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Abstract: Porous polyvinylidene fluoride ( PVDF) membranes
blended with LiCl are prepared through the phase inversion
method to obtain a good support layer for air dehumidification.
The hydrophilicity of the resulting membrane is evaluated by
water contact angle measurements and vapor adsorption tests. The
moisture permeation performance of the membrane is measured
by permeation tests in terms of total mass transfer coefficients and
moisture permeability rates. It is found that water contact angles
and water vapor adsorption capacities increase with the increasing
LiCl content in the casting solution. As the LiCl content
increases, the total mass transfer coefficient increases slightly at a
low LiCl content( below 2.5% ) and then improves greatly at a
high LiCl content ( above 2.5%), whereas the moisture
permeation rate increases. The results demonstrate that LiCl can
remarkably improve the hydrophilicity of PVDF membranes, and
then greatly enhance moisture permeation performance.
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embrane-based dehumidification has been widely used
Min a wide range of fields such as chemical, electronic,
and precision machine industries because of its low capital
and low energy consumption. Various polymer membranes
including cellulose acetate, polyethersulfone, Nafion, and po-
ly(amideimide) are investigated for the removal of water va-
por'™ It is well accepted that a thin thickness of a dense
membrane favors moisture permeation. Composite mem-
branes comprised of a dense active layer and a porous sup-
port layer are widely applied to obtain high permeability.
The thin active layer provides the permselectivity to the
membranes while the porous substrate layer acts as a me-
chanical support. The diverse hydrophilic membranes have
been investigated as an active layer of the composite mem-
brane for dehumidification””'. However, the support layer
has been rarely concerned, though it also has important in-
fluences on performance'™ .

As a support layer of the composite membrane for dehu-
midification, an appropriate hydrophilicity is also essential as
well as good mechanical properties™ . The hydrophilic sup-
port layer makes it easy to coat the hydrophilic active layer
on it and enhances the transfer of water vapor. Among vari-
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ous materials, polyvinylidene fluoride ( PVDF) is a popular
material for preparing porous membranes due to its excellent
mechanical properties, good thermal and chemical stability
as well as low cost. However, the hydrophobicity of PVDF
brings some problems to its application in dehumidification
as a support layer: 1) It is difficult to form the hydrophilic
layer on it; 2) The attachment between the active layer and
the substrate is poor, resulting in less stability of the com-
posite membrane in moist environments; 3) The transport of
water vapor through porous membranes is slow, inducing a
low moisture permeability of the composite membrane.

Various strategies have been applied to improve the sur-
face hydrophilicity of PVDF membranes. Basically, these
methods include blending them with hydrophilic additives,
surface modification with grafting hydrophilic monomers,
surface coating, etc. ''""*. By comparison, blending is a con-
venient and efficient strategy to enhance the hydrophilicity
and to control the membrane structure. Although there are
some reports on the modified hydrophilicity of PVDF micro-
filtration/ultrafiltration membranes by the blending of PVDF
with amphiphilic polymers'*™"", the expensive cost and rig-
orous preparation conditions limit their large-scale applica-
tions. Hygroscopic LiCl is a good additive because of its low
cost. Unfortunately, its effects on the hydrophilicity and the
water vapor permeation performance of membranes have al-
most not been discussed before.

In this paper, hydrophilic porous PVDF membranes are
prepared by the phase inversion method using cheap LiCl as
a hydrophilic additive. The hydrophilicity and water vapor
permeability of the modified membranes are characterized by
water contact angle measurements, vapor adsorption tests
and permeation tests. Moreover, the influence of the LiCl
content on the hydrophilicity and moisture permeability of
porous PVDF membranes are also examined in detail.

1 Experimental
1.1 Materials

PVDF(M, =3 x 10°) is supplied by Shanghai Xilai
Fine Chemical Co. , Ltd. , China. PEG-6000, anhydrous LiCl
and N, N-dimethyl formamide( DMF) are supplied by Shan-
tou Guanghua Chemical Factory Co., Ltd., China. Tap wa-
ter is used as a non-solvent in the coagulation bath.

1.2 Membrane preparation

Flat sheet PVDF porous membranes are prepared by the
phase inversion method. Casting solutions are prepared by
dissolving the required amount of PVDF, PEG-6000 and
LiCl in DMF at 50 C. The composition of the casting solu-
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tion to prepare different membranes is shown in Tab. 1. The
solution is cooled down and placed stand-still for de-bubb-
ling. The solution is coated on a clean glass plate. The thick-
ness of the membrane is controlled by a gap between a cast-
ing knife and a glass plate. Then the solution films are im-
mediately immersed in a coagulation bath of tap water. The
formed membranes are peeled off and washed thoroughly
with water subsequently to remove residual solvents. Then
they are dried for 24 h at room temperature.

Tab.1 Composition of PVDF casting solution %
Membranes w( PVDF) w(DMF)  w(PEG-6000)  w(LiCl)

M, 9.0 88.6 2.4 0

M, 9.0 88. 1 2.4 0.5
M, 9.0 87.6 2.4 1.0
M, 9.0 87.1 2.4 1.5
M, 9.0 86. 6 2.4 2.0
M; 9.0 86. 1 2.4 2.5
M, 9.0 85.6 2.4 3.0

1.3 Membrane characterization

The hydrophilicity of membrane is evaluated by contact

Dry stream 1 in
Flow meter 2

angle measurements between membrane and water droplets
using the contact angle analyzer( OCA20, Dataphysics, Ger-
many ) at room temperature. The water vapor sorption capaci-
ty is tested using the sorption analyzer ( Hydrosorb-1000,
Quantachrome, USA).

1.4 Moisture permeation measurement

Similar to the method reported in Ref. [ 7], moisture per-
meation performance through the prepared membranes is
measured in the test rig as shown in Fig. 1 in terms of total
mass transfer coefficients and vapor permeation rates.

As plotted in Fig. 1, two air streams, one dry and one hu-
mid, flow through a membrane exchanger to exchange mois-
ture. For the dry steam, ambient air is dehumidified and then
is drawn through the exchanger for moisture exchange. For
the humid stream, it is driven directly from the ambient to
the exchanger. The membrane is sandwiched by two stainless
steel half shells. The two air streams pass through the ex-
changer in a counter flow arrangement. Equal air flow rates
are kept for the two air streams. The total mass transfer coef-
ficient K(m/s)is calculated by the following equation:
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Fig.1 Experimental set-up
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(1)
where A is the transfer area of the membrane in the cell
(m?) ; p, 1s the air density (kg/m3) ; AW is the mass of va-
por transferred through the membrane (kg/s); Aw,, is the
logarithmic mean humidity difference. AW is calculated as

VPa (0, ;) + (0, —,,)

AW =37600 2

(2)

where w,; and w, represent the inlet humidities of air
streams 1 and 2, respectively; w,, and w,, represent the out-
let humidities of air streams 1 and 2, respectively; V is the
air volume flow(m’/h).

Aw,, is calculated as

Aw. = (0, — ) = (0, —w,,) (3)

" _ln((wm —w,;)/ (W —0y))

And the vapor permeation rate P,(kg/( m’-s)) is calculat-
ed as

(4)

2 Results and Discussion
2.1 Hydrophilicity of membranes

The contact angle measurement is a convenient way to
evaluate the relative hydrophilicity of membrane surfaces.
The time dependence of contact angles between the water
droplets and the surface of the membranes with different
LiCl contents is shown in Fig. 2. As observed, the addition
of LiCl in the casting solution decreases the initial contact
angles of the membranes. Furthermore, the initial contact
angles decrease from 94° to 62° with the increase in LiCl
content. Meanwhile, the contact angle of a pure PVDF
membrane almost remains unchanged within the measure-
ment time, while the contact angles of membranes with dif-
ferent LiCl contents decrease gradually. Moreover, the deca-
ying trend of the contact angle accelerates with the increas-
ing LiCl content in the casting solution. The decrease in the
initial contact angle and the increase in the decay rate can
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demonstrate to a large degree that the addition of LiCl im-
proves the hydrophilicity of the membranes. Similar analy-
ses were also reported in Ref. [13].
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Fig.2 Time dependence of contact angle of membranes
2.2 Vapor sorption tests

The adsorption and desorption isotherms of three mem-
branes with different LiCl contents at 25 C are presented in
Fig. 3. The solid lines represent adsorption and the dashed
lines represent desorption. It can be seen that the addition of
LiCl in the casting solution greatly improves the moisture
adsorption property of the membranes. For example, at 60%
relative humidity, the moisture adsorption capacity increases
by a factor of 5. 4. Moreover, PVDF membranes can adsorb
more water vapor with a higher amount of LiCl in the cast-
ing solution. This result further indicates that hygroscopic
LiCl enhances the hydrophilicity of the membranes.
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Fig.3 Water vapor adsorption and desorption isotherms of
membranes at 298 K

2.3 Moisture permeation performance

The moisture permeation performance of different mem-
branes is measured by vapor permeation experiments in the
test rig( see Fig. 1) in terms of the total mass transfer coef-
ficient and the vapor permeation rate. The effects of LiCl
content on the total mass transfer coefficient of PVDF
membranes in different air flows are shown in Fig. 4. It can
be seen that with the increase in LiCl content, K increases
slightly at a low LiCl content( below 2.5% ). As the LiCl
content continues to increase, K increases greatly. As repor-
ted in Ref. [ 16], the total mass transport coefficient is de-
fined as the inverse of moisture transport resistance in the
exchanger. The moisture transport resistance in the exchang-
er is determined by the boundary layer resistance on the hu-
mid air side, the membrane resistance, and the boundary

layer resistance on the dry air side. The boundary layer re-
sistances of the different membranes are the same because
the working conditions are the same. Therefore, the varia-
tions of K surely demonstrate that LiCl decreases resistance
drastically at high content ( above 2.5% ) while reducing
slightly resistance at low content.
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Fig.4 Influence of LiCl content on total mass transfer coefficient

The effects of the LiCl content on the vapor permeation
rate of PVDF membranes in different air flows are presen-
ted in Fig. 5. As observed, the addition of LiCl in the cast-
ing solution improves the water vapor permeation rate sub-
stantially. For example, the vapor permeation rate of a pure
PVDF membrane in 12 m’/h flow is 1. 87 x 10~ kg/(m*-
s), while that of membrane(M, ) with 1% LiCl increases to
2.45 x 10 ~° kg/(m’ +s) . Furthermore, the vapor permeation
rate increases with the increasing LiCl content. As is well
known, the water vapor permeability depends on the hydro-
philicity and the resistance of the membranes. In the case of
a LiCl content below 2. 5% , the increasing trend in perme-
ation performances may be mostly due to the enhanced hy-
drophilicity of the membranes since LiCl increases K slight-
ly, observed from Fig. 4. When the LiCl content increases to
3% , the membrane( M, ) shows the best moisture permeation
performance due to the decreasing resistance and the in-
creasing hydrophilicity. However, a 3% LiCl in the casting
solution is not suggested because a high amount of LiCl en-
larges pore size and drastically decreases mechanical
strength.
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Fig.5 Influence of LiCl content on permeation rate

3 Conclusion

Hydrophilic PVDF porous membrane is successfully pre-
pared by blending PVDF with hygroscopic LiCl via the
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phase inversion method. Contact angle measurements and
sorption tests demonstrate that LiCl greatly improves the
hydrophilicity of membranes. As LiCl content increases,
water vapor permeation rate is improved significantly while
the total mass transfer coefficient increases little and then is
enhanced sharply at a high content( above 2. 5% ). This in-
dicates that LiCl with high content enlarges pore size and
decreases mechanical strength drastically. Therefore, 2. 5%
LiCl modified membrane is used as a good candidate for the
support layer of composite membranes for dehumidifica-
tion.
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