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Abstract

In the past decades, the layer-by-layer (LBL) adsorption of oppositely charged polyelectrolytes has proven to be a promising method for the
preparation of polyelectrolyte multilayer membranes. However, to obtain a good separation capability, LBL adsorption involved relatively long
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eriods because 50–60 bilayers were normally required. The aim of this study was to develop such a new method that would allow simplification
f the LBL procedure. LBL adsorption was proposed to proceed under a dynamic condition to prepare polyelectrolyte multilayer membranes.
he polyacrylic acid (PAA) and polyethyleneimine (PEI) were alternatively deposited on polyethersulfone (PES) ultrafiltration support membrane
nder a pressure of 0.1 MPa. The polyelectrolyte multilayer membranes prepared by dynamic LBL process were compared with those prepared
y the static LBL process for the pervaporation separation of water–ethanol mixture. The results suggested that a relatively high separation factor
ould be obtained with only four composite bilayers by using dynamic LBL process. The preparative conditions including bilayer number, filtration
ime of the first PAA layer, reaction time, ratio between polayanion and polycation concentrations, PAA molecular weight and salt addition were
nvestigated. The pervaporation conditions such as feed temperature and water concentration in the feed were also evaluated. Under the temperature
f 40 ◦C, the separation factor and the permeate flux of the polyelectrolyte multilayer membranes were about 1207 and 140 g/(m2 h), respectively.

2006 Published by Elsevier B.V.

eywords: Polyelectrolyte multilayer membranes; Dynamic layer-by-layer process; Polyacrylic acid (PAA); Polyethyleneimine (PEI); Pervaporation; Water/alcohol
ixture

. Introduction

Pervaporation has been considered as a cost-effective and
nergy-saving membrane-based technique for separating azeo-
ropic, close-boiling, or aqueous organic mixtures [1]. In parti-
ular, great efforts have been made to develop effective membra-
es for the dewatering of low molecular weight alcohols such
s ethanol. In the past decades, the layer-by-layer (LBL) adsor-
tion of oppositely charged polyelectrolytes has proven to be
promising method for the preparation of ultrathin coatings

f controlled thickness in the nanometer range [2–14]. This
echnique is based on the alternating adsorption of multiply
harged cationic and anion species. The formation and proper-
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ties of polyelectrolyte multilayer membranes using LBL method
have been studied extensively in recent years [2–14]. By using
different polyelectrolyte pairs, Tieke and co-workers [2–7]
have prepared different kinds of polyelectrolyte multilayer
membranes for pervaporation separation of alcohol/water
mixtures. These polyelectrolyte pairs include poly(allylamine
hydrochloride)/polystyrenesulfonate (PAH/PSS), poly(vinyla-
mine)/poly(vinyl sulfate) (PVA/PVS), poly(ethyleneimine)/
poly(vinylsulfate) (PEI/PVS), poly(ethyleneimine)/polystyre-
nesulfonate (PEI/PSS), poly(allylamine hydrochloride)/poly-
(vinyl sulfate) (PAH/PVS), poly(allylamine hydrochloride)/
dextran sulfate (PAH/DEX), poly(diallyldimethylammonium
chloride)/polystyrenesulfonate (PDADMAC/PSS), poly(4-vin-
ylpyridine)/polystyrenesulfonate (P4VP/PSS) and chitosan/
polystyrenesulfonate (CHI/PSS). Merie-Haack et al. [8] also
reported other polyelectrolyte pairs, such as poly(acrylic
acid)/poly(ethylenimine) (PAAc/PEI), poly(ethylenimine)
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/alginic acid (PEI/Alg), poly(diallyldimethylammoniumchlo-
ride)/poly(acrylic acid) (PDADMAC/PAAc), chitosan/alginic
acid (Chi/Alg) and chitosan/poly(acrylic acid) (Chi/PAAc).
In addition to the materials, performance of these membranes
depends strongly on the bilayer number. It was noted from Tieke
and co-workers studies [2–7] that as many as 60 bilayers had to
be deposited to obtain membranes with sufficient properties in
LBL adsorption process. This means LBL is a time-consuming
preparation method. Therefore, it is necessary to seek for a
further concise procedure for the preparation for polyelectrolyte
multilayer membranes.

Dynamically formed membranes (DFM) are formed by filtra-
tion through a porous support of a dilute solution containing spe-
cific membrane-forming materials [15]. Due to the advantages of
abundant membrane material sources and a simple membrane-
making technique, DFM is regarded as a very promising sepa-
ration membrane [16]. However, the previous studies on DFM
mainly focused on the preparation of UF and MF membranes
[15–21]. Relatively few works have dealt with the preparation of
pervaporation membranes using dynamically formed method. In
our laboratory, we had previously reported to use dynamically
formed method to prepare poly(vinyl alcohol) UF membranes
with good anti-fouling characteristics [17].

Based on the past successful experiences in dynamic UF
membrane, we propose to combine dynamically formed method
with layer-by-layer adsorption for preparing polyelectrolyte
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carried out under the different operating conditions by changing
feed temperature and water content in the feed solutions.

2. Experimental

2.1. Materials

Fully hydrolyzed PAA powder having average molecular
weight of 4,000,000 and 450,000 was obtained from Aldrich.
Linear poly(ethyleneimine) (PEI) with the molecular weight
of 60,000 was purchased from ACROS. The flat-sheet ultra-
filtration (UF) membranes used as the support membranes were
purchased from AEEM. The molecular weight cut-off of the
support UF membrane was 20,000.

2.2. Membrane preparation by static LBL process

PAA and PEI were dissolved in aqueous medium in a con-
centration of 0.05 wt% and 0.5 wt%. The polyelectrolyte mem-
branes were prepared upon alternate adsorption of cationic and
anionic polyelectrolytes on a porous PES supporting membrane.
In each dipping step, a polyelectrolyte layer is adsorbed under
reversal of the surface charge so that in the next dipping step a
polyelectrolyte layer of opposite charge can be adsorbed. In this
way, multilayer membranes were prepared. Dipping time in the
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ultilayer membranes in this study. It was expected that the
on-porous separation bilayers could be formed within a short
eriod by means of this dynamic coating method and in turn
llow simplification of the LBL procedure. The effects of bilayer
umbers, filtration time of the first PAA layer, reaction time,
atio between polyanion and polycation concentrations, PAA
olecular weight and salt addition on membrane performance
ere investigated. The pervaporation measurements were also

Fig. 1. Dead-end filtration cell for prepara
ndividual solutions was 20 min. The polyion complex between
AA and PEI was formed according to the following equation:

(1)

.3. Membrane preparation by dynamic LBL process

As shown in Fig. 1, the preparation of polyelectrolyte mul-
ilayer membranes was carried out by using a 50 ml stirred
ead-ended filtration cell with approximately 79 cm2 membrane
rea. Aqueous PAA and PEI solutions were prepared by dis-
olving the polymer in distilled water completely and stirred

f polyelectrolyte multilayer membranes.
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until homogeneous, respectively. The dynamic membrane was
accomplished by filtrating the polyanion and polycation alterna-
tively during a pre-determined period of filtration. The following
steps were orderly carried out: (a) PAA solution was poured into
the stirred cell in which a support membrane had been loaded,
and was pressured through the membrane under a pressure of
0.1 MPa by using a nitrogen cylinder. (b) The membrane was
taken out, briefly rinsed with de-ionized water for approximately
5 min and dried in an oven at 50 ◦C for a pre-determined period
(do note the membrane was directly dried only in the forma-
tion of the first bilayer). (c) PEI solution was poured into the
stirred cell and pressured under a pressure of 0.1 MPa for a pre-
determined period. (d) The same way as (b). Steps (a)–(d) were
repeated up to the pre-determined times. Upon the formation
of polyelectrolyte multilayers membranes, they were stored for
pervaporation experiments.

2.4. Pervaporation experiments

The membranes were characterized by the pervaporation of
alcohol/water mixtures (95:5 g/g). The pervaporation measure-
ments were carried out in our laboratory using a home-made
apparatus, which is shown in Fig. 2. The membrane cell had an
effective membrane area of 28.3 cm2. The permeate was con-
densed in liquid nitrogen traps. The experiments were carried
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2.5. TOC and FESEM experiments

A total organic carbon (TOC) analyzer (TOC-VCPH, SHI-
MADZU) was used to determine the TOC values of PAA feed
solution and UF permeate in the first filtration. A field emission
scanning electron microscopy (FESEM) (Hitachi-4300, Japan)
was used to observe the top surface and cross-section of the
polyelectrolyte multilayer membranes obtained. All membrane
samples were dried under vacuum, fractured in liquid nitrogen
and gold-coated before observation.

3. Results and discussion

3.1. Advantage of dynamic LBL process over static LBL
process

To prepare a membrane with good pervaporation perfor-
mance, 50–60 pair numbers were usually required to deposit on
the support layers in the studies of Tieke and co-workers [2–7]. In
order to simplify this procedure, the dynamically formed method
was proposed to combine with LBL technique in this study.
Table 1 shows the performance of the pervaporation membranes
by using static and dynamic LBL processes. It was noted from
Table 1 that the separation factor could reach 1207 by dynami-
cally depositing only four bilayers on the support membrane. As
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ut at a down-stream pressure of 100 Pa by vacuum pump. Fluxes
ere determined by measuring the weight of liquid collected in

he cold traps during a certain time under steady-state conditions.
he composition of the collected permeate was determined by
as chromatography (GC-14C, SHIMADZU). The separation
actor was calculated from the quotient of the weight ratio of
ater and alcohol in the permeate, YHOH/YROH, and in the feed,
HOH/XROH:

= YHOH/YROH

XHOH/YROH

Fig. 2. Experimental apparatus for pervaporation evaluation.
comparison, the separation factor was only 18 when the four
ilayers were formed by static LBL process. The possible rea-
on was that the uniform and integrated separation layers could
e formed much more easily during the dynamic LBL process
ompared with the static LBL process. It is well known that UF
nd MF support membranes have their own pore diameter distri-
ution, which would lead to different permeate rates at different
laces when the polyions solution was pressurized. Under a cer-
ain pressure, the polyanion and polycation solutions were prone
o aggregate at the places with higher permeate rate (at larger
ore diameter). These effects would level off the support surface
y forming the polyion complex, seal the membrane pores and
orm more uniform layers within only a few pairs. Meanwhile,
he formed bilayers under the pressure were more compacted
han those without pressure. Therefore, the dynamic LBL pro-
ess is relatively simple and offers some advantages over the
tatic LBL process, including short preparation period, saving
f preparation solutions and getting better performance of the
ynamic membrane. However, it should be pointed out that the

able 1
he pervaporation performance of polyelectrolyte multilayer membranes pre-
ared by two methods

reparation method Dynamic LBL Static LBL

tOH content in feed solution (%) 95 95
ater content in permeate (%) 98.45 48.07

ermeate flux, J (g/m2 h) 140 374
eparation factor, α 1207 18

reparative conditions: dynamic pressure = 0.1 MPa, 10 min filtration time of
he first PAA layer, 20 min reaction time, [PAA] = 0.05 wt%, [PEI] = 0.5 wt%,
PAA]/[PEI] = 1/10, four bilayers and 25 ◦C; pervaporation conditions: feed tem-
erature 40 ◦C, down-stream pressure 100 Pa and EtOH content in feed solution
5 wt%).
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Fig. 3. Effect of polyion bilayer numbers on separation factor and flux (prepara-
tive conditions: applied pressure = 0.1 MPa, 10 min filtration time of the first PAA
layer, 20 min reaction time, PAA molecular weight 4,000,000, [PAA] = 0.05 wt%
and [PEI] = 0.5 wt%; pervaporation conditions: feed temperature 25 ◦C, perme-
ate pressure 100 Pa and EtOH content in feed solution 95 wt%).

reproducibility of the membrane prepared by dynamic LBL is
still an issue that remains to be resolved.

3.2. Effect of polyion bilayer numbers

The polyion bilayer numbers usually plays an important role
during the LBL process. The membranes coated with different
numbers of PAA/PEI layers are plotted in Fig. 3. The separation
factors obtained at one to three pairs were much lower than those
obtained at pairs of four and five. However, the separation factors
obtained at four and five pairs were relatively high. The higher
separation factor associated with five pairs (Fig. 3) led to the
slightly lower fluxes obtained. Comparing the results obtained
from 4 bilayers and 10 bilayers, the 10 bilayers did not con-
fer much additional benefit for the improvement of separation
factor. In contrast, the higher bilayers rendered flux to decrease
significantly. These results indicated that four pairs are sufficient
to get a relatively high separation factor and flux. In view of this,
four pairs were selected for subsequent experiments.

3.3. Effect of the filtration time of the first PAA layer

Fig. 4(a) shows the profiles of PES UF membrane flux with
the filtration time. It is noted that the flux of the UF support
membrane decreased very rapidly at the initial filtration time.
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Fig. 4. (a) Profiles of PES UF membrane flux with the filtration time (applied
pressure = 0.1 MPa and temperature = 25 ◦C). (b) Effect of the filtration time
of the first PAA layer on pervaporation performance (preparative condi-
tions: applied pressure = 0.1 MPa, 20 min reaction time, PAA molecular weight
4,000,000, [PAA] = 0.05 wt%, [PEI] = 0.5 wt% and four bilayers; pervaporation
conditions: feed temperature 25 ◦C, down-stream pressure 100 Pa and EtOH
content in feed solution 95 wt%).

The effect of the filtration time of the first PAA layer on per-
vaporation membrane performance is shown in Fig. 4(b). It was
noted from Fig. 4(b) that the separation factors increased with
the PAA filtration time while the flux decreased. However, rel-
atively high separation factor and steady flux could be obtained
when the steady gel layer formed on the top surface of support
membrane at 10–12 min. It was thought that the thickness of
the first layer was strongly dependant on the filtration time and
influenced the pervaporation performance. Recognizing this, a
10 min filtration time for the first layer was adopted for subse-
quent study. Do note no UF flux was determined from the second
round filtration. Thus, the effect of reaction time between PAA
and PEI was also investigated in the following study.

3.4. Effect of the reaction time

As outlined earlier, in the dynamic LBL process, the PAA
was firstly deposited on the support membrane and formed a gel
layer followed by filtrating PEI solution. Then the PAA and PEI
were filtrated alternatively. Obviously, the reaction time between
PAA and PEI would play an important role in the formation of
polyions complex. Table 2 shows the relationship between per-
vaporation performance and the reaction time. It is noted from
the table that the separation factor obtained at 20 min reaction
relatively stable flux of about 0.75–0.85 g/min (applied pres-
ure = 0.1 MPa and temperature = 25 ◦C) was obtained when fil-
ration time was maintained at 10–12 min, which indicated that a
teady gel layer formed on the top surface of support membrane.
n the succedent filtration of PEI solution, no permeation flux
as found. Obviously, in the dynamic LBL process, the polyion

omplex between PAA and PEI was possibly formed only on
he top side of the PES support. In order to further verify if the
AA can be retained 100% in the first filtration, the TOC values
f the feed and permeate were also determined. The TOC values
f 0.05 wt% PAA feed solution and UF permeate were 252 mg/l
nd 16.2 mg/l, respectively. This suggested 93.57% PAA was
etained while only a few PAA molecules may enter into the
ores of the support membrane.
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Table 2
Effects of the reaction time on pervaporation performance of polyelectrolyte multilayer membranes

Reaction time (min) EtOH content in feed
solution (wt%)

Water content in
permeate (wt%)

Separation
factor, α

Permeate flux,
J (g/m2 h)

10 95 95.1 369 110
20 95 98.1 981 80
30 95 95.4 394 100
45 95 81.5 84 180

Preparative conditions: dynamic pressure = 0.1 MPa, 10 min filtration time of the first PAA layer, [PAA] = 0.05 wt%, [PEI] = 0.5 wt%, [PAA]/[PEI] = 1/10, four bilayers
and 25 ◦C; pervaporation conditions: feed temperature 25 ◦C, down-stream pressure 100 Pa and EtOH content in feed solution 95 wt%).

Fig. 5. Profiles of pervaporation membrane performance with the ratio between
polyanion and polycation concentrations (preparative conditions: applied pres-
sure = 0.1 MPa, 10 min filtration time of the first PAA layer, 20 min reaction time,
PAA molecular weight 4,000,000, [PAA] = 0.05 wt%, [PEI] = 0.5 wt% and four
bilayers; pervaporation conditions: feed temperature 25 ◦C, permeate pressure
100 Pa and EtOH content in feed solution 95 wt%).

was much higher than those obtained at 10, 30 and 40 min. It is
noted that 10 min was not sufficient for reaction. Since PAA is
soluble in water, exceeding contact between PAA and PEI solu-
tion may result in the swelling of PAA and destroy the structure
of polyion complex formed and in turn the decline of separation
factor.

3.5. Effect of the ratio between polyanion and polycation
concentrations

Fig. 5 shows the profiles of pervaporation membrane perfor-
mance with the ratio between polyanion and polycation con-
centrations. The ratio between polyanion and polycation con-

centrations of 1/5–1/10 were found to be appropriate, achieving
the separation factors of around 650. When the ratio is at the
range of 1/0.5–1/5 or 1/10–1/15, performance declined sharply
(Fig. 5). These results suggest that an appropriate value of the
ratio between polyanion and polycation was existed. The regular
polyions complex was normally ideal to achieve high separation
factor. Exceeding PAA or PEI may cause the mixture of polyions
complex and polyanion/or polycation, which led to the decline
of separation factor.

3.6. Effects of PAA molecular weight and salt addition

The effect of PAA molecular weight was evaluated by using
the PAA having average molecular weight of 4,000,000 and
450,000. Table 3 shows the effect of PAA molecular weight on
pervaporation membrane performance. It is noted that the high
molecular PAA resulted in high separation factor. The possible
reason was that the high molecular weight PAA facilitated the
formation of the first gel layer and resulted in more compact
polyion complex layers. Besides the PAA molecular weight, the
ionic strength of the polyelectrolyte solutions used for prepara-
tion of the membrane is other important factor influencing the
separation behaviour. Addition of salt to the polyelectrolyte solu-
tion strongly reduces the mutual electrostatic repulsion of the
polymer chains. In Table 3, the separation behaviour of PAA/PEI
m
i
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Table 3
Effects of PAA molecular weight and salt addition

Preparative conditions EtOH content in f
solution (wt%)

PAA (MW: 4,000,000)/PEI (MW: 60,000) 95
PAA (MW: 450,000)/PEI (MW: 60,000) 95
PAA (MW: 4,000,000) + 0.5 mol/l NaCl/PEI (MW: 60,000) 95
PAA (MW: 4,000,000) + 0.1 mol/l NaCl/PEI (MW: 60,000) 95

Preparative conditions: dynamic pressure = 0.1 MPa, 10 min filtration time of th
[PEI] = 0.5 wt%, [PAA]/[PEI] = 1/10 and 25 ◦C; pervaporation conditions: feed tempe
95 wt%).
embranes prepared from salt-free or salt-containing solution
s compared. It is noted that the salt addition has negative effects
n the separation factors. For example, membranes even show
decrease of the separation factor from 1207 to 8.

.7. Membrane micrograph

The top surface and cross-section morphologies of the layer-
y-layer films of PAA/PEI were observed by FESEM. Here, the

eed Water content in
permeate (wt%)

Permeate flux, J
(g/m2 h)

Separation
factor, α

98.45 140 1207
35.56 3670 11
29.34 3260 8
28.97 2840 8

e first PAA layer, 20 min reaction time, four bilayers, [PAA] = 0.05 wt%,
rature 40 ◦C, down-stream pressure 100 Pa and EtOH content in feed solution
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Fig. 6. (a) Field emission scanning electron micrograph of the top surface of polyelectrolyte multilayer membrane prepared by dynamic LBL process. (b) Field
emission scanning electron micrograph of cross-section of polyelectrolyte multilayer membrane prepared by dynamic LBL process (preparative conditions: applied
pressure = 0.1 MPa, 10 min filtration time of the first PAA layer, 20 min reaction time, PAA molecular weight 4,000,000, [PAA] = 0.05 wt%, [PEI] = 0.5 wt%,
[PAA]/[PEI] = 1/10 and four bilayers).

FESEM images of the layer-by-layer films with four bilayers
are shown in Fig. 6. The results show that the morphology of
the film produced was very smooth and uniform. The composite
layer was cross-linked very well with the support membranes.

3.8. Effect of feed temperature

Fig. 7 shows the effects of temperature of alcohol/water
mixture on pervaporation performance. As expected, the flux
increased with increasing feed temperature (Fig. 7(a)). This is
due to the increases in the water vapor pressure of feed side
and the diffusion coefficients. The variation of flux with feed
temperature fit well for Arrhenius law (J = J0 × exp(−EM/RT)
(Fig. 7(a)) [22–25]. The effects of feed temperature on pervapo-
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ration performance were relatively complicated. Most polyions
membrane pervaporation was accorded with Erying theory.
However, in this study, a peak value of separation factor occurred
at 40 ◦C. In pervaporation of polyelectrolyte multilayer mem-
branes, diffusivity selectivity dominates the total pervaporation
selectivity and the diffusivity selectivity is correlated with frac-
tional free volume for the membranes. When the feed tempera-
ture was lower than 40 ◦C, the increase in diffusivity selectivity
of water was more significant than the change of alcohol, which
resulted in the increase in separation factor [22–25]. Separation
factor declined sharply when feed temperature increased to the
range of 40–60 ◦C (Fig. 7(a)). The possible reason was that the
significant swellings of PAA and polyion complex occurred at
this feed temperature range.

3.9. Effect of water content in feed solution

In order to investigate the effect of water content in feed
solution on membrane performance, the water content in feed
solution was varied from 5 to 50%. The pervaporation evaluation
duration was 4 h at each of the water content investigated. Fig. 8

F
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ig. 7. (a and b) Effect of feed temperature on pervaporation performance
preparative conditions: applied pressure = 0.1 MPa, 10 min filtration time of
he first PAA layer, 20 min reaction time, PAA molecular weight 4,000,000,
PAA] = 0.05 wt%, [PEI] = 0.5 wt%, [PAA]/[PEI] = 1/10 and four bilayers; per-

aporation conditions: permeate pressure 100 Pa and EtOH content in feed
olution 95 wt%).

v
a

ig. 8. Effect of water content in feed solution on pervaporation performance
preparative conditions: applied pressure = 0.1 MPa, 10 min filtration time of
he first PAA layer, 20 min reaction time, PAA molecular weight 4,000,000,
PAA] = 0.05 wt%, [PEI] = 0.5 wt%, [PAA]/[PEI] = 1/10 and four bilayers; per-
aporation conditions: feed temperature 40 ◦C, down-stream pressure 100 Pa
nd EtOH content in feed solution 95 wt%).
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shows the relationship between pervaporation performance and
water content in feed solution. It was noted that separation factor
declined rapidly with increasing water content in feed solu-
tion while permeate flux increased. This is because, to some
extent, the swelling of membrane occurred. However, the water
content in permeate determined by GC was still maintained at
98.03% even the water content increased to 50% in feed solution.
This suggested that the polyelectrolyte multilayer membranes
prepared by dynamic LBL process could be applied within a
relatively wide band of alcohol/water mixtures.

4. Conclusions

A uniform membrane of PAA/PEI was prepared by the
dynamic layer-by-layer deposition technique. By comparing
membrane prepared by static and dynamic LBL processes, it
was found that good pervaporation performance could be easily
prepared by depositing only four bilayers on support membranes
using dynamic LBL process (under a pressure of 0.1 MPa). As
a comparison, 50–60 bilayers were usually required in the static
LBL process. This finding suggests that dynamic LBL process
offers some advantages over the static LBL process, such as rel-
atively simple assembly, short preparation period and saving
of preparation solutions, especially better pervaporation per-
formance. In relation to the PAA/PEI composite membranes,
a suitable PAA/PEI ratio was 1/5–1/10 with a number of four
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ilayers. The molecular weight of PAA was 4,000,000. The cor-
esponding filtration time of the first PAA layer range was 10 min
hile the reaction time was 20 min. Given these conditions,

he separation factor and the permeate flux were about 1207
nd 140 g/(m2 h) (40 ◦C), respectively. In addition, these mem-
ranes were evaluated within a wide range of feed temperature
nd water content in feed solution. The water content in perme-
te could be maintained around 98.0%, even the water content
ncreased to 50% in feed solution.
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