
Journal of Hazardous Materials 427 (2022) 128144

Available online 28 December 2021
0304-3894/© 2021 Elsevier B.V. All rights reserved.

Equilibrium leaching of selected ultraviolet stabilizers from plastic products 
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• Water solubilities and leaching of five 
UV stabilizers were assessed. 

• Flory-Huggins model explains the 
leaching equilibrium from 
microplastics. 

• Size disparity between solutes and 
polymer causes the nonideal behavior. 

• Polymer material type is also important 
in determining leaching equilibrium.  
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A B S T R A C T   

Despite the importance of (micro)plastics in the release of plastic additives, the leaching mechanism of organic 
plastic additives from various plastic materials is poorly understood. In this study, the equilibrium leaching of 
five highly hydrophobic ultraviolet (UV) stabilizers (UV326, UV327, UV328, UV329, and UV531) from three 
plastics (low-density polyethylene (LDPE), polyethylene terephthalate (PET), and polystyrene (PS)), was inves-
tigated employing acetonitrile-water cosolvent systems. Their extrapolated water solubilities were in the 
0.15–0.54 μg L− 1 range, limiting their transport as “dissolved” in water and (micro)plastics are likely those 
particulate carriers. The equilibrium leaching of UV stabilizers from plastics was better explained by the Flory- 
Huggins model incorporating the nonideal behavior caused by the size disparity between UV stabilizers and 
polymer materials and their compatibility. Specifically, leaching of UV stabilizers from LDPE showed a positive 
deviation from Raoult’s law, whereas slight negative deviations were observed in PET and PS. In addition, the 
equilibrium concentration of the benzotriazoles in LDPE increased linearly with the volume fraction up to only 
0.4%. These observations could be explained by the unfavorable interactions of UV stabilizers with polyethylene, 
indicating that polymer type should be also important when evaluating the fate of hydrophobic additives. 
Because equilibrium distribution of additives between (micro)plastics and water is crucial for evaluating the fate 

Abbreviations: ϕ, volume fraction; ω, mass fraction; δ, cosolvency power of ACN; ACN, acetonitrile; C0, concentration of the plastic phase; f, volume fraction of 
ACN; LDPE, low-density polyethylene; PDA, photodiode array; PDMS, polydimethylsiloxane; PE, polyethylene; PET, polyethylene terephthalate; PS, polystyrene; 
PVC, polyvinylchloride; SL, subcooled liquid solubility; Sm, leaching equilibrium concentration/solubility of the stabilizers in the ACN/water mixture; Sw, solubility of 
the stabilizers in pure water; UPLC, ultra-performance liquid chromatography; UV, ultraviolet; UV326, 2-(5-chloro-2 H-benzotriazol-2-yl)− 4-methyl-6-(2-methyl-2- 
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and transport of hydrophobic plastic additives, further studies on the leaching equilibrium of various additives 
from different plastic materials are necessary.   

1. Introduction 

Owing to the versatility of plastics (durability, flexibility, strength, 
lightweight, low production cost, and easy manufacture), they are 
employed in a wide range of applications, including packaging, con-
struction, electronics, agriculture, and households (Andrady, 2011; 
Thompson et al., 2009). The global production of plastics has increased 
significantly since the 1950s, and the inappropriate disposal of their 
wastes remains a serious source of environmental setbacks (Galloway 
et al., 2017; Geyer et al., 2017; Leal Filho et al., 2019; Ostle et al., 2019). 
Additives, such as flame retardants, plasticizers, UV stabilizers, and 
antioxidants, are essential components of plastic products, which are 
added to enhance their properties (Pfaendner, 2006). They are mostly 
not covalently bound to the polymer matrix and slowly leached from 
plastics. This indicates that plastic debris, including microplastics, can 
act as the mobile sources of those additives (Teuten et al., 2009). 
Although the leaching of phthalate plasticizers and brominated flame 
retardants have been extensively studied (Al-Odaini et al., 2015; Cheng 
et al., 2020; Fries et al., 2013; Jang et al., 2016; Kitahara and Nakata, 
2020), there are only a few studies on the other additives such as pho-
tostabilizers and antioxidants (Hermabessiere et al., 2017; Kwon et al., 
2017; Rani et al., 2017). 

Ultraviolet (UV) stabilizers are widely employed as active in-
gredients in sunscreen products, as well as additives in plastic materials, 
for many outdoor applications (García-Guerra et al., 2016; Kameda 
et al., 2011). Among them, benzotriazole and benzophenone UV stabi-
lizers persist significantly in the environment (Billingham et al., 1991; 
Jungclaus et al., 1978). They are highly hydrophobic (log Kow > 6.0) 
(Wick et al., 2016), and according to reports, they are potential endo-
crine disruptors (Montesdeoca-Esponda et al., 2013). UV stabilizers 
have been found in coastal environments (Apel et al., 2018; Kim et al., 
2011; Langford et al., 2015; Nakata et al., 2012), as well as house dust, 
human breast milk, and urine samples (Asimakopoulos et al., 2013; Kim 
et al., 2019; Lee et al., 2015; Maceira et al., 2019). Plastic products 
might account for the major sources of UV stabilizers (Rani et al., 2017), 
although their pathways into organisms and humans are largely un-
known. Leaching from plastic products and their environmental fate 
depends on their physicochemical properties, such as water solubility, 
diffusion coefficient, and partition constants between the media (Kwon 
et al., 2017). Thus, obtaining reliable values for these properties would 
further elucidate the fate and transport of these plastic-derived UV sta-
bilizers into the environment. 

Plastic particles could account for the mobile sources of plastic- 
associated additives; moreover, the driving force of the leaching of 
these additives could be the partitioning equilibrium between the plastic 
materials and the environmental media, such as water (Kwon et al., 
2017). The equilibrium concentration of plastic additives in the con-
tacting water phase containing plastics, including an additive, might be 
estimated from their concentrations in the plastic phase (C0) via Raoult’s 
or Henry’s law (Billingham et al., 1981; Little et al., 2012). Recently, the 
partial pressure (or activity) of phthalate plasticizers in the air was 
explained employing C0 via Henry’s law (Eichler et al., 2018; Liang and 
Xu, 2014a, 2014b; Little et al., 2012; Liu and Zhang, 2016; Xu and Little, 
2006). Good linear relationships were observed between C0, and the 
partial pressure of the phthalates in polyvinylchloride (PVC) materials 
was obtained at a weight concentration less than 13% (Liang and Xu, 
2014a; Little et al., 2012). Previous findings have indicated that the 
plasticizers in PVC do not behave as an ideal liquid mixture at low 
concentrations; thus, Raoult’s law cannot be applied for the polymer 
solutions (Eichler et al., 2018; Liang and Xu, 2014a, 2014b; Little et al., 
2012; Liu and Zhang, 2016; Xu and Little, 2006). Notably, previous 

studies have focused on the indoor emission of plasticizers that were 
added into PVC, which is a frequently utilized plastic material. Based on 
the abundance of (micro)plastics in the aquatic environment (Ostle 
et al., 2019; Thompson et al., 2009), polyethylene (PE), polyethylene 
terephthalate (PET), and polystyrene (PS) have been reported as the 
most frequently found plastics (Andrady, 2011; Geyer et al., 2017). 
However, the leaching mechanisms of UV stabilizers from these plastics 
into the aquatic environments are still unclear. Since diverse plastic 
materials are in use and found as microplastics, it is necessary to 
investigate the phase equilibrium of UV stabilizers in the different 
plastic and water systems. 

A mixture of UV stabilizers and a plastic polymer is generally 
referred to as nonaqueous phase liquids even though these compounds 
are viscoelastic solids in their pure forms at room temperature (Chiou 
and Manes, 1986). The water solubility of a UV stabilizer in a 
plastic-suspended solution is determined by its subcooled liquid solu-
bility (SL), which is a fundamental parameter for determining the rela-
tionship between the plastic and the contacting water phase employing 
Raoult’s law (Schwarzenbach et al., 2016). However, the determination 
of the concentration of the equilibrium leaching of the UV stabilizers in 
the water phase from their SL by assuming the ideal behavior in the 
plastic phase might not result in an acceptable estimation. According to 
the Flory–Huggins model, the UV stabilizers in the plastic phase would 
not behave as an ideal mixture because of the large size difference and 
incompatibility of the UV stabilizer with the entangled polymer mole-
cules (Chiou and Manes, 1986; Hiemenz and Lodge, 2007; Prausnitz 
et al., 1998). Therefore, the relationship between UV stabilizers and 
different plastics must be explored to obtain a plausible explanation for 
the equilibrium leaching of the plastic additives into the aquatic envi-
ronment and consequently evaluate their distributions between the 
plastic and adjacent water phases of the UV stabilizers. 

This study is aimed at investigating the equilibrium leaching of five 
highly hydrophobic UV stabilizers, 2-(5-chloro-2 H-benzotriazol-2-yl)−
4-methyl-6-(2-methyl-2-propanyl)phenol (UV326), 2,4-di-tert-butyl-6- 
(5-chloro-2 H-benzotriazol-2-yl)phenol (UV327), 2-(2 H-benzotriazol-2- 
yl)− 4,6-bis(2-methyl-2butanyl)phenol (UV328), 2-(2 H-benzotriazol-2- 
yl)− 4-(1,1,3,3-tetramethylbutyl)phenol (UV329), and (2-hydroxy-4- 
octoxyphenyl)phenylmethanone (UV531), from microplastic fibers into 
acetonitrile (ACN)/water cosolvent solutions. The solubilities of the UV 
stabilizers in the ACN/water mixtures were determined via a series of 
passive dosing experiments at 25 ◦C, and the water solubilities were 
extrapolated employing the log-linear model of the cosolvent systems. 
The equilibrium relationships between the leaching concentrations of 
the UV stabilizers in the ACN/water (4:6, v/v) mixture (Sm) and their 
volume fractions in low-density PE (LDPE), PET, and PS were observed. 
The theoretical predictions were applied employing Raoult’s law, Hen-
ry’s law, and the Flory–Huggins model to explain the partitioning of the 
UV stabilizers. 

2. Materials and methods 

2.1. Chemicals 

Four benzotriazoles UV 326 (>98%), UV 327 (>98%), UV 328 
(>98%), and UV 329 (>98%), as well as a benzophenone-type photo-
stabilizer, UV 531 (>98%), were obtained from Sigma-Aldrich (St. 
Louis, MO, USA); their chemical structures, as well as estimated log Kow 
values and melting temperatures, are presented in Table S1 (Supple-
mentary Material). A silicone elastomer (Sylgard 184 A) and a curing 
agent (Sylgard 194B) were purchased from Sewang Hitech (Kimpo, 
Korea). All the organic solvents employed in this study were of 
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analytical grade. 
Commercial pristine pellets of LDPE (LUTENE® LB5000, density =

0.918 g cm− 3) and PS (G20HRE, density = 1.05 g cm− 3) were purchased 
from LG Chem Ltd. (Seoul, Republic of Korea), and those of PET (COOL, 
density = 1.4 g cm− 3) were purchased from Lotte Chemical Corp. (Seoul, 
Republic of Korea). To clean the LDPE and PET plastic pellets, they were 
submerged in n-hexane for 24 h. However, methanol was selected to 
clean the PS pristine pellets via the same procedure. The cleaned pellets 
were collected, dried at ambient temperature, and stored in an amber 
glass bottle until use. 

2.2. Solubilities of the UV stabilizers in the ACN/water cosolvent 
solutions 

The experimental solubilities of the five UV stabilizers were 
measured via the passive dosing method employing ACN/water mix-
tures (the volume fraction of ACN was between 0.2 and 0.9) (Kwon and 
Kwon, 2012; Li and Yalkowsky, 1998b). A sufficient amount of the 
crystals of the UV stabilizers was transferred into a 20-mL glass vial, 
after which 0.2 g of another liquid mixture comprising a poly-
dimethylsiloxane (PDMS) elastomer and the curing agent at a mass ratio 
of 10:1 was added. The vials were placed in a shaking incubator for 24 h 
at 25 ◦C and 80 rpm to achieve the complete solidification of silicone. 
The surfaces of the solidified silicone were rinsed with 5 mL of methanol, 
after which they were rinsed three times with 10 mL of deionized water 
to remove any crystal at the surface of the silicone and the walls of the 
vial. After washing, the remaining liquids at the surfaces were cleaned 
with a lint-free tissue, followed by the addition of a solution of ACN/-
water (10 mL). After gentle agitation in the shaking incubator at 25 ◦C 
and 80 rpm, sample aliquots of the solution (100 μL) were acquired at 
desired time intervals and mixed with 100 μL of ACN to ensure the 
dissolutions of all the test chemicals in the solution. The concentrations 
of the solutes were measured directly via ultra-performance liquid 
chromatography (UPLC) with a photodiode array (PDA) detector sys-
tem, which is described later. The log-linear cosolvency model (Li and 
Yalkowsky, 1998a, 1998b; Yalkowsky and Roseman, 1981) was applied 
to predict the water solubility of the UV stabilizers, as follows: 

logSm = logSw + δf , (1)  

where Sm is the solubility of the stabilizers in the ACN/water mixture 
with a volume fraction of ACN (f), Sw is their solubility in pure water, 
and δ is the cosolvency power of ACN. 

For a crystal UV stabilizer in a polymer solution, the water solubility 
at equilibrium was determined via the solubilities of the UV stabilizer in 
the amorphous phase or “liquid-like” form (SL) (Van Leeuwen and 
Vermeire, 2007), which can be extrapolated according to Eq. (2): 

SL = Swexp
[

ΔSf

R

(
Tm

T
− 1

)]

, (2)  

where T is the temperature (K), Tm is the melting temperature (K) of the 
UV stabilizers, ΔSf is the fusion entropy (assumed to be 
56.5 J mol− 1K− 1) (Yalkowsky, 1979) of the UV stabilizers, and R is the 
universal gas constant (8.3145 J mol− 1K− 1). 

2.3. Production of the plastic fibers containing the UV stabilizers 

Plastic fibers containing the desired mass fractions of the UV stabi-
lizers were produced employing a benchtop extruder (LME, Dynisco 
Inc., Franklin, MA, USA). The cleaned pristine pellets were placed inside 
the hopper (maintained at 170, 260, and 270 ◦C for LDPE, PET, and PS, 
respectively) of the extruder containing the desired mass fractions (ω) of 
the UV stabilizers (0.1%, 0.2%, 0.5%, 1.0%, and 2.0%, w/w). After the 
first extrusion, the fibers were crushed and placed inside the extruder 
two more times to obtain the homogeneous mixing of the additives in 
the plastic fibers. ω of the additive (i) in the polymer (j) was converted 

into the volume fraction (ϕ) by Eq. (3) (Table S2, Supplementary 
Material): 

ϕ =
(ω × mfiber)

/
ρi

(ω × mfiber)
/

ρi + ((1 − ω) × mfiber)
/

ρj

, (3)  

where mfiber (g) is the mass of the plastic fiber containing the UV stabi-
lizers and ρi and ρj (g/cm3) are the densities of i and j, respectively. 

2.4. Leaching of the UV stabilizers from the plastic fibers 

Leaching of the UV stabilizers from the semi-crystalline (LDPE and 
PET) and amorphous (PS) thermoplastic fibers containing 0.1–2% (w/ 
w). The batch equilibrium leaching experiments were conducted to 
determine the concentrations of the UV stabilizers that leached in the 
ACN/water mixture (4:6, v/v) due to experimental difficulties in 
determining precise concentration of them in water. For reliable mea-
surements and proof-of-principle, the ACN/water cosolvent system was 
chosen despite its limitations. In each 20-mL glass vial, 20–30 mg of the 
plastic fibers was equilibrated with 10 mL of the ACN/water solution. 
The vial was gently shaken at 100 rpm and 25 ◦C in darkness. Sample 
aliquots (200 μL) were removed at the desired time points (10, 24, 48, 
72, 96, and 120 h), and the concentrations of the UV stabilizers were 
measured with the UPLC–PDA instrument. 

2.5. Theoretical equilibrium-leaching relationship 

The relationship between C0 and Sm could be explained via Raoult’s 
or Henry’s law. The relationship can be explained by Raoult’s law if the 
UV stabilizers and polymer form an ideal mixture (Schwarzenbach et al., 
2016). Since it is challenging to define the mole fractions (x) of the 
additives in plastics (Eichler et al., 2018; Robeson, 2007), the volume, 
which they occupy, is generally used to evaluate their thermodynamic 
behaviors (i.e., entropy effects) in the plastic phase (Chiou and Manes, 
1986; Hiemenz and Lodge, 2007; Prausnitz et al., 1998). 

Sm = SLγx ≈ SLϕ, (4)  

where Sm is the solubility of the UV stabilizers in the ACN/water mixture 
(4:6, v/v) and γ is the activity coefficient (assumed to be unity). Raoult’s 
law for ideal solutions predicts that the slope of Sm/SL and ϕ is constantly 
unity. 

The partitioning of the UV stabilizers between the plastic phase and 
solution can also be described by Henry’s law employing the partition 
constant for a dilute solution (Schwarzenbach et al., 2016): 

Sm = Kϕ, (5)  

where K is the partition constant of the UV stabilizer between the solvent 
mixture and plastic phase. 

The Flory–Huggins model, which is described in detail in the Sup-
plementary Material, can better explain the behavior of the selected UV 
stabilizers in the polymer (Billingham et al., 1981; Hiemenz and Lodge, 
2007; Prausnitz et al., 1998). Briefly, the solubility of the solid additives 
in the polymer is predicted by assuming that the negative free energy 
(ΔGm) of the mixing of the subcooled liquid additive with the polymer is 
equal to the positive free energy (ΔGf ) of the fusion of the additive at the 
same temperature (Billingham et al., 1981). The free energy of fusion, 
ΔGf , of a crystalline solid can be expressed, as follows: 

ΔGf = ΔHf − TΔSf , (6)  

where ΔHf and ΔSf are the enthalpy and entropy of the fusion, respec-
tively, and T is the absolute temperature. Here, ΔSf = ΔHf/Tm (Tm is the 
melting temperature of the crystalline additive). 

Considering that the molar volume of the polymer (V2) is much 
higher than that of the additive (V1) (V2 >> V1), the Flory–Huggins 
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theory can be employed to calculate the solubility of the solid additive at 
T in the polymer solution, as follows: 

− lnϕ1 =
ΔHf

RT

(

1 −
T
Tm

)

+

(

1 −
V1

V2

)

ϕ2 + χϕ2
2, (7)  

where V1, ϕ1and V2, ϕ2 are the molar volumes and volume fraction of 
the additive and polymer, respectively, and χ is the Flory–Huggins 
interaction parameter. The first term on the right-hand side of Eq. (7) 
shows the temperature dependence of the solubility of the additive in 
the polymer matrix. The second term reflects the geometric entropy of 
mixing, and the third term represents the nonideality of the solution due 
to the compatibility of the combination of the additive and polymer 
(Billingham et al., 1981). 

2.6. Instrumental analyses 

The concentrations of the UV stabilizers were analyzed using a Water 
Acquity™ UPLC system that was coupled with a PDA detector. The UV 
stabilizers were separated on a C18 column (2.1 mm × 50 mm, 1.7 µm, 
Water) at 35 ◦C. The mobile phase comprised 95% ACN and 5% water in 
an isocratic mode (flow rate = 0.20 mL min− 1). The optimal wave-
lengths for the detections were 221 (UV326), 204 (UV327 and UV328), 
218 (UV329), and 287 nm (UV531). 

2.7. Quality assurance and quality control 

A procedural blank was included in each batch experiment. The 
blank analyses were conducted via the same procedure as that for the 
actual samples. Detection limits in the µg L− 1 range were obtained for 
UV326 (20 µg L− 1), UV327 (10 µg L− 1), UV328 (10 µg L− 1), UV329 
(50 µg L− 1), and UV531 (50 µg L− 1) at a signal-to-noise ratio of 3:1 
(Waters, 2016), respectively. No analyte was detected above the MDLs 
in each blank. To ensure that the plastic fibers contained the desired ω of 
the UV stabilizers, the LDPE fibers were serially extracted with ACN. 

This preliminary experiment revealed that ≥ 80% of the extractable 
additives was extracted in the first extraction, and almost negligible 
amounts were extracted during the third extraction (Table S3, Supple-
mentary Material). Thus, three serial extractions were considered suf-
ficient to extract all the additives from the plastic fibers. 

3. Results and discussion 

3.1. Solubilities of the UV stabilizers in the ACN/water cosolvent 
solutions and extrapolation to aqueous solubility 

Fig. 1 shows the relationship between the logarithmic concentration 
of the UV stabilizers in the cosolvent solution (log Sm) and the f of ACN. 
Since the concentration was lower than the detection limits, log Sm was 
measured at f ≥ 0.2. The solubility of the UV stabilizers increased with 
the increasing f. The time-course changes in the concentration of the UV 
stabilizers at different f values of the ACN/water mixture are shown in 
Fig. S1. The logarithmic solubilities of all the UV stabilizers in the ACN/ 
water mixture generally increased linearly in the 0.2 ≤ f ≤ 0.5 range but 
deviated from the linear relationship between log Sm and f at higher ACN 
values of f (Fig. 1). The coefficients of determination (R2) ranged from 
0.969 to 0.998 with the standard errors of 0.066 – 0.336. The signifi-
cance F values of the regression and the p values for slopes and intercepts 
were all less than 0.05, showing good linearity. The details of the linear 
regression are presented in Table S4 (Supplementary Material). The 
deviation from the log-linear relationship at a higher cosolvent f has also 
been reported in the literature, and the decreased hydrogen-bonding 
capability of the water molecules could account for the phenomena 
(Rubino and Obeng, 1991). Interestingly, UV326 and UV327 containing 
substituted chlorine, which acted as a hydrogen-bonding acceptor, on 
the benzene ring exhibited a more distinct tendency than those without 
chlorine substitution (UV328 and UV329). 

The water solubilities of the UV stabilizers, which were obtained by 
extrapolation using Eq. (1), are listed in Table 1. Assuming that the 

Fig. 1. Relationships between log Sm in the ACN/water mixture and f of (a) UV326, (b) UV327, (c) UV328, (d) UV329, and (e) UV531. The solid lines represent the 
interpolation within the ϕ range of 0.2–0.5 using Eq. (1); the dashed lines are employed to estimate Sw via the extrapolation to σ = 0. 
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solvent composition at the solute–solvent interface was the same as that 
of the bulk solution, the log-linear model might cause uncertainties in 
the estimation of the water solubility when the experimental data were 
obtained at f > > 0. Nonetheless, the extrapolation still availed a 
reasonable estimation for the highly hydrophobic chemicals, such as the 
UV stabilizers, whose concentrations in pure water were below the 
measurement limit, as in this study. 

Uncertainties in the extrapolated Sw values were obtained from the 
standard error of the intercept in Fig. 1. Relatively large errors were 
resulted after the antilogarithmic conversion of the mantissa of the 
intercept derived from the log-linear model. Despite the large deviation 
of the extrapolated values, the experimental Sw values in this study were 
slightly lower than those reported by the European Chemical Agency for 
the registration of the substances employing the generator column 
method; they were much lower than those estimated employing the 

EPISuite software (Table 1). Similar observations were also reported 
previously (de Maagd et al., 1998; Kwon and Kwon, 2012). As reported 
in the literature, the high initial concentration in water, as measured by 
the generator column, could be attributed to the detachment of the 
coated crystals at the surface of an inert support material, e.g., glass 
beads. However, the concentration decreased via the recirculation of 
water through the column, where the detached crystals were most likely 
stored. However, the passive dosing in which an excess amount of the 
solid chemicals is loaded onto silicone, induced an initial increase in the 
aqueous concentration, followed by a plateau. Therefore, this method 
reduces the risk of crystal detachment from the column by avoiding the 
direct contact of the crystals with water and by forming microemulsions. 
Additionally, owing to the low accuracy of predicting the Sw of highly 
hydrophobic chemicals, experimental data are highly recommended 
(Hanson et al., 2019; Mannhold et al., 2009). To evaluate the solubility 

Table 1 
Measured and estimated Sw and SL values of the five UV stabilizers.  

Chemicals Water Solubility Sw (μg L− 1) Subcooled liquid solubility SL (μg L− 1)e 

In water In the ACN/water mixture (4:6, v/v)d (Sm) In this study 

Experimental data Estimated data 

In this studya Column elution methodb EPISuitec In water In the ACN/water mixture (4:6, v/v) 

UV326 0.54 ( ± 0.36) 4 683 1770 ( ± 50) 8.3 27,300 
UV327 0.15 ( ± 0.04) – 26.3 1090 ( ± 60) 3.0 21,700 
UV328 0.17 ( ± 0.07) < 1 14.8 2070 ( ± 140) 0.65 7900 
UV329 0.17 ( ± 0.22) 2 168 12,700 ( ± 300) 1.1 78,600 
UV531 0.23 ( ± 0.12) < 1 36.9 18,700 ( ± 1900) 0.39 31,600  

a Values are extrapolated from Eq. (1). Errors were calculated from the regression errors of the intercept. 
b Values from the experimental data that were submitted to the European Chemical Agency in the REACH registration dossiers(ECHA, 2017). 
c Estimated values from the EPISuite version 4.11(EPA, 2012). 
d Mean ± standard deviation. After reaching equilibrium, all samples were employed to calculate the mean and standard deviation values. The mean values were 

calculated from the experimental values at designated time points (from the starting equilibrium time) with triplicate measurements for each experiment. 
e Values were extrapolated from Eq. (2). 

Fig. 2. Partitioning between the normalized concentration of the contacting ACN/water mixture (Sm/SL) and ϕ of (a) UV326, (b) UV327, (c) UV328, (d) UV329, and 
(e) UV531 in the plastic fibers. The dashed line represents the ideal solution obeying Raoult’s law. The yellow, green, and blue solid lines exhibit the linear rela-
tionship between the concentration of the UV stabilizers in LDPE, PET, and PS and the adjacent ACN/water mixture (4:6, v/v), respectively. 
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of the UV stabilizers in the plastic phase, the SL of the UV stabilizers were 
also obtained from Eq. (2) and listed in Table 1. 

3.2. Equilibrium leaching of the UV stabilizers between the plastic fibers 
and ACN/water mixture 

The equilibrium leaching concentration (Sm) of the five UV stabi-
lizers from LDPE, PET, and PS into the ACN/water mixture (4:6, v/v) 
was measured via the batch equilibrium experiments. Generally, Sm 
increased with the increasing ϕ, and the experimental equilibrium 
leaching concentrations of the five UV stabilizers were achieved after 24 
(for LDPE) and 72 h (for PET and PS (Figs. S2–S4, Supplementary 
Material). 

The solubilities of the five UV stabilizers from the LDPE, PET, and PS 
fibers in the ACN/water (4:6, v/v) mixture at different ϕ were observed 
(Fig. 2, S5, and S6, Supplementary Material). The changes in the solu-
bilities were observed with the increasing ϕ. The difference between the 
ω and ϕ results was small, as reported in the literature (Eichler et al., 
2018). The dashed lines in Fig. 2 denote the ideal solubility of the UV 
stabilizers in the ACN/water (4:6) solution according to Raoult’s law 
(Eq. (4)), and the solid lines represent the linear increase in the activity 
(Sm/SL) with the increasing ϕ according to Henry’s law. The experi-
mental results show that the slopes in Fig. 2, i.e., the activity coefficients 
of the UV stabilizers in the plastics, were far from unity, indicating that 
Raoult’s law could not be applied to the quantitative estimations of their 
leaching from the plastics. The linear relationship between Sm/SL and ϕ 
allowed us to obtain the activity coefficients or partition constants be-
tween the plastic phase and the contacting ACN/water mixture. 

Raoult’s law accounts for the behaviors of small molecules with 
similar sizes and not for the polymer with a long chain, which generally 
exhibits an accepted molecular weight in the 103–107 gmol− 1 range that 
is much higher than those of the UV stabilizers (Cowie and Arrighi, 
2007). Therefore, the degree of polymerization, r (=V2/V1), of a 
monomer is generally a large number, and the entropy of the mixing 
from the polymer, as shown in the second term on the right-hand side of 
Eq. (7), is small even in the athermal solution (Hiemenz and Lodge, 
2007). The nonideal entropy of the mixing caused the deviation from the 
ideal line, as shown in Fig. 2. 

A significantly positive deviation from Raoult’s law could be 
observed in LDPE, whereas a slightly negative deviation from the ideal 
solution was observed in PET and PS (except for UV531 in PET) (Fig. 2 
and S6, Supplementary Material). In the ideal solution obeying Raoult’s 
law, the sizes of the components are comparable, and the intermolecular 
interactions between the similar and dissimilar molecules are expectedly 
equal (Chiou and Manes, 1986). The latter implies that there was no 
change in the total enthalpy of the system (ΔHmix= 0). However, the 
enthalpy of the mixing in real polymeric systems cannot be ignored (Eq. 
(7)) (Hiemenz and Lodge, 2007). The Flory–Huggins interaction 
parameter (χ) between the UV stabilizers and polymer molecules rep-
resenting the enthalpy of mixing could explain the differences (Prausnitz 
et al., 1998). A quantitative expression of χ (Table 2) is directly related 
to the difference between the solubility parameters, δ, of the UV 

stabilizers (δUV) and polymers (δP) [χ ∼ (δUV − δP)
2] (Fried, 2014), 

which is presented in detail in the Supplementary Material. At ambient 
temperature, the mixing is generally not favorable in the plastic phase 
owing to the net repulsive intermolecular forces between the additives 
and LDPE (except UV 531 containing long linear alkyl chain, and thus 
having the lowest δ), and the χ1 values are large, indicating the low 
solubilities of the UV stabilizers in LDPE (Table 2). The linear increase in 
Sm up to the highest ϕ was investigated, and only slightly negative de-
viation from Raoult’s law was observed for the UV stabilizers in PET and 
PS because the stabilizers were much more compatible with PET and PS 
than LDPE, resulting in smaller χ2 and χ3 values (Table 2 and Fig. 2). 
Specific π-π interactions and H-bondings between the UV stabilizers and 
PET or PS could explain the higher compatibility. Similar tendencies 
were observed in previous studies (Billingham et al., 1991; Földes, 1998; 
Lazare and Billingham, 2001). The deviation from the ideal behavior 
also depends on the differences in the molecular weights (Holcik et al., 
1976; Prausnitz et al., 1998). Although the molar masses of the five UV 
stabilizers were only slightly different, a trend therein could be observed 
(Fig. S7, Supplementary Material). For example, larger Sm values were 
observed for the small-molecular-weight UV stabilizers in LDPE, PET, 
and PS. 

The solubility increased linearly with the increasing ϕ in the lower 
range (up to ~0.5%), whereas the linear relationship was terminated at 
higher ϕ (>0.5%) for the four benzotriazoles in the LDPE polymer so-
lutions (Fig. 2). This trend was also observed in previous studies (Durmis 
et al., 1975; Spatafore and Pearson, 1991). One possible explanation is 
that the UV stabilizers could form a glassy state at high ϕ before PE is 
completely cooled at room temperature during the manufacturing pro-
cesses (Spatafore and Pearson, 1991). Blooming may occur with the 
precipitation of benzotriazoles on the surface of the polymer, and the 
formation of crystals is a common phenomenon involving moderately 
high-molecular-weight additives. The solubility of the UV stabilizers in a 
polymer depends on the concentration of the additives, which is relative 
to their saturation solubility. Thus, the solubility of the UV stabilizers in 
LDPE might be much lesser than the actual mass of the additives in the 
polymer, indicating that the estimation of the release kinetics of these 
hydrophobic additives via their water solubilities could overestimate 
their leaching from (micro)plastics. The loss of the additives from LDPE 
depends on the contacting solution and the phase separation at the 
surface of the polymer (Billingham, 1989). The UV stabilizers (<1% 
(w/w)) must be added into polyolefin as the LDPE during the manu-
facture of LDPE products with them (Billingham et al., 1981; Malik et al., 
1995; Spatafore and Pearson, 1991). 

Regarding the benzophenone compound (UV531), a linear rela-
tionship was observed between Sm/SL and ϕ in the entire ϕ range of all 
the three types of plastic fibers (Fig. 2(e)). This can be explained by the 
effect of the structure of the additives on the solubility of the polymer. 
UV531 contains a benzophenone group, and the long alkyl chain espe-
cially increases the compatibility between the UV531 molecules and the 
LDPE, PET, and PS polymer molecules, as reflected by the lower value of 
χ (Table 2) (Billingham et al., 1981; Holcik et al., 1976). 

Notably, the solubilities of the UV stabilizers were restricted in the 

Table 2 
Solubility parameters of the UV stabilizers and plastics, and the interaction parameter between the additives and plastic polymers.   

Additives Plastic 

UV326 UV327 UV328 UV329 UV531 LDPE PET PS 

δ(Jcm− 3)
1/2  26.46a 24.72a 22.77a 23.24a 21.31a 16.2b 21.9b 18.4b 

χ1
c  11.62 9.69 6.19 6.42 3.51 – – – 

χ2
d  2.30 1.06 0.11 0.23 0.048 – – – 

χ3
e  7.17 5.33 2.74 3.03 1.14 – – – 

aThe solubility parameters of the UV stabilizers were calculated via the group contribution method employing Fedor’s data (Fedors, 1974) 
bThe data from Prausnitz et al. (1998) 
c,d,eThe Flory–Huggins interaction parameters between the UV stabilizers and LDPE, PET, and PS, respectively, were calculated by Eq. (S14) (Supplementary Material) 
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amorphous phase of the polymer because the UV stabilizers were 
generally excluded from the crystalline phase (Prausnitz et al., 1998). 
Therefore, the solubilities of the additives were affected by the degree of 
crystallinity of the polymer. Below the melting temperature, LDPE and 
PET are in the semicrystalline phase, whereas PS is in the amorphous 
phase; the glass transition temperature of LDPE (− 125 ◦C) is signifi-
cantly lower than those of PET (69 ◦C) and PS (100 ◦C) (Fried, 2014). 
Accordingly, the amorphous region of LDPE, which exhibits a large free 
volume at ambient temperature, is rubbery state, while the amorphous 
regions of PET and PS with small free volumes are glassy-states (Stevens, 
1990; Young and Lovell, 2011). Therefore, the leaching of the additives 
from LDPE at room temperature would reach equilibrium faster than in 
PET and PS employing the UV stabilizers because of the fast diffusion of 
the additive molecules through the large free volume; however, the ki-
netics of the leaching process should be further studied. 

3.3. Implications for the environmental fate of hydrophobic UV stabilizers 

This study estimated the equilibrium leaching of highly hydrophobic 
UV stabilizers from three representative plastic materials. The obtained 
results revealed that the water solubilities of these UV stabilizers were 
very low, indicating that they might not be readily transported as “dis-
solved” in water. Thus, an understanding of the role of their leaching 
from plastic products could elucidate the sources of UV stabilizers in 
environmental samples since UV stabilizers are not only included in 
liquid coatings, such as cosmetics. Microplastics might contain their 
additives, and the relatively high concentrations of UV stabilizers in 
sediment samples might be due to these particulate carriers. Notably, 
the presence of UV stabilizers in marine sediments far from their pro-
duction facilities was reported in Japan, China, South Korea and the 
United States (Cantwell et al., 2015; Jeon et al., 2006; Nakata et al., 
2012; Zhang et al., 2011). 1 H-benzotriazole was also found at high 
concentration in the sediment samples despite its high aqueous solubi-
lity (Cantwell et al., 2015). It warrants further studies on the roles of 
microplastics carrying those additives to the sediment. In addition, it has 
been proposed that microplastics might be associated with biofilms, thus 
favoring gravitational settling into sediments (Tarafdar et al., 2021). 
The potential transport of a hydrophobic additive, hex-
abromocyclododecane, in expanded polystyrene buoys into the coastal 
sediment has been proposed (Kim et al., 2021), and the similar transport 
processes of hydrophobic UV stabilizers into the coastal sediments 
would explain their high concentrations in the sediment samples (Apel 
et al., 2018; Langford et al., 2015). 

When the tracing of the concentration of plastic additives from 
plastics in water is challenging, the partition constants or activity co-
efficients could be applied with known concentrations of the additives in 
plastic. Furthermore, this study reveals that the equilibrium leaching 
concentration (Sm) of the UV stabilizers, as obtained via Henry’s con-
stants, is smaller than their water solubilities. Therefore, by simply 
applying their water solubilities, the degree of leaching of UV stabilizers 
might be overestimated. The equilibrium concentration of the additives 
in plastic and their adjacent water is crucial to assess their exposure, 
thereby allowing the prediction of the release of plastic additives into 
the aquatic environment. Where the information for estimating the 
leaching mass of plastic additives that are chemically similar to the UV 
stabilizers (chemical structures in Table S1, Supplementary Material) is 
lacking, the partition constants in this study could be referenced. 
However, the solubility of an additive in a polymer depends on its 
intrinsic properties, as well as the interaction between the additive and 
the plastic. Therefore, the specific relationship between additives and 
plastics must be further investigated to gain detailed insights. 

It is well-known that environmental factors such as salinity, tem-
perature, and dissolved organic matters influence solubilities of hydro-
phobic organic chemicals (Schwarzenbach et al., 2016). Further studies 
on the effects of environmental factors are necessary especially to 
evaluate the behavior of hydrophobic additives in marine environment 

with lower temperature and higher salinity. In addition, the phase 
equilibrium between (micro)plastics and water is not likely attained 
under most environmental conditions. Thus, equilibrium relations could 
be more important to evaluate the leaching kinetics of hydrophobic 
additives from (micro)plastics rather than predicting equilibrium dis-
tribution. Moreover, leaching of these additives into aquatic environ-
ment could be affected by other dynamic processes such as 
photodegradation and biodegradation of microplastics (Gewert et al., 
2015). Further studies on effects of those dynamic changes on the 
equilibrium and leaching kinetics are needed. 

4. Conclusions 

Leaching of hydrophobic additives from plastic products is driven by 
the phase equilibrium between plastic materials and water. In this study, 
water solubilities of five highly hydrophobic UV stabilizers were 
determined and their equilibrium leaching from three representative 
plastic materials (i.e., PE, PS, and PET) was evaluated. The phase 
equilibrium between plastic materials and water was better explained by 
the Flory–Huggins model incorporating the nonideal behavior caused by 
the size disparity between UV stabilizers and polymer materials and 
their compatibility. Furthermore, it was found that the specific in-
teractions between polymer chain and additives are important to explain 
the deviations from Raoult’ law assuming an ideal mixture of plastic and 
hydrophobic additives. Although only limited combinations of plastic 
materials and hydrophobic additives were evaluated in this study, the 
results warrant further investigations on specific interactions between 
additives and polymer segments to extend our understanding of the fate 
of hydrophobic additives originated from plastic products. 
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