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ABSTRACT

Using fiber woven tube for support layer, the poly vinylidene fluoride (PVDF)/woven tube
composite hollow fiber membrane with high strength and high water flux was prepared
through the coating technology and immersion-precipitation technique. The effect of PVDF
contents on membrane flux and porosity was investigated; using the homemade composite
membrane in the sequencing batch membrane reactor (SMBR) reactor. The rejection effect on
particles and the changes of the composite membrane performance were also studied. With
the increase of PVDF concentration, pure water flux and the average pore diameter of the
composite membrane decreased, but the burst pressure increased; the porosity increased at
first and then decreased. In this research, porosity of composite membrane is always above
45%, the burst pressure is higher than 0.30MPa, and the tensile strength of the composite
membrane is very high. Although the membrane is operated at a high flux
(20+05Lm?h™") in the SMBR system, the transmembrane pressure remains 5.5-6.5kPa
and the membrane permeability is up to 3.7Lm >h 'kPa '. The study shows that the
homemade composite hollow fiber membrane can be operated at a high flux and low
pressure the membrane bioreactor. Furthermore, the composite membrane has a good ability
to resist pollution and a high effect of particle rejection.
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1. Introduction

Currently, polymers are still the main materials
in membrane technology with the advantages of
good membrane forming ability, flexibility, and low
cost [1,2]. As an excellent crystalline polymer, poly
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vinylidene fluoride (PVDF) is often used in the prepa-
ration of the microporous membrane due to its good
chemical and thermal stability [3,4]. However, limited
chemical, mechanical, and thermal resistance restrict
the application of polymer membranes [5].

Obviously, composite membranes could combine
the basic properties of organic and inorganic materials
and offer specific advantages for the preparation of
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membranes with excellent separation performances,
good thermal and chemical stability and adaptability
as well as membrane forming ability [6,7]. Therefore,
organic-inorganic composite materials as new
membrane materials have attracted more and more
attention [8-10].

But all these polymeric membranes were prepared
by phase-inversion method. In this method, a casting
solution consisting of polymer, solvent, and additives
is immersed into a nonsolvent coagulation bath [11-13].
When the membrane is used in wastewater treatment
process, this polymer membrane prepared by the
immersion-precipitation phase-inversion method has
the following disadvantages: low mechanical strength
and the membrane breaking phenomenon often appear
in the membrane bioreactor. The water volume and
water quality of the effluent cannot meet the require-
ment. Thus, how to continue to improve membrane
strength has attracted more and more attention.

Today, there are two main methods of improving
the strength of the membrane. Firstly, strengthen the
membrane by improving the membrane preparation
process or through membrane modification. Secondly,
increase the strength of the membrane by adding fiber
or a braided fabric support layer. This method one can
ensure the performance of the membrane separation
and improve the membrane strength at the greatest
degree, but its preparation process is complicated and
difficult to operate.

In this research, the PVDF casting solution is coated
on the fiber woven tube, which is used as the support
layer, by using the self-developed coating technology
and the homemade composite membrane spinning
device. The PVDF/woven tube composite hollow fiber
membranes with high strength and water flux are
prepared through the coating technology and the
immersion-precipitation technique. Besides, the effect
of PVDF content in the casting solution on the proper-
ties of composite membranes is discussed in this
research. At the same time, the homemade composite
membrane is applied to the sequencing batch reactor
(SBR) to build the sequencing batch membrane reactor
(SMBR) system. Additionally, the rejection effect on
particles and the performance changes of the compos-
ite membrane are studied as well.

2. Experimental
2.1. Materials

(PVDF, Solef®6020) was purchased from solvay
Advanced Polymers, L.L.C.N,N-dimethylactamide.
(DMAC; >99%) was obtained from the Tianjin FuCheng
Reagent Company. Polyvinyl pyrrolidone (PVP) was
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purchased from BASF Chemical Company, Germany.
Lithium choride (LiCl, analytical grade) was purchased
from the Tianjin Kermel Chemical Reagent Co. Ltd.
Sodium hydroxide (NaOH, analytical grade) was pur-
chased from the Tianjin Kermel Chemical Reagent Co.
Ltd. Fiber woven tube was purchased from the XuZhou
Henghui Knitting Machinery Factory.

2.2. Composite hollow fiber membrane preparation
2.2.1. Fiber woven tube pretreatment

The inner diameter of a 2.0mm polyester fiber
woven tube was immersed in a solution of NaOH in
order to remove greasy dirt on the woven tube. Then
deionized water was used to wash the woven tube in
order to remove the surface residues of NaOH. Finally,
the woven tube was placed in the oven to dry.

2.2.2. Preparation of the casting solution

The materials of PVDF, DMAC, LiCl and PVP
were added in a mixer tank in a certain ratio, and
then transferred to a deaeration tank after stirring the
dissolved contents for a particular time at certain tem-
perature. On standing deaeration, a homogeneous
membrane casting solution is obtained.

2.2.3. Preparation of the composite hollow fiber
membrane

The coating technology and immersion-precipita-
tion technique were used to prepare the PVDF/woven
composite hollow fiber membrane. The process of
preparation was as follows: the deaeration homoge-
neous casting solution was squeezed into the spin-
neret under the pressure from the deaeration tank,
then the pretreated woven tube through the spinneret
center under the action of the supply wheel and the
traction wheel, casting solution, and the woven tube
co-squeezed from the spinneret under the common
action of the woven tube carrying and nitrogen
pressure, casting solution uniform coating on the out-
side surface of the fiber woven tube, and then enter
into the coagulation bath and phase convert into
membrane. The membrane was soaked in water for
certain time after collecting through the wire winding
wheel. Finally, PVDF/woven tube composite hollow
fiber membrane was prepared the spinning process is
shown in Fig. 1.

2.3. Membrane morphology observation

The morphologies of the cross-section, the external
outside surface of hollow fiber membrane were
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observed with a scanning electron microscope (SEM;
JSM5800, JEOL, Japan). The fibers were immersed into
liquid nitrogen for a few minutes and cut off by knife,
then coated with gold under vacuum before testing.

2.4. Mechanical properties, porosity, and average pore size

Mechanical properties included tensile strength
and burst pressure, and the tensile strength of the
hollow fiber membranes were measured by a test
machine at a loading velocity of 500 mm/min. The
report values were measured thrice for each sample
and then averaged. The burst pressure of hollow fiber
membranes were measured by a self-made explosive
device.

The membrane porosity ¢ (vol.%) was defined as
the volume of the pores divided by the total volume
of the porous membrane. It could be determined by
the gravimetric method, determining the weight of
liquid (here pure alcohol) contained in the mem-
brane pores. The inner and outer diameters of the
samples (10 pieces of hollow fibers) are measured
under a microscope to obtain the bulk volume (V).
The porosity (¢) of the sample is calculated according
to Eq. (1):

77”1—7”2—(7”3—"14)

where m; is the weight of the wet composite mem-
brane (g), m, is the weight of the dry composite mem-
brane (g), mjs is the weight of the wet woven tube (g),
my is the weight of the dry woven tube (g), p is the
alcohol density (0.78 gcm ), and AV is the membrane
layer volume of the composite membrane.

The membrane average pore size is determined
through the filter velocity method and the pore size
(r) was obtained by Eq. (2):

 Bx(29-175) 1]
r_\/ c-A-AP )

where ¢ is the porosity of the composite membrane
(%); I is the thickness of the composite membrane (m);
u is the viscosity of the filtered fluid (here water vis-
cosity) (Pa s); | is the membrane pure water flux
(m® s_l); A is the filtration area of the membrane (mz);
and AP is transmembrane pressure (Pa).

2.5. Membrane performance measurement

The permeation flux and rejection of the hollow
fiber membranes were measured by the self-prepared
UF experimental equipment. Deionized water was used
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to measure the pure water flux. Three modules were
tested in parallel, and the average of their performance
was reported.

The newly developed membranes were prepres-
sured at 0.15MPa for 30min. The pure water of the
hollow fiber membranes was measured at 0.1 MPa
and at room temperature, respectively. Deionized
water was fed at a constant pressure of 0.1 MPa from
outer surface to the inner lumen of composite mem-
branes and was collected and measured. Pure water
flux (J,) is obtained by Eq. (3):

14
b= AT ®
where V is the total volume of the permeation water
during experiment (L). A is the effective membrane
area of the module (m?), and AT denotes the measur-
ing time (h).

3. Results and discussion

3.1. The effect of PVDF concentration on morphologies of
composite hollow fiber membrane

In this experiment, the casting solution was
consisted of the PVDF, PVP, LiCl, and DMAC. The
PVP content was 6% and the LiCl content was 3%,
adjusting the PVDF and DMAC concentration. The
temperature of the casting solution was 40°C, and the
coagulation bath was tap water at 35°C .

3.1.1. The cross-section structure of the composite
membrane

The cross-section structure of the composite
hollow fiber membrane is shown in Fig. 2. The

Woven tube ofter

\>\ pretreatment

Hitrogen

Fig. 1. The spinning process diagram of PVDF/woven
tube hollow fiber composite membrane. (1) deaeration
tank (2) supply wheel (3) spinneret (4) coagulation bath (5)
the traction wheel (6) wire winding bath (7) wire winding
wheel.
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Fig. 2. The cross-section structure of the composite hollow fiber membrane (PVDF concentration was 12%, DMAC content

was 79%).

cross-section structure showed that the polymer layer
of casting solution was uniformly wrapped on the
outer surface of the woven tube, and some casting
solution has been embedded into the crevice of the
woven tube filament. The coating layer and the
woven tube layer were merged closely. The thickness
of the coating layer was only about one-fifth of the
total thickness of composite membrane, and the
coating layer has a thin and compact structure.
Because the woven tube is used as the support layer,
the coating layer has little effect on membrane
tensile strength, and the tensile strength of the
composite membrane is still high.

PVDF: 8%

3.1.2. The effect of PVDF concentration on the compo-
site membrane surface morphology

The surface morphology of composite membrane
in different PVDF concentrations is shown in Fig. 3.
As Fig. 3 shows, the polymer (PVDF) concentration in
casting solution was increased from 8 to 16%. The
surface of the composite membrane from chapped
macroporous structure changed gradually into a dense
structure. When the PVDF concentration reached to
16%, the membrane surface showed rough rugged.

In the specific spinning conditions, when the PVDF
concentration in casting solution is less than 8%, the

(x1000)

Fig. 3. The surface morphology of composite membrane in different PVDF concentration (PVDF concentration was from 8

to 16%, DMAC contents was from 83 to 75%).
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DMAC concentration exceeds 85%, and the polymer
viscosity is too small to coat the casting solution on
the outer surface of the woven tube [14]. When the
PVDF concentration exceeds 16%, the casting solution
viscosity is too high, the discharging quantity of poly-
mer casting solution has large fluctuation, and the
coating layer thickness changes with the discharging
quantity, some uneven node protuberance appeared
on the membrane surface, membrane performance
was poor. While the PVDF concentration in casting
solution ranged from 10 to 14%, the membrane sur-
face was smooth and accompanied by a uniform dis-
tribution of the pore structure. Especially, when the
PVDF concentration was 12%, there are most pores on
the membrane surface. Therefore, the concentration of
the PVDF selected is from 8 to 16% in this experiment
to adjust the DMAC concentration.

3.2. The changes of PVDF concentration on the
performance of composite membrane

3.2.1. The effect of PVDF concentration on water flux
and average pore size

The effect of PVDF concentration on water flux
and average pore size of the composite membrane are
shown in Fig. 4.

Fig. 4 indicates that the effect of PVDF concentration
on water flux and average pore size of the composite
membrane is very significant. With the increase of
PVDF concentration in the casting solution, composite
membrane pure water flux and the average pore size
decrease. And when the PVDF concentration increased
from 8 to 16%, flux decreases from 4300 to
671.9Lm *h™", the average pore size from 0.231um
drops to 0.099 pm. The reason is that the viscosity of the
low-concentration casting solution is low, which leads
to the limited discharging quantity of it. When the
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primary membrane enters into the nonsolvent coagula-
tion bath (water), an extremely fast and transient
liquid-liquid phase separation process will happen in
the system. The lack of coherence of the membrane
layer contributes to the apertures and large pores
appear on the membrane surface. Thus the water flux
and the average pore size of the membrane is high.

With the increase of PVDF concentration, the
solvent contents in the casting solution decreases, and
the viscosity of the casting solution increases. The vis-
cosity will affect the exchange rate between the sol-
vent and nonsolvent. The cortex was easy to form on
the membrane surface through phase separation. And
when the polymer concentration is increased, the dis-
charge quantity, as well as the thickness of the film
increased, but the speed of the precipitation phase
separation was slow. Therefore, the surface pore size
and water flux of the composite membrane declined
[15,16].

3.2.2. The effect of PVDF concentration on porosity
and burst pressure

The effect of the PVDF concentration on the poros-
ity and the burst pressure of the composite membrane
are shown in Fig. 5. As the PVDF concentration
increases, the composite membrane porosity increased
at first and then decreased, which are associated with
different polymer solvent ratios on membrane struc-
ture characteristics. When the PVDEF concentration
was 12%, the composite membrane porosity reached
the maximum value of 59.3%. In low PVDF concentra-
tions, a large number of holes on the membrane sur-
face appeared and the membrane porosity declined.
In high PVDF concentrations, the coating layer thick-
ness was larger and the coating layer structure was
compact, so the porosity was low. When PVDF
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Fig. 4. The effect of the PVDF concentration on water flux
and average pore size of the composite membrane.
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Fig. 5. The effect of the PVDF concentration on porosity
and burst pressure of the composite membrane.
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concentration ranged from 10 to 14%, the membrane
morphology structure was more reasonable, and the
surface of the composite membrane polymer layer
was evenly distributed with a microporous structure
(as shown in Fig. 3). When the PVDF concentration is
12%, the distribution of membrane surface pore is the
most intensive. Thus the porosity is high.

As Fig. 5 shows, with the concentration of PVDF
increasing from 8 to 12%, the burst pressure of com-
posite membrane increased from 0.32 to 0.41 MPa.
When the PVDF concentration increases from 12 to
16%, the composite membrane burst pressure changes
gently and decreases slightly. The changes of burst
pressure are directly related to the composite mem-
brane structure; with the increase of PVDF concentra-
tion the membrane structure becomes compact
gradually, but when the PVDF concentration reaches
12%, the viscosity of the casting membrane solution
system increases, the binding force between woven
tube layer and the coating layer declined, so the burst
pressure also decreased.

Because the woven tube support layer exists, the
coating layer has little influence on membrane tensile
strength. Tensile strength is mainly decided by woven
tube is not related to the coating process, thus tensile
strength of composite membranes is higher than the
measurable range of our apparatus.

Combining the results of 3.2.1 and 3.2.2 in the
optimization of the other spinning condition, the
composite fiber membrane has the best overall perfor-
mance when the PVDF content is 12%. The parameter
of composite membranes is shown in Table 1.

3.3. The application of a composite membrane in an SBR
reactor

In the optimization of the spinning condition, the
composite hollow fiber membranes was prepared. A
curtain type of hollow membrane module was made
by using composite membranes, whose parameters
are shown in Table 1. The membrane modules are
placed in an SBR reactor and an SMBR system was

Table 1

The parameter of composite membranes

Parameter Value
External diameter, mm 2.3+0.05
Thickness of polymer membrane layer, mm 0.08+0.02
Average pore size, pm 0.1x0.02
Porosity, % 55+5
Tensile strength, MPa >100
Pure water flux (0.1MPa), Lm *h™" 1,000+ 50
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Table 2
The main parameter of the SMBR system
Parameter Value
Sludge concentration, mgL ™" 3-8
Reactor volume, L 7
Membrane area, m? 0.15
Membrane module flux, Lm 2h™! 20+0.5
Operation, h
Mixing 2
Aeration 4
Raw wastewater quality (average value), mg Lt
COD 420.4
NH;-N 42.6
TN 45.1
TP 3.55

constructed. The rejection effect on particles and per-
formance changes of composite membranes in the
SMBR system were studied. The main parameters of
the SMBR system are shown in Table 2.

The SMBR system was applied to treat the syn-
thetic wastewater, and the reactor was operated by
sequencing batch, 6h a cycle and four cycles a day.
The influent time was less than 10 min, while effluent
time achieves 60min in single cycling. The effluent
was suctioned by a suction pump.

The effluent of the process adopt constant flow
filtration, the membrane fouling and membrane
stability were indicated through the transmembrane
pressure (TMP) and permeability change [17,18]. In
order to reduce the membrane fouling and extend
membrane cleaning cycle, the effluent adopts the inter-
mittent suction water outlet, suction 10 min and stop
suction 5min, the SADp value controlled among 30-60
(m® air-m > water) to guarantee the effect of aeration
scouring on the membrane. Stopped pumping makes
the membrane obtain short relaxation, which can
promote pollutants reverse diffusion migration away
from the membrane surface under the action on the
concentration gradient, furthermore, the shear effect
produced by air scour can further enhance this effect
[19,20].

3.3.1. Removal of particles by composite membranes

The contents of suspended particulate matter in
the effluent are presented by turbidity, under the
action of membrane high efficient retention, the tur-
bidity of the membrane effluent was very low and
kept under 0.05NTU, the average value was
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Fig. 6. Molecular weight distribution of the membrane
effluent is shown.

0.01NTU. At the same time, a Hitachi high perfor-
mance liquid chromatography (HPLC) (LC-2000,
Japan) equipped with a gel column (Waters Ultrahy-
drogel 250) was used to analyze the molecular weight
distribution of the membrane effluent. The molecular
weight distribution of the membrane effluent is shown
in Fig. 6. It could be seen that most of the molecular
weight of the effluent was lower than 15KDa, indicat-
ing that the composite membrane had a good rejection
effect on particles in wastewater treatment.

The experimental results also showed that the
average removal rates of COD, NHI—N, TN, and TP
were greater than 90, 95, 70, and 86% under the action
of biological treatment and high efficient rejection by
composite membranes.

3.3.2. The changes of membrane fouling in the SMBR
system

(1) The contrast of the composite membrane surface
morphology before and after fouling

The contrast of the membrane surface morphology
before and after fouling is shown in Fig. 7. As Fig. 7
shows, the changes of the color of the membrane
surface show that the membrane surface has been

'
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fouled by the pollutants. It can be seen from the com-
parison of bl, b2 membrane surface SEM scans that
pollutants formed a cake layer on the membrane
surface. The cake layer appeared some uplift and
cracked after drying. It is indicated that the cake layer
was thicker but relatively loose, and the effect of this
cake layer on the membrane filtration flux was low.

(2) The changes of composite membrane TMP and
permeability

The changes of TMP and permeability under the
experimental condition are shown in Fig. 8.

Without following any cleaning procedure of the
membrane in the whole experiment, the membrane
operating flux was 20+0.5Lm >h~'. In the first
month, the TMP in the first 2d increased significantly,
from 4.4kPa to 4.8kPa, the membrane fouling rate
was high. This phenomenon was caused by the initial
membrane fouling which sludge mixed liquid parti-
cles adsorb on the membrane surface and cause the
membrane pore blocking [21,22], and membrane self-
resistance formed in filtering initial stage; therefore,
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L sesee = =
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Fig. 8. The variation of permeability and TMP under the
research condition.

Fig. 7. The contrast of the membrane surface morphology before and after using (al is the original membrane module, a2
is the membrane module after fouling, bl is the initial membrane surface SEM scan, b2 is the membrane surface SEM

scan after fouling).
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the TMP increased fast. When the membrane self-
resistance and membrane pore blocking has been fully
formed, the TMP increased from 4.8 to 5.4kPa in the
subsequent 28d. Moreover, the membrane fouling
process was slow and the membrane fouling rate was
low, this stage was the membrane slow fouling [22].
In a slow fouling stage, pollutants were not only
adsorbed in the membrane pores, but also occurred
on the membrane surface. The biological floc in sludge
mixed liquid began to form a cake layer on the mem-
brane surface, but this cake layer had little effect on
TMP growth, TMP increased slowly [23,24]. The seri-
ous membrane fouling phenomenon did not occur in
the experiment, the anti-pollution performance of
composite membranes was good.

In the whole research, although the membrane
operated at high flux (20+0.5Lm *h™'), the TMP
was kept under 5.5kPa, the permeability of membrane
was up to 3.7Lm 2h 'kPa'. The experimental
results showed that homemade composite hollow fiber
membranes have good ability to resist pollution and
can operate at high flux and low pressure in a
membrane bioreactor.

4. Conclusions

Using a self-made device for preparation of com-
posite hollow fiber membranes, the PVDF/woven
tube composite hollow fiber membrane was prepared
by the coating technology and immersion-precipitation
technique. And we drew the following conclusions
from the research:

(1) The polymer layer of the casting solution was
uniformly wrapped in the outer surface of the
woven tube, and the coating layer and the woven
tube layer merged closely. The thickness of the
coating layer was only about one-fifth of the total
thickness of the composite membrane, the coat-
ing layer had a thin and compact structure. The
pure water flux reached 4300Lm2h~!, and
burst pressure reached 0.32MPa. In the research,
the porosity of the composite fiber membrane is
always above 45%, burst pressure is higher than
0.30MPa, and due to the existence of the woven
tube support layer, the tensile strength of the
composite membrane is very high.

(2) The effect of PVDF concentration on the compos-
ite membrane performance is very significant.
With the increase of PVDF concentration in the
casting solution, the composite membrane pure
water flux and the average pore size decrease,
while with increasing the burst pressure, the
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porosity increases at first and then decreases.
When PVDF content is 12%, the overall perfor-
mance of the composite hollow fiber membrane
is the best.

(3) Although the membrane operates at a high flux
of 20+0.5Lm ?h™" and the pollutants removal
efficiency is high, the TMP was kept under
5.5kPa, the permeability of the membrane is up
to 3.7Lm *h 'kPa~'. The study shows that
homemade composite hollow fiber membranes
have a good ability to resist pollution; the mem-
brane fouling process becomes slow along with
the membrane fouling rate. The composite mem-
brane can operate at a high flux and low pres-
sure in a membrane bioreactor, and the rejection
effect on particles is very good.
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