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Section S1: Quality Control / Quality Assurance 70 

 71 

Desorption efficiencies of the PDMS-coated stir-bars were evaluated by performing a 72 

carryover test. Desorbed stir-bars were desorbed a second time after purging the TD-73 

GC-MS system via a blank run with empty thermal desorption (TD) tubes. Desorption 74 

efficiencies were calculated as the peak areas of the respective PAH signal from the 75 

first desorption divided by the peak areas of the first and second desorption multiplied 76 

with 100. For Anth and B[a]P as well as their respective internal standards, the 77 

obtained desorption efficiencies were > 99%. DB[a,l]P and DB[a,i]P yielded similar 78 

desorption efficiency in the range of 85–90%.  79 

To minimize variability and cross-contamination, the TD-GC-MS system was always 80 

cleaned by running pre-conditioned empty TD tubes in between every sample. The 81 

optimized TDU method utilized for the purging was 720°C/min; held for 5 min. The cold 82 

injection system (CIS) was operated in split mode at a high flow of 700 mL/min and a 83 

split ratio of 700:1 and held for 5 min at 320°C. The transfer temperature from TDU to 84 

CIS was 350°C. The GC oven was operated at a temperature of 60°C for 0.5 min; 85 

heated to 300°C at 40°C/min; and then to 320°C at 35°C/min and held for 5 min. 86 
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The PDMS-coated magnetic stir-bars were conditioned for re-use by drenching them 87 

in acetonitrile overnight or methylene chloride/methanol (50:50, v/v) for 2 h. Afterwards, 88 

the stir-bars were removed from the solvent and baked out under nitrogen flow (100 89 

mL/min) at 300°C for at least 2 h in a TDU conditioner from Gerstel. Used TD glass 90 

tubes were also heated out alongside the stir-bars to recondition them for re-use. After 91 

the TDU conditioner was turned off, the stir-bars and TD glass tubes were allowed to 92 

cool to at least 50°C, and stored inside a clean beaker that was covered with aluminum 93 

foil before further use. 94 

Glass vials utilized for incubation were prepared for re-use by washing them in a 95 

dishwasher, followed by rinsing with milli-Q water and heating out in an oven at 150°C 96 

for 30 mins.  97 

 98 
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 99 

 100 

 101 

Figure S1: Examples of TD-GC-MS calibration curves for PAHs: (a) Anth, (b) B[a]P and (c) DB[a,l]P. 102 
The limit of detection (LOD) was estimated with the MassHunter software as the concentration 103 
corresponding to 3 × signal to noise ratio. The limit of quantification (LOQ) was calculated as 3×LOD. 104 
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.    105 
 106 
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Table S1: Physical-chemical properties of polymers investigated in this study.  107 

   108 

    109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 

Name Variants Tm (°C)
BET S.A 

(m
2
/g)

Tg (°C) Crystallinity
Density 

(g/ml)
Supplier

Dx10 Dx50 Dx90

LDPE_215
96,2 215,5 380,0 104

0,243 -27 Semicrystalline 0.917
BASF SE

LDPE_84
19,1 84,4 188,0 104

0,326 -27 Semicrystalline 0.917
BASF SE

PE_0.6
0,3 0,6 1,9 n.a. n.a.

-80, -120 
b

Semicrystalline 0.95 - 0.98
BASF SE

ester_arom 142,0 254,0 418,0 169
0,027 -40 Amorphous  1.12

BASF SE

ester_alip 143,0 262,0 440,0 159
0,035 -50 Amorphous ~ 1.2

BASF SE

ether_arom 128,0 246,0 413,0 169
0,030 -37 Amorphous  -1.12

BASF SE

ether_alip 152,0 267,0 442,0 159
0,033 -10 Amorphous ~ 1.2

BASF SE

melt_arom 272,0 864,0 1560,0 52 n.a.
-49

Amorphous 
 1.12-1.2

BASF SE

PU_foam 33,1 92,8 211,0 n.a. 1,183 n.a. Amorphous 1 - 1.2 BASF SE

arom_1C 82,8 200,0 354,0 n.a. 0,145 n.a.
Amorphous 

(cross-linked) ~ 1.2
BASF SE

arom_2C 77,2 201,0 368,0 n.a. 0,159 31
Amorphous 

(cross-linked) ~ 1.2
BASF SE

PA-6_7
2,3 6,9 13,5 220 1,850 53

Semicrystalline
1 -1.2 BASF SE

PA-6_42
13,7 42,2 75,3 220

0,366 53 Semicrystalline
1 -1.2 BASF SE

PA-12_44 34,4 44,3 57,0 177 0,726 38 n.a. n.a. BASF SE

PMMA_0.3 0,3 0,3 0,4 >160 15,000 44, 105
b n.a. ~ 1 BASF SE

PMMA_6 2,2 6,2 11,6 >160 1,619 44, 105
b n.a. ~ 1 BASF SE

Tire Rubber 61,7 130,0 233,0 n.a. 0,298 -60 °C 1,19 BASF SE

Size Distribution (µm)

Data from suppliers unless otherwise stated.
b Chemical Retrieval on the Web (CROW), 2021, polymerdatabase.com.
Tm = Melting point temperature.   Tg = Glass transition temperature.  BET S.A = Brunauer–Emmett–Teller surface area.
n. a. = not available
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Table S2: Experimental conditions for the sorption isotherm experiments of PAHs and MNPs. A 117 

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

 119 

Isotherm experiments Conc. range 

(ng/L)

Mass of 

MNPs (mg)

Incubation 

time (h)

Isotherm 

points

Replicate 

per isotherm 

point

LDPE_215 + 3-PAH Mix 0 - 2500 5,0 104 7 3

PA-6_42 + 3-PAH Mix 0 - 3000 2,5 72 7 3

LDPE_215 + DB[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 95,5 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 2,5 70 7 2

PA-12_44 + B[a]P 0 - 4000 5,0 86 6 3

LDPE_84 + B[a]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

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 120 

PAHs for polydimethylsiloxane and water (KPDMS/w)  121 

 122 

Prior to the kinetics experiments, the stability and recovery of the PAHs were 123 

determined via control experiments in 6 replicates. 1 µg/L PAHs were incubated in 240 124 

mL water (without MNPs and PDMS) for 48 h, extracted and quantified following the 125 

conditions described below. Average recoveries of 95–120% for Anth, 80–130% for 126 

B[a]P and 64–67% for DB[a,l]P were obtained. 127 

In order to obtain KPDMS/w, the equilibrium time for the sorption of the PAHs onto the 128 

PDMS passive samplers was determined via kinetics experiments. For all experiments, 129 

PDMS-coated stir-bars of 24 µL PDMS phase volume were incubated in 240 mL water 130 

spiked with 1 µg/L of target PAHs. Multipoint stirring plates operating at 600 rotations 131 

per minute (rpm) were used for all incubations inside a temperature-controlled 132 

chamber which was operated at 21°C. The sorption kinetics of Anth and B[a]P were 133 

evaluated in duplicate. At specified time intervals, replicate vials were withdrawn from 134 

the stirring plate, the PDMS-coated stir-bars inside the vials were removed with clean 135 

tweezers and wiped gently on a lint-free tissue. 100 ng of the respective internal 136 

standard (Anth-d10 for Anth, B[a]P-d12 for B[a]P) were spiked on the surface of the 137 

PDMS-coated stir-bars, which  were held with tweezers until the solvent was fully 138 

evaporated. The loaded stir bars were inserted inside pre-conditioned empty TD glass 139 

tubes, which were subsequently capped with transport adapters. The amount of PAHs 140 

sorbed to the passive samplers at each time point were quantified via TD-GC-MS as 141 

described in the method section of the manuscript.  142 

 143 
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As shown in Figure S2a, the experimentally determined sorption kinetics of the PAHs 144 

were fitted to the first-order one-compartment model using Equation S1 [1]: 145 

𝐶𝑃𝐷𝑀𝑆(𝑡) = 𝐶𝑊,𝑂  
𝑘1

𝑘2
 (1 − 𝑒−𝑘2𝑡)                       Equation S1,  146 

where k1 and k2 are the uptake and release rate constants, respectively. CPDMS(t) 147 

(µg/kg) and Cw,0 (µg/L) are the sorbed analyte concentration at time t and the initial 148 

analyte concentration in the aqueous phase, respectively.   149 

Using the release rate constants k2 from the above equation, the time required to reach 150 

90% of equilibrium t90 can be estimated by ln (10/k2) 
[2]. This resulted in t90 values of 151 

32 and 76 h for Anth and B[a]P, respectively. Notably, the obtained equilibrium times 152 

are similar to the findings of Prieto et al. [3] who utilized similar PDMS-coated stir-bars. 153 

Thus, the values of KPDMS/w for Anth and B[a]P were determined after 66 and 136 h of 154 

incubation respectively, which were beyond the t90 equilibration time.  155 

With knowledge of the equilibration time, KPDMS/w of the PAHs were determined for five 156 

concentration levels. Each concentration level was evaluated in duplicate. PDMS-157 

coated stir-bars of 24 µL PDMS-phase volume were utilized for all KPDMS/w experiments. 158 

The samples were stirred on a stirring plate inside an incubation chamber until t90 was 159 

reached. Experiments were conducted at concentrations below the solubility limit of the 160 

respective PAHs but sufficiently high to quantify the aqueous phase concentration at 161 

t90 
[4]. For Anth (water solubility: 44 µg/L) [5, 6], KPDMS/w was determined at different initial 162 

concentrations up to 1750 ng/L in 240 mL water. Regarding the more hydrophobic 163 

B[a]P (water solubility: 2–4 µg/L) [5, 6], initial concentrations up to 1700 ng/L in 3.5 L 164 

water were used. This ensured that up to two-thirds of the total amount of B[a]P in the 165 

system remained in the aqueous phase after 136 h of incubation, which was well 166 

beyond t90. The concentration of PAHs that partitioned to the PDMS phase (CPDMS) 167 
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were quantified via TD-GC-MS whereas the PAH concentration remaining in the 168 

aqueous phase (Cw) was determined via a stir-bar sorptive extraction (SBSE) process 169 

[3, 7, 8]. Therefore, 100 ng of the respective internal standard was spike into the solution, 170 

which was subsequently extracted with a PDMS-coated stir-bar (126 μL PDMS phase 171 

volume) for 48 h. Following SBSE, the PAH-load on the PDMS-coated stir-bar was 172 

analyzed via TD-GC-MS. 173 

Mass balance for the super-hydrophobic DB[a,l]P could not be achieved. This is 174 

presumably due to its extremely low water solubility, which can cause losses of analyte 175 

through precipitation and/or adsorption of significant fractions to surfaces. The log of 176 

KPDMS/w was calculated using a linear relation of log KPDMS/w and the logarithmic 177 

octanol/water partition coefficient log Ko/w derived for super-hydrophobic (log Ko/w > 4) 178 

pollutants according to Equation S2 [9]:  179 

𝐾𝑃𝐷𝑀𝑆/𝑤   =   1.16 log 𝐾𝑜/𝑤 − 2.06        Equation S2. 180 

Mass balance of Anth and B[a]P were successfully evaluated across the investigated 181 

concentration ranges by comparing the sum of PAHs extracted from the aqueous and 182 

PDMS phases with the initial amount of PAHs. This revealed a good recovery of 102 183 

± 10% and 92 ± 12% for Anth and B[a]P, respectively. KPDMS/w (L/kg) for Anth and B[a]P 184 

was subsequently calculated as the ratio of PAH concentrations partitioned onto the 185 

PDMS-coated stir-bar and water (Equation S3): 186 

𝐾𝑃𝐷𝑀𝑆/𝑤   =       
𝐶𝑃𝐷𝑀𝑆

𝐶𝑤
                                                Equation S3, 187 

where CPDMS (µg/kg) and Cw (µg/L) are the concentrations of PAHs in the PDMS and 188 

water phases, respectively.  189 

As shown in Figure S2b, the values for KPDMS/w for Anth and B[a]P were 11421 ± 2255 190 

L/kg and 141244 ± 37444 L/kg respectively; or 4.05 ± 0.09, and 5.13 ± 0.10 in log scale 191 
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for Anth and B[a]P, respectively. The PDMS-water partition coefficients determined 192 

herein for Anth and B[a]P were consistent with previous values as reviewed by 193 

DiFilippo et al [10].  194 

It is noteworthy that to qualify as a third-phase polymer, it is favorable that sorption of 195 

POPs (PAHs) to the polymer, in this case the PDMS coating of the stir bar, occurs via 196 

‘true-partitioning’ [11, 12]. True partitioning is often confirmed by (1) microscopy [12], (2) 197 

by a linear relationship between the partition coefficient Kthird-phase/water of the POP 198 

bewteen the third-phase polymer and water and Ko/w 
[9], (3) by sorption kinetics 199 

following a first-order one-compartment model and (4) by linear sorption isotherms 200 

over a wide concentration range [11]. 201 

Mayer et al. [12] have demonstrated PAH partitioning into PDMS coatings. Notably, an 202 

important reason for adopting PDMS as a third-phase polymer in this study is the wide 203 

linear range of the dependency of KPDMS/w on Ko/w for POPs (with a slope close to unity 204 

stretching up to log Ko/w = 7.51 [12]), which compares favorably to other third-phase 205 

polymers such as polyoxymethylene (POM) [11]. The log Ko/w of PAHs studied herein 206 

ranged from 4.45 to 7.71. Furthermore, the linearity of the sorption isotherms for 207 

partitioning to PDMS (Figure S2b) as well as a good fit of the first-order one-208 

compartment model to the partitioning kinetics data (Figure S2a), together with the 209 

above-mentioned points informed our choice of PDMS as passive sampler in this 210 

study. 211 

 212 
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 213 

Figure S2: [a] First-order one-compartment model fit of experimental data (n = 2, mean ± SD) of 214 

PDMS sorption kinetics and [b] sorption isotherms and corresponding partition coefficients (derived 215 

from the slopes of linear regressions) of PAHs and PDMS in water.  216 

Section S3: Determination of kinetics of PAH sorption on MNPs in water. 217 

The parameters of pseudo-first and -second order models are shown in Table S3. As 218 

indicated, both models were compared utilizing their respective coefficients of 219 

determination (R2) and the chi-square errors (ꭕ2) to evaluate their performance. For 220 

the three PAHs, R2 of the pseudo-second order fittings were generally slightly better 221 

than for the pseudo-first order model (Table S3). However, a two-tailed student t-test 222 

analysis (p ≤ 0.05) of the calculated CMNP,t  from both models as well as their goodness 223 

of fit values (R2, ꭕ2) indicated no significant difference. Also, the initial adsorption rates 224 

h which are equal to kbqe
2 show that the sorption of the PAHs onto the MNPs are 225 

relatively high in the beginning. 226 

For B[a]P, pivot kinetics experiments were performed for three MNPs: PA-6, LDPE and 227 

Tire Rubber that were aged under UV-exposure for 1000 h, as well as variants of (T)PU 228 

MNPs. As shown in Figure S3, equilibrium was verified by a comparison of B[a]P 229 

adsorption onto the MNPs in the near-equilibrium region of the sorption processes 230 

using a fixed concentration of 1 µg/L. Equilibrium verification was indirectly obtained 231 

via a comparison of the PAH concentrations of the resulting aqueous phases following 232 
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the separation of MNPs via filtration after incubation at two time intervals within the 233 

equilibrium region. There were no significant differences for various different MNPs, 234 

suggesting that sorption equilibrium has been reached.  235 

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

 237 

 238 

 239 

Figure S3: Verification of B[a]P sorption equilibrium for selected MNP variants (LDPE_215_1000h, PA-240 
6_42_1000h and Tire Rubber_1000h MNPs were compared at 72 and 100 h, TPU_ether_alip and 241 
TPU_ether_arom MNPs were both evaluated at 62 and 106 h, TPU_melt_arom and PU_foam MNPs 242 
were assessed at 108 and 132 h, bars represent the average of duplicate measurement at the specified 243 
time intervals, error bars indicate ±SD).  244 
 245 

 246 

Adsorbate Adsorbent

ka (h
-1

) qe (µg/g) R
2

ꭕ
2 

(µg/g) kb (g µg
-1

h
-1

) h (µg g
-1

h
-1

) R
2

ꭕ
2 

(µg/g)

PA-6_42µm 0,281 10,0 0,929 2,11 0,048 5,51 0,950 1,39

LDPE_215µm 0,096 17,0 0,973 1,30 0,006 2,34 0,973 0,94

TPU_ester_arom 0,092 13,8 0,981 0,31 0,005 1,56 0,963 0,63

PA-6_42µm 0,178 25,0 0,920 5,98 0,009 6,57 0,893 8,06

LDPE_215µm 0,079 18,3 0,983 0,54 0,004 1,98 0,986 0,93

PMMA_6µm 0,076 9,4 0,961 1,00 0,009 1,03 0,976 0,60

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 2,5 0,992 0,35

TPU_ester_arom 0,114 42,58 0,965 5,56 0,003 7,44 0,982 2,82

PA-6_42µm 0,135 19,24 0,933 4,29 0,011 4,70 0,944 3,12

LDPE_215µm 0,272 38,85 0,936 8,91 0,018 34,86 0,998 0,09

TPU_ester_arom 0,211 8,22 0,945 0,54 0,037 2,93 0,960 0,34

Pseudo-first order Pseudo-second order

A
n

th
B

[a
]P

D
B

[a
,L

]P
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Section S4: Sorption Isotherms and Model Fittings. 247 

 248 

In order to obtain some mechanistic insight into the sorption of PAHs onto MNPs, 249 

sorption isotherms were evaluated by applying eight different isotherm models (Figure 250 

S4). In addition to the parameter of the models, R2 and ꭕ2 were utilized to compare the 251 

models. R2 values close to 1 and low values of ꭕ2 indicate good fits. The parameters 252 

and error functions of the isotherm model fittings of B[a]P sorption to PA-6_42 MNPs 253 

are exemplified in Table S4. 254 

If the isotherm is linear across the tested concentration range, it typically fits to the 255 

Henry model [13], a one-parameter model which describes the sorption behavior of the 256 

sorbent at low concentration of the sorbate (Equation S4). KH (L/kg) is the Henry 257 

isotherm constant. 258 

𝐶𝑀𝑁𝑃  =  𝐾𝐻𝐶𝑤                                       Equation S4. 259 

 260 

The Dubinin-Radushkevich (Dub-Rad) model [14] which assumes a pore filling sorption 261 

mechanism with a Gaussian energy distribution onto heterogonous surfaces is 262 

commonly applied to distinguish between chemisorption and physisorption using its 263 

mean free energy E which is equal to 1/√(2𝐾𝑎𝑑). Kad (mol2/ kJ2) is the isotherm constant 264 

while ε and qs (µg/g) are the Dub-Rad constant and the theoretical maximum sorption 265 

capacity, respectively (Equation S5).  266 

The calculated mean free energy values for the sorption of PAHs to MNPs in water 267 

from this study range from 41–75 kJ/mol. A number of studies [15-17] investigating 268 

sorption isotherms of pollutants have suggested that mean free energy values > 8 269 

kJ/mol imply that sorption involves partitioning into the bulk. Consequently, we 270 



15 
 

conclude that partitioning is significantly contributing to the sorption of PAHs to MNPs 271 

studied herein. 272 

𝐶𝑀𝑁𝑃 = 𝑞𝑆 ∗  (𝑒−𝐾𝑎𝑑∗ε2
)                              Equation S5. 273 

 274 

Unlike other models, the Tempkin model contains a factor which describes 275 

sorbent/sorbate interactions bT (Equation S6). It assumes that the heat of adsorption 276 

of moleules decreases linearly rather than logarithmically with an increase in surface 277 

coverage [18]. However, it ignores extremely low and large concentration values (see 278 

Figure S4). AT (L/kg) is the Tempkin adsorption constant. 279 

𝐶𝑀𝑁𝑃   =   
𝑅𝑇

𝑏𝑇
∗ ln 𝐴𝑇 𝐶𝑤                              Equation S6. 280 

 281 

The Freundlich model includes possible heterogeneities between the adsorption sites 282 

at the adsorbent surface [19]. KF (L/kg) and n are the Freundlich isotherm coefficient 283 

and exponent respectively (Equation S7). 284 

𝐶𝑀𝑁𝑃  =  𝐾𝐹 ∗ 𝐶𝑤^ 𝑛                                 Equation S7. 285 

 286 

The Brunauer-Emmett-Teller (BET) model (Equation S8) theoretically describes 287 

multilayer adsorption systems in the gas phase [20, 21], but it has also been modified 288 

and widely applied for liquid-solid adsorptions [21]. Ks (L/µg) is the isotherm constant 289 

which corresponds to αL (L/µg) for a single layer adsorption. qm (µg/g) is the monolayer 290 

adsorption capacity while Kl (L/µg) is the equilibrium constant for adsorption at upper 291 

layers. The poor fit of this model to our isotherms suggest monolayer adsorption. 292 
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𝐶𝑀𝑁𝑃 =  𝑞𝑚 
𝐾𝑠∗𝐶𝑤

(1−𝐾𝑙∗𝐶𝑤)(1−𝐾𝑙∗𝐶𝑤+𝐾𝑠∗𝐶𝑤)
           Equation S8.  293 

 294 

Sips (Equation S9) and Redlich-Peterson (Red-Pet, Equation S10) models are 3-295 

parameter empirical models. The former aims to circumvent the limitation of the 296 

Freundlich isotherm, according to which the concentration of the adsorbate increases 297 

infinitely for surfaces with finite adsorption sites. The latter is widely used as a 298 

compromise between Langmuir and Freundlich systems. The goodness of fit 299 

parameters for both models were better than those for the two-parameter models. This 300 

is unsurprising because both models contain three adjustable parameters. However, 301 

the parameters obtained from these models were inconsistent with those obtained from 302 

the Freundlich and Langmuir models. This is probably due to the additional errors 303 

induced by additional parameterization of the models. KR (L/kg) and Ksip (L/kg) are the 304 

Red-Pet and Sips isotherm constants, respectively. n is the dimensionless exponent 305 

while αR (L/µg) and αL (L/µg) are constants related to the activation energy for  Red-306 

Pet and Sips, respectively. 307 

 308 

                       Equation S9, 309 

                            Equation S10. 310 

 311 

The Langmuir model describes monolayer adsorption. It assumes that adsorption can 312 

only occur at a finite number of definite localized sites and is characterized by a plateau 313 

– an equilibrium saturation point, where once a molecule occupies a site, no further 314 

adsorption can occur [22]. It is most commonly used to quantify and contrast different 315 

𝐶
𝑀𝑁𝑃 =

Ksip 𝐶
𝑊 

𝑛

1+ αs 𝐶
𝑊 

𝑛 

 
 

𝐶
𝑀𝑁𝑃 =

K𝑅 𝐶
𝑊 

1+ αR 𝐶
𝑊 

n
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bio-sorbents [19]. From all tested 2-parameter models, the Langmuir model resulted in 316 

the best fitting across the tested concentration ranges and thus was chosen to compare 317 

the adsorption of PAHs to all investigated MNPs (Table 2). KL (L/kg) is the Langmuir 318 

adsorption coefficient and equals αL * qmax.  αL (L/µg) is the Langmuir isotherm constant 319 

which is related to the free energy of adsorption [23], while qmax (µg/kg) is the theoretical 320 

maximum monolayer adsorption capacity (Equation S11). In addition to the Langmuir 321 

parameters, the Langmuir equilibrium factor RL = 1 / (1+ αL qo) 
[23] was utilized to 322 

compare the adsorption isotherms. Here, αL is the Langmuir constant (L/mg), and qo is 323 

the initial concentration of adsorbent (mg/L). 324 

𝐶𝑀𝑁𝑃  =  
𝐾𝐿 ∗𝐶𝑤

1+ 𝛼𝐿∗𝐶𝑤 
                                         Equation S11. 325 

 326 
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Figure S4: Exemplary experimental isotherms (n = 3, mean ± standard deviation) of PAHs: (a) Anth, (b) 327 
B[a]P and (c) DB[a,l]P adsorptions to PA-6_42 fitted to different adsorption isotherm models. 328 
 329 

Table S4: Isotherm model fit parameters for PAH adsorption to PA-6_42. 330 

  331 

  332 

 333 

Models PAHs

KL (Log)  qmax (µg/g) R
2

ꭕ
2 

[µg/g]

Anth 5.04 1136 0.989 4.5

B[a ]P 6.96 540 0.990 14.3

DB[a,l ]P 9.01 192 0.991 1.6

KF (Log)  nF R
2

ꭕ
2 

[µg/g]

Anth 5.00 0.95 0.989 4.03

B[a ]P 6.28 0.68 0.976 28.75

DB[a,l ]P 6.57 0.43 0.966 7.56

AT (L kg
-1

) bT R
2

ꭕ
2 

[µg/g]

Anth 12.05 0.07 0.904 56.11

B[a ]P 204 0.02 0.995 2.56

DB[a,l ]P 44231 0.05 0.989 1.60

Kad (mol
2
/ kJ

2
) qs (µg/g) E (kJ/mol) R

2
ꭕ

2 
[µg/g]

Anth 0.0003 149 41 0.993 4.32

B[a ]P 0.0001 1897 71 0.976 1437.53

DB[a,l ]P 0.0001 3735 75 0.966 7.56

KH (Log) R
2

ꭕ
2 

[µg/g]

Anth 5.01 0.990 12.92

B[a ]P 6.71 0.891 44.76

DB[a,l ]P 8.48 0.509 93.43

Ks (L/µg) Kl (L/µg) q m (µg/g) R
2

ꭕ
2 

[µg/g]

Anth 813790891 0.76 28227 0.871 63.70

B[a ]P 9741894726 10 100546 0.815 222

DB[a,l ]P 417 -1286 2059729 0.994 0.79

Ksip (Log) n αs (L/µg) R
2

ꭕ
2 

[µg/g]

Anth 5.01 0.96 0.03 0.989 5.25

B[a ]P 7.65 1.35 123.4 0.994 5.10

DB[a,l ]P 10.39 1.34 149662 0.995 0.76

KR (Log) n αR (L/µg) R
2

ꭕ
2 

[µg/g]

Anth 5.02 8.02 0.08 0.991 4.22

B[a ]P 6.88 1.59 63.03 0.992 9.36

DB[a,l ]P 8.90 1.30 36358 0.995 0.73R
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Section S5: Validation of the modified third-phase partition method: Batch-334 

equilibrium method for determination of adsorption isotherms for PAHs 335 

and MNPs in water. 336 

 337 

The novel third-phase partition method was verified using the batch-equilibrium 338 

method commonly applied to determine sorption isotherms [24]. For two sorbates (Anth 339 

and B[a]P) and two MNP sorbents (LDPE_215 and PA-6_42) sorption isotherms were 340 

acquired using the two methods and the obtained adsorption coefficients were 341 

compared. 342 

Regarding the batch-equilibrium experiment, B[a]P sorption kinetic and isotherm 343 

experiments were performed in 500 mL Duran glass vials while those of Anth were 344 

conducted in 250 mL Duran glass vials. 5 mg of the target MNPs were utilized for all 345 

experiments except for characterizing B[a]P sorption onto PA-6_42, where 2.5 mg was 346 

used. Shaking of the sample vials were conducted in a two-dimensional IKA® HS 250 347 

compact orbital shaker operated at 200 rpm and positioned inside a temperature-348 

controlled incubation chamber (Binder GmbH, Tuttlingen, Germany). The samples  349 

were incubated at 21 ± 1oC until the predetermined minimum equilibrium time was 350 

reached. After shaking, the sample vials were filtrated. Owing to the high initial rate of 351 

Anth sorption by PA-6_42, internal standard was spiked into the supernatant after 352 

filtration in order to circumvent sorption of Anth-d10 by the PA-6_42 particles. For B[a]P 353 

and LDPE_215, internal standard was spiked into the sample mixtures right before 354 

filtration. This corrects for the significant losses of B[a]P due to binding of this analyte 355 

to the filter material. Filtration was performed quickly (< 10 mins) without vacuum. After 356 

filtrations, the filtrates were extracted with 2×60 mL (Anth) or 2×100 mL (B[a]P) hexane. 357 

The combined organic extracts where dried over 3–6 g of anhydrous sodium sulfate, 358 
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and subsequently concentrated to < 0.1 mL using a BUCHI R-215 Rotavapor System 359 

at a vacuum pump pressure of 260 mbar and a water bath temperature of 50oC. Final 360 

volumes of 100 µL (B[a]P) and 500 µL for (Anth) were constituted with hexane and 361 

transferred to GC-vials. For quantification, 1 µL of the sample extracts were injected 362 

into a GC-MS system operated in splitless mode of the cold injection system (CIS). 363 

The method for GC-MS and data analysis were the same as described for the TPP 364 

method.   365 

The minimum equilibrium times for sorption were predetermined by incubating the 366 

respective MNPs using a fixed B[a]P concentration of 1.0 µg/L in duplicate for different 367 

time intervals ranging from 36–336 h. Equilibrium was assumed when the difference 368 

between the average aqueous phase sorbate concentration for two consecutive time 369 

points are within the respective standard deviations. 370 

The isotherm experiments were conducted at five different initial PAH concentrations, 371 

and were measured at least in duplicate. Initial Anth concentrations of 0.75, 1.50, 2.25, 372 

3.00, 3.50 µg/L in 240 mL water and initial B[a]P concentrations of 0.5, 1.0, 1.5, 2.0, 373 

2.5 µg/L in 500 mL water were utilized.  374 

For quality control, triplicates of two concentration points (lowest and highest) were 375 

used as control samples (PAH + water) and blank samples (water + MNPs) and were 376 

subjected to same conditions as the test samples.   377 

Like the TPP method, an isotherm plot of the aqueous phase concentration of the 378 

analyte CW (µg/L) vs the concentration of analyte sorbed to the MNP phase CMNP 379 

(µg/kg) was fitted to the Langmuir model. CW and CMNP were calculated from Equation 380 

S12 and S13, respectively. The sorption coefficient KMNP/w (L/kg) was calculated as the 381 

ratio of CMNP and Cw.  382 
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𝐶𝑊 =
𝑛

𝑉𝑊
                                                           Equation S12, 383 

CMNP = C0 − CW                                               Equation S13, 384 

where Vw (L), C0 (µg/L) and n (µg) are the volume of water, the initial adsorbate 385 

concentration and the measured amount of the sorbate, respectively. 386 

Under the experimental conditions utilized, minimum equilibrium times for the sorption 387 

of B[a]P onto PA-6_42 and LDPE_215 ranged from 168–336 h and 120–168 h, 388 

respectively. For Anth sorption onto PA-6_42 and LDPE_215, the minimum equilibrium 389 

time ranged from 72–168 h (Figure S5). The recovery of the control samples ranged 390 

from 80–120% for Anth across low and high tested concentrations. Regarding B[a]P, 391 

the obtained recovery ranged from 86–97% across low and high tested concentrations. 392 

The analyte concentrations in the blank were below the limit of quantification of 2.5 393 

µg/L. 394 

The logarithmic sorption coefficients log KMNP/w derived by the batch-equilibrium and 395 

the TPP methods for the sorption of Anth and B[a]P to PA-6_42 and LDPE_215 are 396 

summarized in Table S5. The obtained log KMNP/w values are in good agreement. Also, 397 

according to Lee et al. [25], the reported log KMNP/w values of 4.77 and 7.17 for the 398 

sorption of Anth and B[a]P, respectively, to PE microplastics (median size: 420 µm) 399 

are within the same order of magnitude with the values obtained in this work using the 400 

TPP method. 401 
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Table S5: Comparison of the logarithmic sorption coefficient KMNP/w (L/kg) acquired applying the batch-402 
equilibrium and TPP methods (n = 5 isotherm points in duplicate or triplicate, mean ± SD). 403 

 404 

Similar to the TPP method, experimental sorption isotherms obtained using the batch-405 

equilibrium method were fitted with the Langmuir model. The log of the Langmuir 406 

adsorption coefficient KL (L/kg) describing the sorption of Anth to PA-6_42 and 407 

LDPE_215 were 4.96 and 4.73, respectively, while the obtained log of KL for the 408 

sorption of B[a]P onto PA-6_42 and LDPE_215 were 6.65 and 6.60, respectively 409 

(Figure S6).  410 

In comparison with the TPP method (Table 2), the difference between log KL of the 411 

two methods for LDPE adsorption of Anth and B[a]P was within the standard error of 412 

the Langmuir model parameter KL. Similarly, the difference between the KL of the batch 413 

and TPP methods for PA-6_42 adsorption of Anth was well within the standard error 414 

of KL. Of note, internal standard was spiked into the sample mixtures containing B[a]P 415 

and PA-6_42 after sorption equilibrium was reached in order to correct for nearly 50 % 416 

adsorption of B[a]P to the filter paper material. We attribute the slight deviation of the 417 

values for KL to the sorption of fractions of the internal standard (B[a]P-d12) to the PA-418 

6 particles (potentially accompanied by displacement of some B[a]P) during the ca. 10 419 

min filtration period. Overall, it can be concluded that the TPP method offers an easy, 420 

fast and reliable alternative for evaluating the adsorption properties of organic 421 

pollutants onto MNPs, circumventing these issues due to the lack of a filtration step.  422 

Sorbate Sorbent Batch TPP

LDPE_215 4,57 ± 0,04 4,51 ± 0,09

PA-6_42 4,93 ± 0,19 5,03 ± 0,06

LDPE_215 6,61 ± 0,04 6,58 ± 0,07

PA-6_42 6,63 ± 0,05 6,82 ± 0,07

A
n

th
B

[a
]P
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 423 

Figure S5: Verification of equilibrium for the sorption of B[a]P on (a) PA-6, (b) LDPE, and Anth on (c) 424 

PA-6 and (d) LDPE MNPs.  425 

 426 

Figure S6: Comparison of the Langmuir adsorption isotherms of (a) B[a]P and (b) Anth sorption to 427 
LDPE_215 and PA-6_42 MNPs acquired with the TPP method and the batch-equilibrium method. 428 
 429 
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Section S6: Experimentally Determined PAH Sorption Coefficients KMNP/W 430 

and Associated Combined Measurement Uncertainties 431 

 432 

KMNP/w of PAH/MNP pairs and their respective combined measurement uncertainties 433 

uc (KMNP/w) are shown in Table 6. KMNP/w was calculated from the slopes within the 434 

linear range of each isotherm. The combined measurement uncertainty uc (KMNP/W) was 435 

calculated according to the ISO/IEC Guide to the Expression of Uncertainty in 436 

Measurement (GUM) [26]. Initially, the standard uncertainty of each component used to 437 

calculate KMNP/w (Equation S14) was determined.  438 

 439 

𝐾𝑀𝑁𝑃/𝑤   =   
1

𝑀𝑀𝑁𝑃
 (

𝐾𝑃𝐷𝑀𝑆/𝑤

𝐶𝑃𝐷𝑀𝑆
𝑚𝑡𝑜𝑡𝑎𝑙 − 𝐾𝑃𝐷𝑀𝑆𝑀𝑃𝐷𝑀𝑆 − 𝑉𝑤)               Equation S14 [11] 440 

 441 

uc (KMNP/W) was then calculated according to Equation S15, 442 

 443 

 444 

 445 

where y is the output quantity KMNP/w. 446 

The standard deviation of the measured KPDMS/w and CPDMS were utilized as standard 447 

uncertainties u (KPDMS/w) and u (CPDMS), respectively. The relative standard uncertainty 448 

of the total amount of PAH spiked into the system u (mtotal) was estimated as 5% (with 449 

3.5% being the relative uncertainty of the analytical standard solution according to the 450 

manufacturers, and 1.5% being the relative uncertainty due to pipetting). The 451 

difference between the actual mass of MNPs MMNP intended and the average mass 452 

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

𝑢𝑐= √[
𝜕𝑦

𝜕𝑀𝑀𝑁𝑃
∗ 𝑢(𝑀𝑀𝑁𝑃)]

2
+ [

𝜕𝑦

𝜕𝐾𝑃𝐷𝑀𝑆/𝑊
∗ 𝑢(𝐾𝑃𝐷𝑀𝑆/𝑊)]

2

+ [
𝜕𝑦

𝜕𝐶𝑃𝐷𝑀𝑆
∗ 𝑢(𝐶𝑃𝐷𝑀𝑆)]

2
+ [

𝜕𝑦

𝜕𝑚𝑡𝑜𝑡𝑎𝑙
∗ 𝑢(𝑚𝑡𝑜𝑡𝑎𝑙)]

2
+

[
𝜕𝑦    

𝜕𝑀𝑃𝐷𝑀𝑆
∗ 𝑢(𝑀𝑃𝐷𝑀𝑆)]

2
+ [

𝜕𝑦

𝜕𝑉𝑊
∗ 𝑢(𝑉𝑊)]

2
                                                          Equation S15 [31] 
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to the weighing balance was ignored as negligible. The relative standard uncertainty 454 

resulting from measuring the volume of the aqueous phase was assigned to 1%. The 455 

uncertainty of the mass of PDMS in the coating of the stir bars, MPDMS, was not declared 456 

by the producer and was therefore assigned to 1%. 457 

The contribution of each component of KMNP/w to the combined uncertainty uc was 458 

calculated according to Equation S16, 459 

 460 

 461 

 462 

 463 

                                                                                                                                   Equation S16 [26] 464 

 where x denote any of the six input components of KMNP/w. 465 

As shown in Table S7, uc (KMNP/w) was dominated by the standard uncertainties from 466 

KPDMS/w, followed by mtotal, and CPDMS. For future applicability of this method, the 467 

contributions of the components to uc (KMNP/w) identify parameters that can be further 468 

optimized to reduce the uncertainty. Remarkably, the uc (KMNP/w) shown in Table S6 469 

are in the same order of magnitude as the model-generated standard error of KL (Table 470 

2). 471 

 472 

𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 (𝑥1) =
[

𝜕𝑦
𝜕𝑥1

∗ 𝑢(𝑥1)]
2

[
𝜕𝑦
𝜕𝑥1

∗ 𝑢(𝑥1)]
2

+ [
𝜕𝑦
𝜕𝑥2

∗ 𝑢(𝑥2)]
2

… . + [
𝜕𝑦

𝜕𝑥𝑛
∗ 𝑢(𝑥𝑛)]

2     
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Table S6: Experimentally determined sorption coefficients of PAHs onto MNPs obtained using the TPP 473 

method. 474 

 475 

 476 

 477 

 478 

     479 

 480 

*
K MNP/w 

**
u c (k  = 1)

ᶧ
n

*
K MNP/w 

**
u c (k  = 1)

ᶧ
n

*
K MNP/w 

**
u c (k  = 1)

ᶧ
n

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_arom_2C 3.5E+06 9.9E+05 5

PU_foam 1.6E+06 5.3E+05 5

TPU_ester_Arom 1.4E+06 3.7E+05 5 1.7E+04 1.6E+04 3 9.7E+07 2.8E+07 5

TPU_ether_Arom 2.0E+06 5.7E+05 5

TPU_ester_Alip 2.3E+06 6.1E+05 5

TPU_ether_Alip 2.5E+06 7.8E+05 5

TPU_ melt_arom 2.2E+06 7.0E+05 5

LDPE_215 2.5E+06 9.1E+05 5 3.62E+04 2.47E+04 5 5.4E+08 2.3E+08 5

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 8 5.7E+08 1.4E+08 5

PA-12_44 5.3E+06 1.6E+06 5

PA-6_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

PA-6_42_1000h aged 8.0E+06 2.1E+06 4

PA-6_42_2000h aged 5.0E+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 MNP/w  

 ᶧ number of isotherms points used in duplicate or triplicate, and only points within the linear range of each isotherm were utilized to minimize bias.

PMMA

Polymer class Polymer variants
Benzo[a ]pyrene Anthracene Dibenzo[a,l ]pyrene

PU

TPU

PE

PA

Aged polymers
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Table S7: contributions of the uncertainty components of KMNP/w for the PAHs 481 

  482 

 483 

Section S7: Evaluation of competitive sorption: sorption behavior of 484 

MNPs in single and tri-sorbate systems. 485 

 486 

In order to understand possible competitive sorption effects, the sorption behavior of 487 

PA-6_42 and LDPE_215 MNPs were studied in mono-sorbate systems (containing a 488 

single specific PAH) and tri-sorbate systems (consisting of a mixture of the three PAHs 489 

PAH MNP K PDMS/W (L/kg) M mp (kg) M PDMS (kg) V w (L) C PDMS (µg/kg) m total (ug)

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%

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%

PA-6_42 76.4% 0.0% 0.0% 0.0% 6.1% 17.4%

LDPE_215 34.9% 0.0% 0.0% 0.0% 3.1% 62.0%

TPU_ester_arom 49.4% 0.0% 0.1% 0.0% 9.3% 41.2%

Contributions (Indexes) of the uncertainty components

B
[a

]P
A

n
th

D
B

[a
,l]P

n = mean of at least nine isotherm points
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Anth, B[a]P and DB[a,l]P using similar concentration ranges, Fehler! Verweisquelle 490 

konnte nicht gefunden werden.S7). For both MNP types, a significant reduction in 491 

adsorption of Anth in the presence of the higher molecular weight PAHs was observed 492 

compared to mono-sorbate systems. 493 

For B[a]P and PA-6_42, this effect was much less pronounced. In this case, the 494 

obtained KL values were 17 and 30% lower in single-sorbate systems (B[a]P only) 495 

compared to tri-sorbate systems containing all three PAHs. The sorption of DB[a,l]P 496 

was unaffected or even slightly enhanced by the presence of Anth and B[a]P. It 497 

appears that for a mixture of PAHs, the sorption of the higher molecular weight and 498 

more hydrophobic PAHs are more favorable, while the smaller and least hydrophobic 499 

PAHs such as Anth suffer from competition for available sorption sites. This suggest a 500 

hydrophobicity-driven antagonism and is in line with the findings of Baker et al. (2012) 501 

[27]. 502 

 503 

Figure S7: Langmuir adsorption coefficient KL for Anth, B[a]P and DB[a,l]P sorption on (a) LDPE_215 504 

and (b) PA-6_42 MNPs in single and tri-sorbate systems (error bars represent the standard errors, note 505 

that the x-axes are expressed in logarithmic scale). 506 

 507 

  508 
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