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The prevalence of microplastics in the environment has become a major global
conservation issue. One primary source of environmental microplastics is personal
care and cosmetic products (PCCPs) containing microbeads. The market availability
of PCCPs containing microbeads and the level of contamination of coastal sediments
by microplastics was studied in one of the most densely populated cities in the world,
Macao in China. We found that PCCPs containing microbeads are still widely available
for sale in the region, with over 70% of surveyed PCCPs containing at least one type of
microbeads as an ingredient, with polyethylene (PE) being the most common one. In an
estimate, the use of PCCPs in the territory may release over 37 billion microbeads per
year into the environment via wastewater treatment plants. The density of microplastics
in coastal sediments varied between 259 and 1,743 items/L of sediment, amongst
the highest reported in the world. The fraction of < 1 mm was the most abundant,
representing an average of 98.6% of the total, and correlated positively with the
abundance of larger sized fragments. The results show that although environmental
pollution with microplastics released from PCCPs usage is significant, other sources,
namely fragmentation of larger plastic debris, likely contribute more to the issue. The
study highlights the magnitude of the problem at a local level and suggests possible
mitigating strategies.

Keywords: microplastics, Macao, Pearl River Estuary, personal care products, sediment

INTRODUCTION

Plastic use is ubiquitous in all sectors, with substantial commercial, industrial, medical, and skincare
industry applications. The total annual production of plastic has increased from 1.7 million tons
in 1950 to 359 million tons in 2018, and under current trends, it will reach an estimated 1,124
million tons per year by 2050 (PlasticsEurope, 2016, 2019; World Economic Forum, 2016). Large
amounts of plastic are indiscriminately discarded, and, as a result, plastic wastes have accumulated
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at a rapid rate in the environment (Moore, 2008). An estimated
total amount of 12,000 million tons of plastic waste will have been
deposited in landfills or escaped to the natural environment by
2050 (Geyer et al., 2017). The lightweight of low-density plastics
and their durable nature facilitates their transport by wind and
rivers, and 1.7-4.6% of total plastic waste enters the oceans each
year (Jambeck et al., 2015).

Environmental plastic waste ranges in size from macroplastics
to nanoplastics. Microplastics are particles < 5 mm in size.
Their presence in the environment can result from the breakup
of larger plastic fragments or from a primary source, such
as microbeads included as ingredients in personal care and
cosmetic products (PCCPs). Microbeads are usually > 0.1 pm
and < 1 mm in size and can be manufactured with different
shapes and from various types of polymers. The most common
polymer is polyethylene (PE) but polyethylene terephthalate
(PET), polypropylene (PP), polymethyl methacrylate (PMMA),
nylons (PA), polyester, and polyurethanes are also used (Cole
et al., 2011; Leslie, 2014). Microbeads are used as cleansing
or exfoliating agents in a diversity of PCCPs, such as shower
gels, toothpaste, nail polishes, or eye shadows, amongst many
others. After use, the majority will wash out in wastewater,
which in turn will either be treated in wastewater treatment
plants (WWTP) or directly discarded into the environment.
The WWTPs processes are not able to eliminate completely
microbeads. Michielssen et al. (2016) found WWTP’s efficiency
in retaining microplastics to vary from 95.65% for a WWTP
with secondary treatment to 99.4% for a pilot membrane
bioreactor system. Still, an estimated 15 billion particles
would be introduced into the studied water body per day.
Likewise, WWTPs have recently been identified as a significant
microplastics source in south China (Ruan et al., 2019; Mak
et al., 2020). The relative contribution of microbeads in PCCPs
for aquatic pollution has been estimated for mainland China
by Cheung and Fok (2017), with over 209 trillion particles,
weighing a total of 306.9 tons, emitted every year into the
aquatic environment.

When reaching the aquatic environment, microbeads float
in the water surface, aggregate in suspension in the water
column, and mix with microplastics from other sources into
the marine environment. The microplastics’ sorptive properties,
including those of microbeads used in PCCPs, have been
investigated, demonstrating their potential to accumulate and
transport hydrophobic contaminants (Emma et al., 2007; Bakir
et al., 2012; Napper et al., 2015). The small size of these
particles makes them readily available to enter the food chain
by being ingested by small organisms, including commercially
important marine and aquaculture species (Walkinshaw et al.,
2020) and the larger marine mammals (Duis and Coors, 2016).
The physiological effects of ingesting microplastics on aquatic
organisms are still debatable. However, detectable endocrine-
disrupting effects caused by the uptake of pollutants adsorbed to
microplastics have been suggested for fish (Rochman et al., 2014).
Similar concerns have been raised for human health as freshwater
and marine species consumed by humans are contaminated with
microplastics and there is a potential for trophic transfer of plastic
additives and adsorbed pollutants (Galloway, 2015).

Unlike other sources of environmental microplastics,
microbeads in PCCPs have the potential to be relatively easily
replaced by natural ingredients, and a few countries, and PCCPs
producing companies, have already banned, or are phasing out,
the use of microbeads in these products. However, in most world
regions, and particularly in countries contributing more to ocean
pollution with plastics, relevant legislation to ban the use of
microbeads in PCCP is still to be approved.

This study was conducted in 2016 in Macao, a small
(30.5 km?) and densely populated (>21,000 inhabitants/km?)
Special Administrative Region of China, located in the mouth of
the Pearl River. The Pearl River is one of the 10 large world rivers
that combined are estimated to transport 88-95% of the total
plastic waste that ends up in oceans via this pathway (Schmidt
etal, 2017, but see Mai et al., 2019). At the present date, relevant
legislation banning microbeads as an ingredient in PCCPs has not
been adopted in Macao. The study aimed to assess: (1) if PCCPs
containing microplastics were still readily available for sale in
Macao in 2016; (2) what is the typical composition and content
in microbeads of PCCPs for sale in the territory; (3) what are
the levels of contamination by microplastics found in the coastal
sediments of this region.

MATERIALS AND METHODS

Market Survey for PCCPs

A survey was conducted in October 2016 to identify the
proportion of PCCPs for sale within the local market containing
microplastics as an ingredient. We collected information from
nine popular retail stores. In each store, all accessible PCCPs from
different brands were selected for ingredient label inspection,
unless they had been already inspected in a previous store.
This resulted in a total of 144 products, grouped within the
categories of body skin (68), facial skin (31), and cosmetics (45).
The ingredients label was visually inspected to identify products
containing the following microplastics as ingredients: PE, PP,
PET, PMMA, and PA. Products were classified as containing
microplastics or not, and the polymer type(s) was recorded.

Quantification of Microbeads in PCCPs

Two facial cleansers and one shower gel from three popular
brands containing PE as an ingredient, readily available for
sale in Macao, were randomly selected to examine the number,
size, shape, and relative weight of microbeads. Extraction from
cosmetics was also attempted but isolation from the matrix and
accurate quantification of microplastics was difficult and these
products were not included. The extraction of the microbeads
from the three products followed Fendall and Sewell’s (2009)
protocols, with modifications. A 0.1 g (wet weight) of each
product was added into 10 ml of ethyl alcohol in a beaker,
vigorously stirred, followed by the addition of 200 ml of distilled
water. The solutions were further mixed and transferred into
a separatory funnel for 10 min. The water was then allowed
to flow down through the funnel until about 3 mm to empty.
The remaining solution was collected in a glass petri dish and
dried at 60°C for 30 min. After drying, a black gridded paper
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with 1 cm? numbered squares was placed under the petri dish
for easier visualization of the microbeads under a binocular
microscope at 20x magnification with a calibrated eyepiece
graticule. After counting all visible particles, 50 fragments were
randomly selected, their maximum diameter measured, and
transferred into a 1.5 ml tared tube to determine total weight.
The number and weight of microbeads were used to estimate
the total number of microplastics contained in each product
and their relative weight. Three replicates were performed for
each sample. Confirmation of the polymer type was obtained by
Raman micro-spectrometry (see below).

Emissions Estimate of Microbeads Into

the Environment

The potential total yearly emission of microbeads from PCCPs
to the environment in Macao was estimated following the
procedures of Cheung and Fok (2017) and using the formula:

Tump =Pum X Puse X Fuse X Prypy X Dy X Wige X Ryppp X 12

Where Ty, is the total number of microbeads released to
the environment per year, Py is the total population of Macao,
P is the proportion of the population using PCCPs, Fq is the
frequency of usage of PCCPs per month, P, is the proportion of
PCCPs containing microbeads for sale in the local market, D,,,;, is
the average density of microbeads per PCCPs, W, is the weight
of product per usage and Ry, is the proportion of microbeads
escaping WWTPs. It was assumed that all wastewater in Macao is
treated by the existing WWTPs of the territory.

Calculations for the total weight of microbeads released to
the environment, Tyy,,;, were also presented by replacing D,,;,
with W,,;;, the average relative weight of microbeads in relation
to total product weight. Two parameters needed to estimate
emissions, the percentage of the local population using PCCPs
and the monthly usage of these products, were not available
for Macao and an online anonymous survey was carried out to
determine these variables. Data from 100 participants between
21 and 50 years (79% females) was collected. Questions were:
(1). Age (numeric answer); (2). Gender (male, female, other);
(3). On average, how many days do you use personal care and
cosmetic products in a week? (0, 1, 2, 3, 4, 5, 6, 7); (4). On
average, how many times per day do you use personal care and
cosmetic products? (numeric answer). Although the number of
participants was relatively low and the use of online survey may
bias sampling, the questionnaire aimed to assess whether results
for Macao could differ significantly from those determined for
mainland China population by Cheung and Fok (2017). As results
were comparable, it was decided to use the data obtained from the
survey in the emissions estimates.

Quantification of Microplastics in
Environmental Sediment Samples

Study Area and Sampling Protocol

Macao is divided into the Macao Peninsula, to the North,
and the islands of Taipa and Coloane, to the South, now
joined by land reclamation. There are no sandy beaches around
Macao Peninsula, only mudflats. Extraction of microplastics
from samples with high clay content is more problematic and

most published studies used sediment samples collected from
sandy beaches. Thus, it was decided to restric sampling to sandy
beaches, all located in Taipa and Coloane islands, to facilitate
microplastics extraction and the comparison of our results with
the available literature. Five sampling stations were located in
Coloane and one in Taipa Islands (Figure 1).

The sediment sampling protocol followed Galgani et al.
(2013). All sediment samples were obtained during low tide.
Sampling was carried out along the strandline and, at each site,
three sampling points, separated by at least 10 m were selected
for bulk sampling. These replicates were distributed in a stratified
manner to represent the sampled beach. At each sampling point,
a metal quadrat of 50 x 50 cm? was positioned in the center of
the strandline, and a flat metal spoon was used to collect 500 ml
of sediment from the top 5 cm layer of sand into a clean 600 ml
glass beaker. Each sediment sample was wrapped in aluminum
foil and labeled with sample number, replicate number, date, and
location with global positioning system coordinates. A total of
eighteen sediment samples were collected and transported back
to the laboratory for analysis.

Laboratory Analysis for Separation and
Quantification of Microplastics
Microplastics were isolated and quantified using a gravimetric
method adapted from Masura et al. (2015). Each sediment
sample was weighed in a 1 L tared beaker to record wet weight,
transferred into an aluminum container, dried at 60°C for 24
h, and weighed again to record dry weight. After drying, 400
g of sediment was added to a clean beaker, with volume also
measured. Size fractions were separated by stacking 4 and 1 mm
stainless steel mesh sieves on top of a sediment collector (Retsch,
Germany). Three fractions of sediment containing large plastic
debris >4 mm, microplastics of 1-4 mm, and microplastics <1
mm were obtained.

The larger plastic debris and microplastics retained on the
4 and 1 mm sieves were hand-picked with tweezers into two
separate petri dishes and visually classified and counted (Shaw
Institute, 2019). The smallest sediment (<1 mm) was transferred
into a clean beaker, and 400 ml of saturated sodium chloride
(Sigma-Aldrich) was added. The solution was stirred vigorously
for 10 min and allowed to settle for 2 h to sediment heavier
particles and for microplastics to float to the surface. The
upper solution on the settled sediment was decanted into a
separatory funnel and allowed to rest for 12 h. The density-
separation process was repeated twice to maximize recovery.
The light sediment fraction was removed by opening a tap
at the bottom of the separatory funnel and gently allowing
part of the solution to flow. The remaining top layer was
transferred into a Buckner funnel connected to a vacuum pump
and filtered through a 0.45 pwm gridded paper filter. The paper
filter was transferred to a labeled petri dish and let dry at
room temperature for 24 h. Paper filters were observed under
a stereomicroscope at 30 x magnification and the number
and shape of microplastic particles present in all grid squares
were recorded. A combination of visual characteristics, such
as homogenous color, and the heat needle tests, were used to
discriminate between organic and plastic materials, following
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FIGURE 1 | Location of Macao within China (A) and the Pearl River Estuary (B) and position of the six sampling sites around Macao (C). Sampling was undertaken
at an unidentified beach west of Cheoc Van beach (UB1), Cheoc Van beach (CV1), Hac Sa beach west (HS1) and East (HS2), Ka-Ho (KH1) and close to Sai Van
bridge at Taipa side (SV1). At each site, three sediment replicates were collected along the beach strandline. The star symbol represents the location of the three
main waste water treatment plants of Macao. MSAR, Macao Special Administrative Region; HKSAR, Hong Kong Special Administrative Region.

recommendations from the Shaw Institute (Shaw Institute,
2019). Microplastics were classified according to their shape into
irregular fragments, fibers, and spheres.

Negative and positive controls were also run to confirm
absence of contamination from the separation process and
recovery rates, respectively. First, clean sand was produced from
a field sample by repeating the above protocol four times up to
the separatory funnel stage. Recovery was assessed by mixing
50 commercial pellets of polyethylene varying in size from 750
to 1,500 pm in 400 g of dry sediment in triplicate. Recovery
was >90%. Contamination was assessed by running in triplicate
clean sand samples through the microplastics extraction process.
No visible microplastics fragments could be detected.

Quantitative units used for reporting environmental
contamination by microplastics in sediments vary across studies,
with items per volume or weight of sediment or total sampled
area being commonly used. Because different units may not be
easily converted, comparisons across studies are often limited.
When reporting items per sampled area, variations in the depth
of the sampled layer may originate uncontrolled differences
in the total volume of sediment sampled. A similar issue may
occur when reporting items per weight of sediment as sediment
density may vary across sites. Here, we report the results in

items per L of dry sediment. However, because sediment weight
and sampled area were also recorded, we also present average
values in items/m? and items/kg of dry sediment weight to
facilitate comparisons.

Representative groups of the extracted microplastics
(approximately 3% of the total) were analyzed by Raman
microspectrometry to confirm the polymer types. Microplastics
were identified by a Renishaw inVia confocal Raman
microspectrometer (Wotton-under Edge, England) using 785 nm
excitation at 0.1-1% laser power for 10-20 s. Acquired Raman
spectra (700-1,700 cm ™) of the samples were matched with the
plastic polymer standards in the Renishaw Polymeric Materials
Database for identification. The spectrum-matching algorithms,
along with baseline correction and smoothing of the Raman
spectra, were operated using the Renishaw WiRE software.

Statistical Analysis

Differences in the abundance of microplastics between sampled
sites were tested with a one-way ANOVA. Correlation
between the abundance of large and small fragments across
sediment samples were assessed with Pearson correlation test.
Homoscedasticity was confirmed with Levene’s test. All statistical
analysis were run in R Studio v. 1.1.423 (Rstudio Team, 2020).
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RESULTS

Market Availability of
Microplastic-Containing PCCPs

A total of 144 PCCPs were selected for analysis from nine
popular retail stores in Macao. They were classified as facial skin,
body skin, and cosmetic products. Overall, 100 (69%) products
were found to contain at least one type of microplastics in the
ingredient label (Table 1). All 45 cosmetic products surveyed
had at least one type of microplastic as an ingredient. Over
70 and 30% of the body and facial skin products, respectively,
also contained microplastics. Within products identified as
containing microplastics, PE was the primary polymer, present
in 76% of the samples, followed by nylon (15%), PMMA
(12%), PET (6%), and PP (3%). One facial skin and eight
cosmetic products contained more than one polymer type
as an ingredient.

Quantification of Microbeads in PCCPs

From the results of the market survey, three top-sale products
containing microplastics were selected for quantification,
product A (facial cleanser), product B (facial scrub), and product
C (facial scrub). Microplastics varied in color from white and
green (product A), white and white-transparent (product B)
and white and brown (product C), with sizes ranging from 11
to 328 wm in product A, 74 to 660 pm in product B, and 74
to 968 wm in product C (Table 2 and Figure 2). An earlier
report in China indicated a similar size range for microplastics
extracted from cosmetics (Cheung and Fok, 2017). There was
a considerable variation in the microplastics content between
the three products, with 41,710, 7,674, and 18,216 items/g
in products A, B, and C, respectively. The relative weight of
microplastics to total wet weight was 3.7% for product A, 1.8%
for product B, and 5.2% for product C. The Raman analysis
confirmed the major polymer material of the microplastics in
all the product samples as low-density polyethylene (Raman
spectrum provided in Figure 3).

Environmental Emissions of Microbeads
From PCCPs

Total emissions of microbeads from PCCPs in Macao were
estimated based on the summarized parameters shown in Table 3.
Over two trillion microbeads from PCCPs are estimated to enter
Macao WWTPs per year. Of those, over 37 billion are expected to
be released into the environment due to incomplete removal by
WWTPs. This implies that an estimated 0.06 tons of microbeads
are released into the environment per year in Macao alone, with a
per capita value of 8.4 x 10~% tons/year. This value is likely to be
underestimated as microbeads’ density, and relative weight were
calculated only from facial and skincare products, not cosmetics,
reported to have a higher density and higher relative weight in
microbeads (Napper et al., 2015).

Microplastics in Sediment Samples

All of the beach sediment samples from different locations
contained more than one plastic type—PET, PE, PP, and PS,
Nylon 6 and PMMA (Table 4) as confirmed by Raman spectra
of selected microplastics (Figure 3).

A total of 3,800 pieces of microplastics were visually identified
in 18 beach sediment samples. Of these, 76.7% (2,915) were
irregular fragments, 6.82% (259) were fibers, and 16.47% (626)
were spheres. The longest diameter of plastic particles within
a particular sample ranged from 26 pwm to 11 mm. There was
variation between sampled sites in total microplastic content,
with a lower value of 259.09 items/L found in location CV1
and 1,743.33 items/L detected in SV1 (Figure 4), but differences
were not statistically significant [F(s, 12y = 1.729, p = 0.203].
The smaller microplastic fraction represented the most counted
particles, at 98.5% of the total, with the >4 mm and 1-4 mm
fractions accounting for only 0.53 and 0.87%, respectively. The
number of plastic particles >4 mm varied between 1.33 items/L
in location HS2 and 6.06 items/L in location CV1, for fraction
1-4 mm it ranged from 1.11 items/L in location KH1 to 21.11
items/L in site SV1 and for fraction <1 mm it varied from 2.42
items/L in location CV1 to 1,716.67 items/L in site SV1 (Table 5).
The number of smaller microplastics fragments (<1 mm) in each

TABLE 1 | Number of personal care and cosmetic products containing microplastics for sale in Macao retail stores (PE, polyethylene; PET, polyethylene terephthalate,

PMMA, polymethyl methylacrylate; PP, polypropylene).

Product With microplastics With PE With PET With PMMA With nylon With PP
Facial skin (N = 68) 44 (64.7%) 43 (63.2%) 3 (4.4%) 0(0.0%) 1(1.5%) 0 (0%)

Body skin (N = 31) 9 (29.0%) 9 (29.0%) 0(0.0%) 0(0.0%) 0 (0.0%) 0(0.0%)
Cosmetics (N = 45) 45 (100.0%) 24 (563.3%) 3 (6.7%) 12 (26.7%) 14 (31.1%) 3(6.7%)
Total (N = 144) 100 (69.4.5%) 76 (52.8%) 6 (4.1%) 12 (8.3%) 15 (10.4%) 3(2.1%)

TABLE 2 | Microbeads characterized in three top-sale personal care and cosmetic products in Macao.

Product Size range Color Mean =+ S.D. (particles/g) Mean =+ S.D. (% weight) Polymer composition

A 11-328 pm White and green 41,064 £ 4,979 3.49 £0.27 Low-density polyethylene and others
B 74-660 um White and white-transparent 7,703 £ 709 1.74 £0.03 Low-density polyethylene

C 74-968 um White and brown 18,674 + 3,045 570 +£1.10 Low-density polyethylene and others

Product A is a facial cleanser, while products B and C are facial scrubs.
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visualization under a binocular microscope at 20x magnification.

FIGURE 2 | (A,B) Petri dish containing microbeads extracted from a personal care product on a black gridded paper with 1 cm? numbered squares for easier
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FIGURE 3 | Raman spectra of low-density polyethylene (LDPE), polypropylene (PP), polyethylene terephthalate (PET) and polystyrene (PS), the four most common
types of microplastics identified in the sediments of Macao (see Table 4). Red lines indicate the Raman spectra of tested samples, while green and blue lines
represent the Raman spectra of polymer standards, of which densities are lower and higher than seawater, respectively.
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sample was significantly correlated with the number of fragments
of the intermediate (1-4 mm, Pearson correlation: r = 0.80,
N =18, P < 0.001) and larger (>4 mm, r = 0.64, N = 18,
P =0.004) fractions.

The abundance of microplastics in Macao samples was
further compared with published studies for other world
regions (Table 6).

DISCUSSION

The study shows that a high percentage (69%) of PCCPs for sale in
the territory during 2016 contained microplastics, with PE being
the most common ingredient. Of notice, all products within the
cosmetic category contained at least one type of microplastics.
In a study conducted in Beijing, China, the percentage of PCCPs
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TABLE 3 | Parameters for estimation of total microbeads emission to the environment from the use of personal care and cosmetic products (PCCPs) in Macao.

Parameter Estimate Source

Population of Macao 696,100 Statistics and Census Service of the Government of Macao
Special Administrative Region, 2020
(http://www.dsec.gov.mo)

Percentage of population using PCCPs (Pyse) 92% This study, online survey

Monthly frequency of usage (Fuse) 10.5 This study, online survey

Proportion of PCCPs containing microbeads (Ppp) 69% This study, market survey

Density of microbeads in PCCPs (D) 22,533.33 particles/g This study, quantification of microbeads in PCCPs
Relative weight of microbeads in PCCPs (W) 38% This study, quantification of microbeads in PCCPs
Weight of product per usage (Wyse) 1.85¢g Loretz et al., 2008; Park et al., 2015

Residual microbeads not retained by wastewater treatment plants (Rywip) 1.6% Murphy et al., 2016

Overall annual emissions in number without Rywp correction factor: 2.321 trillion microbeads.
Overall annual emissions in number with Ruwtp correction factor: 37.136 billion microbeads.
Overall annual emissions in weight: with Ruwip correction factor 0.06 tons.

TABLE 4 | Identification of representative samples of microplastics in sediment collected from six coastal sites around Macao using Raman microspectrometry (see
Figure 1 for the site abbreviation).

Polymer type of microplastics Number of microplastics
KH1-R3 SV1-R1 SV-R2 HS1-R3 KH1-R1 HS1 Total
Nylon 6 0 0 1 2 0 0 3
Polyethylene terephthalate (PET) 1 3 5 7 6 3 25
Polymethyl methacrylate (PMMA) 0 0 1 0 0 0 1
Low-density polyethylene (LDPE) 18 18 2 3 0 1 42
Polypropylene (PP) 4 6 2 2 0 0 14
Polystyrene (PS) 6 17 1 8 0 1 33
Total 29 44 12 22 6 5 118
3,000
1 2,000
~
v
£
[
=

1,000

HS1 KH1

UB1 7

FIGURE 4 | Abundance of microplastics in sediment samples collected at six locations around Macao (mean + standard error of the mean; see Figure 1 for the site
abbreviation).

o HS2

Sampling locations

Svi

containing microplastics as ingredient was reported to be lower,  relate to the different categories of PCCPs targeted and to regional
with 7.1% for facial cleaners, 2.2% for shower gels, and 0% for  differences in products for sale. Without considering the WWTP
toothpastes (Lei et al., 2017). Differences between the studies may  filtering, our calculations estimate that over 2 trillion microbeads
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TABLE 5 | Number of microplastics in three size fractions per L of dry sediment collected from the six coastal sites around Macao, expressed as range and

mean =+ standard error of the mean (SE) (see Figure 1 for the site abbreviation).

Fraction >4 mm

Fraction 1-4 mm

Fraction <1 mm

Range Mean + SE Range Mean + SE Range Mean + SE
SV 0.00-13.3 6.06 + 1.52 0.00-46.7 21.1+£13.7 283-3,340 1,717 £ 887
UBH1 0.00-13.3 5.56 + 4.00 0.00-6.67 3.33+£1.92 60.0-970 641 £+ 291
Cv1 4.55-9.09 6.06 £ 1.51 0.00-27.3 10.6 + 8.44 54.6-427 242 + 108
HS1 0.00-4.00 1.33+1.33 0.00-4.00 1.33+1.33 136-952 512 + 238
HS2 4.00-8.00 5.33+1.33 4.00-8.00 5.33+1.33 512-1,108 735 + 188
KH1 0.00-3.33 222 +1.11 0.00-3.33 111 +£ 1.1 287-840 587 + 161

TABLE 6 | Abundance of microplastics in sediment collected from Macao and other areas in Asia, Europe, America, and Africa.

Location Particle size range Items/L dry sediment, Items/kg dry sediment, Items/m? area, References
mean (range) mean (range) mean (range)

Macao 26 pm=11 mm 750 (259-1,743) 528 (142-1,307) 21,111 This study
(5,700-52,300)

Hong Kong 0.315-5 mm NA NA 5,595 (16-258,408)  Fok and Cheung, 2015

Southern China Not reported NA 6,923 (5,014-8,714) NA Qiu et al., 2015

Singapore 1.6 pm-5 mm NA Mean NA (0-16) NA Ng and Obbard, 2006

South Korea 50 pm-5 mm NA NA 46,334 Kim et al., 2015
(566-285,673)

South Africa 65 wm-5 mm NA NA Mean NA Nel and Froneman, 2015
(689-3,308)

Belgium 38 pm-1 mm NA 92.8 (range NA) NA Claessens et al., 2011

Belgium 35 um-1 mm NA 13 (7.2-20) NA Van Cauwenberghe et al., 2013

Germany >1.2 um NA 671 (1-62,400) NA Liebezeit and Dubaish, 2012

Germany 0.1-1 mm NA 1.8 (range NA) NA Dekiff et al., 2014

Poland >45 pum NA 39 (25-53) NA Graca et al., 2017

Portugal 1.2 pum-5mm NA NA 133.3 (range NA) Martins and Sobral, 2011

United Kingdom 1.6 pm-=1 mm Mean NA (< 20-160) NA NA Browne et al., 2010

United Kingdom > 30 um NA 67 (29-144) NA Coppock et al., 2017

United States of America  0.25-4 mm 105 (range NA) NA NA Graham and Thompson, 2009

Chile 1-10 mm NA NA >800 (range NA) Hidalgo-Ruz and Thiel, 2013

NA indicates data not available.

per year from PCCPs usage are discarded in Macao alone. The
probable route for these microplastics is to be transported via
wastewater into the local WWTPs. However, due to incomplete
removal by the WWTPs, it was estimated that over 37 billion
particles per year may be washed into the local environment,
representing 0.06 tons, from a total of 1,500 tons/year estimated
to be globally released from PCCPs (Sun et al., 2020). It should
be highlighted that microplastics in PCCPs are only one of the
several sources of microplastics entering WWTPs (e.g., fibers
from synthetic clothes washing, microbeads in cleaning products)
and the overall number of particles released into the local
environment is likely much higher. In Hong Kong, microplastics
in treated effluents ranged from 0.6 to 10.8 particles/L (Mak
et al., 2020) and considering the close proximity of Macao to
Hong Kong and similar settings, this data may be used as
reference. With a daily average volume of 223.299 m> of waste
water treated per day in the several WWTPs of the territory (data
for 2019, DSPA, 2019), the total number of microplastics annually
released into the environment via this route in Macao may vary
between 49 and 880 billions.

Although the total contribution of PCCPs usage to
environmental contamination by microplastics is probably
low (estimated at 0.02% for China, Cheung and Fok, 2017, and
at 0.1% globally, Sun et al., 2020), the levels of microplastics
found in sediment samples from Macao were amongst the
highest reported in the world. Although there was some variation
in the abundance of microplastics between the sampled sites,
differences were not statistically significant. However, these
results should be interpreted with caution as the objective
was to have a good spatial representation of microplastics
pollution in the study area, and not to compare between sites,
and accordingly only three replicates were collected per site.
The average abundance of microplastics in local beaches was
about 4 times higher than those reported for Hong Kong,
although with less extreme maximum densities (Fok and
Cheung, 2015). Microplastics abundance was >10 times higher
than those reported for coastal regions in the United States and
United Kingdom and about 65 times higher than those reported
for Singapore and Belgium. Although direct comparisons
between studies are problematic due to a lack of standardization
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in sampling and analytical procedures (Hanvey et al.,, 2017),
it is evident that local levels of pollution by microplastics are
significant. These results are not surprising considering that
Macao is located in the Pearl River deltas mouth, one of the
rivers transporting more plastic debris into the ocean. In fact,
plastic input from this river into the South China Sea has been
calculated between 4,577 and 52,958 tons per year using model
predictions (Schmidt et al., 2017) or between 2,400 and 3,800
tons per year as extrapolated from microplastics samplings from
the river (Mai et al., 2019).

Small microplastics were by far the most abundant size
particles in the analyzed sediment samples. The correlation
found between the abundance of small and larger particles
suggests that environmental contamination by microplastics
originated mostly from the fragmentation of larger plastic
items and not from primary sources such as PCCPs. Similar
correlations were obtained for a study in Hong Kong (Fok
and Cheung, 2015) and Portugal (Martins and Sobral, 2011).
Thus, although PCCPs usage releases into the local environment
large quantities of microbeads, other sources of plastic pollution
are likely to contribute more to environmental contamination
by microplastics. However, the replacement of microplastics as
ingredients in PCCPs seems to be relatively easy to achieve
as compared with other actions needed to reduce pollution by
microplastics and indeed several companies and countries have
already banned the use of microbeads-containing products (for a
review see United Nations Environmental Programme (UNEP),
2018; Anagnosti et al., 2021). The United States (U.S. Congress,
2015), Canada (CEPA, 2018), Australia (Environment.gov.au,
2018), New Zealand (GOV.NZ, 2018), several European
countries, South Korea (Republic of South Korea, 2017), and
the Taiwan province (United Nations Environmental Programme
(UNEP), 2018) have all taken legislative or industry-driven
actions to phase-out or ban microplastics in rinse-off products.
China, with six rivers among the top 20 rivers contributing
more to ocean plastic input (Lebreton et al., 2017 but see
Mai et al.,, 2019) issued on 2019 a new guidance for Chinese
industries prohibiting the production of household chemical
products containing microbeads, enforced from December 31,
2020, onward, and a full sale ban after December 31, 2022 (China’s
National Development and Reform Commission, 2019).

The special administrative regions of Macao and Hong Kong
still have not passed relevant legislation regulating the production
and selling of PCCPs containing microbeads. Nevertheless, it
is possible that industry adjustments and legislation in other
countries will impact the percentage of PCCPs containing
microplastics for sale in the region. The study provides reference
data for 2016 that can be useful to understand possible changes
in the market. Meanwhile, the efficacy of these changes needs to
be monitored. For example, it was possible to compare a facial
skincare product sample from 2019 with the same product from
2016 acquired in Macao. While the reference to the microplastic
as an ingredient was present in the 2016 sample but not in
the 2019 sample, the microplastic’s wet content was similar
for the two samples. The polymer type was also the same, as
confirmed by Raman microspectrometry (data not shown). These
results highlight the importance of conducting independent

studies to understand the prevalence of products containing
microplastics in the market.

These high levels of pollution by microplastics are in line with
other studies showing increasing degradation of the Pearl River
ecosystem (Chen et al., 2013). This is particularly concerning
because the area has a high aquatic biodiversity (e.g., Zou et al.,
2020) and is home to vulnerable species such as the Indo-Pacific
Humpback Dolphin Sousa chinensis. Although the impact of
microplastics in the physiology of aquatic species is still poorly
understood, several studies have demonstrated negative effects
in growth, survival, and reproduction (Foley et al., 2018). The
results here presented call for further studies investigating the
impact of microplastics in the physiology of local organisms and
trophic networks.

CONCLUSION

In conclusion, the data shows a high prevalence of PCCPs
containing microplastics as ingredients for sale in the studied
Asian city and some of the highest ever reported levels of coastal
sediment contamination by microplastics. Under the current
trend, marine contamination by microplastics will rise within the
coming decades due to a linear increase in the production and
use of plastics worldwide (Lebreton and Andrady, 2019). The
results highlight the need for urgent actions in order to curb the
predicted increase in marine pollution by microplastics.
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