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Section S1: Quality Control / Quality Assurance

Desorption efficiencies of the PDMS-coated stir-bars were evaluated by performing a
carryover test. Desorbed stir-bars were desorbed a second time after purging the TD-
GC-MS system via a blank run with empty thermal desorption (TD) tubes. Desorption
efficiencies were calculated as the peak areas of the respective PAH signal from the
first desorption divided by the peak areas of the first and second desorption multiplied
with 100. For Anth and B[a]P as well as their respective internal standards, the
obtained desorption efficiencies were > 99%. DB[a,l]P and DB[a,i]P yielded similar

desorption efficiency in the range of 85-90%.

To minimize variability and cross-contamination, the TD-GC-MS system was always
cleaned by running pre-conditioned empty TD tubes in between every sample. The
optimized TDU method utilized for the purging was 720°C/min; held for 5 min. The cold
injection system (CIS) was operated in split mode at a high flow of 700 mL/min and a
split ratio of 700:1 and held for 5 min at 320°C. The transfer temperature from TDU to
CIS was 350°C. The GC oven was operated at a temperature of 60°C for 0.5 min;

heated to 300°C at 40°C/min; and then to 320°C at 35°C/min and held for 5 min.
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The PDMS-coated magnetic stir-bars were conditioned for re-use by drenching them
in acetonitrile overnight or methylene chloride/methanol (50:50, v/v) for 2 h. Afterwards,
the stir-bars were removed from the solvent and baked out under nitrogen flow (100
mL/min) at 300°C for at least 2 h in a TDU conditioner from Gerstel. Used TD glass
tubes were also heated out alongside the stir-bars to recondition them for re-use. After
the TDU conditioner was turned off, the stir-bars and TD glass tubes were allowed to
cool to at least 50°C, and stored inside a clean beaker that was covered with aluminum

foil before further use.

Glass vials utilized for incubation were prepared for re-use by washing them in a
dishwasher, followed by rinsing with milli-Q water and heating out in an oven at 150°C

for 30 mins.
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102 Figure S1. Examples of TD-GC-MS calibration curves for PAHs: (a) Anth, (b) B[a]P and (c) DBJ[a,l]P.
103  The limit of detection (LOD) was estimated with the MassHunter software as the concentration
104  corresponding to 3 x signal to noise ratio. The limit of quantification (LOQ) was calculated as 3xLOD.
105 The mean LOD (n=6) for Anth, B[a]P and DB[a,l]P was 0.5, 0.8 and 1.2 ng, respectively.

106
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Table S1: Physical-chemical

properties of polymers investigated in this study.

Name Variants Size Distribution (um) Tm (°C) BETSA T, (°C) Crystallinit Density Supplier
Dx10 Dx50 Dx90
~ECH2—CH2} LDpE 215 | 962 | 2155 | 3800 | 104 | 543 27 |semicrystaline| 0917 |BASFSE
n
LDPE_84 19.1 844 188,0 104 0,326 -27 Semicrystalline| 0.917 BASF SE
LDPE
PE_0.6 03 06 | 19 | na na. | 8o 120" |Semicrystaline | 0.95 - 0.98 |PAST SE
H y ester_arom 142,0 254,0 418,0 169 0,027 40 Amorphous 112 BASF SE
O N._.N_ O i
\lRH‘\“’ Rz,z'\ﬂ/ ]\n ester_alip 143,0 262,0 | 440,0 159 0035 50 Amorphous 12 BASF SE
0 0
ether_arom | 1280 | 2460 | 4130 169 | gp39 37 |Amorphous -1.1p |BASFSE
TPUs ether_alip 152,0 267,0 4420 159 0,033 10 Amorphous 12 BASF SE
melt_arom 272,0 864,0 |1560,0 52 na. 49 Amorphous 112-1.2 BASF SE
o o PU_foam 33,1 92,8 2110 n.a. 1,183 n.a. Amorphous 1-1.2 |BASFSE
R Jk R J-L ’/] Amorphous
/F NH o 0" "N \ arom_1C 82,8 200,0 354,0 n.a. 0,145 na. (cross-linked) ~12 BASF SE
Amorphous
PUs arom_2C | 772 | 2010 | 3680 | na. 0,159 31 | osedinked) | ~12 |PASFSE
0
{ Il 23 6,9 135 | 220 1,850 53 1-1.2 |BASF SE
CHZ_Q_NH Ct|> PA-6_7 Semicrystalline
n
PA-6 13,7 42,2 75,3 220 1-1.2 |BASFSE
PA-6_42 0,366 53 Semicrystalline
o)
CH —)—NH—g
2h PA-12_44 344 443 57,0 177 0,726 38 n.a. na. BASF SE
n
PA-12
CH;
[CHz,_,_ w;l PMMA 0.3 | 0,3 03 04 | >160 | 15000 | 44,105° na. ~1 |BASFsE
c'f ?
o o PMMA 6 22 62 | 116 | >160 | 1,619 | 44 105° na. ~1 |BASFSE
CHs  pmmA
E{CHZ—CHzc—CHQEl—
Q Natural Rubber CH n
S 3 Tire Rubber | 61,7 130,0 | 233,0 n.a. 0,298 -60 °C 1,19 [BASFSE
x -
> -(—CHZ—CH—CH—CHZ—)-
E Polybutadiene n

Data from suppliers unless otherwise stated.
b Chemical Retrieval on the Web (CROW), 2021, polymerdatabase.com.
Tm = Melting pointtemperature. T, = Glass transition temperature. BETS.A= Brunauer—Emmett-Teller surface area.

n.a.=not available




117 Table S2: Experimental conditions for the sorption isotherm experiments of PAHs and MNPs. A

118  volume of 240 mL water was used for all sorption experiments.

. Isotherm Rep.licate
Isotherm experiments Conc.range Mass of Incubation . per isotherm
(ng/L)  MNPs (mg) time(h) PO ooint
LDPE 215 + 3-PAH Mix 0 - 2500 5,0 104 7 3
PA-6_42 + 3-PAH Mix 0 - 3000 25 72 7 3
LDPE_215+DBJ[a,L]P 0 - 2000 5,0 110 7 2
PA-6_42 + DB[a,L]P 0 - 2000 2,5 62 7 2
TPU_ester arom + DB[a,L]P 0 - 2000 5,0 100 7 3
LDPE_215 + ANT 0 - 2000 5,0 62 7 3
PA-6 42 + ANT 0 - 3000 2,5 15 7 3
TPU_ester_arom + ANT 0 - 3000 10,0 34 5 3
LDPE_215 +B[a]P 0-3750 5,0 108 7 2
PA-6_42 +B[a]P 0-3750 2,5 36 7 3
TPU ester arom + B[a]P 0 - 4000 5,0 64 7 3
TPU_ester_alip + B[a]P 0 - 4000 5,0 66 7 3
TPU_ether_arom + B[a]P 0 - 4000 5,0 117 7 3
TPU_ether_alip + B[a]P 0 - 4000 5,0 66 6 2
TPU_melt_arom + B[a] P 0 -4000 5,0 106 6 2
PU foam + B[a] P 0-3750 5,0 108 7 3
PU_arom_1C +B[a]P 0-3750 5,0 92 7 3
PMMA 0.3 + B[a]P 0-3750 8,0 92,5 7 3
PMMA 6 + B[a]P 0-3750 8,0 955 7 3
PU_arom_2C +B[a]P 0-3750 10,0 88 7 3
Tire Rubber + B[a] P 0 - 4500 3,0 72 6 3
PA-6_7 +B[a]P 0-3750 25 70 7 2
PA-12 44 +B[a]P 0 - 4000 5,0 86 6 3
LDPE_84 +BJa]P 0- 3750 5,0 72 5 2
PE_0.6 +B[a]P 0 - 5000 4,0 72 6 2
Tire Rubber_1000h aged + B[a]P 0 - 5000 5,0 76 6 2
PA-6_42_1000h aged + B[a]P 0 - 5000 3,0 68 6 2
LDPE_215_1000h aged + B[a]P 0 - 5000 5,0 96 6 2
Tire Rubber_2000h aged + B[a]P 0 - 5000 5,0 68 5 3
PA-6_42_2000h aged + B[a]P 0 - 5000 3,0 72 5 3
119 LDPE_215_2000h aged + B[a]P 0 - 5000 5,0 76 5 3
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Section S2: Determination of sorption kinetics and partition coefficients of

PAHSs for polydimethylsiloxane and water (Krpms/w)

Prior to the kinetics experiments, the stability and recovery of the PAHs were
determined via control experiments in 6 replicates. 1 ug/L PAHs were incubated in 240
mL water (without MNPs and PDMS) for 48 h, extracted and quantified following the
conditions described below. Average recoveries of 95-120% for Anth, 80-130% for

B[a]P and 64-67% for DB[a,l]P were obtained.

In order to obtain Kepmsw, the equilibrium time for the sorption of the PAHs onto the
PDMS passive samplers was determined via kinetics experiments. For all experiments,
PDMS-coated stir-bars of 24 uL PDMS phase volume were incubated in 240 mL water
spiked with 1 pg/L of target PAHs. Multipoint stirring plates operating at 600 rotations
per minute (rpm) were used for all incubations inside a temperature-controlled
chamber which was operated at 21°C. The sorption kinetics of Anth and B[a]P were
evaluated in duplicate. At specified time intervals, replicate vials were withdrawn from
the stirring plate, the PDMS-coated stir-bars inside the vials were removed with clean
tweezers and wiped gently on a lint-free tissue. 100 ng of the respective internal
standard (Anth-dio for Anth, B[a]P-di2 for B[a]P) were spiked on the surface of the
PDMS-coated stir-bars, which were held with tweezers until the solvent was fully
evaporated. The loaded stir bars were inserted inside pre-conditioned empty TD glass
tubes, which were subsequently capped with transport adapters. The amount of PAHs
sorbed to the passive samplers at each time point were quantified via TD-GC-MS as

described in the method section of the manuscript.
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As shown in Figure S2a, the experimentally determined sorption kinetics of the PAHs

were fitted to the first-order one-compartment model using Equation S1 [
Crpms(t) = Cywpo % (1 — ekt Equation S1,
2

where ki and k2 are the uptake and release rate constants, respectively. Cppms(t)
(ug/kg) and Cw,o (Mg/L) are the sorbed analyte concentration at time t and the initial

analyte concentration in the aqueous phase, respectively.

Using the release rate constants k. from the above equation, the time required to reach
90% of equilibrium teo can be estimated by In (10/kz) 2. This resulted in tgo values of
32 and 76 h for Anth and B[a]P, respectively. Notably, the obtained equilibrium times
are similar to the findings of Prieto et al. ¥ who utilized similar PDMS-coated stir-bars.
Thus, the values of Kppmsw for Anth and B[a]P were determined after 66 and 136 h of

incubation respectively, which were beyond the tgo equilibration time.

With knowledge of the equilibration time, Kepms/w of the PAHs were determined for five
concentration levels. Each concentration level was evaluated in duplicate. PDMS-
coated stir-bars of 24 uL PDMS-phase volume were utilized for all Kppms/w €Xperiments.
The samples were stirred on a stirring plate inside an incubation chamber until too was
reached. Experiments were conducted at concentrations below the solubility limit of the
respective PAHs but sufficiently high to quantify the aqueous phase concentration at
too (4. For Anth (water solubility: 44 pg/L) ® %, Kepmsiw Was determined at different initial
concentrations up to 1750 ng/L in 240 mL water. Regarding the more hydrophobic
B[a]P (water solubility: 2—4 pg/L) ™ ) initial concentrations up to 1700 ng/L in 3.5 L
water were used. This ensured that up to two-thirds of the total amount of B[a]P in the
system remained in the aqueous phase after 136 h of incubation, which was well

beyond tgo. The concentration of PAHs that partitioned to the PDMS phase (Cppwms)
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were quantified via TD-GC-MS whereas the PAH concentration remaining in the
aqueous phase (Cy) was determined via a stir-bar sorptive extraction (SBSE) process
378 Therefore, 100 ng of the respective internal standard was spike into the solution,
which was subsequently extracted with a PDMS-coated stir-bar (126 yL PDMS phase
volume) for 48 h. Following SBSE, the PAH-load on the PDMS-coated stir-bar was

analyzed via TD-GC-MS.

Mass balance for the super-hydrophobic DB[a,l]P could not be achieved. This is
presumably due to its extremely low water solubility, which can cause losses of analyte
through precipitation and/or adsorption of significant fractions to surfaces. The log of
Kepmsw Was calculated using a linear relation of log Kepmsw and the logarithmic
octanol/water partition coefficient log Kow derived for super-hydrophobic (log Kow > 4)

pollutants according to Equation S2 [

Mass balance of Anth and B[a]P were successfully evaluated across the investigated
concentration ranges by comparing the sum of PAHs extracted from the aqueous and
PDMS phases with the initial amount of PAHs. This revealed a good recovery of 102
+10% and 92 + 12% for Anth and B[a]P, respectively. Kepmsw (L/kg) for Anth and B[a]P
was subsequently calculated as the ratio of PAH concentrations partitioned onto the

PDMS-coated stir-bar and water (Equation S3):

CppMms

- Equation S3,

KPDMS/W =

where Cppums (Mg/kg) and Cyw (ug/L) are the concentrations of PAHs in the PDMS and

water phases, respectively.

As shown in Figure S2b, the values for Kepusw for Anth and B[a]P were 11421 + 2255

L/kg and 141244 + 37444 L/kg respectively; or 4.05 £ 0.09, and 5.13 £ 0.10 in log scale
10
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for Anth and B[a]P, respectively. The PDMS-water partition coefficients determined
herein for Anth and B[a]P were consistent with previous values as reviewed by

DiFilippo et al 19,

It is noteworthy that to qualify as a third-phase polymer, it is favorable that sorption of
POPs (PAHS) to the polymer, in this case the PDMS coating of the stir bar, occurs via
‘true-partitioning’ ** 2. True partitioning is often confirmed by (1) microscopy 2, (2)
by a linear relationship between the partition coefficient Kithird-phase/water Of the POP
bewteen the third-phase polymer and water and Kow ¥, (3) by sorption kinetics
following a first-order one-compartment model and (4) by linear sorption isotherms

over a wide concentration range 11,

Mayer et al. 12 have demonstrated PAH partitioning into PDMS coatings. Notably, an
important reason for adopting PDMS as a third-phase polymer in this study is the wide
linear range of the dependency of Kepomsw on Ko for POPs (with a slope close to unity
stretching up to log Kow = 7.51 ™)), which compares favorably to other third-phase
polymers such as polyoxymethylene (POM) Y, The log Kow of PAHSs studied herein
ranged from 4.45 to 7.71. Furthermore, the linearity of the sorption isotherms for
partitioning to PDMS (Figure S2b) as well as a good fit of the first-order one-
compartment model to the partitioning kinetics data (Figure S2a), together with the
above-mentioned points informed our choice of PDMS as passive sampler in this

study.

11
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Figure S2: [a] First-order one-compartment model fit of experimental data (n =2, mean + SD) of
PDMS sorption kinetics and [b] sorption isotherms and corresponding patrtition coefficients (derived

from the slopes of linear regressions) of PAHs and PDMS in water.

Section S3: Determination of kinetics of PAH sorption on MNPs in water.

The parameters of pseudo-first and -second order models are shown in Table S3. As
indicated, both models were compared utilizing their respective coefficients of
determination (R?) and the chi-square errors (x?) to evaluate their performance. For
the three PAHSs, R? of the pseudo-second order fittings were generally slightly better
than for the pseudo-first order model (Table S3). However, a two-tailed student t-test
analysis (p < 0.05) of the calculated Cunp,t from both models as well as their goodness
of fit values (R?, x?) indicated no significant difference. Also, the initial adsorption rates
h which are equal to kyge? show that the sorption of the PAHs onto the MNPs are

relatively high in the beginning.

For B[a]P, pivot kinetics experiments were performed for three MNPs: PA-6, LDPE and
Tire Rubber that were aged under UV-exposure for 1000 h, as well as variants of (T)PU
MNPs. As shown in Figure S3, equilibrium was verified by a comparison of B[a]P
adsorption onto the MNPs in the near-equilibrium region of the sorption processes
using a fixed concentration of 1 pg/L. Equilibrium verification was indirectly obtained

via a comparison of the PAH concentrations of the resulting aqueous phases following

12



233  the separation of MNPs via filtration after incubation at two time intervals within the
234 equilibrium region. There were no significant differences for various different MNPs,

235  suggesting that sorption equilibrium has been reached.

236 Table S3: Parameters of pseudo-first and pseudo-second order kinetics models.

Adsorbate Adsorbent Pseudo-first order Pseudo-second order
k()  ge(uglg) R X(M9l9) ky(gug'h?) hgg'hh) R x*(uglo)
PA-6_42um 0,281 10,0 0,929 211 0,048 5,51 0,950 1,39
< LDPE_215um 0,096 17,0 0,973 1,30 0,006 2,34 0,973 0,94
c
< TPU_ester_arom 0,092 13,8 0,981 0,31 0,005 1,56 0,963 0,63
PA-6_42um 0,178 250 0,920 5,98 0,009 6,57 0,893 8,06
LDPE_215um 0,079 183 0,983 0,54 0,004 1,98 0,986 0,93
%- PMMA_6pum 0,076 9,4 0,961 1,00 0,009 1,03 0,976 0,60
m Tire Rubber 0,098 35,01 0,988 1,50 0,003 4,92 0,977 3,81
PU _arom_1C 0,145 11,59 0,985 0,77 0,015 25 0,992 0,35
TPU_ester_arom 0,114 4258 0,965 5,56 0,003 7,44 0,982 2,82
% PA-6_42um 0,135 19,24 0,933 4,29 0,011 4,70 0,944 3,12
% LDPE_215um 0,272 38,85 0,936 8,91 0,018 34,86 0,998 0,09
237 a TPU ester arom 0,211 8,22 0945 0,54 0,037 2,93 0,960 0,34
238
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240 Figure S3: Verification of B[a]P sorption equilibrium for selected MNP variants (LDPE_215 1000h, PA-
241 6_42 1000h and Tire Rubber_1000h MNPs were compared at 72 and 100 h, TPU_ether_alip and
242 TPU_ether_arom MNPs were both evaluated at 62 and 106 h, TPU_melt_arom and PU_foam MNPs
243  were assessed at 108 and 132 h, bars represent the average of duplicate measurement at the specified
244 time intervals, error bars indicate +SD).

245
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Section S4: Sorption Isotherms and Model Fittings.

In order to obtain some mechanistic insight into the sorption of PAHs onto MNPs,
sorption isotherms were evaluated by applying eight different isotherm models (Figure
S4). In addition to the parameter of the models, R? and x? were utilized to compare the
models. R? values close to 1 and low values of x?indicate good fits. The parameters
and error functions of the isotherm model fittings of B[a]P sorption to PA-6_42 MNPs

are exemplified in Table S4.

If the isotherm is linear across the tested concentration range, it typically fits to the
Henry model %, a one-parameter model which describes the sorption behavior of the
sorbent at low concentration of the sorbate (Equation S4). Ky (L/kg) is the Henry

isotherm constant.

Cunp = KyCy, Equation S4.

The Dubinin-Radushkevich (Dub-Rad) model [*4 which assumes a pore filling sorption
mechanism with a Gaussian energy distribution onto heterogonous surfaces is
commonly applied to distinguish between chemisorption and physisorption using its
mean free energy E which is equal to 1/vV(2K,4) . Kad (Mol?/ kJ?) is the isotherm constant
while € and gs (1g/g) are the Dub-Rad constant and the theoretical maximum sorption

capacity, respectively (Equation S5).

The calculated mean free energy values for the sorption of PAHs to MNPs in water
from this study range from 41-75 kJ/mol. A number of studies 15" investigating
sorption isotherms of pollutants have suggested that mean free energy values > 8

kJ/mol imply that sorption involves partitioning into the bulk. Consequently, we
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conclude that partitioning is significantly contributing to the sorption of PAHs to MNPs

studied herein.

Cunp = qs * (e Kaa*e™) Equation S5.

Unlike other models, the Tempkin model contains a factor which describes
sorbent/sorbate interactions bt (Equation S6). It assumes that the heat of adsorption
of moleules decreases linearly rather than logarithmically with an increase in surface
coverage 8. However, it ignores extremely low and large concentration values (see

Figure S4). At (L/kg) is the Tempkin adsorption constant.

Cuynp = ?*lnATCW Equation S6.
T

The Freundlich model includes possible heterogeneities between the adsorption sites
at the adsorbent surface 9. Kg (L/kg) and n are the Freundlich isotherm coefficient

and exponent respectively (Equation S7).

Cynp = K xC\,"n Equation S7.

The Brunauer-Emmett-Teller (BET) model (Equation S8) theoretically describes
multilayer adsorption systems in the gas phase 2> 21, put it has also been modified
and widely applied for liquid-solid adsorptions Y. Ks (L/ug) is the isotherm constant
which corresponds to a. (L/pg) for a single layer adsorption. gm (1g/g) is the monolayer
adsorption capacity while K, (L/pg) is the equilibrium constant for adsorption at upper

layers. The poor fit of this model to our isotherms suggest monolayer adsorption.
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KsxC,,
(1-K*Cy,)) (1—K*Cy,+Ks+Cw)

Cune = 9m Equation S8.

Sips (Equation S9) and Redlich-Peterson (Red-Pet, Equation S10) models are 3-
parameter empirical models. The former aims to circumvent the limitation of the
Freundlich isotherm, according to which the concentration of the adsorbate increases
infinitely for surfaces with finite adsorption sites. The latter is widely used as a
compromise between Langmuir and Freundlich systems. The goodness of fit
parameters for both models were better than those for the two-parameter models. This
is unsurprising because both models contain three adjustable parameters. However,
the parameters obtained from these models were inconsistent with those obtained from
the Freundlich and Langmuir models. This is probably due to the additional errors
induced by additional parameterization of the models. Kr (L/kg) and Ksi, (L/kg) are the
Red-Pet and Sips isotherm constants, respectively. n is the dimensionless exponent
while ar (L/pug) and a. (L/pg) are constants related to the activation energy for Red-

Pet and Sips, respectively.

. n
C _ KsipC .
MNP 1+ag €y, Equation S9,
c _ KgC _
MNP~ 1+ ag C, Equation S10.

The Langmuir model describes monolayer adsorption. It assumes that adsorption can
only occur at a finite number of definite localized sites and is characterized by a plateau
— an equilibrium saturation point, where once a molecule occupies a site, no further

adsorption can occur 2, It is most commonly used to quantify and contrast different
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326

bio-sorbents 9, From all tested 2-parameter models, the Langmuir model resulted in
the best fitting across the tested concentration ranges and thus was chosen to compare
the adsorption of PAHSs to all investigated MNPs (Table 2). K. (L/kg) is the Langmuir
adsorption coefficient and equals a. *gmax. aL (L/Kg) is the Langmuir isotherm constant
which is related to the free energy of adsorption 2%, while qmax (Lg/kg) is the theoretical
maximum monolayer adsorption capacity (Equation S11). In addition to the Langmuir
parameters, the Langmuir equilibrium factor R. = 1/ (1+ a. qo) ¥ was utilized to

compare the adsorption isotherms. Here, ai is the Langmuir constant (L/mg), and qo is

the initial concentration of adsorbent (mg/L).

K; *C .
Cynp = ——2— Equation S11.
1+ ap*Cy,
— 1e+5 5 3e+5
2 Anth (a) £ (b)
(o)) (o))
= 1e+5 = 3e+5
: :
= S
O 8et+d - O 2e+5 |
< c
% B ExptData| 2 A ExptData
= 6e+4 - —— Henry B 2e45 —— Henry
e — BET o BET
< — Dub-Rad | € —— Dub-Rad
S de+d - Red-Pet | S 1e+5 Red-Pet
% —— Sips 2 —— Sips
£ 2et+d | —— Tempkin | £ 5oy —— Tempkin
o —— Langmuir | —— Langmuir
Z —— Freundlich| = / —— Freundlich
=0 T T T T T =0 . . T 7
0.0 0.2 04 06 0.8 1.0 1.2 0.00 0.02 0.04 0.06 0.08 0.10
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= 2x10°
g (C) DB(a,P
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o
£ 1x10° !
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g 0 . : ‘
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Figure S4: Exemplary experimental isotherms (n = 3, mean + standard deviation) of PAHs: (a) Anth, (b)

B[a]P and (c) DB[a,l]P adsorptions to PA-6_42 fitted to different adsorption isotherm models.

Table S4: Isotherm model fit parameters for PAH adsorption to PA-6_42.

Models PAHs Model parameters Error functions
KL (LOg)  dmax (H9/g) R x’[ug/g]
£ Anth 5.04 1136 0989 45
§ Bla]P 6.96 540 0.990  14.3
S DB[aJIP 9.01 192 0991 16
Kk (Log) ne R x°lug/g]
5 Anth 5.00 0.95 0.989  4.03
E Bla]P 6.28 0.68 0976  28.75
i DB[a,!]P 6.57 0.43 0966  7.56
Ar (L kg™ by R°  x’luglg]
£ Anth 12.05 0.07 0.904 56.11
g BalP 204 0.02 0995 256
L DB[allP 44231 0.05 0989  1.60
Kag (M0l kJ®) qs(uglg) E(kd/mol) R*  x*[ug/g]
= Anth 0.0003 149 41 0993 432
Ef Bla]P 0.0001 1897 71 0.976 1437.53
S

A DB[al]P 0.0001 3735 75 0966  7.56
Ky (Log) R®  x’[ug/g]

> Anth 5.01 0.990 12.92
3 BalP 6.71 0891 44.76
DBJa,|]P 8.48 0509  93.43
Ks(Liwg)  Ki(Llug) am (uolg) R®  x°[Hg/g]

Anth 813790891 0.76 28227 0.871 63.70

E Bla]P 9741894726 10 100546 0.815 222
DBJa,|]P 417 1286 2059729 0.994  0.79
Ksip (LOQ) n as(Ling)  R®  x°[ng/g]

, Anth 5.01 0.96 003 0989 525
& BlalP 7.65 1.35 1234 0994  5.10
DBJa,|]P 10.39 1.34 149662 0.995  0.76
Kg (LOG) n ar(Lg)  R®  x’[Mg/g]

3 Anth 5.02 8.02 008 0991  4.22
T BllP 6.88 1.59 63.03 0992  9.36
X  pB[al]P 8.90 1.30 36358 0995  0.73
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Section S5: Validation of the modified third-phase partition method: Batch-
equilibrium method for determination of adsorption isotherms for PAHs

and MNPs in water.

The novel third-phase partition method was verified using the batch-equilibrium
method commonly applied to determine sorption isotherms 24, For two sorbates (Anth
and B[a]P) and two MNP sorbents (LDPE_215 and PA-6_42) sorption isotherms were
acquired using the two methods and the obtained adsorption coefficients were

compared.

Regarding the batch-equilibrium experiment, B[a]P sorption kinetic and isotherm
experiments were performed in 500 mL Duran glass vials while those of Anth were
conducted in 250 mL Duran glass vials. 5 mg of the target MNPs were utilized for all
experiments except for characterizing B[a]P sorption onto PA-6_42, where 2.5 mg was
used. Shaking of the sample vials were conducted in a two-dimensional IKA® HS 250
compact orbital shaker operated at 200 rpm and positioned inside a temperature-
controlled incubation chamber (Binder GmbH, Tuttlingen, Germany). The samples
were incubated at 21 + 1°C until the predetermined minimum equilibrium time was
reached. After shaking, the sample vials were filtrated. Owing to the high initial rate of
Anth sorption by PA-6_42, internal standard was spiked into the supernatant after
filtration in order to circumvent sorption of Anth-dio by the PA-6_42 particles. For B[a]P
and LDPE_215, internal standard was spiked into the sample mixtures right before
filtration. This corrects for the significant losses of B[a]P due to binding of this analyte
to the filter material. Filtration was performed quickly (< 10 mins) without vacuum. After
filtrations, the filtrates were extracted with 2x60 mL (Anth) or 2x100 mL (B[a]P) hexane.
The combined organic extracts where dried over 3-6 g of anhydrous sodium sulfate,
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and subsequently concentrated to < 0.1 mL using a BUCHI R-215 Rotavapor System
at a vacuum pump pressure of 260 mbar and a water bath temperature of 50°C. Final
volumes of 100 pL (B[a]P) and 500 pL for (Anth) were constituted with hexane and
transferred to GC-vials. For quantification, 1 pL of the sample extracts were injected
into a GC-MS system operated in splitless mode of the cold injection system (CIS).
The method for GC-MS and data analysis were the same as described for the TPP

method.

The minimum equilibrium times for sorption were predetermined by incubating the
respective MNPs using a fixed B[a]P concentration of 1.0 ug/L in duplicate for different
time intervals ranging from 36—336 h. Equilibrium was assumed when the difference
between the average aqueous phase sorbate concentration for two consecutive time

points are within the respective standard deviations.

The isotherm experiments were conducted at five different initial PAH concentrations,
and were measured at least in duplicate. Initial Anth concentrations of 0.75, 1.50, 2.25,
3.00, 3.50 pg/L in 240 mL water and initial B[a]P concentrations of 0.5, 1.0, 1.5, 2.0,

2.5 pg/L in 500 mL water were utilized.

For quality control, triplicates of two concentration points (lowest and highest) were
used as control samples (PAH + water) and blank samples (water + MNPs) and were

subjected to same conditions as the test samples.

Like the TPP method, an isotherm plot of the aqueous phase concentration of the
analyte Cw (pg/L) vs the concentration of analyte sorbed to the MNP phase Cwunp
(ng/kg) was fitted to the Langmuir model. Cw and Cunp Were calculated from Equation
S12 and S13, respectively. The sorption coefficient Kuneiw (L/Kkg) was calculated as the

ratio of Cyne and Cu.
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Cpw =— Equation S12,

Cune = Co — Cw Equation S13,

where Vy (L), Co (Mg/L) and n (ug) are the volume of water, the initial adsorbate

concentration and the measured amount of the sorbate, respectively.

Under the experimental conditions utilized, minimum equilibrium times for the sorption
of B[a]P onto PA-6_42 and LDPE_215 ranged from 168-336 h and 120-168 h,
respectively. For Anth sorption onto PA-6_42 and LDPE_215, the minimum equilibrium
time ranged from 72—-168 h (Figure S5). The recovery of the control samples ranged
from 80-120% for Anth across low and high tested concentrations. Regarding B[a]P,
the obtained recovery ranged from 86—97% across low and high tested concentrations.

The analyte concentrations in the blank were below the limit of quantification of 2.5

po/L.

The logarithmic sorption coefficients log Kmnew derived by the batch-equilibrium and
the TPP methods for the sorption of Anth and B[a]P to PA-6_42 and LDPE_215 are
summarized in Table S5. The obtained log Kmnew Values are in good agreement. Also,
according to Lee et al. % the reported log Kwnpw values of 4.77 and 7.17 for the
sorption of Anth and B[a]P, respectively, to PE microplastics (median size: 420 um)
are within the same order of magnitude with the values obtained in this work using the

TPP method.
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Table S5: Comparison of the logarithmic sorption coefficient Kmnew (L/kg) acquired applying the batch-
equilibrium and TPP methods (n = 5 isotherm points in duplicate or triplicate, mean = SD).

Sorbate Sorbent Batch TPP
< LDPE_215 457 +0,04 451 + 0,09
< PA-6_42 4,93+0,19 5,03 + 0,06
o LDPE_215 6,61+ 0,04 6,58 + 0,07
o PA-6_42 6,63+ 0,05 6,82 + 0,07

Similar to the TPP method, experimental sorption isotherms obtained using the batch-
equilibrium method were fitted with the Langmuir model. The log of the Langmuir
adsorption coefficient K. (L/kg) describing the sorption of Anth to PA-6_42 and
LDPE_215 were 4.96 and 4.73, respectively, while the obtained log of K. for the
sorption of B[a]P onto PA-6_42 and LDPE_215 were 6.65 and 6.60, respectively

(Figure S6).

In comparison with the TPP method (Table 2), the difference between log K. of the
two methods for LDPE adsorption of Anth and B[a]P was within the standard error of
the Langmuir model parameter K. Similarly, the difference between the K. of the batch
and TPP methods for PA-6_42 adsorption of Anth was well within the standard error
of KL. Of note, internal standard was spiked into the sample mixtures containing B[a]P
and PA-6_42 after sorption equilibrium was reached in order to correct for nearly 50 %
adsorption of B[a]P to the filter paper material. We attribute the slight deviation of the
values for K. to the sorption of fractions of the internal standard (B[a]P-d12) to the PA-
6 particles (potentially accompanied by displacement of some B[a]P) during the ca. 10
min filtration period. Overall, it can be concluded that the TPP method offers an easy,
fast and reliable alternative for evaluating the adsorption properties of organic

pollutants onto MNPs, circumventing these issues due to the lack of a filtration step.

22



423

424
425

426

427
428
429

12 1 25
[0
73 [}
2101 {_ ©2.0
s £
E 8 o
[}
2 I 15
c =
> Bqg
o = 1.0 4
5 4 =
o o
=, ] 205
01— . . ‘ ‘ ‘ 0.0 : : : : : : :
50 100 150 200 250 300 350 60 80 100 120 140 160 180
Time [h] Time [h]
90 65
(]
280 - 2 60 {
£ =
[=% [=%
3 g
070 1 555
£ £
£ i=
oo | E 50
i%e Z
“ 50 45
40 ‘ ' . ; ‘ . : 40 L — : : : : .
40 60 80 100 120 140 160 60 80 100 120 140 160 180
Time [h] Time [h]

Figure S5: Verification of equilibrium for the sorption of B[a]P on (a) PA-6, (b) LDPE, and Anth on (c)
PA-6 and (d) LDPE MNPs.
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Figure S6: Comparison of the Langmuir adsorption isotherms of (a) B[a]P and (b) Anth sorption to
LDPE_215 and PA-6_42 MNPs acquired with the TPP method and the batch-equilibrium method.
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430 Section S6: Experimentally Determined PAH Sorption Coefficients Kunew
431 and Associated Combined Measurement Uncertainties

432

433  Kunpw Of PAH/MNP pairs and their respective combined measurement uncertainties
434  uc (Kmnpw) are shown in Table 6. Kunew Was calculated from the slopes within the
435 linear range of each isotherm. The combined measurement uncertainty uc (Kmnpw) was
436  calculated according to the ISO/IEC Guide to the Expression of Uncertainty in
437  Measurement (GUM) 128, nitially, the standard uncertainty of each component used to

438  calculate Kunew (Equation S14) was determined.

439

1 (KPDMS/W

C Mtotar — KppmsMppms — Vw) Equation S14 [
PDMS

441

442  uc (Kmnepw) was then calculated according to Equation S15,

443
2 2 2 2
Uc= \[[a;y * u(MMNP)] + [—ay * u(KPDMS/W)] + [ A U(CPDMS)] + [ u(mtotal)] +

MNP 9Kppms/w 9Cppms OMiotal
444

2 2
[ 9y * u(MpDMs)] + [a?/_j]//v * u(Vw)] Equa“on S15 (31]

OMppums

445
446  where y is the output quantity Kunpw.

447  The standard deviation of the measured Kppmsw and Crowms were utilized as standard
448  uncertainties u (Krpmsw) and u (Cepms), respectively. The relative standard uncertainty
449  of the total amount of PAH spiked into the system u (mwtal) was estimated as 5% (with
450  3.5% being the relative uncertainty of the analytical standard solution according to the
451  manufacturers, and 1.5% being the relative uncertainty due to pipetting). The
452  difference between the actual mass of MNPs Mwunp intended and the average mass

453  weighted was utilized as the standard uncertainty of Mynp. The systematic error due
24



454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

to the weighing balance was ignored as negligible. The relative standard uncertainty
resulting from measuring the volume of the aqueous phase was assigned to 1%. The
uncertainty of the mass of PDMS in the coating of the stir bars, Mppus, was not declared

by the producer and was therefore assigned to 1%.

The contribution of each component of Kunew to the combined uncertainty uc was

calculated according to Equation S16,

-0

contribution (x,) =

9 29 i 0 2
[a_;’l * u(xl)] + [a—;’z * u(xz)] e [a;vn * u(xn)]
Equation S16 2%

where x denote any of the six input components of Kvnp/w.

As shown in Table S7, uc (Kmneiw) Was dominated by the standard uncertainties from
Krpmsw, followed by miwtal, and Ceowms. For future applicability of this method, the
contributions of the components to uc (Kunpw) identify parameters that can be further
optimized to reduce the uncertainty. Remarkably, the uc (Kunpw) shown in Table S6
are in the same order of magnitude as the model-generated standard error of K (Table

2).
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Table S6: Experimentally determined sorption coefficients of PAHs onto MNPs obtained using the TPP

method.
Polymer class| Polymer variants |~ Benz*?[a]pyrene _ ArEhracene ; Dibenzi[a,l Jpyrene
Kvnew Uk =1 n Kwnew  Uck =1 K vnpiw Uck =1 n
PMMA PMMA_6 1.7E+05 6.3E+04 5
PMMA 0.3 3.6E+05 1.1E+05 5
PU_arom_1C 8.7E+05 3.0E+05 5
PU PU_arom_2C 35E+06 9.9E+05 5
PU_foam 1.6E+06  5.3E+05 5
TPU_ester_Arom 14E+06  3.7E+05 5 1.7E+04 1.6E+04 9.7E+07 2.8E+07 5
TPU_ether_Arom 2.0E+06 5.7E+05 5
TPU TPU_ester_Alip 2.3E+06 6.1E+05 5
TPU_ether_Alip 25E+06  7.8E+05 5
TPU_ melt_arom 2.2E+06  7.0E+05 5
LDPE_215 25E+06 9.1E+05 5 3.62E+04 2.47E+04 5.4E+08 2.3E+08 5
PE LDPE_84 8.0E+06 2.3E+06 5
PE_0.6 7.6E+06 1.9E+06 5
PA-6_42 3.3E+06 9.0E+05 5 1.0E+05 5.3E+04 5.7E+08 1.4E+08 5
PA PA-12_44 53E+06 16E+06 5
PA6_7 1.8E+07 5.3E+06 5
Natural Rubber |Tire Rubber 2.0E+06 6.7E+05 5
Tire Rubber_1000h aged 2.0E+06 5.5E+05 4
Tire Rubber_2000h aged 1.9E+06  4.6E+05 4
Aged polymers PA-6_42_1000h aged 8.0E+06 2.1E+06 4
PA-6_42_2000h aged 50E+06 1.48E+06 4
LDPE_215_1000h aged 3.3E+06  9.3E+05 5
LDPE_215_2000h aged 3.2E+06 7.8E+05 4

* Adsorption coefficient in (L/kg)
** Combined measurement uncertainty of K ynpaw

+ number of isotherms points used in duplicate or triplicate, and only points within the linear range of each isotherm were utilized to minimize bias.
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Table S7: contributions of the uncertainty components of Kmnew for the PAHS

Contributions (Indexes) of the uncertainty components

PAH MNP Kpomsw (L/KG) My (KQ) M ppus (k) V(L) Cppms (HO/KG) M yoral (UY)
PA-6_7 49.0% 3.2% 3.2% 3.2% 5.2% 36.2%
PA-6_42 69.8% 0.0% 0.0% 0.0% 5.4% 24.9%
PA-6_42_1000h 67.0% 0.0% 0.0% 0.0% 4.8% 28.1%
PA-6_42_2000h 57.8% 0.0% 0.0% 0.0% 4.9% 37.2%
PA-12_44 62.1% 0.0% 0.0% 0.0% 4.2% 33.7%
PE_0.6 73.4% 0.0% 0.0% 0.0% 5.4% 21.2%
LDPE_84 66.0% 0.0% 0.0% 0.0% 4.8% 29.1%
LDPE_215 49.9% 0.0% 0.0% 0.0% 4.3% 45.7%
LDPE_215_1000h 64.4% 0.0% 0.0% 0.0% 6.6% 29.0%
LDPE_215_2000h 80.3% 0.0% 0.0% 0.0% 8.3% 11.4%

w Tire Rubber 50.2% 0.0% 0.0% 0.0% 6.1% 43.7%
% Tire Rubber_1000h 69.7% 0.0% 0.1% 0.0% 9.7% 20.6%
Tire Rubber_2000h 85.2% 0.0% 0.1% 0.0% 10.6% 4.1%
TPU_melt_arom 61.7% 0.0% 0.0% 0.0% 8.2% 30.1%
TPU_ether_alip 57.1% 0.0% 0.0% 0.0% 6.9% 35.9%
TPU_ether_arom 62.5% 0.0% 0.0% 0.0% 8.5% 28.9%
TPU_ester_arom 79.7% 0.0% 0.1% 0.0% 13.9% 6.3%
TPU_ester_alip 72.9% 0.0% 0.0% 0.0% 8.9% 18.1%
PU_foam 56.3% 0.0% 0.1% 0.0% 9.2% 34.5%
PU_arom_1C 51.2% 0.0% 0.2% 0.0% 15.5% 33.1%
PU_arom_2C 65.9% 0.0% 0.0% 0.0% 6.5% 27.6%
PMMA 0.3 61.3% 0.0% 0.1% 0.0% 13.3% 25.3%
PMMA_6 52.8% 0.0% 0.5% 0.0% 26.3% 20.4%
> PA-6_42 74.0% 0.0% 0.0% 0.0% 8.0% 17.9%
% LDPE_215 66.1% 0.0% 0.1% 0.1% 9.4% 24.5%
TPU_ester_arom 81.7% 0.0% 0.1% 0.1% 12.8% 5.2%
g PA-6_42 76.4% 0.0% 0.0% 0.0% 6.1% 17.4%
E LDPE_215 34.9% 0.0% 0.0% 0.0% 3.1% 62.0%
l-_U. TPU_ester_arom 49.4% 0.0% 0.1% 0.0% 9.3% 41.2%

n =mean of at leastnine isotherm points

Section S7: Evaluation of competitive sorption: sorption behavior of

MNPs in single and tri-sorbate systems.

In order to understand possible competitive sorption effects, the sorption behavior of
PA-6_42 and LDPE_215 MNPs were studied in mono-sorbate systems (containing a

single specific PAH) and tri-sorbate systems (consisting of a mixture of the three PAHs
27
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Anth, B[a]P and DBJa,l]P using similar concentration ranges, Fehler! Verweisquelle
konnte nicht gefunden werden.S7). For both MNP types, a significant reduction in
adsorption of Anth in the presence of the higher molecular weight PAHs was observed

compared to mono-sorbate systems.

For B[a]P and PA-6_42, this effect was much less pronounced. In this case, the
obtained K. values were 17 and 30% lower in single-sorbate systems (B[a]P only)
compared to tri-sorbate systems containing all three PAHs. The sorption of DB[a,l]P
was unaffected or even slightly enhanced by the presence of Anth and B[a]P. It
appears that for a mixture of PAHs, the sorption of the higher molecular weight and
more hydrophobic PAHs are more favorable, while the smaller and least hydrophobic
PAHSs such as Anth suffer from competition for available sorption sites. This suggest a

hydrophobicity-driven antagonism and is in line with the findings of Baker et al. (2012)
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Figure S7: Langmuir adsorption coefficient K. for Anth, B[a]P and DBJa,I]P sorption on (a) LDPE_215
and (b) PA-6_42 MNPs in single and tri-sorbate systems (error bars represent the standard errors, note

that the x-axes are expressed in logarithmic scale).
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