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Abstract A novel nanofiber composite nano-filtra-

tion membrane was prepared by combination of

grafting, electrospinning and surface coating. First,

carboxyl multi-walled carbon nanotubes were grafted

onto bacterial cellulose molecular chains by solution

reaction. The grafting products were characterized by

TEM, FTIR, Raman, XPS and TGA measurements.

Then, they were electrospun into nanofibers to be the

supporting layer, and a coating of denser chitosan

hydrogel thin film was used as the barrier layer. The

morphology of the electrospun nanofibers and com-

posite membrane were observed by SEM. The

mechanical behavior of the composite membrane

was investigated in dry and wet state. The filtration

properties were evaluated in term of the pure water

flux (PWF), dye rejection rate and anti-fouling prop-

erties. Results showed that the chitosan hydrogel

coated electrospun nanofiber composite membrane

had higher tensile strength and Young’s Modulus with

the value of 11.75, 10.11 and 244, 211 MPa in dry and

wet state, respectively. The PWF was increased from

52.1 to 140.7 L/m2 h with the operation pressure

increasing from 0.1 to 0.6 MPa. Direct Orange S,

Procion Red mx-5B, Stilbene Yellow and Methylene

Blue with molecular weight ranged from 300 to

800 g/mol were selected for dye removal test. The

rejection rate could maintain over 90% for dyes with

the molecular weight larger than 600 g/mol under

0.5 MPa. The chitosan hydrogel coated electrospun

nanofiber composite membrane exhibited good anti-

fouling properties for both oil and protein. These

results indicate that these membranes are efficient for

dye removal from wastewater, with high flux and

rejection rate at high pressure.

Keywords Carbon nanotubes � Electrospinning �
Chitosan � Nano-filtration � Dye rejection

Introduction

Membrane separation technology possesses the

advantages of low energy consumption, high effi-

ciency and simple device operation. Nano-filtration

membranes are used extensively for wastewater

treatment, especially for removal of dyes and other

small molecules, heavy metal ions, and nano-particles

(Xu et al. 2012; Zhu et al. 2015; Zeng et al. 2016;

Rajesh et al. 2013; Urban 2016).

Membranes for removal of dyes from wastewater

require nano-filtration technology due to the average

molecular weights of the majority dyes being in the

range of 100–1000 Da for which nano-filtration

membranes have a high rejection rate (Zheng et al.
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2013; Zhang et al. 2015; Li et al. 2014). However,

nano-filtration membranes usually have low porosity

and pores that are less connected, so that the flux is low

at low pressure and the pores block easily (Zhao and

Wang 2017; Kebria et al. 2015; Liang et al. 2014;

Gasemloo et al. 2016). Many efforts have been made

to improve the flux of the nano-filtration membranes

by changing the structures and properties of the

supporting layer and the barrier layer (Wu et al. 2014;

Zhu et al. 2011; Zhou et al. 2014; Kaur et al. 2012a, b;

Lalia et al. 2013). Use of a nanofiber membrane as the

supporting layer should be a good candidate to

improve dye removal membrane.

Electrospinning is an effective technique that has

been widely used for the fabrication of continuous

nanofiber membrane with high porosity above 80%

and interconnected pore structure (Liu et al. 2016;

Huang et al. 2017; Ahmed et al. 2015). The electro-

spun nanofiber membrane can be applied in tissue

engineering (Khorshidi et al. 2016), wound dressings

(Rosa et al. 2017), bio-sensors (Zhang et al. 2017),

energy storage device (Cai and Zhang et al. 2017), air

filtration (Zhu et al. 2017), metal ions adsorption (Cai

et al. 2017a, b) and membrane filtration technology

(Makaremi et al. 2016). Kaur et al. (2012a, b) prepared

a highly hydrophilic electrospun membrane based on

PVDF material by blending this polymer with surface

modifying macromolecules prepared from urethane

pre-polymer with poly(propylene glycol) and poly(-

ethylene glycol) with average molecular weights of

1000 Da. The pure water flux was 20% higher than

that of non-blended electrospun PVDF membrane.

However, electrospinning technology is difficult to

produce dense membranes that are required for nano-

filtration membrane separation, and the nanofibrous

membranes possess poor flux stability and anti-fouling

property for small molecular solution, but they may

provide a better supporting layer for currently used

phase inversion nano-filtration membranes (Wang

et al. 2010; Guo et al. 2016). Yoon et al. (2009)

prepared high flux nano-filtrationmembranes based on

interfacially polymerized polyamide barrier layer on

electrospun polyacrylonitrile nanofibrous scaffolds.

And the permeate flux was about 38% higher than

commercial NF270 membrane with the similar rejec-

tion rate for divalent salt solution. However, little

literature about hydrogel coated electrospun mem-

brane as nano-filtration membrane for dye removal has

been reported.

In this paper, chitosan hydrogel coated electrospun

bacterial cellulose composite nanofiber nano-filtration

membrane was prepared by electrospinning and

surface coating method. To improve the tensile

performances of electrospun nanofiber supporting

layer, carbon nanotubes were grafted onto bacterial

cellulose molecular chains. Adhesion between chi-

tosan hydrogel top barrier layer and electrospun

bacterial cellulose supporting layer was enhanced by

cross-linking. The morphology, tensile mechanical

performances, oil–water separation and dye rejection

properties of the hydrogel coated nanofiber composite

membrane were systematically investigated.

Experimental

Materials

Bacterial cellulose (BC, Mw = 6.3 9 105 g/mol) and

chitosan (Mw = 105 g/mol, 83%degree of deactylation)

were provided by Tianjin GreenBio Materials Co., Ltd.

Carboxyl multi-walled carbon nanotubes (cMWCNTs)

were purchased from Nanjing XFNANO Materials

Tech Co., Ltd. N,N-Dimethylacetamide (DMAc), LiCl,

ethanol, acetic acid, glutaraldehyde, Tween-80, 0#

diesel, MgSO4 and NaCl were purchased from Tianjin

Kemiou Chemical Reagent Co., Ltd. Bovine serum

albumin (BSA, Mw = 67 kDa) was obtained from

Sigma. Direct Orange S (Mw = 756.67 g/mol),

Procion Red mx-5B (Mw = 615.33 g/mol), Stilbene

Yellow (Mw = 452.37 g/mol) and Methylene Blue

(Mw = 337.87 g/mol) were purchased from Tianjin

Umbrella Science & Technology Co. Ltd.

Preparation of cMWCNTs grafted BC

The preparation of carboxyl multi-walled carbon

nanotubes grafted BC (BC-g-cMWCNTs) was carried

out by the following procedures. First, 9.05 g of LiCl

and 100 mL of DMAc were measured into a three-

neck flask. The mixture was heated at 130 �C until the

LiCl dissolved completely. Then, 0.05 g of cMWCNT

were added with continuous stirring and ultrasonic

dispersing for 180 min. After that, 0.5 g of BC powder

were dissolved in the dispersion and stirred for 6 h,

which was kept at 20 �C under nitrogen. Simultane-

ously, the flask was placed in a thermostatic bath at

70 �C, and the catalyst, 0.02 g of stannous octoate
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were then dropped slowly and stirred for reaction for

12 h. The adequate amount of ethanol was added into

the reaction product with stirring, which at this stage

was in the form of a suspension, and then filtered under

room condition and dried overnight under vacuum.

The reaction products was dissolved in excess DMAc/

LiCl co-solvent system again and filtered to remove

un-reacted BC homopolymer and stannous octoate

through the PTFE membrane. The dissolution and

filtration processes were repeated several times. BC-g-

cMWCNTs was finally obtained after drying over-

night under vacuum.

Preparation of electrospun BC-g-cMWCNTs

nanofibers

5 wt% BC-g-cMWCNTs spinning solution was pre-

pared by dissolving BC-g-cMWCNTs powder in

DMAc/LiCl co-solvent system with continuously stir.

The electrospun BC-g-cMWCNTs nanofibers were

produced by the following electrospinning parame-

ters: an applied voltage of 22 kV, a polymer-flow-rate

of 1.5 mL/h, a collecting distance of 20 cm, and

spinneret inner diameter of 0.6 mm. All experiments

were done in an environmental chamber with constant

temperature at 25 �C and relative humidity of 35%.

Preparation of chitosan coated electrospun BC-g-

cMWCNTs nanofiber composite membrane

The preparation of chitosan coated electrospun BC-g-

cMWCNTs nanofiber composite membrane was

schematically shown in Fig. 1. The homogeneous

coating solution with 2.0 wt% chitosan was prepared

by dissolving chitosan powder in acetic acid. Then the

dilute solution was outspread on electrospun BC-g-

cMWCNTs nanofibers by a glass rod enlaced with

brass wire. The chitosan coated electrospun BC-g-

cMWCNTs nanofiber membrane was immediately

immersed in 2.0 wt% glutaraldehyde aqueous solution

for cross-linking for 12 h. Thus, the chitosan coated

electrospun BC-g-cMWCNTs nanofiber composite

membrane was obtained.

Characterization

Transmission electron microscopy (TEM, JEM-

1200EX, Japan) was used to investigate the morphol-

ogy of BC-g-cMWCNTs at an accelerating voltage of

100 kV. The Fourier Transform Infrared spectroscopy

(FTIR, TENSOR37, Bruker, German) and Raman

spectrophotometer (Jobin-Yvon T64000) were used to

analyze the changes of the internal molecular structure

of BC-g-cMWCNTs. The X-ray photoelectron spec-

troscopy (XPS, K-alpha, ThermoFisher, England) was

used to analyze the chemical composition of BC-g-

cMWCNTs surface. The TGA analysis for BC-g-

cMWCNTs (TGA, STA409PC, NETZSCH, German)

was performed under nitrogen heating from room

temperature to 800 �C at rate of 5 �C/min. Scanning

electron microscope (SEM, HITACHI, Japan) was

used to observe the morphology of electrospun BC-g-

cMWCNTs nanofibers and chitosan coated electro-

spun BC-g-cMWCNTs nanofiber membrane. To cal-

culate average diameter of electrospun nanofibers, one

hundred electrospun fibers were randomly selected

from five SEM images and measured by Image-Pro

Plus software. The tensile mechanical properties of

nanofiber membranes were determined by the univer-

sal testing machine (LLY-06F, China). The nanofiber

membranes were first cut into rectangle samples with

10 mm long and 5 mm wide. Then, the samples were

fixed at machine and stretched at a constant speed of

10 mm/min. The thickness of the samples was mea-

sured by a digital micrometer gauge. For each test, ten

samples were used to calculate average value and

deviation.

Filtration properties evaluation

The filtration performances of chitosan coated elec-

trospun BC-g-cMWCNTs nanofiber composite mem-

brane were evaluated by measuring the flux and

rejection rate for dye solution using a membrane

filtration device assembled by our lab as shown in

Fig. 2. The membrane filtration device was equipped

with pressure-control unit with filtration area of

70.65 cm2. The diameter and thickness of the circular

membrane used in the test are 40 mm and about

35 lm, respectively. First, 0.1 g/L emulsified oil–

water solution, 0.1 g/L BSA aqueous solution, 0.1 g/L

Direct Orange S, 0.1 g/L Procion Red mx-5B aqueous

solutions, 0.1 g/L Stilbene Yellow aqueous solutions,

0.1 g/L Methylene Blue aqueous solutions, 2000 mg/

L MgSO4 and 2000 mg/L NaCl were prepared and

used as feed solution. The filtration process was

carried out under room condition at an applied

pressure in the range of 0.1–0.6 MPa for 180 min.
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The solution concentration (Cp, mg/L) and volume (V,

L) permeated the filtration membrane were measured

by UV spectrophotometer and recorded as a function

of time. The rejection rate (R, %) and solution flux (J,

L/m2 h) were determined using the Eqs. (1) and (2).

R ¼ 1� Cp

C0

� �
� 100% ð1Þ

J ¼ V

A� t
ð2Þ

where Cp and C0 are the concentrations of the

permeate and feed, respectively. A is the filtration

area of membrane (m2) and t is the filtration time (h).

Results and discussion

Preparation and Characterization of BC-g-

cMWCNTs

Preparation of BC-g-cMWCNTs

Carbon nanotubes have excellent mechanical and

electrical properties as a reinforcing material. Func-

tionalized carbon nanotubes have been widely used for

preparation of polymer-g-CNT materials due to sur-

face functional groups, which can react with other

functional groups of polymer matrix (Wenhui et al.

2007). PLA-g-CNT (Yoon et al. 2010), Chitosan-g-

CNT (Yang et al. 2015) and PHB-g-CNT (Cai et al.

Fig. 1 The preparation process for chitosan coated electrospun BC-g-cMWCNTs nanofiber composite membrane

Fig. 2 The diagram of the membrane filtration device
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2018) materials have been reported by condensation

reaction between the functional groups like hydroxyl

groups, amine groups and carboxylic groups. In this

paper, cMWCNTs have been grafted onto BC molec-

ular chains by condensation reaction between the

carboxylic groups of cMWCNTs and hydroxyl groups

of BC as depicted in Fig. 3. The presence of covalently

bond between BC and cMWCNTs was investigated by

taking FT-IR, Raman and XPS spectra. The quantity

of cMWCNTs grafted on BC was estimated by TGA

measurement. It was expected that the introduction of

cMWCNTs may enhance the mechanical properties of

the electrospun BC nanofiber membrane.

FTIR and Raman spectra

Figure 4a depicts the FTIR spectra of BC and BC-g-

cMWCNTs samples. In the case of pure BC, the broad

band at 3450 cm-1 was attributed to O–H stretching

vibration. Band at 2820 cm-1 represented the alipha-

tic C–H stretching vibration. The sharp and steep band

observed at 1080 cm-1 was due to the presence of C–

O–C stretching vibrations. In the spectrum of BC-g-

cMWCNTs, the band of stretching vibration of -OH

was shifted to lower wavenumbers (3424 cm-1) and

the intensity was obviously weakened. A new absorp-

tion band located at 1735 cm-1 can be detected, which

was assigned to the characteristic peak of C=O bond. It

clearly indicates the formation of new ester bond

between the BC and cMWCNTs as the results of the

molecular interaction presented between the –OH of

BC and –COOH of cMWCNTs.

Figure 4b shows the Raman spectra of cMWCNTs

and BC-g-cMWCNTs. For pristine cMWCNTs, two

peaks located at 1365 and 1595 cm-1 can be observed,

which were ascribed to the D-mode and G-mode of

cMWCNTs corresponding to disorder induced mode

and tangential mode, respectively (Jorio et al. 2003).

In the case of BC-g-cMWCNTs, a new shoulder peak

located at 1615 cm-1 can be detected, which was

associated with defects and disorder induced features

in cMWCNTs. This result indicates that a new

covalent bond formation in the BC-g-cMWCNTs.

XPS analysis

Figure 5 presents the XPS spectra of BC, cMWCNTs

and BC-g-cMWCNTs. For BC, two peaks at binding

energies of 284.46 and 542.14 eV were assigned to

C(1 s) and O(1 s) orbit. The mass percentage of main

elements of C and O was 64.8 and 35.2%. For

cMWCNTs, the amount ratio of C:O was 95.4:4.6,

which included the C in C–C bond and the C in C–O

bond existed in functional groups. For BC-g-

cMWCNTs, the amount ratio of C:N was 72.6:27.4.

The amount of carbon was higher than that of BC.

None of Sn element could be detected by XPS in BC-

g-cMWCNTs, which indicated that the stannous

octoate was completely removed by post-treatment.

The element of C existed in the BC-g-cMWCNTs was

mainly attributed to the hydrocarbon bond (C–H) or

the carbon–carbon bond (C–C), the carbon–oxygen

bond (C–O) and ester groups (O–C=O) in carbonyl

and alcoholic hydroxyl groups, corresponding to

binding energy of 284.32, 285.67, 286.83 and

289.31 eV, respectively. The presence of a large

number of carbonyl and alcoholic hydroxyl groups

indicated that cMWCNTs were introduced onto BC

molecular chains. Moreover, the formation of a large

number of ester groups confirmed the occurrence of

grafting reaction.

TGA measurement

Thermo-gravimetric analysis (TGA) is a continuous

process, involving the measurement of sample weight

in accordance with increasing temperature in the formFig. 3 Schematic illustration of the grafting process
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Fig. 4 FTIR spectra (a) of BC and BC-g-cMWCNTs and Raman spectra (b) of cMWCNTs and BC-g-cMWCNTs

Fig. 5 The XPS spectra of BC (a), cMWCNTs (b), BC-g-cMWCNTs (c) and C1 s spectrum of BC-g-cMWCNTs (d)
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of programmed heating. To estimate quantity of

cMWCNTs grafted on BC, TGA measurements for

cMWCNTs, BC and BC-g-cMWCNTs were per-

formed and the results are given in Fig. 6. For

cMWCNTs, there was almost no weight loss

(\ 0.5%) below 300 �C. The weight loss of the

cMWCNTs mainly happened in the temperature

ranged from 300 to 800 �C. The percentage weight

loss at 800 �C was about 7.46% for cMWCNTs due to

the decomposition of carboxyl groups on the surface

of cMWCNTs. In case of BC and BC-g-cMWCNTs,

the weight loss curves can be divided into two stages.

In stage I, the weight loss was very low (\ 3%), which

was ascribed to evaporation of physically absorbed

water molecules at the temperature below 200 �C. In
stage II, the major weight loss corresponding to

decomposition of BC molecules was happened at the

temperature ranged from 200 to 500 �C. It can be seen
that the thermal decomposition temperature of BC-g-

cMWCNTs was higher than that of pure BC. The

thermal decomposition temperature (50% mass loss)

was about 256.8 �C for pure BC and 278.4 �C for BC-

g-cMWCNTs. This result indicated that BC-g-

cMWCNTs showed improved thermal stability com-

paring with pure BC. Since the thermal decomposition

temperature is affected by the structural parameters

such as molecular weight, crystallinity, orientation as

well as intermolecular interaction.We believe that this

increase in thermal stability for BC-g-cMWCNTs

might be due to the grafting reaction by ester bonds

formed by –OH groups of BC and –COOH groups of

cMWCNTs. By comparing the weight loss of the BC-

g-cMWCNTs with cMWCNTs and BC, the ratio of

cMWCNTs grafted on BC in BC-g-cMWCNT was

calculated to be approximately 3.64%.

TEM observation

Figure 7 shows the TEM images of BC-g-cMWCNTs.

The BC molecules were uniformly coated on the

surface wall of cMWCNTs. The outer diameter of

cMWCNTs was increased from 10.68 to 17.31 nm due

to the grafting of BC molecules. This result indicated

that the grafting reaction occurred between BC

molecules and cMWCNTs, and the BC molecular

chains wrapped around the wall of cMWNCTs.

Morphology and physical properties of chitosan

coated BC-g-cMWCNTs nanofiber composite

membrane

Morphology

Figure 8a and b demonstrate the SEM image and the

diameter distribution of electrospun BC-g-cMWCNTs

nanofiber. The electrospun BC-g-cMWCNTs nanofi-

ber presented smooth surface morphology, intercon-

nected pore structure and three-dimensional random

arrangement. The diameter was distributed the in the

range of 400–700 nm with average value of 512 nm.

Figure 8c and d show the surface and cross section

morphology of chitosan coated BC-g-cMWCNTs

nanofiber composite membrane. The surface morphol-

ogy was smooth and uniform, no pores and defects can

be observed. Chitosan coating can decrease the

roughness of electrospun BC-g-cMWCNTs nanofiber

membrane. From cross section morphology, we can

see a few microns chitosan hydrogel thin film coated

on the surface of electrospun BC-g-cMWCNTs

nanofiber membrane. The thickness of chitosan coated

BC-g-cMWCNTs nanofiber composite membrane

was about 30 lm.

The mechanical properties

Figure 9 demonstrates the stress–strain curves of

chitosan membrane and chitosan coated BC-g-

cMWCNTs nanofiber composite membrane. Both

chitosan membrane and chitosan coated BC-g-

cMWCNTs nanofiber composite membrane showedFig. 6 TGA curves of cMWCNTs, BC and BC-g-cMWCNTs
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Fig. 7 The TEM images of BC-g-cMWCNTs a 9120,000, b 9400,000

Fig. 8 The SEM image (a) and diameter distribution (b) of electrospun BC-g-cMWCNTs nanofiber membrane, the surface (c) and
cross section (d) SEM images of chitosan coated BC-g-cMWCNTs nanofiber composite membrane
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the ductile fracture with elongation at break over 80%.

The stress was increased rapidly with the strain

increasing to approximately 5% in the linear elastic

deformation stages of the initial stretching and then

increased slightly in the tensile yield strengthening

stage. For chitosan membrane, its tensile strength was

about 5.43 MPa in dry state. By introduction of

electrospun BC-g-cMWCNTs nanofiber as backbone,

the tensile mechanical properties can be greatly

improved. As seen from Fig. 9a, the tensile strength

of chitosan coated BC-g-cMWCNTs nanofiber com-

posite membrane was increased to 11.76 MPa in dry

state, which is more than twice of the chitosan

membrane. In order to use chitosan coated BC-g-

cMWCNTs nanofiber composite membrane as nano-

filtration membrane for dye removal, its mechanical

properties in wet state are the key factors. Figure 9b

illustrates the wet tensile mechanical properties of

chitosan membrane and chitosan coated BC-g-

cMWCNTs nanofiber composite membrane. The

tensile strength was slightly decreased to 5.06 and

10.11 MPa for chitosan membrane and chitosan

coated BC-g-cMWCNTs nanofiber composite mem-

brane, respectively.

Table 1 summarized the mechanical properties of

chitosan membrane and chitosan coated BC-g-

cMWCNTs nanofiber composite membrane. The

tensile strength and Young’s Modulus were about

more than twice of chitosan membrane, indicating that

the incorporation of BC-g-cMWCNTs nanofiber could

greatly improve the tensile mechanical properties of

chitosan coated BC-g-cMWCNTs nanofiber

composite membrane. The reason might be due to

the fact that the cMWCNTs were uniformly grafted on

BC molecular chains and played a reinforcing and

toughening role in the nanofiber membrane.

Chitosan membrane has lower mechanical proper-

ties. These results meant that the membrane has big

deformation under low operation pressure, which

could change the pore size of the membrane resulting

in low rejection rate during the filtration of dye

solution. Reinforced by BC-g-cMWCNTs nanofiber,

the Young’s Modulus can be greatly improved as well

as the tensile strength. The values was reached to 211

and 10.11 MPa for the Young’s modulus and tensile

strength, respectively. As seen from Fig. 9b, few strain

can be generated under 0.5 MPa for chitosan coated

BC-g-cMWCNTs nanofiber composite membrane,

which indicated that the pore structure of membrane

can keep stable. Using this chitosan coated BC-g-

cMWCNTs nanofiber composite membrane for dye

removal, the flux could be improved and the rejection

rate would not decreased with the operation pressure

increased to 0.5 MPa.

The filtration properties of chitosan coated BC-g-

cMWCNTs nanofiber composite membrane

The pure water flux

Figure 10 shows the effect of filtration time on the

pure water flux (PWF) of chitosan coated BC-g-

cMWCNTs nanofiber composite membrane under

different operation pressure ranged from 0.1 to

Fig. 9 The stress–strain curves of chitosan membrane and chitosan coated BC-g-cMWCNTs nanofiber composite membrane. (a in dry
state, b in wet state)
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0.6 MPa using chitosan membrane as comparison. At

low operation pressure, the fluxes were slightly

reduced at the beginning and kept stable after filtration

for 20 min. At high operation pressure, the fluxes were

almost kept stable for all filtration process. For

chitosan membrane, the PWF was almost increased

linearly from 20.3 to 34.7 L/m2 h with the operation

pressure increasing from 0.1 to 0.3 MPa. For chitosan

coated BC-g-cMWCNTs nanofiber composite

membrane, the PWF was increased from 52.1 to

140.7 L/m2 h with the operation pressure increasing

from 0.1 to 0.6 MPa. In the range of 0.1–0.5 MPa, this

increasement was almost linearly. When the operation

pressure was above 0.5 MPa, the PWF was tended to

become stable with an increase in the operation

pressure. The reason might be ascribed to the effective

porosity generated by the interconnected pores and the

distance of the porous channels, which are the key

Table 1 Mechanical properties of chitosan membrane and chitosan coated BC-g-cMWCNTs nanofiber composite membrane

Tensile strength

(MPa)

Elongation at break

(%)

Young’s Modulus

(MPa)

Chitosan membrane 5.43 (in dry state)

5.06 (in wet state)

82.6 (in dry state)

109.4 (in wet state)

96.5 (in dry state)

81.4(in wet state)

Chitosan coated BC-g-cMWCNT nanofiber composite

membrane

11.76 (in dry state)

10.11 (in wet state)

94.3 (in dry state)

99.6 (in wet state)

244 (in dry state)

211(in wet state)

Fig. 10 The effect of filtration time on the pure water flux (PWF) of chitosan coated BC-g-cMWCNTs nanofiber composite membrane

(a) and chitosan membrane (b) under different operation pressure (c)
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points to determine the flux of the filtration membrane.

Thus, it would be efficient method to improve flux by

increasing the number of interconnected pores or

decreasing the thickness of the filtration membrane.

When the operation pressure was below 0.3 or

0.5 MPa, the deformation of chitosan membrane and

chitosan coated BC-g-cMWCNTs nanofiber compos-

ite membrane was very slightly due to its high

Young’s Modulus (about 81 or 211 MPa). The

interconnected pores were maintained adequately

and the porous channels were kept stable. With the

operation pressure increasing, the PWF was increased

linearly. When the operation pressure was increased

over 0.3 or 0.5 MPa, the deformation may change the

interconnected pores structure and decrease the effec-

tive porosity. Whereas, the thickness of the membrane

would be also decreased. In the end, the flux was

reached an equilibrium value. This chitosan coated

BC-g-cMWCNTs nanofiber composite membrane can

be operated at 0.5 MPa with PWF of 140.7 L/m2 h,

which is much higher than that of common filtration

membranes (114 L/m2 h) (Rezzadori et al. 2015).

Oil–water emulsion filtration

Figure 11a presents the rejection rate and solution flux

of chitosan coated BC-g-cMWCNTs nanofiber com-

posite membrane using oil (Tween-80)/water emul-

sion as feed solution. The flux of oil–water emulsion

was slightly reduced at the beginning, but when the

filtration time was more than 20 min, the flux was

reached stable values at 88.76 L/m2 h. The stable flux

of oil–water emulsion was 91.46% of the PWF,

indicating that chitosan coated BC-g-cMWCNTs

nanofiber composite membrane exhibited excellent

anti-fouling property for oil–water emulsion. The

rejection rate of oil–water emulsion was about

97.67%. Figure 11b shows the photographs of oil–

water emulsion solution before and after filtration. It

can be seen the solution becomes clear after filtration

due to removal of most of Tween-80 by chitosan

coated BC-g-cMWCNTs nanofiber composite

membrane.

BSA anti-fouling property and Flux recovery rate

Figure 12 illustrates the PWF, flux and rejection rate

of BSA solution of chitosan coated BC-g-cMWCNTs

nanofiber composite membrane and the alternating

filtration flux between pure water and BSA solution

under 0.3 MPa operating pressure. The fluxes of BSA

solution were slightly decreased at the beginning.

After 30 min, the fluxes were reached stable value at

91.54 L/m2 h, which is about 94.27% of the PWF. The

rejection rate of BSA was about 99.74% and kept

stable during the filtration process. At the same time,

chitosan coated BC-g-cMWCNTs nanofiber compos-

ite membrane showed good water flux recovery

property as shown in Fig. 12b. The PWF was

decreased slightly from 97.3 to 96.4 L/m2 h after feed

solution changed from pure water to BSA solution.

After three rounds of pure water to BSA solution, the

PWF was still reached 93.4 L/m2 h, which is about

96% of the initial value without any cleaning opera-

tion. The high rejection rate of BSA together with high

flux and good flux recovery indicated that chitosan

coated BC-g-cMWCNTs nanofiber composite mem-

brane has the advantage of strong protein anti-fouling

properties.

Fig. 11 The flux and

rejection rate (a) of oil–
water emulsion solution of

chitosan coated BC-g-

cMWCNTs nanofiber

composite membrane under

0.3 MPa and the

photographs (b) of emulsion

before and after filtration
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Salts rejection

Chitosan coated BC-g-cMWCNTs nanofiber compos-

ite membrane presents different rejection to MgSO4

and NaCl, as evidenced by the data measured at the

same concentration (2000 mg L-1) at pH 7.0 under

298.15 K in Table 2. The salt rejections followed the

order of MgSO4[NaCl, which seems to deviate from

the prediction based on the Donnan exclusion mech-

anism. Chitosan coated BC-g-cMWCNTs nanofiber

composite membrane is a positively charged mem-

brane due to the protonation of amino groups of

chitosan. Thus, the nanofiber composite membrane

has a strong ion shielding effect for Magnesium. The

MgSO4 and NaCl rejection of the new nanofiber

composite membrane were about 98.2 and 57%, which

were slightly higher than that of commercial NF270.

Dye solution filtration

Figure 13 gives the flux and rejection rate for dye

solution of chitosan coated BC-g-cMWCNTs nanofi-

ber composite membrane under 0.5 MPa operating

pressure. Four dyes with different molecular weight

ranged from 300 to 800 g/mol were selected for

filtration test. They are Direct Orange S, Procion Red

mx-5B, Stilbene Yellow and Methylene Blue with

molecular weight 756.67, 615.33, 452.37 and

337.87 g/mol, respectively. For dyes with higher

molecular weight such as Direct Orange S and Procion

Red mx-5B, the fluxes were slightly decreased with

time and finally become stable after about 60 min. For

dyes with lower molecular weight such as Stilbene

Yellow and Methylene Blue, the fluxes were fluctu-

ated slightly at the beginning and reached stable value

quickly. The stable flux and rejection rate for Direct

Orange S, Procion Red mx-5B, Stilbene Yellow and

Methylene Blue aqueous solution were 132.5, 128.7,

121.2, 115.5 L/m2 h and 99.7, 97.8, 62.8, 27.5%,

respectively.

The operation pressure andmolecular weight of dye

have important effect on the filtration performances of

chitosan coated BC-g-cMWCNTs nanofiber compos-

ite membrane as presented in Fig. 14. The fluxes of

dye solution were increased with operation pressure

increasing, which is consistent with the trend of PWF.

For dyes with molecular weight higher than

600 g/mol, such as Direct Orange S and Procion Red

mx-5B, the rejection rate still can be 99.1 and 97.5%

under 0.5 MPa operation pressure. But for Stilbene

Fig. 12 The PWF, flux and rejection rate of BSA solution (a), and the alternating filtration flux between pure water and BSA solution

(b) of chitosan coated BC-g-cMWCNTs nanofiber composite membrane under 0.3 MPa operating pressure

Table 2 Salts rejection for nano-filtration membranes

Nano-filtration membrane Rejection (%) in MgSO4 Rejection (%) in NaCl

NF270 [ 97 [ 50

Chitosan coated BC-g-cMWCNTs nanofiber composite membrane 98.2 ± 1.1 57 ± 1.4
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Yellow and Methylene Blue with molecular weight

lower than 600 g/mol, the rejection rate only can be

60.9 and 34.2% under 0.3 MPa, respectively. It seems

that this chitosan coated BC-g-cMWCNTs nanofiber

composite membrane are more effective for removal

of dyes with molecular weight higher than 600 g/mol.

It can be operated at 0.5 MPa operation pressure with

flux and rejection rate of 125 L/m2 h and 99.1%. The

high flux and rejection rate of chitosan coated BC-g-

cMWCNTs nanofiber composite membrane were

attributed to higher porosity of electrospun nanofi-

brous membrane (as supporting layer) and denser thin

film of chitosan coating (as barrier layer), respectively.

Since the molecular weight of Direct Orange S and

Procion Red mx-5B was 756.67 and 615.33 g/mol,

that is, the molecular weight cut-off (MWCO) of

membrane was lower than 1000 Da, chitosan coated

BC-g-cMWCNTs nanofiber composite membrane

belonged to nano-filtration separation technology

(Jorio et al. 2003). This chitosan coated BC-g-

cMWCNTs nanofiber composite membrane can be

used as an efficient nano-filtration membrane with

high flux and rejection rate at high pressure for dye

removal.

Conclusions

Chitosan coated BC-g-cMWCNTs nanofiber compos-

ite membrane was prepared by combination of elec-

trospinning technology and surface coating method.

The electrospun BC-g-cMWCNTs nanofiber as

Fig. 13 The flux (a) and rejection rate (b) for dye solution of chitosan coated BC-g-cMWCNTs nanofiber composite membrane under

0.5 MPa operating pressure

Fig. 14 The flux and rejection rate of chitosan coated BC-g-cMWCNTs nanofiber composite membrane versus operation pressure

(a) and molecular weight of dyes (b)
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supporting layer presented excellent tensile mechan-

ical properties and high porosity and the coating layer

with denser chitosan thin film was used as barrier

layer. This chitosan coated BC-g-cMWCNTs nanofi-

ber composite membrane had the tensile strength and

Young’s Modulus of 11.75, 10.11 and 244, 211 MPa

in dry and wet state, respectively. Filtration test results

showed that the PWF was increased from 52.1 to

140.7 L/m2 h with operation pressure increasing from

0.1 to 0.6 MPa. Direct Orange S, Procion Red mx-5B,

Stilbene Yellow and Methylene Blue with molecular

weight ranged from 300 to 800 g/mol were selected

for dye removal test. The rejection rate of dyes could

reach above 90% when the molecular weight of dyes

in feed solution was larger than 600 g/mol under

0.5 MPa pressure. Chitosan coated BC-g-cMWCNTs

nanofiber composite membrane exhibited good anti-

fouling properties for both oil and protein. These

results indicated that chitosan coated BC-g-

cMWCNTs nanofiber composite membrane can be

used as an efficient nano-filtration membrane with

high flux and rejection rate at high pressure for dye

removal from wastewater.
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