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ABSTRACT: To investigate the influence of magnetic materials combined with carbon nanotubes (CNTs) as fillers on the membrane
properties, multi-walled carbon nanotubes (MWCNTs) functionalized by mixed acids (Viasos:Vanos=3:1) were loaded by Fe;O,
through a hydrothermal method. The obtained MWCNTs/Fe;O, hybrids were characterized by X-ray diffraction (XRD), Infrared
spectroscopy (IR) spectrum, and scanning electron microscope (SEM) and then blended with polyvinyl chloride (PVC) to prepare
ultrafiltration (UF) membranes through a phase inversion process. Simultaneously, two other UF membranes, PVC blended with
acid-treated MWCNTs and PVC blended with nothing, were also prepared. The results showed that the membrane porosity and
mean pore size increased slightly with the addition of fillers. Static contact angle showed that MWCNTs/Fe;O, hybrids improved the
hydrophilicity of membrane surface better than the acid-treated MWCNTs. Pure water flux increased consistently with the hydrophi-
licity of the membrane surface. SEM and atomic force microscope (AFM) images showed that the MWCNTs/Fe;O,4 blended mem-
brane formed a relatively complete pore structure throughout the cross-section and had a rougher top surface. However, the
mechanical properties of membranes with fillers were reduced compared with the pristine PVC membrane. The rejections of mem-
branes for Bovine serum albumin (BSA), Bisphenol A (BPA), and Norfloxacin (NOR) showed that MWCNTs/Fe;O, played an impor-
tant role in trapping pollutants in membrane filtration. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43417.
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INTRODUCTION (Si0,),>"° titaniumdioxide (TiO,),"*™"* ironoxide (Fe;0,)."*'° car-

bon nanotubes (CNTs)"'”™* have been blended in during the mem-
brane fabrication. For instance, Huang et al'’> reported the
fabrication of polyvinylidene fluoride (PVDEF)-Fe;O, ultrafiltration

Membranes have been proven an effective way for separation due
to its stability, efficiency, and low-cost requirement.! Among vari-
ous reported membranes, polymeric membrane exhibits a good

thermal and mechanical stability and has attracted considerable
attention both academically and industrially.

Polyvinyl chloride (PVC) has been considered as an outstanding
membrane materials because of its excellent physical and chemical
properties.” However, polymer membranes such as PVC made
through a phase inversion process generally show a reduction of per-
meate flux at high pressure resulted from the compaction of the
original porous structure.” In addition, the PVC membrane tends to
spontaneous wrinkling and its hydrophobic nature causes severe
membrane fouling and permeability decline in filtration. In order to
improve membrane performance and structural stability, some inor-
ganic materials such as alumina (ALO3),*° zirconia (ZrO,),”® silica
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(UF) membrane with a magnetic field assisted method and found a
novel membrane with lamellar macrovoids in the sublayer, further-
more an improved performance has been observed in pure water
flux and initial rejection.

CNTs are tube-like materials made of rolling up graphene sheets.
Multi-walled carbon nanotubes (MWCNTs) are composed of
multiple layers of graphene sheets, while single-walled carbon
nanotubes (SWCNTs) have cylindrical shape consisting of a single
graphene shell.® Because of its large surface area, high aspect
ratio, and low impacts on the environment, CNTs have become
one of the most promising materials in water treatment, espe-
cially as the fillers in the microfiltration or ultrafiltration
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Table 1. Detail composition of the Three Membranes
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Acid-treated

MWCNTs
PVC content content MWCNTs/Fes0,4 content DMAC content PVP content
Membrane no. (wt %) (wt %) (wt %) (wt %) (Wt %)
PVC-I 14 0 0 85 1
PVC-II 14 0.3 0 84.7 1
PVC-III 14 0 0.65% 84.35 1

?Including 0.3 wt % acid-treated MWCNTSs.

membranes. Majeed et al'® blended hydroxyl functionalized
MWCNTs with polyacrylonitrile (PAN) to prepare ultrafiltration
membrane and found the addition of MWCNTs not only
improved polymer solution viscosity, the water flux, tensile
strength, but also reduced the compaction of the membrane sig-
nificantly under high pressures. Qiu et al."’ prepared ultrafiltra-
tion membrane by blending MWCNTs functionalized by
isocyanate and isophthaloyl chloride with polysulfone (PSF). The
results showed that the MWCNTs influenced surface mean pore
size and porosity of membrane and facilitated the reduction of
the fouling from protein adsorption. The incorporation with
either CNTs or magnetic particles could greatly improve the per-
formance of the membranes, but these membranes still have their
own drawbacks in electrochemical, magnetic, or biocompatible
properties, which hinder their further applications. Interests
might be to fabricate the membrane blended with both of them.
Due to strong interaction between CNTs and magnetic particles,
the membrane with desirable properties perhaps can be obtained.
Up to now, various methods have been reported for the fabrica-
tion of the CNTs/Fe;0, nanocomposites. For example, Jia et al.*!
have successfully obtained necklace-like nanostructures with
Fe;0, beads, which were self-assembled along multi-walled car-
bon nanotubes (MWCNTS) through a simple hydrothermal
method. Li et al?* found the CNTs/Fe;0, nanocomposites exhib-
ited strong adsorption behavior for Bisphenol A (BPA) in aque-
ous solution. These all prove that CNTs/Fe;O, hybrids have
excellent properties in electrochemistry, magnetism, or adsorption
properties for some special molecules.

Unfortunately, few reports have applied the excellent properties
of CNTs/Fe;O, in preparation membrane. In this work, func-
tionalized MWCNTs loading Fe;O, were fabricated and then the
products were blended with PVC to prepare ultrafiltration
membrane. The membrane morphology, contact angle, porosity,
and mean pore size were examined and the rejections for
Bovine serum albumin (BSA), BPA, and Norfloxacin (NOR)
were investigated.

METHODOLOGY AND MATERIALS

Materials

Multi-walled carbon nanotubes (MWCNTs, with diameters of
10-20 nm, 97% purity, and specific surface area 100-160 m?/g)
were provided by Shenzhen Nanotech Port Co., China. Polyvi-
nylpyrrolidone (PVP) with molecular weight of 10,000 was pur-
chased from Tianjin Damao Chemical Reagent Company.
Polyvinylchloride (PVC) was supplied by Xiya Reagent
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Company. Bovine serum albumin (BSA), Bisphenol A (BPA),
and Norfloxacin (NOR) were purchased from Aladdin Indus-
trial Corporation (China). N,N-dimethylacetamide (DMAC),
Ferrous sulfate (FeSO,-7H,0), and Ferric chloride (FeCl;-6H,0)
were analytical grade.

Preparation and Characterization of MWCNTs/Fe;0,

In order to increase its purity and activity, the MWCNTs were
ultrasonically treated with a mixture of concentrated acid
(Vizso4:Vanos = 3:1) for 4 h at 65°C. Then the solution was
diluted with deionized water, filtered to neutral through a 0.45
um membrane, and then dried in vacuum for 12 h. MWCNTs/
Fe;0, hybrids were prepared through a hydrothermal method
as described by Hou et al® Briefly, FeCl; and FeSO, (molar
ratio 2:1) and 0.5 g acid-treated MWCNTs were ultrasonically
mixed with 400 mL deionized water. Under N, flow, the solu-
tion was stirring at 50 °C for 0.5 h, and then continued stirring
at 65°C for 1 h under pH=12. The obtained precipitates were
filtered, rinsed with deionized water to neutral, dried, and
milled.

X-ray diffraction (XRD, Empyrean, PANalytical; with Cu Ku
radiation) was used to identify the phase structure. Infrared
spectroscopy (IR, Thermo Nicodet 6700, Thermo Electron Cor-
poration) was used to identify the functional groups of acid-
treated MWCNTs and MWCNTs/Fe;0, by mixing the nano-
composites with KBr and pressing into pellets. Scanning elec-
tron microscope (SEM, Merlin, Carl Zeiss) was employed for
examination of the morphology of the products.

Preparation of Membrane

UF membranes named PVC-I, PVC-II, PVC-III were prepared
via a phase inversion method."”” The composition of the mem-
branes was shown in Table I.

For the preparation of PVC-II and PVC-III, acid-treated
MWCNTs or MWCNTs/Fe;0, hybrids were ultrasonically mixed
with DMAC, followed by addition of PVC and PVP under stir-
ring. The casting solution was stirred at room temperature for
12 h and was kept in the dark for 12 h to remove air bubbles.
Then the casting solution was spread into membranes on a glass
plate with a membrane applicator, and then the membranes
evaporated in air for 1 min before immersing into deionized
water coagulation bath. The membranes were kept in water at
room temperature for 24 h before further use. The preparation
of PVC-I was performed with the procedure similar to that of
PVC-II and PVC-III by adding PVC and PVP directly into
DMAC to get the casting solution.
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Characterization of Membrane

Morphology Observation. The surfaces and cross-sectional
structures of membranes were examined by scanning electron
microscope (SEM, Merlin, Carl Zeiss). Cross-section structures
were prepared by being fractured in the liquid nitrogen. Sam-
ples were coated with a thin layer of Au/Pd before analysis.
Atomic force microscope (AFM, Cypher S, Asylum Research)
was used to observe surface morphology and roughness of the
membranes without special sample preparation. Simply about
1 cm® pieces of membranes were prepared and glued on the
glass substrate before being scanned.

Porosity and Mean Pore Size. The membrane porosity, &(%),
was determined by gravimetric method'” using the expression
given in eq. (1).

(W1-wa)/dy
(wi-w2)/dy+w2/d,

&(%)= X100% (1)

where w; was the weight of the wet membrane (g), w, was the
weight of the dry membrane (g), d,, was the pure water density
(0.998 g/cm?), and d,, was the polymer density (as the inorganic
content in the membrane matrix was small and d, was approxi-
mate to dpyc, namely 1.4 g/cm3).2

The mean pore size (nm) was calculated via filtration velocity
method. It was expressed by the Guerout-Elford-Ferry equation
[detail in eq. (2)], which represented the average pore size along
the membrane thickness.”**

_ [(2.9—1.75¢)81n0Q
e ¢AAP @)

where 5 was the pure water viscosity (8.9 X 10~* Pa s), 0 was
the membrane thickness (m), Q was the volume of the perme-
ation of pure water per unit time (m’/s), A was the effective
area of membrane (m”), and AP is the operation pressure
(100 kPa).

Contact Angle, Pure Water Flux, and Rejection Measurements. A
contact angle goniometer (OCA15, Dataphysics) was used to char-
acterize hydrophilicity of the membrane surface. About 1 L deion-
ized water was dropped onto a dry membrane surface and five
measurements at different sites were averaged to get the final data.

The pure water flux and rejection measurements were conducted
with a dead-end UF test system at room temperature with the
pressure of 0.1 MPa. All membranes were pre-pressured at 0.1
MPa using the pure water for 15 min, and then the pure water
fluxes and rejections of BSA, BPA, and NOR were measured.

The concentrations of BSA, BPA, and NOR in the permeation
and feed solution were determined by an UV/vis spectropho-
tometer (8453, Agilent). The pure water flux and rejection were
calculated given in egs. (3) and (4), respectively.
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Figure 1. XRD pattern of MWCNTs/Fe;0, hybrids.
C
R= (1——P>><100 (4)
Cr

where F was the water flux of membrane for pure water (L/m* h),
V was the volume of permeating pure water (L), T'was the permea-
tion time (h), R was the rejection ratio (%), and Cp and Cr were
the concentrations in the permeation and feed solution,
respectively.

Mechanical Properties. The mechanical properties involving
tensile strength, elongation at break, and Young’s modulus were
measured through a universal mechanical testing machine
(5697, INSTRON). The samples of 10 cm effective length and
1.5 cm width were conducted with the tensile rate at 5 mm/
min. Each membrane was performed five times and the aver-
aged was taken as the final result.

RESULTS AND DISCUSSION

Characterization of MWCNTs/Fe;0,

Figure 1 displays XRD patterns of the MWCNTs/Fe;0,4 hybrids.
The peak at 26.1° could be indexed to the diffraction of
MWCNTs, indicating the structural integrity of MWCNTs.
According to JCPDS NO.89-0691, the diffraction peaks at 30.1°,
35.5° 43.2° 53.7° 57.3° and 62.8° could be attributed to (220),
(311), (400), (422), (511), and (440) crystal planes of cubic
Fe;0,, respectively. No other peaks were observed indicating the
purity of the Fe;0, products.

Figure 2 shows the IR spectra of pristine MWCNTS, acid-treated
MWCNTs, and MWCNTs/Fe;0,. The emergence of new peaks
at 3438 cm” ' in acid-treated MWCNTs and 3429 cm™' in
MWCNTs/Fe;O, which corresponded to the O-H vibration
indicated that the acid pre-treatment had led to the functionali-
zation of MWCNTs with the —OH groups. The peaks in the
vicinity of 1600 cm™' could be attributed to the combined
vibration of —-COOH and C=C bonds. The significantly
enhanced absorption peaks in this position for acid-treated
MWCNTs and MWCNTs/Fe;0, suggested that carboxyl groups
were successfully introduced onto MWCNTs. The appearance of
a hump at 574 cm™' in MWCNTs/Fe;0, was considered as the
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Figure 2. IR spectrum of pristine MWCNTS, acid-treated MWCNTS, and

MWCNTs/Fe;04. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

stretching vibration of Fe-O, indicating the presence of the
Fe;0, nanoparticles on the surface of MWCNTs, which was well
consistent with the XRD results shown above.

The morphologies of acid-treated MWCNTs and MWCNTs/
Fe;0, were investigated by SEM. As shown in Figure 3(a), the
acid-treated MWCNTs are intertwined with no observable
impurity. Figure 3(b) presents a great number of Fe;O, nano-
particles on the surface of MWCNTs, due to the magnetic
attraction these Fe;O, nanoparticles are clustered together.

Membrane Morphologies

The top surface and cross-section morphologies of the prepared
membranes are given in Figure 4, which showed that the addi-
tions of acid-treated MWCNTs and MWCNTs/Fe;O, improved
the formation of macro-voids in surfaces. In addition, the
membrane containing acid-treated MWCNTs (PVC-II) had the
maximum number of macro-voids in surface (see in Figure
4(c)). This could be attributed to the obstruction of the hydro-
philic fillers, which made the interaction between solvent and
non-solvent declined and the exchange rate between them accel-
erated during phase inversion process.'”

BT = 1000
WO 21 mm

Sigral A = lnLom
Mag® HD0KX

X ¥, -
Date 21 Apr 2015 e—
Tine 152510
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In terms of the cross-section morphologies, three membranes
manifested the similar asymmetry, and they were changed obvi-
ously by the addition of fillers in pore size and pore density.
The pores of PVC-III [Figure 4(f)] in sub-layer were formed
larger and more completely than PVC-I and PVC-II. The
enlarged pores might be the outcome of the fusion of small
pores as the increasing viscosity of casting solution.'® The rea-
son for the relatively complete pore structure might be the addi-
tion of MWCNTs/Fe;O, hybrids, which played a supporting
role in the formation of pores. We also could see that the pores
of top surfaces were the densest for all PVC membranes. It
might be attributed to the evaporation in air, which induced
the membranes to form a dense layer near the top surface,
exerting the major contribution to filtration.

A problem for casting membrane with nanoparticles was the
dispersion of the addition. Figure 3 illustrated that in some sites
there was a cluster in acid-treated MWCNTs and MWCNTs/
Fe;0, hybrids. In the casting solution, the addition of fillers
would work as the nucleus and induce the generation of nodu-
lar structures in PVC membranes, as shown in Figure 4(g). The
spherulites restrained the performance of the fillers. The more
the nucleuses, the more the spherulites generated.*® This phe-
nomenon was adverse to the rejection of membranes.

Figure 5 depicts the three-dimensional AFM images of the top
surfaces of the prepared membranes, and the corresponding
parameters including mean roughness (R,), root mean square
(Ry), and mean difference between highest peaks and lowest val-
leys (R,) are shown in Table II. We can see that the surface
roughness was greatly boosted by the addition. This might be
due to the larger size and the greater quantity of pores in mem-
branes’” surfaces as shown above. The increase in pore size and
quantity all had a positive influence on surface roughness.”” An
alternative reason might be due to the existence of the nanopar-
ticles on the membrane surfaces, which promoted the formation
of humps and valleys. Rougher surface would be in favor of
permeation and hydrophilicity.'”

Porosity and Mean Pore Size

The porosity and mean pore size are calculated via egs. (1) and
(2), respectively. From Table II, the porosity and mean pore size
increased slightly with the addition of fillers. This could be
explained as follows: first, the accelerated exchange rate between

el A = inLem
Mag= $000KX

Dume 21 Ape 2015 -~
Time 153350

Figure 3. SEM images of (a) acid-treated MWCNTs and (b) MWCNTs/Fe;0,. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 4. SEM images of top surface (a,c) and (e) and cross-section (b,d,f) and (g) of PVC-I, PVC-II, and PVC-IIIL. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. AFM images of top surface of (a) PVC-I, (b) PVC-II, and (c) PVC-IIL [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

solvent and non-solvent during phase inversion would influence
the formation of porosity and mean pore size as discussed pre-
viously. Second, the addition of fillers increased the heterogene-
ity of the membranes. Hydrophilic nanoparticles mixed with
polymer matrix could increase the amorphous nature of mem-
branes, enhance the volume fraction among the polymer chains,
and then increase the amount of voids and cavities throughout
the membrane matrix.”

Contact Angle, Pure Water Flux, and Rejection Measurements
The hydrophilicity of membrane surfaces were compared
through contact angle measurement. The static contact angles
of the three membranes are illustrated in Figure 6. It was
observed that the membranes with fillers had a lower contact
angle, suggesting that PVC-II and PVC-III had stronger hydro-
philicity. This could be due to the incorporation of the acid-
treated MWCNTs, which had hydrophilic functional groups.
Compared PVC-II with PVC-III, the contact angles decreased
from 69.6° to 63.5°. Two reasons contributed to the decrease.
One was that Fe;O, as nanoparticle had a relatively better
hydrophilicity,”® thus the hydrophilicity of PVC-IIl was the
combined effects of acid-treated MWCNTs and Fe;O,4. Another
reason was that MWCNTs/Fe;O, was more inclined to exist on
the membrane surface during phase inversion process because
of its bigger size than acid-treated MWCNTs.

The pure water flux is related strongly with mean pore size, poros-
ity, hydrophilicity, and skin layer. As previously discussed, these
parameters changed in the direction of increasing the pure water
flux with the addition of fillers, increase in mean pore size, poros-
ity, and decrease in contact angle. Certainly, the pure water fluxes
of PVC-1, PVC-II, and PVC-III increased sequentially and reached
to 90.4+6.2, 111.7*+49, and 1183+ 7.0 L/m> h (shown in
Figure 6), respectively.

The rejections of membranes were examined using BSA, BPA,
and NOR under the pressure of 0.1 MPa. The concentrations in

Table II. Description on the Roughness Parameters, Porosity, and Mean
Pore Size of the Three Membranes

Roughness
Membrane Porosity  mean pore
no. Ra (hm) Ry (hm) R, (hm) (%) size (nm)
PVC-I 43.77 57.58 56507 828+1.1 331+1.1
PVC-II 145.73 183.15 1421.24 856+1.7 356+0.8
PVC-III 147.24 190.36 1411.32 86.4+0.6 36.3+1.1
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the permeation and feed solution were measured and the rejec-
tions were calculated by eq. (4). Figure 7 depicts the results of
the prepared membranes in filtering the three targets. The
membranes with additions (PVC-II and PVC-III) had higher
rejections than the pristine membrane (PVC-I). Generally, the
hydrophilicity of the addition improved the rejection perform-
ance of membranes. The rejections of BSA and BPA by PVC-III
were 74.6 = 1.6% and 57.4 =1.9%, which were higher than
those by PVC-II (the rejections of BSA and BPA were
73.2£2.6% and 50.2 * 2.2%). The slight increases in rejections
of BSA and BPA could be attributed to various reasons. Firstly,
the increase in hydrophilicity of PVC-III improved the anti-
fouling property and the rejection positively by allowing the
permeation of more water molecules through the membrane
without enhancing the permeability of pollutants.'® Secondly,
the rejections decreased with the increase of mean pore size and
porosity. Thirdly, the aggregated clusters of MWCNTs/Fe;0,
hybrids gave some flaws in the membrane, which created some
special transfer paths for water and pollutants.

The rejection of NOR decreased from 22.9 = 1.7% of PVC-II to
18.2+2.0% of PVC-III. The reason might be that the acid-
treated MWCNTs had special adsorption effects on NOR,*>*
while Fe;O, inhibited the performance of MWCNTs in PVC-IIL

Mechanical Properties

Table IIT shows the influence of fillers on mechanical properties
of membranes. Tensile strength at break, elongation at break,
and Young’s modulus were tested. The results showed that the
addition of fillers reduced the maximum tensile strength and
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Figure 6. Contact angle, pure water flue of PVC-I, PVC-II, and PVC-IIL
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Figure 7. Rejection of PVC-I, PVC-II, and PVC-III for BSA, BPA, and NOR.

elongation at break, since it produces more porosity and larger
mean pore size.” This was in good agreement with the results
shown by Majeed et al'® and Scharnagl and Buschatz.>' In
addition, Table III showed that PVC-III had a slightly better
mechanical property than PVC-II in tensile strength and elonga-
tion, suggesting that MWCNTs/Fe;0, hybrids were better mem-
brane material additives than acid-treated MWCNTs.
Comparison of the Young’s modulus of the three ultrafiltration
membranes showed that the addition of fillers increased the
rigidity of membranes.

CONCLUSIONS

In summary, acid-treated MWCNTs, which were terminated
with oxygenous groups such as carboxyl and hydroxyl, had been
used in the depositing process of Fe;O,. The obtained
MWCNTs/Fe;0, were then used as the fillers to modify the
PVC membranes. The results showed that the membranes with
MWCNTs/Fe;O, (PVC-II) displayed superior properties to the
pristine membranes (PVC-I) and those with acid-treated
MWCNTs (PVC-II). Specifically, the PVC-III had the higher
porosity, larger mean pore size, rougher top surface and stron-
ger hydrophilicity. Although the addition of MWCNTs/Fe;0,
reduced the tensile strength and elongation of membranes, it
formed in membrane with a relatively complete pore structure
throughout the cross-section. Due to its specific porous struc-
ture, the pure water flux of the PVC-III increased from
90.4 +6.2 L/m> h (for PVC-I) to 118.3+7.0 L/m”> h and the
rejections of PVC-III for BSA, BPA, and NOR increased by
16.9%, 38.3%, and 81.8%, respectively, compared with PVC-I.
Comparing PVC-III with PVC-II, PVC-III had a superior rejec-

Table III. Mechanical Properties of the Three Membranes

WILEYONLINELIBRARY.COM/APP

Tensile Elongation Young's
Membrane strength at break modulus
no. (MPa) (%) (MPa)
PVC-I 227+017 2278+500 41.10+1262
PVC-II 1.94+013 1317=x277 60.59+11.65
PVC-III 206+0.13 1593+1.09 56.70+5.40
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tion than PVC-II for BPA while PVC-II had relatively higher
rejection for NOR. It could be seen different fillers could be
specifically for different pollutants.
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