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Abstract 

Polychlorinated n-alkanes (PCAs), the main component of chlorinated paraffin mixtures (CPs), 

are complex industrial chemicals widely used as plasticizers, flame retardants, and additives in 

numerous commercial products and building materials. Due to their persistence, bioaccumulative 

potential, and widespread use, PCAs are ubiquitous in environmental and biological matrices. 

However, their extreme compositional complexity hinders harmonized analytical methodologies 

and toxicological information, challenging exposure assessment and risk evaluation. 

The overall objective of this thesis was to improve the understanding of human exposure to PCAs. 

To contribute to this goal, the thesis aimed to develop analytical workflows, investigate PCA 

contamination in indoor environments, assess human exposure, and identify important exposure 

sources and pathways. 

To address analytical challenges, CPxplorer, a harmonized high-resolution mass spectrometry-

based data analysis workflow, was developed for the identification and quantification of PCAs and 

related compounds. The workflow was successfully applied across different instrumental 

platforms and matrices, including indoor dust, indoor organic films (IOFs), silicone wristbands 

(SWBs), food, and human serum, improving analytical consistency and comparability. 

Indoor dust and IOFs collected from Swedish homes, schools, offices, and sport halls revealed 

widespread PCA contamination. Medium-chain PCAs (∑PCAs-C14–17) dominated most indoor 

matrices, while differences between dust and IOFs reflected matrix-specific partitioning and 

accumulation processes. Ventilation, cleaning practices, and indoor activities influenced PCA 

concentrations and patterns, although no single factor fully explained the observed variability. 

Human exposure assessment demonstrated that PCA exposure is highly multipathway. Estimated 

dietary intake exceeded exposure estimates derived from indoor matrices, indicating that food 

likely represents the major contributor to total external exposure. Nevertheless, chemical forensic 

fingerprinting analyses showed that PCA homologue patterns measured in serum were more 

similar to indoor dust and IOFs than to food. Likewise, PCA profiles measured in SWBs were well 

reconstructed using PCA patterns in indoor environmental matrices, highlighting indoor 

environments, particularly homes, as important exposure scenarios. These findings suggest that 

the pathways contributing most to total exposure are not necessarily those most strongly reflected 

in internal exposure profiles, likely due to variation in homologue-specific bioavailability and 

toxicokinetics. 

Overall, this thesis demonstrates that understanding human exposure to PCAs requires integrated 

analytical, environmental, and biomonitoring approaches. The results provide new insights into 

PCA occurrence, partitioning behavior, exposure pathways, and internal exposure patterns, while 

also contributing methodological tools to support future monitoring, exposure assessment, and 

regulatory efforts aimed at reducing human exposure to these persistent contaminants. 
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Populärvetenskaplig sammanfattning 

Polyklorerade n-alkaner (PCA), som är huvudkomponenten i blandningar av klorerade paraffiner 

(CP), är komplexa industrikemikalier som används i stor utsträckning som mjukgörare, 

flamskyddsmedel och tillsatser i ett stort antal kommersiella produkter och byggmaterial. På 

grund av deras persistens, bioackumuleringspotential och utbredda användning förekommer PCA 

överallt i miljö- och biologiska matriser. Deras extremt komplexa sammansättning förhindrar 

dock harmoniserade analysmetoder och toxikologisk information, vilket försvårar 

exponeringsbedömning och riskvärdering. 

Det övergripande målet med denna avhandling var att förbättra förståelsen för människors 

exponering för PCA. För att bidra till detta mål syftade avhandlingen till att utveckla analytiska 

arbetsflöden, undersöka PCA-föroreningar i inomhusmiljöer, bedöma humanexponering samt 

identifiera viktiga exponeringskällor och exponeringsvägar. 

För att hantera de analytiska utmaningarna utvecklades ett harmoniserat arbetsflöde för 

dataanalys baserat på högupplöst masspektrometri, CPxplorer, för identifiering och kvantifiering 

av PCA och relaterade föreningar. Arbetsflödet tillämpades framgångsrikt på olika 

instrumentplattformar och matriser, inklusive inomhusdamm, organiska inomhusfilmer (IOF), 

silikonarmband (SWB), livsmedel och humant serum, vilket förbättrade den analytiska 

konsistensen och jämförbarheten. 

Inomhusdamm och IOF:er som samlats in från svenska bostäder, skolor, kontor och idrottshallar 

visade på en utbredd kontaminering med PCA. Mellankedjiga PCA:er (∑PCAs-C14–17) 

dominerade de flesta inomhusmatriserna, medan skillnaderna mellan damm och IOF:er speglade 

matrisspecifika fördelnings- och ackumuleringsprocesser. Ventilation, städrutiner och 

inomhusaktiviteter påverkade PCA-koncentrationerna och -mönstren, även om ingen enskild 

faktor helt kunde förklara den observerade variationen. 

Bedömningen av humanexponering visade att PCA-exponeringen kan ske via många olika vägar. 

Det uppskattade intaget via kosten översteg de exponeringsuppskattningar som härleddes från 

inomhusmatriserna, vilket tyder på att livsmedel sannolikt utgör den största bidragande faktorn 

till den totala externa exponeringen. Icke desto mindre visade kemisk forensisk 

fingeravtrycksanalyser att mönstren för PCA-homologer som mättes i serum speglade 

inomhusdamm och IOF:er mer än livsmedel. På samma sätt kunde PCA-profilerna som mättes i 

SWB:er rekonstrueras med hjälp av kemisk fingeravtryck från inomhusmiljön, vilket lyfte fram 

inomhusmiljöer, särskilt bostäder, som viktiga exponeringsscenarier. Dessa resultat tyder på att 

de vägar som bidrar mest till den totala exponeringen inte nödvändigtvis är de som återspeglas 

starkast i de interna exponeringsprofilerna, troligen på grund av skillnader i homologspecifik 

biotillgänglighet och toxikokinetik. 
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1. INTRODUCTION 

1.1 PCA terminology, classification and physical- chemical 

properties 

Polychlorinated alkanes (PCAs) are chemical compounds with the general formula CnH2n+2-mClm 

(i.e. PCAs with a given number of carbons and chlorines are abbreviated as CnClm). The chlorine 

content of PCAs usually varies between 40 and 70 %. Depending on this, PCAs can be roughly 

grouped into low (<50 %) and high (>50 %) chlorine-containing mixtures, see Figure 1.1,2 

Historically, PCAs have been named under different terms, including chlorinated alkanes, 

chlorinated hydrocarbon waxes, chlorinated paraffin waxes, chlorinated waxes, chloroalkanes, 

chlorocarbons, chloro paraffin waxes, ‘paraffin, chlorinated’, ‘paraffins, chloro’, paraffin waxes, 

‘chlorinated; paroils, chlorinated’, and polychloro alkanes.3 The term chlorinated paraffins (CPs) 

has been most widely used to describe these compounds and traditionally refers to technical 

mixtures categorized into short-chain CPs (SCCPs, for C10-13), medium-chain CPs (MCCPs, for C14-

17), and long-chain CPs (LCCPs, for C18-30), see Figure 1. However, this terminology has recently 

been recognized as imprecise, as the term CPs is used for the technical mixtures mainly consisting 

of PCAs but also containing impurities and by-products. In addition, technical mixtures may 

include compounds spanning more than one chain-length group.3 Therefore, Fernandes et al. 

(2023)4 proposed a standardized terminology for these substances. 

In this framework, the term PCA should be used together with information on both carbon chain 

length and degree of chlorination, for instance PCAs-C18-20Cl3-15. In contrast, broader terms such 

as LCCPs represent the sum of multiple homologues without specifying carbon chain length or 

chlorination degree, which can lead to inconsistencies between studies. The terminology also 

distinguishes structural groupings, where compounds sharing the same carbon chain length and 

degree of chlorination are referred to as homologue groups, i.e., PCAs-C10Cl7, whereas PCAs that 

only share the same chain length or chlorination degree are grouped as congener groups, i.e., 

PCAs-C10, see Figure 1 for examples.4 

PCAs are typically colorless or yellowish, viscous oils with low vapor pressure, except for highly 

chlorinated PCAs-C18-30 with >70 % Cl, which are solids.1 In general, PCAs have high octanol-

water partition coefficients (KOW), are insoluble in water, alcohols, and glycerol, and dissolve 

readily in organic solvents such as esters, chlorinated solvents, mineral oils, aromatic 

hydrocarbons, ketones, and ethers.5 PCAs can comprise billions of individual isomers, resulting 

in a wide range of physical-chemical properties.6 Predicted median log KOW values range from 4.78- 
9.10 for PCAs-C10-13, 6.60- 11.19 for PCAs-C14–17, and 8.38- 13.04 for PCAs-C18-20, with 

corresponding median log octanol-air partition coefficient (KOA) values 5.26- 15.11, 7.18- 18.70 

and 9.11- 21.74, see Paper I for more information.7,8 

Increasing carbon chain length generally increases hydrophobicity and reduces volatility.8 

However, the diverse spatial structures of PCAs result in a non-linear relationship with the degree 

of chlorination. Compounds with fewer chlorines can maintain a linear structure, whereas those 

with a medium number of chlorines adopt a more bent configuration, becoming more linear again 

at very high degrees of chlorination.9,10 These structural differences influence partitioning 

properties  such   as   log   KOW,   log   KAW   (air-water   partition   coefficient),   and   vapor pressure, 
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which therefore do not change linearly with increasing chlorine content. Consequently, PCAs 

exhibit wide ranges of partition coefficients.7,8 Moreover, individual isomers within the same 

homologue group can display substantially different physical-chemical behaviors due to variations 

in chlorine substitution patterns and molecular geometry.7,8,11 This variability complicates the 

prediction of PCA distribution across environmental matrices.11 Overall, PCAs exhibit high 

chemical stability, environmental persistence, and a tendency to bioaccumulate in biological 

tissues.5 

 

 
Figure 1: Schema of the nomenclature proposed by Fernandes et al. (2023)4 and examples of CP 

mixtures and their main component the PCAs, together with their classification based on carbon 

chain length, chlorine content and the different constituents of the PCAs, including individual 

isomers, homologue groups and congener groups. 
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1.2 Production and usage of PCAs as the main constituent of 

CPs 

The first documented synthesis of CPs dates back to 1858, although industrial production did not 

began until the 1930s.6 Since 2000, global PCA production has shifted toward China, which has 

become the world's leading producer.12 Worldwide production of CP mixtures was estimated at 

about 300,000 tonnes in 1985, and has increased substantially since then, with future production 

projected to exceed one million tonnes per year.3 

Regionally, the production and use of technical CP mixtures vary considerably. In countries such 

as India, Bulgaria, Argentina, Brazil, the Dominican Republic, Ecuador, and Mexico, SCCP 

production has increased steadily since the 1930s. In contrast, production peaked in the 1990s in 

regions including Australia, South Korea, Japan, the European Union, the United States, and 

Canada, and later in China around 2014. Meanwhile, production of longer-chain CPs continues to 

increase across most regions. However, these trends remain uncertain because technical mixtures 

produced in China are generally not differentiated by carbon chain-length categories.12 

The presence of diverse PCAs in CP mixtures originates from their synthesis via radical 

chlorination of paraffinic hydrocarbon mixtures composed of straight-chain saturated alkanes.13 

This process inherently produces highly complex mixtures of isomers, as chlorination can occur 

at primary, secondary, and tertiary carbon atoms. The reactivity of aliphatic hydrogens follows 

the stability of the intermediate radicals. Substitution occurs preferentially at tertiary carbons, 

followed by secondary and primary positions. In low-chlorinated mixtures, terminal chlorination 

is less favored due to the electron-withdrawing inductive effect of chlorine, which reduces the 

reactivity of adjacent C–H bonds. Similarly, geminal dichlorination is energetically unfavorable, 

and vicinal substitution is suppressed when more reactive sites are available.9,14 However, overall 

regioselectivity remains low, and hydrogen atoms with comparable reactivity are substituted at 

similar rates. The introduction of chlorine does not significantly inhibit further substitution, 

allowing extensive progression from mono- to higher chlorinated derivatives.15 As a result, CP 

mixtures consist of an extremely diverse range of PCA congeners, along with associated 

impurities.4,16 

The specific applications of CPs depend on carbon chain length, geographic region, and the period 

considered, see Figure 2 for an overview of the uses. CP mixtures have been widely used across 

multiple industrial sectors. In the European Union, approximately 50-60 % of globally produced 

CPs were incorporated into polyvinyl chloride (PVC) products as plasticizers and flame retardants 

between the 1930s and 2000s. During this time, metalworking fluids represented the secondary 

usage (12-29 %) followed by rubber and plastics (10-14 %), paints and varnishes (3-10 %), and 

adhesives and sealants (5-6 %). Between the 2000s and 2020s, the use of CPs as metalworking 

fluids (~8 %) and paints and varnishes (~5 %) decreased, while their application in rubbers 

doubled (~22 %).12 

Regarding chain lengths, SCCPs have historically been applied in sealants, as substitutes for 

polychlorinated biphenyls (PCBs) in gaskets, and as flame retardants in rubber products, 

automotive carpets, and related accessories. In the European Union, SCCPs were mainly used in 

the metalworking industry as additives in lubricants and fluids until the 2000s, when their main 

application  shifted to rubbers  and  other plastics,  Figure 2D.12  Highly  chlorinated  SCCPs  have 
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been used in textile finishes that impart flame resistance, water repellency, and resistance to 

microbial degradation, such as in sailcloth, protective clothing, and tarpaulins.3 In contrast, 

MCCPs have been primarily used as plasticizers in flexible PVC, and LCCPs in rubber and other 

plastics, as well as in paints and varnishes.12 Both MCCPs and LCCPs are also used as additives in 

industrial metalworking fluids for processes such as cutting, drilling, machining, and metal 

stamping, as well as incorporated into paints, coatings, textiles, sealants, and leather products, 

where they may function as fat liquoring agents or flame-retardant additives.1,3 

 

 

 

 

 

 

Figure 2: Relative (%) end-use applications of (A) SCCPs, (B) MCCPs and (C) LCCPs in China 

(Region 1), Austria, South Korea and Japan (Region 2), India (Region 3), Bulgaria (Region 4), 

European Union (Region 5), Canada and United States of America (Region 6), and Argentina, 

Brazil, Dominican Republic, Ecuador and Mexico (Region 7) in 2022. (D) Usage distribution of 

SCCPs in the European Union from the 1930s to 2020. Data was collected from Chen et al. 

(2022).12 
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The versatility of CPs has led to their widespread usage in both industrial and consumer products 

(Paper I). A survey of companies using SCCP feedstock mixtures in Brazil reported applications 

in paints, lubricants, automotive products, electronics, household goods, plastics, resins, 

adhesives, and construction materials.17 Consistent with these uses, CPs have been detected in 

numerous consumer products and building materials, including PVC curtains, polyurethane foam 

adhesives, plumbing pipes, conveyor belts, plastic bottles, food packaging, toys, textiles, leather 

goods, wallpapers, flooring materials, and cable sheaths.12,18–22 

Several studies have reported particularly high PCA contents in specific materials. For example, 

PVC curtains can contain up to 30 % PCAs by weight,23 while polyurethane insulation foams used 

in construction can contain between 0.2 and 50 %.24 PCAs have also been detected in kitchen hood 

residues, where they accounted for about 70 % of the measured halogenated compounds in 

cooking-related fats.18 Floor waxes and synthetic rubber materials have also been identified as 

products with high PCA content, the latter of which may contain up to 17 % PCAs.19,25 

1.3 Risk evaluation of PCAs 

PCAs-C10–17 are classified as persistent, bioaccumulative, and toxic (PBT) substances.26 Based on 

their physical-chemical properties7 long-chain PCAs (PCAs-C18–30) are also considered likely to 

exhibit PBT characteristics. The occurrence of PCAs-C18–30 in the Arctic indicates their potential 

for long-range transport.27 Still, the environmental fate of PCAs is strongly influenced by both 

their carbon chain length and degree of chlorination, which results in diverse biodegradability.28–

30 Biodegradation of PCAs-C10–13 by soil microorganisms, including genera such as Rhodococcus 

and Pseudomonas, has been demonstrated, producing mono- and diolefinic intermediates 

followed by hydroxylated transformation products.31,32 In general, biodegradability decreases with 

increasing chain length and chlorine content.28–30 Accordingly, PCAs-C10–13 are more readily 

degraded than PCAs-C14–17 and PCAs-C18–30, partly due to the limited activity of anaerobic 

microorganisms.33 Dechlorination is the primary degradation pathway and is strongly influenced 

by chlorine substitution patterns. Terminally chlorinated compounds degrade more readily, 

whereas substitution further from the chain ends reduces degradability, and molecules 

chlorinated at both termini show little to no dechlorination.30 Overall, PCAs are classified as 

persistent and have been seen to remain in the environment and be transported to remote areas, 

such as the Arctic.27 

 

PCAs have a high potential for bioaccumulation due to their high KOW, which reflects strong 

lipophilicity that increases with carbon chain length.34 The effect of chlorination on 

bioaccumulation is limited for PCAs containing less than 55 wt% chlorine, whereas at higher 

degrees of chlorination, increasing chlorine content leads to higher log KOW values.5 Consistent 

with these properties, PCAs-C10–13 and PCAs-C14–17 have been detected in aquatic organisms such 

as rainbow trout,35 whereas PCAs-C18–30 are more commonly found in higher trophic level species, 

including peregrine falcons. PCAs up to C30 have been reported in terrestrial environments.36
 

 

In vivo studies have confirmed the uptake of PCAs in humans and animals, with absorption, 

metabolism, and excretion depending on chain length and degree of chlorination.3 Higher 

chlorinated and longer-chain PCAs (e.g., PCAs-C14–17 and PCAs-C18–30) are predominantly 

excreted via feces and urine, whereas lower chlorinated PCAs-C10–13 may undergo further 

metabolism to shorter-chain products and partial exhalation as CO₂.37 Metabolism occurs 
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primarily in the liver, and fecal excretion represents the main elimination route, with minor 

contributions from urine and expired air.38,39 However, a substantial fraction of the administered 

dose often remains unaccounted for, suggesting additional metabolic transformation.40 

Bioaccessibility is also influenced by matrix composition, particularly the protein and lipid 

content of food.41 In general, available evidence indicates that metabolic rates decrease with 

increasing chlorination.42,43 

The persistent and bioaccumulative nature of PCAs raises concern as they have been associated 

with a range of adverse health effects, including carcinogenicity, hepatotoxicity, nephrotoxicity, 

reproductive and developmental toxicity, embryotoxicity, and potential links to attention-deficit/ 

hyperactivity disorder.3,44–46 Consistent with the bioaccumulative behavior, PCAs have been 

detected in multiple human tissues and fluids, including the kidneys,48 adipose tissue, blood,48,49 

maternal/cord blood,50,51 breast milk,52–54 and pooled blood serum.53,55  

Despite these findings, data on human exposure to PCAs and toxicity have historically been 

limited.6 Acute toxicity of PCAs-C10–13 has been considered low, with repeated exposure causing 

skin and eye irritation without evidence of skin sensitization. Prenatal developmental studies in 

rats and rabbits have likewise shown no acute effects.47 Nevertheless, animal studies indicate that 

PCAs-C10–13 can affect the liver and thyroid hormone system through hepatic enzyme induction 

and thyroid hyperactivity.1,47 Although humans are considered less sensitive to thyroid hormone 

disruption compared to rodents, these findings remain relevant given evidence of PCA absorption 

and accumulation in human liver at significant levels.48 Based on sufficient evidence of 

carcinogenicity in experimental animals and supporting mechanistic data, PCAs-C10–13 are 

classified by the International Agency for Research on Cancer (IARC) as Group 2B (possibly 

carcinogenic to humans).47 

1.4 Rules and regulations of PCAs 

The potential hazards of PCAs, under the name CPs, were first discussed in the late 1990s at the 

Joint Research Centre of the European Commission.56 At that time, human exposure to short-

chain PCAs (SCCPs) was limited, leading researchers to conclude that SCCPs posed a low risk to 

human health.57 However, as exposure levels increased and the PBT properties of SCCPs (PCAs-

C10-13) became more evident, the European Chemicals Agency (ECHA) classified SCCPs as a 

Substance of Very High Concern (SVHC) in 2008.58 In 2009, the United States Environmental 

Protection Agency (USEPA) developed an action plan to phase out SCCP production.47 Three years 

later, Regulation (EU) No. 519/2012 further restricted SCCP production within the EU.59 At the 

Stockholm Convention in 2017, SCCPs were listed as persistent organic pollutants (POPs) in 

Annex A, mandating the elimination of their production and use.60 
 

Despite these measures, implementation and enforcement of the associated restrictions vary 

among parties. Notably, regulatory action on SCCPs within the EU itself did not commence until 

2022, under Directive 2002/45/EC.6 Moreover, China did not prohibit the import and export of 

products containing, or potentially containing, SCCPs until January 2024.61 The European Food 

Safety Authority (EFSA) has cited the absence of comprehensive experimental data suitable for 

risk evaluation.3 This limited availability of toxicological data has led regulatory bodies to derive 

different margins of exposure (MOEs) for ∑PCAs (C10–13). The EFSA62 established a tolerable daily 

intake (TDI) of 100 µg/kg body weight (bw)/day, while the UK Committee on Toxicity63 proposed  



7  

a lower TDI of 30 µg/kg bw/day, and Health Canada64 suggested an even more conservative TDI 

of 10 µg/kg bw/day. In contrast, the European Chemicals Bureau (ECB)65 and the International 

Programme on Chemical Safety (IPCS)66 reported no observed adverse effect levels (NOAELs) of 

10 mg/kg bw/day and 100 mg/kg bw/day, respectively. 

Regarding the longer chain PCAs, the ECHA included MCCPs in its candidate list of substances of 

concern in 2021, requiring companies to report their use and ensure safe handling.67 The most 

recent update occurred in 2025, when MCCPs (PCAs-C14-17) exceeding 45% of chlorine by weight 

were also included in the Stockholm Convention.26 Conversely, LCCPs (PCAs-C18-30) remain 

unregulated, despite their suspected PBT-like characteristics.12 

1.5 Limitations of PCA analysis 

1.5.1 The vast number of PCA isomers and the chromatographic 

separation 

CP mixtures are highly complex, consisting of thousands of individual PCA homologue groups 

that vary in both carbon chain length and degree of chlorination.4 Tomy (2009)68 was among the 

first to comprehensively quantify this complexity by assuming that no more than one chlorine 

atom is bound to each carbon atom. Based on this assumption, they developed mathematical 

equations to estimate the theoretical number of possible constitutional isomers. These 

calculations suggested that a technical mixture of SCCPs with 60% chlorine content may contain 

up to 4,200 distinct PCA isomers. 

This numerical description was later refined by Vetter et al. (2022),6 who incorporated the 

possibility of geminal chlorination. In their model, each PCA homologue contains two terminal 

(primary) carbons, and each carbon can be substituted with zero, one, two, or three chlorine 

atoms, resulting in 42 (16) possible substitution patterns. For the secondary carbons, the situation 

is even more complex. These carbons are prochiral, meaning that each hydrogen atom must be 

treated independently, as substitution by chlorine generates a stereocenter. The variability of 

secondary carbons can therefore be expressed as 22(n-2), where n is the number of carbon atoms in 

the molecule (CnH(2n+2)-zClz). Consequently, the theoretical diversity increases by approximately a 

factor of four with each additional carbon atom (Table 1), resulting in a theoretical number of nine 

million PCAs-C10-13 isomers, two billion of PCAs-C14-17, and an extraordinarily large number of 

possible PCAs-C18-30. 
 

Table 1: Number of estimated maximum theoretical individual isomers for PCAs-C10-18, based on 

calculations reported by Vetter et al. (2022)6 

 

PCAs- C10 C11 C12 C13 C14 C15 C16 C17 C18 

Isomers 1.0·106 4.2·106 1.7·107 6.7·107 2.7·108 1.1·109 4.3·109 1.7·1010 6.9·1010 

Sum ∑PCAs-C10-13: 8.9·107  ∑PCAs-C14-17: 2.3·1010   

Given this immense complexity, PCA mixtures cannot be fully resolved into individual isomers 

using conventional chromatographic techniques such as liquid chromatography (LC) or gas 

chromatography (GC).1 Instead, PCA chromatograms typically appear as broad, unresolved bands 

(see Figure 3A), making it difficult to define precise retention time windows or establish a clear 
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chromatographic baseline.69,70 However, within these broad elution profiles, individual peak tops 

may still be observed. These are generally attributed to isomers present at relatively higher 

concentrations, while the underlying broad signal (“hump”) arises from the multitude of lower-

abundance isomers, see Figure 3C.1 Despite the lack of complete separation, when combined with 

mass spectral (MS) data, the extracted ion chromatogram (EIC) can be obtained (Figure 3B), 

which enables the characterization of PCA homologue groups.71 Still, the complete 

chromatographic separation of PCA isomers remains a major analytical challenge, and to date, 

only homologue group-level identification and bulk quantification of PCAs-C10-13, PCAs-C14-17, or 

PCAs-C18-30 have been reliably achieved.72 
 

 

Figure 3: (A) Total Ion Chromatogram (TIC) of a PCAs-C10-13 mixture containing 51.5% of chlorine 

by weight, (B) Extracted Ion Chromatogram (EIC) for the [M - Cl]- fragment of homologue group 

C10H17HCl5, and (C) illustration depicting the chromatographic overlap of the individual isomers 

constituting the homologue group C10H17HCl5. Data was obtained using a TRACE 1310 GC system 

(Thermo Fisher Scientific) equipped with a 30 m × 0.25 mm, 0.25 μm DB-5MS column (Agilent 

Technologies, Santa Clara, CA, USA) coupled to a Q-Exactive Orbitrap. Note: The isomer 

assignment is for illustrative purposes only and does not represent the actual assignment. 
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1.5.2 Mass spectral interferences 

PCAs are often accompanied by other unintentionally produced contaminants in technical 

mixtures, including POPs such as PCBs, chlorobenzenes (ClBz), polychlorinated naphthalenes 

(PCNs), as well as structurally related compounds such as polychlorinated olefins (PCOs), and 

polychlorinated diolefins (PCdiOs).16,32,57 Among these, PCOs are of particular analytical concern 

due to their physical-chemical similarity to PCAs, which hampers their separation during sample 

treatment.73 In addition, PCA and PCO homologues with identical carbon chain lengths and 

degrees of chlorination can exhibit overlapping nominal mass-to-charge (m/z) ratios. See Figure 

4A for examples of m/z values. Moreover, the isotopic patterns are nearly indistinguishable, which 

makes accurate differentiation between PCA- and PCO-derived ions challenging and increases the 

risk of false positive identifications.69,70,74,75 

This challenge is further exacerbated in chlorine-enhanced ionization methods commonly used 

for PCA ionization in LC-based instruments, see Figure 4.76 For example, the in-source fragment 

[PCA + Cl – HCl]⁻ shares the same chemical formula as the [PCO + Cl]⁻ adduct of a PCO with one 

fewer chlorine atom (Figure 4B). Similarly, when using GC-based techniques and monitoring 

fragments such as [M – Cl]⁻ or [M – H]⁻,77 the [PCA – H – HCl]⁻ fragment is interfering with 

[PCO – Cl]⁻ from a PCO with the same carbon and chlorine composition. Due to the broad 

retention time windows and varying fragmentation efficiencies of PCA and PCO congeners, 

chromatographic peak shape and alignment cannot be reliably used to distinguish between these 

species.68 

Furthermore, PCOs are not only present as impurities in technical PCA products (CPs) but can 

also be formed through the transformation of PCAs.74 Under thermal and mechanical stress, such 

as during their use as metalworking fluids or exposure to freshly cut metal surfaces PCAs undergo 

dehydrochlorination reactions, eliminating hydrogen chloride (HCl) and forming unsaturated 

PCOs. This process is further enhanced at elevated temperatures (e.g., >150 °C), as observed 

during metal processing and in fat residues from heated industrial equipment.74 Moreover, as 

some analytical instruments, particularly GC-based systems, operate at temperatures exceeding 

these conditions, thermal degradation may also occur during analysis, especially in hot injector 

ports and ion sources.77,78 Notably, highly chlorinated PCA congeners tend to degrade more 

rapidly than less chlorinated analogues.74 

Additional analytical challenges arise from the presence of other polyhalogenated n-alkanes 

(PXAs) in technical mixtures.79 These compounds can further complicate spectral interpretation 

and signal assignment. For instance, bromochloro alkanes (BCAs) with one fewer carbon atom, 

two fewer chlorine atoms, and one bromine atom can produce some signals that are 

indistinguishable from PCAs when monitoring [M + Cl]⁻ adducts (Figure 4A), thereby 

contributing to false positive identifications.70 

Mass spectral overlap is also inherent within PCA congeners themselves. Homologues differing by 

one carbon unit and two chlorine atoms can exhibit nearly identical nominal m/z values, which 

cannot be resolved using low-resolution mass spectrometry (LRMS). For example, the most 

abundant isotope of the [M – Cl]⁻ ion appears at m/z 340.9984 for 12C12
1H20

35Cl6 and at m/z 

341.1575 for 12C17
1H32

35Cl4, resulting in indistinguishable signals under LRMS conditions.71 This is 

particularly relevant as technical standards contain impurities from other carbon chain length 

groups, such as short-chain PCA mixtures containing medium-chain PCAs and vice versa.16 As a  
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result, these interferences are present not only in environmental samples but also in the 

calibration standards themselves. Furthermore, some technical mixtures, especially those 

produced in China, are classified based on chlorination degree rather than carbon chain length. 

This further contributes to the presence of mixed PCA groups and associated analytical 

interferences.12 

Consequently, the choice of analytical instrumentation strongly influences the level of detail 

achievable in PCA analysis. GC-high resolution (HR) MS, particularly using electron capture 

negative ionization (ECNI), is recommended for the analysis of PCAs-C10-13 due to its superior 

resolving power compared to LC. However, this approach is not suitable for longer-chain PCAs, 

which are less volatile.76,77. Consequently, LC-HRMS is still frequently employed to analyze PCAs-

C10-30.76 Some of the most commonly used instruments are GC-Orbitrap and LC-quadrupole time 

of flight (LC-qToF), which are described below. 

Figure 4: Selected interferences of (A) [M + Cl]- adducts of PCA-Cl5, BCAs and PCOs calculated by 

the CPxplorer module CPions and (B) [M + Cl - HCl]- in source fragment of PCA-Cl5and [M + Cl]- 

adduct of PCOs . The axis shows the parent formula and the m/z values of the interfering ions. Dots 

refer to the ions that overlap with each other at 20,000 resolution power. The [PCA + Cl]- and 

[PCA + Cl - HCl]- ions correspond to the 35Cl6 isotopologues, the [BCA + Cl]-+4 ions correspond 

to the 35Cl2
37Cl2

79Br and 35Cl3
37Cl81Br isotopologues, the [PCO + Cl]-+2 ions correspond to the 

35Cl5
37Cl isotopologues, and the [PCO + Cl]- ions correspond to the 35Cl5 isotopologues. Note: The 

LC-qToF used for data acquisition had a resolving power of 20,000; therefore, interferences were 

assessed at this resolution. 
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1.5.2.1 GC-Orbitrap 

Since PCAs are always present as complex mixtures, and longer-chain congeners share structural 

features with shorter-chain ones, a soft ionization technique is required. The use of a hard 

ionization method would lead to extensive fragmentation, generating ions that cannot be reliably 

traced back to their parent molecules, as these fragments may originate from different PCA 

homologue groups.70 For this reason, in GC instrumentation, chemical ionization (CI) is typically 

employed. CI is a soft ionization technique that enables the formation of quasi-molecular ions 

such as [M – Cl]⁻ and [M – H]⁻, which are more informative for PCA molecular identification.80 

In CI, ionization occurs through reactions between analyte molecules and reagent gas ions. The 

reagent gas is present in large excess within the ion source, meaning that incoming electrons 

predominantly ionize the reagent gas rather than the analyte. The resulting primary reagent ions 

undergo subsequent ion–molecule reactions to form more stable secondary reagent ions. These 

ions then react with analyte molecules to produce product ions. Because these interactions occur 

at near-thermal energies, the excess energy available for fragmentation is low and mainly 

determined by the exothermicity of the ion–molecule reaction (e.g., the difference in proton 

affinity between reagent and analyte). As a result, CI produces significantly less fragmentation 

compared to 70 eV electron ionization (EI), making it more suitable for PCA analysis.81 

Due to the wide m/z range and the strong interferences inherent to PCA mixtures, high resolving 

power is essential. The Q Exactive Orbitrap (Figure 5) mass analyzer is one of the instruments 

capable of achieving very high resolution (up to ~120,000), allowing separation of ions with very 

similar m/z values. In the GC-Q Exactive, setting ions are ionized by CI and consequently focused 

and pre-filtered by the injection flatapole and inter-flatapole lens. They are then guided through 

a bent flatapole into the quadrupole, which consists of four parallel rods with alternating electrical 

potentials. Opposing rods carry the same charge, while adjacent rods have opposite charges. This 

configuration enables selective separation of ions based on their m/z ratios. The ions are 

subsequently transferred through a multipole into the C-trap. In the multipole region, ions are 

effectively collision-free, while in the nitrogen-filled C-trap they undergo collisional cooling, 

where they lose kinetic energy and become spatially focused. Voltages applied at the entrance and 

exit of the C-trap compress the ion packet before injection into the Orbitrap analyzer.82 

As depicted in Figure 5, the Orbitrap mass analyzer consists of a spindle-shaped central electrode 

surrounded by two outer electrodes. Ions are accumulated in a C-trap and injected into the 

Orbitrap, where they are trapped in an electrostatic field. Within the analyzer, ions oscillate along 

the axial direction, and the frequency of this oscillation is directly related to their m/z ratio. As 

the ions oscillate, they induce an electrical signal on the outer electrodes, which is converted into 

a mass spectrum using Fourier transformation.82 A key advantage of the Orbitrap is its ability to 

provide high resolving power and excellent mass accuracy, typically in the 1–2 ppm range. This is 

particularly important for PCA analysis, where numerous homologues and isomers generate 

highly complex mass spectra, and where interferences from co-occurring compounds must be 

resolved.82 

Although Orbitrap instruments are capable of tandem mass spectrometry (MS/MS), see Collision 

Cell from Figure 5, fragmentation is generally of limited value for PCA analysis. Due to the 

extensive   chromatographic   co-elution   of   homologues   and   the   non-specific   nature  of  PCA  
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fragment ions, MS/MS spectra rarely provide unambiguous structural information. 

Consequently, PCA analysis is typically based on accurate-mass MS1 measurements rather than 

fragmentation-based identification.69 

 

Figure 5: Schema of the Q Exactive GC system, based on the illustration from Thermo Fisher 

Operating manual 1R120706-0002 Revision A.82 
 

1.5.2.2 LC-qToF 

Another HRMS commonly used for PCA analysis is the qTOF. This system provides high mass 

accuracy, typically below the 10 ppm range, and high resolving power, about 30,000, which is 

essential for distinguishing PCA ions from interferences.83 Coupling the qToF with LC systems 

allows for the analysis of PCAs with longer carbon chains that pose low volatility. When the qToF 

is coupled to LC systems, the ionization is mostly performed using atmospheric pressure 

ionization (API) techniques. The most commonly used techniques include electrospray ionization 

(ESI) and atmospheric pressure chemical ionization (APCI).77 

In ESI, ionization begins in solution as the LC eluent is introduced through a grounded nebulizer 

into a spray chamber under a strong electric field. This field, together with a flow of nebulizing 

gas, generates a fine spray of charged droplets, where ions may already be present or formed at 

the droplet surface. As the droplets travel toward the mass spectrometer inlet, they undergo 

desolvation assisted by heated nitrogen gas. Solvent evaporation reduces droplet size and 

increases charge density until Coulombic repulsion causes droplet fission. This process repeats 

until gas-phase ions are released, either by ion evaporation or complete desolvation.83 

In contrast, APCI operates via a gas-phase ionization mechanism. The LC eluent is first nebulized 

and then passed through a heated vaporizer, where both solvent and analyte are fully vaporized. 

The gas-phase mixture is subsequently exposed to a corona discharge, which ionizes the solvent 
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molecules to form reagent ions. These reagent ions then ionize the analyte molecules through 

ion–molecule reactions, producing predominantly singly charged ions.83 

For PCA analysis, the ions monitored correspond to chloride adducts, [M + Cl]⁻. PCAs are poorly 

deprotonated due to the absence of acidic hydrogens, but under negative ESI or APCI conditions 

they can form adduct ions with chloride present in the mobile phase. The [M + Cl]⁻ ion is a non-

covalent complex stabilized by ion–dipole and induced dipole interactions, where Cl⁻ (acting as a 

Lewis base) associates with electron-deficient regions of the molecule:84 

δ+C − Cl δ− 

In PCAs, the multiple chlorine substituents withdraw electron density from the carbon backbone, 

creating partially positive sites that favor this interaction. In ESI, adduct formation occurs during 

droplet desolvation, whereas in APCI it takes place in the gas phase via ion–molecule reactions. 

These adducts are stable and produce strong signals with minimal fragmentation, making them 

well suited for PCA analysis.84 

Once the [M + Cl]⁻ ions are generated, they are transferred into the vacuum region through the 

capillary. They then pass through a series of ion optics that focus and guide them toward the mass 

analyzer, see Figure 6. The ions are first directed through ion funnels and multipole guides, which 

efficiently transmit ions while reducing gas load. These elements also help to collimate the ion 

beam and remove neutral species. Next, the ions enter the quadrupole, which consists of four 

parallel rods with oscillating electric fields. As previously described for PCAs, MS1 mode is 

commonly used, and therefore the quadrupole typically operates in RF-only (transmission) mode, 

allowing a broad range of m/z values to pass through simultaneously without mass filtering. This 

ensures that all ions are transmitted to the detector.83 

Following the quadrupole, ions are transferred into the TOF analyzer. Here, ions are pulsed into 

a field-free drift region with the same kinetic energy. Because all ions receive nearly equal kinetic 

energy, their velocities depend on their m/z ratios, with lighter ions traveling faster than heavier 

ones. As a result, ions separate in time as they travel down the flight tube. The TOF is equipped 

with a reflectron, which is an electrostatic mirror that corrects for small differences in kinetic 

energy among ions of the same m/z. This improves mass resolution by ensuring that ions with 

identical m/z values reach the detector at the same time. Finally, ions are detected, and their 

arrival times are recorded. These flight times are then converted into m/z values, generating a 

mass spectrum.83 
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Figure 6: Schematic of 6550 iFunnel Q-TOF LC/MS, based on the illustration from Agilent.83 

1.5.3 PCA quantification 

1.5.3.1 The lack of suitable PCA standards 

As described in Paper I, there is currently no harmonized approach for the quantification of PCAs, 

largely due to the inherent complexity of these mixtures and the lack of suitable, well-

characterized standards. Consequently, laboratories employ different analytical strategies, 

leading to poor comparability of results85. Interlaboratory studies have demonstrated substantial 

discrepancies in reported concentrations for identical samples, primarily driven by differences in 

calibration standards.86 In particular, z-score evaluations have shown that the choice of 

calibration standard is the dominant factor influencing quantification accuracy.86 

These limitations are rooted in the synthesis of PCA standards.16 As previously described, radical 

chlorination provides little control over chlorine substitution patterns, resulting in complex 

isomeric mixtures.15 Consequently, commercially available standards consist of poorly defined 

mixtures, typically described as carbon chain congener groups (e.g., PCAs-C10 with a given 

chlorination degree) or broader homologue group mixtures (e.g., PCAs-C10-13), see Paper I for 

information on the different methodologies that are used in PCA analysis.87 Due to instrumental 

limitations, these mixtures cannot be resolved at the individual congener level. Furthermore, 

instrumental response varies depending on ionization conditions, degree of chlorination, and 

molecular structure, adding another layer of uncertainty to the quantification.70,76,77 In addition, 

many technical standards contain impurities from other PCA groups, such as longer-chain 

mixtures containing shorter-chain PCAs, further compromising their suitability.16 

The selection of internal standards (IS) presents an additional challenge, see Paper I. Ideally, IS 

should closely mimic PCA behavior during sample preparation and analysis. However, commonly 

used compounds such as hexachlorocyclohexanes (HCHs) or methoxy polybrominated diphenyl 
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ethers (MeO-PBDEs) differ significantly in structure and physicochemical properties.88 As a result, 

they often exhibit lower recoveries than PCAs during sample pretreatment.86 Isotopically labeled 

PCAs (i.e., [13C10]-1,5,5,6,6,10-hexachlorodecane and [13C12]-1,1,1,3,10,12,12,12- 

octachlorododecane) provide the closest structural match, but their availability is limited.87 

Moreover, even these compounds can exhibit substantial m/z overlap with native PCAs, rendering 

them indistinguishable under LRMS conditions.88 Consequently, a range of surrogate IS, such as 

[13C6]-hexachlorobenzene, [13C10]-trans-chlordane, [13C10]-anti-Dechlorane Plus, [13C12]-

hexabromocyclododecane (HBCD), and [13C8]-mirex are used in practice. However, none fully 

meet the requirements for accurate PCA quantification.87 

1.5.3.2 Quantification methods 

Considering the vast number of isomers and the lack of suitable chemical standards, PCA analysis 

is currently largely limited to semi-quantitative approaches,87 or quantitative when response 

factors (RFs) for individual congeners can be applied.69 Moreover, no harmonized quantification 

strategy exists. See Figure 7 and Paper I for detailed information on the diverse methodologies 

used.72 Building a calibration curve is traditionally performed by plotting the RF of an individual 

standard against its concentration at different levels. However, for PCAs consisting of a complex 

mixture of different regioisomers, enantiomers, and diastereomers, the complete composition of 

the standards is unknown, as they are synthesized as mixtures of different congeners.69 Most 

commonly used methods rely on relationships between instrumental response and chlorination 

degree, typically using linear regression.89 A key limitation of these approaches is that accurate 

quantification requires close similarity between the congener distributions of the calibration 

standard and the sample, which is difficult to achieve in practice.70 

One such quantification approach proposed by Reth et al. (2005)89 constructs calibration 

relationships based on chlorination degree for a fixed carbon chain length using standards with 

varying chlorine content (Figure 7). In this case, the curves are independent of the concentration 

of the PCAs, but rather of their chlorination degree. This method enables quantification of total 

PCAs or grouped fractions (e.g., short-, medium-, and long-chain PCAs), but it does not allow for 

resolution at the individual homologue group level.89 

To better account for differences between standards and samples, Bogdal et al. (2015)90 

introduced a pattern deconvolution approach, depicted in Figure 7. In this method, the RF 

contributions of individual homologue groups are determined for both the standards and the 

sample. A least-squares approximation with a non-negative constraint is then applied to 

reconstruct the sample profile as a linear combination of multiple standard mixtures based on 

their relative signal contributions. In addition, uncertainty can be estimated through error 

propagation of the applied model. The similarity between the PCA patterns in the sample and the 

reference standards can be evaluated using the goodness-of-pattern-fit (GoPF), expressed as the 

coefficient of determination (R²). This is based on the agreement between the CₙClₘ composition 

of the sample and that obtained from the linear combination of standards. This approach enables 

improved matching between standards and samples and provides a means to estimate 

uncertainty.90 Despite the requirement for HRMS and a more advanced setup of data processing, 

it is currently one of the most widely applied quantification methods.69 
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Other approaches attempt to approximate congener distributions in standards (Figure 7). For 

example, Yuan et al. (2017)91 proposed a calibration strategy assuming a Gaussian-like 

distribution of congener groups within technical mixtures, where congeners with chlorination 

degrees closest to the average composition are present at higher relative abundances. In contrast, 

Mézière et al. (2020)72 developed a method based on homologue group contributions using single-

chain standards, although its applicability was limited to specific chlorination (PCAs-Cl5-8) ranges 

and showed sensitivity to the standard composition. 

Overall, the diversity of calibration approaches leads to multiple ways of reporting PCA 

concentrations, including sum PCAs (∑PCAs), grouped fractions by carbon chain length (e.g., 

∑PCAs-C10-13, ∑PCAs-C14-17, ∑PCAs-C18-30), and individual homologue groups (e.g., PCAs-C10Cl6), 

as illustrated in Figure 7. 
 

Figure 7: Schema depicting the data treatment workflow from peak integration to quantification 

and the reporting of the results. The figure displays the diversity of approaches for quantification 

of PCAs, including Gaussian,91 calibration curves based on chlorination degree89 and homologue 

groups,72 and PCA profile deconvolution90 methodologies; as well as the diverse ways to report 

the data (∑PCAs; ∑PCAs-C10-13, ∑PCAs-C14-17, ∑PCAs-C18-30; and PCA-CxCly). 
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1.6 Human exposure to PCAs 

One of the main consequences of the analytical challenges associated with PCA quantification is 

the significant knowledge gap on PCA exposure risks and environmental fate. The complexity of 

these mixtures, combined with the need for advanced and costly instrumentation, limits the 

number of laboratories capable of performing reliable PCA analysis. As a result, available data 

remain scarce, particularly regarding human exposure.11 This gap in knowledge is especially 

concerning given that PCAs are produced in large volumes, exhibit PBT properties, and remain 

poorly understood.12 To better assess human exposure, two primary pathways should be 

considered: dietary intake and exposure via indoor environments, (Paper I).92,93 

Evidence from human biomonitoring highlights the potential importance of PCA exposure. For 

instance, PCA concentrations measured in serum from a Swedish cohort exceeded those of several 

legacy POPs.53 Similarly, Sun et al. (2022)94 reported that ∑PCAs-C10-13 constituted the largest 

fraction of halogenated compounds detected in human serum, followed by ∑PCAs-C14-17. These 

findings underscore the relevance of dietary intake, which has been estimated to account for 

approximately 60–88% of total PCA exposure.92 

PCAs have been identified in a wide variety of food products, including vegetable oils, cereals, 

vegetables, potatoes, eggs, fish, meat, dairy products, legumes, infant foods, plant-based meat 

alternatives, and milk, across multiple regions such as Europe and Asia.95–100 Contamination of 

food may arise from several sources, including the food origin, migration from packaging 

materials,101 processing steps such as blending and baking,21,102 and the use of sludge-amended 

soils, where PCAs can dominate the extractable organochlorine fraction.103 These pathways 

ultimately contribute to the contamination of both crop- and animal-derived products. 

In addition to diet, indoor environments are a significant secondary source of exposure, 

particularly because individuals spend the majority of their time indoors.104 As previously 

described, PCAs are commonly incorporated into a broad range of materials and consumer 

products, from which they can be released into indoor air, settled dust, and organic films on 

surfaces (Paper I).105–107 This leads to multiple exposure routes within indoor settings. Young 

children may be especially vulnerable due to their proximity to emission sources such as floors, 

household materials, and dust, as well as their behavioral patterns.108 Importantly, previous 

studies have shown that concentrations measured in residential indoor air do not necessarily 

capture exposures occurring across other microenvironments, highlighting the complexity of 

assessing total exposure.109 

Certain indoor products, including PVC-based goods such as curtains, may contain very high 

proportions of PCAs.23 PCAs are not chemically bound to the materials and can migrate into 

surrounding environments.107 Release mechanisms include abrasion, volatilization, and direct 

transfer to dust,110 contributing to indoor concentrations that may exceed those observed 

outdoors. As a result, IOFs and dust act as important reservoirs and vectors for these 

compounds.10–112 

Both indoor dust and IOFs play central roles in exposure dynamics.23,109,111–113 IOFs are first 

formed through the deposition of gas-phase compounds onto clean surfaces, creating dynamic 

reservoirs that can both accumulate and release contaminants over time.114 Their composition 

evolves as compounds with lower log KOA partition early and may later volatilize, while higher log 
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KOA compounds accumulate more gradually.115 In this way, IOFs act as both sinks and sources of 

PCAs, influencing their transport indoors and potentially transfer to skin, hair, and clothing.114,116 

In parallel, indoor dust serves as a long-term sink for particle-bound contaminants, integrating 

emissions over time and providing a useful indicator of indoor contamination.117 

Human exposure to PCAs in indoor environments occurs through multiple pathways, including 

inhalation of airborne particles, ingestion of dust via hand-to-mouth contact or food 

contamination, and dermal absorption after contact with contaminated surfaces.23,25,109,112,118–123 

Among these, dermal uptake is increasingly recognized as a significant route,11,23,111 particularly 

due to direct contact with dust and surface films.116,124 Notably, differences in PCA homologue 

profiles between dust and IOFs may influence both exposure patterns and associated risks.7,8 

Furthermore, indoor conditions and activities, such as cooking practices, cleaning routines, and 

ventilation, can substantially affect PCA distribution and concentrations.21,124,125 Together, these 

factors contribute to the considerable uncertainty that still surrounds indoor exposure to PCAs.126 

Despite growing concern, major gaps remain in understanding total human exposure.127 

Measurements based solely on residential indoor environments may underestimate exposure 

occurring across diverse daily settings.109 In this context, personalized passive sampling 

approaches, such as SWBs, have emerged as promising tools for capturing integrated 

exposure.128,129 These devices, composed of hydrophobic polymers, passively accumulate organic 

compounds across a wide range of physical-chemical properties, reflecting contributions from 

gas-phase, particulate-bound, and contact-mediated exposure pathways.128,130 As such, SWBs 

provide a comprehensive representation of individual exposure, including inhalation, dermal 

uptake, and even dermal excretion processes.131,132 The application of SWBs is particularly 

relevant for PCAs,133 given the complexity of these mixtures and the ability of SWBs to capture a 

broad range of chemicals simultaneously.128,129 

Overall, advancing the understanding of human exposure to PCAs requires both improved 

analytical capabilities and more integrative exposure assessment strategies.11 Combining 

measurements across key exposure pathways, dietary intake and indoor environments, with 

emerging personal sampling approaches offers a promising route to address current knowledge 

gaps. In addition, incorporating assessments of internal exposure is crucial to better capture 

uptake and bioavailability, thereby linking external exposure to actual body burden. Considering 

the contribution of multiple exposure pathways in parallel is essential to achieve a more holistic 

understanding of human exposure.127 Such an integrated approach will ultimately support more 

accurate risk assessments and inform future regulatory actions for these complex and 

ubiquitously distributed contaminants. 
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2. OBJECTIVES 
This thesis aims at developing and applying an analytical workflow to provide a holistic 

understanding of indoor distribution and human exposure to PCAs. The four main aims of this 

study are depicted in Figure 8. 

 

 

 
Figure 8: Schematic description of the aims of the project. Large boxes depict the main aims and 
the papers that address them. Small boxes represent the approaches taken in this thesis. 
 

Aim I: Develop and Harmonize Analytical Workflows for PCA Quantification (Paper II) 

Establish rapid, robust, and standardized workflows for the identification and quantification of 

PCAs and related analogues in environmental and biological matrices. This includes creating 

accessible data analysis tools to deconvolute complex mass spectral data and harmonize analyses 

across laboratories. 

Aim II: Understand Indoor PCA Contamination and the Exposure Implications (Paper I & III) 

Map PCA occurrence in indoor environments such as schools, sports halls, homes, and offices to 

identify key sources and patterns of contamination. Evaluate the influence of building materials, 

cleaning practices, and other environmental factors on PCA distribution in indoor dust and IOFs. 

Aim III: Assess Pathways of Human Exposure to PCAs (Paper IV & V) 

Quantify human PCA exposure through multiple pathways, including indoor environments and 

dietary intake. Integrate biomonitoring approaches, such as SWBs and serum analysis, to link 

environmental contamination to internal exposure levels. 

Aim IV: Evaluate Risks and Identify Mitigation Strategies (Paper I-V) 

Integrate environmental and exposure data to assess the risks associated with PCA contamination 

and develop strategies to reduce human exposure. Promote dissemination of findings to support 

evidence-based risk management and inform regulatory and public health recommendations. 
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3. MATRIALS AND METHODS 

3.1 Study design 

The study design was planned to gain holistic understanding of human PCA exposure, while 

providing comprehensive methods and analytical approaches for the quantitative PCA analysis. 

To address these aims, the project was structured into three sub-studies: 

(i) Develop and Harmonize Analytical Workflows for PCAs (Paper II): To facilitate a 

streamlined and harmonized quantitative analysis of PCAs, a data-processing open-

access tool was developed. The workflow was designed to be accessible and cover a 

wide range of instrument vendor data formats ensuring suitability for diverse 

laboratories. Instrumental platforms included GC with negative CI coupled to qToF 

and Orbitrap, LC with ESI or APCI coupled to qToF and Orbitrap, and direct injection 

(DI) with APCI-Orbitrap. The method was validated across standardized reference 

material NIST-2585 and the certified reference material ERM- CE100. A broad range 

of matrices, including fish tissue, indoor dust, IOFs, SWBs, meat, and vegetables, to 

ensure optimal performance in different contexts. 

Available PCA standards and technical mixtures were used extensively to guarantee 

comprehensive coverage of different laboratory capabilities. Single-chain standard 

mixtures purchased from Chiron AS included C10 (52.5% and 58.4% Cl), C11 (52.3% 

and 57.7% Cl), C12 (53.8% and 57.3% Cl), C13 (45.9% and 60% Cl), C14 (49.2% and 

58.7% Cl), C15 (47.7% and 59.3% Cl), C16 (51.5% and 58.4% Cl), and C17 (56.3% Cl). PCA 

standard mixtures from Dr. Ehrenstorfer (Augsburg, Germany) included PCAs-C10−13 

with 51.5%, 55.5%, and 63.0% chlorine content, PCAs-C14−17 with 42%, 52%, and 57% 

chlorine content, and PCAs-C18−22 with 36% and 49% chlorine content. 

Complementarily, technical mixtures used included Uniclor 40 from Neville Chemical 

Co. (USA), Paroil CW40 from Dover Chemical Corporation (USA), Cloparin 49 from 

Caffaro (Italy), Hüls 70C and 40N from Hüls AG (Germany), Witaclor 149 and 549 

from Dynamit Nobel AG (Germany), and Cereclor S52 from INEOS Chlor, Ltd. (UK). 

 
(ii) Characterize Indoor PCA Contamination (Paper I, III): To understand PCA patterns 

and distribution, a survey of available indoor studies was conducted. As the next step, 

indoor matrices were selected from environments where humans spend the majority 

of their time. Indoor dust and IOFs were chosen since both can act as sinks and sources 

of environmental contaminants. However, studying both matrices in parallel allows us 

to provide insights into different human exposure pathways and to capture a 

representative indoor contamination. They pose diverse affinity to PCAs and human 

interaction with these matrices, such as frequency of cleaning or degree of contact, 

varies. 

The indoor environments (n = 41) studied include homes (n =16), schools (n = 9), 

offices (n= 10), and sports halls (n = 5) in Sweden. Homes were included as the primary 

environment where people spend the majority of their time. Schools and offices were 

selected as environments where children and adults, respectively, spend substantial 

periods outside the home. Sports halls, while not a daily environment for most 
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individuals, represent potentially significant exposure scenarios due to high physical 

activity, frequent contact with surfaces, and widespread use of PCAs in flooring, 

equipment, and other materials. In several cases (n = 10), dust and IOF were sampled 

from multiple settings within the same building and analyzed individually to assess 

within-site variability. Additionally, to investigate whether the ban of PCAs-C10-13 

around 2017 could be reflected in the indoor matrices, samples from sites constructed 

before (n = 37) and after (n = 4) the 2017 restriction were compared. 

 
(iii) Understand Human Exposure to PCAs (Paper IV-V): Personalized passive samplers, 

SWBs (n = 32), were used to assess external PCA exposure among individuals living in 

Sweden. Aiming at identifying key exposure scenarios, participants living in the same 

household were included (three households with three participants each and three 

households with two participants each). In addition, participants frequently attending 

sports halls (n = 6) were compared with those who did not report attending such 

facilities. Participants with different profiles of time spent indoors were also selected 

to evaluate whether these environments contribute to increased PCA exposure. Both 

adults (n = 29) and children (n = 3) were included in the study to investigate whether 

exposure profiles differed between age groups. Five participants (two, two, and one 

per house) that frequented the indoor environments (i.e., they lived in the sampled 

homes, and worked in the sampled office) where indoor dust and IOF had previously 

been collected were selected to enable PCA pattern comparation across indoor 

matrices and SWBs (Paper IV). 
 

 

Dietary intake has previously been described as the primary exposure route for 

humans; therefore, food items representative of the consumption patterns of the 

Swedish population were investigated for PCA contamination. Food groups with an 

average consumption of 0.5 kg per person per year or more were selected, covering 

approximately 90% of the total annual consumption (kg/person). The samples were 

collected within the market basket project, representing more than 130 food items, 

that were pooled within each category. In total, 17 food categories were investigated: 

cereals, baked products, meat, oily fish, low-fat fish, liquid dairy products, solid dairy 

products, eggs, fats and oils, vegetables, fruits, potatoes, sweets, drinks, plant-based 

drinks, plant-based products, coffee, and tea (Paper V). 
 

 

To investigate internal exposure to PCAs, pooled human serum samples (n = 60) were 

analyzed within the framework of the POPUP study (Persistent Organic Pollutants in 

Uppsala Primiparas). The POPUP study is an ongoing monitoring program 

investigating temporal trends of persistent halogenated organic contaminants in 

pregnant and nursing women. In the present study, 60 pooled serum samples 

representing the period of 1997–2023 were analyzed, totaling 602 individual serum 

samples. Blood samples were collected approximately three weeks after delivery (14–

21 days postpartum), and information on maternal characteristics and lifestyle factors, 

including age, body weight, smoking status, educational level, country of birth, and 

dietary habits, was collected through questionnaires and structured interviews. The 

study was approved by the ethics committee at Uppsala University, and informed 

consent was obtained for all participants (Paper V). 
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3.2 Sample collection and preparation 

Detailed descriptions of the sampling and extraction procedures are provided in Papers III–V. A 

brief summary of the main approaches is presented below. 

3.2.1 Indoor dust and organic films 

IOF and settled indoor dust samples were collected in parallel in Sweden during May 2023. IOF 

samples were obtained from window surfaces using a method based on previous work with minor 

modifications.116 Settled dust samples were collected from horizontal surfaces located at least 1 m 

above the floor using an in-house developed sampling device equipped with pre-burned glass fiber 

filters (see Paper III, Figure S1). Questionnaires were completed by participants during the 

sampling period to collect information on building characteristics and lifestyle factors (see Paper 

III), which was later used to evaluate potential determinants of indoor PCA concentrations. For 

extraction, IOF and dust samples were homogenized, spiked with 13C10-1,5,5,6,6,10-

hexachlorodecane as IS, and extracted using dichloromethane/hexane by repeated vortexing, 

sonication, and centrifugation. Extracts from both matrices were concentrated and cleaned using 

multilayer glass columns containing silica, Florisil, and anhydrous sodium sulfate. Eluted with 

dichloromethane/hexane, solvent exchanged to acetonitrile, and spiked with 113C12-

1,1,1,3,10,12,12-octachlorododecane as recovery standard (RS). Extracts were stored at -20°C until 

instrumental analysis. The reference material NIST 2585 was extracted following the same 

procedure as the indoor dust. 

3.2.2 Silicone wrist bands 

SWBs were used as personalized passive samplers to assess external exposure. Prior to 

deployment, SWBs were thoroughly cleaned following previously published procedures involving 

sequential solvent washes and sonication, detailed information can be found in Paper IV.133 

Thirty-two volunteers in Sweden wore the wristbands continuously for seven days during June 

2024, removing them only during bathing activities. Participants recorded their activities and 

locations during the sampling period. After sampling, the wristbands were wrapped in aluminum 

foil, stored at −20 °C, until extraction. SWBs were cut into small pieces, homogenized, spiked with 
13C10-1,5,5,6,6,10-hexachlorodecane as IS, and extracted using solvent sonication in 

toluene:acetone:hexane (1:3:9). Extracts were cleaned using multilayer silica–Florisil-anhydrous 

sodium sulfate columns before concentration, solvent exchange to acetonitrile, and spiked with 
13C12-HBCD as RS. Extracts were stored at -20°C until instrumental analysis. 

3.2.3 Food items 

Food samples were collected by the Swedish Food Agency during the 2022 Swedish Market Basket 

Survey.96 Samples were stored at −20 °C until analysis. The extraction procedure was adapted 

from previously published methods, see Paper V for details.136,137 Samples representing different 

food categories were spiked with the IS (13C10-1,5,5,6,6,10-hexachlorodecane), and extracted using 

solvent-based extraction approaches adapted to the matrix type (solid foods, liquid dairy products, 

and other liquid samples). Extracts were concentrated and subjected to multilayer (2.5% 

deactivated silica, 44% sulfuric acid silica, and anhydrous sodium sulfate) clean-up before solvent 

exchange to acetonitrile, and RS (13C12-1,1,1,3,10,12,12-octachlorododecane) spiked. Extracts were 

stored at -20°C until instrumental analysis. 
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3.2.4 Human serum 

Human serum samples were obtained through the Swedish Food Agency and stored at −20 °C 

until preparation. The extraction procedure was based on a previously published method with 

minor modifications, see Paper V for details.136 Serum samples were spiked with 13C12-1,2,5,6,9,10-

HBCD as IS prior to extraction, and proteins were precipitated using isopropanol. Liquid–liquid 

extraction was then performed using mixtures of hexane and methyl tert-butyl ether. Extracts 

were washed, combined, and concentrated prior to clean-up. Final clean-up of serum extracts was 

performed using multilayer silica columns containing silica, 44% sulfuric acid silica, and 

anhydrous sodium sulfate. The purified extracts were concentrated, solvent-exchanged to 

acetonitrile, and spiked with d18-1,2,5,6,9,10-HBCD as RS. Extracts were stored at -20°C until 

instrumental analysis. 

3.3 Instrumental analysis 

Detailed descriptions of the instrumental methods are provided in Papers II–V. A brief summary 

of the methodologies is described below. 

3.3.1 HPLC- qToF 

All samples were analyzed using a high-performance (HP) LC-qToF Agilent 1290 Infinity HPLC 

system interfaced with a 6550 qToF. Chromatographic separation was achieved on an ACE Excel 

2 C18 column (75 × 2.1 mm, 2 µm) maintained at 40 °C. [M + Cl]⁻ ions were promoted by adding 

0.05 mM tetramethylammonium chloride (TMAC) in Milli-Q water (mobile phase A) and 

0.05 mM TMAC in acetonitrile (mobile phase B). The gradient elution program was as follows: 

0– 2 min, 70% A / 30% B; 2– 5 min, 30% A / 70% B; 6– 20 min, 0% A / 100% B; 21– 22 min, 70% 

A / 30% B, and the flow rate was kept at 0.4 mL/min. The maximum pressure limit was set to 

1200 bar, and a 10 µL injection volume was used. Mass spectrometric detection was performed in 

negative ESI mode. Key settings included a capillary voltage of 3400 V, gas temperature of 200 °C, 

nebulizer pressure of 60 psi, and a nozzle voltage of 1900 V. Data were acquired over an m/z range 

of 100–1700. The targeted homologs were CnClm with n = 10−30 and m = 3-n (maximum n= 15), 

and signals were extracted at ±10 ppm mass error window, see Paper II-V for detailed information 

on instrumental methods and quantification standards. 

3.3.2 GC- Orbitrap 

For the CPxplorer workflow development, the SRM NIST 2585 was analyzed using a TRACE 1310 

GC system coupled to a Q-Exactive mass spectrometer fitted with a CI source. The column used 

was a 30 m × 0.25 mm, 0.25 μm DB-5MS. The oven temperature program was set at 100 °C for 5 

minutes and then increased to 300 °C with a slope of 20 °C/min and held for 10 minutes. The data 

was acquired in a full scan mode (m/z 100−700) with a resolving power of 60 000. For the 

homologue groups containing seven and more chlorines [M − Cl]− ions were monitored, while for 

those containing six or less [M − HCl]− was examined. The targeted homologs were CnClm with n 
= 10−17 and m = 3−n (maximum n= 15), and signals were extracted at ±5 ppm mass error window. 
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3.3.3 LC-APCI-Orbitrap, GC-qToF, DI-APCI-Orbitrap 

LC- APCI-Orbitrap, GC- qToF and DI- APCI-Orbitrap were used to analyze NIST 2585 indoor dust, 

GC- qToF was employed for ERM- CE100 fish oil and LC- APCI- Orbitrap for the investigation of 

PCA transformation products in rice seeding exposure system. The corresponding datasets were 

originally acquired by Spaan et al. (2023),103 Ricci et al. (2024),138 and Chen et al. (2022),42 and 

reprocessed using the CPxplorer workflow (see Paper V for details). 

3.4 Data treatment and quantification 

Detailed description of the CPxplorer workflow is provided in Paper II, and the applied data 

treatment criteria in Papers III-V, the following text provides a brief overview. 

3.4.1 CPxplorer workflow 

As depicted in Figure 9, the first step in CPxplorer involves generating a target analyte list 

containing non-overlapping m/z values. This is performed using CPions, an in-house graphical 

user interface app developed in R using the Shiny framework (source code available at GitHub: 

https://github.com/WBS-TW/CPxplorer).70 In CPions, centroided m/z values corresponding to 

PCA ions are generated using the EnviPat package.139 Based on the applied mass resolving power, 

ions that are not expected to overlap are selected to create the final analyte target list. The 

application is flexible and allows the inclusion of a wide range of adducts and related compounds, 

including PCAs, BCAs, PCOs, and potential transformation products. 

The resulting m/z list is then imported into Skyline to generate EICs from the raw mass 

spectrometry data. Skyline is an open-source software widely used for quantitative analysis of 

mass spectrometric data and supports file formats from major instrument vendors.140 Peak 

detection is performed within a user-defined mass error window, and integration criteria include 

matching isotopologue peak shapes, expected isotope abundance patterns, and retention time 

alignment between standards and samples. 

 

 

Figure 9: Schema of the CPxplorer workflow. Note: interferences are assessed at the applied 
instrumental resolution using centroided m/z values, relative abundance is calculated compared to 
base peak, GoPF (to goodness of pattern fit) refers to the agreement between the deconvoluted and 
measured PCA pattern, MDL (method detection limit) is based on the PCA concentration in the 
blanks, and recoveries are calculated based on the internal to recovery standard ratio. 

https://github.com/WBS-TW/CPxplorer
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The integrated data can then be exported from Skyline as spreadsheet files and imported into 

CPquant, another Shiny-based app included in the CPxplorer package, for quantification. 

CPquant performs quantification using the PCA homologue deconvolution approach based on 

non-negative least-squares (nnls) fitting implemented through the nnls R package.90,102 Briefly, 

relative homologue distributions of the calibration standards are derived from the RFs of the 

individual homologue groups, while the relative distributions of the samples are calculated from 

the measured peak areas. The nnls is then applied to reconstruct the sample distribution as a 

weighted combination of the standard distributions, and the resulting weights are used to 

calculate the concentrations of the individual homologue groups, see Paper II for details. This 

implementation allows the simultaneous use of multiple standards and enables batch processing 

of large datasets. In addition, CPquant generates QA/QC metrics to assess the reliability of the 

results, including GoPF values, internal standard normalization, blank subtraction, and graphical 

evaluation of quantification and qualification ion ratios. 

3.4.2 Current data processing strategy 

Non-interfering m/z values for PCAs were determined with the CPions module, applying a relative 

abundance threshold of 20% compared to the base isotopic peak. EICs were obtained with a ±10 

ppm and ±5 ppm mass error windows in Skyline for qToF and Orbitrap data, respectively. In 

CPquant, calibration curves were constructed using linear regressions for individual homologue 

groups, with a minimum linearity criterion of r² > 0.8. Data were blank subtracted using the 

average peak areas of blanks in CPquant, and method detection limits (MDLs) were defined as 

three times the standard deviation of blank replicates, which were calculated by CPquant. 

Recoveries were calculated based on the ratio between the IS and RS. 

The presence of PCOs, PCA-transformation products (PCA-TPs) and BCAs was also investigated 

in indoor matrices and SWBs. Due to the lack of standards, their potential detection were only 

considered tentative, and only qualitative results were reported. In order to generate the target 

lists, non-interfering m/z values were selected in the CPions module, applying a relative 

abundance threshold of 20% and 50% (compared to the base isotopic peak) for PCOs, and PCA-

TPs and BCAs, respectively. The patterns were reported as the relative distribution of the peak 

area for each homologue group. 

3.5 Quality assurance/Quality control 

3.5.1 Method optimization to reduce blank contamination 

Several measures were implemented and systematically evaluated to minimize background 

contamination and ensure the reliability of the analytical results. Serum sample preparation and 

extraction procedures were conducted in a clean room facility at Linköping University to reduce 

environmental contamination. Glassware (including Pasteur pipettes, LC vials, inserts, and glass 

test tubes), and aluminum foil was pre-treated by combustion at 450 °C for 4 hours to remove 

organic residues. Throughout all experiments, only hypergrade solvents were used. 

A series of blank experiments were conducted to identify potential contamination sources. These 

included direct solvent transfers, full procedural blanks (including extraction and evaporation 

steps), and tests involving prolonged exposure of solvents to laboratory conditions (e.g., open 

containers in the fume hood). Different solvent brands, including Supelco, VRW and Sigma 



29  

Aldrich, were evaluated. However, no significant differences in PCA background levels were 

observed. Milli-Q water and isopropanol were also tested and showed measurable, but lower, 

contributions compared to full procedural blanks. The use of plastic pipette tips and Hamilton 

syringes was compared, with no observable differences in contamination levels. The effect of using 

an air purifier (Ozoneair Purify, Sweden) in the laboratory during sample preparation was also 

evaluated, but no influence was observed. To minimize potential contamination from vial lids, a 

layer of pre-burned aluminium foil was placed between the vial and the cap. Furthermore, mobile 

phases were analyzed and found to contain lower PCA levels than those observed in procedural 

blanks, indicating that they were not the primary contamination source. Still, to assess potential 

contamination from the LC system, an inline filter (5067-1761 Agilent) was installed to reduce 

system-derived background signals. This approach helped to further isolate and mitigate 

instrumental contributions to the observed blank levels. 

Overall, these tests indicated that the main sources of contamination were associated with sample 

handling and extraction procedures rather than solvents or instrumental inputs. The optimized 

protocol described above was therefore adopted to minimize blank contributions and ensure 

robust analytical performance. 

3.5.2 Method evaluation 

Recoveries across the analyzed matrices showed considerable variability, reflecting the 

complexity of PCA mixtures and the limitations of using a single isotopically labelled isomer.87 

For indoor matrices, recoveries ranged from 22–117% (mean 63%) for dust and 21–90% (mean 

45%) for IOF. In food items and human serum, recoveries ranged from 58–204% (median 109%) 

and 12–93% (median 45%), respectively, while SWBs showed recoveries between 40–160% 

(mean 81%). As recoveries were calculated from IS/ RS ratios representing only one isomer, they 

do not capture the variability across different homologue groups. Therefore, reported 

concentrations were not recovery corrected, but recoveries are provided for transparency. 

To further evaluate method performance, NIST SRM 2585 (n = 3) was analyzed with every group 

of samples. Measured levels were consistent with previously reported literature values, supporting 

the robustness of the analytical approach, see Papers III-V for exact concentrations. Additionally, 

the replicate analyses of NIST SRM 2585 showed good reproducibility with relative standard 

deviations generally below 15%. 

Field and laboratory blanks were included for all matrices to assess potential contamination 

during sampling, handling, and analysis. Average blank signals were subtracted from sample 

signals prior to quantification, and MDLs were calculated based on blank variability as three times 

the standard deviation of the blanks. MDLs varied between matrices and homologue groups due 

to differences in sample mass and matrix complexity, see Paper III-V for details. Detection 

frequencies were generally high for indoor dust and SWBs (~100%), whereas lower detection 

frequencies were observed for IOF (~50%) and some food and serum samples (~40%), largely 

reflecting higher MDL thresholds. 
 

 

 

The quality of PCA quantification was evaluated using the GoPF (R²) calculated with CPxplorer, 

which assesses the agreement between PCA homologue distributions in the standards and those 

observed in samples. Most samples across matrices showed GoPF values above the commonly 
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applied threshold of 0.590 indicating that the available standards were generally representative of 

the patterns present in the samples. Lower GoPF values were observed for IOF samples as sample 

patterns differed from the available standards, particularly for longer-chain homologue groups. 

In such cases, quantification results were considered tentative or excluded from further 

interpretation. Regarding SWBs, when quantifying PCAs-C10-19, mean GoPF of all samples was 0.8, 

where 30 of the samples ranged from 0.6-1.0, and two showed a GoPF showed a GoPF 0.3-0.5. 

However, when the PCAs-C20-30 were included, the standards available in the lab did not represent 

the patterns found in the samples and only 20 of the samples showed GoPF above 0.5. 

Finally, PCA transformation products and PCOs were tentatively identified but not quantified due 

to the lack of authentic standards. Their presence was supported by consistent isotopologue peak 

shapes, mass errors below 10 ppm, and signal intensities at least twice those observed in blanks. 

3.6 Statistical analysis 

Statistical analyses were conducted using R software (version 4.4.2), R studio, considering only 

samples with concentrations above the MDL for indoor dust and IOF, and MDL/2 for the serum 

and food samples that were below MDL. Data normality was assessed using the Shapiro–Wilk test; 

because datasets deviated from normality, non-parametric methods were employed. Differences 

in total PCA concentrations across three or more groups were tested with the Kruskal–Wallis test, 

followed by Dunn’s post hoc test with Bonferroni adjustment for multiple comparisons. 

Comparisons between two groups were performed using the Mann–Whitney U test. Associations 

between continuous variables, such as building age, and PCA concentrations were evaluated using 

Spearman’s rank correlation. For multivariate analyses, chemical profiles were categorized by 

carbon chain length or chlorination degree, centered log-ratio transformed, and explored through 

principal component analysis (referred to as PCoA to distinguish from our target PCA analytes). 

3.7 Exposure assessment 

Human exposure to PCAs through indoor dust, IOF, SWBs, and food items was estimated using 

previously established exposure assessment approaches, see Papers III-V. For indoor matrices, 

dermal uptake and ingestion exposure doses were calculated for both adults and children using 

exposure models described in previous studies, detailed information can be found in Paper 

III.109,111,113,141 These calculations were performed for a representative adult (75 kg body weight, 181 

cm height) and a child (15 kg body weight, 95 cm), using equations and parameters reported in 

earlier work. To account for the enrichment of chemicals from indoor surfaces to the skin, 

simulations were conducted using the PROTEX human exposure and toxicokinetic model.142–146 

The simulations incorporated skin composition and behavioral parameters representative of the 

general population together with physicochemical properties of the compounds. Additional 

details on model assumptions and parameterization are provided in Section S4 from Paper III. 

Daily dermal uptake from SWBs was estimated following previously described approaches.133 The 

absorbed daily dose (ADDdermal) was calculated based on PCA concentrations measured in the 

wristbands, the exposed skin surface area, the fraction of analyte absorbed through the skin, body 

weight, and the sampling duration, see Paper IV. Concentrations measured in SWBs were 

converted from µg g⁻¹ to ng cm⁻² using a surface area conversion factor. Skin absorption fractions 

for the different PCA homologue groups were taken from previously reported estimates.111 As 
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described in Paper IV, dietary exposure was estimated by calculating the estimated daily intake 

(EDI) for each food category and PCA homologue group. The calculation was based on measured 

PCA concentrations in food items and average per capita consumption rates for the Swedish 

population.96 Intake estimates were normalized to body weight, assuming an adult body weight 

of 70 kg. 

The exposure estimates were calculated at three scenarios, including lower- bound (LB) where 

samples below MDL were considered as zero, medium- bound (MB) where samples below MDL 

were considered as half the MDL, and upper-bound (UB) samples below MDL were considered as 

the MDL. 

3.8 Fingerprinting and Source Apportionment Analysis 

A forensic fingerprinting approach based on normalized PCA homologue distributions was 

applied to compare patterns across exposure indoor dust, IOF, SWBs, food, and human serum. 

Average homologue profiles were calculated for each matrix and normalized to relative 

abundances. Similarities between matrices were evaluated using Pearson correlation coefficients, 

coefficients of determination (R2, GoPF), cosine similarity metrics, and multivariate analyses. In 

addition, nnls regression was applied to reconstruct PCA profiles in SWBs and serum as linear 

combinations of potential exposure source fingerprints, while constraining source contributions 

to non-negative values. Indoor dust and IOF collected from homes, schools, offices, and gyms, 

together with food profiles, were considered as potential exposure sources depending on the study 

and participant group; see Papers IV and V for more details. 

Furthermore, the relative contribution of different exposure pathways to the total external PCA 

exposure was estimated based on exposure intake calculations combined with pathway-specific 

absorption fractions previously reported in the literature, see Paper V. Relative contributions were 

calculated for dietary intake, dust and IOF ingestion, and dermal absorption from indoor dust and 

IOF, allowing comparison of the importance of the different exposure pathways for ∑PCAs-C10–13, 
∑PCAs-C14–17, and ∑PCAs-C18–30. 
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4. RESULTS AND DISCUSSION 

4.1 CPxplorer workflow evaluation 

4.1.1 Performance across instrumental data and result comparability 

to exiting tools 

A key requirement for harmonization is consistent data processing. Therefore, CPxplorer was 

developed as a standardized workflow for PCA quantification. CPxplorer features a user-friendly 

interface (Figure 9) and is accompanied by manuals and video tutorials, making it accessible to a 

broad range of users (https://github.com/WBS-TW/CPxplorer). Given the diversity of 

instrumentation used across laboratories, the workflow was evaluated through a wide range of 

instrumental data (Figure 10 and Paper II).11 While full harmonization also requires alignment at 

the instrumental level, CPxplorer specifically addresses variability introduced during data 

treatment. Therefore, the influence on PCA responses by instrumentation was assessed first to 

distinguish analytical variability from data processing effects. 

As depicted in Figure 10, CPxplorer produced PCA concentrations in NIST SRM 2585 (indoor 

dust) that were consistent with previously reported values.24,103,121,147 Importantly, the workflow 

successfully handled data acquired using GC, LC, and DI approaches, coupled with different 

ionization techniques (ESI, APCI, NCI) and mass analyzers (Orbitrap, qToF). This demonstrated 

its compatibility across instrument types and vendor formats, which is essential for broader 

implementation. 

GoPF (R²) values between measured and reconstructed PCA patterns ranged from 0.78 to 0.95 

for the NIST 2585 and > 0.85 for all ERM-CE100 replicates, indicating good representation of 

standards.90,148,149 However, systematic differences between GC- and LC-based techniques were 

observed. LC methods generally reported higher concentrations for medium-chain homologue 

groups, likely due to blank contributions and differences in ionization mechanisms. For example, 

LC-based approaches may capture lower-chlorinated homologues not detected by GC-NCI,76,77 

highlighting the importance of blank correction and method selection. 

https://github.com/WBS-TW/CPxplorer
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Figure 9: User-friendly interface of (A) CPions and (B) CPquant. 

Additionally, CPxplorer was benchmarked against commonly used vendor software (TraceFinder, 

MassHunter) and PCA-specific tools (CP-Seeker,79 CP-Hunter,75 and the R script by Perkons et al. 

(2019)102). The results obtained by CPxplorer were highly comparable to those generated by 

established software and workflows, while substantially reducing data processing time. Mass 

spectral interferences identified by CPions were consistent with those reported by CP-Hunter and 

previous studies, confirming the reliability of interference detection.73,75,150 For example, 

overlapping isotopic clusters between PCA homologues and related compounds were correctly 

identified, and the required resolving power (~20,000) to separate them aligned with literature 

recommendations.151 Quantitative results derived using CPxplorer also matched those obtained 

using vendor software (TraceFinder, MassHunter) and the R-based deconvolution approach 

proposed by Perkons et al. (2019).102 
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Figure 10: From left to right ∑PCAs-C10-13, ∑PCAs-C14-17, and ∑PCAs-C18-30 levels (µg g-1) in NIST-

SRM-2585. The current study quantified the PCA levels by CPxplorer, displayed in pink in the 

online version. Note: [M + Cl]- adducts of PCAs-Cl4-15 and [M - Cl]- fragments of PCAs-Cl6-11 were 

detected when using LC-based techniques and GC-based techniques, respectively. Source: Paper 

II with minor modifications.70 

4.1.2 PCA-related compounds and interference elucidation 

Beyond PCAs, CPxplorer was evaluated to assess structurally related compounds, including PCOs 

and other halogenated analogues. These compounds can produce overlapping mass spectral 

signals, leading to potential misidentification.73 CPxplorer effectively identified and filtered such 

interferences by excluding problematic isotopic ions and applying strict identification criteria. 

The results were consistent with other tools (e.g., CP-Seeker79 and CP-Hunter75), confirming the 

reliability of the approach. Additionally, potential “false positives” from mixed brominated-

chlorinated analogues were identified and excluded, ensuring accurate PCA assignment. The 

workflow was also capable of detecting PCA-TPs, although differentiation between compounds 

with identical molecular formulas remains challenging without chromatographic separation, see 

Paper II for more details. This highlights the continued importance of expert data evaluation 

alongside automated workflows. 
 

 

 

 

 

 

 

 

4.1.3 Application to environmental and exposure-relevant 

matrices 

To assess its applicability under realistic conditions, CPxplorer was applied to a range of 

environmental and biological matrices relevant to human exposure, including indoor dust, IOFs, 

SWBs, and food. These matrices present varying levels of complexity and interferences, providing 

a robust test of workflow performance. The GoPF values varied across matrices, with higher 

agreement observed for indoor dust (R² ≈ 0.90) than for IOFs and SWBs. Lower fits were 

primarily attributed to the absence of longer-chain PCA standards, which limited accurate 

reconstruction of measured patterns.87 Nevertheless, CPquant reliably reproduced observed 

distributions, demonstrating robustness under realistic analytical constraints. CPxplorer also 

facilitated blank correction and MDL estimation, which are critical for low-level measurements 
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such as food and serum analysis.69 By combining automated processing with deconvolution-based 

quantification, the workflow improved both accuracy and efficiency. 

Overall, CPxplorer provided a robust, efficient, and harmonized approach for PCA analysis across 

instruments and complex matrices, improving comparability of results and enabling more 

comprehensive assessments of environmental contamination and human exposure. Consequently, 

the workflow was adopted for the following parts of this work (Papers III-V). Throughout this 

thesis, CPxplorer has further demonstrated its robustness through application to a broad range of 

matrices, streamlining and standardizing the quantitative data treatment. 

4.2 Indoor mapping 

4.2.1 Survey on indoor PCA analysis and occurrence 

Paper I presented a non-systematic review of PCA occurrence in indoor dust, air, and IOF, together 

with an evaluation of their expected partitioning behavior based on physical-chemical properties. 

It also surveyed the analytical methodologies currently used to the detect and quantify PCAs in 

these matrices. Overall, the reviewed studies demonstrate that PCAs are widely present in indoor 

air, dust, and IOF, highlighting indoor environments as important reservoirs and exposure sources 

for these compounds. 

PCA distribution among indoor matrices was influenced by carbon chain length, chlorination 

degree, and physical-chemical properties, which governed volatility, partitioning behavior, and 

affinity to organic matter. In general, shorter-chain PCAs tend to be more abundant in the gas 

phase, whereas medium- and long-chain PCAs preferentially partitioned to particulate matter, 

settled dust, and organic films. Nevertheless, the behavior of PCA homologue groups varied 

considerably depending on the chlorination degree, and substantial overlap existed between the 

physical-chemical properties of short-, medium-, and long-chain PCAs. These differences among 

homologue groups influenced not only their environmental distribution but also their 

bioaccessibility and dermal permeability, which ultimately affected human exposure potential. 

Consequently, exposure pathways were matrix- and homologue-dependent, with inhalation being 

more relevant for relatively volatile PCAs, and dust ingestion and dermal uptake appearing to be 

major exposure routes for less volatile homologues. Toddlers and young children were 

consistently estimated to have the highest indoor exposure levels, particularly through dust 

ingestion and surface contact behaviors associated with hand-to-mouth activity and close 

proximity to indoor surfaces. 

Paper I also highlighted that indoor PCA contamination was closely linked to the widespread use 

of CPs in building materials, plastics, sealants, household products, and consumer goods. 

Emissions from these materials can occur continuously over long periods through volatilization, 

abrasion, and direct transfer, contributing to persistent indoor contamination. Indoor PCA 

concentrations and patterns were therefore influenced by several factors, including product 

usage, building age, regional regulations, production volumes, ventilation, cleaning routines, and 

occupant activities. 

At the same time, Paper I emphasized that direct comparison between studies remained highly 

challenging due to the lack of harmonized analytical methodologies, standardized terminology, 

certified  reference  materials,  and  consistent  quantification  approaches. Different  studies  often 
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applied diverse extraction procedures, instrumental techniques, and mathematical quantification 

models. Additionally, conflicting definitions of SCCPs, MCCPs, and LCCPs led to large 

uncertainties when comparing reported concentrations and homologue profiles across studies. In 

the current work, the standardized terminology from Fernandes et al. (2023)4 was adopted. This 

analytical variability, together with the extreme compositional complexity of PCA mixtures, 

continues to hinder reliable exposure assessment, trend evaluation, and risk characterization. 

Overall, the compiled literature demonstrated an urgent need for improved analytical 

harmonization, homologue-specific toxicological information, and further investigation of indoor 

sources, partitioning behavior, transformation processes, and human exposure pathways for 

PCAs and related halogenated alkane mixtures. 

As previously discussed, the harmonized CPxplorer data-processing workflow, developed in Paper 

II addressed some of these challenges by enabling consistent PCA quantification across different 

instrumental platforms and matrices. The remaining knowledge gaps identified in Paper I were 

subsequently addressed by investigating of PCA occurrence in indoor environments, assessing 

human exposure pathways, and evaluating of environmental and biological PCA homologue 

fingerprints, as presented in Papers III–V and the following sections. 

4.2.2 PCAs in indoor dust 

PCAs were above MDL in indoor dust from 40 of the 41 sampled environments, with mean 

concentrations reaching 7.3 µg g⁻¹, 43.2 µg g⁻¹, and 14.6 µg g⁻¹ for ∑PCAs-C10–13, ∑PCAs-C14–17, 

and ∑PCAs-C18–30, respectively. As depicted in Figure 11A, no statistically significant differences 

were observed between indoor environment types (homes, schools, offices, and sport halls), 

although some trends could be perceived. For instance, higher median concentrations of long-

chain PCAs (C18–30, Figure 11C) were found in sport halls and offices compared to homes and 

schools, possibly reflecting the presence of materials such as rubber and PVC flooring, which are 

known to contain long-chain PCAs.12,119 PCAs-C10–13, however, were significantly higher in homes 

than in sport halls, see Figure 11B. This may be explained by the broader range of consumer 

products present in residential settings and the widespread historical use of SCCPs in plastics and 

household materials.12,124 Additionally, their higher mobility likely facilitates migration into 

indoor dust.23 

Overall, PCA concentrations in Swedish indoor dust were consistent with the levels reported in 

other countries, including Norway,109 the United States,152 and China.120 When compared to other 

indoor contaminants, PCA levels were generally lower than organophosphate flame retardants 

but higher than polybrominated diphenyl ethers and comparable to other halogenated flame 

retardants.108,153 Medium-chain PCAs (C14–17) dominated the PCA profiles across all samples, 

contributing approximately 68% of total PCAs. This pattern is consistent with observations 

worldwide and reflects both production volumes and physical-chemical properties.109,113,153–155 At 

the congener level, PCAs-C14 were the most abundant, followed by C15. Within short-chain groups, 

C13 dominated, whereas across long-chain groups, C18 and C19 were most prominent. 

Chlorination patterns were relatively consistent across samples, with PCAs-Cl7-8 homologues 

dominating, followed by PCAs-Cl6. Lower- and higher-chlorinated homologues contributed less. 

Notably, chain length and chlorination degree were linked, where longer-chain PCAs tended to 

exhibit higher degrees of chlorination, reflecting differences in physical- chemical behavior and 

possibly source composition. 
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Figure 11: Boxplots showing concentrations across different sampled sites in indoor dust (µg g-1) 

of (A) ∑PCAs-C10-30, (B) ∑PCAs-C10-13, and (C) ∑PCAs-C18-30, and in IOF (ng m-2) of (D) ∑PCAs- 

C10-30; and across different ventilation practices in indoor dust (µg g-1) of (E) ∑PCAs-C10-13 and in 

IOF (ng m-2) of (F) ∑PCAs-C10-13. General refers to mechanical ventilation systems, and Windows 

indicates that the indoor space was ventilated by opening the windows. The boxplots display 

median (central line), interquartile range (IQR, box), minimum and maximum values within 

1.5×IQR (whiskers), and outliers (points beyond whiskers). Group sizes (n) are indicated on the 

x-axis. For A-D statistical differences between groups were assessed using the Kruskal–Wallis 

test; where significant differences were observed (p < 0.05), post hoc pairwise comparisons were 

performed using Dunn’s test with Bonferroni correction, and Wilcoxon rank-sum tests with 
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Bonferroni adjustment were also applied for robustness. For E-F, statistical differences between 

groups were assessed using the Wilcoxon test, where significant differences were observed (p < 

0.05). For all tests, values below the MDL were excluded from the analysis. Source: Paper III with 

minor modifications.156 

4.2.3 PCAs in indoor organic films 

PCA mean concentrations in IOFs were 38.2, 312, and 123 ng m⁻² for ∑PCAs-C10–13, ∑PCAs-C14–

17, and ∑PCAs-C18–30, respectively. These values were markedly lower than those reported in 

studies from China,116,124 likely reflecting both regional differences in production and the lower 

GoPF of the deconvolution for IOF samples. The latter may have led to underestimation, 

particularly for medium-chain PCAs. Despite lower concentrations, clear patterns emerged. 

Schools exhibited higher PCA levels in IOFs compared to other environments (Figure 11D), even 

though dust concentrations were not elevated in the same locations. This contrast highlights the 

importance of considering multiple indoor matrices, as they may capture different aspects of 

contamination and accumulation processes.127 

Similar to dust, IOF patterns were dominated by medium-chain PCAs, particularly PCAs-C14 and 

C15. However, compared to dust, IOFs showed a relatively greater contribution from longer-chain 

homologues. Dust exhibited a sharper decrease in relative abundance with increasing carbon 

chain length, while IOF showed a more gradual decline and therefore a relatively more even 

contribution of PCAs-C15–17. This pattern was not represented in the standards, which resulted in 

the low GoPF for IOF samples. Chlorination profiles in IOFs were also dominated by PCAs-Cl7–8 

homologue groups, with relatively minor contributions from both lower- and higher-chlorinated 

PCAs. Overall, the similarity in PCA patterns between dust and IOFs suggests common emission 

sources over time, although differences in partitioning and accumulation processes lead to 

matrix-specific distributions.19 

4.2.4 Comparison of PCA patterns in indoor dust and IOF 

Paired sampling revealed that, although PCA patterns were broadly similar between dust and 

IOFs, total concentrations were not correlated. This indicates that these matrices reflect different 

processes and timescales of accumulation. IOFs showed a relatively greater contribution from 

longer-chain homologues, compared to dust. This is consistent with cleaning routines and 

partitioning behaviors, as compounds with higher log KOA values preferentially accumulate in 

organic films over longer time periods, while more volatile compounds like short-chain PCAs 

reach equilibrium earlier.115,124 Dust likely represents more recent emissions, as it is regularly 

removed through cleaning, whereas IOFs accumulate over longer periods and may reflect better 

long-term partitioning dynamics. 

The positive relationship between the IOF-to-dust ratio and log KOA supports this interpretation, 

although the process appears to be kinetically rather than thermodynamically controlled 

(Spearman’s rank correlation, ρ = 0.60, p < 0.001; Figure 2A from Paper III). Similar PCA 

patterns observed within rooms of the same building further suggest that shared conditions, such 

as cleaning routines and material use, play a role in shaping indoor contamination profiles. 
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4.2.5 Factors influencing indoor PCA levels 

Indoor PCA concentrations are influenced by a combination of environmental and behavioral 

factors.101,109,124,154,157 Ventilation was identified as an important variable, with mechanically 

ventilated spaces showing lower concentrations of short-chain PCAs in dust, likely due to their 

higher volatility, see Figure 11E.8 In contrast, IOFs tended to exhibit lower concentrations in 

environments with natural ventilation (window opening), possibly due to enhanced removal from 

these surfaces, as IOF samples were collected from the window glass, see Figure 11F.124 Building 

characteristics showed limited influence overall. Although not statistically significant, lower 

concentrations of short-chain PCAs were observed in buildings constructed after 2017, consistent 

with regulatory restrictions.60 Conversely, an increase in long-chain PCAs in newer buildings 

suggests their use as replacements.109,113 

No clear effects were observed for factors such as flooring type, wall materials, electronic devices, 

or cleaning frequency, indicating that PCA contamination is likely driven by a complex 

combination of sources and indoor processes rather than single dominant factors. Multivariate 

analyses also did not reveal clustering by building or environment type, further supporting this 

conclusion (Paper III). Outdoor contributions, such as infiltration of contaminated air or particles, 

may also play a role, although these were not explicitly assessed in the present study. 

4.2.6 Transformation products and related compounds 

In addition to parent PCAs, several transformation products were tentatively identified in dust 

and IOFs, including hydroxylated and sulfated derivatives. These compounds likely arise from 

both biotic and abiotic processes, although their exact formation pathways remain unclear due to 

overlapping molecular formulas and analytical limitations.40,42,70 PCOs were also detected, but 

their origin could not be definitively attributed to transformation processes, as they may also be 

present in technical mixtures.4 BCAs, despite their potential relevance as emerging substitutes,79 

were not detected in the analyzed samples. 

Overall, these findings highlight the complexity of PCA-related chemical space and the need for 

further research into transformation pathways and their implications for exposure and risk. 

Together, these results demonstrate that indoor environments represent complex and dynamic 

systems. The interaction of multiple sources, partitioning processes, and exposure pathways 

underscores the need for integrated approaches to fully characterize human exposure to PCAs. 

4.3 Human exposure assessment to PCAs 

4.3.1 PCA external exposure assessment via indoor dust and IOF 

External PCA exposure was estimated via ingestion and dermal contact with indoor dust and 

IOFs. These matrices act as both sinks and sources of PCAs, contributing to human exposure 

through several pathways. The current estimated exposures were higher for children than adults, 

primarily due to behavioral factors and lower body weight.114,117 For combined exposure to indoor 

dust and IOF, dermal uptake was a major exposure pathway for children, with a median estimated 

exposure of 7.5 ng kg⁻¹ bw day⁻¹ ∑PCAs-C10-30, exceeding exposure via ingestion (4.7 ng kg⁻¹ bw 

day⁻¹ ∑PCAs-C10-30). In adults, dermal uptake and ingestion contributed similarly, with median 

exposures  of  ∑PCAs-C10-30 0.8  and  0.6 ng kg⁻¹ bw day⁻¹, respectively. Although medium-chain 
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PCAs dominated across environmental samples, short-chain PCAs contributed the largest to 

exposure via ingestion and gas-phase uptake due to higher bioavailability.152 

Overall exposure estimates remained well below established toxicological thresholds (the TDI 

recommended by the UK Committee on Toxicity (COT, 30 µg kg⁻¹ bw day⁻¹) 63, Health Canada 

(1993, 10 µg kg⁻¹ bw day⁻¹) 64, and the reference dose (RfD, 2.3 µg kg⁻¹ bw day⁻¹) 109 reported by 

Norway). However, the current estimates only account for two exposure pathways and via two 

matrices. Dietary intake, which is generally considered the dominant exposure route,92 was not 

included in the current estimation, see Paper V and section 4.3.3 for these exposure contributions. 

4.3.2 PCA external exposure assessment via SWB 

4.3.2.1 Patterns and concentrations of PCAs-C10–30 in SWBs 

Median concentrations of PCAs measured in SWBs were 0.7 µg g⁻¹ wb (wrist band weight) (range: 

0.1–4.0), 3.8 µg g⁻¹ wb (1.0–18.5), 0.4 µg g⁻¹ wb (0.2–3.4), and 0.1 µg g⁻¹ wb (<MDL–0.8) for 

∑PCAs-C10–13, ∑PCAs-C14–17, ∑PCAs-C18–19, and ∑PCAs-C20–30, respectively. It should be noted that 

homologues in the C20–30 range were not included in the calibration standards; their quantification 

is therefore considered tentative and likely underestimated. When compared to other chemical 

classes measured in SWBs, PCA concentrations were generally higher by approximately one order 

of magnitude. Reported concentrations of flame retardants, pesticides, and other semi-volatile 

organic compounds (SVOCs) typically fall within the low ng g⁻¹ range, whereas ∑PCAs-C10–30 

reached up to 19.1 µg g⁻¹ in this study.158–160 Only phthalates showed comparable or higher 

levels.159 This indicates that PCAs may represent a substantial fraction of the chemical burden 

accumulated in SWBs, highlighting their relevance for human exposure assessment. 

Homologue group distributions were evaluated using measured patterns rather than 

deconvoluted data due to the uncertainty associated with long-chain PCAs; see Figure 12A for 

examples of discrepancies between the patterns. Across all samples, PCA profiles were clearly 

dominated by PCA-C14 homologues, reflecting the widespread use and environmental prevalence 

of MCCP mixtures.35 This pattern is consistent with the previously described observations in 

indoor dust and IOFs, which were collected from environments frequented by the participants. It 

suggests that SWBs capture exposure from similar sources or that these indoor matrices are 

themselves a potential exposure source. This supports the interpretation that indoor 

environments contribute significantly to the PCA burden measured in personal samplers. 

Long-chain homologues were detected up to PCA-C26, although at relatively low contributions. 

Among these, even-numbered carbon chains (e.g., C20, C22, C24) showed higher relative 

abundances than adjacent odd-numbered homologues, a pattern also observed in indoor dust and 

IOF as well as in previous studies, see Figure 12A.133 As with indoor dust and IOF, congeners 

containing six to seven chlorine atoms were most abundant, indicating relatively consistent 

chlorination profiles across matrices. 
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Figure 12: (A) Mean relative distribution of the different homologue groups in deconvoluted (dot 

line) and measured patterns (bars) of SWBs. Boxplots show concentrations in (µg g-1) of (B) 

∑PCAs-C10-13, (C) ∑PCAs-C10-19, and (D) ∑PCAs-C10-19 across different floor cleaning practices, 

attendance to the gym, and age group of the participant, respectively. The boxplots display median 

(central line), interquartile range (IQR, box), minimum and maximum values within 1.5×IQR 

(whiskers), and outliers (points beyond whiskers). Group sizes (n) are indicated on the x-axis. 

Statistical differences between groups were assessed using the Wilcoxon test, where significant 

differences were observed (p < 0.05). For all tests, values below the method detection limit (MDL) 

were excluded from the analysis. Source: Paper IV with minor modifications. 
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4.3.2.2 Factors influencing PCA levels in SWBs 

SWBs function as personalized passive samplers that integrate exposure across multiple 

environments and activities. Consequently, interpreting PCA patterns requires consideration of 

daily routines and microenvironments participants were exposed to.128 The household 

environment emerged as a key contributor to exposure. Participants living in the same home 

exhibited similar PCA profiles, whereas differences were observed between individuals from 

different households (Figure S2 from Paper II). This suggests that shared indoor environments 

play an important role in shaping exposure patterns, likely reflecting common sources such as 

building materials, furnishings, and consumer products. 

As previously described, when mapping indoor PCAs, cleaning practices were associated with PCA 

levels.109,110 Participants reporting monthly floor cleaning showed higher SWB concentrations of 

∑PCAs-C14–17 compared to those cleaning weekly, with the difference being statistically significant 

(Wilcoxon test, p = 0.039). In contrast, ∑PCAs-C10–13 were higher in environments with more 

frequent cleaning, see Figure 12B. This opposing trend may reflect differences in physical-

chemical properties,8 as short-chain PCAs are more volatile and may dominate in freshly formed 

or recently disturbed environments.124 Whereas medium-chain PCAs persist longer and 

accumulate under less frequent cleaning conditions, as previously seen for indoor dust and IOF 

in Paper III. 

No significant relationship was observed between building construction year and PCA 

concentrations in SWBs, suggesting that building material alone is not a primary determinant of 

exposure. Instead, indoor environmental characteristics and usage patterns appear to exert a 

stronger influence. Workplace exposure represented another important factor. Participants 

working in schools showed consistently higher PCA levels across all homologue groups, aligning 

with observations of elevated concentrations in IOF from school environments in Paper III. 

Similarly, gym attendance was associated with higher PCA concentrations, particularly for long-

chain homologues, likely due to the presence of rubber and PVC materials in sports facilities 

(Figure 12C).12,119 

As depicted in Figure 12D, age-related differences were also evident, with children exhibiting 

higher PCA levels than adults across all homologue groups, although differences were not 

statistically significant. This trend is consistent with previous studies and likely reflects behavioral 

factors such as increased surface contact, as well as closer proximity to indoor PCA sources.161 
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4.3.2.3 PCA- transformation products in SWBs 

In addition to parent PCAs, PCA-TPs resulting from hydroxylation and hydrolysis were tentatively 

detected in SWBs. These included compounds corresponding to PCA– H+ OH and PCA– Cl+ OH 

pathways. The distribution of these products differed from that of the parent compounds, with 

dominance of C13 homologues rather than C14. Interestingly, long-chain transformation products 

showed higher contributions from odd-numbered carbon chains, in contrast to the even-carbon 

preference observed for parent PCAs. Chlorination patterns also differed, with Cl6 dominating 

shorter chains and Cl8 more prevalent in longer chains. 

These transformation products likely originate from a combination of environmental and 

biological processes, including photodegradation, microbial activity, and metabolism in plants 

and humans.40,42,162,163 Due to the integrative sampling nature of SWBs, the detected compounds 

may reflect contributions from multiple sources, including environmental matrices, airborne 

contaminants, and skin-associated processes.130–132,164,165 However, interpretation of 

transformation pathways remains challenging, as different PCA homologues can yield identical 

products as described in Paper II.70 Consequently, detailed attribution of specific transformation 

mechanisms was not possible within the scope of this study. 

4.3.2.4 Exposure assessment via dermal contact 

SWBs provide an integrated measure of personal exposure by accumulating chemicals through 

dermal contact, air uptake, and surface interactions.128 Based on the SWB PCA concentrations, 

median MB exposures via dermal uptake were estimated at 775, 5161, 163, and 47.1 ng kg⁻¹ bw 

day⁻¹ for ∑PCAs-C10–13, ∑PCAs-C14–17, ∑PCAs-C18–19, and ∑PCAs-C20–30, respectively. Medium-

chain PCAs (C14–17) dominated the exposure profile, accounting for approximately 84% of total 

PCA exposure, while short-chain PCAs contributed more than long-chain homologues. The 

measured PCA levels can be interpreted as representative of time-averaged exposure, when 

equilibrium between the wristbands and the surrounding environment is achieved.166,167 However, 

based on their physical-chemical properties, PCAs are estimated to be in the kinetic phase within 

the seven deployment days.168 Thus, exposure estimates should be interpreted cautiously. 

These exposure estimates are substantially higher than those derived from contact with indoor 

dust and IOF in Paper III. This discrepancy reflects the integrative nature of SWBs, which capture 

multiple exposure pathways simultaneously, including direct contact with surfaces, uptake from 

the gas phase, and particle-bound compounds. As a result, SWBs could provide a more 

comprehensive measure of cumulative exposure than individual indoor matrices.128 The 

accumulated chemical load in SWBs represents a combination of dermal absorption, inhalation-

related uptake, and potential dermal excretion.128,164 Therefore, the exposure values derived from 

SWBs should be interpreted as integrated exposure indicators rather than pathway-specific 

estimates. Overall, these findings highlight the importance of dermal and surface-related 

exposure pathways and demonstrate the value of SWBs as tools for capturing real-world, 

cumulative chemical exposure. 



45  

4.3.3 Dietary exposure assessment 

4.3.3.1 PCA concentrations and profiles in food items 

Seventeen food categories were analyzed for PCAs, ten of which showed concentrations above the 

MDLs. Sum concentrations of ∑PCAs-C10–30 ranged from < 3.2- 91.3 ng g-1. However, only PCAs 

up to C24 were detected. Median concentrations were 21.4, 16.9 and 1.2 ng g-1 for ∑PCAs-C10–13, 

∑PCAs-C14–17, and ∑PCAs-C18–30, respectively. Overall, ∑PCAs-C10–13 exhibited the highest levels, 

followed by ∑PCAs-C14–17 and then ∑PCAs-C18–30. These findings are consistent with observations 

from the 2015 market basket study, where ∑PCAs-C10–13 dominated.137 Nevertheless, compared to 

previous data, a relatively higher contribution of ∑PCAs-C14–17 and ∑PCAs-C18–24 was observed, 

likely reflecting the phase-out of SCCPs in 2017 and their replacement with medium-and long-

chain PCAs.26,169 

The highest ∑PCAs-C10–30 concentrations were found in food items with high-fat content, such as 

pastries and meat. These findings are consistent with the hydrophobic nature of PCAs and their 

affinity for lipid-rich matrices (Figure 13).7,8,95 Concentrations of different homologue groups were 

positively correlated, indicating that samples with elevated short-chain PCAs also tended to 

contain higher levels of medium- and long-chain homologues (Spearman p < 0.05; Figure 1A– C 

from Paper V, and Figure 13). Pastries showed the highest ∑PCAs-C14–17 levels, potentially linked 

to processing steps such as baking, which may facilitate contamination.170 As depicted in Figure 

13, plant-based (PB) meat substitutes exhibited the second-highest ∑PCAs-C14–17 concentrations 

(36.0 ng g-1) and among the highest ∑PCAs-C18–30 levels (7.2 ng g-1), consistent with previously 

reported ranges.97 This may reflect contamination during production processes, such as repeated 

blending steps.21 Eggs also showed relatively high ∑PCAs-C18–30 levels (7.6 ng g-1, see Figure 13), 

likely due to bioaccumulation processes reported in previous studies.171 

The PCA compositional patterns appeared to differ from those of absolute PCA concentrations. 

The relative contribution of ∑PCAs-C10–13 was negatively correlated with that of ∑PCAs-C14–17 and 

∑PCAs-C18–30 (Figure 1D and F, from Paper V), indicating that samples enriched in short-chain 

PCAs were depleted in more hydrophobic homologues. In contrast, ∑PCAs-C14–17 and ∑PCAs-C18–

30 were positively correlated (Figure 1E from Paper V), suggesting co-enrichment of hydrophobic 

compounds. These trends reflect differences in physical-chemical properties and also in food 

origins or categories. Short-chain PCAs are more volatile and mobile, favoring transfer via air or 

contact materials and resulting in more transient contamination. In contrast, medium- and long-

chain PCAs are more hydrophobic and persistent, promoting accumulation in lipid-rich matrices. 

Accordingly, high-fat content foods such as fish, baked products, and PB meat substitutes showed 

higher relative contributions of medium-and long-chain homologues, consistent with lipid-

mediated partitioning and bioaccumulation.169 In contrast, low-fat content foods such as fruits, 

vegetables, and potatoes were dominated by short-chain PCAs, likely reflecting more recent or 

surface-related contamination, including migration from packaging materials.20 Agricultural soil 

contamination may also contribute, as PCAs are a major constituent of organochlorine content in 

biosolids.27,62 Chlorination degree ranged narrowly between 56.3% and 57.1%, with relatively 

homogeneous patterns across food items. Short-chain homologues were dominated by Cl5–6 

groups, while longer chains were dominated by Cl7–9, consistent with previously reported profiles. 

No correlation was observed between the fat and chlorine content (Figure 1H from Paper V and 

Figure 13C). 
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Figure 13: Relationships between PCA concentrations, fat content, and chlorine content across 

the analyzed food items. (A) Bar plot showing the concentrations (ng g-1) of ∑PCAs-C10–13 (orange), 
∑PCAs-C14–17 (green), ∑PCAs-C18–30 (blue) in the different food categories. (B) Relationship 

between total PCA concentrations (∑PCAs-C10–30, ng g-1) and fat content (%) in food items, where 

bubble size indicates chlorine content (%). (C) Relationship between total PCA concentrations 

(∑PCAs-C10–30, ng g-1) and chlorine content (%) in food items, where bubble size indicates fat 

content (%). Food items are labelled to facilitate identification of individual samples. Note (i): 

samples without available fat content were excluded from plot (B), and no bubble is displayed for 

these samples in plot (C). Note (ii): in plot (B) bubble size represents the experimentally measured 

fat content of each sample. The labels indicate the classification assigned by the Swedish Food 

Agency during sample collection and should not be interpreted as a direct representation of the 

measured fat content.
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4.3.3.2 Estimated PCA exposure via food ingestion 

EDI of ∑PCAs-C10–30 from all food categories was 599, 785, and 868 ng person-1 day-1 for LB, MB, 

and UB scenarios, respectively. Short-chain PCAs contributed 61% of total exposure, followed by 

∑PCAs-C14–17 (35%) and ∑PCAs-C18–24 (4%). These values are consistent with previously reported 

exposure estimates.92 Meat products contributed most to MB exposure (143 ng person-1 day-1), 

followed by cereals, fats/oils, fruits, baked products, vegetables, potatoes, and diary solid. This 

reflects both their relatively high PCA concentrations and consumption rates.96 Alternatively, 

vegetable substitute drinks, PB meat substitute products, and lean fish contributed the least to the 

MB EDI of ∑PCAs-C10–30, which can be explained by both their comparatively low PCA 

concentrations and their lower consumption rates within the Swedish population. 96 

When placing these exposure estimates into a risk assessment context, the calculated EDIs were 

below the health-based reference values proposed by both EFSA and Health Canada.64 Previous 

toxicological studies identified liver, kidneys, and thyroid as the primary target organs for 

∑PCAs-C10–13 and ∑PCAs-C14–17 mixtures, whereas liver toxicity was considered the main concern 

for ∑PCAs-C18–30. Based on these findings, EFSA established benchmark dose lower confidence 

limits (BMDLs) of 2,300 ng kg-1 bw day-1 for ∑PCAs-C10–13 and 36,000 ng kg-1 bw day-1 for ∑PCAs-

C14–17,3 while Health Canada proposed a TDI of 71,000 ng kg-1 bw/day for ∑PCAs-C18–30.64 

4.3.4 Internal exposure assessment 

∑PCAs-C10–30 concentrations in human serum ranged from <MDL to 19.8 ng g-1 (<MDL– 4464 ng 

g-1 fat-1), with median values of 3.2 ng g-1 and 637 ng g-1 fat-1 (Table 2 from Paper V). These levels 

are comparable to those reported in studies from Australia55 and Norway,53 but lower than those 

observed in China,94 likely reflecting historically higher production volumes and usage of CPs in 

that region. ∑PCAs-C14–17 was the dominant PCA group detected in human serum, while ∑PCAs-

C10–13 showed the highest inter-sample variability and ∑PCAs-C18–30 was the most frequently 

detected group above the MDL, see Paper V. Significant positive correlations were observed 

between the different PCA groups (Figure 2C-E from Paper V), although samples with high 

concentrations of short-chain congeners did not show high concentration of the medium and long 

chain ones, and vice versa. This suggests differences in exposure sources and pathways, see Figure 

2A from Paper V. 

The large variability observed for ∑PCAs-C10–13 may reflect differences in indoor exposure 

environments between participants. This is consistent with Paper III, where substantial variation 

of short- chain PCA levels in indoor dust and IOF was seen. Regulatory restrictions on SCCPs 

introduced in 2017 may also have contributed to these differences,60 as more recent exposure 

scenarios are expected to contain lower relative contributions of short-chain PCAs and increasing 

proportions of medium- and long-chain homologues.94 53 However, no clear temporal trend was 

observed in the present study (Figure S2 from Paper V), likely due to the pooled nature of the 

serum samples, which included individuals of different ages and exposure histories within the 

same pool. 

Although increasing chlorination generally enhances hydrophobicity, no significant relationship 

was observed between chlorination degree, serum fat content, and PCA concentrations (Figure 2F 

from Paper V). This may be explained by the relatively small variability in both fat and chlorine 

content across the analyzed samples. 
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4.3.5 Multipathway exposure assessment and forensic 

fingerprinting of PCA exposure sources 

Multipathway exposure assessment indicated that dietary intake was likely the dominant 

contributor to total PCA exposure. The current findings are in agreement with previous studies 

identifying diet as a major PCA exposure pathway,92 as EDI from food exceeded those associated 

with indoor exposure matrices. However, forensic fingerprinting analyses revealed that 

comparison of PCA homologue patterns across serum, food, indoor dust, and IOF showed that 

indoor matrices exhibited greater similarity to serum profiles than food. The combined indoor 

dust and IOF profile together with food reproduced the serum PCA pattern with good agreement 

(GoPF = 0.7, see Figure 3 from Paper V), suggesting that indoor environments contributed 

substantially to the PCA composition observed in serum. 

This apparent discrepancy between total exposure estimates and fingerprint similarity likely 

reflects differences in homologue-specific absorption and toxicokinetic behavior. Food 

contributed proportionally more to short-chain homologues, particularly ∑PCAs-C10–13, which are 

generally considered more bioavailable. In contrast, longer and more chlorinated homologues 

appeared to be preferentially retained in serum lipids due to their higher hydrophobicity and 

bioaccumulative potential.92,156 Indeed, after lipid normalization, ∑PCAs-C18–30 concentrations in 

serum exceeded those measured in food, while ∑PCAs-C10–13 remained substantially lower in 

serum. Furthermore, serum profiles were dominated by ∑PCAs-C14–17, whereas ∑PCAs-C10–13 

showed the highest inter-sample variability. A similar variability in short-chain homologues was 

also observed across indoor matrices from different homes, while food samples generally showed 

more consistent PCA patterns dominated by short-chain homologues. This may reflect differences 

in indoor exposure scenarios and microenvironments between participants. 

The relevance of indoor environments was further supported by the SWB study (Paper IV), where 

SWBs were used as personalized passive samplers to investigate external PCA exposure patterns. 

PCA fingerprints measured in SWBs were reproduced well (GoPF 0.85-0.98) by indoor dust and 

IOF collected from homes, schools, offices, and gyms. Indicating that these matrices potentially 

act as direct exposure sources or share common indoor emission sources with the PCAs 

accumulated in the SWBs. Across all participant groups, house dust explained the largest 

proportion of the reconstructed SWB profiles, highlighting the home environment as a major PCA 

exposure scenario, see Figure 2 from Paper IV. Secondary contributors differed depending on 

participant activities and microenvironments, with school IOF contributing substantially to the 

profiles in SWBs worn by children, while office and gym environments influenced adult exposure 

patterns (Figure 2 from Paper IV). 

Considerable interindividual variability was also observed. In some participants, home dust 

explained nearly the entire SWB fingerprint, whereas in others, workplace or gym environments 

contributed substantially (Figure S7 from Paper IV). These findings emphasize the importance of 

personal behavior, indoor activities, and specific microenvironments in shaping PCA exposure 

patterns. Nevertheless, the source apportionment results should be interpreted cautiously, as 

partitioning, absorption, metabolism, and desorption processes may alter PCA homologue 

distributions between environmental matrices, SWBs, and human serum. 
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Overall, the combined use of exposure estimation, forensic fingerprinting, and personalized 

passive sampling demonstrated that human exposure to PCAs is highly multipathway and 

influenced by both diet and indoor environments. Importantly, the results highlight that the 

pathways contributing most to total PCA intake do not necessarily correspond to those most 

strongly reflected in internal PCA fingerprints, as homologue-specific physical-chemical and 

toxicokinetic properties strongly influence the PCA patterns ultimately retained in humans. 

4.4 Limitations and uncertainties 

Several limitations and sources of uncertainty should be considered when interpreting the results 

of this study. For IOF, the GoPF values were below the recommended thresholds, indicating that 

quantification should be considered tentative. This was particularly evident for PCAs-C>16, where 

the homologue patterns in the samples did not fully match those of the calibration standards. 

Consequently, concentrations for these longer-chain homologues are associated with higher 

uncertainty. For food and serum samples, relatively high blank levels were observed. As a result, 

exposure estimates relied on MB assumptions (i.e., values below the MDL were treated as half the 

MDL), which introduces additional uncertainty. Therefore, caution is required when interpreting 

absolute concentration levels and exposure estimates. 

A major limitation of the current SWB-based exposure assessment is the difficulty in translating 

accumulated chemical concentrations into absolute exposures. Accurate back-calculation 

requires knowledge of compound-specific sampling rates or confirmation that equilibrium has 

been reached, neither of which was directly determined in this study. In addition, environmental 

and use-related factors such as temperature, humidity, and wearing conditions were not 

monitored, further contributing to uncertainty in uptake and emission dynamics. Consequently, 

SWB-derived concentrations should be interpreted as indicators of relative exposure rather than 

precise quantitative measures. 

Another limitation of the present work is related to the analytical resolution of the 

instrumentation applied. Although LC-qToF-HRMS enabled sensitive detection and 

characterization of complex PCA mixtures, the extreme compositional complexity of CP mixtures 

cannot yet be fully resolved.151 CP mixtures comprise thousands of PCA isomers together with 

interfering compounds such as PCOs.4 Consequently, overlapping ions and unresolved 

interferences may still affect peak assignment and homologue characterization. The use of even 

higher-resolution mass spectrometric approaches could improve the separation of overlapping 

ions, increase confidence in peak identification, and facilitate more detailed characterization of 

individual PCA homologues and transformation products. In addition, differences in instrumental 

platforms and analytical methodologies can influence the measured PCA patterns. Individual PCA 

homologues and isomers exhibit different ionization efficiencies and detector responses.76,77 

Therefore, the PCA fingerprints and concentration profiles reported in the present work are 

intrinsically linked to the analytical method and instrumentation applied. 

Despite these limitations, all investigated matrices provide valuable information. To minimize 

methodological biases and allow meaningful profile comparison, the same analytical workflow 

and instrumentation were applied consistently across all matrices included in this thesis. SWBs 

offer a clear advantage by integrating exposure over time and across multiple pathways, making 

them particularly useful for assessing global exposure patterns and identifying key contributors 

to   human   chemical   burden.   Similarly,   although  IOF   concentrations   are   associated   with 
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uncertainty, the observed homologue patterns remain robust and provide important insights into 

PCA behavior, especially when contrasted with dust, where distinct differences were evident. 

Nevertheless, as identified in Paper I, indoor air represents an important additional exposure 

pathway that was beyond the scope of the current study. Incorporating it could provide a more 

comprehensive understanding of human exposure to PCAs. This is supported by higher exposure 

estimates derived from the SWBs than those based solely on contact with indoor dust IOFs (Paper 

III). Together, these findings suggest that additional exposure pathways, such as indoor air, may 

contribute to overall human exposure to PCAs. 

For food and serum, the frequent occurrence of values near or below MDL reflects the ubiquitous 

presence of PCAs in the environment and the resulting challenges associated with background 

contamination. Consequently, measurements close to the MDL cannot be interpreted as evidence 

of PCAs being absent from these matrices. Even under these constraints, consistent patterns were 

identified, supporting the interpretation of exposure pathways and contributing to a better 

understanding of sources and distribution. These insights are considered valuable for guiding 

future studies and informing strategies aimed at reducing human exposure. 
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5. CONCLUDING REMARKS AND FUTURE 

PERSPECTIVES 
This thesis aimed to improve the understanding of human exposure to PCAs through the 

development of analytical tools, the investigation of indoor contamination, and the assessment of 

exposure pathways. Together, the results demonstrate that PCAs are ubiquitous contaminants in 

indoor environments, food, and humans, while also highlighting the analytical complexity 

associated with these compounds. 

The findings of this thesis fulfilled the four aims outlined in Section 2, Figure 8: 

 Aim I – Develop and Harmonize Analytical Workflows for PCA Quantification. 

The development of CPxplorer provided a harmonized workflow for PCA identification and 

quantification across different instrumental platforms and matrices. The workflow improved 

the efficiency, standardization, and comparability of PCA data treatment and addressed one 

of the major analytical challenges identified in Paper I. 

 
 Aim II – Understand Indoor PCA Contamination and the Exposure Implications. 

PCAs were shown to be widespread in Swedish indoor environments, including homes, 

schools, offices, and sport halls. Medium-chain PCAs dominated both dust and IOFs, while 

differences between matrices reflected distinct partitioning and accumulation processes. IOF 

likely represents an older matrix and showed an enrichment of less volatile PCAs. Ventilation 

practices, cleaning routines, and building usage influenced indoor concentrations, 

highlighting the complexity of indoor PCA contamination. 

 
 Aim III – Assess Pathways of Human Exposure to PCAs. Human exposure was 

shown to be highly multi-pathway. Dietary intake was identified as the largest contributor to 

estimated external exposure. However, forensic fingerprinting revealed that indoor dust and 

IOF better explained the PCA patterns observed in serum than food, highlighting indoor 

environments as important contributors to human exposure. This finding was further 

supported by the SWB study, where PCA fingerprints measured in personalized passive 

samplers showed strong agreement with those of indoor matrices. The results further 

highlighted the influence of homologue-specific physical-chemical properties and 

toxicokinetic processes on internal exposure patterns. 

 
 Aim IV – Evaluate Risks and Identify Mitigation Strategies. The multi-pathway 

approach adopted in this thesis, combining indoor environmental matrices, food, SWBs, and 

human serum, provided complementary insights into human PCA exposure. Each matrix 

contributed a different piece of the exposure puzzle, allowing the investigation of 

contamination sources, external exposure pathways, and internal exposure simultaneously. 

This approach highlighted homes as important exposure scenarios while also demonstrating 

the influence of other microenvironments, such as schools, offices, and gyms, on individual 

exposure patterns. Differences in PCA concentrations and profiles among food categories 

further showed that dietary exposure can arise from multiple sources and contribute distinct 

PCA signatures. Overall, the integration of exposure assessment, biomonitoring, and forensic 
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fingerprinting improved the understanding of how environmental contamination translates 

into human exposure and provided analytical tools and knowledge that can support future 

source attribution and exposure pathway relevance for future exposure reduction strategies. 

Despite these advances, important knowledge gaps remain. Future research should focus on 

improving the structural characterization of PCA homologues, transformation products, and 

related analogues. The development of higher-resolution analytical approaches, expanded and 

more representative calibration standards, reference materials, and harmonized methodologies 

remains essential for improving comparability across studies and advancing the assessment of 

PCA exposure and associated risk. This would help expand knowledge of PCA environmental fate, 

bioavailability, metabolism, bioaccumulation, and toxicokinetics. 

To better understand the factors influencing PCA occurrence and exposure, improved systematic 

monitoring of indoor environments is needed. Longitudinal studies, for example investigating the 

effects of cleaning practices, ventilation strategies, building materials, and occupancy patterns 

through repeated and controlled sampling over time, would help clarify the mechanisms driving 

indoor contamination and human exposure. The inclusion of additional matrices, such as indoor 

and outdoor air, airborne particles, building materials, consumer products, and other personal 

exposure indicators, would further improve source identification and exposure assessment. 

Longitudinal biomonitoring studies, together with the continued use of personalized passive 

samplers such as SWBs, could strengthen source attribution and provide insights into temporal 

trends. 

Overall, this thesis demonstrates that understanding human exposure to PCAs requires integrated 

analytical, environmental, and biomonitoring approaches. The findings provide new tools and 

knowledge that support future monitoring programs, exposure assessments, and regulatory 

efforts aimed at reducing human exposure to these persistent and complex contaminants. 
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pillar, my safe place. You have helped me find my way in this noisy room full of voices in my head 

that made me doubt, question myself, and feel insecure so many times. With you, I have felt 

listened to, supported, and loved. Thank you. I admire you, and I love you, Jonas. 
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Their widespread use, persistence, and
toxic potential have raised concerns
about human health. This thesis
addresses key challenges related to
analytical harmonization, indoor
distribution, and exposure assessment.
It combines a literature review of indoor
PCA occurrence and exposure pathways
(Paper I), the development of an open
workflow for PCA quantification and
harmonization (Paper II), investigations
of PCA distribution in indoor dust and
organic films (Paper III), evaluation of
silicone wristbands as passive exposure
samplers (Paper IV), and assessment of
dietary intake and serum concentrations
in a Swedish population (Paper V).
Together, these studies provide a more
integrated understanding of PCA indoor
exposure and human body burden.

Polychlorinated
alkanes (PCAs) are
industrial chemical
mixtures widely
used in consumer
products and
indoor materials.
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