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Abstract

This study evaluated the adsorption and desorption of 17f-estradiol (E2) and 17a-ethynylestradiol (EE2) on microplastics
in seawater. The effects of microplastic materials and particle sizes on adsorption of E2 and EE2 were explored. Moreover,
effects of salinity, pH, humic acid (HA) concentrations, and initial E2/EE2 concentrations on adsorption were also discussed.
Increase in salinity, HA concentration, and initial E2/EE2 concentration would enhance adsorption of E2/EE2 on microplas-
tics. Adsorption capacity of E2/EE2 firstly increased to reach the highest at pH of 8.0 and then decreased when pH further
increased. Pseudo-second-order kinetics better fitted adsorption data of E2 while pseudo-first-order model yielded better
fitting results for EE2. Freundlich isotherm was better to fit the adsorption data of E2 while Langmuir isotherm yielded better
fitting results for EE2. Desorption capacity of E2/EE2 on microplastics was over 40% of its adsorption capacity. This study

provides new insights on microplastics and endocrine disrupting chemicals.
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Plastics, widely produced and used since the 1940s, are
biologically inert and chemically stable to persist in the
environment (O’Brine and Tompson 2010). Microplastics,
plastic pieces with size <5.00 mm, possess relatively large
specific surface area and high hydrophobic properties to
easily adsorb and enrich hydrophobic organic pollutants to
threat ecosystems and humans because of easy ingestion by
organisms (Mato et al. 2001; Ogata et al. 2009; Zhang et al.
2018). Microplastics have widely existed in various matrices
and become an important concern in coastal aquatic environ-
ment (Andrady 2011; Barboza and Gimenez 2015).
Endocrine disrupting chemicals (EDCs) will adversely
affect the ecosystems and human health even at very low
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concentrations due to feminization effects (Brian et al.
2007). Steroid hormones, kind of endogenous EDCs, can
cause feminization of wild fish at ng L™! levels (Giulivo
et al. 2016). However, information on EDCs adsorbed on
microplastics is still limited although these contaminants
are easily adsorbed on microplastics due to their strong
hydrophobic properties (Wu et al. 2019; Ying et al. 2002).
Therefore, it is necessary to study the adsorption—desorption
behavior of EDCs on microplastics in the aquatic environ-
ment, especially marine/coastal ecosystems. This study per-
formed batch assays to investigate adsorption and desorption
of typical steroid hormones including 17p-estradiol (E2) and
17a-ethynylestradiol (EE2) on microplastics in coastal water
under different conditions. The final aim of this study is to
provide useful information on interfacial behaviors of EDCs
and microplastics.

Materials and Methods

The microplastics with particle size range of 4-5 mm and
relatively smooth surface including polyvinyl chloride
(PVC, mean size: 4.7 mm), polypropylene (PP, mean size:
4.51 mm), and polyethylene (PE, mean size: 4.85 mm) were
purchased from LG Company (Korea) while PVC particles
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(size range of 0.10-0.13 mm and mean size of 0.11 mm)
with irregular structure and relatively rough surface were
obtained from Guangzhou Bofeng Chemical Technology
Company (China). E2 and EE2 standards with purity >97%
were purchased from Tiexiai Chemical Industrial Develop-
ment Company (Shanghai, China). Acetonitrile and metha-
nol with HPLC grade were obtained from Merck (Germany).
Humic acid (HA) was obtained according to Meng et al.
(2017). Stock solutions of E2 and EE2 with concentration of
1 g L™! were weekly prepared and stored at — 20°C. Work-
ing solutions were prepared by diluting stock solution with
sterile seawater before use. Seawater was acquired from
the eastern sea areas of Yantai with pH of 7.84-8.09 and
saltity of 32 g L™!. Seawater for experiments was filtered
through 0.22 pm glass fiber filters (HNTY Company, Hain-
ing, China) and used after sterilization.

Conditions including the initial E2/EE2 concentration of
10 pg L', microplastic concentration of 0.05 g L™!, tem-
perature of 25°C, salinity of 32 g L™!, and shaking speed of
170 rpm were set if no specific comments were proposed.
Particle sizes of PVC were chosen as 0.11 and 4.7 mm.
The effects of different factors including salinity, pH, HA
concentration, and initial concentrations of EDCs on the
adsorption of E2/EE2 by PVC (0.11 mm) microplastics
were investigated. Salinity was set at 16, 24, and 32 g L™!
while solution pH was adjusted as 6, 7, 8, 9, and 10. HA
concentrations were set as 0, 2, 5, 10, and 20 mg L~! while
initial concentrations of EDCs were set as 5, 10, 20, 50, and
100 pg L1, All assays were performed in triplicate (n=3)
and the relative standard deviations (RSD) of most of data
were below 5%. The microplastic-free controls were per-
formed to eliminate the disturbance. The one-way ANOVA
analysis and Pearson correlation analysis were used to deter-
mine difference in effect of various factors on adsorption of
E2 and EE2.

Adsorption kinetics of E2/EE2 on PVC (0.11 mm) micro-
plastics were investigated by collecting samples at 0, 1, 2,
6, 10, 24, 36, 48, 72, and 96 h. Desorption kinetics were
studied by collecting samples at 0, 2, 4, 8, 12, 24, 36, 48,
and 72 h after adsorption equilibrium. Pseudo-first order
and pseudo-second order models were used to describe
adsorption and desorption kinetics as the followings (Lu
et al. 2017):
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W = %

qeq =
where ¢g,, and g, are amount of E2/EE2 adsorbed by unit

mass microplastics at equilibrium and at time , respectively;
k; and k, refer to the rate constant for pseudo-first-order
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model and pseudo-second-order model, respectively; C,,
C,,> and C, refer to the initial concentration, concentration at
equilibrium, and concentration at time ¢ of target antibiotics
in liquid phase, respectively; V is the volume of the solution;
W is the mass of microplastics.

Adsorption isotherms were investigated under tempera-
ture of 15°C (288 K), 25°C (298 K), and 35°C (308 K) with
E2/EE2 concentrations of 5, 10, 20, 50, and 100 pg L~ The
Langmuir model and Freundlich isotherm were used to fit
the isotherm data as the followings (Lu et al. 2017):

1 1 1 :

— =+ —1q,, = keC
qeq kLQm Ceq Qm “ e

where k; is the surface adsorption equilibrium constant; Q,,
is the adsorption capacity under monolayer adsorption; k is
the Freundlich relative capacity coefficient; n is the Freun-
dlich empirical adsorption intensity coefficient.

The concentrations of E2 and EE2 were determined by
an ACQUITY UHPLC system (Waters Co., Milford, USA)
with fluorescence detector. Compounds were separated by
a C18 reversed-phase column (2.1 X 50 mm, particle size
of 1.7 pm). Mobile phase was 50% water and 50% acetoni-
trile. Injection volume was 10 pL and flow rate was set at
0.2 mL min~'. E2 and EE2 were detected at wavelength of
310 nm with excitation wavelength of 280 nm.

Results and Discussion

PE and PP particles with sphere structure were generally
smoother than PVC particles which showed folded structure
and rough surface to possibly supply more adsorption sites
(Fig. 1). Adsorption of EDCs by microplastics was related
with target compounds and plastic materials. The distribu-
tion coefficients of E2 on microplastics followed the order
of PP>PE>PVC (4.7 mm) while those of EE2 followed the
order of PP < PE <PVC (Fig. 1a). In general, the larger dis-
tribution coefficient is, the stronger adsorption capacity will
be. Therefore, the adsorption capacity of PVC for EE2 might
be the highest among three types of microplastics, similar
with the results reported by Guo et al. (2018). PVC, widely
used in the world, showed significantly high adsorption
potential for EE2 to be selected as target microplastic for the
following studies. The particle size of microplastics played
an important role in the adsorption of EDCs. Microplastics
with smaller particle size significantly possessed higher dis-
tribution coefficient for target EDCs (Fig. 1b), which could
be explained by reason that smaller microplastic particles
possessed larger specific surface area for easier adsorption
of the pollutants. Distribution coefficient of E2/EE2 on PVC
(0.11 mm) microplastics was 24.2/4.51 times that on PVC
microplastics (4.7 mm). Distribution coefficient of E2/EE2
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Fig. 1 Effects of microplastic source materials (a) and PVC particle size (b) on adsorption of E2 and EE2. Stereomicroscopic image in left/right
of (a) was for PP/PE while that in top/bottom of (b) was for PVC with average size of 0.11/4.7 mm (n=3)

on PVC (0.11 mm) microplastics reached 0.61/2.74 L g™},
showing that physico-chemical properties of EDCs possibly
had impacts on their adsorption on microplastics.

Effects of different factors on adsorption of E2/EE2 by
microplastics (PVC with particle size of 0.11 mm) were
investigated (Fig. 2). Salinity had different effects on adsorp-
tion of E2 and EE2 on microplastics (Fig. 2a). Adsorption
capacity of E2 by microplastics increased with salinity and
reached 33.56 pg g~ ! at salinity of 32 g L™!, almost 3.3
times that at 16 g L™!. Adsorption capacity of EE2 almost
unchanged when salinity was lower than 24 g L~! while
that significantly increased to 40.16 pg g~! at salinity of
32 g L~!. High salinity could enhance the electrostatic
attraction between pollutants and microplastics. Moreover,
the solubility of pollutants decreased as salinity increased to
prompt more pollutant particles to distribute on the micro-
plastics (Wu et al. 2003; Lu et al. 2017). The effect of pH
on adsorption of E2 and EE2 by microplastics was similar.
Adsorption capacity of E2/EE2 firstly increased to reach the
highest at pH of 8.0 and then decreased when pH further
increased (Fig. 2b). This variation might be caused by dif-
ferent speciation of E2/EE2 in seawater at various pH and
the change of the surface charge of microplastics. HA had
strong effects on adsorption of E2/EE2 by microplastics
(Fig. 2c). Adsorption capacity of E2/EE2 rapidly increased
when HA concentrations increased from 0 to 10 mg L~}
while it slowly increased when HA concentrations further
increased to 20 mg L™! (Fig. 2c). HA was generally reported
to decrease adsorption of EDCs on adsorbent due to forma-
tion of soluble EDCs-HA complexes (Jiang et al. 2016). The
opposite results of this study might be caused by speciation

of HA and EDCs in seawater as well as interaction between
HA, EDCs, and microplastic particles. Adsorption capacity
of E2/EE2 on microplastics increased with initial concen-
trations of target EDCs (Fig. 2d), similar with adsorption
pattern of other pollutants on biochar (Wang et al. 2015).
Higher initial concentrations of target compounds increased
possible contact between pollutant particles and adsorbent
particles to enhance the adsorption capacity. Salinity, HA
concentration, and initial E2/EE2 concentration all showed
a strong correlation with the adsorption amount of target
hormones.

The adsorption kinetics of E2 and EE2 on PVC micro-
plastics were investigated (Fig. 2e, f). Adsorption of E2 and
EE2 on microplastics showed the similar pattern and reached
equilibrium after 48 h. Adsorption capacity of E2/EE2 rap-
idly reached 33.56/40.16 pg g~! within 48 h and then slowly
increased to reach 40.00/43.99 pg g~! at 96 h. Interestingly,
both pseudo-first-order model and pseudo-second-order
kinetics could well fit adsorption data of E2 with R?>0.930
and pseudo-second-order model was slightly better with
R?=0.948 (Fig. 2¢). The pseudo-second-order kinetics rate
constant k, was 0.0011 g pg™' h™! and the calculated satu-
ration adsorption of E2 reached 47.11 pg g~!. Pseudo-first-
order model was slightly better than pseudo-second-order
kinetics to fit the adsorption data of EE2 with R?=0.943
(Fig. 2f). The rate constant k; was 0.0477 h~! and the calcu-
lated saturation adsorption of EE2 was 43.88 pg g~!. Gen-
erally, the physical process may be the rate-limiting step of
adsorption if pseudo-first-order kinetics can well explain the
adsorption data while the chemisorption may be the main
adsorption mechanism if pseudo-second-order model well

@ Springer



Bulletin of Environmental Contamination and Toxicology

(¢ =u) ayeordin ur paurtojrad sAesse [[e Yim (J) ZHH pue
(3) 7A Jo sonaury uondiospe se [[om se sonsejdororu DA uo ggH/A Jo uondiospe oy uo (p) sDH JO UOIBNUIIUOD [BIIUI Y} pue (3) uonenuaduod yH ‘(q) Hd ‘() Auies jo s10oyq ¢ ‘614

(y) awry, () o A_.u_ W) UoNEBNUIOU0D) [BNIU]
0$ 0 00T 08 09 oy 0¢ 0

00T 08 09 or 0T 0 00T

l'
(=]

m ] [opOW JOPIO-PUOIIS-OPNASJ ----- - a4 @ . d0s
]
[opoul 19P10-}SIJ-0PNaAsJ —— g
A d
dam i R u

[9POW IOPIO-PUOIIS-OPNAS -+~
[9POW JOPIO-}SIJ-0PNAs ] —— / i

ad m /"

=3
=3
1
(=3
=}
—

1
(=
N

L

(=3

')

—

L
=3
o
1
(=3
(=
N

1
a
(.38 3v) Kyoeden uondiospy

1
o
[}
(,.3 3) Ayoedes uondiospy

(.8 81) Ayoedeo uondiospy
I
1
(=3
el
o
1

L
=3
<

0¥ °

108 ® (P)
0s 0s¢

-1 00€

(,/18) Ayrures
(43 vz 91

A_.q Swr) uonenueou0d VH Hd
0T ST 01 S 0 01 6 8 L 9
T

W

= dop
s ad @ .
i m

(=3
o

qd @

| |

=3

)
(=
—_

-
-
—eo—i
1
el
o

0C

L
=
o

0€

—e—
1
Dal
e}

(.3 3+ Koedeo uondiospy

.

(. 3 3v) Kyroedes uondiospy
—a—
&

(,3 3v) Kyroedes uondiospy

—-—
——
1
(=3
o0
—a—
o
1
=)
<

(U4

Ral
<

[]
() 106 t @

pringer

Qs



Bulletin of Environmental Contamination and Toxicology

fits the adsorption data (Jiang et al. 2016; Wu et al. 2019).
Two models could well explain adsorption of E2/EE2 on
PVC microplastics, suggesting that both chemical and physi-
cal adsorption contributed to interfacial behaviors of target
EDCs on microplastics in seawater.

Temperature was significantly related to adsorption of
E2 & EE2 and it might become the most important factor
influencing the adsorption of E2 and EE2 on microplastics.
Langmuir and Freundlich models were employed to investi-
gate the adsorption isotherm of E2 and EE2 on microplastics
(Fig. 3). Freundlich isotherm was better to fit the adsorption
data of E2 than Langmuir model (Fig. 3a), suggesting that
adsorption of E2 on PVC microplastics took place on hetero-
geneous surface (Freundlich 1906; Jiang et al. 2016; Wang
et al. 2015). Freundlich parameter n was larger than 1.00 for
all treatments of E2, suggesting that E2 was easily adsorbed
on PVC microplastics (Wang et al. 2015).

Langmuir isotherm yielded better fitting results for
EE2 than Freundlich model (Fig. 3b), suggesting that EE2
adsorption on PVC microplastics occurred at specific homo-
geneous adsorbent sites (Langmuir 1918; Lu et al. 2017).
The possible maximal adsorption capacity of EE2 on PVC
microplastics reached 1654.36 pg g~! estimated by Lang-
muir model, showing the potential risks of microplastics
in seawater. In addition, adsorption capacity of E2/EE2
decreased as temperature increase, similar with previous
report (Jiang et al. 2016; Wu et al. 2019). Adsorption free
energy (AG) for E2 ranged from — 7.25 to — 1.31 kJ mol~!
while it for EE2 varied — 7.29 to — 0.41 kJ mol ™!, suggest-
ing that adsorption of target EDCs on PVC microplastics
was a spontaneous process (Lu et al. 2017). Moreover, AG
increased with temperature to show that lower tempera-
ture would be good for adsorption of target EDCs, which
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o
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could also explain the effects of temperature on adsorption
capacity of target EDCs by PVC microplastics. Thermo-
dynamic parameters including adsorption entropy (AS)
and enthalpy (AH) were also calculated. AH for E2 was
— 89.76 kJ mol™" while it for EE2 was — 102.35 kJ mol™!,
implying that adsorption of target EDCs on PVC microplas-
tics was exothermic process (Wu et al. 2019). AS for E2 was
—0.292 kJ mol™! while it for EE2 was — 0.335 kJ mol™/,
much lower than that of other organic pollutants adsorbed
on microplastics (Wu et al. 2019).

Desorption of E2 and EE2 from PVC microplastics was
also discussed (Fig. 4). Both pseudo-first-order and pseudo-
second-order kinetics could yield good fitting results for
desorption data of E2 (R>=0.992) and EE2 (R?>=0.987).
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Fig.4 Desorption kinetics of E2 and EE2 on PVC microplastics
(n=3)
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Fig.3 Adsorption isotherms of E2 (a) and EE2 (b) on PVC microplastics (n=3)
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Desorption reached equilibrium at 36 h and the highest des-
orption capacity of E2/EE2 was 17.58/21.46 ug g~'. The
maximal desorption capacity of E2 was nearly 44.0% of its
corresponding adsorption capacity while the highest desorp-
tion capacity of EE2 reached nearly 48.8% of its adsorption
capacity. The adsorption/desorption capacity of target hor-
mone on microplastics was positively related to its hydro-
phobicity, which was similar with the previous study on
persistent organic pollutants (Ledn et al. 2019). Relatively
high desorption capacity of target EDCs on PVC microplas-
tics might exert the potential risks to the aquatic ecosystems
since the desorbed contaminants might re-enter the seawater,
sediments, and organisms.

This study provided new insights on adsorption and des-
orption behaviors of E2 and EE2 on microplastics in seawa-
ter. Material and size of microplastics affected the adsorption
of E2 and EE2. The increase in salinity, HA concentration,
and initial E2/EE2 concentration could increase the adsorp-
tion of E2/EE2 on microplastics. Adsorption capacity of E2/
EE2 generally reached the highest at pH of 8.0. Desorption
capacity of E2/EE2 accounted for over 40% of adsorption
capacity to pose potential risks. Factors affecting desorption
of target hormones on microplastics in seawater need to be
further discussed in the future.
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