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Abstract

The global impact of laundering clothing is significant, with high levels of water, energy use, and pollution associated
with this consumer care process. In this research, the impacts of washing temperature and washing time on garment colour
loss (dye fading), colour transfer (dye staining), and microfibre release were evaluated using retail consumer clothing.
Significantly greater colour loss and greater colour transfer were observed for a 40 °C, 85 min wash cycle compared to
cold-quick (25 °C; 30 min) cycle. Desorbing dyes were found to mainly be reactive dyes. From fundamental kinetic
studies, it was observed that significant increases in both rate of dye desorption and total dye desorption occurred when
increasing from 20 °C to 40 °C, but the difference in dye release between 40 °C and 60 °C was not as significant; the
same kinetic trends were observed for dye transfer. Microfibre release was significantly greater for the 40 °C, 85 min
cycle in comparison with the cold-quick cycle, and this effect continued with further washes. These results mean that
reducing time and temperature in laundry could have a significant impact in terms of extended garment longevity and

reduced dye and microfibre liberation into the environment, in addition to energy savings.

Keywords: Dye transfer; Washing; Textiles; Low temperature; Microfibre; Laundry.
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1. Introduction

Global fibre production for textiles in 2017 was over 105 million tonnes, comprising ~53.7 million tonnes of polyester,
~25.8m tonnes cotton, ~6.7m tonnes regenerated cellulosics (e.g. lyocell, viscose), ~5.5m tonnes other plant fibres (e.g.
linen, hemp), ~5.7m tonnes polyamide, ~6m tonnes other synthetics, ~1.2m tonnes wool, and ~0.4m tonnes other natural
protein fibres [1]; whilst some of this fibre is used in household and industrial textiles, most of these fibres are used in
clothing. Manufacturing of textiles and leather creates carbon emissions of 84 million tonnes per year [2], which, together
with consumer care of clothing, also consumes high levels of water, energy and non-renewable resources [3,4]. ‘Fast
fashion’ is now a global phenomenon leading to more people wearing more items of clothing fewer times before disposal.
Garments tend to start their lives in factories in South and East Asia, often far from their end users. Dyes and other
chemicals used in textile dyeing and finishing processes are an environmental problem during manufacturing [5,6]; dyes
in watercourses are aesthetically undesirable, but they have a more serious environmental impact, textile dyes in high
concentrations in watercourses prevent the reoxygenation capacity of the receiving water and reduce sunlight, thereby
upsetting biological processes in aquatic fauna and also the photosynthesis process of aquatic flora [7-9]. In addition,
some dyestuffs contain heavy metals (e.g. Cr, Co, Cu) that may be toxic to aquatic organisms [10,11]. In many parts of
the world, remediation techniques are employed to adsorb dyes in wastewater onto biomass before the wastewater is
released to the watercourse; this biomass with dye adsorbed slowly degrades, but still presents an environmental issue in
terms of its disposal [7].

It is known that laundry has a significant impact on the environmental impact of clothing [4]; analysis undertaken
by the Waste and Resources Action Programme (WRAP) in the UK suggests that carbon emissions associated with
washing, drying and ironing account for about a third of the lifetime emissions of clothing [12]. Plastic microfibres are
released when synthetic textiles are washed; they are a global problem and account for over a third of all plastic reaching
the open ocean [13], which can have a devastating effect on wildlife [14]. It has been shown that over 700,000 individual
fibres are released from an average 6 kg wash load [15]. However, it is not only microfibres from synthetic textiles that
are a problem. Recent research into the composition and abundance of microfibres in seafloor sediments from southern
European seas found 6,965 + 3,669 microfibres m?2, varying in fibre length from 3 to 8 mm, and of these fibres identified
nearly 80% were cellulosic, comprising dyed natural cellulosic fibres (e.g. cotton, linen) and regenerated cellulosic fibres
(e.g. viscose) [16]. Textiles increasingly make up a large proportion of landfill waste as consumers dispose of faded or
discoloured garments; in developed countries, almost three-quarters of discarded clothing ends up in landfill or being
burned, with less than 1% being recycled into other garments. Whilst in landfill, some textiles release the greenhouse gas
methane into the atmosphere during degradation [17] and most synthetic fibres in landfill are essentially non-degradable.
Despite significant research into the effect of dyes and other chemicals in the manufacturing supply chain, little research
has been conducted into how consumers contribute to dyestuffs entering waste waterways through domestic laundering
of dyed garments. Dye transfer is the term used to describe discoloration that happens when migrant dye from ‘donator’
textiles in a wash system re-deposits onto ‘acceptor’ textiles; in some cases, such as textiles with high contrast colouring,
the same textile acts as donator and acceptor. While it is known that dye transfer occurs, and indeed which dyes exhibit
poor wash fastness, the identification of dyes that bleed in modern consumer textiles is little understood. The use of dye
transfer inhibitors (DTIs) in domestic laundering detergent compositions is well-known; cationic and zwitterionic
surfactants in formulations containing non-ionic and/or anionic surfactants hold soils and vagrant dye, which may be
washed from fabric during laundering, in solution and prevent their redeposition onto fabric [18,19]. Current DTIs still
work on the assumption that direct dyes are the most problematic dye species and so have often only targeted them [20];

however, most cellulosic fibres are now dyed with reactive dyes, and hydrolysed, unfixed reactive dyes pose a highly
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significant issue in terms of desorption and staining. Hydrolysed reactive dyes typically have significantly different
geometries in comparison with direct dyes and their interactions with current DTIs are limited; in comparison planar,
often larger, direct dyes have a greater extent of interaction with existing DTIs [19]. In previous research, technical fabrics
are used or dyebaths are simulated, using known dye standards, but even applying optimal parameters for dye removal to
real-life textile effluent yields discrepancies due to the difference between authentic textile effluent and synthetic dye
solutions [21-24]. These dye ‘standards’ used for testing are not representative of dyes currently used on real consumer
items, mainly due to lack of knowledge and traceability in the complex, modern, global garment manufacture and supply
chain, and there is little justification for why these ‘standards’ continue to be used in such experiments.

In this research, we develop an analytical model to assess consumer wash loads in order to understand the real
effect of laundry on dye desorption and dye re-adsorption (staining) by using real consumer garments. The aim of this
research is to understand how cold-quick washing impacts garment longevity, in terms of dye fading and dye transfer,

and what is liberated into wastewater during the laundering cycle, in terms of microfibres and types of dyes.

2. Methods

2.1. Materials

All garments were purchased from BTC Activewear, UK. Dark retail loads comprised twelve t-shirts D1 to D12 and
vibrant retail loads comprised eight t-shirts L1 to L8 (Table 1); all t-shirts were size XL. Undyed (white) tracer fabrics
comprised eighteen different t-shirt fabrics W1 to W18 (Table 2) each with dimensions of 5 cm x 5 cm. Each square was
tagged onto a 27 cm x 30 cm piece of knitted cotton provided by Warwick Equest, UK. The detergent used in full-scale
washing machine tests was a single Ariel Soluble Unit Dose (SUD) 3in1 POD detergent, purchased from Asda, UK. All

other chemicals were purchased from Sigma-Aldrich, UK.

Table 1: Garments used in laundering experiments.

Code | Colour Fabric and construction Manufacturer
Dl Dyed black 100% cotton, 145 g m™ Fruit of the Loom
D2 Dyed bottle green 100% cotton, 145 g m™ Fruit of the Loom
D3 Dyed burgundy 100% cotton, 145 g m™ Fruit of the Loom
D4 Dyed deep navy 100% cotton, 145 g m™ Fruit of the Loom
D5 Dyed light graphite 100% cotton, 145 g m™ Fruit of the Loom
D6 Dyed navy 100% cotton, 145 g m? Fruit of the Loom
D7 Dyed purple 100% cotton, 145 g m? Fruit of the Loom
D8 Dyed royal blue 100% cotton, 145 g m? Fruit of the Loom
D9 Dyed black 100% polyester, 140 g m™ Fruit of the Loom
D10 | Printed in green camouflage 100% ring spun pre-shrunk cotton, 170 g m Anvil

D11 | Dyed in grey and red (2-colour) | 50% polyester, 25% cotton, 25% rayon, 140 g m™ | Bella Canvas
D12 | Dyed inred 100% polyester jersey knit, 153 g m™ Gildan

L1 Dyed in fuchsia 100% cotton, 145 g m™ Fruit of the Loom
L2 Dyed in azure 100% cotton, 145 g m™ Fruit of the Loom
L3 Dyed in Kelly green 100% cotton, 145 g m™ Fruit of the Loom
L4 Dyed in lime 100% cotton, 145 g m™ Fruit of the Loom
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L5 Dyed in orange 100% cotton, 145 g m?2 Fruit of the Loom
L6 Dyed in red 100% cotton, 145 g m™ Fruit of the Loom
L7 Dyed in sunflower 100% cotton, 145 g m™ Fruit of the Loom
L8 Dyed in sky blue 100% cotton, 145 g m?2 Fruit of the Loom

Table 2: Undyed (white) tracer fabrics used in laundering experiments.

Code | Fabric and construction Manufacturer
Wi 100% cotton, 135 g m? Fruit of the Loom
w2 100% cotton, 150 g m™ Anvil

w3 100% cotton, 170 g m™ Gildan

W4 100% cotton, 145 g m™ B&C

W5 100% cotton, 140 g m™ Russell

w6 100% cotton, 175 g m™ Russell

w7 100% polyester, 169 g m™ Gildan

W8 50% polyester, 25% cotton, 25% rayon, 159 ¢ m? | Anvil

W9 | 100% polyester, 140 g m™ Fruit of the Loom
W10 | 65% polyester, 35% cotton, 160 g m™ Kustom Kit

W11 | 100% polyester, 160 g m™ Spiro

W12 | 100% polyester, 150 g m™ Xpres

W13 | 65% polyester, 35% cotton, 155 g m™ Russell

W14 | 100% cotton, 220 g m™ Tee Jays

W15 | 100% polyester, 140 g m™ Spiro

W16 | 95% polyester, 5% Spandex, 160 g m™ Tee Jays

W17 | 52% cotton, 48% polyester, 122 g m™ Bella Canvas
W18 | 100% polyester, 161 g m™ Gildan

2.2. General Procedures and Instrumentation

Raman measurements were carried out using a Renishaw InVia confocal Raman microscope using a HPNIR laser of
wavelengths 532 nm and 785 nm. All spectra were measured between 200 cm™ and 1900 cm. Baseline corrections were
carried out using WiRE software and other processing was carried out using Bio-Rad KnowItAll® Informatics System,
Academic Edition. UV/visible spectrophotometry was carried out using a using a Jenway 6850 UV/Vis
Spectrophotometer at 2 nm intervals; spectral properties and wavelength of maximum absorbance (Amax-vis) were

evaluated. Colour measurement of fabric samples was conducted using a Gretag Macbeth Colour-Eye 7000A.

2.3. Model Validation

The selection of commercially available coloured t-shirts was assembled to mimic two average UK consumer wash loads,
a vibrant coloured load and a dark coloured load. The white tracer fabrics were included to act as acceptors for migrant
dye and varied in material composition to account for liberation of different classes of dyes from different fabrics. The
different t-shirts (making up each retail load) and the tracer fabrics were washed in a Miele 3622 washing machine using

the following programs: “Cold Express” (25 °C; 30 min; 1600 rpm spin cycle); “40 °C Cotton Short” (40 °C; 85 min;
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1600 rpm spin cycle). For each wash cycle, 1 single Ariel SUD 3inl pod detergent was added directly into the washing
drum. For repeated washing the two programs were repeated for a total of 16 cycles.

After washing, t-shirts (D1-D12 and L1-L8) and whiteness monitor fabrics (W1-W18) were left to air dry for 24
h and then measured according to CIEDE2000 using a Gretag Macbeth Color-Eye® 7000A (X-Rite Ltd, Manchester,
U.K.) spectrophotometer to determine the colour difference between unwashed and washed fabric. AE>po values were
calculated using equation 1 [25] for each whiteness monitor using the differences in lightness (L’), chroma (C’) and hue
(H’) values between unwashed and washed fabric where k.S is a lightness weighting function, kcSc is a chroma weighting
function, kxSy is a hue weighting function, and R7 is a rescaling factor. Whiteness loss of two AFE»p0 units is very

noticeable to the eye.
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2.4. Dye liberation from individual items in model load

Five swatches, each measuring 5 cm x 5 cm, were taken from each of the 12 t-shirts in the dark model load (60 samples,
total mass = 23 g) and placed into a Copley Scientific tergotometer pot with 300 mL city (Newcastle-upon-Tyne, UK)
tap water and stirred at 40 °C at 150 rpm for 90 min. Samples of the liquor were collected and measured by UV-Vis

spectroscopy.

2.5. Desorption kinetics measurements

Three swatches, each measuring 5 cm x 5 cm, were taken from each of the 12 t-shirts in the dark model load (36 samples,
total mass = 14 g) and placed into a Copley Scientific tergotometer pot with 500 mL city (Newcastle-upon-Tyne, UK)
tap water and stirred at a predetermined temperature (20 °C, 40 °C, 60 °C) at 150 rpm. At 6-minute intervals, 3 mL
aliquots of the wash liquor were removed, and 3 mL of water (pre-heated to the temperature of the experiment) added to
restore the experiment volume and repeated until 60 minutes had elapsed in total. Aliquots were measured by UV-Vis
spectroscopy and mean absorbance (A) values at 548 nm (Amax-vis Of wash liquor) at Amax-vis were recorded against time (7)
for each temperature. The precise composition of the dye mixture evolved from the model wash load was not known,
however, to allow for a quantitative comparison of dye desorbed and adsorbed, properties of C. I. Reactive Black 5 were
used as it was observed from Raman studies that this dye was released in significant quantities; whilst this does not
represent an absolute quantification of moles of dye released, it allows for quantitative comparison between conditions.
Concentration (c) was calculated from A values based on the Beer-Lambert law (A = &cl) using the molar extinction

coefficient (¢) for C. I. Reactive Black 5 in water (45.5 dm® mmol™' cm™') [26], based on a pathlength (I) of 1 cm.

2.6. Adsorption kinetics measurements

Dye wash liquor was prepared from washing one of each t-shirt in the dark model load in a Kenmore 600 Series washing
machine filled with 45 L of city (Newcastle-upon-Tyne, UK) water on the Supersetting for 18 minutes, with a water
temperature of 25 °C. This wash liquor from the model retail load was used as a source of dye for kinetic adsorption
experiments involving adsorption of dyes in that wash liquor onto a white swatch of 100% cotton fabric. 500 mL of wash
liquor was added to a Copley Scientific tergotometer pot and brought to a predetermined temperature (20 °C, 40 °C, 60
°C). One 5 cm x 5 cm square of white, 100% cotton tracer fabric (470 + 14 mg) was added and the wash liquor stirred at
150 rpm. At 6-minute intervals, 3 mL aliquots of liquor wash collected and 3 mL of fresh wash liquor (pre-heated to the

temperature of the experiment) added to restore the experiment volume, and repeated until 60 minutes had elapsed in
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total. Aliquots were measured by UV-Vis spectroscopy and mean A at 548 nm (Amax-vis of wash liquor) were recorded

against time (¢) for each temperature; ¢ was calculated as described above in 2.6.

2.7. Microfibre release experiments

Microfibres were collected and quantified using a similar method to Napper & Thompson [14]. Washing machines were
thoroughly cleaned prior to testing and confirmed to release no fibres by running a cycle without any garments inside.
Water was collected from the drain hose of the washing machine for the complete wash and rinsing process. After each
wash, any fibres remaining in the machine were washed out and collected by running an additional ‘washout’ cycle with
no detergent after the fabrics were removed. All water from the test run and washout cycle was then filtered through 20
um CellMicroSieve® (BioDesign Inc.), washed with clean tap water, fibres re-suspended in clean tap water and then
filtered onto pre-weighed Whatman No 541 filter paper using a Buchner funnel under vacuum before drying overnight at
50 °C. The mass of collected fibres was then calculated, considering the percentage loss in filter paper weight on drying,
measured by taking the average % loss of 10 similar papers. Microfibre release data are presented as mg of released fibre

per kg initial dry fabric load mass.

3. Results

3.1. Impact of washing temperature and time on dye fading and dye transfer on full scale

Two parameters that consumers can easily change in their washes are the length of time of a wash and the temperature of
a wash. Therefore, these combined parameters were examined in full scale, consumer relevant tests using washing
machines and detergent. Considering the effect of colour loss after repeated laundering, Figure 1 shows the colour change
(AE>m) between unwashed t-shirts and the same t-shirt after 16 wash cycles, and it is observed that there is significantly
greater colour loss observed for the 40 °C Cotton Short (85 min) cycle in comparison with the Cold Express (30 min)
cycle. These observations provide evidence that in a ‘real’ situation increases in washing time and washing temperature
increase colour loss over repeated laundering.

3.5
m40C Cotton Short ~ ®Express cold
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Figure 1: Colour loss (expressed by mean AE»y) for a selection of fabric samples from both vibrant and dark colours
loads after 16 wash cycles, washed on 40 °C Cotton Short and Cold Express programs. Error bars show + standard

deviation of 3 repetitions.
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Figure 2. Raman spectra showing identification of (a) C. I. Reactive Black 5 (1) on cotton (standard), (b) navy cotton t-

shirt, (c) deep navy cotton t-shirt, (d) C. L. Disperse Red 356 (2) on polyester, and (e) red polyester t-shirt.

Comparison of the UV-vis spectra of wash liquors of each t-shirt demonstrated that, generally, cotton fabrics

liberate significantly more dye than polyester fabrics. The low release of dye from polyester is due to the high 7, of the
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fibre, and associated inaccessibility of dye to wash water, combined with the hydrophobicity of disperse reducing their
ability to be released into an aqueous environment [27]. The exception is the black polyester fabric (D9), which does
liberate a significant colour, suggesting a higher level of dye loading on the fabric. Amaxvis for the combined model wash
solution was 548 nm. Figure 2 shows examples of Raman spectra of the t-shirts making up the retail dark load; these were
compared to spectra of known dyes on fabric; Raman spectroscopy is a sensitive technique that can measure the light
scattered from a dye in a fabric [28]. Certain functional groups have characteristic spectral features (similar to FT-IR),
hence, dyes in the model load can either be fully identified through matching spectra with dye library standards, or specific
functional groups can be identified. The presence of water-soluble functional groups, such as —SO3, ruled out certain dye
types such as vat dyes, which generally do not have such functional groups [29].

As Shown in Figure 2a-c, peaks at 489 cm™! are attributed to an SO, group, and peaks at 1189 cm™ and 1213 cm"
! are attributed to the sulfatoethylsulfone (-OSO>0-) group, as determined from peak tables and spectra of known dyes;
these functional groups are typically found in certain classes of reactive dyes [30]. Further assignment of phenyl/naphthyl
ring (1592 cm™) and aromatic primary amine (1287 cm™) functions, alongside general comparison of Raman spectra,
enabled confirmation of the presence of C. I. Reactive Black 5 (1) on the navy cotton t-shirt and deep navy cotton t-shirt
(Figure 2a). As Shown in Figure 2d-e, peaks at 883 cm™ are attributed to a C—O—C group, and peaks at 1150 cm™! are
attributed to an aromatic ring/C—O-C moiety. Further assignment of aromatic ring (1539 ¢cm™ and 1001 cm™) and
CH,/CH; (1427 cm™) functions, alongside general comparison of Raman spectra, enabled confirmation of the presence
of C. I. Disperse Red 356 (2) on the red polyester t-shirt (Figure 2d).

Considering the effect of colour transfer over repeated laundering, it was observed that for most white receiver
fabrics, significantly greater colour transfer to the tracer fabrics was observed for the 40 °C Cotton Short (85 min) cycle
in comparison with the Cold Express (30 min) cycle. These observations provide evidence that, in a ‘real’ situation,

increases in washing time and washing temperature increase dye transfer.

3.2. Kinetic experiments on dye desorption and re-adsorption

In a real laundry scenario, as described above in 3.1, dye desorption and dye re-adsorption occur simultaneously during
washing. However, it is useful to separate these two phenomena to understand the system more completely; dye transfer
is a two-part process, vagrant dye must be initially released from dyed fabric in order to be subsequently transferred to
receiver fabric. In order to gain better understanding of these two processes kinetic desorption and re-adsorption
experiments were carried out separately on a small scale; any understanding gained may offer insights into how to reduce
one or both phenomena in practice.

Figure 3 shows the concentration of dye released/desorbed (g) with increasing ¢ for each temperature, and it is
observed for all temperatures that there is a steady increase in dye desorption over 60 min. It is also evident that as
temperature increases greater dye desorption occurs as evidenced by a higher concentration of dye in the water phase; it
is additionally noted that the difference in dye released between 20 °C and 40 °C is significantly greater in comparison

with than the difference between 40 °C and 60 °C.
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Figure 3. Mean ¢, values of wash liquor dye desorption from dark model wash load over time at 20 °C (blue), 40 °C

(green) and 60 °C (red). Error bars show + standard deviation of three repetitions.

The data from dye desorption experiments were fitted to a pseudo-second order kinetic model [31], as described

in equation 2:

a
5= k(qe — ) 2)
where ¢ and g, are the concentrations of dissolved sorbate adsorbed at a given time (#) and at equilibrium, respectively
(mol g'"). The term k; is the rate constant of the pseudo-second order equation (g mol! min™). For the boundary conditions

t=0tot=tand g, =0 to g: = g, the integrated form of equation 2 becomes equation 3:

t 1 1
L_1 1, 3
a  kaZ  qe 3

A plot of /g, against ¢ that produces a straight line, confirms the model, where dye desorbed at equilibrium (g.) = 1/slope,
and the pseudo-second order rate constant (k,) = slope*/intercept. Figure 4 shows high correlation (R* > 0.98) of the data
with the pseudo-second order model at each temperature. g. values for dye desorbed at equilibrium obtained herein are
theoretical and calculated from the slope of the kinetic data over the 60-minute desorption experiment; g. values are not
measured experimentally as the system does not reach equilibrium by 60 min. From the data in Figure 4 it is clear that g.
increases with 7, indicating greater total desorption of dye at higher temperatures in agreement with the qualitative data
in Figure 3. It is also clear that k, decreases with T, indicating a higher rate of desorption of dye at higher temperatures,
where the data also suggests a significant difference between the rate of dye desorption comparing 20 °C and 40 °C,
which is likely to be due to the increased thermal energy in the system, which is also in agreement with the observations
of the full scale study and the benefits of cold-quick cycles. However, the difference in the rate dye desorption between
40 °C and 60 °C is not as significant, suggesting that above 40 °C, similar levels of dye are desorbed over the period

examined.
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Figure 4. Plot of #/g; vs. t confirming a pseudo-second order reaction for dye desorption at 20 °C (blue), 40 °C (green)

and 60 °C (red). Inset table shows accompanying data from kinetic model.

Figure 5 shows g, values over time for dye adsorbed onto the acceptor fabric swatches with increasing ¢ for each
temperature. It is observed that ¢, increases over time and plateaus for all temperatures and as temperature increases

greater re-adsorption of dye occurs as evidenced by a higher concentration of dye on the receiver fabric.
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Figure 5. Mean ¢; values over time as dye is removed from wash liquor solution by adsorption onto acceptor fabric swatch

at 20 °C (blue), 40 °C (green) and 60 °C (red). Error bars show + standard deviation of 3 repetitions.

The data from re-adsorption experiments were also fitted to a pseudo-second order kinetic model. Figure 6 shows
high correlation (R? > 0.99) of the data with the pseudo-second order model at each temperature. Again, g, values for dye
desorbed at equilibrium obtained herein are theoretical and calculated from the slope of the kinetic data over the 60-
minute desorption experiment; g. values are not measured experimentally even though the system does appear to reach
equilibrium over 60 min. From the data in Figure 6 it is clear that ¢. increases with 7, indicating greater total re-adsorption
of dye at higher temperatures in agreement with the qualitative data in Figure 5. It is also clear that k, decreases with 7,
indicating a higher rate of re-adsorption of dye at higher temperatures, where the data also suggests a significant difference

between the rate of dye desorption comparing 20 °C and 40 °C. However, as in the case for dye desorption, the difference
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in the rate dye desorption between 40 °C and 60 °C is not as significant, suggesting that above 40 °C, similar levels of
dye are desorbed over the period examined.

In this nil-detergent system, once a temperature of 40 °C is reached, time is more influential for dye release than
temperature is. The majority of dye re-adsorption occurs within the first six minutes of the wash; thereafter, g; levels out,
suggesting an equilibrium is achieved between desorption and re-adsorption. At 60 °C, ¢; still increases slightly after 60
minutes, suggesting that temperature and time can have a combined effect, with an increase in both parameters producing

an increased adsorption.
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Figure 6. Plot of #/g; vs. t confirming a pseudo-second order reaction for dye adsorption at 20 °C (blue), 40 °C (green)

and 60 °C (red). Inset table shows accompanying data from kinetic model.

3.3. Impact of washing temperature and time on release of microfibres
The effect of washing temperature and time on release of microfibres for model loads (Figure 7) shows that the combined
total of microfibres released from all fabrics was significantly greater for the 40 °C Cotton Short (85 min) cycle in
comparison with the Cold Express (30 min) cycle. This is compelling evidence that in a ‘real’ situation that higher
temperature and longer wash time increase the mass of microfibres released during washing. Higher temperatures cause
more rapid swelling in water of cellulosics fibres, approximately twice the rate at 60 °C compared to 20 °C [32], which
may contribute to microfibre generation and release in combination with the mechanical action of the washing machine.
What is also evidenced is that on the eighth and sixteenth wash that significant numbers of microfibres are still being
released from the fabrics, suggesting that there is a consistent mechanism of microfibre generation and release throughout
the life of the fabrics.

In this work we have not quantified the released microfibres in terms the extent to which individual fibre types
or fabric constructions release microfibres — what is reported is total microfibre release. Neither have we measured
individual fibre properties. However, these investigations are of significant interest and is the subject of ongoing research

in this area by the authors and in recent publications by others [15,33,34].
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Figure 7. Microfibres released (mg of released fibre per kg initial dry fabric load mass) after 1, 8 and 16 wash cycles for
garment retail loads washed on Cold Express and 40 °C Cotton Short programs: (a) vibrant colours load; (b) dark colours

load.

4. Discussion

Laundering of clothing has a large contribution to the energy expenditure of a clothing product, hence, reducing time and
temperature is desirable. Washing clothing at 30 °C rather than 40 °C saves approximately 40% of the energy used per
load, and washing at 20 °C instead of 40 °C saves approximately 66% of the energy used per load [35], hence the findings
herein have significance in terms of potential energy savings and associated carbon emissions. It is clear from this research
that lower temperature, reduced time (cold-quick) laundry also has significant sustainability benefits in terms of reduced
colour loss, dye transfer and microfibre release. Significantly greater colour loss and greater colour transfer were observed
for a 40 °C, 85 min wash cycle compared to cold-quick (25 °C; 30 min) cycle.

Desorbing dyes were found to mainly be reactive dyes. From fundamental kinetic studies, it was observed that
significant increases in both rate of dye desorption and total dye desorption occurred when increasing from 20 °C to 40
°C, but the difference in dye release between 40 °C and 60 °C was not as significant; the same kinetic trends were observed
for dye transfer. Microfibre release was significantly greater for the 40 °C, 85 min cycle in comparison with the cold-
quick cycle, and this effect continued with further washes. These results mean that reducing time and temperature in
laundry could have a significant impact in terms of extended garment longevity and reduced dye and microfibre liberation
into the environment, in addition to energy savings. Colour change (and associated dye release into wastewater) and
microfibre generation contribute to both pollution of water and more frequent disposal of clothing by the consumer
(leading to increased landfill waste). Sustainability benefits from reducing wash time and temperature could be significant
in terms of reducing pollution and carbon footprint of clothing in use. The challenge for the detergent industry is to enable
the same high standards of cleaning to be achieved in these emerging colder quicker conditions compared to conventional

warm and long cycles. This is likely to require further advances in technology such as enzymes.
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