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Fluorinated durable water repellent (DWR) agents are used to obtain water and stain repellent textiles.
Due to the on-going phase-out of DWRs based on side-chain fluorinated polymers (SFP) with “long”
perfluoroalkyl chains, the textile industry lacks suitable alternatives with comparable material charac-
teristics. The constant development and optimization of SFPs for textile applications initiated more than
half a century ago has resulted in a robust and very efficient DWR-technology and textiles with excep-
tional hydro- and oleo-phobic properties. The industry is now in the predicament that the long-chain
SFPs with the best technical performance have undesirable toxicological and environmental behaviour.
This study provides a comprehensive overview of the technical performance of presently available
fluorinated and non-fluorinated DWRs as part of a chemical alternatives assessment (CAA). The results
are based on a study with synthetic outdoor fabrics treated with alternative DWRs and tested for
repellency using industrial standard and complementary methods. Using this approach, the complex
structure-property relationships of DWR-polymers could be explained on a molecular level. Both short-
chain SFPs and non-fluorinated DWRs showed excellent water repellency and durability in some cases
while short-chain SFPs were the more robust of the alternatives to long-chain SFPs. A strong decline in
oil repellency and durability with perfluoroalkyl chain length was shown for SFP DWRs. Non-fluorinated
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alternatives were unable to repel oil, which might limit their potential for substitution in textile appli-
cation that require repellency towards non-polar liquids.

© 2017 Published by Elsevier Ltd.

1. Introduction

The regulation and growing consumer awareness of harmful
chemicals in textiles (Sherburne and Blackburn, 2009) has led to a
trend towards the use of more sustainable materials in textile
production (Shahid-ul and Mohammad, 2014, Shahid ul et al,
2013). This paradigm shift from the traditional approach of pro-
ducing textiles with highest material efficiency at lowest costs, to
one that assigns economic value in eliminating emissions of haz-
ardous chemicals, can for example be seen in the large textile
segment of “functional textiles”. Functional textiles in contrast to
e.g. fashion clothing, above all are designed to contain certain
technical functions. Outdoor, sports and personal protective gar-
ments are based on functional textiles. Nevertheless, textile func-
tion can also be associated with fashion since “branding”
(Ruckman, 2005) and the desire to “wear what the experts wear” is
likely to influence consumers purchasing behaviour. One key
functionality of those textiles in general is to provide weather
protection and body moisture management to the wearer (Song,
2011; Hu, 2016; Mukhopadhyay and Midha, 2008; Weder, 1997;
Tanner, 1979). These functionalities can be achieved for example
with a multi-layered fabric construction (Fig. 1 al), in which a
liquid-repelling outer fabric is combined with a waterproof mem-
brane on the inside. The repellency of the outer fabric is achieved
with liquid repelling hydrophobic polymers (Holmquist et al.,
2016). These “durable water repellents” (DWRs) form a contin-
uous polymer film around each fibre of the outer fabric which
delays liquid penetration of e.g. rain droplets (0.02-0.3 mm in
diameter). Because of the porosity of the materials used in multi-
layered fabric construction, the textile remains water vapour
permeable and enables the transport of moisture droplets (usually
<0.4 nm diameter (Hu, 2016)) from the inside to the outside, as
shown in Fig. 1 a2. In some applications textile repellency to non-
polar liquids is essential. One example is for workwear used in

Volatile PFASs
FeFpFgeF 3

F/N/H/%f Water soluble
FEFEFEF > e

(ad)

wet-out

chemical plants, in which the DWR coating is a lifesaving protection
as well as providing the necessary water (and other liquid) repel-
lence. An insufficient DWR treatment can cause a complete wetting
(“wet-out”, Fig. 1 a4) of the woven fabrics due to transport of water
into the fibrous assembly caused by capillary forces or external
forces like high hydrostatic pressure (Kissa, 1996) (e.g. due to the
high kinetic energy of rain droplets in a cloud burst). Complete
wetting of the fabrics can cause significant cooling of the wearer
and can, under extreme weather conditions, be life threatening.

Functional textiles based on DWR surface modifications (Pan
and Sun, 2011) of natural and synthetic fibres have resulted in
products of ever-increasing popularity for more than half a century.
The most effective DWRs used in this application since the late
1950s (Ahlbrecht et al., 1957) are based on side-chain fluorinated
polymers with long perfluoroalkyl side chains: CyF2p41 and n > 7,
in this study referred to as L-SFPs (Fig. 1 b). Fluorinated polymers in
general were originally developed for space missions (Kleiman and
Tennyson, 2012) and have revolutionized the functional textile
market (McCann, 2005) due to their high stability and exceptional
material characteristics (Holmquist et al., 2016; Krafft and Riess,
2015).

The perfluoroalkyl moieties in these L-SFPs, which are both
water (hydrophobic) and oil (oleophobic) resistant (Fig. 1 b), are
linked via flexible molecule segments called spacers (S in Fig. 1b) to
a “carrier polymer” (P in Fig. 1 b) that forms a film around the fibres.
These polymers ensure the durability of the water and oil repel-
lency during chemical and mechanical stress (e.g. washing,
weathering and abrasions). Acrylates, polyurethanes and particles
made of hyperbranched polymers (Tang et al., 2010) or nano-
particles (Zhang et al., 2003) denote typical carrier polymer sys-
tems. Due to the flexibility of the spacer, the repellent
perfluoroalkyl moieties are able to self-assemble into a crystallized
(Honda et al., 2005), hydrophobic shell around the fibre.

The main physicochemical explanation of a DWR-treated

(b) DWR-Polymer based
on L-SFPs

outer fabric with DWR
porous membrane
inner fabric (31)

Fig. 1. Schematic representation of the functionality (a) of performance outdoor textiles that are based on a layered fabric construction (a1) that allows both breathability (a2) and
provides a liquid barrier (a3) for droplets from the outside. This is enabled by a combination of a water vapour permeable membrane and an outer fabric that is treated with a water
and oil repelling DWR polymer (b) based on L-SFPs. L-SFPs consist of a perfluoroalkyl moiety linked to a spacer (S) and further to a polymer backbone (P). This allows the formation
of a durable cross-linked film around single fibres. L-SFPs on textiles give rise to the emission of PFOA, PFOS and other kinds of PFASs (c).
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textile's repellency can be expressed by the modified Young
Equation for rough surfaces as described by Wenzel (1949).

(YsG-"st )
TLv

cost = r

Due to the combination of hydrophobic fibres and a rough sur-
face of fibrous assemblies, water droplets minimize their contact
area (and surface free energy (Owens and Wendt, 1969)) to the
textile surface resulting in the “Lotus-like” Cassie-Baxter wetting
(Blossey, 2003) (above) with air trapped below the drop. This
causes a very low adhesion and liquid droplets are easily repelled
without leaving water films between the fibres (see Fig. 1 a3). Thus
the contact angle 6’ of a liquid droplet on a textile surface is a
consequence of surface roughness (r; roughness may facilitate
repellency further) of the weave and the three interfacial tensions
vsv (surface energy of the fibre surface); ysy (interfacial tension of
the liquid droplet that is in contact with the fibre surface) and ypy
(surface tension of the liquid). In order for a textile surface to repel
different kinds of liquids, e.g. polar liquids like water or coffee, or
non-polar liquids like sun lotion or olive oil, the surface energy of
the fibre surface (ysy) needs to be lower than the surface tension of
the liquid (yry) (Bernett and Zisman, 1959). Since the surface energy
of the crystallized perfluoroalkyl chains is extremely low (ranging
typically from ys¢6—11 mN/m for an ideal crystallization of CFs-
groups (Shafrin and Zisman, 1959)), textiles with L-SFPs are able to
repel both polar (e.g. water) and non-polar liquids (e.g. oils). This is
critically important functionality for industrial protective clothing
(Mansdorf and Sager, 1988), but also reduces the staining tendency
in outdoor clothing (Rao and Baker, 1994).

Although L-SFPs have useful properties for industrial and con-
sumer applications, they have also been shown to diffusely emit
long-chain perfluoroalkyl and polyfluoroalkyl substances (PFASs)
(see Fig. 1c). Of particular concern is the release of persistent, bio-
accumulative and toxic long-chain perfluoroalkyl acids (PFAAs) into
the environment (van der Veen et al., 2016; Berger and Herzke,
2006; Knepper et al., 2014). The release of PFAAs occurs either
through the direct release of residual PFAAs (“direct” sources) from
textiles or through the release and subsequent degradation of so-
called “precursor” substances from textiles, which transform to
PFAAs in the environment (“indirect” sources). Precursors can be
relatively low molecular weight molecules present as residuals in
the textiles such as the volatile fluorotelomer alcohols (Ellis et al.,
2004) (FTOHs) or high molecular weight substances such as the
DWR polymers themselves (Li et al., 2017). For example, the poly-
meric structure of L-SFPs can potentially degrade in the environ-
ment via hydrolysis into perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonic acid (PFOS) as the most prominent ex-
amples of molecules generated from precursor degradation. Con-
cerns over the risks associated with long-chain PFAAs has led to
their recent phase-out and regulation (EPA, 2006; Renner et al.,
2005) and thus L-SFPs are currently only used in few textile ap-
plications (e.g. in the military).

Modern DWRs are either based on polymers with short per-
fluoroalkyl side chains of the type CpF2n41, 1 < 6 (in this work
referred to as s-SFPs) or based on fluorine free materials. S-SFPs still
utilize the structural principles of the L-SFPs as described before.
There is also a growing number of non-fluorinated DWR-products
on the market, often advertised with assurances of good technical
performance and benign environmental fate.  Poly-
dimethylsiloxanes (Sis) and hydrocarbons (HCs) are two large
groups of non-fluorinated DWR technologies (Holmquist et al.,
2016). The textile industry now faces the dilemma that this sub-
stitution took place before the non-fluorinated alternatives were
sufficiently characterized for health effects, environmental impacts

(Holmquist, 2016) and technical performance under various
conditions.

The durability of the textile's water and oil repellency is an
important aspect that can help reduce emissions. Maintaining
material properties of the garment after washing, weathering and
abrasions implies that sufficient amounts of the DWR molecules
remain bound to the fabrics and have not been lost e.g. to the
environment. Maintaining the functionality of garments for longer
also means the textile's technical lifespan increases, which reduces
the emissions of chemicals during production. L-SFPs are known to
provide long-lasting oil and water repellency to textiles, but the
durability of s-SFP and fluorine free DWRs is unknown.

The main objective of this study is to provide an overview of the
technical performance and durability of currently available fluori-
nated and non-fluorinated DWR technologies for textiles. To the
best of our knowledge there are no such detailed studies published
that include repellency and durability of alternative DWRs and
connect the results found to structure-property relationships on a
molecular scale for the DWR-polymers. This research is part of a
chemical alternatives assessment (CAA) (Lavoie et al., 2010) to
manage chemical risks associated with L-SFPs being undertaken as
part of the SUPFES project (Substitution of Prioritised Poly- and
Perfluorinated Chemicals to Eliminate Diffuse Sources). In con-
ducting an CAA, we follow previous recommendations to first focus
on considerations of function (Tickner et al., 2015) in selecting
chemicals alternatives. The aim of the SUPFES project, a consortium
of scientific and industrial partners, is to help industry find alter-
natives that can replace the prioritised long-chain fluorinated
chemicals which are harmful to the environment. This is achieved
by assessing the technical performance and environmental impact
from the long-chain fluorinated chemicals and their alternatives.

2. Materials and methods
2.1. Materials

Polyamide (PA) and polyester (PES) fabrics (see Table S2 in the
Supplementary material (SM) for detailed specifications) suitable
for the production of performance outdoor clothing were provided
by FOV AB (Sweden). The fabrics were pre-prepared (washed,
subjected to thermal fixation at 190 °C for fabric stabilization, dyed
and dried) for the wet treatment process with the different DWR-
emulsions.

Aqueous dispersions of DWR polymers, extenders, cross-linkers
and catalysts were chosen according to an extensive selection
process (see Figure S1) and kindly provided by different major raw
material suppliers.

DWR technologies evaluated in this study were grouped ac-
cording to the general molecular structure of the moiety which
provides the water and oil repellent function and according to their
expected environmental fate as reported by Holmquist at al
(Holmquist et al., 2016). Thus DWRs were grouped independent of
their polymer backbone or other components in the formulation
into fluorinated SFPs, and non-fluorinated Sis and HCs(see Table 2).
Alternative-DWR formulations were compared in practical exper-
iments to a C8 L-SFP reference (phased out raw material). Detailed
information about the fibres and DWR formulations are provided in
the SML.

2.2. Selection of raw materials

Fabric types used in this study were identified in a survey
(Jonsson, 2014) of 50 textile producing companies conducted by
SUPFES to be the most relevant materials for performance outdoor
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Table 1
DWRs formulations (see Table S2 for more detailed information).

Fluorinated DWRs

Non-fluorinated DWRs

FC8-ref (8-based L-SFP Si-1  Silicone (Encapsulated) HC-1 Paraffin wax (Encapsulated)

FC6-1 C6-based s-SFP Si-2  Silicone HC-2 Finish based on botanical extracts

FC6-2 C6-based s-SFP based and a hyperbranched polymer Si-3  Silicone HC-3  Paraffin wax

FC6-3 C6-based s-SFP Si-4  Silicone functionalized Polyurethane HC-4 Hyperbranched polymer with HC-modification
FC4-1 C4-based s-SFP

Table 2
Spray rating explanations.

ISO 5 ISO 4 ISO 3

ISO 2 ISO1

No sticking or wetting of the
upper surface

Slight random sticking
or wetting of the upper surface

Wetting of upper surface
at spray points

Partial wetting of whole
upper surface

Complete wetting of
whole upper surface

clothing used in the consumer market. Since the repellency and
durability over the garment's lifetime strongly depends on the
choice of DWR-formulation, curing conditions (Schindler and
Hauser, 2004) and on industrial expertise, the SUPFES approach
has been to work closely with major raw material suppliers. This
collaboration has made it possible to apply the DWR-polymers in a
laboratory scale in a way that was similar to those used in the
textile producing industry under industrial conditions (see
Figure S1 in the SM for additional information to the selection
process).

2.3. Preparation of DWR formulations

A1 L volume of each of the DWR formulations was prepared by
mixing the different components by using a polytetrafluoro-
ethylene (PTFE)-stirring magnet in a 2 L glass beaker for 5 min at
400 rpm, to ensure a good homogeneity. The stability of the for-
mulations was assessed by visual inspection before application to
the fabric.

2.4. Preparation of repellent fabrics

A total of 360 samples of fabrics were prepared and provided the
basis for this study. Water-based emulsions of DWRs were applied
in a laboratory non-continuous dip coating process (padding), as
follows. A piece of fabric (0.14 m?) was immersed in a 2 L glass
beaker, containing 1 L of DWR formulation and kept there for 30 s
while stirring with a PTFE-stirring magnet. The excess liquid was
removed by using a not continuous foulard equipment (device for
textile treatment with two rollers; model BVHP, Roaches England)
using two runs at 2.9 rpm and a nip pressure of 3.7 bar. After
adsorption of DWR polymers to the fibres, the fabrics were dried
followed by a curing step in an oven (Discontinuous Labdryer; type
LTE; Mathis, Switzerland) to promote the crosslinking reaction of
the DWR-polymer (Kissa, 2001) (additional information sample
preparations can be found in Table S2).

2.5. Standardised repellency tests

The ISO 4920 ISO, 2012 water repellency spray test method was
used to evaluate fabrics' repellency (6 replicates). The test samples
were conditioned at 20 + 2 °C and 65 + 2% relative humidity (RH).
Fabrics containing different DWR treatments (18 x 18 cm) were
stretched tight in an embroidery hoop, placed and held at a 45°
angle 150 mm under a specified spray head. A volume of 250 ml of
water was used for rinsing the fabric. The pattern of the water
remaining drops on the fabric's surface was visually judged

according to standardised spray test ratings (see scale in Table 2).
The spray rating was modified by allowing intermediate values (1.5,
2.5, etc.) for borderline cases.

The ISO 14419 ISO, 2010 oil repellency test was used to evaluate
the fabric's resistance (6 replicates) towards oil penetration
(20 + 2 °C and 65 + 2% RH). Droplets of 8 different alkanes with
different surface tensions (see Table S3) were placed on the fabrics
and the wetting behaviour on a 0—8 scale judged after 30 + 2s
according to the transition from the Cassie-Baxter state (Cassie and
Baxter, 1944) (see Figure S4 (A) in the SM) to where complete
wetting (wicking) starts to occur (see Figure S4 (B-D) in the SM).

As can be seen in Figure S4 A, good oil repellency is defined by a
“shiny” appearance of droplets with a high contact angle (CA). In
this state, oil droplets have a low liquid-textile contact area, trap air
pockets underneath them and cause a double reflection on the
textile-oil interface. A reduced oil repellency occurs when the liquid
droplets start reducing their CA (Figure S4 B) and partial wicking
occurs, which results in a loss of “sparkle”. During the progressive
wetting process, complete wetting (wicking) starts to take place
(Fig. 4 B) and oil droplets start to migrate into the capillaries
(Figure S4 C) until complete wet-out occurs (Figure S4 D). A failure
in oil repellence occurs when after 30s three of five oil droplets of
the same surface tension (yy) show a complete wetting (according
to Figure S4 C and D). A pass occurs if three (or more) out of four
droplets of the same ypy show a wetting behaviour according to
Figure S4 A, which is expressed in a the rating 1—8 (see Table S4). A
borderline case occurs if three (or more) of five oil droplets show a
wetting behaviour according to Figure S4 B, which is expressed by
subtraction of 0.5 for the oil rating that showed the borderline case.

2.6. Other repellency tests

To outline the differences in the technical performance, the in-
dustrial standard for water (ISO 4920, ISO, 2012) and oil repellency
(ISO 14419, ISO, 2010) were combined with water weight increase
(as suggested by Davies, 2014) and contact angle measurements
(CA) (Kissa, 1996).

A DSA-30 drop-shape analyser (Kruess GmbH, Germany) was
used in combination with an Eppendorf pipette for manually
dispensing the droplets (droplet volume = 30 pul). A polynomial
fitting algorithm (software option Tangente 2) was used to calculate
the CA from the droplet shapes (manual baseline detection).

2.7. Durability tests including washing, abrasion and exposure to
artificial weathering

The ISO 26330 ISO, 2001 test method was used to simulate
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domestic washing of the fabric. DWR-treated fabrics were washed
separately at 40 °C (washing machine: Electrolux; Wascator FDM
71 MP-Lab using Detergent ECE A and PES ballast) to avoid cross
contamination, followed by tumble drying (60 °C for 30 min).
Water and oil repellency were tested after 1, 2, 5 and 10 washing
cycles. Some DWR-treated fabrics were placed in an oven at 100 °C
for 10 min to investigate the reorientation behaviour of the hy-
drophobic side chains. The ISO 12947-2 (ISO, 2016) Martindale test
method (NU Martindale; James Heal; UK) was used to test the
abrasion resistance of the DWR-treated fabrics by rubbing the
fabrics in a Lissajous pattern against standard wool (James Heal).
The ISO 4892-3 test method was used to simulate the exposure of
DWR-treated fabrics to UV radiation, heat and water to reproduce
the weathering effects in actual end-use environment. Fabrics were
placed in a Weather-Ometer (Atlas; Atlas Ci 3000; USA) that
applied heat, moisture and ultraviolet-light at different intensities
(see Table S4 in the SM).

3. Results
3.1. Water repellency

The following section summarizes the main findings of the
technical performance evaluation of the state-of-the-art DWRs on
PES fabrics. Fig. 2 provides an overview of the initial water repel-
lency of different DWR-types after their application on PES fabrics.
The repellency tests with PA fabrics using DWR-types showed an
overall comparable performance profile to PES fabrics (results for
PA fabrics are summarized in Figure S6 in the SM).

The results of water repellency measurements on PES (Fig. 2a
and b) showed good initial spray ratings for most of the L- and s-
SFP-treated fabrics, although FC6-3 performed less favourably than

other SFP-based DWRs for an unknown reason. The more precise
analysis of the weight increase from water absorbed into the fabric
after the spray test showed the lowest amount of remaining water
on the fabric for the C8-based L-SFP. C4 to C6 based s-SFPs with
high spray ratings retained slightly more water on the fabrics,
indicating a lower resistance to surface wetting. SFPs with high
spray ratings also had higher CA values for water in comparison to
all other non-fluorinated DWRs. The best SFP-based DWRs had CAs
of >148°, which is near to the superhydrophobic state defined in
literature (Wang and Jiang, 2007) (CA>150°). Moreover, Fig. 2 il-
lustrates that the initial water repellency of the fluorine free DWR
alternatives grouped under silicon (Sis) and hydrocarbon (HCs) is
dependent on the choice of specific formulations. The differences in
spray rating within the group of Sis were high. Although Si-2
showed a high spray rating (4.7) with a low increase in water
weight, fabrics treated with Si-3 showed an inferior performance.
The HC-DWRs in general showed slightly lower deviation in the
spay test compared with the Sis. Some DWR-formulations obtained
satisfying water repellency (i.e. initial spray rating >3) while others
did not perform satisfactorily to make them realistic alternatives to
L-SFP-DWRs.

It was shown that the complementary repellency measure-
ments used in this study (weight increase of absorbed water and
CAs) provided good correlations to the industrial spray test ratings
(Figure S7 in the SM displays the Pearson correlation between the
different water repellency measurements for PES and PA). The re-
sults from the spray test and the absorbed water for PA and PES
fabrics showed a strong negative correlation (see Rpgs = —0,79 in
Figure S7 al and Rpp = —0.83 in Figure S7b). It was further
encouraging that there were strong positive correlations between
CA (CAyyo) measurements and water absorption (Rpgs = —0.77
Figure S7a2) and spray ratings and CAs (Rpgs = 0.78 Figure S7b) for

(a) Water repellency of PES fabric, according to industrial standards
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Fig. 2. Liquid repellency measurements for PES fabrics treated with different DWR-types using (a) the industrial test standard ISO 4920 to determine the water repellency (spray
rating, primary scale, bars with error bars showing the standard deviation of n = 6 measurements) in combinations with measuring the absorbed water (H,0 Absorption [g/m2];
inverse secondary scale, squares with errors bars showing the standard deviation of n = 6 measurements), (b) contact angles of water (¢,) and diiodmethane (24) on the same
fabrics (with error bars showing the standard deviation of n = 6 measurements.). The different DWRs tested (FC8-ref, FC6 etc.) are specified in Table 1 and Table S2 in the SM.
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PES. However, for high spray ratings and low water absorption, the
water repellency measurements could not always be explained
with CA measurements (e.g. for a spray rating 5 and a water ab-
sorption close to 0, the CA measurements varied between 115° and
154°).

3.2. 0il repellency

As can be seen in Fig. 3, the oil repellency on PA and PES strongly
depends on the DWR-chemistry used for the fabric treatments.
Although the best performing DWR-types were chosen to illustrate
the results, only fluorinated materials showed resistance towards
wetting by oils. The oil repellency was more sensitive than water
repellency towards changes in perfluoroalkyl chain length (see
Fig. 3 a1). Only the C8 based L-SFPs (R—CgFy7) achieved a very high
oil repellency while the values were reduced as the chain length
was shortened. All Si and HC compounds showed an oil rating of 0O,
but still provided some repellency compared to untreated fabrics
(see Fig. 3 b3).

3.3. Durability

Durability is another important parameter that has to be
considered when assessing the technical performance of different
DWRs. Garments undergo wear and tear during use, which causes a
reduction in their repellency. Washing (exposure to heat, me-
chanical forces, detergents, other chemicals and pH 9-11)
(Zimmermann et al., 2013), mechanical stress in the form of abra-
sion and weathering (UV-light, humidity and microbial stress) were
identified as the most important factors that might cause wear of
the DWR coating and gradually decrease hydro- and oleo-phobicity.
Fig. 4 summarizes the selected results of the durability tests for the
best performing DWRs in each class (detailed results for all DWRs

I-SFPs with12=n =8
Crystallization
No crystallization

s-SFPs with 6 2 n > 2

S. Schellenberger et al. / Chemosphere 193 (2018) 675—684

can be found in Figure S8-S15 in the SM).

The spray rating (water repellency) after applying the different
durability tests showed the highest possible spray rating (5) for the
C8 L-SFPs. Decreasing water repellency was observed with
decreasing perfluoroalkyl chain length when comparing all dura-
bility parameters. This trend was especially visible for the C4 s-SFP
that had good initial spray rating, but showed a reduced water
repellency after abrasion and weathering. Good durability results
were also obtained for the best non-fluorinated DWRs. While fab-
rics that were treated with Si-DWRs had acceptable spray ratings
for water repellency after durability tests, the non-fluorinated HC-
DWR showed excellent spray ratings for water repellency that were
comparable to the best fluorinated s-SFPs after durability tests.
Non-fluorinated DWRs showed no oil repellency before or after
washing. For the fluorinated SFPs, it is clear that oil repellency is
very much decreased after washing. The C8 L-SFP showed a strong
drop in oil repellency after washing and for C4 s-SFPs oil repellency
was almost entirely lost.

Another part of the experimental work included heat treating
fabrics at a relatively high temperature (100 °C for 10min) and re-
performing the spray test with water. This experiment was done for
DWR-samples that had a strong reduction in water repellency after
5/10 washing cycles (see Fig. 5). It can be concluded from these
results that heat applied during tumble drying after washing (60°C/
30min; which was in agreement with the recommendations usu-
ally given by brands of performance outdoor clothing garments
(Burman, 2014)) would not be sufficient to restore the water
repellency after several washes.

4. Discussion

A good liquid repellency in a fabric is achieved by densely
packed hydrophobic moieties (see Fig. 3 al and 5) that point
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Fig. 3. Schematic representation of the (al) side chain orientation of SFPs and the measurement of (a2) the resulting oil repellency and different wetting behaviours of mineral oil
with (b1) no liquid resistance of the non-treated PES, (b2) superoleophobic repellency with the C8-based I-SFP and (b3) poor oil resistance using a hydrocarbon-based DWR.
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towards the fibre surface and allow a “crystal-like” orientation of
either CF3— (ysg = 6 mN/m for ideal hexagonal packing (Honda
et al,, 2005)) or CH3— groups (ysg = 22 mN/m Zisman, 1964) at
the topmost layer of the DWR-coating (see Fig. 1 al). Considering
that fibres have porous, non-ideal surfaces, the hydrophobic moi-
eties need to be linked to a polymer or particle (organic or inor-
ganic) that allows (1) crosslinking and formation of a continuous
and durable film around the fibres and (2) an orientation process of
hydrophobic groups with terminal CF3 or CH3 groups (Kissa, 2001).
This orientation process is crucial for the textile's technical per-
formance since only the first atom layer (Cazabat, 1987) of the fi-
bre's coating is exposed to liquid droplets (e.g. rain) and therefore
only the tip of the hydrophobic moieties has a significant influence
on the wetting behaviour. When a poor orientation of the DWR
molecules occurs, e.g. as consequence of washing without tumble
drying, the underlying atoms of less hydrophobic segments (e.g.
—CF>— with ysg = 18 mN/m or CH; with ysg = 31 mN/m) become
exposed to surface wetting, which results in reduced repellency. An
orientation of the DWR molecules to a crystalline structure is
governed by flexible carrier polymers (polymer backbone) and also
by flexible spacer segments (e.g. R;—O—CH,—CH,—R; or
R1—O(CH—32)2N(R—) —S0,-R;) that link the hydrophobic moieties
to the polymer backbone and facilitate conformation processes
during elevated temperatures. C8-based long-chain L-SFPs are
known for their excellent orientation (Corpart et al., 2001; Bothorel
et al,, 1992) behaviour, resulting in a crystallization of fluorinated
side chains (Honda et al., 2005) (with an optimum for linear (Wang
et al.,, 1997) CyFon.1—R chains with n = 10 to 12 Kissa, 2001) and
thus a consequently denser packing of terminal CF; groups (see
Fig. 3 a1). This could be confirmed in this study, where C8-based L-
SFPs showed the lowest water absorption and highest water
repellency (spraycs = 4.8 + 0.3; myo.cs = 0.08 g/m2 and 0Ocg -
srp = 148° + 6°) of all DWRs tested on PES and PA outdoor fabrics.

As illustrated in Fig. 3 a1, s-SFPs with shorter chains have a lower
packing density since shorter side chains (CyF2n,.1 —R with n < 6)
do not crystalize (Honda et al., 2005; Wang et al., 2010). Never-
theless C6 and C4 s-SFPs had high water repellency values, which
implies that the degree of side chain orientation seems to have a
minor influence on the repellency of water droplets
(Yu2o0 = 72.5 mN/m). Also some non-fluorinated DWRs had high
spray ratings and CAs, (eg. spraysj.2 = 4.7 + 0.3; myyo- si-2 = 0.36
g/m? and 0si, = 142° + 7° or spray pca = 4.8 + 0.3; Muo- cH-4 =
0.11 g/m? and Oyc.4 = 128° + 8°) which implies an orientation of
their hydrophobic moieties. “Wax-like” side chains of n-alkyl
acrylate HCs were found to have an optimum for crystallization at
chain lengths of 12—18 carbons (Greenberg and Alfrey, 1954), which
is similar to the crystallization of wax-tubules in the lotus plant
(Dora and Wandelt, 2011).

Another study with alkylsilane ((C;H5—0)3—Si—0—(CH),—CH3)
on cotton/polyester based on fabrics, which are similar to Si-based
DWRs, demonstrated a high water CA (>130°) for n > 12 (Mahltig
et al., 2005). These examples illustrate how a different molecular
architecture can influence the water repellency of DWR-related
polymers in textile applications.

A different liquid wetting behaviour was observed in this study
when it comes to oil repellency which was tested using an indus-
trial standard method (Grajeck and Petersen, 1962) and describes
an extreme case of liquid resistance using different oils with very
low surface tensions (31.5 mN/m > yi¢ > 19.8 mN/m, see Table S3
in the SM). While a fabric's resistance towards oil is needed for
some kinds of protective clothing (Mansdorf and Sager, 1988) used
on e.g. oil rigs or for work with non-polar liquids in chemical
production facilities, it might be less apparent why consumer tex-
tiles need this property. The results showed no oil repellency for all
non-fluorinated DWRs (see Fig. 3 a2). While some non-fluorinated

DWR manufacturers argue that garments containing their products
are primarily purchased for their water repellency, others argue
that protection against staining is a useful fabric property (Slade,
1997). Indeed SFPs are efficient materials for stain repellent
textile applications (Rao and Baker, 1994; Tiirk et al., 2015). Staining
of textiles with non-polar liquids can occur when garments
encounter oil and grease stains from common machinery (e.g. a
bike chain), oil based stains from food (e.g. olive oil with
YLc~32 mN/m Deng et al., 2012, chocolate with v g 31-39 mN/m
Keijbets et al., 2009) or personal care products (e.g. skin lotion).

Staining can also occur “indirectly”, for example, when body
sebum, a mixture of “oil-like” hydrophobic triglycerides and wax
esters (Smith and Thiboutot, 2008) is deposited on the outside layer
of the fabrics. The presence of body sebum is discussed to have an
impact on the staining of synthetic fabrics (Bowers and Chantrey,
1969) and also negatively influencing the water repellency. Stain-
ing of textiles, however, may reduce the product's lifetime due to an
increased amount of laundering or because garments need to be
disposed of in cases of irreversible staining. This study confirmed a
strong correlation between decreasing perfluoroalkyl chain length
of SFPs and decreasing oil repellency (see Figs. 3 and 4). Considering
the less optimal orientation behaviour of s-SFPs with lower C,Fap-1-
chain length (which do not crystalize), it is therefore more likely
that oil droplets are exposed to underlying CF,-groups (higher
Ys¢~19 mN/m) or even get in contact witch much more polar groups
e.g. ester groups that connect the side chains to the polymer
backbone. This would consequently result in reduced oil repellency,
as shown in this study. Washing seems to have a strong effect on
the described disorientation process of side chains of s-SFPs
resulting in a low oil repellency after washing for the C4 s-SFP.
Although side chains of Sis and HCs can crystallise under optimal
conditions, the critical surface (y.) tension of CHs terminal groups is
too high to form an oil repellent surface structure. This observation
is especially important when it comes to the development of
technical protective clothing were the non-fluorinated alternatives
might not be an options to deliver sufficient life-saving protection
(Siegel et al., 2007; Fung, 2002).

Heating some fabrics that showed a strong reduction in water
repellency after washing (5—10 times) to relatively high tempera-
tures (100°C/10min) after washing showed another aspect of the
reorientation process of hydrophobic moieties (see Fig. 5). The
analysis was conducted since it was unclear if the loss in water
repellency was caused by a gradual wearing of the DWR coating or
if it was influenced by disorientation of the hydrophobic moieties.
The results after the heat treatment showed that the repellency
increased in all the tested cases. High temperatures usually helps
the surface segregation (enrichment of hydrophobic moieties) of
perfluroalkyl (Brigden et al., 2013), polydimethylsiloxane (Chen
et al., 2000) and alkyl (Greenberg and Alfrey, 1954) groups and
can therefore influence the technical performance of DWR-
coatings. The experiment provides evidence that the washing
process influences the disorientation of the fluorinated side chains.
The graph in Fig. 5 illustrates that the drop in water repellency was
not caused by the loss of the DWR coating, but suggests that the
disorientation of hydrophobic side chains (perfluoroalkyl and alkyl)
during the washing process is responsible for the reduced water
repellency. Although tumble drying was applied (at 60 °C for
30 min) after washing, this thermal energy was not enough to show
these effects.

5. Conclusions
The fluorinated and non-fluorinated DWRs were investigated

for their technical performance on PA and PES fabrics. DWR prod-
ucts were grouped under consideration of their chemical moiety
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providing the water (and oil) repellent function (Holmquist et al.,
2016) into s-SFPs and L-SFPs, Sis and HCs. The C8 L-SFP reference
material was shown here to have the best properties in terms of
initial water and oil repellency as well as durability. The s-SFPs also
had comparable initial water repellency and performed well in-
dependent of the choice of product and substrate (PA or PES). With
regard to durability and oil repellency, technical performance
decreased with decreasing perfluroalkyl chain length. Non-
fluorinated DWRs (Sis and HCs) showed more inconsistent results
for water repellency and durability. Some novel HC DWRs provided
good water repellency and durability when applied to both PA and
PES. The fact that some non-fluorinated DWRs failed in an identical
experimental setup shows, that these alternative DWRs might need
to undergo more extensive selection and optimization processes to
achieve product performance comparable to SFPs. None of the non-
fluorinated alternatives were able to provide oil repellency, which
might limit their use in workwear and also increases the staining
tendency of other textiles treated with these non-fluorinated
DWRs. Despite their lack of oil repellency, non-fluorinated DWRs
have the potential to be used in textile products that only require
good water repellency throughout their product lifetime (e.g.
waterproof jackets), but there is likely to be a continued niche for
SFPs in textile products that require high oil/stain repellency and
durability. Nevertheless, especially for the consumer segment of
functional textiles, it is important to consider if the benefit of
improved material properties of SFPs outweighs the risk associated
with the release of highly persistent chemicals into the
environment.
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