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Hydrophilic nanofibrous composite membrane
prepared by melt-blending extrusion for effective
separation of oil/water emulsiont

Dandan Xu, Xiaoting Zheng and Ru Xiao*

A polyethylene-co-polyvinyl alcohol (EVOH) nanofiber membrane was prepared by the melt blending
extrusion and high-speed airflow deposition process. Then nano cellulose crystal/polyethylene-co-
polyvinyl alcohol (NCC/EVOH) nanofiber composite membranes were obtained via coating and
depositing the barrier layer on the surface of the nanofiber membrane. The basic structural properties

and oil-water separation performance of the composite membranes were investigated. The results show

that the deposited NCC formed a dense layer in the surface of the nanofiber membrane with smaller
pore size, and had no effect on the continuous pore structure of the membrane. With increasing NCC
content, the composite membranes showed an increase of tensile strength (from 9.969 MPa to 12.991
MPa) and a decrease of contact angle, pore size, and water flux. The water flux and the filtration flux of

the composite membrane can be improved within a certain range by increasing the operating pressure.
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The NCC/EVOH nanofiber composite membranes were successfully applied for the separation of oil-

water emulsion and exhibited a higher rejection rate (99.5%). Moreover, the NCC/EVOH nanofiber
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1. Introduction

Oily wastewater derives from industries such as crude oil
production, oil and gas extraction, oil refineries, petrochemi-
cals, lubricants, cooling agents, and metallurgical.’ Because of
the low surface tension, oil in oily wastewater is prone to
contaminate the surface of the surrounding environment, such
as the transport equipment and engineering systems. In addi-
tion, oil in oily wastewater may cause serious problems to the
aquatic environment and lives due to the insufficient oxygen
supply. Hence, effective removal of oil from oily wastewater is
one of the very important issues for pollution control in the
current world.* Oil exists in several forms in the oily wastewater
as it is classified into three classes, free oil (oil droplet size > 150
pm), dispersed oil (20 pm < oil droplet size < 150 pm) and
emulsified oil (oil droplet size <20 pm). The U.S. Environmental
Protection Agency (EPA) stipulates that the produced water
discharge should contain less than a concentration of 29 ppm.®

Many conventional techniques exist for the separation of oil-
water emulsions such as microwave heating, gravity separation,
adsorption, flotation and centrifugal separation.*” Those
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composite membranes possessed a higher recovery rate of filtration flux than unmodified EVOH
nanofiber membranes and the commercial micro-filtration membranes.

processes may effectively remove free and dispersed oil but not
the emulsified. Besides, the conventional separation systems
usually require large occupancy space and high operating cost,
and have limited application in small and medium platforms.®

The membrane technique has proved to be one of the best
methods for the separation of oil-water emulsions and has
gained popularity over the last few decades.” Membrane tech-
nique for oil/water separation has the potential to provide
a simple system with high separation efficiency for oily waste-
water treatment. Due to specific properties of remarkable
specific surface area, high porosity, small pore size, and inter-
connected pore structure, nanofiber membrane is considered to
be a very promising membrane technique material.

Many methods have been developed to prepare nanofibers,
including electrospinning,'®** polymerization, melt blowing,
cold drawing, centrifugal force spinning,*** phase separa-
tion™>* and melt blending extrusion.””>* Most polymer resins
used for this purpose are thermoplastic polyolefins or polyesters,
which can be melted and reprocessed. The melt blending extru-
sion which is one of the effective methods for preparing various
kinds of thermoplastic polymer nanofibers is environment
friendly, high efficiency, versatility and continuous.” Recently,
the fabrication of fibrous membranes with large specific surface
area and high porosity via melt blending extrusion has been
widely studied.”**® In the melt blending extrusion process, the
dispersed phase is stretched into nanofibers. Then the thermo-
plastic polymer nanofibrous membranes are obtained after the

This journal is © The Royal Society of Chemistry 2017
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matrix phase is removed. Surface hydrophilicity is a critical
feature of oil-water separation membranes. However, conven-
tional nanofibrous membranes with poor hydrophilicity surfaces
are usually subject to fouling and pore clogging by oil droplets,
which has greatly limited the application of membrane tech-
nology in oily wastewater management so far. Separation
membranes with high surface hydrophilicity can improve the
affinity of water to membrane surface, so that increase the water
diffusion rate. Recently, emphasis has been placed on materials
with excellent wettability.>*° Some methods have been carried
out to improve hydrophilicity, like surface graft copolymeriza-
tion, plasma treatment or coating with synthetic polymers.
However, these attempts have several disadvantages such as low
efficiency, complicated operation process and high operation
costs.***> What's more, it is significant to shift to natural,
renewable and biodegradable resources due to the lack of fossil
energy.*

Cellulose as a material for membrane technology has
attracted much interest in water treatment for years, which is
one of the most versatile and widely found natural raw material
in the world. Over the past decade, a large number of studies
have been reported that the nano crystalline cellulose (NCC)
(<100 nm), separated from natural cellulose effectively and
completely by physical and chemical methods.**** One recent
trend, NCC was added to the material as the functional
components, to improve the hydrophilicity, material mechan-
ical properties and biocompatibility.***® Nanofiber composite
membranes can be prepared by introducing NCC on the surface
of nanofiber membrane, and present better application in
liquid filtration.

In this study, polyethylene-co-polyvinyl alcohol (EVOH)
nanofiber membrane was prepared by the method of melt
blending extrusion. Then NCC/EVOH nanofiber composite
membranes (N/E-NCM) were obtained via coating and deposi-
tion the barrier layer on the surface of the nanofiber membrane
scaffold supported on PET nonwoven fabric. The basic structure
properties including the surface morphology, wettability, pore
size distribution and water flux of N/E-NCM was investigated.
Above all, the filtration performance of N/E-NCM for oil-water
emulsion was studied systematically.

2. Materials and methods
2.1 Materials

Poly(ethylene-co-vinyl alcohol) (EVOH, Model: ET3803) with 38
mol% ethylene was supplied by Nippon Gohsei, Japan. Cellu-
lose acetate butyrate ester (CAB, Model: 381-20, butyryl content
37 wt%, acetyl content 13.5 wt% and hydroxyl content 1.8 wt%)
was purchased from the Eastman Chemical Company (U.S.A).
Nano cellulose crystal (NCC, diameter 7-10 nm, particle size 200
nm) was purchased from Beijing Nanocrystalline Cellulose
Technology Research & Development Centre. Titanium dioxide
(99.8%, 100 nm, anatase, hydrophilic) was purchased from
Aladdin (Shanghai, China). Acetone (AR, 0.7845 g cm °) was
purchased from Yanshan Petrochemical Industries Co. WX
mixed cellulose ester microporous membrane (pore size 0.22
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pm) as the reference film was purchased from Shanghai
Peninsula Industrial Co., Ltd.

2.2 Preparation

2.2.1 Preparation of EVOH nanofibers membrane. EVOH
nanofibers were prepared according to a previously published
procedure.** EVOH was dried in electric heating air-blowing
drier for 24 h at 80 °C and the other materials were dried in
vacuum drying oven for 24 h at 100 °C before melt blending
extrusion. EVOH/CAB blends with the weight ratios of 20/80
were fed into the co-rotating twin-screw extruder (D = 16 mm,
L/D = 40, EUROLAB16, Thermo-Haake Co.) with a screw speed
of 50 rpm and melting zone temperature were 200 to 225 °C for
EVOH/CAB. The blends were extruded by a take-up device and
water-cooled to room temperature. Then the extrudants were
immersed in acetone via a Soxhlet extractor at room tempera-
ture for 24 h to remove CAB from the blends. After removing the
matrix phase CAB, EVOH nanofibers were obtained for the
following preparation of EVOH nanofibers membrane.

The prepared EVOH nanofibers were dispersed using
a mechanical disintegrator for 30 s to obtain a consistent fiber
suspension, and then a layer of the fibers was deposited onto
a supporting polyethylene terephthalate (PET) nonwoven mat
(30 g m™?). After natural drying for 24 h under ambient condi-
tion, the EVOH nanofibers (16 g m~?) membrane was obtained
with a controlled thickness (Fig. S17).

2.2.2 Preparation of NCC/EVOH nanofibers composite
membrane. The NCC was introduced to gain NCC/EVOH
nanofiber composite membrane (N/E-NCM). NCC was dis-
solved in water and dispersed by ultrasonic dispersion to obtain
NCC homogeneous suspension (0.4 wt%). N/E-NCM was
prepared by depositing NCC onto the surface of EVOH nano-
fiber membrane with the role of water flow, then dried for
10 min at 100 °C. When the amount of NCC were 0, 15, 20, 25,
30 mg cm’, it was marked as N-0, N-1, N-2, N-3, N-4
correspondingly.

2.3 Measurement and characterization

2.3.1 Morphology and structure. The morphology of N/E-
NCM was characterized using scanning electron microscopy
(SEM, S-3000N, Hitachi, Ltd., Japan). The chemical character-
istics of N/E-NCM were determined by Fourier transform
infrared spectroscopy (FT-IR, Nicolet Nexus 8700), and the
result was shown in Fig. S2.1

2.3.2 Wettability. Water contact angle measurement with
water volume 3 pl was performed using a contact angle goni-
ometry (OCA 40 Micro, Dataphysics Ltd., Germany) to evaluate
wettability of N/E-NCM.

2.3.3 Pore size distribution. The pore sizes and pore size
distributions of N/E-NCM were examined using a capillary flow
porometer (CFP-1100Al, Porous Materials Inc., USA).

2.3.4 Stress-strain properties. The nanofiber membranes
were cut into 70 mm x 10 mm swatches. The stress-strain
curves of the swatches were measured used a Materials Testing
System (AGS-500ND, SHIMADZU, Japan) with the effective test

length of 50 mm and the test speed of 10 mm min~".

RSC Adv., 2017, 7, 7108-7115 | 7109
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2.3.5 Water flux. A crossflow filtration device (self-made)
was used to measure the pure water flux of corresponding
membrane. The effective membrane area was 4.1 cm?” The
membranes should be prepressed with inlet pressure 0.1 MPa
for 30 min before flux test. This experiment was repeated 5
times and the average value was taken.

The pure water penetration flux was defined as the following

eqn (1):

0
J:ﬁ (1)

where J is the pure water flux of corresponding membrane (L
m~> h™"), Q is the volume of permeate water (L), A is the
effective area of the membrane (m?), T is the permeation time
(h).

2.3.6 Oil-water separation performance. In order to eval-
uate the filtration properties of N/E-NCM, oil-in-water emul-
sions were prepared using corn oil. The separation test was
carried out at a preset pressure using wetted N/E-NCM. The pure
water flux was first tested, followed by the separation of oil-in-
water emulsion. These tests were repeated 3 times and the
average value was taken.

Since the oil-in-water emulsion used was stable and the
particle size distributions of oil particles were very narrow, the
effect of diameter variance on the adsorption intensities
measured for different samples with UV-Vis spectrometer could
be offset. The oil content in emulsion before and after filtration
were measured by a UV-Vis spectrophotometer (Lambda 35
PerkinElmer, USA) with wavelength between 190 and 400 nm.
The UV standard curve for oil-water emulsion was presented in
Fig. S3.1 The rejection ratio was calculated by the following eqn

@)
G-G)

R(A) = =

x 100 (2)
where C; is the concentration of prepared oil-in-water emulsion
before filtration, C,, is the concentration of oil-in-water emul-
sion after filtration.

3. Result and discussion

3.1 Morphology and structure

Fig. 1 displays the SEM images of the surface of N/E-NCM with
different NCC content. EVOH nanofibers with short length and
disorderly distribution were broken by high-speed dispersion
process. EVOH nanofiber membranes were obtained by the
high-speed airflow deposition, revealing randomly oriented
three-dimensional (3D) nonwoven structures. As shown in
Fig. 1a and e, at low content of NCC, EVOH nanofibers with
large diameter play a supporting role, forming a network as
scaffolds, while the NCC nanofibers with small diameter
deposited on the surface and network of the EVOH nanofibers.
With the increasing of NCC content, the NCC accumulated on
the surface of EVOH nanofiber membrane gradually (Fig. 1b).
As shown in Fig. 1c, as the amount of NCC increased to
25 mg cm 2, a thin layer of NCC has been formed on the surface
of nanofiber membrane. While as the content of NCC increased
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Fig. 1 SEM images of surface morphology of NCC/EVOH nanofiber
composite membrane (a) and (e) N-1, (b) N-2, (c) N-3, (d) and (f) N-4.

to 30 mg cm >, the NCC covered EVOH nanofiber membrane
surface completely, forming the NCC barrier layer. The strong
interaction force devoted to the NCC dense layer was owing to
the nanoscale effects between nanofibers and NCC.

Fig. 2 presents the cross-section morphology of N/E-NCM
with various NCC content by SEM. As illustrated in the Fig. 1,
the barrier layer and the mid-layer that possessed a porous
structure to reduce the resistance to water flow. The membrane
porosity decreased gradually from bottom to top, and the
neighboring small pores were interconnected. At low NCC
content, only a small amount of ultrafine NCC loaded on EVOH
nanofiber membrane surface and in the voids. With the
increasing of the NCC content, NCC began to accumulate on the
nanofiber membrane surface, and formed a NCC dense layer
gradually. As shown in Fig. 2d, f and h, in the surface of N-2,
there appeared obvious EVOH nanofibers, almost the NCC
were loaded in the voids, while in the surface of N-3, there
covered smooth NCC, and the coating layer seemed more
obvious in the surface of N-4. Finally, NCC/EVOH/PET
sandwich-style membrane was fabricated via coating and
deposition the barrier layer (NCC) on the surface of EVOH
nanofiber membrane scaffold supported on PET nonwoven
fabric. NCC layer as a barrier layer has small and uniform pore
size. In addition, according to the section picture, the NCC only
filled the voids on the surface of membrane, and reduced the
surface pore size but not affect the continuous pore structure.

3.2 Wettability of NCC/EVOH composite nanofiber
membrane

Water contact angle is one of the important judgments for the
surface wettability of membrane material to water. The higher

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of cross sectioned NCC/EVOH nanofiber
composite membrane (a) and (b) N-1, (c) and (d) N-2, (e) and (f) N-3, (g)
and (h) N-4.

affinity of water to hydrophilic membrane surface can be prone
to the formation of hydration layer on the membrane surface,
which may reduce membrane fouling by preventing hydro-
phobic components.** Fig. 3 shows the water contact angles of
N/E-NCMs with various NCC content. With the increasing of
NCC content, the water contact angle of composite membrane
decreased gradually. EVOH nanofiber membrane without NCC
showed hydrophilicity to water droplets, forming a contact
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Fig. 3 Contact angel images of NCC/EVOH nanofiber composite
membranes N-0, N-1, N-2, N-3 and N-4.
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angle of 68°. The water contact angles of N-1, N-2, N-3, N4
membranes were 32°, 23°, 13°, 11°, respectively, which was
attributed to the nanocellulose crystals with small size and large
surface area possessed abundant hydroxyl. This remarkable
enhancement in the hydrophilicity could improve the water
permeability of membrane material.

3.3 Pore size and pore size distribution

Pore size and pore size distribution are the important parame-
ters of membrane material and play a critical role in the
application. PET plays a supporting role in the NCC/EVOH
nanofibers composite membrane, and EVOH nanofibers is the
key filtering material, NCC forming the NCC barrier layer in N-4
is for enhancing the hydrophilicity and as a barrier layer. Fig. 4
displays the pore size and pore size distribution of N/E-NCM
with various NCC contents. It is worth noting that the pore
size of N-1 membrane was shown in the range of 0.15-1.10 um,
and decreased with the increasing of NCC contents. In addition,
80% present of the pores are concentrated between 0.15-0.50
um. Table 1 summarized the maximum pore size, mean pore
size and minimum pore size. As listed in Table 1, the average
pore size of N-0, N-1, N-2, N-3, N-4 membranes were 0.38 um,
0.32 pm, 0.29 pm, 0.24 pm, 0.22 um, respectively. It can be seen
from Fig. 2h that the thickness of NCC was less than 2 um, while
the thickness of EVOH nanofiber membranes in this work were
about 100 um. The average diameter of EVOH nanofiber was
about 300 nm, a large number of EVOH nanofibers formed
dense microfiltration membrane with small pore size (0.38 um).
After coating and deposition a very thin NCC film compared to
EVOH nanofiber membranes on the surface of EVOH nanofiber
membrane, result in the average pore size decreased from 0.38
um to 0.22 pm, maximum pore size decreased from 1.28 um to
0.78 um, minimum pore size decreased from 0.2 um to 0.1 um.
It is clearly visible that the adding of NCC reduced the pore size
gradually because of the small diameter of NCC, making N/E-
NCM a good candidate for filtration.

3.4 Stress-strain properties

The mechanical property was also a significant factor in water
filtration. The typical tensile stress—strain curves of N/E-NCM
with various NCC contents were shown in Fig. 5. It is clearly
shown that tensile stress of N/E-NCMs increased gradually with
the increasing of NCC contents as expected. As I mentioned in
the above, the NCC film on the surface of EVOH nanofiber
membrane compared to EVOH nanofiber membranes was quite
thin, so there was no dramatic increase. The N-0, N-1, N-2, N-3,
N-4 membranes possessed the tensile stress of 9.969, 10.222,
10.573, 10.736 and 12.991 MPa, which could be owing to the
strengthening interaction from hydrogen bond exiting between
nanofibers and NCCs.

3.5 Water flux

3.5.1 Effect of NCC content. The water flux of nanofiber
membranes affects its liquid filtration performance. In the
present work, water flux through the N/E-NCM with various
NCC contents was investigated under operation pressure of

RSC Adv., 2017, 7, 7108-7115 | 7111
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Fig. 4 The pore size distribution of NCC/EVOH nanofiber composite membrane (a) N-1, (b) N-2, (c) N-3, (d) N-4.

Table 1 The pore size properties of NCC/EVOH nanofiber composite
membrane

Maximum pore Mean pore Minimum pore
Sample size (um) size (um) size (um)
N-0 1.28 0.38 0.20
N-1 1.06 0.32 0.18
N-2 0.97 0.29 0.17
N-3 0.84 0.24 0.13
N-4 0.78 0.22 0.10

0.1 MPa. The Effect of NCC content on the N/E-NCM water flux
was displayed in Fig. 6. It is worth noting that as the NCC
content increased to 15 mg cm °, the N/E-NCM water flux
decreased sharply from 1888 L m > h ' to 932 L m > h™". This

Stress (MPa)

T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Strain

Fig. 5 Stress—strain properties of NCC/EVOH nanofiber composite
membranes.

7112 | RSC Aadv., 2017, 7, 7108-7115

2000

1500

1000

500

Water flux (L/m’.h)
/ |

O\
o
04
T T T T T
N-0 N-1 N-2 N-3 N-4
Membranes

Fig. 6 Effect of NCC content on the water flux of NCC/EVOH
composite nanofiber membranes.
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Fig. 7 Effect of pressure on the pure water flux of NCC/EVOH
composite nanofiber membranes.
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Fig. 8 UV absorption spectrogram of oil-water emulsion before and
after filtering by NCC/EVOH composite nhanofiber membranes and
reference membrane.

result was consistent with the previous conclusion that the
deposition of NCC on the EVOH nanofiber membrane surface
formed a NCC barrier layer, providing smaller water channels.
The pore size of N/E-NCM decreased with the increasing of
NCC contents, resulting in a higher resistance, reducing the
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infiltration rate and the water flux. However, as the NCC content
increased from 20 mg cm > to 30 mg cm >, the pore size of N/E-
NCM decreased slightly with the increasing of NCC contents,
result in the N/E-NCM water flux decreased slightly. The water
flux of N/E-NCM was also affected by the water wettability.
3.5.2 Effect of pressure on the pure water flux. Operation
pressure is one of the most significant factors for the pure water
flux, thus the experiment was carried out to investigate the
effect of operation pressure on the pure water flux of N/M-NCM,
and the results were presented in Fig. 7. It is noteworthy that
the pure water flux of N/E-NCM was increased with the
increasing of operation pressure. Moreover, at low pressure,
with the increasing of operation pressure, the pure water flux of
composite membrane increased greatly. As the pressure higher
than 0.20 MPa, the pure water flux of composite membrane
increased slightly. The results was consistent with the previous
literature that the membrane filtration flux increased linear
with low pressure, low liquid concentration or high flow
rate.>** In addition, as the NCC content increased in a range,
the influence of the pressure on the pure water flux of the
composite membrane was gradually decreased. It was because
that the pure water flux of the composite membrane was
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Fig. 9 Filtering effect of NCC/EVOH composite nanofiber membranes and reference film for oil-water emulsion at 0.1 MPa.

Table 2 Filtering effect of NCC/EVOH composite nanofiber membrane (N-4) for oil-water emulsion under different pressure

Operating pressure

Water flux before

Filtration flux

Water flux after separation

Flux recovery

Rejection rate

(MPa) separation (L m > h™ 1) Lm?2h"h Lm?2hh rate (%) (%)
0.10 229 57 102 44.5 99.5
0.15 295 86 142 48.1 99.4
0.20 361 112 176 48.8 99.4
0.25 378 109 173 45.8 99.6

This journal is © The Royal Society of Chemistry 2017
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determined by operation pressure and water wettability. The
increasing of applied pressure would lead to more impurities
trapped in the membranes, while the NCC with high water
affinity could reduce membrane fouling by preventing hydro-
phobic components.

3.6 The performance of oil-water separation

In the present work, the oil-water separation experiments were
carried out to systematically study the relation between the
structure of N/E-NCM and filtration performance, and evaluate
filtration capability of N/E-NCM. The water flux device designed
by ourselves was used to examine the rejection rate of the
membrane to oil-water emulsion. Fig. 8 revealed the UV
absorption spectrogram of the oil-water emulsion before and
after filtration by N/E-NCM and reference membrane. As shown
in Fig. 8, the absorbance of oil-water emulsion after filtration
dropped seriously by N-3 and N-4, and closed to 0.01. According
to the eqn (2), the results revealed that the N-4 rejection rate to
oil-water emulsion was above 99.5%. In addition, water flux of
N/E-NCM and reference film during the oil-water separation
process was investigated, and all the results were shown in
Fig. 9. It is obvious that the flux recovery rate and the rejection
rate of N/E-NCM were 44.5% and 99.5%, higher than those of
the reference film, which were 8.0% and 86.6%. In combination
with the good mechanical properties and high filtration
performance, it is feasible to achieve a low cost and versatile
nanofibers based oil-water emulsion filtration membrane.

Nevertheless, the N/E-NCM had high rejection rate of 99.5%
at 0.1 MPa operating pressure, while the filtration flux was
merely 57 L m > h™ ", affecting the operating rate. In order to
improve the operating rate, the experiment was also carried out
to investigate the effect of the operating pressure on the filtra-
tion flux, and the results were shown in Table 2. It could be seen
that the filtration flux of N/E-NCM increased gradually with the
operating pressure increasing from 0.1 MPa to 0.2 MPa.
However, as the pressure further increased, the filtration flux of
N/E-NCM decreased. Previous lectures suggested that the
filtration flux of separation membrane linearly increased with
increasing the filtration pressure in a certain range. While the
filtration pressure beyond the range, the filtration flux tends to
decrease owing to the filter cake and the membrane pore
blockage formed on the membrane surface due to concentra-
tion polarization.*® It is worth noting that the filtration rate of
prepared membranes for oil-water emulsion was above 99%.
Thus the operating pressure could be increased properly, and
the operation pressure of 0.2 MPa was optimized to increase
filtration rate.

4. Conclusion

NCC/EVOH nanofiber composite membranes (N/E-NCM) were
prepared by deposition NCC on the surface of EVOH nanofiber
membrane, which was prepared by the melt blending extrusion
method. The basic structure properties and oil-water separa-
tion performance of composite membranes were investigated.
The results shown that the deposited NCC filled on the surface
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of nanofiber membrane and a little in the voids formed a barrier
layer with small pore size, and had no effect on the continuous
pore structure of membrane. With the increasing of NCC
content, the composite membranes showed an increase of
tensile strength (from 9.969 MPa to 12.991 MPa) and a decrease
of contact angle, pore size, and water flux. The water flux and
filtration flux of composite membrane could be improved
within a certain range by increasing the operation pressure. The
N/E-NCM exhibited a higher rejection rate (99.5%) and stability
of filtration flux than unmodified EVOH nanofiber membrane
and the commercial micro-filtration membrane for the separa-
tion of oil-water emulsion. The results indicated that the
combination of NCC and EVOH nanofiber membrane making
N/E-NCM a good candidate for oil-water emulsion separation.
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