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A B S T R A C T   

Leakage of industrial oil and organic solvents seriously harms environment and ecology yet demanding highly 
efficient and durable materials for oil–water separations. In this work, ultra-light and highly flexible poly-
urethane (PU) sponges were engineered to 3D oil–water separators by coating the dysprosium metal organic 
framework (Dy-MOF) onto the surfaces of the PU frames. Through a facile impregnation, the Dy-MOF was 
attached to the full frames of the sponges. Consequently, liquid contact surfaces were extended from these on top 
layers to the whole rack. Superhydrophobicity with water contact angles up to 152.08◦ and lipophilicity enable 
continuous separations of dichloromethane from water through the resulted Dy-MOF@PU sponges in a contin-
uous mode. The modified sponges own high gravimetric absorption capacities for oil and organic solvents, and 
high resistances to temperature variations, corrosive solutions, and mechanical abrasions, thanks to the well- 
connected and stable superhydrophobic/supportive interfaces. An efficient separation was successfully piloted 
for oily wastewater consisting of water-in-oil emulsions stabilized by surfactants, demonstrating the potential of 
practical water treatment of Dy-MOF@PU in complex environments. Mechanism leading to superior oil–water 
separation capability was studied and inferred as the combined effects of the physical and chemical properties 
arisen from the stable Dy-MOF and flexible but porous matrix.   

1. Introduction 

Spills of oil and organic solvents follow the industrialization but 
constantly pose serious dangers to ecosystems and human health [1]. 
These organic liquids easily mix and flow with water, thus easily 
pervade various waterbodies. Therefore, it is essential to develop reli-
able and efficient oil–water separation technologies to restore water-
bodies subjected to threats of the oil spills. A set of treatments has gone 
through logical material designs, and seen in chemical treatments [2], 
bioremediations [3], and other physical methods [4,5]. From the prac-
tical point of view, a proper membrane with a hydrophobic/oleophilic 
surface has been considered as a promising medium for the oil–water 
separation [6]. To reach such a medium, one of the most popular 
methods is to decorate nanoparticles and low surface energy materials to 
various permissive substrates (e.g., woven fabrics and metal mesh) 
[7,8]. As a result, liquids with different wettability will either get 
through or be blocked by the surface when contacting these decorations. 

The oil–water separation is substantially affected by the durability, 

quality, and effective surfaces of the separating media. Typically, in the 
process of oil–water separation, membranes are easily polluted, and the 
pores blocked by oil. As a result, liquid permeability is decreased. When 
subjected to external frictions, the absorbates are easily peeled off due to 
rather weak adhesivity between the nanoparticles and the top layers of 
the membranes [9]. Adopting bulk materials to form membrane hier-
archies is an alternative path to the surface engineering where only top 
layer functionally acts. Therein, the oil–water mixture contact surfaces 
are extended to various layers. As a result, the separation efficiency are 
substantially enhanced [10]. Following this design concept, commercial 
polyurethane (PU) sponges with porous 3D structures may be a good set 
of matrices due to their lightweight, high porosity, good elasticity, low 
materials cost, and large adsorption capacity [11]. However, the pristine 
bulky materials are hardly equipped with both hydrophobicity and 
lipophilicity, yet requiring additional treatments to realize separations 
of polar fluid and water [12]. For example, when the PU sponge surface 
was modified by graphene, a good oil absorption capacity can be real-
ized along with high temperature stability and anticorrosive properties 
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[13]. Zaidi et al. used micro/nanoscale reduced graphene oxide-coated 
polyurethane sponge and cotton for effective oil–water separation 
[14]. Based on above studies, hydrophilic and lipophilic 3D sponge may 
be realized via proper decorations of nanomaterials to simultaneously fit 
lipophilicity and hydrophobicity for effective oil–water separation. 

A key group of decorating candidates is the metal organic framework 
(MOF). Due to its porous structure and adjustable characteristic, MOF 
has been widely used in the fields of gas storage, catalysis, and drug 
delivery [15]. They also appear in the wastewater separation domains 
because of these characteristics. Lanthanide metal–organic skeleton 
materials (Ln-MOFs), which inherit the unique structural flexibility and 
tunable pore size of MOFs, have been investigated in the fields of 
chemical sensors [15], fluorescence [16], and photocatalysis [17]. It is 
worth noting though the Ln-MOF has been reported for tuning wetta-
bility on surfaces [18], placing them onto three-dimensional bulk ma-
terials remains unknown in oil–water separation, especially when facing 
sophisticated systems such as water–oil emulsion. In fact, in such an 
immiscible fluid mixture of emulsion, very stable but small droplets (d 
< 20 μm) exist and disassembly of different liquids is almost impossible 
via one-step separation [19]. In addition, although the oil–water sepa-
ration capabilities of MOFs have been described in several works, the 
MOFs used to decorate hydrophobic surfaces remain in limited mor-
phologies. Arvind Raj et al. successfully utilized Sr-MOF in oil–water 
separation but the impacts from synthesis methods and morphologies on 
the functionality were not given [20]. Shi et al. dipped Zr-MOF onto a 
melamine sponge for a similar purpose where only one morphology of 
the MOF was presented [16]. Indeed, the morphology of the MOF is a 
typical result from synthetic conditions. Thus, it is worthy to figure out 
connections between preparation conditions and the MOF morphology, 
and study its impact on the oil–water separation capability. 

Along with unique materials properties mentioned above, a clean-
tech for the oil–water separation demands high separation speed and 
versatility in complex environment. Loading the Ln-MOF with varied 
morphologies onto the low-cost PU sponge can fit materials re-
quirements, while a continuous separation system should be able to 
filter out oils from water beyond conventional sedimentations of the 
liquid mixture. Placing the decorated sponge into a pumping system may 
be a possible solution and deserves a systematic investigation. 

In this work, we successfully synthesized dysprosium-organic 
framework (Dy-MOF) with varied morphologies, decorated the PU 
sponge with the as-prepared Dy-MOF, and applied the decorated PU 
(Dy-MOF@PU) for effective oil–water separations under complex con-
ditions and in a continuous pumping system. Surface morphology and 
wettability of the sponge were thoroughly characterized. Results show 
that the durable separation composites can be realized even by using the 
MOF prepared at room temperature. The Dy-MOF@PU with large 
adsorption capacities are capable in separations of various oils and 
organic solvents from water, maintain efficient separation abilities even 
for water–oil emulsion, and can be potentially used in practical oil–-
water separation in industrial scales. 

2. Experimental 

2.1. Materials 

1,3,5-benzenetricarboxylic acid (H3BTC, 98 %), 1H,1H,2H,2H-Per-
fluorooctyltrimethoxysilane (PFOOTS, 97 %), Span 80 were purchased 
from Shanghai McLean Biochemical Technology Co., Ltd, and dyspro-
sium nitrate hexahydrate (Dy(NO3)3⋅6H2O, 99 %) from Jinan Henghua 
Technology Co., Ltd. n-Hexane (AR), Dichloromethane (AR), Castor oil, 
Emulsifier OP-10 both were obtained from Tianjin Kemiou Chemical 
Reagent Co., Ltd. Other oil products were purchased in the local market. 

2.2. Synthetic procedure 

A uniform solution A was obtained by adding 2.160 g of Dy 

(NO3)3⋅6H2O solution to 15 mL ethanol–water (v:v = 1:1) after stirring 
at room temperature for 30 min. Solution B was the uniform solution 
after stirring the mixture of 1.051 g of 1,3,5-benzocarboxylic acid so-
lution to 15 mL ethanol–water (v:v = 2:1) at room temperature for 30 
min. Under magnetic stirring, solution A was dripped into solution B 
slowly and stirred for 30 min. The yielded solution was placed at room 
temperature for 1 h, heated at 80 ◦C for 3 h in the stainless steel water 
bath, and sealed in a 30 mL Teflon lined stainless steel autoclave at 
100 ◦C, 160 ◦C, 190 ◦C for 24 h, respectively. The reaction products were 
washed with ethanol and deionized water to remove impurities until 
they were cleaned. Finally, the products were dried at 70 ◦C for 12 h and 
named as Dy-MOF, RT, and WB represent the products of room- 
temperature synthesis and water bath synthesis, and the x in HT-x rep-
resents the hydrothermal reaction temperature for labelling purposes. 

Before combining with the Dy-MOF, the original PU sponge was cut 
into 1 × 1 × 1 cm3 for further treatment. Then they were washed with 
ethanol, deionized water, and dried to remove impurities. 

Preparation of Dy-MOF@PU sponge is schematically shown in 
Scheme 1. Firstly, the original PU sponge was immersed in the mixture 
of PFOOTS and n-hexane (volume ratio = 1:100) and squeezed inside of 
the liquid mixture. The same operation was repeated three times and the 
PU sponge obtained was named as F@PU. The F@PU was obtained after 
drying the cubes at room temperature, 90 ◦C, and 120 ◦C for 1 h. The 
F@PU sponges were then immersed in the Dy-MOF/deionized water 
suspension (0.005, 0.010, 0.015, 0.020, 0.025 g/mL) 3 times to load Dy- 
MOF particles. After being dried at room temperature, 90 ◦C for 1 h and 
120 ◦C for 4 h, the Dy-MOF@PU were obtained. 

2.3. Characterization 

A Brook D8 X-ray diffractometer (XRD) was employed to determine 
the crystal structure and phase composition of the materials. The 
diffractometer was operated with a Cu Kα radiation source (λ =
0.154056 nm), target voltage 40 kV, target current of 40 mA, and a 
scanning range of 5 to 50◦. A JEOL JSM-6710LV scanning electron mi-
croscope (SEM) was used to observe the morphology of the sample at a 
test voltage of 20 kV. The FT-IR data were recorded on a Nicolet 6700 
FT-IR spectrometer. To measure the contact angle with the PT-705A 
optical contact angle measuring instrument of Prosett Co., ltd., it is 
necessary to take the average value of at least 3 different measurement 
positions to determine the size of the contact angle. Photographs before 
and after emulsified oil separation were taken using an optical micro-
scope (CKX41, OLYMPUS, Japan). The surface chemical state of the 
samples was analyzed on an ESCALAB Model 250Xi X-ray Photoelectron 
Spectroscopy (XPS) from the Thermoelectric. A Netzsch STA 449C 
analyzer (TGA) was used to test the thermogravimetry of the samples at 
a heating rate of 20 ◦C /min. 

2.4. Oil absorption performance evaluation 

Oil absorption capacity test: The Dy-MOF@PU sponges were 
employed to absorb different sorts of greases and hydrocarbons, 
including castor oil, colza oil, energy oil, dichloromethane, n-hexane, 
ethyl acetate, ethylene glycol, toluene, acetone, and isopropyl. The ab-
sorption capacity is defined as. 

K = (Msaturation − Minitial)/Minitial. Here M initial is the initial mass and M 
saturation the ultimate mass after saturated oil absorption. 

Oil-water separation cycle experiment: The sponge was inserted at 
the neck of the long-necked funnel to fix the position of the sponge. 15 
mL water (staining by methylene blue) and 15 mL dichloromethane 
(staining by Sudan III) were poured into the funnel. A dwell time was set 
to 10 min to observe whether water flew through the funnel after all the 
oil-phased liquid dropped down. After that, the remaining water in the 
funnel was taken out and volumes of water and dichloromethane were 
recorded. The separation efficiency is defined as 
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η = (Vinitial − Vafter)/Vinitial × 100%  

3. Results and discussion 

3.1. Characterization of Dy-MOF nanoparticles 

The crystal structure of Dy-MOF was examined by powder X-ray 
diffraction. Fig. 1 shows that the measured peaks from 5 to 50◦ were in 
good agreement with the simulated ones, and there were no additional 
peaks. The XRD diffraction peaks of the products synthesized at low 
temperature were matched well with those of the simulated La-BTC 
(C9H15LaO12) (CCDC No. 290771) [21,22], as shown at the bottom of 
Fig. 1a. However, when the temperature of the synthesized system was 
higher than 80 ◦C, the XRD can be indexed to MIL-78 (CCDC No. 
1109360) [21,23]. In fact, isomorphism easily occurred in the coordi-
nation process of homologous lanthanide metal complexes which are 
referred at the simulated cards of the same group of lanthanide 

metal–organic frameworks. The peak of the synthesized sample was 
narrow and strong without impurity peak, indicating high crystallinity 
and purity of the as-prepared samples. Dy-MOF prepared at low tem-
perature can be ascribed to monoclinic crystal system [24]. When the 
mixture was treated at high temperature after a certain time, the 
amorphous metal complexes on the surface were rearranged to form 
MIL-78 crystal species due to π–π interactions and electrostatic repulsive 
forces between adjacent charged complex molecules [25–27]. 

To evaluate the stability of Dy-MOF, thermogravimetric analysis 
(TGA) was carried out. The first weight loss of Dy-RT from room tem-
perature to 150 ◦C was approximately 25 %, which was attributed to the 
evaporation of the water adsorbed in Dy-RT (Fig. 1b). The second mass 
loss occurred after 480 ◦C and the sample mass stable after 600 ◦C (~44 
% mass loss), which was attributed to the collapse of the BTC ligand 
skeleton. In contrast, the sample from the MIL-78 crystalline phase had 
only one weight loss process throughout the heating process, occurring 
after 460 ◦C, with a mass loss of approximately 50 %. The mass loss in 

Scheme 1. The schematic diagram of Dy-MOF@PU sponge preparation.  

Fig. 1. (a) XRD, (b) TGA, (c) XPS of full spectrum, (d) XPS of Dy 3d.  
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this part, like Dy-RT, is due to the collapse of the BTC skeleton. It seems 
clear that the temperature plays an important role in the synthesis of 
MOF. 

The XPS spectra illustrated in Fig. 1c contain signals characteristic 
peaks for that can be attributed to the electronic transitions in Dy 3d, O 
1 s and C 1 s. The Dy 3d scans are presented in Fig. 1d. The two peaks at 
1297.4 eV and 1335.3 eV in the XPS spectrum of Dy-RT and Dy-HT-160 
can be assigned to Dy3+ 3d5/2 and Dy3+ 3d3/2, which is consistent with 
literature reports [28]. 

SEM images are used to assess the morphology of Dy-MOF particles. 
As shown in Fig. 2, the Dy-MOF prepared at room temperature was 
smooth and long, with a width of ~ 0.5 μm and a length ~ 3 μm. Both 
WB and HT-100 have sheet structure. After being prepared at higher 
temperatures, the Dy-MOF shape became irregular. For instance, at 160 
◦C, the sample is composed of rods with 5 μm diameter and blocks of 
different lengths. At 190 ◦C, both microsphere and rectangular blocks 
turned out. The blocks can further be visualized as stacked nanoflakes 
rather than smooth and uniform holistic particles. The H3BTC ligand 
owns flexible coordination mode at low temperature. It easily combines 
with the high coordination number of Dy ions to reach a rod-like 
structure in a short time [24]. After being heated, rearrangement oc-
curs by strong chemical chelation of amorphous metal complexes 
formed on the surface of crystalline species [27]. The sheet structure 
appeared at 80–100 ◦C. At 160–190 ◦C, the sheets were stacked into 3D 
blocks. Temperature plays a leading role in the morphology of the 
sample during the reaction. Most of the modified sponge substrates can 
basically achieve the superhydrophobic contact angle predicted by the 
Cassie model. By adjusting the micro/nanoscale structure and chemical 
composition of the substrate surface, various bionic surfaces with special 
wettability can be obtained [29]. From the synthesized samples, it can 
be found that the stick-shaped samples are more advantageous when 
adhered to the sponge after dispersion for manufacturing Cassie model 
rough surfaces. 

FT-IR was used to identify absorption bands of functional groups 
within different samples, and the spectra were shown in Fig. 3. It can be 
observed that the absorption positions of functional groups of the sam-
ples synthesized at different temperatures were almost the same. The 
stretching vibration of BTC was related to the peaks between 1300 cm− 1 

and 1700 cm− 1, and the absorption peak at 3401 cm− 1 is indexed to the 
stretching vibration of O–H of remained water molecules in the sample. 
The absorption peak at 3071 cm− 1 was attributed to the C–H stretching 

vibration of unsaturated carbon on the benzene ring, and 500 cm− 1 

–700 cm− 1 was allocated to Dy-O stretching [30]. 

3.2. Characterization of Dy-MOF@PU sponge 

Fig. 4 shows the SEM images of the original and decorated PU sponge 
with Dy-MOF prepared at room temperature (Dy-RT@PU). The pore size 
of original PU is about 200 μm, and the sponge frame is smooth and flat 
in Fig. 4a, and b. In Fig. 4c and d, the sponges were uniformly decorated 
with the Dy-RT particles after being merged to solutions with deposit 
concentrations of 0.0050 g/mL and 0.015 g/mL respectively. Compared 
with the original PU sponge, the coated one has a roughened surface and 
frame decorated with micro/nanoparticle. These features provide a 
possibility to realize the hydrophobic properties of the sponge. As the 
concentration increases, more Dy-RT adheres to the sponge skeleton, but 
there was tiny impact on the porous structure of the PU sponge [31]. The 
FT-IR spectrum was also recorded for the modified sponge (Fig. S1). A 
combination of peaks of the PU and Dy-RT was found as a result of 

Fig. 2. SEM of (a) Dy-RT, (b) Dy-WB, (c) Dy-HT-100, (d) Dy-HT-160, (e) Dy-HT-190.  

Fig. 3. FT-IR of different reaction temperature samples.  
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Fig. 4. SEM of (a-b) original PU, (c) 0.0050 g/mL Dy-RT, (d) 0.015 g/mL Dy-RT.  

Fig. 5. (a) Water contact angles of PU sponge before and after coatings, (b) Water contact angles of Dy-MOF@PU with Dy-MOF synthesized by different methods, (c) 
Water contact angles of Dy-RT samples at different deposition concentrations, (d) Visualized images of contacts before and after sponge modification. 
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decoration of the MOF to the sponge matrix. 

3.3. Hydrophobic performance test 

3.3.1. Wettability of Dy-MOF @PU sponge 
The composition and structure of the sponge substantially influence 

mechanical properties and wettability. As shown in Fig. 5a, we inves-
tigated the aqueous wet abilities of original PU, F@PU, and Dy-RT@PU 
sponges (0.015 g/mL). Compared with the original PU sponge with a 
relatively smooth shape and water contact angle (WCA) close to 
123.00◦, the WCA of PU sponge increases to 133.16◦ after being coated 
with the PFOOTS (F/PU), showing good hydrophobicity. The Dy- 
RT@PU sponge owns a large contact angle of 152.08◦ exhibiting a 
superhydrophobic behavior. This can be ascribed to the nanorod or tube 
morphology of the Dy-MOF and hydrophobic alkyl chains of PFOOTS 
molecules. In Fig. 5b, the WCA values of the samples WB and HT-100 
(thin sheet structures) are 150.61◦ and 151.52◦, lower than these of 
another three samples. Contact angles of decorated sponge with Dy-HT- 
160 and Dy-HT-190 are very high, as much as 152.11◦ and 152.62◦. 
Although the samples prepared at different temperatures vary in mor-
phologies, they all can lead to superhydrophobic PU sponges after 
decoration. Based on the synthesis cost and the environment of the re-
action process, the synthesis conditions are the easiest at room tem-
perature, and no additional energy consumption of heating is needed 
during reaction. Thus, subsequent experiments will be carried out with 
Dy-RT to analyze the effect of different concentrations of Dy-MOF 
loading on the hydrophobicity of the sponge. Modified by PFOOTS, 
the hydrophobicity of the sponge can be improved. With the increase of 

amount of Dy-MOF loading, the WCA of sponge water shows the optimal 
concentration (Fig. 5c). 

Fig. 5d visualizes the wettability of the decorated and original PU 
sponge. Aqueous crystalline violet water and dichloromethane (Sudan 
III stain) were dropped on the top and sides of the sponges. Both original 
PU and F@PU sponges absorb part of the water droplets. In contrast, 
water droplets on the top surface of the Dy-RT@PU sponge were uni-
formly spherical. For the sides of Dy-RT@PU sponge, water droplets 
rebound quickly due to the superhydrophobic surface. All sponges well 
absorb the organic dichloromethane. The water sliding angle decreased 
from greater than 10◦ on the original PU and F@PU to 8◦ on the Dy- 
RT@PU sponge (Fig. S2). The wet abilities against oil and water 
denote possible applications of the Dy-MOF modified in oil–water sep-
aration. It is worth noting that the number of Dy-MOF loadings onto the 
F@PU also affects water contact angles (WCAs) as shown in Fig. S3. 
However, 3 times of loadings are sufficient to reach super-
hydrophobicity and thus used in the latter works. 

3.3.2. Elimination of oil spills in water and oil absorption capacity with Dy- 
RT@PU sponge 

The lipophilicity of the original and modified sponges was assessed, 
and results were depicted in Fig. 6. Light oil and heavy oil were repre-
sented by castor oil and dichloromethane, and both were dyed with 
Sudan III. Dy-RT@PU sponge can quickly absorb the dichloromethane in 
the water without absorbing water after being immersed in the water- 
dichloromethane mixture, as shown in Fig. S5a. When facing the 
castor oil with a lighter density than water, the Dy-RT@PU sponge also 
only absorbed the oil on the surface, and no water stained with 

Fig. 6. (a) Absorption capacity of Dy-RT@PU sponge for various oils/organic solvents, (b) Dy-RT@PU sponge for 7 adsorption cycles, (c) The linear relationship 
between absorbed oil and density. 
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methylene blue was found after pressing (Fig. S5b). The adsorbed oil can 
be collected by mechanical squeezing. 

We further quantify the absorption capacities of Dy-RT@PU sponge 
towards different oils. Castor oil, colza oil, energy oil, dichloromethane, 
n-hexane, ethyl acetate, ethylene glycol, toluene, acetone, and isopropyl 
were used in the adsorption tests. From Fig. 6a, the modified sponge can 
absorb 14–49 times weight of its own, showing good oil adsorption 
capacity. In the absorption cycle tests (Fig. 6b), the oil absorption ca-
pacities keep constant after the first 2 cycles. This may be because the 
lipophilicity of the sponge and the high viscosity of the oil make it 
difficult to remove the oil remains on the sponges. Interestingly, the 
adsorption amount K has an almost linear relationship with the oil 
density, and the dispersion index is 0.12, indicating that the sponge has 
similar absorption volumes for different oils, and the reason for the 
lighter dispersion maybe the difference in viscosity (Fig. 6c). 

3.3.3. Oil-water separation 
The oil–water separation is performed on the Dy-RT@PU sponge 

with the targeted mixture of 15 mL of water (dyed by methylene blue) 
and dichloromethane (stained by Sudan III). Results were shown in 
Fig. 7. Due to the density differences, the dichloromethane sank quickly 
and was absorbed by the sponge, and the water was repelled by the 
sponge. The oil and water were separated. When the separation was 
complete, the top layer of water was extracted. After being held still for 
10 min, no blue liquid (water) was visible in the dichloromethane, and 
no red color in the water either (Fig. 7a and Video. S1). The water 
separation rate was over 99 %, and the loss of dichloromethane was 
mainly due to slight adsorption on the sponge. 

The cyclic tests of oil–water separation were performed. As shown in 
Fig. 7b and c, the separation efficiency of the filtrate did not decrease 
significantly after the oil–water mixture of dichloromethane/water in 

different conditions and separated three times. The water separation 
rate after each cycle was 99 %. Clearly, oil and water separation effi-
ciencies are stable, regardless the pH value of mixture and temperature. 
We further made the cyclic tests of the mixture at 0 ◦C. No decreases of 
the efficiency can be observed after 7 cycles of separation (Fig. 7d). From 
these results, the Dy-RT@PU sponge is very promising in practical 
oil–water separation even in the harsh environment. 

Aiming at the high efficiency of the above-mentioned sponge circu-
lation oil–water separation, a dynamic oil–water continuous pumping 
experiment was designed and piloted for possible practices. One end of 
the tube was blocked with a superhydrophobic sponge, and then the 
pump outlet tube was connected to the collection device (right beaker). 
After turning on the pumping system, the tube clogged with the super-
hydrophobic sponge was immersed into the turbid solution of 
dichloromethane/water (dichloromethane was stained with Sudan III, 
and water was stained with methylene blue). The superhydrophobic 
sponge can continuously collect dichloromethane (Video. S2). The 
methane smoothly flows along the pipe through the pump to the 
collection device (the beaker on the right), leaving only clear water in 
the beaker where the oil–water mixture was originally stored. Different 
from oil-water separations driven by gravity [32], such a continuous oil 
removal system can effectively avoid the adsorption saturation problem 
of general adsorbent materials. This is significant for solving oil pollu-
tion problems in the large-scale water body (such as offshore oil 
spillages). 

3.3.4. Demulsification capacity of Dy-RT@PU 
Handling water-in-oil emulsions stabilized with surfactants is more 

challenging than simple mixtures of the water and organics due to the 
particle sizes (<20 μm) and good stability of emulsified oils. To deal 
with incompatible water–oil (W/O) emulsions, castor oil of viscous 

Fig. 7. (a) Screenshot of oil–water separation, (b-c) Separation efficiency of water and oil in different environments, (d) Circulating oil–water separation efficiency.  
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multi-component composition was used as the simulated pollutant. The 
ratio of oil (castor oil) to water was 100:1 (v:v) and the amount of 
emulsifier OP-10 was 1 %. In the self-designed separation device with 
the Dy-RT@PU filter (Fig. 8a), the sponge was compressed on the neck of 
the funnel. The turbid emulsified oil was then poured into the funnel. 
Under the action of gravity, the oil and water were well separated. Due 
to the lipophilic nature of sponges, the emulsified oil was demulsified 
when passing through the sponge. Water was retained in the upper layer 
and clear oil was obtained through bottom of the sponge. Observation 
through the optical microscope shows that the emulsified oil before 
separation contains water droplets at the size of less than 10 μm 
(Fig. 8b). The droplets vanish after separation in Fig. 8c, indicating that 
the emulsified oil was successfully separated. To visualize the separation 
mechanism using Dy-RT@PU sponge for emulsified oil, a schematic 
vision is shown in Fig. 8d. Briefly, the pore sizes became smaller after 
squeezing the Dy-RT@PU sponge at the neck of the funnel. The shrunk 
pores thus block the oil droplets with the typical diameters d < 20 μm 
[19]. However, due to the size screening ability and the lipophilic nature 
of the sponge, oil droplets continue to pass through the sponge under 
gravity and squeezing. Emulsion is thus broken. Since the whole process 
is completed under gravity, it cannot achieve rapid demulsification for 
emulsified castor oil with high viscosity which can easily block the flow 
channel. 

3.3.5. Stability tests of Dy-RT@PU 
The Dy-RT@PU is further subjected to stringent tests under various 

harsh conditions. In tests towards temperature, water droplets of 0, 20, 
40, 60, 80, and 100 ◦C were placed on the surface and the WCAs were 
measured. The sponge remains superhydrophobic with the WCA 
constantly more than 150◦ as seen from Fig. 9a. The anti-icing test was 
also performed. To simulate the condition of contacting supercooled 

water droplets (known as freezing rain), the Dy-RT@PU sponges were 
dropped on the supercooled (-20 ◦C) surface with 0 ◦C water after 
freezing 2, 4, 6, 8, 10, and 12 h. All sponges exhibit excellent hydro-
phobic properties after undergoing different freezing times. The Dy- 
RT@PU sponge has good resistance to water vapor and droplet 
freezing at low temperatures (Fig. 9b). Mechanical stamping cyclic tests 
were carried out on Dy-RT@PU sponge by pressing the sponge many 
times. The hydrophobicity of the sponge maintains and WCA remains 
more than 150◦ after 20, 40, 60, 80, and 100 times as shown in (Fig. 9c). 
Similarly, the contact angles are kept high at ~ 155◦ after placing the 
sponge outdoor for 1, 2, 3, 4, and 5 days as depicted in Fig. 9d. The 
sponge keeps the similar wettability in a long run, e.g., after 150 days in 
ambient (Fig. 9e) The results show that the Dy-RT@PU sponge is ther-
mally, mechanically, and environmentally stable. 

The sponge was further tested for water flow impact and anti- 
abrasion. 10 mL of water was poured vertically on the surface of the 
sponge at different heights of 3, 5, 7, 9, 11, and 13 cm. The water 
bounces off the surface of the sponge and flows downwards due to the 
superhydrophobic surface (Fig. 9f). Different from rather soft original 
PU sponge, the coated Dy-RT@PU well resists mechanical damage and 
abrasion. As shown in Video. S3, although a slight powder came off after 
being scratched by a knife, the water droplets marked with methylene 
blue still rolled off the sponge surface easily, indicating the retain of 
superhydrophobicity. The Dy-RT@PU sponge sample was rubbed face 
down on sandpaper. Video. S4 shows that the sponge surface is damaged 
by multiple abrasive rubbing still superhydrophobic. Knife scratching 
and sandpaper abrasion do not ruin the main structure of the Dy-RT@PU 
sponge. 

3.3.6. Stability of the Dy-RT@PU sponge in acidic, basic, and salt solutions 
Superhydrophobic materials lose their superhydrophobicity under 

Fig. 8. (a) Setup for water-packaging water-emulsion separation, (b-c) Digital photos of the water-in-oil emulsion before and after separation, (d) Diagram of 
possible demulsification mechanism of oil droplets on sponge. 
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Fig. 9. (a) Hydrophobicity of sponges at different temperatures, (b) Stability of sponge at − 20 ◦C, (c) Mechanical stability of sponge, (d) Sponges are affected by the 
natural environment outdoors, (e) Long-term stability of sponges in air, (f) Water shock stability of sponge. 

Fig. 10. (a) The sponge was immersed in 3.5 wt% NaCl form15 days, (b) Photographs of sponges immersed in aqueous solutions of different pH (2, 7, 12) for 15 days.  
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harsh environments including corrosive salt solutions and strong acid 
and alkali solutions. To elucidate the durability of the Dy-RT@PU 
sponge during use, we measured the WCA under different environ-
mental conditions. The Dy-RT@PU sponge still floats over 3.5 wt% NaCl 
salty water after 15 days with negligibly changed WCAs as shown in 
Fig. 10a. Similar phenomena were also observed when changing the 
aqueous conditions with pH = 1, 3, 5, 7, 9, 11, 13. The results show little 
changes in WCA for all sponges as given by Fig. S4. The sponges floated 
on the liquid surfaces even after a half month duration shown in 
Fig. 10b, along with oil–water separations through the Dy-MOF@PU in 
the time frame of minutes. 

3.4. Discussions 

We further discuss possible mechanistic originalities of the oil–water 
separation capability of the present systems from the properties of ma-
trix, MOF, and the surface impacts. Different from single-layer meshes 
[32,33], the PU sponge can be visualized as the stacked meshes with 
interconnecting pores. The PU sponge is both hydrophilic and oleophilic 
itself, mainly due to the large amount of micropores within the bulk. 
This physical property enables direct contacts between the sponge and 
liquids with a large surface area. After decorated by the nanomaterials 
which change surface energy, the 3D sponge owns multiplied active 
surfaces to expel or absorb liquids, leading to substantial enhancements 
of the oil–water separation capability. The wettability can also be kept 
even the top layers are ruined but the inner layers start to be functional 
as shown in the abrasion tests (Fig. 9). 

From the adsorbate side, the Dy-MOF owns several merits which 
facilitate the oil–water separations in complex conditions. First, it has 
nanorod morphologies which are widely seen as the hydrophobic 
structures synthetically [34] and naturally occurring [35]. Air bubbles 
can be easily formed among the rods/tubes and preventing further 
wetting from the water, and satisfying the Cassie model. The MOF is 
stable under acidic and basic conditions. Due to high-valent Dy ions and 
carboxylate-based ligands [36], the Dy-MOF is intrinsically stable for 
acidic stability [37]. In addition, the mixture of PFOOTS and n-hexane 
additives folded the surfaces of the Dy-MOF and alleviated the in-
teractions between organic ligands by hydroxide ions. As a result, the 

stably floating sponges were observed in Fig. 10. after a period. 
The MOF is well sticked to the PU sponge as shown in Fig. 2. This 

could be that the PFOOTS modification induces better adhesion of the 
Dy-MOF coating to the sponge skeleton. Not only does this result in a 
relatively rough surface, but also grafting of long-chain alkyl fluorine 
functional groups on the surface, thus altering the wettability of the 
porous composite surface. Finally, the joint effects between the MOF and 
sponge endow superior oil–water separation abilities. The decorated 
sponge can be well stretched or squeezed. It can be easily connected to 
the tube or vessel. In the continuous pumping scheme shown in Video. 
S2, the 3 surfaces of the Dy-MOF@PU were actively contacting the 
liquid mixture, and liquid separations are through the whole bulk. Thus, 
the flexible PU 3D-matrix is a superior candidate over the rigid grids or 
mashes for the pumping system in the continuous separation mode. In 
addition, thanks to the flexibility of the sponge, the pore sizes of the 
sponge are tuned, and the spaces between the MOF rods (or densities of 
the MOF coated surfaces) are adjusted. Consequentially, emulsion 
droplets were broken and separated from the water (Fig. 8). 

The present materials separation capability is compared with these 
published in literature. Table. 1 summarizes utilizations of MOFs in the 
field of hydrophobicity. The MOFs materials were mainly used to form 
2D film materials in this field. Few works also reported on decorations of 
MOF onto 3D sponges. Nevertheless, the Ln-MOF with a simple 1,3,5- 
benzocarboxylic acid as ligand has not been seen. Indeed, the Dy-RT- 
MOF@PU here has shown excellent performance among peers, as 
demonstrated by oil–water separations from incompatible mixtures of 
oil and water, emulsified oil, and piloted in a continuous oil–water 
separation system. 

4. Conclusions 

In summary, we have developed the superhydrophobic/super-
lipophilic Dy-MOF@PU sponge composite for efficient oil–water sepa-
ration, even under very harsh conditions. The modified sponge owns 
excellent oil absorption properties for light oil and heavy oil, at a large 
rate of 14–49 g/g compared to its own weight. In addition, it was 
possible to construct a simple oil–water separation system by intro-
ducing a peristaltic pump, achieving continuous separation of oil–water 

Table 1 
Recent progresses on supperwetting MOFs materials for oil–water-emulsion separation.  

Substrate Dimension Modification 
material 

Method Special wettability Oil-water 
separation 
efficiency 

Emulsified oil Consecutive 
collection 

References 

Hydrogel 
membrane 

2D Ni-Fe MOF- 
HNTs 

immersion Superhydrophilic/ 
underwater 
superoleophobic 

99.2 % petroleum 
ether 

X [38] 

PVDF 
membrane 

2D TTN and ZIF8 in situ assembling Superhydrophilic/ 
underwater 
superoleophobic  

hexadecane, 
pump oil, 
soybean oil, 
motor oil 

X [39] 

tainless steel 
mesh 

2D Cu/UiO-66 hydrothermal Superhydrophilic/ 
underwater 
superoleophobic   

X [40] 

copper foam 3D HKUST-1 MOFs template 
sacrificial 

superhydrophobicity 
superoleophilicity 

99.7 %  X [41] 

cotton fabrics 2D SH-UiO-66 in-situ synthesis superhydrophobicity 
superoleophilicity 

96.0 %  X [42] 

Melamine 
sponge 

3D HPU-13 vapor deposition Hydrophobic/ oleophilic 95.0 %  ✔ [43] 

carbon sponge 3D MIL-100(Fe) deposition Hydrophobic/ oleophilic   ✔ [44] 
melamine 

sponge 
3D MOF-5 dip-coating Superhydrophobic 

superoleophilicty 
98.0 %  ✔ [45] 

copper mesh 2D ZIF-67 electrodeposition Hydrophobic/ oleophilic 98.0 %  X [46] 
stainless steel 

mesh 
2D MOF-303 hydrothermal Superhydrophilic/ 

underwater 
superoleophobic 

99.3 % cyclohexane X [47] 

polyurethane 
sponge 

3D Dy-MOF sedimentation superhydrophobicity 
superoleophilicity 

99.0 % castor oil ✔ This work  
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mixture separation. Dy-MOF@PU composite material has excellent 
structural stability under different acid-base solutions, super-
hydrophobicity on the surface (large water CA > 150◦), chemical and 
abrasion resistance, and shows stable superhydrophobic/super-
lipophilic. Thus, the interface can be used to treat oily wastewater in 
harsh environments. The new three-dimensional porous sponge samples 
can effectively process stable water-in-oil emulsions. The mechanism of 
superior separation capability was discussed and inferred to the joint 
properties of the MOF material and the sponge matrix. It is hoped that 
the present work will inspire production and utilizations of the eco-
nomic, highly efficient, and stable oil–water separating materials and 
technology in actual oil–water separation applications. 
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