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ABSTRACT

Qil spills in the ocean are becoming an increasingly serious problem and the search for an
adsorption material that is effective and environmentally safe is a popular research topic.
This study presents a sorbent micro-ball composed of poly-B-hydroxybutyrate. Field
emission scanning electron microscopy was used to observe morphology of the micro-ball.
Additionally, Fourier transform infrared spectroscopy was used to analyze the surface
groups, and nitrogen adsorption was used to determine specific surface area and pore size
distribution. The effects of such conditions as initial oil concentration, temperature, pH, and
water salinity on the adsorption efficiency were studied. The results show that the equilibra-
tion time is 60 min. The adsorption isotherm experiments indicate that the Freundlich
model fits the experimental data better than the Langmuir and Henry models, and the
adsorption kinetics experimental results show that the pseudo-second-order model fits the
experimental data well. The adsorption capacity is proportional to the initial oil concentra-
tion. The removal rate increases as the temperature increases, and the adsorption efficacy is
highest at a temperature of 25°C. The adsorption capacity varies directly with pH value.
Finally, the adsorption capacity of micro-balls increases with increasing seawater salinity.
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1. Introduction

Increasing tourism as well as oil transport and
exploration elevate the risk of oil spills at sea [1] In
1989, more than 41,000 m® of crude oil was discharged
by the Exxon Valdez into the waters of Prince William
Sound, Alaska, polluting at least 2,000 km of shoreline
[2,3]. In 2002, the oil tanker Prestige sank, spilling
approximately 60,000 tons of heavy fuel oil and affect-
ing much of the Galician coast, the Cantabrian coast,

*Corresponding author.

and the southern portion of the Bay of Biscay [4,5]. In
2010, an estimated 780,000 m> of crude oil leaked into
the Gulf of Mexico in the Deepwater Horizon oil spill
[6-8]. Indeed, similar cases in recent years are too
numerous to list. One example of a case requiring the
rapid removal of crude oil is the oil tank explosion
that occurred in 2010 near Dalian, China, in which
damaged pipes released an estimated 1,500 tons of
crude oil into the nearby harbor and the Yellow Sea.
Oil consists of such compounds as alkanes and
polycyclic aromatic hydrocarbons, which are toxic,
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carcinogenic, and teratogenic to human beings.
Although they can weather relatively quickly (over
years) or slowly (over decades or even longer), oil
spills can have widespread, long-term effects on the
ecological world on which human rely. Oil spills
generally affect coastal wetland plants, reducing
photosynthesis, transpiration, shoot height, stem den-
sity, biomass, growth, and regrowth, and even cause
complete mortality depending upon the oil type,
degree of weathering, spill volume, mode of contact
with the vegetation, penetration of the soil, and other
factors [7]. In addition, the oil film, which affects
water reaeration, results in the larger scale death of
organisms due to a lack of oxygen. Furthermore, the
toxic compounds are transported into humans by
bioaccumulation. Ultimately, oil spills are one of the
main factors contaminating ocean environments. Thus,
the development of methods to remove contamination
from the ocean and ameliorate the aquatic environ-
ment is an important research topic.

Generally, methods dealing with oil spill are
related to physical removal, chemical degradation
and bioremediation. Physical removal is an easy, low
cost, and highly efficient removal method without
secondary pollution [9,10]. However, it is limited to
several specific conditions related to the oil charac-
teristics, the spill volume, and the location of the
accident, among other factors. In chemical degradation
studies, it is common to investigate the photochemical
process of the degradation [11,12]. However, the
chemicals added to the environment to induce
degradation may cause secondary pollution. Com-
pared to the first two methods, bioremediation is
safer, more economical, and more effective [13,14].
Nevertheless, bioremediation is a relatively slow
approach. Therefore, the development of a sorbent
that can be degraded by micro-organisms is of great
interest. This study attempts to address this issue.

The sorbent materials used for oil spill cleanup
include organic materials, such as vegetable fibers,
straw, kapok, and sawdust [15-18]; synthetic organic
materials, such as polypropylene and polyurethane;
and inorganic materials [19]. Few studies investigate
biodegradable materials in this context. The charac-
teristics of poly-B-hydroxybutyrate (PHB) are similar
to those of petrochemically produced polypropylene,
with the added advantage of biodegradability. In
addition to serving as a biodegradable material, PHB
has recently been applied in the manufacturing of
high-performance materials.

In the present study, PHB was applied to prepare
a biomimetic adsorbent micro-ball, and electron micro-
scopy and infrared spectroscopy were used to charac-
terize the micro-balls. The removal efficiency of this
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material for spilled crude oil from Dalian seawater
was also evaluated.

2. Material and methods
2.1. Seawater samples

Seawater samples were taken from Dalian Xingang
oilport and stored at 4°C for transportation. Dalian
Xingang oil port is located in the southern end of
Liaotung Peninsula, on the west coast of Dayao Bay in
the Yellow Sea, China. On 16 July 2010, an explosion
occurred at Dalian Xingang oilport, which destroyed
approximately 200 m of oil pipeline, caused a serious
oil fire, combusted over 100,000 m® of crude oil and
created significant air pollution. This explosion
resulted in the release of over 1,500 tons of crude oil
into the Yellow Sea, creating a potential disaster for
the marine environment and ecology. The seawater
salinity of Dalian is 20.16 g/L.

2.2. Sorbent preparation
2.2.1. Chemicals

PHB, whose melting temperature (T,,) is 172°C,
was purchased from Haiyun Co. (Tianjin, China).
Chloroform was purchased as analytical standard
from Beijing Chemical Plant (China). The mass frac-
tion of the formaldehyde is 37%, while the density of
chloroform is 20 g/mL (20°C).

2.2.2. Sorbent ball preparation

The sorbents were prepared using the method of
double-emulsion water-in-oil-in-water (W,/0O/W,) sol-
vent evaporation. The reagents and dosages used in
the preparation are shown in Table 1, and the process
is depicted in Fig. 1.

First, PHB was completely dissolved in chloroform
under constant stirring (O). Second, deionized water
(W1) was added into the oil phase (PHB and chloro-
form) under even and constant stirring to obtain the
primary emulsion (W;/0). Then, the primary emul-
sion was then diluted using the appropriate volume of

Table 1

Reagents and dosages used in sorbent ball preparation

Phase Components Amount

Wy UF suspension liquid 12 mL

@) PHB 66g
Chloroform 50 mL

W, Deionized water 300 mL
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Fig. 1. Diagram of sorbent ball preparation. @, @, @, @,
®), and ® refer to the operation order.

deionized water (W,) to obtain the double emulsion
(W;/0O/W,), which was stirred to evaporate the
chloroform and solidify the PHB sorbent micro-balls.
Finally, the PHB particles were filtered and freeze-
dried for 24 h.

2.3. Characterization methods

The surface and cross section of the PHB sorbent
micro-balls were investigated by field emission scan-
ning electron microscopy (FE-SEM) (5-4800, Hitachi
Ltd, Japan). Samples were freeze-dried for 24 h and
sputter-coated with gold prior to imaging.

The specific surface area and pore size distribution
of the sorbent micro-balls were measured using a
Nove2000e instrument from Quantachrome Co. (USA).
The samples were degassed at 90°C and then sub-
jected to N, adsorption experiments at 77.4 K.

The surface groups of the PHB sorbent micro-balls
were analyzed by Fourier transform infrared spec-
troscopy and Raman spectroscopy (Nexus 670, Nicolet,
America). Samples were ground in liquid nitrogen,
mixed with Fourier transform infrared spectroscopy
(FT-IR)-grade KBr and pelletized.

2.4. Adsorption of pure diesel oil

Diesel oil was chosen to analyze the adsorption
efficiency of the micro-balls. A sample of micro-balls
(0.3 g) was added to 10 mL of pure diesel oil, stirred
at 98 r/min, removed after 10 min, and weighed. The
adsorption of pure diesel oil, g(g/g), was calculated
using Eq. (1):
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where M; (g) and M, (g) are the micro-ball weights at
time 0 and 10 min, respectively.

2.5. Adsorption of dissolved diesel oil

For each adsorption isotherm experiment, 20 mL of
diesel oil aqueous solution containing 0.1 g of the
micro-balls was stirred at 130 r/min under constant
temperature. The nine different concentrations of die-
sel oil studied ranged from 0.50 to 40.50 g/L. The
equilibration time was 60 min, which was determined
in a preliminary study. After attaining equilibrium,
the oil phase was separated to measure the concentra-
tion of the diesel oil.

The initial concentrations of diesel oil employed in
the kinetics experiments were 17, 8.5, and 4.25 g/L. A
series of conical flasks with 20 mL of diesel oil solution
and 0.1 g of the micro-balls were stirred at 130 r/min.
At predetermined time intervals, the solutions were
separated to measure the concentration of diesel oil.

2.6. Effects of different conditions on the adsorption

The oil concentration varies depending on the
characteristics of the water samples of interest; thus,
the adsorption would be affected by the oil concentra-
tion. To study this effect, 20 mL of different concentra-
tions of diesel oil aqueous solutions containing 0.1 g
of the micro-balls was stirred at 130 r/min under the
conditions of 25°C and pH 6. At the equilibration time
(60 min), the solution was extracted with n-hexane
twice, and the absorption was measured at 225 nm.
The removal rate of the oil and adsorption per adsor-
bent were then calculated.

Temperature and pH affect the adsorption efficacy.
In this study, temperatures of 15, 20, and 25°C and pH
values of 6, 8, and 9 were used to determine the
effects of temperature and pH on the adsorption.

Seawater salinity affects the adsorption of non-ionic
organic pollutants. Saturated mixtures of diesel and
seawater were divided into six groups with a salinity
gradient ranging from 1 to 25 g/L. The volume of the
mixture solution was 20 mL, and the mass of the micro-
balls for each sample was 0.1 g. The other conditions used
in the adsorption experiment were the same as above.

2.7. Analytical method

The adsorption of pure diesel oil was determined
by the gravimetric method. The concentration of diesel
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oil was determined by UV-vis spectrophotometry,
and analytically pure n-hexane was chosen as the sol-
vent. A characteristic absorption peak was observed at
a wavelength of 225 nm. The absorbance is propor-
tional to concentration, and n-hexane was selected as
the reference fluid. The calibration curve was estab-
lished by injecting eight standard solutions with con-
centrations of 1, 2.5, 5, 8, 10, 25, 50, and 100 pg/mL,
yielding a fitting coefficient (R*) of 0.999.

3. Results and discussion
3.1. Characteristics of the sorbents

3.1.1. Morphological identification

PHB is a powder and cannot be used as adsorbent
because it cannot be collected from water. In contrast,
micro-balls prepared from PHB are porous spherical
particles, as shown in Fig. 2. The surface and cross

J. Dou et al. | Desalination and Water Treatment 57 (2016) 11233-11241

section of a representative micro-ball are shown in
Fig. 3. SEM images show that the micro-ball has a
rough surface and a microporous interior. The
micro-balls have a wide pore size distribution, with
diameters ranging from 3 to 100 nm. Furthermore, the
specific surface area of the balls is 18.840 m*/g, the
pore volume is 0.033 cm®/g, and the average pore
diameter is 4.100 nm. The high surface area and good
dispersibility and separation performance of the micro-
balls make them suitable adsorbents. Zhang et al.
prepared a biomimetic adsorbent using PHB called
PHBBMA, and reported that its specific surface area
and pore volume are 8.45m?/g and 0.0105cm?/g,
respectively [20], which are lower than those of the
micro-balls prepared in this study.

The micro-ball pores were created by the vaporiza-
tion of chloroform; thus, the pore diameter was influ-
enced by the concentration of PHB in chloroform and
the volume ratio of chloroform and deionized water,
among other factors. In contrast, the micro-ball parti-
cle size was determined by the stirring speed, with
faster stirring creating smaller micro-balls. Therefore,
the optimization of the micro-ball properties can be
achieved by controlling the experimental conditions.

3.1.2. Functional group identification

The surface groups of the micro-balls were
analyzed by FI-IR spectroscopy. As shown in Fig. 4,
the most prominent absorption bands were ascribed to
C=0 (1,721 cm™!, stretch), methyl (2,875 and
2,977 cm !, stretch), methylene (2,934 cm™!, stretch),
methyl (1,383 cm bending), methylene (1,458 cm”},
bending), C-O-C (1,181 cm !, stretch), and methyli-
dyne (1,290 cm ' stretch). Based on the results

reported by Zhang [21], the FT-IR spectrum of the
micro-balls was in accordance with that of PHB. The
results also proved that the preparation of the micro-
balls is a physical process.

e 0KV B Omm X200 SE(M)

Fig. 3. Scanning electron micrographs of a micro-ball: (A) surface and (B) cross section.
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Fig. 4. Micro-ball FT-IR spectrum.

3.2. Adsorption characteristics
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3.2.1. Adsorption isotherm experiments

The results for the adsorption of pure diesel oil,
shown in Table 2, indicate that adsorption saturation
can be achieved in 60 min. The adsorption of the
micro-balls is 1.8 g/g, while that of PHB is 0.8 g/g. It
is suggested that the morphological and textural
characteristics contribute to the capacity of the micro-
balls. Cao and Qin studied the adsorption properties
of diesel oil on exfoliated graphite and found that the
greater the expansion volume is, the greater the maxi-
mum adsorption capacity [22]. The results show that
the maximum adsorption capacity of exfoliated gra-
phite is greater than 22 g/g at room temperature.
Zhou et al. used kapok fiber as a natural sorbent for
the removal of oil from water, reporting an equilibra-
tion time of 4 h and a maximum adsorption capacity
of 25 g/g [23]. Based on the results of these studies,
the optimization of the adsorption properties of micro-
balls will be the subject of future work.

The adsorption isotherms for the adsorption of
diesel oil from aqueous solution onto the micro-balls
are shown in Fig. 5. The adsorption per unit mass
adsorbent, Q (g/g) was calculated using Eq. (2):

Table 2
Pure diesel oil adsorption of different adsorbents

Sample Mass (g) Adsorption (g/g)
PHB 0.3109 0.8
Micro-balls 0.3014 1.8

where Sy (g/L) and S; (g/L) are the concentrations of
diesel oil in the solution at time 0 and 60 (min),
respectively; V (L) is the solution volume; and M (g)
is the dose of the adsorbent. The curve in Fig. 5
depicts Q. The experimental data were analyzed using
the Langmuir, Freundlich, and Henry models, and the
fitting results are presented in Fig. 6 and Table 3.

The Langmuir equation is employed for homoge-
neous surfaces. Based on this equation, the adsorption
capacity of the micro-ball is 1.90 g/g, which deviates
substantially from the experimental value (2.56 g/g),

Adsorption (g/g)

0 10 20 30 40 50

Equilibrium concentration (g/g)

Fig. 5. Adsorption isotherm for micro-balls.
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Fig. 6. Fitting results for adsorption isotherm curves.

Table 3

Fitting results for adsorption isotherms equations

Name Adsorption isotherms R?
Langmuir 1/C, =5.156/C, + 0.339 0.995
Freundlich lg C, = 0.8091g C. — 0.759 0.988
Henry Cs =0.2106 + 0.0793Ce 0.926

as shown in Fig. 6. Although its R* value (0.997) in
Table 3 is higher than those of the other models, this
deviation indicates that the Langmuir equation cannot
fit the experimental data well. The Langmuir model is
widely employed in monolayer adsorption. At its
maximum adsorption capacity, the pores of the micro-
ball adsorbent are filled with the adsorbate molecules,
preventing the micro-ball from adsorbing additional
molecules. This adsorption process, micro-pore
adsorption, differs from monolayer adsorption. There-
fore, the Langmuir equation is not appropriate for
describing the adsorption of the micro-ball from a
theoretical standpoint.

The Freundlich isotherm began as an empirical
equation but was later interpreted theoretically. This
equation can be given as Eq. (3):

ge = KeCI/™ ®3)

where K¢ and n are indicators of the adsorption capac-
ity and intensity, respectively. The higher # is, the bet-
ter the adsorption capacity. The sorption isotherm is a
linear curve when n =1. When n <1, the adsorption
curve bends downward, indicating that as the adsor-
bate concentration increases, the energy of the adsorp-
tion increases and the adsorption weakens. When
n > 1, the behavior is opposite. The Freundlich model
fitted the experimental data well, as indicated in both
Fig. 6 and Table 3 (R* = 0.978).
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The Henry model, for which the R? value was
lower than that of the other models, could not fit the
experimental data well. It is most applicable when
strong adsorption sites are present in low concentra-
tions and saturation is far from being achieved. How-
ever, in the case of the micro-balls, the adsorption
achieves saturation. This conclusion is also supported
by the results in Fig. 6.

3.2.2. Adsorption kinetics experiments

To evaluate the rate of the adsorption, which is
one of the key factors in practical applications, the
adsorption kinetics were studied. The kinetic curves
are shown in Fig. 7.

The rates of adsorption for different oil concentra-
tions are initially rapid, later slowing until reaching
the adsorption equilibrium. The equilibration time is
approximately same for the various oil concentrations

Adsorption (g/g)

0.8 1
0.6 1
0.4 1
0.2 1
—— 4.25g/L
0 T T T \
0 30 60 9% 120
Time (min)

Fig. 7. Diesel oil adsorption kinetics on micro-balls.

300
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250
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- e E .
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p _ ¥
A * 17g/L
A A A ¥
50 ).-/i v m 8.5g/L
}.;:",- A 4.25g/L
o u*
0 20 40 60 80 100 120 140
t(min)

Fig. 8. Fitting results for adsorption kinetics curves.
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Table 4
Fitting results for adsorption kinetics data
Concentration/g Lt Trend line Q/mg gfl K/g (min g)f1 R? T/min
17 t/q =1.057t + 2.927 0.9460 0.3817 0.998 52.80
8.5 t/q =1277t + 14.67 0.7830 0.1111 0.987 218.2
4.25 t/q =2.040t + 16.00 0.4901 0.2594 0.994 149.4
(approximately 60 min). In addition, Fig. 7 shows that 100 removal rate (%)
the higher the initial concentration, the greater the 90 -
adsorption.

The kinetics can be described by the pseudo- 801
second-order model as 70

60

t 1 1
=t @
qa ka9 5
where ¢, (g/g) is the equilibrium adsorption; g; (g/g) sl
is the adsorption at time t; and k (min~") and # (min) 20
are the rate constant of the second-order sorption and 10 -
the adsorption time, respectively. The fitting results "

for the curve and data are shown in Fig. 8 and Table 4.
The value of R® for the fit to different concentrations
is above 0.987, indicating that the pseudo-second-
order model fits the experimental data well. Yang
et al. studied the biomimetic adsorption of polycyclic
aromatic hydrocarbons, reporting that the pseudo-
second-order model describes the adsorption of
naphthalene, phenanthrene, and pyrene better than
the pseudo-first-order model [24].

3.3. Effects of different conditions on the adsorption

3.3.1. Effects of initial oil concentration on the
adsorption

Fig. 9 indicates that the removal rate of the oil
decreased as the initial oil concentration increased,
whereas the adsorption capacity had a positive effect
on the initial oil concentration. This result is explained
by the fact that the higher the initial oil concentration
is, the closer it is to the maximum adsorption capacity.
When the oil concentration is 0.3 g/L, the oil removal
rate of the micro-ball is above 90%, and when the
initial oil concentration is 42.5 g/L, the adsorption per
adsorbent is 2.57 g/g.

3.3.2. Effects of temperature on the adsorption

Fig. 10 demonstrates that the removal rate increased
as the temperature increased and the adsorption effi-
cacy was the highest when the temperature was 25°C. It

03 06 13 21 43 85 170 255 340 425
initial oil concentration (g/L)

Fig. 9. Oil removal rate for different initial oil concentrations.

removal rate (%)

—

20

03 06 1.3 2.1 43 85 17.0 255 34.0 425
initial oil concentration (g/L)

Fig. 10. Oil removal rate at different temperatures.

can be concluded that high temperatures strengthen
the efficacy of oil removal. On the one hand, high tem-
peratures increase the activation energy of the micro-
ball adsorbent, increasing its probability of colliding
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with the oil molecules. On the other hand, at high tem-
peratures, the oil viscosity decreases and its fluidity
increases, again promoting the collision between oil
molecules and the adsorbent. Thus, high temperatures
increase the removal rate of oil. Lin found that the
adsorption of oil decreased about 9% while the adsorp-
tion of water decreased about 12% by the modified
expanded perlite balls during 10-25°C [24].

3.3.3. Effects of pH on the adsorption

Fig. 11 shows that the pH had a positive effect on
adsorption capacity. Under weak acidic conditions, H"
can neutralize the negative charges on the surface of
the oil molecules, thereby destabilizing them. Oil
molecules with low stability tend to aggregate on the
surface of the adsorbent, increasing the adsorption
amount. As the pH increases, the inorganic bases in
water and organic acids react with surface-active sub-
stances, decreasing the viscosity of the oil and promot-
ing dispersion. Meanwhile, OH" increases the repulsive
force between the surfaces of the adsorbent and oil
molecule, decreasing the adsorption of the micro-ball.
Yang et al. studied the effect of pH on the adsorption
of naphthalene, phenanthrene, and pyrene, finding no
significant effect on the adsorption [25]. This lack of
effect is because PAHs are non-ionic organic
compounds, supporting the results of this study.

3.3.4. Effects of water salinity on the adsorption

Fig. 12 shows that the adsorption amount increases
with the water salinity. The salinity influences the

removal rate (%)
100

90 -
80 -
70
60
50
40

30 4

20 T T T T T T T T T 1
03 06 13 21 43 85 17.0 255 34.0 425

initial oil concentration (g/L)

Fig. 11. Oil removal rate at different pH values.
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Fig. 12. Oil adsorbed in different salinities.

adsorption process by affecting the properties of the
diesel solution. The water solubility of diesel decreases
with increasing water salinity, and the solvable part of
diesel on the micro-balls would be salted out at
elevated salinity. Therefore, the adsorption capacity of
micro-balls increases with increasing seawater salinity.
Yin found that the adsorption of dissolved oil
increased by sand soil with increasing salinity, and
the reason for which was that increasing salinity
strengthened the ionic strength, which promoted the
adsorption of dissolved oil into sand soil [26].

4. Conclusions

Micro-balls prepared with PHB by double-emul-
sion solvent evaporation are a promising friendly
adsorbent for removing spilled crude oil from water.
The FE-SEM images of the micro-balls reveal that they
are porous spherical particles, which contributes to
their high adsorption ability. The adsorption isotherm
results show that the Freundlich model fits the experi-
mental data better than the Langmuir and Henry
models. The adsorption kinetics results show that the
pseudo-second-order model fits the experimental data
well. The results show that physical and chemical
mechanisms are both in the adsorption process of
micro-balls, while the former is the main mechanism.
This study also found that the removal rate of the oil
decreased as the initial oil concentration increased,
while the initial oil concentration had a positive effect
on adsorption capacity. The removal rate increased
with temperature, and the adsorption efficacy was the
highest at 25°C. In addition, the pH had a positive
effect on the adsorption capacity, with pH 6 being
optimal in this study. The diesel adsorption capacity
of the micro-balls and the seawater salinity are posi-
tively related, and the improvement of the adsorption
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ability in high-salinity seawater requires further
research. The results of the study show that the micro-
balls effectively and quickly adsorb not only the oil
film on the sea but also the oil diluted in the sea.
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