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• Adsorption of OHPs on PVC was first in-
vestigated compared to PHE.

• The adsorption efficiency of PHE on PVC
was higher than that of either of OHPs.

• Kinetics, isotherm and thermodynamics
were clarified for PHE/OHPs adsorption
on PVC.

• Hydrophobic interaction could be criti-
cal for PHE/OHPs adsorption on PVC.
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The pervasiveness of microplastics, which can absorb pollutants, has a certain impact on pollutant migration in
naturalwaters. Differences in functional groups, such as the hydroxyl group, of pollutantswill affect their adsorp-
tion on microplastics. In this study, the adsorption of phenanthrene (PHE) or its monohydroxy derivatives, in-
cluding 1-hydroxyphenanthrene (1-OHP), 2-hydroxyphenanthrene (2-OHP), 4-hydroxyphenanthrene (4-
OHP), and 9-hydroxyphenanthrene (9-OHP), on polyvinyl chloride (PVC, measured mean particle size =
134 μm)microplastics was studied. The adsorption efficiency of PHE was shown to be higher than that of either
of OHPs. A better fit for pseudo-second-order and Freundlich isothermmodels was obtained, indicating different
binding sites on the surface of PVCmicroplastics. The adsorption processes of PHE andOHPs on PVCmicroplastics
were demonstrated to be exothermic and spontaneous. Combined with FT-IR analysis, theoretical calculation,
and comparative adsorption experiments, hydrophobic interactionwas the dominantmechanism during the ad-
sorption process. In contrast, electrostatic repulsion, CH/π interaction, and halogen bonding played a minor role,
to an extent, in the adsorption of PHE/OHPs on PVCmicroplastics. These findings indicate the influence of the hy-
droxyl group on adsorption and improve the understanding of interactions between PVCmicroplastics and PHE/
OHPs.
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1. Introduction

In recent years, plastic production has increased dramatically world-
wide, with an annual production of more than 320 million metric tons
(Plastics Europe, 2019). A previous study showed that plastic waste
was generated up to 275 million metric tons in 192 coastal countries
in 2010, with 4.8 to 12.7 million metric tons reaching the marine envi-
ronment (Jambeck et al., 2015). Under natural effects such as solar radi-
ation andwave slap (Wu et al., 2019), large plastics are fragmented into
small plastic debris, which will be defined as microplastics if the diam-
eter is less than 5 mm (Arthur et al., 2009). In addition, disposal of
microplastics from personal care products to the aquatic environment
is another pollutant source, accounting for 0.1% of the overall emissions
inDenmark (Duis and Coors, 2016).Microplastics have been detected in
surface water from the eightmajor river outlets of the Pearl River Delta,
with the number and mass concentrations of 0.005–0.7 particles m−3

and 0.004–1.28 mg m−3 (Mai et al., 2019). Under laboratory experi-
ments, microplastics were reported to cause adverse effects on organ-
isms (e.g., Daphnia magna) via ingestion (Rist et al., 2017). Therefore,
microplastic pollution has become an urgent environmental problem
in the world.

Due to their hydrophobic surface, microplastics can adsorb a variety
of pollutants (Alimi et al., 2018), such as polycyclic aromatic hydrocar-
bons (PAHs) (Tang et al., 2018), polychlorinated biphenyls (PCBs)
(Pascall et al., 2005), organochlorine pesticides (OCPs) (Mizukawa
et al., 2013), and heavy metals (Holmes et al., 2012). Microplastics are
thus considered a vector for transporting pollutants into the environ-
ment (Brennecke et al., 2016). Under laboratory conditions, the impacts
of environmental variables, including salinity, pH, humic acid, and fulvic
acid, on the adsorption behaviors of pollutants on microplastics have
been documented (Dong et al., 2019; Guo et al., 2019; Xu et al., 2018).
For example, the adsorption capacity of sulfamethoxazole on polyvinyl
chloride (PVC) microplastics decreased with the increasing pH and sa-
linity in the solution (Guo et al., 2019).Wu et al. (2019) indicated a pos-
itive effect of hydrophobic interactions onbisphenols adsorption on PVC
microplastics (Wu et al., 2019); however, the report regarding the inter-
action mechanisms in the PVC-pollutant system by theoretical calcula-
tion techniques, such as density functional theory (DFT), is quite
limited (Liu et al., 2019a).

PAHs are one of the persistent organic pollutants (POPs) and have
received global attention during the past half-century. In China, the con-
centrations of PAHs in the dissolved phase were 15.1–72,400 ng L−1 for
surface water and 19.8–10,984 ng L−1 for seawater, respectively (Han
and Currell, 2017). Hydroxylated polycyclic aromatic hydrocarbons
(OH-PAHs) are generated by the chemical or biological conversion of
PAHs in the seawater, atmosphere, and soil (Eriksson et al., 2000;
Halsall et al., 2001; Yao et al., 1998). OH-PAHs were detected in seawa-
ter from the Tokyo Bay and Kashima Bay of Japan, with the maximum
concentrations of up to ng L−1 levels (Itoh et al., 2005). The co-
existence of PAH (or OH-PAH) andmicroplastics in the aquatic environ-
mentwill cause the generation of adsorption complexes, resulting in the
increasingmigration capacity (Teuten et al., 2007) and toxicity (Oliveira
et al., 2013). A trophic food chain experiment showed that food-borne
microplastic-associated benzo[a]pyrenemay transfer to Artemia nauplii
and further to zebrafish (Batel et al., 2016). PAHs were reported to be
adsorbed by microplastics (Teuten et al., 2007), while there is no re-
search about the adsorption of OH-PAHs on microplastics. The effect
of functional groups such as hydroxyl groups on the adsorption capacity
is poorly understood.

PVC is one of themost commonly used plastics and therebywas fre-
quently found in the aquatic environment. Munier and Bendell (2018)
identified PVC as the most abundant plastic debris, accounting for 27%
of all samples collected from urban intertidal regions in Canada
(Munier and Bendell, 2018); this suggests that PVC may have a great
impact on the aquatic environment. Based on the commercial availabil-
ity and environmental persistence, phenanthrene (PHE) and its
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monohydroxy derivatives, including 1-hydroxyphenanthrene (1-
OHP), 2-hydroxyphenanthrene (2-OHP), 4-hydroxyphenanthrene (4-
OHP), and 9-hydroxyphenanthrene (9-OHP), were chosen as the target
compounds. Therefore, the aims of this studywere to (1) investigate the
adsorption behaviors of PHE and its monohydroxy derivatives on PVC
by the traditional models of adsorption kinetics, isotherms and thermo-
dynamics and (2) clarify the interaction mechanisms between PVC and
PHE or its monohydroxy derivatives by the experimental and theoreti-
cal studies.

2. Material and methods

2.1. Chemicals and reagents

Polyvinyl chloride (PVC) particles were purchased from Aladdin
(Shanghai, China), with a labeled particle size of 140 μm in diameter.
Phenanthrene (PHE, 99%) and its monohydroxy derivatives (OHPs), in-
cluding 1-hydroxyphenanthrene (1-OHP, 98%), 2-hydroxyphenanthrene
(2-OHP, 98%), 4-hydroxyphenanthrene (4-OHP, 99.5%), 9-
hydroxyphenanthrene(9-OHP,98%),wereobtained fromDr.Ehrenstorfer
(Augsburg, Germany). Individual stock solutions of PHE and OHPs were
prepared in methanol or acetone at a concentration of 50 mg L−1, kept
at 4 °C, and diluted to the required concentrations in ultrapure water
prior to the adsorption experiment. The basic information of PVC and tar-
get analytes is given in Table S1. Methanol and dichloromethane with
HPLC grade were supplied by CNW Technologies (Dusseldorf, Germany),
while other chemicals and reagents were analytical grades. Ultrapure
water (≥18.25MΩ•cm)was acquired from a NIKOwater purification sys-
tem (Chongqing, China).

2.2. Characterization of PVC microplastics

The morphology and particle size of commercial PVC particles were
measured by a Hitachi S-4800 field emission scanning electron micros-
copy (SEM) (Hitachi Ltd., Japan) with 1- and 5-kV accelerating voltage
and 7400- and 9800-nA emission current. The XRD pattern was charac-
terized by a Bruker D8 advance X-ray diffractometer (Bruker Daltonics,
Germany) with a tube voltage of 40 kV, a current of 40 mA, and a
scanned angle range of 10o–80o (2θ) at room temperature. Brunner-
Emmet-Teller (BET) specific surface area was determined by nitrogen
physisorption on a Quantachrome Instruments Quadrasorb SI surface
area and pore size analyzer (ASAP2460), after degassing at 110 °C for
12 h. Fourier transform infrared spectra (FT-IR) were recorded on a
Thermo Fisher Nicolet 6700 spectrometer (Thermo Fisher Scientific
Inc., USA) to analyze the functional groups of PVC microplastics before
and after batch adsorption experiments.

2.3. Batch adsorption experiments

Batch adsorption experiments of PHE or OHPs on PVC were con-
ducted in 250mL amber glass conical flaskswith screw caps to avoid so-
lution evaporation. The flask containing 100mL solution was placed on
a thermostatic oscillator with a shaking speed of 150 rpm at 25 °C for
60 h to reach an adsorption equilibrium. The dosages of PVC (0.25, 0.5,
1, 1.5, and 2 g), the initial levels of PHE or OHPs (0.2, 0.5, 1, 1.5, and
2.5 mg L−1), and the adsorption equilibrium time were optimized.
Since our study focused on the adsorption mechanism between
microplastics and hydrophobic pollutants, we set a higher initial level
of target analytes, which is in keeping with a previous study (Liu et al.,
2020), than the environmentally relevant concentration for more pre-
cise determination. Adsorption kinetic experiments were carried out
by collecting samples at 0, 0.5, 1, 3, 6, 12, 24, 36, 48, and 60h. Adsorption
isotherm experiments were investigated under the solution tempera-
tures of 25 °C (298.15 K), 35 °C (308.15 K), and 45 °C (318.15 K) with
PHE (or OHPs) concentrations ranging from 0.2 to 2.5 mg L−1 (0.2,
0.5, 1, 1.5, 2.5 mg L−1). To study the effect of pH, the aqueous pH values
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were adjusted to 3, 7, and 11. To investigate the effect of natural water,
the simulated seawater was prepared as the background solution based
on a previous standard (ASTM, 2003). To verify the positive effect of hy-
drophobic interaction, adsorption of PHE on polystyrene (PS, ca. 140 μm
in diameter) was conducted under the same experimental conditions to
those of PVC. For the analysis of PHE (or OHPs) at a certain time, 3mL of
suspension was sampled, passed through a 0.22 μm syringe filter, and
measured at the maximum absorption wavelength of each analyte
(Table S2) by a MAPADA UV-3200 Spectrophotometer (Shanghai
Mapada Instruments Co. Ltd., China). The UV absorbance spectra and
the calibration curve of each analyte are shown in Figs. S1a–1b and
Table S2. UV and high performance liquid chromatography equipped
with a diode array detector (HPLC-DAD) have been reported to deter-
mine PHE or OHPs (Wang et al., 2019; Wu et al., 2020). In this study,
we used UV as the analysis tool because it is readily available in the lab-
oratory and good at accurately quantitating an individual chemical. A
comparative study was conducted and found that the results from UV
were comparable to those of HPLC-DAD (Fig. S1c), indicating the UV
methodwas robust. All adsorption experimentswere conducted in trip-
licate and with microplastic-free controls to clarify whether the degra-
dation of PHE/OHPs occurs or not. Each target analyte, including PHE
or OHPs, was found to be stable in the microplastic-free controls
(Fig. S2a), indicating no significant influence of hydrolysis or biodegra-
dation on the adsorption of PHEor OHPs on PVCmicroplastics. Themea-
sured data were fitted with the models of adsorption kinetics,
isotherms, and thermodynamics. Detailed information on model fitting
can be referred to Text S1. All data analysis was performed using Origin
software for windows.

2.4. Theoretical calculations

Density functional theory (DFT) as a powerful tool was applied to
explore the interaction between PVC and PHE (or OHPs) in this study
(Liu et al., 2019a; Wan et al., 2019). Based on the plane-wave basis
and periodic boundary conditions, the theoretical calculation was per-
formed on a Vienna Ab-initio Simulation Package (VASP) (Kresse and
Furthmüller, 1996). The geometry and energy of PVC and adsorbates
(PHE or OHPs) were optimized in a single box. Detailed procedures of
theoretical calculations are provided in Text S2. In brief, PVC and each
adsorbate were optimized and calculated individually (Table S3), after
which the optimized PVC and each adsorbate were assembled as an ad-
sorbent: adsorbate complex according to the optimum combination
condition. The complex was then optimized and calculated (Table S4).
Finally, the binding energy (ΔE) can be calculated by Eq. 1:

ΔE ¼ EComplex−EPVC−EAdsorbate ð1Þ

where EComplex, EPVC, and EAdsorbate are the total DFT-D energies of the
complex between PVC and adsorbates (PHE or OHPs), PVC, and adsor-
bates (PHE or OHPs), respectively. The lower values of binding energy
indicate the stronger interaction force between PVC and adsorbates
(Table S5).

3. Results and discussion

3.1. Characterization of PVC microplastics

The characterization of PVC was tested by SEM, XRD, BET, and FT-IR.
PVC microplastics were found to have an irregular grain shape, rough
surface morphology, porous internal structure with many folds
(Figs. 1a-b), which is similar to the results of Dong et al. (2019) (Dong
et al., 2019). The particle sizes of PVC were confirmed in the range of
80–210 μm, with a mean value of 134 μm (Fig. 1c). The measured
mean particle size was almost equal to the labeled value of 140 μm, in-
dicating their microscale diameters. Based on the XRD pattern (Fig. 1d),
the poor crystallinity of PVC microplastics can be seen following a
3

previous study (Wang et al., 2015). At the temperature of -196 °C
(77.15 K), the pore diameter distribution and specific surface area of
PVC were quantitatively measured by nitrogen adsorption isotherm
(Fig. 1e). The nitrogen adsorption isotherm of PVC exhibited type III iso-
therm, which was the typical characteristics of weak adsorbate-
adsorbent interactions and porous adsorbents (Sangwichien et al.,
2002). A type H3 hysteresis loop can be found between adsorption
and desorption branches (Fig. 1e), indicating that the PVCmicroplastics
were the typical mesoporous material consisting of slit-shaped capil-
laries. Based on the Brunauer-Emmett-Teller (BET) (Brunauer et al.,
1938) and Barrett-Joyner-Halenda (BJH) (Barrett et al., 1951) methods,
the specific surface area of PVCwas 0.595m2 g−1, and the pore size had
a wide distribution range between 2 and 50 nm. The leading adsorption
bands of PVC microplastics in the FT-IR spectrum are shown in Fig. 1f.
The characteristic peaks were assigned to the stretching vibration of
O\\H of water at 3405 cm−1, symmetric stretching vibration of –CH2–
at 2844 cm−1, deformation vibration of Cl–CH2 at 1434 cm−1, out-of-
plane deformation vibration of Cl–CH at 1254 cm−1, and stretching vi-
bration of C\\Cl at 691 cm−1 (Table S6). These bands aremostly similar
to the data from a previous literature for PVC (Coltro et al., 2013).

3.2. Adsorption models of PHE or OHPs on PVC microplastics

It is well known that the adsorbent amount has great impacts on ad-
sorption capacities towards organic chemicals (Wang et al., 2019). Be-
fore the investigation of adsorption models, a preliminary experiment
about the adsorption efficiency of PHE or OHPs on different dosages of
PVC microplastics should be conducted to establish an optimum PVC
dosage. The adsorption efficiencies of all chemicals raised with the in-
creasing PVC dosages from 0 to 1.5 g and almost reached equilibrium
when the PVC dosage was higher than 1.5 g (Fig. S2b). The increasing
trend can be explained by the supplementation of adsorption sites
from the substantial addition of PVC microplastics, while the equilib-
rium occurred after 1.5 g of PVC dosages due to enough adsorption
sites for the certain amounts of adsorbates (Wu et al., 2019). We also
optimized the initial concentration of OHPs. The adsorption efficiencies
were similar from 0.2 to 1.5 mg L−1 so that 1.5 mg L−1 was chosen
(Fig. S2c) since the absorbance values of all target analytes were within
the sensitive detection range from 0.2 to 0.6. At last, the equilibrium
time was optimized. The adsorption curve raised from 0 to 24 h and
then almost flattened (Fig. S2d). Accordingly, the optimum PVC dosage,
initial analyte concentration, and equilibrium time were set to 1.5 g,
1.5 mg L−1, and 24 h, and then used for subsequent adsorption
experiments.

3.2.1. Adsorption kinetics models
Adsorption kinetic models can be used to describe the chemical ad-

sorption rate and mechanism during adsorption processes by pseudo-
first-order and pseudo-second-order mathematical models (Balouch
et al., 2013; Ho and McKay, 1999). If the pseudo-first-order and
pseudo-second-order mathematical models are not enough to explain
the complicated adsorptionmechanism, the dynamicmodels, including
intraparticle diffusion and liquid film diffusion, can be used for supple-
mentary interpretation (Zhou et al., 2017).

As shown in Fig. 2 and Table S7, the adsorption kinetics were better
fitted by pseudo-second-order models (R2 = 0.996–0.999) than
pseudo-first-order models (R2 = 0.852–0.963). As we know, the
pseudo-first-order model represents that the rate-limiting step is a
physical process affecting by analyte concentrations, while the
pseudo-second-order model suggests the adsorption process involving
the interaction affinity between adsorbents and adsorbates (Mohan
et al., 2006). The R2 values of each analyte by pseudo-second-order
models were quite close to 1.000, indicating that PHE or OHPs can be
adsorbed to different binding sites in PVCmicroplastics, while the calcu-
lated maximum adsorption capacity (qe,cal) values of each analyte from
pseudo-second-order models were closer to the experimental



Fig. 1. SEM images of PVC microplastics at different scales (a and b); the particle size distribution plot of PVC microplastics (c); the XRD pattern of PVC microplastics (d); the nitrogen
adsorption-desorption isotherm and pore size distribution curve (the insert) of PVC microplastics (e); the FT-IR spectrum of PVC microplastics (f).
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maximum adsorption capacity (qe,exp) values than those fitting by
pseudo-first-ordermodels. Previous studies showed that the adsorption
of organic pollutants, including bisphenol analogs, musks, and antibi-
otics, on PVC microplastics yielded a better fit for pseudo-second-
order models, with the R2 value >0.99 (Dong et al., 2019; Guo et al.,
2019; Wu et al., 2019). In addition, the R2 values of each analyte from
intraparticle diffusion and liquid film diffusion models were lower
than those of the pseudo-second-order model (Table S7), suggesting
that the rate-limiting process was not completely controlled but proba-
bly affected by intraparticle diffusion. The three-stage linear plots in
Fig. 2c also reveal the importance of external mass transfer between
the solid and liquid phase and adsorption/desorption dynamic
4

equilibrium processes for the adsorption of PHE or OHPs on PVC
microplastics (Olu-Owolabi et al., 2014).

3.2.2. Adsorption isotherm models
Adsorption isotherm models are generally used to describe the in-

teraction behavior between adsorbents and adsorbates when the ad-
sorption equilibrium occurs. Fig. 3 shows the fitting curves of five
analyte adsorption by PVCmicroplastics based on Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich isotherm models, while Table S8
summaries the calculated parameters of isotherm models. The Lang-
muir and Freundlich isothermmodels represent that the adsorption oc-
curs on the surface of the adsorbent with uniform and uneven



Fig. 2. Adsorption kinetics of PHE/OHPs on PVC microplastics fitted by the (a) pseudo-first-order, (b) pseudo-second-order, (c) intraparticle diffusion, and (d) film diffusion models.
Adsorption experiments were performed on a thermostatic oscillator with a shaking speed of 150 rpm at 25 °C, with the conditions of [PVC] = 1.5 g and [Adsorbate]initial = 1.5 mg L−1.

Fig. 3.Adsorption isothermof PHE/OHPs onPVCmicroplasticsfitted by the (a) Langmuir, (b) Freundlich, (c) Temkin, and (d)Dubinin-Radushkevichmodels. Adsorption experimentswere
performed on a thermostatic oscillator with a shaking speed of 150 rpm at 25 °C, with the conditions of [PVC]= 1.5 g, [Adsorbate]initial = 0.2, 0.5, 1, 1.5, and 2.5 mg L−1, and tequilibrium =
24 h.
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distribution of binding sites, respectively (Xu and Li, 2010). Most ad-
sorption studies preferred to use both of the above isotherm models
for data fitting. For example, Huffer and Hofmann (2016) demonstrated
that, based on the R2 values, Freundlichmodelsweremore suitable than
Langmuir models for the fitting of adsorption isotherms of seven non-
polar organic compounds (e.g., alkanes, benzene, and its derivatives)
on PVC microplastics(Huffer and Hofmann, 2016). In this study, the R2

values of most analytes for Freundlich models (0.904–0.988) were
higher than those of Langmuir models (0.791–0.929), indicating the ad-
sorption to heterogeneous surfaces or surfaces supporting sites of di-
verse affinities (Vijayaraghavan et al., 2006). A similar phenomenon
was also observed for the adsorption of organophosphate esters (Chen
et al., 2019) and bisphenol analogs (Wu et al., 2019) on PVC
microplastics. The slope of the Freundlich model (1/n) is used to deter-
mine whether the adsorption is favorable for adsorbates or not (McKay
et al., 1982). The obtained n values were higher than one (n > 1) (Ta-
ble S8), suggesting that increasing PHE or OHP amounts in the solution
will enhance the adsorption. However, both the Langmuir and
Freundlich models were unable to describe the data well for PHE,
when compared to the other models, including Temkin and Dubinin-
Radushkevich isotherm models (Table S8). These findings suggest that
(1) the adsorption heat may decrease linearly with coverage, and
(2) the PVC microplastics have a porous structure (Vijayaraghavan
et al., 2006), which is in accordancewith the results of nitrogen adsorp-
tion/desorption isotherms in this study.

3.2.3. Adsorption thermodynamic models
Three different temperatures, including 25, 35, and 45 °C (298.15,

308.15, and 318.15 K), were set to clarify the effect of temperatures on
adsorption capacities. A thermodynamic model was further used to ex-
plorewhether the adsorption processwas exothermic/automatic or not.
As shown in Table 1, the obtained ΔH values ranged from −10.472 to
−8.455 kJ mol−1. The ΔH values lower than zero indicate the exother-
mic nature of PHEor OHPs on PVCmicroplastics. In addition, all analytes
had negative ΔG values, suggesting the adsorption process was sponta-
neous without external energy when the temperatures were in the
range of 25–45 °C (298.15–318.15 K). The results also show that the ad-
sorption capacities of PHEmonohydroxy derivatives decreasedwith the
increasing temperature (Fig. S3). A similar trend was observed for the
adsorption of most organic pollutants on microplastics under different
temperatures (Chen et al., 2019; Dong et al., 2019). It may be attributed
to the fracture of hydrogen bond (Li et al., 2013) or the reduction of van
der Waals force (Gusso and Burnham, 2016) when the temperature in-
creased. On the contrary, the adsorption capacity of PHE increased with
the increasing temperature (Fig. S3). It is well known that the tempera-
ture increases, themore potent hydrophobic force occurs, implying that
hydrophobic interaction played an essential role in the PHE adsorption
on PVC microplastics.

3.3. Adsorption mechanisms of PHE or OHPs on PVC microplastics

The interaction mechanism of PHE/OHPs and PVCmicroplastics was
investigated by FT-IR analysis, theoretical calculation, and adsorption
experiments by different pH, background solution, and microplastics.
Table 1
The measured parameters of PHE and OHPs by adsorption thermodynamic modelsa.

lnkc (μg L−1) △G (kJ mol−1)

25 °C 35 °C 45 °C 25 °C

1-OHP 4.270 4.460 4.516 −10.579
2-OHP 4.430 4.402 5.636 −10.975
4-OHP 3.975 4.245 4.247 −9.849
9-OHP 4.332 4.400 4.515 −10.735
PHE 4.250 4.223 4.070 −10.530

a Adsorption experiments were performed on a thermostatic oscillator with a shaking spee
[Adsorbate]initial = 1.5 mg L−1, and tequilibrium = 24 h.
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As shown by the FT-IR spectra in Fig. S4, no apparent change in the
bands of PVC microplastics after PHE or OHPs adsorption can be seen.
These findings indicate that the adsorption of PHE/OHPs on PVC
microplastics did not rely on chemical adsorption such as covalent,
ionic, and metallic bonding, but the impacts of hydrophobic interaction
(Pan et al., 2008), electrostatic force (Sun et al., 2017), hydrogen bond-
ing (Li et al., 2012) or halogen bonding (Wang et al., 2007) should be
concerned.

Based on the Log Kow values (Table S1), PHE is shown to bemore hy-
drophobic than OHPs. Combined with the results of higher adsorption
efficiencies of PHE on PVC microplastics, we can conclude that the hy-
drophobic interaction played a vital role during the adsorption process
between PHE/OHPs and PVC microplastics. For the hydrophobic pollut-
ants such as tylosin, the adsorption procedure on polyethylene (PE),
polypropylene (PP), polystyrene (PS), or PVC microplastics was proven
to be dominated by hydrophobic interaction (Guo et al., 2018). The elec-
trostatic force is another interaction based on the physicochemical
property of pollutants. The difference of chemical structure between
PHE and OHPs is the hydroxyl group, leading to their different pKa

value (Table S1). The chemicals are mostly found in the neutral form
when the solution pH is lower than its pKa; otherwise, the deprotonated
form of chemicals will dominate in the solution. The solution pH values
of adsorption experiments maintained at about 7.8, which were lower
than the pKa of PHE (> 15) and OHPs (9.40–9.77), suggesting the neu-
tral formwas the dominant species in the solution. Since the pKa values
of OHPs were close to the solution pH value, it can be expected that
OHPs will be partially deprotonated and existed as anions. As reported
by Wu et al. (2019), the point of zero charge of PVC microplastics was
reported to be 3.41 (Wu et al., 2019), revealing positive or negative
charges on the surface of PVC microplastics under the condition of
pH < 3.41 or > 3.41, respectively. In this case, electrostatic repulsion
should be considered and could be one of the mechanisms that sup-
pressed the adsorption of OHPs on PVC microplastics. Besides, the ef-
fects of pH values were evaluated. The adsorption efficiency of PHE
was similar in different aqueous pH values (pH = 3, 7, and 11), while
that of 4-OHPwas lower in pH= 11 than pH=3 or 7 (Fig. S5). The dif-
ference can be attributed to electrostatic repulsion (Guo et al., 2019),
which is associated with the hydroxyl group, between the negative
charges on the surface of PVC microplastics and the dominant
deprotonated form of 4-OHP under the condition of pH= 11. To inves-
tigate the real environmental situation, the simulated seawater was
used as the background solution. Guo et al. (2019) indicated that the sa-
linity of background solutions inhibited sulfamethoxazole adsorption
on PVC (Guo et al., 2019). In keepingwith this earlier report, the absorp-
tion efficiency of PHE or 4-OHP seemed to decrease in simulate seawa-
ter compared to ultrapure water (Fig. S5). Since the surface of PVC
microplastics is negatively charged, in simulated seawater, the more
cationwill bind to the surface ofmicroplastics by electrostatic attraction
(Liu et al., 2020); this competition for adsorption sites will lead to the
reduction in the adsorption of PHE or 4-OHP on PVC microplastics.
These results are beneficial to understand the environmental behavior
of PVCmicroplastics, which could increase the accumulation of a chem-
ical in fish tissues (Sheng et al., 2021) and slow down the degradation of
a chemical in natural waters (Chen et al., 2020).
△H (kJ mol−1) △S (kJ mol−1)

35 °C 45 °C

−11.421 −11.939 −9.953 −0.680
−11.272 −14.903 −8.455 −1.964
−10.872 −11.228 −9.290 −0.690
−11.267 −11.939 −10.109 −0.602
−10.814 −10.760 −10.472 −0.115

d of 150 rpm at different solution temperatures, with the conditions of [PVC] = 1.5 g,



Table 2
The calculated total DFT-D energy of different interaction models between PHE/1-OHP and PVC.

PHE: PVC complexa Model-I Model-II Model-III Model-IV

Total DFT-D energy (eV) −329.497 −329.493 −329.967 −329.466
1-OHP: PVC complex Model-I Model-II Model-III Model-IV Model-V Model-VI

Total DFT-D energy (eV) −336.221 −336.143 −336.247 −336.232 −336.167 −336.499

a The grey, white, red and green balls represent the carbon, hydrogen, oxygen, and chlorine atoms, respectively.
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A calculation study based on density functional theory (DFT) was
used to explore the interaction, including hydrogen bonding and halo-
gen bonding, between PHE/OHPs and PVC microplastics. Table 2
shows the total DFT-D energy of the complex of PVC and PHE or 1-
OHPwith different interactionmodes. As we know, the lower the inter-
action energy is, themore stable affinity can be obtained. For the combi-
nation of PHE and PVC, model-III was the most stable interaction mode,
indicating that CH/π interactionwas a compelling driving force between
PHE and PVC. CH/π interaction is a weak hydrogen bonding that the
alkyl group (–CH) donates its protons to the delocalized aromatic
rings (Li et al., 2012). In addition, the interaction energy of model-I
was higher than that of model-III but lower than that of model-II or
-IV. These findings suggest that halogen bonding was generated
Fig. 4. Total DFT-D energy of each PHE/OHPs (Left side) and binding
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between the halogen atoms and delocalized aromatic rings (Wang
et al., 2007). However, halogen bonding may only play a minor role in
the adsorption due to the higher interaction energy of model-I between
PVC and 1-OHP (Table 2). Likewise, the lower interaction energy of
model-III or -IV reveals the affinity of the hydroxyl group of OHPs to
the alkyl group or chlorine atom. Based on the optimization of combina-
tion calculation, the optimized PVC and PHE or OHPswere assembled as
a complex according to the optimum combination condition. As can be
seen from Fig. 4, the binding energy between PVC and PHE/OHPs
followed the order as PHE < 4-OHP < 9-OHP < 1-OHP < 2-OHP,
which is in accordance with the result of adsorption efficiency experi-
ments (Fig. S2d), implying that the theoretical calculation used in this
study was reliable. These findings reveal that the hydroxyl-substituted
energy of interaction complexes of PVC: PHE/OHPs (Right side).
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position on phenanthrene would lead to different adsorption efficien-
cies. However, the mechanism of hydroxyl substituent effects is ambig-
uous and needs to be clarified in the future.

In order to further verify that hydrophobic interaction was themost
crucial factor affecting the adsorption of PHE/OHPs on PVC
microplastics, a comparative study regarding the adsorption efficiency
of PHEon PVC or PSmicroplasticswas conductedunder the same exper-
imental conditions. The results reveal that the PS microplastics had a
higher adsorption capacity for PHE than the PVC microplastics
(Fig. S6). It is consistent with the results of an earlier report (Wang
andWang, 2018) and can be explained by the benzene ring of PS, facil-
itating PHE adsorption onmicroplastics. Another study showed that the
adsorption ability of 17β-estradiol on microplastics followed the order
of PS > PVC, and hydrophobic partition was the dominant adsorption
mechanism (Liu et al., 2019b). Our findings not only prove the signifi-
cant impact of hydrophobic interaction on the adsorption process but
also suggest that π-π stacking interaction should be considered for
benzene-containingmicroplastics, which could cause higher adsorption
of hydrophobic pollutants.
4. Conclusions and perspectives

Thepresent study investigated theadsorptionbehavior andmechanismof
phenanthrene (PHE) and its monohydroxy derivatives (OHPs) on polyvinyl
chloride (PVC)microplastics. PHEwas shown tohave a better adsorption effi-
ciencythanOHPs,suggestingthatthehydroxylgroupcouldinhibit theadsorp-
tionofachemicalonPVCmicroplastics. Theadsorptionofmost targetanalytes
on PVC microplastics was well fitted with pseudo-second-order and
Freundlich isothermmodels and proved to be exothermic and spontaneous.
ThroughFT-IRanalysis, theoreticalcalculation,andcomparativeadsorptionex-
periments, hydrophobic interaction played a vital role during the adsorption
process. In contrast, electrostatic repulsion, CH/π interaction, and halogen
bondingwere the othermechanisms, to a certain extent, affecting the adsorp-
tion of PHE/OHPs on PVCmicroplastics. Our results have implications on the
influence of PVCmicroplastics in naturalwaters,whichwill increase the com-
plexity of the environmental behavior of organic pollutants. Further investiga-
tions regarding howhydrophobic pollutants release frommicroplastics under
different environmental conditions should be concerned.
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