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Abstract: Wastewater treatment plants (WWTDPs) are considered as one of the important sources
of microplastics (MPs) in the marine environment. In this paper, the characteristics of MPs in the
effluent discharged from five WWTPs in Qingdao, China, in winter and summer were analyzed. The
results showed that only fibers and fragments were observed, with fibers as a dominant part. Rayon
was the most domain polymer type, followed by Polyethylene terephthalate (PET) and chlorinated
polyethylene (CPE). The average sizes of fiber MPs were 1010 + 924 pm and 610 + 691 um in
winter and summer, respectively. The contents of rayon were higher in summer than in winter.
More small and transparent MPs were observed in summer. Rayon abundances ranged from 4.1
to 19.9 items/L and 33.3 to 116.7 items/L, with 12.3 &+ 5.6 items/L and 67.6 £ 30.6 items/L as the
average value in winter and in summer, respectively. The abundances of other polymer type MPs were
7.23~19.65 items /L with average value of 12.7 & 4.7 items /L in winter and 12.0~20.0 items /L with
16.8 + 4.7 items/L in summer. The daily emissions were estimated as 8.38 x 10°~4.25 x 10'? items
(9.2~27.8 kg) for rayon and 8.0 x 10°~1.2 x 107 items (7.6~5.3 kg) discharged for the other polymer
type MPs from the five WWTPs. The results indicated that the seasonal variation of characteristics
and emission of MPs in the effluent from WWTPs was mainly caused by increasing discharge of
rayon, which may relate to people’s living habits and tourism activities.

Keywords: microplastics; characteristic; wastewater treatment plant; effluent

1. Introduction

Microplastics (MPs, <5 mm), as a new type of pollutants on a global scale, have at-
tracted growing attention and have become one of the popular research areas in recent
years [1]. MPs have become ubiquitous in the environment and have been observed in
the atmosphere [2], soil [3], lakes and rivers [4,5], the remote ocean in the Arctic [6] and
Antarctica area [7], and even in the deep-sea sediments [8] and living organisms [9]. MPs in
the environment originate from primary or secondary sources. Primary MPs are produced
as microscopic-sized pellets and directly used in a wide range of applications, such as exfo-
liating frosted microbeads in cosmetics or raw pellets in industrial production. Secondary
MPs are fragmented from large-sized plastics due to physical and chemical actions in the
environment [10]. Due to the similar size range of MPs to that of the prey of many marine
organisms, MPs tend to be ingested by a wide range of biota in benthic and pelagic ecosys-
tems’ organism [11]. MPs ingested by aquatic organisms can affect their behavior, feeding,
growth, and reproduction [11]. MPs, containing additives during the polymer synthesis,
also adsorb chemical pollutants directly from surrounding environments [12]. Thus, they
may play an important role not only during the transportation process of pollutants in
the environment but also in the transfer and bioaccumulation processes within the food
web, resulting in many environmental problems [13]. Moreover, MPs from contaminated
drinking water [14] and aquatic products [15] will pose a potential threat to human health.
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Wastewater treatment plants (WWTDPs) are designed to collect and treat various types
of domestic or industrial wastewater, which are considered as one of the significant point
sources discharging MPs into the environment and have gained more attention during
recent years [16-19]. Microfibers from clothes washing and microbeads from cosmetics
and cleaning agents are carried with wastewater via sewers and later discharged into the
environments with effluents from WWTPs. Large numbers of fibers are discharged into
wastewater during the washing process of clothes and synthetic garments [20,21]. About
4594~94,500 microbeads could be released in a single use of facial scrubs [22]. Microbeads
are of little concern due to the ban of microbeads’ production and usage. Most MPs in the
wastewater are removed during the treatment process [16-18,23,24]. Although WWTPs are
very effective in removing MPs, the amount of MPs discharged from WWTPs is still huge
due to the tremendous daily treatment capacities [16,18,19]. Since MPs with smaller size
tend to escape when sampled with different sizes of stainless steel sieves, the amount of
MPs discharged from WWTPs might be underestimated. Additionally, the investigations
sampled in one season have not considered the changes or differences between different
seasons. This also causes indeterminacy in estimating the amount of MPs discharged from
WWTPs.

In the last few years, the abundance, characteristics, transfer, and removal of MPs
from WWTPs in several cities in China, such as Xiamen, Beijing, Xi’an, and Guilin, were
investigated using various sampling methods, with removal rates of MPs ranging from
63% to 99% [18,23-25]. Due to a lack of a unified sampling approach, it is difficult to
compare results from different WWTPs. To our knowledge, there are no reports about
the occurrence of MPs from WWTPs in Qingdao, China. This study aimed to investigate
the characteristics and abundance in the effluent from five WWTPs in Qingdao, and their
differences in summer and winter were compared. Furthermore, MPs discharging into
nearshore area were estimated.

2. Materials and Methods
2.1. Sampling Sites

Qingdao is a typical coastal city located in the north of China (Figure 1), and also fa-
mous as an important harbor city and a tourist destination. There were a total of 2.74 million
people in the central city in 2019. There are seven WWTPs handling domestic wastewater
generated in daily life and industrial wastewater. Most water has been preliminarily treated
in the industrial plants. The effluents of WWTPs are discharged into the nearshore area
of Qingdao, including the Jiaozhou Bay and the Yellow sea. In recent years, the percent
of industrial wastewater has decreased with the emigration of industrial plants from the
central city.

2.2. Sampling and Pretreatment

Effluent samples were collected from five of the seven WWTDPs in the Qingdao urban
area, China, in November 2018 and July 2019. The designed capacities for each WWTP are
1.7 x 10°m?/d, 0.8 x 10° m?/d, 1.6 x 10° m*/d, 1.0 x 10° m*/d, and 1.4 x 10° m3/d for
W1~WS5, respectively. The influent of wastewater to W1 and W2 include both industrial
wastewater and domestic sewage. Domestic sewage is the main source of W3~W5. The
effluent from W1~W4 is discharged into Jiaozhou Bay, which is connected to the Yellow
Sew, while the effluent from W5 is discharged into Yellow Sea area directly, as shown in
Figure 1.

Sampling was conducted every 2 h by an auto-sampling device (Sigma SD900, Hach,
Loveland, USA) for a duration of 24 h, and the collected wastewater in 12 bottles was mixed
thoroughly in one large bottle. About 500 mL of the mixture of effluent sample collected
with the glass bottles in 24 h was considered as one sample. Triplicate samples (about
1500 mL as the total volume) were collected from each WWTP. The samples were filtered
through a 0.45-um-pore size nitrocellulose membrane (50-mm diameter, Shanghai Xingya,
China) with a vacuum pump (SHB-IIIA, Zhengzhou, China). To reduce the deviation
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caused by operation procedures, the accurate volume of the water sample was measured
after filtration. Then, the inner wall of the sampling bottle and the filter device (Solvent filter,
Jinteng Technology, Tianjin, China) were rinsed completely with ultrapure water (Unique-R
20, RSJ, Xiamen, China) and filtered with the same membrane. The filter membrane was
sealed in clean petri dishes with parafilm and stored at 4 °C before further analysis.

36.2°N

Jiaozhou Bay

36.1°N

36°N Yellow Sea

a

120.1°E 120.2°E 120.3°E 120.4°E 120.5°E

Figure 1. Sampling site in Qingdao, China.

2.3. Observation and Identification of MPs

The membrane samples were observed under a stereo-microscope (Nikon SMZ1270,
Tokyo, Japan) with a magnification of 30~80 times. Images of MPs were obtained using a
Nikon Ds-Ri2 digital camera system, which was attached to the stereo-microscope. The
suspected MPs were labeled using a pen in the vision of the stereo-microscope. The size of
MPs was measured with the instrument in the microscope system. The shape, size, and
color were all recorded. For fragments and films, length and width were recorded. The
labeled particles were identified with micro-Fourier transform Infrared Spectroscopy in
Attenuated Total Reflection model (ATR-p-FTIR, Perkin-Elmer Spotlight 400, Llantrisant,
UK) equipped with a germanium crystal. The range of spectrum was from 4000 cm ™!
to 750 cm ! with 16 cm™! for resolution. The pixel size was set as 6.25 cm~!. Sample
acquisition time was 3 s and 16 co-scans were performed for each measurement. The
polymer type was confirmed by comparing the obtained spectra with the Sadtler Library
and the match coefficient was greater than 80%. The polymer was classified as fiber,
fragment, film, foam, granular, and sphere according to the shape. Considering a 330-um
pore size of a trawling net is usually used when collecting MPs from surface seawater,
330 um was added in the size subgroup division. Thus, the MPs were divided into eight
groups of the following size ranges: <100 um, 100~330 pum, 330~500 pm, 500~1000 pum,
1000~2000 pm, 2000~3000 pm, 3000~4000 pm, and 4000~5000 um, according to their sizes.

2.4. Contamination Control

Precautions were taken during the whole experiment process to avoid contamination.
Cotton laboratory coats and nitrile gloves were always worn during the sample collection,
separation, and pretreatment processes. Glass bottles, non-plastic containers, and tools
were used at all times when possible and rinsed completely with Mill-Q water. The reservoir
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of the filtration device was always covered with aluminum foil when filtering to avoid
potential air contamination. The wastewater sample was replaced with Mill-Q water to
filter with the nitrocellulose membrane, filtering 500 mL of Mill-Q water as the same process
of the sample pretreatment, which was the blank control. There were no MPs found on the
control filter.

2.5. Data Analysis

MPs’ abundance in the effluent of WWTPs is expressed as the number of MPs’ particles
per liter of water (unit: items/L). Data analysis was performed using Microsoft Excel 2016
and Origin 8.5. The differences in MPs’ abundances between two seasons were tested
(One-Sample Kolmogorov-Smirnov Test, Levene’s Test for Equality of Variances, t-test for
Equality of Means) using SPSS 26.0.

2.6. Assessment of MPs Discharged from WWTPs

The amount of MPs discharged from WWTPs was assessed based on the abundance
of MPs in the effluent of each WWTP and their daily treatment capacity. Combined with
polymers’ types and their densities, the average size and the mass of MPs discharged
with the effluent from the five WWTPs in Qingdao into Jiaozhou Bay and Yellow Sea
were estimated.

3. Results
3.1. Characteristics of MPs in the Effluent of WWTPs

A total of 1337 suspected particles were analyzed using p-FT-IR in the effluent from
the five WWTPs and 891 particles (about 66.6% of suspected particles) were identified as
MPs, in which 639 particles were rayon. As for different seasons, 581 and 756 suspected
particles in the effluent in winter and summer, and 258 and 633 particles were identified as
MPs, with 132 and 507 items as rayon, respectively. The morphotypes and polymer types
of MPs are shown in Figure 2. The u-FT-IR results indicated that the main polymer types
were rayon, polyethylene terephthalate (PET,) and chlorinated polyethylene (CPE). More
than 95% of the MPs were fibers. MPs smaller than 1000 pm comprised 80.0% of the total
MPs. The dominant colors were transparent, blue, and black, accounting for 56.9%, 20.2%,
and 14.1% of the total MPs, respectively.

Figure 3 show MPs’ characteristics in the effluent from WWTPs in this study. It can be
seen that fibers accounted for 99.2% and 94.3% of the total MPs in the effluent in winter and
summetr, respectively (Figure 3a). Only two (0.8%) fragment MPs were found in the effluent
in the winter sample and 36 (5.7%) fragment MPs were found in the summer sample. No
microbeads or foam was found. Fragments were more often observed in summer than
in winter.

There were 15 kinds of polymers observed in the effluent in both the winter and
summer samples. Figure 3b shows that rayon was the most dominant polymer in the
effluent in both winter and summer, followed by PET and CPE polymers. The three main
polymer types accounted for 84.1% (Rayon 51.2%, PET 17.1%, CPE 15.9%) of all MPs in
the effluent in winter and 89.4% (Rayon 80.1%, PET 7.1%, CPE 2.2%) in summer. The
percentage of rayon was lower in winter than in summer, while those of PET and CPE were
higher in winter than in summer. Other polymers, e.g., poly vinylidene chloride (PVDC),
polyacrylamids (PAM), polypropylene (PP), Polystyrene (PS), Poly (vinylidene fluoride)
(PVDE), polyvinyl alcohol (PVA), nylon, Polyvinyl chloride (PVC), and polyethene (PE),
were all observed in the effluent in both winter and summer samples. Ethylene carbonate
(EC), polybutylene terephthalate (PBT), and polyphenylenesulfide (PPS) were found only
in the effluent in winter, while acrylic, poly caprolactone (PCL), and poly (ethylene imine)
(PEI) were found only in the effluent in summer.
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Figure 2. The p- FT-IR spectra of major MP polymers (Rayon, PET, CPE, and PVDC) found in the
effluents from WWTPs (left). Typical morphotypes of MP particles observed in the effluents from
WWTPs in Qingdao (right).

The size distribution of MPs in the effluent from WWTPs in winter and summer is
shown in Figure 3c. The observed MPs were divided into eight ranges. It can be seen that
MPs in the size of 500~1000 um were the most abundant part (31.0%) in winter, followed by
those in the size of 1000~2000 pm (22.9%), 330~500 pm (19.4%), and 100~330 um (15.9%),
while in summer, the most abundant MPs were in the size range of 100~330 um, occupying
37.9% of all the MPs. Those in the size range of 500~1000 um decreased to 28.8%. The
percentages of MPs in the size of 330~500 pm and 1000~2000 um were decreased to 16.1%
and 10.0%. The proportions smaller than 1000 pm and <2000 um were 66.7% and 89.6% in
the MPs in effluent from WWTPs in winter, respectively, while the values changed to 85.5%
and 95.5% in summer. The average sizes of MPs were 1010 & 924 um and 610 & 591 um in
winter and summer, respectively.

Nine colors of MPs were observed in the effluent from WWTPs both in winter and
summer, including the transparent, black, blue, red, green, gray, purple, white, and yellow.
Among them, blue MPs accounted for 38.4% and were the most abundant MPs in winter,
followed by transparent and black MPs, with the percentages of 29.7% and 21.7%, respec-
tively (Figure 3d). Transparent MPs accounted for 68.2% of the MPs in summer, and blue
and black MPs were 12.8% and 11.06%, respectively. The abundances of red, green, gray,
purple, white, and yellow occupied 10.9% (26 items) and 7.9% (50 items) of the total MPs in
winter and summer, respectively.
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Figure 3. MPs’ characteristics in the effluent from WWTPs in Qingdao, China: (a) shape; (b) polymer
types; (c) size distribution; (d) color. Inner ring shows the effluent in winter; outer ring shows the
effluent in summer.

3.2. Abundance of MPs in the Effluent from WWTPs

From Table 1 and Figure 4, it can be seen that the seasonal variation of rayon was
more obvious than that of the other polymer type MPs between winter and summer. In
most of the previous studies, rayon was considered as a semi-synthetic and not included
in the scope of MPs because of the similarity of its spectrum to that of natural cotton [26].
Therefore, rayon and the other polymer types were considered separately in this study. The
results are shown in Table 1 and Figure 4. Rayon abundances in the effluent from the five
WWTPs ranged from 4.1 items/L to 19.9 items /L with 12.3 & 5.6 items /L being the average
value in winter, and from 33.3 items/L to 116.7 items/L with 67.6 &= 30.6 as the average
value in summer. As for the other polymer type MPs except rayon, the abundances varied
in the ranged of 7.2~19.7 items/L with 12.7 &+ 4.7 items/L as the average value in winter,
and 12.0~20.0 items/L with 16.8 £ 3.2 items/L being the average value in summertime.
The significant difference existed in the abundances of rayon between two seasons (t-test,
p = 0.021), while there was no significant difference in the abundances of MPs except rayon
between two seasons (t-test, p = 0.19).

3.3. Emission of MPs in the Effluent Discharged from WWTPs

The average diameter of fibers was about 30 pm, as calculated from the 30 measured
fibers, and the thickness of fragments was about 3 um. Based on the abundance of MPs in
each WWTP and their treatment capacities, combining the polymer type and its density,
the average size of each type of MPs, the amounts, and masses of MPs discharged into
near sea area were estimated. The results are as shown in Table 1 and Figure 4. The
daily discharged rayon in the effluent from the five WWTPs varied from 3.3 x 108 to
3.2 x 107 items/d, equivalent to 0.2~3.3 kg in winter. In summer, the corresponding
values increased to 3.3 x 10°~14.9 x 107 items/d (1.8~10.1 kg). The amount of the other
polymer type MPs discharged in the effluent from the WWTPs varied in the range of
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0.8 x 107~2.8 x 10° items/d (0.9~2.7 kg/d) in winter and 1.0 x 10°~3.2 x 10° items/d
(equivalent to 0.8~1.7 kg/d) in summer, with the value observed in W2 being the lowest
in both winter and summer. The daily discharge of rayon can reach about 8.4 x 10°~4.25
x 10' items from the five WWTPs, which is equivalent to 9.2~27.8 kg rayon in mass.
The values for the other polymer type MPs ranged from 8.0 x 10°~11.2 x 10° items,
corresponding to 7.6~5.3 kg MPs in mass. Considering the resident population in the urban
area of Qingdao was 2.74 million in 2019, the rayon per capita daily emission was estimated
to be 3.1 x 10*~1.6 x 10* items/d corresponding to 3.3 x 1073~1.0 x 1072 g, and the per
capita daily emission of the other polymer type MPs varied between 2.9 x 103~4.1 x 10°
items, which is equal to 2.8 x 1073~1.9 x 1073 g.

Table 1. The abundance in the effluent and the emission of rayon and the other polymer type MPs
with the effluent from WWTPs in Qingdao, China.

Treat Abundance Emission
WWTP Capacity Season (Items/L) x10° Items/d Kg/d
(x105 M3/d) Rayon MPs Rayon MPs Rayon MPs
1 L7 Winter 7.8 7.2 1.3 1.2 1.5 15
) Summer 87.3 18.7 14.9 3.2 10.1 1.0
5 0.8 Winter 4.1 10.1 0.3 0.8 0.2 0.9
) Summer 116.7 12.0 9.3 1.0 7.5 0.8
3 16 Winter 19.9 9.6 3.2 1.5 33 1.6
’ Summer 433 20.0 6.9 3.2 2.8 1.7
4 10 Winter 15.1 16.9 1.5 1.7 14 12
) Summer 333 19.3 33 1.9 1.8 0.9
5 14 Winter 14.5 19.7 2.0 2.8 2.8 2.3
: Summer 57.3 14.0 8.0 2.0 5.7 1.0
. 12.3 % 12.7 %
Sum 65 Winter (45.6) (+£4.7) 8.4 8.0 9.2 7.6
67.6 * 16.8*
Summer (430.6) (£3.2) 42.5 11.2 27.8 5.3
* Average value (£std).
140
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Figure 4. The abundance and emission of MPs in the effluent discharged from WWTPs in winter and
summer in Qingdao, China, in which (a) is abundance, (b) emission in items/d, and (c) emission
inkg/d.
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4. Discussion
4.1. Characteristics of MPs in the Effluent of WWTPs in Different Regions

The various sources and treatment processes of wastewater in WWTPs in different
regions may cause discrepancies in the characteristics of MPs in WWTPs. Table 2 shows
the characteristics of MPs in the effluent from WWTPs in different regions. It can be seen
that there are apparent variations in MPs’ characteristics in different regions. In this study,
only fiber and fragments MPs were detected, with fibers accounting for more than 95%
of MPs. The Presence of fibers in the effluent was due to their passing through rapid
sand filters or membranes longitudinally during the treatment processes [27]. Fibers are
predominant in the effluent from WWTPs not only in different cities in China, such as Xi’an,
Guilin, and Beijing [23-25], but also in Italy and Australia [27,28]. High proportions of
fiber might also be caused by the higher removal rate of fragments and films than fibers
in the pretreatment process [16,17,24]. The source of fibers is very likely from the laundry
process of clothes and garments [20,21]. About 100 fibers in 1 L of laundry sewage and
18,000,000 synthetic microfibers will be released through laundry for a reference load of 6 kg
of synthetic fibers [20,29]. Fragment was only a small part of all MPs in this study. However,
in some cases, fragments were also the dominant MPs in the effluent from WWTPs, such as
in Scotland and Spain [16,30]. Fragments may come from plastic bags, discarded packaging,
and plastic bottles that are widely used in daily life [5]. No microbeads were found in
effluent from WWTPs in this study, which was consistent with the results in Beijing and
Guilin in China [23,25], while microbeads were the dominant MPs’ shapes in effluent of
WWTPs in Daegu, South Korea [31].

Rayon was dominant and PET was also usually observed in this study, with the
average proportion of 71.7% and 10.0%, respectively. Xu et al. (2019) also reported that
rayon and PET took large proportions (43.45% and 29.22%, respectively) in the effluents
from 11 WWTPs in Changzhou, China [32], while in most of the previous reports, rayon
was not considered as MPs because its spectrum is similar to that of natural cotton [26].
Even though it is made by chemical alteration of natural cellulose or fiber structures, rayon
fibers have a high surface area due to their long length in relation to the diameter, which
may change their physical properties. Therefore, they may affect the floating properties of
the material and also act as a carrier for other pollutants [33]. At this moment, behaviors
of semi-synthetic MPs in the complex marine environment are not really well understood;
thus, all possibilities must be taken into account. PET was a main type of MPs in the effluent
from WWTPs in Beijing, China [23], and Australia [28]. Rayon and PET are widely used in
apparel production as textile materials and their fibers are often detected in wastewater
contributed from washing machines [24]. PET is also frequently used for packaging and
may come from water bottles and as a common component of transparent fragments. Only
1 and 20 PP, 1 and 4 PE MPs were observed in winter and summer samples, respectively, in
this study. However, PP and PE were the main MPs’ materials in WWTPs in Xiamen and
Xi’an, in China [18,24]. The MPs’ types were different in the effluent samples in WWTPs in
Korea, in which PP was the most dominant MPs (63.3%) followed by PE and PET (13.8%
and 13.3%, respectively) [19]. The difference may be related to the usage pattern of plastics
in different regions.
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Table 2. Comparison of characteristics, abundance, and emission of MPs in the effluent from WWTPs in different regions.

. Sampling Smallest Mesh . Main Polymer Dominant Size . Abundance Discharge
Location Size or Filters (um) Main Shape Type (um) Main Colors (Items/L) (Items/d) Reference
Scotland 65 Flakes and fibers pr;?;yai;ti?e - Red, blue, and green 0.28~1.54 3.6 x 10°~4.6 x 108 [16]
Ttaly 63 Line and films ;ggjf;fgi 100~500 - 04401 1.6 x 108 [27]
Australia 25 Fiber PET, PE . t‘r";;‘ist;;‘e‘gt 0.25 + 0.04 6.5(+1.1) x 107 28]
. White and
Spain 25 Fragments polyesters 25~104 tran;;aarre‘nt 128 +63 3 x 10° [30]
Korea 1.2 Microbeads - - - 33~297 8.8 x 108~1.39 x 10! [31]
Xiamen, China 43 fgﬁgarﬁ‘e*rlfts PP, PE 125~355 White, clear 0.20~1.37 6.5 x 108 [18]
Beijing, China 50 Fibers PET, PS, PP <1000 Black, t{j‘;‘j}’arer‘t’ 059 +0.22 0.59 + 0.22 x 10° (23]
Xi’an, China 75 Fiber PP, PE, PS <500 Tramgf;fg and 29472 3.4 % 10° [24]
12.3 + 5.6 I;ab oR
. . . 67.6 + 30.6 8.4~42.5 x 10 -
Qingdao, China 0.45 Fiber Rayon, PET <1000 transparent 1747 Z 80-112 x 1090 This study
16.8 + 3.2

Ra: average value of rayon in winter; Rb: average value rayon in summer; a: average value of the other polymer type MPs in winter; b: average value of the other polymer type MPs in
summer; R: rayon; O: the other polymer type MPs.
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The color of MPs was not considered or reported in some reports [17,24,27,30,31].
This may relate to the changing of color caused by photo bleaching or oxidation during
the usage and treatment processes in WWTPs. However, no significant difference was
observed in color diversity of MPs in the influent and effluent from WWTPs in Xiamen,
which suggested that wastewater treatment processes play a minor role in changing the
MPs’ colors [18]. The transparent, blue, and black MPs accounted for 56.9%, 20.2%, and
14.1% of the total MPs, respectively, in this study. The white and clear MPs accounted
for 55.1% and 50.3% of the total MPs in the influent and effluent of WWTPs in Xiamen,
China [18]. The majority of MPs were black (36.60%), transparent (33.84%), and blue
(11.88%) in the effluent of WWTPs in Beijing, suggesting the color of MPs is highly location
specific [23].

4.2. The Abundance and Emission of MPs from Other WWTPs

MPs’ content in the influent and effluent from WWTPs may vary with difference in
the sources of wastewater, service population and area, the tertiary industry in the service
area, the treatment process, and operation conditions of WWTPs [24]. An overview of
previous reported MPs’ abundance in different regions is summarized in Table 2. The MPs’
abundance except rayon in this study was one to two orders of magnitude higher than
those in Scotland [16], Italy [27], Australia [29], and Xiamen [18] and Beijing [23] in China.
However, it was in the same level as those in Xi’an city, China [24], and Spain [30], and less
than that in Korea (33~297 items/L) [31]. The different sampling volumes, screen meshes of
different pore sizes, and the filter apertures may also play an important role on the content
of MPs in WWTPs [17,34].

Abundances of MPs were higher by approximately one order of magnitude when
filtered through a 20-um-pore size compared to a 250-pm size [25]. It was reported that
the number of MPs increased with decreasing of the size in WWTPs in Korea, followed the
power law [19]. The 0.45-um-pore size filter used in this study led to a relatively higher
MPs’ abundance caused by retaining more small fibers.

Although WWTPs have high MPs’ removal rates, as previously reported [24,25,27,31],
the effluents still discharged a large amount of MPs to the environment considering the
huge volume of wastewater. The emission of MPs from WWTPs in several cities in previous
reports are also listed in Table 2. The amounts of MPs except rayon discharged from
WWTPs in this study were also about one to three orders of magnitude higher than those in
Scotland [16], Italy [27], Australia [28], and Xiamen and Beijing [23] in China [18], while the
emission from WWTPs in Spain [30] and in Xi’an, China [24], were in the same ranges with
the values of MPs except rayon in this study. The daily discharges of MPs from WWTPs in
Korea were much higher than those in this study [31]. The difference among the values
of MPs’ emission from WWTPs in different regions were similar to that of the abundance.
This indicated that the relatively higher MPs” abundance caused by a discrepancy in the
sampling method pretreatment processes among the studies was a primary reason leading
to the corresponding higher emission of MPs in this study. The variation of treatment
capacity in different WWTPs is also an impact factor on the difference of the MPs’” emission.

In this study, the mass of MPs except rayon discharged from the five WWTPs into
Jiaozhou Bay and nearshore area was estimated as 5.3~7.6 kg, which is equivalent to
1.9 x 107372.8 x 1073 g/(capita d). This result is about 1.3~1.8 times of that in Danish,
where it was only 0.56 g MP/(capita year) [34]. This difference may relate to that only
the MPs in the size of 10~500 um were considered, and the fiber volume was calculated
presuming a cylindrical shape with 40% void fraction in that report [34], while in our study,
all sizes of MPs except rayon polymer and no void fraction were considered.

4.3. The Difference of MPs” Characteristics in the Effluent from WWTPs between Winter
and Summer

In this study, fragments were more often observed in summer than in winter. Rayon
fibers were dominant in both summer and in winter, with a higher percentage in summer.
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MPs smaller than 500 pm were 35.7% in winter and increased to 56.7% in summer, indicating
more small-sized MPs were observed and resulting in the smaller average size of MPs in
summer. It is possible that the large-size (1000~5000 pm) MPs tended to break and cause the
small-size (0~1000 pm) MPs increasing in winter [25]. Transparent MPs with a percentage
of 65.8% were predominant in summer. This is very likely the result of a high frequency
of clothes washing and more light color clothing in the summertime. It was reported that
about 93% of microfibers were smaller than 500 pm in the washing wastewater [29].

When comparing the variations of abundances, numbers, and masses discharged
from WWTPs between winter and summer, the mass of rayon varied in a narrow scope
than those in abundances and numbers. Summer data of rayon, both the average value of
abundances and the sum of items, were about 5 times higher than those in winter, while the
mass of rayon in the effluent discharged from WWTPs in summer were only 3 times of that
in winter. However, as for the data of the other polymer type MPs, they were only 30~40%
higher in summer than in winter for the values of abundance and the sum of numbers.
The total mass of the other polymer type MPs was only 70% of that in summer, which is
converse with their numbers. This indicates that more small size MPs were discharged
from WWTPs in summer than those in winter. The seasonal variation of MPs in this study
was mainly caused by that of rayon. It is probably related to the high washing frequency
in summer, which may be affected by the high washing frequency of local people. As
one of famous tourist cities in China, there were about 1.11 x 10® person-times visits to
Qingdao in 2019, and most of them were from May to October. The tourism activities, such
as associated catering accommodations, also play an important role in affecting the total
emission of MPs, especially rayon fiber, with smaller than 500 um part as the dominant
part [25,29].

Our results indicated that the seasonal variations in the characteristics of MPs between
winter and summer were mainly caused by that of rayon. An overestimation of emission of
MPs from WWTPs would occur if the abundance of MPs in this study was calculated solely
from the data obtained in summer, which were consistent with that in Changjiang Estuary
area [26]. Both the number and mass of MPs should be considered when evaluating the
discharge of MPs from WWTPs. Xu et al. (2019) also found that high particle numbers do
not necessarily mean that MP is a significant contributor to the total amount of suspended
solids in raw wastewater as a high particle number is not associated with high particle
mass [32].

4.4. The contribution of MPs from WWTPs to Jiaozhou Bay, China

The effluents from W1~W4 in this study discharged directly into Jiaozhou Bay. It was
reported that PET and PP were the main polymer types in both seawater and sediment
in Jiaozhou Bay, and five polymer types (PET, PP, PE, PVC, and rayon) were detected
in the water and the sediment samples from the estuaries, with a higher percentage of
rayon in water than those in sediments, indicating the potential settlement of rayon at
estuary areas [35]. This may be related to the settlement of rayon in the estuary area
due to its high density (1.5g/ cm ) than in seawater [36]. The proportion of fiber MPs
was 77.14% in the seawater in Jiaozhou Bay, with an average size of 1.41 £ 0.74 mm.
The abundance of MPs in the seawater and estuary water of Jiaozhou Bay were 1~6
items/50L and 7.5 £ 4.4 items /50 L, respectively [35], which was lower than those in the
effluents from WWTPs. About 6.4 x 10°~3.4 x 10'? items/d (6.4~22.1 kg/d) rayon and
5.3 x 10°~9.3 x 10’ items/d (equivalent to 5.3 kg/d~4.4 kg/d) of the other MPs except
rayon were discharged from W1~W4 into Jiaozhou Bay. Thus, the WWTPs can be consid-
ered as one of the sources of MPs, which is consistent with previous reports [16,17].

5. Conclusions

The characteristics of MPs in the effluent from the five WWTPs in Qingdao in winter
and summer were investigated. The results showed that fibers were the main fraction.
Micro-FTIR analysis indicated that rayon, PET, and CPE were the predominant polymer
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types. MPs smaller than 2000 um were dominant in the effluent of WWTPs, and the average
size of MPs was 1010 &+ 924 um and 610 & 591 um in winter and summer, respectively.
The seasonal variation of MPs’ characteristics in the effluent was mainly caused by that of
rayon, which may be affected by the living habits of local people and tourism activities.
Based on the abundance, size, polymer type, and treatment capacity of WWTPs, the daily
discharge of rayon and the other polymer type MPs can reach about 8.4 x 10°~42.5 x 10°
items and 8.0 x 10°~11.2 x 10° items, corresponding to 9.2~27.8 kg rayon and 7.6~5.3 kg
the other polymer type MPs in mass, respectively. When assessing the discharge of MPs
from WWTPs, it is essential to consider both number and mass of MPs. Though the actual
abundance of MPs is highly dependent on the sampling and analytical method, our results
indicate that the WWTPs may be one of the important sources of MPs in Jiaozhou Bay and
near shore areas.
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