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ultrafast water remediation†
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In the field of water remediation, a 3D hydrophobic material with both remote controllability and high oil

adsorption performance is highly desirable. To achieve it, magnetic components and microstructures are

most likely involved. However, the simple enrolling of magnetic materials always results in quite low

adsorption capacity. Additionally, the control of microstructures on 3D materials is immature, which

limits the improvement of water/oil selectivity and oil adsorption speed. Herein, we devised 0D/2D

hybrid dimensional magnetic microstructures with a well-defined morphology on melamine foams,

which provided magnetism for remote controllability and highly rough surfaces for substantially

enhanced water/oil selectivity. Hence, the resultant materials acquired magnetic-driven properties and

superhydrophobicity/superoleophilicity simultaneously. Thus, they possess controllable, ultrafast, and

high throughput oil uptake ability and high oil/water separation performance. The present strategy may

open a new avenue to devise high-performance magnetic 3D assemblies for water remediation.
Introduction

Due to the increasingly aggravated water pollution around the
world, the study on water remediation, such as oil/water sepa-
ration and selective oil uptake is becoming more and more
important.1,2 In the last few years, three-dimensional (3D)
hydrophobic/oleophilic materials (3D-HOMs) have appeared as
rising stars in water remediation, for their promising use in
both oil uptake and water/oil separation with high processing
capacity.3–5 A series of 3D substrates based on carbon nano-
materials,6–12 microporous sponges,13,14 commercial foams or
sponges, and metal foams1,2,15–18 have been fabricated, which
showed high oil adsorption capacity up to 1000 times and
excellent oil/water separation performance. Very recently, the
elaborate design of microstructures on 3D substrates has also
been considered in a few cases,3,5,19 further promoting the
performance of water remediation by improving the water/oil
selectivity.
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On the other hand, to facilitate the handling of 3D-HOMs
during the water purication process and collection aer use, it
is desirable to impart remote controllability to materials. For
this purpose, one feasible way is to integrate magnetic compo-
nents in 3D-HOMs. In recent years, several studies have
demonstrated magnetism integration in 3D networks to
produce magnetic-driven sorbents.20–28 For example, Gui et al.22

fabricated magnetic carbon nanotube (CNT) based sponges by
in situ lling magnetic Fe nanowires into the inner cavity of
CNTs during the chemical vapor deposition process, where the
magnetic components were permanently integrated, thus
ensuring excellent recyclability of the resultant materials.
However, the magnetism integration and oil adsorption
performance of these materials oen showed a tradeoff effect.
For most of the studies, the magnetic components are simply
enrolled for magnetism integration, which is at the expense of
density increase of original materials thus reducing the
adsorption capacity.7 Actually, on average, the maximum oil
adsorption capacity of the magnetic 3D-HOMs is only about 30
times the weight gain, far less than that of conventional 3D-
HOMs (typically over 100 times the weight gain). A few studies
have been devoted to solve this problem by fabricating low-
density materials.21,27 For example, Chen et al.21 prepared
ultralight foams (density < 5 mg cm�3) by pyrolyzing metal
graed polyurethane foams, thus achieving an oil adsorption
capacity of over 100 times the weight gain. In another work,
Kong et al.27 fabricated iron oxide networks by devising unique
hierarchical macroporous/mesoporous structures, which
greatly reduced the density of resultant materials thus obtain-
ing a high adsorption capacity of over 150 times the weight gain.
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) Illustration of the synthetic strategy and the corresponding
digital photos of the material in each step. (b) The demonstration of
hierarchical structures of MM-RSF.
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However, more facile synthetic routes, higher oil/water selec-
tivity, and better water remediation performance are still
needed to be met for practical use. Therefore, it is highly
desirable and challenging to fabricate 3D-HOMs that simulta-
neously possess remote controllability and high processing
capacity in water remediation.

The elaborate engineering of the microstructures on 3D
substrates can serve as a feasible way to solve the above prob-
lems. From the fundamental mechanism, the oil/water selec-
tivity could be signicantly improved by introducing suitable
microstructures, which are capable of enhancing the surface
roughness thus amplifying the intrinsic wettability of materials
towards both water and oil.29 In this way, the original 3D-HOMs
could be transformed into superhydrophobic/superoleophilic
materials by imparting appropriate microstructures, thus
increasing the water/oil selectivity. Additionally, the increase of
the surface roughness can also induce increased Laplace pres-
sure, thereby accelerating the oil adsorption and promoting the
adsorption capacity. However, the control of non-magnetic
microstructures on 3D materials is still immature, let alone the
ne engineering of magnetic microstructures on 3D substrates.

On this basis, we assumed that engineering magnetic mate-
rials into appropriate microstructures on 3D substrates subtly
may provide a new way to solve the above problem by simulta-
neously providing magnetism for remote control and micro-
structures for enhancing the oil/water selectivity. Herein, we
fabricated unique 0D/2D hybrid dimensional magnetic micro-
structures with well-dened morphology, i.e. cobalt-based 2D
micrometre-size sheets composed of zero-dimensional (0D)
nanometre-size particles on commercial melamine foams (MF),
via the combination of controlled precipitation of cobalt(II) ions
and reductive annealing. The theoretical calculations showed
that these hybrid-dimensional microstructures can dramatically
enhance the surface roughness (Rf) up to 6.29, since the
apparent Rf is determined by the multiplication of the surface
roughness of each dimension, i.e. Rf(Rf1, Rf2) ¼ Rf1 � Rf2. Thus,
the water/oil selectivity can be greatly enhanced. Aer a simple
vapor deposition process assisted by polydimethylsiloxane
(PDMS), a hybrid-dimensional magnetic microstructure based
foam with both remote controllability and superhydrophobicity/
superoleophilicity (MM-RSF) was obtained. Together with
mechanical exibility inherited from original melamine foam,
the resultant material exhibited not only ultrafast selective oil
uptake with high capacity (60–160 times of its weight), good
recyclability and magnetic-driven properties, but also excellent
oil/water separation performance with an efficiency >99%.

Results and discussion
Synthesis and basic characterization

The synthetic route is illustrated in Fig. 1a, including (1)
cobalt(II) hydroxide loading by controlled precipitation of
cobalt(II) acetate, (2) reductive annealing, and (3) PDMS vapor
deposition. By this method, the micrometre-sized cobalt(II)
hydroxide 2D sheets were introduced rst on MF surfaces in
step (1) to produce Co(OH)2 loaded foam (MF-C), providing the
primary microstructures on MF. Then the 2D cobalt(II)
This journal is © The Royal Society of Chemistry 2016
hydroxide sheets were transformed to magnetic cobalt nano-
particles in step (2), accounting for magnetism integration and
further enhancement of the surface roughness (the resultant
magnetic melamine foam is denoted as MMF). Finally, in step
(3), the MMF was coated with a low-energy PDMS layer to
acquire intrinsic chemical hydrophobicity, thus obtaining
superhydrophobic magnetic melamine foam (MM-RSF). As
shown in Fig. 1b, the MM-RSF showed two-level structures, i.e.
several tens of micrometre-sized porous surface (the rst-order
structure) provided by original foams and the hierarchical
micro/nano-sized structure (the second-order structure)
provided by nanoparticle composed cobalt sheets. In this
design, functional microstructures (the second-order structure)
are naturally introduced to impart dual functions to materials,
i.e. providing high surface roughness for amplication of the
intrinsic wettability and integrating magnetism for remote
controllability. In combination with low-energy PDMS coating,
the resultant MM-RSF simultaneously acquired super-
hydrophobicity and magnetism.

As shown in Fig. 2a–d and S1,† the morphology evolution
during the MM-RSF preparation was revealed by scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM). The pristine MF exhibited interconnected macro-
porous structures with the pore sizes of several tens of
micrometres. However, the surface of MF is plain on the
magnied scale. Aer the loading process in step (1), MF
surfaces were entirely covered by 2D vertically aligned cobalt(II)
hydroxide micrometre-sized sheets. Both magnied SEM and
TEM images (Fig. 2c & S1c†) of cobalt(II) hydroxide sheets
showed very smooth surfaces. The formation of such smooth
sheets can be attributed to the controlled precipitation of
cobalt(II) acetate enabled by epichlorohydrin, where the latter
can serve as a relatively inert proton scavenger thus releasing
OH� in a controllable manner.30,31 In this way, the Co(OH)2 can
slowly develop in a near-equilibrium state, nally forming
regular shapes. Additionally, the slow loading process is also
crucial to realize complete diffusion inside the foam thereby
generating uniform microstructures throughout the whole 3D
networks. In contrast, the rapid precipitation process induced
by a strong base (potassium hydroxide) not only resulted in
uncontrollable rough surfaces (Fig. S2†), but also was unable to
achieve uniform loading on 3D substrates.
J. Mater. Chem. A, 2016, 4, 938–943 | 939
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Fig. 3 The static contact angle of (a) water and (b) toluene on MM-
RSF. (c) On-water and (d) under-water sorption of organic solvents by
MM-RSF, respectively. For on-water sorption, a magnet was used to
control the motion of MM-RSF. (e) The snapshots of the water droplet
rolling process onMM-RSF (the substrate was tilted by 3�). (f) The time-
dependent sorption behaviour of MM-RSF towards acetone (red) and
water (blue). (g) The sorption capacity of MM-RSF towards different
organic solvents and oils. (h) The sorption capacity retention of MM-
RSF after regeneration by directly heating.

Fig. 2 SEM images and TEM images of (a) and (c) MMF and (b) and (d)
MM-RSF, respectively. Insets in (c) and (d) are the corresponding SAED
patterns. (e) The powder XRD patterns of loading matter on MF-C and
MMF. In (e), h represents hcp cobalt while f represents fcc cobalt.
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Aer reductive annealing, the cobalt(II) hydroxide was con-
verted to ferromagnetic cobalt, which can be veried by selected
area electron diffraction (SAED) and powder X-ray diffraction
(XRD) (Fig. 2c–e).32,33 By both thermogravimetric (TG) and
inductively coupled plasma atomic emission spectrometry (ICP-
AES) analysis, the loading amount of cobalt was determined to
be �20 wt%. Interestingly, accompanied by a chemical reduc-
tion process under “dry” conditions, the 2D sheets (several
millimetres) were converted to the 0D nanoparticles (several tens
of nanometres) without collapse, resulting in the nal hierar-
chical 0D/2D micro/nanostructure with much more enhanced
roughness than that of the sole sheet structure. Additionally, the
cobalt particles can also impart great magnetism in MF because
of their intrinsic high magnetism. Actually, the saturation
magnetization of bulk Co (�162 emu g�1)34 is much higher than
that of nickel (�58 emu g�1)35 and spinel ferrite Fe3O4 (92 emu
g�1).36 As a result, the as-obtained MMF exhibited a quite high
saturation magnetization of �49.2 emu g�1.

Finally, PDMS was coated on the MMF via a facile vapor
deposition process7,37 for 15 minutes at 235 �C, during which
a conformal layer following the original morphology of MMF
was formed (Fig. S1e and f†). It should be noted that although
the as-prepared cobalt on MMF is not stable in air at elevated
temperatures, the simultaneously deposited PDMS layer can
effectively prevent cobalt from deterioration. As evidenced from
XRD (Fig. S4†), the cobalt showed considerable oxidation (the
appearance of peaks of Co3O4 and CoO) aer heating alone
while minimal oxidation by co-heating with PDMS. In this way,
both the magnetism and the hierarchical micro/nanostructures
of cobalt are preserved aer PDMS modication, enabling
resultant MM-RSF to simultaneously possess super-
hydrophobicity and adequate magnetism. Notably, even aer
metal loading and PDMS coating, the resultant MM-RSF still
possesses a low density of �13.9 mg cm�3, comparable to that
of nitrogen-doped carbon nanotube aerogels (13.4 mg cm�3)8

and spongy graphene (12 � 5 mg cm�3),38 and much lighter
than porous polymer aerogels (�30–60 mg cm�3),13,14 which was
expected to possess good performance in oil uptake.

Superhydrophobicity of MM-RSF

The hydrophobic properties of resultant materials were rst
characterized by static water contact angle measurements
940 | J. Mater. Chem. A, 2016, 4, 938–943
(Fig. 3a and S5†). The MM-RSF possessed a much higher water
contact angle (157.8�) than PDMS-coated pristine MF (135.2�)
and many other 3D hydrophobic materials without elaborate
microstructure engineering. The remarkable super-
hydrophobicity can be attributed to the high surface roughness
provided by the elaborately devised hierarchical 0D/2D micro/
nanostructure. This was further conrmed by the theoretical
analysis. As shown in Fig. S6,† for such a hierarchical structure,
a multiplication rule was adapted to the surface roughness
calculation; thus a considerably high roughness of �6.29 was
obtained. Thereby, the hydrophobicity was remarkably ampli-
ed by this highly rough surface. At the same time, super-
oleophilicity was also acquired in MM-RSF, evidenced from an
oil contact angle of 0� (Fig. 3b).

Additionally, the superhydrophobicity of MM-RSF can also
be reected by its low water sliding angle (�9�), fast water
rolling process on the surface, and signicant water repellency
during washing (Fig. 3e, Movie S1†). Moreover, the water
droplet can experience two bounces on the surface during the
water impact experiment (Fig. S7 and S8†), suggesting remark-
able water repellency among so substrates.39 Apart from
superhydrophobicity, MM-RSF also inherits excellent magne-
tism from MMF (Fig. S9†), facilitating remote handling. In fact,
MM-RSF can even freely rotate when triggered by using
a normal magnetic stirrer (Movie S2†). Notably, both the
superhydrophobicity and magnetism of the MM-RSF can be
well retained aer treatment in either a high temperature
(200 �C in air) or low temperature (�196 �C in liquid nitrogen)
environment (Fig. S10†), enabling its applications under harsh
conditions.
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 (a) The analysis of the Cassie-to-Wenzel state transition with
increasing height of the water column. (b) The demonstration and
force analysis of water and oil droplets during the separation process.
In (a) and (b), FL refers to the Laplace pressure induced by the substrate,
Fp refers to the experienced static pressure of the target droplet, andG
refers to the gravity of the target droplet. (c) The digital photos of the
oil/water separation process by using MM-RSF as the filter.
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Water remediation

Oil adsorption. Bearing both remote controllability and
remarkable superhydrophobicity/superoleophilicity, MM-RSF
can serve as one of the ideal candidates for water remediation.
As shown in Fig. 3b and c, due to ultrahigh water/oil selectivity,
MM-RSF can be directly used as an adsorbent for rapid and
selective oil removal either on water or under water driven by
a magnet. Notably, because of the synergistic effect of fast mass
transportation provided by the rst-order macroporous struc-
tures of MF and much enhanced Laplace pressure provided by
hierarchical second-order micro/nanostructures, the oil drop-
lets could quickly wet the surface of MM-RSF and then freely
transport in the internal 3D networks. In this way, the MM-RSF
can not only exhibit an ultrafast oil uptake behaviour (Movie
S3†), but also allow the full use of the pores inside the foam. As
shown in Fig. 3f, saturated adsorption can be achieved within 1
s, which is much faster than that of microporous polymer aer-
ogels (over 1 min) and magnetic polyurethane foams (�6 s).14,20

The adsorption capacity of MM-RSF towards a series of organic
solvents and oils was measured, showing a weight gain of 60–
160 times (Fig. 3g), which is higher than that of a wide range of
polymer sponges or aerogels (13–143 times),2,13,14,21,23,40 although
the value is still lower than that of expensive carbon nanotube
sponges (80–180 times) and some carbon nanotubes or gra-
phene based aerogels (up to 1000 times).6,7,10,12 Additionally, the
adsorption capacity of MM-RSF stands out among those of most
reported magnetic sponges.20–24 The high adsorption capacity
can be attributed to the enhanced Laplace pressure induced by
the elaborately fabricated microstructures, from which the oil
was forced to penetrate into the foam rapidly thus enabling the
full utilization of the pores inside 3D networks. Moreover,
thanks to the excellent mechanical exibility inherited fromMF
(Fig. S11†), the MM-RSF can be regenerated by either direct
heating in air at 100 �C or squeezing aer oil uptake with a good
capacity retention (Fig. 3h & S12†), enabling its recycling use.

Oil/water separation. Apart from the selective oil adsorption,
the MM-RSF can also serve as the lter for oil/water separation
(Fig. 4). Compared with 2D superhydrophobic substrates or 3D
hard substrates (e.g. hydrophobic copper foams4,5), the MM-RSF
can not only provide a long owing path to improve the sepa-
ration efficiency and capacity, but also facilitate easy handling
and performance enhancing. The high separation performance
of MM-RSF can be explained from the mechanism during the
oil/water separation process. When water was dropped on the
lter, it was blocked by the Laplace pressure (FL) generated from
the superhydrophobic surface of MM-RSF (Fig. 4a). If there is
only one water droplet on MM-RSF (just like the case for water
contact angle measurements), the gravity of droplet (G) can be
balanced by the FL. With increasing water column, the same
water droplet will experience increased static pressure (Fp)
generated by other water droplets above it (the direction is the
same as G), which forced the droplet to wet the substrate thus
causing Wenzel-to-Cassie state transition.41 Since the substrate
cannot provide the sufficient FL to balance G + Fp, the water
droplet will penetrate the top surface and move to the next
surface below it. The lter will nally lose the separation ability
This journal is © The Royal Society of Chemistry 2016
when all surfaces are wetted by the water. For the 2D lter, the
small thickness means fewer available surfaces to resist the
water penetration, thus lowering the separation capacity. For
the 3D lter, there are many replaceable and interconnected
superhydrophobic surfaces beneath the top one. Hence, to
completely penetrate the whole substrate, a very high Fp (i.e.
intrusion pressure Fi) is required. This means that the 3D
substrate can support a much higher water column than the
thin 2D substrate, enabling its large processing capacity.

On the other hand, considering the state of oil during the
separation process (Fig. 4b), the direction of FL is in opposition
to G because of the superoleophilicity of the substrate, thus
causing rapid penetration of oil. Aer the substrate is
completely wetted by the oil, the original PDMS coating will be
replaced by the oil layer, which can also repel the water because
of its immiscibility (this can be evidenced from the high water
contact angle of MM-RSF under the oil, see Fig. S13†). In this
way, within the intrusion pressure, the oil can be selectively
separated from the water. As shown in Fig. 4c, the oil/water
mixture (hexane was used to represent oil) can be easily sepa-
rated by using MM-RSF as the lter, and a separation ratio
higher than 99% was obtained using our previously reported
method.5,14 More importantly, due to the mechanical exibility
of MM-RSF, the separation capacity and efficiency can be easily
improved by stacking several MM-RSFs together as the lter.
Conclusions

In summary, by elaborately devising and fabricating hybrid-
dimensional magnetic microstructures on 3D substrates,
a remote controllable and superhydrophobic/superoleophilic
melamine foam was facilely prepared. By the combination of
controlled precipitation and reductive annealing, a unique 0D/
2D hybrid-dimensional cobalt-based microstructure was fabri-
cated on the 3D porous melamine foam, providing both
J. Mater. Chem. A, 2016, 4, 938–943 | 941
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substantially high surface roughness for enhanced oil/water
selectivity and magnetic properties for remote controllability. It
should be noted that the elaborately devised hybrid-dimen-
sional microstructures can sharply enhance the apparent
surface roughness, because the Rf is determined by the multi-
plication of surface roughness contributed by each dimension.
In the next step, the conformal coating of the hydrophobic
PDMS layer generated the MM-RSF that simultaneously enjoyed
superhydrophobicity/superoleophilicity and considerable
magnetic properties, which showed great potential in both
ultrafast, magnetic-driven, and recyclable oil uptake (60–160
times the weight gain) and highly efficient oil/water separation
(separation ratio > 99%). The presented method may open
a new door for intentionally devising high-surface-roughness
magnetic 3D substrates and fabricating high-performance,
remote controllable 3D-HOM for water remediation.
Experimental
General

All reagents, such as cobalt acetate tetrahydrate and epichlo-
rohydrin were purchased from commercial suppliers (Alfa-
Aesar, TCI or Aladdin Chemistry Co., Ltd.) and used without
further purication. The melamine foams were obtained from
SINOYQX. Thermogravimetric analysis (TGA) was conducted by
using a Q600 STD with a heating rate of 10 K min�1 in air or
nitrogen. Inductively coupled plasma atomic emission spec-
trometry (ICP-AES) analysis was conducted using Prodigy7 to
determine the cobalt element. Mechanical tests were carried out
by using a model 3342 Instron Universal Testing Machine
equipped with two at-surface compression plates and a 100 N
load cell. The top plate travelled at a speed of 5 mm min�1 for
the normal compressible stress–strain test, and 50 mm min�1

for loading–unloading cycles. Contact angle measurements
were directly conducted on the aerogel at room temperature.
The data were collected by using OCA20 (Dataphysics). More
than ve positions were measured per sample to obtain a mean
contact angle. The advancing and receding contact angles were
measured by using dispensing and retracting water at a rate of
�1.0 ml s�1. The water impact experiment is conducted by
dropping a water droplet (�6 ml) from a �4 cm height, and then
the snapshots were taken by using a high-speed camera (�403
fpm). The impact velocity is calculated to be �88.5 cm s�1.
Preparation of MM-RSF

The melamine foam (MF) was rst dropped into the cobalt
acetate tetrahydrate aqueous (0.1 M) containing epichlorohy-
drin (10 vol%) and heated at 50 �C for �24 hours. Then the
sample was washed with water and frozen at �18 �C in
a refrigerator for at least 12 hours before freeze drying for 24
hours, giving rise to cobalt(II) hydroxide loaded melamine foam
(MF-C). Then, the dried sample was transferred into a quartz
tube and annealed at 350 �C for 1 h under a ow of Ar/H2 of 300/
50 (sccm), thus producing cobalt-loaded magnetic melamine
foam (MMF). The resultant MMF was further modied by pol-
ydimethylsiloxane (PDMS) vapor deposition. In short, MMF was
942 | J. Mater. Chem. A, 2016, 4, 938–943
co-heated with PDMS at 235 �C for 15 minutes in a sealed
container, thus creating superhydrophobic and magnetic
melamine foam (MM-RSF).

Electron microscopy

Scanning electron microscopy (SEM) was performed on a Hita-
chi S-4800 eld-emission-gun scanning electron microscope
(FE-SEM). Transmission electron microscopy (HRTEM) analysis
was carried out by using a Tecnai T20 at 200 kV. The micro-
structures loaded on the MF were transferred to the ethanol
solution by sonication for long hours. Then the samples were
prepared by dropping the ethanol dispersion onto carbon
coated copper grids and drying at ambient temperature.

Oil uptake measurements

Typically, a piece of MM-RSF (ca. 2mg) was dropped into organic
solvent or oil for several hours to achieve complete adsorption
equilibrium. Then the weight gain (%) was calculated by

qm ¼ 100 � (m � m0)/m0

wherem0 andm represent the mass of MM-RSF before and aer
adsorption, respectively. The regeneration of MM-RSF was
achieved by either heating at �100 �C for several minutes or
squeezing using tweezers.

Oil/water separation

A piece of MM-RSF (thickness � 4 mm) was used as the lter
and assembled into a separation device as in our previous
report. In brief, MM-RSF was sandwiched between two hollow
glass-made cylinders with a clamp. The oil/water mixture was
prepared by mixing the hexane and deionized water (dyed by
using xylenol orange) together. For measurement, the oil/water
mixture (50 ml, o/w: 4/1) was directly dropped on the separator
from the beaker. When the mixed solution went through the
separator, the water was selectively blocked while the hexane
could easily go through, thus achieving separation.
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