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Abstract—A comparative study was conducted to evaluate the performance of two membrane types of electrospun
poly(vinylidene fluoride) (PVDF) and commercial ploytetrafluoroethylene (PTFE). The optimized needleless electro-
spinning technique was used to prepare PVDF membranes. Scanning electron microscopy (SEM), wettability tests,
water flux, mechanical strength and liquid entry pressure (LEP) measurements were performed to evaluate the pre-
pared membrane. Air gap membrane distillation (AGMD) experiments were carried out to investigate the salt rejec-
tion performance and the durability of membranes. The results show that our nanofibrous PVDF membrane presents
higher water permeation flux (>20 kg/m’ h) compared to commonly used PTFE. In addition, the experimental data
confirms that competitive salt rejection efficiency (>99.8%) was obtained in this new membrane.
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INTRODUCTION

Intensive population growth and global warming effect has inten-
sified the demand for fresh water [1]. Hence, extensive researches
have been focused to develop the efficient methods for producing
good quality drinking water. Of these methods, desalination pro-
cesses--removing salt from seawater and brackish water--are pre-
ferred as the main method for obtaining fresh water in arid regions.

Recently, membrane technology has been considered as the most
cost/energy-effective desalination method compared to conventional
distillation processes. In most membrane processes, the driving forces
are hydrostatic pressure or chemical/electrical potential [2]. The
well-known reverse osmosis (RO) is one of these isothermal mem-
brane processes, which is commercialized for the desalination of
seawater [3]. However, such membrane processes are not efficient
for producing economized water and meeting the future huge de-
mand. Therefore, developing new membrane processes for desali-
nation of seawater is inevitable. Membrane distillation (MD) has
attracted a great amount of research interest for possible substitute
for RO in water desalination [3,4].

MD is a non-isothermal membrane operation in which the driv-
ing force is the partial vapor pressure difference across the porous
and hydrophobic membrane [3-5]. In air gap configuration of MD
(AGMD), a condensation surface is used inside the module, and
an air gap is interposed between the membrane and the condensa-
tion surface in the permeate side of the module [6,7]. The mecha-
nisms of AGMD mass transport across the membrane have been
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investigated in various studies [8-10]. Previous investigations have
shown that membrane properties play the main role in the transport
phenomena and efficiency of this process. For this reason, parame-
ters such as pore size, pore size distribution, hydrophobicity; tortuos-
ity, and thickness determine the final AGMD performance [11,12].

Improving porosity and decreasing of the membrane thickness
both enhance the membrane permeation flux. However, these changes
result in a decrease of the membrane’s mechanical strength [13,14].
Membrane material, additives, production method and conditions
are some of the most important parameters that directly influence
the physico-chemical properties of the synthetic membrane and its
separation performance. The conventional membranes of MD are
commercial ploytetrafluoroethylene (PTFE) membranes originally
fabricated for various separation processes like microfiltration. These
commercial membranes have the main characteristics of MD mem-
branes, such as high porosity, hydrophobicity and a greater lifetime
[15,16]. However, the permeation flux and the separation efficiency
of these microfiltration membranes are not in an appropriate range
when they are used in the MD process. Thus, the preparation of the
efficient MD specific membranes is the crucial subject for commer-
cial MD process [17,18].

Poly(vinylidene fluoride) (PVDF) is another polymer intensively
employed to produce MD membranes due to its low surface energy,
high hydrophobicity, porosity and good stability [19]. These advan-
tages ensure a high permeation flux in the MD process without inter-
rupting other characteristics of the membrane such as mechanical
properties and hydrophobicity [20,21].

Conventionally the main method of PVDF membrane fabrica-
tion is phase inversion technique. Recently, electrospinning has at-
tracted attention for its versatility, flexibility and ability to produce
nanofibrous films with large surface area to volume ratio [23-25].
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With using electrospinning, the superior characteristics could be
inducted into the membranes [26]. However, it is difficult to fabri-
cate PTFE membranes by electrospinning due to non-polar char-
acteristics of PTFEE. In fact, it is insoluble in common solvents [27-
29]. On the other hand, PVDF could be easily introduced into elec-
trospinning to produce the nanofibrous membranes [30].

In the present work an experimental design for fabrication of
electrospun PVDF membranes has been considered. One of our
objectives was the investigation of the individual and mutual effects
in the electrospinning variables (applied voltage and distance be-
tween the needle and the collector) on the diameter of the electro-
spun PVDF fibers. The synthesized membranes were character-
ized, and their applications in AGMD process were examined for
desalination purposes. Finally, the performances of synthesized mem-
branes were compared with the commercial PTFE membranes.

EXPERIMENTAL SETUP

1. Materials

Poly(vinylidene fluoride), the polymer used in this work, was
obtained from Sigma Aldrich, USA (PVDF synthesis grade with
400,000-600,000 molecular weights). Solvents of N, N-dimethylac-
etamid, (DMAc, synthesis grade, >99%), Acetone and methanol
were from Merck, Darmstadt, Germany. NaCl was also purchased
from Merck. Deionized double distilled water was used to prepare
salty feed solutions in AGMD experiments. The commercial poly-
tetrafluoroethylene membranes (PTFE-TF200) were purchased from
Gelman, USA.
2. Membrane Preparation Method

In this study; PVDF nanofibrous membrane was fabricated through
electrospinning technique. As represented in Fig. 2, needle-less
roller electrospinning setup was used to increase the throughput of
electrospinning [30]. Optimized electrospinning parameters were
determined by a number of experiments in order to achieve bet-
ter characteristics in the synthetic membrane. The roller and col-
lector rotating speed were 2 and 200 rpm, respectively. As clearly
depicted in Fig. 1, the roller spinneret was situated inside the pre-
cursor PVDF solution bath at 30 °C. PVDF solution of 10% (w/v)
concentration was prepared in a mixture of DMAc and acetone at
a ratio of 3: 2. Before electrospinning, the prepared precursor solu-
tion was vigorously stirred for 1 h at 30 °C and then sonicated for
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Fig. 1. Schematic of needle-less electrospinning setup used for pro-
ducing nanofiber membranes.

15 min.
3. Membrane Characterization Methods

Field emission scanning electron microscope (FESEM, F4160
and HITACH], Japan) was used to observe the porous structure of
synthetic PVDF and commercial PTFE membranes at an acceler-
ating voltage of 30 kV. Water liquid entry pressure (LEP) tests were
carried out for both types of membrane with a homemade setup.
To investigate the hydrophobicity of the membranes, the sessile drop
method was implemented in a goniometer (Data-Physics, OCA
20, Germany) to obtain water contact angles.

The mechanical properties of membranes were measured through
a tensile testing machine (Instron 5982, MA, USA). This device
was equipped with a 5 kN load cell and pneumatic grips, at a strain
rate of Imm/min. The size of the dog-bone shaped specimens
gauge length was 16 mm with a width of 3.3 mm. For every sam-
ple, at least four tests were repeated to ensure reproducibility.
4. Module Design and Construction

A flat-sheet module of 30 cm length and 15 cm width was fab-
ricated. High-density PTFE materials were used in the module
fabrication to maintain high thermal and mechanical stability for
long time operations. In the designed module, the effective mem-
brane area was about 5 cmx15 cm (75 cm?).
5. AGMD Experiments

The schematic representation of the AGMD unit cell is shown

Cold Water

Fig, 2. Vacuum enhanced AGMD unit cell flow diagram used for H,'"*0 concentrating experiments. Blue and red colored streams represent

the cooling and feed streams respectively.
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Table 1. Operational parameters for AGMD unite cell experimen-
tation using synthetic nano-fibrous PVDF and Commer-
cial PTFE membranes. Both Feed and coolant streams
were double distilled deionized water

Parameter Value
Coolant temperature (°C) 20
Coolant flow rate (mL/min) 300
Feed flow rate (mL/min) 100
Air gap thickness (mm) 7
Air gap vacuum (kPa) 75
Membrane effective area (cm®) 75

in Fig. 2. In the AGMD configuration, peristaltic pumps were em-
ployed to flow out the permeate stream, which caused a relative
vacuum in the module air gap section (~75kPa). Hence, we labeled
this AGMD setup a vacuum enhanced AGMD. The feed and cool-
ant stream temperature were stabilized at 65 °C and 20 °C, respec-
tively. The MD experiments established the best compromise among
different parameters such as permeate flux and separation effi-
ciency. The optimized values of temperatures, flow rates and pres-
sures were applied in all AGMD experimentations. The operational
parameters are listed in Table 1.

RESULTS AND DISCUSSION

1. Membrane Preparation

The fiber diameters are crucial for producing a membrane with
efficient MD performance. In fact, the mechanical strength and
permeability of membranes are highly influenced by the fiber mean
diameter. In addition, the polymer concentration affects the pre-
pared nanofibers diameters. The influence of the PVDF concen-
tration on produced fiber diameters is illustrated in Fig. 3(a). The
figure clearly shows that a noticeable increase occurs in the fiber
diameters with PVDF concentration in precursor solution. For
PVDF weight ratio of 10 wt%, the fiber diameters were around 200
nm, while the achieved fiber diameters were greater than 400 nm
in the concentrations above than 15 wt%.

In large-scale membrane production process, productivity is an
important factor in the electrospinning method. As depicted in Fig.
3(a), the electrospinning productivity also increases with the PVDF
concentration in the precursor solution. For weight ratio of 10 wt%,
the achieved productivity was about 5, which was suitable for our
laboratory demands. Therefore, 10wt% of PVDF polymer solution
was chosen for producing nanofibers with favorable diameters
(250+150 nm). Fig. 3(b) illustrates effects of both PVDF concen-
tration and collector-electrode distance on the applied voltage thresh-
old in electrospinning experiments. As shown in the plot, the thresh-
old voltage is increased by the PVDF concentration as well as col-
lector-electrode distance.

Fig. 3(c) illustrates the variation of running time and fiber diam-
eters with applied voltage. It is obvious that the electric field strength
is reduced in the electrospinning zone when the collecting distance
increases. As this parameter increases, a higher voltage is needed
to conduct stable electrospinning. It is clear that both mentioned
parameters result in higher thresholds of applied voltage. Other-
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Fig. 3. Electrospinning parameter optimazations: (a) The effect of
PVDF concentration in precursor solution on the prapared
fiber diameter and electrospinning productivity. (b) Varia-
tions of the applied voltage thresholeds with PVDF weight
ratio and collector-electrod distance. (c) The influence of ap-
plied voltage changes on the needed running time and the
diameters of produced fibers.

wise, the thick fibers were formed when the PVDF concentration
and collector-electrode distance were increased at a constant volt-
age. It was found that the applied voltage and collecting distance
must be 45kV and 18 cm for preparation of the desired PVDF nano-
fiber membrane with appropriate fiber diameters, respectively. In
this condition, the productivity value of about 5 could be achieved
for the electrospinning process. In this system, the negative high
voltage terminal is connected to a conductive drum covered by the
aluminum foil as the collector of fibers.
2. Membrane Properties

Membrane properties have significant effects on the membrane
desalination process. Hence, the prepared membranes were char-
acterized to evaluate the role of the surface hydrophobicity and mor-
phology on the membrane performance. The water contact angles
of the membranes were determined to investigate the hydropho-
bicity level. The measured contact angle of the synthetic PVDF mem-
brane was 6=131° which was slightly greater than the value of
6=124° for PTFE membrane. This difference may be attributed to
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(b)

Fig. 4. FESEM images of (a) PTFE membrane, and (b) synthetic
PVDF membrane, respectively.

the nanofibrous structure with higher surface roughness of the
electrospun PVDF membranes, while the reported contact angle is
around 85° for non-fibrous PVDF membranes [31-33].

FESEM tests were performed to compare the morphological dif-
ferences between non-fibrous PTFE and nanofibrous PVDF mem-
branes. The obtained images are illustrated in Fig. 4(a) and 4(b).
The figures clearly show that the nonwoven forms of the electro-
spun PVDF fibers produce intersected pores with greater tortuos-
ity. However, comparison of these membranes shows that PTFE
membranes contain island-like fractional parts and nodes, which
are formed by biaxial stretching operations during their produc-
ing process. These nodes affect the surface characteristics and the
separation ability of the PTFE membranes. The surface area occu-
pied by key micro structural features also was estimated through
SEM micrographs.

As illustrated in Fig. 4(a), the stretched fiber diameters of PTFE
membranes are in a wide range from 50 nm up to a few microme-
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Fig. 5. Permeate flux changes as a function of (a) applied tempera-
ture gradient across the membrane, and (b) the applied feed
flow rate, for both PVDF and PTFE membranes.

ters. However, the synthesized PVDF fiber diameters range from
200 nm to 450 nm. This wide range affects the tortuosity and per-
meability of the membranes. Moreover, the thin fibers were fragile
and easily ruptured under mechanical or thermal stress, and other
membrane properties such as a mechanical strength are conse-
quently affected by the fiber thicknesses. From mechanical strength
aspects, PTFE membrane possesses higher tensile strength and
Young’s modulus in comparison with prepared PVDF membranes
(Table 2). However, the mechanical strength rarely affects the mem-
brane performance in a clear manner, as the operational pressure
is low in the AGMD process, [34]. Otherwise, membrane durabil-
ity becomes an important issue for large-scale and long-term MD
operations [35].

Furthermore, the pore sizes max and min values for PVDF (~470
nm and ~220 nm respectively) were found to be higher than PTFE
pore sizes (~350 nm and ~150 nm, respectively). This means that
the prepared PVDF membrane has a wide pore size distribution.
Moreover, the greater pore sizes of the PVDF membrane cause
higher permeate flux in AGMD experiments. The increasing of
the permeation flux led to loss of separation efficiency of PVDF

Table 2. Measured values of pore size, porosity, water contact angle, thickness, LEP and mechanical strength for the PTFE and PVDF mem-

branes at ambient conditions

1) d d,; £ LEP ¢  Youngs modulus  Tensile strength
Membrane Type IS " .
P (um)  (um)  (um)  (um) (%) (kPa) () (MPa) (MPa)
PTFE/PP (TF200)  Commercial 178 0200 0.150  0.350 75 260 124 74.2+7.5 8.5%+2.5
PVDE/PP Synthetic 150 0250 0220 0470 85 275 131 54.5+7.5 42+25
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membrane compared to PTFE membrane.

Fig. 5(a) shows the variation of the membrane permeation flux
with respect to the applied feed temperature. These results indicate
that the PVDF membrane permeability significantly is increased
with the feed temperature compared to PTFE membranes. For
PTFE membranes at temperatures less than 40 °C, permeate flux
is likely higher than PVDF membranes. However, PVDF perme-
ation flux increases more than PTFE membranes for temperatures
greater than 40 °C. Although permeation flux increasing is an im-
portant operational parameter, some side effects such as a decreas-
ing in the separation efficiency are observed in the process.

The increasing of the temperature difference between the hot
feed and the cooling streams) shows that the water permeation flux
for both membranes follows the same trends. However, the primi-
tive values of PVDF for the permeation flux and the rate of increase
are both higher than for PTFE membranes. This is because of some
characteristics of synthetic PVDF membranes, such as higher poros-
ity and less thickness (from Table 2). In fact, the high membrane
permeation strongly affects the salt rejection performance in AGMD
experiments. It is concluded that the desired temperature gradient
across the membrane (between the hot and cold streams) is about
45°C. Since the cooling stream's temperature was stabilized at
20°C for all AGMD experiments, the hot feed temperature was
fixed at 65 °C. In this situation, actual temperature recorded on the
cold side surface of the membrane was measured to be about 4-
5°C warmer than the cold stream (about 24-25 °C). This is due to
the applied distance between the membrane surface and the cool-
ing aluminum sheet in the air gap of membrane module. In addi-
tion, membrane heat conductivity intensifies this undesirable effect.

To evaluate the effect of feed flow rate on the permeate flux, a
series of AGMD experiments were conducted with various feed
flow rates at the same operating temperature. Fig. 5(b) represents
the permeation fluxes obtained for both types of membranes. The
results indicate that the permeation flux increases with feed flow
rate for both types of membranes. However, PTFE membranes
experiences a steeper increase in permeation flux than synthetic
PVDF membrane due to their lower LEP values. This means that
the feed stream hydrostatic pressures increases as flow rates are
raised. In fact, this occurs due to pore wetting and liquid diffusion
through the membrane at higher flow rates. The liquid diffusion
augments when the applied hydrostatic pressure is larger than
membrane specific LEP values.

Dynamic contact angle results indicate that there is no signifi-
cant change in the wettability property of the membranes over the
time. This confirms the stability of the membrane surface proper-
ties from the hydrophobicity point of view. Higher water contact
angle demonstrates that the nanofibrous PVDF membrane has
greater pore wetting resistance than the commercial PTFE mem-
branes. This directly influences the LEP data. LEP values should be
greater than the hydrostatic pressure and the pressure difference at
the membrane liquid/vapor interface to prevent pore wetting in
MD processes [36,37].

Fig. 6 shows the variation of LEP with applied feed (pure water)
temperatures for the main AGMD experiments. As shown, LEP is
notably temperature dependent, and it experiences a drastic de-
crease with temperature increasing. LEP values for both types of
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Fig. 6. Variation of LEP values as a function of feed temperature for
both types of membranes.

membranes were higher than the operational pressure difference
(100-150 kPa) in AGMD experiments. Based on the experimental
results, LEP decreases for both PVDF and PTFE membranes when
the applied feed temperature increases. Nevertheless, PTFE mem-
brane experiences a greater decrease at low temperatures (<55 °C)
as the water temperature increases. In contrast, the obtained reduc-
tion trend at high temperatures (>55 °C) is sharper for PVDE In
addition, at 70 °C LEP value of PTFE (~170kPa) is greater than
PVDF (~160kPa). With increasing in the feed temperature the
pore structure of PVDF membrane is more affected compared to
PTFE. It seems that PVDF experiences a collapse in pore shape
and structure at temperatures higher than about 55 °C. This results
in rapid pore wetting occurrence for PVDF rather than PTFE. In
fact, PVDF is more sensible to higher temperature, and its surface
properties and morphology likely tend to deform at high tempera-
tures. LEP and water contact angle results imply that PVDF fibrous
structure is the key factor in determining the membrane wetting
resistance and hydrophobicity. The island-like fractional parts and
nodes led to decrease in the porosity and tortuosity of the PTFE
membrane. This results in decreasing of the membrane hydropho-
bicity as well as LEP values. In contrast, PVDF nanofibrous struc-
ture provides slightly higher hydrophobicity and porosity of the
prepared membrane.

One of the problems in the MD process is the presence of air in
the membrane pores. The air inside the pores hinders the mass trans-
fer, which decreases the permeation flux [11]. In our work, their
effects were diminished through applying a relative vacuum by
using the pump primarily utilized for permeate collecting. Previ-
ous studies pointed out that membrane short durability as well as
low permeation flux are problems that prevent the implementa-
tion of the MD process in large-scale [11,12].

In the absence of air in membrane pores, applying a relative vac-
uum caused the flow of the water vapor through the pores of mem-
brane to assume a Knudsen flow type, but in the presence of air
inside the pores at the same temperature range, the water vapor
flow should be treated as a molecular flow.

3. AGMD Experiments
3-1. Effect of Feed Salt Concentration

In this section, effects of feed salt content on salt rejection effi-

ciency of the membranes were performed in a series of AGMD

Korean J. Chem. Eng.(Vol. 33, No. 10)
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Fig. 7. Results of AGMD experiments for prepared salty as feed: (a)
Variation of membrane salt rejection performance, and (b)
variation of membrane permeate flux, as a function of ap-
plied feed salt concentration.

experiments to evaluate the membranes performance in different
salt concentrations. These experiments were carried out with feed
inlet temperature of 70 °C and feed flow rate of 100 ml/min. The salt
rejection efficiencies and permeate salt concentrations are shown
in Fig. 9 for both types of membranes. As shown in Fig. 7(a), the
performance of salt rejection is increased when the salt concentra-
tion is raised in the feed stream. However, the observed salt rejec-
tion of PVDF membrane is sharper than PTFE. In fact, this
increasing in the salt rejection percent could not be attributed to
the membrane better performance in high concentrations. To bet-
ter evaluate the membrane performance in high feed concentra-
tions, variations of the permeate salt concentration as a function of
feed concentration were obtained and the results are exhibited in
Fig. 7(b). This figure reveals that the permeated salt increases with
feed salt concentration. However, the nanofibrous PVDF mem-
branes exhibit better performance compared to commercial PTFE
membranes at high salt concentrations (>15 g/L).

Moreover, Fig. 7(a) shows that at feed salt concentration below
15 g/L the PTFE membrane performs better in salt rejection. This
result seems to indicate that in low salt concentration the rate of
salt precipitation and fouling effects on the membrane surface is
low. In addition, the probability of salt permeation through the mem-
brane pores is negligible. In the other words, the membrane-based
factors of both membranes do not affect the separation perfor-
mance strongly. On the other hand, at high salt concentrations, the
membranes play an important role in determining the separation
performance. As mentioned earlier, PVDF membrane exhibits
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desired characteristics such as high LEP values and is expected to
display high resistance to salt permeation in high concentrations.
Therefore, we employed high salt concentrations to judge the salt
rejection efficiency of the membranes. However, at low salt con-
centration PTFE membranes perform better because at this level
of concentrations the salt permeation phenomena through the
membrane pores are not dominant.
3-2. Effect of Feed Temperature

The influence of the feed temperature on salt rejection perfor-
mance is illustrated in Fig. 8(a). The applied feed concentrations in
AGMD experiments were 25 g/L. It can be found that the feed tem-
perature clearly influences the performance of membrane desali-
nation. As the feed temperature is increased, the salt rejection de-
creases for both types of membranes. It can be attributed to the
decline of membrane separation efficiency at high feed tempera-
tures. The salt concentration of permeation is shown as a func-
tion of feed temperature in Fig. 8(b), which indicates that the salt
concentration in the permeate stream increases with feed tem-
perature for both types of membranes. However, this increasing is
intensive in the case of PVDF membranes. This observation shows
that the nanofibrous PVDF membrane is more sensitive to the tem-
perature, and its performance in the feed high temperatures dimin-
ished rapidly compared to PTFE membrane. This difference in
variations is related to various intrinsic properties of polymers.
3-3. Natural Seawater Application

The natural seawater sample containing 27 g/L. of NaCl was
treated through AGMD experiments with synthetic and commer-
cial membranes. The feed temperature and flow rate in all experi-
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ments were fixed at 50 °C and 100 ml/min, respectively.

The direct application of the seawater as feed for AGMD pro-
cess resulted in a prompt decline of the permeate flux. Results
indicate that both membranes permeate is linearly decreasing with
elapsed time for 75 hours. Indeed, it is mainly due to deposition of
low soluble carbonate salts on the surface of membranes. The heat-

ing of feed causes the conversion of bicarbonate ions to carbonate
ions. Then, the high scale deposition of salts with limited solubil-
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Fig. 9. Variation of permeate conductivity during continues 75 h of
AGMD process for desalination of natural seawater.
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Fig. 10. FESEM images of the after-used (a) PVDF and (b) PTFE
membrane.

ity such as CaCO; takes place and the fouling of the membranes
pores occurs. Fig. 9 shows that the permeate conductivity is increased
during the experiments for both membranes. This observation is
due to salt permeation through the membrane pores by elapsed time.
The comparison of long-term performance between two mem-
branes shows that the permeate conductivity of nanofibrous PVDF
membrane slightly increases compared to PTFE. The obtained in-
creasing trend for PTFE membrane is considerable when seawa-
ter is applied.

Fig. 10 represents the FESEM images of membranes after sub-
jecting to natural water in AGMD experiments. As shown, salt
precipitation occurred on the surface of both membranes. How-
ever, it is obvious that the fouling in the case of PTFE membrane
is considerable compared to PVDF membrane. This is due to the
island-like structure of the PTFE surface, which enhances the nucle-
ation and growth of perception components. As a result, after 50
hours of AGMD experiment, CaCO; precipitation on the PTFE
membrane surface as the main fouling factor declines the flux to
about half of its initial value. However, for the synthesized PVDF
membrane this amount of flux reduction occurred after about
75 hours.

CONCLUSION

A comparative evaluation of the MD performance for both PVDF
synthetic nanofibrous membranes and PTFE none-fibrous mem-
branes was experimentally performed. The results of the MD sin-
gle cell separation process indicate that the PVDF nanofibrous mem-
brane has competitive salt rejection efficiency in AGMD experi-
ments. Indeed, PVDF synthetic membranes exhibited higher salt
rejection performances of above 99.8% when high salt concentra-
tions (>20 g/L) were applied. Furthermore, AGMD experiments with
using feed of natural seawater demonstrated that PVDF mem-
brane was more resistive to fouling effects and exhibited dominant
operative performance. The AGMD permeate flux declined more
slowly for PVDF membrane compared to that of PTFE membrane.
However, the low durability results in poor desalination efficiency
during the long-term processes when synthesized PVDF mem-
branes are used. Finally, the results of permeate conductivity test
prove that commercial PTFE membrane has high salt rejection
ability in long-term AGMD experiments.
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