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Abstract: Carbon nanotubes (CNTs) with hollow nanochannels have attracted much attention in
preparing high-performance water treatment membranes. In this paper, the grafting polymer chains,
including alkynyl terminated poly(methyl methacrylate) methacrylate (PMMA) single chain and
PMMA-b-poly (ethylene glycol) methacrylate [P(PEGMA)] diblock molecular chains, were synthe-
sized by reversible addition-fragmentation chain transfer (RAFT) polymerization. A UV-induced click
reaction was used to graft different linear polymers onto the surface of magnetic thiol-functionalized
carbon nanotubes (nCNTs-SH). The poly(vinylidene fluoride) (PVDF) composite ultrafiltration
membrane within the oriented nanochannels was prepared using phase inversion and magnetic
field orientation. TEM and XRD results confirmed that the magnetic carbon nanotubes grafted
with a diblock molecular chain had good nano-dispersion and orientation array effects in PVDF
composite ultrafiltration membrane. The water contact angle of the array mCNT-g-diblock molecular
chain-based composite membrane was 48.5°, significantly enhancing the PEGMA chain segments.
The composite membrane with CTNs’ nanochannels attained a higher water flux. As the diblock
molecular chain grafted mCNTs oriented in the membrane, the water flux reached 17.6 LMH (five
times greater than the pure PVDF membrane), while the molecular weight cut-off (MWCO) for
PEG1400 rejection could reach higher than 80%.

Keywords: polyvinylidene fluoride ultrafiltration membrane; grafted multi-walled carbon nanotubes
(MWCNTs); nanochannel; block polymers; RAFT polymerization

1. Introduction

Ultrafiltration technology has been widely used in water purification, solution separa-
tion and concentration, and wastewater purification and reuse, such as oil-water separation
and protein effluent separation [1]. Poly(vinylidene fluoride) (PVDF) is a common ul-
trafiltration membrane material with excellent chemical resistance and thermal stability.
However, due to its strong hydrophobicity, organic matter is easily adsorbed on the mem-
brane surface, which causes the membrane pore to be blocked and the water flux to rapidly
decrease [2]. In recent years, multi-walled carbon nanotubes (MWCNTs) have been widely
used in membrane materials due to their hollow and fast water channels. However, the dis-
persion of MWCNTs in organic solvents and aqueous solutions is very low due to the weak
van der Waals force. Therefore, modification of MWCNTs to make them well dispersed
in PVDF membranes is significant for high throughput and separation performance [3].
Recently, by depositing superparamagnetic iron oxide nanoparticles (Fe3O4), magnetic
carbon nanotubes (mCNTs) have been oriented in some direction under the induced action
of the magnetic field to maximize the effect of fast water channels [4]. In order to stabilize
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magnetic particles on the surface of CNTs, compatible polymer segments can be grafted on
the CNTs’ surface [5]. It is possible to graft polymer chains with a desired structure onto
CNTs’ surfaces using reversible addition-fracture chain transfer (RAFT) polymerization,
thereby improving nanoscale dispersion and interface interactions between CNTs’ surfaces
and the polymer chains. In the previous work [6], the polymethylmethacrylate (PMMA)
molecule was linked to the surface of CNTs by using a click reaction after a RAFT synthesis
of PMMA chains. CNTs with grafted PMMA chains demonstrated good compatibility
with PVDF chains, resulting in improved nano-dispersion in PVDE. It should be noted
that PMMA chains are relatively rigid, weakening the interface mutual effect between
the PVDF chains and CNTs’ surface [7,8]. Recent research shows that grafting blocked
polymer chains, including a rigid PMMA chain and flexible PEGMA chain, onto the CNTs’
surface enhanced the interfacial interaction between CNTs’ surfaces and mixed polymer
chains [9,10].

It has been proved that CNT-based membranes offer many advantages, including en-
hanced water permeability, high selectivity, and anti-fouling properties [11]. Additionally,
CNTs can load other inorganic nanoparticles and realize the modification of the membrane
matrix through a synergistic effect. As reported [12], silica-coated multi-walled carbon
nanotubes (5i0,-CNT) were embedded into the PVDF polymer matrix to develop a novel
PVDEF/SiO,-CNT nanocomposite membrane. It has been demonstrated that incorporat-
ing hydrophilic SiO,-CNT into the PVDF matrix increased the permeability from 303 to
377 L/m?%-h (25% enhancement) due to the improved dispersion of nanoparticles, which
subsequently resulted in enhanced morphological properties. Thus, the modified CNTs
make composited membranes exhibit better filtration properties and improved thermal
stability and mechanical properties, significantly improving durability.

Because the disordered CNTs in the membrane matrix have limited water permeation
promotion, the strategy to make the CNTs disperse in nano-scale and arrange in one
direction (arrayed CNTs) would play an essential role in the higher performance polymeric
membrane and surface properties. As reported [13], the CNTs deposited with magnetic
particles and immobilized using block copolymers. This practical grafting method gave the
CNTs’ surface a double layer and could be oriented in the polymer membrane matrix. The
PMMA segments can become compatible with the PVDF chain matrix, while the P(PEGMA)
segments enhance the CNT surface’s hydrophilicity. However, previous work shows that
a small amount of CNT (<2 wt%) was incorporated into the membrane matrix because
of limited nanoscale dispersion. Therefore, the higher amount of incorporation into the
polymeric membrane is still a challenge.

In this study, a diblock molecular chain with rigid PMMA and flexible P(PEGMA) seg-
ments was grafted onto magnetically thiol-functionalized carbon nanotubes (mCNTs-SH)
using a technique referred to as thiol-alkynyl click chemistry initiated by ultraviolet
light [14]. The alkynyl-terminated poly (methyl methacrylate) and poly (ethylene methacry-
late) block copolymers were synthesized using the benzoyl peroxide/dimethylaniline redox
system as the free radical source at room temperature. Magnetic responsive CNTs with
bilayer polymer interface were prepared by grafting P(PEGMA)-b-PMMA-alkynyl segment
to sulfthydryl functionalized CNTs. The effects of grafted diblock molecular chains on CNTs’
surface and CNTs’ orientation by the magnetic introduction on the membrane structure
and filtration performance were systematically investigated.

2. Materials and Methods
2.1. Materials

Multi-walled carbon nanotubes (MWCNTs) (diameter < 8 nm, length 0.5~2 um) were
purchased from Nanjing Xianfeng Technology Co., Ltd. (Nanjing, Jiangsu, China). Pho-
toinitiator 1173 (CP) was obtained from Shanghai Guangyi Chemical Co., Ltd. (Shanghai,
China). Poly(vinylidene fluoride) (PVDF-741) was supplied by Arkema (Chateauroux,
France). N. N-dimethylacetamide (DMAc) (AR) was purchased from Sinopharm Chemical
Reagents Co., Ltd. (Shanghai, China). Poly (ethylene glycol) methyl ether methacrylate
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(PEGMA) (AR) and methylmethacrylate (MMA) monomers were obtained from Shanghai
Aladdin (Shanghai, China). RAFT reagent of dodecyl thiocarbonate 2-methyl-propylenyl
propionate [15] (DMP-Alkynyl) (94.73% purity) was self-made in the laboratory. Azodi-
isobutyronitrile (AIBN) (98% purity) was purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China).

2.2. Synthesizing Magnetical CNTs Grafting Single and Diblock Molecular Chains

As reported [16], the terminal alkynylated polymethylmethacrylate (PMMA-alkynyl)
and diblock molecular chains, which were copolymerized with poly (ethylene glycol)
methacrylate [P(PEGMA)], were synthesized. The thiol-functionalized CNTs (CNTs-SH) [2]
and Fe;O4 [17,18] were prepared by the reported method.

2.3. Orientation of Magnetical CNTs Grafting Molecular Chains in the Membrane

The orientation of magnetical CNTs grafting single and diblock molecular chains in
the PVDF membrane was achieved by a magnetic field introducing (<0.65 T) interaction
during the phase inversion process (as shown in Scheme 1). For example, an M2 sample
was derived from 2 wt% mCNTs grafting PMMA /14wt% PVDF/84% DMAc solution.
In order to disperse the grafted mCNTs in the dope solution, ultrasonic treatment was
performed. After stirring continuously for 12 h at 70 °C, the dope solution was degassed
before casting. The same process prepared membrane samples according to the composite
and magnetic introduction in Table 1.
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Scheme 1. Preparation of PVDF composited membrane with orientation mCNTs.

Table 1. PVDF composite membrane notation and its composition of dope solutions with or without
magnetic field processing.

PVDF mCNTs DMAc

Code (Wt%) Grafted Molecular Chains (WE%) (WE%) Magnetic Field
MO - - 84 No
M1 2 84 No
M2 PMMA single chains 2 84 Yes
M3 14 5 84 No
M4 . 5 84 No
M5 PMMA + P(PEGMA) diblock 5 84 Yes

M6 molecular chains

=
o

84 No
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2.4. Characterizing the Structure and Morphology of the Magnetical CNTs Grafting Molecular Chains

The CNTs’ surface morphology was observed by transmission electron microscopy
(TEM) (JEOL, JEM 2100, Tokyo, Japan) and a field-emission scanning electron microscope
(FE-SEM) (Quanta FEG 250, Hillsboro, OR, USA). Hysteresis loops of magnetical CNTs
grafting molecular chains were obtained by vibration sample magnetometer (VSM) mea-
surement (MPMS, XL-7, San Diego, CA, USA). The specific magnetic field range required
for the test ranged from —10.000 Oe to +10.000 Oe under the £3 T range of magnetic field.
The original CNTs, mCNTs-SH, and Fe;O4 were also used as reference samples.

2.5. Characterizing the Basic Properties of the CNTs/PVDF Composited Membrane

The surface and section morphology of the PVDF composite membranes were ob-
served after spraying with gold under 15.00 kV accelerating voltage. The membrane surface
analysis was carried out on Nicolet iS50 (Thermo Fisher Company, Waltham, MA, USA)
using total reflection (ATR) mode. The calculation for 3-PVDF content in the crystalline
phase was as follows [19].

Ap Ap

p— 1
Kg/Ka)Ax + Ap ~ 126A, + Ag (1)

where Ay And Ag present the absorption peak area of the a-PVDF and 3-PVDF at 761 cm~!
and 842 cm™!; Kg/K,, = 1.26.

The melting crystallization of the PVDF in the composited membrane was character-
ized by a differential scanning calorimeter (DSC-214, Netzsch, Weimar, Germany). The
temperature range under the N, atmosphere is 20 °C~200 °C with a heating or cooling rate
of 10 °C/min. The crystallinity (X.) of PVDF is calculated by the melting enthalpy ratio
between the membrane sample and the reference PVDF with 100% crystallinity [20].

The orientation of the CNTs in the PVDF composite membrane was determined using
TEM (JEOL, JEM 2100, Tokyo, Japan). XRD (D8 Advanced X, Bruker, Ettlingen, Germany)
was used to confirm the orienting degree of CNTs in the composite membrane. It was
carried out in Cu K, irradiation source at 25 °C scanning from 20° to 60° with a rate
of 0.02°/s.

At room temperature, the membrane surface wettability was investigated by the
water contact angle meter (JC2000D1, Shanghai Zhongchen Digital Technology Instrument
Co., Ltd., Shanghai, China). Each point was measured from a 1.0 uL water droplet.

All the membrane samples’ porosity was measured by weighing method [18]. Before
the test, the membrane sample was soaked in isobutanol for 24 h. After that, the weight
changes in the membrane before and after soaking can be calculated. The porosity can be
obtained as follows.

2.6. Filtration and Antifouling Properties of the CN'Is/PVDF Composited Membrane

As in our previous work [21], the filtration test was carried out on the water flux
filtration equipment. The flux of pure water was measured at 0.1 MPa, with a test area
of 23.7 x 10~* m?, in cross-flow mode, at 160 mL/min. Then the permeability can be
calculated by Equation (2).

1%
A X At

PWP = )
where PWP is the flux of the composite membrane (L-m~2-h~1); A is the membrane surface
area (m?), and V is the collected volume of the permeating side (L) at a running time At.
The poly(ethylene glycol) (PEG) rejection was measured in the same mode by changing the
PEG molecular weight from 1000 to 1600 Da. The PEG rejection can be obtained from the
following equation.

(¢-¢)
Rejection = —a x 100% 3)
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where Cf is the content of PEG in the feed side solution, g/L; C, is the content of PEG in the
permeate side solution, g/L; A is the membrane testing area.

As in previous work, the BSA absorption test on the PVDF composite membrane
surfaces obtained the anti-fouling evaluation [21]. The UV spectrophotometer (UV-1800,
Shimadzu, Kyoto, Japan) analyzed the BSA absorption difference before and after im-
mersion. According to the remaining absorbed BSA amount, the BSA absorption on the
membrane surface can be calculated.

w:(Co—il)XV @

where Cj is the concentration of BSA solution before immersion (pg/mL), C; is the concen-
tration of BSA solution after immersion (ug/mL), V is the BSA solution volume (mL), and
A is the sample membrane area (cm?). According to the literature, BSA standard solution
with 0.2 g/L concentration is prepared [22].

3. Results and Discussion
3.1. Surface Chemical Identification and Morphology Analysis for the Magnetically Grafted CNTs
CNTs’ Surface Morphologies Observation

Compared with the original CNTs (Figure 1a) and mCNTs-SH (Figure 1b), the
mCNT-g-PMMA (Figure 1e) and mCNT-g-block (Figure 1f) show obvious deposited
Fe3O4 nanoparticles and grafted polymer chains on the CNTs’ surface. The Fe3O4
nanoparticles show about 5 nm diameter (Figure 1c) and deposit uniformly on the
CNTs’ surface (Figure 1d). The length of CNTs-SH is much shorter than the original
one because of the acidification treatment process. As shown in Figure 1d, the CNTs’
surface is grafted PMMA-b-P(PEGMA) chains, while the Fe3O4 nanoparticles are well
deposited on the surface.

100 nmy
e

Figure 1. SEM (b,e,f) and TEM (a,c,d) images of magnetically functionalized CNTs: (a) original CNTs;
(b) mCNTs-SH; (c) Fe30y; (d) mCNTs-g-Block; (e) mCNTs-g-PMMA,; (f) mCNTs-g-Block.

Figure 2 shows the FTIR spectra of magnetically functionalized CNTs. The absorption
peaks at 1159 cm ! and 660 cm ! refer to stretching vibration peaks of -Si-O-Si- and -Si-C-
groups produced by the thiolated process. These two new characteristic peaks also showed
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that the thiol group is successfully immobilized on the surface of CNTs. Compared with
the original CNTs, the mCNTs-g-PMMA shows a strong C-H vibration peak of methylene
(—CH,—) at about 2900 cm 1. There is a characteristic C-H peak of methyl (—CH3) at about
1460 cm ! and 1350 cm ™!, which indicates that PMMA is successfully grafted onto the
surface of mCNTs. Following the click reaction between mCNTs-SH and alkynyl terminated
diblock molecular chains, C-S and C=S characteristic peaks appeared at 1252 cm~! and
1045 cm ™!, respectively, corresponding to the thiocarbonate structure in the RAFT agent,
indicating the preparation of mCNTs-block. In addition, the strength of-OH and carbonyl
peaks at 3416 cm ! and 1729 cm ! were significantly enhanced, proving that the diblock
P(PEGMA)-b-PMMA was achieved grafting onto the surface of CNTs.

original CNTs
~
X mCNTs-SH
N’
S f
(3]
= 1159
N . .
E mCNTs-g-PMMA -Si-O-Si- 620
£ -Si-C
@ 0
£ 1458 | 1258
g 1384 1020
; 2921 mCNTs-Block 1100

1729
C=0—

1062
cs  CS
1 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm )

3416-OH

Figure 2. FITR spectra of magnetically functionalized CNTs.

Figure 3 shows the XRD patterns of mCNTs-g-block, mCNTs-SH, mCNTs, and Fe3O4
particle samples. The Fe3Oy particles present peaks at 31.70°, 35.44°, 43.10°, 53.56°, 57.10°,
and 62.66°, corresponding to the diffraction peaks of Fe3O4 at (200), (311), (400), (422),
(333), and (440), respectively [2]. As these Fe3O4 particles are deposited on the CNTs, the
characteristic peaks still keep in the samples, even after grafted single and diblock chains.

: : : mCNTs-g-block

- : ‘ mCNTs-SH

,../\_‘ | original CNTs

Intensity ( A.U.)

(200) 311 (400) (422) (335(440) Fe;0,

20 30 40 50 60 70 80
2Theta(degree)

Figure 3. XRD of magnetically functionalized CNTs and Fe3Oyj.

Figure 4 shows a hysteresis loop diagram of mCNTs, including —SH, single chains,
and diblock chains grafting functionalized ones. All mCNT hysteresis curves pass through
the origin, indicating that residual field strength (Br) and coercivity (HD) are equal to zero.
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The mCNTs and mCNTs-SH grafted with different polymer segments show superparamag-
netism. Among them, the mCNTs-SH obtains a saturation magnetic field induction strength
of 15.6 emu/g. The saturation magnetic induction strength of single-chain grafting mCNTs
and diblock grafting mCNTs is 14.3 emu/g and 12.8 emu/g, respectively. Compared with
mCNTs-SH, the saturation magnetic induction strength of the grafted mCNTs is reduced,
which is caused by the reduction of the mass ratio of magnetic particles for grafting the
polymer chain to the surface of mCNTs.

60

—— d. original CNTs

a. Fe30y4

40 | oot

M (emu/g)

20 | b. mCNTs-SH
oer ¢. mCNTs-g-PMMA

T mNTs-g-PMMA-b-PEGMA
Magnetic Field (Oc) /

e. original CNTs
ﬂ
1 1 1 1 1 1 1 1

0
-10k -8k -6k -4k 2k 0 2k 4k 6k 8k 10k
Magnetic Field (Oe)

M (emu/g)

Figure 4. Hysteresis loop diagram of magnetically functionalized CNTs.

3.2. Surface Property and Crystalline Phase Analysis for the PVDF Composited Membrane

The SEM surface and cross-section of the PVDF composited membrane with mCNTs
addition with or without magnetically orientating are illustrated in Figure 5. The morphol-
ogy of the composited membrane significantly changes with the grafted mCNTs’ addition.
The surface of pure PVDF membrane is relatively smooth and dense, and the cross-section
structure is mostly spongy pores. After adding CNTs, the rough membrane surface is
observed, and the finger-like pores are more obvious in the cross-section. Because of the in-
teraction between PMMA molecular chains and PVDF chains, the mCNTs-g-PMMA favors
pore formation during the NIPS process. Thus, the pore size of the M1 sample increased
compared with the pure PVDF membrane (M0). As the diblock chains grafting mCNTs
are incorporated into the membrane (M3), the roughness of the composite membrane is
more evident. The pore size in the cross-section increases, and the finger-like pore becomes
longer. The pore structure changes can be attributed to the more hydrophilic PEGMA chain
segment’s interaction, making the phase inversion faster [23]. The surface and cross-section
structure are not changed after magnetically orientating (M2 and M4).

Figure 6 shows DSC melting curves of PVDF composited membranes incorporated
with different amounts of mCNTs grafting single and diblock chains and membranes with
oriented or unoriented mCNTs. For the pure PVDF membrane, the melting peak is at 169 °C.
With the addition of CNTs, the melting peak shifts to a higher temperature, especially for
the M4 and M5 membrane samples. This shift can be attributed to the enhancement of
B-PVDF formation. FTIR results will discuss the detailed identification.

Table 2 reports the DSC melting data from Figure 6. The crystallinity of pure PVDF
membrane is only 15.5%, and, with the addition of mCNTs, the crystallinity of the PVDF
in the membrane is significantly improved. The 5 wt% addition of mCNTs grafting single
and diblock chains in the PVDF composite membrane (M3, M4) increases the crystallinity
to 24.5% and 35.2%, respectively. The PVDF crystallinity shows a small increase with the
increase of grafted mCNTs’ addition, indicating an enhancement in crystallization by these
mCNTs. However, when the mCNT-g-PMMA-b-P(PEGMA) is higher than 5 wt% (M6), the
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PVDF crystallinity in the composite membrane comes down (27.4 wt%). It is suggested
that a high grafted mCNTs addition hinders the polymer crystallization.

X10000 |

X10000

X10000 X2000

X10000

X10000 | m—10 ym

Figure 5. The SEM surface and cross-section images of PVDF composited membranes with oriented
or unoriented mCNTs grafting single and diblock chains. (The M0, M1, M2, M4, and M5 sample
information is listed in Table 1.)

Endo

I

M6

M5

M4

Heat flow

s

M3

M2

M1

MO

1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
40 60 80 100 120 140 160 180
Temperature (°C)

Figure 6. DSC curves of PVDF composited membranes with various amounts of mCNTs grafting
single and diblock chains and membranes with oriented or unoriented mCNTs. (The M0, M1, M2,
M3, M4, M5 and M6 sample information is listed in Table 1.)
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Table 2. DSC melting data of PVDF composited membranes with different amounts of mCNTs
grafting single and diblock chains and membranes with oriented or unoriented mCNTs.

Sample Tm®/°C TmP/°C Tmf/r°C ATn/°C AHn/(J-g7)  AXcd/%
MO 165.3 169.4 173.0 7.7 16.2 15.5
M1 166.0 170.8 174.3 8.3 24.3 23.2
M2 166.1 171.2 174.2 8.1 26.1 249
M3 165.2 170.2 172.6 74 27.1 26.3
M4 166.8 172.3 176.7 9.9 36.8 35.2
M5 166.9 173.2 177.2 10.3 38.6 36.8
M6 166.1 171.5 175.4 9.3 28.7 27.4

The PVDF crystallinity in the oriented mCNTs’ composite membrane (M2, M5) rises
by about 1%, compared with those unoriented mCNTs’ composite membranes (M1, M4).
The increased crystallinity can be attributed to the excellent 3-PVDF nucleation effect by
the oriented mCNTs. Thus, the M2 and M5 membrane samples achieve a higher melting
temperature. As shown in Table 2, the mCNT-g-PMMA-b-P(PEGMA) has a more dominant
enhancement on PVDF crystallization. PEGMA segments’ more flexible chain movement
enhances the interaction between PVDF and mCNTs’ grafting diblock chains, favoring the
PVDF crystallization.

The water contact angle in Figure 7 shows the hydrophilicity of the different PVDF/mCNTs
composite membranes. The pure PVDF membrane has a hydrophobic surface with a water
contact angle of 82.3°. With the addition of the grafted mCNTs, the water contact an-
gle decreases because of the hydrophilic polymer chain’s effect. Compared with mCNTs
grafting single chains, the mCNT grafting diblock chains have more hydrophilicity en-
hancement because of the more hydrophilic PEGMA chains. For example, when 2 wt%
mCNTs-¢g-PMMA is added, the water contact angle of M1 and M2 membranes decreases to
65°. When 5 wt% of mCNT grafting diblock chains was added, the water contact angle of
M4 and M5 membranes went down to 50°. As the grafted mCNTs amount increases (in M3
and M6), the water contact angle shows a small rise again, which can be attributed to the
agglomeration of mCNTs. For the composite membranes with grafted mCNTs before or
after orientation, the hydrophilicity shows no change.

50 -

Water Contact Angle (°)

MO M1 M2 M3 M4 MS Meé

Figure 7. Water contact angle of PVDF composited membranes with oriented or unoriented mCNTs
grafting single and diblock chains and membranes with oriented or unoriented mCNTs.

Figure 8 shows that the pure PVDF membrane (M0) has characteristic peaks at
761 cm~! and 840 cm ™!, which refer to  and B-PVDF crystalline phase. When adding
2~5 wt% mCNTs-g-PMMA into PVDF membrane, the «-PVDF still predominates in the
crystalline phase. The 3-PVDF content in the whole crystallinity increases to 40~56%.
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Figure 8. FITR spectra of PVDF composited membranes with oriented or unoriented mCNTs grafting
single and diblock chains and membranes with oriented or unoriented mCNTs.

When the mCNTs grafting diblock chains are added to the PVDF membrane (M4, M5
and M6), only 3-PVDF exists in the crystalline phase. This result confirms that the mCNT
grafting diblock chains favor the 3-PVDF formation during the membrane preparation, the
reason why higher melting peaks are obtained in the M4 and M5 samples (Figure 5). The
composite membrane with oriented mCNTs (M2 and M5) shows no change compared with
those without orientation (M1 and M4).

3.3. PVDF Composited Membrane Performance

In Figure 9, with the addition of mCNTs grafting single and diblock chains, the porosity
of the PVDF composite membrane increases from 30% (MO) to 53% and 85%, respectively.
This increase occurs because hydrophilic mCNTs grafting diblock chains promote the pore
density of the membrane and thus obtain high porosity. Due to the hydrophobicity of
PVDE, the pure water flux of M0 sample is only 3.2 L/ m2-h. The magnetical orientation
of the grafted mCNTs promoted the formation of highly oriented nanochannels in the
composite membranes. When the amount of mCNTs-g-PMMA is 2 wt%, the pure water
flux increases to 5.3 LMH (M1) and to 10 LMH (M2) after the magnetical orientation. Due
to the affinity between the hydrophilic segment PEGMA in mCNT grafting diblock chains
and water molecules, the hydrophilicity is further enhanced. When the addition amount is
5 wt%, the pure water flux of the composite ultrafiltration membrane reaches the maximum
value of 14 LMH (M4). The pure water flux rises up to 17.6 LMH in the magnetically
oriented sample (M5). Due to the magnetic field-induced orientation, efficient nano-water
channels were constructed, and high-performance composite membranes were obtained.
Similarly, when the grafted mCNTs content increases (M3 and M6), the porosity and flux
decrease somewhat.

In Figure 10, the various PEG with different molecular weight cut-offs were used to
evaluate the PVDF composite membanes’ rejection propensity. All prepared membranes
can be applied for ultrafiltration membranes because even the PEG1600 rejection ranges
from 60~90%. With the addition of mCNTs grafting single or diblock chains, the rejection
percentage of different PEG1600 increased to 97%, compared to that of the pure PVDF mem-
brane of 65% (MO). The increased PEG rejection can be assigned to the CNTs’ nanochannels’
effect. The mCNTs grafting diblock chains have significantly improved PEG rejection due
to the well-dispersed nanochannels in the PVDF matrix, especially for the magnetically
oriented one (M5). This result confirms that the magnetically functionalized mCNTs endow
an excellent nanochannels’ effect on the membrane performance. The decreased water flux
for M3 and M6 membranes can be attributed to the poorly dispersed mCNTs with grafted
polymer chains. The water contact angle results appear in Figure 7. The hydrophilicity of
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M3 and M6 membranes indicates a small increase. As the grafted mCNTs amount increases
(in M3 and M6), the water contact angle again attains a small rise, which can be attributed
to the agglomeration of mCNTs. The hydrophilicity shows no change for the composite
membranes with grafted mCNTs before or after orientation. The decreased water flux
can be attributed to the poorly dispersed mCNTs with grafted polymer chains. As for
M3 membranes, the content of the grafted mCNTs was higher than the M2 sample; the
aggregated mCNTs cannot perform the nanochannels. Thus, the water flux decreased
(Figure 9). The PEG rejection of the M3 membrane can be attributed to the smaller porosity
in the membrane (Figure 9).
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Figure 9. Porosity, and pure water flux of the membranes incorporated with different amounts of
mCNTs grafting single and diblock chains and membranes with oriented or unoriented mCNTs.
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Figure 10. Rejection characterization of four different molecular weight polyethylene glycol (PEG)
with different membrane samples.

Figure 11 shows the BSA adsorption data of PVDF composite membranes with
different amounts of mCNTs grafting single and diblock chains and membranes with
oriented or unoriented mCNTs. The pure PVDF membrane MO reaches a BSA adsorp-
tion capacity of 168.3 ug/cm? because of its hydrophobicity. With the addition of
mCNT-g-PMMA, the hydrophilicity increases, making the BSA adsorption amount
reach the balance of 81.1 ug/cm?. The BAS absorption value decreased as mCNT graft-
ing diblock chains were added to the composite membrane due to the more hydrophilic
PEGMA chain segment. Thus, the BSA adsorption capacity of M4 and M6 is, respec-
tively, 25.7 ug/cm? and 32.7 pug/cm?. Due to the strong agglomeration of magnetic
nanoparticles contained in mCNTs, the hydrophilic nanoparticles partially agglom-
erated, which reduced the anti-BSA adsorption effect of M6 composite ultrafiltration
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membrane with 10 wt% of mCNT-g-PMMA-b-P(PEGMA). Additionally, the composite
membrane with oriented mCNTs has little enhanced BSA absorption, which may be
due to the more hydrophilic polymer segments enriched in the membrane surface.
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Figure 11. BSA dynamic adsorption of the composited membranes with various amounts of mCNTs
grafting single and diblock chains and membranes with oriented or unoriented mCNTs.

3.4. The Orientation Identification of Grafted mCNTs in the Membrane Matrix

Figure 12 shows the cross-sectional TEM images of the membrane (M5) with 5 wt%
oriented and non-oriented mCNTs grafting diblock chains. Before the orientation by the
magnetic field, the mCNT grafting diblock chains are haphazardly dispersed in the PVDF
membrane matrix (Figure 12a). After orienting by the magnetic introduction, the mCNT
grafting diblock chains can be oriented in the same direction in the PVDF matrix membrane,
indicating that the ordered nanochannels were achieved, as shown in Figure 12b.

200 nm
|

Figure 12. Cross-sectional TEM of PVDF composite membranes with 5 wt% oriented (a) VS. non-
oriented mCNTs grafting diblock chains (b).

The XRD pattern of the M5 membrane (as shown in Figure 13) confirms the
vertical orientation of mCNTs in the matrix membrane. The pure PVDF membrane
(MO) has a strong «-PVDF crystal phase peak at (002) crystal plane. When the addition
of mCNT-g-PMMA-b-P(PEGMA) is 5 wt%, the oriented mCNTs weakened the a-PVDF
crystal in the composite membrane. This result agrees with the FTIR and DSC results
above. The diffraction peak at 46° is related to the relative content of mCNTs with
vertical orientation [10]. The diffraction peak at 45° of M5 is much stronger than that
of M4 membrane, which indicates that there are many vertically oriented mCNTs in
the M5 composite membrane, proving the construction of its oriented nan channels in
this composite membrane.
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Figure 13. XRD diagram of PVDF composite membranes with 5 wt% oriented or non-oriented
mCNTs grafting diblock chains.

4. Conclusions

The magnetically functionalized CNTs, including mCNTs grafting single and di-
block chains, were synthesized in this work. To realize the interface design structure, the
two copolymers were grafted onto magnetized mCNT-SH. The magnetized mCNTs-SH,
mCNTs-g-PMMA, and magnetized mCNTs grafting diblock chains have superparam-
agnetism and can obtain orientation under a magnetic field introduction. The original
PVDF membrane illustrates a higher water contact angle (82°), and the pure water flux
was also low (3.2 L/m?2-h). The mCNTs’ interface layer structure can enhance the mem-
brane’s hydrophilicity. For the composite membrane composed of mCNTs grafting single
and diblock chains, introducing more hydrophilic PEGMA chains can reduce the water
contact angle to 48.5° and make the pure water flux reach the maximum of 17.6 L/m?-h.
When mCNT is oriented in the membrane, the magnetically introduced orientation can
construct a no-water channel, significantly improving the ultrafiltration membrane’s
water flux. The BSA absorption results showed that the membrane incorporating mCNTs
grafting diblock chains has an excellent antifouling propensity with the lowest BSA
absorption. These results can be attributed to the more hydrophilic PEGMA chains in
the grafted mCNTs. The TEM and XRD results confirmed that the oriented mCNTs had
been achieved.
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