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ARTICLE INFO ABSTRACT

Edited by Professor Bing Yan Microplastics (MPs) and halogenated organic pollutants coexist in ambient water and MPs tend to sorb organic

pollutants from surrounding environments. Herein, a study on the sorption behavior of tetrabromobisphenol-A

Keywords: (TBBPA) onto four different MPs, namely, polyethylene (PE), polypropylene (PP), polystyrene (PS), and poly-
MicroplastiCS. vinyl chloride (PVC) was carried out. Effects of MPs properties and environmental factors, including the type,
zs;ri?sgm"b‘s"heml A surface charge and pore volume as well as the ionic strength (Ca2") and humic acid (HA) on the sorption of
Ionfc strength TBBPA were discussed. Results showed that the sorption of TBBPA onto the MPs could reached an equilibrium
Humic acid within 24 h, and the sorption capacities decreased in the following order —PVC (101.85 mg kg'l) >PS (78.95 mg

kg'!) >PP (58.57 mg kg'!) >PE (49.43 mg kg™). Adsorption kinetics data fitted by intraparticle diffusion model
revealed both surface sorption and intraparticle diffusion contributed, in the interfacial diffusion stage
approximately 11-29% of TBBPA slowly diffused onto the surface of the MPs, and finally, in the intraparticle
diffusion stage. The increase of Ca%* concentration could promote the sorption of TBBPA by PE, PP, and PS, but
no significant alteration for PVC. For all the four MPs, HA was found to exert a negative effect on TBBPA
sorption. The adsorption was mainly driven by hydrophobic partition and electrostatic interactions.

1. Introduction

Small-sized (<5 mm in diameter) plastics, known as microplastics
(MPs) are significantly abundant in the environment. In recent years,
reports have increasingly demonstrated the occurrence of MPs in ma-
rine, inland, and freshwater environments (Di and Wang, 2018; Ghosal
et al., 2018; Zhang et al., 2018, 2020; Rose and Webber, 2019) and even
in remote and sparsely inhabited areas, such as the Siling Co Lake Basin
(Zhang et al., 2016) and the polar regions (Kanhai et al., 2018). It is
estimated that by 2025, over five trillion pieces of plastic will invade the
oceans and MPs will account for 92% of that plastic contamination
(Eriksen et al., 2014; Sebille et al., 2015). In aquatic environments, MPs,
such as polyethylene (PE), polypropylene (PP), polystyrene (PS), and
polyvinyl chloride (PVC) are predominantly present. In the deep Arctic

* Corresponding author.

seas, the predominant type of MP is PVC, which accounts for the largest
proportion (38%) of MPs (Bergmann et al., 2017). About 2.9 trillion
microbeads per year are released into aquatic habitats in the United
States via WWTP effluents (Rochman et al., 2015). In China, an esti-
mation of 39 tons of MPs were emitted into the environment based on
the huge amount of personal care products usage (Lei et al., 2017). In the
Three Gorges Reservoir, 89% of MPs are found to be composed of PE, PP,
and PS (Di and Wang, 2018). The contaminant transfer effects of MPs
can be more significant than larger plastic debris due to the minute
particle size of MPs. Together with adsorbed contaminants, MPs can be
easily ingested and accumulated by aquatic organisms in their bodies. In
recent years, increasing microplastic pollution has attracted global
attention (Wang and Wang, 2018; Wu et al., 2019; Zhang et al., 2020).

From surrounding environments, MPs can adsorb and accumulate
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hydrophobic organic contaminants (HOCs) and heavy metals (HMs) due
to their strong hydrophobic properties and specifically, large surface
areas (Lee et al., 2014; Wang et al., 2018a, 2018b). Not only the prop-
erties of MPs (type, particle size, and dose) but also environmental
factors, such as the presence of ionic strength and dissolved organic
matter (DOM) have been also suggested to influence sorption behavior
(Seidensticker et al., 2017; Wang et al., 2018a). For instance, polyamide
(PA) has been reported to sorb more antibiotics than the other types of
MPs (Li et al., 2018a, 2018b). PS and PE could adsorb more lubricating
oil with the maximum sorption capacities of 5.2 g g and 6.8 g g!
respectively (Hu et al., 2017). Results obtained on the sorption behavior
of tylosin by the four MPs, namely PE, PP, PS, and PVC have suggested
that tylosin exhibits higher sorbent accessibility on PVC than on PE, PP,
and PS (Guo et al., 2018). Smaller particle size can facilitate the sorption
of HOCs by MPs (Lin et al., 2019). Ionic strength and DOM also have
been shown to change the partition coefficient of contaminants between
MPs and water but no consensus reached on their effects on the sorption
of various contaminants (Zhang et al., 2010; Seidensticker et al., 2017).

Tetrabromobisphenol A (TBBPA) is the most commonly used
brominated flame retardant (BFR) in the world, accounting for about
60% of the total BFR market (Liu et al., 2016; Yu et al., 2019). As an
additive flame retardant in plastic products, TBBPA has been widely
employed because its phenolic hydroxyl group is not bonded to the
polymer covalently and therefore, it could be released into the envi-
ronment easily (He et al., 2010; Alexander et al., 2011; Covaci et al.,
2011; NTP, 2014; Yu et al., 2019). Due to its huge production and
application, TBBPA is ubiquitous in air, dust, soil, water, sediment and
sewage sludge, and also frequently detected in various environmental
matrix even in humans (Fijalkowski et al., 2017) with the concentration
up to 4870 ng L' in lake water (Yang et al., 2012) and 9750 ng g in
sediment and sewage (Feng et al., 2012). A recent study reported the
concentration of TBBPA was 520 ng L of TBBPA in the surface water
and 21.9-0.482 ng g'! dw was measured in the sediments of Chao Lake,
Anhui province, China and those in seawater in the coastal intertidal
zone of Qingdao, China ranged from nd to 1800 ng L (Gong et al.,
2017). TBBPA exposure may lead to endocrine disorders and repro-
ductive toxicity, and as a potential carcinogenic substance, it can in-
crease the incidence of uterine tumors in female rats ( NTP, 2014; Cope
et al., 2015; Lai et al., 2015; Yu et al., 2018). Recently, TBBPA has been
upgraded to Group 2A, probably carcinogenic to humans by the Inter-
national Agency for Research on Cancer (IARC) on the basis of sufficient
evidence of carcinogenicity in experimental animals (IARC, 2018). In
aqueous environments, MPs, especially for their own additive properties
have been proved to act as important carriers of BFRs readily (Kwon
et al., 2017).

Currently, limited information on the interaction of TBBPA with MPs
is available except for few studies on the sorption of hex-
abromocyclododecane (HBCDs), Polychlorinatedbiphenyls (PCBs), Pol-
ybrominateddiphenylethers (PBDEs) and Bisphenol A (BPA)
investigated (Velzeboer et al., 2014; Zhan et al., 2016; Liu et al., 2018;
Wu et al., 2019a, 2019b; Xu et al., 2019). In order to promote the un-
derstanding of the adsorption behavior, and possible mechanisms that
influenced the sorption, the present study was conducted to (1) elucidate
the adsorption behavior of TBBPA onto four commonly used of MPs,
polyethylene (PE), polypropylene (PP), polystyrene (PS), and polyvinyl
chloride (PVCQ); (2) investigate the mechanisms of interaction involved
in sorption process; and (3) determine the influence of environmental
factors, such as ionic strength and DOM, on the sorption of TBBPA. This
may contribute to a better understanding of the environmental signifi-
cance of these two co-existing emerging contaminants.

2. Materials and methods
2.1. Chemicals and materials

Standard TBBPA (CAS# 79-94-7, (>98% pure) was purchased from
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Sigma-Aldrich (St.Louis, MO, USA). In the present study, four types of
the pristine MPs including polyethylene (PE, 3.2 mm i.d), polypropylene
(PP, 3.2 mm i.d), polystyrene (PS, 3.2 mm i.d), and polyvinyl chloride
(PVC, films) were purchased from Aladdin Industrial Corporation
(Shanghai, China). Methanol of HPLC grade was supplied by AnPu
Scientific Instruments, while CaCly (>96% pure) and HA (*90% pure)
were purchased from J&K Scientific Ltd. (Beijing, China) and Sigma
Aldrich (St. Louis, MO,USA), respectively. Ultrapure water (18.2 MQ
em’!) was produced by Milli-Q purification system (Millipore, Milford,
MA, USA). Stock solution of TBBPA (100 mg LY was prepared in
methanol and stored at —20 °C in the dark. Working solutions for cali-
bration curve was obtained (R? >0.999) by diluting to a series of
different concentrations (5-100 ug L) in ultrapure deionized water.

2.2. Microplastic preparations and characterization

The virgin MP pellets were crushed or cut into small pieces, then
ground in an analytical mill IKA Werke GmbH & Co.KG,. Staufen,
Germany) before sieving through a mesh of 150 pm. After these,
microplastics were washed with deionized water and methanol, and
dried at 50 °C for 72 h and then stored in a desiccator.

The composition of MP microspheres was confirmed through Fourier
transform infrared spectra (FT-IR) spectroscopy (Nicolet iN10 MX,
Thermo-Fisher Scientific Inc., USA). Data were collected in the range of
4000-400 cm ! at a resolution of 2 cm ™! with a 3 s collection time. To
reflect the surface electric property of MPs under various conditions,
zeta potential of the tested microplastics were determined on a Zetasizer
Nano-ZS ZEN3500 ((Malvern Instruments Ltd, Malvern, UK) with water
as a dispersant (Refractive Index =1.33). The measurements of hydro-
dynamic diameter was also carried out once for four replicates (n = 4,
see Fig.S3). The surface morphology was observed by scanning electron
microscopy SEM. The specific surface areas (SSA) as well as pore size
distributions and total pore volumes (TPV) were used to describe the
MPs properties by Brunauer-Emmett-Teller (BET) Ny specific surface
area and porosity analyzer (ASAP 2460, Micromeritics, USA). The
physicochemical properties of tested MPs are provided in Table S1.

2.3. Batch adsorption experiments

Experiments on adsorption kinetics were carried out using 20 mg
MPs and 100 pg L of TBBPA in glass flask. The volumes of organic
solvent for all samples was controlled below 0.1% (v/v). 0.01 M CacCl,
and 0.02% (w/v) NaN3 were added into the background solution to
maintain the ionic strength of the suspension and to inhibit microbial
degradation. After that, the initial pH was adjusted to 7.0 £ 0.2 by HCl
and NaOH solution. The mixture solutions of batch experiments were
then incubated at 25 °C in dark on a thermostat vibration shaker at 160
rpm. Samples were then withdrawn at specific time intervals (0 h, 1 h, 2
h,4h,6h,12h,24h, 36 h, and 48 h) based on preliminary experiment.,
and then filtered through 0.22 um filters prior to instrumental analysis.
Procedure blank control spiked with TBBPA but microplastic-free was
set up under the same condition to evaluate the procedure loss during
incubation. Another control of MP-spiked but TBBPA-free showed that
no detectable TBBPA was released from the MPs during the sorption
process. Each treatment was conducted in triplicate.

Sorption isotherm were conducted at initial concentrations of TBBPA
from 5 to 100 pg L. An incubation time of 48 h was set based on the
kinetic results. Samples were collected at the end of the incubation in
triplicate.

2.4. Factors influencing TBBPA sorption

In order to investigate the effects of adsorbent dose on adsorption,
batch equilibrium approach were carried out using the doses of MPs
from 5 to 50 mg with the initial TBBPA concentration of 100 ug L in
background solution. The effects of ionic strength on the sorption of
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TBBPA were evaluated with a series of CaCl, ranging from 0.001 to 0.1
mol L'L. Effects of dissolved organic matter (DOM) on the adsorption
behavior were examined using humic acid (HA) as a representative
material from 5 to 50 mg kg’l. CaCl, solution (0.01 M) and 0.02% (w/v)
of NaN3 were also added into the mixture, as described in the adsorption
kinetics study, then filtered before pH adjusted to 6.5 for further batch
experiments. The vials were incubated on a reciprocal shaker for 72 h,
then TBBPA in aqueous phase were quantified when the adsorption
reached equilibrium.

2.5. Instrumental analysis

Analysis of aqueous TBBPA concentrations was performed on LC-
MS/MS, using a triple quadrupole mass spectrometer (API 4000 LC/
MS/MS, AB Sciex, USA) with a Poroshell 120 EC-C18 column (3.0 x 50
mm, 2.7 ym; Agilent Technologies, Santa Clara, CA, USA) as described in
our previous study (Yu et al., 2020). Breifly, the mobile phase consisted
of methanol and deionized water in a ratio of 9:1. The injection volume
was 10 pL and the temperature of the column was set to 40 °C. The flow
rate was kept at 200 pL min™'. The retention time of TBBPA was 1.09 min

2.6. Data analysis

The adsorption kinetics were evaluated by measuring the adsorption
capacity of TBBPA in solution at different time intervals (0-48 h). The
nonlinear models of pseudo-first-order, pseudo-second-order and intra-
particle diffusion model were used to fit the sorption kinetics. 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
pseudo-first-order, pseudo-second-order, and intra-particle diffusion
models were used to describe the kinetics of TBBPA sorption onto the
MPs:

- _ K]f
IOg(Qe - Ql) - IOg Qe 2303 (1)
t 1 t
2o _ 2
R ) @
0, = K;t* + constant 3

where Q. and Q; (mg kg'l) are the amounts of TBBPA adsorption on the
adsorbents at equilibrium and time t, respectively; K; () and K,
(kg:mglh1) are the rate constants for the pseudo-first-order and
pseudo-second-order models of sorption reaction, respectively; and K; is
the rate constant for the intra-particle diffusion model.

The results from the isotherm experiment were fitted with the Linear,
the Freundlich, and the Langmuir model as follows.

Linear model equation:

Q. =K, xC, @
Freundlich model equation:

0.=K;xCl 5)
Langmuir model equation:

0w XKL X C,

Y e ©

where C, (mg L'!) is the concentrations of TBBPA in the aqueous phase at
equilibrium state; Kq (L~g'1) is the distribution coefficient of the solid
(MPs) and aqueous phase; K¢ (ug'"/".LY".g1) and n are the Freundlich
constants; Qn, (mg-kg'l) and K;, (L~pg’1) are the Langmuir coefficients,
represents the maximum sorption capacity and the sorption affinity
between adsorbent and adsorbate, respectively.
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3. Results and discussion
3.1. Characteristics of the MPs

Morphology of the four types of MPs by SEM showed irregular grain
shape with wrinkles and pits (Fig. S1). The surface of PP particle was
relatively smooth, while PE and PVC were more rough with many folds,
exhibiting spherical bulges and micropores. Important absorption bands
for FT-IR spectra were identified and band assignments were provided in
Fig. S2 (Supporting Information). The spectrum of microplastic debris
showed similar absorption characteristic as reported previously (Chen
et al., 2019; Zhou et al., 2020). At the temperature of —196 °C, the pore
diameter, total pore volume and specific surface area (SSA) were
quantitatively measured by nitrogen adsorption isotherm (Fig. S3). The
particle sizes distribution of these polymers were given in the Fig.S4.
The BET surface areas of the four microplastics as well as total pore
volume were listed Table S1. Zeta potentials at different pH value were
shown in Fig. S5.

3.2. Adsorption kinetics

The adsorption kinetics of TBBPA onto four microplastics were
illustrated in Fig. 1. Adsorption of TBBPA onto microplastics showed an
intense adsorption capacity at the initial time of incubation and subse-
quently achieved an equilibrium after 48 h. The sorption equilibrium
time was about 24 h, 24 h, 12h, and 6 h for PVC, PS, PP, and PE,
respectively. The four different MPs were found to have distinct sorption
affinities for TBBPA and it decreased in the following order—PVC >PS
>PP >PE. As shown in Table S2, the parameters of two kinetic model
indicated that the pseudo-second-order model fitted better than the first-
order model with higher R? values, and the Qe values predicted by the
pseudo-second-order model were in high agreement with the experi-
mental values, indicating the pseudo-second-order model was more
applicable to describe the sorption behavior of TBBPA. This may reflect
that TBBPA can be adsorbed to different binding sites in the MPs. Our
previous study showed that the adsorption of TBBPA onto PE particle
yielded a better fit for pseudo-second-order model (Yu et al., 2020),
similar findings were also reported for bisphenol analogs, musks, and
antibiotics on PVC microplastics with the R? value > 0.99 (Guo et al.,
2019; Wu et al., 2019a, 2019b).

The intraparticle diffusion model better illustrates the critical stages
controlling the sorption process. In this study, the diffusion curves of the
four MPs did not pass through the origin of the coordinate, indicating

= PVC Pseudo-first order
e PS - — Pseudo-second order
100} 4 PE e — R ———— - L
v PP — === ‘
= e - e ----- ®
o —
)}
£
& e 3
-~ i
- y
—-§----"®" """
L L 1 L 1 "
20 30 40 50
Time(h)

Fig. 1. Adsorption kinetics of TBBPA onto microplastics fitted by the pseudo-
first-order model and the pseudo-second-order model.
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that both surface sorption and intra-particle diffusion contributed to the
actual sorption process of TBBPA on MPs (Fig. 2). The fitted sorption can
be divided into three successive linear steps as follows: external mass
transfer (Allen et al., 1989; Wu et al., 2019; Zhou et al., 2014a, 2014b),
interfacial diffusion (Ai et al., 2011; Wu et al., 2019b) and intraparticle
diffusion (Wu et al., 2019a, 2019b; Zhou et al., 2014a, 2014b).
Approximately 56%—74% of TBBPA was adsorbed in the external mass
transfer; 11%—29% of TBBPA was slowly diffused from the liquid phase
to the surface of MPs in the interfacial diffusion phase. As the sorption
rate of TBBPA slowed significantly, the sorption gradually stabilized and
reached dynamic sorption equilibrium in the intraparticle diffusion
stage.

The sorption characteristics of TBBPA onto different types of MPs
could be closely related to the property of plastic particles, such as
crystallinity, the polarity, and surface charge and functional groups of
MPs (Guo et al., 2019; Wang et al., 2015). Previous studies revealed the
crystallinity of MPs might be an important impact factor for the
adsorption behavior of MPs. Liu et al. (2019) found a high crystallinity
could lead to a high adsorption capacity, while an inverse correlation
between the crystallinity and adsorption capacity was observed by Guo
et al. (2012). Although rubbery plastics such as PE were reported to
exhibit higher sorption affinities for many pollutants than glassier
microplastics (e.g. PP, PVC, PS) (Li et al., 2018a, 2018b; Wang et al.,
2015, 2018a; Wang and Wang, 2018), our study showed that PVC had
the largest Qm (101.85 mg kg™!) among the four MPs but PE the lowest,
indicating some other inherent factors of microplastics that can correlate
with the adsorption intensity other than the degree of crystallinity.
Wang et al. (2015) found the polar functional groups may negatively
affect the sorption affinity of plastics. PVC and PS are more polar than PE
and PP due to their substitution of one C-H by C-Cl and C-x for each unit
(Chen et al., 2019). However, in this study, PVC exhibited larger sorp-
tion capacities than PE and PP, one possible reason could be that the
sorption domains with chlorine atoms in PVC showed more affinity for
TBBPA through polar-polar interaction.

3.3. Sorption isotherms

The Linear, Freundlich and Langmuir models were used to study the
interaction behavior between TBBPA and MPs (Fig. 3). The calculated
parameters of isotherm models were summarized in Table 1, from
which, it can be seen that the Linear model and Freundlich model were
both appropriate for PE, PP and PS, while PVC is better fitted by the
Freundlich model with higher R? indicating the adsorption to

120 l
l | intraparticle diffusion
100 | 0 di_ff“s‘ou
| imel‘f“m
|
801
)
E"GO g
o
40+
20+
A PE O PP
: v PS @ PVC
0 1 2 3 . 5 ; 7
tO S(h075)

Fig. 2. The sorption kinetic of TBBPA on to MPs fitted by intraparticle diffusion
kinetic model.
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Fig. 3. The sorption isotherms of TBBPA to four microplastics (initial TBBPA
concentration ranging from 5 to 100 pg L™1).

heterogeneous surfaces or surfaces supporting sites of diverse affinities.
Freundlich model reflects the adsorption occurring on the surface of the
adsorbent with uneven distribution of binding site (Wang and Wang,
2018; Wu et al., 2019a, 2019b; Xu et al., 2019; Guo et al., 2019). As the
maximum sorption capacities calculated by Langmuir model deviated
from the experimental results for PE, the process may not mainly be the
monolayer sorption driven by electrostatic force. Similar phenomena
were also observed for the adsorption of organophosphate esters (Chen
et al., 2019) and bisphenol analogs (Wu et al., 2019a, 2019b) on PVC
microplastics. The nonlinearity index (n values) of Freundlich model
indicates the sorption tendency under different initial concentrations.
The n values > 1 suggested a favorable sorption with the increasing
initial adsorbate concentrations (Guo et al., 2018; Xu et al., 2019).
However, in present study, the n values were less than 1 for PS and PVC,
which indicated a decreasing sorption tendency according to Guo et al.
(2013) and Wu et al. (2019a, 2019b). The hydrophobic interaction was
an adsorption mechanism reflected by the loading capacity (Kq) of the
Linear model (Guo et al., 2018; Liu et al., 2019; Wu et al., 2019a,
2019b). Sorbent with higher affinity generally exhibited higher Ky
values. TBBPA has a relatively higher hydrophobicity with the
octanol-water partition coefficient (logKow) of 4.75 (pH 7.53). From
Table 2, the Ky values of four MPs for TBBPA varied in the order of PVC
(5.814Lg1) > PS (2.263Lg") > PP (0.993Lg"') > PE (0.616 L g1),
suggesting the hydrophobic partitioning was probably another mecha-
nism for TBBPA adsorption onto PVC.

To further discuss the potential mechanism, zeta potential was
determined in a series of background solution with pH values ranging
from 3.0 to 11.0 to investigate the surface charge of MPs in aqueous
phase. According to the zeta potentials (Fig. S5), the surface of all four
microplastics was negatively charged at pH > 7 and became more
negative with the increasing pH values. Previous studies have found
electrostatic forces could be a critical mechanism (Guo et al., 2013; Wu
etal., 2019a, 2019b; Li et al., 2018a, 2018b; Liu et al., 2019). TBBPA has
two pKa values of 7.5 and 8.5 (Dam et al., 2012). At pH > 8.5, TBBPA
will be dissociated and present essentially in the form of negatively
charged ion, and between pH of 7.5 and 8.5, there is mainly monoanion
form. Sorption isotherms were produced under weak acidity, in which
the surface of PVC, PP and PS was almost negatively charged based on
the zeta potential. This was in favor of sorption as TBBPA exists mostly
in the protonated and molecular form, thus can be combined with MPs
by electrostatic attraction. Although in this study, the n value of PVC was
smaller, its K¢ value was remarkably higher, suggesting a significant
adsorption affinity than the other types of MPs. As the particle fraction
process was significantly associated with both the surface charge of MPs
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Table 1
Sorption isothermic parameters of TBBPA onto four microplastics.
MPs Linear Freundlich Langmuir
Kq (L-g™") R? Kr (ug!/"L!"-g) n R? Qu (mg-kg™) Ky, (Lug™) R?
PE 0.616 0.974 0.305 1.183 0.984 Can not be fitted by Langmuir directly
PP 0.993 0.987 0.987 1.002 0.986 878.21 0.001 0.987
PS 2.263 0.982 2.658 0.949 0.982 494.94 0.005 0.986
PVC 5.814 0.881 12.447 0.708 0.96 187.48 0.056 0.988

and physicochemical property of TBBPA. The more negative charge on
surface of PVC makes electrostatic repulsion be one of the advantages of
keeping MPs well-dispersed to favor the adsorption, hence, electrostatic
interactions might play important functions in the adsorption of TBBPA
onto PVC.

To sum up, the sorption of TBBPA by four MPs are multi-layer
sorption on a heterogeneous surface, which was probably simulta-
neously dominated by both hydrophobic partition and electrostatic
forces.

3.4. The effect of dissolved organic matter

Humic acid (HA) is a common type of natural organic matter, usually
exists with a negative charge, carries oxygen-functional groups, and can
form a copolymer with MPs (Chen et al., 2018). This type of macro-
molecule performs various roles in the sorption process of MPs. The
negatively charged HA molecules could offer new sorption sites for
sorbates in aqueous phase, directivity leading to a competitive adsorp-
tion (Sun et al., 2019). As can be seen from Fig. 4, after 24 h incubation,
the absorbed amounts of TBBPA onto the four test MPs were reduced by
5.4—42.8% with the HA concentrations increasing from 0 to 50 mg L,
indicating a negative effect on TBBPA sorption. The results were in
accordance with the findings for non-polar compounds such as 17
a-ethinyl estradiol, BDE-47, which might be attributed to the competi-
tive adsorption interactions in-between organic pollutants, DOM and
microplastics.

Another influencing factor might be the surface coverage as the DOM
molecule could preferentially cover the surface of the microplastics,
thereby inhibiting the sorbate from entering the sorption site reported
(Xuetal., 2019). In comparison to the adsorption levels in the absence of
HA, a drastic decline in adsorption was observed even at a low con-
centration of HA for PVC and PE. As demonstrated by the micropore
volume of the four MPs (Table S1), the micropore volume of PE and PVC
was higher than that of PS and PP, the decreased sorption could be
ascribed to the pore blockage that altered the partitioning of TBBPA

100 - —/A—PE—O—PP
—0—PS—/~—PVC
80 - T

o’ 40 1
20 - A
01 !
I I I I I I
0 5 10 20 30 50
HA (mg/kg)

Fig. 4. Effect of the HA concentrations on the sorption.

between MPs and water. Recent studies, however, showed that the in-
teractions between PE microplastics and DOM were negligible (Seid-
ensticker et al., 2017). Seidensticker et al. (2017) provided direct
evidence through fluorescence measurements that no DOM sorption
occurred on different amounts of PE microplastics. In this study, pore
blockage might be the main factors involved with HA present in the
sorption process. Whether different types of MPs can interact with DOM
containing abundant functional groups warrants further investigation.

3.5. Effect of ionic strength on the sorption of TBBPA

The effect of Ca2* on the sorption of TBBPA on MPs might have a
significant impact on their migration and transformation in an
ecosystem. As shown in Fig. 5, as the ionic concentrations increased
from 0 to 0.005 mol L'} (equivalent to the corresponding salinity of
0-0.56%), the sorption of TBBPA on PE, PP and PS increased by
43—-81%, and then subsequently remained relatively stable (ionic con-
centration increased from 0.005 to 0.1 mol L! (equivalent to the cor-
responding salinity of 0.56-11.1%). The salinity of brackish water
systems was in range of 0.5—30% (Bakir et al., 2014; Xie et al., 1997).
Therefore, the adsorption capacity of TBBPA on PE, PP and PS micro-
plastics could be enhanced in brackish water, such as estuaries, inland
salt lakes, and marine waters.

The sorption of organic pollutants (e.g., diethyl phthalate, dibutyl
phthalate, and perfluorooctane sulphonate) on MPs (e.g., PVC, PE and
PS) increased with increasing ion concentrations (NaCl and CaCly), as a
result from the salting-out effect (Liu et al., 2019; Wang et al., 2015;
Zhang et al., 2010). The salting-out effect of NaCl and CaCl; is of key in
enhancing the sorption affinity of hydrophobic compounds by
decreasing their solubility (Xie et al., 1997). Studies by Ni and Yal-
kowsky’s showed that the solubility of phenanthrene, 2-phenylphenol,
ketoprofen, carbamazepine and bisphenol A (BPA) reduced by 5-6%
with NaCl concentration increased from 0 to 100 mmol L' (Ni and
Yalkowsky, 2003). Based on the structural similarity between BPA and
TBBPA, the solubility of TBBPA would decrease with the increase in
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Fig. 5. Effect of the ionic strength (CaCly) on the sorption.
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CaCly concentration, thus subsequently facilitate the hydrophobic
interaction with the MPs. However, as ionic strength increased to a
certain degree, the sorption sites might be competitively occupied by the
relatively abundant free Ca?* due to electrostatic attraction, leading to a
reduction of the sorption of TBBPA on the MPs. By contrast, the sorption
capacities of TBBPA on PVC were barely affected and maintained a high
sorption state. Similar phenomenon in PVC adsorption of synthetic
musks and phenanthrene was also observed by Bakir et al. (2014), which
implied an insignificant impact on sorption exerted by salting-out effect
with the adsorbent of large sorption capacity. One possible mechanism
was that ionic strength could influence the aggregation of plastic par-
ticles. Previous study with polystyrene nanoplastics found that the in-
crease of NaCl concentration promotes the particle aggregation by
compressing the electrical double layer, thus decreasing the repulsive
forces between the particles (Wu et al., 2019a, 2019b). Similar behavior
was observed by Li et al. (2018) for polystyrene microplastics, where the
presence of CaCly and BaCl; (divalent electrolytes) accelerated the ag-
gregation. As a result, the adsorption sites on the surface of PVC
microplastics might reduce as the particles become more compact.
Moreover, the higher the electrolyte concentration, the more and the
faster that surface charge could be neutralized.The results of PVC
exhibited that adsorption enhancement of TBBPA due to the salting-out
effect might be compensated by the fewer adsorption sites owing to
particle aggregation. Therefore, the influence of ionic strength for the
adsorption behavior may vary depending on the type of sorbent, sorbate,
and the electrolyte.

4. Conclusions

The present study discussed the interaction between a widely used
flame retardant TBBPA and four widely applied types of MPs including
PP, PVC, PE, PS. Adsorption kinetics data fitted by intraparticle diffusion
model revealed both surface sorption and intraparticle diffusion
contributed to the actual sorption process of TBBPA on MPs. PVC had the
largest adsorption capacity (101.85 mg kg ™), followed by PS, PP and PE,
and that changes in the ionic strength and content of humic acid
considerably influenced the adsorption of TBBPA by MPs. Under the
experimental conditions of ionic strength, the adsorption capacity of
TBBPA on PE, PP and PS microplastics could be enhanced to a certain
extent, while that of PVC was barely affected, indicating the influence of
ionic strength for the adsorption behavior may vary depending on the
type of sorbent, sorbate, and the electrolyte.The findings from the pre-
sent work indicate that the adsorption of TBBPA on four microplastics
was mainly driven by both hydrophobic and electrostatic interactions
related to the polymeric properties of MPs (functional group, surface
area and charge), and matrix effects (salinity and dissolved organic
matter).
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