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Metal–organic framework-based foams for
eﬃcient microplastics removal†
Yong-Jun Chen,a Yifa Chen,*ab Chang Miao,a Yi-Rong Wang,a Guang-Kuo Gao,a
Ru-Xin Yang,a Hong-Jing Zhu,a Jian-Hui Wang,a Shun-Li Lia and Ya-Qian Lan *a
Microplastics are a worldwide problem that poses a giant threat to organisms in the ecosystem and even to
human health. The removal of microplastics is a severe challenge that needs to be solved urgently. Herein,
a series of zirconium metal–organic framework-based foam materials with interpenetrated pores, high
MOF uniformity and excellent durability have been successfully fabricated and applied in simulated
microplastics removal in water or seawater conditions. They can be applied to various types and
concentrations of microplastics suspensions. It is worth noting that the best of them, UiO-66-OH@MF3, can eﬃciently remove microplastics with an eﬃciency of up to 95.5  1.2% and can maintain high
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performance in recycling and large-quantity ﬁltration experiments. Besides, we proposed an automatic
ﬁltration system powered by sunlight and accomplished it on the lab-scale. The high performances of
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these foam materials combined with the new concept of automatic ﬁltration systems might shed some
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light on the development of novel techniques for microplastics removal.

Introduction
Waste plastics have become a huge environmental crisis
worldwide.1 In 2018, the total consumption of plastics reached
8 billion tons and only a small amount (9%) was recycled.2,3
The discarded plastics can stay in the environment for a long
time and some will break down into microplastics through
mechanical or biological processes.4,5 In 2004, for the rst time,
the concept of “microplastics” was proposed in published
journals, referring to plastic fragments less than 5 mm 6 in
diameter, also called “PM2.5 in the sea”. Every year, the total
production of plastic is 275 million tons and 5 to 13 million
tons of them enter the sea, resulting in yearly increases in the
amount of microplastics.7,8 Besides, tremendous human
activity-producing wastes like microbeads in cleansers, the
abrasion of tires and synthetic textiles from washing machines
will aggravate the crisis.9,10 In 2014, there were 15 to 51 trillion
pieces of microplastics with a total weight of 9.3  104 to
2.36  105 tons oating in the sea.11 In particular, the smallsized microplastics possessing high specic surface area can
strongly absorb contaminants (e.g., polychlorinated biphenyls
or bisphenol A, etc.) and might be ingested by animals like
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plankton or seabirds and reach into tissues or even the blood
cells.12 Humans are at the top of the food chain and can
potentially accumulate microplastics in the body, bringing
unpredictable threats to human health.13
To treat the microplastics problem, controlling the sources
of microplastics is of vital concern to everyone in the world.
However, it requires a long period of time and takes generations
of eﬀort. In contrast, the development of novel removal techniques might be a more promising strategy for the immediate
treatment of the microplastics problem. In current techniques,
the common methods applied in the ltration of solid particles
from the aqueous phase include typical ltration, microltration, ultraltration or nanoltration.14 For typical ltration
techniques (e.g., lter paper), the relatively large pore size (20–
25 mm) might only lter out microplastics of dozens of microns,
and cannot eﬃciently treat microplastics of a few microns or
nanometers.15 For microltration (0.1–1 mm), ultraltration (2–
100 nm) or nanoltration (2 nm), although they have potential
for the ltration of microplastics of micron or nanometer size,
they still have some disadvantages as follows: (1) the small pore
size might result in slow ltration rates and even pore plugging,
which would be diﬃcult in large-scale treatment. (2) The
ltration processes are generally conducted under high pressure, which might require high cost and energy consumption.
(3) Their regeneration generally requires the use of highpressure recoil technology, which further increases the diﬃculty of recovery.16 Although there are some pioneering techniques like membrane bioreactors,17 adsorption on green
microalgae,18 electrocoagulation19 and conventional activated
sludge,20 which possess potential in microplastics removal, the
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exploration of this eld is still in its early stages. Besides, these
methods have some inevitable disadvantages like energy
demand, disability to treat small-sized microplastics, diﬃculty
in large-scale treatment and lack of reproducibility.21 Therefore,
the exploration of novel strategies for the eﬃcient removal of
microplastics is in high demand.
Metal–organic frameworks (MOFs) are porous, crystalline
materials constructed by the assembly of metal ions and
organic ligands, which have attracted signicant research
interest in various applications like gas storage, separation,
catalysis, sensing and contaminant removal, etc.22–33 Owing to
the high porosity, tunable structure and rich functionality,
MOFs possessing various metal centers, tunable functional
groups and charge are promising in pollutant treatment.34–36
Therefore, MOFs might provide an alternative for microplastics
removal. However, MOFs with a crystalline and fragile nature
can easily break down into ne powders, which will hamper
their practical applications.37 To conquer this problem and
investigate their potential applications in microplastics
removal, methods that can fabricate MOFs into required shapes
are necessary before they can be widely adopted in practical
application scenarios.38 We assume that the most suitable
materials for eﬃcient microplastic removal might have the
following properties: (1) developed porosity to ensure high
permeability of solvent for large-quantity ltration experiments;
(2) proper force to guarantee the readily capture of microparticles and ease of recycling; (3) high durability that can tolerate
harsh conditions; (4) ease of processing that can be t to diverse
devices. To this end, the best choice might be to select highly
stable MOFs with rich functionality and fabricate them into
powerful shapes like foams to meet the required demand. In the
MOFs and foam material-integrated system, it can be assumed
that foam-shaped materials with developed porosity might
provide interpenetrated pore structures to ensure suﬃcient
contact between microplastics and functional MOFs to achieve
high removal eﬃciency.
As a proof-of-concept, melamine foam (MF),39 a uﬀy and
porous foam with high exibility, robustness and stability, was
selected as the desired substrate to load stable zirconium MOFs
(Zr-MOFs) and investigated their microplastic removal performances. We report herein, a unique acetone-assisted method
for the preparation of various Zr-MOF-based foam materials
and we successfully applied them in simulated microplastics
removal (Fig. 1a). It can be extended to various functional ZrMOF systems (UiO-66-X, X ¼ H, NH2, OH, Br and NO2) with
well-tuned MOF loadings. In particular, these foam materials
possess high uniformity, robustness, exibility and durability
and are easy to scale-up. Moreover, these foam materials can be
successfully applied in eﬃcient simulated microplastics
removal of various types or concentrations of microplastics
suspensions. Notably, the best of them, UiO-66-OH@MF-3,
shows high removal eﬃciency (up to 95.5  1.2%) and can
maintain high performance in recycling (10 cycles) or largequantity ltration experiments. An automatic ltration system
powered by sunlight was also proposed and accomplished on
the lab-scale, which holds promise in the removal of microplastics in natural environments (Fig. 1b).
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(a) The schematic representation of MOF-based foam materials
for microplastics removal. (b) The schematic representation of the
automatic ﬁltration system.

Fig. 1

Results and discussion
The preparation of Zr-MOF-based foam materials through an
acetone-assisted method is presented as follows. A certain
amount of ligand and metal salt were mixed in acetone and
stirred at room temperature to achieve a homogeneous solution. The solution was then added to an autoclave with a certain
size of MF. Aer the solvothermal process, Zr-MOF was
successfully synthesized and loaded onto the MF. Upon tuning
the species and amounts of Zr-MOF precursors, this method
could be extended into various MOF systems (UiO-66-X, X ¼ H,
NH2, OH, Br and NO2) with diﬀerent loadings (UiO-66-X@MF-n,
where n ¼ 1–4 and represents the mass loading of MOFs
ranging from 4.4 to 25.8 wt%).
Zr-based UiO-66-X (X ¼ H, NH2, OH, Br and NO2) are stable
MOFs constructed from the Zr6(OH)4O4 cluster and the 1,4dicarboxybenzene ligand with diﬀerent functional groups
(Fig. 2a and S1†).40 Powder X-ray diﬀraction (PXRD) tests proved
the successful formation of UiO-66-X (X ¼ H, NH2, OH, Br and
NO2) in the foam materials (Fig. S2†). Scanning electron
microscopy (SEM) showed that all the MOF nanocrystals were
uniformly distributed on the skeletons of MF with particle sizes
between 100 and 200 nm (Fig. S1†). Taking UiO-66-OH@MF-3
for an example, the thickness (1 cm) and shape of the foam
material were almost unchanged as compared with the bare MF
(Fig. S1c and S3†). In the SEM test, MF still possessed an
interpenetrated pore structure and UiO-66-OH nanocrystals
with 152 nm in size were uniformly distributed on the surface
of the MF skeletons as compared with that of bare MF (Fig. 2c,
S1 and S3†). The uniformity of UiO-66-OH nanocrystals was
further proved by the elemental mapping analysis (Fig. S4†).
Obtained from such a facile method, MOF loadings can be
easily tuned through adjusting the amounts of metal salts and
ligands. MOF loadings varying from 4.4 to 25.8 wt% were achieved for UiO-66-OH@MF-n (e.g., UiO-66-OH@MF-1, 4.4 wt%
and UiO-66-OH@MF-4, 25.8 wt%) (Table S1,† for details, see the
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Fig. 2 (a) The structures of UiO-66-X (X ¼ H, NH2, OH, Br and NO2).
(b) The SEM image of PVDF nanoparticles (Mw 5.34  105 g mol1). (c)
The SEM image of UiO-66-OH@MF-3 (inset is the zoomed-in image
of the square area in c). (d) N2 sorption curves of UiO-66-OH, UiO-66OH@MF-2 and UiO-66-OH@MF-3. (e) The z potentials for various ZrMOFs and microplastics.

Methods section). Furthermore, the PXRD patterns showed that
UiO-66-OH@MF-n displayed a crystalline structure of UiO-66OH (Fig. S5†). In particular, the MOF loading for UiO-66OH@MF-4 (25.8 wt%) had a negligible change compared with
that of UiO-66-OH@MF-3 (25.4 wt%), which implies that UiO66-OH@MF-3 almost reached the saturation point of MOF
loading. Besides, the distribution of UiO-66-OH nanocrystals on
the surface of MF skeletons showed a trend from sparse to
dense with the increase of the MOF loading (Fig. 2c and S6†).
Overall, the UiO-66-OH-modied MF retained the interpenetrated pore structure, which is highly advantageous for
further applications like microplastics removal.
Acetone is a polar solvent with small molecular size, which is
generally applied as the replaced solvent to activate the pores of
MOFs.41 The facile method that directly utilizes acetone as
a synthesis solvent can spontaneously activate the pores of the
obtained samples. To prove this, N2 sorption tests at 77 K were
conducted for the as-prepared samples to investigate their
porosity. The specic surface area (SBET) and pore volume (Vt) of
UiO-66-OH were calculated to be 527 m2 g1 and 0.34 cm3 g1,
respectively, which were consistent with the literature report
(Fig. 2d and Table S1†).42 Similar phenomena were also detected
for the Zr-MOF-based foam materials. Taking UiO-66-OH@MF2 and UiO-66-OH@MF-3 for instance, they exhibited the
retained porosity of pristine UiO-66-OH (i.e. UiO-66-OH@MF-2,
62 m2 g1, 0.022 cm3 g1 and UiO-66-OH@MF-3, 132 m2 g1,
0.043 cm3 g1) when their loadings were taken into consideration (Fig. 2d and Table S1†). The pore size distributions of UiO-
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66-OH@MF-2 and UiO-66-OH@MF-3 exhibited narrowly
distributed micropores centered at 0.80 nm, which matched
well with that of UiO-66-OH (Fig. S7†).
Flexibility and robustness are important parameters to
reect the durability and persistence of the materials in real
application scenarios.38 MF, possessing various oxygen-based
(e.g., C]O, C–O, C–N and O–C]O) and nitrogen-based (e.g.,
graphene-like, pyrrolic and pyridine-like nitrogen) functional
groups as revealed by X-ray photoelectron spectroscopy (XPS),
might provide a desirable platform for the loading of UiO-66-X
(X ¼ H, NH2, OH, Br and NO2) (Fig. S8†).43 The obtained
materials presented high robustness and their performances
were tested by tensile stress tests. In particular, their performances (including strain (3) and stress (d)) decreased gradually
with the increase in MOF loadings in the tests ((3 (%), d (MPa)):
MF (0.43, 0.071); UiO-66-OH@MF-1 (0.27, 0.11); UiO-66OH@MF-2 (0.21, 0.090); UiO-66-OH@MF-3 (0.19, 0.070) and
UiO-66-OH@MF-4 (0.17, 0.060)) (Fig. S9†). Interestingly, these
Zr-MOF-based foam materials presented comparable or even
higher performances than bare MF, suggesting that the introduction of MOF might strengthen the foam system. Despite
high robustness, these materials also showed high exibility
and durability. Taking UiO-66-OH@MF-3 for an example, it has
negligible weight loss aer bending and twisting treatment
(each for 100 times) (Fig. S10a†). Besides, it also maintained its
weight and shape aer a violent mechanical stirring test
(200 rpm, 30 min), which simulated the condition that
combines collision and pressing together (Fig. S10b†). It is
noteworthy that UiO-66-X@MF exhibited high water stability
when tested by immersing the sample in water for a certain
time. The structural integrity of UiO-66-OH@MF-3 remained
almost unchanged aer immersion in water for more than
a month, as compared with the as-synthesized structure
(Fig. S11†). The high robustness, exibility and durability of
these Zr-MOF based foam materials set a fundamental basis for
further applications.
As mentioned above, a series of Zr-MOF-based foam materials
were obtained with uniformly distributed MOF nanocrystals, and
accessible MOF porosity, which retained the strength and exibility of the bare MF, showing great promise for microplastics
removal. To assess the potential of these foam materials in
microplastics removal, it was necessary to study the potential
interaction between the foam materials and microplastics by
determining the z potentials of various MOFs and microplastics.
The z potentials of UiO-66, UiO-66-NH2, UiO-66-OH, UiO-66-Br and
UiO-66-NO2 were determined to be 23.4  3.7, 35.6  2.3, 58.6 
5.1, 42.8  4.7 and 31.7  3.6 mV, respectively (Fig. 2e).44,45 This
result was also veried by the NH3 temperature-programmed
desorption tests (NH3-TPD), in which UiO-66-OH exhibited the
largest amount of defects and highest acid amount in UiO-66-X
(Fig. S12†).46–48 Therefore, UiO-66-OH was selected as the best
example to investigate the possible inuence eﬀect on z potentials.
To study this, diﬀerent temperatures (i.e. 80, 90, 100 and 110  C)
were applied to successfully synthesize UiO-66-OH and their z
potentials were tested (Fig. S13†). Interestingly, a volcano-shaped
trend was observed (i.e. 80  C, 48.3  3.5 mV; 90  C, 50.5 
4.0 mV; 100  C 58.6  5.1 mV and 110  C, 53.1  4.0 mV), which
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could be ascribed to the diverse applied temperatures that would
result in diﬀerent amounts of exposed defects (Fig. S13b†).
Moreover, most of the microplastics are negatively charged (e.g.,
poly(vinylidene uoride) (PVDF), 18.9  2.3 mV; polystyrene
(PS), 7.5  1.2 mV and polymethylmethacrylate (PMMA),
10.5  2.7 mV; etc.) (Fig. 2e). Besides, microplastics like PVDF
have numerous –CF2– units, which might generate hydrogen
bonding in water with the functional groups in MOFs and PVDF
(e.g., the hydrogen bond energy for OH/F is 2.4 kJ mol1).49 As
mentioned above, the potential applications of these Zr-MOF
based foam materials in microplastic removal might be as
follows: (1) the uniformly distributed MOF nanoparticles with
abundant positive charges might have strong electrostatic interactions with negatively charged microplastics. (2) MOF nanoparticles with numerous functional groups or defects might
possess potential interactions like hydrogen bonds or van der
Waals interactions with microplastics. (3) The developed and
interpenetrated pore structure of MF can ensure the rapid passage
of solvent, with suﬃcient contact between the microplastics and
MOF nanoparticles. (4) The good water stability of Zr-MOFs
combined with the high strength and exibility of MF might
endow these foam materials with many advantages in the fabrication, transportation or large-quantity ltration applications.
As a proof-of-concept, we set out to investigate the simulated
microplastics removal performances of the Zr-MOF-based foam
materials. A typical ltration device was applied to lter the
microplastics (Fig. S14,† for details, see the Methods section).
Various UiO-66-X@MF were used as the lters and the PVDF
(Mw 5.34  105 g mol1) nanoparticle suspension was selected
as the simulated microplastic suspension (Fig. 2b). PVDF
nanoparticles purchased from commercial sources presented
an average diameter of 260 nm in the SEM tests (Fig. 2b). As
veried by the dynamic light scattering (DLS) tests, the PVDF
nanoparticles were uniformly dispersed in the simulated
microplastics suspension with a measured size of 273 nm,
which was consistent with the results from SEM tests
(Fig. S15†). UiO-66-X@MF exhibited high removal eﬃciency (i.e.
UiO-66@MF, 65.6  3.7%; UiO-66-NH2@MF, 75.3  2.8%; UiO66-OH@MF, 90.1  2.1%; UiO-66-Br@MF, 61.8  3.2% and
UiO-66-NO2@MF, 62.0  4.2%) as compared with bare MF (33.0
 2.6%) (Fig. 3a). UiO-66-OH@MF exhibited the highest
performance as compared with other foam materials, which
matched well with the z potentials and NH3-TPD tests as
mentioned above. Therefore, UiO-66-OH@MF with the best
removal performance was selected as the desired example to
further investigate the possible inuencing factors relevant to
the removal eﬃciency. For UiO-66-OH@MF with diﬀerent UiO66-OH loadings, the removal eﬃciency increased with the
enhancement of the UiO-66-OH loading (i.e. UiO-66-OH@MF-1,
51.7  3.3%; UiO-66-OH@MF-2, 77.8  4.2% and UiO-66OH@MF-3, 90.1  2.1%) (Fig. 3b). UiO-66-OH@MF-3 prepared
at diﬀerent temperatures, as veried by PXRD and SEM tests,
were also studied in simulated microplastics removal (Fig. S16
and S17†). In particular, UiO-66-OH@MF-3 prepared at
diﬀerent temperatures showed slightly diﬀerent removal eﬃciencies (80  C, 85.3  3.7%; 90  C, 88.2  2.8%; 100  C, 90.1 
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Fig. 3 (a) The removal eﬃciency of UiO-66-X@MF (X ¼ X ¼ H, NH2,
OH, Br and NO2). (b) The removal eﬃciency of UiO-66-OH@MF-n
(n ¼ 1–3). (c) The removal eﬃciency of UiO-66-OH@MF-3 for
diﬀerent microplastics types. (d) The removal eﬃciency of UiO-66OH@MF-3 with diﬀerent ﬁltration units. (e) The recycling performances of UiO-66-OH@MF-3-based ﬁltration groups (three units). (f)
The PXRD patterns of UiO-66-OH@MF-3 after the recycling tests.

2.1% and 110  C, 87.2  3.2%), in good agreement with the z
potential result (Fig. S13b and S18†).
The above results inspired us to explore the versatility of
these Zr-MOF based foam materials in microplastics removal.
The simulated microplastics suspension with diﬀerent types of
microplastics (including diverse species and particle sizes) and
various concentrations were investigated. UiO-66-OH@MF-3
presented higher removal performances in the removal of
various types of microplastics (i.e. PMMA, 88.2  1.7% and PS,
85.7  4.8%) as compared with that of bare MF (i.e. PMMA, 44.1
 1.4% and PS, 46.7  5.2%) (Fig. 3c). The diverse removal
performances might be ascribed to factors like the particle size
(e.g., PVDF, 260 nm; PMMA, 325 nm and PS, 183 nm) or z
potentials (e.g., PVDF, 18.9  2.3 mV; PS, 7.5  1.2 mV and
PMMA, 10.5  2.7 mV) of diﬀerent microplastics (Fig. 2e and
S19†). To further study the eﬀects of the microplastics particle
size on the removal eﬃciency, PVDF with diﬀerent Mw, possessing various particle sizes (i.e. 5.34  105 g mol1, 260 nm;
7.0  105 g mol1, 300 nm and 1.3  106 g mol1, 322 nm),
were selected as the desired examples. UiO-66-OH@MF-3
showed almost the same removal eﬃciency for microplastics
with diﬀerent particle sizes (260 nm, 90.1  2.1%; 300 nm,
90.6  1.8% and 322 nm, 89.8  1.2%), which implies that the
z potentials might play a more important role in microplastics
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removal than particle size (Fig. S19 and S20a†). In real scenarios,
the concentrations of microplastics diﬀer a lot and it is necessary
to investigate microplastics suspensions with various concentrations. The concentration of PVDF (Mw 5.34  105 g mol1) based
microplastic suspension was tuned from 0.5 to 2.0 g L1, which
was much higher than that in the natural environment, and this
served as the simulated microplastics suspension under lab
conditions.11 Aer ltration, UiO-66-OH@MF-3 showed high
removal eﬃciency for all concentrations (i.e. 0.5 g L1, 89.6 
2.8%; 1.0 g L1, 90.1  2.1% and 2.0 g L1, 88.2  3.2%), implying
the applicability of this material in complex natural conditions
with diverse microplastics concentrations (Fig. S20b†). To further
increase the removal eﬃciency, multiple ltration units can be
readily connected in series to achieve higher performance. For
example, the removal eﬃciency of UiO-66-OH@MF-3 was
enhanced accordingly with the increased number of ltration
units (one unit, 90.1  2.1%; two units, 93.4  2.7% and three
units, 95.5  1.2%) (Fig. 3d).
The superiority of these Zr-MOF-based foam materials in
microplastics removal was further supported by the contrast
experiments of other ltration materials (e.g., lter paper (20–25
mm) and microltration membrane (0.22 mm)) conducted
under similar conditions (Fig. S21†).17 The lter paper showed
a lower removal eﬃciency of 65.2  5.2% than that of UiO-66OH@MF-3 (90.1  2.1%) under similar conditions
(Fig. S21c†). The lower eﬃciency might be ascribed to the
relatively large pore size of the lter paper (20–25 mm) so
micron- or nanometer-sized microplastics were diﬃcult to
remove eﬃciently (Fig. S21a and c†). The ow rate of the solvent
for lter paper (0.15 L h1) was also slower as compared with
that of UiO-66-OH@MF (1.2 L h1) under normal pressure.
For the microltration membrane, it could not even achieve the
successful ltration of microplastics under normal pressure.
This might be attributed to the small pore sizes (0.22 mm) of
the microltration membrane, which would be easily blocked
by microplastics to terminate the ltration process (Fig. S21b
and c†). These results further revealed the advantages of the ZrMOF-based foam materials with developed and interpenetrated
pore structures in microplastics removal.
Recyclability is an important parameter for studying the
durability of these Zr-MOF-based foam materials.50 The UiO-66OH@MF-3 based ltration group (three units) with the best
performance (95.5  1.2%) was selected as the desirable platform for investigating the recycling performance. It is noteworthy that it can be reused in the repetitive removal of
microplastics with high removal eﬃciency (removal eﬃciency,
95.5  1.2% (rst run), 93.1  2.1% (third run), 94.3  3.2%
(h run), 92.2  1.2% (seventh run), and 90.7  2.3% (tenth
run)) (Fig. 3e). The structural integrity of UiO-66-OH@MF-3
remained intact aer the recycling experiments (Fig. 3f). SEM
analysis of UiO-66-OH@MF-3 aer microplastics removal tests
indicated that PVDF-based microplastics with a size of 263 nm
can be readily observed on the skeleton surface of UiO-66OH@MF-3, which implies the possible interaction between
UiO-66-OH and microplastics (Fig. S1, S19 and S22†). Moreover,
UiO-66-OH@MF-3 aer ltration exhibited a C–F stretching
peak at 1186.5 cm1 in the Fourier Transform Infrared (FT-IR)
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spectrum when compared with that of PVDF and UiO-66OH@MF-3, which further supports the existence of PVDF
microplastics (Fig. S23†). The ltered PVDF-based microplastics
in UiO-66-OH@MF-3 can be removed by washing with water
several times as proved by the SEM tests (Fig. S22c and d†). The
N2 sorption test was further carried out to evaluate the porosity
of UiO-66-OH@MF-3 aer ltration. The SBET (121 m2 g1) and
Vt (0.31 cm3 g1) were slightly decreased with similar pore size
distribution as compared with that of UiO-66-OH@MF-3 before
ltration (SBET, 132 m2 g1 and Vt, 0.34 cm3 g1), implying the
high durability of the foam material (Fig. S24†). Moreover, the
production of these Zr-MOF-based foam materials with high
recyclability could be easily scaled-up. When the reaction
conditions were expanded to ve times, the foam material (5 
5 cm2) with a larger size was successfully obtained as proved by
the PXRD test (Fig. S25a and b†). The foam material obtained
from the scale-up conditions could still maintain the high
removal eﬃciency, which holds high promise in practical
applications (Fig. S25b†).
The study of large-quantity ltration tests is essential for
practical applications. For the large-quantity ltration test, 1 L
of the PVDF-based microplastics suspension was ltered
through UiO-66-OH@MF-3-based ltration groups (three units)
under normal pressure (Fig. 4a). Aer the large-quantity ltration experiment (4 h), 85.2  5.3% removal eﬃciency was
achieved for the UiO-66-OH@MF-3-based ltration groups
(three units) (Fig. S26†). The large-quantity ltration could also
be recycled for three cycles with slightly decreased removal
eﬃciency (removal eﬃciency: 85.2  5.3% (rst run), 83.7 
4.8% (second run) and 83.9  6.4% (third run)) (Fig. S26†).
In real scenarios, most microplastics are distributed in
seawater and lots of materials like ions or organic matter can be
adsorbed on the surface of the microplastics. Therefore, the
investigation of the ltration performance under various
conditions is necessary. The stability tests of UiO-66-OH or UiO66-OH@MF-3 were rst conducted and they both exhibited
retained crystallinity like that of the pristine sample in organic

(a) Photographs of the device for large-quantity ﬁltration
testing (ﬂow rate: 0.25 L h1). (b) The photo of the automatic ﬁltration
system on the lab-scale. (c) Schematic representation of the possible
interactions between microplastics and foam materials.
Fig. 4
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solvents, acid/base or seawater conditions (Fig. S27a and S28†).
In simulated seawater conditions, the UiO-66-OH@MF-3-based
ltration groups (three units) presented a slightly decreased
removal eﬃciency (94.2  3.2%) for the removal of PVDF-based
microplastics when compared with that in water (95.5  1.2%)
(Fig. S27b†). We also conducted experiments to explore the
performances of the foam materials for microplastics systems
with the addition of organic molecules (e.g., polyethylene glycol
(PEG, 4.0  103 g mol1) and polyvinylpyrrolidone (PVP, 5.2 
104 g mol1)). We found that the performances of the foam
materials could be maintained aer the ltration of microplastics suspensions with the addition of diﬀerent organic
molecules (i.e. PEG, 89.2  1.4%; PVP, 90.3%  1.8%) when
compared with suspensions without organic molecules (90.1 
2.1%) (Fig. S29†).
Based on the high ltration eﬃciency mentioned above, an
automatic ltration system powered by the sunlight was
proposed. As shown in the schematic presentation image in
Fig. 1b, a platform system, including photovoltaic arrays, pump
and ltration groups, was oating in the sea. On sunny days, the
photovoltaic arrays will receive sunlight and transform it into
electric energy to power the pump in the sea. The pump can
draw the microplastics-contaminated seawater to pass through
the ltration groups. Aer ltration, the clean seawater will go
back into the sea. As a proof-of-concept, a simulated automatic
ltration system was designed on the lab-scale and the system
was successfully powered by the sunlight to pump water
through the ltration groups (three units) (Fig. 4b). With the
progressive development of photovoltaic materials like polysilicon and perovskites, higher sunlight-to-electricity eﬃciency
will be achieved in the future. We can envision that the automatic ltration system might be a promising alternative for
removing microplastics in real scenarios.
Based on the above-mentioned results, the advantages of the
Zr-MOF-based foam materials in microplastics removal are as
follows (Fig. 4c and S30†). Firstly, MF, with the interpenetrated
pore structure and numerous functional sites can provide the
desired platform to anchor Zr-MOFs, ensuring the fast passage
of solvent and adequate contact of the microplastics with the
skeleton (Fig. 4c and S30†). Secondly, UiO-66-X (X ¼ H, NH2,
OH, Br and NO2) with high stability are uniformly distributed
on the skeletons of MF, thus showing high contact potential for
the interaction between microplastics and MOFs. Thirdly, the
nano-sized UiO-66-X (X ¼ H, NH2, OH, Br and NO2) possessing
numerous defects are positively charged, which would show
a high aﬃnity for negatively charged microplastics (e.g., PVDF,
PS and PMMA, etc.). Fourthly, the functional groups in Zr-MOFs
provide further interactions like hydrogen bonding or van der
Waals interactions with the microplastics. Therefore, the
possible factors like the interpenetrated pore structure of MF,
the positive charges or functional groups of Zr-MOFs, and the
negative charge of microplastics were intensively investigated
and discussed, and could contribute to the high performances
of these Zr-MOF-based foam materials (Fig. 4c and S30†).
However, the microplastics in water are a complicated system,
so the Zr-MOF-based foam materials51 require tremendous
eﬀorts to take all of the potential factors into consideration to
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reveal the possible mechanism during the microplastics
removal processes.

Conclusions
In summary, a series of Zr-MOFs-based foam materials have
been facilely fabricated through a unique acetone-assisted
method. This method can be extended to various functional
Zr-MOF systems (UiO-66-X, X ¼ H, NH2, OH, Br and NO2) with
well-tuned MOF loadings. The integration of stable Zr-MOFs
with MF to give Zr-MOF-based foam materials possessing
high uniformity, robustness and durability can be applied in
eﬃcient microplastics removal that is suitable for various types
or concentrations of simulated microplastics suspensions. It is
worth noting that the best of them, UiO-66-OH@MF-3, can
eﬃciently remove microplastics with an eﬃciency of up to 95.5
 1.2% and can maintain high eﬃciency in recycling (10 cycles)
and large-quantity ltration experiments. The characteristics of
the obtained Zr-MOF-based foam materials and microplastics,
such as the interpenetrated pore structure, z potential, or
functional groups, have been intensively investigated and discussed to reveal the high eﬃciency of these Zr-MOF-based foam
materials in microplastics removal. We further briey investigated the ltration performance of these materials in simulated
seawater conditions and proposed an automatic ltration
system powered by sunlight. These powerful Zr-MOF-based
foam materials possessing high eﬃciency in microplastic
removal might provide a promising alternative to address the
microplastic problems that are getting worse year aer year.

Methods
Materials
All solvents and reagents obtained from commercial sources were
used without further purication. ZrCl4 (98%) was obtained from
Acros Chemicals. Terephthalic acid (H2BDC, 99%), 2-aminoterephthalic acid (H2BDC-NH2, 98%), 2,5-dihydroxyterephthalic
acid (H2BDC-OH 98%), 2-bromoterephthalic acid (H2BDC-Br,
98%) and nitroterephthalic acid (H2BDC-NO2, 98%) were
purchased from Aladdin Reagents. Poly(vinylidene uoride)
(PVDF, 5.34  105 g mol1) and poly(methyl methacrylate) (PMMA,
4.43  105 g mol1) were obtained from Alfa Aesar. Acetone,
ethanol and N,N-dimethylformamide (DMF) were purchased from
Sinopharm Chemical Reagent Co., Ltd., with purity >99%. PVDF
(7.0  105 and 1.3  106 g mol1), melamine foam (MF), poly(styrene) (PS, 1.92  105 g mol1) and seawater (Yellow Sea, Qingdao, China) were obtained from commercial sources.
Characterization and instruments
Powder X-ray diﬀraction (PXRD) patterns of samples were obtained using a D/max 2500 VL/PC diﬀractometer (Japan)
equipped with Cu Ka radiation (l ¼ 1.54060 Å). Field-emission
scanning electron microscopy (FESEM, S-4800) was applied to
investigate the morphology of the samples. N2 sorption tests
were measured using a Bruker D8 Advance automatic volumetric gas sorption analyzer and the samples were pretreated at
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150  C for 24 h. X-ray photoelectron spectroscopy (XPS)
measurements were performed on an American Thermo-VG
Scientic ESCALAB 250XI XPS system with Al Ka radiation as
the exciting source. The z potentials were measured by a JS94H
micro-electrophoresis apparatus. The dynamic light scattering
(DLS) was conducted via a Nanotrac Wave II (Microtrack,
Boston, MA, USA); the instrument measures particles ranging in
size from 0.8 to 6500 nm. The NH3 temperature program
desorption tests (NH3-TPD) were conducted via the pulse technique using a Micromeritics AutoChem II 2920 instrument with
TCD detection. The Fourier Transform Infrared (FT-IR) spectra
were recorded from KBr pellets in the range of 400–4000 cm1
on a Nicolet 170 SXFT-IR spectrometer.
Syntheses of UiO-66-X@MF (X ¼ H, NH2, OH, Br and NO2)
A mixture of ZrCl4 (90 mg, 0.39 mmol) and 2,5-dihydroxyterephthalic acid (77 mg, 0.39 mmol) was added to 30 mL acetone
with stirring, followed by ultrasound for 30 min. The mixed
solution and a piece of MF (thickness, 1 cm) were sealed in
a 50 mL Teon-lined stainless-steel autoclave and heated at
100  C for 24 h. Aer cooling to room temperature, the obtained
foam material was washed 3 times with acetone and ethanol
under stirring (each time for 3 h). Aer drying at 150  C for 12 h
under vacuum, UiO-66-OH@MF was obtained for further
characterization. The UiO-66-OH loading in UiO-66-OH@MF
was detected to be 25.4 wt%.
For the syntheses of UiO-66-X@MF (X ¼ H, NH2, Br and NO2),
the procedures were similar to that of UiO-66-OH@MF, except that
2,5-dihydroxyterephthalic acid (77 mg, 0.39 mmol) was replaced by
terephthalic acid (63 mg, 0.39 mmol), 2-aminoterephthalic acid
(72 mg, 0.39 mmol), 2-bromoterephthalic acid (95 mg, 0.39 mmol)
or nitroterephthalic acid (86 mg, 0.39 mmol).
For the syntheses of UiO-66-OH@MF-n with diﬀerent loadings,
the obtained UiO-66-OH@MF with 25.4 wt% loading was
dened as UiO-66-OH@MF-3. For other UiO-66-OH@MF-n (n ¼ 1,
2 and 4), various amounts of precursors following the corresponding mole ratios (the ratio of n) in comparison to UiO-66OH@MF-3 were added. Following the similar procedures, UiO66-OH@MF-n was obtained and the results of MOF loadings were
calculated (Table S1†).
The loadings of UiO-66-OH@MF-n (n ¼ 1, 2, 3 and 4) were
calculated through a simple weighing method. The masses of
the foam materials before and aer reaction were determined
and recorded as m1 (bare MF) and m2 (UiO-66-X@MF), respectively. The loading of UiO-66-OH@MF-n was calculated as
follows: loading (wt%) ¼ (m2  m1)/m1. All the loading data were
calculated at least three times to give the average.
Microplastics removal tests of UiO-66-X@MF (X ¼ H, NH2,
OH, Br and NO2)
For the preparation of a simulated microplastics suspension with
a concentration of 0.001 g mL1, 0.2 g microplastic powder was
added to a 200 mL mixture solution of H2O and ethanol (volume
ratio, 3 : 1) and ultrasonicated for 1 h to achieve a homogeneously
dispersed suspension. Because most of the microplastics (e.g.,
PVDF, PS and PMMA, etc.) easily agglomerate in water, it is

14650 | J. Mater. Chem. A, 2020, 8, 14644–14652

Paper
necessary to add a small amount of ethanol to ensure the uniform
dispersion. Taking PVDF (Mw 5.34  105 g mol1) as an example,
the PVDF nanoparticles can be uniformly dispersed in the simulated microplastic suspension with a measured size of 273 nm in
the dynamic light scattering (DLS) tests, which is consistent with
the results from SEM tests (260 nm) (Fig. 2b and S15a†). In
contrast, it is hard to uniformly disperse PVDF nanoparticles in
water, as proved by the large particle size (1352 nm) detected in the
DLS test (Fig. S15b†).
Aer the preparation of the simulated microplastics suspension, the foam materials (thickness, 1 cm) were lled in the lter
and pre-wetted (Fig. S14†). A certain amount of simulated microplastic suspension was ltered through the lter with a ow rate of
1.2 L h1 (Fig. S14†). Aer ltration, the ltered solution was
collected. For the test of removal eﬃciency, two clean beakers
(numbered A and B, 50 mL) with detected quality (mA1, mB1) were
lled with 20 mL of simulated microplastic suspension and
ltered solution, respectively. The beakers with solutions were
transferred to an oven and dried at 140  C for 6 h. During the
heating process, the beakers were covered with watch glasses to
avoid pollution. Aer cooling to room temperature, the weights of
the beakers were calculated to be mA2 and mB2. The concentration
of the simulated microplastic suspension (C1) was calculated C1 ¼
(mA2  mA1)/V. Similarly, the concentration of the ltered solution
(C2) was calculated as C2 ¼ (mB2  mB1)/V. The ltration eﬃciency
(FE) was calculated as FE ¼ [(C1  C2)/C1]  100%. For the
microplastics removal experiment in simulated seawater (obtained
from a commercial source, Yellow Sea, Qingdao, China), the
procedures were the same as that in water. In the tests, more than
three groups of concentration data were collected in a single
experiment to give the average result. All the ltration tests were
conducted in triplicate.
The large-quantity ltration and recycle experiments
For the large-quantity ltration, 1 L PVDF (Mw 5.34  105 g mol1)
based simulated microplastics suspension (0.001 g mL1) was
ltered through three connected ltration units (UiO-66-OH@MF3 inside) (Fig. 4a). Aer 4 h, the ltered solution was collected to
detect the concentration and calculate the ltration eﬃciency. For
the recycling experiments, UiO-66-OH@MF-3-based three connected ltration units were applied to repetitively lter 20 mL
PVDF (Mw 5.34  105 g mol1) based simulated microplastics
suspension (0.001 g mL1) for 10 cycles. Aer ltration, UiO-66OH@MF-3 was washed 3 times with water under stirring (every
time for 3 h) and dried at 150  C for 12 h under vacuum. Aer
drying, the recycled sample was directly used in the next cycling
experiment. For large-quantity ltration and recycling experiments, all the ltration tests were conducted in triplicate to give
the average data.
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