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A B S T R A C T   

A surge of effort has been devoted to establishing super-wetting membranes with versatility for oily waste water 
purification. However, persistent challenge remains the lower separation flux. Moreover, the majorities of cat
alysts are only adsorbed on the surface and easily fall off after multiple cyclic separations. In this work, an 
effective strategy has been taken to construct a composite membrane consisting of polyacrylic acid functionalized 
carbon nanotubes (CNTs-PAA) and MIL101(Fe)@platinum nanoparticles (MIL101(Fe)@Pt NPs). The obtained 
CNTs-PAA/MIL101(Fe)@Pt composite membrane can achieve degradation of dye molecules and at the same time 
effective separation of oil-in-water emulsions. The separation throughput of this composite membrane can reach 
up to 11000 L m− 2 h-1 bar-1, which has exceeded most of the previous reported multifunctional separation 
membranes. Furthermore, this composite membrane has presented stable mechanical property and excellent 
anti-corrosion ability. This work gives comprehensive consideration to excellent separation performance, 
versatility and stability, which could have potential applications in practical oily wastewater treatment.   

1. Introduction 

The purification of oily wastewater has become a significant topic 
owing to the frequent oil spill incidents and the ever-increasing demand 
for environmental protection (Wang et al., 2015a; Ge et al., 2016; Li 
et al., 2018a; Zhang et al., 2018a). Inspired by nature, super-wetting 
materials have become the most promising candidates to address these 
problems since Feng and co-workers have firstly designed a super
hydrophobic mesh for oil/water mixture separation (Feng et al., 2004). 
Afterwards, various materials are merged in endlessly. Generally 
speaking, these materials can be categorized into four groups, super
hydrophobic/superoleophilic materials, such as particles (Song et al., 
2018; Zhu et al., 2014; Wang et al., 2015b; Duan et al., 2015), spon
ges/foam (Wang et al., 2018a; Wang et al., 2019), fabrics (Wang et al., 

2020a; Zhang et al., 2018b), membranes (Cao et al., 2019; Wang et al., 
2020b) and meshes (Wang et al., 2015c; Li et al., 2016a; Zhang et al., 
2019a), superhydrophilic/superoleophobic materials (Gao et al., 2015; 
Liu et al., 2018; Liu et al., 2015), Janus materials (Hu et al., 2015; Yang 
et al., 2019; An et al., 2018), and smart materials with switchable 
wettability through adjusting external stimuli (Liu et al., 2017; Fu et al., 
2017; Dutta et al., 2017). Membrane with special surface wettability is 
considered to be one of the most potential materials for oily wastewater 
purification on large-scale due to its convenient separation equipment 
and low-energy consumption (Chen et al., 2017). Numerous separation 
membranes, such as poly () membrane (Wei et al., 2018), polytetra
fluoroethylene membrane (Meng et al., 2018; Gupta et al., 2017) and 
polydimethylsiloxane membrane (Zhang et al., 2017), have been 
constantly designed. Carbon nanotubes (CNTs) have gained enormous 
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attentions owing to their remarkable physical and chemical properties, 
including high porosity and outstanding adsorption ability (Mi et al., 
2017). In previous work, we have prepared a series of superhydrophobic 
polymer functionalized CNTs-based membranes with outstanding abil
ity of separating water-in-oil emulsions (Gu et al., 2014a; Gu et al., 
2015) and oil-in-water emulsions (Gu et al., 2014b). These membranes 
can separation oil/water emulsions at micro- or nano- scales but cannot 
remove soluble organic pollutants. Despite these progresses, the sepa
rated water phase is not suitable to discharge into the circulating water 
system even after several cycles of treatment. Therefore, a separation 
membrane material with versatility to effectively realize oily waste
water treatment is highly anticipated. 

Catalytic degradation is regarded as the most practicable means to 
realize the elimination of water-soluble pollutions (Wang et al., 2016). 
Combining appropriate photocatalyst with super-wetting membranes 
can realize simultaneously the separation of oil-in-water emulsions and 
the decomposition of water-soluble organic contaminants (Li et al., 
2016b). Liu et al. have prepared an Au-loaded porous (Au@ZIF-8@
PAN-TD) membrane through an electro-spinning and surface 

modification strategy (Zhang et al., 2019b). This composite membrane 
can achieve efficient emulsion separation and in situ catalytic degra
dation of 4-nitrophenol. Yan et al. have reported a PVDF/TA/β-FeOOH 
composite membrane, which has displayed good separation efficiency 
for dyes (~ 99.1 %) and high flux (~2106.2 L m− 2 h− 1 bar− 1) for 
oil-in-water emulsions (Xie et al., 2019). We have fabricated a series of 
CNT-based membrane through free radical polymerization and subse
quently composite nanoparticles loaded (Zhang et al., 2016a; Yan et al., 
2019). These membranes can purify oil-in-water emulsions with the flux 
as high as 3500 L m− 2 h-1 bar-1 and catalytic degrade organic pollutants 
when the water permeated through the tortuous channels. Despite these 
progresses, the longer total distance has reduced the separation flux of 
these membranes (Shi et al., 2013). In addition, these nanoparticles are 
only adsorbed on the surface of these membranes and easily fall off after 
multiple cyclic separations. Therefore, it is urgent to construct mem
brane with short separation pathway and stable structure to endow it 
with excellent separation performance. 

Metal-organic frameworks (MOFs), as an outstanding photo catalyst, 
have drawn increasing attention owing to their extensive potential in 

Fig. 1. Schematic illustration of the (A) construction of the MIL101(Fe)@Pt NPs for catalytic degradation of dyes pollutants, (B) the preparation process of 
superhydrophilic and underwater superoleophobic CNTs-PAA membrane for the separation of oil-in-water emulsion, and (C) the assemble of the CNTs-PAA/MIL101 
(Fe)@Pt composite membrane for catalytic degradation of dye molecules and meanwhile separation of oil-in-water emulsion. 
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water body restoration benefiting from their high specific surface areas, 
abundant metal/organic species, large pore volumes and extraordinary 
tenability of structures as well as compositions (Fang et al., 2019). 
Interesting studies have been attempted to employ MOFs for photo
catalytic degradation of several organic dyes. Fe-based metal organic 
frameworks, such as MIL101(Fe), have generated numerous attentions 
due to their environmental friendliness, cost effective and photo 
responsive feature. Zhao et al. have obtained a composite with 
hetero-structure consisting of graphitic-carbon nitride (g-C3N4) and 
MIL101(Fe) (Gong et al., 2018). The g-C3N4/MIL101(Fe) composite can 
dramatically improve the photo catalytic degradation performance of 
g-C3N4 for bisphenol A attributed to the well-matched band structure 
between g-C3N4 and MIL01(Fe). Zhang et al. have constructed a MIL101 
(Fe)@Pt@MIL101(Fe) composite with Pt NPs ebbing between the inner 
core and the outer shell of MIL101(Fe), resulting in stable catalysts for 
converting a range of α, β-unsaturated aldehydes with high efficiency 
and with significantly enhancing selectivity towards unsaturated alco
hols (Zhang et al., 2016b). 

Herein, we have fabricated a composite membrane consisting 
superhydrophilic/underwater superoleophobic polyacrylic acid func
tionalized carbon nanotubes (CNTs-PAA) and MIL101(Fe)@platinum 
nanoparticles (MIL101(Fe)@Pt NPs). The procedure for fabricating the 
CNTs-PAA/MIL101(Fe)@Pt composite membrane was schematically 
illustrated in Fig. 1. Firstly, MIL101(Fe) NPs with octahedral shape were 
encapsulated densely with Pt NPs (Fig. 1A). Secondly, hydrophilic PAA 
was grafted onto the surface of CNTs via free radical polymerization and 
afterward vacuum-assisted filtration to form a CNTs-PAA network 
membrane with superhydrophilicity/underwater superoleophobicity 
(Fig. 1B). Lastly, the MIL101(Fe)@Pt NPs were stably embedded into the 
CNTs-PAA membrane to form a catalytic layer via the electrostatic 
interaction (Wang et al., 2018b) (Fig. 1C). The obtained 
CNTs-PAA/MIL101(Fe)@Pt composite membrane can separate various 
oil-in-water emulsions with flux as high as 11,000 L m− 2 h-1 bar-1 and 
realize catalytic degradation of dye pollutants. Furthermore, it has 
shown stable mechanical property and excellent anti-corrosion ability. 
In view of the outstanding comprehensive performance of this com
posite membrane, this work will widen the scope of CNTs-based mem
branes for wastewater purification. 

2. Experimental 

2.1. Materials 

Carboxylated carbon nanotubes (CNTs, 5~20 μm length and 8~30 
nm diameter, ~2.0 wt% − COOH) were obtained from Chengdu Organic 
Chemistry Co., Ltd. CNTs were rinsed thoroughly with anhydrous 
ethanol and consecutively dried in a stream of nitrogen before use. 
Acrylic acid (AA, purity>99 %) and benzoyl peroxide (BPO) were got 
from Sigma-Aldrich (Shanghai) Co., Ltd. Polyvinyl pyrrolidone (PVP, 
55,000 g/mol) and iron chloride hexahydrate (FeCl36•H2O) were pro
vided by Sigma-Aldrich (Shanghai) Co., Ltd. N, N-dimethylformamide 
(DMF) and 1, 4-benzenedicarboxylic acid (H2BDC) were obtained from 
Aladdin (Shanghai) Co., Ltd. Chloroplatinic acid (H2PtCl6), sodium 
borohydride (NaBH4) and methylene blue (MB, 98 wt%) were purchased 
from Alfa Aesar China (Tianjin) Co., Ltd. Other chemicals were provided 
by Sinopharm Chemical Reagent Co., Ltd. Polyvinylidene fluoride 
(PVDF) substance was got from Millipore Industrial & Lab Chemicals 
(aperture ~0.45 μm). 

2.2. Preparation of CNTs-PAA composite membrane 

CNTs-PAA composite membrane was fabricated according to the 
previous reported work (Zhang et al., 2016a, 2016b). 0.15 g of CNTs was 
dispersed into 100 mL of acetone. After stirring for 20 min at 25 ◦C, 3.5 g 
of AA was added under nitrogen environment and then stirring for 30 
min. 0.065 g of BPO was added to initiate polymerization, which was 

maintained at 75 ℃ for 8 h. The PAA grafted CNTs (CNTs-PAA) mem
brane was got by filtration on the PVDF membrane and washed by ethyl 
acetate and deionized water alternately to remove residual AA. The 
CNTs-PAA membrane was dried at 40 ℃ for 20 h. 

2.3. Preparation of Pt NPs 

The Pt NPs was synthesized according to the literature (Yan et al., 
2019). Firstly, 16.6 mg of PVP was dispersed in 45 mL of alcohol and 
then ultrasonic for 30 min at 35 ◦C. Secondly, 5 mL of H2PtCl6 was 
dropped into the above mixed solution slowly and stir for 10 min at 25 
◦C to form a homogeneous mixture. Lastly, the Pt NPs were obtained 
through reflux reaction for 3 h. 

2.4. Preparation of MIL101 (Fe) NPs 

The MIL101(Fe) was synthesized according to the literature (Zhang 
et al., 2016b). Firstly, 93.4 mg of FeCl36

•H2O and 57.5 mg of H2BDC 
were added into 16 mL of DMF in succession and then stirred for 8 h at 
160 ◦C. Secondly, the mixed solution was heated at 160 ◦C for 8 h under 
nitrogen atmosphere. Lastly, the sediment was collected by centrifuga
tion at 8000 rpm for 10 min. The MIL101(Fe) NPs were rinsed with DMF 
for three times to remove unreacted ingredient in the solution. The 
achieved MIL101 (Fe) NPs were vacuum dried under 100 ◦C for 12 h. 

2.5. Preparation of MIL101 (Fe)@Pt NPs 

The MIL101(Fe) NPs and Pt NPs were added into the DMF and made 
a dispersion with concentration of 2.0 × 10− 3 mol/L, 0.6 × 10− 3 mol/L, 
respectively. Then, the Pt NPs dispersion and the MIL101(Fe) NPs 
dispersion with same volume were mixed together and stirred for 2 h at 
45 ◦C to form homogeneous system. The MIL101 (Fe)@Pt NPs were 
gained through being centrifuged at 8000 rpm for 10 min. The precip
itation was rinsed with DMF solution and ethanol in turn and then 
centrifuged for three times. The MIL101 (Fe)@Pt NPs were dried under 
30 ◦C for 20 h to discharge excess DMF solvent. 

2.6. Preparation of CNTs-PAA/MIL101(Fe)@Pt composite membrane 

Firstly, 25 mg of CNTs-PAA was dispersed into 1 L of water. Sec
ondly, different amounts of the CNTs-PAA dispersion (1 mL~20 mL) 
were put into the filtration setup. A uniform CNTs-PAA composite 
membrane was got after being vacuum filtrated under 0.1 MPa. Thirdly, 
25 mg of MIL101 (Fe)@Pt NPs was dispersed into 1 L of ethanol. Lastly, 
different volume (5 mL~25 mL) of the MIL101 (Fe)@Pt NPs dispersion 
were filtrated onto the CNTs-PAA composite membrane under 0.1 MPa. 

2.7. Preparation of oil-in-water emulsions and its mixture with water- 
soluble organic dye 

Firstly, 1.0 g of tween 80 was dissolved into 100 mL of distilled water 
and stirred for 3 h. Secondly, 4 mL of organic solvents (dichloromethane, 
chloform, hexane, silicon and toluene) were added into above solution 
and stirred for 8 h, respectively. The as-prepared mixed solution systems 
were placed undisturbed for 72 h to obtain surfactant stabilized 
dichloromethane-in-water (D/W) emulsion, chloroform-in-water (C/W) 
emulsion, hexane-in-water (H/W) emulsion, silicon-in-water (S/W) 
emulsion and toluene-in-water (T/W) emulsion respectively. MB was 
taken as a sample for purifying water-soluble organic polluted oily 
wastewater. 15 mg of MB and 0.15 g of NaBH4 were in turn added into 
300 mL of D/W emulsion, T/W emulsion, H/W emulsion, S/W emulsion 
and then stirred for 5 h to obtain D/M/W mixed emulsion, T/M/W 
mixed emulsion, H/M/W mixed emulsion and S/M/W mixed emulsion, 
respectively. 
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2.8. Separation of surfactant stabilized oil-in-water emulsion 

The oil-in-water emulsion separation tests were performed on a 

vacuum filter apparatus equipped with the CNTs-based composite 
membrane, where the effective filter area was 11.33 cm2. In a typical 
test, 150 mL of oil-in-water emulsions were poured onto the membrane 

Fig. 2. The SEM images of (A) CNTs membrane and (B) CNT-PAA membrane (Inset: TEM images of CNTs membrane and CNT-PAA membrane, respectively). (C-D) 
The SEM images of the CNTs-PAA/MIL101(Fe)@Pt composite membrane (Insert: its responding pore diameter distribution). (E-F) The SEM images of the cross- 
section of the CNTs-PAA membrane and CNTs-PAA/MIL101(Fe)@Pt composite membrane, respectively. 

Fig. 3. (A-B) The TEM images of Pt NPs and responding particle size distribution. (C) The SEM image of MIL101(Fe) NPs. (D-E) The TEM image MIL101(Fe)@Pt NPs. 
(F) The specific surface area of the MIL101(Fe) NPs and MIL101(Fe)@Pt NPs. (G-I) The morphology of the CNTs-PAA/MIL101(Fe)@Pt composite membrane and its 
responding EDX spectroscopy of Fe (red) and Pt (green). 
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surface under a pressure of 0.1 MPa. 
The separation flux J was calculated according to Eq. (1):  

J = V/(A×T)                                                                                  (1) 

Where V (L) was the filtrate volume, A (m2) was the effective filtration 
area, T (h) was the permeate time. 

The separation efficiency E was calculated according to Eq. (2):  

E= (1-Cb/Ca) × 100 %                                                                     (2) 

Where Ca and Cb were the concentration of oil in feed and the filtration, 
respectively. Concentration was determined by total organic carbon 
analyzer. 

2.9. Catalytic decomposition of water-soluble organic pollutant 

MB was set as the representative dye to assess the catalytic decom
position property. A certain amount of MB was filtrated through the 
CNTs-based composite membrane under a pressure of 0.1 MPa. The feed 
and filtration were collected for further characterization. The catalytic 
decomposition efficiency R (%) was calculated according to Eq. (3):  

R = (1-C1/Co) × 100 %                                                                    (3) 

Where Co and C1 were the concentration of MB in feed and the filtration, 
respectively. The concentration was determined by UV/Vis absorption. 

2.10. Oil-in-water emulsion separation and catalytic decomposition 

A certain amount of oil-in-water emulsion containing water-soluble 
organic pollutant was filtrated through the CNTs-PAA/MIL101(Fe)@Pt 
composite membrane under 0.1 MPa. The feed and filtration were 
collected respectively for further characterization. 

2.11. Characterization 

Transmission electronic microscopy (TEM) was carried out using a 
JEOL JEM-2100 F microscope to study the microstructures of the com
posite membrane. Scanning electronic microscopy (SEM) was performed 
with a Hitachi S4800 scanning microscope to further characterize its 
microstructures. Fourier transform infrared (FTIR) spectra were 

recorded with a Varian Scimitar1000 Fourier transform IR spectropho
tometer. Thermogravimetric Analysis (TGA) measurements were per
formed using a Perkin Elmer STA600 instrument with temperature 
increase of 10 ◦C/min under nitrogen atmosphere to evaluate thermal 
degradation. X-ray photoelectron spectroscopy (XPS) analysis was 
recorded on a Shimadzu Axis Untraded spectroscope to analyze chemi
cal components. The water contact angles (WCA) and underwater oil 
contact angles (UOCA) measurements were performed on OCA-20 at 
room temperature. Dynamic light scattering (DLS) measurements were 
recorded on a Zetasizer Nano ZS. Optical microscopy images were per
formed on a CFM-330 microscope by dropping the solution on a wafer. 
UV/vis absorption spectra were recorded on a TU-1810 UV/vis spec
trophotometer. The purification of oil in the feed and filtration were 
determined by total organic carbon analyzer (TOC). 

3. Results and discussions 

3.1. Surface morphology and chemical composition 

CNTs were functionalized with hydrophilic PAA and formed a dense 
membrane through vacuum filtration. The surface morphology of the 
CNTs-PAA before and after MIL101(Fe)@Pt NPs modification were 
investigated by SEM and TEM. A layer of hydrophilic PAA polymer has 
attached clearly on the surface of the CNTs and the average diameter of 
the CNTs increased from ~29 nm to ~55 nm (Fig. 2A-2B, Fig. S1). The 
CNTs-PAA assembled into a uniform porous composite membrane. 

To improve the specific surface area of MIL101(Fe)@Pt NPs, a layer 
of Pt NPs with average diameter of 3 nm (Fig. 3A-3B, Fig. S2) were 
encapsulated densely on the surface of MIL101(Fe). The MIL101(Fe) NPs 
has presented octahedral structure with the particle size was about 500 
nm (Fig. 3C, Fig. S3). Furthermore, the MIL101(Fe) NPs retained its 
initial morphology after Pt NPs modification (Fig. 3D-3E). Importantly, 
the specific surface area of MIL101(Fe) NPs has increased to 170.91 m2/ 
g (Fig. 3F). The MIL101(Fe)@Pt NPs were decorated into the whole 
CNT-PAA membrane without remarkable aggregation and partial 
MIL101(Fe)@Pt NPs were embedded closely inside the membrane 
network (Fig. 2C-2D).The average pore diameter of the CNTs-PAA/ 
MIL101(Fe)@Pt composite membrane was 200~300 nm (Fig. 2D). In 
addition, the EDX results (Fig. 3G-3I) have clearly illustrated the ho
mogeneous distribution of the Fe and Pt elements in the entire composite 

Fig. 4. (A) The XPS spectrum of CNTs-PAA/MIL101(Fe)@Pt composite membrane. (B-C) The Pt 4f and Fe 2p spectrum of the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane, respectively. (D) The Fe 2p spectrum of the CNTs-PAA/MIL101(Fe) composite membrane. (E) The O 1s and the C 1s mass contents of CNTs-1-CNT-PAA 
membrane, CNTs-2-CNTs-PAA/MIL101(Fe) composite membrane, CNTs-3-CNTs-PAA/MIL101(Fe)@Pt composite membrane, respectively (blue was C element, red 
was O element). (E) TGA curves of (a) CNTs, (b) CNTs-PAA, (c) CNTs-PAA/MIL101(Fe) and (d) CNTs-PAA/MIL101(Fe)@Pt. 
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membrane, which have further proved that the MIL101(Fe)@Pt NPs 
were uniformly coated on the CNT-PAA composite membrane. The SEM 
image of the cross-section of the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane has indicated that it has interlaced into a compacted network 
membrane with an average thickness of about 690 nm (Fig. 2F), which 
was higher than that of the CNTs-PAA membrane (Fig. 2E, Fig. S4). 

The attachment of MIL101(Fe)@Pt NPs were further confirmed by 
XPS. As shown in Fig. S5A-S5C, there was a strong Fe 2p peak at ~711 
eV in the XPS spectrum of the CNTs-PAA/MIL101(Fe) composite mem
brane, and whereas there was no Fe 2p peak in the CNTs-PAA mem
brane. The XPS results of CNTs-PAA/MIL101(Fe)@Pt composite 
membrane revealed the Pt 4f peak at ~74 eV and Fe 2p peak at ~711 eV 
(Fig. 4A-4C), which proved the modification of MIL101(Fe)@Pt NPs on 
the surface of CNTs-PAA membrane. Moreover, the peaks at 711.07 eV 
and 724.87 eV were the characteristic peaks of Fe 2p3/2 and Fe 2p1/2, 
which can prove the existence of Fe-O bonds in CNTs-PAA/MIL101(Fe) 
@Pt (Li et al., 2016c). However, due to a partial transfer of electrons 
from the Pt NPs to MIL101(Fe) NPs (Garca et al., 2019) and resulting in 
the reduction of electron density, the absorption peak Fe 2p of 
CNTs-PAA/MIL101(Fe) has shifted toward short wavenumber (Fig. 4D). 
In addition, The C 1s mass content of CNTs-PAA membrane (Fig. S5D) 
was higher than that of the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane (Fig. S5F). On the contrary, the O 1s mass contents has 
presented opposite trend (Fig. S5G, S5I). The C/O mass ratio has 
declined from 4.797 to 3.738 (Fig. 4E). These results provided the 
successful attachment of MIL101(Fe)@Pt NPs on the CNTs-PAA mem
brane. The functionalization of PAA and the attachment of MIL101(Fe) 
@Pt NPs on the surface of CNTs were also confirmed by TGA (Fig. 4F). 
The weight loss of the pristine purified CNTs at 700 ◦C under nitrogen 
was only 2.2 wt%. With respect to CNTs-PAA membrane, two main 
weight-loss regions were found. The first weight-loss region may be 
assigned to the decomposition of carboxyl groups of PAA on the surface 
of CNTs and the significant weight reduction in the second region was 
due to the decomposition of the polymer backbone and hydroxyethyl 
groups (Zhang et al., 2016a). In addition, the weight loss of the 
CNTs-PAA/MIL101(Fe) composite was higher than that of the 
CNTs-PAA/MIL101(Fe)@Pt composite, indicating the relatively low 
content of Pt NPs. 

3.2. Surface wettability 

WCA measurements were taken to investigate the surface wettability 
of CNTs membrane before and after nanoparticles attachment. Accord
ing to Wenzel model and Cassie-Baxter model (Liu et al., 2019), the 
surface morphology and chemical composition determine the surface 
energy and further endow the surface with special wettability. In the 
liquid/air/solid three-phase system, the WCA of CNTs membrane 
reduced from ~67◦ to ~18◦ after the modification of PAA due to the 
large number of carboxyl groups on the surface of CNTs-PAA membrane 
(Fig. S6). The influence of the relative amount of the MIL101(Fe)@Pt 
NPs on the wettability of the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane was further investigated. As shown in Fig. S7, this composite 
membrane has shown superoleophobicity underwater when the dosage 
of the MIL101(Fe)@Pt NPs was appropriate, which can be explained by 
the Wenzel’s model that surface roughness can promote surface wetta
bility (Li et al., 2018b). Based on this, we studied the wettability of 
CNTs-PAA/MIL101(Fe)@Pt composite membrane in air and under 
water. As shown in Fig. 5A, the water droplets spread rapidly on the 
surface of composition membrane with WCA about 3◦ (Fig. 5A and B). 
In addition, the CNTs-PAA/MIL101(Fe)@Pt composite membrane has 
presented similar oleophilic wettability with the OCA less than 9◦

(Fig. 5B). These results indicated the superamphiphilic property of this 
composite membrane. Inversely, the CNTs-PAA/MIL101(Fe)@Pt com
posite membrane has displayed underwater superoleophobic property 
with the UOCA more than 150◦ for all investigated oil droplets (Fig. 5B 
and C). The special surface wettability endowed this composite mem
brane a promising alternative for the separation of oil-in-water 
emulsion. 

3.3. Oil-in-water emulsion separation performance 

The unique wettability allowed the obtained composite membrane a 
good candidate for selectively separating oil from water. Firstly, we 
investigated the effect of the amount of the MIL101(Fe)@Pt NPs on the 
separation performance for D/W emulsion. As shown in Fig. S8, the 
separation flux has gradually decreased along with the increasing 
amount of MIL101(Fe)@Pt NPs dispersion. This was due to the volume 
of dispersion was positively correlated with the membrane thickness in 
the process of filtration (Zhang et al., 2020). Secondly, the influence of 
the volume usage of the CNTs-PAA solution on the separation 

Fig. 5. (A) Dynamic WCA of the composite membranes when a water droplets spreads on the interface of the CNTs-PAA/MIL101(Fe)@Pt composite membrane. (B-C) 
The CA of different solvents on the CNTs-PAA/MIL101(Fe)@Pt composite membranes in air and underwater. 
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performance of this composite membrane was further studied. As shown 
in Fig. S9, the separation flux was negatively related to the amount of 
CNTs-PAA solution. The lower volume of the CNTs-PAA solution has 
brought weak separation stability of this composite membrane, which 
resulted in the several breaks after only one cycle emulsion separation. 
Whereas, the longer and tortuous separation paths were not is not 
conducive to enhance the separation flux. In order to balance the 
trade-off the separation flux and the efficiency of this composite mem
brane, the most suitable dosage of the CNTs-PAA solution was 10 mL. 
Under this case, a series of oil-in-water emulsions (D/W emulsion, H/W 
emulsion, S/W emulsion, C/W emulsion) were taken as examples eval
uate the separation ability of the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane. The de-emulsification occurred once the oil-in-water 

emulsion touching the upper surface of the CNTs-PAA/MIL101(Fe)@Pt 
composite membrane, and the water droplets immediately passed 
through whereas the oil phase was retained above the membrane. Op
tical microscopy and DLS were employed to characterize the oil droplets 
in the feed and filtration to assess the separation efficacy. As shown in 
Fig. S10-S11, a huge amount of densely packed oil droplets with micro- 
size in the feed solution disappeared and only oil droplets with sizes 
below 30 nm were observed in the filtrate in the entire view, showing 
the excellent emulsion separation ability of the CNTs-PAA/MIL101(Fe) 
@Pt composite membrane. The purity of the oil in the feed and filtra
tion were also quantitatively tested by TOC. The purities were above 
99.79 % for all the investigated oil-in-water emulsions, indicating the 
extremely good separation effectiveness of the CNTs-PAA/MIL101(Fe) 

Fig. 6. (A-B) The separation flux and efficiency of the CNTs-PAA/MIL101(Fe)@Pt composite membrane for various oil-in-water emulsions. (C-D) The cyclic sep
aration flux and efficiency for D/W emulsion. (E) The UOCA of the CNTs-PAA/MIL101(Fe)@Pt composite membrane according to different types of organic solvents 
(from left to right: chloroform, dichloromethane, 1, 2-dichloroethane, tetrachloromethane). (F) Schematic illustration of the separation of oil-in-water emulsion of 
the CNTs-PAA/MIL101(Fe)@Pt composite membrane. 

Fig. 7. (A) The influence of the dosages of 
MIL101(Fe)@Pt NPs on the adsorption and 
degradation efficiency for MB. (B) The adsorp
tion and degradation efficiency of different 
CNT-based membranes (CNT-1-CNT-PAA 
membrane, CNTs-2-CNTs-PAA/MIL101(Fe) 
membrane, CNTs-3-CNTs-PAA/MIL101(Fe)@Pt 
membrane). (C) The cyclic adsorption and 
degradation efficiency of the MB solution using 
the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane. (D) The adsorption and degradation 
efficiency of the CNTs-PAA/MIL101(Fe)@Pt 
composite membrane for MB with different 
initial concentrations.   
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@Pt composite membrane. The membrane permeating flux of various 
oil-in-water emulsions were comprehensively investigated. As shown in 
the Fig. 6A, all the D/W, H/W S/W and C/W have shown high separation 
flux with 12,744 ± 204, 15,784 ± 364, 7939 ± 220, and 5293 ± 286 L 
m− 2 h-1 bar-1, respectively. Moreover, this composite membrane has 
presented excellent separation efficiency for various emulsions (Fig. 6B). 
In addition, the reliability of this composite membrane was evaluated by 
carrying out cyclic separation of D/W emulsion. As shown in Fig. 6C-6D, 
the separation flux and efficiency did not show remarkable changes 
during ten cycles of separation. Furthermore, the CNTs-PAA/MIL101 
(Fe)@Pt composite membrane kept its wettability even after ten cycles 
of separation (Fig. 6E). These results have proved the potential appli
cation performance of the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane. On the basis of the experimental results of oil-in-water 
separation, the mechanism was proposed and illustrated in Fig. 6F. A 
hydrophilic lay will formed once the oil-in-water emulsion touching the 
membrane surface due to the superhydrophilic and underwater super
oleophobic of the CNTs-PAA/MIL101(Fe)@Pt composite membrane. 
When the applied pressure across the membrane was larger than the 
force between surfactants and water molecules (P > 0) (An et al., 2018; 
Li et al., 2016a), the de-emulsification occurred and the continuous 
water phase could easily permeate through the membranes whereas the 
dispersed oil phase was repulsed. 

3.4. Dye catalytic decomposition ability 

Catalytic degradation is an advisable way to remove water-soluble 
organic contaminants (Zhang et al., 2016a). In this work, MB was 
chose as a representative mode to evaluate the catalytic performance of 
CNTs-PAA/MIL101(Fe)@Pt composite membrane. Firstly, we studied 
the adsorption capacity of the CNT-PAA/MIL101(Fe)@Pt composite 
membrane for MB. As shown in Fig. S12, its adsorption capacity has 
increased gradually until reached the maximum (~66.5 %). Secondly, 
the influence of different dosages of MIL101(Fe)@Pt NPs on the 
adsorption and degradation efficiency for MB were explored. As shown 
in Fig. 7A, with the increasing volume of MIL101(Fe)@Pt NPs disper
sion, its adsorption and degradation ability has increased until it 
attained to 98.5 %. Furthermore, the adsorption and degradation 

efficiency of different membranes was further investigated. As shown in 
Fig. 7B, the CNT-PAA membrane has shown a good adsorption and 
degradation efficiency by coupling with MIL101(Fe) NPs. It was noting 
that the addition of Pt NPs can achieve significantly photocatalytic ac
tivity of CNTs-PAA/MIL101(Fe) composite membrane. The MIL101(Fe) 
@Pt NPs can act as a co-catalyst to prolong the lifetime of energetic 
charge carriers by boosting the separation of electron-hole on the 
co-catalyst interface (Mateo et al., 2019). Moreover, the adsorption and 
degradation efficiency of the CNT-PAA/MIL101(Fe)@Pt composite 
membrane has changed within 1–3 % (Fig. 7C) after five cycles and it 
has been hardly affected regardless of the initial concentration of MB 
(Fig. 7D), which indicated the excellent reusability of the 
CNTs-PAA/MIL101(Fe)@Pt composite membrane and the stable modi
fication of MIL101(Fe)@Pt NPs. Two key factors have significant 
influenced on the adsorption and degradation performance of the 
CNTs-PAA/MIL101(Fe)@Pt composite membrane. One was that the 
special wettability of this composite membrane has facilitated the 
effective contact between MB and membrane interface. The other was 
that MIL101(Fe)@Pt NPs were excited and reactive electron-hole pairs 
with strong redox activity were generated (Zhang et al., 2016b). These 
processes generated highly reactive radicals’ species, which degraded 
the organic contaminants in water. 

3.5. Synchronization of catalytic decomposition and emulsion separation 

The CNTs-PAA/MIL101(Fe)@Pt composite membrane associating 
the catalytic degradation of dyes and the separation of oil-in-water 
emulsion is regard as a promising candidate to achieve flow-through 
purification oily wastewater. To prove the practicability of the CNTs- 
PAA/MIL101(Fe)@Pt composite membrane, different types of oil-in- 
water emulsions containing MB in water (D/M/W emulsion, S/M/W 
emulsion, T/M/W emulsion, H/M/W emulsion) were used to simulate 
organic dye molecules polluting oily wastewater. In this work, the sep
aration of mixed blue emulsion was setup under 0.1 MPa (Fig. 8A). The 
feed emulsion kept blue until it passed through the CNTs-PAA/MIL101 
(Fe)@Pt composite membrane. Optical microscopy and DLS results 
manifested that numerous droplets with size at a micron- scale in the 
feed solution disappeared and only nano-sized droplets were observed in 

Fig. 8. (A) A photograph of the filtration setup for oil-in-water emulsions separation meanwhile catalytic degradation of MB permeating through the CNTs-PAA/ 
MIL101(Fe)@Pt composite membrane (Inserting: the optical microscopy of emulsions before and after separation). The separation flux (B) and efficacy (C) for 
different types of oil-in-water emulsions containing MB of the CNTs-PAA/MIL101(Fe)@Pt composite membrane. (D)The wettability and microstructure of the CNT- 
PAA/MIL101(Fe)@Pt composite membrane after five cycles of purification. (E) The UV/vis absorption and the photographs of the feed emulsion and filtrate before 
and after separation. (F) The cyclic catalytic decomposition ability of oil-in-water emulsion containing MB. 
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the filtrate (Fig. 8A and Fig. S13). Meanwhile, the separation flux of 
various emulsions permeating through the cross membrane were 
calculated through measuring the flow volume at fixed time and valid 
area. As shown in Fig. 8B, the maximum flux of the CNTs-PAA/MIL101 
(Fe)@Pt composite membrane can reach up to about 11,000 L m− 2 h-1 

bar-1, which has exceeded the majority of the previously reported multi- 
functional membranes (Table S1). The separation efficiency for all the 
tested mixed emulsions was above 98.8 %, indicating its high separation 
efficiency (Fig. 8C). The CNTs-PAA/MIL101(Fe)@Pt composite mem
brane kept its wettability and there was no obvious in microstructure 
after five cycles of the mixed emulsions separation (Fig. 8D). Further
more, it was worth noting that the absorption of MB at 660 nm was only 
reduced 2.4 % of the initial absorption after catalytic decomposition 
(Fig. 8E) and the separation efficacy maintained above 98.5 % after five 
cycles of separation (Fig. 8F), demonstrating the unique flow-through 
catalysis performance of the CNTs-PAA/MIL101(Fe)@Pt composite 
membrane. The good recyclability and durability as well as the 
outstanding catalytic decomposition performance made this membrane 
a promising candidate for purifying oily wastewater. 

3.6. Physical and chemical stability 

The stability of a filtration membrane is important for further prac
tical application. The durability of the CNTs-PAA/MIL101(Fe)@Pt 
composite membrane was tested by monitoring the microstructure 
before and after being immerged in the hydrochloric acid (HCl, pH = 1) 
solution, sodium hydroxide (NaOH, pH = 13) solution and sodium 
chloride (NaCl, 0.1 mol/L) solution for 24 h. As shown in Fig. 9A-9C, this 
composite membrane maintained its original micro/nanostructure. 
Moreover, the composite membrane has presented emulsion separation 
performance towards various O/W emulsions (Fig. 9D). In addition, the 
CNTs-PAA/MIL101(Fe)@Pt composite membrane has shown stable 
structure, separation flux and the filtration was transparent even it was 
bent for 50 times (Fig. 9E-9F, Fig. S14). These results have proved the 
CNTs-PAA/MIL101(Fe)@Pt composite membrane has excellent physical 
and chemical stability. 

4. Conclusions 

In summary, a facile method to construct multifunctional CNTs- 

PAA/MIL101(Fe)@Pt composite membranes through hydrophilic PAA 
functionalization and afterwards octahedral MIL101(Fe)@Pt modifica
tion has been presented. The achieved CNTs-PAA/MIL101(Fe)@Pt 
composite membrane was possessed with superhydrophilicity and un
derwater superoleophobicity under the synergistic effect of CNT-PAA 
composite membrane and MIL101(Fe)@Pt NPs. The obtained compos
ite membrane can synchronously realize the catalytic degradation of 
above 98.5 % dye molecule in oily water and oil-in-water emulsion 
separation with separation efficiency approach to 98.8 %. Furthermore, 
the multifunctional composite membrane has presented a separation 
flux as high as 11,000 L m− 2 h-1 bar-1, which has surpassed the most of 
the previously reported multi-functional separation membrane. Impor
tantly, it has shown outstanding durability and catalytic recyclability. 
Therefore, we hope this work can provide a new platform to design 
multifunctional carbon-based membranes for practical wastewater 
purification. 
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Fig. 9. The SEM images of the CNTs-PAA/MIL101(Fe)@Pt composite membrane after being immerged in the (A) HCl solution, (B) NaOH solution and (C) NaCl 
solution for 24 h. (D) The separation flux of the various oil-in-water emulsions after being immerged in the NaCl solution for 7 days. (E) The separation flux of T/W 
emulsion after several times bending. (F) The photographs of the T/W emulsion before and after being separated with the bent CNTs-PAA/MIL101(Fe)@Pt composite 
membrane for 50 times. 
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