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Abstract: Dissolved organic matter (DOM) has been widely reported to influence the environ-
mental behavior of microplastics (MPs), but little is known about the properties and mechanisms
of interaction between specific DOM components and MPs. Here, we studied the adsorption of
three representative DOM components (humic acid, HA; fulvic acid, FA; and tannic acid, TA) on
polystyrene (PS) MPs in batch adsorption experiments. Results revealed that HA/FA adsorption was
greater under acidic conditions, while higher TA adsorption on PS was found at pH 4 and 6. The
divalent cation (Ca2+) exerted a more prominent role in enhancing HA, FA, and TA adsorption on
PS than did monovalent ones (K+ and Na+). The adsorption process fitted well with the Freundlich
isotherm model and the pseudo-second-order kinetics model. The adsorption site heterogeneity was
evaluated using the site energy distribution analysis based on the Freundlich model. The greater
binding ability of HA on the PS surface caused a more negatively charged surface than FA/TA, as
reflected by Zeta potential values. The findings of this study not only provide valuable information
about the adsorption behavior and interaction processes of various DOM components on PS MPs,
but also aid our efforts to evaluate the environmental behaviors of MPs.

Keywords: microplastics; dissolved organic matter; adsorption mechanism; site energy distribution

1. Introduction

Since the 1950s, the production of plastics has grown rapidly due to superb properties
such as low cost, versatility, and durability, and they are widely used in human daily
life [1]. Production of plastics has reportedly increased from 1.5 million metric tons (MT)
in 1950 to 367 million MT in 2020 [2,3]. Nowadays, a large number of plastic wastes
generated and disposed of through different routes have entered the environment by
various pathways [4]. It is calculated that between 60 and 99 million MT of plastic garbage
was produced globally in 2015 [5]. Currently, the world produces approximately 300 million
tons of plastic waste per year based on world plastic waste statistics [6]; if the situation is
not improved, production could reach 155–265 million MT by 2060 [5]. Once exposed to
the environment, large items of plastic debris can be naturally fragmented and degraded
slowly into smaller pieces as a consequence of various weathering processes [7]; the smaller
plastic particles are typically defined as nanoplastics (1–1000 nm) and microplastics (MPs,
1 µm–5 mm), respectively [8].

Currently, MPs are considered as contaminants of emerging concern due to their
widespread and potential risks to human health and the natural environment [9–12]. It has
been shown that MPs have a variety of toxic effects on organisms (such as neurotoxicity,
reproductive toxicity, growth inhibition, etc.) [13–15], and when ingested by organisms, the
MPs may accumulate in the food chain, causing further damage to the organisms [16,17].
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Besides its own toxicity, MPs can interact with other pollutants and act as vectors for
pollutants to produce combined toxic effects on the environment [18–20].

Dissolved organic matter (DOM) is widely found in various environmental media,
and it contains plenty of active functional groups (such as hydroxyl, carboxyl, and phenolic
hydroxyl) [21]. Thus, the MPs released into the aquatic environment will inevitably interact
with DOM [22]. For example, DOM was considered to interact with MPs and affect the
toxicity, bioavailability, and environmental fate of MPs [23–26]. Chen et al. [27] firstly
investigated the interaction between HA and PS MPs, and found that HA-PS interaction
might change the environmental behavior of PS by increasing the roughness and oxygen
content of PS. Meanwhile, the interaction of MPs with natural organisms could aggra-
vate the toxicity of copper (Cu) in the liver and gut of zebrafish was reported by Qiao
et al. [28]. Generally, MPs entering the aquatic environment will inevitably interact with
DOM, affecting their transport and transformation in the environment or environmental
toxicity. Therefore, it is important to study the interaction between MPs and DOM in order
to understand the migration and transformation of MPs and DOM in the environment [24].
However, due to the complexity of the composition, structure, and environmental behavior
of DOM, the influence of typical DOM (such as HA, FA, and TA) on the specific environ-
mental behavior of PS MPs is not clear. Therefore, it is significant to study the adsorption
behavior of specific DOM components onto MPs to evaluate the environmental behaviors
of MPs.

Polystyrene (PS), which is among the most widely used plastics, has been frequently
detected in the environment [29], and PS particles in aquatic ecosystems are intensely
reported to interact with various pollutants [30,31]. This process can be influenced by
several factors such as hydrochemical conditions as well as the DOM compound [27,32,33].
However, the research on the interaction mechanisms between PS MPs and DOM is still
not fully understood [34].

Generally, the site energy distribution analysis is a useful tool to gain a better under-
standing of DOM adsorption behavior on solid surfaces in aquatic systems. In this work,
the adsorption mechanism of PS MPs towards three representative DOM components
(HA, FA, and TA) and the homogeneity of adsorption sites were analyzed by the average
adsorption site energy and standard deviation of the site energy distribution. Furthermore,
the adsorption behaviors of DOM on PS MPs were evaluated using corresponding models,
such as adsorption kinetics, isotherms, and the site energy distribution. The findings of this
work can provide more information for understanding the interaction mechanisms of PS
MPs with DOM in an aquatic environment.

2. Materials and Methods
2.1. Materials

The PS MPs were supplied as powders by the Shengbang Plastic Materials Co., Ltd.
(Dongguan, China). They were passed through a 300-mesh sieve and the <50 µm particle
size fraction was used in experiments. The use of pure plastics is beneficial to explore the
adsorption behaviors and mechanisms of DOM on MPs, due to the stable structure and
free of impurities. Commercial HA was supplied by Sigma-Aldrich (St. Louis., MO, USA)
and its molecular weight (MW) is 22.8 k Da. The FA and TA were obtained from Aladdin
Reagent (Shanghai, China) Co., Ltd., their MW are 3.6 and 1.701 k Da, respectively [21].
The main physicochemical properties of HA, FA, and TA were shown in Table S1 in the
Supplementary Material. All other chemicals were purchased from Sinopharm Chemical
Reagent Co. (Shanghai, China). All the chemicals used in this study were of analytical
reagent (AR) grade.

2.2. Materials Characterization

Fourier transform infrared spectroscopy (FTIR, Nicolet iS5, Germany) was used to
characterize the functional groups of PS MPs before and after DOM adsorption. A micro-
electrophoresis apparatus (Nano-ZS, Malvern, UK) was used to analyze the zeta potential
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(ZP) of PS before and after DOM adsorption. The morphology and structure of PS MPs
were observed on a Hitachi model SU8010 (Japan) scanning electron microscope (SEM).

2.3. Adsorption Experiments

The effects of initial pH value, contact time, ionic strength, and initial concentration of
HA, FA, and TA on the adsorption properties were investigated. The system was adjusted
to the desired pH by adding negligible volumes of 0.01–0.1 mol/L HCl, or 0.01–0.1 mol/L
NaOH. Except for the adsorption kinetic experiments, all adsorption experiments were
performed in 150 mL conical flasks containing 100 mg PS MPs and 50 mL HA, FA, or TA
solution. The conical flasks were then shaken on the constant temperature oscillator at
200 rpm and 298 K for a certain time until the equilibrium was reached. At the end of the
equilibrium time, the suspensions were collected and centrifuged at 10,000 rpm for 10 min,
then filtered through 0.22 µm membrane filters. Finally, HA, FA, or TA concentrations
in the filtrates were quantified using a UV/VIS spectrophotometer (UV-8000, Shanghai
Metash Instruments Co., Ltd., China).

The amount of HA, FA, and TA adsorbed on the PS MPs was estimated by a difference
between the initial concentration and the equilibrium concentrations. The equilibrium
amount (qe) of HA, FA, and TA adsorption from the aqueous solution was calculated using
the following equation:

qe =
V(C 0 − Ce)

m
(1)

where qe is the amount of HA, FA, and TA adsorbed at equilibrium (µg/g); m is the mass
of MPs (g); V is the volume of solution (L); C0 and Ce are the initial and the equilibrium
concentrations of HA, FA, and TA respectively (µg/L).

2.4. Adsorption Models

In order to study the adsorption mechanisms of DOM on PS MPs, the adsorption
kinetics were described by the pseudo-first-order [35], pseudo-second-order [36], and
Elovich [37] models. And the Langmuir [38], Freundlich [39], and Sips [40] models were
adopted to study the adsorption isotherms of HA, FA, and TA on PS MPs. These models
can be found in the Supplementary Material.

2.5. Approximate Site Energy Distribution Analysis

The site energy distribution study was performed to better understand the energetic
features of interactions between HA, FA, TA and the PS MPs. The distribution of adsorption
sites can be obtained by the isothermal adsorption model. Condensation approximation
was used to determine the site energy distribution function [41].

The adsorption site energy distribution of PS MPs can be transformed into the following:

qe(C e) =
∫ +∞

0
qh(E, Ce)∗F(E)dE (2)

where qh (E, Ce) is the homogeneous isotherm over local sorption sites with sorption
energy E, and F(E) is the site energy frequency distribution over a range of sites with
homogeneous energies.

According to the “Cerofolini” approximation [42], the equilibrium liquid phase concen-
tration (Ce) of HA, FA, and TA were related to the adsorption energy (E) can be presented
as the follows:

Ce= Cs exp
(
−E − Es

RT

)
= Cs exp

(
− E∗

RT

)
(3)

where Cs was the maximum solubility of DOM in water; Es was the sorption energy
corresponding to Ce = Cs; R is the universal gas constant; T is the absolute temperature (K).
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For Freundlich isotherm, the site energy distribution (F(E*)) of HA, FA, and TA ad-
sorption on PS MPs were calculated by the following equations:

F(E ∗) = −
dqe(E

∗)

dE∗ =
d[K F(C se−

E∗
RT )

1
n
]

dE∗ =
KFCs

1
n e−

E∗
nRT

nRT
(4)

The average site energy µ(E*) can be used to describe the strength of interaction
between adsorbent and adsorbate, while the standard deviation (E*) can describe the
heterogeneity of adsorption potential energy. Their expressions in the experimental concen-
tration range are as follows:

µ(E ∗) =

∫ E∗
2

E∗
1

E∗F(E∗)dE∗∫ E∗
2

E∗
1

F(E∗)dE∗
(5)

µ(E ∗2) =

∫ E∗
2

E∗
1

E∗2F(E∗)dE∗∫ E∗
2

E∗
1

F(E∗)dE∗
(6)

σ∗e =

√
µ(E ∗2) − µ(E ∗)2 (7)

where E∗
1 and E∗

2 are the minimum and maximum values of E* calculated by experimental
equilibrium concentrations, respectively.

3. Results and Discussion
3.1. Characterization of PS MPs
3.1.1. SEM Observation

The SEM images in Figure 1 show the texture and porosity characteristics of PS before
and after the adsorption of HA, FA, or TA. Clearly, the original PS MPs (Figure 1a–c)
exhibited irregular shard-like shapes and rough surfaces, which were distributed with
varying sizes of holes. Irregular pores and rough structure played an essential role in the
adsorption process. The adsorption of DOM led to some changes in the morphology of PS.
It was found that the DOM-loaded PS showed fewer surface pores and higher roughness
compared with the virgin PS. Chen et al. [27] also reported the enhanced roughness of
different sized MPs by HA. Furthermore, it was obvious that the adsorption of HA enhanced
the roughness more significantly than that of FA/TA, since enriched bulges on PS surface
appeared after HA binding, suggesting the greater adsorption capacity of HA on PS than
FA/TA.

Figure 1. SEM images of PS MPs before (a–c) and after adsorption of HA (d), FA (e), and TA (f).
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3.1.2. FT-IR Analysis

FT-IR spectroscopy was utilized to evaluate the changes in functional groups during
the process to investigate the structural alterations of PS MPs produced by the interac-
tion between various DOM and PS MPs (Figure 2). As shown by FT-IR spectrum in
Figure 2a, the obvious absorption peaks were located in the regions of 1650–1000 cm−1 and
3500–2800 cm−1. The absorption band at 3433 cm−1 conformed to the stretching frequency
of O-H. The adsorption peak at 3000 cm−1–3100 cm−1 was presumed to be the stretching
vibration of the benzene ring = C-H bond, and the adsorption peak near 2920 cm−1 can be
inferred as the asymmetric stretching vibration of -CH2 [43]. The peak values at 1601, 1493,
and 1453 cm−1 belong to the stretching vibration of the aromatic ring [44,45]. Further, the
fingerprint region of an infrared spectrum ranges from 1300 cm−1–400 cm−1 [29]. Overall,
the FTIR spectrum of the PS MPs used in this study are similar to those reported in recent
research, despite plasticizers or other additives that may cause the remaining peaks in PS
MPs [46].

Figure 2. FTIR spectra (a) and Zeta potentials (b) of PS MPs before and after adsorption of HA, FA,
and TA.

After HA was adsorbed by PS MPs, new peaks appeared at 3469 cm−1 and 1615 cm−1,
which may be due to the presence of hydroxyl groups and the formation of aromatic C = C
skeleton [47]. These results indicated that HA was loaded onto PS MPs. For PS MPs
adsorbed FA, the peak at 1383 cm−1 moved to 1385 cm−1, corresponding to the symmetry
stretching of the carboxyl O=C-O group [48]. The appearance of peaks between 2500 cm−1

and 2230 cm−1 was related to the carbon chain with -CH2- unit in FA [49]. After PS MPs
adsorbs TA, the band at 871 cm−1 corresponds to the vibration of the C-H bond on the
benzene ring [50], and a new peak was detected on PS MPs at 1759 cm−1; this new peak
was also detected on TA [51]. The peak at 1453 cm−1 shifted to about 1455 cm−1 after PS
MPs adsorbed DOM, which indicated that there might be hydrophobic interaction in the
process of PS MPs adsorbing DOM [52].

3.1.3. Zeta Potentials Analysis

The adsorption rate and capacity of pollutants on MPs are affected by the change
of surface charge. Figure 2b depicts the zeta potentials of PS MPs determined in water
solutions at different pH levels. As pH increased from 2.0 to 10.0, the ZP of PS decreased
from 6.99 mV to −29.9 mV. The ethylene structure was negatively charged by exposure
to polystyrene [45], so the point of zero charge (PZC) of PS MPs was less than 7; PS MPs
are usually negatively charged in marine or terrestrial water systems. These results are
consistent with previous studies [29,53]. At the same time, the ZP of PS after HA, FA,
and TA adsorption were measured under experimental conditions. PS MPs showed more
negatively ZP after DOM adsorption and the pHPZC values were also decreased. This might
be due to DOM containing several functional groups, such as carboxylic and phenolic, and
the adsorption of these specific functional groups made the surface of PS MPs negatively
charged so as to lower the pHPZC [48,54,55].
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3.2. Effect of pH on HA, FA, and TA Adsorption by PS MPs

pH value is a key factor in the adsorption process, which affects not only the properties
of the material but also the chemical species and properties of the target pollutants [56,57].
The effect of pH value on the adsorption of HA, FA, and TA by PS MPs was researched in
the range of pH 2–10. As shown in Figure 3a, with the increase of pH value, the adsorption
efficiency of HA and FA decreased significantly, while that of TA increased at first and
then decreased. It was observed that when the pH value was from 2 to 10, the adsorption
capacities of HA/FA progressively decreasing from 3104/2626 to 1245/389 µg/g, while
higher TA adsorption on PS MPs was found at pH 4 and 6. This is similar to the study of
adsorption trends of HA, FA, and TA on other materials [58–60].

Figure 3. Effect of pH (a) and ionic strength (b) on adsorption of HA, FA, and TA by PS MPs.

Figure 2b shows that PS MPs carried positive charges at pH 2–3. When the pH was
higher than pHPZC, the amount of negative charge on the surface of PS MPs increased as
the pH value increased. Moreover, the zeta potentials of HA and FA were reported to be
negative in the range of experimental pH values [57,61]. This suggests that electrostatic
interactions play a significant role in the adsorption of HA and FA by PS MPs, and as the
pH increases, both negatively charged species develop electrostatic repulsion. With the
increase of pH, most of the oxygen-containing functional groups such as hydroxyl and
carboxyl on humic substances would be deprotonated, which not only raises the negative
charge of HA and FA, but also leads to reduce their hydrogen bond donors [59]. Meanwhile,
FA has more carboxylic acid and hydroxyl functional groups than HA [62], therefore, the
effect of electrostatic repulsion caused by pH on the adsorption of FA on PS may be more
significant. It’s worth noting that the molecular surface charge of TA is almost zero when
pH < 4.5 [63]. Therefore, when pH < 4.5, the adsorption ability of PS MPs to TA is less
affected by the electrostatic interaction. While TA gradually dissociates and contains many
negatively charged carboxyl and phenolic hydroxyl groups at pH > 4.5 [64], resulting in
the electrostatic repulsion, which decreases the adsorption capacity of PS MPs to TA.

3.3. Effect of Salinity on HA, FA, and TA Adsorption by PS MPs

The cations Na+, K+, Ca2+ present in natural water may interact with HA, FA, and
TA and affect the adsorption of them on the adsorbent. The effect of ionic strength on PS
MPs adsorption of HA, FA, and TA is shown in Figure 3b. The presence of the studied
ion concentration will promote the adsorption of HA, FA, and TA on PS MPs, especially
Ca2 +, which has stronger electrostatic action and ion bridge effect [65,66]. Interestingly, the
existence of Ca2+ has the greatest influence on the adsorption of HA by PS MPs. The reason
may be that the solubility of HA is low under the higher strength of Ca2+ ions [52]. On the
one hand, it is favorable for mass transfer of HA from solution phase to the solid phase of
PS MPs; on the other hand, HA precipitates during centrifugal filtration. In general, DOM
can be coagulation or precipitated to reduce the steric hindrance under high ionic strength
in order to facilitate the adsorption of DOM [67,68]. Furthermore, in the presence of cations,
the electrostatic double layers of the microplastics may be compressed, the surface negative
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charges neutralized, and the electrostatic repulsion between MPs and DOM reduced [69,70].
Furthermore, when the concentration of cations is high, the adsorption of DOM on MPs is
promoted by the formation of cation bridges between DOM and cations [71].

3.4. Adsorption Kinetics Analysis

Figure 4a–c shows the adsorption kinetics of HA, FA, and TA on PS MPs, and PS MPs
exhibit similar behaviors for them. From the whole adsorption process, the adsorption
equilibrium of HA, FA, and TA on PS MPs was achieved within about 2 h. The adsorption
process can be classified into three stages: rapid adsorption stage (the first 1 h), slow
adsorption stage (the following 1 h), and the final equilibrium stage at 2 h. Furthermore,
the adsorption capacity of HA on MPs was found to be greater than that of FA and TA, the
adsorption amounts of HA, FA and TA onto PS MPs at equilibrium were 1614, 1003, and
1378 µg/g, respectively, which may be related to the species and structure of DOM.

Figure 4. Adsorption kinetics (a–c) and isotherms (d–f) of HA (a,d), FA (b,e), and TA (c,f) onto
PS MPs.

In order to further research the adsorption kinetics process, the pseudo-first-order
and pseudo-second-order and the Elovlich kinetic model were used to analyze the kinetic
experimental data. The specific parameters are shown in Table 1. Under the experimental
conditions, both the pseudo-second-order and the Elovlich kinetic model can be used to
better fit the adsorption results of HA, FA, and TA onto PS MPs. The linear correlation
coefficient R2 of their kinetic equations is greater than 0.9, and it is important that the
pseudo-second-order saturable adsorption capacities qe,cal of HA, FA, and TA are close to
the measured values qe,exp. The pseudo-second-order rate constants K2 of PS MPs to HA
is greater than that for FA and TA, which indicates that HA has higher hydrophobicity than
FA and TA [68], which is helpful for the adsorption capacity of PS MPs through hydrogen
bonding [49]. In summary, the pseudo-second-order model refers to the valence potential
formed by sharing or exchanging electrons in the form of covalent forces between the
adsorbent and the adsorbate, and ion exchange, while the Elovlich model explains the
chemisorption kinetics on heterogeneous surface adsorbents [72]. These results show that
chemical adsorption plays an important role in the adsorption of HA, FA, and TA onto PS
MPs, and the adsorption process is affected by many factors [73].
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Table 1. Parameters of three kinetic models for adsorption of HA, FA, and TA by PS MPs.

Systems qe, Exp
(µg/g)

Pseudo-First-Order Model Pseudo-Second-Order Model Elovich Model
qe, Cal
(µg/g)

k1
(1/min) R2 qe, Cal

(µg/g)
k2

(g/(µg·min)) R2 α
(g/µg)

β
(µg/(g·min)) R2

PS + HA 1641 1550 0.435 0.7430 1614 3.914 × 10−4 0.9254 3.719 × 104 0.006 0.9308
PS + FA 918 910 0.037 0.8971 1003 5.751 × 10−5 0.9206 296.628 0.006 0.9238
PS + TA 1385 1297 0.164 0.8242 1378 1.7816 × 10−4 0.9440 2286.03 0.005 0.9583

3.5. Adsorption Isotherms Analysis

Adsorption isotherms are usually used to show the distribution of contaminants
in equilibrium between solid and liquid phases [74]. Figure 4d–f shows the adsorption
isotherms under laboratory conditions. It was clear that the adsorption capacity of PS MPs
with regard to HA, FA, and TA increased continuously until the maximum, as the concen-
tration of contaminants was raised. In order to further study the adsorption isotherms
process, the adsorption data were fitted by Freundlich, Langmuir, and Sips models and the
related parameters were summarized in Table 2. In terms of the R2 values (>0.97), all three
models had a good fit to the experimental data in the range of conditions tested. Since
the adsorption process did not reach the saturation stage under the present experimental
conditions and thus, it is not known if the selected isotherm model would accurately
describe saturation conditions. According to the Freundlich model, the interaction between
DOM and PS MPs was not only influenced by chemical adsorption, but also physical
adsorption onto nonhomogeneous surfaces of PS MPs [75]. The Freundlich constant n
indicated the binding affinity or nonuniformity of the surface of the adsorbate. The n values
of Freundlich model were more than 1, indicating the adsorption was favorable for HA, FA,
and TA, which meant that their adsorption could be enhanced with the increased amounts
of DOM in the solution [75]. These results also implied a heterogeneous distribution of
sorption sites energies [76]. The Sips model can also describe the adsorption equilibrium of
PS MPs to DOMs, further indicating that PS MPs is heterogeneous [73].

Table 2. Parameters of three isotherm models for adsorption of HA, FA, and TA by PS MPs.

Systems

Langmuir Freundlich Sips
qm

(µg/g)
KL

(L/µg) R2 KF(µg/g
(L/µg)1/n) 1/n R2 qm

(µg/g) KS (L/µg) 1/n R2

PS + HA 2813 2.848 × 10−5 0.9782 2.1594 0.617 0.9844 5810 3.826 × 10−6 0.671 0.9798
PS + FA 1654 2.607 × 10−5 0.9848 1.1785 0.619 0.9887 2603 6.497 × 10−6 0.715 0.9870
PS + TA 1885 4.601 × 10−5 0.9797 5.5315 0.508 0.9981 6908 9.154 × 10−7 0.519 0.9975

3.6. Adsorption Site Energy Distribution Analysis

The adsorption site energy of HA, FA, and TA onto PS MPs was calculated by Fre-
undlich isotherm, as shown in Figure 5. The site energy (E*) of HA, FA, and TA on PS
MPs decreased with the increasing quantity of HA, FA, and TA, showing that high-energy
adsorption sites on PS MPs were filled first by HA, FA, and TA, followed by low energy
adsorption sites. This finding is consistent with DOM adsorption [68]. In order to explore
the interface interaction of HA, FA, and Ta on PS, and to further elucidate the adsorption
mechanism, the change of site energy distribution F (E*) was investigated. It is obvious
that F (E*) of PS MPs is unimodal distribution. The results show that the value of F (E*) is
negatively correlated with the value of E*, indicating that the high HA, FA, and TA concen-
trations may interact with the low energy adsorption sites of PS MPs, at low concentration
of HA, FA, and TA, it is preferentially adsorbed on the high energy adsorption sites of PS
MPs [59]. In a certain energy range, the area under the curves (Figure 5) can be regarded as
the number of adsorption sites [77]. For F (E*), HA > TA > FA, therefore, the adsorption
capacity of PS MPs to HA is greater than that of TA and FA. This is consistent with the
adsorption results.
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Figure 5. Site energy distributions (a) and site energy (b) of HA, FA, and TA adsorption onto PS MPs.

Under experimental conditions, the average site energy µ (E*) and the standard
deviation (σe*) of HA, FA, and TA adsorbed by PSMPs are displayed in Table 3, and the
values µ (E*) of HA, FA, and TA adsorbed by PS is 14.40, 13.98 and 17.72 kJ/mol, respectively.
The weighted average value of site energy distribution can reflect the interaction affinity
between adsorbent and adsorbent. However, the µ (E*) of PS MPs adsorbed TA was the
highest, but the adsorption amount was slightly lower than that of HA. On the one hand,
the adsorption behavior may be affected by the surface morphology effect [78], however,
on the other hand, compared with HA and FA, the adsorption advantage of TA may be
mainly in the very high energy area (e.g., >22 kJ/mol), while in the high to middle energy
area (17–22 kJ/mol), HA has more adsorption sites than TA. The surface of PS MPs is
nonuniform and mainly distributed in the high to middle energy area. The result is that the
affinity of the strong DOM may show weak adsorption in some energy regions [79].

Table 3. The site energy distribution parameters for adsorption of HA, FA, and TA by PS MPs.

HA FA TA
µ (E*) σe* µ (E*) σe* µ (E*) σe*
14.40 11.28 13.98 11.28 17.72 14.98

4. Conclusions

The present study demonstrated that different DOM (HA, FA, and TA) had different
binding abilities to MPs and were influenced by environmental factors. HA exhibited higher
adsorption capacity onto PS than that of FA and TA, owing to the stronger hydrophobic
effect of HA and the charge characteristics at different pH values. It was found that the
adsorption of DOM onto PS MPs was highly pH-dependent, which was mainly due to the
electrostatic effect. With the increase of pH value, the adsorption capacity of HA and FA
decreased gradually, while TA adsorption increased first and then decreased. In addition,
the presence of cations, especially Ca2+, enhanced the adsorption capacity significantly. The
adsorption data of HA, FA, and TA on PS MPs fitted well with the pseudo-second-order
kinetic model and the Freundlich model. Based on the Freundlich model, the site energy
distributions were measured under the present experimental conditions. Before diffusing
to the low energy adsorption sites, HA, FA, and TA first occupied high energy adsorption
sites of PS MPs. However, the adsorption amount of TA with higher affinity was lower
than HA due to the adsorption advantage of TA in the high energy area, while HA had
more adsorption sites in the high energy area. The binding affinity of DOM to PS MPs was
mainly ascribed to aromatic, hydrophobic interactions. These findings can provide a better
understanding of the interaction between DOM and PS MPs, thus aiding in assessing the
environmental risks of MPs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14142201/s1, Table S1: Selected physicochemical properties of model DOMs. Refer-
ences [21,35–40] are cited in the Supplementary Materials.

https://www.mdpi.com/article/10.3390/w14142201/s1
https://www.mdpi.com/article/10.3390/w14142201/s1
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