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Study on the adsorption of polystyrene microplastics
by three-dimensional reduced graphene oxide
Fang Yuan, Lingzhi Yue, Han Zhao and Huifang Wu

ABSTRACT
In this paper, a study on the removal of imitated polystyrene (PS) microplastics in water was carried
out based on the adsorption capacity of three-dimensional reduced graphene oxide (3D RGO).
Scanning electron microscopy and X-ray diffractometry characterization showed that the freezedried 3D RGO formed a distinct porous spatial structure. Different experimental parameters, such as
pH, ion concentration (C0), contact time (t), and temperature (T), were studied to investigate the PS
microplastic adsorption performance of 3D RGO. The adsorption mechanism was mainly attributed to
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the strong π–π interaction between the carbon ring of 3D RGO and the benzene ring of PS
microplastics. Sorption kinetic and isothermal data were obtained by the well-ﬁtted Langmuir
adsorption isotherm model and pseudo-second-order kinetic model. Furthermore, the result of
thermodynamic analysis showed that the adsorption of PS microplastics was a spontaneous
endothermic process. Under the optimal conditions of pH ¼ 6, C0 ¼ 600 mg/L, t ¼ 120 min, and
T ¼ 26  C, the maximum adsorption capacity of the prepared 3D RGO on PS microplastics was
617.28 mg/g. Furthermore, this method exhibited good feasibility in tap water and lake water.
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HIGHLIGHTS

•

We used three-dimensional reduced graphene oxide to complete the adsorption of

•

The maximum adsorption capacity of three-dimensional reduced graphene oxide

•
•
•

polystyrene microplastics in water.
for polystyrene microplastics was 617.28 mg/g, which was affected by pH, ion
concentration, adsorption time, initial concentration and temperature.
The adsorption mechanism was investigated, which was mainly attributed to the
strong π–π force with the help of electrostatic attraction and physical retention.
Langmuir adsorption isotherm model and pseudo-second-order kinetic model were
well-ﬁtted with experimental data, which indicated that the adsorption was chemical
adsorption.
The feasibility of this method in tap water and micro-polluted water was proved.

INTRODUCTION
Plastic wastes exist in various forms in the natural environment. These wastes are continuously cracked into smallsized particles or fragments under the action of physical
degradation, biodegradation, and photodegradation (Cole
et al. ; Hidalgo–Ruz et al. ; Auta et al. ). Microplastics are usually deﬁned as plastic fragments, ﬁlms, or
doi: 10.2166/wst.2020.269
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particles with size less than 5 mm. Microplastics are currently proliferating in water, sediment, soil, and other
media because of their chemical stability and slow degradation process compared with large plastics (Wu et al.
). They are easily eaten by plankton and ﬁsh, and then
transferred and enriched in food chains and webs (Browne
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et al. ; Farrell et al. ). Finally, microplastics may
even enter into the human body (Paul–Pont et al. ; Pellini et al. ). Microplastics are ideal carriers of many
hydrophobic organic pollutants and heavy metals because
of their small size, large speciﬁc surface area, and strong
hydrophobicity (Shim & Thomposon ). Microplastics
are currently of great public concern given their ubiquitous
presence and persistence in the natural environment
(Cózar et al. ).
However, at present, domestic and international studies
on the treatment of microplastics are still at their primary
stage. Large plastics are usually removed from the water
by traditional means of bleaching. However, these methods
are no longer applicable for microplastics due to their small
size. Murphy et al. () found that although 98.41% of
plastics were removed through wastewater treatment, 65
million microplastic particles in the efﬂuent still existed
per day. Orb Media, a nonproﬁt news organization, reported
that 159 drinking water samples from ﬁve continents were
tested, and 83% of them were contaminated by tiny pieces
of plastic debris (Peng et al. ). Wardrop et al. ()
proved that the removal rate of plastic particles larger than
10 mm can reach 90% using ordinary wastewater treatment
processes, but a large number of small plastic particles still
enter the natural water body through drainage.
Therefore, some scholars have begun to study effective
methods and technologies for the treatment of microplastics. Some scholars ﬁlter and collect microplastics in water
through membrane devices prior to disposal. This approach
draws lessons from some measures of algae bloom control.
Ma et al. () studied the removal behavior of polyethylene
microplastics in ﬂocculation and ultraﬁltration processes.
They found that the traditional ﬂocculation process and ﬂocculants cannot easily remove polyethylene microplastics,
and the ultraﬁltration process could remove polyethylene
microplastics smaller than the pore size of a membrane.
However, problems, such as high cost and membrane
fouling, are still found in the process of removing microplastics from water by using membrane devices. Carr et al.
() studied seven tertiary sewage treatment plants and
one secondary sewage treatment plant in southern California and simulated the distribution of microplastics in
sewage in a laboratory. The results showed that the tertiary
treatment could remove most of the microplastics. However,
the secondary treatment could not effectively remove most
of the microplastics. Magnusson & Fredrik () studied
microplastics in a Swedish sewage treatment plant in
2014. The results showed that the inﬂuent concentration
was 3.2 million per hour, and the removal rate of the
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sewage treatment plant reached 99%. However, due to the
huge throughput per day, a large amount of small-sized
plastics still ﬂow out. Therefore, high-efﬁciency and costeffective methods are urgently needed. Among various
methods, adsorption is widely used in wastewater treatment.
Adsorption is usually used as an advanced and terminal
treatment for residual small molecular pollutants in water.
Compared with other methods, adsorption has the advantages of convenient operation, high puriﬁcation rate, low
energy consumption, and low cost (Akhtar et al. ).
This approach is recognized as an important technology
for wastewater treatment. Therefore, studying the removal
of microplastics in water by adsorption is of practical value.
Some new materials, such as carbon nanotubes (CNTs)
(Fattahi et al. ), titanium dioxide (Shojaie et al. ),
and graphene, have been developed and utilized due to
the wide application of adsorption methods. Graphene, as
a type of new adsorbent materials, has attracted much attention in different ﬁelds. Compared with the traditional
adsorption materials, such as activated carbon (Altmann
et al. ), zeolite molecular sieve (Ge et al. ), and activated alumina (Tajizadegan et al. ), graphene has the
advantages of large speciﬁc surface area, rich oxygen functional groups, and strong modiﬁability and adsorption
capacity. Compared with other highly effective adsorption
materials, such as CNTs, graphene has the advantages of
simple preparation process and low price. Therefore, graphene and its derivatives have been widely used as
adsorbents in the treatment of water pollutants. Jin et al.
() studied the adsorption capacity of magnetically
reduced graphene oxide (RGO) on 4-nonylphenol and
bisphenol A (BPA). The results showed that the adsorption
capacity of the magnetically RGO on two organic pollutants
was signiﬁcantly higher than that of the activated carbon at
pH ¼ 6.5. Yang et al. () found that the adsorption effect
of graphene oxide on Cu2þ in water was almost 10 times that
of activated carbon. Xu et al. () studied the adsorption
capacity of graphene on BPA in aqueous solution under
different conditions. The results showed that the adsorption
capacity of graphene on BPA is the highest among carbon
adsorption materials.
However, a two-dimensional (2D) graphene can easily
agglomerate in water due to the strong π–π stacking interaction between sheets, thereby decreasing its adsorption
capacity. The 2D graphene can be assembled into a threedimensional (3D) structure by self-assembly method, hydrothermal method (Kazemeini et al. ; Payan et al. ),
and freeze-drying method. The 3D structure can not only
effectively prevent the agglomeration of the graphene
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sheets, but also facilitate the diffusion and adsorption of pollutants (Nardecchia et al. ; Shen et al. ). Also, the 3D
structure can facilitate the solid–liquid separation after
adsorption. Vadahanambi et al. () found that the adsorption capacity of 3D graphene on arsenic in water is twice
that of 2D graphene. Therefore, 3D graphene has a broader
application prospect in the treatment of pollutant in water
than 2D graphene.
In the present study, researchers use 3D RGO as
adsorbent to remove this microscaled polystyrene (PS)
microplastic. To the best of the researchers’ knowledge, no
related reports have been published thus far. Among various
plastic pollution, PS microplastic pollution is particularly
widespread. This type of plastic can inhibit the incubation
and development of some aquatic organisms or disturb
their energy absorption and metabolism, and then affect
their breeding and offspring health. Different adsorption
conditions were set to study the adsorption effect of 3D
RGO on PS microplastics under different factors. The
adsorption mechanism of 3D RGO for PS microplastics
and the energy changes in the process of adsorption were
obtained on the basis of the results of adsorption isotherms,
adsorption kinetics, and thermodynamic analysis.

MATERIALS AND METHODS
Materials
Natural graphite, concentrated sulfuric acid (H2SO4, 98%),
potassium permanganate (KMnO4), hydrogen peroxide
(H2O2, 30%), hydrochloric acid (HCl, 37%), sodium hydroxide (NaOH), and absolute ethanol (C2H6O) were purchased
from Shengjianquan Chemical Glass Instrument Co., Ltd
(Nanjing, China). Monodisperse PS microspheres (5 μm,
white emulsion) were purchased from BaseLine Chrom
Tech Research Center (Tianjin, China). The surface of the
PS microspheres is smooth and has strong hydrophobicity.
Ethanol, which reduces surface tension, was added and
ultrasound was used to help in the dispersion.
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and the mixture was stirred continuously for 30 minutes
until completely dissolved. Then, the mixture was allowed
to stand for 48 h. After 48 h, the reaction was completed
with the addition of distilled water (186 mL) and H2O2
(10 mL, 30%). The solution was maintained under constant
stirring until the color of the solution changed to bright
yellow. After the solution was cooled, it was centrifuged
(TDL-400, Changzhou Youlian Instrument Co., Ltd,
China) at 2,000 r/min for 15 minutes each time. The precipitate was retained and washed several times with HCl (5%)
and distilled water until the supernatant was near neutral
(pH ¼ 5.0–6.0). The supernatant was decanted to obtain
the GO dispersion.
Preparation of 3D RGO
RGO was prepared by the hydrothermal method (Marcano
et al. ). The GO solution (3.5 mg/mL) was prepared by
distilled water. Then, it was well dispersed by sonication
(ultrasonic cleaner KQ-400DE, Shanghai Wanning Precision Scientiﬁc Instrument Co., Ltd, China) at room
temperature for 15 minutes. The pH of the prepared GO
solution (10 mL) was adjusted to pH ¼ 8 with NaOH
(1 mol/L). The solution was made up to 25 mL with distilled
water and mixed well. Then, the mixture was transferred
to polytetraﬂuoroethylene hydrothermal reactors and
placed in an oven (DHG-9070A, Shanghai Yiheng Scientiﬁc
Instrument Co., Ltd, China) at 180  C. After 9 h, the
reduction process was completed. The reactors were
removed from the oven and allowed to cool at room temperature. Finally, the product was freeze-dried (vacuum
freeze drier CTFD-12P, Qingdao Yonghe Chuangxin
Electronic Technology Co., Ltd, China) to obtain a ﬂuffy
3D RGO.
Characterization of 3D RGO
The surface morphology of 3D RGO was observed by scanning electron microscopy (SEM, JSM-6510, USA), and the
chemical compositions were analyzed by X-ray diffractometry (XRD, Rigaku, Japan).

Preparation of 3D RGO
Standard curve of microplastic solution
Preparation of graphene oxide
Graphene oxide (GO) was prepared by the modiﬁed Hummers method (Marcano et al. ). Graphite powder (1 g)
was thoroughly mixed with H2SO4 (23 mL, 98%) in an ice
water bath. KMnO4 (3 g) was slowly added (0.3 g/min),
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The original solution of PS microspheres (250 mg/mL) was
dispersed by ultrasound for 15 minutes to ensure that the
microsphere was uniformly dispersed in the solution. The
microplastic solution was diluted by the original solution
of PS microspheres. A certain amount of original solution
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was diluted by adding a certain amount of ethanol and
distilled water (1:1). A series of microplastic solutions
with concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and
0.8 g/L was prepared. The prepared solution (250 mg/mL)
was dispersed by ultrasound for 15 minutes to ensure that
the microsphere was uniformly dispersed in the solution.
A full wavelength scan (ultraviolet–visible spectrophotometer, T6 new century, Beijing General Analysis
General Instrument Co., Ltd, China) of the uniformly dispersed microplastic solution was carried out to determine
the maximum absorbance wavelength of the microplastic
solution at 720 nm. The absorbance of solutions at 720 nm
at different concentrations was measured, and a standard
curve was established to obtain the functional relationship
between the concentration of microplastic solution and
the absorbance.
Adsorption studies
A certain amount of original solution was diluted by adding
a certain amount of ethanol and distilled water (1:1). The
pH of the solution was adjusted with HCl (1 mol/L) or
NaOH (1 mol/L). Finally, the volume was adjusted to
obtain a concentration of 0.6 g/L of a microplastic solution
using ethanol and distilled water (1:1). The prepared solution (0.6 g/L) was dispersed by ultrasound for 15 minutes
to ensure that the microsphere was uniformly dispersed in
the solution. An amount of 1.5 mg of the 3D RGO absorbents was added to 2 mL of the prepared solution (0.6 g/L).
The mixture was placed in a water-bathing constanttemperature vibrator (SHA-C, Changzhou Guohua Electric
Co., Ltd, China) and shaken for 2 hours at a speed of
160 r/min at 26  C. After adsorption, the mixture was
allowed to stand for 30 min to completely precipitate the
adsorbent at the bottom and stratify with the solution to
be measured. The supernatant was collected, and the absorbance value of the supernatant at 720 nm was recorded. The
concentration of residual microplastic solution was calculated by the standard curve. The adsorption capacity (Qe)
of 3D RGO and the removal efﬁciency (R) of microspheres
were calculated using the following equations:
Qe ¼
R¼

(C0  Ce )V
m

C0  Ce
× 100%
C0

(1)
(2)

where C0 (mg/L) is the initial concentration, Ce (mg/L) is
the concentration at the equilibrium of adsorption, V (L) is
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the volume of the solution, and m (g) is the quantity of the
adsorbent.
Adsorption studies in actual water samples
The distilled water used in the experiment was exchanged
for different actual water samples for adsorption experiments. The actual water samples are tap water and
micropolluted water from a campus lake. The water quality
indexes of the tap water are as follows: pH ¼ 7.12 and dissolved oxygen (DO) ¼ 3.5 mg/L. The water quality indexes
of the micropolluted water are as follows: pH ¼ 7.6,
DO ¼ 5.1 mg/L, turbidity ¼ 15.42 NTU, chemical oxygen
demand ¼ 8.12 mg/L, NHþ
and total
4 -N ¼ 2.83 mg/L,
phosphorus ¼ 0.98 mg/L. Prior to the experiment, the micropolluted water was pretreated by precipitation and ﬁltration
to obtain clear and transparent water. When the adsorption
experiment was carried out in the actual water sample, the
pH in the water was not adjusted with HCl or NaOH. The
adsorption experiment was carried out in accordance with
the procedure described under the following optimal conditions: C0 ¼ 600 mg/L, t ¼ 120 min, and T ¼ 26  C.

RESULTS AND DISCUSSION
Characterization of 3D RGO
The surface morphology of 3D RGO was analyzed by SEM
images, as shown in Figure S1(a)–(d) (Supplementary
material). Figure S1(a) shows that the freeze-dried RGO
has a ﬂuffy appearance with a large number of pore structures on the surface. The internal pore structures of the
RGO are connected to one another to form a 3D structure.
After 1,000 times magniﬁcation (Figure S1(b) and S1(c)), the
sheet of 3D RGO is evidently curly and gauzy, indicating
that the peeling degree of 3D RGO is high. The surface of
the sheet is rugged, and the size of the pores formed by
the wrinkles and defects ranges from 10 to several
micrometers. RGO forms a loose porous 3D structure,
which avoids the disadvantage of easy coagulation of 2D
planar structures. The 3D structure increases the speciﬁc
surface areas and active sites of 3D RGO.
Figure S1(d) shows the result of energy spectrum analysis of 3D RGO. The weight ratio of carbon and oxygen in 3D
RGO is approximately 76.98% and 18.77%, respectively,
and the atomic ratio of carbon and oxygen in 3D RGO is
approximately 81.96% and 15.98%, respectively. This ﬁnding indicates that most oxygen-containing groups in 3D
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RGO are removed. The residual oxygen-containing groups
increase the surface activity of 3D RGO and add new
active sites for 3D RGO.
The XRD patterns of 3D RGO are presented in Figure S2
(Supplementary material). Natural graphite showed a strong
peak at 26.5 , and GO showed a strong peak at approximately 10 ; these peaks were associated to (002) and (001)
planes, respectively, (Jeong et al. ; Zhou et al. )
and were narrow and sharp. The 3D RGO after thermal
reduction exhibited a broad peak centered around 25 in
the graphite region. The Bragg equation is as follows:
d¼

nλ
2 sin θ

(3)

where d is the distance between the crystal planes, θ is the
angle between the incident X-ray and the corresponding crystal plane, λ is the wavelength of the X-ray, and n is the number
of diffraction orders. The interlayer distance of 3D RGO
(0.36 nm) is larger than that of the natural graphite
(0.34 nm) and GO (0.14 nm). This result may be the effect
of the residual oxygen-containing functional groups in the
3D RGO. Thus, the crystal structure of the graphite cannot
be completely repaired. As a result, stacking and agglomeration of the sheets are avoided. Thus, 3D RGO has a relatively
large speciﬁc surface area and many active adsorption sites.
Effect of different factors on adsorption
In the preliminary study of the adsorption of microplastics,
absorbance was used to represent the concentration of
microplastic solution. The linear plot of the absorbance of
the standard solution versus the concentration of the standard solution is presented in Figure S3 (Supplementary
material). Figure S3 shows that the concentration of standard solution is linearly correlated with its absorbance at
720 nm. The formula is as follows:
y ¼ 1:447x þ 0:02564
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3D RGO on microplastics. Other experimental conditions
were set according to the conditions described in the
‘Adsorption studies’ section.
As shown in Figure 1, with the increase in the initial pH
value, the removal efﬁciency of microplastics and the
adsorption capacity of the 3D RGO increased initially
when pH increased from 2 to 6 and then decreased when
pH increased from 6 to 10. At pH ¼ 6, the removal efﬁciency
of PS microplastics and the adsorption capacity of the 3D
RGO reached the highest at 66.63% and 522.06 mg/g,
respectively. After the GO was thermally reduced, most
oxygen-containing functional groups were removed except
for a small portion of residual oxygen-containing functional
groups, such as carboxyl groups and hydroxyl groups
(Huang et al. ). Under acidic conditions, the residual
carboxyl group on 3D RGO exists in the form of COOHþ
2
due to the large amount of Hþ, resulting in the positive
charge on the surface of 3D RGO. With the increase in
the initial pH value, the residual carboxyl group on 3D
RGO exists in the form of COO due to the large amount
of OH, resulting in the negative charge on the surface of
3D RGO. The changes in the surface of 3D RGO were
further conﬁrmed by zeta potential analysis, as shown in
Figure 2. Compared with 3D graphene, the isoelectric
point of PS microplastics was acidic, which may be related
to -S0
4 on the surface of the microspheres. At the same
time, with the increase in pH value, the zeta potential of
PS microplastics appeared to plateau. This ﬁnding showed
that, in a certain pH range, the microspheres had good dispersion and stability.
Figure 2 shows that 3D RGO was positively charged at
pH ¼ 2, which repulsed the positively charged PS

(4)

where y is the absorbance of the solution at 720 nm; x (g/L)
is the concentration of standard solution. The correlation
coefﬁcient R 2 of linear ﬁtting is 0.999, which indicates that
the degree of linear ﬁtting is perfect.
Initial pH
The pH of the solution was adjusted to 2, 4, 6, 7, 8, and 10
with HCl or NaOH (1 mol/L) to test the adsorption effect of
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Effect of different initial pH values on the adsorption of microplastics on 3D
RGO.
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Zeta potentials of 3D RGO and PS microplastics in different pH values.
Figure 3

microplastics, resulting in the limited removal efﬁciency of
microplastics and adsorption capacity of 3D RGO. At
pH ¼ 4, PS microplastics were slightly negatively charged,
resulting in the promotion of the adsorption capacity of
3D RGO, which was positively charged due to the electrostatic attraction. At pH ¼ 6, with the increase in the
negative charges on the surface of PS microplastics, the electrostatic attraction between PS microplastics and 3D RGO
increased, resulting in the highest removal efﬁciency of PS
microplastics and the adsorption capacity of the 3D RGO.
With increasing pH to >7, the PS microplastic and 3D
RGO were negatively charged. Thus, the removal efﬁciency
of PS microplastics and the adsorption capacity of the 3D
RGO decreased.
Despite the electrostatic repulsion between 3D RGO
and PS microplastics in acid and alkaline environments,
the removal efﬁciency of 3D RGO for PS microplastics is
still higher than 55%, and the difference between the highest
and the lowest adsorption rate is less than 10%. This ﬁnding
indicates that the effect of different initial pH values on the
adsorption of PS microplastics on 3D RGO is insigniﬁcant.
This result may expand the range of the application of this
method.

Ion concentrations
The concentrations of NaCl in the microplastic solution
were set to 0.005, 0.01, 0.05, 0.1, and 0.5 mol/L. Other
experimental conditions were set in accordance with the
conditions described in the ‘Adsorption studies’ section.
As shown in Figure 3, with the increase in ion concentration, the removal efﬁciency of PS microplastics
decreased from 66.71% to 53.23%, and the adsorption
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3D RGO.

capacity of 3D RGO decreased from 533.68 mg/g to
425.87 mg/g. At pH ¼ 6, 3D RGO was positively charged
whereas PS microplastics were negatively charged. The
Naþ in the solution adsorbed to the surface of PS microplastics, which neutralized negative charges on the surface of PS
microplastics, thereby weakening the electrostatic attraction
between 3D RGO and PS microplastics (Wu et al. ).
Therefore, the adsorption capacity of 3D RGO on PS microplastics decreased.
Adsorption isotherms
To learn about the adsorption mechanism and characteristics of 3D RGO on PS microplastics, different initial
concentrations of PS microplastics were set to analyze
adsorption isothermal models. A series of microplastic solutions with concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
and 0.8 g/L was prepared, and the pH of all solutions was
adjusted to 6. Other experimental conditions were set in
accordance with the conditions described in the ‘Adsorption
studies’ section.
As shown in Figure 4, when the initial concentration
(C0) of the solution increased from 100 mg/L to 600 mg/L,
the adsorption capacity of 3D RGO increased from
118.72 mg/g to 533.83 mg/g. The adsorption capacity
reached a plateau at higher than 600 mg/L. With the
increase in the initial concentration of the solution, the
removal efﬁciency of PS microplastics decreased from
89.04% to 66.73%. The adsorption sites on the surface of
3D RGO are incompletely covered when the initial concentration is low. The probability of collision contact with the
adsorption site of the 3D RGO surface increases during the
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Effect of different initial concentrations on the adsorption of PS microplastics
on 3D RGO.

adsorption process when the initial concentration is high.
Thus, the adsorption capacity of the 3D RGO on microplastics is increased. When the initial concentration is
higher than 600 mg/L, the adsorption capacity of 3D
RGO is unchanged. This ﬁnding indicates that the adsorption is saturated. Therefore, 600 mg/L is the optimal initial
concentration.
Langmuir and Freundlich models are generally applicable for most adsorptions. The Langmuir adsorption
isotherm assumes that adsorption is monolayer and occurs
on homogeneous surfaces. In addition, the Freundlich
adsorption isotherm can describe adsorption on heterogeneous surfaces, and it is an empirical equation. The
corresponding linear formulas are listed as follows:

Langmuir adsorption isotherm:

Ce
Ce
1
¼
þ
Qe Qmax KL Qmax

(5)

1
lnCe
N

(6)

Freundlich adsorption isotherm:lnQe ¼ lnKF þ

where Ce (mg/L) is the concentration of the microplastic
solution at the equilibrium of adsorption; Qe (mg/g) is the
adsorption capacity at the equilibrium of adsorption; Qmax
(mg/g) is the maximum adsorption capacity per unit mass
of the adsorbent; KL (L/mg) is the Langmuir constant; KF
is the Freundlich constant, indicating the adsorption
capacity; N is the Freundlich constant, indicating the
adsorption strength.
The Langmuir and Freundlich isotherm plots for the
adsorption of PS microplastics on 3D RGO are shown in
Figure 5(a) and 5(b), and the calculated values are presented
in Table 1. Fitting results showed that the adsorption of PS
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Adsorption isotherms of 3D RGO. (a) Langmuir adsorption isotherm,
(b) Freundlich adsorption isotherm.

microplastics on 3D RGO corresponded to the Langmuir
adsorption isotherm model with high correlation coefﬁcient
(R 2 ¼ 0.992). This ﬁnding indicates that the adsorption
behavior of 3D RGO for microplastic is monolayer adsorption, and active sites on the surface of 3D RGO are
homogeneous. The maximum adsorption capacity obtained
from the Langmuir adsorption isotherm model was
617.28 mg/g under the condition of pH ¼ 6 at 26  C.

Table 1

|

Parameters of two adsorption isotherms

Freundlich adsorption
Langmuir adsorption isotherm

isotherm

Temperature

KL

Qmax (mg/g)

R2

KF

1/N

R2

26  C

0.02

617.28

0.992

52.46

0.418

0.930
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In addition, the dimensionless constant (RL) can usually
be used to evaluate the merits of adsorption performance in
the Langmuir adsorption isotherm model (Çolak et al. ;
Mi et al. ). Its formula is as follows:
1
RL ¼
(7)
1 þ KL C0
where KL (L/mg) is the Langmuir constant; C0 (mg/L) is the
initial concentration of the microplastic solution. As shown
in Figure S4 (Supplementary material), RL is always between
0 and 1 with the increase in the initial concentration, indicating a good adsorption performance for 3D RGO on PS
microplastics (Çolak et al. ).
Adsorption mechanisms
The surface morphology of 3D RGO after adsorption of PS
microplastics was analyzed by SEM and XRD, as shown in
Figures 6(a)–6(d) and 7. Figure 6(a) and 6(b) show that some
PS microplastics were embedded in the pore structure and
folds, and some PS microplastics were uniformly and

Figure 6
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densely distributed on the sheets of the 3D RGO after
adsorption. As shown in Figure 6(c) and 6(d), 3D RGO provides rich active sites to adsorb PS microplastics tightly on
the surface even at the edge of the 3D RGO. 3D RGO has
a large and smooth graphite layer, which produces a π–π
effect. It easily adsorbs organic pollutants containing π electrons, forming a stable complex and successfully removing
organic pollutants. PS microplastics are macromolecular
organics containing π electrons. Charges are uniformly distributed throughout the conjugated system, and their
properties are stable. Therefore, the adsorption of PS microplastics on 3D RGO was attributed to the strong π–π
interaction between the carbon ring of 3D RGO and the
benzene ring of PS microplastics (Chen et al. ; Pei
et al. ). As shown in Figure 7, 3D RGO showed a
broad peak centered at 25 , and PS microplastics exhibited
characteristic amorphous diffraction peaks around 20 .
Both peaks appeared in the XRD pattern of the 3D RGO
after adsorption and had a broadening trend, indicating
that PS microplastics adsorbed onto the 3D RGO.

SEM images of 3D RGO after adsorption, magniﬁed (a) 300 times, (b) 500 times, (c) 1,500 times, and (d) 1,500 times.
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Under the action of oscillation, PS microplastics rapidly
migrated from the edge to the surface of the 3D RGO due to
electrostatic attraction. The loose pore structure of 3D RGO
and the large speciﬁc surface area provided a large number
of active sites for PS microplastics. The microplastics diffused slowly inside the 3D RGO due to the physical
retentive action of the pore structure and the strong π–π
force. Therefore, the adsorption of PS microplastics on 3D
RGO was mainly attributed to the strong π–π force by
using electrostatic attraction and physical retention.
To learn more about the adsorption process of 3D RGO
on PS microplastics, a different adsorption time was set to
analyze the adsorption kinetic models. The mixture was
placed in a water-bathing constant-temperature vibrator
and shaken for 5–480 minutes.
As shown in Figure 8, in the ﬁrst 30 minutes, the removal
efﬁciency of microplastics increased sharply from 28.71%
to 54.35%. The removal efﬁciency of microplastics
slowly increased from 54.35% to 66.10% between 30 and
120 minutes. After 120 minutes, the removal efﬁciency of
microplastics and the adsorption capacity of 3D RGO are
unchanged. This ﬁnding indicates that the adsorption of microplastics on 3D RGO reached equilibrium after 120 minutes.
Two kinetic models are used to ﬁt the adsorption process. The corresponding linear formulas are listed as
follows:

Pseudo-second-order:

t
1
t
¼
þ
Qt K2 Q2e Qe
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Effect of different adsorption time on the adsorption of PS microplastics on 3D
RGO.

XRD patterns of 3D RGO, PS microplastics, and 3D RGO after adsorption.

Pseudo-first-order: ln (Qe  Qt ) ¼ ln Qe  K1 t

|

|

(8)
(9)

where t (min) is the contact time; K1 (min1) and K2
[g/(mg·min)] are pseudo-ﬁrst-order and pseudo-secondorder constants, respectively; Qt and Qe (mg/g) are the
adsorption capacity at t min and adsorption equilibrium,
respectively. In addition, H [mg/(g·min)] is the initial rate
of adsorption of microplastics on 3D RGO. The corresponding formula is as follows:
H ¼ K2 Q2e,2

(10)

The pseudo-ﬁrst-order and pseudo-second-order kinetic
plots for the adsorption of PS microplastics on 3D RGO
are shown in Figure 9(a) and 9(b), and the kinetic parameters, which can be calculated from the plots, are
presented in Table 2. Fitting results showed that the adsorption of PS microplastics on 3D RGO ﬁtted well to the
pseudo-second-order kinetic model with high correlation
coefﬁcient (R 2 ¼ 0.999). The calculated adsorption capacity
(Qe,cal) obtained from the pseudo-second-order kinetic
model was 558.66 mg/g, which was close to the experimental adsorption capacity (Qe,exp). The inﬂuencing factors of
the pseudo-second-order kinetic model mainly include the
formation of chemical bonds (Freundlich ). Therefore,
the adsorption of microplastics on 3D RGO is mainly
chemical adsorption.
Furthermore, to learn about the migration process of PS
microplastics adsorbed onto the surface of 3D RGO, the
intraparticle diffusion model was used, the formula of
which is as follows:
Qt ¼ Kp t0:5 þ C

(11)
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Adsorption kinetics of 3D RGO. (a) Pseudo-ﬁrst-order kinetic model,
(b) pseudo-second-order kinetic model.

where Kp is the diffusion model constant; t (min) is the
adsorption time; C is the constant related to the thickness
of the boundary layer; Qt (mg/g) is the adsorption capacity
at t minutes.
The linear plot of Qt versus t 1/2 is shown in Figure S5
(Supplementary material). The ﬁgure shows that the plot is
not a straight line passing through the origin. It is a curve
divided into three stages, indicating that intraparticle

Table 2
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diffusion is not the only step to control the adsorption process. In the ﬁrst stage, the slope of the line is large,
indicating that the microplastics diffuse rapidly from the
edge to the surface of the 3D RGO. In the second stage,
the slope of the line is smaller than that of the ﬁrst stage,
indicating that the migration of microplastics into the
internal structure of 3D RGO through internal diffusion is
a slow adsorption process. In the third stage, the slope of
the line tends to be horizontal, indicating that the adsorption of 3D RGO on PS microplastic reaches the
adsorption equilibrium. Therefore, the adsorption of microplastics on 3D RGO is mainly accomplished by two stages of
membrane diffusion and internal diffusion of particles. In
accordance with some reported research (Barghi et al.
; Fattahi et al. ), the researchers can also speculate
that the factors affecting the mass transfer limitation may
include the concentration of PS microplastics in the solution
and the distribution and size of the 3D RGO pore. This ﬁnding can be further studied separately.
To further learn about the energy changes in the adsorption process, a different adsorption temperature was set to
analyze the adsorption thermodynamics.
As shown in Figure 10, with the increase in temperature,
the removal efﬁciency of microplastics increased from
66.83% to 72.63%, and the adsorption capacity of 3D
RGO increased from 534.60 mg/g to 580.98 mg/g. This ﬁnding indicates that the increase in temperature is good for the
adsorption of microplastics on 3D RGO probably because
the diffused microplastics inside the 3D RGO are accelerated. However, the temperature was set to 26  C because
the removal efﬁciency did not change remarkably, and
taking energy saving into consideration.
The thermodynamic formulas are as follows:
 
Qe
ΔSθ ΔHθ
ln
¼

R
RT
Ce

(12)

ΔGθ ¼ ΔHθ  TΔSθ

(13)

where ΔHθ (kJ/mol) is the enthalpy change, ΔSθ (J/(mol·K))
is the entropy change, ΔGθ (kJ/mol) is the Gibbs free

Parameters of two adsorption kinetics

Pseudo-ﬁrst-order

Pseudo-second-order
1

Qe,exp (mg/g)

Qe,cal (mg/g)

K1 (min

528.76

6.15

0.093

)

R2

Qe,cal (mg/g)

K2 (g/(mg·min))

R2

H (mg/(g·min))

0.664

558.66

0.226

0.999

70.472
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Parameters of adsorption thermodynamics

Temperature/K

ΔHθ (kJ/mol)

ΔSθ (J/(mol·K))

ΔGθ (kJ/mol)

300

7.54

33.5

2.48

310

2.81

320

3.15

330

3.48

THE ADSORPTION OF PS MICROPLASTICS ON 3D
RGO IN ACTUAL WATER SAMPLES

Figure 10

|

Effect of different temperatures on the adsorption of microplastics on 3D
RGO.

energy change, R/J·(mol·K)1 is the molar gas constant, and
T/K is the absolute temperature.
The plot of ln(Qe/Ce) versus 1/T is presented in
Figure 11, and the calculated parameters are shown in
Table 3. As shown in Table 3, ΔHθ is greater than zero,
indicating that the adsorption of microplastics is an
endothermic process (Tan et al. ). ΔSθ is greater than
zero, indicating that the chaos in the interface between 3D
RGO and microplastics during adsorption is increased
(Tan et al. ). ΔGθ is always less than zero, indicating
that the adsorption process is spontaneous (Çolak et al.
). Therefore, the adsorption of microplastics on 3D
RGO is a spontaneous endothermic process, which may
enhance adsorption.

The distilled water used in the experiment was changed for
actual water samples to analyze the practical application
possibilities of this method. As shown in Figure S6 (Supplementary material), the result shows that the removal
efﬁciency and the adsorption capacity of 3D RGO on PS
microplastics in tap water (56.08%, 448.60 mg/g) and micropolluted water (53.85%, 430.78 mg/g) are lower than that of
3D RGO in distilled water (66.63%, 533.06 mg/g). This ﬁnding may be due to the multiple effects of metal ions, organic
matter, algae secretions, ammonia nitrogen, and other pollutants in the tap water and micropolluted water on the
adsorption. For example, metal ions and some pollutants,
such as humic acids, are charged under the inﬂuence of
environmental factors. At the same time, some small suspended particles may block the pore structure of the
adsorbent. However, in general, the removal efﬁciency of
3D RGO on PS microplastics in actual water samples is
above 50%, indicating that the utilization of 3D RGO on
the adsorption of PS microplastics is effective.

CONCLUSION

Figure 11

|

Plot of ln(Qe/Ce) versus 1/T.
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Therefore, the researchers have successfully used porous 3D
RGO as adsorbent to remove the microscaled PS (PS microplastic) in water. This approach could be regarded as the
imitation of PS microplastics in natural water. Under the
optimal conditions of pH ¼ 6, C0 ¼ 600 mg/L, t ¼ 120 min,
and T ¼ 26  C, the maximum adsorption capacity of 3D
RGO on PS microplastics was 617.28 mg/g. The adsorption
was mainly based on the strong π–π interaction between graphene and PS microplastics, and the spatial structure of 3D
RGO further facilitated the capture of PS microplastics. The
result showed that the adsorption by 3D RGO (1.5 mg) of PS
microplastic solution (0.6 g/L) reached the adsorption equilibrium after 2 h. The Langmuir adsorption isotherm model
and pseudo-second-order kinetic model ﬁtted well with the
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experimental data. Moreover, the result of the adsorption
thermodynamic analysis showed that the adsorption of PS
microplastics was a spontaneous endothermic process. In
the practical application for tap water and lake water, this
method also exhibited good performance on the PS microplastic removal. Thus, this approach has a promising
potential for effective microplastic treatment in the future.
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