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ABSTRACT

In this work, a titanium oxide/polyvinylidene fluoride (TiO,/PVDEF) hollow fiber membrane was fab-
ricated to fractionate the dye and Na,SO, produced in textile wastewater. This hollow fiber membrane
offered high retention of Congo red and methylene blue dyes with little rejection of Na,SO,. More
importantly, the membrane was obtained using single orifice spinneret through a simple, rapid, and
less expensive procedure. Meanwhile, the membrane exhibited good hydrophilicity, flux recovery
ratio, and long-term stability, when appropriate blending of TiO, nano-particles was conducted. These
results highlight interesting potential applications, and open new directions toward the designing
of efficient functional hollow fibers for effective fractionation of dye and Na,SO, for the treatment of

textile wastewater.
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1. Introduction

China produces around 2.37 x 10" t of textile wastewater
every year [1], which is one of the most challenging indus-
trial problems to deal with due to the toxicity of azo dyes
and high salinity. Conventional treatment methods, such
as adsorption, coagulation, advanced oxidation, and bio-
logical degradation process can directly convert azo dyes
present in wastewater into bioelectricity [2-5]. However,
this approach makes it difficult to recover valuable residual
dyes and salts. Considering the presence of 6.0 wt% NaCl
or 5.6 wt% Na,SO, in textile wastewater [6-8], separation
of these salts is considered a valuable and sustainable
practice.

* Corresponding author.

Pressure-driven membrane technology can potentially
achieve more sustainable operation by fractionation of the
dye and salt mixtures with subsequent recycling of the recov-
ered dye and salts [6,9].

During the last few years, intensive research was done
on the preparation of hollow fibers to separate salts from
dye wastewater as the methods used included layer-by-layer
self-assembly technique [10-13] and coating a layer onto
a commercial ultrafiltration (UF) hollow fibers [14,15].
However, these methods together with the multistep pro-
duction process led to an increase in the production time and
costs [16-18]. Sometimes, in harsh environments containing
organic solvents, weak interactions between the support
and active layer result in the peeling of active layer from the
support [19-21]. Therefore, it is essential to develop a simple
preparation method, and optimize its operating conditions.
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Chen et al. [22] put forward a novel formation method
for hollow fiber membranes (HFMs), which was based
upon a dual pore formation mechanism. The HFMs
were spun through a single orifice spinneret, and can be
used for separating dyes. Fashandi et al. [23] developed
HFMs using single orifice spinneret, which were free of
micro-voids.

In this work, single orifice spinneret method has
been used to prepare HFMs for separating salt from dye
wastewater.

Polyvinylidene fluoride (PVDF) offers many unique and
prominent advantages, including good membrane forming
ability, thermal stability, excellent chemical resistance, good
mechanical strength, and antioxidation activity. Due to these
advantages, PVDF is widely used as a promising membrane
forming material [24,25]. Beside these advantages, PVDF is
also known as a hydrophobic material [26,27]. In the present
work [28-31], TiO, nano-particles were blended to enhance
the performance of hydrophilic HFMs.

2. Experimental setup
2.1. Materials and chemicals

PVDF (FR 904) was obtained from Shanghai 3F New
Material Co., Ltd., China. N,N-dimethyl acetamide (DMAc;
analytical reagent grade), and hydrochloric acid (HCl; ana-
lytical reagent grade) were purchased from Sinopharm
Chemical Reagent Co., Ltd., China. Nano-sized TiO, (<40 nm)
was purchased from Aladdin Industrial Co., China. Sodium
borohydride (NaBH,) was obtained from Tianjin Guangfu
Fine Chemical Research Institute, China. All chemicals were
purchased and used without further purification. Congo red
and methylene blue were purchased from Tianjin Kermel
Chemical Reagent Co., Ltd., China.

2.2. Membrane preparation

First, a certain amount of TiO, and 0.8 g NaBH, were dis-
persed in 78 g DMAc, and sonicated for 30 min to achieve
an adequate dispersion. Then, 22 g PVDF was dissolved in
the above solution with continuous stirring at 60°C for 10 h.
After the degasification, the achieved homogeneous solution
was transferred to an injection syringe. Membranes were pre-
pared with the TiO, contents (compared with PVDF) of 0, 0.5,
1, and 5 wt%.

The PVDF HFMs were spun through a single orifice
spinneret at the extrusion rate of 0.3 mL/min using a syringe
pump [22] (1.54 mm inner diameter; horizontal to the water
bath), which was directly immersed in the coagulation bath.
The coagulation bath was divided into two sections. The first
section was filled with distilled water (15 cm length), while the
second section contained aqueous HCI solution (pH = 1.80)
whose temperature was maintained at 25°C throughout the
spinning process. The HFMs were kept in the coagulation
bath. The prepared HFMs were immersed in deionized (DI)
water for 24 h to remove the residual solvent in the mem-
branes, and then successively immersed in aqueous glycerol
solutions (30, 50, and 70 wt%) for 4 h in each concentration.
The membranes were then dried in air at room temperature to
make the test modules.

2.3. Membrane characterization

The surface morphology and the cross section of the hol-
low fiber were studied using scanning electron microscopy
(SEM, S-4800, Hitachi, Japan). The membranes were cryogen-
ically fractured in liquid nitrogen to obtain the cross-sections.
Both surface and cross-section of the membranes were
sputtered with gold. The elements and contents on mem-
brane surface were examined using energy dispersive spec-
trometer (EDS) (Oxford INCA X-Max, UK). The membrane
surface roughness was measured using atomic force micro-
scope (Model: 5500 AFM, Agilent Technologies, USA). The
water contact angle was measured using a dynamic contact
angle tensiometer (DSA-100, KRUSS, Germany). To mini-
mize the experimental errors, contact angles were averaged
for at least five measurements of different locations of the
membrane. The mechanical properties of the produced fibers
were evaluated using single yarn fiber strength tester (model
LLY-06). The initial distance between the clamps and the
stretching rate were adjusted to be 2.5 cm and 10 mm/min,
respectively. For each sample, five measurements were car-
ried out, and the mean value was reported. The streaming
potential measurements were performed using a SurPASS
(Anton Paar, Graz, Austria) to measure the zeta potentials
of the membrane surface. In addition, potassium chloride
(I mM) was used as the electrolyte, whereas hydrochloric
acid and potassium hydroxide were used for titration.

2.4. Measurement of membrane separation properties

Membrane permeation experiments were performed
using a laboratory scale cross-flow filtration apparatus.
Before testing, the HFMs were pre-pressurized to 0.1 MPa
pressure for 1 h with DI water to reach a stable state. The
pure water flux for the HFM was measured by employing
DI water as the feed, and was calculated using Eq. (1) [32]:

J,=Q/APA )

where Q stands for the volumetric permeation rate of pure
water (L/h), AP is the trans-membrane pressure (bar), and
A is the effective area of the HFMs (m?).

The HFMs were applied to remove different dye mole-
cules. The dye rejections and the permeate fluxes of the HFMs
were measured using the same filtration apparatus. The dye
concentrations were measured using an ultraviolet-visible
spectrophotometer at the maximum absorption wavelength
of each dye [33]. All the experimental measurements of the
rejection rates and fluxes were performed at least three times,
and average values were reported in this study.

The observed solute rejection, R, was evaluated using

Eq. (2).
R (%) = (C,~ C,)/C,x 100 @)

where C and C,are the solute concentrations in permeate
and feecfl streams, respectively. The concentrations of NaCl
and Na,SO, were obtained by measuring the conductivity
of aqueous solutions using a conductivity meter (DDSJ-
308A, Cany Precision Instruments, China) and comparing
the calibration plot drawn between the salt concentration
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and conductivity. All results presented are average values
with standard deviation calculated from at least three
samples of each membrane type.

3. Results and discussion
3.1. Morphology of the hollow fiber membrane

The morphologies of PVDF and TiO,/PVDF HFMs were
observed using SEM. The morphologies of the cross-sections
of HFMs are shown in Figs. 1(A) and (B), which illustrate
that the macro-voids grew and became run-through at
lower TiO, concentrations. However, after the addition of
TiO, nano-particles, the cross-sectional morphologies of

500um

TiO,/PVDF HFMs changed from finger-like to sponge-like
structures. Yang et al. [35] have reported similar results
in their work. These results indicated that the addition of
TiO, particles had a significant influence on the structure of
membranes. The increase in viscosity of the dope due to the
addition of TiO, particles slowed down the exchange rate
of solvent/non-solvent, and tended to a delayed de-mixing
process, thus resulting in the suppression of macro-voids
[34]. Furthermore, EDS was applied to investigate the dis-
tribution of the TiO, particles on the cross-section of the
membranes, the results of which are shown in Fig. 1(D). The
EDS spectrum shows that the TiO, particles were uniformly
distributed in the membranes.

Fig. 1. SEM images and EDS of the hollow fiber membrane. (A) PVDF hollow fiber membrane, (B) 0.5 wt% TiO,/PVDF hollow fiber
membrane, (C) 0.5 wt% TiO,/PVDF hollow fiber membrane, and (D) EDS (Ti) of membrane in images (C).
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3.2. Effect of TiO, content

Fig. 2 shows the effect of addition of TiO, on the flux of
pure water and rejection of Congo red for the HFMs. When
the content of TiO, was increased from 0 to 0.5 wt%, both the
membrane flux and the rejection rate of Congo red increased.
However, when the content of TiO, was increased from 0.5 to
5 wt%, the membrane flux increased, while the rejection rate
of Congo red decreased, which might be due to some large
pores formed on the membrane surface due to the aggregates
of TiO, nano-particles. Yang et al. [35] studied the effect of
addition of TiO, on the morphologies and properties of poly-
sulfone UF membranes, and reported that the pore radius
increased at higher TiO, content, which was attributed to the
aggregation of nano-particles that enhanced the formation
of larger pores. In order to achieve a relatively high removal
rate, the content of TiO, was fixed at 0.5 wt% during the
membrane preparation experiments.

3.3. Atomic force microscopy analysis

Fig. 3 shows the three-dimensional surface AFM images of
PVDF membrane surfaces. The roughness R, (the roughness
average) was obtained using the AFM analysis software in the
scanning area of 4 pm x 4 um. It was observed that the rough-
ness of PVDF membrane was larger than that of the TiO,/PVDF
membrane. It is well known that the membrane with smoother
surface has greater antifouling capability. The membrane foul-
ing trend increases with the roughness owing to the contami-
nants accumulating on the rough membrane surface [36].

3.4. Zeta potential analysis

Membranes surface charge has a significant influence on
the fouling and separation properties of membranes [37,38].
The changes in zeta potential of membranes with pH are pre-
sented in Fig. 4. It was shown that the zeta potential of all the
membranes decreased with the increase in pH value of the
solution. However, the zeta potential of 0.5 wt% TiO,/PVDF
HFM exhibited stronger positive zeta potentials under acidic
conditions and stronger negative zeta potentials under basic
conditions, whereas a point of zero potential was observed at
the pH of around 5.8, which is in accordance with the results
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Fig. 2. Effect of TiO, content on the performance of membranes.

reported by Li et al. [39]. More importantly, stronger positive
and negative zeta potentials were conducive in controlling
the fouling phenomenon by changing the pH of solutes.
This way, the adsorption and deposition of foulants on the
membrane surface can be controlled.

Ra=27.5nm

Fig. 3. AFM three-dimensional surface images of the hollow fiber
membranes.
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Fig. 4. Zeta potential of membranes as a function of pH value.
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3.5. Contact angle analysis

The contact angles of the membranes were measured to
evaluate their hydrophilic property. It was observed that the
addition of TiO, led to a decrease in contact angles (Fig. 5).
The values of contact angles for PVDF and 0.5 wt% TiO,/PVDF
membranes were found to be 84° + 0.8° and 80° + 0.7°, respec-
tively. This indicated that the membrane hydrophilicity
improved due to the addition of TiO, nano-particles. The con-
tact angle increased with further addition of TiO,, which may
be because of the agglomeration of TiO,, leading to a relatively
coarser surface. Both the surface charge and hydrophobicity can
obviously increase the antifouling property of membranes. In a
hydrophilic membrane, a water layer is formed on the hydro-
philic membrane surface through hydrogen bonding between
the membrane and water molecules, which can reduce the
adhesion of pollutants to hydrophilic membrane surfaces [40].

3.6. Mechanical properties of the membranes

In industrial applications of membranes, mechanical
properties are very important for long-term stable operation.
Fig. 6 shows the mechanical stability of PVDF and TiO,/PVDF
HFMs in terms of their stress—strain curves. The PVDF mem-
brane possessed a typical inferior mechanical stability with
a tensile strength of 3.48 MPa, along with the elongation at
break of ca. 11.8%. When the TiO, content was increased
from 0% to 0.5%, the tensile strength increased from 3.48 to
4.09 MPa, respectively, indicating that the introduction of
TiO, nano-particles could substantially boost the mechanical
properties of HFMs. The addition of nano-particles,
suppression of macro-voids, and interactions between the
inorganic particles and polymers resulted in an increase in
the mechanical strength of the membranes [34]. These results
were found to be consistent with those obtained from the SEM
analysis. However, excessive amounts of TiO, easily caused
the particles to aggregate and disperse non-uniformly in the
polymer matrix. This resulted in many stress convergence
points in the membrane system due to the action of external
force, eventually leading to the weakening of mechanical sta-
bility of the membranes. Therefore, the optimum content of
titanium oxide was determined to be 0.5 wt%.
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Fig. 5. Water contact angle of PVDF hollow fiber membrane.

3.7. Membrane separation properties

Based upon the results presented in section 3.6, the
0.5 wt% TiO,/PVDF HFM was used to investigate the sepa-
ration properties. The water fluxes and salt rejections of the
HFMs are presented in Table 1. The results show that the pre-
pared HFMs exhibited an average water flux of 1.90 L/m? h,
and NaCl and Na,SO, rejections of 4.8% and 14.0%, respec-
tively, for 1,000 mg/L aqueous solution of each salt under
1 bar pressure.

Submerged filtration tests were performed with differ-
ent dye solutions employing HFMs. It was found that all the
permeate streams were nearly colorless (Fig. 7) during the
filtration process. The dye removals and permeate fluxes in
submerged filtration of 50 mg/L dye solution are presented
in Table 1. The results show that, under the pH of 7.0 and
trans-membrane pressure of 1 bar, the HFMs can effectively
remove dyes from aqueous solutions. The removals of meth-
ylene blue and Congo red are nearly 100%. It is well known
that the rejection characteristic of the charged HFMs for
charged solutes is mainly determined by both the effects of
steric hindrance and electrostatic interactions [44]. Therefore,
Congo red with relatively higher molecular weight will be
rejected more efficiently by the negatively charged mem-
brane. Methylene blue has a lower molecular weight. The
cationic dyes will be adsorbed on negatively charged mem-
branes, and block the membrane pores. Therefore, the per-
meability will be lower than that for the Congo red solution.
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Fig. 6. Stress—strain curves for the PVDF hollow fiber membranes.

Table 1
Performance of 0.5% TiO,/PVDF hollow fiber membrane

Retained matters Permeate flux (L/m? h) Rejection (%)

Congo red? 1.61 +0.30 99.99 +0.01
Methylene blue® 1.28+£0.25 99.9 +0.05
Na,SO,° 1.90+0.30 14.0+0.54
NaCl® 1.90 +0.28 4.8+0.36

“Tested with aqueous dye solution 50 mg/L under the trans-membrane
pressure of 1 bar, temperature of 25°C, and pH of 7.0.

"Tested with aqueous salt solution 1,000 mg/L under the
trans-membrane pressure of 1 bar, temperature of 25°C, and pH of 7.0.
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Higher dye rejection and lower salt rejection can be obtained
with the hollow fiber membranes in this study compared
with other hollow fiber membranes as listed in Table 2. The
higher dye separation efficiency and lower salt rejection
mean that the TiO,/PVDF HFM has a good potential applica-
tion in the separation of salts from dye wastewater.
Long-term stability is another vital factor to explore the
performance of HFMs. In the present work, long-term dye
removal test was conducted to investigate the stability of
HFMs during the submerged filtration tests of dye solutions.
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Fig. 8. Changes in dye rejection and water flux with filtration

time for the hollow fiber membranes filtrated with 50 mg/L
methylene blue aqueous solution at 1 bar, 25°C, and pH of 7.

Table 2

Fig. 8 illustrates the changes in water flux and dye removal
for the studied membranes during a 30-h continuous filtra-
tion of 50 mg/L methylene blue solution under the conditions
of 1 bar, 25°C, and pH of 7.0. Every 3 h, the membranes were
rinsed for 30 min. The dye removal remained nearly con-
stant at around 99.9% during the whole filtration process.
The water flux declined slightly within the first 3 h, and was
recovered by the washing process. The small dye particles
were likely to be adsorbed on the pore walls, which resulted
in the decline of permeate flux at the early stage. However,
after washing the membranes, the permeate flux regained a
high value. The results of long-term test indicated that the
HFMs developed in this study possessed good long-term sta-
bility in submerged filtration of aqueous dye solutions.

4, Conclusions

In this work, TiO, nano-particles were used to prepare
TiO,/PVDF HFMs using a novel single orifice spinneret
method. The HFMs showed excellent hydrophilic and
mechanical properties. With the addition of 0.5% TiO,
nano-particles, the HFMs demonstrated a good performance
in separating the salt from dye wastewater. The membranes
showed NaCl and Na,SO, rejections of 4.8% and 14.0%,
respectively, and almost completely retained methylene
blue and Congo red. The higher dye separation efficiency
and lower salt rejections indicated that the TiO,/PVDF HFMs
have promising application potential with regards to the sep-
aration of salt from dye wastewater.
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