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Following the phase-out of long-chain per- and polyfluoroalkyl substances (PFASs), the textile industry had
to find alternatives for side-chain fluorinated polymer based durable water repellent (DWR) chemistries that in-
corporated long perfluoroalkyl side chains. This phase-out and subsequent substitution with alternatives has re-
sulted in a market where both fluorinated and non-fluorinated DWRs are available. These DWR alternatives can
be divided into four broad groups that reflect their basic chemistry: side-chain fluorinated polymers, silicones,
hydrocarbons and other chemistries (includes dendrimer and inorganic nanoparticle chemistries). In this critical
review, the alternative DWRs are assessed with regards to their structural properties and connected perfor-
mance, loss and degradation processes resulting in diffuse environmental emissions, and hazard profiles for se-
lected emitted substances. Our review shows that there are large differences in performance between the
alternative DWRs, most importantly the lack of oil repellence of non-fluorinated alternatives. It also shows that
for all alternatives, impurities and/or degradation products of the DWR chemistries are diffusively emitted to
the environment. Our hazard ranking suggests that hydrocarbonbasedDWR is themost environmentally benign,
followed by silicone and side-chain fluorinated polymer-based DWR chemistries. Industrial commitments to re-
duce the levels of impurities in silicone based and side-chain fluorinated polymer based DWR formulations will
lower the actual risks. There is a lack of information on the hazards associated with DWRs, in particular for the
dendrimer and inorganic nanoparticle chemistries, and these data gaps must be filled. Until environmentally
safe alternatives, which provide the required performance, are available our recommendation is to choose
DWR chemistry on a case-by-case basis, always weighing the benefits connected to increased performance
against the risks to the environment and human health.

© 2016 Elsevier Ltd. All rights reserved.
Keywords:
Hazard assessment
Per- and polyfluoroalkyl substances
PFAS
Silicones
Wax
Dendrimers
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
2. Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

2.1. Step 1: identification of DWR chemistries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
2.2. Step 2: identification of relevant loss mechanisms and degradation pathways . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
2.3. Step 3: hazard assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

3. Structural properties resulting in repellent fabrics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
3.1. Repellent finishes based on side-chain fluorinated polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
3.2. Repellent finishes based on silicones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
3.3. Repellent finishes based on hydrocarbons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256
3.4. Repellent finishes based on other DWR chemistries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

4. Diffuse emissions of DWR related substances during a garment's use-phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
4.1. Diffuse emissions from fabrics with side-chain fluorinated polymer DWR finish . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
4.2. Diffuse emissions from fabrics with silicone DWR finish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
4.3. Diffuse emissions from fabrics with hydrocarbon DWR finish . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
4.4. Diffuse emissions from fabrics with other DWR finishes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258
ence, Department of Chemistry and Chemical Engineering, Chalmers University of Technology, SE-412 96 Gothenburg, Sweden.
lmquist).
this work and share first authorship.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2016.02.035&domain=pdf
http://dx.doi.org/10.1016/j.envint.2016.02.035
mailto:hanna.holmquist@chalmers.se
Journal logo
http://dx.doi.org/10.1016/j.envint.2016.02.035
Unlabelled image
http://www.sciencedirect.com/science/journal/01604120
www.elsevier.com/locate/envint


252 H. Holmquist et al. / Environment International 91 (2016) 251–264
5. Hazard assessment of diffusively emitted DWR related substances . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259
6. Discussion and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
Conflict of interest disclosure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Appendix A. Supplementary data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
2 The proposal is still awaiting decision.
1. Introduction

Durable water repellent (DWR) impregnation is applied in textile
finishing to impart water and, depending on impregnation chemicals,
oil and stain resistance to the textile. Thewater repellence of the external
fabric is achieved by its modification with hydrophobic polymers
(Dechant, 1985), dendrimers or nanoparticles (Wong et al., 2006) and
rain drops are repelled and drip off easily from a garment, thus avoiding
“wet-out” (the fabric's penetration by water). Avoiding wet-out can be
a comfort issue, e.g. when cycling or walking to work, but it can also be
an essential protection in more extreme conditions, especially when no
shelter can be reached.Wet-out can cause significant cooling of thewear-
er and under extreme conditions this can be life threatening. In addition,
there are situationswhere repellency of other liquids thanwater becomes
vitally important; like the protection against harmful liquids (e.g. acids or
oils), for example in chemical production or on oil rigs. These liquids often
have properties that differ fromwater and therefore a special DWR finish
is necessary. To achieve a liquid repellent fabric a combination of surface
roughness, given by the fabric itself, and a hydrophobic character, given
by the DWR, is necessary. DWR agents are therefore applied as aqueous
emulsions on the external fabric of a garment to deliver a non-polar
fibre modification. Since only single fibres of a fabric are coated with the
DWR film on a nano-metre range (see Figure S2 in the SM), the final gar-
ments have open poreswhich are small enough in diameter (d ~4 nm) to
release perspiration vapour while the external fabric withstands the pen-
etration ofmuch bigger rainwater droplets (d ~100 μm) (see Figure S1 in
the SM) (Mukhopadhyay and Midha, 2008).

During the last decades DWR chemistries based on polymeric per-
and polyfluoroalkyl substances (PFASs), more precisely “side-chain
fluorinated polymers”, have been common (Kissa, 2001; cited in Zero
Discharge of Hazardous Chemicals (ZDHC), 2012) since side-chain
fluorinatedpolymer DWRs are highly durable andbothwater and oil re-
sistant (see e.g. Buck et al. (2011)). Polyfluoroalkyl (or possibly
perfluoroalkyl) chains, usually based on either perfluoroalkanesulfonyl
fluoride or fluorotelomer based chemistries, are attached to a non-
fluorinated polymeric backbone. These fluorinated side chains can be
severed from the polymeric chain to release PFASs and ultimately
these will degrade to form highly stable perfluoroalkyl acids (PFAAs),
including perfluoroalkane sulfonic acids (PFSAs) and perfluoroalkyl car-
boxylic acids (PFCAs), of different chain lengths. PFASs can be divided
into two categories based on the perfluoroalkyl moiety chain length;
long-chain and short-chain. The long-chain PFASs have been defined
as having an alkyl chain containing six or more carbons in molecules
that are precursors to or are PFSAs (CnF2n + 1SO3H, n ≥ 6) and seven or
more carbons in molecules that are precursors to or are PFCAs
(CnF2n + 1COOH, n ≥ 7) (Buck et al., 2011). Due to growing concern re-
garding the adverse effects of long-chain PFASs on human health and
the environment (Filipovic et al., 2013; OECD, 2013; Vierke et al.,
2012) a process of substitution of long-chain PFASs with short-chain
PFASs or non-fluorinated alternatives has been started (Lassen et al.,
2015; UNEP, 2012; Wang et al., 2015). Available non-fluorinated DWR
chemistries include paraffinwaxes, silicones, and other chemistries (in-
cludingdendrimers and inorganic nanoparticles) (Namligoz et al., 2009;
Schindler and Hauser, 2004; UNEP, 2012; Zero Discharge of Hazardous
Chemicals (ZDHC), 2012).

This substitution process is to a large extent driven by regulations
and policy actions such as the restriction of perfluorooctane sulfonic
acid (PFOS) use under the Stockholm Convention (Stockholm Conven-
tion, 2014), the US Environmental Protection Agency (EPA) 2010/
2015 perfluorooctanoic acid (PFOA) Stewardship Program (US EPA,
2013), and the identification of PFOA as a substance of very high con-
cern (SVHC) under the EU REACH legislation (Regulation (EC) No
1907/2006) (ECHA, 2014a). In the EU (Regulation Directive 2006/122/
EC) specific regulations on PFOS levels in consumer products have
been introduced; PFOS levels should be b1 μg/m2 of the coatedmaterial
in coated consumer products. In Norway regulations have further been
introduced for PFOA in consumer products; PFOA levels should be
b1 μg/m2 in textiles, carpets and other coated consumer products
(Klima- og miljødepartementet, 2014). Germany and Norway have
submitted a proposal to ECHA (European Chemicals Agency) for an
EU-wide restriction on PFOA and related substances.2 It suggests that
PFOA, or any one of the listed related substances, shall not be
manufactured or be placed on the market (as a chemical product or in
articles) (ECHA, 2014b). PFOA has also been proposed to be listed as a
POP in the Stockholm Convention (Stockholm Convention, 2015). Sev-
eral of themajor actors in the chemical and textile industries voluntarily
phased out PFOA in 2015 (Bluesign, 2012; US EPA, 2013; Zero Discharge
of Hazardous Chemicals (ZDHC), 2014).

The performance required by a fabric depends on the end-use
(Zero Discharge of Hazardous Chemicals (ZDHC), 2012), therefore the
variation in water and oil repellency as well as stain release between
the alternative DWRs has implications for possibilities for application,
as all DWRs may not be fit for all uses. Comparisons of technical perfor-
mance of different DWRs are rendered difficult by the dependence not
only on type of chemicals but also fabric composition andfinishing tech-
nology, as well as discrepancies between laboratory testing and field
trials (Gibson, 2008). With regards to the environmental performance,
a number of important data gaps hindering proper risk assessment
have been identified for the short-chain PFAS (Gomis et al., 2015;
Scheringer et al., 2014; Wang et al., 2015). Additionally, the non-
fluorinated alternatives have been studied to varying degrees, but also
for these types of chemicals relevant data for hazard and risk assess-
ment are lacking (Lassen et al., 2015; UNEP, 2012).

Diffuse emissions of chemicals from consumer products are being
recognised as an important source of exposure for both humans and
the environment (Molander and Rudén, 2012). With this paper we
aim to evaluate the relationship between the technical performance of
a DWR and its hazardous characteristics associatedwith diffuse releases
of selected substances from the DWR finished textiles to the environ-
ment. We focus our hazard assessment on the DWR constituents that
provide the water and oil repellency and not on the multiple other in-
gredients in DWR formulations (see methods section for justification
of this approach). This overview of the trade-offs between functionality
and hazards is necessary information for manufacturers involved in
the currently on-going substitution process and for researchers involved
in developing improved or completely newDWRs. The compound termi-
nology used is the one proposed by Buck et al. (2011). Based on available
scientific literature as well as industrial data and information, we set out
to explain the complex structure–property relationships for state-of-the-
art DWR chemistry, the potential mechanisms for the loss of DWR
chemicals from textiles and the hazards related to the diffuse emissions
of selected DWR related substances. This critical review provides both
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industry and the research communitywith a road-map describing possi-
ble ways forward. It also includes identification of important data gaps
that need to be filled by future research.

2. Methods

This critical review was executed in a stepwise process. Step 1 was
the identification and evaluation of structure–property relationships of
state-of-the-art DWR-technologies, Step 2 was the identification of
possible mechanisms for diffuse losses of DWR related substances to
the environment for the respective technologies, and Step 3 was a
hazard assessment for selected DWR related substances. Finally, the
combined output of Step 1–3 was evaluated in a discussion of DWR
performance in relation to customer needs and related hazards.

The terminology related to DWR as used in this article is defined in
the Supplementary Material (SM).

2.1. Step 1: identification of DWR chemistries

Since the research on waterproof and breathable fabrics is of
high commercial interest, information about exact structures of
commercialised DWRs are proprietary and only limited open literature
is available.

Therefore, a combination of information search procedures, includ-
ing literature search in databases of peer-reviewed literature, patent
databases and interviewswith rawmaterial producers,was implement-
ed and is further explained in Table 1.

2.2. Step 2: identification of relevant loss mechanisms and degradation
pathways

Relevant loss mechanisms of DWR related substances from a DWR-
treated fabric (i.e. mechanism giving rise to diffuse emissions), includ-
ing leaching to water, evaporation to air as well as possibilities for
Table 1
Search procedure to identify chemical principles of state-of-the-art DWR chemistry. Structure–
tures was confirmed with the search for commercial DWR products and their associated chemi
using different indicators to prove their commercial relevance.

Source Approach

Databases of peer-reviewed
literature

Identification of DWR chemistry studies from academic

Brand websites Internet search for commercial DWR brands Technical D
Material safety data sheet (MSD); application procedure

Patent databases Combined search:
▪Espaceneta

▪Depatisnetb

▪Google patentsc

Search term:
“repellent textile”
Indicators of relevancy:
➔number of citations
➔patents that are cited in other patents should be relev
➔number of patents in the field
➔patent relevancy because of a high activity (productiv
(company)
➔patent family size
➔patents, which are logged in many countries should b

Raw material producers Interviews with representatives from the major raw ma

a Patent database with 90 million patent documents worldwide, containing information abo
b German patent database with access to 41 million documents worldwide.
c Patent search engine with applications from the United States Patent and Trademark Offic

(WIPO); 8 million documents.
release of DWR related substances by wear and tear, were identified
in the literature, and evaluated for the DWR chemistries as identified
in Step 1 above (see Fig. 2). Likewise, degradation mechanisms
governing diffuse releases by precursor transformation were evaluated
for precursors identified as relevant for leaching, evaporation and/or
wear and tear. Focus was on the use-phase of a DWR-finished fabric al-
though many of the mechanisms described are substance dependent
(e.g. evaporation occurs for volatile substances etc.) and thus also appli-
cable for diffuse releases during the end-of-life phase of the fabric.

2.3. Step 3: hazard assessment

DWR related substances were selected for hazard assessment based
on two criteria, against which the results obtained in Step 1 and 2 were
evaluated: i) the substance is related to (i.e. a degradation product of or
an impurity in) the structural moiety of the polymer, dendrimer or
nano-particle, that provide the water (and oil) repellency function to
the DWR formulation (the chemicalmixture applied in fabric finishing),
and at the same time ii) the substance has potential to be released
from the fabric to the environment during the use-phase of the fabric.
From the rather large amount of substances meeting these criteria
(i.e. polymers, impurities and degradation products) the most relevant
substances for a representative hazard assessment were selected for
each of the four broad groups of DWRs described here. This selection
wasmade by expert judgement aiming to select the substances contrib-
uting most to the hazards within the respective groups.

The selection procedure limited the scope of the assessment. Appli-
cation of the first criteria (i) results in exclusion of a large number of
substances that could also be part of a DWR formulation as ingredients
or impurities or generated through degradation processes, but not di-
rectly related to the water (and oil) repellent structural moiety. Exam-
ples are cross-linkers, extenders and catalysts as well as the structural
basis such as a dendritic polyurethane (PUR) backbone or the nano-
particle. As such the hazard assessment does not provide a complete
property relationships were derived from open literature. The relevance of chemical struc-
cal class. In addition chemical structures of the DWRs were derived from patent literature

Result

sources. Structure–property relationships.

atasheet (TDS);
s

Identified brands and general chemistry of DWR technologies.

ant

ity) of inventor

e more relevant

General structures of commercial DWR formulations.
Number of relevant patens reviewed: 180.

terial producers. Companies interviewed: 8
Information about performance requirements; principle
of production process.
Confirmation of derived structure–property relationships
for DWRs from academic literature and patents.

ut inventions and technical developments.

e (USPTO), European Patent Office (EPO), and World Intellectual Property Organization
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picture of all hazards connected to the DWR formulations but highlights
relevant hazards in the respective groups that are connected to the
chemistry providing water (and oil) repellency. We justify this limita-
tion of scope by arguing that, irrespective of other hazardous substances
contained in or generated from the DWR formulations, the chemical
moiety providing water (and oil) repellent function is key when
assessing alternative DWRs, as othermoieties may be substitutable. Ap-
plication of the second criteria (ii) means that the hazard assessment is
valid for diffuse emissions andwe further limit the assessment to effects
relevant for exposure via the environment, i.e. we exclude also the sen-
sitisation and irritation endpoints from the assessment (see below).

The hazard assessment criteria as laid out in the program: Design
for the Environment Alternatives Assessments (US EPA, 2011) were
used as basis for the hazard assessment. This is the U.S. Environmen-
tal Protection Agency's alternatives assessment tool to evaluate
chemicals based on their human health and environmental hazards
(a program related to the Safer Choice label). It was chosen as the
hazard assessment tool for this review since it is to a large extent
based on the United Nation's Globally Harmonised System (GHS),
i.e. internationally accepted hazard criteria. In addition, it bears
many similarities with the GreenScreen method (Clean Production
Action, 2014), which is used by several actors in the DWR industry.
In the hazard assessment the intrinsic characteristics of a substance
are evaluated according to the criteria of themethod. Human and en-
vironmental exposure is not considered, thus to understand the risks
connected to the substances being studied the hazard assessment
would need to be combinedwith an exposure assessment. Themeth-
od builds on 16 hazard endpoints and was modified to suit the pur-
pose of our work by removal of the sensitisation and irritation/
corrosivity endpoints (Table 2), since these are less relevant for envi-
ronmental exposure. The hazard endpoints deemed especially rele-
vant for the purpose of evaluating hazards connected to diffuse
environmental emissions of DWR related chemicals were chronic
human health, ecotoxicology and fate. This is due to the fact that dif-
fuse emissions give rise to continuous exposure rather than intermit-
tent exposure peaks and thus only chronic toxicity is likely to
manifest via environmental exposure. Acute endpoints were still
kept in the assessment to support places where chronic data are
lacking. For the ecotoxicology endpoints, focus was placed on aquat-
ic toxicology but data on terrestrial species were described when
such data were found. Endpoints such as eutrophication, global
Table 2
Hazard endpoints of the DfE method and corresponding hazard designations. The verbal
hazard scale includes the terms very low, low, moderate, high and very high. The number
of hazard designations available vary between endpoints. If data are not sufficient for clas-
sification the endpoint is designated a data gap (DG).

Category and endpoint Hazard designations

Human Health
Carcinogenicity (C) Very high–low
Mutagenicity & genotoxicity (M) Very high–low
Reproductive toxicity (R) High–very low
Developmental toxicity (D) High–very low
Endocrine activity (E) Potentially endocrine active (PEA) or No

evidence of endocrine activity (NEEA)
Acute toxicity (AT) Very high–low
Repeated dose toxicity (ST) High–low
Neurotoxicity (N) High–low

Ecotoxicology
Acute aquatic toxicity (AA) Very high–low
Chronic aquatic toxicity (CA) Very high–low
Other ecotoxicity studies when availablea Very high–very low

Fate
Persistence (P) Very high–very low
Bioaccumulation (B) Very high–low

a Criteria available only for avian species and bees and have not been applied in the
present study.
warming which are also mentioned in the DfE guidance (US EPA,
2011), were not assessed at all.

The assessments were based on a “precautionary principle”, mean-
ing that worst case assumptions have been made when data were am-
biguous. Each classification was given a confidence score (high or low)
where low confidence indicates that the hazard classification is uncer-
tain and that it could be changed to either higher or lower hazard
with additional data (in addition to this general rule, the principles for
determining the level of confidence, outlined for the GreenScreen
chemical hazard assessment procedure, were followed (Clean
Production Action, 2013)). The DfE guidelines prescribe use of data
from suitable analogues and estimated data from appropriate models
if measured data on the chemical being evaluated are lacking. In order
to clearly highlight data gapswe chose to only usemeasured/laboratory
data for the chemicals being evaluated in the hazards assessmentswith-
in this critical review, with the exception that estimated log Kow were
used as basis for bioaccumulation assessment if measured data were
missing (this is justified by the fact that it is one of the oldest and
most established methods in structure activity modelling). Where
data used for the assessments come from secondary sources that used
estimation methods this is indicated in the SM and Table 3. The DfE
guidelines leave it open if no-effect or effect levels are to be compared
with the criteria. In this review, in analogy with GHS, the human health
endpoint criteria were comparedwith the dose giving significant effects
and ecotoxicological endpoint criteria were compared with E/LC50

values (acute toxicity) and no observed effect concentration (NOEC)
(chronic toxicity). When the range between the NOAEL and the LOAEL
overlapped the criteria and no other data were available to support
classification the lowest observed adverse effect level (LOAEL) was
compared with the criteria and the classification was given a low confi-
dence score (relevant for the human health endpoints).

The basis for the assessment included peer-reviewed articles,
industry-generated data as presented in safety data sheets (SDS) and
available reports as well as policy documentation available via e.g.
ECHA and OECD. The Elsevier Scopus® citation database was used as
the primary source of scientific literature. Industry-generated data
were obtained viawebsites and direct contactwith industry representa-
tives. Complete reference lists and data commentary to hazard classifi-
cations are available in the SM.
3. Structural properties resulting in repellent fabrics

In this section the critical review aims to summarise the most im-
portant structure–property relationships of commercially available
DWRs. Depending on the end-uses of textiles, different polymer ar-
chitectures are required. However, all DWRs are based on compara-
ble structural elements regarding their functionality within the
textile. State-of-the-art DWR polymers have hydrophobic side
chains linked to a polymer backbone (see Fig. 1a–c) or dendrimers
or inorganic particles (see Fig. S6 in the SM). These non-polar side-
chains are based on hydrocarbons (Dechant, 1985), silicones or
per- and polyfluoroalkyl moieties (Kissa, 2001) and need to be close-
ly packed and orientated towards the fibre surface to achieve an
“umbrella-like” repellent effect.

Since terminal CF3 (side-chain fluorinated polymers) and CH3

groups (hydrocarbon- and silicone-based polymers) are the most
hydrophobic groups (lowest critical surface energy γc) in organic
chemistry, the best repellency results from a dense molecular pack-
ing of these groups on the fibre surface. All DWRs function according
to these structural principles. Therefore, it is beneficial that the hy-
drophobic side chains stay closely packed together (Wang et al.,
1997) because changes in conformation would bring less hydropho-
bic groups to the fibre surface (e.g. CF2, CH2 with higher critical sur-
face energy γc) which would reduce the repellency of the textile.
Additionally, a certain length of hydrophobic side-chains is



Fig. 1. Raster electronmicroscopy (REM) picture (courtesy of Swerea IVF) of the structured surface of a synthetic fabric and schematic pictures of the DWR polymers that deliver the final
textile repellency (a–c): side-chain fluorinated polymer (a), silicone (b) and hydrocarbon (c). The polymers react with the help of fibre bonding groups (blue) with the surface of textile
fabrics. Terminal groups with low critical surface energy (γc) (Fox and Zisman, 1950), CF3 and CH3 groups, need to be closely packed and orientated toward the fibre surface.
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necessary to shield the fabric against polar water droplets (Honda
et al., 2005; Zero Discharge of Hazardous Chemicals (ZDHC), 2012).

It is important to point out that the water repellency is not an iso-
lated property but part of combination of various functions that tex-
tiles have to fulfil. In addition to the repellent properties, the
durability of this effect is an important aspect of DWRs. For the pur-
pose of durability the DWR polymers have to be attached to the fibre
surface via physical or chemical bonding. Therefore DWRs contain
fibre bonding groups such as hydroxyl, epoxy or vinyl groups linked
to the polymer backbone (see Fig. 1) that react either directly or in-
directly, with help of cross-linkers (e.g. diisocyanates), with the fab-
rics. Older DWRs used physical binding such as the polar interactions
of carboxylates [R-COO−] with metal or hydrogen binding for the
surface linkage (see Fig. S5a in the SM). These intermolecular forces
alone are not suitable to form stable DWR finishes that canwithstand
the conditions of everyday use (washing, weathering or abrasion).
Modern DWRs are therefore modified with functional groups that
react covalently with addressable surface groups. In case of a lack
of reactive bonding sites on the fibre (e.g. polyethylene, polypropyl-
ene), additional reactive groups can be introduced by plasma treat-
ment (Morent et al., 2008; Shishoo, 2007). The durability of the
DWR finish can be achieved with the covalent cross linking of the
polymers to the fibre surface. Durability can also be achieved by cre-
ating a crosslinked network of the DWR on the fibre surface (envi-
sion each fibre surrounded by netting) that is not covalently
bonded. Covalent bonding of the DWR polymer to the fibre surface
is therefore not a requirement for durability (see Figure 2 in the SM).

In industrial finishing processes DWR polymers are generally ap-
plied as water-based emulsions through a padding process (Speke,
1954). Thereby the untreated fabrics are immersed in an application
bath (Kissa, 2001) (see Table S1) with the DWR polymers and
squeezed in a “foulard” (device for textile treatment with two rol-
lers) to remove the excess liquid to the needed concentration of
DWR-polymer on the fabric (Schindler and Hauser, 2004) (wet
pick-up). After this adsorption of DWR polymers to the fibre mate-
rials a curing step in an oven promotes the crosslinking reaction of
the fibre reactive groups with the bonding sites on the fabric
(Schindler and Hauser, 2004). The process to form a permanent hy-
drophobic layer on fibre materials is very complex and depends on
the structure and chemical nature of the individual fabrics. The
end-performance of a DWR finished fabric is dependent on (1) the
fibre type, (2) the fabric construction (e.g., knit, weave, multi-
layer), (3) fabric preparation and (4) the DWR chemistry used. Fur-
thermore, application process conditions as well as processes that
occur after DWR application (e.g., stone-washing, calendaring,
embossing) have an influence.

3.1. Repellent finishes based on side-chain fluorinated polymers

DWRs based on per- or polyfluoroalkyl side chains are the most ef-
fective water repellent (hydrophobic) finishes for textiles and are
unique in that they can additionally deliver lipo- or oleophobic proper-
ties. The fluorinated side-chains comprise an alcohol moiety which is
bonded via an ester linkage to non-fluorinated polymeric backbone
and can typically be n:2 fluorotelomer alcohols (n:2 FTOHs:
CnF2n + 1CH2CH2OH, where n:2 means that n perfluorinated carbons
are attached to 2 non-fluorinated carbons (ethyl alcohol group) and n
is typically 4, 6, 8 or 10) or perfluoroalkane sulfonamidoethanols,
(alkyl-FASEs: CnF2n + 1SO2N(R)CH2CH2OH, where n is typically 4, 6 or
8 and R is CH3, C2H5, or another alkyl group). These side-chainfluorinated
polymer finishes are mostly based on acrylic, methacrylic (Franchina,
2002; Robert and Stuart, 1970; Robert, 1996) (see Fig. S3 in the SM) or
polyurethane backbones and are copolymerised with non-fluorinated
monomers. In similarity to the study of Castelvetro et al. (2002) these
non-fluorinated monomers have functionalities like rheology control or
influence the glass transition temperature. In addition the dispersion sta-
bility can be influenced by the introduction of water soluble groups
(Castelvetro et al., 2002).

While the non-fluorinated DWR technologies are structurally com-
parable to fluorinated DWR technologies, per- and polyfluoroalkyl
side-chains offer outstanding repellency of both polar and non-polar
liquids. Therefore fluorinated DWR technologies are widely used in

Image of Fig. 1
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textile applications with high performance requirements. The strong
liquid repellency can be explained by the dense packing, rigidity and
hydro- and oleophobic nature of per- and polyfluoroalkyl chains,
which is a result of the radii and high electronegativity of fluorine
atoms attached to the carbon chain. Since the van der Waals radius
(R) of fluorine is higher than the radius of hydrogen atoms (nm; RF =
1.46 nm and RH = 1.10, respectively) (Batsanov, 2001) the
perfluoroalkylmoieties in the alkyl chains form a twisted helical struc-
ture (Fournier et al., 2011) where the fluorine atoms form a dense
sheath around the carbon skeleton (Esumi and Ueno, 2003). The
combination of rigidity and even distribution of the electron density
(symmetrical attraction of electrons by the electronegative fluorine
atoms around the carbon chain) results in a minimum of intermolec-
ular interactions between the copolymer side chains of fluorinated
DWRs. Therefore these groups can form highly packed and extreme-
ly hydro- and oleophobic polymer domains (Wang et al., 1997) that
point outwards from the fibre surface and result in excellent liquid
repellency. Since the rigid rod-like structures differ in their physico-
chemical behaviour from the relatively flexible alkyl chains in hydro-
carbon and silicone DWR polymers, fluorinated DWR polymers can
also repel non-polar liquids (Hegemann, 2005). The high packing of
per- and polyfluoroalkyl side chains, caused by fluorophilic interac-
tions (Skotheim, 1997), strongly depends on the length of the
perfluoroalkyl moieties (see Fig. S3b in the SM). An optimal packing
with crystallised side-chains, which results in an exceptional repel-
lency of the DWR finish occurs for per- and polyfluoroalkyl chains
with more than eight perfluorinated carbon atoms (Scheirs, 1997).
Since the phase-out of materials based on long-chain PFAS, state-
of-the-art side-chain fluorinated polymers are based on a defined
perfluoroalkyl chain length of four (Renner, 2006) or six (Z. Wang
et al., 2013; Zero Discharge of Hazardous Chemicals (ZDHC), 2012)
perfluorinated carbon atoms. These short-chain side-chains are
non-crystallising but they nevertheless form relatively highly
packed hydro- and oleophobic domains. Thus, it is still possible to
produce water, oil and stain repellent garments with high perfor-
mance levels.

3.2. Repellent finishes based on silicones

Another class of finishes (see Fig. S4 in the SM) with high water
repellency are based on a polydimethylsiloxane (PDMS) backbone
[–Si(CH3)2O–]. In addition to the hydrophobic character of the PDMS
chain, fabrics treated with these types of DWR polymers result in
finisheswith a soft feel to the hand. This special characteristic can be ex-
plainedby the structure of the polysiloxanebackbone,which is themost
flexible chain known in polymer chemistry (Mark, 2004). The Si–O–Si
bond angle (Fig. S4 in the SM) can undergo variations from 105 to
180°. Additionally the relatively long Si–O and Si–C bond provide an in-
creased spatial separation of the neighbouring hydrophobic methyl
substituents (Jones, 1995). The combination of flexibility and long mo-
lecular bonds permits an easy change in polymer conformation and
CH3

−groups can freely rotate around the Si–O–Si backbone.
The structural properties of silicones facilitate the formation of a re-

pellent durable film on the fibre materials. The hydrophobic methyl
groups on the siloxane backbonewill orientate away from the fibre sur-
face fabric, while the fibre bonding is realized between the hydrophilic
(Frolov et al., 1992) O–Si–O chain and polar surface groups. Due to the
difference in electronegativity of silicon and oxygen atoms, hydrogen
bonding occurs between surface groups that carry electropositive hy-
drogen atoms and the O–Si–O chain. Besides this relatively weak inter-
molecular interaction, several reactive groups can be introduced in the
siloxane chain [organoreactive polysiloxanes; –Si(CH3)2O–Si(CH3)X-
O–; where X is the fibre reactive group] to form covalent bonds with
the reactive groups on the fibre surface and increase the durability of
the DWR finish. Si–H groups can react thereby either directly or as
hydrolysed hydroxyl groups that can undergo a reaction with cross
linkers such as diisocyanates. Despite some of the advantages of
silicones (e.g. soft feel and water repellency), the majority of these
DWR-types have only a moderate durability to laundering and no
(unmodified) silicone DWRs can deliver oil repellency. DWRs based
on PDMS can be additionally modified with per- or polyfluoroalkyl
side chains (Ludemann et al., 1991). These hybrid systems have
similar properties to PDMS-based DWRs, but the addition of per- and
polyfluoroalkyl chains can result in an additional oil and soil repellency
of the finished fabric.

3.3. Repellent finishes based on hydrocarbons

In DWRs based on hydrocarbons (see Fig. S5 in the SM) crystallised
linear n-alkyl chains [–(CH2)n–CH3] are used to achieve water repellen-
cy. This resembles the natural low energy surfaces of plant leaves
(Barthlott and Neinhuis, 1997; Koch and Ensikat, 2008) that develop re-
pellency with crystalline wax tubules (Dora and Wandelt, 2011). The
dense packing of the paraffinic alkyl groups in DWRs strongly depends
on alkyl chain length and the structure of the polymeric backbone.
The first formulations were based on a blend of paraffin compounds
and metal salts of fatty acids (Fig. S5a in the SM) (Schindler and
Hauser, 2004). The linkage between the DWR agent and the fabric is
thereby accomplished via ionic bonding of the polar carboxylates to
thefibre surface. The alkyl chain of the fatty acid promotes non-polar in-
teractions with the paraffinic part that has non-polar bonding groups.
The resulting crystallisation process of hydrophobicmoieties is essential
for the water repellency of the finished fabric. It is favourable to use
compounds with linear alkyl chains because branching reduces the
crystallisation behaviour. The poor durability of these physical bonding
waxes during laundering or dry cleaning (Kissa, 2001) has led to the de-
velopment ofmore stable DWRs likemelamine-based resins (Fig. S5b in
the SM).Melamine can form stronger covalent bondswith thefibre sur-
face. Their branched structure allows the introduction of N-methyl
groups that can be cross-linked with the fibre surface while hydropho-
bicity is realised with terminal groups based on stearic acid (Archroma,
2014).

Modern hydrocarbonDWRs consist of acrylic copolymers (Fig. S5c in
the SM) where different copolymer blocks deliver the necessary func-
tions of durability and repellency (Fuchs et al., 2010). Through the
choice of different polymerisation conditions, the polymer can be
tailor-made for the requirement of different textiles. The water repel-
lent block of the copolymers consists of n-alkyl groups that extend
from the backbone of the molecule. Side-chain crystallisation occurs
from a chain length higher than 12 carbons for methacrylate and a
chain length higher than eight for acrylate backbones (Greenberg and
Alfrey, 1954).

Other DWR developments are the encapsulation of waxes which has
the advantage of providing an improved homogeneous distribution of
DWR droplets on the fabric. In these systems wax compounds are en-
capsulated in a polymer core that is released during the curing step.
The advantage of this application is that the liquid wax does not pene-
trate deeply into the fibre and stays at the air-fibre interface, reducing
the amount of DWR that is used. Other hydrocarbon DWR develop-
ments made from renewable resources are based on fatty acids from
plant extracts (Lang, 2015; LJ-specialities, 2015). Although these
newly developed hydrocarbon DWR finishes have goodwater repellen-
cy they cannot deliver oil repellency.

3.4. Repellent finishes based on other DWR chemistries

Dendrimeric DWRs (see Fig. S6 in the SM) are based on
hyperbranched polymeric structures that consist of ester or polyure-
thane segments (Tang et al., 2010). They are synthesised in a multi-
step synthesis and emulsified in water. During drying on the textile
the highly branched polymers self-organize forming a continuous poly-
meric film on the surface. The addition of the dendrimeric surface
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structure on the fibre materials can deliver an increased repellent effect
that is comparable to the hierarchical micro and nanostructure of the
lotus plant (Spori et al., 2008). Since these highly branched polymers
self-assemble in a polymeric film on the fibre surface, these materials
do not contain nanoparticles. The surface of dendrimers can bemodified
with fatty acids, per- or polyfluoroalkyl groups or polyalkylsiloxanes to
achieve repellent properties (Möller, 2009) (see Fig. 6 in SM). Free hy-
droxyl surface or epoxy groups can function as cross-linking points to
achieve covalent bondswith thefibre surface (Hu et al., 2007). Inorganic
nanoparticle DWRs also mimic the repellent nanostructures of lotus
plant leaves and are based on spherical inorganic particles at the nano-
scale (1–100 nano-metres in size) that can increase the surface area of
the treated fabric (Zhang et al., 2003) (Fig. S6 in the SM). They are
manufactured using inorganic materials (Feng et al., 2014; Iverson and
Rudat, 2010) like SiO2 or Al2O3 (see Fig. S6 in the SM). Inorganic nano-
particle surfaces are also modified to provide hydrophobicity and
cross-linking points to the fibre surface (Su and Li, 2010) (see Fig. S6
in SM).

4. Diffuse emissions of DWR related substances during a garment's
use-phase

Most of theDWRfinished garments undergo a reduction in repellen-
cy during the textile's lifetime (Arunyadej et al., 1998; Leonas, 1998).
The change of this macroscopic material property is a clear argument
for the loss of chemicals from DWR finished fabrics and several mecha-
nisms are conceivable. Fig. 2 shows possible scenarios for the loss of
chemicals from a garment. Loss processes can occur from the surface
of the fabric or from fragments like fibres (Abdullah et al., 2006) or par-
ticles into the environmental compartments. The increased surface area
of these material fragments (Abdullah et al., 2006; Browne et al., 2011;
Özdil et al., 2012) can result in faster loss rates. Rough surfaces likeDWR
finished cotton fabrics might have a higher tendency for abrasion and
Fig. 2. Possible mechanisms (simplified) for loss of chemicals from DWR finished fabr
fragment formation than the smooth surfaces of synthetic fibres (Hu,
2008). The surface morphology of spherical nano and dendrimeric
DWRs could have an additional influence depending on the chemistry
of hydrophobic modification (Fig. S6 in the SM); the higher surface
area of these “structured” fibre treatments might increase the speed of
degradation processes. Moreover the type of linkage between the
DWR compound and fibre surface will have a strong impact on loss
rates. Non-covalently attached chemicals like residuals from production
or non-reacted monomers can be released during laundering, washed
out by rain that penetrates the fibre surface or, depending on their vol-
atility be lost to the air. Polymer degradation and the related breakage of
covalent bonds could be another mechanism for the loss of chemicals
from garments with DWR finish. Various factors can cause polymer
stress during its lifecycle (Bresee, 1986). The degradation is facilitated
by the presence of hydrolysable and oxidisable groups and a balance
of hydrophobicity and hydrophilicity. The rate of degradation depends
on the physical properties such as surface area, morphological proper-
ties, crystallinity and polymer orientation (Chiellini and Solaro, 2003)
of the DWRs. The primary processes for the degradation of DWR poly-
mers might be hydrolysis and photo-oxidation (Kawai, 1995). UV-
degradation of DWRpolymers (Sung et al., 2004) can result from the ex-
posure to sunlight and is dependent on the radiation intensity. This pro-
cess however, can only take place if photoactive groups (e.g. carbonyl)
are present in the polymers backbone that absorb light under terrestrial
conditions (λ N 290 nm). An important requirement for hydrolysis to
occur during laundering is the accessibility of positions on the polymers
for degradation (e.g. ester bonds), under the conditions in which the
textiles are used. Since hydrophobic moieties like CH3 and CF3-groups
form a hydrophobic shield around the DWR backbone, the point of deg-
radation could be inaccessible, especially in the presence of polar reac-
tants like hydroxyl radicals. The chemical nature of degradation
products and their degradation rates depends on the chemical class of
the DWR agent.
ics during the use phase (see Fig. S7 in the SM for a more detailed explanation).

Image of Fig. 2
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Furthermore, reimpregnation of garments (Casper, 2014) to “re-
fresh” the textiles initial performance can be an additional factor for
chemical loss. Specially designed fluorinated (3M, 2013; K. Chemie,
2015) or non-fluorinated (Benzema, 2015; R. Chemie, 2015),
reimpregnation agents are added in the washing process, or as aerosol
sprays, and bind, depending on the chemical structure either physically
(non-permanent) or chemically (permanent) to the fabric. This process
is very often used in workwear (Thumm, 2015) and protective clothing
(Freeston, 1981). Especially non-permanent reimpregnation agents will
be prone for chemical release.
4.1. Diffuse emissions from fabrics with side-chain fluorinated polymer
DWR finish

Several studies (Berger and Herzke, 2006; Dinglasan-Panlilio and
Mabury, 2006; Dreyer et al., 2014; Hanssen and Herzke, 2014; Herzke
et al., 2012; Knepper et al., 2014; Santen and Kallee, 2012a,b;
Schlummer et al., 2013) demonstrate the loss of residual PFASs (i.e. im-
purities; e.g., FTOHs, alkyl FASEs, PFAAs) from textiles and thus prove
the relevancy of these lossmechanisms. However, according to the pro-
ducers of state-of-the-art side-chain fluorinated polymer DWRs, the
amount of PFAS residual impurities, e.g. PFOA, can be reduced to the
ppb concentration range and producers were committed to achieve
these reductions under the US EPA 2010/2015 PFOA Stewardship Pro-
gram(Daikin, 2016; Rudolf Group, 2016). By 2014 the companies taking
part in the Stewardship programme reported reduction in product con-
tent of PFOA, its precursors, and higher homologues in fluoropolymer
dispersions, other fluoropolymers and telomer-based products, to
94–100%, depending on product type and company (US EPA, 2014). Ac-
tual concentrations of perfluoroalkyl carboxylic acid (PFCA) residues
were reported by a few companies and were between b0.5–500 ppb
(Daikin, 2016; Rudolf Group, 2016).

If degradation of side-chain fluorinated polymer DWRs occurs this
would result in the release of PFAS, and eventually terminal degradation
products, such as PFCAs (Frömel and Knepper, 2010; Liu et al., 2007; Liu
andMejia Avendaño, 2013; Rankin, 2015;Wang et al., 2009). They may
be released as a result of cleavage of the acrylic ester or polyurethane
linkage that links the per- or polyfluoroalkyl side chains to the carbon
backbone. The acrylic ester linkage is estimated to be more stable than
the corresponding polyurethane bond (Russell et al., 2010). Important
degradation products of this degradation pathway could be PFOA for
long-chain C83-DWRs and perfluorohexanoic acid (PFHxA) (C6) and
perfluorobutane sulfonic acid (PFBS) (C4) for the state-of-the-art
short-chain PFAS-based DWRs. Several research groups investigated
the degradation of fluorotelomer-based acrylate polymers (FTACPs) in
aerobic soils as a potential source of PFCAs to the environment. These
polymer particles might be related to fibre fragments that can be
released from garments with side-chain fluorinated polymer DWR fin-
ishes. A study in soil by Washington et al. (2009) on degradation of
grained FTACPs estimated degradation half-lives of 870–1400 years.
Furthermore a reduced half-life of 10–17 years was modelled for parti-
cles that were 300 times smaller assuming that the degradation is sur-
face mediated. In a follow up study soil half-lives of commercial
FTACPs, placing large efforts to minimise effects of residuals on the re-
sults, soil degradation half-lives were determined to be 33–112 years
(Washington et al., 2015). A study byRankin et al. (2014)with a synthe-
sised FTACP (free of residuals, i.e. no interference with degradation
measurements) of lower molecular weight (~3000 g/mol) reported
half-lives of 8–18 yearswhile a study fromRussell et al. (2008) reported
half-lives of 1200–1700 years with a commercial FTACP (including re-
siduals) of higher molecular weight (~40,000 g/mol). Russell (2015)
3 C8-DWR denotes 8 carbons in the perfluoroalkyl side chains in the side chain polymer
DWR, C6 denotes 6 carbons and C4 denotes four carbons.
gave an overview of the findings of the studies described above and
we would summarise his conclusions relevant for this review as
follows: commercial polymers do degrade in the environment, albeit
at a slow rate and depending on the polymer size and weight as well
as environmental conditions, and half-lives of commercial polymers
(high molecular weight) are expected to be in the range of 100s–
1000s years and that low molecular weight polymers degrade with
half-lives of 10s of years. Degradation of FTACPs can thus be expected,
but due to the high variability of these results, an exact prediction of
degradation times of FTACPs is currently not possible.

4.2. Diffuse emissions from fabrics with silicone DWR finish

Various types of silicone polymers based on PDMS have
been shown to contain residual levels of cyclic volatile methyl
siloxanes due to residues from manufacturing processes; e.g.
octamethylcyclotetrasiloxane (D4) (430–3360 ppm) (Brooke et al.,
2009b) and decamethylcyclopentasiloxane (D5) (570–3110 ppm)
(Brooke et al., 2009a). The closest analogue to the highly functionalised
silicone products that can be used as DWR formulations is PDMS in its
different functionalised forms (R. Maecker, 2015). DWR formulations
based on silicones could contain D4 and D5 (R. Maecker, 2015). These
substances are stripped-off (R.M. Maecker, 2015) after the formation
of high molecular weight DWR silicone products (PDMS based) (R.
Maecker, 2015), and the levels of D4 and D5 in silicone DWR formula-
tions are expected to fall in the range of several hundred to several
thousand ppm (Lehotkay, 2015; R. Maecker, 2015), which is in approx-
imate agreement with levels published for other PDMS based silicone
products (Brooke et al., 2009a,b). Furthermore, leftover cyclic residuals
should evaporate during the curing in the fibre treatment process
meaning that D4 and D5 residual levels are expected to be lower
in the finished products.

Studies on related PDMS polymers showed a relatively fast
depolymerisation process by hydrolytic degradation in soil (Graiver
et al., 2003; Lehmann et al., 2000). Thereby silanols [(Si(CH3)3O) −
(Si(CH3)2O)n–Si(CH3)2–OH] of lower molecular weight are formed and
further hydrolysis predominantly proceeds to yield dimethylsilanediol
(DMSD) and trimethylsilanol (TMS). The hydrolysis rate of PDMS is con-
trolled by soil moisture, where the hydrolysis takes place more rapidly
with lower moisture content, or when the weather is hot and dry
(Lehmann et al., 1998). DMSD can further biodegrade to silicic acid
[Si(OH)4], due to the oxidation of the methyl groups of DMSD
(Stevens, 1998), or can be released into the atmosphere since DMSD is
relatively volatile (Lehmann and Miller, 1996).

4.3. Diffuse emissions from fabrics with hydrocarbon DWR finish

Hydrocarbon based repellents based on paraffin waxes (Marino,
1998), or DWRs based on fatty acid side chains (Lalman and Bagley,
2001), will have similar mechanisms of polymer degradation through
photo-oxidation and hydrolysis as previously discussed for side-chain
fluorinated polymer DWR technologies. In contrast to side-chain fluori-
nated polymer DWR products, hydrocarbon DWRs have a high chance
of complete biodegradation over time (Archroma, 2014). However,
the degradation pathways of state-of-the-art hydrocarbon DWRs are
not fully understood and further investigations are required to obtain
knowledge about their relevancy as a mechanism of release of environ-
mental pollutants.

4.4. Diffuse emissions from fabrics with other DWR finishes

Dendrimers are largely hydrocarbon based structures which would,
similarly to hydrocarbon-based DWRs, be degradable in principle. The
surface modifications of dendrimer DWRs, however, will influence the
loss of chemicals and the degradation rates; e.g. if the surfaces are mod-
ified with perfluoroalkyl chains dendrimer DWRs could release these



Table 3
Hazard assessment for selected DWR related substances that reach the environment via
diffuse emissions. Degradation products are denoted # and impurities are denoted ¤. Haz-
ard classification abbreviations are: vL= very low, L= low, M=moderate, H= high, vH
= very high, PEA = potentially endocrine active, DG= data gap. Classifications in italics
are of low confidence and in bold of high confidence. Classifications based on estimated
data are marked with an asterisk (*). Endpoint abbreviations are explained in Table 2
See SM Tables S2–S9 for detailed information on the basis of classification. The paraffin
wax classification is based on a GreenScreen report (ToxServices LLC, 2013).

Substance

Hazard classification per endpoint

Human health Ecotox Fate

C M R D E AT ST N AA CA P B

Benchmark

PFOA #¤ H L H H PEA M H DG L L vH H

Side–chain fluorinated polymers

PFHxA #¤ L L M M PEA L M DG L L vH L

PFBS #¤ DG L L L PEA L L DG L L vH L

Silicones

Short–chain silanols # DG DG DG DG DG DG DG DG DG DG DG DG

DMSD # DG DG DG DG DG DG M DG DG DG vH L*

TMS # DG L DG L DG M M DG L DG DG L*

D4 ¤ L L L L PEA L H DG L vH vH vH

D5 ¤ L L L L PEA H H DG L L vH vH

Hydrocarbons

Paraffin Wax # L L vL* vL* DG L M DG L* L* L L*

Other chemistries (dendrimers, inorg. nano particles)

Unknown DG DG DG DG DG DG DG DG DG DG DG DG
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persistent substances to the environment. According to the manufac-
tures dendrimer based DWRs are not expected to contain (Möller,
2009) or release nanoparticles to the environment. Fabrics containing
inorganic nanoparticle based DWRs will presumably release inorganic
nanoparticles to the environment as a result of abrasion (Su and Li,
2010). There are no published studies on the loss of chemicals or parti-
cles from dendrimer or inorganic nanoparticle DWRs.

5. Hazard assessment of diffusively emitted DWR related substances

To evaluate the potential environmental impact of the release of
DWR related substances to the environment during the use-phase of
the fabric (as described in the previous section), a hazard assessment
was made for selected substances in each of the four groups of DWR
chemistry; side-chain fluorinated polymers, silicone and hydrocarbon
polymeric DWRs and other chemistries (dendrimers and inorganic
nanoparticles). The hazard assessment only includes substances that
could be released from the fabric with DWR finish and that are related
to the DWR agent. All other substances in the DWR formulations,
e.g. cross linkers, metal salts. were excluded (see Section 2.3).

The DWRs based on long-chain per- or polyfluoroalkyl side chains,
currently being phased out, was selected as a benchmark due to their
agreed technical advantages (Zero Discharge of Hazardous Chemicals
(ZDHC), 2012) but at the same time acknowledged hazardous proper-
ties (see e.g. Vierke et al. (2012)). The substance selected to represent
the benchmark was PFOA, since it is a terminal degradation product of
telomer based C8 side-chain fluorinated polymers (i.e. long-chain
side-chain fluorinated polymers). Additionally PFOA and PFOA precur-
sors are possible impurities in such DWR formulations. For short-chain
side-chain fluorinated polymers PFHxA and PFBS were selected to rep-
resent C6 (fluorotelomer based) and C4 (perfluoroalkanesulfonyl fluo-
ride based) technologies, respectively, on the same basis as presented
for PFOA above. Other substances relevant as impurities or intermediate
degradation products to the side-chain fluorinated polymer DWRswere
not considered since these are less relevant for environmental accumu-
lation. For the silicone based DWRs, short-chain silanols (PDMS degra-
dation products with a silicone chain length of two or longer), DMSD
and TMS (Graiver et al., 2003), were selected as relevant for the hazard
assessment. In addition the cyclic siloxanes D4 and D5 were included
since they may remain on the fabric as impurities (see Section 3). For
the hydrocarbon-based DWRs, paraffin waxwas selected for hazard as-
sessment. Finally, dendrimers and inorganic nanoparticles used in DWR
were not sufficiently well described in the available literature for us to
be able to define what chemicals structure that provide the water
(and oil) repellent function and therefore we could not select sub-
stances relevant for hazard assessment. However, functional groups, ei-
ther hydrocarbon, silicone or PFAS, that could be used also on
dendrimers or inorganic nanoparticles are assessedwithin their respec-
tive category. Table 3 shows an overview of the hazard assessment
which is further detailed below and in the SM.

PFOA, the benchmark substance, is a persistent, bioaccumulative and
toxic (PBT) substance. It is not expected to degrade in aquatic or terres-
trial environment under natural conditions, it has been shown to
bioaccumulate in mammals and it has high developmental and organ
specific toxicity (BAuA, 2013; ECHA, 2011; OECD, 2008; Vierke et al.,
2012). Both acute and chronic ecotoxicity is reported to be low when
tested over three trophic levels (OECD, 2008) (results from microcosm
and mesocosm test (Hanson et al., 2005; Sanderson et al., 2003;
Sanderson et al., 2004) do however indicate that ecotoxicity may
manifest at lower concentrations, hence the uncertainty of the classifi-
cation), which is an interesting difference to PFOS, another C8
PFAS, which has been shown to be highly toxic to aquatic wildlife (see
e.g. Beach et al. (2006)).

PFHxA and PFBS, representing the alternative side-chain fluorinated
polymer DWRs, are equally persistent as the benchmark analogue PFOA
(Butt et al., 2014). As for PFOA the bioaccumulation in fishwas found to
be low (Falk et al., 2015; Goeritz et al., 2013; Martin et al., 2003a,b;
NICNAS, 2005) and levels in humans and terrestrial wildlife were also
low (in comparison to levels of long-chain PFAS), or not detectable
(Bytingsvik et al., 2012; ENVIRON International Corporation, 2014;
Falandysz et al., 2006; Leat et al., 2013; Loi et al., 2011; Olsen et al.,
2009; Persson et al., 2013; Russell et al., 2013; Taniyasu et al., 2003,
2013; Thompson et al., 2011; Van De Vijver et al., 2005; Vicente et al.,
2015; Yamada et al., 2014). Field based BCF values are indicated to be
higher than those determined in the laboratory, but still below 500
(Hong et al., 2014; Kwadijk et al., 2010; Naile et al., 2013). These sub-
stances were thus classified to have low bioaccumulation potential
due to the higher elimination rate of the short-chain PFAAs in compar-
ison to PFOA (Russell et al., 2013). Despite some field based BCF values
exceeding 100, the weight of evidence allowed for a high confidence
score of the classification. PFHxA but not PFBS has been shown to
be toxic to reproduction and development in mammals, albeit at
higher concentrations than PFOA (Hoberman A. M. (Charles River
Laboratories), 2011a,b; Iwai and Hoberman, 2014; Lieder et al., 2009;
Loveless et al., 2009; NICNAS, 2005). PFHxAwas classified asmoderate-
ly hazardous in three human health categories while PFBS was only
classified as being of low hazard in the same categories. It is uncertain
if the difference in hazard profile between PFHxA and PFBS is due to ac-
tual differences or differences in the types of test results available. It
should also be noted that the PFAAs have very different serum elimina-
tion half-lives in differentmammals, including humans (Chengelis et al.,
2009; Olsen et al., 2009; Wambaugh et al., 2013), and for risk assess-
ment the recommendation is to base the assessment on internal dose
metrics rather than external, to avoid underestimation of the risks to
humans (Butenhoff and Rodricks, 2015), but no such attempts were
done within this review. PFHxA and PFBS, like PFOA, have been shown
to have a low aquatic toxicity both at acute and chronic exposure in
standardised tests (Barmentlo et al., 2014; Burke J. (Covance
Laboratories Ltd) and Scholey A. (Covance Laboratories Ltd), 2008;
ENVIRON International Corporation, 2014; Hoke R. A. (E.I. du Pont de
Nemours and Company), 2009a,b,c); Latala et al., 2009; Liu et al.,
2008). Results from non-standard tests do however indicate that these
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substances may exert negative effects in the aquatic environment at
concentrations below the criteria for low hazard (Lou et al., 2013;
Wang et al., 2014).

For the short-chain silanols, DMSD and TMS the hazard assessment
contains many data gaps, which renders comparison to PFOA, the
benchmark, difficult. Still, it is apparent that these substances do have
hazard characteristics of concern as they are classified as hazardous in
both toxicity and fate categories. Additionally, D4 and D5 though pre-
sumably present in low concentrations, have several characteristics of
concern in both toxicity and fate categories. Despite the equal hazard
classification for persistence between DMSD, D4 and D5 and the PFASs
there is an important difference between the compounds. While the
PFAS do not degrade at all in water or soil, and only extremely slowly
in air (half-life 130 days (OECD, 2008)), siloxanes do degrade in the en-
vironment (Graiver et al., 2003), albeit slow enough to be classified as
persistent. Furthermore, the siloxanes will be removed from the water
column in the aquatic compartment, where hazards are indicated to
be high (D4), and either evaporate and degrade in air by reaction with
hydroxyl radicals (Brooke et al., 2009a,b; Graiver et al., 2003) or parti-
tion strongly to the sediments (Brooke et al., 2009a,b). Whether such
fate processes ameliorates the riskswas not assessedwithin this review.
Additionally, siloxanes can bioaccumulate in aquatic foodwebs because
they can be taken up by benthic invertebrates at lower trophic levels
(Borgå et al., 2013; D.G. Wang et al., 2013).

For the hydrocarbon based DWRs, paraffin wax emerges as a low
hazard substance in comparison with the benchmark PFOA. It was
assessed by ToxServices LLC (2013) and found to be GreenScreen
Benchmark 3, i.e. recommended for use but there are still opportunities
for improvement according to the method (hazard classification
reproduced in Table 3).

Since dendrimers or inorganic nanoparticles were not sufficiently
well described in the available literature for us to be able to select sub-
stances for hazard assessment, hazard profiles could not be prepared.

6. Discussion and outlook

A number of DWR technologies are available on the market today,
and in this review we describe how they could be categorised as side-
chain fluorinated polymers, silicones and hydrocarbon based polymers
and other chemistries (dendrimers and inorganic nanoparticles). The
polymer based DWRs are based on the same structural principles, but
theDWR chemistry employed has important implications for repellency
of liquids. The side-chain fluorinated polymer DWRs, based on per- and
polyfluoroalkyl side chains [–(CF2)n-CF3 or –(CH2)m–(CF2)n–CF3], are
the most effective water repellent finishes for textiles and are unique
in that they can additionally deliver lipo- or oleophobic properties.
Oil/stain repellency is a key property for stain resistant finishes and es-
pecially important for textiles that have to withstand the penetration of
harmful liquids. The silicone based polymeric DWRs, based on thePDMS
backbone [–Si(CH3)2O–], have high water repellency and in addition to
the hydrophobic character of the PDMS chain, fabrics treatedwith these
types of DWRpolymers result infinisheswith a soft feel to the hand. The
hydrocarbon based polymeric DWRs, based on crystallised linear n-
alkyl chains [–(CH2)n–CH3], resemble the natural low energy surfaces
of plant leaves (Barthlott and Neinhuis, 1997; Koch and Ensikat, 2008)
that develop repellency with crystalline wax tubules (Dora and
Wandelt, 2011). Physically bound waxes had poor durability during
laundering or dry cleaning (Kissa, 2001), which has led to the develop-
ment of more stable DWRs like melamine-based resins. DWRs based on
dendrimers and nanoparticles mimic the repellent nanostructures of
lotus plant leaves and can be modified with fatty acids, per- or
polyfluoroalkyl groups or polyalkylsiloxanes to achieve repellent
properties.

NewDWR technologies are continuously being developed due to pol-
icy requirements and consumer demands.With the aim to improve envi-
ronmental and health characteristics of the DWR agents the long-chain
side-chainfluorinated polymers are being phased out and somemanufac-
turers of textile products finished with DWR have phased out PFASs
completely. These changes are happening with a remarkable speed. In
this reviewDWRs available on themarket by the time of the literature re-
view, i.e. January 2015, have beendescribed andDWRsmarketed later are
not included. However, since all DWRs are based on comparable structur-
al elements regarding their functionality within the textile, the principles
of the fourmajor groups of DWRswe describe, the side-chain fluorinated
polymers, silicones and hydrocarbon based polymers, and nanotechnol-
ogies and dendrimers, will be applicable to many of the new systems.

The phase-out of PFASs in many types of products is in line with our
assessment, showing that PFASs have hazard properties of concern, par-
ticularly their environmental persistence. Our assessment shows that
the hazard profiles belonging to the three groups of polymeric DWR
substitutes (short-chain side-chain fluorinated polymers, silicones and
hydrocarbon based polymers) are indeed improved in comparison to
the benchmark long-chain side-chain fluorinated polymer DWRs. De-
spite this, none of the assessed substances are completely free from con-
cern. Although the short-chain PFASs (related to the short-chain side-
chain fluorinated polymer DWRs) are less bioaccumulative than their
long-chain analogues, their equally and exceptionally high persistence
is a motivation to limit the release of these substances to the environ-
ment. Release of highly persistent chemicals such as PFASs into the en-
vironment will result in poorly reversible exposures on local (e.g.
contaminated groundwater) and planetary scales (MacLeod et al.,
2014). If PFAS use and release continues, levels and thus exposures
will increase over time in some parts of the environment and effect
thresholds will ultimately be breached. Substances related to the sili-
cone DWRs were classified with high hazard in human health,
ecotoxicity and fate endpoints. In this sense they seem almost as haz-
ardous as the long-chain PFASs. However, in comparison to the PFASs
they are les persistent and studies of the environmental fate of these
substances indicate that the actual risks associated with their release
may be reduced due to their partitioning to air where they are eventu-
ally removed by reaction with hydroxyl radicals (Graiver et al., 2003).
The hydrocarbons, as represented by paraffin wax, have the most
favourable hazard profile. It is noteworthy that the groupof other chem-
istries are currently gaining market shares despite the large data gaps
on possible hazards connected to their use. Expanding the scope to
not only cover the hydrophobic moiety of the chemical structure of
the DWR agent we find that toxicity tests on polyaminoamine
(PAMAM) dendrimers reveal that these kinds of substances are not
completely free of hazard concerns (Blaise et al., 2014; Oliveira et al.,
2014; Shahbazi et al., 2015; Suarez et al., 2011) and also inorganic nano-
particles has raised concerns in other contexts (Oberdörster et al.,
2007).

Given that some of the substances associatedwith hazard character-
istics of concern are relevant due to their presence as impurities in the
DWR formulations, risks associated with their release could be reduced
if the presence of impurities is reduced in the manufacture of the DWR.
The manufacturing industry is improving processes to reduce or elimi-
nate PFCA and FTOH in its formulations (Daikin, 2016; Reisch, 2011;
Rudolf Group, 2016; US EPA, 2013, 2014). Similar actions have been
taken for the silicone based DWRs and were mentioned already in
2011 (Reisch, 2011). Further actions to reduce residual content to min-
imum levels are of course desirable from an environmental perspective.
One may argue that for some of these substances, e.g. the cyclic silox-
anes D4 and D5, fabrics with DWR finish are a small source compared
to the environmental release from other uses of silicones. Nevertheless,
releases of substances with such severe hazard profiles (identified as
POP, i.e. meeting Stockholm Convention Annex D criteria (UNEP,
2014)) should be minimised wherever possible.

The risks associated with the diffuse emissions of DWR related sub-
stances during the fabric use phase depend on the quantity emitted and
the fate of the substance, i.e. the exposure. However, reducing emissions
of hazardous substances whenever possible is advisable since that will



Fig. 3. Illustration of the increased need for technical performance (here in essence degree of oil repellency and durability of oil- and water repellency) with more advanced user needs;
advancing from fashion to comfort to hazardmanagement. Examples of garmentsmeeting user needs within the fashion segment are e.g. jackets primarily chosen based on looks (design,
colour etc.) and never or seldom used in weather conditions requiring water repellency. Garments within the comfort segment could be e.g. jackets often used in weather conditions
requiring water repellence to stay warm and dry but where the user can find shelter within a reasonable time and thus is unlikely to experience a life threatening situation due to
failing water repellency. Finally, garments in the hazard management segment must be water (and sometimes oil) repellent for protecting the life of the wearer. Garment types (A–H)
were subjectively placed in the graph and further work is needed to quantify the metrics on the graph's axes.
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reduce the potential risks, irrespective of exposure. To reduce the envi-
ronmental impact of the diffuse emissions from the fabricswithDWRfin-
ish a way forward is to carefully weigh performance requirements with
hazard properties when selecting DWR. Fig. 3 illustrates howDWR appli-
cations (garment types) need to meet different user needs and fulfil cer-
tain technical performance criteria. In the case of protective clothing
repellent properties provided by DWRs can be a matter of life protection
and to this date only fluorinated materials might achieve certain criteria.
This could be seen in contrast to productswhere theDWRfinish ismore a
question of comfort and a good water repellence might be feasible with
non-fluorinated DWRs. Between these two contrasting examples lies a
grey-scale where certain outdoor activities may require high perfor-
mance garments in order to protect the wearer of potential life threaten-
ing situations. Relevant in this context are also the discussions regarding
possible discrepancies between the technical performance criteria set up
by themanufacturers of DWR formulations aswell aswater repellent tex-
tile and garments and the actual needs of the consumers. Indications that
consumers' and brands' expectations on the garment may differ was
found in a questionnaire study (Burman, 2014).

This critical reviewhighlights the data gaps in the currently available
literature, both regarding the specifications of the DWR technologies on
the market, which are of course often trade secrets, and data on diffuse
emissions and hazard characteristics. Further research is called for to fill
the data gapswe have identified, both regarding the hazard profiles and
releases of relevant substances.Without such data themanufacturers of
products with DWR finish, and consumers, cannot make fully informed
choices when selecting textile products with DWR finish.

In our on-going research to assess the human and environmental
risk connected to the DWRs we aim to confirm the relevancy of loss
mechanisms (see Figs. 2 and S7 in SM) in practical experiments.
The data generated will support a life cycle assessment (LCA) to esti-
mate long-term advantages and disadvantages of the different DWR
technologies.

To conclude we would like to highlight that DWRs currently on the
market need to be further improved to achieve hazard profiles that do
not cause concerns with regards to the environmental risks. Based on
our hazard and property assessment of DWRs, side-chain fluorinated
polymer DWRs should only be used in applications where oil/stain
repellency is essential. Otherwise the non-fluorinated DWRs, especially
hydrocarbon DWRs, are preferable for everyday uses where water re-
pellency alone is required because they are relatively less hazardous. Sil-
icone DWRs could be made less hazardous if residual levels of cyclic
methyl siloxanes could be reduced further. Until environmentally im-
proved DWRs are available on the market, we recommend manufac-
turers of water repellent garments to carefully consider their choice of
DWR, based on the overview provided here, with the aim to minimise
release of hazardous substances.
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