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Abstract

Owing to their small size and surface hydrophobicity, microplastics (MPs) tend to act as
vectors for various organic pollutants. However, in contrast to well-studied pollutants
like polycyclic aromatic hydrocarbons, the sorption of benzene-series compounds on MPs
has been seldom studied. To investigate the sorption process, the isotherms were deter-
mined for the sorption of three benzene-series sorbates by three polymers with different
physicochemical properties. The linear sorption isotherms observed for PE indicate that
sorbate uptake was dominated by partitioning into the bulk polymer. In contrast, the
non-linear isotherms of PP and PVC imply that adsorption onto surfaces was the dominant
mechanism. Sorption capacity of m-xylene and ethylbenzene increased in the following
order: polyvinyl chloride (PVC) < polyethylene (PE) < polypropylene (PP). This order
does not reflect the polarity or the crystallinity of the investigated MPs, suggesting the
influence of additional factors (e.g., glass transition temperature, specific surface area) on
the sorption of BTEX by MPs. In addition, the particle size and morphology of MPs are also
factors affecting sorption capacity. The strong correlation between the sorption coefficients
and sorbate hydrophobicity indicates that the hydrophobic interactions played a crucial
role. Meanwhile, specific sorbate properties, such as electronic structure and molecular
polarizability, are also significant factors that affect the sorption behaviors.

Keywords: microplastics; sorption mechanism; benzene-series compounds; hydrophobic
interaction; influencing factors

1. Introduction

Over recent years, the rapid growth in production and applications of plastics has
resulted in the worldwide spread of plastic debris [1,2]. The presence of plastic debris has
been reported in multiple environments, including aquatic systems [3,4], sediments [5,6],
terrestrial ecosystems [7,8], and even in animal or human tissues [9,10]. By diameter, plastic
debris can be defined as microplastics (MPs, 1-5000 um) [11] and nanoplastics (NPs, lower
than 0.1 um) [12]. MPs have become an issue of increasing concern due to their adverse
impact on themselves and “indirect” effect as carriers of other organic pollutants [13-15].
It has been reported that MPs enhance the mobility of sorbed organic compounds in the
environment [16,17], which in turn may amplify the environmental risk of these co-existing
pollutants. Conversely, some researchers argue that the strong sorption capacity of MPs
can reduce the dissolved concentration of organic chemicals [18]. Thus, it is imperative to
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understand the sorption behavior of organic compounds towards MPs, for the possible
sorption mechanisms are prerequisite for accurate risk assessment [19].

Due to their large surface area and high hydrophobicity, MPs exhibit a strong sorption
capacity for a wide range of organic pollutants such as polycyclic aromatic hydrocarbons
(PAHs), polychlorinated biphenyls (PCBs), petroleum hydrocarbons, and phenanthrene,
through mechanisms including hydrophobic partitioning, pore-filling, —m interactions,
and van der Waals forces. Rochman et al. [20] compared the sorption of PAHs and PCBs by
five types of MPs. Concentrations of PAHs and PCBs sorbed to high-density polyethylene
(HDPE), low-density polyethylene (LDPE), and polypropylene (PP) were greater than
concentrations sorbed to polyethylene terephthalate (PET) and polyvinyl chloride (PVC).
They revealed that sorption rates and kinetics varied significantly among plastic types.
Guo et al. [21] studied the sorption behaviors of hydrophobic organic compounds (HOCs)
on PE with different crystallinity and found that the sorption capacity increased with a
reduction in crystallinity, indicating that the mobility and abundance of rubbery domains
play a crucial role in the sorption behavior of MPs. Velzeboer et al. [22] reported that the
sorption capacity of polychlorinated biphenyls PCBs on polystyrene (PS) was much higher
than on PE, due to the stronger aromaticity, higher surface area, and higher volume ratio of
PS. In addition, the structure of the surface layer also affects the sorption between MPs and
organic compounds. Natalia Shevchenko [23] investigated the sorption capacity for rho-
damine B of pristine and N, N, N’-dimethylformamide (DMF)-modified PS. The sorption
capacity of DMF-modified PS increased significantly, attributed to its large specific sur-
face area, additional micro/mesopores, and hydrophobicity. Guo et al. [24] observed that
the sorption capacity of tylosin on the MPs increased in the order of PE < PP < PS < PVC,
demonstrating that electrostatic interaction, surface complexation, and hydrophobic interac-
tion were the dominant mechanisms governing the sorption process. Hu et al. [25] studied
the sorption behavior of 173-estradiol on PS, PE, and PVC. The sorption capacity of aged
MPs was stronger than that of pristine MPs, which was attributed to the hydrogen bonding.
In summary, the physicochemical properties of both MPs and organic compounds have
been established as key factors for the sorption process. Previous studies have primarily
focused on the interaction between MPs and persistent organic pollutants. Benzene-series
compounds, such as ethylbenzene and styrene, also exert toxic effects on organisms, human
health, and ecosystems [26]. However, few studies have been conducted on the sorption
behavior of benzene-series compounds by MPs.

The petrochemical industry was recognized as a possible contributor to environmental
MPs. According to Deng [27], 1.44 quadrillion MPs were estimated to be released globally
in 2021 by the petrochemical industry. Among the 25 types of MPs detected, PP, PE, and
silicone resin were identified as the predominant polymers. Benzene-series compounds
(benzene, toluene, ethylbenzene, and xylene) are characteristic pollutants of the petrochem-
ical industry. Among them, ethylbenzene, m-xylene, and styrene have been frequently
detected at levels exceeding environmental standards in monitoring studies. With ethyl,
methyl, and vinyl substituents, respectively, these compounds offer diverse substitution
patterns. Thus, they were selected as target adsorbates in this study to systematically
investigate the contributions of hydrophobicity, steric hindrance, and 7— interactions.
The aim of this study was therefore to investigate the underlying sorption mechanisms
between MPs and benzene-series compounds. Sorption experiments were performed with
MP sorbents (PE, PP, and PVC) and BTEX sorbates (ethylbenzene, m-xylene, and styrene).
These compounds were selected mainly based on their physicochemical properties and
widespread environmental occurrence.
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2. Materials and Methods
2.1. Materials

PE, PP, and PVC were purchased as powders from Dongguan Ruixiang Plastic Co.,
Ltd. (Dongguan, China). The particle size of MPs ranged from 0.02 to 4 mm. Ethylben-
zene, m-xylene, and styrene were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), analytical reagents. Physicochemical properties of the above sorbates
are listed in Table 1.

Table 1. Physicochemical properties of sorbates used in this study.

Compound MW * Density * MV * LogKaw * Sw * LogKow *  Polarizability *
ethylbenzene  106.17 0.865-0.869  122.251 £ 3.00 —0.78 184 3.1 14.16
m-xylene 106.17 0.860-0.862  121.984 £ 3.00 —0.74 200 3.2 14.23
styrene 104.15 0.906-1.105  115.381 £ 3.00 —0.95 320 2.96 14.73

* MW: molecular weight (g/mol); Density: 20 °C (g/mL); MV: molecular volume (cm?/mol); LogKaw: Henry’s
Law Constant; Sy, : intrinsic solubility (mg/L); logKyw: octanol-water partition coefficient; Polarizability: A3,

2.2. Sorbent Characterization

Scanning electron microscopy (SEM) (Zeiss GeminiSEM 360, Jena, Germany) was
applied to observe MPs’ surface morphology at an accelerating voltage of 2.00 kV. The
specific surface area analysis was performed using a surface area analyzer (Micromerit-
ics ASAP2460, Norcross, GA, USA). Prior to analysis, 0.1 g of the MPs was dried un-
der vacuum at 60 °C for 12 h. N, adsorption—desorption isotherms were measured at
77 K. The specific surface area, pore volume, and pore size were calculated by apply-
ing the Brunauer-Emmett-Teller (BET) method. The surface functional groups of the
MPs were analyzed by Fourier transform infrared (FTIR) spectroscopy (Bruker Vertex 70,
Ettlingen, Germany). The dried samples were analyzed directly in the spectral range
of 4000-600 cm~!. The crystallinity was determined with X-ray diffraction (XRD) (Shi-
madzu XRD-6100, Kyoto, Japan). The measurements were conducted with Cu K« radiation
(A = 15406 A) at 40 kV. The experimental data were then analyzed by Jade 6.5 software
(Materials Data Inc., Livermore, CA, USA). The surface wettability was measured by a
contact angle goniometer (KRUSS DSA100, Hamburg, Germany) with 3 pL droplets of
water. The final values represent the average of measurements taken at three different loca-
tions. Due to the difficulty in achieving stable aqueous dispersions of the MPs samples, the
zeta potential was directly measured on the solid surfaces using an electrokinetic analyzer
(SurPass, Anton Paar, Graz, Austria). The point of zero charge (pHpzc) was determined by
plotting the zeta potential as a function of pH.

2.3. Sorption Batch Experiments

Batch experiments were performed to investigate the sorption kinetics and sorption
isotherms of the MPs. Prior to the sorption experiments, the MPs were first added to
distilled water for ultrasonic bath dispersion at a frequency of 40 kHz for 10 min at room
temperature. Then 10 mg of the prepared MPs was placed into 20 mL amber headspace
screw vials, to which 10 mL of BTEX solution was added. The BTEX concentrations were
designed as 160-180 mg/L. The vials were then immediately sealed using screw caps with
butyl/PTFE septa. All vials were shaken in the dark at 150 rpm until equilibrium was
reached under 20 °C. To enable the application of sorption isotherm models for mechanistic
and capacity analysis, the selected concentration range was designed to cover the complete
sorption profile from low coverage to near saturation. Additionally, the inclusion of
higher concentrations improves analytical detection by providing measurable concentration
changes, which increases data reliability. Thus, in the sorption isotherm experiments, the

https://doi.org/10.3390/polym18040526


https://doi.org/10.3390/polym18040526

Polymers 2026, 18, 526

4of 16

initial concentrations of the BTEX were set to range from 20 to 180 mg/L. To investigate the
effect of particle size on BTEX sorption, PE with sizes of 20 pm, 100 um, 1 mm, and 4 mm
were selected. Sorption experiments using PE with different morphologies, namely powder,
granules, fibers, and films, were conducted to evaluate the impact of physical morphology.
The experiments lasted for 56 h to ensure equilibrium. To ensure reproducibility, all
experiments were conducted three times. For the quantification of BTEX, n-hexane was
employed as the extraction solvent. The supernatant obtained after the secondary extraction
was filtered through a 0.22 um PVDF syringe filter prior to analysis by gas chromatography
(Agilent 7890A, Santa Clara, SA, USA). The sorption capacity of BTEX was calculated using
Equation (1):

Qi = (Co—Ct)V’ )

m

where Q; (mg/g) is the adsorption capacity, Cy (mg/L) and C; (mg/L) are the initial and
time-dependent solution concentrations, respectively; V (L) is the solution volume; and
m (g) is the number of MPs.

2.4. Sorption Models and Statistics

To evaluate the whole sorption process, the pseudo-first-order, pseudo-second-order,
and the Weber-Morris intraparticle diffusion model were fit to the sorption kinetics data.
Pseudo-first-order model:

Qi = Qu(1—e7), @
Pseudo-second-order model:
Ko Qnt
=, 3
O = T Qe ®
Weber-Morris intraparticle diffusion model:
Q= Kst'? 4+ C (4)

where O, (mg/g) and Q; (mg/g) are the equilibrium and time-dependent sorption capaci-
ties, respectively; K; th1, K, (g/(mg-h)) and K3 (mg-g_l) are the rate constants for the
pseudo-first-order, pseudo-second-order model and intraparticle diffusion model; ¢ (h) is
the sorption time; and C (mg-g~1) is the intercept constant.

The sorption isotherms were fitted with linear model, Langmuir model, Freundlich
model, and Dubinin-Radushkevich (D-R) model. The coefficient of determination (R?) was
used to evaluate the quality of the curve fit.

The Henry model is defined by Equation (5):

Qe = Kd X Ce/ (5)

The Langmuir model can be described by Equation (6):

_ Qm'KL'Ce
Q= ©)
The Freundlich model can be described by Equation (7):
Qe =Kr x /", 7)
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The D-R model is given by Equation (8):

Qe = Qr x exr’(—KDR X 52)/ 8)

e=RTIn(1+1/C.), ©)

where Q. (mg/g) is the equilibrium adsorption capacity; K; (L/g), K;, (L/mg), Kr, and
Kpg are the equilibrium constants for Henry, Langmuir, Freundlich and D-R adsorption
models, respectively; C, (mg/L) is the equilibrium concentration of the adsorbate; Qy,
(mg/g) and Q; (mg/g) represent maximum adsorption capacity and theoretical maximum
adsorption capacity, respectively; n is the Freundlich adsorption intensity constant, dimen-
sionless; R (J/mol) is molar gas constant; € is polanyi adsorption potential; T (K) is the
absolute temperature.

3. Results and Discussion
3.1. Sorbent Characterization

The SEM micrographs of PE, PP, and PVC are shown in Figure 1. The MPs are frag-
ments with a particle size of approximately 100 um. The surfaces of the MPs exhibit
heterogeneous wrinkles and a number of micropores. Among them, PE and PVC demon-
strate a near-spherical granular morphology with uneven, porous structures, while PP
particles have an irregular fragmentary morphology with relatively smooth surfaces. Ac-
cording to the results of BET analysis (Figure S1), all three types of MPs exhibited relatively
low specific surface areas, following the order: PP (0.567 m?/g) > PE (0.511 m?/g) > PVC
(0.46 m?/g). PE and PVC possessed more developed microporous structures compared to
PP. The micropore specific surface area decreased in the order of PVC (0.395 m?/g) > PE
(0.358 m?/ g) > PP (0.192 m?2/ g). The micropore volume also decreased in the same order:
PVC (0.149 mm3/g) > PE (0.137 mm3/g) > PP (0.073 mm3/g). The high total BET surface
area of PP is likely contributed by a substantial proportion of meso- or macropores. The
FTIR spectra of MPs are depicted in Figure 2. Characteristic peaks of CH, were observed at
2844.81 and 1475.62 cm ™! in the FTIR spectra of PE, which can be caused by the symmetric
stretching and bending vibrations, respectively. For PP, the peaks at 2950 and 2865 cm !
can be ascribed to the asymmetric and symmetric stretching of CHs, respectively. The peak
at 1371 cm~! corresponds to CH3 symmetric deformation. The overlapping stretching
vibration of CH, /CHj; was observed around 2915 cm~!. The absorption peak at 2835 cm ™!
can be assigned to the CH stretching vibration, while the band at 973 cm ! can be attributed
to the rocking vibration of CH3/CH groups. Characteristic peak of C-Cl stretching vibra-
tion was observed at 690~600 cm ™! in the FTIR spectra of PVC. The peaks at 2930, 2850,
1425, and 1251 cm™~! can be ascribed to the asymmetric stretching, symmetric stretching,
bending vibration, and twisting vibration of CH,, respectively. The band near 1315 cm~!
can be attributed to the CH bending vibration. As shown in Figure 3, the XRD pattern of PE
exhibits two sharp diffraction peaks at 21.42°and 24.08° with high intensity, demonstrating
its highly crystalline nature. This can be attributed to its simple and symmetric molecular
structure. With a carbon-only backbone and hydrogen side groups, the polymer chains
experience minimal steric hindrance. All chains possess the same configuration, which
promotes the formation of a three-dimensional ordered structure, thereby leading to a high
degree of crystallinity. For PP, multiple sharp peaks can be observed at 14°,16.7°, 18.5°, and
21.7°, which are indicative of a highly crystalline material. These diffraction peaks reveal
that the polymer chains possess helical conformation, forming a highly crystalline structure
dominated by the o-crystal form. In contrast, one wide diffraction peak with relatively
low intensity occurs around 24° for PVC, indicating that PVC is a typical semi-crystalline
polymer with a low degree of crystallinity. This may be due to the fact that the repeating
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unit of PVC contains a bulky and highly electronegative chlorine atom, which restricts the
rotation and movement of the molecular chains. The structure hinders the regular packing
of chains into an ordered lattice, resulting in a much lower crystallinity compared to PE
and PP. The degree of crystallinity decreased in the order of PE (74.95) > PP (44.31) > PVC
(7.76), which is consistent with Liu [28]. As shown in Figure 4, the water contact angles
for PE, PP, and PVC were measured to be 134.9°, 131.8°, and 120.4°, respectively. The MPs
all show strong hydrophobicity with contact angle values exceeding 90°, consistent with
their non-polar nature as hydrocarbon-based polymers. Notably, PE exhibited the highest
contact angle, indicating the strongest hydrophobicity. This suggests that PE may exert
stronger hydrophobic interactions with hydrophobic BTEX. In contrast, the relatively lower
contact angle of PVC may be attributed to the slight polarity introduced by chlorine atoms
along its polymer chains. As shown in Figure S2, the zeta potentials of the MPs gradually
decreased with increasing pH. Their pHpzc were determined to be 1.93, 1.24, and 0.54
for PE, PP, and PVC, respectively. These three MPs exhibit a net negative surface charge
under typical natural aquatic conditions. This trend in pHpyc values can be attributed to
the intrinsic chemical nature of the polymers. As non-polar hydrocarbon polymers with
minimal surface functional groups, PE and PP exhibit relatively higher pHpyc values. For
PVC, the chlorine atoms in PVC may introduce slight polarity and enhance the acidity of its
surface groups, resulting in a lower pHpzc value. Selected properties of the three MPs are
listed in Table 2. The surface morphologies of PE, PP, and PVC after BTEX sorption were
further characterized by SEM (Figure S7), and no significant structural or morphological
changes were observed on the MP surfaces.

Figure 1. SEM images of MPs.

T/ %

4000 3600 3200 2800 2400 2000 1600 1200 800
Wavenumber / cm™'

Figure 2. FTIR spectra of MPs.
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Figure 3. XRD patterns of MPs.
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Figure 4. Water contact angles of MPs.
Table 2. Characteristics of the MPs.
Surface = Micropore Glass
MPs Polarity Diameter Den51;cy Area Volume Crystoalllmty Transition Contac: pHpzc
(um) (g/cm?) (m2/e) (mm3/e) (%) Temperature Angle (°)
& & (Tg/°C)
PE non-polar 100 0.92 0.511 0.137 74.95 —120~-100 134.9 1.93
PP weak-polar 100 0.90 0.567 0.073 44.31 —20~-10 131.8 1.24
PVC  strong-polar 100 1.15 0.46 0.149 7.76 60~100 120.4 0.54

3.2. Sorption Kinetics

Figure 5 shows the sorption kinetics of the sorbates on the three types of MPs. The
sorption capacity increased rapidly within the initial 10 h and then gradually approached
equilibrium, which was attained at approximately 24 h for PE, and 32 h for PP and PVC.
To analyze the sorption kinetics of the adsorption process, the pseudo-first-order model
and pseudo-second-order model were used to fit the experimental data, and the relevant
parameters are listed in Table 3. From the perspective of the correlation coefficient values
(R2, 0.85-0.99), both models are well fitted. However, R;% obtained from the pseudo-
first-order model is relatively low. The maximum amount values (Q,;2) calculated by the
pseudo-second-order model align more closely with the experimentally obtained values.
This indicates that the overall sorption process is well described empirically by pseudo-
second-order kinetics [29,30].
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Figure 5. The sorption kinetics of MPs.

Table 3. Adsorption kinetic parameters of BTEX on MPs.

Pseudo-First-Order Model Pseudo-Second-Order Model Weber-Morris Intraparticle

MPs BTEX Diffusion Model
Qm1 K, R;2 Qm2 K; R,? C K3 R;?
ethylbenzene 27.42678 0.15 0.91 59.41771 0.010949 0.99 17.76 947 0.96
PE n’l—Xylene 42.40431 0.19 0.92 85.10638  0.008203 0.99 22.76 14.47 0.99
styrene 62.26752 0.20 0.85 84.38819 0.004941 0.99 16.53 14.38 0.98
ethylbenzene 53.26609 0.13 0.87 63.09148  0.006389 0.99 9.08 12.09 0.92
PP m-xylene 36.75227 0.09 0.95 87.26003  0.008087 0.99 22.29 16.15 0.87
styrene 33.58905 0.11 0.98 66.5779 0.009071 0.99 15.03 12.39 0.94
ethylbenzene 46.72129 0.15 0.99 59.63029 0.006854 0.99 6.64 12.1 0.94
PVC m-xylene 47.90405 0.15 0.92 68.21282  0.009099 0.99 14.75 13.053 0.86
styrene 34.10691 0.08 0.95 58.30904  0.005554 0.99 4.06 11.83 0.96

To further discern the rate-influencing steps, the data were analyzed using the Weber-
Morris intraparticle diffusion model. The resulting plots revealed multi-stage linear regions
(Figure S3), suggesting that sorption involved both boundary-layer diffusion and intra-
particle diffusion. From Table 3, the intra-particle diffusion rate constants (K3) varied
notably among the MPs, with values consistently higher for PE and PP compared to PVC.
This observed trend aligns directly with the differences in their glass transition temperatures
(Tg). At room temperature, PE and PP possess amorphous regions that are in a rubbery
state, as their Ty is below room temperature. The high chain mobility within the rubbery
amorphous regions of PE and PP facilitates the diffusion of BTEX molecules. In contrast,
PVCis predominantly amorphous and in a glassy state, with its Tg above room temperature.
The tightly packed and rigid chains in the glassy amorphous regions of PVC result in slower
diffusion of BTEX molecules. Thus, the polymer chain mobility, governed by Ty, is a key
factor modulating the sorption kinetics of BTEX onto these MPs. To ensure the reliability of
the experimental results, the adsorption equilibrium time was set at 48 h.

3.3. Sorption Isotherm Fit

Isotherms for the sorption of BTEX by MPs are shown in Figure 6. The Henry, Lang-
muir, Freundlich, and D-R isotherm models were applied to demonstrate the interactions
between BTEX and MPs, with the results presented in Figure S4. The corresponding fitting
parameters are summarized in Tables 4 and S1. The selection of the optimal isotherm model
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was comprehensively evaluated based on the coefficient of determination (R?), Akaike
Information Criterion (AIC), and Bayesian Information Criterion (BIC). The results showed
that the sorption behavior of BTEX on different MPs followed distinct isotherm models.

100
B PE- ethylbenzene
O PP- ethylbenzene o
@ PVC- ethylbenzene| [}
80 |- @ PE- m-xylene .
O PP- m-xylene
O PVC- m-xylene o
80 A PE- styrene i
- A PP- styrene Q
A\ PVC- styrene L4 LI
5 A
o
A
2 0| o C
) O (]
(@] o ° a A%Ik A
® 0]
20 | o w A
| A m A
o m O
g 2 &
0L N
1 1 1 s 1 1 1

0 20 40 60 80 100 120 140
C_/mg- L

Figure 6. The sorption isotherms of BTEX on MPs.

Table 4. Fitting results of BTEX sorption by MPs.

MPs BTEX Henry Model Langmuir Model Freundlich Model D-R Model
Kg/(L-.g7)) R? Kp/(L'mg-1) R?> Kg/(mgL1 nl R? Kpr R?
ethylbenzene 0.457 0973 461 x 107> 097 0.102 1.338 0971  0.0002 0919
PE m-xylene 0.854 0985 3.11 x 10~°  0.956 0.388 1.188 0967 9 x 107> 0.888
styrene 0.526 0.841 493 x 1077 0982 3.81x10°> 3.148 0985 0.0004 0.802
ethylbenzene 0.582 0.948 4.03 x 107 0.986 0.033 1.658 0989  0.0001  0.764
PP m-xylene 0.972 096 1.34x 1072 0.946 0.884 1.023  0.96 0.0001  0.941
styrene 0.424 0917 201 x10°® 0.997 0.002 2141 0.997  0.0003  0.849
ethylbenzene 0.384 0.882 555x 1078 0915 0.006 1934 0921  0.0002 0.777
PVC m-xylene 0.577 0.956 1.87 x 107> 0.935 0.378 1.09 0952  0.0001  0.927
styrene 0.313 0.849 191 x 1077 0927 3418 x 10~* 2482 0945 0.0005 0.835

For PE, the sorption of BTEX was best described by the Henry model, which exhibited
the smallest AIC and BIC values, along with the highest R? values in most cases. This
indicates that the sorption process was dominated by a linear partitioning mechanism,
where BTEX molecules partitioned into the rubbery, amorphous regions of PE, rather than
by adsorption onto the polymer surfaces [28,31]. This can be attributed to the nonpolar
nature and rubbery state of PE at the experimental temperature (20 °C). PE, which possesses
high segmental mobility and considerable free volume within the bulk polymer [32]. Such
structural characteristics favor the hydrophobic partitioning of aromatic compounds into
the polymer matrix via van der Waals interactions.

For PP and PVC, the Freundlich model provided the best fit, as evidenced by the
lowest AIC/BIC values and highest R? values across most BTEX compounds. This suggests
a heterogeneous distribution of sorption energies of PP and PVC, and that no saturation-
limited monolayer adsorption was formed on the adsorbent surfaces [18]. The nonlinear
sorption isotherms further indicate that other mechanisms also played significant roles
in the sorption process in addition to hydrophobic interaction. Numerous studies have
demonstrated that pore filling is one of the sorption mechanisms [33,34]. It has been
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proposed that enhanced cohesive forces in condensed PVC polymer segments facilitate
additional hole-filling mechanisms. Thus, sorbate molecules can engage in adsorption-like
interactions with the sorbent surface [18,35,36]. As pore filling is a solid-surface adsorption
process, the corresponding sorption isotherms are typically nonlinear, which is consistent
with the findings of this study. The D-R model fitting results (R?pR > 0.76) further confirm
the involvement of micropore filling in the adsorption process. However, since R>pg was
lower than RZF, micropore filling is not the dominant mechanism. Therefore, in the sorption
of BTEX onto PP and PVC, hydrophobic interaction may be the dominant mechanism, with
a contribution from pore filling.

The concentrations employed in this study were higher than typical environmental
BTEX levels. For PE, sorption exhibited a strong linear relationship across the tested range,
indicative of a partition-dominated process. This linearity suggests that the distribution
coefficient (K;) derived herein can be applied to reasonably estimate sorption behavior
at lower, environmentally relevant concentrations. For PP and PVC, the sorption data
were better described by nonlinear isotherm models. This nonlinearity implies more com-
plex interactions, such as heterogeneous surface adsorption, which may be concentration-
dependent. Consequently, the parameters obtained from this high-concentration range
cannot be directly used to predict sorption at environmental concentrations with accuracy.
Nevertheless, these parameters can effectively reveal the relative sorption capacities and
potential sorption mechanisms of different MPs materials for BTEX. Future studies at pug/L
to low mg/L levels are needed to accurately quantify sorption under environmentally
relevant conditions.

3.4. Influence of Sorbent Properties on Sorption

In summary, the sorption isotherms of PE were well described by the linear Henry
model, which may indicate that the sorption process was dominated by a partition mecha-
nism. In contrast, the sorption isotherms of PP and PVC were better fitted by the nonlinear
Freundlich model, suggesting that not only hydrophobic interaction but also micropore
filling played a synergistic role. When the particle size of MPs was 100 pum, the equilibrium
sorption capacities for m-xylene and ethylbenzene followed the order of PVC < PE < PP,
while for styrene, the order was PVC < PP < PE. The differences can likely be attributed to
the variations in the physicochemical properties and polymer structures of the MPs.

Due to the regular, symmetrical molecular structure, PE is considered to be non-
polar. Compared with PE, PP was slightly more polar, and PVC was strongly polar
because of its substitution of one hydrogen atom with a methyl group and a chlorine atom,
respectively. Since nonpolar polymers generally exhibit stronger affinity for hydrophobic
organic compounds via van der Waals interactions [37], PE with high crystallinity was
theoretically predicted to exhibit the highest sorption capacity for BTEX [28]. Indeed,
the sorption capacity for styrene across all three MPs showed a positive correlation with
material crystallinity.

However, for the other BTEX compounds, the sorption capacity of PE was lower than
that of PP. This apparent discrepancy arises from their fundamentally different sorption
mechanisms. For PE, sorption is dominated by partition into the polymer matrix, meaning
the sorption capacity is governed by its intrinsic polymer properties rather than porous
structure. The lower sorption capacity may be attributed to the limited molecular acces-
sibility of ethylbenzene and m-xylene. In contrast, for PP and PVC, surface adsorption is
the predominant mechanism. The overall sorption capacity ranking (PP > PVC) aligned
with the order of both crystallinity and total specific surface area, but not with micropore
characteristics. This indicates that micropore filling was not the dominant mechanism in
this system. This suggests that for these polymers, the intrinsic polymer properties (e.g.,
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crystallinity, polarity) exert a more fundamental influence on BTEX sorption than does the
porous structure. The sorption differences may be ascribed to the larger specific surface area
of PP. This larger area not only provides more sorption sites for BTEX [31], but also affords
greater exposure to the aqueous solution, thus facilitating the mass transfer process of
BTEX. Furthermore, polymer chain mobility, inferred from the glass transition temperature
(Tg/°C), was considered to be another important factor that affects the sorption behavior
of MPs [38]. The sorption of styrene on MPs increased with their Tg reduction in this
study. This may be because both PE and PP could be viewed as rubbery polymer at room
temperature, whereas PVC was recognized as glassy polymer. The high flexibility of PE
and PP polymer chains may enhance the sorption affinity for BTEX, as their high mobility
could improve the accessibility to sorption sites [39]. In comparison, the compact structure
of PVC polymer chains results in lower fluidity and diffusivity, which contributes to its
weaker sorption capacity.

The effects of physical morphology on sorption were also investigated with PE as an
example. The sorption capacities of BTEX on PE with different particle sizes are presented
in Figure 7. The results indicate that the sorption capacity for BTEX showed a gradual
increase as the particle size increased from 0.02 mm to 0.1 mm, reaching a maximum at
a particle size of 0.1 mm, and then decreased with further decreases in particle size. For
particles below 0.1 mm, the decline could potentially be attributed to particle aggregation
(Figure S5). As shown in Figure S5, more pronounced aggregation was observed in the
suspensions of smaller PE particles after the sorption process. Aggregation reduces the
effective surface area exposed to the solution, thereby limiting the initial contact interface
and hindering the diffusion of BTEX molecules into the polymer matrix. Consequently,
the kinetics of the partitioning process are slowed down, leading to a lower measured
sorption capacity within the experimental timeframe. Conversely, when the particle size
was increased from 0.1 mm to 4 mm, the sorption capacity decreased with increasing
particle size. This may be because larger particles offer longer internal diffusion paths
and lower accessibility to amorphous domains, slowing down the attainment of sorption

equilibrium [40].
120 - —u&— ethylbenzene
—&— m-xylene
100 —A— styrene
80 -
i “
g 60 /’/ \\\*0
o . 0
20 +
0 1 L 1 L 1 n 1
0.02 0.1 1 4
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Figure 7. Effect of particle size on BETX sorption on PE.

The morphology of polyethylene (PE) profoundly influences its sorption of BTEX, as
shown in Figure 8. The sorption affinity followed the order: powder > bead > fiber > film,
a trend fully consistent with the theoretical framework established earlier. The superior
performance of powder PE is attributed to its significantly larger specific surface area
(0.511 m?/g) and higher dispersibility, which facilitates rapid partitioning of BTEX. In
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contrast, the flat, two-dimensional structure of film and fiber morphologies offers limited
surface area (e.g., 0.0285 m? /g for fiber), creating unfavorable mass transfer conditions that
hinder molecular penetration and slow partition kinetics. Specifically, film samples showed
weaker sorption affinity for BTEX, which might be primarily attributed to their lower
specific surface area (0.0163 m?/g) and oriented packing. Moreover, its highly compact
planar structure further exacerbates the resistance to mass transfer at the solid-liquid
interface, leading to a further reduction in BTEX sorption capacity.

100
—a— ethylbenzene
75 | ®— m-xylene
\ —=A— styrene

"
o 50 |
£
od}

25

0 1 1 1 L 1 L 1 L - 1 L 1 " .I
powder bead fiber film

Figure 8. Effect of morphology on BETX sorption on PE.

While the observed sorption trend provides a strong correlation between PE mor-
phology and BTEX removal, a definitive mechanistic interpretation requires quantitative
linkage to intrinsic material properties. To establish this structure-property-performance
relationship, a comprehensive suite of characterization is essential. This detailed characteri-
zation work forms a critical part of our ongoing research, as it will not only conclusively
verify the hypotheses presented herein but will also form the basis for a predictive model
guiding the design of high-performance polymer sorbents.

3.5. Influence of Sorbate Properties on Sorption

To investigate the influence of sorbate properties on sorption, a correlation matrix
between the sorption coefficients and key properties of BTEX—including molar volume
(MV), molecular weight (MW), and octanol-water partition coefficient (log Kow) were
established. Non-significant correlations were obtained between the sorption capacity of
MPs and MV or MW. Meanwhile, significant correlations (R? > 0.91) were obtained between
the calculated distribution coefficients and the Log Ko of the sorbates, as illustrated in
Figure 9. The distribution coefficient K; exhibits a positive linear correlation with the
hydrophobicity of BTEX compounds, indicating that hydrophobic interaction was the
dominant driving force for sorption. The regression of distribution coefficients against the
log Kow yielded:

Log Kpg = 18.51 log Kow — 55.99 (R? = 0.91), (10)
Log Kpp = 10.87 log Kow — 31.97 (R? = 0.96), (11)
Log Kpyc = 12.43 log Kow — 37.43 (R? = 0.92), (12)
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Figure 9. Correlation of distribution coefficients for MPs and log Koy .

From Figure 6 and Table 4, it can be observed that the sorption behaviors of BTEX
vary with their physicochemical properties. For PE, the sorption isotherms of m-xylene
and ethylbenzene followed the Henry model, indicating that hydrophobic partition was
the primary process of the sorption. In contrast, the sorption isotherm of styrene was better
described by the Freundlich model. This may be due to the 7—7 conjugated system between
the benzene ring and the vinyl group of styrene. The deformable electron cloud of styrene
leads to variable interaction strengths with different sites on the PE surface, which could
disrupt its uniform energy distribution. This explains the nonlinear sorption behavior of
styrene on PE. The Log Ko of a sorbate is considered to be the primary factor affecting the
partitioning process [41,42], which supports the conclusion drawn above. However, the
sorption capacity of PE for BTEX followed the order of m-xylene > styrene > ethylbenzene,
which was inconsistent with the order of the Log Ko values (Table 4). The m—m conjugated
structure of styrene may also account for the observation, which exhibited the highest
molecular polarizability among the sorbates and thereby led to a stronger London disper-
sion force, thus higher sorption affinity. This result revealed that the electronic structure
and molecular polarizability were also significant factors that affect the sorption behaviors.

As shown in Figure 6 and Table 4, the sorption isotherms of BTEX by PP and PVC
followed the Freundlich model. The sorption capacities for BTEX decreased in the order of
m-xylene > ethylbenzene > styrene, which was in accordance with the order of the Log Kqw
values (Table 1). In addition, the molecular volume (MV) of BTEX might also contribute to
this sorption behavior. With a relatively symmetric and planar molecule structure, m-xylene
has the smallest molecule volume. Therefore, the m-xylene molecule could diffuse more
easily into the MP’s matrix with minimal steric hindrance. Ethylbenzene exhibits higher
resistance due to its ethyl group, while styrene may demonstrate the greatest diffusion
limitation owing to the bulky, conformationally restricted vinyl group in styrene. The
results imply that Log Ko of the sorbates is the main factor that influences the sorption
behavior of BTEX by MPs; the compatibility between the physicochemical properties of
the sorbate (including form, polarizability, etc.) and the micro-structural characteristics of
the sorbent (e.g., polymer chain structure) also play a significant role. The mechanisms
governing BTEX sorption by MPs were shown schematically in Figure Sé.

4. Conclusions

In this study, the sorption behaviors of three benzene series compounds (ethylbenzene,
m-xylene, and styrene) by three types of MPs, including PE, PP, and PVC, were investigated.
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The sorption kinetics of MPs were all well fitted by the pseudo-second-order model. The
sorption equilibrium was achieved after approximately 24 h for PE, and 32 h for PP and
PVC. The sorption isotherms were well described by the Linear model (R? > 0.841) and the
Freundlich model (R? > 0.921). For PE, the linear sorption of ethylbenzene and m-xylene
was governed by a partitioning mechanism. For PP and PVC, however, hydrophobic inter-
action may be the dominant mechanism, with an additional contribution from micropore
filling. The sorption of BTEX by the three MPs was influenced by the physicochemical
properties and polymer structures of the MPs. PE and PP exhibited higher sorption capaci-
ties than PVC, which is mainly attributed to the stronger polarity, higher glass-transition
temperature, and smaller specific surface area of PVC. Apart from the properties of the MPs,
the physicochemical characteristics of the sorbates, such as hydrophobicity, electronic struc-
ture, and molecular form, are also key factors affecting the sorption process. The higher
sorption capacities of m-xylene and ethylbenzene compared to styrene are mainly due to
styrene’s lower hydrophobicity and greater steric hindrance. These findings are crucial for
understanding the sorption of benzene-series compounds by MPs in aquatic environments.

The present results demonstrate that MPs in aquatic environments can effectively
sorb benzene-series compounds. A critical question that follows is whether MPs in soil
environments may also sorb or immobilize benzene-series compounds, thereby reducing
the mobility and potentially the ecological risks of MPs. Future research should therefore
focus on investigating the sorption behavior, environmental fate, and transport dynamics
of benzene-series compounds in MPs-contaminated soil environments.
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