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ABSTRACT 
 

Chlorine gas bleaching was a common method used in pulp industries. As a consequence, 

significant amounts of chlorine were discharged into surrounding aquatic ecosystems, 

affecting the biota. Chlorinated organic pollutants are formed when chlorine react with 

organic material.  

 

Octadecanoic acid (stearic acid) is one of the most common saturated fatty acids in aquatic 

biota. In a naturally occurring process two and four chlorine atoms, respectively, are added 

over the unsaturated bonds, forming 9,10-dichloro octadecanoic acid and 9,10,12,13-

tetrachloro octadecanoic acid. These are the chlorinated fatty acids (ClFA) under 

investigation in this Bachelor’s Thesis.  

 

The methodological framework for measuring ClFA is investigated in this essay. The scope is 

to evaluate the method of isolating and quantifying the compounds as described in Åkesson-

Nilsson’s (2004) dissertation. The method includes: extraction of the lipid, transesterification 

(where the fatty acids, including the ClFAs, are separated from the lipids and transformed 

into their respective methyl esters through two methods, acidic catalysis with BF3 or H2SO4), 

separation (by solid phase extraction) and determination of ClFA concentration with a 

halogen specific detector (GC-XSD/MS). Furthermore, the scope is to investigate collected 

fish samples (from Norrsundet) with the abovementioned method.  

 

By making a dilution series with known concentrations it was possible to establish calibration 

curves, to give in an indication of the effectiveness of the method. BF3 is in need of updating 

due to being experienced as slower and less stable than the H2SO4-method. However, it was 

concluded that the H2SO4-method was more effective on the standard samples and that the 

BF3-method was more effective on the fish lipid samples.  

 

In one of the lipid samples (lavaret transesterified with BF3) a detectable concentration of 

9,10,12,13-tetrachloro octadecanoic acid was discovered. Therefore, we question SEPAs 

decision to cancel investigations in Norrsundet. Our results could indicate that ClFAs are still 

an issue that could affect the ecosystem’s biota.  

 

Keywords: Chlorinated Fatty Acids, Transesterification, GC-MS/XSD, Extraction, Isolation, 

Norrsundet.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
 

Massafabriker har tidigare använt klorgas vid produktblekning. Stora mängder klor har läckt 

ut vilket har fått betydande konsekvenser för den biologiska mångfalden. Bildandet av 

klororganiska föreningar sker då kloridjoner binds till organiskt material. Stearinsyra 

(oktadekansyra) är en av de vanligaste fettsyrorna med en kolkedja bestående av 18 

kolatomer. Stearinsyra har två vanliga omättade analoger, 9-oktadekensyra (oljesyra, en 

dubbelbindning mellan kolatomerna 9 och 10) och 9,12-oktadekadiensyra (med ytterligare en 

dubbelbindning mellan kolatomerna 12 och 13), vilka kan omvandlas till de klorerade 

fettsyror som behandlas i denna uppsats (9,10-diklor stearinsyra och 9,10,12,13-tetraklor 

stearinsyra) genom att två respektive fyra kloratomer adderas till dubbelbindningarna. 

Klorerade fettsyror har i allmänhet samma egenskaper som oklorerade vilket kan leda till att 

de oklorerade fettsyrorna ersätts av klorerade. Fisk som lever i kontaminerade områden har 

uppvisat biologiska förändringar så som förstorad lever, försämrad reproduktion, lägre nivåer 

av könshormoner, deformerat skelett samt fenskador. Stora mängder klor finns fortfarande 

lagrat i sediment och akvatisk biota. För att kunna bestämma koncentrationen av klorerade 

fettsyror separeras dessa från de oklorerade då oklorerade fettsyror kan ha en koncentration 

som är flera 1000 gånger högre än de klorerade. Den analysteknik som har använts är 

gaskromatografi, där provet förångas och transporteras vidare genom en kolonn. Alla 

föreningar har olika egenskaper och struktur, exempelvis storlek, laddning, polaritet etc., 

vilket gör dem unika. Med hjälp av dessa specifika egenskaper kan alla komponenter i provet 

identifieras i ett bibliotek efter separation i gaskromatografen. Med hjälp av en detektor som 

är speciellt känslig och selektiv för klororganiska föreningar kan även mycket låga halter 

identifieras. I denna uppsats har två metoder för separering använts: förestring med 

svavelsyra-metanol respektive bortrifluorid-metanol. Syftet med uppsatsen var dels att ta reda 

på vilken av dessa metoder som var lättast att hantera samt vilken som gav det effektivaste 

resultatet. Genom att bereda provlösningar med kända koncentrationer av fettsyror kunde en 

kalibreringskurva upprättas. Syftet var även att applicera den utvärderade metoden på 

lipidprover från fisk.  

 

Naturvårdsverket konstaterade redan 2008 att koncentrationerna EOCl minskat markant de 

senaste decennierna, fiskbestånden har återhämtat sig och inga ytterligare åtgärder, 

exempelvis sanering, ansågs nödvändiga. Därför insamlades fiskprover från ett av Sveriges 

mest kontaminerade områden, Norrsundet i Gävleborgs län. Abborre, sik och spigg samlades 

in. Det visade sig att sikprovet där bortrifluorid-metanol används vid beredning var det enda 

prov som visade detekterbara halter.  

 

Sammanfattningsvis konstaterades att svavelsyra-metanol gav en stabilare kalibreringskurva 

medan bortrifluorid-metanol var en bättre metod att använda vid förestring av lipidprover 

från fisk. Vidare bör fler fiskprover från Norrsundet och andra kontaminerade områden 

samlas in och analyseras för att bestämma det faktiska dagsläget. De metoder som har 

analyserats är verifierade och kan anses ha gett fullgoda resultat.   
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1 INTRODUCTION  
 

Persistent Organic Pollutants (POPs) are carbon based chemical substances (Ewald, 1999). 

The Stockholm convention defines POPs as persistent, bioaccumulating and toxic (EG 

850/2004). Persistence implies resistance to being broken down and remains intact in the 

environment for a long time. They are not short-lived and aggressive, but stable, and can 

remain in an environment or organism for several years after introduction. The persistency 

also implies potential global problems as they can be transported great distances by, for 

example, wind or water. Bioaccumulating means that the substances are able to absorb in the 

fat tissue of living organisms. Bernes (1999) explains that POPs are hydrophobic, which 

means that the compounds are poorly soluble in water, but dissolves easily in lipids (fats, oils, 

etc.).Substances with properties that can harm living organism are considered toxic (EG 

850/2004). Due to the persistency the toxicity is normally of chronic nature, implying harm 

even if the quantities are lower than what is required for acute toxicity.  

 

The Swedish environmental objective A Non-Toxic Environment (SEPA, 2010) is relevant to 

this study because the objectives state that the concentrations of non-natural, environmental 

pollutants (e.g. POPs) should be as low as possible and their impact on eco-systems 

negligible. Environmental pollutants are well investigated, but there is still a lack of 

knowledge, especially concerning chlorinated fatty acids (ClFA).  

 

ClFAs are lipophilic by definition, however they do not bioaccumulate in the same passive 

ways as “traditional” POPs (Ewald, 1998), as demonstrated by for example Ewald, Sundin, 

Skramstad and Frøyen (1996). Furthermore, they are assimilated from food with a low degree 

of loss, which emphasises their environmental persistency. Studies show that ClFAs are 

accumulated by zebrafish (Håkansson, et al., 1991), perch (Ewald, et al., 1996) and rats (e.g. 

Cunningham & Lawrence, 1976a, 1976b, 1976c). ClFAs’ toxic properties are mainly related 

to reproductive disturbances. For example, a 25% reduction in egg hatching frequency was 

observed in zebrafish after having been fed with eel lipids contaminated with ClFAs 

(Håkansson, et al., 1991).  

 

Södergren et al. (1988) performed a study in Norrsundet, Gävleborg County, from 1983 to 

1986. They collected samples from the receiving waters of Norrsundet, and discovered that 

the area was contaminated by the nearby pulp industry. ClFAs were found in several fish 

samples caught in the archipelago. Many industries used chlorine gas for bleaching. This has 

affected fish populations, with examples of biological effects being liver enlargements, 

skeletal deformations and fin fractures.  

 

There have been various methods of identifying ClFAs in fish lipid samples. Mu (1996) 

investigated ELCD (Electrolytic Conductivity Detector) and MS (Mass Spectrometry) as 

suitable detectors for gas chromatographic determination of ClFAs in fish lipid samples. The 

author concluded that both GC-ELCD and GC-MS could be used for quantification of ClFA. 

Åkesson-Nilsson, Nilsson, Odenbrand and Wesén (2000) investigated the GC-XSD (Halogen 

Specific Detector) for the same applications. They compared it to the ELCD and came to the 

conclusions that the detection limit and selectivity matched that of the ELCD. Furthermore, it 

was more stable and easier to maintain in the analysis (Åkesson-Nilsson, 2004). Thus, the 

XSD was proven to show promising properties as an alternative to the ELCD. The XSD is the 

detector investigated in this study. Literature on this subject is limited to 2005, which is why 

it is interesting to further investigate this.  
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1.1 Scope of the Thesis, Research Questions & Hypotheses 
This thesis is divided into two parts. One theoretical part and one practical part (where the 

theoretical part is applied to a case study). The scope of the first part is to verify and validate 

Gunilla Åkesson Nilsson’s method of isolating and quantifying ClFAs as described in her 

dissertation (Åkesson-Nilsson, 2004). Validation and verification is performed by preparing 

dilution series with known concentrations of ClFAs, running them with the GC and creating a 

calibration curve with a linear regression. Two methods of transesterification (which is a 

preparation process of the method, described in section 4.2.2) are compared and evaluated. 

This is of relevance due to the lack of knowledge regarding the method, which has arisen 

over the last decade since it was developed.  

 

Research questions 

 How is it possible to evaluate the two methods of transesterification, sulphuric acid 

(H2SO4) with methanol and boron trifluoride (BF3) with methanol? 

 How are possible differences in the methods valued against each other?  

 

The scope of the second part of the thesis is to apply the evaluated method to a case study 

where fish samples from Norrsundet has been collected. This is important as SEPA (2008) 

concluded that the ClFA-concentrations in Norrsundet had decreased and that the fish 

populations had recovered.  

 

Hypotheses 

 If there are detectable concentrations in the fish samples, they will be of greatest 

concentration in the stickleback, due to the proximity of the disused industry. This is 

because the lavaret is a migrating fish species.  

 

1.2 Delimitations and Motivations  
The method is delimited to ClFAs in fish and aquatic mammals. It is possible to apply this 

method on human lipid samples (e.g. Gustafsson-Svärd, Åkesson-Nilsson, Mattson, Sundin 

& Wesén, 2001), however this study is only concerned with verification/validation of the 

method through standard samples as well as attempting to perform the method on fish lipid 

samples.  

 

Most of the pulp industries are located on the eastern coast of Sweden (Södergren, et al., 

1988). Fish samples were collected in Norrsundet, Gävleborg County, Sweden. The location 

was chosen because of its history of contaminated biota, industrial discharge and high 

contents of chlorinated organic compounds (Södergren, et al., 1988; Robertsson, 2014). 

Several studies have been made on sediment and fish collected from the area close to 

Norrsundet. The collected lipid samples were from perch (Perca fluviatilis), lavaret 

(Coregonous lavaretus) and stickleback (Gasterosteus aculatus). Perch has been analysed in 

previous reports (e.g. Södergren, et al., 1988; SEPA, 2008; Robertsson, 2014), with high 

detected concentrations of ClFA and it is the primary fish species living in Norrsundet. The 

main reasons for the high concentrations are the disused pulp industry nearby, which 

contaminated the surroundings with chlorine. The stickleback was caught just outside the 

perimeters of the saw mill, with a distinct smell of sulphur coming from the mill even though 

it is abandoned. The water was muddy with a lot of algae, probably due to eutrophication. 

The lavaret and perch were caught in the inner archipelago of Norrsundet. A sample of 

lavaret was taken because that species had not been analysed in earlier publications and it 

could be interesting to compare different species against each other.  



3 

 

2 ENVIRONMENTAL ASPECTS  
 

Industries using chlorine gas for bleaching is an example on how industrial activities affect 

both populations and individual organisms in the contaminated areas (Södergren, et al., 

1988). Some of the observed effects are liver enlargements, decreased gonadal growth, 

reduced levels of sex hormones, skeletal deformations and fin fractures. Even the production 

of fish larvae decreased as well as the quantity of full-grown fishes. However, SEPA (2008) 

concluded that the primary reason to the decreased amount of fish was plankton deficiency. 

Starving fish larvae is a more common reason than reproductive disorders. Environmental 

contamination resulting in slow changes in the eco-systems are almost impossible to detect.  

 

Södergren et al. (1988) performed an investigation of the receiving water in Norrsundet 

between 1983 and 1986. It was concluded that the industry in Norrsundet produced 240 000 

tonnes of chlorine bleached soft wood pulp every year. Analysis on perch showed that the 

EOCl concentrations were higher in fish caught close to the contaminated area than in the 

open water (50 km from the coastline). The ecosystems had been affected, the fish population 

had decreased compared to non-contaminated areas, the gonadal growth of fish decreased as 

well as the amount of surviving fish larvae. The Swedish Environmental Protection Agency, 

SEPA, (2008) claims that the dissipation of organic pollutants has decreased since the 1970s. 

However, as numerous factors affected the development of animal populations, it is difficult 

to relate the observed changes in population to environmental contaminants. Furthermore, it 

is difficult to analyse samples and identify which specific environmental pollutant that could 

cause the observed effects and changes. The most credible conclusion is that aquatic biota is 

exposed to a complex mixture of several environmental pollutants, with observed changes 

depending on a constant long term exposure of these. However, some of the biological 

changes are connected to specific point sources, e.g. pulp industries. By decrease or 

prohibition of the usage of chlorine gas in industries the biological effects have been reduced. 

It is also difficult to decide if the effects are acute and if they are local, regional or global 

issues. The concentrations of organic pollutants such as DDT and PCB have decreased 

gradually over the decades. Nonetheless, concentrations of dioxins are still high in the 

contaminated areas of the Baltic Sea.  

 

The investigations conducted on perch from Norrsundet in 1983-1986 (Södergren, et al., 

1988) indicated that the perch samples had all the above mentioned symptoms, detected in 

areas surrounding the point sources within a radius of 8-10 km. The most acute symptoms 

were detected in perch caught 2-5 km from the point sources. However, the specific chemical 

substance(-s) that affected the perch were not identified. Investigations were repeated in 

1988, 1990, 1993 and 1995. In 1995 most of the biological consequences had disappeared 

(SEPA, 2008). Health status of perch was deemed “good”, with exception of slightly delayed 

sexual maturity.  

 

2005-2006 perch was collected from areas in Sweden affected by pulp industries (SEPA, 

2008). After analysis it was discovered that in 50% of the cases the contents of dioxins was 

significantly higher in fish living closer to the point sources. The results were insufficient to 

correlate measured concentrations to processes, raw material, purification techniques or 

concentrations in the sediment. It was therefore decided that no further investigations were 

necessary. In a report by Robertsson (2014) analysis on perch caught in Norrsundet was 

performed. The concentrations of polychlorinated dioxins were distinctly higher than in the 
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remaining parts of Gävleborg County. However, the concentrations were not higher than the 

limit values set by the EU.  

 

Reduced emissions of dioxins during the 1990s have not resulted in decreased concentrations 

in herring and salmon, with concentrations still being above limit values for consumption 

(Robertson, 2014). Even sediment analysis in contaminated areas had very high 

concentrations compared to the limit values for the environmental quality criteria. The author 

concluded that environmental remediations of contaminated areas are generally not 

prioritised. The dioxin concentrations in fish (herring) would not be affected by local 

remediation. Robertson suggested that municipalities with extremely high dioxin 

concentrations in the sediment might consider a soil remediation because dioxins could cause 

acute toxicity and damage on local ecosystems. Controversially, soil remediation might 

increase the concentrations of dioxins in a short term perspective. A suggestion from the 

SEPA (2008) is that future investigations will focus on control programs and effect studies in 

the receiving waters. The primary symptoms that require investigation are reproductive and 

hormonal disorders. 
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3 CHEMICAL BACKGROUND 
 

The EG 850/2004 regulation aims to phase out prohibited POPs and increase the control and 

restriction of persistent organic pollutants such as pesticides, insecticides and dioxins. 

Examples of environmental organic pollutants are DDT and PCB, which are organochlorine 

compounds (Bernes, 1999). As early as in the 1950s growing numbers of dead or dying birds 

were observed in Sweden. Analysis showed that dead birds and raptors’ eggs contained high 

concentrations of the insecticide DDT. PCBs had been produced on a large scale for a long 

time (production started as early as 1929) before its distribution in nature was determined. It 

was identified in the environment 37 years after its introduction as an industrial chemical. 

PCBs are very persistent, which made their distribution in nature possible even after 

decomposition of the products they made part of (e.g. electrical equipment. A major 

component of POPs is EOX, extractable organohalogens, (Bottaro, Kiceniuk & Chatt, 1999).  

 

EOX are a sum of three parameters: EOCl (Extractable Organically Bound Chlorine), EOBr 

(Extractable Organically Bound Bromine) and EOI (Extractable Organically Bound Iodine), 

where the primary one is EOCl (Bottaro, Kiceniuk & Chatt, 1999). EOX is a combination of 

ClFA, naturally occurring substances, industrial waste products, synthetic compounds 

(polychlorinated biphenyls, organochlorine pesticides, polychlorinated dibenzo-p-dioxins or 

polychlorinated dibenzofurans) and polar compounds (Niemirycz, Kaczmarczyk & 

Blazejowski, 2005; Kostamo, Hyvärinen, Pellinen & Kukkonen, 2002). It is of importance to 

analyse EOX to get an indication of the content of environmental pollutants even though the 

compounds are not separated. The bulk of EOCl remained a conundrum for many years until 

it was discovered that 90% of the EOCl in aquatic biota consists of ClFA (Wesén, Carlberg & 

Martinsen, 1990). Identified chlorinated pollutants such as PCB, DDT and dioxins contribute 

to 5-10% of the EOCl (Södergren, Bengtsson, Jonsson, Lagergren, Larson, Olsson & 

Renberg, 1988; Wesén, Carlberg & Martinsen, 1990; Lunde, Gether & Stennes, 1976).  

 

Traditional ecotoxicological knowledge considers pollutants as xenobiotics, where the 

organism recognises the introduced substance as foreign and induces metabolic, detoxifying 

and excretory responses. ClFAs are however not recognised as xenobiotic, since the body 

desires FAs. Therefore, ClFAs are able to accumulate in an organism. Also, ClFAs are not 

persistent in a chemical sense, i.e. they are not resistant to being broken down by sulphuric 

acid and other stronger oxidising agents (Ewald, 1998). However, they are considered 

biologically stable because of the abovementioned reasoning about ClFAs and xenobiotics. 

 

The pulp industry was, for a long time, the greatest contributor to Swedish effluents of 

chlorinated organic pollutants (Bernes, 1999). The reason was that much of the pulp was 

bleached during production. The bleaching agent was, until a few years before 1999, 

elemental chlorine (chlorine gas). As a result, a majority of produced chlorinated waste from 

the industry was discharged into nature. In the mid-1980s, an annual amount of 15 000 tonnes 

of organically bound chlorine was released by Swedish pulp industries to lakes and coastal 

waters. However, these industries gradually switched to using other bleaching agents, e.g. 

chlorine dioxide, hydrogen peroxide and ozone, which resulted in a reduction of effluent 

chlorine. EOCls were still found in the vicinity of pulp industries, even after the changing of 

bleaching agents, which implies persistence.  
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However, chlorinated fatty acids have been reported as naturally occurring. Schwack (1988) 

discovered that UV-degradation of DDT in the presence of an unsaturated fatty acid could 

result in formation of ClFAs. Nowadays, over 100 different FAs have been found and 

identified. Mc-Murry (2011) concludes that 40 of them are commonly occurring. The two 

most overabundant unsaturated Fatty Acids are oleic acid and linoleic acid, both with a 

carbon chain of 18 atoms. Oleic acid is monounsaturated and has a double bond, linoleic acid 

is saturated. Free FAs react with chlorine atoms and build saturated chlorinated fatty acids 

(Åkesson-Nilsson, 2004). Furthermore, chlorinated fatty acids could be formed within the 

organism as a result of metabolism of other chlorinated compounds (Jernelöv, 1989). 

According to Grimvall and de Leer (1995) the transformation and the transport of naturally 

produced organohalogens in aquatic environments should be considered of greater 

importance than the anthropogenic chlorinated compounds.  

 

Mu (1996) investigated ELCD (Electrolytic Conductivity Detector) and MS (Mass 

Spectrometry) as suitable detectors for gas chromatographic determination of ClFAs in fish 

samples. The author came to the conclusion that both GC-ELCD and GC-MS could be used 

for quantification of ClFA. Åkesson-Nilsson, Nilsson, Odenbrand and Wesén (2000) 

investigated the GC-XSD (Halogen Specific Detector) for the same applications. They 

compared it to the ELCD and came to the conclusions that the detection limit and selectivity 

matched that of the ELCD. Furthermore, it was more stable and easier to maintain during 

analysis (Åkesson-Nilsson, 2004). Thus, the XSD was proven to show promising properties 

as an alternative to the ELCD. Literature on this subject is limited to 2005, which is why it is 

interesting to further investigate this.  

 

Background information concerning the chemical nature of this study is given below. Also, 

the analytical methods used in this study are explained.  

 

3.1 The standard samples 
The two fatty acids investigated during this study (Figure 1) are 9,10-dichloro octadecanoic 

acid and 9,10,12,13-tetrachloro octadecanoic acid. Their chemical structures as well as their 

chemical names are illustrated. The standards consist of pure fatty acid in solid form. 

Moreover, these are the fatty acids investigated in the fish samples. The 9 and 10 as well as 

the 9, 10, 12 and 13 respectively indicates where in the carbon chains the chlorine atoms are 

placed.  

 

3.2 Fatty acids 
Fatty acids are components of fats, in nature they may occur both as free acids and as esters 

(Erlanson-Albertsson, 2013; Christie, 1993). They consist of a long hydrocarbon chain, 

which is hydrophobic (insoluble in water). At the end of the chain, there is a carboxyl group 

(COOH), which is hydrophilic (soluble in water). This makes the fatty acid amphiphilic, 

which means that it contains one hydrophobic part and one hydrophilic part. They can be 

Figure 1. Showing the samples’ chemical structure and chemical names. Illustrated in ChemSketch. 
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saturated, monounsaturated or polyunsaturated. The saturated ones contain single bonds, 

while the unsaturated ones contain double bonds or triple bonds. Double bonds give fatty acid 

a lower melting point and a different structures compared to the saturated ones (McMurry, 

2011): Saturated fatty acids have a uniform shape containing straight carbon chains that 

effectively are able to be packed together tightly in a crystal lattice. However they are less 

reactive than unsaturated fatty acids and are stored more easily in fat tissue. The double 

bonds in the unsaturated fatty acids result in some twists and turns (cis-configuration) in the 

hydrocarbon chains, making the formation of a stable crystal lattice less propitious which 

means that the melting point decreases. 

 

Each phospholipid molecule contains two fatty acid moieties esterified to glycerol (1,2,3-

trihydroxypropane) with a hydrophilic head containing phosphate attached to the third 

hydroxide group (Erlanson-Albertsson, 2013). Phospholipids make up the bilayer of the 

biological membranes, e.g., cell membranes (Figure 2). The phospholipid is strongly 

amphiphilic. Because of this and the aqueous character of the body fluids the hydrophobic 

parts of the fatty acids turn towards each other, creating a hydrophobic inner core and 

hydrophilic surfaces of the membrane. In addition to phospholipids, biological membranes 

contain cholesterol and proteins. The phospholipid bilayer is stabilised by cholesterol. A cell 

with an absence of cholesterol is more prone to breaking. Proteins in the plasma membrane 

are of two types: periferic and internal (or transmembranal). The periferic proteins are 

hydrophilic and attached to the outer part of the membrane. The internal and transmembranal 

ones are hydrophobic and are thus integrated into the phospholipid layers. The internal (or 

transmembranal) proteins are receptors for different hormones, channels for transport of 

material across the membrane and adhesion proteins; the periferic proteins mark the identity 

of the cell.  

 

 
Figure 2. The phospholipid bilayer is what constitutes the biological cell membrane (a). The phospholipids consist of a 

hydrophilic phosphate head (b) with hydrophobic fatty acid tails (c). 

 

Björn, Sundin, Wesén, Mu, Martinsen, Kvernheim, Skramstad and Odham (1998) suggested 

that chlorinated fatty acids can be incorporated into the lipid layer of the plasma membrane. 

These authors refer to previous studies with similar conclusions as their study, and state that 

there might be concerns regarding the function of the phospholipid bilayer upon introduction 

of chlorinated fatty acids. Since the ClFAs can be accumulated into the organism, the 
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phospholipid bilayer in particular, it might affect how for example the cell interacts with 

other cells, or how proteins interact with the cell membrane.  

 

3.3 Analytical methods 
Below is background information concerning different analytical methods that have been 

used in this essay.  

 

3.3.1 Transesterification 
Chromatographic analysis with FAMEs (fatty acid methyl ester, which are the product of 

transesterification) instead of free FAs results in a better selectivity and minimised systematic 

errors (Carrapiso & Garcia, 2000). Another advantage with FAMEs is that a relatively low 

temperature is required to get the samples into gaseous phase resulting in better shapes and a 

better resolution of the peaks. The GC-MS makes it possible to determine the composition 

and concentrations of FAs in a lipid sample. The FAs have to be converted into volatile 

derivatives, normally methyl esters. Fatty acids may occur in their free, unesterified form in 

nature, but it is more common to find them as esters e.g., glycerol and cholesterol (Christie, 

1993). Figure 3 shows a simplified illustration of the reaction formula for esterification.  

 

 
Figure 3. The reaction formula for esterification. The R-COOH is a fatty acid and the R-COO-CH3 is the ester product. 

Illustrated in ChemSketch. 

 

Chlorinated carboxylic acids are the major part of the EOCl (Wesén, 1995). Carboxylic acids 

(such as FAs) could be converted into esters by reaction with an alcohol and an acidic 

catalyst (McMurry, 2011). The Fisher Esterification Reaction (Figure 3) is one of the most 

useful and simplest methods. The reaction takes place under constant heating. One of the 

oxygen atoms in the carboxylic group is protonated by the catalyst (H2SO4 or BF3) and as a 

result, the carboxylic group is positively charged, making it more reactive against 

nucleophiles. A molecule from the alcohol (methanol) is then added to the protonated 

carboxylic acid. With a proton loss and subsequent water expulsion, by adding for example 

Na2SO4, the acid catalyst is regenerated which yields the ester products. According to the 

principle of Le Chatelier: all reaction steps are reversible and the equilibrium could be driven 

backward or forward. If the state of equilibrium is disturbed the reaction will move to the 

right or left until the equilibrium is restored. Ester formation takes place when the alcohol 

acts as a solvent and the carboxylic acid is favoured when water is the solvent. Therefore it is 

important that the alcohol is in a great excess. 

 

There is a potential problem with storing the samples for several weeks (McMurry, 2011; 

Zumdahl & Zumdahl, 2010). This could be caused by a leakage in the lids or insufficiently 

tightened lids. There is a possibility that moisture could penetrate the samples, causing 

hydrolysis. Lipids containing ester linkages can be hydrolysed in the presence of water, the 

reaction will then go backwards and turn the ester products back to carboxylic acids.  

 

When preparing samples for methylation an acid or base catalyst could be used (Åkesson-

Nilsson, 2004; Kleiman, Spencer & Earle, 1969). Base-catalysed reagents are not an 

alternative when preparing FAMEs because the base-catalysed reagents are not able to 
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convert free fatty acids into fatty acids methyl esters. In addition, it is of utmost importance to 

avoid basic conditions when preparing ClFAMEs as it would remove the chlorines from the 

fatty acids. On the other hand, acid-catalysed reagents might destroy polyunsaturated fatty 

acids; nevertheless the ClFAs that will be used in this essay only contains single bonds.  

 

Two main methods of transesterification have been used in earlier studies, with BF3-methanol 

and with H2SO4-methanol (Åkesson-Nilsson, 2004).  

 

3.3.1.1 H2SO4 

Sulphuric acid, H2SO4 is a strong acid (Zumdahl and Zumdahl, 2010). It is easy to prepare a 

suitable solution of H2SO4/Milli Q-water (1M) from concentrated H2SO4. Then the sulphuric 

acid is diluted with methanol. Sulphuric acid works as a catalyst and the methanol has to be 

in a large excess. The catalyst protonates one of the oxygen atoms in the carboxyl group, 

making it more reactive to nucleophiles (electron donor). Methanol will then react with the 

protonated carboxyl group; the ester production occurs as a result of a loss of water 

production (the water has to be removed so the reaction goes towards the product-stage, to 

the right) (Sigma-Aldrich, 1997). The H2SO4-methanol method is more commonly used than 

the BF3-methanol method. However, the literature concludes that it is a slower method, 12-16 

h being an optimal reaction time (Åkesson-Nilsson, 2004). The temperature and waiting time 

is intended as a guideline and depends on the components in the samples. The EPA 552.3 

method indicates that it is possible to heat the sulphuric acid samples, shortening the waiting 

time from 12-16 h to approximately 2 h. A disadvantage with the H2SO4 method according to 

Sigma Aldrich (1998) is that it is harder to remove the catalyst from the sample after the 

reaction. Also, it has dehydrating reactions and could build artefacts and have charring effects 

if not handled in a proper way. It is of importance to measure pH of samples to ensure 

successful neutralisation has occurred, since acidic samples can contaminate the column of 

the GC.  

 

3.3.1.2 BF3 
Boron trifluoride (BF3) is an electron deficient compound and will consequently act as a 

Lewis acid (electron pair acceptor) and the reaction with a Lewis base would be exothermic. 

In the more traditional Brønsted-Lowry definition, an acid is a proton donor and a base is a 

proton acceptor. The definition of Lewis acids and bases is more encompassing than 

Brønsted-Lowry, because it is not bound to compounds and substances that act as proton 

donators or acceptors. Instead, a Lewis acid is an electrophile that can accept electrons and a 

Lewis base is a nucleophile that can donate electrons.  

 

BF3 has a trigonomal planar geometry. The bonding energy is extremely high and the 

molecule is stable (McMurry, 2011; Rayner Canham and Overton, 2010; Zumdahl and 

Zumdahl, 2010). BF3 is the most polar boron halide and is therefore very reactive against 

organic compounds. In combination with an alcohol (e.g. methanol) BF3/methanol will have 

the same capacities as a strong acid and can act as a catalyst (Morrison and Smith, 1964). 

Åkesson-Nilsson (2004) claims that BF3 is faster and more effective than the use of H2SO4-

methanol. Esterification is most effective in the presence of a volatile catalyst, such as BF3 

(Kleiman, Spencer and Earle, 1969). The excess of the alcohol will drive the esterification to 

completion and the catalyst will be removed during the evaporation of the remaining alcohol.  

 

However, BF3 must be stored in the fridge and should be used before the expiration day 

(Sigma-Aldrich, 2015; Åkesson-Nilsson, et al., 2000). Otherwise some artefacts could be 

formed that impairs the chromatograms. BF3 must be handled with care in a fume hood 
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because it is a volatile compound that could cause acute toxicity. However, as BF3 (14%) in 

methanol is purchased readymade, it is a potentially rapid method with relatively few 

preparation steps before the samples are ready to be analysed.  

 

3.3.2 Solid Phase Extraction (SPE) 
To make sure that the detection of ClFA in lipid samples succeeds it is of importance to 

separate the large excess of natural occurring unchlorinated FAs from the ClFA (Wesén, 

1995). Solid Phase Extraction is an analytical technique for sampling and sample clean-up.  

 

A chromatogram of a raw sample extract usually contains several peaks, most of them of no 

interest (Simpson, 2000). Different compounds may have similar retention times, making the 

identification and/or quantification difficult. SPE, originally developed to extract organic 

contaminants from water samples, can be used for a variety of sample work up applications 

by varying the chemistry of the solid phase sorbent. By a judicious choice of sorbent material 

and solvent, unwanted compounds are removed from the sample extract and sample clean-up 

is achieved. In SPE, the solid phase is a form of chromatographic stationary phase and the 

sample is the equivalent of a liquid mobile phase. As the sample passes through the solid 

phase, the analytes are retained but can be released by changing to a different solvent once 

the sample has passed through the SPE cartridge. 

 

Åkesson-Nilsson (2004) developed an SPE-method to separate FAMEs, ClFAMEs and 

polyunsaturated fatty acid methyl esters after lipid-extraction using the method of Bligh and 

Dyer (1959). This method makes use of a silica-based sorbent chemically in which the silanol 

groups have been modified with aminopropyl group to achieve the desired sorbent chemistry. 

Common FAMEs have retention times that overlap with ClFAMEs, which make it difficult to 

identify ClFAs among FAs with the MS. However, the GC-XSD is a halogen specific 

detector with very high selectivity for halogens over carbon. Overlapping retention times are, 

therefore, less of an issue and ClFAs may be detected even in the presence of large amounts 

of non-halogenated compounds. Although, there is still an issue of overloading the GC 

column due to unchlorinated FAs constituting the majority of FAs in a fish sample (the 

concentration of FAs can be >>1000 times higher compared to the ClFAs). Therefore, this 

technique is still essential for using fatty acid samples in the GC-XSD.  

 

3.3.3 Gas Chromatography (GC)  
Gas chromatography (GC) is a versatile, powerful tool in chemical analysis and the technique 

is used widely (Stuart, 2003). GC uses a stationary and a mobile phase for separation of 

different components of a sample. The mobile phase is a gas, e.g. helium or nitrogen, and the 

stationary phase is a liquid with a high boiling point, usually chemically bound to the walls of 

the column. The stationary phase can be both polar and nonpolar. The structure of the GC is 

illustrated below (Figure 4). A potential problem is that some analytes might not be resistant 

to high temperature thus breaking down during the process, which affects the results 

negatively.  
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Figure 4. A GC (Gas Chromatograph) system consists of: a) a mobile phase (e.g. helium or nitrogen) container; b) an 

injector where the sample is vaporised into gas form and pushed forward by the mobile phase; c) an oven which heats the 

sample as it passes through the d) a column where separation takes place giving different retention times for different 

compounds; e) a detector where the sample passes through at different time points due to retention time; f) the detector 

sends a signal to the computer software that draws a chromatogram containing the peaks representing the different 

compounds of the sample. The shorter retention time the closer to the y-axis are the peaks drawn.  

 

Injection: a small amount of the analyte in solution is injected to the GC with a syringe 

(Simonsen, 2005). The needle passes through a septum (a thick piece of silicon rubber), 

which reseals itself when the needle is retracted to ascertain that no gas leaks out the wrong 

way. The injector is held at a sufficiently high temperature to ensure that the analytes are 

vaporised. The carrier gas (mobile phase) flows through the injector and the sample will 

follow the gas flow through the GC. It is necessary that the mobile phase is inert to make 

certain that it will not react chemically with the analytes (the compounds that are to be 

quantified). Inside the column, separation occurs because different sample components 

partition differently between the stationary phase and the gas phase giving different retention 

times to different analytes. 

 

Temperature: The injector temperature must be higher than the boiling points of the 

analytes (Simonsen, 2005) as the analytes must be vaporised immediately upon injection, to 

give distinct chromatogram peaks. However, the oven temperature at injection can be kept 

relatively low, and is programmed with a specific temperature increase per minute. As the 

oven temperature increases different analytes will start moving through the column. The 

temperature programme should be chosen to achieve distinct peak separation and maintain an 

optimal peak shape to enable good analyte identification and quantification.  

 

Retention time: Retention time depends on the chemical properties, e.g. size and boiling 

point of the analytes (Stuart, 2003; Simonsen, 2005). For example, larger molecules will 

usually have higher boiling points and take a longer time to reach the detector than smaller 

ones, and an analyte with a lower boiling will reach the detector quicker. This means that 

different analytes reach the detector at different points in time and, ideally, if there is no 

retention time overlap, creating distinct peaks in the chromatogram for each analyte.  

 

Chromatogram: As mentioned above, when the samples have been separated in the column 

the compounds formed have different retention times. Depending on the retention times, 
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peaks in the chromatogram can be identified. The size of the peak depends on the 

concentration. The area under the peak and the peak height are directly proportional to the 

concentrations of the samples. By calculating the area under the peak or the peak height, the 

actual concentration can be determined (Simonsen, 2005).  

 

3.3.4 Detector 
The detector is placed at the outflow of the GC-column and detects changes in the properties 

of the carrier gas from the GC-column. The detector signal is registered in a computer that 

displays the recorded chromatogram (McNair & Miller, 2009). The analytes are indicated by 

peaks in the chromatograms that are proportionate to the quantity of the specific analyte, 

making quantitative analysis possible. The signals (peaks) are compared to standards of 

known analytes to determine the data qualitatively. The most common detector is the FID 

(Flame Ionisation Detector) that “counts carbon atoms” in the analyte. Other detectors are 

TCD (Thermal Conductivity Detector), a general detector that detects changes in the thermal 

properties at the outlet of the column. ECD (Electron Capture Detector), which is highly 

sensitive to analytes with a high electron affinity, e.g., organohalogens, and MS (Mass 

Spectrometry), in which the analytes are fragmented into a mass spectrum typical for each 

analyte. In cases when the mass spectrometer is a small bench top model dedicated for use 

with GC it is often called a mass selective detector (MSD). In our case, the halogen specific 

detector (XSD) was used as a detector. Like the ECD, the XSD will detect organohalogens, 

but while lower amounts of pure organohalogens can be detected with an ECD, the XSD has 

much higher selectivity for halogenated compounds which is why this detector may be 

preferable for complex samples.  

 

3.3.4.1 Mass Spectrometry (MS) 
All MS consist of three components: an ion source, a mass analyser and an ion detector 

(Downard, 2004). In the first component, the ion source, the analyte molecules are ionised 

and/or fragmented and the resulting ions are introduced into the MS. To keep the gaseous 

compound from expanding, the ion source, as well as the rest of the MS, is kept under high 

vacuum. Then the ions are accelerated from the ion source into the mass analyser. In the mass 

analyser the ions are separated according to their mass/charge (m/z). There are several types 

of mass analysers with different resolution – capacity to separate fragments with close m/z. 

Finally, the separated ions reach an ion detector where an electrical current is produced, 

amplified and detected.  

 

3.3.4.2 Halogen Specific Detector (XSD)  
An XSD (O.I. Analytical, n.d.) is a halogen selective detector for GC. An XSD identifies 

halogenated compound such as chlorinated fatty acids, pesticides, DDT and PCB. When a 

compound has gone through the GC column, the effluents are subjected to a process known 

as oxidative pyrolysis, where they are converted into their oxidative products and free 

halogen atoms. These are then separated by charge and the halogen atoms yield an increased 

emission of free electrons and halogen ions. This results in a current which is measured by an 

electrometer and visualised in a chromatogram. Moreover, the manufacturers claim that the 

XSD has a high halogen selectivity vs. hydrocarbon, making analysis simpler and decreases 

sample preparation time. In our case the XSD was coupled in parallel with an MS (GC-

XSD/MS), i.e. splitting the column flow into the two detectors, giving the possibility to also 

obtain a mass spectrum of peaks that give a peak on the XSD.  
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3.3.5 Calibration Curve 
With obtained area values it is possible to create a calibration curve, which is a graphical 

representation of the measured signal as a function of the concentration (Simonsen, 2005). 

Calibration is performed with standard samples, since they have a known concentration.  

 

The calibration curve is a trend line in a range of concentrations. It is impossible for the 

detector to measure all concentrations, due to sensitivity and linearity. Sensitivity describes 

the extent of constant measured signal generated by the detector (Miller, 1988). This means 

that the sensitivity explains the range of values that the detector is able to produce for a given 

analyte. The sensitivity is represented by the slope of the calibration curve. Linearity refers to 

the extent of the trend line being linear. At a high concentration the sensitivity falls, i.e. the 

gradient of the calibration curve decreases significantly (Miller, 1988). To establish the 

detectors linearity it is necessary to define the upper limit of the produced values. The upper 

limit is when the concentration corresponds to sensitivity equal to 95% of the maximum 

sensitivity. A calibration curve shows where the linearity declines. 
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4 MATERIALS AND METHOD 
 

The methodological framework for the different procedures of the study are described below. 

This includes the method for the theoretical part and for the practical part. The theoretical 

part includes the work up methods and the practical part includes sample collection as well as 

extraction and isolation of the fish lipids.  

 

4.1 Theoretical Methodology  
This section covers the methods of the theoretical part of the essay, which are used for 

verifying and validating Åkesson-Nilsson’s (2004) method.  

 

4.1.1 Chemicals  
During the laboratory sessions, various chemicals have been used. These are noted in Table 1 

below, in both commercial and chemical name. Also, the purity of the products (noted on the 

side of each container) is noted as well. The table is intended as a summary of all chemicals 

used in the study.  

 
Table 1. This table gives an overview of the chemicals used in this study. Commercial name along with chemical name is 

stated, as well as the purity of each chemical. *Note that information about the purity of each chemical is limited to when it 

was bought. There is a risk of contamination having decreased the purity at some point.  

Commercial Name Chemical 

Name 

Purity 

(%)* 

Borontrifluoride (14%) in 

methanol 

HOCH3/BF3 ≥99.5 

Dichloromethane CH2Cl2 ≥99.9 

Methanol CH3OH ≥99.9 

Methyl tert-butyl ether C5H12O ≥99.8 

n-hexane CH3(CH2)4CH3 ≥98 

Potassium chloride KCl ≥99.5 

Sodium bicarbonate NaHCO3 >99.5 

Sodium sulphate Na2SO4 ≥99.0 

Sulphuric acid H2SO4 95-97 

 

4.1.2 Work Up Methods for Standard Samples  
Before analysis of ClFA several preparation steps and work up methods have been necessary. 

Two different acidic catalyst methods for transesterification were prepared and compared. A 

dilution series was created to make sure that the column would not be overloaded, and a 

calibration curve was created to validate the methods.  

 

4.1.2.1 Sample Preparation 
The first step was to create a dilution series of the 9,10-dichloro octadecanoic acid and 

9,10,12,13-tetrachloro octadecanoic acid. According to Åkesson-Nilsson et al (2000), the 

optimal concentration range of 9,10-dichloro octadecanoic acid and 9,10,12,13-tetrachloro 

octadecanoic acid for the XSD to detect are between 0.2-80 µg/ml. The main purpose of 

creating dilution series was to make standard solutions with known concentrations to create 

calibration curves for GC-XSD/MS as a first step to re-establish the method used by 

Åkesson-Nilsson (2004). Below is the technique of dilutions series illustrated (Figure 5).  
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Figure 5. An illustration of the preparation of a dilution series. The calculated concentrations are labelled below the test 

tubes. The dilution factor is 1:5. The arrows represent inserted volumes of MtBE and the extracted sample in each step. 

 

The standard solution was prepared with a concentration of 200 µg/ml. 0.01 g standard 

sample was weighed and dissolved in 50 ml MtBE. The FAs are hydrophobic as long as the 

acids are protonated, i.e. the molecule is in its neutral form. In contrast, MtBE is an organic, 

non-polar solvent in which the neutral, protonated fatty acids will dissolve readily. The ”like-

dissolves-like” rule means that substances of similar polarity tend to be more soluble in each 

other (Stoker, 2012). 

 

The dilution factor in the series is 1:5 and the selected concentrations were set to 0.2, 1, 5, 25 

and 125 µg/ml. The dilution rule was used to conclude that 10 ml of the sample had to be 

diluted with 40 ml of MtBE. Calculations were performed according to equations 1-4:  

 

𝐶1 × 𝑉1 = 𝐶2 × 𝑉2     (1) 

𝑉1 =
𝐶2×𝑉2

𝐶1
=

25×50

125
= 10 ml    (2) 

𝑉2 − 𝑉1 = 𝑉𝑓      (3) 

50 − 10 = 40 ml     (4) 

 

where C1 is the initial concentration and V1 the unknown volume; C2 is the desired 

concentration and V2 is the desired volume; V1 indicates how many ml of C1 that should be 

transferred into a new vial and diluted with solvent; and Vf is the final volume. Thereafter, 

three additional samples were diluted at concentrations 50, 75 and 100 µg/ml. This was 

performed to ensure that the highest concentrations (125 µg/ml) did not affect the trend line 

too much due to potential decreased linearity.  

 

4.1.2.2 Transesterification 
Two different catalysts were used for the transesterification. The supposedly quicker method 

with BF3 (14%) in methanol was compared to the more commonly used method with H2SO4 

(1M) in methanol.  
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4.1.2.2.1 H2SO4 
100 ml 1M H2SO4 was prepared by adding 5.5 ml concentrated 18.2M H2SO4 in 

approximately 50 ml MilliQ-water and then filling the residual volume, up to 100 ml, with 

MilliQ-water.  

 

The EPA 552.3 method (Domino, Pepich, Munch, Fair, Xie, Munch, Pawlecki-Vonderhaide, 

Hodgeson, Becker, Collins & Barth, 2003) was referred to when performing the next steps. 

100 ml acidic methanol was prepared by adding 10 ml 1M H2SO4 to 90 ml methanol. 2 ml 

H2SO4-methanol solution was poured into a test tube. 2 ml sample was added to the test tube 

as well. The tube was placed in the heating block (50 °C ± 2 °C) for 2 h. After 2 h the 

solution was cooled off. 5 ml Na2SO4(aq) was added to the test tubes, and vortexed several 

seconds to create two phases: one water phase and one MtBE phase. It is critical that the 

esters are in the organic solvent, MtBE. The upper phase (MtBE) was extracted to a new test 

tube and 1 ml saturated NaHCO3 was added and vortexed several seconds to neutralise the 

samples. The lid was taken off to release produced CO2 during the neutralisation reaction. 

Consequently, two phases were created: one organic phase and one phase consisting of the 

H2SO4 bound to the NaHCO3. The upper phase (organic) was extracted to a vial for GC-

analysis. At the same time, the pH of the samples was measured to ensure neutralisation was 

successful, acidic samples can contaminate the column of the GC. 

 

4.1.2.2.2 BF3 
The method described by Åkesson-Nilsson (2004) was followed. 2 ml standard solution (200 

µg/ml) was transferred to a volumetric flask. Na2SO4(s) was added to dry the sample so that 

potentially remaining water would be absorbed. With a Pasteur pipette the remaining solution 

was transferred to a test tube. Then, 1 ml BF3 was added and the tube was placed in a heating 

block (70 °C). After 30 min the solution was cooled down and 0.5 ml sample was pipetted to 

a vial. The vials were left unsealed overnight so potentially remaining methanol would be 

adsorbed. 50 µl of the solution was pipetted to an inset vial. 250 µl MtBE was added as a 

solvent. Due to unwanted phases, separation and other complications when testing the BF3 

catalyst as described in the discussion section below, it was decided to make another attempt 

with the BF3 as a catalyst, using the method from Morrison and Smith (1964). 

 

Another attempt with BF3 was made. A different method with a few extra steps and longer 

preparation time was used according to a modified version of the original method by 

Morrison and Smith (1964). 1 ml sample (from the dilution series) was poured into a test tube 

(10 ml) and dried under nitrogen gas (N2), 1 ml BF3 was added and the tube was shaken for 

30 sec. The test tubes were then placed in a water bath or heating block at 70 °C (±2) for 2 h. 

The test tubes were cooled down in room temperature. 1 ml 5% KCl was added and 2 ml n-

hexane as well. The solutions in the test tubes were shaken vigorously, resulting in two clear 

phases. The upper n-hexane phase was transferred to a new test tube with a pipette. Na2SO4(s) 

was added to dispose of the water. The solution was removed carefully from the test tube by 

pipette with a cotton filter (to ensure that no Na2SO4(s) followed with the solution) to a vial 

and dried under N2. 1 ml n-hexane was added to the dried sample. The pH was measured to 

make sure that the samples were neutralised and that the methylation step had been complete. 

 

4.1.3 GC-XSD/MS 
The GC-XSD/MS was set up according to Åkesson-Nilsson (2004). The initial temperature 

of the column oven was 90 °C, held for two minutes. The temperature was then programmed 
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to be increasing with 15 °C/min until the final temperature of 280 °C, held for 10 min (we 

chose to set the final holding time to 10 minutes instead of 5 min (as Åkesson-Nilsson 

recommended) to ascertain that the column was clean between the runs. The gas flow of the 

carrier gas (He) was 1 ml/min and the detector temperature was set to 1000 °C. When 

running the H2SO4-samples that had MtBE as a solvent MtBE was used as a solvent in the 

GC-XSD/MS as well For BF3, n-hexane was used as a solvent. Injection was done with an 

autosampler. The syringe was automatically washed with MtBE five times and acetone two 

times before injection. After injection, the syringe was washed with the appropriate solvent 

by the autosampler.  

 

4.2 Practical Methodology  
The following section describes the methods used for performing the case study with 

collected samples from Norrsundet. This includes sample collection, sample preparation and 

isolation of ClFAs.  

 

4.2.1 Sample Collection 
The stickleback was collected by the research team on 2015-03-29 adjacent to the disused 

pulp industry in Norrsundet (Figure 6, where the small red arrow illustrates the location of 

the disused pulp industry). The sample was stored in a plastic bag, carefully labelled and 

frozen before transport to the University of Linköping. The lavaret and perch samples were 

collected on 2014-09-11 by local fishermen in the archipelago just outside the harbour 

(Figure 6, where the circumscribed area illustrates the archipelago). These samples were 

fileted and frozen separately after collection. They were also carefully labelled before 

transport to the university. All samples were stored in freezer upon arrival at the university.  
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Figure 6. Map of the area where the fish samples were collected (Norrsundet).The archipelago is indicated by the 

circumscribed area and the disused pulp industry is indicated by the small red arrow © Lantmäteriet I2014/00578. 

 

4.2.2 Extraction and Isolation of Chlorinated Fatty Acids in Fish 

Samples 
Since the lipids are stored in different parts of the fish it is of importance to extract the correct 

part. In perch and lavaret the lipids are stored in the muscles (Robertsson, 2014). Therefore, 

parts of the fillet have been used for extraction and analysis.  

 

The lipid extraction was performed according to a modified version of Bligh and Dyer 

(1959). Approximately 10 g fish muscle was weighed and mixed by kitchen blender. 20 ml 

dichloro methane (DCM) and 40 ml methanol was added and the sample was homogenised 

for 2 min. An additional 20 ml of dichloro methane was added, and the sample was 

homogenised for 30 sec. 20 ml MilliQ-water was added as well and the sample was 

homogenised once more for 30 sec. The sample solution was poured through a filter paper 

and the filtrate was collected, transferred to a separation funnel and left for 1 h. Two distinct 

phases were formed (if not, a few additional ml MilliQ-water was added). The solution was 

shaken gently and left for 1 h, to allow for two distinct phases to develop. The bottom layer 

was collected (the DCM-layer). This was repeated once more with the remaining solution in 

the separation funnel. Na2SO4(s) was added to the collected solution to absorb any remaining 
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water, and the sample was filtered to dispose of the Na2SO4(s) from the solution. The organic 

solvent (DCM) was evaporated under a flow of nitrogen gas.  

 

The evaporated samples were weighed and prepared for transesterification according to the 

abovementioned methods with BF3 and H2SO4 (4.2.2.1 and 4.2.2.2). After transesterification 

the samples were evaporated by nitrogen gas and weighed once more. By doing this it is 

possible to determine an approximate concentration of the FAMEs to avoid overloading the 

GC-XSD/MS. The following equation (Equation 5) was used to calculate actual 

concentration to determine the necessary dilution factor,  

 

𝐶 =
𝑚

𝑉
       (5) 

 

where C is the actual concentration as a fraction of sample weight (m) and volume (V). A 

diluted sample was run in the GC-XSD/MS to ascertain that extraction and transesterification 

were executed correctly. The MS can detect if there are common fatty acids in the sample and 

indicate if the sample is appropriate for further analysis. The XSD can detect chlorinated fatty 

acids within the concentration range, 0.2-80 µg/ml. At lower concentrations an SPE might be 

necessary to separate the ClFA from the FA, thus making detection possible where it was not 

before. The method for the GC-XSD/MS described in 4.2.3 was used. SPE was intended at 

first, although proved impossible to perform due to lack of SPE-columns.  
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4 RESULTS  
 

The results are divided into two sections. One section is from the validation and verification 

of Åkesson-Nilsson’s (2004) method. The other section is from the case study with fish lipids 

from Norrsundet.  

 

4.1 Theoretical Results  
As mentioned above, linearity decreased above the concentration range 0.2-80 µg/ml as has 

been stated by for example Åkesson-Nilsson (2004). Therefore, Figure 7 was created to 

illustrate the variance in the area of the two highest concentrations, which results in the 

decreased linearity. The other calibration curves showed similar pattern, which is why only 

one of them was chosen to illustrate this.  

 

 
Figure 7. Calibration curve for 9,10-dichloro octadecanoic acid after H2SO4 transesterification. The x-axis represents the 

different concentrations that were diluted to (0.2, 1, 5, 25, 50 and 75, 100 and 125 µg/ml), and the y-axis represents the 

mean value of the calculated areas under the peaks. n=24. Three replicates on each concentration.  

 

Figure 8 shows the calibration curves for the dilution series of 9,10-dichloro octadecanoic 

acid after transesterification with H2SO4 and BF3. Three replicates of each concentration from 

the above mentioned fatty acid were run in the GC-XSD/MS. The calculated areas under the 

peaks (illustrated on the y-axis) are compared to the concentrations (illustrated on the x-axis). 

The samples were injected with known concentrations (0.2, 1, 5, 25, 50 and 75 µg/ml), and 

the calibration curve shows the relation between the diluted samples as well as the area 

values that can be used to calculate the actual concentrations. The R2-values are 0.982 and 

0.932 for H2SO4 and BF3 respectively. The two highest concentrations (100 and 125 µg/ml) 

were excluded from the graph since the linearity decreases significantly after 80 µg/ml (see 

Figure 7), as has been concluded by for example Åkesson-Nilsson (2004). The lines 

surrounding each trend line shows the confidence interval (95%).  
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Figure 8. Calibration curves for 9,10-dichloro octadecanoic acid after H2SO4 transesterification and BF3 

transesterification. The x-axis represents the different concentrations that were diluted to (0.2, 1, 5, 25, 50 and 75 µg/ml), 

and the y-axis represents the mean value of the calculated areas under the peaks. The R2-value (0.982 for H2SO4; 0.932 for 

BF3) describes to what degree the plotted trend line describes the variation in the calculated values of the areas under the 

peaks. The two surrounding lines illustrate the confidence interval (95%). n=18 for each calibration curve. Three replicates 

on each concentration for each calibration curve.  

 

Figure 9 shows the calibration curves for the dilution series of 9,10,12,13-dichloro 

octadecanoic acid after transesterification with H2SO4 and BF3. Three replicates of each 

concentration from the above mentioned fatty acid were run in the GC-XSD/MS (one was 

excluded in the BF3-transesterified calibration curve, due to deterioration of sample caused 

by evaporation). The calculated areas under the peaks (illustrated on the y-axis) are compared 

to the concentrations (illustrated on the x-axis). The samples were injected with known 

concentrations (0.2, 1, 5, 25, 50 and 75 µg/ml), and the calibration curve shows the relation 

between the diluted samples as well as the area values that can be used to calculate the actual 

concentrations. The R2-values are 0.981 and 0.984 for H2SO4 and BF3 respectively. The two 

highest concentrations (100 and 125 µg/ml) were excluded from the graph since the linearity 

decreases significantly after 80 µg/ml (see Figure 7), as has been concluded by for example 

Åkesson-Nilsson (2004). The lines surrounding each trend line shows the confidence interval 

(95%).  

 

 
Figure 9. Calibration curves for 9,10,12,13-tetrachloro octadecanoic acid after H2SO4 transesterification and BF3 

transesterification. The x-axis represents the different concentrations that were diluted to (0.2, 1, 5, 25, 50 and 75 µg/ml), 
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and the y-axis represents the mean value of the calculated areas under the peaks. The R2-value (0.981 for H2SO4; 0.984 for 

BF3) describes to what degree the plotted trend line describes the variation in the calculated values of the areas under the 

peaks. The two surrounding lines illustrate the confidence interval (95%). n=18 for the H2SO4-calibration curve and n=17 

for the BF3-calibration curve. One of the samples had evaporated to a great extent, which would theoretically alter the 

concentration, thus also the obtained area value. Since it was deemed false, it was excluded from this graph. Three 

replicates on each concentration for each calibration curve (except the BF3-calibration curve due to abovementioned 

reason.  

 

Table 2 shows the main outcomes from experience at the laboratory working with both 

methods of transesterification. Also, it is a short summary of the results in this section.  

 
Table 2. A short summary of the outcomes of results as well as experienced work in the laboratory with both methods of 

transesterification.  

H2SO4-methanol BF3-methanol 

It is a standardised method (EPA 552.3) Is not a standardised method (Morrison & 

Smith, 1969; modified)  

It requires less preparation time.  It requires longer preparation time.  

It was experienced as simpler to achieve 

complete transesterification.  

It was experienced as more difficult to 

achieve complete transesterification.  

R2-values and confidence interval were 

slightly better for 9,10-dichloro 

octadecanoic acid.  

R2-values and confidence interval were 

slightly worse 9,10-dichloro octadecanoic 

acid.  

Results were experienced as more stable on 

standard samples.  

Results were experienced as more stable on 

fish lipid samples.  
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4.2 Practical Results  
Table 3 below shows the start mass of the lipid samples, the mass after extraction and after 

transesterification. It also shows the fatty acid fraction as well as the calculated 

concentrations. The concentrated samples had to be diluted to not overload the column. The 

dilution factor could be seen in Table 3. Sample 4 has an extremely high calculated 

concentration. This could be due to incomplete transesterification.  

 
Table 3. Mass of the lipid samples (of the species lavaret, perch and stickleback) before extraction, after extraction and after 

transesterification, along with a calculated proportion of the weight of fatty acids in the lipid sample.*One sample of lavaret 

was weighted in, before the transesterification the sample was divided in 2 (1 for H2SO4 and 1 for BF3). **The same 

procedure was made on the perch sample. With this information it was possible to calculate the concentration of fatty acids 

in the sample and determine a necessary dilution factor. ***Thus the lipid sample of the stickleback was approximately 1:4 

of the other lipid samples, all added volumes was divided in 4 as well. It was decided to not divide the sample and just do the 

BF3 transesterification.  

Sample Species Mass 

(g) 

Mass 

after 

Extr. (g) 

Mass 

after 

Trans. 

(g) 

Fatty 

Acid 

Fraction 

(%) 

Calculated 

Conc. 

(µg/ml) 

Dilution 

Factor 

1 Lavaret 10.79* 0.009 0.0039 43.3 2600 1:50 

2 Lavaret 10.79* 0.0074 0.0032 43.2 2130 1:50 

3 Perch 10.85** 0.0273 0.0067 24.5 4467 1:75 

4 Perch 10.85** 0.04 0.039 97.5 26000 1:400 

5 Stickleback 2.22*** 0.0079 0.0022 27.8 1460 1:30 

 

After running all the lipid samples in the GC-MS/XSD, only one sample resulted in 

detectable peaks. Therefore, the only chromatogram of interest is the one with lavaret sample. 

Figure 10 shows the chromatogram from the lavaret sample transesterified with BF3. The 

diluted concentration is approximately 50 µg/ml for the prepared standard solution and the 

9,10,12,13-tetrachloro octadecanoic acid (50 µg/ml) transesterified with BF3. By comparing 

their peaks and retention times, results show that both samples may contain similar ClFAs.  
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Figure 10. Chromatogram of the lavaret lipid sample with an approximate concentration of 50 µg/ml (upper graph) at 

retention time 17.164 min and the standard sample of 9,10,12,13-tetrachloro octadecanoic acid with an approximate 

concentration of 50 µg/ml (lower graph) at retention time 17.169 min. The samples have been transesterified with BF3. The 

x-axis shows the time (minutes) and the y-axis shows abundance.  

 

Lastly, Table 2 in section 4.1 shows the evaluation of the use of either methods on standard 

samples or fish lipid samples, which is relevant to this section.  

  

17.164 

17.169 
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5 DISCUSSION  
This chapter has been divided into three separate parts: evaluation of theoretical results, 

evaluation of practical results and environmental implications of the results. The first part 

reflects on the theoretical methodology and the results from the first part of the Essay. The 

second part reflects on the practical methodology and the results from the second part of the 

Essay. The third part connects environmental aspects to the results.  

 

5.1 Evaluation of the Theoretical Results 
Figure 8 and 9 showed that both methods of transesterification work as a degree of linearity 

was achieved in all graphs. All but one of the graphs had R2-values exceeding 98%, with the 

exception being 93.2%. Figure 8 and 9 also showed that it is difficult to draw the conclusion 

that either method is better than the other. However, a slightly lower R2-value was observed 

for BF3, probably caused by sloping values (Figure 8). Furthermore, the confidence interval 

was notably larger for BF3 in this graph. From our experience it was easier to use the BF3-

method on fish samples, and easier with the H2SO4-method on standard samples (Table 2).  

 

Originally, it was intended to include concentrations above 80 µg/ml in the graphs, however 

it was decided not to as Åkesson et al. (2000) did not recommend it and since R2-values were 

improved when excluding these. Figure 7 illustrates the decreasing linearity above 75 µg/ml, 

i.e. at 100 and 125 µg/ml. The measured values at these two concentrations have greater 

variations compared to the lower concentrations. Thus, the results support that which has 

been stated by for example Åkesson-Nilsson (2004), that optimal detection probably occurs 

between the concentrations 0.2 and 80 µg/ml.  

 

Upon comparing BF3 with H2SO4 as a reagent in the transesterification section of the method, 

it was concluded that it is problematic in using for transesterification. For example, the first 

time BF3 samples were prepared, two layers were formed when adding n-hexane as a solvent. 

Methanol is insoluble in n-hexane and for some reason methanol was left in the sample. As 

an attempt to solve this problem, nitrogen gas was used to evaporate the n-hexane phase. 

Also, MtBE was used as a solvent instead of n-hexane because of the better solubility with 

methanol. They have similar chemical qualities and boiling points, which means that it would 

not affect the results. However, upon running the samples in the GC peaks were not obtained, 

giving no results at all, which indicated that the methylation step might have been 

incomplete. Another possible reason for the deficient results could be that the BF3 had 

expired making it unsuitable for use. At this step it was decided to complete the original 

method with the method (Morrison & Smith, 1964) for BF3-catalyst transesterification. 

 

The transesterification method with H2SO4 also had issues. The original method described by 

Åkesson-Nilsson (2004) could not be followed in its entirety. It was decided to complete this 

method with the standard method (EPA 552.3), which required certain changes. Åkesson-

Nilsson presumably followed the standard method, but the exact steps were not described in 

her dissertation. She did not perform the experiment with H2SO4, thus these steps had to be 

prepared in discussion with other staff at the laboratory. Since the BF3-catalysed samples 

were transesterified at the same time as the H2SO4-catalysed samples the temperature 70 °C 

was set for both methods of transesterification the first time. The boiling point for MtBE is 

55.2 °C, which implies that it is impossible to use it at a temperature of 60 °C (Sigma 

Aldrich, 1997) since it would evaporate. Furthermore, if the temperature is too low (≤48 °C) 

the methylation of the samples will be incomplete. This was observed when using a particular 

water bath which showed variation in temperature and had to be regulated several times. This 
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resulted in incomplete methylation (a step in transesterification), which was indicated by the 

formation of three phases instead of two after adding NaHCO3. To solve this, additional 

MtBE was added and the shaking procedure was repeated, which resulted in the formation of 

two phases.  

 

When trying to do the transesterification step with BF3 the second time, with the slower 

method, distinct peaks were observed with similar areas and retention times compared to the 

H2SO4 method. However, the second BF3 method had more steps than the one with H2SO4, 

e.g. the samples had to be dried under nitrogen gas twice and were stored in a heating block 

for two h, prolonging the preparation step. The method works, however one should take into 

consideration that this is not a recommended EPA method. In our opinion it is preferable to 

use a recommended method rather than one which is not (Table 2). The BF3 method is 

claimed to be quicker in literature, but the lack of a recommended EPA-standard method 

using BF3 makes it difficult to confirm this. In our case, it was in fact slower than the H2SO4 

method. The fact that literature mentioned methylation times ranging from 5-10 minutes to 2 

h makes it difficult to compare results against each other. Therefore, it would be necessary to 

create a standardised method for the BF3 methylation, if it is to be used in these sort of 

studies as an alternative to the H2SO4-method. The method by Morrison and Smith (1964) 

had been modified to fit the chlorinated fatty acids in this study. The preparation time was 

much longer than in the dissertation by Åkesson-Nilsson (2004) (Table 2). There is a 

possibility that we could have shortened the waiting times e.g., have the samples in the 

heating block a shorter time or it might not have been necessary to evaporate the n-hexane 

phase twice. Unfortunately we do not have the chemical and technical knowledge to do the 

modifications that had been necessary to get a more rapid method.  

 

9,10,12,13-tetrachloro octadecanoic acid could not be identified with the substances in the 

GC-MS/XSD library. The retention time should be approximately 17 min and identified 

peaks on the XSD during this time was supposed to be the chlorinated FA. We also had to do 

manual integration on the peaks from the 9,10,12,13-tetrachloro octadecanoic acid and on the 

samples with the lowest concentrations in 9,10-dichloro octadecanoic acid. It was speculated 

that the lack of this substance in the library prohibited integration due to the computer 

software not recognising the substance. The manual integration is a possible source of error, 

because it is difficult to determine the area under the peak manually. For example, integration 

was performed twice by two different persons resulting in two different integration results. 

Thus, the human factor should be taken into account.  

 

The retention times on the lowest concentrations (0.2 and 1 µg/ml), was dislocated by 

approximately 0.5 sec compared to the concentrations above 5µg/ml, indicating that our 

results should be treated with care. The results from the MS was noisy with several small, 

unidentified peaks. This could however depend on the scale of the chromatogram. On the 

other hand, the column was contaminated during the first week of the laboratory work, which 

could explain the dislocated retention times and the noisy mass spectrum. A pressure and 

flow check was performed, since changed pressure or flow usually cause retention time 

shifts, however everything was normal. The column was cleaned and several blank samples 

were run through the GC-XSD/MS. However, after consultation with laboratory staff it was 

decided to switch to a new column to try to avoid unwanted results and dislocated retention 

times. Thus, it is necessary to be careful to when running samples on the GC.  
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Another reason for the retention time shifts could be a leakage in the threads on the column 

suspension. Such leakage may be caused by variations in temperature. Even though the 

temperature, gas and water flow should be constant it might vary during the sequence. To 

avoid this, a gas and water check should be done every time before a new sequence is started. 

If necessary, the threads could be tightened carefully and a new flow check could be 

performed. During a long sequence, there might be risk of tailing peaks, which was observed 

after a long run consisting of 32 samples where the last ones showed increased tailing. Some 

of the lids of the vials were not capable of tightening sufficiently. This could imply that the 

concentrations increased when the samples evaporated. This is the reason why one of the data 

points in Figure 9 was excluded from the calibration curve, as the volume had diminished 

significantly given it was one of the samples to run later on in the sequence. Moreover, if the 

samples are left in the fridge for a long time there is a risk of degradation, resulting in 

decreased peak areas.  

 

As a conclusion, the H2SO4-method is a standardised method and it took less preparation time 

compared to the BF3-method (for example, it was not required to dry the samples under 

nitrogen gas several times), and was simpler to achieve complete methylation (Table 2). The 

BF3-method works (as is illustrated by its calibration curves for each standard sample (Figure 

8 and 9), however it might be necessary to update the method to make it simpler and more 

rapid.  

 

5.2 Evaluation of the Practical Results 
The stickleback sample was assumed to contain high concentrations of ClFAs as it was 

caught just outside the disused pulp industry. The hypothesis was that the perch and lavaret 

sample would contain non-detectable or lower concentrations than the stickleback since they 

were caught further from the point source, thus avoiding contamination from the disused 

industries. In the observations there was a peak in the lavaret sample, which had a retention 

time equal to the one of 9,10,12,13-tetrachloro octadecanoic acid, at approximately 17.2 

minutes. However, for the stickleback and perch samples there were no observed peaks. This 

contradicts the abovementioned hypothesis. A possible explanation for this is that the 

concentrations of unchlorinated FAs might be too high, making dilution inefficient. 

Therefore, an SPE could have resulted in more peaks in the samples.  

 

If the fish lipid samples had been treated with SPE, there is a possibility that the GC-

XSD/MS had detected additional ClFAs. The SPE-process would make separation of ClFAs 

from FAs possible. This is relevant as an approximate 1-5% of total FAs account to ClFAs 

(Åkesson-Nilsson, 2004). If the total concentration of FAs is low then there is a risk of the 

ClFAs being under the detection limit. Moreover, our experience shows that it is easier to 

detect 9,10,12,13-tetrachloro octadecanoic acid than 9,10-dichloro octadecanoic acid by 

XSD. This could be explained by the greater number of chlorine atoms (Robertson, 2014). 

Using SPE would enable injection of a larger part of the ClFAs as the risk of overloading the 

column and contamination of injector and detector is lower, and the likelihood of detecting 

additional ClFAs besides 9,10,12,13-tetrachloro octadecanoic acid would increase with SPE. 

Therefore, it is difficult to draw the conclusions that the perch and stickleback samples did 

not contain ClFAs. Furthermore, this study only focuses on 9,10-dichloro octadecanoic acid 

and 9,10,12,13-tetrachloro octadecanoic acid. The samples may contain other halogenated 

compounds with different retention times. For example, there was another peak in the XSD-

chromatogram which was unidentified. To ascertain that the peak in the lavaret sample was 

correct, it would have been necessary to use an internal standard (a known concentration of 

9,10,12,13-tetrachloro octadecanoic acid added to another fish lipid sample and prepared 
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according to the same method) in comparison to the collected lipid sample. However, this 

was discovered towards the end of the study, which made time the limiting factor.  

 

Table 3 shows the proportion of fatty acids after transesterification compared to the mass of 

the sample. The second perch sample had a fatty acid fraction of 97.5% which indicates that 

some step, probably evaporation by nitrogen, has gone wrong. As a consequence, the 

estimated concentration 26 000 µg/ml, could have been overestimated. In turn, this could 

imply that the sample has been diluted to a greater extent than what is necessary, 

undermining potential peaks.  

 

Christie (1993) concludes that acidic methanol as a transesterification method esterifies FAs 

rapidly under heat. The method is not to recommend if the FAs are polyunsaturated because 

of the oxidising properties of sulphuric acid. 9,10-dichloro octadecanoic acid and 9,10,12,13-

tetrachloro octadecanoic acid are both saturated FAs, which makes the method a good choice. 

However, it is a possibility that the lipid samples are destroyed when heated together with 

sulphuric acid. The XSD was not able to detect ClFAs in any of the samples esterified with 

H2SO4 which indicates that something might have gone wrong with the samples during 

preparation. The lavaret sample was taken from the same fish filet and treated differently 

(one with BF3 and the other one with H2SO4), a credible conclusion is that the sulphuric acid 

destroyed the ClFAs because a clear peak was detected in the BF3 sample. We are of the 

opinion that it is more suitable to use the BF3-method on fish lipid samples compared to the 

H2SO4-method (Table 2).  

 

5.3 Environmental Implications of the Results 
Some reports indicates that ClFAs are naturally occurring (Schwack, 1988). The SEPA 

(2008) report concludes that the dioxin concentrations have decreased in contaminated areas 

a few year after abandoning the point source (e.g. pulp industry). Notwithstanding, one of the 

fish samples (lavaret) had detectable concentrations of 9,10,12,13-tetrachloro octadecanoic 

acid. This contradicts the hypothesis that the stickleback would have greater concentrations 

of ClFAs since it was caught just outside the contaminated areas. The lavaret was not caught 

in this area. One possibility is that the concentrations have been accumulating in the fat tissue 

over a long time, the lavaret might have migrated during the seasons, thus having been 

exposed to several different contaminated areas (Robertsson, 2014). It is therefore not certain 

that the contents of ClFAs in the samples is related to Norrsundet. The concentrations were 

much higher than the detection limit and a suggestion is to further investigate fish in 

Norrsundet as well as from non-contaminated areas. Regardless if the concentrations of ClFA 

are a result of natural production or anthropogenic factors it is of importance to analyse and 

understand the biological consequences of ClFAs on aquatic biota and ecosystems. It is also 

necessary to increase knowledge about ClFA and EOCl as the literature discovered on these 

subjects is limited.   
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6 CONCLUSIONS 
 

The conclusions of this study are:  

 Both methods of transesterification, catalysed by either H2SO4 or BF3, work, with 

reference to the calibration curves. The R2-values of all calibration curves were 

greater than 98%, with one of them being less than 93%.  

 Our results support that which has been stated by for example Åkesson-Nilsson 

(2004), namely that linearity decreases at concentrations greater than 80 µg/ml.  

 In our case, the BF3-method was less stable and took longer preparation time. We are 

of the opinion that the method needs to be updated and evaluated once more. We 

suggest performing the BF3-method on fish lipid samples and the H2SO4-method on 

standard samples, due to the oxidising effects of H2SO4 on certain fatty acids.  

 SEPA (2008) concluded that the fish population in Norrsundet had recovered from the 

discharges of the industry. We suggest performing new investigations in this area due 

to the fact that our results showed detectable concentrations of ClFAs in the lavaret 

sample.  
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8 APPENDICES 
 

8.1 Safety Data Sheet – BF3  
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8.2 Safety Data Sheet – DCM  
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8.3 Safety Data Sheet – H2SO4  
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8.4 Safety Data Sheet – MtBE 
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8.5 Safety Data Sheet – n-Hexane  
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