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Abstract 

Ultraviolet (UV) radiation has a number of negative effects including skin cancer. The 

depletion of the ozone layer and our changed attitude to sunbathing has left us more 

exposed and means of protection are crucial. An alternative to sun lotion or thick clothes 

is to use clothes treated with UV filters. These clothes are capable of absorbing and/or 

reflecting the UV radiation while still being thin and light-colored. A concern is to what 

extent these UV filter chemicals are released during washing and what negative effects 

they will cause to the environment when released. In this work 8 UV filter chemicals 

from different chemical classes suited for polyester were identified. Among these, 6 

could be analyzed with either gas chromatography mass spectrometry (GC-MS) or 

liquid chromatography coupled with mass spectrometry (LC-MS). The UV filters were 

added to polyethylene terephthalate (PET) fabric and a washing simulation was 

developed and done followed by chemical analysis to determine to what extent the UV 

filter was emitted to the water. The losses varied from 0.07% up to 85% of original 

amount depending on chemical. Complementary measurements with quartz crystal 

microbalance (QCM) confirmed the washing experiments. An environmental risk 

assessment was performed based on derived data and two scenarios. It was concluded 

that UV770 was the worst performing for the application while BP-6 had a low 

emission potential and relatively low environmental risk. 
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1. Introduction 

Sunlight contains UV radiation which has a high energy and can be divided into UV A, 

UV B and UV C with wavelengths of 320-400 nm, 280-320 nm and 200-280 nm 

respectively. The UV C radiation is mostly absorbed by the ozone layer in the 

atmosphere and mainly parts of the UV B and UV A radiation reaches the surface 

(Sayed et al., 2015). Due to depletion of the stratospheric ozone layer this has led to an 

increase in UV-B radiation, and a change in human behavior regarding sun exposure 

has made us more exposed to it (Norval et al., 2011). UV radiation is a cause for many 

concerns. It has been shown that the increased exposure does not only cause skin burns 

but also increases the risk of skin cancer, photo- keratitis, cataract, prematurely aged 

skin etc (Bajaj et al., 2000; Jeon et al., 2008). 

 

There are effective options offering protection against UV radiation where the most 

common ones are sunscreen or clothes. The level of protection offered is usually stated 

as sun protection factor (SPF) for sun screen and ultraviolet protection factor (UPF) for 

clothes (The American Cancer Society medical and editorial content team., n.d.). In 

clothes the UPF is affected by the weave, color, density, material and chemical 

treatments of the fabric. A denser fabric with tighter weave will allow less UV 

radiation to pass through and depending on the material different amounts of the UV 

radiation will be reflected or absorbed. Since not all clothes provide suitable UV 

protection from the start chemical treatments can be applied. These chemicals are 

usually referred to as UV filter chemicals or light stabilizers. There are two distinct 

groups containing either inorganic or organic compounds. The group containing 

inorganic chemicals such as titanium dioxide or zinc oxide is called physical UV filters 

while the group containing organic chemicals such as phenols or benzotriazoles is 

called chemical UV filters. The chemical UV filters include UV absorbers, hindered 

amines and quenchers which all have different mechanisms for preventing 

transmission of UV radiation. UV absorbers will absorb UV radiation and reemit it as 

heat. These include several groups such as derivatives of benzotriazoles and 

benzophenones. Hindered amines however do not absorb the UV radiation directly but 

instead trap the radicals formed by UV radiation. By trapping these free radicals the 

hindered amines prevent degradation of polymers. For this reason, they are used to 

protect the clothes and not the human itself. The inorganic compounds mainly reflect 

UV radiation but do also absorb a part of it (Sayed et al., 2015). 

 

There are several different methods to impregnate the fabric with UV filter chemicals. 

One option is to add the chemicals before the fibers are formed. The UV filter 

chemicals can also be added to the clothes directly as a finish. This is usually done by 

common padding or the exhaust method. In the padding method the liquid containing 

UV filter chemicals is applied to the fabric as it is transferred through different pads 

while with the exhaust method the fabric is transferred through a bath containing the 

solution and pressed to remove excess liquid. Finally the fabric is dried and as the 

water evaporates the additives are deposited evenly at the surface of the fibers. An 

extent of 0.6 – 2.5 wt-% UV absorber is considered enough when added to fabric. For 

hindered amines an extent as low as 0.15 wt-% is sufficient (Saravanan, 2007). 

 

UV filters are used in sunscreen and a wide variety of different products that are 

exposed to the sunlight. This does not only include clothes but also different plastic 

products and textiles such as car parts. While sunscreens declare their content, this is 

not required for other products such as textiles and plastics. Though many UV filters 

suited for these kinds of products are also used as sunscreen agents. This include both 

organic and inorganic UV filters. Organic UV filters used in clothes are compounds 
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such as derivatives of o-hydroxyl benzophenones, o-hydroxyphenylbenzotriazole, o-

hydroxyphenyltriazines, and o-hydroxy phenyl hydrazines. For the UV absorption the 

orthohydroxyl group is considered to be very important. Inorganic UV filters are 

mainly titanium dioxide and zinc oxide (Sayed et al., 2015). 

 

One of the most common material in clothes is polyester and especially polyethylene 

terephthalate (PET). PET fibers are synthesized from ethylene glycol and terephthalic 

acid or dimethyl terephthalate. The fibers produced have a very high chemical 

resistance and are formed by linear macromolecules. These molecules are polymers 

linked through ester bridges. The structure of its repeat unit also includes an aromatic 

ring (Burkinshaw, 2016). 

 

The UV filter chemicals can enter the environment in different ways apart from the 

production. During washing of the clothes a part of the UV filter chemicals may be 

desorbed and flushed out together with the waste water (Luongo et al., 2016; Šajn, 

2019). The wastewater will be subjected to treatment as it enters the wastewater 

treatment plant. Another cause of release from textiles is bathing clothes treated with 

UV filter chemicals. Sunscreens does also cause a large release of UV filters. These 

can enter the environment directly during usage (Balázs et al., 2016). 

 

The 8 UV filter chemicals selected for the study can be seen in Table 1. These were 

selected by constructing a PCA using 19 UV filter chemicals suited for polyester. 

Structures, names and CAS registry numbers for these compounds are reported in 

Table 2. Two of these UV filters called UV-328 and UV-327 that were examined in 

the study can be found in the candidate list of substances of very high concern for 

authorization (SVHC) from the European Chemical Agency (ECHA). Both UV-328 

and UV-327 has also been defined as vPvB (very persistent and very bioaccumulative) 

and UV-327 has also been defined as PBT (persistence, bioaccumulation and toxicity). 

All UV filters except Eto are reported by ECHA with negative environmental effects 

(ECHA, 2019). 

 
Table 1: UV filter chemicals included on the candidate list of substances of very high concern and the 
hazard classification and labelling (ECHA, 2019).  

Compound Candidate 
list 

Reason Hazard classification & labelling  

UV-328 Yes vPvB May cause damage to organs through prolonged 
or repeated exposure and may cause long lasting 
harmful effects to aquatic life. 

UV-327 Yes PBT, 
vPvB 

May cause damage to organs, is harmful to 
aquatic life with long lasting effects, causes 
serious eye irritation, causes skin irritation and 
may cause respiratory irritation. 

UV-360 No  May cause long lasting harmful effects to aquatic 
life. 

Eto No 
 

No hazard classification nor labelling. 

BP-6 No 
 

Toxic to aquatic life with long lasting effects. 

UV-1988 No 
 

Toxic to aquatic life with long lasting effects and 
causes serious eye irritation. 

UV-1577 No  May cause long lasting harmful effects to aquatic 
life. 

UV770 No 
 

Very toxic to aquatic life, is toxic to aquatic life 
with long lasting effects and causes serious eye 
damage. 
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Aim of the diploma work 
 

The aim of this work is to examine the emission of UV filter chemicals from polyester 

fabric to water during washing and to derive how the emissions are related to the 

properties and molecular structures of the UV filter chemicals and the polyester. Less 

hazardous UV filter chemicals should be identified if possible.   

 

 

2. Popular scientific summary including social and ethical 

aspects 

2.1 Popular scientific summary 

 

Most people know that products such as sunscreens contains specific compounds that 

protects you against the sun, but did you know that these compounds can be found in 

your clothes as well? Some manufacturers have started to add these compounds called 

UV filters to clothes to increase the protection clothes can offer, especially thin light-

colored clothes which do not provide that much protection on their own. It is possible 

that the clothes you are wearing right now contain these UV filters. So, what happens 

when you wash these clothes? It depends on which UV filter that is used because there 

are many to choose from. In this project we looked at a number of different UV filter 

chemicals and studied how they come off from the fabric when you wash them. To 

learn more about this we added UV filter chemicals to polyester fabric which was then 

washed with water 10 times. Afterwards we analyzed these water samples to see how 

much of the UV filter chemicals were in them. As you can imagine we did find UV 

filter chemicals in the water samples but while some were only lost from the fabric at a 

very small amount other ones were almost completely lost into the water. The smallest 

and largest loss to water were 0.07% of the UV filter BP-6 compared to 85% of the 

UV filter UV-1988. Unfortunately, many of these UV filters are not good for the 

environment when they are flushed out. By calculating how much of the different UV 

filter chemicals that would be flushed out into the environment, and also considering 

how high the risk of toxic effects in the environment was, the hopes were to figure out 

which chemicals were a better choice than others and hopefully why. One UV filter 

called BP-6 had a very low release and was considered safe at higher concentrations 

than many of the other UV filter chemicals. 

 

 

2.2 Social and ethical aspects 

 

The experiments performed in this study did not have any direct associations with 

ethical issues. What can be said is that even though UV filter chemicals protect us 

from UV radiation and decrease hazards such as skin cancer, burns and prematurely 

aged skin, a large amount of the UV filter chemicals causes negative effects in the 

environment, and potentially to human health.  It is important to weight the negative 

and positive effects against each other but there is no definite answer. Other options 

for protection towards the sun have their own positive and negative effects. 

Questioning the risk of UV filter chemicals could lead to regulations ensuring safer 

options are being used but could also discourage the public from using protection 

against UV radiation without viable options, thereby exposing them to even larger 

potential harm. Therefore, it is important to identify suitable options which do both 
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provide protection and are less harmful to the environment.  

 
 

3. Experimental  

3.1 Constructing a PCA to identify representative UV filter chemicals 

 

A database containing 19 organic UV filter chemicals was constructed using the web 

based tool SpecialChem (SpecialChem, 2018). These were found through a search for 

UV stabilizers suited to use with polyester. The search provided a list of all UV 

stabilizers that are compatible with polyester, including CAS registry number. 71 

descriptors were calculated using the software MOE (Chemical Computing Group Inc., 

2011). The descriptors were calculated from their structures using SMILES. SMILES 

are chemical notations displaying the structure in a format which can be read by the 

computer. All structures were corrected by a procedure referred to as washed, where 

they were changed to the correct protonation state, and charge corrected before the 

calculation. The wash procedure is used to ensure that all structures are correctly 

protonated. The 19 UV filter chemicals and 71 descriptors are listed in Table S1. 

 

A PCA was constructed using the descriptors. This was done with the software 

SIMCA (Umetrics, 2017). Mean-centering and scaling to unit variance was used. 

Variables were log transformed at a skewness exceeding 2. The PCA was used to 

identify representative UV filter chemicals from different groups. Each UV filter 

chemical was selected based both on its position relative to the specific group and 

relative to each other. This resulted in a selected subset of 8 different UV filter 

chemicals. 

 

3.2 Reagents and standards 

 

UV-327, UV-328, UV770 and UV-1988 at >98% purity were purchased from TCI 

(Tokyo, Japan). Eto, BP-6, UV-360 and UV-1577 at >98% purity were purchased from 

Sigma Aldrich (St. Louis, MO, USA). PET fabric with density of 92 g m-2 and 

thickness of 0.13 mm, and PET powder with maximum particle size of 300 micron 

were purchased from Goodfellow (Huntingdon, England). Ethyl acetate, acetonitrile 

and methanol at HPLC grade and dichloromethane at analytical reagent grade was 

purchased from Fischer Scientific (Loughborough, UK). Toluene at HPLC grade and 

acetone GPR Rectapur was purchased from VWR Chemicals (Rue Carnot, France). 

1,1,2,2-tetrachloroethane at >98% purity and phenol at >99% purity were purchased 

from ThermoFisher (Kandel, Germany). 

 

3.3 Concentration and recovery calculations 

 

For GC-MS the internal standard solution was prepared in toluene and reference 

standard solution was prepared in methanol. Standard solutions of the target chemicals 

were prepared at 1000 µg/mL in ethyl acetate. Calibration standards were prepared by 

serial dilution covering a range between 50 µg/L to 6000 µg/L. Benzophenone -d10 

(BP-d10) was added to all calibration standards and samples as internal standard, and 

diethyl phthalate-d4 (DEP-d4) was added as recovery standard. Sample concentrations 

were calculated using the calibration curves. Calibration curves for UV-327 and Eto 

displayed linearity at the entire range while UV-328 displaced linearity up to 3000 

µg/L. All compounds had a correlation coefficient (r2) higher than or equal to 0.99.   
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Recoveries for each sample were calculated using the formula: 

 

𝑅(%) =
𝐼𝑆𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝑆𝑐𝑎𝑙
∗

𝑅𝑆𝐶𝑎𝑙

𝑅𝑆𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100  

 

Where IScal is the mean peak area (m/z: 192) for BP-d10 in the calibration curve, RScal 

is the mean peak area (m/z: 153) for DEP-d4 in the calibration curve, ISsample is the 

peak area for BP-d10 in the sample and RSsample is the peak area for DEP-d4 in the 

sample. 

 

For HPLC-MS analysis internal and reference standard solutions were prepared at 

1000 µg/mL in acetonitrile and calibration standards were prepared by serial dilution 

covering a range between o.1 µg/L to 2000 µg/L. As internal standard a mixture 

containing 10 µg/mL of oxazepam, carbamazepine, amitriptyline and clindamycin was 

added to all calibration standards and samples. The peak for oxazepam had the most 

similar retention time as the target compounds and was used for calculations. 

 

3.4 Identifying suitable method of GC and LC analysis 

 

Ethyl acetate was chosen as solvent for GC-MS due to its suitable boiling point. The 

temperature program was tested and adapted to increase the signal without widening 

the peaks. UV-327, UV-328 and Eto could be detected at concentrations of 50 µg/L 

with GC-MS. The remaining UV filters were not detectable with the available 

equipment.  

 

For HPLC-MS the solvent chosen was acetonitrile since most of the compounds did 

dissolve more easily in acetonitrile than methanol. BP-6, UV770 and UV-1988 were 

detectable at concentrations of 0.1 µg/L with HPLC-MS.  

 

The detection limit was not calculated since the lowest concentrations in the 

calibration curve remained linear and of a far lower concentration than the samples.  

 

 

3.5 Pretreatment and characterization of PET fabric 

 

PET fabric was cleaned by ultrasonication for 30 minutes with enough acetone for 

complete coverage, this was repeated 2 times followed by drying at 60°C for 2 hours. 

Two pieces of PET fabric were cut and weighed to 0.25 grams each. Each UV filter 

chemical was weighed as neat material in order to achieve a specific wt.% when 

dissolved. The UV filter chemical was dissolved by addition of 30 mL of ethyl acetate 

followed by ultrasonication for 5 minutes. The UV filter chemical solution, hereafter 

called treatment solution, was transferred to a 25 mL Erlene Meyer flask. Both pieces 

of PET fabric were added to the solution and completely submerged. The flask was 

covered by aluminum foil to prevent degradation of the UV filter chemical and left at 

room temperature for 20 hours. The PET fabric was then removed, pressed with 

tweezers to remove excess treatment solution and dried at 60°C for 10 minutes. All 

samples were done in duplicates or triplicates. 

 

The morphology of PET fabric before and after pretreatment was observed by 

scanning electron microscope (SEM) (Merlin FESEM, Carl Zeiss, Germany). Fabric 

pretreated with BP-6, UV 770 and UV-1988 were selected due to BP-6 causing a 

discoloration of the fabric seen in Figure S1, suggesting possible oversaturation. Since 

UV770 and UV-1988 were prepared at the same time and proved to have the highest 
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emission these were also studied to give a better comparison and control that 

oversaturation was not evident despite lack of coloration. This since oversaturation 

could be a reason for increased emission. 5 x 5 mm pieces of pure fabric and fabrics 

impregnated with BP-6, UV770 and UV-1988 were cut and immobilized onto a stub of 

metal with carbon adhesive. Copper tape was used to connect the sample to the stub of 

metal. The samples were then coated with a 5 nm platinum coating using a sputter 

coater (Q150T-ES, Quorum Technologies, East Sussex, United Kingdom) before 

observation. 

 

To determine the amount of UV filter chemical adsorbed to the fabric, the pretreated 

PET fabric was extracted and analyzed. First the 0.25 g. pieces of PET fabric were cut 

into 5 x 5 mm pieces and placed in separate 25 mL Erlenmeyer flasks. 10 mL of 20% 

acetone in dichloromethane (DCM) (v/v%) were added followed by ultrasonication for 

30 minutes. Afterwards the extracts were removed. This was repeated 3 times and the 

extracts were pooled. The pooled extracts were diluted to a total of 2000 times with 

20% acetone in DCM and internal standard was added to 1 mL of sample. The sample 

was diluted to 10 mL with ethyl acetate for GC compounds or 10 mL acetonitrile for 

HPLC compounds, and vacuum filtered using a Büchner funnel and flask with a filter 

paper (Munktell Filter Paper nr.3, Grycksbo, Sweden). The sample was then solvent 

exchanged by evaporation to 5 mL after addition of 10 mL ethyl acetate for the 

analysis of UV-327, UV-328, and Eto. To remove any remaining acetone or DCM an 

additional 10 mL ethyl acetate was added and the sample was evaporated to 1 mL. The 

same procedure was used for BP-6, UV-1988, and UV770 but ethyl acetate was 

replaced with acetonitrile. RS was added to the samples before analysis with GC-MS. 

 

All samples had a recovery at or above 64.9 % for UV-328, at or above 87.5% for UV-

327 and at or above 82.8 % for Eto. 

 

3.6 Analysis of UV filter chemicals 

 

UV 327, UV 328, and Eto were analyzed by gas chromatography-mass spectrometry 

(GC-MS) (Agilent 6890N GC coupled with Agilent 5975 Inert XL MSD, Agilent 

Technologies, Palo Alto, CA) fitted with a Capillary Column (DB-5MS, 30 m, 0.25 

mm ID, 0.25 µm film thickness, Agilent Technologies, Santa Clara, CA). Helium was 

used as carrier gas and the injection volume was 2µL with pulsed splitless injection. 

The injector used was an Agilent Technologies 7683B Series Injector. The MSD was 

operated in the scan mode with electron ionization. UV 327, UV 328 and Eto were 

monitored by m/z 342, 322, and 277, respectively. 

 

For UV 327 and UV 328 the GC oven temperature program was as follows: initial 

temperature at 75°C (held for 1 min), then increased to a final temperature of 300 °C at 

10 °C/min and held for 10 min.  

 

For Eto the GC oven temperature program started at 100 °C where it was held for 1 

min, then an increase of 25 °C/min up to 290 °C where it was held for 2.4 min (Vila et 

al., 2016). 

 

BP-6, UV-1988, and UV770 were analyzed by HPLC-MS (Thermo scientific HPLC 

system coupled to a Thermo Scientific TSQ Quantiva MS system, San Jose, USA) 

with a C18 column (Hypersil Gold, 50 mm x 2.1 mm, 3 µm particle size, Thermo 

Scientific). A 3µm drop-in guard cartridge (10 mm x 2.1 mm, Thermo Scientific) was 

used before the column. The MS system was operated in the positive electrospray 

mode. N2 was used as sheath gas and Aux gas. The ion transfer tube temperature was 
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350°C and the vaporizer temperature was 338°C. The pump used was a UltiMate 3000 

Pump (Dionex, Sunnyvale, USA) and the column compartment was a UltiMate 3000 

RS Column Compartment (Dionex, Sunnyvale, USA). The precursor (m/z) for BP-6, 

UV-1988, and UV770 were 275.08, 278.07, and 251.08 respectively.  

 
Ultrapure Milli-Q water purified with a Millipore (Billerica, USA) system and 

acetonitrile with 0.1% formic acid were used for the mobile phase. The gradient started 

at 90% water for 1.5 min then decreased to 0% water after 6 min using a linear ramp. It 

was maintained for 2 min then increased to 90% after 8.1 min. 

 

3.7 Washing simulation, extraction, and analysis 

 

The washing simulations were done in triplicates. One piece of pretreated fabric (0.25 

g) was placed in a 200 mL Erlenmeyer flask. 8 mL of ultrapure water was added to 

each flask which was then covered with foil and parafilm to prevent evaporation. For 

the experiments involving detergent the ultrapure water had an addition of 3.13 µL 

detergent (Via Color, Unilever) per 100mL ultrapure water. The flasks were incubated 

in an incubator shaker (ZHWY-2112B) or a mini orbital rotational shaker (VWR, Rue 

Carnot, France) for 1 hour at 40°C or 60°C with a shaking speed of 110 rpm. The 

washing water was transferred to 12 mL glass vials, covered with aluminum foil and 

stored in the dark in the refrigerator for less than a week at 5°C. The fabric was 

allowed to dry completely in room temperature between washes. This was repeated to 

a total of 10 times for each impregnated PET fabric. The washing water from the 1st, 

5th, and 10th washes were collected for extraction and chemical analysis. However, all 

samples were saved and stored.  

 

For fabric impregnated with UV-328, the collected washing water (8 mL) was added to 

a separatory funnel with IS. A subsample was taken from the water collected from 

washing PET fabric impregnated with UV-327 and Eto which was diluted 10 times 

before being transferred to a separatory funnel with IS. Sodium chloride was added to 

the water to improve separation efficiency followed by 10 mL of DCM. The sample 

was liquid-liquid extracted 3 times and the extracts pooled. 0.04 g of sodium sulphate 

was added to the extracts to remove any remaining water. The extracts were thereafter 

vacuum filtered using a Büchner funnel and flask with a filter paper (Munktell Filter 

Paper nr.3, Grycksbo, Sweden) and solvent exchanged to ethyl acetate. This was done 

by addition of ethyl acetate twice before evaporation to 1 mL. The samples were 

thereafter analyzed with GC-MS. 

 

For fabric impregnated with UV-1988 and UV770, the collected washing water was 

diluted and then IS was added directly. The samples were then filtered with a Filtropur 

S 0.2 µm syringe filter (Sarstedt, Nümbrecht, Germany) before analysis. For fabric 

impregnated with BP-6, the washing water was concentrated by liquid-liquid 

extraction using acetonitrile due to too low concentrations of BP-6. This was followed 

by further evaporation to 100 µL using a gentle stream of nitrogen to concentrate the 

sample further. The sample was analyzed with HPLC-MS. 
 
For water samples collected between 1st and 5th washes, 5th and 10th washes as well, a 

desorption following first order kinetics was assumed to estimate the concentration of 

UV filter chemicals. The amounts of UV filter chemicals in washing 1, 5 and 10 were 

calculated and an exponential curve was fitted using these three datapoints. The curve 

was constructed according to the formula 
 

[𝐴] = [𝐴]0𝑒−𝑘𝑡  
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Where [A] is the concentration in the water, [A]0 is the original available 

concentration, k is the rate constant and t is the number of washes. 
   

 

3.8 QCM measurement and analysis 

 

100 mg of PET powder was weighed into a glass vial. Phenol was melted in a glass 

vial on top of a heating plate at 90°C. Thereafter 1 mL of phenol was added to the PET 

powder together with 1 mL of 1,1,2,2-tetrachloroethane. A magnetic stirrer was used 

to stir the mixture at 125 °C until the PET powder had dissolved. 30 wt% of each UV 

filter chemical was added to the dissolved PET solutions separately and stirred until 

dissolved. 100 µL of the solution was added to 10 MHz gold-coated AT-cut 

piezoelectric quartz crystal sensors (Novaetech S. r. l., Italy) which were vacuum fixed 

on an SPS-150 spin coater (SPS-Europe, B.V., Putten, The Netherlands). PET films 

were obtained by spin coating at 5000 rpm for 30 s. The solvent was further 

evaporated using a stream of nitrogen and allowed to dry completely overnight before 

analysis.  

 

The release experiments of UV filter chemicals from PET films were conducted using 

a custom-built QCM (WI2, Novaetech S. r. l., Italy), which has a sensitivity of ~ 0.8 

ng/cm-2 in liquid. After the frequency reached a steady level, degassed ultrapure water 

was pumped past the film with a peristaltic pump (BQ80S, Golander, USA) with a 

flow rate of 3 mL/min.  

 

The mass changes were calculated according to the Sauerbrey relationship seen in the 

following equation which applies to a film that is rigidly coated to the quartz crystal. 

The resonance frequency changes (Δf) are directly proportional to the mass changes 

(Δm)    
 

𝛥𝑓 = −
2𝑓0

2

𝐴√ 𝜌𝑞µ𝑞

𝛥𝑚 

 

where f0 is the resonant frequency of the empty quartz crystal. For the remaining terms 

the following values were used. A=0.2826 cm‒2 is the area of the gold-coated quartz 

crystal, ρq=2.648 g cm‒3 is the density of quartz and µq=2.947×1011 g cm‒1 s‒2 as the 

shear modulus of quartz crystal (openQCM, 2019; Yeşilbaş, 2018). 

 

3.9 QA QC 

 

In the washing study both procedural blanks and instrumental blanks were used to 

ensure there were no significant contaminations or memory effects. Concentrations 

were not corrected for blank values since concentrations in blanks were only detected 

following highly concentrated samples and were due to memory effects which 

decreased rapidly when blanks were run repeatedly. Instead it was made sure that the 

concentration in procedural blanks and instrumental blanks remained below 10% of 

the sample concentration. This was deemed reasonable since the standard deviations of 

the analysis was determined to be below 10%.  

 

3.10 Risk assessment 

 

Predicted no effect concentrations (PNEC) were calculated from LC50 and EC50 

values obtained from the EPI suite software (United States Environmental Protection 
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Agency, 2012). These were predicted for fish, daphnia and algae but the most sensitive 

species was used for each compound. The calculations were done using the assessment 

factor 1000. This specific assessment factor was used since the LC50 and EC50 values 

are based on short-term toxicity data (European Chemicals Agency, 2008). The 

amount of polyester clothes sold during 2015 was calculated to 1.024*106 tonnes 

based on an amount of 6.4 million tonnes of new clothing being sold thereof 16% of 

fibers being polyester (Šajn, 2019). No exact information can be found regarding the 

extent to which UV filter chemicals are added to clothes. Therefore, two different 

scenarios were considered. In scenario 1 it is assumed that 1% of polyester clothes 

contain UV filter chemicals to an extent of 0.8%, and in the second scenario 10% of 

polyester clothes contain UV filter chemicals to an extent of 2.5%. For both scenarios 

the percentage of total amount polyester clothes sold in Europe which contains UV 

filter chemicals is a rough estimate based on the supply found online, no exact values 

could be found. The amount UV filter added to the clothes, i.e. 0.8% and 2.5%, is 

within a reasonable range for clothes (Saravanan, 2007). The software EUSES (The 

European Commission's science and knowledge service, 2016) was used for PEC 

calculations based solely on the leaching from fabric, not considering other pathways 

such as emissions from use of sun lotion. These calculations were done for Europe 

considering the concentration in surface water for the continent. Default values were 

used regarding environmental features. Risk quotients (RQ) were calculated according 

to the formula. 
 

𝑅𝑄 =
𝑃𝐸𝐶

𝑃𝑁𝐸𝐶
 

 

The obtained RQ values for each UV filter were evaluated based on a risk ranking 

criterion. An RQ>1 is considered as “high risk”, 1≥RQ>0.1 is considered as “medium 

risk”, 0.1≥RQ>0.01 is considered as “low risk and RQ<0.01 is considered as “unlikely 

to pose risk” (Tsui 2014). 

 

4. Results  

4.1 Creating database and selecting representative organic UV filter chemicals 

 

The PCA constructed for 19 UV filter chemicals can be seen in Figure 1. It was 

constructed with 71 chemical descriptors as variables and had three significant 

components, a R2X of 0.837 and a Q2 of 0.697. As can be seen no apparent outliers 

were found nor removed. 
 
 

 
Figure 1: PCA constructed for 19 different UV filter chemicals colored based on group. The 8 highlighted 
UV filters were selected for further studies. CAS registry numbers can be found in table S2. 
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Each UV filter chemical was colored based on UV filter group. These groups as 

commonly referred to in the literature (Sayed et al., 2015) included benzophenones, 

benzotriazoles, benzotriazole derivatives which are benzotriazoles with the addition of 

halogens, cyanoacrylate, hindered amines, phenyl triazine and one other UV filter 

which did not belong to a specific group denoted as “other”. Each axis represents a 

principal component, the x-axis represents principal component 1 while the y-axis 

represents principal component 2. The separation along the x-axis is due to differences 

such as weight, number of single bonds, van der Waals volume and the density. The 

separation in the y-axis is based on variables such as the fractional positive van der 

Waals surface area, total polar van der Waals surface area, fraction of double bonds 

and fractional negative van der Waals surface area.  

 

Based on this PCA 8 chemicals were selected to represent their specific group of UV 

filter chemicals. In addition, these were selected based on how they were located close 

to the middle of their group in the PCA while still spread out relative to each other in 

all principal components, considering not only component 1 and 2 but also component 

3 which is not shown. The selected chemicals are highlighted in Figure 1 and can be 

seen in detail in Table 2.  
 

 
Table 2: Number in PCA, name of compound, abbreviation, CAS registry number, group and molecular 
structure  for selected UV filter chemicals. 

 
 
 

4.2 Pretreatment of fabric 
 

In order to obtain a reasonable concentration of UV filter chemicals in the fabric the 

concentration of the treatment solution was varied in order to determine how it 

affected the resulting concentration of UV filter chemicals in the fabric. As seen from 

Figure 2 impregnating PET fabric in treatment solutions containing varying content of 
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UV filter chemicals resulted in a close to linear increase of the UV filter chemical in 

the fabric. UV-327 had a slightly faster increase, resulting at a concentration of 8469 

µg/g of fabric at 0.8 wt.% of UV filter in the treatment solution, compared to UV-328 

and Eto which were very similar. UV-328 reach a concentration of 7207 µg/g of fabric 

at 1.2 wt.% and Eto reached a concentration of 8270 µg/g at 1.1 wt.%. The data was 

only collected for the chemicals UV-327, UV-328 and Eto due to the high amount of 

material needed. The remaining chemicals UV-1988, UV-770 and BP-6 were assumed 

to follow a similar trend. 
 
 

 
Figure 2: Concentration in fabric after treatment with alternating percentage treatment solution 
containing A: UV-328, B: UV-327 and C: Eto. Triplicates were done at 0.1 wt.% and 1.2 wt.% for UV-
238. At 0.1 wt. %, 0.8 wt.% and  1.3 wt.% for UV-327 and at 1.1 wt.% for Eto. Triplicates were run to 
calculate the standard deviation, remaining data are presented as mean values of duplicates. 

 

Triplicates were done to assess the relative standard deviation (RSD). All triplicates 

except for UV-327 at 1.3 wt.% had an RSD below 10%. At higher concentrations close 

to 2 wt.% solids could be seen attached to the fabric. The observable number of solids 

increased with increasing concentration in the solution. These samples were not 

extracted. 

 

SEM was used to asses if oversaturation could be detected causing aggregates of UV 

filter chemicals at the surface of the fibers. In Figure 3 SEM images of PET fabric 

treated with 3 different UV filter chemicals can be seen. Figure 3 A, B and C depicts 

fabric treated with the UV filter chemical BP-6, UV770 and UV-1988 respectively. 

Figure 3 D depicts an SEM image of the clean fabric without any treatment for 

comparison. Small structures can be seen at the surface of all fabrics, including the 

clean sample without any addition of UV filter chemicals. These structures are 

highlighted in Figure 3. Since no structures can be found in the treated fabric that are 

absent in the clean fabric this indicates that no aggregates had formed on the surface of 

the fibers due to treatment with UV filter chemicals. 
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Figure 3: SEM images of PET fabric treated with A: BP-6, B: UV770, C: UV-1988. Image D is of the 
clean fabric without treatment. Structures circled with red are present in all samples, including the 
untreated fabric.  

 

 

4.3 Emission from fabric during washing 

 

The amount of UV filter released from fabric during 10 washes was studied by 

examining the released amount in the water for wash one, five and ten. Since first 

order kinetics is reasonable for a desorption process only including the polymer, target 

compound and ultrapure water an exponential decrease was assumed. The decreasing 

exponential curves fitted for all samples can be seen in Figure 4. The formula  

[A]=[A]0*e-kt was used for all curves and the exact equations can be seen in Table S3. 

These curves were used to estimate the loss over time for the remaining washes which 

were not analyzed. As can be seen the curves do not fit perfectly and for UV770 only 

the 1st and 5th wash was used since there is almost no amount of UV770 released by 

the 10th wash.  

 

The rate constants obtained for the curves were -0.063 for UV-328, -0.136 for UV-

327, -0.372 for Eto, -0.194 for BP-6, -1.573 for UV-1988 and -0.924 for UV770. Since 

UV-1988 has the most negative rate constant it will decrease at the highest rate, 

thereby releasing a higher amount during the 1st wash relative to the 5th and 10th wash. 

The opposite is seen for UV-328 which has a relatively similar release for all three 

analyzed washes.   

 

More than 3 points was discovered to be needed in order to accurately fit a model 

graph to the data, especially since the standard deviation is high and the release in 
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some cases seem more linear rather than exponential. Although different models based 

on kinetics and diffusion are commonly used in the literature (Soto-Garcia, 2015; 

Xing, 2017), a first order kinetic model was deemed most relevant for this study. The 

first order kinetic model was selected since a linear decrease does not correspond to 

any kinetic model. A zero-order kinetic model would yield the same amount of 

compound lost at each timepoint to result in a linear loss of original concentration over 

time. This does not fit the obtained data and neither does a second order kinetics 

model. Commonly used desorption models cannot be used since the samples never 

reaches a desorbed quantity equilibrium due to constant exchange of water. 

 

 
 

 
Figure 4: Amount of UV filter released during washing for fabric treated with UV-328, UV-327, Eto, 
BP-6, UV-1988 and UV770. Dotted lines are the fitted exponential curves. 

 
The fabric treated with UV-328 was washed at 40°C and 60°C to determine the 

temperature effect. As seen in Figure 5 washing at 60°C caused a faster release than at 

40°C. It is seen since the total release for wash 1, 5 and 10 at 40 °C is 13.5 µg while 

the summed release for wash 1, 5 and 10 at 60 °C is 29 µg. Addition of detergent 

according to the manufacturers’ recommendations caused a very large increase of 

released UV filter into the washing water. The summed release for wash 1, 5 and 10 at 

60 °C with detergent was 2829 µg, which is approximately 100 times higher than 

without detergent. Estimating the total release of UV-328 with detergent in the same 

way as previously gives an estimated loss of 108% indicating that the entire amount of 

UV-328 is lost. All samples had approximately the same original concentrations in the 

fabric. The mean concentrations between triplicates were 6609 µg/g for experiments at 

60°C, 7207 µg/g for experiments at 60°C with detergent and 7287 µg/g for 

experiments at 40°C. These had an RSD of only 5.27% regarding the original content 

in the fabric, thus it is possible to compare them directly. 
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Figure 5: Measured amount of UV filter chemical UV-328 in washing water. A: Washed at 40°C and 
60°C with MQ water. B: Washed at 60°C with MQ water and detergent. 

 

The calculated curves seen previously in Figure 4 were in turn used to calculate an 

estimated release over time as the percentage of the original amount of UV filter 

chemical in the fabric lost to water, which can be seen in Figure 6. Since additional 

UV filter chemical is lost from the fabric in each wash an increased percentage can be 

seen in the water over time. This is the total loss during all washes until the specific 

timepoint. The highest release rate can be seen for UV-1988 which loses 85% over 5 

washes, while the lowest release rate is seen for BP-6 which loses only 0.06% over 10 

washes.  

  
 

 
Figure 6: Left: Estimated loss of target UV filter chemicals to water. Presented as the percentage of 
original amount in fabric released to water in all washes preceding and up to the specific wash. The 
concentration per wash is estimated based on first order kinetics. Right: Enlarged scale for UV filter 
chemicals UV-327, UV328 and BP-6. 

 

4.4 QCM measurements 

 

Before QCM measurements the surface morphology of the PET film needed to be 

known since this could affect the result. SEM was previously used in another study to 

determine the surface morphology of the PET film. In Figure 7 the surface 

characteristics obtained from SEM images depicting pure PET film is shown. The PET 

film is of the same type and concentration as the film used in the QCM measurements. 

It is shown that the surface is inhomogeneous and porous. Irregularities can be seen in 

all images with distinctly different fields displaying a rippled appearance. 
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Figure 7: SEM images of pure PET film. Prepared and captured by Linhong Xiao. 

 

As an additional measurement of the emission to water QCM measurements were done 

to determine the release of UV filter chemicals from PET to water. The QCM data is 

shown in Figure 8 as percentage of the original UV filter chemical content lost to 

water over time. Each point represents actual measured data over time. Since QCM is a 

real time measurement it collects data at each second. It is seen that UV-1988 has the 

fastest release and UV-327 the slowest. The complete curves for UV-1988 and Eto can 

be seen in Figure S3. 

 

 

 
Figure 8: QCM data for the release of UV filter chemicals into water in percent of original 
concentration. This is real time data recorded every second. 

 

QCM measurements were done for UV-328 as well, though the mass change was too 

low to register. Therefore, the result has not been included.  

 

6 repeated QCM measurements with another additive and polymer, namely triphenyl 

phosphate and polystyrene, had previously been performed by Linhong Xiao to assess 

the repeatability of the method. The measurements yielded a variation of ±2.3% 

indicating that the method has a high reliability. The repeated measurements and error 

bars can be seen in Figure S4. 
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4.5 How emission is affected by the physio-chemical properties of UV filter 

chemicals. 

 

The estimated total percentage of the original amount of UV filter chemical in the 

fabric released after 10 washes were compared to a number of physicochemical 

properties variables to assess how the emission is affected by the physiochemical 

properties of the UV filters. This is shown in Figure 9. Most did not show any direct 

connection. However, all UV filters except BP-6 have a decreased release with higher 

Log D value. A higher fractional hydrophobic van der Waals surface area and a higher 

number of aromatic bonds does also generally seem to yield a decreased release. The 

number of hydrogen bond donors for each compound cannot be said to have any 

obvious effect. 

 
 

 
Figure 9: Representation of how the emission is correlated to the distribution coefficient (Log D), 
fraction of hydrophobic van der Waals surface area, number of aromatic bonds and hydrogen bond 
donors. The y-axis is the estimated percentage of the original amount of UV filter chemical in the fabric 
released to water during all washes. 

 

As a complement to studying the effect on emission of separate variables a very simple 

PLS model seen in Figure S5 was constructed with the variables water solubility, Log 

D, fractional hydrophobic van der Waals surface area, number of aromatic bond and 

hydrogen bond donors. In this model the coefficient for water solubility was positively 

correlated with increased emission. The coefficients for Log D, fractional hydrophobic 

van der Waals surface area, number of aromatic bonds and hydrogen bond donors were 

instead negative resulting in a decreased emission. The response used was the 

combined normalized concentrations of wash one, five and ten. The model had 2 

significant components, an R2X of 0.88, an R2Y of 0.93 and a Q2 of 0.59. The 

RMSEE was 0.09.  

 

 

4.6 Risk assessment of target UV filter chemicals 

 

To assess the environmental risk calculated PNEC and PEC values were calculated to 

attain the risk quotient denoted RQ. The calculated PNEC, PEC and RQ values can be 
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seen in Table 3. All RQ values were <1 except for UV770 in scenario 2 which had a 

RQ of 11.53 and therefore considered as high risk. Only the compounds BP-6 and UV-

1988 had RQ values <0.1 for both scenarios and are thereby considered as of low risk, 

or even unlikely to pose risk in the case of BP-6. In scenario 1 all compounds have RQ 

values <0.01 and are considered as unlikely to pose risk except UV770 which is 

considered as medium risk. 
 
Table 3: Predicted no effect concentration (PNEC), predicted environmental concentration (PEC) and 
risk quotient (RQ) values calculated to assess the environmental risk. 

Compound PNEC 
(ng/L) 

PEC - Scenario 1 
(ng/L) 

PEC - Scenario 2 
(ng/L) 

RQ - 
Scenario 1 

RQ - 
Scenario 2 

UV-328 6 0.046 1.24 0.008 0.21 

UV-327 11 0.098 3.08 0.009 0.28 

Eto 312 2 62.3 0.006 0.20 

BP-6 1081 0.007 0.232 0.000 0.00 

UV-1988 27991 10.2 319 0.000 0.011 

UV770 6 2.22 69.2 0.370 11.53 

 
 
 
 

5. Discussion 

 

Identifying commonly used UV filter chemicals was proved extremely difficult due to 

the limited information regarding additives in clothes. The optimal scenario for 

assessing leakage of UV filter chemicals from clothes would be to use specific 

chemicals commonly used for that exact purpose. Also, to know the exact content in 

clothes and which specific chemical is used for each piece of textile. Due to the 

situation an alternative route was to use UV filter chemicals suited for polyester, 

assuming that it can be applied to polyester clothes as well. The 19 UV filters that 

could be identified using SpecialChem as chemicals compatible with polyester do in 

fact mainly belong to groups commonly used in textiles.   

 

As seen from Figure 1 the PCA constructed for the 19 UV filter chemicals of interest 

did not have any distinct grouping, though the UV filter groups tend to reside 

relatively close to each other. Based on the variables separating the x-axis in the PCA 

this suggests that the separation is likely due to differences in molecular size among 

the UV filters. This is supported by comparing the structures for compound BP-6 and 

UV-360 which are located far to the left and right along the x-axis respectively. BP-6 

has a visibly smaller size compared to UV-360 as seen in Table 2. The separation 

along the Y-axis should be due to differences in fractional positive and negative 

charge. The groups included were benzotriazoles, benzophenones, benzotriazole 

derivatives, cyanoacrylates and phenyl triazines. There was also a hindered amine and 

an ester which did not belong to a specific group. These UV filter groups could not be 

identified from the PCA alone since there was no strong separation between the 

groups. This is likely due to that even though the chemicals within the same group of 

UV filters have many structural similarities they still differ considerably from each 

other relative to the difference in-between UV filter groups. This could cause 

compounds in different UV filter groups to be located more closely in the PCA than 

chemicals from the same group. A higher number of UV filter chemicals could likely 

improve the PCA. However, adding a larger number of UV filter chemicals was not 

possible due to the limited number suited for the particular application. The idea was 



18 
 

to choose UV filter chemicals that had common features with other chemicals within 

the same group, but that were considerably different from each other.  

 

Since the 8 selected UV filter chemicals seen in Table 2 had rather different molecular 

structures and properties GC-MS did not work for all of them. This could be related to 

the high boiling point since the molecules need to be in the gas phase. If the GC-MS 

cannot reach these high temperatures it might cause a problem. It can also be due to 

the lack of columns suited for the particular chemical, if the chemical passes the 

column to fast it will not be registered, or it might adsorb to strongly to the stationary 

phase. Another possibility would be for the compounds to adsorb to other surfaces or 

degrade due to thermolability. BP-6 does commonly need silylation to work 

satisfactory with GC-MS since the silylation increases the volatility. That not even 

HPLC-MS worked with all compounds is likely due to their polarity and how they are 

ionized. Two UV filter chemicals were not possible to dissolve in either acetonitrile or 

methanol at low concentrations indicating that they are not very polar, and since a 

polar solvent is needed for HPLC-MS it was not possible to use this technique.  

 

For the washing experiments the UV filter chemicals needed to be added to the textile 

in a way which ensured homogeneity and not spot wise treatment. The buoyancy of the 

fabric made complete submergence challenging and fixation was needed. These 

practical problems were time consuming but necessary. The solids seen in the fabric at 

higher concentrations could possibly be recrystallization as the solvent is evaporated 

and the solution becomes increasingly more concentrated. However, the boiling point 

of ethyl acetate is rater high and the Erlene Meyer flasks were covered in aluminum 

foil and parafilm to prevent evaporation.    

 

Since a high temperature and pressure is normally required for adding UV filter 

chemicals to the fabric it is not possible to replicate the process in the lab without the 

correct machinery. It was reasoned that since ethyl acetate can diffuse into the PET 

fiber more easily and can dissolve all UV filter chemicals without addition of other 

compounds it would be a good candidate to use as solvent instead of water. Water was 

not used since the UV filter chemicals are not soluble in water to any large extent, 

therefore wetting agents and dispersants need to be added which would complicate the 

procedure tremendously. However, water causes more and faster swelling of the fibers 

(Siddiqui, 1981) and the swelling is important for the diffusion of UV filter molecules 

into the interior of the fiber. This was deemed important since it was reasoned that UV 

filter molecules on the surface would be more accessible to the surrounding water than 

UV filter molecules located inside the fiber, which in turn could affect the emission 

rate of the chemicals. The UV filter chemicals respond similarly to disperse dyes when 

applied to PET. Since disperse dyes diffuse very slowly inside the PET fiber at 

temperatures up to 98°C it is not possible to perform this process at low temperatures 

commercially (Burkinshaw, 2016). However, the consistency of this step is easier to 

control at room temperature when an additional heating step is not required. Since high 

reproducibility was considered more important than a fast procedure the time was 

increased to compensate for the lower temperature. 

 

For the following washing simulation the UV filters should first be added to the fabric 

at a reasonable concentration close to a real situation, and also at similar 

concentrations relative to each other. The increased concentration of UV filter 

chemical in the fabric when treated with a more concentrated solution can be seen in 

Figure 2. This almost linear increase suggests that UV filters are added to the fiber at a 

rate directly proportional to the concentration of treated solutions. Although UV-327 

displaced a slightly faster increase of concentration overall the result was rather similar 
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for UV-328 and Eto as well. Due to a limited amount of fabric different concentrations 

could not be tested for all UV filter chemicals. This pattern was therefore assumed to 

work for the other three UV filter chemicals BP-6, UV-1988 and UV770 as well. A 

concentration within the range used for UV-328, UV-327 and Eto was then selected 

but surprisingly the concentrations differed compared to these first three. This could be 

due to a number of factors. Ideally the GC-MS and HPLC-MS should provide the 

same result, however it is not unlikely that they differ slightly. The extraction methods 

do also differ slightly and could be contributing to the unexpected concentration 

difference. The interactions between the polymers and UV filter chemicals could likely 

also contribute to this result. Especially UV-1988 and UV-770 which attained the 

lowest concentrations in the fabric are more hydrophilic than the rest of the UV filters. 

This could decrease the migration rate inside the fiber and also cause a higher amount 

to diffuse back into the solvent.  

 

SEM was used to study the surface morphology for UV filter treated fabric to detect if 

large aggregates of UV filter chemicals could be detected. The reason for concern was 

due to the yellow hue obtain by the fabric after impregnation with BP-6. This can be 

seen in Figure S1. As can be seen from Figure 3 all fabric samples display small 

irregularities attached to the fibers, though this can be seen in the clean sample as well 

and therefore is likely not caused by the UV filter treatment. These structures are likely 

oligomers which migrate from the PET fiber and deposits on the surface (Burkinshaw, 

2016). Only considering the SEM images the UV filter chemicals seem to cover the 

fibers as a homogenous layer. The thickness of the layer can not be determined with 

this technique though and might affect the emission rate. This since the interactions 

will vary depending on if the molecules are in direct contact with the polymer or 

adsorbed as multiple molecular layers. 

 

For the washing experiments optimally all 10 washes in triplicates for all 6 UV filter 

chemicals should have been extracted to attain a complete curve. However, 

considering the vast amount of time and resources needed to gather all this data it was 

deemed reasonable to restrict the number of datapoints to replicates for the first, fifth 

and tenth wash to give a general picture of the emissions for each UV filter chemical. 

This can be seen in Figure 4. Since the desorption should solely be affected by the 

concentration of the additive in the fabric a rate following first order kinetics was 

assumed. The loss of additives fitted an exponential decrease fairly well considering 

the high relative standard deviations in the triplicates. The exception was UV770 were 

the concentration in the washing water is slightly exaggerated, but also UV-1988 

where most of the UV filter was lost during the first five washes. The remaining traces 

released after ten washes might be part of the chemical remaining inside the fiber and 

thereby not released as efficiently.     

 

The washing simulation was done at both 40°C and 60°C for UV-328 to assess the 

affect temperature has on the release. As expected, the washing at 60°C had the highest 

release. This is most likely due to chemicals being more soluble at higher temperatures 

and also able to diffuse faster. After addition of detergent the measured release 

increased with a very high amount. The estimated loss based on the kinetic model seen 

in Figure S2 is calculated to 108% of original amount in the fabric which is not 

theoretically possible but indicates that the entire original amount of UV filter in the 

fabric was lost. Since detergent contains tensides these molecules can surround the UV 

filter molecules and increase their solubility in water. Though this very high amount 

was not expected and could indicate that there is a difference between our experiments 

and real fabrics. This since UV-328 has been used as UV filter in fabric and would not 

be effective at all if completely lost during the washing. This specific trial involving 
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detergent might not be applicable on real situations. 

 

The estimated loss of different UV filters over time can be seen in Figure 6 where it is 

presented as percentage of the original amount in the fabric which is released to water. 

Since UV-1988, UV770 and Eto reaches a plateau within 10 washes this number of 

washes is deemed as sufficient. However more washes would be of interest for 

especially UV-327 and UV-328 to determine after how many washes the release 

reaches this plateau. If the work was repeated it would be reasonable to add 5 

additional washes for UV-327 and 10 additional washes for UV-328, resulting in 15 

and 20 washes for UV-327 and UV-328 respectively. This since the slope of UV-327 

has started to decrease while the slope for UV-328 remains rather constant during all 

washes. The release of BP-6 remain very low during all washes, thus adding additional 

washes would likely not yield any additional information.   

   

From the SEM images of the pure PET film as seen in Figure 7 it is shown that the 

film is not homogenous but instead has distinct shapes and patterns. These 

irregularities do cause an increased surface area and could thereby increase the release 

rate of the chemicals.  

 

Comparing the estimated release of UV filter chemicals seen in Figure 6 from the 

fabric to the QCM data seen in Figure 8 it is seen that the percentages of UV filter 

chemicals released relative to each other are the same. However, the exact percentage 

which is released do differ and this is expected. The QCM measurements are 

performed at room temperature while the washing experiments are done at mainly 60 

°C. Therefor an increased loss is expected for the washing. The supply of water does 

also differ. In the QCM measurements the PET film with UV filter chemicals is 

subjected to a steady flow of uncontaminated water. This is not the case during the 

washing experiments where a new portion of MQ water is added at regular intervals. 

The ratio between UV filter chemical and PET is also higher for QCM measurements 

than for the washing experiment, with 30% and ≤0.85% respectively. The higher ratio 

used for QCM was required, otherwise the frequency changes were too small to detect. 

The reason that frequency changes could not be detected for UV-328 is likely since it 

has the highest Log Kow and thus the water solubility is too low for enough additives to 

be released for detection by the QCM.    

 

As seen from the compared release to specific factors in Figure 9 the release rate of 

UV filters from the PET fabric is highly affected by the Log D value of the additive at 

pH 7. A higher Log D value generally results in a lower release. This can be seen for 

UV-1988 which has a release of 85% of original concentration over five washes and 

has a Log D value of 2.23 while UV-328 has a release of 1.4 % of original 

concentration over ten washes and a Log D of 7.86. The remaining compounds follow 

the same pattern except for BP-6. This trend is reasonable since the hydrophobicity 

will determine to what extent and rate the substance dissolves in water. Log D is more 

relevant than Log Kow in this scenario since UV770 has a pKa of 10.49 meaning it will 

be mainly in the cationic form at pH 7. However, the Log Kow, also called Log P, does 

only include the octanol water partitioning between neutral compounds. Comparing 

the rest of the compounds which are neutral at pH 7 it can be seen that Log P and Log 

D have the same value at a pH were the specific molecule do not have a charge. It is 

reasonable that the neutral form will not be dissolved in water to the same extent as the 

cationic form and thereby the calculated water solubility will be misguiding.  

 

The fraction of hydrophobic van der Waals surface area will affect the hydrophobicity 

and thereby also the water solubility. A higher fraction hydrophobic van der Waals 
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surface area generally corresponds to a lower release, except for BP-6. Number of 

aromatic bonds will affect the hydrophobicity of the compound but if there is not too 

much steric hindrance there could be orbital overlap between the polymer and additive 

(Burkinshaw, 2016). This could in turn decrease the release.  

 

When comparing these trends with the coefficients for the PLS model seen in Figure 

S5 the reasoning behind how properties correspond to the emission seem to match. 

From the coefficients of the model it can be seen that a higher water solubility is 

related to a higher release. The opposite can be seen for Log D, the fractional 

hydrophobic van der Waals surface area and the number of aromatic bonds. The H 

bond donor is also related to decreased release, this could indicate that the additives 

can form hydrogen bonds with the carboxyl group of the polymer and thereby not be 

released as easily. 

 

Unfortunately, all water solubility values that can be obtained for these molecules are 

predicted since there are no experimental values available for all of them. There are 

several different ways to calculate this value however in all of them there are 

calculated water solubility values for one chemical that is deemed unreasonable. The 

water solubility calculated in EpiSuite from fragments seem to greatly overestimate the 

water solubility of BP-6. The water solubility using this method is calculated as 7500 

mg/L for BP-6 which is roughly 10 times higher than for UV-1988 which has a 

calculated water solubility of 760 mg/L. Considering that UV-1988 had an estimated 

release to water at 85% of the original amount compared to BP-6 which had an 

estimated release to water at 0.06%, and that the release seem to be related to the 

solubility, this is not likely. The overestimation is likely due to BP-6 having two 

hydroxyl groups. Since the method is based on fragments these hydroxyl groups could 

have a high impact on the calculations resulting in the overestimation.  

 

When the water solubility is calculated based on Log Kow it is underestimated for 

UV770. The calculated water solubility is 0.027 mg/L and during the washing 

experiments concentrations as high as 16.7 mg/L were detected for this specific 

compound. This is likely due to UV770 existing mainly in a cationic form as 

mentioned before. The likely errors in water solubility could affect the model since the 

number of compounds is very small. However it could not be avoided without 

excluding the water solubility completely since no more accurate values for water 

solubility were available. 

 

From the observed vs predicted plot in Figure S5 B it can be seen that the prediction is 

not entirely reliable, however that is very difficult with such few substances. 

 

The deviation from the relationship between emission and the distribution coefficient, 

and between emission and fraction of hydrophobic van der Waals surface area, seen 

for BP-6 in Figure 9 during the washing could be due to errors during the analysis 

considering the very high relative standard deviation for the first and second wash. 

This deviation makes it more difficult to predict the emission as can be seen in Figure 

S5 B where BP-6 has a less accurate prediction than most of the other UV filter 

chemicals. It is also possible that since it has a relatively low water solubility and two 

hydrogen bond donors it could form hydrogen bonds with the polymer and be released 

more slowly than less water-soluble UV filters. It does also contain aromatic rings 

which could play a role through orbital overlapping, however the steric hindrance 

might be too high. Though it’s impossible to say with certainty due to the very small 

number of compounds. 
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The predicted environmental concentration based on release of UV filter chemicals 

from clothes in Europe was calculated to get a sense of how UV filter chemicals from 

clothes in particular affect the environment. This can be seen in table 3. Sources such 

as sun lotion will release a more concentrated amount directly into the water during 

bathing, but also through wastewater during showers. These releases do likely 

constitute the main part of concentrations measured in nature. Using these 

concentration does however not say if the release from clothes would have any effect 

on its own. 

 

From the RQ in scenario 1 the UV filter chemicals released from clothes alone does 

not seem likely to cause high enough environmental concentrations to have negative 

environmental effects, though it does contribute to the total release. Since UV filter 

chemicals are used in a variety of products the total release is expected to be much 

higher. There is however one UV filter chemical, namely UV770, that has a relatively 

high RQ of 0.370. This is considered as a medium risk to aquatic water organisms. 

Scenario 2 is rather different, but this is an extreme scenario. Here all UV filter 

chemicals except BP-6 and UV-1988 had RQ values regarded as moderate risk or even 

high risk as for UV770. It is also wise to consider that UV-327 and UV-328 are added 

to the candidate list containing substances of very high concern (SVHC) by ECHA 

seen in table 1. The reason for this is that they are considered very persistent and very 

bioaccumulative (vPvB). UV-327 does also fulfill the criteria for persistence, 

bioaccumulation and toxicity (PBT). This implies that these two chemicals are a cause 

of concern and likely should be avoided if possible. Only Eto does not have any hazard 

classification nor labelling, either for the environment or human health. However, it 

does have a predicted lower PNEC value than BP-6 and UV-1988 which both are 

classified as hazardous. Thus the lack of hazard classification and labelling for Eto by 

ECHA is likely not due to it being unproblematic, but instead simply due to that it has 

not been reported.  

 

When considering which UV filter chemicals would be the best option for both 

function and the environment both the release and toxicity needs to be taken into 

account. The two UV filter chemicals which had the lowest risk in the risk assessment 

were BP-6 and UV-1988. However, UV-1988 is lost rather immediately during 

washing and will therefore not fulfill its purpose as a UV filter. Assuming the result for 

BP-6 is accurate it would likely be the UV filter most suitable for this application. It 

also has one of the highest PNEC values meaning a higher amount of BP-6 could be 

released without causing any effect relative to many of the other UV filters. More trials 

should be done to prove or disregard this result. 

 

One need to consider that the emission rate in real samples could be affected by the 

large number of different chemicals normally present in polymeric materials. It is 

possible that complicated interactions not seen in these experiments have a significant 

impact on the emission process. Also, the fabric used is a very specific weave since it 

needed to be free from contaminants. Therefore, the properties might differ when 

compared to ordinary fabric.   
  

 

6. Conclusions and Outlook 

The release of 6 UV filters from polyester fabric during washing differed to a very 

large extent. This seem to be controlled mainly by the Log D and thereby the water 

solubility. However, it is possible that hydrogen bonds formed between additives and 
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polymer could slow down the release from the fibers. The risk assessment indicates 

that only UV770 has a moderate risk to cause negative effects to the environment 

when used in clothes. Assuming that the data is correct a good candidate for UV 

protection in clothes would be BP-6 due to its relatively higher PNEC value and its 

very low release over time. To maintain the protective effect towards UV radiation it is 

essential that the additive remains in the fabric.  

 

It is likely that UV protective clothing will become more common in the future. As 

people realizes the negative effects of UV filters in many sunscreens alternative 

options will be preferred. Unfortunately, the companies are not obliged to report 

additives in clothes to customers. It is therefore possible for customers to buy clothes 

containing the same UV filters they are trying to avoid. The positive outcome is that 

clothes can be used multiple times while sunscreen in creams is reapplied repeatedly. 

If a suitable UV filter chemical is used in clothes, the release could be limited. 
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Appendix 

Appendix 1 

 
Table S 1: Descriptors used to construct the PCA for all 19 UV filter chemicals. 

 

 

 

 

cas apol a_acc a_aro a_count a_don a_hyd balabanJ bpol b_1rotN

70321-86-7 76,238998 3 27 63 1 30 1,4095981 33,683002 5

2725-22-6 88,98893 4 12 77 1 29 1,3421317 48,809074 10

131-55-5 33,55793 5 12 28 4 12 1,970697 11,89007 2

3864-99-1 57,485031 3 15 49 1 21 1,7912761 28,636969 1

103597-45-1 113,70365 6 30 99 2 41 1,265274 58,62035 8

52829-07-9 90,694824 2 0 88 0 26 1,5012352 64,781181 11

7443-25-6 36,225101 3 6 32 0 11 2,4750628 22,968899 4

6197-30-4 62,947411 2 12 54 0 22 2,0079613 33,050591 9

131-53-3 35,849518 4 12 30 2 13 1,9495912 15,992484 3

3896-11-5 48,204273 3 15 40 1 18 1,715912 22,077726 1

2440-22-4 34,316723 3 15 28 1 13 1,6523414 14,005277 1

169198-72-5 49,327515 4 21 38 1 19 1,2614803 18,392485 3

147315-50-2 70,427414 5 24 59 1 24 1,3299472 35,39259 9

5232-99-5 44,385895 2 12 36 0 16 2,1216841 19,932104 4

131-54-4 39,745102 5 12 34 2 14 1,9321692 20,094898 4

3846-71-7 55,971825 3 15 49 1 20 1,7997782 29,310175 1

1843-05-6 56,702618 3 12 50 1 20 1,59972 31,297382 10

125304-04-3  71,439758 3 15 64 1 25 1,3248459 40,242245 12

25973-55-1  62,158997 3 15 55 1 22 1,828505 33,683002 5

cas b_1rotR b_ar b_count b_double b_single chi0 density diameter Kier1

70321-86-7 0,13157895 28 67 0 39 23,924074 0,68220949 12 25,641273

2725-22-6 0,24390244 12 80 6 62 27,070339 0,67207336 20 30,947056

131-55-5 0,10526316 12 29 1 16 13,284093 0,81115317 10 14,409972

3864-99-1 0,037037037 16 51 0 35 18,56855 0,72897369 10 19,753086

103597-45-1 0,14814815 32 104 0 72 35,517933 0,68598145 16 38,716049

52829-07-9 0,31428573 0 89 2 87 25,62311 0,65756828 19 30,225306

7443-25-6 0,22222222 6 32 3 23 13,543606 0,76222688 10 16,055555

6197-30-4 0,32142857 12 55 2 40 19,484917 0,66457587 13 23,280613

131-53-3 0,15789473 12 31 1 18 13,120955 0,75950247 10 14,409972

3896-11-5 0,041666668 16 42 0 26 16,06855 0,75613409 10 16,84375

2440-22-4 0,052631579 16 30 0 14 11,828063 0,74099755 8 12,055402

169198-72-5 0,10344828 22 41 1 18 18,095648 0,81874239 15 19,322235

147315-50-2 0,25714287 24 62 0 38 22,175152 0,69494635 17 25,103674

5232-99-5 0,18181819 12 37 2 22 15,07914 0,69791669 9 17,355371

131-54-4 0,19047619 12 35 1 22 14,698306 0,76896375 12 16,371881

3846-71-7 0,03846154 16 51 0 35 17,698307 0,68094397 9 18,781065

1843-05-6 0,40000001 12 51 1 38 17,20046 0,67435861 17 20,313601

125304-04-3  0,38709676 16 66 0 50 20,47648 0,65910715 19 23,658689

25973-55-1  0,17857143 16 57 0 41 19,11252 0,67098719 10 20,727041

cas Kier2 Kier3 KierFlex logP(o/w) logS mr PEOE_PC+ PEOE_PC- PEOE_RPC+

70321-86-7 10,400739 5,0863643 3,8822141 9,2860003 -8,4927702 13,779297 1,9831727 -1,9831727 0,10962951

2725-22-6 15,290816 8,75 6,9505939 8,9040003 -11,24052 15,506952 2,4758286 -2,4758286 0,077574685

131-55-5 5,9698215 3,3217993 2,3641376 2,2590001 -2,0098901 6,3111806 1,8812159 -1,8812159 0,11553214

3864-99-1 6,8664141 4,1352797 3,5606256 6,0650001 -6,97258 10,194703 1,4559669 -1,4559669 0,14932626

103597-45-1 14,67571 9,0395155 6,7351618 11,298 -13,60413 19,600906 2,9782865 -2,9782865 0,072999679

52829-07-9 12,497042 12,204536 9,9453278 6,6560001 -5,84268 13,854092 4,2065821 -2,2065818 0,082613826

7443-25-6 8,2268429 4,8979592 3,9627132 2,1340001 -2,7405701 6,6571498 1,7215723 -1,7215723 0,17390303

6197-30-4 13,265306 7,3955555 6,0494728 6,8140001 -7,2285099 11,222956 1,730988 -1,730988 0,1760805

131-53-3 6,43787 3,3217993 2,5494914 2,7939999 -2,7841699 6,7052984 1,630435 -1,630435 0,13330239

3896-11-5 6,1358657 3,4404707 2,8940537 4,8639998 -5,4269199 8,8574095 1,3249149 -1,3249149 0,16409665

2440-22-4 4,9382715 2,4197531 1,5080875 2,701 -2,9865 6,5598764 1,1850396 -1,1850396 0,1834558

169198-72-5 8,56633 4,54321 3,1943741 4,6269999 -5,36093 9,8397551 1,8405224 -1,8405224 0,16232844

147315-50-2 13,185255 7,25 5,3115067 6,4200001 -10,27025 12,892697 2,2314386 -2,2314386 0,097399436

5232-99-5 9,2091837 4,7333822 3,271693 4,0739999 -4,7640901 8,4351244 1,4171028 -1,4171028 0,21507026

131-54-4 7,3198571 3,8144045 3,2078364 2,7869999 -2,8345499 7,3342643 1,8563687 -1,8563687 0,11707852

3846-71-7 6,6222486 3,9077277 2,9284327 5,4359999 -6,2382898 9,6853485 1,4702021 -1,4702021 0,14788041

1843-05-6 11,583767 7,0387812 5,8856826 6,2690001 -6,2512002 9,8479872 1,7144699 -1,7144699 0,12676856

125304-04-3  12,7575 7,2772012 6,5440574 7,9289999 -8,8143902 12,163053 1,7867557 -1,7867557 0,12168077

25973-55-1  7,7879934 4,0775623 3,681339 6,3200002 -7,2687302 10,639934 1,5738838 -1,5738838 0,13813859

cas PEOE_RPC- PEOE_VSA_FHYDPEOE_VSA_FNEG PEOE_VSA_FPNEGPEOE_VSA_FPOL PEOE_VSA_FPOS PEOE_VSA_FPPOS PEOE_VSA_HYD PEOE_VSA_NEG

70321-86-7 0,18020105 0,96117032 0,66021943 0,016671235 0,038829692 0,33978057 0,022158457 447,83298 307,61255

2725-22-6 0,13917461 0,9485023 0,5236901 0,051497694 0,051497694 0,4763099 0 507,84387 280,39236

131-55-5 0,19123244 0,62922055 0,50985444 0,19259615 0,37077945 0,49014559 0,17818332 145,83142 118,1665

3864-99-1 0,24545784 0,95200801 0,62462914 0,020604987 0,047991965 0,37537083 0,027386976 358,88208 235,46883

103597-45-1 0,11999697 0,94884962 0,58834428 0,02196102 0,051150363 0,41165572 0,029189341 671,20996 416,19083

52829-07-9 0,15409161 0,83254993 0,40858984 0,056043159 0,16745006 0,59141016 0,11140689 477,47635 234,33066

7443-25-6 0,20208965 0,76527202 0,35954842 0,12694208 0,23472801 0,64045161 0,10778592 208,85849 98,128166

6197-30-4 0,17944776 0,92355311 0,57890546 0,039915081 0,076446891 0,42109454 0,03653181 371,84253 233,0799

131-53-3 0,22026208 0,78579211 0,48122305 0,12956306 0,21420786 0,51877695 0,084644794 191,687 117,39008

3896-11-5 0,26973695 0,94236219 0,63071752 0,024746364 0,057637826 0,36928251 0,03289146 295,7944 197,97346

2440-22-4 0,30180913 0,91623622 0,62249589 0,035963338 0,083763763 0,37750408 0,047800425 197,89325 134,44975

169198-72-5 0,19428064 0,84909952 0,60492146 0,073606171 0,1509005 0,39507854 0,077294335 274,99078 195,91087

147315-50-2 0,16090192 0,91315961 0,55409282 0,063023217 0,086840414 0,44590715 0,023817196 395,83237 240,1857

5232-99-5 0,21958373 0,89667398 0,60267383 0,053949423 0,103326 0,3973262 0,049376577 267,10495 179,52696

131-54-4 0,1934099 0,80172902 0,38974634 0,12350603 0,19827096 0,61025369 0,074764922 221,41905 107,63894

3846-71-7 0,24308121 0,9496603 0,60697383 0,021612979 0,050339721 0,39302617 0,028726744 341,30066 218,14178

1843-05-6 0,20941755 0,90364188 0,54390281 0,067237839 0,096358091 0,45609716 0,029120257 320,37338 192,83301

125304-04-3  0,2000239 0,95720673 0,56500113 0,01837297 0,042793278 0,43499887 0,024420306 404,67828 238,86551

25973-55-1  0,22706786 0,9540652 0,59804618 0,019721748 0,045934778 0,40195385 0,026213028 375,76483 235,5444
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Table S 2: CAS registry number for each compound in the PCA seen in figure 1. 

Number CAS registry number 

1 7443-25-6 

2 131-55-5 

3 131-53-3 

4 131-54-4 

cas PEOE_VSA_PNEG PEOE_VSA_POL PEOE_VSA_POS PEOE_VSA_PPOS radius rings SlogP SMR TPSA

70321-86-7 7,7675405 18,091713 158,31215 10,324173 7 5 6,7779002 13,76698 50,939999

2725-22-6 27,57272 27,57272 255,02423 0 10 4 7,3283801 15,66257 63,049999

131-55-5 44,637081 85,933769 113,59869 41,296692 5 2 1,74 6,2975702 97,989998

3864-99-1 7,7675405 18,091713 141,50497 10,324173 5 3 5,3744998 10,29398 50,939999

103597-45-1 15,535081 36,183426 291,20255 20,648346 8 6 9,5839701 19,80616 101,88

52829-07-9 32,141354 96,034401 339,18008 63,893051 10 2 3,7595999 13,53308 85,82

7443-25-6 34,645111 64,062111 174,79243 29,416998 5 1 1,4246 6,5002999 61,830002

6197-30-4 16,070677 30,779177 169,54179 14,708499 7 2 5,588974 10,7722 50,09

131-53-3 31,605757 52,254105 126,55102 20,648346 5 2 2,3374 6,6198101 66,760002

3896-11-5 7,7675405 18,091713 115,91265 10,324173 5 3 4,3854198 8,8976803 50,939999

2440-22-4 7,7675405 18,091713 81,535202 10,324173 4 3 2,43452 6,52668 50,939999

169198-72-5 23,838217 48,870888 127,9508 25,032671 8 4 3,9986999 9,6940298 77,239998

147315-50-2 27,319025 37,643196 193,28984 10,324173 9 4 6,5373001 12,74368 68,129997

5232-99-5 16,070677 30,779177 118,35717 14,708499 5 2 3,3924739 8,0089998 50,09

131-54-4 34,109512 54,757858 168,53796 20,648346 6 2 2,346 7,2750101 75,989998

3846-71-7 7,7675405 18,091713 141,25061 10,324173 5 3 4,7210999 9,7929802 50,939999

1843-05-6 23,838217 34,162392 161,70276 10,324173 9 2 5,3625002 9,6852303 46,529999

125304-04-3  7,7675405 18,091713 183,90446 10,324173 10 3 6,8978901 12,08148 50,939999

25973-55-1  7,7675405 18,091713 158,31215 10,324173 5 3 5,5012999 10,71638 50,939999

cas VAdjEq VAdjMa VDistEq VDistMa vdw_area vdw_vol vsa_acc vsa_don vsa_hyd

70321-86-7 0,34983629 6,2479277 3,421006 9,9363966 465,92468 656,07709 18,842079 0 407,96103

2725-22-6 0,31455502 6,3575521 4,0337739 10,190117 535,41663 758,39044 27,435829 5,6825762 430,14642

131-55-5 0,52150291 5,2479277 2,9884081 8,0451612 231,76518 303,54068 13,566921 0 133,10213

3864-99-1 0,42433795 5,7548876 3,1774209 9,0265903 376,97379 490,9436 18,842079 0 322,56912

103597-45-1 0,26468241 6,7548876 3,8365054 10,997635 707,39337 960,50848 37,684158 0 597,1604

52829-07-9 0,32963872 6,129283 4,1756649 9,8119535 573,51074 734,14429 27,133842 11,365152 441,88657

7443-25-6 0,50325835 5,1699252 3,1097176 8,0398846 272,92059 328,3143 29,637598 0 198,89336

6197-30-4 0,39086518 5,8073549 3,4717369 9,2398806 402,6217 543,93341 31,30941 0 313,237

131-53-3 0,52150291 5,2479277 3,0155134 8,0423031 243,9411 321,58682 16,070677 0 176,11053

3896-11-5 0,46637034 5,5849624 3,126837 8,6379137 313,88611 417,6561 18,842079 0 263,75223

2440-22-4 0,56150466 5,2479277 2,8548403 7,8789525 215,98495 303,98343 18,842079 0 170,83362

169198-72-5 0,42228913 5,8579812 3,6397896 9,0696878 323,86166 446,75345 32,409 0 247,21936

147315-50-2 0,3597711 6,129283 3,8149443 9,6975651 433,47556 612,32355 19,551485 0 343,754

5232-99-5 0,46827638 5,4594316 2,9413538 8,5405521 297,88412 397,35831 31,30941 0 218,38603

131-54-4 0,48464775 5,3923173 3,2085094 8,3367529 276,17691 356,6774 18,574432 0 204,41898

3846-71-7 0,43739632 5,7004399 3,0798519 8,91397 359,3924 474,98767 18,842079 0 304,27591

1843-05-6 0,42571631 5,643856 3,7980785 8,809248 354,53577 484,06885 16,070677 0 294,11996

125304-04-3  0,3796615 5,9541965 3,9906108 9,3627167 422,76999 597,13354 18,842079 0 360,53555

25973-55-1  0,41210872 5,8073549 3,1608357 9,1522322 393,85657 523,84607 18,842079 0 335,89291

cas vsa_other vsa_pol Weight weinerPath weinerPol zagreb b_double/b_count b_ar/b_count b_single/b_count

70321-86-7 1,0995896 32,409 447,582 3123 62 190 0 0,417910448 0

2725-22-6 42,030209 33,118404 509,694 5220 60 194 0 0,15 0

131-55-5 8,458519 67,834602 246,21799 599 28 92 0 0,413793103 0

3864-99-1 1,0995896 32,409 357,88498 1385 42 140 0 0,31372549 0

103597-45-1 2,1991792 64,818001 658,89099 8642 84 278 0 0,307692308 0

52829-07-9 34,424511 38,498993 482,75 4815 45 174 0 0 0

7443-25-6 34,424511 29,637598 250,25 649 25 82 0 0,1875 0

6197-30-4 37,511761 31,30941 361,48499 1914 39 126 0 0,218181818 0

131-53-3 8,458519 43,204517 244,24599 606 28 90 0 0,387096774 0

3896-11-5 1,0995896 32,409 315,80399 1001 36 122 0 0,380952381 0

2440-22-4 1,0995896 32,409 225,25099 499 25 92 0 0,533333333 0

169198-72-5 18,311846 45,975922 365,776 1847 40 140 0 0,536585366 0

147315-50-2 33,57169 33,118404 425,53198 3213 48 162 0 0,387096774 0

5232-99-5 37,511761 31,30941 277,323 878 31 100 0 0,324324324 0

131-54-4 8,458519 45,708275 274,272 833 32 100 0 0,342857143 0

3846-71-7 1,0995896 32,409 323,44 1225 40 134 0 0,31372549 0

1843-05-6 8,458519 29,637598 326,436 1697 32 112 0 0,235294118 0

125304-04-3  1,0995896 32,409 393,57498 2843 40 142 0 0,242424242 0

25973-55-1  1,0995896 32,409 351,49399 1519 46 142 0 0,280701754 0

cas a_aro/a_count a_don/a_count a_acc/a_count a_hyd/a_count nX nX/a_count rings/a_count a_nN

70321-86-7 0,428571429 0,015873016 0,047619048 0,476190476 0 0 0 3

2725-22-6 0,155844156 0,012987013 0,051948052 0,376623377 0 0 0 3

131-55-5 0,428571429 0,142857143 0,178571429 0,428571429 0 0 0 0

3864-99-1 0,306122449 0,020408163 0,06122449 0,428571429 1 0,020408163 0 3

103597-45-1 0,303030303 0,02020202 0,060606061 0,414141414 0 0 0 6

52829-07-9 0 0 0,022727273 0,295454545 0 0 0 2

7443-25-6 0,1875 0 0,09375 0,34375 0 0 0 0

6197-30-4 0,222222222 0 0,037037037 0,407407407 0 0 0 1

131-53-3 0,4 0,066666667 0,133333333 0,433333333 0 0 0 0

3896-11-5 0,375 0,025 0,075 0,45 1 0,025 0 3

2440-22-4 0,535714286 0,035714286 0,107142857 0,464285714 0 0 0 3

169198-72-5 0,552631579 0,026315789 0,105263158 0,5 1 0,026315789 0 3

147315-50-2 0,406779661 0,016949153 0,084745763 0,406779661 0 0 0 3

5232-99-5 0,333333333 0 0,055555556 0,444444444 0 0 0 1

131-54-4 0,352941176 0,058823529 0,147058824 0,411764706 0 0 0 0

3846-71-7 0,306122449 0,020408163 0,06122449 0,408163265 0 0 0 3

1843-05-6 0,24 0,02 0,06 0,4 0 0 0 0

125304-04-3  0,234375 0,015625 0,046875 0,390625 0 0 0 3

25973-55-1  0,272727273 0,018181818 0,054545455 0,4 0 0 0 3
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Appendix 2 

 
Figure S1: PET weave used. A: Untreated fabric B: Fabric treated with BP-6. 

As can be seen from Figure S1 the PET fabric treated with BP-6 attained a slightly 

yellow hue from the treatment. It is possible that this specific UV filter absorbs 

specific wavelengths of visible light, giving it a different color. 
 

Appendix 3 

 

 
Table S3: The equation for each line calculated in figure 4. 

Compound Equation for curve 

UV-328 y = 13,133e-0,063x 

UV-327 y = 44,959e-0,136x 

Eto y = 683,28e-0,372x 

BP-6 y = 0,9669e-0,194x 

UV-1988 y = 2809,1e-1,073x 

UV770 y = 2287,8e-0,924x 
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Figure S2: Left: Amount of UV filter released during washing for UV-328 with detergent. The dotted 
line is the fitted exponential curve with the exact equation Y=3119.3*e-0.324x. Right: Estimated loss of 
target UV filter chemicals to water as percentage of original concentration in fabric. The concentration 
per wash was calculated using the exponential curve. 

 

 

Appendix 4 

 

 
Figure S3: Full scale release curves of UV-327 and Eto from QCM measurements. 
 
 

 
Figure S4: A: Repeated QCM measurements of the release of Triphenyl phosphate from polystyrene 
films at 30 wt-%. Shown as the loss in percent from original concentration of Triphenyl phosphate from 
the polystyrene film. B: Mean release curve of Triphenyl phosphate calculated from the 6 measured 
curves in A. Error bars represent the standard deviation calculated after every 30 minutes.   
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 Appendix 5 

 

 
Figure S5: PLS constructed with target UV filter chemicals. A: Coefficients, B: observed vs predicted 
plot. 



 
 

 

 
 

 
 
 

 

 

 
 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 


