites (Figure 9a and 

10a). These congeners were also dominant in both extraction methods. The congener pattern for 
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m-o & I-PCBs shows that the contribution of PCB 180 was about the same in both methods but 

Soxhlet extracted a slightly greater proportion of PCB 153 than ultrasonication. On the other 

hand, a slightly greater proportion of PCB 138 was extracted by ultrasonication than Soxhlet 

(Figure 9b). 

 

Among the PCNs analyzed, higher concentrations of the congeners were found in samples 

collected from Umeå than Svartberget (Figure 11a, 12a). Similar congener patterns were also 

observed in both the extraction methods, with 1,2,3,4-TeCN extracted slightly in greater 

proportion in Soxhlet while 1,2,3,4,5,6,8-HpCN was found in higher percentage in ultrasonic 

extracts for samples collected from Umeå (Figure 11a, b)  
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Figure 7. a) Concentrations of PCDD/F homologs and n-o PCB congeners and b) Homolog profiles for 

PCDD/Fs and congener patterns for n-o PCBs in Soxhlet and ultrasonic extractions for samples collected 

from Umeå.     

                                                                                      

 
                        

(a) 

 

 
 

(b) 

 
Figure 8. a) Concentrations of PCDD/F homologs and n-o PCB congeners and b) Homolog profiles for 

PCDD/Fs and congener patterns for n-o PCBs in Soxhlet and ultrasonic extractions for samples collected 

from Svartberget.         
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(b) 
                            

Figure 9. a) Concentrations of m-o and I-PCB congeners and b) congener patterns for m-o and I-PCBs in 

Soxhlet and ultrasonic extractions for samples collected from Umeå.                                    
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(b) 
                       
Figure 10. a) Concentrations of m-o and I-PCB congeners and b) congener patterns for m-o and I-PCBs in 

Soxhlet and ultrasonic extractions for samples collected from Svartberget. 
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Figure 11. a) Concentrations of PCN congeners and b) congener patterns for PCNs in Soxhlet and ultrasonic 

extractions for samples collected from Umeå. 
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Figure 12. a) Concentrations of PCN congeners and b) congener patterns for PCNs in Soxhlet and ultrasonic 

extractions for samples collected from Svartberget. 

 

4.4 PRINCIPAL COMPONENT ANALYSIS (PCA) 

 

Figures 13a and b show the scores and loading plots of the two extraction techniques. 

Concentrations of the analytes were used for the PCA. The scores are the objects (samples) in the 

new space, while the loadings are the variables (congeners) in the space. So, as can be seen from 

the plots, the scores (samples) have good grouping among each other, that is samples collected 

from Umeå and Svartberget based on their extraction techniques are classified and distributed.  
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The loading plot displays the relationship between all the variables (congeners). Variables which 

contribute similar information are grouped together, in other words they are correlated. When 

variables are negatively correlated they will be positioned on opposite side in the loading plot. It 

means that when one congener increases the other decreases and vice versa. A value of half the 

detection limit was used in the case when a concentration was less than the detection limit. The 

PCA plots give supportive information to the results obtained. 
 

 

PCA plots 
 

PCDD/Fs 

 

Principal Components Analysis Model 

Preprocessing: Autoscale to unit variance 

Num. PCs: 4 

Percent Variance Captured by PCA Model 

   

Principal     Eigenvalue     % Variance     % Variance 

Component         of          Captured       Captured 

 Number         Cov (X)        This PC        Total 

     1         8.06e+000         61.97          61.97 

     2         1.65e+000         12.66          74.63 

     3         1.28e+000          9.83           84.46 

     4         5.63e-001          4.33            88.79 

 

PC1 vs PC2 score plots 
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Loading plots PC1 vs PC2 

 
 

Figure 13a. Score and loading plots for PCDD/Fs. 
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        Percent Variance Captured by PCA Model 

   

Principal     Eigenvalue     % Variance     % Variance 

Component         of          Captured       Captured 

 Number         Cov (X)        This PC        Total 

---------     ----------     ----------     ---------- 

     1         4.96e+000         55.09          55.09 

     2         2.20e+000         24.40          79.49 
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Score Plots PC1 vs PC2 

 
 

 

Loading PC1 vs PC2 

 
 

Figure 13b. Score and loading plots for PCBs. 
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5. CONCLUSIONS AND RECOMMENDATIONS 

 

The extraction of POPs from the sample matrix is a very important step for effective 

determination of pollutant concentration. The extraction and analysis of POPs in different 

matrices have been done using different techniques for the past years. The two extraction 

methods compared in this study resulted in similar total concentrations of analyte groups 

although there might be slight differences in the extraction of specific homologs or congeners. 

Types of solvent, extraction methods and time are the most important variables to be investigated 

in order to attain an accurate measurement.  

 

The method developed in this study is sufficient for most of the analytes and can be used for the 

determination of POPs. The result indicated that recovery of the internal standards is dependent 

on the type of extraction employed. Soxhlet extraction technique requires longer time as 

compared to ultrasonic. Moreover, although the highest concentration of analytes in this study 

was measured by Soxhlet extraction, ultrasonication is a promising alternative since it is faster.  

In addition the glassware and heating apparatus required for Soxhlet extraction is expensive and 

vulnerable to breakage as a result it is rather more costly than ultrasonication.  

 

In terms of freedom from chromatographic interferences, both techniques revealed similar results. 

However, the PCDD/Fs which were extracted using Soxhlet methods showed somewhat more 

clear chromatograms (better shaped peaks for the target analytes). In general, based on the 

recoveries, the results suggested that Soxhlet extraction would be preferred and more reliable 

results can be achieved. 

 

As a recommendation, I would say that more work or experiments has to be done to come up 

with a more standardized, reliable, cost effective and less labor intensive methods for the 

determination of POPs.  
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  APPENDIX – 1 

 

  Table A1. Raw concentration data for PCDDF/Fs and n-o PCBs (pg/g dw) 

Conc (pg/g dw)         

 

DxU_S1 DxU_S2 DxU_S3 DxU_S4 DxU_S5 DxK_S6 DxK_S7 DxK_S8 

PCB81 0.10 0.14 0.14 0.098 0.087 0.094 0.047 0.046 

PCB77 3.7 4.0 5.0 3.6 2.8 1.2 1.1 1.2 

PCB126 0.13 0.13 0.18 0.11 0.095 0.020 0.020 0.020 

PCB169 0.11 0.11 0.14 0.09 0.13 0.021 0.070 0.040 

2,3,7,8-TCDD <0.0038 <0.0036 <0.0036 <0.0036 <0.0036 0.0039 <0.0035 <0.0036 

1,2,3,7,8-PeCDD <0.0091 <0.0088 0.041 0.023 <0.0088 <0.0086 <0.0085 <0.0088 

1,2,3,4,7,8-HxCDD <0.16 <0.16 <0.16 <0.16 <0.16 <0.16 <0.15 <0.16 

1,2,3,6,7,8-HxCDD <0.15 <0.15 0.15 0.15 0.15 <0.14 <0.14 <0.15 

1,2,3,7,8,9-HxCDD 0.035 0.10 0.10 0.079 0.079 <0.014 <0.014 <0.014 

1,2,3,4,6,7,8-

HpCDD 0.47 0.42 0.47 0.37 0.47 <0.013 <0.013 <0.013 

OCDD 0.62 1.5 0.46 0.47 0.56 <0.027 <0.026 <0.027 

2,3,7,8-TCDF 0.13 0.21 0.18 0.14 0.11 0.16 0.14 0.14 

2,3,4,7,8-PeCDF 0.047 0.057 0.059 <0.011 0.071 <0.011 0.062 0.025 

1,2,3,7,8-PeCDF 0.048 <0.0095 <0.0095 0.039 0.036 0.033 0.045 0.019 

1,2,3,4,7,8-HxCDF <0.19 <0.19 <0.19 <0.19 <0.19 <0.18 <0.18 <0.19 

1,2,3,7,8,9-HxCDF <0.022 0.04 <0.021 0.052 <0.021 <0.021 <0.02 <0.02 

1,2,3,6,7,8-HxCDF <0.21 <0.20 <0.20 <0.20 <0.20 <0.20 <0.19 <0.20 

2,3,4,6,7,8-HxCDF 0.037 0.035 0.032 <0.011 0.021 <0.011 <0.011 <0.012 

1,2,3,4,6,7,8-

HpCDF 0.085 0.10 0.13 0.11 0.19 <0.011 <0.011 <0.011 

1,2,3,4,7,8,9-

HpCDF <0.021 <0.021 <0.021 <0.021 <0.021 <0.02 <0.02 <0.021 

OCDF 0.17 0.45 0.69 0.53 0.24 <0.025 <0.025 <0.026 

SUM n-o PCB 4.1 4.4 5.4 3.9 3.1 1.3 1.2 1.3 

SUM PCDD/Fs + 

n-o PCBs 5.7 7.3 7.8 5.9 5.1 1.6 1.5 1.5 

 

Conc (pg/g dw) DxU_U1 DxU_U2 DxU_U3 DxU_U4 DxU_U5 DxK_U6 DxK_U7 DxK_U8 

PCB 81 0.10 0.078 0.12 0.087 0.098 0.059 0.073 0.066 

PCB 77 2.9 2.8 4.1 3.0 2.5 0.87 1.0 1.1 

PCB 126 0.12 0.11 0.16 0.11 0.095 0.017 0.02 0.021 

PCB 169 0.097 <0.0093 0.13 0.081 0.093 0.022 0.026 0.02 

2,3,7,8-TCDD <0.0030 <0.0029 <0.0030 <0.0029 <0.0029 <0.0029 <0.0029 <0.0029 

1,2,3,7,8-

PeCDD <0.0073 <0.0071 <0.0071 <0.0071 <0.0071 <0.0070 0.057 <0.0070 

1,2,3,4,7,8-

HxCDD <0.13 <0.13 <0.13 <0.13 <0.13 <0.13 <0.12 <0.13 

1,2,3,6,7,8-

HxCDD <0.12 <0.12 0.18 0.12 <0.12 <0.12 <0.12 <0.12 

1,2,3,7,8,9-

HxCDD 0.071 0.066 0.084 0.086 0.070 <0.012 <0.011 <0.012 

1,2,3,4,6,7,8-

HpCDD 0.38 0.42 0.37 0.38 0.25 <0.01 <0.01 <0.01 

OCDD 0.53 0.52 0.59 0.69 0.43 <0.022 <0.021 <0.022 

2,3,7,8-TCDF 0.11 0.16 0.29 0.14 0.17 0.10 0.22 0.20 
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2,3,4,7,8-

PeCDF 0.052 0.022 0.11 0.038 0.01 0.068 0.081 0.014 

1,2,3,7,8-

PeCDF 0.016 0.029 <0.0077 0.048 0.029 0.016 0.021 0.022 

1,2,3,4,7,8-

HxCDF <0.16 <0.15 <0.051 <0.15 <0.15 <0.15 <0.15 <0.15 

1,2,3,7,8,9-

HxCDF 0.035 0.031 0.032 <0.017 0.090 <0.017 <0.017 <0.017 

1,2,3,6,7,8-

HxCDF <0.17 <0.16 <0.16 <0.16 <0.16 <0.16 <0.16 <0.16 

2,3,4,6,7,8-

HxCDF 0.035 0.035 <0.0093 <0.0092 <0.0093 <0.0092 <0.009 <0.0092 

1,2,3,4,6,7,8-

HpCDF 0.080 0.066 0.12 0.043 0.12 <0.0086 <0.0084 <0.0086 

1,2,3,4,7,8,9-

HpCDF <0.017 <0.017 <0.017 <0.017 <0.017 <0.016 <0,.16 <0.017 

OCDF 0.11 0.14 <0.021 0.15 0.15 <0.020 <0.020 <0.020 

SUM n-o PCB 3.2 2.9 4.5 3.3 2.7 0.96 1.1 1.2 

SUM 

PCDD/Fs + n-

o PCBs 4.7 4.4 6.3 5.0 4.2 1.1 1.5 1.4 

  Table A2. Raw concentration data for I-PCBs and m-o PCBs (pg/g dw)                          

Conc (pg/g 

dw) PbU_S1 PbU_S2 PbU_S3 PbU_S4 PbU_S5 PbK_S6 PbK_S7 

PCB 118 31 42 31 42 24 14 12 

PCB 114 1,0 1.3 1.4 0.01 9.0 5.7 6.0 

PCB 153 139 189 145 156 122 103 93 

PCB 105 7.0 9.1 6,0 7.0 10 8.0 6.0 

PCB 138 120 154 89 129 110 57.0 49 

PCB 167 <0.24 <0.24 <0.24 4.5 <0.24 <0.23 <0.23 

PCB 156 7.4 8.7 7.0 6.7 6.2 <0.010 <0.010 

PCB 157 1.3 1.3 1.3 0.9 0.6 <0.010 <0.010 

PCB 180 45 68 43 45 48 27 34 

SUM 

PCBs 352 473 324 391 330 214 200 

 

Conc (pg/g 

dw) PbU_U1 PbU_U2 PbU_U3 PbU_U4 PbU_U5 PbK_U6 

PCB 118 26 51 36 32 17 17 

PCB 114 3.0 1.0 4.0 1.0 4.0 2.0 

PCB 153 100 75 121 97 81 29 

PCB 105 6.0 6.0 7.0 7.0 7.0 5.0 

PCB 138 105 76 139 106 77 25 

PCB 167 <0.20 <0.19 <0.19 <0.19 <0.19 <0.19 

PCB 156 8.0 1.0 9.0 6.0 5.0 1.0 

PCB 157 1.2 <0.01 1.5 1.1 0.4 <0.01 

PCB 180 48
a
 34 62 56 39 45 

SUM PCBs 297 244 380 306 231 123 
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 a - Suspected high value was replaced by the average (48) for the other samples.  

 Table A3. Raw concentration data for PCNs (pg/g dw) 

Conc (pg/g dw) PnU_S1 PnU_S2 PnU_S3 PnU_S4 PnU_S5 PnK_S6 PnK_S7 PnK_S8 PnK_S9 

1,2,3,4-TeCN 2.2 2.6 2.3 2.0 1.4 1.2 1.0 1.0 1.0 

1,2,3,5,8-PeCN <0.96 <0.94 <0.11 <0.92 <0.94 <0.91 <0.90 <0.93 <0.86 

1,2,3,4,6,7-HxCN <1.3 <1.3 <1.3 <1.3 <1.4 <1.3 <1.3 <1.3 <1.3 

1,2,3,5,6,8-HxCN 7.0 10. 7.7 6.4 7.6 3.3 4.7 2.7 3.5 

1,2,3,4,5,6,7-

HpCN 2.9 3.6 2.8 2.6 2.8 2.5 2.9 <1.5 1.7 

1,2,3,4,5,6,8-

HpCN 1.8 2.0 1,9 1.9 1.9     1.7 2.1 2.9 1.0 

OCN <1.7 <1.8 <1.7 <1.7 <1.8 <1.7 <1.7 <1.7 <1.6 

SUM PCNs 14 18 15 13 14 8.7 11 7.0 7.2 

         

Conc (pg/g dw) PnU_U1 PnU_U2 PnU_U3 PnU_U4 PnU_U5 PnK_U6 PnK_U7 PnK_U8 

1,2,3,4-TeCN 0.65 <0.54 0.96 0.76 <0.54 0.54 0.64 0.64 

1,2,3,5,8-PeCN <0.86 <0.83 <0.83 <0.83 <0.83 <0.82 <0.80 <0.82 

1,2,3,4,6,7-HxCN <1.1 <1.2 <1.1 <1.1 <1.1 <1.1 <1.1 <1.1 

1,2,3,5,6,8-HxCN 5.6 4.6 4.7 4.0 5.2 2.9 6.2 4.4 

1,2,3,4,5,6,7-HpCN 2.0 <1.2 2.1 1.4 1.6 1.4 <1.2 2.3 

1,2,3,4,5,6,8-HpCN 2.7 1.8 3.0 2.0 2.0 2.4 1.5 2.1 

OCN <1.4 <1.3 <1.2 <1.6 <1.5 <1.4 <1.4 <1.3 

SUM PCNs 11 6.4 11 8.2 9.0 7.2 8.3 9.4 
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APPENDIX – 2 

Table A4. Percent recoveries of 
13

C labeled surrogate standards expressed as mean ± 

standard deviation 
 

  n-o PCBs and PCDD/Fs 
Surrogate standard Soxhlet (Umeå 

samples) 

Ultrasonic (Umeå 

samples) 

Soxhlet 

(Svartberget 

samples) 

Ultrasonic 

Svartberget 

samples) 

PCB 81 74 ± 8.6 51 ± 8.1 56 ± 14 49 ± 9.0 

PCB 77 95 ± 4.8 71 ± 8.5 78 ± 16 67 ± 7.4 

PCB 126 85 ± 9.1 56 ± 6.7 83 ± 15 55 ± 5.2 

PCB 169 88 ± 7.4 58 ± 10.0 95 ± 9.3 110 ± 49 

2,3,7,8-TCDF 87 ± 6.2 77 ± 6.8 77 ± 14 76 ± 6.1 

2,3,7,8-TCDD 70 ± 7.8 66  ± 11.2 69 ± 13 65 ± 8.1 

1,2,3,7,8-PeCDF 79 ± 10.3 73 ± 3.8 78 ± 13 68 ± 4.2 

2,3,4,7,8-PeCDF 91 ± 13.4 74 ± 7.2 83 ± 14 84 ± 12 

1,2,3,7,8-PeCDD 84 ± 9.0 69 ± 5.1 78 ± 11 67 ± 7.3 

1,2,3,4,7,8-HxCDF 85 ± 7.0 60 ± 6.3 57 ± 9.3 36 ±15 

1,2,3,6,7,8-HxCDF 76 ± 9.0 61 ± 15.4 101 ± 12.1 68 ± 15 

2,3,4,6,7,8-HxCDF 77 ± 8.9 65 ± 6.5 78 ± 3.2 72 ± 4.2 

1,2,3,4,7,8-HxCDD 90 ± 5.7 63 ± 1.5 43 ± 2.2 75 ± 7.1 

1,2,3,6,7,8-HxCDD 80 ± 6.5 69 ± 8.1 113 ± 0.7 64 ± 13 

1,2,3,7,8,9-HxCDD 68 ± 7.8 61 ±10.3 66 ± 15 54 ± 17 

1,2,3,7,8,9-HxCDF 80 ± 4.5 71 ±8.5 73 ± 25 72 ± 10 

1,2,3,4,6,7,8-HpCDF 74 ±10,8 60 ±5.3 109 ± 86.0 63 ± 5.1 

1,2,3,4,6,7,8-HpCDD 71 ± 7.1 59 ± 5.6 59 ± 18 26 ± 1.2 

1,2,3,4,7,8,9-HpCDF 118 ± 12.1 96 ± 9.7 83 ± 13 74 ± 13 

OCDD 61 ±10 44 ± 6.8 51 ± 7.4 35 ± 7.0 

OCDF 70 ± 7.1 51 ± 7.2 38 ± 1.2 36 ± 4.1 

 

  M-O and I-PCBs 
Surrogate standard Soxhlet (Umeå samples) Ultrasonic (Umeå samples) 

PCB 118+123 48 ± 41.7 21 ± 5.6 

PCB 114 91 ± 29 28 ± 4.6 

PCB 153 113 ± 33.3 57± 9.1 

PCB 105+127 125 ± 34.5 46 ± 14 

PCB 138+164+163 118 ± 37.3 60 ± 13 

PCB 128+167 104 ± 13.4 73 ± 20 

PCB 156 104 ± 31 71 ± 18 

PCB 157 88 ± 29 66 ± 11 

PCB 180 97 ± 39 78 ± 33 

 

 

  PCNs 
Surrogate standard Soxhlet (Umeå 

samples) 

Ultrasonic (Umeå 

samples) 

Soxhlet 

(Svartberget 

samples) 

Ultrasonic 

Svartberget 

samples) 

TeCN 90 ± 8.9 79 ± 14 82 ± 11 78 ± 9.0 

PeCN 90 ± 8.9 79 ± 14 82 ± 11 78 ± 9.0 

HxCN 55 ± 3.2 49 ± 5.4 47 ± 16 49 ± 7.1 

HpCN 54 ± 5.7 44 ± 4.3 47 ±14 34 ± 8.0 

OCN 54 ± 5.7 44 ± 4.3 47 ±14 34 ± 8.0 
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