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teractions of organic compounds
with tire crumb materials differ substantially from
those with other microplastics†

Thorsten Hüffer, *ab Maren Wehrhahna and Thilo Hofmann *ab

Tire materials are the most commonly found elastomers in the environment and they account for

a significant fraction of microplastic pollution. In the discussions on the environmental impact of

microplastics tire materials and their sorption properties have been largely overlooked. In this study we

used experimental sorption data from six organic probe sorbates sorbing to two tire materials and their

major components, styrene butadiene rubber and carbon black, to gain a better understanding of the

underlying sorption processes of tire materials. Commonly applied models used to describe non-linear

sorption processes were unable to fully explain sorption to tire materials but showed that absorption into

the rubber fraction dominated the sorption process. Hydrophobicity was approximated using the

hexadecane–water partitioning constant, which correlated very well with the distribution data obtained

for styrene rubber, whereas the correlations between hydrophobicity of sorbates and the sorption data

to the tire materials were poor. Although hydrophobicity plays an important role in sorption to tire

materials, additional interactions must be taken into account. Overall, the processes involved in sorption

to tire materials differed significantly from those governing sorption to other microplastics.
Environmental signicance

Tire materials are introduced into the environment by various pathways. Although they contain a substantial portion of polymers, their environmental impact
has been largely unexplored in the context of microplastics research. Consequently, processes that control the interactions between organic molecules and tire
materials in the environment, and how the complex composition of tires inuences these interactions, remain poorly understood. In this study, we investigated
the sorption of six organic molecular probe sorbates to two tire materials and their major components, styrene-butadiene rubber and carbon black. The results
imply that sorption of organic compounds to tire crumb materials highly resembles sorption to the rubber fraction and less sorption to carbon black. This
demonstrates that sorption to tire materials differs substantially from sorption to other microplastics.
1 Introduction

Unlike thermoplastics and thermosets, elastomers have only
very recently been considered as environmental plastic debris,1

although according to the International Organization for Stan-
dardization they fulll the denition of plastics.2 Tire materials
account for up to 70% of this diverse group of emerging
particulate contaminants released into the environment,3,4 but
they are still rarely included in estimations of plastic pollution.
Among the many different components of modern tires are
different rubber types (40–60%), mostly styrene butadiene
rubber and natural rubber,5 that are compounded with carbon
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black (20–35%) or, more recently, silica. Environmental inputs
of tire materials occur via two major input pathways: uninten-
tionally, e.g., due to abrasion followed by road surface runoff,6

and intentionally, such as the use of recycled and shredded tire
crumb rubber as lling material for playgrounds or on articial
turf elds.7 Tire materials, especially tire crumb rubber, also
have a high sorption capacity for organic molecules and have
therefore been proposed as a cost-effective sorbent for the
removal of organic pollutants from water.8,9 The processes
involved in the interactions between organic molecules and tire
materials in the environment, and how the complexity of tire
composition affects these interactions, are poorly understood.

As with microplastics, the role of tire materials as a vector for
organic contaminants is under debate. Investigations into sorp-
tion to tire material have been limited to a restricted range of
sorbates at relatively high concentrations.10–12 The organic
sorbates used as probes have been mostly limited to compounds
detected in tire materials, such as polycyclic aromatic hydrocar-
bons9,13 and gasoline-derived compounds (e.g., BTEX
Environ. Sci.: Processes Impacts, 2020, 22, 121–130 | 121
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compounds).10,13 Experiments involving two tire materials with
different proportions of rubber components showed that the tire
rubber composition had no signicant effect on the sorption of
hydrophobic organic compounds and that sorption to rubber
correlated well with the hydrophobicity of the investigated
sorbates (toluene and naphthalene).13 Amore diverse set of probe
compounds is required to investigate the importance of hydro-
phobic interactions in sorption to tire materials. Alamo-Nole
et al. (2011) examined the sorption of toluene and xylene to tire
crumb rubber and to its main components, carbon black and
styrene butadiene rubber.10 The observed linear sorption to
styrene butadiene rubber was interpreted as being mainly driven
by polymer–water partitioning rather than by adsorption onto the
sorbent's surface. The sorption to tire crumb rubber (as
a composite sorbent) was interpreted as being a combination of
adsorption onto carbon black and absorption into the rubber
matrix.9 The aim of most of those studies was to assess the
performance of tire materials compared to that of activated
carbon or tire-derived chars in the removal of organic pollutants
from aqueous solutions.14,15 Their results showed that both
compound-specic factors and the properties of the tire mate-
rials need to be taken into account to achieve a comprehensive
understanding of the interactions involved.

The complexity of tire materials and their different input
pathways into the environment through unintentional input of
tire wear or intentional input of tire crumb rubber makes it
particularly important to achieve a comprehensive under-
standing of the interactions between these materials and organic
pollutants.16 An In-depth investigations of the sorption processes
affecting organic compounds in environmental systems are crit-
ical for environmental risk assessments. Given the complexity of
tire materials and the different pathways of their input into the
environment, a comprehensive understanding of the interactions
between these materials and organic pollutants is particularly
important.16 In this study we examined the interactions of tire
materials and their major components styrene butadiene rubber
and carbon black with organic compounds by conducting sorp-
tion experiments using probe sorbates carefully selected on the
basis of their physico-chemical properties.
2 Methods
2.1 Materials

Two tire crumb rubber materials were used during this study.
One tire material (TCR-S) was collected from a soccer eld in
Table 1 Physico-chemical properties of the sorbates used in this studya

Sorbate Vm [cm3 mol�1]

n-Hexane 127.6
Cyclohexane 106.5
Benzene 89.4
Chlorobenzene 101.4
Di-n-propylether 133.9
2,6-Dimethylheptan-2-ol 175

a Vm: molar volume; Sw: aqueous solubility; log Kaw: air–water partitioning

122 | Environ. Sci.: Processes Impacts, 2020, 22, 121–130
Vienna, Austria and milled with liquid nitrogen using a centrif-
ugal mill (Rotsch, UZM 200); the other tire material (TCR-R) was
provided by General Recycling GmbH (Vienna, Austria), a tire
recycling and shredding company. Both were sieved to a mesh
size of 125–250 mm. Polystyrene–polybutadiene rubber contain-
ing 30% styrene was obtained from Sigma Aldrich and sieved to
a similar mesh size as the tire materials. Carbon black (mean
particle size of 95 nm) was obtained from PyroPowders. Apart
from milling or sieving, the sorbents were used without any
further treatment. The organic probe sorbates used in this study
were n-hexane (VWR Chemicals) cyclohexane (Acros Organics),
benzene, chlorobenzene, di-n-propylether (all Sigma Aldrich) and
2,6-dimethyl-2-heptanol (Alfa Aesar). Their physico-chemical
properties are listed in Table 1. All sorbates were purchased as
$99% pure chemicals. Sorbate stock solutions were freshly
prepared in methanol (residual analysis grade: Acros Organic,
Geel Belgium), kept in the dark at 4 �C for #3 weeks and used
only for determination of one sorption isotherm.

2.2 Sorbent characterization

Gas-physisorption isotherms for N2 and CO2 were measured on
a Quantachrome Instruments Nova 2000 analyzer. The samples
were outgassed overnight (16 h, 105 �C) under vacuumprior to the
measurements. The BET specic surface area (SSA) of the N2

isotherms was determined from six points within the pressure
region P/P0 ¼ 0.01–0.30 using the BET equation.18 Data analysis
was performed using instrument soware (NovaWin 11.0, Quan-
tachrome Instruments). The built-in, non-local density functional
theory model was used to determine pore size-distribution (for
pores sizes of 2.96–13.02 nm) in the pressure region P/P0 ¼ 0.01–
0.98, assuming slit-shaped pores. For CO2 isotherms, a built-in
grand canonical Monte Carlo simulation was used to determine
the cumulative surface area, the cumulative pore volume, and the
pore size-distribution (for pore sizes 0.70–2.96 nm) in the pressure
region P/P0 ¼ 0.001–0.030, again assuming slit-shaped pores.
Sorbent particle size distributions were determined in dispersions
using a particle size and -shape analyzer based on laser light
shading (time of transition principle) and simultaneous micros-
copy (EyeTech, Ankersmid Lab, Nijverdal, The Netherlands).
Two mL of the dispersions were transferred into 3 mL PMMA
semi-microcuvettes and the samples were measured in triplicate.

2.3 Sorption batch experiments

Sorption experiments were performed in three-phase systems to
avoid the need for a phase separation step.19,20 The amount of
Sw [mg L�1] log Kaw [—] log Kow [—]

20 1.73 3.29
70 0.78 3.21
2000 �0.64 1.99
400 �0.80 2.64
2130 �1.05 2.03
570 �2.77 3.11

constant; and log Kow: octanol–water partitioning constant from ref. 17.

This journal is © The Royal Society of Chemistry 2020
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sorbent required to achieve a robust mass balance for sorption
(i.e. 30–90% mass of sorbate sorbed) ranged between 5 and
50 mg. The sorbents were pre-equilibrated for 12 h in 10 mL of
aqueous 10 mM CaCl2 as background solution using amber
20 mL headspace vials. They were then spiked with methanolic
sorbate solutions to obtain single-sorbate concentrations
ranging over three orders of magnitude. The methanolic
content in the vials did not exceed 0.25% (v/v), to avoid co-
solvent effects.17 Duplicates of all samples were analyzed to
ensure reproducibility. Loss of analyte and the amount of ana-
lyte leaching out of the materials during equilibration was
monitored in triplicates samples. Blanks were prepared with or
without sorbent materials and no spiking of sorbates. For loss
of sorbates vials without sorbent were spiked with sorbates. The
sorbent–sorbate mixtures were shaken at room temperature
(25 �C, 125 rpm) until (pseudo-) equilibrium was obtained (14
days). Equilibration was determined in preliminary experi-
ments using n-hexane as the probe sorbate. The vials were
placed in the tray of an autosampler for at least 2 h before the
analysis to ensure equilibrium between the liquid and gaseous
phases.21 Sorbate concentrations in the headspace were deter-
mined using GC/MS (Agilent 7890A gas chromatography
coupled with 5975C mass spectrometry) using in-tube micro-
extraction.22,23 Quantication was achieved by external calibra-
tion, using calibration standards prepared one day prior to the
analysis. An HP-5ms column (25 m � 250 mm � 0.25 mm, J & W
Scientic) was used. Nitrogen (N2, purity 5.5, Linde Gas) served
as the carrier gas. Air–water partitioning constants (Kaw in Table
1) were used to calculate the distribution of the sorbates
between the headspace, aqueous phase and sorbent.
2.4 Data analysis

Four sorption models were t to the experimental sorption
isotherms; the models' equations and their tting parameters
are listed in Table 2. These models are commonly used to t
sorption data for carbonaceous sorbents, microplastics and tire
materials.15,20,24 The curve-tting results were evaluated using
Table 2 Non-linear sorption models used for isotherm data fittinga

Sorption model Equation

Freundlich Cs ¼ KFCw
n

Langmuir
Cs ¼ QmaxKLCw

1þ KLCw

Dual mode Langmuir
Cs ¼ KpCw þ QmaxKLCw

1þ KLCw

Polanyi–Manes
log Cs ¼ log Qmax þ a

�
3sw

Vm

�d

a Cs: equilibrium sorbed concentration [mg kg�1]; Cw: equilibrium aque
sorption potential; Vm: molar volume [cm3 mol�1]; R [8.314 � 10�3 kJ
aqueous solubility. b p: number of tting parameters.

This journal is © The Royal Society of Chemistry 2020
the coefficient of determination (R2), the root mean square error
(RMSE), and Akaike's information criterion (AIC). The sum of
the squared residuals was used to calculate R2, which does not
take the number of tting parameters into account, unlike AIC.
The AIC is based on information theory25 and was used to
compare the t of the different models of sorption to tire
materials and their major components based on probabilities
and evidence ratios. All data analyses were performed using
Sigma Plot 12.0 soware for Windows. Standard errors for the
models' parameters were computed using reduced chi squared
and regressions weighted to a reciprocal y2.
3 Results and discussion
3.1 Non-linear sorption models do not fully explain sorption
to tire materials

Sorption to carbon black did not follow linear pattern, as indi-
cated by the Freundlich coefficient (n), which ranged between
0.299 and 0.671 (Fig. 1 and Tables S1–S6†). Sorption closer to
linearity was obtained for styrene butadiene rubber (n ¼ 0.741–
0.963), TCR-R (n ¼ 0.815–1.079), and TCR-S (n ¼ 0.667–1.016).
The differences compared to sorption to other microplastics
were pronounced; for example, the sorption of a similar set of
organic probe sorbates to polyethylene was highly linear (n >
0.96).20 For other polymers such as polystyrene or polyvinyl
chloride, non-linear sorption was observed.20 Given the gener-
ally non-linear sorption to all four sorbents investigated, the
experimental sorption data were t to commonly used non-
linear isotherm models, i.e. the Freundlich model, Langmuir
model, dual-mode Langmuir model, and the Polanyi–Manes
model.

The goodness of t for the sorption isotherms of carbon
black to the Polanyi–Manes model yielded the highest R2 values
(R2 > 0.965) and the lowest RMSE (<0.191) and AIC (<�42.16)
values. Among the three quality criteria, the use of the AIC to
compare the different sorption models ensured that a better
goodness of t was not due to over-parameterization, as an
Fitting parameters pb

KF: Freundlich affinity coefficient
[(mg kg�1)/(mg L�1)]1/n, n: Freundlich
exponential coefficient [—]

2

Qmax: maximum capacity [mg kg�1],
KL: Langmuir affinity coefficient [mg
L�1]

2

Kp: partitioning coefficient [L kg�1],
Qmax: maximum capacity [mg kg�1],
KL: Langmuir affinity coefficient [mg
L�1]

3

Qmax: maximum capacity [mg kg�1],
a: tting parameter, d: tting
parameter

3

ous concentration [mg L�1]; 3sw ¼ �RT ln(Csat/Cw) [kJ mol�1]: effective
mol�1 K]: universal gas constant; T [K]: absolute temperature; Csat:

Environ. Sci.: Processes Impacts, 2020, 22, 121–130 | 123
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Fig. 1 Isotherms for the sorption of the probe sorbates to (C) carbon black, (B) styrene butadiene rubber, (:) TCR-S, and (D) TCR-R.
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increase in the degrees of freedom from two to three parameters
characterizes the considered sorption models (i.e. from the
Freundlich model to the dual mode Langmuir model to the
Polanyi–Manes model). The AIC was used to quantify potential
discrepancies between sorption models differing in their tting
parameters.24,26 For carbon black, sorption was expected to be
mainly driven by adsorption onto the sorbent surface and be far
less governed by partitioning into tar-like structures.27 While
the best t results for sorption to carbon black were obtained
using the Polanyi–Manes model, for four out of the six sorbates
the dual-mode Langmuir model resulted in a statistically better
124 | Environ. Sci.: Processes Impacts, 2020, 22, 121–130
t than obtained with the Freundlich model. This result
implied a contribution of absorption to the process of sorption
to carbon black, which could stem from tar-like liquid phases of
the carbon black.27 For the other sorbents, the model that best
t the experimental data could not be similarly determined.
Literature reports on the optimal sorption model for tire
materials are also unclear. The sorption of triclosan to tire
crumb and styrene butadiene rubber was better described by
the Langmuir model than by the Freundlich model,11 whereas
the sorption of gasoline, toluene, and o-xylene to tire crumb was
better t using the Freundlich than the Langmuir model.9
This journal is © The Royal Society of Chemistry 2020
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Sorption to tire materials is expected to be a combination of
adsorption onto carbonized carbon black and absorption into
the non-carbonized rubber phase and therefore should best be
described using more complex sorption models that take both
ad- and absorption into account, as is the case with the dual-
mode Langmuir model.15 A comparison of the AIC values
calculated for the Langmuir and dual-mode Langmuir models
showed little improvement in the goodness of t achieved when
the latter was used. The use of the dual-mode Langmuir model
t parameters to calculate the amounts of ad- and absorption by
the two tire materials at an aqueous equilibrium concentration
of 0.001 of their solubility, as previously done for tire materials
and their chars,15 did not reveal whether one process dominates
over the other. In the case of carbon black, however, the
contribution of adsorption clearly exceeded that of absorption.

The signicance of the statistical t of the experimental data
and the conclusion that the data are better t using one sorp-
tion model rather than another clearly depend, among other
factors, on the quality of the experimental data and the
concentration range over which the sorption isotherms were
Table 3 Goodness of fit parameters obtained from fitting the experime
TCR-R) and their main components (carbon black, CB, and styrene butadi
Manes modela

Freundlich Dual-mode

R2 RMSE AIC R2

CB
nHex 0.951 0.314 �29.48 0.971
cHex 0.956 0.257 �40.73 0.992
Benz 0.964 0.206 �41.35 0.983
cBenz 0.985 0.118 �82.94 0.943
DNPE 0.959 0.296 �33.69 0.951
DMH 0.967 0.208 �34.53 0.986

TCR-S
nHex 0.962 0.234 �46.71 0.963
cHex 0.959 0.260 �40.28 0.969
Benz 0.921 0.377 �30.45 0.930
cBenz 0.982 0.171 �82.33 0.976
DNPE 0.965 0.248 �27.36 0.960
DMH 0.956 0.247 �42.00 0.969

TCR-R
nHex 0.918 0.371 �22.77 0.973
cHex 0.914 0.366 �31.72 0.983
Benz 0.989 0.326 �72.48 0.991
cBenz 0.956 0.278 �56.35 0.964
DNPE 0.953 0.270 �39.09 0.931
DMH 0.957 0.271 �28.17 0.985

SBR
nHex 0.969 0.226 �41.82 0.974
cHex 0.956 0.269 �31.13 0.971
Benz 0.962 0.257 �57.24 0.965
cBenz 0.991 0.119 �87.03 0.995
DNPE 0.981 0.150 �50.27 0.984
DMH 0.923 0.394 �28.97 0.969

a R2: regression coefficient; RMSE: root mean square error; AIC: Akaike's

This journal is © The Royal Society of Chemistry 2020
determined. A comprehensive understanding of the models
applied to t the sorption isotherms is necessary to avoid not
only misapplication but also inaccurate conclusions.16,28

Isotherm data t using the Polanyi–Manes model resulted in
the best goodness of t for sorption to carbon black and well
explained sorption to styrene butadiene rubber, TCR-S and
TCR-R. This result shows a heterogeneous distribution of the
sorption site energies of the investigated sorbents and that no
saturation-limited sorbate monolayers had formed on the
sorbent surfaces.

The heterogeneous distribution of the sorption site energies
of the sorbent in turn explained the non-linearity of sorption.
For carbon black, the BET data were consistent with the pres-
ence of micropores (<2 nm) and therefore pore-surface
adsorption (pore-lling) as a potential sorption process
(Fig. S1†). Polanyi–Manes theory-based sorption models have
been shown to adequately describe non-linear sorption to other
porous carbonaceous sorbents.24,29 The results from the tting
of the experimental sorption data to the non-linear sorption
models (Table 3) showed that the Polanyi–Manes model best
ntal sorption isotherms of probe sorbates to tire materials (TCR-S and
ene rubber, SBR) to the Freundlich, Dual-Mode Langmuir, and Polanyi–

Langmuir Polanyi–Manes

RMSE AIC R2 RMSE AIC

0.115 �25.99 0.976 0.184 �42.40
0.164 �64.48 0.994 0.102 �68.33
0.149 �48.35 0.989 0.121 �54.10
0.233 �54.10 0.989 0.103 �86.65
0.226 �44.86 0.965 0.191 �86.65
0.143 �41.08 0.987 0.137 �42.16

0.239 �44.15 0.963 0.239 �44.14
0.235 �41.62 0.983 0.173 �51.51
0.369 �29.31 0.939 0.345 �31.62
0.180 �78.45 0.989 0.140 �90.35
0.282 �21.95 0.965 0.261 �23.64
0.217 �44.16 0.972 0.208 �45.61

0.228 �33.21 0.978 0.206 �35.81
0.170 �55.69 0.987 0.283 �38.61
0.254 �74.36 0.990 0.290 �71.84
0.330 �46.89 0.971 0.308 �50.17
0.337 �30.12 0.953 0.279 �36.17
0.169 �37.18 0.993 0.112 �46.98

0.215 �41.29 0.979 0.193 �44.53
0.220 �34.13 0.975 0.211 �35.15
0.251 �56.76 0.964 0.254 �56.18
0.097 �93.87 0.996 0.085 �99.17
0.143 �49.47 0.981 0.156 �46.97
0.227 �45.90 0.951 0.283 �38.37

information criterion.
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explained the sorption of the probe sorbates to carbon black,
whereas the goodness of t for the sorption of the different
sorbates to styrene butadiene rubber, TCR-S, and TCR-R varied.
In another study using sorption models to investigate the non-
linear sorption of non-polar organic sorbates to microplastics,
the Polanyi–Manes model also generally resulted in the best
t.20 The comparison of correlation curves in which the sorbed
volume was plotted against the ratio of the sorption potential to
the sorbate's molar volume showed signicant differences
among the sorbates. Similarly, in the present study correlation
curves plotted for carbon black, styrene butadiene rubber, TCR-
S, and TCR-R (Fig. 2) showed signicant differences between the
curves for all six probe sorbates. According to the Polanyi–
Manes theory, the correlation curves for the sorption of various
sorbates are assumed to form a single curve.30 The variations in
the correlation curves for styrene butadiene rubber, TCR-S, and
TCR-R suggested that the Polanyi–Manes model does not
adequately describe non-linear sorption to these materials,
which is in accordance with the non-porous character of these
sorbents as demonstrated by the BET data (data not shown). For
carbon black however, the variations in the correlation curves
could be ascribed to the morphological differences between
carbon black and activated carbon, for which the Polanyi–
Manes model was originally used to describe sorption.31 While
Fig. 2 Correlation curves for the sorption of probe sorbates to carbon b
left), and TCR-R (lower right).

126 | Environ. Sci.: Processes Impacts, 2020, 22, 121–130
the sorption model t showed that the Polanyi–Manes model
was able to statistically well t the experimental sorption data of
tire materials and microplastics, according to the correlation
curves it is unable to explain the sorption processes involved.
3.2 Sorption to tire materials is dominated by absorption
into the rubber fraction

To compare the sorption properties of the investigated sorbents,
the distribution coefficients (log KD) were calculated from the
isotherm data at 10�3 of the sorbate solubility (Table S7†).
Sorption was strongest to carbon black, which can be well
explained by its particle size, which in aqueous suspension (2.65
� 0.54 mm) wasmuch smaller than that of the other sorbents. For
carbon black, log KD values ranged between 3.25 for benzene and
5.03 for n-hexane (Table S7†). The sorption of benzene to carbon
black was the weakest among the investigated sorbates; among
all sorbates benzene had the lowest hydrophobicity. Other
molecular interactions including p–p electron-donor–acceptor
interactions, which in combination with hydrophobic interac-
tions were shown to result in the strong sorption of aromatic
sorbates to carbonaceous sorbents and polystyrene micro-
plastics.32 For styrene butadiene rubber and the two tire mate-
rials, the log KD values (Table S7†) were one to approximately two
orders of magnitude smaller than those of carbon black (with the
lack (upper left), styrene butadiene rubber (upper right), TCR-S (lower

This journal is © The Royal Society of Chemistry 2020
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exception of the smaller differences obtained with cyclohexane).
This can be explained by the larger particle sizes of aqueous
dispersions of these sorbents (styrene butadiene rubber: 204.77
� 10.47 mm; TCR-S: 260.08 � 10.54 mm; TCR-R: 211.36 � 44.54
mm) than of carbon black. The presence of the carbon ller
material in the tire materials did not result in an overall stronger
sorption than observed for rubber. In fact, there was no clear
trend between sorption strength and the particle size of the
rubber-containing sorbents. The styrene butadiene rubber
dispersion had the smallest particle size among the tested
sorbents but sorption stronger than that of the tire sorbents was
achieved only for the non-polar sorbates. For di-n-propyl ether
and 2,6-dimethylheptan-2-ol, TCR-S exhibited a stronger sorption
than either styrene butadiene rubber and TCR-R. Factors other
than sorbent particle size and surface area therefore contribute to
the differences in sorption by different tire materials and inu-
ence the interactions between these sorbents and organic
sorbates. The aromatic phenyl groups of styrene butadiene
rubber and SBR-containing tirematerials would also allow for the
occurrence of strong p–p electron-donor–acceptor interactions
but in the tire materials these cannot be distinguished from the
electron-donor–acceptor interactions of carbon black. A
comparison of the sorption properties of tire materials to
microplastics showed that the log KD values for styrene butadiene
rubber, TCR-S, and TCR-R were similar or higher than those
obtained for polyamide, polyethylene, polystyrene, and polyvinyl
chloride particles of similar size range.20

One important aspect regarding the interactions of organic
compounds with environmentally relevant sorbents is the sorp-
tion mode (i.e. ad- or absorption). Which of these two processes
dominates has implications for the linearity of sorption and the
capacity of the sorbent. The categorization of polymers based on
their glass transition temperature showed the highly linear
sorption of rubber-like polymers such as polyethylene, based on
Freundlich exponents (n) of �1. Accordingly, for these polymers
partitioning into the bulk materials is the dominant sorption
mode.20,32,33 By contrast, adsorption onto the polymer surface in
combination with a heterogeneous distribution of sorption site
energies would explain the non-linear sorption (n < 0.85)
exhibited by glass-like polymers such as polystyrene and poly-
amide.20,32–35 The linear isotherms describing the interactions of
toluene and xylene with styrene butadiene rubber have been
attributed to the dominance of absorption and the dependence
of sorption onwater–polymer partitioning, while the nearly linear
sorption of the two substances to tire crumb rubber was postu-
lated to result from a combination of absorption into styrene
butadiene rubber and adsorption onto carbon black.10 A link
between the dominant sorption mode and sorption linearity
inferred from the tting of experimental sorption data to the
Freundlich model alone cannot always unambiguously be
established, as shown for sorption to aged and unaged micro-
plastics.19,20 This is further illustrated by the broad variation in
the obtained sorption linearities for styrene butadiene rubber,
TCR-R, and TCR-S (Tables S1–S6†).

An additional approach to differentiate between adsorption
and absorption is to compare the equilibrium distribution
coefficients (log KD) of n-alkanes and cyclic alkanes (Kn/Kc).36 In
This journal is © The Royal Society of Chemistry 2020
brief, absorption from air into a bulk phase is stronger for
cycloalkanes than for their linear homologues, due to the
smaller cavity formation energy necessary.37 Conversely,
adsorption is stronger for n-alkanes because, unlike their cyclic
homologues, all of the carbon atoms can interact with the
surface of the sorbent material.38,39 Kn/Kc ratios have been used
to discriminate between sorption modes for a large variety of
sorbent materials, including bulk liquid, organic polymers, and
graphitized/activated carbons.36 In this study, to examine the
dominant sorption modes of tire materials and their major
components, the single point distribution coefficients of n- and
cyclohexane were calculated by interpolation at a sorbate air-
phase concentration of 10 mg L�1.40

The Kn/Kc ratios for the sorption of C6-alkanes to styrene
butadiene rubber, TCR-R, TCR-S, and carbon black were 0.28,
0.77, 0.38, and 4.48, respectively. For sorption to styrene buta-
diene rubber, the Kn/Kc ratio clearly showed the dominance of
absorption and was similar to the ratio reported for poly-
ethylene (Kn/Kc ¼ 0.33)20 and organic rubber polymers such as
polyisoprene (0.46) and polybutadiene (0.47).41 For sorption to
carbon black the Kn/Kc ratio was consistent with adsorption as
the dominant sorption mode and was in line with the ratio of
2.20–4.52 reported for graphitized carbon black.42,43

For microplastics, the glass transition temperature of the
polymer inuences the dominant sorption mode. Sorption to
glass-like polymers below their glass transition temperature is
dominated by adsorption, while in the case of rubber-like poly-
mers above their glass transition temperature absorption is
dominant.19,20,44,45 The Kn/Kc ratios of the two composite tire
materials showed that sorption is mainly driven by absorption
but they were higher than the ratios of clearly absorbing mate-
rials. This result was in general agreement with the linearity of
the sorption isotherms, which were more linear for styrene
butadiene rubber, TCR-R, and TCR-S than for carbon black. The
data also showed that for absorbing polymers steric effects can be
neglected.40 Instead, for absorption into the polymer matrix,
diffusion of the probe sorbates into the polymer needs to be
considered. Depending on the sorbent–sorbate combination, the
polymer's free volume and the molecular volume of the probe
sorbate inuence sorbate diffusionwithin the polymer. The effect
of both the length of the probe sorbate molecule (i.e., the alkane
chain) and the molar volume on diffusion within the investigated
sorbents can be considered as minimal in the case of a C6 alkane
pair, given the relatively short chain length of n-hexane and the
small molar volume of cyclohexane. Since the Kn/Kc ratio can also
be used to interpret the dominant sorption mode of mixtures, it
provides a powerful tool to investigate the sorption of composite
tire materials. However, a more detailed analysis of the contri-
butions of the two sorption modes to the overall sorption to the
tire materials would require more precise information on the
main components and their properties.
3.3 Hydrophobicity plays an important but not an exclusive
role in sorption to tire materials

The distribution of the sorbates (log KD) was calculated for three
different concentrations depending on the sorbate's solubility
Environ. Sci.: Processes Impacts, 2020, 22, 121–130 | 127
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(10�2 to 10�4 Sw) to account for the non-linearity of sorption and
the different chemical activities of the sorbates at a given
concentration. These values were then correlated using a Pearson
correlation with selected physico-chemical properties of the
sorbates (i.e. molar volume, the octanol–water partitioning
constant, log Kow, and the hexadecane–water partitioning
constant, log Khw) to investigate the inuence of those properties
on sorption to the sorbents. The air–water partitioning constant
(log Kaw) and the hexadecane–air partitioning constant (L) were
used to calculate log Khw.20 The correlations between sorption to
all sorbents and the molar volumes of the sorbates were low (p >
0.05). This supports the results from the sorption model t using
the Polanyi–Manes model, in which sorption to all sorbents was
not fully explained by the correlation curves. The correlations
between the log KD values and the proxies for sorbate hydro-
phobicity were higher (p < 0.05). For carbon black these correla-
tions have to be treated with caution since, as pointed out above,
sorption to carbon black is clearly an adsorption processes, while
log Kow and log Khw refer to an absorption process. Regression of
the distribution coefficients (here 10�3 Sw) against log Khw

hydrophobicity parameters yielded (eqn (1)–(4)):

log KD,CB ¼ 0.49 log Khw + 2.03

(R2 ¼ 0.602, p < 0.05, n ¼ 6) (1)

log KD,SBR ¼ 0.70 log Khw + 0.84

(R2 ¼ 0.968, p < 0.001, n ¼ 6) (2)

log KD,TCR-R ¼ 0.67 log Khw + 0.99

(R2 ¼ 0.878, p < 0.01, n ¼ 6) (3)

log KD,TCR-S ¼ 0.58 log Khw + 1.13

(R2 ¼ 0.778, p < 0.05, n ¼ 6) (4)

The results from the log KD� log Khw correlations for styrene
butadiene rubber (eqn (2)) are similar to those obtained for
sorption to polyethylene.20 Based on the molecular interactions
involved in the phase transfer process, a strong correlation for
sorption to styrene butadiene rubber was not expected because
the molecular structures of polyethylene and hexadecane are far
more similar than those of styrene butadiene rubber and hex-
adecane and therefore so are the respective molecular interac-
tions. For polyethylene and hexadecane, only non-specic van-
der-Waals interactions characterize the interactions with the
sorbates, whereas due to the aromatic character of styrene
butadiene rubber additional electron donor–acceptor interac-
tions have to be considered. Both styrene butadiene rubber and
polyethylene are adsorbing organic compounds, while sorption
to tire materials, similar to other microplastics such as poly-
styrene and polyamide, is dominated by absorption but with
a relevant contribution of adsorption. This may explain the
decreasing quality of log Khw as a proxy for sorption to these
sorbents. The correlations showed that hydrophobicity plays an
important role in sorption to rubber-containing sorbents and
that, especially for sorption to styrene butadiene rubber, log Khw

is a very good proxy. However, sorption to the tire materials
cannot be explained solely by the hydrophobicity of the sorbate.
128 | Environ. Sci.: Processes Impacts, 2020, 22, 121–130
4 Conclusion

This study examined the interactions of six organic probe
sorbates with tire materials and their major components,
styrene butadiene rubber and carbon black were investigated.
Experimental sorption isotherms were determined over several
orders of magnitude and t to non-linear sorption models,
which provided insights into the processes involved in sorption.
The results showed that the commonly applied sorption models
used to describe non-linear sorption processes could not fully
explain sorption to the tire materials, as the experimental
sorption data were well-t using the Polanyi–Manes models but
the correlation curves showed discrepancies among the
different probe sorbates. The use of alkanes as probe sorbates
revealed that sorption to tire materials was clearly dominated by
absorption into the rubber fractions, with a smaller role played
by adsorption onto the carbon black component. The sorption
data were correlated with hydrophobicity, which was approxi-
mated using the octanol–water and the hexadecane–water par-
titioning constants. The correlations between the hexadecane–
water partitioning constants and the distribution data of
styrene butadiene rubber were the strongest, whereas in the
case of the tire materials the correlations were weaker, and
weakest for the carbon black. These results demonstrated both
the importance of hydrophobicity in sorption to tire materials
but also the need to consider additional interactions. Further
investigations into the contributions of individual molecular
interactions to the overall sorption to microplastics are
required, using sorption data for a much broader set of probe
compounds and covering a wide variety of chemical classes.
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