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ABSTRACT

Microplastics are emerging pollutants that can pose threats to aquatic ecosystems by carrying toxic
additives to the food web. Their abundance has been reported in many waterways globally, includ-
ing the Sai Gon River, Vietnam. A good understanding of microplastic sinking behaviours can help
predict the distribution and removal of these pollutants in water. Microplastic dynamics are still
mostly assumed to be similar to that of suspended sediment. However, MPs possess many arti-
ficial properties that can make them move distinctly in the water from suspended sediment like
densities, structures, shapes, and surface properties. This research, therefore, aims to investigate
the correlation of the polystyrene microplastic size and irregular shapes with its vertical movement.
The experiments employed the Particle Tracking Velocimetry (PTV) method and an automatic im-
age processing algorithm to simultaneously measure MP geometrical properties and settling ve-
locity while freely settling in a still water column. We found that the circumscribed diameter is the
most appropriate geometrical parameter to represent MP size. The settling velocity of irregular-
shaped polystyrene microplastics in size of 0.2 to 0.9 mm is mostly between 0.5 and 2 mm/s, half
of the sediment but four-fold that of biological aggregates at the same size. The settling velocity
increases two-fold when MP size enlarges from 0.2 to 0.9 mm. The shape irregularity can slow down
the sinking of large microplastics but do not affect the vertical movement of microplastics smaller
than 0.32 mm. The ratio between microplastic projected area and the area of the smallest circum-
scribed circle was found to be the two-dimensional representation of three-dimensional shapes in
the correlation between size and settling velocity. Therefore, the fitting curve equations suggested
herein can be used as a simple tool to estimate the settling velocity of irregular-shaped polystyrene

microplastics found in many in-situ sampling campaigns.
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INTRODUCTION

The growing human population with the conse-
quences of industrial development has irreversibly
changed natural water conditions. Since the Indus-
trial Revolution, new materials have been invented
and massively used as replacements for traditional
materials. One of the revolutionary innovations is
plastic, which possesses many advantages, including
resistance to corrosion, lightweight, high strength,
transparency, durability, low costs, and convenience
in use . Plastic has been used in almost every corner
of the globe, from industry to daily life, with global
plastic production has reached 368 million tonnes in
20197,
not been accompanied by efficient plastic waste man-

However, plastic production and use have

agement; consequently, natural waters have become
a plastic discharge destination receiving 2.41 million
tonnes of plastic waste annually>*. Plastics in natural
waters not only act as deadly traps to aquatic organ-
isms and fish-eating birds but also can be degraded
into smaller pieces (< 5mm), namely microplastics
(MPs), which are widely known to be able to bioac-
cumulate and carry harmful chemicals throughout

the food web>®.
MP pollutants determine whether they would spread

The hydrodynamic properties of

throughout the water column, to offshore waters, or
are buried in bed sediment but are still not well-
studied.

Although MPs are also suspended particles like min-
eral sediment, MPs possess many artificial properties
that can make them move distinctly in the water from
suspended sediment. Firstly, MPs are made of various
polymers with density ranging from 11 kg/m? of ex-
panded polystyrene, 880 kg/m? of polyethylene, 1050
kg/m? of polystyrene (PS) to 1380 kg/m? of polyethy-
lene terephthalate as compared to mineral sediment
density of 2650 kg/m? 7. Therefore, a polystyrene MP
sphere needs to be eight times larger in size to sink

89 Sec-

at the same speed as a sediment aggregate
ondly, while sediment mainly exists as aggregates of
multi-particles with fractal dimensions smaller than
3, MPs are dense particles with fractal dimensions
equal to 3. However, MPs are highly variable in
shapes, typically one-dimensional (fibres, lines), two-

dimensional (films, flakes), and three-dimensional
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(pellets, fragments). Experiments of settling velocity
of MPs showed that the fragment and regular-shape
MPs sink and rise faster than the line ones*!!. The
effect of shapes on velocities can even dominate that of
densities '2. Thirdly, MPs are added additives during
plastic production that causes MPs surface properties
to be different from natural minerals, such as MPs
have higher hydrophobicity than minerals®. Highly
hydrophobic particles were shown to be subjected to
lower drag force and thus settle at a higher speed than
those with low hydrophobicity '3, Therefore, the ex-
tensive knowledge of sediment hydrodynamics could
not be straightforwardly applied to MPs but required
more experimental evidence to connect this knowl-
edge to MPs.

Most MPs are the degradations of macro and meso-
plastics due to weathering and external forces, thus
mostly being found in irregular shapes'*. The com-
mon knowledge is that particles with shapes further
from the sphere would have higher drag coefficients
and lower settling velocity'>!°. Although some ex-
periments have established the correlation between
MP shapes and settling velocity®!'>!7, the shape fac-
tors used in these studies require a three-dimensional
(3D) size of the particles (e.g., length, width, and
thickness), which are hard to retrieve from a two-
dimensional (2D) device like microscopes. In fact,
most of the MP sampling campaigns nowadays pro-
vide 2D microscopic images of real MPs from natural
water bodies 1!, The geometrical properties of MPs
retrieved from these images could be helpful to pre-
dict MP transport if a correlation between MP settling
velocity and 2D shape properties are established.
This paper aims to examine (i) the settling velocity of
irregular shaped polystyrene MPs in size of 150 — 900
um, (ii) the correlation between shapes and settling
velocity for these MPs, and (iii) whether 2D shape fac-
tors can represent MP shapes in the correlations. We
conducted the experiment using the particle track-
ing velocimetry (PTV) method, and an automatic im-
age processing algorithm was employed to simultane-
ously retrieve MP sizes, shapes, and settling velocities.

MATERIALS AND METHODS

Materials

Microplastics used in this experiment is commercial
polystyrene (PS) particles with an average manufac-
tured size of 150 um. PSisa popular polymer to make
single-use plastics such as take away food packaging
and labware. PS particles in this experiment are black
and white 3D irregular-shaped with a density of 1050
kg/m?>. PS particles were stirred and submerged in tap
water before the experiment.
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Settling velocity measurement

The settling test was conducted in a 25x25x50 cm
acrylic settling column filled with tap water at room
temperature at about 30°C (Figure 1). A 7 mm sam-
pling hole was prepared at the column cap, where a 5-
cm-long straw was put in place to guide the movement
of MPs to the camera field of view. The camera was
positioned opposite the cool white 220 V - 3 Watt LED
light source and about 20 cm from the sampling hole.
MPs were transferred to the settling column using a
wide mouth pipette inserted into the sampling hole.
When MPs were freely settling to the camera field of
view, their shadow images were acquired by the cam-
era. Two images were captured per acquisition for
the settling velocity calculation. The image acquisi-
tion only occurred after the pipette was inserted into
the sampling hole for 10 seconds to minimise the in-
terference of manual sampling. The optic setting in-
cludes a Canon EOS M6 Mark II camera paired with
a Canon MP-E65mm 2.8 1-5X lens at a resolution of
1.08 um/pixel and the field of view 7.5x6.0 mm.

Image processing algorithm

The image processing algorithm analysed only the
blue pixel intensity B, of the full-colour raw im-
ages from the settling test (detailed in Figure 2). B,
was then subtracted by the background blue inten-
sity Bpg, which was acquired before inserting MPs.
After the subtraction, B, of MPs is higher than the
background B, and then an intensity threshold was
set to filter background pixels. Individual MP im-
ages were extracted from the full-field-of-view im-
ages following an image recognition algorithm ' and
then tested for focus levels, which are best described
for this dataset by the grey level local variance (Pech-
Pacheco et al., 2000) and histogram entropy >’ meth-
ods. By that means, an in-focus MP image would have
high-intensity gradient (i.e., variance > 100000) and
sharp edges (i.e., edge intensity histogram entropy <
6.9). In-focus MP images were then analysed to re-
trieve geometrical properties such as length, width,
circumscribed and inscribed circle diameters, area,
perimeter and shape factors. Because more than one
MP may be captured in the field of view in one shot, an
MP particle from two sequential frames were recog-
nised if their size, area matched more than 90% and
their diagonal travel distance smaller than the field of
view size!. The settling velocity v was finally calcu-
lated as the ratio of the MP vertical distance Ay and
the gap time A ¢ between the two continuous frames
(Eq. 1).

Ay

v=o 1
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Figure 1: Conceptual representation of the experimental setup.
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Figure 2: Image processing algorithm.
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Shape analyses

Many shape measures have been introduced to char-
acterise non-spherical particles, such as the volume-
equivalent-sphere diameter, sphericity??, and Corey
shape factor CSF?°. In this analysis, we mainly fo-
cused on 2D shape factors. Because the MPs used in
our experiment are 3D (i.e., the differences in three
dimensions are less than one order of magnitude), we
assume that the projections of each MP particle are
similar in all directions.

One of the 2D shape measures is the projected area di-
ameter Dy 2%, which is the diameter of a sphere having
the same projected area as the MP particle, as below

Dp = /Hyp [ @

where App is the projected area of the MP parti-
cle. Three dimensionless shape factors were consid-
ered that involved different MP geometrical proper-
ties. The projection sphericity w?° compares the cir-
cumscribed and inscribed circles of an MP particle as

v =/D,/D; (3)

where D, and D; are the diameters of the smallest
circumscribed circle and the largest inscribed circle
of the MP, respectively. The circularity ¢?? is the
ratio between the perimeters of the projected-area-
equivalent-sphere and the MP particle Pyp.

L Dy . vV TApmp (4)
=2 _ Y7

Pup Pup

Microplastic 2D shapes can also be analysed as a ratio
between the projected area Ayp and the area of the
smallest circumscribed circle A,, called operational

circularity ¢, >2.

o Amp _ 4Amp
T A, nD2

(5)

These three shape factors equal 1 for a sphere or a par-
ticle with a round projection area and less than one for
other shapes.

The goodness of fit of observed data o and fitted
curves e was quantified throughout the analyses by
the correlation coeflicient R = cov (e, 0) / (0,0,) and
the percentage error PE = Y} ey — ox| /X}_ 0k X
100%, where o, and o, were the standard deviation
of e and o, respectively. One-way analysis of variance
ANOVA was used to test the correlation between pairs
of parameters described above with the null hypoth-
esis that one variable is invariant across the range of
the other parameter. The null hypothesis is rejected if
p < 0.001, which means the tested correlation is sig-
nificant.
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RESULTS

MP sizes and shapes

522 pairs of MP particle images retrieved from the
experiment were used for the analyses. Their diame-
ters of circumscribed D, and inscribed D; circles were
shown in Figure 3, corresponding to the projection
sphericity y. D; ranged around the MPs manufac-
tured size (i.e.,, 150 um) while D, can be six times
larger than that size. Therefore, D; and D,, can be a
proxy for the thickness and length of MP particles.
The broad range of D, can be referred to as the elon-
gated shapes or the aggregation of MP particles (see
examples of MP images in Figure 3). MPs with D,
larger than 400 pm are more likely to be aggregates of
two or more MP particles. Unlike dense MP particles,
the aggregates of MPs can have holes in between, mak-
ing the shapes more complicated. Some MPs have a
very rough surface reflected by the variable image in-
tensity. Most MP shapes in this experiment are far
from a sphere (y = 1), with the highest and lowest
sphericity of 0.92 and 0.42, respectively. At the same
D;, MPs with higher D,, would have lower y and vice
versa; at the same D,,, MPs with higher D; would have
higher .

MP sizes and settling velocity

Figure 4 depicts the response of settling velocity v to
MP sizes, which are reported herein as MP projected
area diameter D4 and circumscribed circle diameter
D,. In general, v increases almost double with in-
creasing size from 173 to 495 um for D4 and from
202 to 902 um for D,, and these relationships are sig-
nificant (p < 0.001) in the ANOVA tests. However,
the data is highly scattered; the standard deviation
of bin averaged v for different size range varies from
40.3 to £0.6 mm/s for D4 and £0.3 to &1 mm/s for
D,. Highly scattered data is likely because more fac-
tors control MP settling velocity rather than MP size,
like MP shapes. Another reason for this scattered-
ness is the use of 2D images for irregular shape MPs.
As in the previous section, MPs thickness and length
(D; and D,)) are not similar, and thus one MP cap-
tured in different views can have different sizes and
shapes. This is, however, the method intrinsic nature,
and thus the bin-averaged values and the trend of fit-
ting lines is still statistically reliable due to the high
number of samples.

The range of D4 is narrower than the D, range. There-
fore, the fitting curve of bin-averaged ¥ versus Dy is
slightly steeper than that of D,. The goodness of fit
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Figure 3: Diameters of MP circumscribed (D,) and inscribed (D;) circles, at ranges of projection sphericity y. Ex-
ample images of MP at various combination of D, and D; with white and blue circles being circumscribed and

inscribed circles, respectively.

for v versus Dy is R = 0.92, PE = 6.44% and for v ver-
sus Do is R = 0.96, PE = 4.17%. Moreover, we recog-
nised that Do has a better correlation with shape fac-
tors than Dy, and the wide range of Do give a more
graphic description of MP size than D4. As a result,
Do is chosen to represent MP size for further analysis.

MP shapes and settling velocity

Although all three shape factors, projection sphericity
Y, circularity ¢, and operational circularity c,, have
the same maximum value of 1 when a particle has a
circular projection, their probability distribution for
the same data set is largely distinct (Figure 5 a). The
values of ¢ are the highest, with the majority being
higher than 0.8, followed by y (i.e., mostly 0.6 to 0.85)
and c,. The range of ¢, is the widest, i.e., 0.2 to 0.82,
and thus may better represent the irregularity of MP
shapes.

The values of V, ¢, ¢, were plotted against v in Fig-
ure 5b to test the effects of shape factors on settling
velocity. Contrary to common sense that a higher de-
gree of irregular shape would dramatically hinder the

MP settling, higher v was observed at smaller v, ¢, c,.
This correlation, though, is only significant (p < 0.001)
for y. It can be inferred that although a highly irreg-
ular shape could enlarge the surface area leading to a
higher drag force on MPs than a sphere, decreasing
shape factors also accords with increasing size (Fig-
ure 5¢). The effect of size on v may overcome that of
shape factors on v, thus causing v to increase when MP
shapes become more irregular.

To minimise the effect of size on the analysis of shape
factors and settling velocity, we took the bin-average
of v for different ranges of D, and v, ¢, ¢, (Figure 6).
At the same size, the settling velocity of smaller v, c,
Co» 1.€., more irregular, is lower than that of higher v,
¢, ¢o. Then the ANOVA tests were conducted for the
correlation of vand y, ¢, ¢, at 3 ranges of D, (Table 1).
The null hypothesis was rejected for the correlation of
v and ¢, for D, > 0.32 mm and mostly accepted for
that of y and c.
most appropriate 2D factor to represent MP shapes.

Therefore, ¢, was shown to be the

More importantly, we can conclude that the shape ir-
regularity can slow down the sinking of large MPs but
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Figure 4: Settling velocity v as functions of MP size. D, (blue) is projected area diameter and D,, (red) is MP circum-
scribed circle diameter. Scattered points are observed data, black-edge-circles are bin-averaged data, and lines
are fitting curves. Symbol “ - “ means the null hypothesis in the ANOVA tests were rejected for the corresponding

data.
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Figure 5: Shape factors analyses. (a) Probability of observing the shape factors: projection sphericity y, circularity
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rejected and accepted for the corresponding data.
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have no effect on the vertical movement of small MPs
(e.g., Dy < 0.32 mm).

Table 1: ANOVA results for shape factors and settling
velocity correlation at different MP size. Symbols “ - "
and “ + ” mean the null hypothesis were rejected (p >
0.001) and accepted (p > 0.001), respectively.

D, (mm)
020 - 032-046 0.46-0.90
0.32
v-y + + -
v-c 1 1 1
V-Co + - =

MP size, shapes and settling velocity

The correlation between MP size D,, and settling ve-
locity v were analysed at four ranges of shape factors
Y, ¢, ¢, (Figure 6). These ranges were set as evenly
spaced intervals of the whole data of y, ¢, ¢,. Signifi-
cant relationships between v and D, were found at ¢,
> 0.34 and fewer ranges of y, c. Insignificant vand D,
correlation at ¢, < 0.34 suggests that when the irregu-
larity level is too high, the MP settling regime will not
be dominantly controlled by size. The averaged val-
ues of v can, therefore, be predicted using the fitting
curves (Egs. 6) if an MP circumscribed circle diam-
eter D, and operational circularity (c, > 0.34) were

given.
v=2.44logD,+2.23,if 0.34 < ¢, < 0.51 (6a)
v=1.58logD,+2.01, if 0.51 <¢, <0.69 (6b)
v=2.80logD,+2.70, if 0.69 < ¢, <0.86  (6¢)

The goodness of fit of Eqs. 6 are 0.86 < R < 0.93 and
5.4% < PE < 10%.

DISCUSSION

The polystyrene MP size used in this experiment is
different from those studied in other experiments
(e.g., 0.2 to 0.9 mm herein smaller than 1.25 - 2.13
mm in®, 1.6 - 1.8 mm in '?, and larger than 0.007 to
0.03 mm in?®). Therefore, this paper has filled the
gap for the settling velocity data for particles from 0.1
to 1 mm, which has been found abundant in riverine
ecosystems>’. As a result, the settling velocity values
in our experiment are in between the velocity ranges
of previous experiments. !> reported a control set of
0.5 mm PS spheres that has v about 5.6 mm/s, more
than double v in this experiment. This difference is

likely because of the effect of shapes with spheres (¢,
= 1) settling faster than the irregular shapes (¢, <0.86)
herein.

In natural water environments like rivers and oceans,
suspended particular matter size 0.2 - 0.9 mm as MPs
in this experiment includes biological aggregates (e.g.,
cell clusters or cells and organic matter with density
p ~ 1050 kg/m?), biomineral aggregates (e.g., aggre-
gates of suspended sediment minerals and organic
matter at various material fractions with p ~ 1400
- 2400 kg/m?), mineral aggregates (e.g., mud, clay
aggregates or combination of different mineral types
with p &2 2650 kg/m?), and MPs of other polymers
(e.g, p =~ 11 - 1380 kg/m3)7’9. Unlike dense MPs,
other suspended materials at this size range are aggre-
gates with fractal dimensions smaller than 2.2°. Thus
the settling velocity of different materials cannot be
compared only by size, densities, or shapes but also
by aggregate structures. For example, although bio-
logical aggregates have similar density and size with
polystyrene, their settling velocity is only one-fourth
of PS particles in this experiment. On the other hand,
equal-size mineral aggregates settle two-fold as fast as
the MPs herein. At the same size, polystyrene MPs can
settle at the same speed as biomineral aggregates with
82% cell fraction’ and polyurethane MPs colonised
by cells up to 60% .

Depending on the analyses’ samples, materials, and
purposes, previous research has suggested various
shape factors to illustrate suspended particle shapes.
For example,® recommended using circularity ¢ to
differentiate fibrous and non-fibrous MPs while us-
ing sphericity to classify film and non-film MPs. !
found the coupling of D4/D,, and circularity ¢ to be
the best shape factors to formalise the shapes and set-
tling velocity correlation of non-spherical particles in
general, where Dj, is the volume-equivalent-sphere di-
ameter. In this research, the operation circularity ¢,
has been proved to be the most appropriate 2D shape
factor to represent the irregularity of a 3D microplas-
tic particle in the correlation between settling velocity
and size.

CONCLUSION

This research experimentally established the correla-
tion between polystyrene microplastic sizes and 2D
shapes and settling velocity using the particle track-
ing velocimetry (PTV) method. The irregular-shaped
polystyrene was at the size range of 0.2 to 0.9 mm. The
shape irregularity can slow down the sinking of large
microplastics but do not affect the vertical movement
of those smaller than 0.32 mm. The positive correla-
tion between settling velocity and size also becomes
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Figure 6: MP settling velocity versus size at different ranges of shape factors; (a) projection sphericity vy, (b) circu-
larity ¢, and (c) operational circularity c,. Scattered points are observed data, black-edge-circles are bin-averaged
data, and lines are fitting curves; symbols “ - ” and “ + ” mean the null hypothesis in ANOVA tests were rejected
and accepted for v at ranges of D, for corresponding shape factor values.

insignificant when the level of irregularity is too high.
The operational circularity c,, the ratio between mi-
croplastic projected area and the area of the small-
est circumscribed circle, was found to be the 2D rep-
resentation of 3D shapes in the correlation between
settling velocity and size. Therefore, the fitting curve
equations between settling velocity and size at differ-
ent ¢, values suggested herein can be used as a sim-
ple tool to estimate the settling velocity of irregular-
shaped polystyrene microplastics found in many in-
situ sampling campaigns.
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Pac trung lang dong ctia vi nhua Polystyrene ¢6 hinh dang ky di

Nguyén Thu Ha"
B3 E
Bl
l&\\f TOM TAT

Vinhua la chat 6 nhiém radn mdi xudt hién trong nhimg nam gan day nhung c6 thé gay hai hé sinh
thai dudi nudc bang cach mang cac chat phu gia doc hai vao mang ludi thiic an. Vi nhua da duoc
phat hién day ddc & nhiéu moi trudng nudce trén toan cau, bao gobm ca song Sai Gon, Viét Nam.
Viéc hiéu ré vé cac dac trung lang dong clia vi nhua o thé gidp du béo su lan truyén va gop phan
loai bo chét 6 nhiém nay trong nudc. Cho dén nay, dong luc hoc ctia vi nhua hau nhu van duoc gia
dinh tuong tu nhu dong luc hoc ctia bun cat lo Iing. Tuy nhién, vi nhua cé nhiéu dac tinh nhan tao
c6 thé khién ching di chuyén khéc biét trong nudc so vai bun cét Io 1iing nhu khéi lugng riéng, két
cdu hat, hinh dang va dac tinh bé mat. Do dé, nghién ctiu nay huéng dén viéc diéu tra moi tuong
quan gitra kich thudc va hinh dang bét thudng cla vi nhua polystyrene véi chuyén déng thang
ding cla nod. Thi nghiém s dung phuong phap Particle Tracking Velocimetry (PTV) va thuat todn
xU ly hinh &anh tu dong dé do déng thdi cac dac tinh hinh hoc clia vi nhua va van téc lang trong
khi chiing dang 1ang tu do trong mot cot nudc tinh. Chdng téi nhan thay rang dudng kinh hinh
tron ngoai ti€p hat vi nhya la théng s hinh hoc thich hop nhat dé biéu thi kich thudc vi nhua. Téc
do6 ldng ctia vi nhua polystyrene cé hinh dang ki di cé kich thudc tir 0,2 dén 0,9 mm chdi yéu nam
trong khoang tir 0,5 dén 2,0 mm/s, bang mot nita clia hat bun cat nhung gép bén lan so véi cac
hat keo sinh hoc cé cung kich thudc. Van téc ldng tang gédp hai lan khi kich thudc vi nhua tang
tlr 0,2 dén 0,9 mm. Su gia tang tinh ki di vé& hinh dang c6 thé lam cham téc do léng ctia vi nhua
I6n nhung khéng anh hudng dén chuyén déng thang ding clia vi nhua nhd hon 0,32 mm. Ty lé
gitra dién tich hinh chiéu vi nhua va dién tich ctia hinh tron ngoai tiép nhd nhat dugc coi la hé sé
hinh dang hai chiéu clia cac hat vi nhua ba chiéu phu hgp nhat dé thé hién mdi tuong quan gila
kich thudc va van toc 1ang. Do dé, cac phuong trinh tuong quan gilia van téc lang va kich thudc
vi nhya dugc dé xust & day co thé dugc sir dung nhu mot cong cu don gidn dé udc tinh van téce
lang clia vi nhua polystyrene c6 hinh dang bat thudng dugc tim thay trong nhiéu dé tai ldy mau vi
nhua trong moi trudng nudc ty nhién.

Tukhoa: vi nhua, van téc 1[ang/do tho thuy luc, su ki di, hé s6 hinh dang, polystyrene
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