
lable at ScienceDirect

Environmental Pollution 243 (2018) 1550e1557
Contents lists avai
Environmental Pollution

journal homepage: www.elsevier .com/locate/envpol
Enhanced adsorption of oxytetracycline to weathered microplastic
polystyrene: Kinetics, isotherms and influencing factors*

Haibo Zhang a, *, Jiaqing Wang a, Bianying Zhou a, Yang Zhou c, Zhenfei Dai c, Qian Zhou c,
Peter Chriestie b, Yongming Luo b

a School of Environment and Resources, Zhejiang Agriculture and Forestry University, Hangzhou, 311300, China
b Nanjing Institute of Soil Science, Chinese Academy of Sciences, Nanjing, 210008, China
c Key Laboratory of Coastal Environmental Processes and Ecological Remediation, Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences,
Yantai, 264003, China
a r t i c l e i n f o

Article history:
Received 29 April 2018
Received in revised form
11 September 2018
Accepted 25 September 2018
Available online 28 September 2018

Keywords:
Antibiotics
Adsorption
Microplastics
Polystyrene foam
Aging surface
* This paper has been recommended for acceptanc
* Corresponding author.

E-mail address: hbzhang@zafu.edu.cn (H. Zhang).

https://doi.org/10.1016/j.envpol.2018.09.122
0269-7491/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

Microplastic polystyrene foam has been found widely in the environment and is readily transported by
wind or water. Beached and virgin foams of size 0.45e1mm were prepared as sorbents to study
oxytetracycline sorption. Enhanced adsorption were found in the beached foams compared to the virgin
foams, corresponding to the higher specific surface area, micropore area and the degree of oxidation of
the former. The Freundlich Kf value was 894 ± 84 ((mg kg�1) (mg L�1)1/n) for oxytetracycline adsorption
on the beached foams, approximately twice as high as on the virgin foams. Effects of solution pH on
adsorption to the beached foams were more pronounced to the virgin foams. Maximum adsorption
occurred at pH 5 at which electrostatic repulsion between the microplastic surface and the oxytetracy-
cline zwitterion was minimal, indicating that electrostatic interaction may have regulated adsorption.
Moreover, H-bonding and multivalent cationic bridging mechanisms may also have affected the
adsorption of oxytetracycline to the beached foams as reflected by the ionic effects. Adsorption was
promoted more in the presence of humic acid than of fulvic acid, perhaps owing to p-p conjugation
between the humic acid and the microplastic surface which led to enhanced electrostatic attraction for
oxytetracycline. This study suggests that weathered polystyrene foams may act as carriers of antibiotics
in the environment and their potential risks to ecosystem and human health merit further investigation.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Pollution by microplastics limited in size to <5.00mm is
recognized as a global threat to marine and coastal environments
(Thompson et al., 2004). A total count of 4.85� 1012 pieces of
microplastics weighing 35540 tonnes are estimated to be floating
on the world's oceans by Eriksen et al. (2014). In particular, poly-
styrene foams have been found to be widely distributed in fresh-
water and coastal seawaters and on beaches owing to aquaculture
activities (Zhou et al., 2011; Lee et al., 2013; Graca et al., 2014; Zhou
et al., 2018). The breakdown of expanded polystyrene (EPS) debris
under exposure to UV radiation and the physical effects of wind,
currents, waves, and tides may cause the prevalence of
e by Maria Cristina Fossi.
microplastics in the marine environment (Lee et al., 2013). Owing
to their small size and their presence in both pelagic and benthic
ecosystems, microplastics have the potential to be ingested by an
array of marine biota including zooplankton, mussels, seabirds, and
whales (Browne et al., 2008; Cole et al., 2013; Tanaka et al., 2013; Li
et al., 2015; Syberg et al., 2015).

Moreover, microplastics are prone to adsorb anthropogenic
pollutants from the environment due to their special surface
properties (i.e. higher specific surface area, porosity, amorphous
structure) formed under long-term environmental weathering and
thus contribute to diffuse pollution on coasts and in oceans (Graca
et al., 2014; Brenneckea et al., 2016). A global survey of persistent
organic pollutants in resin pellets shows that a range of pollutants,
including polychlorinated biphenyls (PCBs), DDE and HCH can be
monitored in the resin pellets and their concentrations are related
to the local usage of persistent organic pollutants in the areas
sampled (Ogata et al., 2009). Several other investigations also
indicate the occurrence of organic pollutants (PAHs, PCBs) in
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different types of microplastics, and aged microplastics usually
contain higher concentrations of the pollutants (Endo et al., 2005;
Frias et al., 2010). Our survey of organophosphorus esters and
phthalates in the different beached microplastics revealed that
polystyrene foams contained higher concentrations of PAHs and
PCBs than did other types of microplastic (Zhang et al., 2018).

Sorption of organic pollutants on microplasitcs varies with their
properties and polymer types. The sorption of hydrophobic organic
pollutants (e.g. PAHs) on polyethylene pellets is positively corre-
lated with the octanol-water partition coefficients (Kow) (Fries and
Zarfl, 2012). Similar trends have also been observed in the
adsorption of antibiotics on microplastics of different polymer
types (Li et al., 2018). On the other hand, polymer types and their
properties also determine their sorption of contaminants. Wang
et al. (2015) studied the sorption of perfluorooctanesulfonamide
(FOSA) on three polymers and found that the equilibrium partition
coefficient (Kd) followed the sequence polyethylene> poly-
propylene> polyvinyl chloride. Microplastic properties are impor-
tant in the regulation of sorption. Guo et al. (2012) observed that
the crystallinity of sorption domains on the surface of polyethylene
had a negative effect on its sorption of compounds such as phen-
anthrene, naphthalene and 1-naphthol. Surface charge is another
critical coefficient influencing sorption. The negative surfaces of
some microplastics (e.g. polystyrene particles) show electrostatic
repulsion of anions and hence decrease sorption (Wang et al.,
2015). However, the surface charge of microplastics may be
altered under environmental weathering and thus change their
sorption of compounds (Fotopoulou and Karapanagioti, 2015).

Oxytetracycline (OTC) is a broad-spectrum antibiotic in the
tetracycline class and is commonly used in veterinary medicine and
therefore occurs widely in livestock and poultry production and in
aquaculture (Chen et al., 2015a; Zhang et al., 2015). The basic
chemical structure of OTC consists of a hydronaphthalene nucleus
containing four hexacyclic fused rings, with its molecular weight of
460.4 g/mol. It is a hydrophilic compound with a low octanol-water
partition coefficient (log Kow¼�1.22) and high water solubility
(S¼ 1 g/L) (Tolls, 2001). Numerous surveys indicate pollution by
veterinary antibiotics in surface waters and sediments of the
coastal and marine environment (Liang et al., 2013; Zhang et al.,
2013; Shi et al., 2014; Chen et al., 2015b; Liu et al., 2016) and
some studies indicate that OTC predominates over other antibi-
otics. Maximum concentrations up to 15163 ng L�1 in seawater
(Chen et al., 2015b) and 4695 ng g�1 (Liu et al., 2016) in sediments
in the South China Sea and in the Bohai Sea, respectively, have been
reported. Aquatic toxicity test indicated that OTC exhibited popu-
lation growth inhibition on P. subcapitata, with EC50 ranging of
0.11e0.25mg L�1 (Isidori et al., 2005). Moreover, the residue of OTC
may induce the prevalence antibiotics resistance genes (ARGs) in
the environments and even pose risks to human health (Jiang et al.,
2013). In the present study, we hypothesized that OTC and micro-
plasitcs may occur together in coastal and marine environments. In
this context, more highly weathered microplastics may have a
higher affinity for the sorption of OTC and contribute to the
determination of its ultimate environmental fate. Our objectivewas
to examine the mechanisms involved in the enhanced adsorption
of OTC on weathered microplastics.

2. Materials and methods

2.1. Materials and reagents

Analytical grade pure oxytetracycline standard was purchased
from Dr. Ehrenstorfer GmbH, Augsburg, Germany. High perfor-
mance liquid chromatography (HPLC) grade methanol in mobile
phase was purchased from Merck Company, Darmstadt, Germany.
Analytical grade humic and fulvic acids were purchased from
Sigma-Aldrich Co. Ltd., Poole, UK. All other chemical reagents used
in the experiment were analytical grade and were purchased from
Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.

2.2. Preparation of microplastics

Two microplastic types of same polymer type were used as
sorbents. Beached polystyrene foams were prepared using plastic
debris collected from the coastal beaches of North China. The
weathered external surfaces of the plastic debris were peeled off
and retained and were then ground using an analytical mill (IKA
Co., Ltd, Staufen, Germany). Virgin foams were prepared using
purchased polystyrene foams and complete new plastics blocks
were also ground. Both types of ground foam particles were passed
through 1.00- and 0.45-mm sieves sequentially and particles of size
range 0.45e1.00mm were collected and washed with n-hexane
and methanol for 24 h and dried at room temperature before use in
batch experiments.

2.3. Characterization of microplastics

The prepared microplastics were characterized by attenuated
total reflectance (ATR)-Fourier transform spectroscopy (FTIR) (FT/
IR-4100 Jasco Inc., Tokyo, Japan), scanning electron photomicrog-
raphy (SEM) (S-4800 Hitachi, Tokyo, Japan), N2-BET methods using
a surface area and porosimetry analyzer (Nova 3200e, Quantach-
rome Instruments, Boynton Beach, FL) for identification of the
component polymers, surface micro-morphology, specific surface
area and pore volume of the particles, respectively. The carbon
contents of the microplastic particles were analyzed using an
elemental analyzer (Vario Micro, Elementar Analysensysteme
GmbH, Lagenselbold, Germany). The point of zero charge (PZC) was
measured using potentiometric titration (ZDJ-4A, Inesa In-
struments, Shanghai, China).

2.4. Batch experiments

The batch experiments were conducted in triplicate and
included OTC- and microplastic-free controls. Experiments on
adsorption kinetics were conducted using 50mg foam particles and
30mL stock solution containing 20mg L�1 of OTC in 50-mL brown
glass centrifuge tubes. The stock solution contained background
solutions comprising 0.01mol L�1 NaCl as electrolyte and
25mg L�1 NaN3 as biocide. Each centrifuge tube was wrapped with
aluminum foil to preventing photodegradation of the chemicals.
Three replicates were prepared for each time interval and each
treatment, and then all the samples were shaken in the dark at
25± 1 �C for 14 time intervals within 72 h in a thermostatic shaker
at 150 rpm. The stock solution was filtered at each sample interval
and the supernatant was reserved for the analysis of OTC
concentration.

Sorption isotherm experiments were carried out with a series of
initial concentrations of OTC ranging from 2 to 50mg L�1, and the
equilibrium time was set at 54 h based on previous experiments.
Three replicates were prepared for each initial concentration
treatment.

Effects of solution pH and ion strength on the adsorption of OTC
to the foam particles were evaluated. The initial solution pH was
adjusted using NaOH and HCl solutions, and a wide range of pH
values from 2 to 10 was investigated. Different ions and anions
were used to investigate the effects of ion strength. A series of salt
concentrations corresponding to the ion intensity gradients of the
CaCl2, NaCl, and Na2SO4 stock solutions were prepared for the
experiments.
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Effects of dissolved organic matter (DOM) on the adsorption of
OTC to the beached polystyrene foams were examined using humic
acid (HA) and fulvic acids (FA) as the two representative dissolved
organic materials. HA and FA solution was prepared by dissolving
them in alkaline solution (pHz 9) and diluted to 1000mg L�1 with
0.01mol L�1 NaCl as a stock solution. The pH of the stock solution
was adjusted to 6.5 before using in experiment and passed through
a Whatman GF/C filter (0.45 mm). The dissolved organic carbon
(DOC) content in the filtered solution was 480mg L�1 and
320mg L�1 for HA and FA, respectively. A series of sorption
isotherm experiments were conducted in the presence of humic or
fulvic acid with DOC gradient concentrations (10, 30, 50,
100mg L�1). The Freundlich coefficients (Kf and 1/n) of each sorp-
tion isotherm experiment were used to compare the effects of DOM
on adsorption.

The loss of compound from the sorption to glass walls was
evaluated with microplastic-free controls. The controls were pre-
pared with the same concentrations and shaken for same time
periods during the above experiments.

2.5. Instrumental analysis

Aqueous OTC concentration was quantified with a Waters Acq-
uity Ultra Performance Liquid Chromatography (UPLC) system
(Waters Corp., Milford, MA) with a photodiode array (PDA) detec-
tor. Separation of the compound was performed on a Waters BEH
C18 column (2.1mm� 50mm, 1.7 mm in diameter) at a constant
temperature of 35 �C. The sample was isocratically eluted with a
mobile phase of 0.126% oxalic acid (80%), acetonitrile (10%) and
methanol (10%) at a flow rate of 0.3mLmin�1. The detector wave-
length was set to 355 nm.

2.6. Adsorption kinetic and isotherm models

The experimental data obtained for the adsorption kinetic
studies were fitted to intraparticle diffusion and film diffusion
models as suggested by Martins et al. (2015). Adsorption isotherm
data were fitted to linear model, the Langmuir model and the
Freundlich model as described by Teuten et al. (2007). All the
models used in studies are listed in Table 1.

3. Results and discussion

3.1. Characteristics of the beached polystyrene foams

The beached foams were very different from the virgin foams
based on external surface color (Fig. 1) and other surface proper-
ties (Table 2). A darker color was visualized in the beached
Table 1
Kinetic and isotherm models used in the studies.

Names Equations

Kinetic models
Intraparticle diffusion qt ¼ kid � t1=2 þ
Film diffusion

Bt ¼ � ln
�
1� q

qe
Isotherm models
Liner qe ¼ kd � Ce
Langmuir

qe ¼ Qmax � kL �
1þ k1 � C

Freundlich

qe ¼ Kf � C

1
n
e

qe¼ adsorbed amount at equilibrium, qt¼ adsorbed amount at time t
kd¼ partition coefficient between sorbent and solution at equilibriu
Qmax¼maximum adsorption capacity, kL¼ Langmuir constant, Kf and 1/n
The film diffusion model was simplified from the Boyd model, which is g
compared with the virgin foams. In contrast to the smooth and
uniform surfaces of the virgin particles, surfaces of the beached
foams were rough and uneven as shown in the SEM images.
Similar results have been observed in other investigations of
weathered microplastic particles (Fotopoulou and Karapanagioti,
2015). The rough surfaces of the beached particles generated a
higher specific surface area and micropore area than the virgin
foam particles as indicated in Table 2. However, the pore volume
of the beached particles was smaller than that of the virgin foams.
This may be attributed to the reshaping of the polymer surface
under erosion (Fotopoulou and Karapanagioti, 2015). The point of
zero charge (PZC) increased slightly from 4.68 on the virgin par-
ticles to 4.96 on the beached particles. The surfaces of the foams
are therefore generally negatively charged in marine (pH ~8.1) or
terrestrial (pH 6e7) waters.

Surface oxidation of the beached microplastics was observed as
indicated in the FT-IR spectra (Fig. S1). A wide peak showing ester
(CeO) stretch can be observed in the shadow shape area of Fig. 2.
The band intensity was higher in the beached sample than the
virgin sample. Moreover, the ester carbonyl bond index and ketone
carbonyl bond index were calculated to compare the extent of
oxidation between these two samples. As shown in Table 1, the
ester carbonyl bond index was higher in the beached samples but
the ketone carbonyl bond index was similar in both samples. This
indicates that the beached polystyrene foams were subjected to
greater surface oxidation than the virgin foams and had a higher
hydrophilicity due to the increase in oxidized functional groups
(Restrepo-Florez et al., 2014).
3.2. Adsorption kinetics

Adsorption kinetics typically involves four consecutive steps (Ho
et al., 2000): (1) bulk transport, (2) film transport, (3) intra-particle
transport and (4) adsorption on the adsorbent. In order to under-
stand the rate controlling factors of OTC adsorption onto the
microplastics, the intra-particle diffusion and film diffusion models
were used in this study. The intra-particle diffusion model pro-
posed by Weber and Morris (1962) assumes that the adsorption
mechanism occurs through the diffusion of adsorbates into the
pores of adsorbent material. The plots obtained for qt versus t1/2 are
shown in Fig. 2 and the values of Kid, Ci and r2 are presented in
Table 3. As shown in Fig. 2(1), the plot is distributed in three linear
segments indication of three different adsorption stages of OTC in
the virgin PS foam particles. While the adsorption of OTC in the
beached PS foam particles can be divided into two stages only as
shown in Fig. 2(2). However, the Kid values of the first stage are
lower than the second stage for both particles (Table 3), which
demonstrated that the adsorption rate is higher at the second stage
References

Ci Weber and Morris, 1962

t
�
� 0:4977

Martins et al., 2015

Teuten et al., 2007
Ce
e

Teuten et al., 2007

Teuten et al., 2007

, kid and Ci¼ intraparticle diffusion constants, Bt¼ Boyd constant,
m, Ce¼ OTC concentration in the supernatant at equilibrium.
¼ Freundlich constants.
iven as follows:

qt
qe

¼ 1� 6
p2

X∞
m¼1

1
m2 expð� m2BtÞ.



Fig. 1. Photomicrographs showing the polystyrene foam particles (a and b) and their microscopic surface morphologies (a-SEM and b-SEM).

Table 2
Characteristics of the virgin and beached polystyrene samples used for the experiments.

Property Virgin polystyrene foams Beached polystyrene foams

Particle size (mm) 0.45e1 0.45e1
Carbon content % 90.6± 0.8 90.4± 1.2
PZC 4.7± 0.2 5.0± 0.2
SSA (m2 g�1) 2.03± 0.04 7.91± 0.16
Micropore (<2 nm) area (m2 g�1) n.d. 0.50± 0.02
Average pore diameter (nm) 39.3± 0.5 5.1± 0.2
Pore volume (cm3 g�1) 0.02± 0.005 0.01± 0.005
Ester carbonyl bond index 0.55 0.73
Ketone carbonyl bond index 0.30 0.33

PZC, the point of zero charge; SSA, the specific surface area measured using the BET-N2 method; n.d. indicated not detected.

Fig. 2. Intraparticle diffusion plots for adsorption of OTC in (1) virgin sample and (2) beached sample.
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than at the first stage. The higher r2 values of the linear segments
for both particles indicated that the intra-particle diffusion is the
rate-limiting step. Furthermore, the first and second stages pass
away from the origin, implying that the rate-limiting step of
adsorption process was not governed only by intra-particle diffu-
sion (Martins et al., 2015).

The Boyd plot (Fig. 3) was obtained by plotting Bt versus time
and is useful to identify if the rate-limiting step is intra-particle



Table 3
The coefficients of intraparticle diffusion for oxytetracycline adsorption in the
polystyrene foam particles.

Microplastics Intraparticle diffusion cofficients

Kid, mg g�1 h�1/2 Ci, mg g�1 r2

Virgin polystyrene foams
Segment ① 117 45.2 0.99
Segment ② 291 �342 0.94
Segment ③ �42.5 1420 0.014

Beached polystyrene foams
Segment ① 202 154 0.99
Segment ② 531 �446 0.98

Fig. 3. Plot of Bt versus time (h) (Boyd's plot) for OTC adsorption in the microplastics.
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diffusion or film diffusion (Martins et al., 2015). When the data
points are fitting linear and pass through the origin there is evi-
dence that intra-particle diffusion is the rate-limiting step of
adsorption process. Otherwise film diffusion is involved in the
adsorption process (Hu et al., 2011). As shown in Fig. 3, the plot
presents linearity for the OTC adsorption in the beached PS foam
particles but passes away from the origin, which suggested both
intra-particle diffusion and film diffusion are involved in the
adsorption process. While the plot presents neither linearity nor
through origin for the virgin PS foam particles, attesting the film
diffusion controlled mechanism in the adsorption process. The
difference of adsorption mechanisms between the virgin sample
and beached sample is corresponding to the different porosity of
the two adsorbents as shown in Fig. 1 and Table 2.
3.3. Adsorption isotherms

The sorption isotherms were described with linear, Langmuir
and the Freudlich models as shown in Table 4. The Freudlich
model was the best fitting of the three models for adsorption
Table 4
The coefficients of adsorption isotherms for oxytetracycline to the polystyrene foams.

Microplastics Linear model r2 Langmuir m

Kd (mL g�1) Koc (mL g�1) KL (L mg�1)

Virgin polystyrene foams 41.7± 5.0 46.0± 5.5 0.87 0.17± 0.06
Beached polystyrene foams 428.4± 15.2 474.0± 16.8 0.99 0.02± 0.01

Koc was calculated using the equation Koc¼ Kd/foc, where foc is the organic carbon fractio
based on adjusted R2 values, and the linear and Langmuir models
also fitted significantly (p < 0.01). The Freundlich model is used to
describe nonlinear sorption, where Kf and 1/n are the sorption
affinity coefficient and linearity index, respectively (Tolls, 2001).
The 1/n values indicate that the oxytetracyline was adsorbed
nonlinearly on both polystyrene foam types as reflected by greater
departure of the Freundlich 1/n value from 1 (Table 4). In general,
a more sorption nonlinearity indicates a more heterogeneous
distribution of sorption sites, likely resulting from specific
sorbate-sorbent interactions (Sun et al., 2010). The nonlinearity
also suggested the presence of pore-filling mechanisms involved
in the adsorption process. Ahn et al. (2005) found that the
nonlinear adsorption of phenanthrene and pyrene in activated
carbon and coke was significantly related to the filling of micro
and mesopore space by the compounds at their solubility limits. A
higher Kf value of the beached foams suggests that the weathered
surfaces had a higher sorption affinity for the oxytetracycline than
the virgin surfaces. This is correlated with the higher micropore
area of the beached foams than the virgin foams as indicated in
Table 2. The different affinity can also be described using the solid-
water partition coefficient (Kd). Tolls (2001) summarized Kd values
for oxytetracyline adsorption in different soils and sediments
which ranged from 0.3 to 1030 L kg�1. The Kd value of the beached
foams in the current study falls within this range and is compa-
rable to the value derived from an experiment with loamy sandy
soil or marine and freshwater sediments. This implies that the
beached polystyrene foams may have a similar affinity for
oxytetracycline with these environment matrixes. While the Kd
value of the virgin foams is comparable to the results of Sun et al.
(2010) who performed a batch sorption experiment with pure
polystyrene and tetracycline.
3.4. Effect of pH on sorption

Oxytetracycline has three pka values (3.27, 7.32 and 9.11) (Tolls,
2001) and its sorption on the foams depends strongly on the so-
lution pH. As shown in Fig. 4(1), oxytetracycline was mainly in
cationic form at pH< 3.27, predominated by a zwitterion at pH
values 3.27e7.32 and dominated by anions (OTC� and OTC2�) when
pH> 7.32. Changes in oxytetracycline adsorption on the foams with
changing pH are more prominent for the beached samples than the
virgin samples (Fig. 4(2)). The maximum adsorption for the
beached samples occurred at approximately pH 5, corresponding to
the highest proportion (97.7%) of oxytetracycline zwitterion in the
solution. The surface charge of the beached sample approached the
point of zero charge (PZC 4.96) at this pH value and had the lowest
electrostatic repulsion for oxytetracycline. At pH < 5.0 or >5.0, the
electrostatic repulsion was higher due to the similarly charged
sorbent and sorbate. Several studies have reported the pH depen-
dence of adsorption of antibiotics, including adsorption to clay
minerals (Essington et al., 2010), goethite (Zhao et al., 2011) and to
organic matter (Sun et al., 2010). In addition, the weathered surface
of polystyrene foams contain more carboxyl and ester carbonyl
groups as indicated in Table 2 and Fig. S1 and this might facilitate
oxytetracycline adsorption through H-bonding mechanisms other
odel r2 Freundlich model

Qmax (mg g�1) Kf ((mg kg�1) (mg L�1)1/n) 1/n r2

1520± 120 0.86 425± 46 0.32± 0.03 0.94
27500± 5120 0.99 894± 84 0.75± 0.03 0.99

n of the samples.



Fig. 4. (1) Changes in oxytetracycline speciation with pH and (2) the effect of solution pH on the adsorption of oxytetracycline to the microplastics.

Table 5
Comparison of the Freundlich coefficients of oxytetracylcine adsorption to the
beached polystyrene foams between the presence of different concentrations of
humic acid and fulvic acid.

Freundlich coefficients Organic matter concentration (mg L�1)

10 30 50 100

Humic acid
Kf ((mg kg�1) (mg L�1)1/n) 2420 3640 5340 3940
1/n 0.29 0.24 0.10 0.23
r2 0.95 0.98 0.96 0.97

Fulvic acid
Kf ((mg kg�1) (mg L�1)1/n) 1580 1450 1670 1980
1/n 0.43 0.48 0.47 0.44
r2 0.97 0.97 0.96 0.97
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than electrostatic attraction (Tolls, 2001). The virgin plastics con-
tained no proton-complexing group as used in the study of Sun
et al. (2010) and were essentially unaffected by pH.

3.5. Effect of ionic strength on sorption

The effect of ionic strength of NaCl, CaCl2 or Na2SO4 on oxytet-
racycline sorption to polystyrene foams is presented in Fig. 5.
Clearly, oxytetracycline sorption to both types of foam decreased
with increasing ionic intensity. This may be attributed to ionic
competition, in particular the higher Ca2þ and Naþ may strongly
compete for cationic exchange sites (i.e. carboxyl groups) on the
microplastic surfaces (Li et al., 2018). Oxytetracycline sorption to
themicroplastics was stronger in the presence of CaCl2 than of NaCl
or Na2SO4 at the range of ionic intensity tested. This suggests that
oxytetracycline sorption to the foams may be facilitated by multi-
valent cations such as Ca2þ through formation of ternary complexes
between the cations and oxytetracycline and the surface functional
groups (MacKay and Canterbury, 2005). However, a difference in
ionic effects on the sorption can be observed between the beached
samples and virgin samples. In particular, the suppressive effect on
oxytetracycline sorption by Naþ was more pronounced in virgin
samples than in beached samples (Fig. 5). This implies that
oxytetracycline sorption to the virgin polystyrene was mainly
dominated by cationic exchange mechanisms while its sorption to
the beached microplastic particles was dominated by other
Fig. 5. Influence of ions and their intensities on the adsorption of oxytetracy
alternative mechanisms (H-bonding or hydrophobic interaction)
other than cationic exchange (Tolls, 2001; Ocampo-Perez et al.,
2015).
3.6. Effect of dissolved organic matter on sorption

Table 5 summarizes the Freundlich coefficients for oxytetracy-
cline sorption to the beached foams in the presence of humic or
fulvic acid with gradient concentrations. The Kf value increases
significantly from 2424 (mg kg�1) (mg L�1)1/n to 5343 (mg kg�1)
cline to (1) the beached microplastic sample and (2) the virgin sample.
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(mg L�1)1/n with increasing humic acid concentration from 10 to
50mg L�1 and declines to 3939 (mg kg�1) (mg L�1)1/n at a humic
acid concentration of 100mg L�1. In contrast, the Kf value changes
slightly from 1578 (mg kg�1) (mg L�1)1/n to 1982 (mg kg�1) (mg
L�1)1/n when the fulvic acid concentration increases from 10 to
100mg L�1.

A significant promotion of oxytetracycline sorption to the
beached foams by humic acid may be attributed to the complex of
humic acid acting as a bridge with both the beached foam surfaces
and oxytetracycline molecules (Sun et al., 2010; Zhao et al., 2011;
Zhao et al., 2012; Chen et al., 2018). The complexation mechanism
of tetracycline antibiotics with humic acid has been proposed in
numerous studies to be formed by cationic or zwitterionic tetra-
cycline species with the deprotonated sites on humic acid via H-
bonding and cation exchange (Sun et al., 2010; Zhao et al., 2012).
However, such a complexation may decrease the adsorption of the
antibiotics by microplastics as reported by Wu et al. (2016) and
Seidensticker et al. (2017) who applied polyethylene (PE) as an
adsorbent. Their studies reported that humic acid has negligible
affiliation to PE particles likely due to the hydrophilic properties of
the humic acid. However, the PSmicroplastics aremuch different to
the PE particles in structure. The PS foam contains substantial
benzene rings and a large portion of condensed domains which
increase nonlinear sorption for humic acid (Guo et al., 2012). A
recent study shows that polystyrene microplastics can be entrap-
ped in the DOM polymers by interaction with the aromatic struc-
ture of DOM via p-p conjugation, which results in a highly
conjugated co-polymerwith increased electron density (Chen et al.,
2018). This conjugated co-polymer may increase the electrostatic
attraction for cationic or zwitterionic oxytetracycline. Furthermore,
increase of ester functional groups and specific surface area of the
beached foams as a result of high weathering (Table 1) may
enhance the adsorption of humic acid with hydrophilic properties.
In contrast to humic acid, fulvic acid has a lower molecular weight
and its H:C ratio >1 indicates less aromatic character (i.e., fewer
benzene rings in the structure) (Chefetz et al., 1998). Hence, this
molecular structure had a relatively small impact on the affinity of
fulvic acid for polystyrene foams through p-p conjugation. This
may explain the difference in effects between humic and fulvic
acids on the sorption of oxytetracycline to the beached polystyrene
foams.

3.7. Environmental implications

Weathered polystyrene foam particles are ubiquitous in the
environment and are characterized of small size and readily
transport by wind or water flow (Lee et al., 2013; Zhou et al., 2018).
Graca et al. (2014) report that polystyrene foam debris can accu-
mulate larger amounts of mercury than virgin foams, soils or sand
samples. The present study further demonstrates that weathered
polystyrene foam microplastics also have an enhanced affinity for
oxytetracyclinewhich has been detectedwidely in soils, waters and
sediments (Liang et al., 2013; Liu et al., 2016), and hence change the
environmental fate and ecotoxicology of antibiotics.

Moreover, oxytetracycline sorption to weathered polystyrene
foams clearly changed with changing pH, ionic strength and humic
acid concentration. This implies that the sorption affinity may
change with changing environmental conditions. Under normal
circumstances, the concentration of tetracycline antibiotics is
higher in estuaries than in the ocean as we reported in the Bohai
Sea (Liu et al., 2016). Estuarine water usually has a lower pH and
ionic strength than seawater. In this context, the role of weathered
PS foams as a carrier of antibiotics derived from contaminated
estuarine water was non-negligible and they may produce an
alternative pathway for antibiotic inputs from inland water to
coastal marine (Li et al., 2018). Hence, contamination by antibiotics
in the presence of microplastics in the coastal ecosystem merits
further detailed investigation.
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