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Abstract

A simple and robust strategy is suggested for fabricating multifunctional hybrid
separation membrane loading with catalytic nanoparticles based on the interception effect
of porous CNTs network membrane. CNTs functionalized covalently with hydrophilic
polyacrylic acid brushes assemble into a superhydrophilic/underwater superoleophobic
network structure, which displays thickness dependent porosity. This allows the CNTs
membrane capture catalytic nanoparticles by simple filtration process and construct
flexibly desired separation membrane. Not only effectively separate oil-in-water emulsion,
the prepared CNTs hybrid membranes can also catalytically decompose different organic
pollutants in water by conveniently altering catalytic nanoparticles in the membrane. This
robust construction provides a convenient means to obtain multifunctional CNTs
separation membrane, promoting the practical application of superwettable CNTs

membrane in the treatment of complex oily wastewater.
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1. Introduction

With the rapid development of industrial and agricultural, the demand for lots of
fossil fuels and various chemicals are increasing, which has caused serious environmental
pollution problems all over the word for instance tainted oily wastewater [1, 2]. These
oily wastewater often contain toxic organic pollutes and threaten seriously the living
environment and physical health. Recently, some strategies including superwettable
membrane have been developed for wastewater treatments [3-6]. Inspired by
self-cleaning plants, superwettable membrane are capable of separating effectively oil or
water from oil/water mixtures, and even surfactant stabilized emulsion [7-13]. For
example, Jin et al reported a superhydrophilic/lunderwater superoleophobic
polyacrylonitrile membrane with ultralow oil-adhesion for high-efficient oil/water
separation [14]. Xue et al. fabricated a novel superhydrophilic and underwater
superoleophobic polyacrylamide coated mesh in an oil/water/solid three-phase system,
which can selectively separate water from oil/water mixtures [15]. Except these polymer
membranes, superwettable inorganic carbon nanotube composite membrane or copper
mesh can also achieve effectively separating oil/water mixtures and even emulsion [16].
Although most of those membrane can separate oil/water mixtures, they are inadequate to
remove the organic pollutes in water. A separation membrane can purify simultaneously
organic polluted wastewater during oil/water separation is highly expected [17]. To
achieve removing organic pollutes, some catalytic nanomaterials are loaded in the
superwettable membrane for decomposing organics [18, 19]. For example, a bilayer
TiOz-based membrane with underwater superoleophobic surface can decompose
photo-catalytically organic pollutants in water, as well as separating oil from water [20].
In our previous work, superwettable CNTs network membranes or nonwoven fabric
membrane loaded with catalytic nanoparticles are prepared for catalytically decomposing

organics in heterogeneous emulsion during oil/water emulsion separation [21, 22].



However, the sophisticated fabrication method of these membranes remarkably limited
their practical efficiency. Moreover, For example, one of the disadvantages is
inconvenient alteration of the loading catalysts in the membrane dependent on various
target pollutes due to the complex preparation process [23].

Superwettable carbon nanotube membrane with porous network structures have been
reported to separate effectively oil/water emulsion [24-27]. More importantly, the
porosity of close-packed CNTs membrane can be controlled flexibly by tuning the
thickness. A CNTs network membrane with nanoscale porous structures can be used as
ultrafiltration membrane to intercept nano-sized particles. This allows to load
conveniently different catalytic nanoparticles into CNTs membrane by simple filtration
manner, achieving multi-functional CNTs separation membrane for wastewater
purification.

Herein, this work present a robust multi-functional underwater superoleophobic CNTs
separation membrane loaded with model catalytic nanoparticle based on the interception
effect. The resultant multilayer composite film can not only separate oil/water emulsion,
and also simultaneously decompose several kinds of model organic pollutants via
selecting desired catalytic nanoparticles. The fabrication strategy is schematically
illustrated in Scheme 1. Hydrophilic polyacrylic acid (PAA) coated CNTs hybrid
assembled into a superhydrophilic/underwater superoleophobic network membrane by
vacuum filtration (Scheme 1b and 1c). Owe to the interception function of CNTs
membrane, model nanoparticles such as Pd@Pt and Au nanoparticles are stably loaded in
the CNTs membrane, forming a layer of catalytic membrane (Scheme 1d). Upon being
covered with PAA modified CNTs membranes to avoid surface contaminate and flow
impact, a sandwiched multilayer composite membrane is constructed and possesses of
underwater superoleophobic surface and catalytic interlayer (Scheme 1e). The resultant
composite membrane can simultaneously decomposing catalytically organic pollutants
during oil/water emulsion separation (Scheme 1). This robust construction with high

operability favor the catalytic function modulation of CNTs separation membrane based



on its interception effects, which is considered to promote the practical utilization of

superwettable CNTs in water purification.
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Scheme 1. Fabrication of multi-functional CNTs composite separation membrane by
filtration. (a, b) PAA modified CNTs (PAA-CNTSs). (c) PAA-CNTs membrane prepared by
vacuum filtration. (d) The deposition of catalytic nanoparticles in PAA-CNTs membrane.
(e) The resultant multilayer PAA-CNTs/Pd@Pt/PAA-CNTs composite membrane is

employed for oil/water separation and catalytic decomposition.
2. Experimental section

2.1. Materials

Multi-walled carbon nanotubes (CNTs, purity >90%, 10-30 um length and 10-30 nm
diameter, 1.5 w{% COOH group) were purchased from Chengdu Organic Chemistry Co.,
Ltd. Acrylic acid (AA, 99%) and benzoyl peroxide (BPO) were purchased from Alfa
Aesar China (Tianjin) Co., Ltd. Pluronic F-127, potassium chloroplatinite (K,PtCly),
disodium tetrachloropalladate (Na,PdCl,), 4-nitrophenol (4-NP, 98 wt%) and methylene
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blue (MB) were provided by Sigma-Aldrich (Shanghai) Co., Ltd. PVDF membranes were
obtained from Millipore Industrial & Lab Chemicals (aperture about 0.45 um, thickness
about 125 um). Soya-bean oil was obtained from the local supermarket. Other chemicals

were purchased from Sinopharm Chemical Reagent Co., Ltd and used as received.

2.2. Surface functionalization of CNT by PAA brushes

Typically, 0.15 g of CNTs is dispersed into 150 mL of acetone in a 250 mL
three-neck flask. After 20 min ultrasonic processing, 3.0 g of acrylic acid (AA) is added
and bubbled with nitrogen for 30 min. The polymerization reaction is initiated by adding
0.065 g of benzoyl peroxide and kept at 75 °C for 8 h. The resultant PAA modified CNTs
hybrid (PAA-CNTSs) are collected by filtration and washed by deionized water to remove
residual reactants. Finally, the CNTSs hybrid is dried at 30 °C for 24 h for further using.

2.3. The Synthesis of model catalytic nanoparticles

Gold nanoparticles: According to our previous reports [21, 28, 29], the sodium
citrate solution (10 mL, 33 mM) is added into 140 mL ultrapure water with continuous
stirring and boiling. After that, HAUCl; (1 mL, 25 mM) and tris-base (5 mL, 0.1 M) are
sequentially added (time defer 1 min) and kept in an oil bath of 137 °C. The color of the
reaction solution changes gradually from colorless to light pink, rose-red, fuchsine in a
few minutes. Upon keep heating for 20 min, the temperature of the oil bath is reduced to
100 °C Then, 1 mL of HAuUCI, (25 mM) is added and stirred continuously for another 30
min until achieving uniform nanoparticles.

Pd@Pt nanoparticles: Pluronic F-127 (10 mg) is dissolved into aqueous solution
containing 20 mM of Na,PdCl, (0.1 mL), 20 mM of K,PtCl, (0.9 mL) solution and 6 M
of hydrochloric acid (22 pL). After that, 1.0 mL of 100 mM ascorbic acid (AA) is added
and the mixture is subsequently sonicated in a water bath for 30 minutes. In the process
of ultrasonication, the temperature remains unchanged at 35 °C. Finally, the product is
stirred at 30 °C for 24 h (rotate speed: 180 rpm). The final product is collected by

centrifugation and re-dispersed into deionized water.



2.4. Preparation of multilayer CNTs composite membrane

The preparation of CNTs membrane containing Pd@Pt nanoparticles is taken as an
example. First, 10 mg PAA-CNTSs is dispersed into 100 mL of water and 10 mL of the
resultant dispersion is poured into the filtration setup equipped with PVDF membrane. A
uniform PAA-CNTs membrane is obtained after filtration under 0.09 MPa of vacuum
pressure. Subsequently, 0.5 mL of Pd@Pt nanoparticles solution is diluted into 20 mL
deionized water and is added onto the PAA-CNTs membrane before filtrating. A resultant
Pd@Pt nanoparticles layer is formed and serves as the catalyst layer of hybrid membrane
(PAA-CNTs/Pd@Pt). Finally, another PAA-CNTs membrane deposits on the above
hybrid membrane under same condition, achieving the PAA-CNTs/Pd@Pt/PAA-CNTs

hybrid membranes.

2.5. Preparation of the oil-in-water emulsions

Oil-in-water emulsion: For oil-in-water -emulsions, tween 80 (HLB = 15, an
emulsifier of the oil-in-water type. 1.2, 1.1 and 1.0 g of tween 80 for toluene-in-water,
chloroform-in-water, and hexane-in-water) is dissolved into 120 mL of water and stirred
for 2 h. Then 4 mL of oil is added into above solution and stirred for another 3 h. The
prepared emulsion stands undisturbedly for 24 h and obtain stable oil-in-water emulsion.

Toluene-in-water emulsion containing MB is taken as a model of organic polluted
oily wastewater. The content of MB in emulsion is tuned according to the actual
requirements and the molar ratio of NaBH4/MB is kept constant of 100/1. Typically, 15
mg of MB and 0.152 g of NaBH, are added into 300 mL of prepared emulsion and stirred

for 2 h to obtain stable mixed emulsion.

2.6. Oil/water emulsion separation and catalytic decomposition of pollutants

The catalytic decomposition performance of the each composite membrane is
assessed using model catalytic degradation reactions. The catalytic decomposition of blue

MB in the presence of NaBH, is used to verify the catalytic effect of composite



membrane containing Pd@Pt. Besides, the catalytic transformation reaction from yellow
nitrophenol to colorless aminophenol is used to study the catalytic effects of composite
membrane containing Au NPs. The catalytic decomposition of MB on the
Pd@Pt/PAA-CNTs membrane is taken as an example. Nominally, 30 mL of emulsion
containing MB or 4-NP is filtrated through the Pd@Pt/PAA-CNTs membrane under
vacuum. The filtrated solution and feed emulsion are collected for further

characterization.

2.7. Characterization

The microstructures of CNTs and composite membrane are characterized by
scanning electron microscopy (Hitachi S4800 scanning microscope) at an acceleration
voltage of 4 kV and transmission electron microscopy (FEI Tecnai F20 electronic
microscope) operating at 2.0 kV. X-ray photoelectron spectroscopy (XPS) analysis is
performed on a Shimadzu Axis Ultradld spectroscope, using C-O (alpha) as radiation
resource. Dynamic light scattering (DLS) measurement is performed on a Zetasizer Nano
ZS. Fourier transform infrared (FTIR) spectra are recorded on a Thermo-fisher
Nicolet6700 spectrometer using KBr disk technique. The underwater oil contact angles
(OCA) measurements are tested at environment temperature using an OCA-20
DataPhysics instrument. Pore size distribution (PSD) of hybrid membranes is evaluated
by liquid-liquid porometer (LLP-1200A, Porous Materials Inc. US). The averaged value
of three testing results is used to determine the pore size of membrane. UV/vis absorption
spectra are recorded by virtue of TU-1810 UV/vis spectrophotometer provided by
Purkinje General Instrument Co. Ltd. The average TOC content in the feed emulsion and
filtrate solution were measured using a total organic carbon analyzer (Multi N/C 2100,

Analytikjena, Germany).
3. Results and discussion

3.1. Characterization of PAA grafted CNTs hybrid



In order to achieve superhydrophilic/underwater superoleophobic CNTs film for
separating oil/water emulsion, CNT is grafted covalently with hydrophilic PAA brushes
by in-situ free radical polymerization [30]. The microstructures and composition of
resultant CNTs hybrid (PAA-CNT) were characterized to verify the modification of PAA
on CNTs. Fig. 1(a) and (b) show the SEM images of pristine CNTs and PAA-CNT hybrid,
respectively. It is indicated that the average diameter of the PAA-CNT hybrid increase
from original 25 nm to about 49 nm. The TEM image also clearly shows a layer of
polymer coated on the surface of CNTs. The composition of CNTs hybrid was
characterized by FT-IR spectrum (Fig. 1d). In the FT-IR spectrum of PAA-CNTs, The
peak at 3441 cm™ is attributed to the stretching of O-H group [31] and the peak at 2357
cm™ arises from the vibration of carbon dioxide in the air [32]. The peaks at 1704 cm™
and 1560 cm™ nearby corresponds to the stretching vibration of carboxyl groups [33],
while the peaks at 1403 cm™ and 1168 cm™ are assigned to C-C prop and C-O stretching

in PAA respectively. These results confirm the presence of PAA brushes on CNTSs.
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Fig. 1. SEM images of (a) pristine CNTs and (b) PAA-CNTSs (The inset schemes highlight
the structures of hybrid). TEM image (c) and FTIR spectrum (d) of PAA-CNTSs hybrid. (e)
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XPS spectra of (I) PAA-CNTs and (Il) pristine CNTs. (f) C 1s spectrum of the
PAA-CNTSs.

In addition, the PAA-CNT hybrid was further analyzed by X-ray photoelectron
spectroscopy (XPS). As shown in Fig. 1le and Fig. S1, the XPS spectrum of the
PAA-CNTSs hybrid exhibits (Fig. 1e) stronger O 1s signal than that of pristine CNTs. The
C 1s peak can be divided into four bands (Fig. 1f) [34-37]: sp*hybridized carbon of
CNTs at 284.5 eV, sp>-hybridized carbon from PAA brushes at 284.8 eV, carbon singly
bound to oxygen (C-O) on the oxidized CNTs at 286.3 eV, carbon bound to two oxygens
in carboxyls (O-C=0) at 289.2 eV. These results confirm the successful modification of

PAA on the surface of CNTSs.

3.2. Surface wettability of PAA-CNTs membrane and its interception effect

Upon vacuum filtration, PAA-CNTs assemble into a uniform membrane supported
on the PVDF membrane (Fig. 2a). The contact angles is used to investigate the wettability
of PAA-CNTs membrane. The underwater CA of dichloromethane (CH,Cl,) solvent on
the membrane is about 152° (the inset in Fig. 2a), showing underwater superoleophobic
feature. In addition, the PAA-CNTs membrane shows similar underwater superoleophobic
wettability for other organic solvents such as chloroform (CHCI3) and toluene (Fig. 2b).
The microstructure of the PAA-CNTs membrane was further observed by SEM. It is
showed that PAA-CNTs assemble into a porous network membrane with a uniform
thickness of about 1 um (Fig. 2c and 2d).

The permeation of CNTs membrane is closely related with its thickness, indicating
the dependence of porosity of CNTs membrane on its thickness. In order to explore the
relationship between the thickness and its porosity, CNTs membranes with different
thickness were prepared by controlling the content of used CNTs (Fig. S2). With the
increasing of thickness from 0.7 um to 4 um, the membrane porosity reduces gradually
from 164.7 nm to 51.6 nm (Fig. 2e). This small-sized porosity exactly allows the

composite membrane capture the nanoscale nanoparticles. For example, Au nanoparticles
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(Au NPs) with averaged sizes of 40 nm are taken as model nanoparticles to investigate
the interception of CNTs membrane. After passing through a PAA-CNTs membrane,
some Au NPs are blocked on the membrane, leading to the concentration reduction of
filtrated Au NPs solution. The content variation of Au NPs can be used to evaluate the
interception yields of PAA-CNTs membrane. It is found that the concentration of filtrated
Au solution decreases clearly with increasing the membrane thickness, showing enhanced
interception efficiency. When the PAA-CNTs membrane thickness increase from 0.7 um
to 4 um, the interception efficiency approaches as high as 87.3% for 40 nm of Au NPs
(Fig. 2f). It is indicated that the CNTs composite membrane with larger thickness shows
better interception performances for nanoparticles. On the other hand, the CNTs
composite membranes with larger thickness usually exhibit lower flux. To balance the
contradictory influences of interception and flus, PAA-CNTs membrane with 1 um of

thickness is selected as an optimal model.
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Fig. 2. (a) PAA-CNTs membrane (The inset is the underwater contact angle for CH,CI,).
(b) Underwater superoleophobic wettability of the membrane for CH,Cl,, CHCI; and
toluene. SEM images of the surface (c) and cross-section (d) of the membrane. (e) The

pore sizes and flux of PAA-CNTs membrane with different thickness. (f) The interception
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behaviors of PAA-CNTs membrane with different thickness for 40 nm of Au

Nanoparticles.

Pd@Pt nanoparticle with about 40 nm diameter serves as a representative for
catalytic decomposition of organic dyes pollutes (Fig. S3) and is loaded into CNT
membrane by simple filtration (Fig. 3a). The microstructures of resultant composite
membrane were characterized by SEM and energy dispersive X-ray (EDX) spectroscopy.
It is clearly seen that a large amount of Pd@Pt nanoparticles distributed densely on the
whole network membrane. Partial nanoparticles are embedded closely inside the CNTs
membrane as well as depositing on the surface (Fig. 3b, 3c). In addition, the distribution
of nanoparticles in the membrane was verified by EDX spectroscopy (Fig. 3d). Pd, Pt
elements dispersed uniformly on the whole membrane without remarkable large
aggregation, indicating highly dispersive distribution of nanoparticles. The good

dispersion of Pd@Pt nanoparticles in the membrane ensures their distinct catalytic ability.
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SEM images of the surface and cross-section of Pd@Pt/PAA-CNTs membrane. (d)
Elemental mapping images of Pt (green) and Pd (red) in Pd@Pt/PAA-CNTs membrane.

(e) The absorption of MB in feed (blue) and filtrate solution passing through pristine
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CNT membrane (black) and Pd@Pt/PAA-CNTs membrane. (f) The general separation

efficiency of the membrane in different recycling numbers.

To test the catalytic separation ability of the composite membrane for organic
pollutes, methylene blue (MB) aqueous solution degradation tests is selected as a model.
10 mL of mixed feed solution containing MB (12 mg/L) and NaBH, (0.12 g/L) were
poured into the filtration setup and filtrated under vacuum (Fig. S4). The filtrated solution
was collected to evaluate the degradation efficiency of the membrane. Upon passing
through the composite membrane, blue MB solution transfer rapidly into colorless
solution [38] (the inset in Fig. 3e). In the absorption spectra, filtrated solution almost does
not show the typical absorption peak of MB, indicating good separation ability of
Pd@Pt/PAA-CNTs membrane for MB. The separation efficiency of the composite
membrane for MB is quantitatively confirmed by virtue of the standard curves between
typical absorption at 664 nm and solution concentration (Fig. S5). The general separation
efficiency is defined as 100 x (Co—C) / Cy [39, 40], where the Cy and C represent the MB
concentration of initial and after PA@Pt/PAA-CNTs membrane filtration, respectively.
The general separation efficiency of Pd@Pt/PAA-CNTs membrane is approximately 99.8%
for 12 mg/L MB solution (Fig. 3f), indicating rapid in-flow catalytic performance during
separation. After ten times of separation cycle, the degradation efficiency remained
almost unchanged.

It is also well-known that CNT has inherent absorption capacity for some organic
dyes. To accurately evaluate the catalytic effects of Pd/@Pt, pristine CNT membrane was
used as a referenced membrane to investigate the absorption ability of CNT for MB
during separation. After the MB aqueous solution passing through a pristine CNTSs
membrane, the filtrated solution was collected to evaluate the absorption efficiency based
on the standard curves of absorption and concentration (Fig. S5). It is found that the
adsorption efficiency of pristine CNT membrane for MB is about 79.1% (black line in Fig.

3 e). The inset picture of filtrate solution in Fig. 3 e shows the blue color, implying
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remaining MB after passing through pristine CNT membrane. Therefore, the catalytic
degradation efficiency of the composite membrane is about 20.7%. The synergistic
effects of Pd@Pt nanoparticles and PAA-CNTs membrane lead to the considerable
separation efficiency for MB. This multi-functional membrane also exhibits rapid and
stable catalytic performance during separation (Fig. 3 f). After ten times of separation
cycle, the degradation efficiency remained almost unchanged.

This multi-layered assembled structure and loading mode via steric hindrance or
interception effects allows load various catalytic nanoparticles without specific surface
modification. For example, PAA-CNTs composite membranes attached with Au
nanoparticles (averaged size 40 nm) are also suitable to effectively decompose toxic 4-NP
organic. Au nanoparticles serve as a catalyst for transforming 4-NP into 4-aminophenol in
the presence of reductive NaBH,4. When the feed aqueous solution containing 2.5 mM of
4-NP and 0.25 M of NaBH, passes through PAA-CNTs/Au membrane under a low flux
(104 L m*h™bar™), there is very low content of 4-NP remaining in the filtrate solution
(Fig. S6). The purification behaviors of these composite membranes indicate loading
catalytic nanoparticles based on interception can effectively decompose organic pollutes
during dynamic separation. The convenient loading manners combined with efficient
catalytic features endow the composite membranes with flexible applicability for
practical wastewater purification.

In addition, the stability of nanoparticles in the composite membrane during the
separation process is studied. The catalytic behaviors of the composite is used to evaluate
the stability of nanoparticles after repeated using. During ten times cycles of separation,
absorption intensity of filtrate solution do not show remarkable changes (Fig. S7 a),
which indicates the catalytic performance of the membrane exhibit hardly changes. In
addition, the elemental mapping images of Pt in the membrane is similar with the original
state after ten cycles of separation. The number of nanoparticles do not decrease
significantly (Fig. S7 b and c). It is considered that the nanoparticles can be stably
trapped in the membrane. After intercepting 40 nm of nanoparticles (15 mL solution
containing about 1.6x10° mol nanoparticles), the pore sizes of 1-um-thick CNTs
membrane decrease distinctly from 81.3 nm to 46.2 nm (Fig. S8). Besides, the
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nanoparticles overlapped with each other and form large-sized assembly anchored on
CNT (Fig. 3b). It is not easy for these nanoparticles or the assembly to move in the
winding holes of the composite membrane. These results indicate the loaded
nanoparticles in the membrane have high resistance against water flushing and are stable
enough to be used repeatedly.

3.3. Oil/water emulsion separation and catalytic decomposition

To avoid the fouling on catalytic nanoparticle during separation, a layer of
PAA-CNTs network membrane deposits uniformly on Pd@Pt/PAA-CNTs membrane (Fig.
4a). In the SEM images, the achieved composite membrane still has porous network
structures and many catalytic nanoparticles are embedded densely into the membrane,
forming a multilayer composite membrane with nanoparticles interlayer (Fig. 4b and 4c).
The superhydrophilic/underwater superoleophobic surface consisting of PAA-CNTs
makes the PAA-CNTs/Pd@Pt/PAA-CNTs membrane suitable for oil/water emulsion
separations. Tween-80 stabilized toluene-in-water emulsion is taken as an example to
evaluate the emulsion separation ability of the composite membrane. The emulsion
separation is performed under 0.09 MPa of vacuum pressure. For oil-in-water emulsions,
the PAA-CNTs/Pd@Pt/PAA-CNTs membrane only allows water phase to pass freely due
to its underwater superoleophobic surface (Fig. 4d). It is found that heterogeneous feed
emulsion transformed into colorless clear solution after filtration (Fig. 4e and 4f, inset).
To examine the separation performance, the filtrated solution was further examined by
optical microscopy. It is observed that many oil droplets disappear upon separation and
there are almost not any large-sized droplets in the collected filtrate solution (Fig. 4e and
4f). The diameter analysis results indicate that only small sized of oil droplets below 14
nm remain in the filtrated solution, showing outstanding oil/water emulsion separation
performances.

The reliability of the PAA-CNTs/Pd@Pt/PAA-CNTs hybrid membrane was verified
by repeated treatment of toluene-in-water emulsion. After every cycle, the

PAA-CNTs/Pd@Pt/PAA-CNTs membrane was refreshed with a small quantity of ethanol.
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As shown in Fig. 4g, the flux of the composite membrane almost stays the same even
after 10 cycles, which indicates excellent recycled separation performance of the
PAA-CNTs/Pd@Pt/PAA-CNTs membrane. During ten cycles of separation, the oil
contact angles (OCAs) of the membrane in water decrease slightly from 152° to 150°,
showing stable surface wettability and reproducible oil/water separation behavior.

In order to investigate the separation ability of the membrane for real oil, soya-bean
oil is selected as an example of plant oil (Fig. S9). After passing through the PAA-CNTs
Pd@Pt/PAA-CNTs membrane, it is clearly shown that heterogeneous soya-bean
oil-in-water feed emulsion transformed into colorless clear solution (Fig. S9 a and b).
The micron-sized oil droplets in the feed are removed completely and there is only tiny
droplets below 10 nm remained in the filtrated solution (Fig. S9 c). These results indicate
the excellent separating ability of the composite membrane for plant oil-in-water
emulsions. Besides, the underwater contact angles of composite membrane change
slightly during ten times of recycling separation (Fig. S9 d), indicating stable surface
wettability and good reproducibility for plant oil/water separation. Therefore, these CNT
composite membranes can treat normally plant oil contained emulsions as well as organic

solvents.
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Fig. 4. (a) Photograph of the PAA-CNTs/Pd@Pt/PAA-CNTs composite membrane. (b, ¢)

SEM images of the surface and cross-section of the composite membrane. (d)
Toluene-in-water emulsion separation setup. Optical image of feed emulsion (e) and
filtrated solution (f). The fluxes (g) and water contact angles (h) of the membrane during

ten times recycles.

Owe to the demulsification during oil/water separation, surfactant is easy to adsorb on
the membrane surface and change the membrane wetting property, which will remarkably
affect the separation performance. The separation flux and efficiency variation of the
composite membrane in demulsification process is investigated to evaluate the separation
ability. When the composite membrane (about 15.0 cm? area) suffers from continuous
separation of toluene-in-water emulsion without washing, the separation efficiency
reduces clearly due to the absorbed surfactant in demulsification process. It is found the
separation efficiency decrease from 99.3% to 91.3% and 85.4% in first three-time
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separation (Fig. 5 a), and then reduces to a minimum value of 83.3% after five times

separation. Simultaneously, the flux decrease distinctly from 760 to 430 L'm™ h™* bar™

(Fig. 5 b).
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Fig. 5 The separation efficiency (a) and fluxes (b) variation of the
PAA-CNTs/Pd@Pt/PAA-CNTs membrane in different continuous separation recycles
without washing. (c) The recycled separation efficiency of the composite membrane after
washing in each cycles. (d) The separation performance of the composite membrane for

other organic solvent emulsion.

In the first five times recycle of treating 50 mL emulsion (containing 1.68 mL of oil
and 0.5 g of Tween 80), the separation efficiency of the membrane decrease clearly by
11.1%. The released oil and surfactant in successive demulsification process did not lead
to a distinct reduction in separation efficiency although the flux decreases further.
Therefore, the maximum separation capacity of the membrane allow treating normally
100 mL emulsion (containing 3.3 % v/v oil phase) with separation efficiency above 83%.

After washing by ethanol in each cycle, the flux and separation efficiency reserve almost
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to the original state and show slight change even after 25 times of cycles (Fig 5a, c). The
PAA-CNTs/Pd@Pt/PAA-CNTs membrane showed stable separation flux. The composite
membrane also can treat effectively other emulsions including chloroform-in-water,
hexane-in-water and dichloromethane-in-water (Fig. 5d, Fig. S10). When all the three
emulsions pass through the membrane, there are only small sized oil droplets around 10
nm in the filtrate solution. The separation efficiency of the composite membrane for these
emulsions is much higher than 95 %. Meanwhile, the separation efficiency for
toluene-in-H,O emulsion reach as high as 99.2 %. But the separation fluxes for these four
emulsion are different distinctly. The fluxes for separating CHCI3-in-H,O and
tolune-in-H,O emulsion is lower than 750 L m?h™ bar® while the separating flux for
CH,Cly-in-H,0 emulsion is as high as 2000 L m?h™ bar™.

In order to further investigate the catalytic decomposition performance of

PAA-CNTs/Pd@Pt/PAA-CNTs  membrane during oil/water  separation, the
toluene-in-water emulsion containing MB is used as a model of polluted oily wastewater.
After passing through the composite membrane, the organic droplets in feed emulsion are
removed completely (Fig. 6a and 6b) and there are only small sizes of colloids below 11
nm in the filtrated solution (Fig. 6c). Moreover, blue heterogeneous emulsion
simultaneously changes into colorless transparent solution. In the UV/vis absorption of
filtrated solution, there is nearly no remarkable featured peaks of MB (Fig. 6d), indicating
the MB molecules are almost removed completely during oil/water separation. According
to the standard curves (Fig. S5b), the concentration of MB in filtrate solution can be
calculated precisely and determine the general separation efficiency of the composite
membrane. When the emulsion containing MB with concentration below 30 mg/L pass
through the membrane, the general separation efficiency approaches to 99.3% for MB,
attributing to the absorption and effective catalytic effects of Pd@Pt nanoparticles (Fig.
6d). When the content of MB in emulsion exceeds 30 mg/L, the separation efficiency
decreases gradually and reaches about 93% for treating 60 mg/L MB (Fig. 6e). In a whole,
it is expected that PAA-CNTs/Pd@Pt/PAA-CNTs composite membrane can also be
recycled for removing MB based on the absorption of CNT and catalytic degradation

performance of Pd@Pt. Moreover, the underwater contact angles of
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PAA-CNTs/Pd@Pt/PAA-CNTs composite membrane for organic solvents show no
remarkable changes after ten times of recycling oil/water separation. The stable surface
wettability and catalytic ability allows PAA-CNTs/Pd@Pt/PAA-CNTs composite

membrane be used repeatedly in treating polluted oily wastewater.
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Fig. 6. Oil/water emulsion separation and catalytic performance of PAA-CNTs/Pd@Pt/
PAA-CNTs membrane for toluene/water emulsion containing MB. The optical images of
(a) feed emulsion and corresponding filtrated solution (b). Dynamic light scattering
diameter analysis (c) and UV/vis absorption (d) of the emulsion and corresponding
filtrated solution. (e) General separation efficiency of the membrane for different contents

of MB. (f) Underwater oil contact angles in the ten times of separation recycles.

4. Conclusions

In summary, a robust multifunction CNT composite membrane has been fabricated
by simple filtration method based on interception effects of CNTs network film. The
CNTs network membranes show controllable nanoscale porosity dependent on its

thickness, which allows CNTs membrane load stably with catalytic nanoparticles via
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simple filtration. It is simplify the construction process and make it very convenient to
alter the needed catalytic nanoparticles according to practical pollutants. The prepared
superhydrophilic/ underwater superoleophobic composite membrane not only effectively
separate various oil-in-water emulsion and catalytically decompose the organic pollutes
in water during dynamic separation process. The separation efficiency approach to 99%
while the dynamic catalytic degradation for model methylene blue reach about 99.8%.
Moreover, the composite membrane also shows outstanding durability and catalytic
recyclability. The convenient fabrication and effective oily wastewater purification
performance make the PAA-CNTs/Pd@Pt/PAA-CNTs composite membranes have a
greatly promising potential in practical applications of agricultural and industrial

wastewater treatments.
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® Effectively and simply loaded catalytic nanoparticles via interception effect
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® Decompose organic pollutes during oil/water emulsion separation
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