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Abstract

This study investigates the sorption process of selected pollutants, namely naphthalene
(NAP), pentachlorophenol (PCP), sulfamethoxazole (SMX), and ibuprofen (IBU), onto
different real microplastics (MPs) under controlled laboratory conditions. Sorption tests
reveal variable affinities depending on the chemical and physical interactions between
polymers and pollutants. NAP showed the greatest uptake on the majority of tested MPs,
followed by PCP and SMX, while IBU exhibited negligible sorption. Kinetic tests indicate a
general rapid initial uptake, followed by lower sorption rates leading to equilibrium within
days. Theoretical thermodynamic affinity estimations, based on the Hansen solubility
parameter (HSP) method, previously tested only on antibiotics, are applied for the first
time to commercial MPs and several pollutant categories such as PAHs, pesticides and
other pharmaceuticals. Predictions have been validated with experimental results and
generally show very good agreement with the affinity ranking derived by experimental
data. However, some limitations occur due to the heterogeneity of the real MPs and
different environmental conditions. Factors affecting, to different extents, MPs’ uptake
include hydrophobicity and electrostatic forces, as well as pH and particle size. This work
advances understanding of MPs’ role as vectors of pollutants in aquatic environments and
validates the use of an innovative combined experimental–theoretical approach useful as a
tool to predict associated risk.

Keywords: microplastics; organic contaminants; thermodynamic predictive model;
sorption kinetics; Hansen solubility parameters; contamination diffusion

1. Introduction
In recent years, a growing concern has been raised on the impact of microplastics (MPs)

on ecosystems, particularly within aquatic environments. MPs are defined as particles
smaller than 5 mm that can be either intentionally manufactured at a microscale (primary)
or originated from the degradation of larger plastic products (secondary) [1]. They are easily
transported in water, especially low-density particles [2], and can accumulate in aquatic
organisms, entering the food chain [3]. While MPs have been proven to be inherently toxic
to organisms [3,4], they can also sorb and transport other pollutants occurring in aquatic
environments, thereby increasing their overall hazard potential [5].
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Investigating the uptake interactions between MPs and other pollutants is essential to
advance the knowledge on how MPs influence the fate, transport, and ecological impacts of
contaminants. Indeed, sorption of organic pollutants by MPs has been deeply investigated
in recent years to highlight driving mechanisms of sorption processes related to MPs’
physical and chemical characteristics, contaminant intrinsic properties and environmental
conditions and to develop process models. This last point is one of the most challenging,
timely, and relevant among specialized literature topics [6]. For instance, prediction of
sorption behavior may be difficult given the complexity of process mechanisms and the
number of impacting factors. To this aim, two main approaches can be identified in the
literature, i.e., mechanistic methods (for both kinetic and equilibrium predictions) and
predictive methods based on thermodynamic descriptors [7,8]. The former approach for
the kinetic models involves empirical equations, such as pseudo-first order (PFO) and
pseudo-second order (PSO) equations, and isotherms such as Freundlich or Langmuir
expressions to predict the equilibrium conditions. One of the main limitations of these
models is that they are based on empirically derived parametrization [9], and thus they
may have limited ability to capture complex interactions.

An alternative approach is the theoretical estimation of thermodynamic affinity be-
tween sorbent or extractant medium (i.e., MPs) and solutes, such as organic pollutants.
Among the proposed procedures, the Hansen solubility parameter (HSP) method [10] has
been successfully applied to evaluate polymer–solute interactions [11–13] and offers a
powerful tool to predict the interaction behavior of different MP–contaminant pairs [14].
To the best of our knowledge, previous applications of the HSP method on MPs have been
only focused on the sorption of antibiotics (ciprofloxacin and amoxicillin) by polyethylene
terephthalate (PET) [15,16].

The aim of this work is to offer an insight into sorption processes of common organic
pollutants onto MPs originating from commercial plastic products through experimental
tests and process modeling. MPs typically employed in experiments are usually bought
specifically for the purpose, and only a few investigations have been carried out so far
using commercial plastic products or MPs taken from real environments [17]. While the
use of pristine materials allows result reproducibility operating with well-defined MP
characteristics, it is less representative of real conditions. This is because MPs in aquatic
environments mostly originate from the fragmentation and degradation of used plastic
products [18]. In contrast to the majority of studies employing pristine laboratory-prepared
polymers, MPs obtained from commercial plastic products, which more realistically re-
flect the materials found in natural environments, have been used in this study. Seven
plastic materials have been selected, i.e., high-density polyethylene (HDPE), low-density
polyethylene (LDPE), polyamide (PA), PET, polypropylene (PP), polystyrene (PS) and
polyvinyl chloride (PVC), to cover widespread plastic products. Indeed, these polymers
represent almost 70% of European plastic production in 2023 according to the last report of
Plastics Europe in 2024 [19]. Target organic contaminants including naphthalene (NAP),
pentachlorophenol (PCP), ibuprofen (IBU) and sulfamethoxazole (SMX) were selected to
represent four classes of commonly detected environmental contaminant categories [20,21],
i.e., polycyclic aromatic hydrocarbons (PAHs), pesticides, pharmaceuticals and antibiotics.

Sorption experiments have been carried out to characterize the uptake of target pollu-
tants on selected MPs by considering thermodynamics (i.e., equilibrium data) and process
kinetics. Results were achieved with an innovative approach, combining thermodynamic
prediction and experimental validation and provide an additional contribution to the
present state of knowledge on the processes governing pollutant–MP interactions. More-
over, the HSP method, applied in this study for the first time to a wide range of commercial
MPs and pollutant categories, is demonstrated to be a valid methodology to define the role
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of MPs as contamination vectors. This strategy can also be a propaedeutic tool for evaluat-
ing the risk assessment derived from the environmental diffusion of different pollutants
sorbed onto MPs.

2. Materials and Methods
2.1. MPs and Chemicals

Commercial plastic products (e.g., disposable water bottles, containers and food
trays, labware, cable ties, etc.) of HDPE, LDPE, PA, PET, PP, PS, PVC have been collected
(Figure S1a) and prepared for the experimentation as described below.

NAP (CAS n. 91-20-3, purity > 99%), PCP (CAS n. 87-86-5, purity > 99%), IBU
(as sodium salt ibuprofen, CAS n. 31121-93-4, purity > 98%) and SMX (CAS n. 723-46-
6, purity > 98%) were all supplied by Sigma Aldrich (St. Louis, MO, USA). Methanol,
acetonitrile and water (all HPLC grade) were bought from VWR International S.r.l. (Milan,
Italy). Formic acid was purchased from Carlo Erba (Milan, Italy). Minisart NY filters (nylon
membrane, 15 mm × 0.2 µm) were obtained from Sartorius (Göttingen, Germany). Other
reagents employed for experiments, i.e., HCl and NaOH for pH control as well as acetone
for MP preparation, were commercial grade and also provided by Sigma Aldrich (USA).

2.2. MP Preparation

MP debris were obtained by cutting or grating commercial products using a fine
shredder or food processor [22,23], as shown in Figure S1b–d. The obtained plastic debris
were firstly sieved through a 5 mm sieve to eliminate larger particles, then washed with
acetone for 20 min to remove previous impurities. Then, particle size distribution (PSD) was
assessed for each polymer as described below. Subsequently, the MP debris were washed
again to eliminate impurities originated from sieving procedures with two subsequent
cleaning steps of 20 min each with (i) 1:1 deionized water–methanol solution and (ii) only
deionized water. At the end of the washing procedure, MPs were oven-dried at 40 ◦C
for 24 h and stored in sealed glass flasks at room temperature until use for additional
characterization and testing.

2.3. MP Characterization

Characterization of MP particles included PSD, Fourier transform infrared (FT–IR)
and X-ray diffraction (XRD) analysis. PSD was characterized with an electromechanical
sieve by using stacks of stainless sieves with meshes of 0.5, 1, 1.7, 2.8 and 5 mm. For each
sample, a known amount of plastic (around 20 g) was placed in the stack and shaken for
15 min. Fractions of different sizes were weighed and then gathered to be utilized in the
following experiments.

FT–IR spectra were acquired using an IR Prestige-21 spectrometer (Shimadzu Europa
GmbH, Düsseldorf, Germany) equipped with an attenuated total reflectance (ATR) module.
The measurements were carried out in the 400–4000-cm−1 range by dint of a ZnSe crystal
with a resolution of 4 cm−1 and 32 scans at room temperature. A break in the range
1800–2500 cm−1 of the spectra is included to exclude the environmental CO2 noise.

XRD analyses were carried out with a Rigaku Smartlab SE (Rigaku, Tokyo, Japan)
diffractometer operating with a Cu Kα radiation anode at 40 kV and 30 mA and equipped
with a silicon strip Rigaku D/teX Ultra 250 detector (Rigaku, Tokyo, Japan). Data were col-
lected over the 2θ range of 5–80◦ at a rate of 1◦ min−1 and with a 0.1◦ step resolution. XRD
data were also qualitatively analyzed through SmartLab Studio II software (x54v4.6.426.0
version, Rigaku, Tokyo, Japan), based on the use of the free POW_COD database [24].
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2.4. Sorption Tests

Sorption tests were performed in a thermostatic (20 ◦C) dark room by using 15 mL
glass vials continuously shaken at 25 rpm by a rotary tube stirrer (F205 G, Falc Instruments
s.r.l., Bergamo, Italy). For each sorption trial (carried out in duplicate), 1 g/L of MP was
added to the target pollutant solution (12.5 mL, 5 mg/L, pH 7), then the vial was closed
and vigorously manually shaken to ensure the wettability of MPs, covered with aluminum
papers and put into the shaker. The stirrer provides continuous 360◦ rotation of the tubes,
ensuring continuous mixing of the liquid phase and particles during the experiments.
Control experiments were conducted in parallel under identical experimental conditions
and sampled at the same points of sorption tests, as follows:

• Control_1: MPs + water blanks without target contaminants to address the po-
tential influence of additives or leachates from commercial plastics on the UV–
Vis measurements;

• Control_2: target contaminant solution without MP addition to assess potential con-
taminant losses unrelated to sorption (e.g., adsorption to glassware, volatilization,
or degradation).

Duplicate vials have been removed from the experimental run at different times
(between 1 and 12 days) for each MP–target contaminant pair and final liquid concentration
of the target contaminant was analyzed to determine the sorption capacity (qMP,t mg/g),
calculated according to the following mass balance (Equation (1)):

qMP,t =
(Cw,0 − Cw,t)

wMP
·Vw (1)

where Cw,0 and Cw,t are, respectively, the water concentrations of the target compound
at initial time (corrected by control tests, when necessary, as suggested by Wang and
Wang [25]) and at time t, wMP and Vw are the MP weight and liquid volume, respectively.

For some cases, duration of sorption tests has been prolonged depending on the time
required to reach the equilibrium conditions (defined teq). This condition has been verified
when the variation in the liquid-phase concentration between at least two subsequent
sampling points (conducted at time interval of 2–3 days) was lower than 5%, evaluated
as the relative standard deviation (RSD) of the measured concentrations in the aqueous
phases. Based on this criterion, teq was evaluated for each MP–contaminant pair as the first
sampling point satisfying the abovementioned condition.

Operating conditions were carefully chosen to balance the need to reproduce real
environmental conditions and laboratory-imposed limitations: tested mixing speed (i.e.,
25 rpm) was as low as possible to be closer to the field conditions of surface water envi-
ronments. Moreover, regarding MP and contaminant concentrations, average values of
1 g/L and 5 mg/L were selected, respectively, with reference to literature values. Indeed,
Table S1 gives an overview of previous studies on sorption of NAP, PCP, IBU and SMX onto
different MPs: reported ranges of MP and target compound concentrations are 0.05–50 g/L
and 0.02–20 mg/L [26–39].

Additional tests at pH 4 have been performed for SMX.
The uptake of each target pollutant by MPs has been calculated according to the

following Equation (2):

Uptake(%) =
qMP,e·wMP

Cw,0·Vw
·100 (2)

where qMP,e is the equilibrium polymeric concentration (average of all equilibrium concen-
trations).
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Equilibrium data for both polymeric and liquid concentrations have also been em-
ployed to estimate the partition coefficients (PCs) for each MP–contaminant pair according
to the following Equation (3):

PC =
qMP,e

Cw,e
(3)

2.5. Analysis

Quantification of target pollutants in filtered (Whatman, 0.2 µm nylon, Sigma-Aldrich,
St. Louis, MO, USA) liquid samples has been performed with two analytical approaches:
NAP and PCP were measured using a UV–visible spectrophotometer (PerkinElmer Lambda
25, Waltham, MA, USA), according to procedures adapted from previous works on
NAP [40,41] and PCP [42,43]. Pharmaceuticals IBU and SMX were quantified using a
UPLC-PDA method.

Regarding spectrophotometric analysis, absorption spectra were recorded in the range
of 200–800 nm at 1 nm intervals for both compounds. The maximum absorption wave-
lengths identified and used to determine NAP and PCP concentrations were 276 and
320 nm, respectively. Calibration standard solutions were used to create calibration curves
for each compound (n = 6). The solutions were in the range of 0.815–10 for NAP and
0.335–10 mg/L for PCP.

Determination of IBU and SMX in aqueous samples was obtained by an Acquity™
H-Class Bio UPLC system (Waters, Milford, MA, USA) comprising an autosampler, a
thermostatically controlled column, a PDA detector and an Empower™ 3 workstation
for processing acquired data. An Acquity UPLC BEH C18 column (50 mm × 2.1 mm
id, 1.7 µm), equipped with an Acquity UPLC BEH C18 pre-column (5 mm × 2.1 mm id,
1.7 µm), both from Waters (Milford, MA, USA), were used to carry out chromatographic
analyses. Table S2 reports the column temperature, the mobile phases employed for analyte
elution in isocratic mode, and the wavelengths used for IBU and SMX detection.

Calibration curves were achieved by analyzing standard solutions for each compound
of various concentrations (n = 6) in triplicate within the following concentration ranges:
IBU 0.0464–7.5 mg/L, SMX 0.0102–7.00 mg/L.

Both analytical methods were validated in terms of linearity, sensitivity and precision,
as deeply described in Section S2 of the Supplementary Material.

2.6. Kinetic Modeling

The kinetics data have been correlated with both PFO and PSO kinetic models, accord-
ing to the following equations (Equations (4) and (5)):

dqMP,t

dt
= K1

(
qMP,e − qMP,t

)
(4)

dqMP,t

dt
= K2

(
qMP,e − qMP,t

)2
(5)

where qMP,t (mg/g) is the sorption capacity at time t and K1 (1/d) and K2 (g/mg d) are the
rate constants of PFO and PSO models, respectively. For both models, initial conditions of
qMP,0 → 0 for t → 0 have been applied and qMP,e and Ki were obtained for each model.

The Scientist 3.0 software package (Micromath, Salt Lake City, UT, USA) has been
employed for data fitting of kinetic tests and the estimation of best parameters by applying
the differential form of both kinetic equations. Goodness of fit was evaluated with R2,
coefficient of determination (CD) and the sum of squared errors (SSE).
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3. Predictive Thermodynamic Method
The theory based on the solubility parameters can be applied to predict the nature and

magnitude of the interactions between different compounds and/or materials. Hildebrand
and Scott [44] proposed a basic method to evaluate thermodynamic affinity using the
principle of “like attracts like,” based on binary solute–solvent interactions quantified by
Hildebrand solubility parameters (δ), which reflect a solvent’s relative capability to dissolve
a given solute. Nevertheless, this approach focuses on binary interactions, not considering
the differentiation of interaction types, which reduces prediction accuracy for highly polar
compounds. Hansen introduced a cumulative solubility parameter (δHSP) that distinguishes
three types of molecular interactions: non-polar (dispersion forces), polarizable (dipole–
dipole interactions), and hydrogen bonding [10]. This parameter can be evaluated by the
combination of the dispersive (δD), polar (δP), and hydrogen-bonding (δH) solubility data
according to the following expression (Equation (6)).

δHSP =

√(
δ2

D + δP
2 + δH

2
)

(6)

This approach, originally developed for solvent–solute interaction, can be extended
to polymers [45] and provides a robust framework for assessing the sorption interactions
between polymers and pollutants. Closer δHSP values between a polymer and a solute indi-
cate higher molecular similarity and thus higher affinity. Moreover, solubility parameters
of both polymer and compound can be combined to estimate Ra distance between these
two components according to Equation (7).

Ra =

√[
4·
(
δD,p − δD,c

)2
+

(
δP,p − δP,c

)2
+

(
δH,p − δH,c

)2
]

(7)

where the subscripts p and c indicate the polymer and the compound, respectively. The
smaller the Ra “distance” between polymer and compound, the greater the thermodynamic
affinity and higher likelihood of interaction.

Data for each tested polymer and compound were collected (Table S3) to evaluate the
potentialities of HSPs for predicting sorption scenarios [10,46,47].

4. Results and Discussion
4.1. MP Characterization

Results of PSD characterization of MPs tested in this study are reported in Figure S2
and Table S4. Granulometric data identify PA and PVC as the MPs characterized by the
highest content of smaller fractions, with more than 94% and 99% of particles < 2.8 mm,
respectively, while for other MPs, this percentage ranged from 48% (PS) to 85% (HDPE).
A more detailed analysis of the particle size distribution shows that the fraction < 1 mm
ranged from 2.5% (PA) to 22.2% (PP), whereas the 1–1.7 mm fraction varied between 10.8%
(PS) and 52.0% (PVC). The 1.7–2.8 mm fraction was predominant for several MPs, particu-
larly PA (72.7%) and LDPE (58.8%), as reported in Table S4. Although the particle size plays
a relatively minor role compared to other physical parameters, it can still influence the sorp-
tion capacity and rate and the time required to reach equilibrium conditions [48]. In general,
both adsorption capacity and rate increased as the particle size decreased, i.e., surface area
increased. Surface area can vary depending on the particle shape, pores and cracks of
plastic debris induced by weathering, aging or biodegradation of the plastics themselves.

XRD analysis has been performed to characterize the crystalline structure of the tested
MPs and to support the interpretation of their interaction with target pollutants. XRD
spectra are shown in Figure S3: well-defined diffraction peaks were observed for most MP
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samples (HDPE, LDPE, PA, PP, and PET), confirming their semicrystalline nature [49–51],
while PS and PVC were found to be predominantly amorphous. In addition, the diffrac-
tograms of PS and PVC (Figure S3f and Figure S3g, respectively) were dominated by sharp
reflections attributable to an inorganic filler, probably calcium carbonate (CaCO3), com-
monly used in commercial plastics to enhance the toughness of the polymer matrix [52,53].
A detailed analysis of XRD spectra is provided in the Supplementary Material (Section S1).

FT-IR characterization was employed to identify the composition of MP samples and to
provide information regarding functional groups potentially involved in pollutant uptake.
FT-IR spectra are shown in Figure S4 and a detailed description for each MP sample is
given in the Supplementary Material (Section S1). Overall, FT-IR analysis confirms the
identity of all investigated polymers [54–62] and reveals the presence of oxidation products
for PVC (Figure S4g) and, to a minor extent, for HDPE and LDPE (Figure S4a,b), probably
due to aging processes [63]. This finding is consistent with the use of MP samples obtained
from used consumer products, which likely experienced aging and oxidative degradation
prior to testing.

4.2. Sorption Tests
4.2.1. Uptake Evaluation

Time profiles of liquid concentrations obtained from sorption tests are reported in
Figure S5 while Figures 1–3 show the polymeric concentration profiles for NAP, PCP and
SMX, respectively. Moreover, results of control tests are reported in Figure S6 and discussed
in Section S3 of the Supplementary Material. NAP is the sole compound sorbed by all
the tested polymers, followed by PCP, which was retained by HDPE, LDPE, PP and PA,
and then SMX sorbed only by PA, PS and PVC. IBU was the only pollutant for which
no significant sorption has been detected in the operating conditions tested in this study
(Figure S5c).

Uptake values were within the ranges of 4–67%, 1–44% and 0.7–2.5% for NAP, PCP
and SMX, respectively, as displayed in Figure 4. NAP was the most sorbed compound,
in decreasing order by PVC, LDPE and HDPE, with uptake percentages above 25%. The
high performance of PVC (67%) may be attributable to several characteristics and related
mechanisms: (i) its amorphous structure identified via XRD, facilitating NAP diffusion into
the polymeric matrix, (ii) the presence of the highest content of smaller particle fractions
from PSD results and (iii) the presence of polar C–Cl bonds and oxidation products detected
by FT-IR. PVC characterization suggests the coexistence of a diffusive uptake mechanism as-
sociated with amorphous polymer domains and adsorption processes potentially involving
surface oxidation products through dipole–dipole interaction.

The concurrence of different uptake mechanisms could also explain the HDPE and
LDPE behavior exhibiting a high uptake of NAP (i.e., 26.7 and 32.6%, respectively). Both PEs
are among the most crystalline polymers tested in this study, and FT-IR spectra confirmed
the aliphatic and non-polar nature of them, suggesting the involvement of hydrophobic
interactions in the sorption process.

Similar trends for NAP–MP affinity have been reported in a previous study with
sorption capacity decreasing as follows: PVC > LDPE > PP > HDPE [27].

Regarding other polymers, i.e., PET, PP and PS, according to FT-IR results, hydropho-
bic and π–π interactions appear as the most relevant factors potentially governing the
sorption process. The lowest sorption uptake (4%) was observed for PET, in contrast with
values exceeding 34% reported by Abbasi et al. [28], which could be attributable to the
much higher adsorbent concentration used in their study (50 g/L compared to 1 g/L of
the present work). It is worth noting that these authors also highlighted the differences in
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PAH sorption reported in the specialized literature explained by variations in MP type and
weathering, environmental PAH levels and other environmental factors.

Figure 1. Experimental and predicted time profiles of NAP concentration on tested MPs during
sorption tests: HDPE (a), LDPE (b), PA (c), PET (d), PP (e), PS (f), and PVC (g).

https://doi.org/10.3390/microplastics5020082
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Figure 2. Experimental and predicted time profiles of PCP concentration on tested MPs during
sorption tests: HDPE (a), LDPE (b), PA (c), and PP (d).

Figure 3. Experimental and predicted time profiles of SMX concentration on tested MPs during
sorption tests: PA (a), PS (b), and PVC (c).
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Figure 4. Percentage of uptake of NAP, PCP and SMX onto different MPs (pH 7, Cw,0 5 mg/L).

It is worth nothing that PA, as well as being the only MP capable of sorbing three of the
four tested compounds, exhibited the greatest sorption capacity for PCP, with an uptake of
43.5% (Figure 4). This value is one order of magnitude greater than the ones detected for the
other polymers (from 1.1% for HDPE and PP to 2.9% for LDPE) and the final concentration
in MP particles is beyond 2 mg/g (see Figure 2c). This finding could be supported by
PSD results, as PA exhibits one of the highest contents of smaller particle fractions, and by
FT-IR results revealing amide groups (N–H and C=O) which may facilitate hydrogen bond
interactions with the hydroxyl group of PCP. Regarding polyethylene (PE), similarly to
PVC-NAP, the presence of minor oxidation products in FT-IR spectra may slightly increase
surface polarity, thus increasing their affinity for PCP. Previous works dealing with the
sorption of chlorophenols by MPs reported the effective uptake of PCP by PE and PET [32]
and by PE and PP [31].

SMX shows low affinity with the investigated polymers (Figure 3a–c) in comparison to
other pollutants. Specifically, the sorption of SMX by PA was slightly higher (2.5%) than for
other MPs, i.e., PS and PVC (with values within the range of 0.7–1.7%) (Figure 4), probably
due the higher polarity of PA and the presence of amino groups that may interact with
SMX for the formation of hydrogen bonds [39]. In addition, the low uptake of SMX on PS
and PVC can be attributed to the limited interactions arising from aromatic rings (PS) and
polar functionalities (PVC). Similarly, Guo et al. [38] investigated SMX sorption by several
pristine MPs, including PA, PE, PET, PP, PS and PVC, and observed SMX uptake for PA
(>30%) higher than for other MPs (within 5–8%) [39]. Furthermore, previous evidence of
SMX uptake by MPs has been reported for PE at 15.3% [36] and around 50% [37], while for
PP and PET a value of ~2.5% has been observed [38]. The different orders of magnitude
reported for the SMX uptake percentages could be explained by the variability of the
operating conditions under which the tests were carried out, as well as by the use of virgin
polymeric powder compared to MPs obtained from real plastics.

4.2.2. Kinetic Analysis

Regarding the sorption kinetics, in most cases, the observed sorption pattern includes
(i) an initial rapid adsorption (1–2 days) at the fastest rate due to a high availability of
unsaturated fraction of polymers and to the highest concentration gradient, (ii) a slow
sorption stage (2–6 days), characterized by a progressive decrease in the sorption rate, and
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(iii) the final equilibrium stage (6–18 days). Although the duration of each stage varied, this
behavior has been observed for the following pairs: NAP-HDPE (Figure 1a), NAP-LDPE
(Figure 1b), NAP-PP (Figure 1e), NAP-PS (Figure 1f), NAP-PVC (Figure 1g), PCP-HDPE
(Figure 2a), PCP-PP (Figure 2d), and SMX-PVC (Figure 3c). In some cases, the uptake
process was particularly fast; for instance, after just one day of contact for some pairs such
as NAP-PVC (Figure 1g) and PCP-PP (Figure 2d), the reached polymeric concentrations
were comparable to the final levels observed after 12 days. In contrast, other pairs exhibited
a different and more gradual uptake process such as PA with all tested pollutants (see
Figures 1c, 2c and 3a). In addition, PET with NAP showed an initial lag phase lasting
several days before the onset of the sorption process (see Figure 1d).

The teq values reported in Table 1 represent a qualitative estimation derived from
experimental observations, providing an indication of the time required for the uptake
process to reach equilibrium. Observed rapid uptakes (teq of 1–12 days) further highlight
the potential role of MPs as vectors of contamination, increasing the likelihood of pollutant
transfer when ingested by marine organisms or dispersed through ecosystems.

Table 1. Kinetics data of sorption tests (Bold indicates best fitting model between PFO and PSO).

PFO PSO

MP teq K1 qMP,e R2 CD SSE 1 K2 qMP,e R2 CD SSE 1

(d) (1/d) (mg/gMP) - - - (gMP/mg d) (mg/gMP) - - -

NAP

HDPE 9 1.674 1.229 0.993 0.953 0.0617 2.517 1.301 0.994 0.960 0.0523
LDPE 2 2.316 1.660 0.999 0.992 0.0185 4.695 1.699 0.999 0.992 0.0194
PA 12 0.078 1.200 0.978 0.921 0.1617 0.027 1.906 0.977 0.919 0.1626
PET 2 12 0.275 0.237 0.966 0.914 0.0041 0.574 0.344 0.960 0.898 0.0049
PP 6 0.549 0.814 0.970 0.860 0.0788 0.779 0.932 0.970 0.856 0.0734
PS 4 1.128 1.006 0.989 0.931 0.0333 2.172 1.063 0.987 0.921 0.0371
PVC 1 17.076 3.278 0.996 0.965 0.3367 11.60 3.277 0.995 0.958 0.4127

PCP

HDPE 6 0.531 0.053 0.995 0.983 4.09·10−5 9.064 0.063 0.991 0.969 7.46·10−5

LDPE 9 0.234 0.149 0.974 0.913 0.0013 1.615 0.179 0.978 0.925 0.0011
PA 12 0.165 2.273 0.966 0.858 0.5288 0.062 2.831 0.971 0.878 0.4544
PP 1 33.75 0.052 0.994 0.969 0.0001 55.00 0.052 0.968 0.843 0.0004

SMX

PA 12 0.066 0.200 0.966 0.908 0.0004 0.115 0.341 0.965 0.907 0.0005
PS 6 0.366 0.087 0.996 0.986 6.47·10−5 3.563 0.107 0.991 0.972 1.35·10−4

PVC 2 8.538 0.035 0.949 0.824 1.98·10−4 100.0 0.035 0.930 0.756 2.74·10−4

1 SSE = ∑n
i=1

(
qcal − qexp

)2
i , where qcal is the amount of each compound sorbed onto each MP simulated by

software at time i, qexp is the experimental amount measured at the same time and n are the data points. 2 Starting
point for data fitting is t = 8 d.

The PFO (Equation (4)) and PSO (Equation (5)) kinetic models have been applied to
correlate kinetic data given their wide employment in modeling the adsorption of solutes
from a liquid solution onto solids such as MPs [64]. Figures 1–3 show predicted and
experimental concentration profiles vs. time for NAP, PCP and SMX, respectively, while
estimated kinetic parameters are reported in Table 1.

A good fitting of the experimental data has been obtained for both models with R2

values ≥ 0.98 for most cases with a few exceptions. Exceptionally high sorption rates
observed for NAP-PVC (Figure 1g), SMX-PVC (Figure 3c) and PCP-PP (Figure 2d) pairs
are consistent with rate constants estimated by both models: values listed in Table 1 are at
least one order of magnitude greater than for the other tested MP–compound combinations.
Comparison of the correlation coefficients obtained for the applied models indicates that, in
most cases, R2 and CD are too close to prevent easy identification of the best-fitting model.
Hence, by considering SSE values, the PFO model seems more appropriate to describe
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the uptake process of most compound–MP tested pairs, with a few exceptions, including
NAP-HDPE and PCP with LDPE and PA, for which R2 and CD values of the PSO model
were also higher than those of the PFO model. These findings may suggest that, in the
sorption process for the majority of MP–pollutant pairs, physical rather than chemical
bonds should prevail since the sorption process described by the PFO model does not
involve significant chemical sorption or complex interactions that are typically explained by
the PSO model. However, given the minimal differences in correlation coefficients between
the two kinetic models, it remains difficult to identify the optimal model that uniquely
describes experimental data. A possible explanation of these results is the concomitance of
different sorption mechanisms during the uptake process.

Analysis of literature data for the different target pollutants highlighted wide intervals
for kinetic parameters: for instance, for NAP a value of K2 of 1.61 mg/g d has been reported
for PS [26], which is consistent with the values estimated in this study. Different values
are reported for other MPs, from 0.008–0.016 g/mg d for HDPE [29] up to values of 7.2,
86.4 and 280 g/mg d for PE, PP and PET, respectively [30]. Reported K2 values for PCP
are within the range of 0.05–0.21 (g/mg d) for PP and PE, respectively [31], while for SMX
reported K2 values are higher, e.g., 240 g/mg d for PA [65] and 190–240 g/mg d [36,37] for
PE. These marked differences may be due to different reasons: the empirical nature of the
models, the unavoidable variations in the operating conditions applied in the sorption tests
and, more importantly, the different behavior of pristine, commercial and real MPs.

4.2.3. Partition Coefficient Evaluation

The partitioning of chemicals between two phases is a dynamic process and a state of
equilibrium is reached when the concentrations in both phases become constant. Equilib-
rium data of contaminant concentrations in MPs (Figure 5) and aqueous phases (Figure S7)
have been employed to calculate PCs according to Equation (3): Table 2 displays PC val-
ues for each MP–pollutant combination tested and the “experimental” order of affinity,
estimated according to the PC ranking.

Figure 5. Polymeric concentrations of target compounds at equilibrium conditions for different MPs
(pH 7, Cw,0 5 mg/L). Data are reported as average values (±SD) calculated for the different samples
taken after equilibrium was reached until the end of the tests.

https://doi.org/10.3390/microplastics5020082

https://doi.org/10.3390/microplastics5020082


Microplastics 2026, 5, 82 13 of 22

Table 2. PCs (L/kg) with standard deviation (SD) in parentheses for target pollutants associated with
the tested MPs and experimental order of affinity from tests at pH 7 (ns: no sorption observed). Italics
in “Experimental Order of Affinity” column indicates no sorption observed.

NAP PCP SMX IBU Experimental Order of Affinity

HDPE 372.8 (0.5) 10.8 (0.7) ns ns NAP > PCP >> SMX = IBU
LDPE 515.4 (37.2) 29.9 (1.9) ns ns NAP > PCP >> SMX = IBU
PA 204.0 (19.6) 717.8 (44.4) 25.5 (2.6) ns PCP > NAP > SMX >> IBU
PET 41.4 (3.9) ns ns ns NAP >> PCP = SMX = IBU
PP 213.1 (15.7) 10.7 (1.0) ns ns NAP > PCP >> SMX = IBU
PS 252.7 (23.8) ns 17.0 (0.1) ns NAP > SMX >> PCP = IBU
PVC 1934.2 (331.2) ns 7.1 (1.1) ns NAP > SMX >> PCP = IBU

As expected, PC values of most polymers for NAP are higher than for other pollutants,
with the only exception being PCP for PA. Moreover, partition data are quite consistent
with previous studies. The range of values of PC reported for NAP is very broad, from
300 (L/kg) for PVC [66] to 865 L/kg for PE [67] and up to 11,965·103 L/kg reported for
PS [26]. Reported data dealing with the partition of PCP onto MPs range from 10–50 L/kg
for PET and HDPE [33] and up to values over 500·103 L/kg for PET [32]. These values, in
particular the ones obtained from real MPs, are quite consistent with data obtained in this
study, especially for PP (10.7 L/kg), HDPE (10.8 L/kg) and LDPE (29.9 L/kg). Literature
data for SMX are within the range of 20 L/kg for PET and 284 L/kg for PA, as reported by
Guo et al. [39] who, as mentioned above, among different polymers, including PA, PE, PET,
PP, PS and PVC, noticed PA as the polymer with the highest affinity for antibiotics. On the
contrary, lower values are reported for PA and PS (8–26 and 7–21 L/kg, respectively) [68]
and for PE (30 L/kg), PP (30.9 L/kg), PS (29.7 L/kg) and PVC (28.2 L/kg) [69]. Similar
values have been obtained in this study, with values from 7.1 L/kg for PVC to 25.5 L/kg
for PA. In any case, as already pointed out, a direct comparison of literature data is not so
significant because PC values are dependent on many experimental factors such as particle
size, morphology, and surface modifications and on the properties of the background
solution [70].

PC values have also been evaluated with equilibrium polymeric concentrations pre-
dicted by the application of both PFO and PSO kinetic models (reported in Table 1) by
using Equation (3) and aqueous concentrations reported in Figure S7. Figure 6 displays the
comparison of PC values obtained from experimental and predicted data, whose difference
is not statistically significant (p > 0.05) for both tested models.

Figure 6. Comparison of PC values for NAP (a), PCP (b) and SMX (c) obtained from experimental
(PC_exp) and predicted data from PFO (PC_PFO) and PSO (PC_PSO) models.
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4.2.4. Effect of pH on the Sorption Process of Ionizable Compounds—The Case Study
of SMX

Sorption of ionizable compounds is affected by their ionization state in the tested
operating conditions, and, among the compounds investigated in this study, the behavior
of PCP, IBU and SMX can be influenced by this factor.

PCP is characterized by a pKa of 4.7–4.8, thus in acidic conditions (that is pH < pKa)
neutral species dominate, favoring hydrophobic interactions with MPs, while at higher
pH, negatively charged PCP ions (i.e., pentachlorophenate) are repelled. Higher PCP
sorption is expected for amorphous polymers at low pH due to the diffusion process of the
undissociated species, while at pH close to neutrality (or higher) the sorption process (via
diffusion) of anionic species is disadvantaged. This could explain the no sorption observed
in this study at neutral pH for PS and PVC, which are predominantly amorphous, and
partially explain the negligible sorption onto the semicrystalline PET.

Similar conditions occur for IBU characterized by pKa of 4.4–4.6, and in this case in
acidic conditions the compound exists predominantly in its protonated, neutral (unionized)
form, while for pH above the pKa, the carboxylic acid group deprotonates, generating the
anionic (carboxylate) form. The compound is completely dissociated at pH ≥ 7.5. Although
also in this case the speciation at different pH could influence the sorption on MPs, the
practically negligible uptake observed for all investigated MPs suggests a combined effect
of different factors and interactions in determining this condition.

More complex is the speciation of SMX at different pH: sulfonamide antibiotics such
SMX contain a basic amino group (–NH2) and an acidic amino group (–NH–); therefore,
they haves two dissociation constants, i.e., pKa1 of 1.7 and pKa2 of 5.7 [71], making the
identification of factors affecting the sorption mechanism on MPs more difficult. To deeply
investigate this aspect, additional sorption tests for SMX have been conducted at pH 4.
Results are shown in Figures 7 and S8: it is observed that decreasing pH from neutrality to
4 exerts a double effect on the sorption of SMX in terms of sorption capacity and kinetics.
Data comparison at pH 7 and 4 shows that all tested MPs sorb SMX in acidic conditions,
while at neutral conditions SMX uptake is observed only for PA, PS and PVC (Figure 7a).
Moreover, greater concentrations in polymers have been detected, especially for PS and
PVC (Figure 7c) and equilibrium conditions were achieved faster than in neutral conditions
(Figure 7b). Equilibrium data have been utilized to calculate PCs at pH 4, with the same
method applied for pH 7. Figure 7d highlights the relevant impact of decreasing pH on
sorption capacity in equilibrium conditions, resulting in PC values much higher than those
observed at pH 7.

Several studies supported the positive effect of low pH on the sorption process of
SMX by MPs [38,39,65]. This can be attributable to the different mechanisms occurring,
depending on the pH and related speciation. At a pH below 1.7, the predominant ion species
is positively charged, which can be adsorbed on negatively charged polymeric surfaces;
at pH in the range of 1.7 and 5.7, the dominant species is the neutral one, which is subject
to diffusion into the polymeric matrix. When the pH exceeds 5.7, the negatively charged
SMX− becomes the primary ion species, increasing electrostatic repulsion and reducing
SMX sorption by negatively charged MPs. This suggests that electrostatic interactions exert
a key role in the mechanism governing the sorption process at neutral pH.
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Figure 7. Experimental time profile of polymeric concentrations of SMX at pH 7 (a) and pH 4 (b),
uptake percentage observed at pH 4 and pH 7 (c) and PC values estimated for both conditions from
equilibrium data (d).

4.3. Theoretical Thermodynamic Predictions of Sorption Scenarios by HSP

To predict the uptake and subsequent diffusion of pollutants onto MPs, an HSP
framework was utilized to estimate thermodynamic affinity between plastic debris and
contaminants through the determination of the relative Ra distances for each MP–pollutant
pair (Table 3). As mentioned above, a low Ra distance indicates high molecular affinity of
the contaminant for the plastic, leading to a significant sorption potential. Conversely, a
large Ra distance suggests weak interactions and limited uptake by plastics.

Table 3. Ra distances (MPa1/2) for target pollutants associated with the tested MPs and predicted
order of affinity. Italics in “Predicted Order of Affinity” column indicates no significant sorption
observed in experimental tests and bold indicates discrepancies between experimental and predicted
order of affinity.

NAP PCP SMX IBU Predicted Order of Affinity Experimental
Validation

HDPE 5.0 14.6 19.7 32.7 NAP > PCP > SMX > IBU ✓
LDPE 6.9 13.3 15.2 28.0 NAP > PCP > SMX > IBU ✓
PA 8.6 6.9 11.8 20.2 PCP > NAP > SMX > IBU ✓
PET 6.0 8.2 10.7 23.9 NAP > PCP > SMX > IBU ✓
PP 6.7 16.1 20.8 34.4 NAP > PCP > SMX > IBU ✓
PS 4.7 10.9 13.9 28.6 NAP > PCP > SMX > IBU partial
PVC 6.9 9.3 10.4 25.3 NAP > PCP > SMX > IBU partial

Based on Ra distances reported in Table 3, the resulting “predicted” order of affinity
has been evaluated. The first evidence is that NAP, i.e., the most apolar compound, shows
the highest thermodynamic affinity with all the polymers, with the only exception being
PA (nylon 6,6 in this study), the only one with an amino group. The highest affinity for PA
is detected for PCP (Ra distance of 6.9 and 8.6 MPa½ for PCP and NAP, respectively). Low
affinity for most MPs under investigation is observed for SMX, showing high values of Ra
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distances (within the range of 10.4–20.8 MPa½). This outcome could be explained by the
highest content of polar groups in SMX, including a sulfonamide group (-SO2NH2) and a
heterocyclic group with nitrogen. Finally, IBU shows the lowest affinity for all polymers,
indeed, values of Ra distances estimated for this compound are effectively higher than for
other pollutants, suggesting very low sorption capacities by those polymers, as confirmed
by experimental sorption tests.

The consistence of the single partial parameters δ and the difference among them
provide insights into the type of intermolecular forces dominating the sorption process,
based on compound properties. For example, PCP is characterized by high δH and relatively
low δP that likely relies on hydrogen bonding as a key sorption mechanism, while SMX
with high δP and moderate δH might exhibit dipolar interaction dominance. Likewise, NAP
is the pollutant with the highest dispersion parameter value, in addition to very low polar
and hydrogen-bonding parameters; this condition reflects non-polar interactions such as
van der Waals forces.

4.4. Validation of Theoretical Predictive Approach and Implications of Its Use

Experimental data obtained from sorption tests have been used in this study to give a
first validation of HSP predictions based on thermodynamic affinity between tested MPs
and pollutants. In general, the predictive sorption scenarios evaluated by HSP data are
consistent with experimental observations. Indeed, Table 2 reports the order of affinity
evaluated from experimental data: the direct comparison of these rankings with those
obtained from HSP method (see Table 3) indicates that almost the totality of the predictions
aligns with experimental results and PC estimations. The observed differences between
experimental and predicted order of affinity are highlighted in Table 3 by bold text and are
limited to PS and PVC for only two pollutants, i.e., SMX and PCP. In addition, it is worth
noting that SMX and IBU exhibit similar behavior for HDPE, LDPE, PP and PET whereas
IBU and PCP for PET, PS and PVC. In these cases, no detectable sorption by these polymers
was observed (highlighted in italics in Table 2), hence there is no meaningful difference for
experimental order of affinity for these compounds by the mentioned polymers.

The discrepancies observed between experimental and predicted affinity rankings in
systems involving polymers may be due to several reasons. Firstly, testing commercial
polymers obtained from real items, although effective in reproducing realistic conditions,
can be a limitation for HSP method application. This is because real plastics are not
fully described by HSP coefficients, which are usually available for pure polymers [10]
or can be theoretically estimated only if the complete chemical composition is known.
Indeed, the presence of additives, colorants and other compounds in real MPs are not
included in HSP values and thus in the predictive sorption scenarios. Support for this
hypothesis is given by XRD spectra (Figure S3f,g) revealing the presence of CaCO3 fillers
in PS and PVC components, which may significantly influence the actual sorption capacity
of these polymers. Additionally, the HSP framework does not explicitly account for
physical factors such as particle size, pore size, crystallinity, chain mobility, aging and
weathering or environmental factors (temperature, pH and so on), all of which can influence
sorption as also observed in this study. For example, the oxidation products detected by
FT-IR on the surface of “real” MPs (like PVC and, to a minor extent, HDPE and LDPE)
introduce polarities that differ from the pristine chemical structures assumed in HSP-based
thermodynamic modeling.

Furthermore, sorption is a complex process governed by multiple mechanisms, includ-
ing hydrophobic interactions, partition, electrostatic interactions, and other non-covalent
interactions. The relative contribution of each mechanism is strongly influenced by many
properties of both the sorbent (fractions of crystallinity and amorphous regions, hardness,
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polarity, etc.) and the compound (hydrophobicity, ionic properties), as well as environmen-
tal factors, which are not explicitly accounted for in the prediction.

Despite the limitations discussed above, the results of this study indicate that the
HSP-based approach provides a valid theoretical methodology for a first evaluation of
thermodynamic affinities, enabling qualitative predictions of the potential uptake of con-
taminants by MPs acting as contaminant vectors. In particular, HSP-derived predictions
can be employed to define and to optimize experimental strategies as well as to integrate
the information required by robust modeling of the uptake process at a microscale level
(in the MP particles) and the contaminant diffusion at a macroscale level in the different
environmental compartments.

5. Conclusions
This study provides a comprehensive evaluation of the sorption behaviors of multiple

pollutants onto various MP polymers, integrating both experimental and theoretical ap-
proaches. The results demonstrate that the contaminant uptake is strongly dependent on
interactions determined by the properties of the pollutant and the polymer type. Among
the tested compounds, NAP showed the highest sorption across the majority of tested
polymers, PCP exhibited selective but substantial uptake, and SMX displayed low affin-
ity, except for specific polymers under acidic conditions (pH 4). Kinetic analyses reveal
predominantly rapid initial sorption followed by a slower approach to equilibrium, under-
scoring the MPs’ potential to quickly accumulate environmental contaminants. Equilibrium
and partition data further highlighted the complexity of the sorption process, governed
by many factors such as hydrophobicity, specific molecular interactions, chemical and
physical characteristics of the MPs and additional specific factors, such as pH and particle
size. Validation of the HSP-based thermodynamic predictions with experimental data
suggests that this method can provide a first estimation of the relative affinities of organic
pollutants for different MPs even if limitations inherent to real-world MP heterogeneity and
environmental conditions need further investigations. Overall, the integration of empirical
results with thermodynamic modeling underscores the utility of the HSP approach as a
valuable screening tool for anticipating contaminant–MP interactions and for designing
targeted experimental and environmental risk assessment tools.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microplastics5020082/s1, Section S1: MP characterization;
Section S2: Validation of analytical methods; Section S3. Sorption tests: control tests; Figure S1:
Commercial plastic stuff used to produce tested microplastic particles (a) and some pictures of plastic
processing during their preparation (b–d); Figure S2: Cumulative and discrete mass distribution of
MP samples: data of HDPE (a,b), LDPE (c,d), PA (e,f), PET (g,h), PP (i,j), PS (k,l), and PVC (m,n);
Figure S3: XRD spectra of MP samples of HDPE (a), LDPE (b), PA (c), PET (d), PP (e), PS (f), and
PVC (g); Figure S4: FT-IR spectra of MP samples of HDPE (a), LDPE (b), PA (c), PET (d), PP (e), PS
(f), and PVC (g); Figure S5: Experimental time profiles of aqueous concentration of NAP (a), PCP
(b), IBU (c) and SMX (d) during sorption tests; Figure S6: Experimental time profiles of aqueous
concentration in control tests (without MPs) of NAP (a), PCP (b), IBU (c) and SMX (d) during sorption
tests. Data are reported as average values (bars are SD) calculated for the different control samples
collected at the same times; Figure S7: Aqueous concentrations of target compounds for different
MPs (pH 7, Cw,0 5 mg/L) in equilibrium conditions for PC calculation. Data are reported as average
values calculated for the different samples once equilibrium was reached and bars are SD among all
equilibrium samples; Figure S8: Results of sorption tests of SMX performed at pH 4 (Cw,0 5 mg/L):
experimental time profiles of aqueous concentration of SMX for different MPs during sorption tests
(a) and aqueous concentrations at equilibrium conditions for PC calculation ((b), data are reported
as average values calculated for the different samples once equilibrium was reached and bars are
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Table S3: HSPs for MPs and pollutants tested in this study; Table S4: Granulometric data from
PSD characterization.
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Abbreviations
The following abbreviations are used in this manuscript:

ACN Acetonitrile
ATR Attenuated total reflectance
CD Coefficient of determination
FT-IR Fourier transform infrared
HDPE High-density polyethylene
HSP Hansen solubility parameter
IBU Ibuprofen
LDPE Low-density polyethylene
LOD Limit of detection
LOQ Limit of quantification
MP Microplastic
NAP Naphthalene
PA Polyamide
PAHs Polycyclic aromatic hydrocarbons
PC Partition coefficient
PCP Pentachlorophenol
PLA Polylactic acid
PE Polyethylene
PET Polyethylene terephthalate
PFO Pseudo-first order
PP Polypropylene
PS Polystyrene
PSD Particle size distribution
PSO Pseudo-second order
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PVC Polyvinyl chloride
RSD Relative standard deviation
SD Standard deviation
SMX Sulfamethoxazole
SSE Sum of squared errors
XRD X-ray diffraction
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