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Abstract
Durable water repellents (DWRs) that provide liquid repellency to functional textiles are part of an ongoing global
substitution process. The process of substitution was initiated after DWRs based on side-chain fluorinated polymers
(long-chain SFPs) were identified to contribute to the diffuse release of long-chain perfluoroalkyl acids (PFAAs) to the
environment. Long-chain PFAAs are organic contaminants that are extremely environmentally persistent, have a propensity
to bioaccumulate, and are toxic to wildlife and humans. This thesis aims to support the substitution process by identifying
alternative DWRs that combine functionality with a benign environmental profile. As part of the SUPFES project, a
cooperation between academic and industrial research groups, several studies were conducted in a three-step approach to
form a basis for an informed substitution process. This approach included practical tests of functionality (STEP 1) of DWR
alternatives in different textile applications, experimental work and desk-based review of the literature to determine 13
hazard endpoints (STEP 2) and life cycle assessment (STEP 3). DWR alternatives were grouped into short-chain SFPs,
silicones (Sis) and hydrocarbons (HCs). To profile their environmental behaviour, potential loss mechanisms that cause
the release of critical (i.e. potentially hazardous) chemicals were estimated and confirmed experimentally.

The results showed that no DWR substitute provided a universal solution considering functionality (STEP 1) and the
associated chemical hazard together (STEP 2). Short-chain SFPs exhibit high durabilities and repellency of liquids of all
different polarities, but lead to the release of extremely persistent short-chain PFAAs. Some HCs are more environmentally
benign in terms of human health and ecological risk, and show a high water repellency as well as durability, but do not
repel liquids with very low surface tension. Thus, we suggest to choose DWR alternatives according to specific protection
needs that are required in different segments of the textile market. For consumer outdoor clothing, that mainly require water
repellency, a trade-off by using more environmentally friendly materials which do not offer complete stain repellency could
be made. For other textile segments, such as protective work clothing, where no compromise of safety is possible, short-
chain SFP substitutes are today the only viable option.

The loss of textile fibres from functional textiles and the degradation of the fibre-bound DWR coatings after their
emission was identified to be a loss mechanism that leads to the long-term release of persistent contaminants. Fibre loss
of short-chain SFP containing textiles, due to domestic washing, was characterised for size and amount as well as their
total fluorine content. Results showed that the fibres lost can still contain the fluorinated DWR coatings and likely form a
long-term emission source of PFAAs through their accumulation and slow degradation in the environment. These results
provide further information for the life cycle assessment (LCA) (STEP 3).

The expected long-term environmental release of extremely persistent short-chain PFAAs, suggests that DWRs based
on SFPs are not a sustainable substitution solution. Therefore, new concepts in textile technology are needed for a complete
substitution of fluorinated DWRs. Our stepwise approach generates useful data to make an informed judgment about
possible DWR alternatives and will together with the LCA provide much needed guidance in the substitution process.
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People run from rain
but sit in bathtubs full of
water.

Charles Bukowski
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Abstract  
Durable water repellents (DWRs) that provide liquid repellency to functional textiles are part 
of an ongoing global substitution process. The process of substitution was initiated after 
DWRs based on side-chain fluorinated polymers (long-chain SFPs) were identified to con-
tribute to the diffuse release of long-chain perfluoroalkyl acids (PFAAs) to the environment. 
Long-chain PFAAs are organic contaminants that are extremely environmentally persistent, 
have a propensity to bioaccumulate, and are toxic to wildlife and humans. This thesis aims 
to support the substitution process by identifying alternative DWRs that combine function-
ality with a benign environmental profile. As part of the SUPFES project, a cooperation be-
tween academic and industrial research groups, several studies were conducted in a three-
step approach to form a basis for an informed substitution process. This approach included 
practical tests of functionality (STEP 1) of DWR alternatives in different textile applications, 
experimental work and desk-based review of the literature to determine 13 hazard endpoints 
(STEP 2) and life cycle assessment (STEP 3). DWR alternatives were grouped into short-
chain SFPs, silicones (Sis) and hydrocarbons (HCs). To profile their environmental behav-
iour, potential loss mechanisms that cause the release of critical (i.e. potentially hazardous) 
chemicals were estimated and confirmed experimentally. 

The results showed that no DWR substitute provided a universal solution considering func-
tionality (STEP 1) and the associated chemical hazard together (STEP 2). Short-chain SFPs 
exhibit high durabilities and repellency of liquids of all different polarities, but lead to the 
release of extremely persistent short-chain PFAAs. Some HCs are more environmentally 
benign in terms of human health and ecological risk, and show a high water repellency as 
well as durability, but do not repel liquids with very low surface tension. Thus, we suggest 
to choose DWR alternatives according to specific protection needs that are required in dif-
ferent segments of the textile market. For consumer outdoor clothing, that mainly require 
water repellency, a trade-off by using more environmentally friendly materials which do not 
offer complete stain repellency could be made. For other textile segments, such as protec-
tive work clothing, where no compromise of safety is possible, short-chain SFP substitutes 
are today the only viable option.  

The loss of textile fibres from functional textiles and the degradation of the fibre-bound DWR 
coatings after their emission, was identified to be a loss mechanism that leads to the long-
term release of persistent contaminants. Fibre loss of short-chain SFP containing textiles, 
due to domestic washing, was characterised for size and amount as well as their total fluo-
rine content. Results showed that the fibres lost can still contain the fluorinated DWR coat-
ings and likely form a long-term emission source of PFAAs through their accumulation and 
slow degradation in the environment. These results provide further information for the life 
cycle assessment (LCA) (STEP 3). 

The expected long-term environmental release of extremely persistent short-chain PFAAs, 
suggests that DWRs based on SFPs are not a sustainable substitution solution. Therefore, 
new concepts in textile technology are needed for a complete substitution of fluorinated 
DWRs. Our stepwise approach generates useful data to make an informed judgment about 
possible DWR alternatives and will together with the LCA provide much needed guidance 
in the substitution process. 
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Sammanfattning  
Det pågår för närvarande en global substitution av vissa av de kemikalier som ingår i vat-
tenavvisande behandlingar (DWR, från engelskans Durable Water Repellents), vilka an-
vänds för att ge funktionella textilier ett skydd mot vätskor. Startskottet skedde då DWR-
innehållande polymerer med fluorinerade sidokedjor (långkedjiga SFP:er) fastslogs bidra till 
diffusa utsläpp av långkedjiga perfluoralkylsyror (PFAA) till omgivningen. Långkedjiga 
PFAA:er är svårnedbrytbara organiska föroreningar som anrikas i ekosystem, samtidigt som 
de är giftiga för människor och djur. Denna avhandling har för avsikt att stötta den pågående 
substitutionsprocessen på området, genom att identifiera alternativa DWR:er som kombi-
nerar teknisk funktionalitet med bra miljöprofil. Som en del av SUPFES-projektet skapades 
ett samarbete mellan akademiska och industriella forskningsgrupper, där vetenskapliga stu-
dier genomfördes enligt en trestegsstrategi med syfte att skapa en väl underbyggd substi-
tutionsprocess. Tillvägagångssättet innefattade praktiska tester av den tekniska funktional-
iteten (STEG 1) hos DWR-alternativ i olika textilapplikationer, experimentellt arbete för att 
fastställa miljö- och hälsorisker (STEG 2) och livscykelanalys (STEG 3). DWR-alternativen 
grupperades i kortkedjiga SFP:er, silikoner (Sis) och kolväten (HCs). För att fastställa mil-
jöprofilen hos respektive alternativ beräknades potentiella frisättningsmekanismer av kri-
tiska (dvs potentiellt farliga) kemikalier. Dessa mekanismer bekräftades sedan genom ex-
perimentella studier. 

Resultaten visar att inget DWR-substitut ger en universell lösning med hänsyn till både tek-
nisk funktionalitet (STEG 1) och den relaterade kemiska risken (STEG 2). Kortkedjiga 
SFP:er uppvisar god teknisk hållbarhet och motståndskraft mot vätskor med olika polaritet, 
men leder också till frisättning av svårnedbrytbara kortkedjiga PFAA:er. 
Vissa HC:er är mer miljövänliga än SFP:er avseende faror och uppvisar också hög vatten-
avvisning samt teknisk hållbarhet, men står inte emot vätskor med mycket låg ytspänning. 
Vi föreslår att olika perspektiv bör tillämpas på skilda segment inom textilmarknaden och att 
specifika skyddsbehov ska få styra vilka alternativa DWR:er som ska användas. Friluftsklä-
der kräver oftast främst vattenavvisande egenskaper och man kan där överväga att an-
vända mer miljövänliga DWR-alternativ, som inte ger ett fullständigt skydd mot fläckar. För 
ett textilsegment som professionella skyddskläder går det inte att kompromissa med säker-
heten, varför kortkedjiga SFP-substitut idag är det enda möjliga alternativet. 

Frisättning av textilfibrer från funktionella textilier följt av nedbrytning av dessa fibrer identi-
fierades som en mekanism som leder till långsiktiga utsläpp av föroreningar. Fiberförlust 
från textilier innehållande kortkedjiga SFP:er som en följd av hushållstvätt, karakteriserades 
och kvantifierades genom laboratorieförsök för att ge ytterligare information till livscykela-
nalysen (LCA) (STEG 3). Resultaten visade att de frisläppta fibrerna fortfarande kan inne-
hålla fluorerade DWR-beläggningar och sannolikt utgöra en långfristig emissionskälla av 
PFAA:er, genom ackumulering och långsam nedbrytning i miljön. 

Den förväntade långsiktiga frisläppningen av beständiga kortkedjiga PFAA:er till miljön tyder 
på att DWR:er baserade på SFP:er inte utgör hållbara alternativ för substitution. Därför be-
höver textilbranschen nya koncept för fullständig substitution av fluorerade DWR:er. Vårt 
stegvisa tillvägagångssätt genererar användbar data för att kunna göra en väl underbyggd 
bedömning om möjliga DWR-alternativ, och kommer tillsammans med LCA (STEP 3) att ge 
välbehövlig vägledning i substitutionsprocessen. 
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Zusammenfassung  
Permanent wasserabweisende Beschichtungen, sogenannte Durable Water Repellents 
(DWR´s), werden häufig für funktionale Textilien eingesetzt. DWR´s, die auf fluorierten Sei-
tenketten basieren (langkettige SFP´s), sind Teil eines andauernden globalen Substituti-
onsprozesses. Dieser wurde initiiert, nachdem festgestellt wurde, dass fluorierte DWR-Po-
lymere zur diffusen Freisetzung langkettiger Perfluoralkansäuren (PFAA´s) beitragen. Lang-
kettige PFAA´s sind organische Schadstoffe mit extremer Persistenz und Neigung zur Bio-
akkumulation. Das Ziel dieser Arbeit war es, funktionale und gleichzeitig 
umweltfreundlichere DWR-Alternativen zu finden. Als Basis für einen erfolgreichen Substi-
tutionsprozess der DWR´s wurden im Rahmen des „SUPFES“ Projekts verschiedene Stu-
dien in Zusammenarbeit von industriellen und universitären Forschungsgruppen durchge-
führt. Die Studien beruhten auf drei Teilen 1) praktischen Tests der Funktionalität von DWR-
Alternativstoffen in verschiedenen Textilapplikationen, 2) deren Gefahrstoffbewertung und 
3) einer Lebenszyklusanalyse. Alternativstoffe wurden in kurzkettige SFP-, silikon- (Sis) und 
kohlenwasserstoffbasierte DWR´s unterteilt. Um deren Umweltverhalten zu bewerten, wur-
den mögliche Mechanismen, die zur Emission von kritischen (z.B. potenziell giftigen) Stof-
fen führen können, charakterisiert.  

Die Ergebnisse zeigen, dass keine der DWR-Alternativen eine universelle Lösung darstellt, 
wenn die Funktionalität (Teil 1) und das Gefahrstoffpotenzial (Teil 2) zusammen bewertet 
werden. Kurzkettige SFP´s zeigten hohe Langlebigkeit und effektive Abweisung gegenüber 
Flüssigkeiten verschiedenster Polarität. Neben diesen guten Materialeigenschaften trugen 
diese SFP´s jedoch zur Freisetzung von persistenten kurzkettigen PFAA´s bei. Einige koh-
lenwasserstoff-basierte DWR-Formulierungen wurden als umweltfreundliche Alternativen 
mit sehr guter Wasserabweisung und niedrigem Gefahrenpotenzial identifiziert, zeigten je-
doch in den Anwendungstests keine Abweisung von Flüssigkeiten und Verschmutzungen 
mit niedriger Oberflächenspannung (z.B. Olivenöl). Dementsprechend wird eine Vorge-
hensweise empfohlen, bei der in verschiedenen Textilapplikationen DWR-Alternativen nach 
spezifischen Schutzanforderungen ausgewählt werden sollten. Für Outdoorbekleidung im 
Freizeitbedarf, bei der hauptsächlich Wasserabweisung benötigt wird, könnte ein Kompro-
miss gemacht werden. Es könnten umweltfreundlichere Materialien eingesetzt werden, die 
nicht vollständig schmutzabweisend sind. In anderen Textilsegmenten, wie z.B. Arbeits-
schutzbekleidung, stellen kurzkettige fluorierte SFP´s derzeit die einzige Alternative dar, da 
wegen hoher Sicherheitsanforderungen keine keine Kompromisse gemacht werden kön-
nen. 

n der Lebenszyklusanalyse (Teil 3) wurde unter anderem die Faserfreisetzung von funktio-
nalen Textilien und deren Zersetzung in der Umwelt als relevanter Mechanismus für die 
Emission von Schadstoffen identifiziert. Dies wurde während des Waschens von Out-
doortextilien untersucht, die zuvor mit kurzkettigen SFP´s beschichtet wurden. Da die DWR-
Beschichtung nach dem Waschen auf den Fasern verblieb, könnte diese langfristig durch 
Zersetzungsprozesse zu einer Quelle persistenter PFAA´ werden. 

Durch die zu erwartende Emission von extrem persistenten PFAA´s sind die auf kurzketti-
gen SFP´s basierenden DWR´s demzufolge keine nachhaltige Lösung. Die Entwicklung von 
neuen Textiltechnologien ist notwendig, damit eine bessere Substitution von DWR-Chemi-
kalien in allen Textilsegmenten ermöglicht werden kann. Diese Studie liefert notwendige 
Daten für einen verbesserten Substitutionsprozess und kann zusammen mit der Lebens-
zyklusanalyse künftig den Weg zu umweltfreundlicheren DWR-Alternativen weisen. 



  
 

 
 

 



IX 
 

List of papers 

 
I  S. Schellenberger,* H. Holmquist,* I. van der Veen, G.M. Peters, 

P.E.G. Leonards, I.T. Cousins (2016): Properties, performance and 
associated hazards of state-of-the-art durable water repellent 
(DWR) chemistry for textile finishing, Environment International: 
251-264 

 
II  S. Schellenberger, P. Gillgard, A. Stare, A. Hanning, O. Levenstam, 

S. Roos, I.T. Cousins (2018): Facing the rain after the phase out: 
Performance evaluation of alternative fluorinated and non-fluori-
nated durable water repellents for outdoor fabrics, Chemosphere: 
675-684 
 

III S. Schellenberger,* P. J. Hill,* O. Levenstam, P. Gillgard, I. T. Cous-
ins, M. Taylor, R. S. Blackburn (2019): Highly fluorinated chemicals 
in functional textiles can be replaced by re-evaluating liquid repel-
lency and end-user requirements, Journal of Cleaner Production: 
134-143 
 

IV S. Schellenberger, C. Jönsson, P. Mellin, O. A. Levenstam,  
I. Liagkouridis, A. Ribbenstedt, A. Hanning, S. Roos, L. Schultes,  
M. Plassmann, C. Persson, J. P. Benskin, and I. T. Cousins (2019): 
Release of side-chain fluoropolymer-containing microplastic fibres 
from functional textiles during washing and first estimates of per-
fluoroalkyl acid emissions. Submitted manuscript. 

 
* shared first authorship 

Authors contributions 
I  Developed the idea of the study together with the co-authors; performed the re-

search to analyse structure-property relationships of DWRs and to identify related 
loss mechanisms; took the lead, with shared first author, in writing the manu-
script. 

II Planned the experiments and performed the main parts of all laboratory work; 
processed the samples and undertook all data analysis; took the lead in writing 
the manuscript. 

III Developed the idea of the study; planned the laboratory set-up and designed the 
novel sample holder for the improved method of measuring the roll-off angle of 
droplets; performed all laboratory experiments; took the lead in writing the manu-
script. 

IV Developed the idea of the study together with the co-authors; designed and per-
formed the main parts of the study; took the lead in writing the manuscript.



  
 

 
 



XI 
 

Abbreviations 

 
Acronym Definition 
  
D4 Octamethylcyclotetrasiloxane 

D5 Decamethylcyclopentasiloxane 

AA  Acute aquatic toxicity  

AT  Acute toxicity  

B  Bioaccumulation  

C  Carcinogenicity 

CIC  Combustion ion chromatography  

CA  Chronic aquatic toxicity  

CAA  Chemical alternative assessment  

D Developmental toxicity  

DfE  Design for environment program 

DMSD  Dimethylsilanediol  

DWRs Durable water repellents  

EDS  X-ray photoelectron spectroscopy  

FTOH  Fluorotelomer alcohol 

HCs Hydrocarbons 

LCA  Life cycle assessment 

LD Laser diffraction  

LM  Light microscopy 

Long-chain-SFPs  Defined as side-chain-fluorinated poly-
mers with perfluoroalkyl moieties of 
CnF2n+1––R with n=8 as the main chain 
length fraction 

M  Mutagenicity & genotoxicity  

N  Neurotoxicity  

NGOs Non-government organizations  

P  Persistence 



XII 
 

 

PA  Polyamide 

PF Perfluoroalkyl moieties  

PFBS  Perfluorobutane sulfonic acid  

PBT Persistent, bioaccumulative and toxic  

PFASs Per- and polyfluoroalkyl substances 

PFHxA  Perfluorohexanoic acid  

PFOS  Perfluorooctanesulfonic acid 

PFOA Perfluorooctanoic acid 

PFPeA  Perfluoropentanoic acid  
PFSAs  Perfluoroalkane sulfonic acids 

PFCAs Perfluoroalkyl carboxylic acids 

POPs  Persistent organic pollutants 

R Reproductive toxicity  

SFP Side-chain fluorinated polymers 

Short-chain PFAAs  Defined as perfluoroalkane sulfonic ac-
ids with CnF2n+1SO3H and n < 6 and per-
fluoroalkyl carboxylic acids with  
CnF2n+1COOH, n < 7 

Short-chain-SFPs  Defined as side-chain fluorinated poly-
mers with perfluoroalkyl moieties moie-
ties of CnF2n+1––R with n£ 6  

Sis  Durable water repellents based on poly-
dimethylsiloxanes 

ST  Repeated dose toxicity  

SEM  Scanning electron microscopy  
SUPFES  Substitution in Practice of Prioritized 

Fluorinated Chemicals to Eliminate Dif-
fuse Sources 

TMS  Trimethylsilanol  

 

 



 PhD THESIS: Informed substitution of DWRs 
 

1 
 

1. Introduction 

When it begins to rain, or when liquids other than water (e.g. beer or 
oil1) are deposited on a repellent textile weave, surface tension main-
tains the macroscopic droplet structure allowing liquids to slide off due 
to the low friction of the textile-droplet interface.2 The invention of the 
rubberized rain coat3 by Charles MacIntosh in 1823, provided good wa-
ter repellency but poor regulation of body moisture. Modern fluorinated 
side-chain polymers have revolutionised outdoor performance textiles 
with fabrics that are both waterproof and breathable. These fabrics are 
multi-layered composites consisting of water repellent outer textile 
weaves combined with a porous waterproof membrane (Figure 1) and 
were first deployed by NASA in spacesuits used in the first mission to 
the moon4. 

Besides their functional properties, textiles based on per- and 
polyfluoroalkyl substances (PFAS) contribute to environmental release 
of persistent organic pollutants (POPs). PFOS (perfluorooctanesul-
fonic acid) and PFOA (perfluorooctanoic acid) are the most prominent 
examples of PFAS with POP properties and are listed, or under con-
sideration for listing, on the Stockholm Convention on Persistent Or-
ganic Pollutants.5,6,7 Due to long-term releases since the 1950s, PFOS 
and PFOA are ubiquitous in global surface waters,8,9,10 soils11,12 and 
biota13 (including humans).14,15,16 PFOS and PFOA belong to the group 
of ‘‘long-chain’’ perfluoroalkyl acids17 and were present in textiles 
treated with side-chain fluorinated polymers (Figure 3).18 Long-chain 
PFAAs are perfluoroalkane sulfonic acids (PFSAs) with 6 or more fluor-
inated carbons (CnF2n+1SO3H and n ³ 6) and perfluoroalkyl carboxylic 
acids (PFCAs) with 7 or more fluorinated carbons (CnF2n+1COOH and 
n ³ 7). 

Although the potential for bioaccumulation19 and adverse toxicological 
effects of some long-chain PFAAs has been known since the late 
1970s,20 it took three decades before 3M announced the phase-out of  
PFOS21 and related chemistry which was completed between20 2000 
and 2002. After another 6 years in 2006, eight major fluorochemical 
manufacturers (collectively represented by the FluoroCouncil) joined in 
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the US EPA 2010/2015 Voluntary Stewardship Program22 to eliminate 
95% of the global use of PFOA and related chemicals by 2015. 

The main driver for the phase-out23 was pressure applied by regulatory 
authorities24 legitimized by research conducted worldwide25,26,27 on 
PFASs. Certain PFASs containing “long” perfluoroalkyl chains were 
identified to release substances with persistent, bioaccumulative and 
toxic (PBT) properties. These chemicals have the potential to transform 
into long-chain PFAAs. Manufactures of functional textiles were a ma-
jor user of PFAS containing “long” perfluoroalkyl chains.28 They were 
applied as durable water repellent (DWR) finishes and were thus part 
of the phase-out process.29 In this work, long-chain PFASs describe 
any PFAS product that contains or transforms into long-chain PFAAs. 

Since a major part of users of outdoor textiles are a group of consumers 
concerned about environmental pollution,30 concerns about PFAS-con-
taining textiles were also addressed in campaigns by non-government 
organizations (NGOs), such as DETOX, a campaign launched by 
Greenpeace.31 By focusing on emissions from textile products of well-
known brands32,32 to create public awareness, Greenpeace aimed to 
convince these brands to switch to more environmentally benign DWR 
alternatives. 

 
 

1.1. Durable water repellents – when problematic chemicals provide 
important functionality 

DWRs are special polymers that are used on the outer weave of textiles 
to make them liquid repellent, a key property in modern performance 
texiles.33,34 Liquid repellency is most commonly recognized as water 
repellency in outdoor consumer textiles35 and is a functionality found in 
a broad spectrum of products from leisure outerwear to garments used 
in expeditions to climb mountains, during which wearers are exposed 
to harsh environmental conditions. DWRs, however, also provide vital 
functionality to other types of textiles. 
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Fig. 1. Schematic representation of a layered waterproof and breathable fabric with: 
(a) an external fabric that consists of a woven fibre material that is (a1) coated with a 
cross-linked DWR-polymer that ideally results in textiles that show (b1) “Cassie-Baxter” 
like liquid repellency. This optimal repellency can be reduced by an inefficient DWR 
treatment that results in a reduced repellency of (b2) the “Wenzel state” or (b3) in the 
worst case a complete wet-out is caused by the liquid’s penetration into the pores of 
the weave (c) a waterproof porous membrane that is stabilized through (d) an inner 
fabric (figure modified from36) 
 
For example, DWRs are used in medical textiles that need to protect 
against the transmission of blood or other body fluids through the textile 
weave. These biological liquids can carry diseases, a potential threat 
e.g. during surgery. Handling of dangerous liquids such as acids or 
solvents during chemical production37 provides another instance in 
which DWR functionality is particularly advantageous. In protective 
clothing, DWRs provide critical functionality ensuring repellency 
against a wide range of hazardous liquids of different polarities. Thus, 
depending on the textile segment (e.g. consumer outdoor or occupa-
tional clothing) and use, liquid repellency is either a favourable (“nice 
to have”) functionality or provides essential protection.38  

DWRs are most often applied as thin polymer films that ideally only 
cover single fibres of the textile weave (Figure 1 a1 and 2). Thus, textile 
fabrics retain open pores between weft and warp yards (weft refers to 
the horizontal yarns of a fabrics weave, while warp refers to the vertical 
yarns) and remain permeable to vapours (most commonly water va-
pour).39 Droplets of human perspiration have a significantly lower di-
ameter40 (d~0.0004 µm) than rain droplets41 (0.02-0.3 mm). When an 
effective DWR is present rain droplets are repulsed and do not pene-
trate though the textile weave from the outside. 
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Fig. 2. Microscope image of (a) a cross section of a fabric yarn that is coated with a 
DWR and consists of single fibres with (a1) uncoated inner yarn fibres and (a2) 
coated top fibres 

 
The DWR polymer film reduces the fibre surface energy,42 which re-
sults in effective repulsion of liquids from the fibre surface. When liq-
uids come into contact with these textiles, droplets form large contact 
angles. Due to the rough surface morphology of textile weaves34 drop-
lets do not penetrate into the cavities of the weave resulting in a Cas-
sie-Baxter wetting43 (Figure 1 b1). These droplets have a low surface-
adhesion and thus roll off44 easily from the textile surface. When DWRs 
are not working effectively liquid droplets can penetrate into the surface 
weave (see Wenzel wetting45 in Figure 1b2) and remain stuck to the 
fabrics, although they have a high contact angle. In the case of a dys-
functional DWR, liquids can also penetrate into the weave and cause 
a complete wet-out46 (see Figure 1 b3). It is especially critical that wet-
out does not occur in protective clothing when handling harmful liquids 
so as to prevent transmission though the fabrics. Textiles with the high-
est liquid repellency requirements usually include an additional liquid 
barrier beneath the outer fabric to prevent liquid penetration, in the form 
of a porous membrane40(see Figure 1c). 

Most commonly, fluorinated DWRs comprise side-chain fluorinated 
polymers47 (SFPs), where perfluoroalkyl moieties (PF) branch off the 
main polymeric chain in complex structures48 (see Figure 3). Due to the 
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unusual physicochemical properties of PF side chains49 (further de-
scribed in 4.1) SFP-treated textiles are hydro- and oleophobic50 at the 
same time. The oleophobicity of SFPs makes textiles also repellent to-
ward liquids with low surface tensions41 such as oils and non-polar sol-
vents, and thus SFPs are widely used as a DWR in many different tex-
tile applications. Since the most effective SFPs used in textiles resulted 
from PF-chain length of more than eight perfluorinated carbon atoms51, 
the first fluorinated DWRs developments in the late 1950s52 were 
based on so-called “long-chain” SFPs (with PF-moieties of CnF2n+1––R 
with n=8 as the main chain length fraction, see Figure 3a2). This lead 
to the production of textiles with long-lasting high liquid repellency in all 
segments of performance textiles. 

 

 
Fig. 3. Schematic representation of the structural principle53 of long-chain SFPs for 
textile applications that consists of (a1) the hydro- and oleophobic perfluoroalkyl chain 
with (a2) a typical chain-length distribution of a long-chain fluorotelomer-based DWR 
produced before 200954(figure modified from36) 
 
Although textiles treated with DWRs based on long-chain SFPs were 
shown to have useful material properties, they were also found to re-
lease persistent, bioaccumulative and toxic long-chain PFAAs55,28,56 of 
various chain lengths. Long-chain PFAAs can be released from the 
textile weaves due to impurities from production57 or as a result of slow 
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degradation of the polymers58 (i.e. cleavage of the side-chains or poly-
mer backbone; see Figure 3). These diffuse emissions can occur dur-
ing the whole life cycle of functional textiles, during production59 and 
use55 and after disposal.60  

After long-chain PFAAs were phased out from the market by 2015, the 
chemical industry has developed new DWR alternatives that are either 
based on short-chain SFPs (with CnF2n+1––R and n£ 6) or non-fluori-
nated chemistry. In this work short-chain PFASs describes any PFAS 
product that contains or transforms into short-chain PFAAs (PFSAs 
with CnF2n+1SO3H and n < 6 and PFCAs with CnF2n+1COOH, n < 7). 
The chemical substitution of long-chain SFPs, however, took place be-
fore alternatives were sufficiently characterized for technical perfor-
mance profiles, human health and environmental effects61.  
 

 
 

1.2. Informed substitution of hazardous chemicals in practice 

 
Considering the present legal situation62,63 aiming to limit the amounts 
of long-chain PFAAs in textiles, as well as the scientific and public pres-
sure, there is no obvious reason why textile producers would not use 
safer DWR alternatives. However, replacements must provide the re-
quired functionality in textile products as well as having reasonable 
costs for raw materials and change of production processes. Moreover, 
comprehensive information about the human and environmental risks 
are needed for new DWR substitutes.  

The aim of the SUPFES project (of which this PhD was one compo-
nent, explained in further detail in 1.3.) was to support an informed sub-
stitution process of long-chain SFPs by conducting a comprehensive 
chemical alternative assessment (CAA)61. CAA is increasingly recog-
nised as a tool in chemical management science and policy64 in the 
US65,66,67 but also in Sweden represented by a new centre for substitu-
tion.68 A review of different frameworks by Jabobs et. al.64 shows that 
all CAAs have common core components, namely; (a) hazard assess-
ment; (b) characterization of exposure, (c) consideration of life-cycle 
impacts; d) evaluation of the technical feasibility; (e) assessment of 
economic feasibility and (f) decision making. Similarly, the “design for 
the environment program (DfE)” of the U.S. Environmental Protection 
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Agency (EPA)69 incorporates chemical functionality and life-cycle-
thinking as key factors to frame a CAA. The DfE as well as Fantke 
et.al.70 pointed out that the integration of stakeholders in different as-
pects of substitution projects is essential for a successful CAA. This 
stakeholder involvement was already considered and implemented 
within the ENFIRO project,71,72 a CAA project funded by the European 
Commission to facilitate the substitution of brominated flame retardants 
in consumer products with non-halogenated alternatives. 
 
1.3. The SUPFES project – a cooperation between academia and 

industry 

In support of informed substitution of long-chain SFPs within the multi-
disciplinary project “Substitution in Practice of Prioritized Fluorinated 
Chemicals to Eliminate Diffuse Sources” (SUPFES), academic and in-
dustrial research groups with different core competences have collab-
orated (Figure 4). The functionality of DWR alternatives was tested by 
the textile research institute RISE IVF in collaboration with Stockholm 
University. Diffuse emissions of critical substances from DWRs were 
characterized and quantified by Vrije University (VU) Amsterdam, 
Netherlands, including analytical and leaching studies of chemicals in 
textiles with DWR treatment. The mechanisms of textile ageing and 
fibre loss were investigated and quantified by Stockholm University in 
collaboration with RISE IVF. All results contributed to a hazard assess-
ment and LCA conducted by Chalmers University.  
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Figure 4: Schematic representation of SUPFES, an international consortium that con-
ducted the research with cooperation of researchers in academia with the textile re-
search institute, RISE IVF. In addition, the figure illustrates the importance of stake-
holder involvement (figure modified from36) 
 
Multiple stakeholders were involved in the SUPFES project, namely: 
DWR raw material manufacturers (e.g. 3M, Chemours and Achroma), 
a fabric manufacture (FOV AB), textile producers (e.g. Haglöfs) and 
retailers (the chemicals group at RISE IVF representing >80 retailers). 
Other stakeholders included government authorities (e.g. the Swedish 
Chemicals Agency (KEMI)), and non-governmental organizations 
(NGOs, e.g. the Swedish Society for Nature Conservation). 
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2. Thesis Objectives 

The overall objective of this thesis was to improve the understanding of how 
an informed substitution can be implemented for DWRs used in textiles. This 
was achieved by identifying “the missing links” in the substitution process and 
by means of experimental research to close major data gaps. To this end, four 
studies were conducted (referred to as Paper I-IV) and their research topics 
are outlined in Figure 5 below.  
 

 
 
Fig 5: Major research topics of the four papers in this thesis 

 
PAPER I aimed to identify the main structure-property relationships of 
available DWR alternatives. It further aimed to explore which mecha-
nisms can cause the diffuse emissions of critical chemicals and to 
characterize them in a hazard assessment. It also identified data 
gaps that are addressed in the other studies of this thesis.       

 
PAPERS II and III aimed to evaluate the technical feasibility of DWR 
alternatives by means of performance testing. Paper II aimed to screen 
general DWR functionalities such as water and oil repellency, and du-
rability. In addition, Paper III aimed to evaluate DWR function in detail 
for different textile segments with the objective of specifying the need 
of function based on end-user requirements.  
 
PAPER IV aimed to characterize and quantify fibre loss during domes-
tic washing as a new emissions scenario for the release of PFAAs. 
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3. Methology 

This section describes the SUPFES approach for an informed substi-
tution process for alternative DWRs that can be divided into three main 
steps (Figure 6). The specific methods and workflows that were chosen 
to support these steps in the CAA are displayed in Figure 7. They can 
be divided into; a critical review of DWR alternatives (Paper I), func-
tionality testing (Paper II and III) and the characterisation and quantifi-
cation of fibre loss due to domestic washing (Paper IV). As suggested 
by Lavoi et. al.69, in the DfE we consulted various stakeholders before 
deciding our approaches and setting up the experimental work (Figure 
4). Especially raw material suppliers, that kindly provided alternative 
DWR formulations, provided useful data for the CAA and ensured ex-
perimental setups (e.g. formulation details and curing conditions) close 
to conditions used by the textile industry. The experiments were con-
ducted by considering SUPFES model garments, representing differ-
ent user scenarios for DWRs: a leisure rain jacket, an extreme outdoor 
jacket, a children’s overall and an ambulance jacket. 
 
 
3.1. Steps to an informed substitution of hazardous chemicals 

 

 
Fig.6. Practical steps that lead to an informed substitution of hazardous chemicals 
 
In STEP 1, the functionality of the DWR replacement was evaluated as 
an essential criteria for a successful substitution.73 The functionality of 
DWR alternatives was used as an exclusion criterion for further as-
sessment, assuming that a non-functional replacement will not be used 
in commercial products. We focused on “drop-in” substitutes which can 
be applied using the same wet-treatment process as long-chain SFPs 
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in textile production and which requires a minimum of changes in man-
ufacturing equipment and processes. A selection of representative 
DWR samples was tested as a “proof of concept” considering different 
end-consumer requirements.  

 
In STEP 2, the safety of possible DWR alternatives was assessed us-
ing the criteria for hazard evaluation74 provided by the US EPA as part 
of the DfE. To understand what leads to the diffuse emission of critical 
substances and if they are safe to be used, the relevant loss mecha-
nisms for DWR replacements were identified. Identified critical contam-
inants were judged according to different hazard endpoints.61  
 
In STEP 3, the potential environmental impacts of alternative DWRs 
will be quantified with the help of life cycle assessment (LCA) as a de-
cision-support tool.75 The LCA requires an inventory of resources con-
sumed (e.g. energy needed for production) and quantification of emis-
sions during production, use and after disposal of the DWR substitution 
candidate.  
 
By following this stepwise approach, it will be possible to make an in-
formed decision to use more environmentally benign DWRs that are 
based on a comprehensive analysis of the substitution problem.  
 

 
3.2. Identification of structural principles, mechanisms for diffuse 

emissions and hazard assessment of alternative DWRs 

In a critical review process, Paper I started with the identification of 
structural principles (main building blocks in the chemical design) of 
potential DWR substitutes (Figure 7a). Subsequently, loss mecha-
nisms were derived for relevant diffuse emissions of chemicals of con-
cern from textiles with DWR-treatment. A hazard assessment was con-
ducted with these chemicals based on DfE74 CAA approach by evalu-
ation of their human health, ecotoxicity and environmental fate accord-
ing to 13 hazardous endpoints (Table 1). Contaminants released by 
C8F17-based (“long-chain”) SFPs were selected as a benchmark in the 
hazard assessment (more detailed information about the method and 
data analysis can be found in the Supplementary Material of Paper I). 
The review was also used to point out data gaps, some of which were 
addressed in the experimental work. Examples where the review 
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guided further work are; (i) the case for the functionality testing based 
on end-user requirements (Paper III) and (ii) the experimental charac-
terization of loss mechanisms during the use phase of functional tex-
tiles (Paper IV).	
Since the exact chemical structures of commercialized DWRs are of 
commercial interest to producers and thus proprietary, there is limited 
open literature on their chemical design. Therefore, other non-conven-
tional information sources, such as the patent literature (180 patents) 
and interviews (8 interviews) with the industrial raw material suppliers 
(SUPFES project stakeholders) were used in addition to the peer-re-
viewed literature (140 studies). A subset of raw material suppliers for 
DWR chemistry were invited to a kick-off meeting (Figure 7 a1) and 
later contacted in a phone interview process. This interview process 
negotiated the conditions for further cooperation with SUPFES (e.g. 
through non-disclosure agreements).  

Table 1. List of the 13 hazard endpoints of the DfE method and corresponding hazard 
designations. The hazard scale includes the terms very low, low, moderate, high and 
very high. The number of hazard designations available varies between endpoints. If 
data are not sufficient for classification the endpoint is designated a data gap (DG) 
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3.3. Functionality testing of alternative DWRs 

 
In Paper II, experiments were conducted to derive the basic DWR prop-
erties such as water and oil repellency and standardised durability test-
ing was also performed (Figure 7 b). A long-chain C8F17-SFP was used 
as a benchmark reference to compare the performance of alternative 
DWR types. Cooperation with the raw material suppliers led to the pro-
ject being supplied with representative raw materials for DWR formu-
lations (water-based emulsions) and instructions for the textile finishing 
process. A key requirement for cooperation and supply of raw materials 
was the agreement to publish brand-anonymised results while provid-
ing information related to basic DWR chemistries. DWR technologies 
were assessed without consideration of a waterproof membrane (Fig-
ure 1c) since not all repellent garments have this additional liquid bar-
rier.  

DWRs were grouped according to their hydrophobic moieties (their 
functional units) and applied to synthetic fabrics which were kindly pro-
vided by FOV Fabrics AB (Sweden). Polyester (PES, plain weave) and 
polyamide (PA, rib-stop weave) fabrics were identified in a survey sent 
to 50 textile producing companies76 (conducted by SUPFES) to be the 
most commonly used in performance outdoor clothing and relevant for 
the SUPFES model garments. In a pad-dry-cure process47,77 DWRs 
were applied by immersion of textile fabrics in a water-based polymer 
emulsion followed by drying and curing at elevated temperatures.  

The water spray testing46 (ISO 4920) and the oil repellency method47 

(ISO 14419) were used to test fabric repellency functionalities. Water 
repellency was measured on a scale of 0 − 5, where 0 indicates a com-
plete wet-out of the fabric (Figure 1b3) and 5 indicates complete water 
repellency (Figure 1b1). Similarly, the oil repellency method assesses 
the wetting and penetration behaviour of 8 alkenes with different sur-
face tensions measured on a scale of 0 − 8. A value of 0 indicates 
failure (wet-out) with respect to the oil with the highest surface tensions, 
whereas 8 indicated a good repellency (Figure 1b1) of the oil with the 
lowest surface tension. The reduction of water and oil repellence after 
domestic washing (ISO 26330 including tumble drying for reactiva-
tion78), abrasion79 (ISO 129472) and accelerated weathering80 (ISO 
4892-3) was measured by durability tests.  
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In Paper III, a case study of consumer outdoor textiles and medical 
textiles (e.g. an ambulance jacket) different DWR alternatives were 
tested for their performance. Formulations that showed good results in 
the DWR screening (Paper II) and formulations of non-fluorinated 
DWRs which claim to be repellent towards water-based stains in the 
product information were used.81,82 In addition, a survey investigated 
consumer requirements (Figure 7b) for liquid repellent outdoor gear as 
an indication of what performance properties are expected by consum-
ers in this textile segment. 

Water repellency was measured under more intense conditions using 
the Bundesmann rain-shower test83 (ISO 9865). Stains with different 
surface tensions relevant for the textile segments in the case study 
were tested by adopting the ISO 14419 oil repellency method. We also 
developed an improved method to precisely determine the droplet roll-
off angle44 on structured textile surfaces. Droplet-weave interactions 
were studied with water and stains through roll-off experiments using 
dynamic drop-shape analysis.  

 
 
 

3.4. Experimental quantification of a new emissions pathway for short-
chain perfluoroalkyl acids (PFAAs) caused by fibre loss during 
washing of functional textiles 

In Paper IV, fibre loss was characterized and quantified during washing 
of DWR treated textiles using C6F13 short-chain SFPs. Fibre loss was 
considered a potentially important emission source of PFAS contami-
nants. The GyroWash method as described by Jönsson et. al.76 was 
used to simulate accelerated washing. Fibres were collected by filtra-
tion after washing and characterized in terms of size (by laser diffrac-
tion), amount (by automated fibre counting using light microscopy 
(LM)) and fibre surface chemistry (with scanning electron microscopy 
(SEM) and X-ray photoelectron spectroscopy (EDS)).  

Filters containing fibres from the washes were also combusted to de-
termine their total fluorine content using combustion ion chromatog-
raphy (CIC). This fluorine content was used as a basis for an emission 
model to estimate the annual emission of short-chain PFAAs in Europe 
caused by the loss of DWR-containing fibres during washing. Based 
on an estimated number of outdoor jackets that are washed per year 
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we assumed steady-state emissions of fibres into the environment with 
simplified fate scenarios. To estimate environmental transformation of 
SFPs, we based our model on a time period of 100 years assuming 
long degradation half-lives of the SFPs (10, 100 and 1000 years) and 
an accumulation of DWR-containing fibres.  
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4. Results and Discussion 

4.1. Structural principles of alternative DWRs 

 
In our substitution approach (Figure 6), commercially available drop-
in69 substitutes were assessed that are applied in a comparable textile 
finishing process to long-chain SFPs. The effectiveness of DWR poly-
mers is due to the incorporation of hydrophobic and oleophobic moie-
ties (Figure 8a) in the polymeric structures that can form a liquid repel-
lent “shell” on the fibre surface (Figure 9 b). Depending on their repel-
lent moieties, alternative DWRs can be categorized as short-chain 
SFPs with short PF side chains, silicones (Sis) which have polydime-
thylsiloxane moieties or hydrocarbons (HCs) based on saturated alkyl 
chains such as fatty acids or waxes. These moieties provide a high 
degree of textile repellency due to their orientation towards the fibre 
surface and a dense packing of CF3 or CH3 groups (with very low sur-
face energies84,85, see Figure 9b).  
 
 

 
Fig. 8. Simplified structural design of alternative DWRs for STEP 1 in CAAs with DWRs 
classified after (a) their repellent moieties and (b) particle type DWRs (figure modified 
from36) 

 
Due to the unusual physicochemical properties of PF side chains49  
(Figure 9a) that are rigid rod-like molecular segments (resulting from a 
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helical confirmation of fluorine atoms around carbon chains86) with very 
low polarity, PFs can form highly packed polymer domains on fibre sur-
faces that are both water and oil repellent. Repellent properties reach 
an optimum for PF-chain lengths of 8-10 perfluorinated carbon at-
oms.51 Thus DWR alternatives based on short-chain SFPs can be ex-
pected to have a lower repellency than long-chain SFPs. Repellent 
moieties based on HCs and Sis can also form highly packed assem-
blies. For linear n-alkyl moieties, crystallisation can occur for chain 
lengths of87 10-12 while polydimethylsiloxane moieties have a high de-
gree of flexibility,88 which enables separation and packing of CH3 
groups on fibre surfaces (Figure 9a).  

These orientation and molecular packing processes are also facilitated 
with flexible spacer segments (e.g. –CH2–CH2–) that link the repellent 
moieties to the polymer backbone.  

 

 
Figure 9: (a) Structure-property relationships of repellent moieties including the van 
der walls radii of fluorine (RF) and hydrogen (RH) and (b) orientation processes of 
DWRs on fibre surfaces 

 
The polymer backbone in DWRs are cross-linked with functional 
groups and the SFP can thus form a continuous polymer film (Figure 
2) on the fibre surface (Figure 9b).  



 PhD THESIS: Informed substitution of DWRs 
 

21 
 

This cross-linking increases the DWR’s durability against, for example, 
repeated washing or abrasion. Different polymer architectures such as 
linear polyurethanes or polyacrylates can serve as backbones for DWR 
alternatives.35 Recent developments are also based on biodegradable 
materials81,82 such as polysaccharides.  

Another group of alternative DWRs can be categorized due to their 
particle type of composition. They can be based on hyper-branched 
polymers such as dendrimers89,90, but also nanoparticles91 using the 
same hydrophobic moieties as the other DWRs (Figure 8b) 

Although Figures 8 and 9 explain the main structural principles of mod-
ern DWRs, structures can be increasingly complex, especially with re-
spect to the polymer backbone. DWR-polymers are often co-polymer-
ized with several different monomers that provide additional function-
alities such as their stabilization of the aqueous emulsions or promote 
fibre affinity47 during application (SM of Paper I provides a detailed de-
scription selected DWR structures). Nevertheless, for further discus-
sion this simplified categorisation of DWRs related to their repellent 
moieties as functional units61 into short-chain SFPs, Sis and HCs is 
required to understand the different functionality and environmental im-
plications of alternative DWRs. 

 
 

4.2. Loss mechanisms of alternative DWRs 

Diffuse release of environmental contaminants from DWR-treated tex-
tiles depends on the release mechanisms connected to their chemical 
state in textile materials, but is also dependent on possible loss sce-
narios. Critical substances can be lost during textile production, use 
and disposal. Figure 11 illustrates the diffuse emissions into air, water 
and soil, which can occur during the use phase of functional textiles. 
Although the use-phase of textiles was the main focus of the experi-
mental characterisation of emissions within SUPFES (e.g. Paper IV), 
many of the mechanisms are substance dependent (e.g. evaporation 
occurs for volatile substances etc.) and are thus also applicable for dif-
fuse releases during other life cycle phases (e.g. during production and 
after disposal in landfills). 

To compare DWR substitutes in a CAA, it was essential to identify 
problematic substances and estimate the amount that is released. 
There are two main mechanisms for the release of environmental con-
taminants from DWR treated textiles: (A) the loss of physically-bound 
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residuals and (B) polymer degradation (Figure 10). These processes 
will occur simultaneously but differ in timescale and release potential 
for contaminants.  

 
(A) Emissions can occur through the release of unbound residuals 

via leaching (liquid-phase release) or volatilization (gas-phase re-
lease). These chemicals can be impurities from, for example, pol-
ymer synthesis that are only physically bound to the fabric fibre 
and are released over time during wear or washing, for example. 
cyclic siloxanes92 (octamethylcyclotetrasiloxane (D4) and decame-
thylcyclopentasiloxane (D5)); fluorotelomer alcohols (FTOHs) or 
PFAAs57 (short- and long-chain) can be such production impuri-
ties. It is also possible that parts of the DWR polymer are only 
weakly attached due to inadequate process conditions.93 For ex-
ample, a failure in production cross-linking of fabrics (Figure 9b) 
can cause a release of polymeric impurities. The same mechanism 
can also occur when DWRs are reimpregnated and DWR poly-
mers are only physically bound to the fabrics. Chemicals released 
due to impurities might undergo further transformation in the envi-
ronment into terminal degradation products.  

 
(B) The gradual degradation of DWR polymers leading to the cleav-

age of chemical-bound contaminants is the second loss mecha-
nism that might occur. Due to the high molecular weight and sta-
bility of DWR polymers, this mechanism is a long-term process and 
might occur due to biodegradation, photolytic degradation (UV 
light), oxidation/reduction or hydrolysis. These degradation pro-
cesses are complex and might result in intermediate transfor-
mation products (high and low molecular weight) that undergo fur-
ther degradation.  
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Fig. 10. Loss of chemicals from DWR treated textiles due to (A) loss of physically 
bound residuals and (B) polymer degradation 

 
Although functional textiles are sold worldwide in large quantities, es-
pecially as outdoor consumer clothing (with 88 million sold outdoor 
jackets28 in Germany alone in 2011), it was not clear if DWRs are a 
major contributor to the release of hazardous chemicals. To assess 
their relevance for diffuse emissions, different potential emission sce-
narios during the life cycle of repellent textiles were considered.  

 
(I) During textile production the emission caused by DWR poly-

mers59 depends mainly on work practice during the textile finish-
ing process. In the pad-dry-cure process94 a large amount of wa-
ter-based DWR emulsions are used in the form of a chemical 
bath. Emissions of all DWR chemicals can be very high if the 
emulsions reach the effluent wastewater and are not effectively 
treated. Due to the fact that the majority of consumer textiles are 
produced in Asia95, where regulatory standards are lower, chem-
ical emissions during production may be substantial. It is difficult 
to quantify this contribution to diffuse emissions specifically for 
DWR chemicals because many industries use similar chemis-
tries for other products96 (e.g. electronics, leather or metal plat-
ing). Textile labels like Blue Sign97 or the Ökotex standard98 sys-
tem to control the production conditions in the supply chain of 
textiles are tools for textile producers to reduce their emissions 
during production. 
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(II) During the use phase of the functional textiles, different loss sce-
narios can cause the release of DWR-related contaminants since 
outdoor garments might be exposed to conditions that involve 
significant stress to the outer weave. As shown in Figure 11, un-
bound production impurities (see A in Figure 10) might get lost 
due to laundering, volatilisation or get washed-out with rain. The 
leaching of extractable impurities was investigated by VU Am-
sterdam and was significant, especially for outdoor clothing that 
was produced before the phase-out of long-chain SFPs.57,55 
However, due to regulation of long-chain PFAAs62,63 in textiles, 
manufactures of DWRs are reducing their production impuri-
ties.99,100 Thus, the release of unbound residual impurities may 
soon be largely reduced and other emission pathways will be-
come relatively more important. 

It is also possible that DWR chemicals are released due to pol-
ymer degradation (see B in Figure 10) e.g. due to UV radiation 
on the fabric’s weave (Figure 11a). Due to the short service life 
of functional textiles (~10 years) in comparison to the long-term 
degradation of DWR polymers, it is unlikely that emissions via 
this pathway are significant during their period of functional use. 
If fibres or particles are emitted into the environment, polymer 
degradation may be a more significant source of emissions. 
Once these textile fragments are released they can more easily 
undergo long-term degradation processes. Fibre and/or particle 
loss might result from mechanical stress on textile weaves during 
wear and tear (e.g. abrasions; Figure 11c) and due to domestic 
or industrial washing101 (Figure 11e). The synthetic fibres that are 
released from textiles in general represent a large proportion of 
microplastics found in the environment.102 Thus synthetic fibres 
or particles from functional textiles with chemically-bound DWR 
chemical can also accumulate in the environment and undergo 
long-term degradation processes. Considering the amount of 
material that might be lost as fibres or particles during the use 
and taking into account the challenging nature of recovering 
these materials once released, this loss scenario was part of a 
further experimental investigation. 
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(III) Disposal of textiles may be another source for the release of 

chemicals related to DWRs. The fate of textiles after usage is 
their incineration or disposal in landfills. Since high performance 
outdoor clothing can be expensive consumer products (consum-
ers may spend up to ~400 € for their outdoor jackets103), it is likely 
that a fraction of garments get exported as second-hand textiles 
to third world counties104 with uncertain disposal practices. When 
DWR-treated textiles are treated in municipal waste incineration 
at ~850°C, non-fluorinated DWRs based on HCs and Sis105 
should be completely combusted.106 For fluorinated DWRs that 
contain PF-side chains, a combustion temperature of 850°C may 
not be sufficient for complete combustion107 due to the high C-F 
bond stability108 (Figure 9a). Thus, the presently used waste in-
cineration could be a source of contaminants due to the incom-
plete combustion of textiles with fluorinated DWRs.  
Landfilling is an additional unclear route for chemical release. 
Studies have shown that PFAS substances leach out of landfills60 
due to impurities in products and degradation of PFAA precur-
sors.109 For non-fluorinated DWRs that form substances of con-
cern (e.g. Sis DWRs based on polysiloxane building blocks see 
Figure 9a) landfills might be a source of long-term degradation 
processes as well, and contaminants such as D4 and D5 have 
been detected in landfills.110 While disposal of DWR-based tex-
tiles may be an important source of contaminants, there is a large 
degree of uncertainty regarding its magnitude.  
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4.3. Function of alternative DWRs and their limitations  

 
This section aims to provide an accessible overview of the functionali-
ties of alternative DWRs presented in Papers II and III. Figure 13 a1 
and a2 summarise the technical performance experiments carried out 
on the best performing short-chain SFPs in comparison to Sis and HCs 
in Paper II (n>4 different DWR types were tested for each class). The 
results for PES and PA fabrics showed that the long-chain SFP bench-
mark (C8-SFP) had the best overall material performance in relation to 
durability and initial water and oil repellency. Comparing alternative 
DWRs in terms of their water repellency, Figure 13 a1 shows that the 
initial water repellency was high for fluorinated short-chain SFPs (C6 
and C4) as well as for non-fluorinated Sis and HCs. In general, short-
chain SFP alternatives were found to be more robust and almost all 
formulations tested had high initial spray ratings. Some fluorine-free 
alternatives failed the repellency testing implying that a higher number 
of fluorine-free alternatives might need to be tested before working 
substitutes can be found for specific textile applications. The high du-
rability of SFPs (tested as the reduction in water repellency after wash-
ing, abrasion and weathering) decreased with length of the fluorinated 
side chain (i.e. C8>C6>C4). The best Si-DWR in water repellency test-
ing had a lower durability. The best HCs showed a water repellency 
after washing, abrasion and weathering, which was similar to that of 
C6 short-chain SFPs, largely independent of different stress parame-
ters to the weave. Water repellence of fluorine-free alternatives was 
further assessed in Paper III with additional methods including the 
more intense Bundesmann rain shower test83. The results indicate that 
some fluorine-free alternatives had performance levels comparable to 
those of short-chain SFPs. 

With regard to oil repellence, however, fluorine-free alternatives failed 
in the functionality test. In contrast, short-chain SFPs provide a good 
oil repellency, which decreased with decreasing chain lengths (i.e. 
C8>C6>C4). A lack of oil repellency indicates that fluorine-free alterna-
tives cannot be used for textiles that require protection towards non-
polar liquids (e.g. workwear) or stain repellence. The extended func-
tionality testing presented in Paper III, however, demonstrates that 
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some fluorine-free DWRs are repellent towards liquids with intermedi-
ate surface tensions such as red wine or synthetic blood. These results 
demonstrate that for consumer textiles, fluorine-free alternatives can 
offer a certain degree of stain protection.  

As can be seen in Figure 12, droplet-weave interactions were stronger 
for synthetic blood relative to water due to an increased penetration of 
liquid into the surface weave. Therefore, the droplets stickiness was 
higher on this fabric with a fluorine-free DWR treatment resulting in a 
reduced repellence and a slow slip-off. This observation also shows 
that there might be a possibility for textile design modifications that pro-
mote surface repellence. A different weave or increased fibre surface 
roughness could in principle lower droplet-weave interactions34 and in-
crease stain repellency of fluorine-free DWRs further.  

 

 
Fig. 12. Roll-off vs slip-off on fabrics treated with a fluorine-free (HC) biodegradable 
DWR81 showing (a) low droplet weave interaction which results in fast roll-off of water 
droplets. This interaction increases for (b) synthetic blood and the droplets slip-off 
slowly 
 
For oils with low surface tensions and some stains relevant for medical 
textiles like gastric fluid, fluorine-free alternatives failed the testing. This 
limits the viability of HCs or Sis for protective clothing (e.g. medical 
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textiles). While there are clear standards111 and guidelines78,112 for 
DWR performance criteria with occupational clothing, the required 
standards required for functionality in consumer clothing (e.g. our 
model garments: the leisure rain jacket, the extreme outdoor jacket and 
children's overall) were not as clear. We therefore designed and con-
ducted a survey addressed to the consumers of outdoor clothing in Pa-
per III that indicated that stain repellency was not one of the main pur-
chasing criteria. Water repellency and durability were rated as signifi-
cantly more important than stain repellency. An increased staining, 
however, might increase the washing frequency and might also have 
negative effects to the water repellency.113 A lower durability can also 
affect the lifetime of the garments so that they are replaced faster, 
which will in turn increase environmental impacts during the product 
lifecycle (production and disposal). Consumers who undertook the sur-
vey were likely unaware of the connection between staining, durability 
and environmental impacts.  
 
 
4.4. Functionality vs chemical hazard 

 
When technical performance and the corresponding hazard profiles 
were considered together, some alternative DWRs showed clear ad-
vantages compared to short-chain-SFPs (Figure 13). The three differ-
ent groups of alternative DWRs were shown to be less hazardous in 
comparison to the benchmark long-chain SFP, which was estimated to 
be particularly hazardous to human health. Despite the improvement 
in carcinogenicity (C); reproductive toxicity (R); repeated dose toxicity 
(ST) and bioaccumulation (B), short-chain SFPs will still release ex-
tremely persistent PFAAs such as perfluorohexanoic acid 
(PFHxA)114,115 and perfluorobutane sulfonic acid (PFBS). Similar to 
their long-chain analogues (PFOS and PFOA), short-chain PFAAs 
were expected to never degrade under environmental conditions116,117 
due to the high dissociation energy of the C-F bond, which increases 
when multiple fluorine atoms are present in PF-chains (e.g. 450 kJ/mol 
in CH3-H2C-F vs. 530 kJ/mol in F–CF2CF3).108 A consequence of the 
helical conformation of PF-chains (Figure 9 a) is also that the C-C 
bonds of the carbon backbone are significantly stronger than in hydro-
carbons, which also contributes to the persistency of PFAAs.118  
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Short-chain silanols (polydimethylsiloxane degradation products with a 
chain length of two siloxane monomer units [SiO(CH3)2] or longer such 
as dimethylsilanediol (DMSD) and trimethylsilanol (TMS)),119 were se-
lected as critical substances relevant for the hazard assessment for Si-
based DWRs. Additionally, D4 and D5 were included in the hazard as-
sessment for Si-based DWRs as they are known production impurities 
of silicones. Figure 11c shows that also Si-based DWRs can release 
substances of concern. The cyclic siloxanes had especially high haz-
ard ratings for human health endpoints, aquatic toxicity, persistency 
and bioaccumulation. The best result was found for HC-DWRs when 
chemical hazard was assessed together with functionality. HCs were 
the most environmentally-benign alternative with excellent water repel-
lency and durability. For our model garments, the results indicated that 
fluorine-free alternatives (and preferably HCs due to lower hazard 
scores) are likely suitable for use in leisure rain jackets and children’s 
overalls. Our results indicated that a subset of fluorine-free alternatives 
could in principle be used in extreme outdoor jackets (see e.g. durabil-
ity test in Paper II and Bundesmann water repellency in Paper III). How-
ever, major textile producers of high performance outdoor gear are 
presently using short-chain SFP-based DWRs120 stating that fluorine-
free solutions are technically not viable.121 Such statements were in 
direct contradiction to reports of mountaineers supporting the Green-
peace DETOX captain31 that completed several expeditions31 with the 
aim of testing the viability of fluorine-free mountaineering. It remained 
unclear therefore if the fluorine-free Sis or HCs provide enough durable 
water repellency for use in an extreme outdoor jacket. The laboratory 
experiments suggest that fluorine-free DWRs are viable alternatives, 
but laboratory experiments are not entirely transferable to field situa-
tions.122  

In conclusion, it is important to devise and evaluate a minimum thresh-
old for functionality in the different textile segments to determine when 
a product is over-engineered and when a less hazardous DWR can 
deliver the required product performance (e.g. choosing a HC-DWR for 
a leisure rain jacket). 
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4.5. Emission estimates of short-chain perfluoroalkyl acids (PFAAs) 

caused by fibre loss of functional textiles during washing 

Fibre loss due to usage and washing was identified to be an important 
loss mechanism during the use-phase (Figure 11) that required further 
investigation to quantify. In this work, losses made during accelerated 
washing experiments are discussed (Paper IV). Using our experi-
mental setup (see 3.Methodology in this thesis and the method section 
of Paper IV) we demonstrated that fibres containing DWR coatings are 
emitted during washing. We concentrated our investigation on textiles 
treated with short-chain C6F13-SFPs, but it is likely that textiles with 
other DWR treatments will release comparable amounts. Our meas-
urements showed that high performance outdoor clothing (e.g. poly-
amide rip-stop fabrics) lose less fibres than other synthetic fabrics, but 
the amount of total fluorine lost during several washing cycles (~5 do-
mestic washes) is still ~700 times higher than the amount of fluorinated 
residuals in the same fabrics (~1330 µg fluorine/m2 for PA fibres vs 1.8 
µg fluorine/m2 for the sum of PFAA residuals).  

 
Fig. 14. Modelling results for (a) the long term accumulation and degradation of PA 
fibres in soil treated with C6F13-short chain SFPs. Depending on degradation half-
lives (t1/2) fibres will (b) degrade slowly and form 6:2 fluorotelomer alcohols (6:2 
FTOHs) which is further converted into PFHxA and other short chain PFAAs 
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According to existing knowledge on the fate of textile fibres in 
wastewater treatment plants, textile fibres will be emitted to the envi-
ronment, either in sewage sludge (>95%) or effluent wastewater 
(<5%). Once released into the environment fibre-bound short-chain 
SFPs will accumulate over time since they will degrade only slowly.  
Figure 14a shows the long-term emission estimation for PA fibres re-
leased to soil on the European scale (assuming 363 million outdoor 
jackets that are washed once a year). By assuming different degrada-
tion half-lives (with t1/2 of 10, 100 and 1000 years), short-chain SFPs 
will form the 6:2 fluorotelomer alcohol as an intermediate degradation 
product, which is further transformed into short-chain PFAAs as termi-
nal degradation products. It was estimated that ~29 tonnes of fibre-
bound C6F13-moiteties accumulate over 100 years, assuming a long 
SFP half-life of 1000 years. Using these assumption, it was further es-
timated that ~1.2 tonnes (t) 6:2 FTOH are formed in soil due to cleav-
age of C6F13-moiteties (figure 14b). Assuming shorter degradation half-
lives of 10 years and 100 years, lower amounts of C6F13-moiteties of 
4.4 t and 9.5 t, respectively accumulate, in the soil and higher amounts 
of 6:2 FTOH of 29 t and 9.5 t, respectively are formed. Assuming a 
transformation of FTOHs with a yield of 10 mol% into PFHxA (as one 
representative of different short-chain PFAA that are formed123), yearly 
emissions are estimated to be between 0.1 and 25 kg PFHxA per year.  
These emission estimates for PFHxA were low in comparison to global 
emissions estimates for perfluoroalkyl carboxylic acids (PFCAs) re-
leased during the life cycle of other consumer products.124 Thus, the 
loss of fibres from outdoor jackets in the use phase during washing is 
unlikely to be a major contributor to the emissions of PFAAs.  
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4.6. Linking the results to steps in the informed substitution process 
and implications for the replacement of other hazardous chemicals 

 
STEP 1: For functionality testing, to judge whether alternatives actually 
work in different textile segments, a detailed understanding of the 
structural design of available drop-in DWR substitutes was provided in 
Paper I. This knowledge was also essential to acquire representative 
raw materials to test water, stain repellence and durability and relate 
the results to different consumer needs (represented through the four 
types of garments within SUPFES) (see results from Papers II and III). 
It was also important to evaluate the minimum criteria for function in 
the different segments to display the risks of over-engineered repellent 
garments when functionality provided by DWRs is not essential under 
the consideration of user scenarios (as discussed in Paper III). 

STEP 2: This included the hazard assessment comparing human 
health effects, ecotoxicity and environmental fate of chemicals that are 
diffusely emitted by alternative DWR technologies (Paper I). Critical 
substances were identified in Paper 1 through the analysis of loss 
mechanisms that are likely to occur during the textile life cycle, which 
also requires an understanding about their chemical architecture.  

STEP 3: LCA will ultimately compare the quantified potential environ-
mental impacts of DWR substitutes as an overall decision making tool. 
Toxicity impacts (human and ecotoxicity) will be compared with global 
warming potential impact caused by production, use and disposal of 
DWR-treated textiles. An estimate of the life cycle impact requires 
quantification of used resources, emissions and information about the 
chemical hazards. Thus, all other steps and work projects within SUP-
FES were connected to the LCA and contribute to better assessments. 
The hazard assessment of critical chemicals, which was derived from 
the chemical structure of the repellent moieties and potential loss 
mechanisms of DWRs (Paper I), indicates both negative toxicity and 
exposure properties of the released chemicals. Since the risk of these 
chemicals is defined by multiplying their chemical hazard and their ex-
posure, the emissions of DWR-related chemicals needed to be quanti-
fied. Emissions have been quantified experimentally by estimating the 
extracted impurities that can leach out of the textiles57 during their use. 
Fibres from textiles were also identified as a emission source and were 
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also quantified experimentally (by textile washing, Paper IV). The tex-
tile lifetime impacts emissions and the resources consumed during the 
production of functional textiles. Thus, the loss in performance of fab-
rics with alternative DWRs after washing, abrasion and weathering 
(Papers II) provided an indication of how long a garment can be used 
(with a cut-off value of 3 for the spray test, see Figure 13). The product 
lifetimes were also found to be influenced by staining, since this in-
creases the washing frequency. Thus, DWRs that are stain repellent 
(such as short chain SFPs) may have a lower life cycle impact from 
production than other fluorine-free alternatives that are not stain repel-
lent. 

The final LCA will provide an explorative tool for the impact of different 
DWR chemistries, which will help textile producers in their decision 
making process.  
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Fig. 15. Scheme of the different work projects and their connection (link) to the steps 
in the informed substitution process and present progress 
 
Figure 15 shows an example of how the division into different work 
packages and their connection created useful data to answer questions 
related to the three main steps in the informed substitution process. A 
major benefit for the experimental work (laboratory work and data anal-
ysis) was the involvement of industrial stakeholders which was pro-
posed by the DfE program69 to be essential for a successful CAA. 
Through the cooperation between academia and industry, it was pos-
sible to base our experimental work on realistic assumptions and work 
with commercially available DWRs as potential drop-in substitutes. 
Raw material suppliers benefited from supporting SUPFES by getting 
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an independent evaluation of their materials in comparison to compet-
itive products. This information was also useful for the textile producers 
to make an informed decision about DWR substitutes which is based 
on product performance and a life cycle perspective. For governmental 
authorities the results from the SUPFES project provided suggestions 
where safer alternatives maintain the required functionality and where 
modification to the scope of existing regulations may be necessary 
since e.g. alternative DWRs did not provided enough protection against 
harmful liquids. Retailers could use these results to communicate with 
consumers to promote more environmentally benign textile products. 

It is likely that the steps described for the substitution process can be 
transferred to other problematic chemicals. The general approach of 
assessing function and life cycle impact together should also be con-
sidered in the assessment of other chemicals. The setup of experi-
mental individual work projects like the performance testing or the 
quantification of loss mechanism, will differ depending on the type of 
chemical. The involvement of stakeholders as done in this study, can 
help CAA base experiments on realistic assumptions.  
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5. Conclusions 

The results of our informed substitution approach of assessing func-
tion, associated hazard and life cycle impact revealed opportunities 
and limitations for alternative DWRs. It became apparent that no sub-
stitute is equivalent to long-chain SFPs in functional textiles in terms of 
material characteristics. The unusual physicochemical properties of 
perfluoroalkyl moieties with 8 or more carbons (³C8F17) means that 
they can provide durability and effective repellency towards liquids of 
all polarities. However, due to the POP characteristics of some of the 
terminal degradation products of these long-chain SFPs, they should 
not be used in textiles, or any other applications. 

The best options for DWR substitutes were found by a combined con-
sideration of their function (STEP 1) and chemical hazard (STEP 2) 
and by assessing the end-user requirements in different textile seg-
ments. All available alternatives grouped into short-chain SFPs, sili-
cones (Sis) and hydrocarbons (HCs) provided high water repellency 
and durability to the textile weaves (Sis had a somewhat reduced du-
rability). A different behaviour was found for liquids with very low sur-
face tension, such as oils. Here, only fluorinated SFPs could provide 
sufficient protection. With regards to the hazardous profiles of identified 
diffusely emitted substances, the short-chain SFPs retained the prob-
lem of the release of extremely persistent PFAAs. Nevertheless, the 
other hazard characteristics (human health effects and bioaccumula-
tion) improved in comparison to long-chain SFPs. It was also realized 
that fluorine-free alternatives are not automatically better when it 
comes to their hazardous profiles. For example, Sis release the prob-
lematic cyclic siloxanes, D4 and D5. The lowest hazard rankings were 
estimated for DWRs based on HCs such as waxes. These results indi-
cated that the best substitution options are HCs in outdoor consumer 
textiles, where water repellency and durability are the most important 
functions. This end-user requirement was supported with a survey that 
indicated that outdoor garments that are presently treated with fluori-
nated SFPs for stain protection might be over-engineered. In addition, 
it was shown experimentally that some fluorine-free and even biode-
gradable DWRs could provide some degree of stain repellency. When 
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it comes to other textiles such as occupational clothing, repellency to-
wards liquids with low surface tension is an essential protection need. 
Therefore, a trade-off between performance and hazardous properties 
has to be made and short-chain SFPs are currently the only available 
substitute.  

It is, however, insufficient to use function and chemical hazard as the 
only decision making tools to choose DWR substitutes. Some prob-
lems associated with the substitution process may not be immediately 
obvious and thus life cycle assessment (LCA) (STEP 3) will be imple-
mented as the final step in the CAA. There is otherwise the danger of 
“problem shifting”, for example, reducing the impacts from chemical 
hazards while increasing climate change impacts. Preliminary results 
of the LCA studies indicate that life length of DWR treated textiles has 
a strong impact because it increases emissions and energy demand, 
especially during the textile finishing process. Since the lower staining 
of textiles treated with short-chain SFPs reduced the washing fre-
quency and thus increases the textile’s lifetime, short-chain SFPs may 
have a lower overall lifetime environmental impact than other alterna-
tives.  

The identification of loss scenarios for the diffuse emissions caused by 
DWRs and their experimental characterisation (e.g. fibre loss) has 
shown that highly persistent short-chain PFAAs can be emitted during 
all life cycle stages. Therefore, there are issues with the sustainability 
of short-chain SFPs and if they are used diffuse emissions need to be 
reduced further. Innovation is required to replace fluorinated DWRs in 
use categories (e.g. in protective clothing) where they are still consid-
ered essential. 
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6. Future Perspective 

The results of performance testing showed that non-fluorinated DWRs 
are not fulfilling the criteria for occupational textiles that need to be re-
pellent towards liquids with very low surface tensions and might also 
not be good enough for high performance water repellent applications 
(e.g. extreme outdoor jackets). Thus, innovation is needed to develop 
novel liquid repellent technologies for application to DWR in textiles.  
For example, the liquid repellency functionality can be influenced by 
surface chemistry, but also by adding a degree of roughness to fibre 
surfaces125,126. New technologies such as laser structuring127, electro-
spinning128 or sol-gel chemistry126 can mimic the micro- and nano-
structures of biological surfaces and create textile surfaces with ex-
tremely high repellency without using PFAS based chemistry. How-
ever, due to the lack of durability to mechanical stress and high upscal-
ing production costs2, these new technologies require further develop-
ment. If these remaining issues can be solved these novel technologies 
may in the future be viable candidates for the complete substitution of 
DWRs based on PFAS. 

To fully understand the environmental fate of DWRs, fibre loss during 
prolonged usage needs to be characterised. The results of this study 
found a significant amount of fibre loss during the washing of outdoor 
textiles. It is likely that fibre loss also occurs due to a combination of 
ageing (exposure to UV radiation) washing and abrasion during textile 
use. To investigate this emission pathway, samples of outdoor fabrics 
treated with SFPs have been exposed on the roof of a house in Aus-
tralia for 6 months. This is a realistic weathering test simulating the 
lifetime use of functional textiles, which was combined with additional 
stress parameters like abrasion and washing following retrieval of the 
textiles from Australia. The loss of total fluorine before and after expo-
sure has been determined with CIC measurements in ongoing work. In 
addition, residual PFAS have been analysed with liquid chromatog-
raphy tandem mass spectrometry (LC-MS/MS) before and after expo-
sure. These analytical measurements have been complemented with 
SEM microscopy to investigate possible fibre surface defects on the 
weaves after aging. Following this PhD work, this ageing study will be 
finalized and written up as an additional manuscript.  
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The knowledge and informed substitution concept generated in SUP-
FES is currently being transferred and used within the POPFREE pro-
ject129. POPFREE is a two-year project funded by the Swedish Re-
search Council Vinnova130 with the overall goal to create a transition in 
multiple industry sectors using PFAS to feasible non-fluorinated alter-
natives.  
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