Chem. Mater. 2001, 13, 2641—2648

Enhancement of the lon-Transport Selectivity of
Layered Polyelectrolyte Membranes through
Cross-Linking and Hybridization

Jacqueline L. Stair, Jeremy J. Harris, and Merlin L. Bruening*
Department of Chemistry, Michigan State University, East Lansing, Michigan 48824
Received February 9, 2001. Revised Manuscript Received June 4, 2001

Layer-by-layer deposition of polyelectrolytes on porous supports is a convenient method
for producing ultrathin membranes with moderate ion-transport selectivities. This study
shows that the capping of poly(styrene sulfonate) (PSS)/poly(allylamine hydrochloride) (PAH)
membranes with a few layer pairs of poly(acrylic acid) (PAA)/PAH results in dramatic
increases in anion-transport selectivity. Deposition of less than eight total layer pairs yields
reliable CI7/SO,2~ and Cl7/Fe(CN)e®~ selectivities up to 150 and 3000, respectively. Field-
emission scanning electron microscope images show that the surface structure of PAA/PAH
is altered by deposition on PSS/PAH, and we surmise that the PAA/PAH on these hybrid
films is less strongly hydrated than the surface of pure PAA/PAH membranes. This would
result in a higher surface charge density and more Donnan exclusion of multiply charged
ions. Termination of membranes with PAH rather than PAA greatly reduces (in some cases
reverses) ClI=/SO4?~ selectivities, demonstrating that selectivity is indeed largely due to
Donnan exclusion at the membrane surface. Cross-linking of pure PAA/PAH membranes
through heat-induced amidation can increase ClI-/SO4%~ selectivity as much as 4-fold. Because
of their minimal thicknesses, hybrid polyelectrolyte films can be selective without greatly
hindering the flux of monovalent ions. Thus, these films are attractive for applications such
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as water softening.

Introduction

Alternating deposition of polycations and polyanions
on porous supports is an extremely versatile method for
synthesizing thin separation membranes.!~2 However,
the gas or ion selectivity of these membranes is usually
modest unless many layers are deposited on the
support.*~1 In this paper, we show that deposition of
one to three capping bilayers!? of poly(acrylic acid)
(PAA)/poly(allylamine hydrochloride) (PAH) on top of
five bilayers of poly(styrene sulfonate) (PSS)/PAH yields
remarkable (up to 30-fold) increases in anion-transport
selectivities. Cross-linking of PAA/PAH films also en-
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hances transport selectivity. The high monovalent/
divalent ion selectivity of these membranes makes them
attractive candidates for water purification.

Separation of monovalent and divalent ions in solu-
tion is an important part of applications such as water
softening,1314 purification of groundwater,’>~1° and
production of edible and raw salt from seawater.2® For
example, reductions in SO42~ concentrations allow for
human consumption of salt produced from seawater and
prevent scaling of membranes and seawater reservoirs
through precipitation of compounds such as CaS0,4.20:21
Although membranes are available for such applica-
tions, increased ion selectivity will make these processes
much more effective.

Many ion-separation membranes consist of ion-
exchange materials that exhibit moderate selectivities
among either cations or anions.?2~27 Specific modifica-
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tions of these membranes designed to increase selectiv-
ity include deposition of a highly charged surface
layer,2829 cross-linking of the membranes’ interiors,3°
and incorporation of hydrophobic/hydrophilic groups
within the film and on the surface.?>3132 Selective
transport through these films is based on anion size,
charge, hydration energy, and specific chemical interac-
tions with the membranes.

Layered polyelectrolyte films are especially attractive
membrane materials because of their ease of deposition
and wide variability. The minimal thickness of these
films should also allow for high fluxes. Deposition of
layered polyelectrolyte films, first demonstrated by
Decher and co-workers,! simply involves the alternating
adsorption of polycations and polyanions to form mul-
tilayer assemblies held together by electrostatic interac-
tions. Recently, Schlenoff and co-workers showed that
this process can be performed by sequential spraying
of polyelectrolytes onto desired substrates.3® Film build-
up occurs by charge overcompensation,34—3¢ which pro-
vides coverage of defects and inhomogenities in previous
layers.337:38 This mechanism also allows for the forma-
tion of composite membranes through the coverage of
porous supports with defect-free films.3° Significantly,
polyelectrolyte deposition occurs from aqueous solutions,
rendering this procedure more environmentally friendly
than most film-formation techniques.

The versatility of alternating polyelectrolyte deposi-
tion is evident from the large number of substrates and
polyelectrolytes that can be used to form these films.40~47
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substrates, as well as some polymer substrates,*4349-51
and is independent of substrate size and topology.1?
Materials capable of forming layered polyelectrolyte
films include dendrimers,52754 proteins,*>5575% alumo-
silicates,®061 nucleicacids,®2-%4 conducting polymers,5565-67
semiconductor nanoparticles,®® dyes,*048 light-emitting
molecules,’® and inorganic ions.”® This variety of ma-
terials should afford control over selective permeation
through these films. Additionally, alteration of deposi-
tion parameters (i.e., pH,”>~75 polymer concentration,’®
number of bilayers,”” supporting salt concentra-
tion,37.71.78-82 gand drying procedures®”:83) allows for the
tailoring of film characteristics such as thickness,
density, charge density, and pore size.

One means of utilizing polyelectrolytes for membrane
modification is deposition of a single layer of polyelec-
trolyte to modify an existing membrane.2884-86 Tsuru
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lon-Transport Selectivity of Polyelectrolyte Membranes

and co-workers showed that one polyelectrolyte layer
deposited on an oppositely charged commercial reverse
osmosis membrane provides selective transport of monov-
alent ions over divalent ions.84786 Deposition of multi-
layer polyelectrolyte films on porous supports differs
from this procedure in that it forms a defect-free “skin”
on a highly permeable support. The use of layered
polyelectrolyte films also provides additional versatility
in membrane formation, as mentioned above. Two
recent studies showed that membranes consisting of
polyelectrolyte multilayers exhibit monovalent/divalent
ion-transport selectivities.®3°

This paper focuses on enhancing the ion-transport
selectivity of layered polyelectrolyte membranes. Depo-
sition of hybrid PSS/PAH/PAA membranes combined
with cross-linking of PAA/PAH films yields average Cl~/
S042~ selectivities as high as 360. Additionally, we
utilized field-emission scanning electron microscopy
(FESEM) and Fourier transform infrared external
reflection spectroscopy (FTIR-ERS) to qualitatively
investigate the chemistry behind these selectivity en-
hancements.

Experimental Section

Materials. Poly(allylamine hydrochloride) (Aldrich, My, =
70 000), poly(sodium 4-styrenesulfonate) (Aldrich, My, = 70 000),
poly(acrylic acid) (Alfa Aesar, M,, = 90 000, 25 wt % solution),
MnCI; (Acros), NaBr (Aldrich), NaCl (Spectrum), KCI (Baker),
MgCl; (Spectrum), K,SO4 (CCI), K:Ni(CN),4 (Aldrich), and Ks-
Fe(CN)s (Mallinckrodt) were used as received. Porous alumina
membrane filters (Whatman Anodisc, 0.02 um surface pore
diameter) were used as received except for cases where films
were cross-linked by heating. In those cases, the polymeric
support ring surrounding the alumina substrate was removed
by heating at 400 °C for 18 h. This prevents the polymer ring
from melting into the substrate pores during heat treatments.
Martin and co-workers previously demonstrated the utility of
porous alumina for forming and investigating ultrathin
membranes.8~8 Silicon (100, p-type) wafers were sputter
coated with aluminum (~200 nm) and used for ellipsometry
measurements and reflectance FTIR spectra.

Synthesis of Polyelectrolyte Films. Prior to film deposi-
tion, aluminum-coated silicon wafers and porous alumina
supports were UV/O3 cleaned for 15 min (Boekel UV-Clean
model 135500). Porous alumina supports were then placed in
an O-ring holder that exposed only the top of the substrate to
solutions in an effort to restrict deposition to the filtrate side
of the alumina. Polyelectrolyte deposition began by immersion
of the positively charged Anodisc or aluminum-coated slide in
a polyanion solution: PSS (0.02 M, pH 2.1, 0.5 M MnCl,) for
2 min or PAA (0.02 M, pH 4.5, 0.5 M NacCl) for 5 min. Polymer
molarites are always given with respect to the repeating unit.
The surface was rinsed for 1 min with deionized water (Milli-
Q, 18.2 MQ cm) after deposition of each polyelectrolyte layer.
After being rinsed, the surface was immersed in a solution of
PAH (0.02 M) for 5 min. Two solutions of PAH (pH 2.3, 0.5 M
NaBr and pH 4.5, 0.5 M NacCl) were prepared. The former PAH
solution was used for PSS/PAH films, while the latter was used
for PAA/PAH films. Both solutions were used for hybrid films
containing PSS, PAH, and PAA. Hybrid films were synthesized
through deposition of a 5-bilayer PSS/PAH precursor film
followed by deposition of a PAA layer or PAA/PAH bilayers.
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The PAH solution adjusted to pH 2.3 was used at the interface
between PSS and PAA layers unless otherwise stated. After
deposition of all layers, each film was dried with N, and stored
at room temperature. After film deposition and drying, mem-
branes and wafers to be cross-linked were placed in a flask
that was then purged with N for 15 min. The flask was slowly
heated to the desired temperature (approximately 45-min
ramping time) and then heated further for 2 h. All heating
was done under a small flow of No.

Film Characterization. Ellipsometry measurements on
aluminum-coated silicon wafers were made using a rotating
analyzer ellipsometer (model M-44, J. A. Woollam) and
WVASES32 software.”* At least three separate areas on each
sample were measured. Reflectance FTIR spectra of polyelec-
trolyte films on aluminum-coated silicon wafers were obtained
using a Nicolet Magna-IR 560 spectrometer. A Hitachi S-4700
FESEM instrument (accelerating voltage of 6—8 kV) was used
to image polyelectrolyte films deposited on porous alumina
membranes, and samples were sputter-coated with ~5 nm of
Au prior to imaging.

lon-Permeability Studies. The permeability apparatus
consists of two glass cells (volumes of 90 mL) connected by an
O-ring in the middle of a 2.5-cm-long neck. The membrane
separates the feed and permeate cells of the apparatus with
an exposed area of 1.7—2.0 cm?. The polyelectrolyte films were
exposed to the feed cell, which contained 0.1 F salt solutions
of KCI, K;S04, K;Ni(CN)4, K3sFe(CN)s, NaCl, MgCl,, or KCI
and K:Ni(CN)s. The receiving cell was filled with deionized
water, and the ion concentration in this cell was monitored
using a conductivity meter (Orion model 115). After an initial
conductivity reading of the receiving cell, both sides were
vigorously stirred, and the permeate conductivity was recorded
every 10 minutes for 90 min. Normalized conductivities were
calculated by dividing the receiving-phase conductivities by
the final source-phase conductivity (dividing by the final
source-phase conductivity rather than the initial source-phase
conductivity changes the normalized conductivity value by less
than 10%). Permeability experiments using K2SO4, KoNi(CN)s,
MgCl,, KsFe(CN)s, and KCI and K;Ni(CN)4 through hybrid
films showed an average transfer of about 7, 8, 5, 10, and 5
mL of water, respectively, from the receiving phase to the
source phase over the 90-min period. Between permeability
experiments with different ions, both sides of the apparatus
were rinsed and filled with deionized water. The cells were
allowed to equilibrate with deionized water for an additional
20 min and then rinsed once more. Most membrane perme-
ability experiments were run in the order KCI, K,SO,, KsFe-
(CN)s, and KCI. Only those results from the first KCI run are
reported.

The second KCI run was performed to test the integrity of
the film. Most films show a change of less than 15% in CI~
flux between the first and second trials. However, hybrid
membranes with more than 1.5 bilayers of PAA/PAH showed
25—50% decreases in the second CI~ flux. A decrease in Cl~
flux3® might be due to Fe(CN)¢®~ binding to the films, as we
observed little decrease (<5%) in ClI~ flux during the final KCI
run when Fe(CN)s®~ permeability was not measured. Pure and
hybrid membranes heat-treated at 215 °C showed a 50%
increase in Cl~ flux between the first and second trials. This
might indicate conditioning of films that are highly cross-
linked. Flux through these films is very low, in any case.

For a few types of membranes, cation transport was also
measured. Initially, NaCl and MgClI, solutions were tested
after the final KCI solution of the above-mentioned perme-
ability experiments. However, in later experiments, we tested
NaCl and MgCl; solutions before the KsFe(CN)g solution to
avoid a possible influence of Fe(CN)e®*~ adsorption on cation
transport. These experiments reveal that this change in order
affects the Na*/Mg?* selectivity by <30%. Additional perme-
ability experiments were performed with a mixed salt solution
of KCI and K:Ni(CN),. By substituting K;Ni(CN)4 for K;SO4
in a mixed salt solution, we were able to employ graphite-
furnace atomic absorption spectrophotometry (AAS) (Hitachi
Z-9000) to detect Ni(CN)42~. The KCI concentration could still
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Table 1. Ellipsometric Thicknesses of PAA/PAH Films and Anion Fluxes (mol cm~2 s™1) through Bare Porous Alumina
and Alumina Coated with PAA/PAH Films that were Partially Cross-Linked at Different Temperatures

film composition T3/°C thickness®/A ClI~ flux/10~8 SO4%~ flux/1078 CI7/SO4%~ ¢
bare membrane - - 5.3+ 3% 3.0 £ 5% 1.7 + 4%
bare membraned 400 - 5.2 £ 10% 35+ 7% 1.5+ 2%
4 PAA/PAH - 316 + 15 - — -

4.5 PAA/IPAH - 390 + 20 1.3+ 6% 0.29 + 7% 4.5+ 10%
4.5 PAA/IPAH 105 — 1.2 + 15% 0.13 4+ 35% 9.5 4+ 25%
4.5 PAA/IPAH 110 — 0.96 &+ 10% 0.092 + 25% 11 + 20%
4.5 PAA/PAH 115 360 + 6 0.68 + 25% 0.043 + 60% 20 + 45%
4.5 PAA/IPAH 130 340 4+ 20 0.17 4+ 55% 0.026 + 60% 7 + 40%
4.5 PAA/IPAH 215 300 + 13 0.0041 + 25% 0.0016 4 55% 3.1+ 55%
5 PAA/PAH - - 1.1 4+ 10% 1.1 4+ 10% 0.97 + 10%
5 PAA/PAH 115 — 0.56 + 40% 0.97 + 45% 0.60 + 25%

a Temperature at which membranes were heated for 2 h to partially cross-link films. ? Thicknesses were measured with films deposited
on Al-coated Si wafers. ¢ CI7/SO42~ ratios were calculated from the average of selectivities of different membranes and not from the average
flux values. This results in a lower standard deviation and a slightly different average value. 9 For cross-linked PAA/PAH films, alumina
was heated at 400 °C prior to film deposition to remove the polymer support ring. These data are for bare alumina heated at 400 °C.

be determined using conductivity measurements with a small
correction for the Ni(CN)4?>~ concentration.

Each type of polyelectrolyte membrane was tested with
three or more different membranes unless otherwise noted.
Flux values were calculated from calibration curves of con-
ductivity versus concentration because the relationship be-
tween concentration and measured conductivity is nonlinear.
Because the conductivity of the receiving-phase solution was
very low in experiments with KsFe(CN)s, we also determined
Fe(CN)g®~ concentrations using graphite-furnace AAS in a few
cases. These determinations agreed to within at least 60% of
concentrations determined using conductivity measurements.
This agreement is acceptable considering the very low con-
ductivity values of these solutions. However, it does demon-
strate that the Fe(CN)g*~ flux values could contain as much
as 60% error.

Results and Discussion

Anion Permeability through Cross-Linked PAA/
PAH Membranes. Our previous studies showed that
ultrathin, layered polyelectrolyte films on porous alu-
mina exhibit CI=/SO42~ selectivities ranging from 5 to
9.39.9091 The selectivity of these membranes might be
limited by film swelling in the presence of water.37.71.81
In an effort to limit swelling, we prepared PAA/PAH
membranes that were cross-linked through heat-in-
duced amide formation from the carboxylate groups of
PAA and the ammonium groups of PAH. FTIR spectra
of films on alumina show that the amount of amide
formation increases with temperature until 215 °C, at
which point amidation is virtually quantitative.®293
Temperatures as low as 115 °C induce some amide bond
formation, as suggested by a 20% decrease in the
absorbance of —COO~ peaks (1570 and 1400 cm™1) after
heating. Table 1 presents thicknesses of 4.5-bilayer
PAA/PAH films after they were heated at various
temperatures. As more amide bonds form during heat-
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(91) Inour previous paper (ref 39), we assumed a linear relationship
between conductivity and concentration rather than using calibration
curves. For comparison with our current results, we have recalculated
all flux and selectivity values in that paper using calibration curves.
Use of the calibration curves resulted in average flux decreases of 25%
for Cl~, 45% for SO4%~, and 50% for Fe(CN)s3~ for both 5-bilayer PAH/
PSS and 5-bilayer PAH/PAA membranes.

(92) Harris, J. J.; DeRose, P. M.; Bruening, M. L. J. Am. Chem.
Soc. 1999, 121, 1978.

(93) Dai, J.; Sullivan, D. M.; Bruening, M. L. Ind. Eng. Chem. Res.
2000, 39, 3528.

ing, water is lost, and the films become more compact.
Heating might also drive adsorbed water from the films.

The deposition of PAA/PAH films on porous alumina
results in ultrathin composite membranes such as that
shown in Figure 1 (C and D). The top view shows that
the highly textured polyelectrolyte film covers the
surface (image C), while the cross-sectional view shows
that the film does not fill the substrate pores (image
D). Images of bare alumina (A and B) are given for
comparison. The figure shows a PAA/PAH-coated sub-
strate that was partially cross-linked at 115 °C, but
unheated films give similar images.”2

The anion flux through 4.5-bilayer PAA/PAH mem-
branes depends strongly on cross-linking temperature,
as shown in Table 1. As the cross-linking within the
films increases, the transport of both CI~ and SO42~ ions
through these films decreases. Low degrees of cross-
linking decrease the SO42~ flux more than the Cl~ flux,
resulting in increased CI=/SO42~ selectivity values. A
peak Cl=/SO42~ selectivity of ~20 occurs for films cross-
linked at 115 °C. This is a ~4-fold increase in selectivity
over unheated films. Heating PAA/PAH films at tem-
peratures above 115 °C continues to cause the flux of
both anions to decrease, but the CI~ flux begins to
decrease more rapidly than the SO42 flux. Thus, a
decrease in the CI7/SO42~ selectivity occurs when these
membranes are cross-linked at high temperatures.

We also deposited an additional PAH layer on an
unheated 4.5-bilayer PAA/PAH film to change the
surface charge from negative to positive.3” Deposition
of a PAH layer increases the SO42~ flux 4-fold and
decreases the CI~ flux by 15%. Thus, the presence of a
terminating PAH layer eliminates the selectivity be-
tween CI~ and SO4%~, as shown in Table 1. PAA/PAH
membranes that are cross-linked at 115 °C show a Cl~/
S042~ selectivity reversal (from 20 to 0.6) upon going
from a 4.5-bilayer to a 5-bilayer PAA/PAH film. Previous
electrochemical studies also showed that transport of
multiply charged ions depends on the surface charge of
layered polyelectrolyte films.94-9

The decrease or reversal of the CI7/SO42~ selectivity
upon deposition of a cationic PAH layer on 4.5-bilayer

(94) Farhat, T. R.; Schlenoff, J. B. Langmuir 2001, 17, 1184.

(95) Pardo-Yissar, V.; Katz, E.; Lioubashevski, O.; Willner, 1.
Langmuir 2001, 17, 1110.

(96) Lvov, Y. In Protein Architecture—Interfacing Molecular As-
semblies and Immobilization Biotechnology; Lvov, Y., Méhwald, H.,
Eds.; Marcel Dekker: New York, 2000; p 135.
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670 nm

Figure 1. FESEM images of (A) the top and (B) a cross section of a bare porous alumina membrane and similar images of (C)
the top and (D) a cross section of an alumina membrane coated with a 4.5-bilayer PAA/PAH film that was heated at 115 °C.
Samples were coated with ~5 nm of gold prior to imaging. The scale bar is common to all images.

PAA/PAH films implies that Donnan exclusion at the
membrane surface is the major factor behind selectivity.
The increase in CI7/SO42~ selectivity upon heating a 4.5-
bilayer PAA/PAH film at 115 °C further suggests that
cross-linking enhances Donnan exclusion. Cross-linking
might decrease swelling at the surface and increase
surface charge density, thus enhancing exclusion of
multivalent ions. Although heating at higher temper-
atures should further decrease the swelling, conversion
of —COO™ groups to amides might reduce the surface
charge density at high degrees of cross-linking. This
would explain why the CI7/SO42~ selectivity decreases
for films cross-linked at temperatures higher than 115
°C. Decreased swelling at higher degrees of cross-linking
should also result in slower ion diffusion, which is
consistent with the low fluxes that occur through highly
cross-linked films.

Synthesis of Hybrid PSS/PAH/PAA Films. PAA/
PAH films are attractive materials because their prop-
erties can be modified by heat-induced cross-linking.
However, the ClI~ flux through cross-linked and non-
cross-linked PAA/PAH films is at least three times less
than that through unheated 4.5-bilayer PSS/PAH mem-
branes. With this in mind, we began preparing multi-
layer PSS/PAH films that could be capped with one to
three bilayers of PAA/PAH. A few PAA/PAH layers
could provide selectivity with a minimal diminution of
flux.

The reflectance FTIR spectra in Figure 2 show the
presence of all three types of polyelectrolytes after
deposition of each additional PAA or PAH layer on the

0.01
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Figure 2. Reflectance FTIR spectra of (a) a 5-bilayer PSS/
PAH film and 5-bilayer PSS/PAH films coated with (b) 1 layer
of PAA, (c) 1 bilayer of PAA/PAH, and (d) 1.5 bilayers of PAA/
PAH. Spectra e and f are those of 5-bilayer PSS/PAH films
coated with 1.5 bilayers of PAA/PAH and subsequently cross-
linked at 115 °C and 215 °C, respectively.

PSS/PAH precursor film. The spectrum of a 5-bilayer
PSS/PAH film (spectrum a) shows strong sulfonate
absorbances at 1220, 1175, 1035, and 1005 cm~1 97.98 gand

(97) Caruso, F.; Furlong, D. N.; Ariga, K.; Ichinose, I.; Kunitake,
T. Langmuir 1998, 14, 4559.
(98) Wang, F.; Li, J.; Chen, T.; Xu, J. Polymer 1999, 40, 795.
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Table 2. Ellipsometric Thicknesses of Pure PSS/PAH and Hybrid PSS/PAH/PAA Films and Anion Fluxes (mol cm—2s™1)
through Pure PSS/PAH, Hybrid PSS/PAH/PAA, and Heated PSS/PAH/PAA Films

film composition T/°C2  thickness/AP  CI~ flux/1078 SO, flux/10~® Fe(CN)s3~ flux/10711  CI7/SO42~¢  Cl-/Fe(CN)s3~/103¢

4.5 PSS/PAH - 170 + 6 4.3 + 8% 8.5+ 15% 5.7+ 70% 5.1+ 15% 1.0 + 65%
4.5 PSS/PAH 115 - 4.0 + 4% 4.0+ 15% 3.1+ 20% 10 £+ 15% 1.3 £ 20%
5 PSS/PAH - 190 £ 8 - - - - -

5 PSS/PAH¢ - 190 + 18 3.5+ 9% 9.6 + 25% 8.1 + 95% 3.8 £ 20% 0.76 + 70%
5 PSS/PAH + 1 layer PAA - 214 £ 14 4.0 + 8% 1.6 £ 4% 3.6 £ 30% 25 + 5% 1.2 £ 30%
5 PSS/PAH + 1 layer PAA 115 - 3.4+ 4% 1.0 £ 20% 2.6 £ 120% 35 4+ 20% 4.7+ 120%
5 PSS/PAH + 1 layer PAA® - 210+9 35+ 2% 1.4 + 50% 4.1 + 35% 30 + 55% 0.94 + 40%
5 PSS/PAH + 1 PAA/PAH - 225+5 - - - - -

5 PSS/PAH + 1 PAA/PAH® - 220 £ 14 - - - - -

5 PSS/PAH + 1 PAA/PAH 115 - 3.0+ 4% 7.7 £ 15% 3.2 £ 75% 4.0 + 10% 1.4 £ 60%
5 PSS/PAH + 1.5 PAA/PAH - 270 £13 31+7% 0.47 £ 25% 1.2 + 40% 70 + 20% 3.0 + 35%
5 PSS/PAH + 1.5 PAA/PAH 115 - 2.4 £ 20% 0.18 + 65% 0.87 £ 45% 160 + 30% 3.8 £ 70%
5 PSS/PAH + 1.5 PAA/PAH 120 - 1.7 £ 20% 0.10 £ 10% 1.24 + 10% 160 + 15% 1.4 £ 30%
5 PSS/PAH + 1.5 PAA/PAH 215 - 0.14 + 35% 0.025 + 95% 1.2 £ 50% 110 + 90% 0.16 + 60%
5 PSS/PAH + 1.5 PAA/PAH? - 270 £ 11 2.8+ 10% 0.25 + 35% 1.2 + 30% 120 + 25% 2.5 + 30%
5 PSS/PAH + 1.5 PAA/PAH® 115 - 2.6 + 10% 0.23 £ 30% 1.7 £ 20% 120 + 30% 1.5 £ 20%
5 PSS/PAH + 2.5 PAA/PAH - 410 £ 22 2.3+ 15% 0.25 £+ 70% 1.2 £ 50% 120 + 40% 2.1 £ 30%
5 PSS/PAH + 2.5 PAA/PAH 115 - 1.5 + 30% 0.24 + 75% 0.46 £+ 115% 240 £+ 120% 13 £+ 100%
5 PSS/PAH + 2.5 PAA/PAH® - 390 + 30 2.4+ 10% 0.20 £ 50% 0.83 £+ 20% 150 + 45% 3.0 £ 25%
5 PSS/PAH + 2.5 PAA/PAHe 115 - 2.3+ 8% 0.10 + 85% 2.3+ 65% 360 + 70% 1.3 £ 60%
5 PSS/PAH + 3 PAA/PAH® - 460 + 11 3.0 +£ 15% 13 £+ 10% 5.7 £ 10% 2.2+ 5% 0.52 + 20%

a Temperature at which membranes were heated for 2 h to partially cross-link films. ? Thicknesses were measured with films deposited
on Al-coated Si wafers. ¢ Selectivity ratios were calculated from the average of selectivities of different membranes and not from the
average flux values. This results in a lower standard deviation and a slightly different average value. 9 The top layer of PAH was deposited

at a pH of 4.5 rather than 2.3. ¢ The PAH layer between PSS and PAA was deposited at a pH of 4.5 rather than 2.3.

adsorption bands due to symmetric and antisymmetric
—NH3* deformations and aromatic ring modes between
1625 and 1400 cm~1.97.99 After deposition of one layer
of PAA on the base PSS/PAH film (spectrum b), the
—COOH carbonyl peak appears at ~1710 cm™1, and
carboxylate peaks around 1570 and 1400 cm~! also
affect the spectrum. After 1.5 bilayers of PAA/PAH are
deposited (spectrum d), peaks due to PAA become more
obvious. The sulfonate peaks remain in the spectrum,
showing the stability of the underlying layers during
PAA/PAH deposition. Spectrum c indicates that some
—COOH groups in the first adsorbed layer of PAA are
converted to —COO~ upon deposition of PAH. When the
weak polyelectrolyte PAA is approached by a polycation,
more deprotonation of the acid groups can occur.”3.75.78
Table 2 gives the ellipsometric thicknesses of hybrid
films as a function of the number of bilayers. The
precursor 5-bilayer PSS/PAH film thickness of ~190 A
agrees with previously reported values.3%1% |ncreases
in film thickness due to PAA/PAH growth on the PSS/
PAH film are not linear with the number of layers
deposited because of a change in deposition pH and the
polyelectrolyte deposited.””:73 A PAA layer deposited on
four bilayers of PAA/PAH has a measured thickness of
~70 A, whereas a PAA layer deposited on five bilayers
of PSS/PAH has a measured thickness of ~25 A 101
Heating of hybrid coatings should produce films with
compact, cross-linked surfaces. Reflectance FTIR spec-
tra verify cross-linking between PAA and PAH surface
layers in hybrid films just as in the case of films
composed only of PAA/PAH layers. After the samples
are heated at 115 °C, a small decrease in the intensity
of —COO~ bands (1570 and 1400 cm™1) occurs (spectrum
e, Figure 2), whereas after they are heated at 215 °C,

(99) Lin-Vien, D.; Colthup, N. B.; Fateley, W. G.; Grasselli, J. G.
The Handbook of Infrared and Raman Characteristic Frequencies of
Organic Molecules; Academic Press: New York, 1991.

(100) Sukhorukov, G. B.; Méhwald, H.; Decher, G.; Lvov, Y. Thin
Solid Films 1996, 284—285, 220.

(101) The PAH layer at the interface between PSS/PAH and PAA/
PAH films was deposited at a pH of 4.5.

the IR spectrum shows almost complete conversion of
carboxylate groups to amides (a strong amide peak
appears at 1670 cm™1) (spectrum f, Figure 2). The
unvarying absorbances due to PSS indicate that no
reaction between PSS and PAH layers occurs as a result
of heating at 115 °C. However, we do observe a small
decrease in sulfonate absorbances after heating at 215
°C.

Anion Permeability through Hybrid PSS/PAH/
PAA Membranes. Membranes consisting of a 5-bilayer
PSS/PAH precursor film and 0.5—2.5 bilayers of PAA/
PAH show dramatic increases in selectivity over both
4.5-bilayer PSS/PAH and 4.5-bilayer PAA/PAH mem-
branes. Table 2 contains anion fluxes through pure PSS/
PAH films and PSS/PAH films capped with 0.5—3 PAA/
PAH bilayers. The CI~ flux through unheated hybrid
films increases by 70—200% over that of a film composed
only of 4.5 bilayers of PAA/PAH. Thus, the idea of
increasing Cl~ flux by using a more permeable support-
ing layer is feasible. In contrast, the SO42~ flux through
5-bilayer PSS/PAH + 2.5-bilayer PAA/PAH films is
<10% of the flux through 4.5-bilayer PAA/PAH films.
The combination of high ClI= and low SO42~ fluxes
increases selectivity up to 30-fold over pure PAA/PAH
films. The highest CI-/Fe(CN)g3~ selectivity for an
unheated film is ~3000, as shown in Table 2. As with
CI=/S04%~ selectivities, this 9-fold increase over previ-
ously reported selectivities for 5-bilayer PAH/PAA
membranes occurs as a result of both higher Cl~ and
lower Fe(CN)e®~ permeabilities.3?91

Increased selectivities suggest that deposition of PAA
on a PSS/PAH film yields a different surface structure
than does deposition of PAA on pure PAA/PAH films.
SEM images confirm that the surfaces of hybrid films
are different from those of pure films (Figure 1C), as
images of hybrid films show no distinct surface texture.
The high selectivities among anions with different
charges suggest that the PAA layer on hybrid films
contains a higher charge density than does the top PAA
layer on pure PAA/PAH films. Higher charge density
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would lead to greater selectivity as a result of Donnan
exclusion.

We also evaluated the effect of changing the deposi-
tion pH of the PAH layer at the interface between PSS/
PAH and PAA/PAH. To do this, we prepared films
composed of 4.5 bilayers of PSS/PAH (deposition pH of
2.1/2.3) with both the following PAH layer and subse-
quent PAA/PAH layers deposited at pH 4.5. The addi-
tion of one layer of PAA to the PSS/PAH base layer
showed no marked difference in anion selectivities
compared to standard 5-bilayer PSS/PAH films (inter-
facial PAH layer deposited at pH 2.3) capped with a
layer of PAA. An additional PAH/PAA bilayer, however,
increased the Cl7/S0,4?~ selectivity by 70% compared to
standard 5-bilayer PSS/PAH + 1.5-bilayer PAA/PAH
films. Addition of another PAH/PAA bilayer gives a Cl~/
S04%~ selectivity of around 150 for films with the
modified interfacial layer. This selectivity, however, is
not significantly higher than that of 5-bilayer PSS/PAH
+ 2.5 PAA/PAH films with the interfacial PAH layer
deposited at pH 2.3.

Table 2 also displays the thicknesses of hybrid PSS/
PAH/PAA films where the interfacial PAH layer was
deposited at both pH 2.3 and pH 4.5. Films deposited
with the same number of bilayers and a different
interfacial PAH deposition pH showed no marked dif-
ferences in thickness. Small structural differences in
these two types of films apparently do not have a large
effect on thickness.

As for pure PAA/PAH membranes, termination of
hybrid films with PAH rather than PAA results in
dramatic changes in multivalent anion fluxes. Adding
a layer of PAH to a 5-bilayer PSS/PAH + 2.5-bilayer
PAA/PAH! ynheated membrane increases the SO42-
flux ~65-fold and the Fe(CN)g®~ flux ~7-fold, thus
confirming the strong influence of Donnan exclusion.

Anion Permeability through Cross-Linked PSS/
PAH/PAA Membranes. As with pure PAA/PAH films,
heating of hybrid polyelectrolyte membranes (interfacial
PAH layer deposited at pH 2.3) increases the Cl-/SO42~
selectivity to peak levels at cross-linking temperatures
around 115 °C, whereas heating at 215 °C causes the
selectivity to decrease. Table 2 gives anion fluxes
through 5-bilayer PSS/IPAH + 1.5-bilayer PAA/PAH
films that were heated at several temperatures. After
5-bilayer PSS/PAH + 1.5-bilayer PAA/PAH films were
cross-linked at 115 °C, CI=/SO42~ selectivity increased
from 70 to 160. Figure 3 compares anion fluxes through
a 5-bilayer PSS/PAH precursor film and through 5-bi-
layer PSS/PAH + 1.5-bilayer PAA/PAH membranes
before and after cross-linking. Each subsequent modi-
fication increases the CI7/SO42~ selectivity while slightly
decreasing the Cl~ flux. We also heated a 5-bilayer PSS/
PAH + 2.5-bilayer PAA/PAH film at 115 °C in an
attempt to increase selectivity to even higher values.
However, data for these heated films were not repro-
ducible enough to make a good comparison.

As for pure PAA/PAH films, with increasing cross-
linking temperature, the number of —COO™ groups that
form amide bonds probably increases, and the selectivity
eventually decreases as a result of a reduction in charge
density. Heating a 5-bilayer PSS/PAH + 1.5-bilayer
PAA/PAH film at 215 °C still yields a ClI=/SO42~ selec-
tivity of ~110, however. In comparison, a 4.5-bilayer

Chem. Mater., Vol. 13, No. 8, 2001 2647

2 008
E ’ 800x10-¢ : I B I I
° 600x10-° 1
3 | 400x10% a
© 0.06 zoo>)<(1o6 E
g 0
0 20 40 60 80 100
O 004 F
O
o)
N o002}
(0]
£ 0.00 A
o 0.00i=
< 0 20 40 60 80 100
Time (min)

Figure 3. Plot of normalized receiving-phase conductivity as
a function of time when the source phase (0.1 F salt) was
separated from the receiving phase by a 5-bilayer PSS/PAH
film (circles), a 5-bilayer PSS/PAH + 1.5-bilayer PAA/PAH film
(squares), and a 5-bilayer PSS/PAH + 1.5-bilayer PAA/PAH
film heated at 115 °C (triangles). Different colors represent
different salts: black, KCI and white, K,SO,. The inset
expands the conductivity scale for SO,>~ transport through
hybrid membranes. (The PAH layer between PSS and PAA
was deposited at pH 2.3.)

PAA/PAH membrane heated at 215 °C has a Cl7/SO42~
selectivity value of only 3. The flux values show that
this difference in selectivity is due mainly to higher CI~
fluxes through the more permeable hybrid film.

Heating 5-bilayer PSS/PAH + 1.5-bilayer PAA/PAH
films prepared with the interfacial PAH layer deposited
at pH 4.5 did not greatly affect anion transport, but
these films are already very selective. The fluxes of all
anions remained similar to those of unheated films,
suggesting that the charge density of these films does
not change greatly upon heating at 115 °C. In the case
of 5-bilayer PSS/PAH + 2.5-bilayer PAA/PAH films
prepared with the interfacial PAH layer deposited at
pH 4.5, data for heated films show too much scatter to
make any conclusion about the effect of cross-linking.
The Fe(CN)g®~ fluxes through most hybrid films are
extremely low, and there is no clear correlation between
flux and either the deposition pH of the interfacial PAH
or heating.

Cation Permeability through Hybrid PSS/PAH/
PAA Membranes. In an effort to increase our under-
standing of how surface charge affects selectivity, we
tested Na™ and Mg?* transport through 5-bilayer PSS/
PAH + 2.5-bilayer PAA/PAH and 5-bilayer PSS/PAH
+ 3-bilayer PAA/PAH films. Flux values (Table 3) show
Nat/Mg?" selectivities of 40—80 for 5-bilayer PSS/PAH
+ 2.5-bilayer PAA/PAH films. These values indicate
that, unlike C1=/SO42~ selectivity, Na*/Mg?* selectivity
is quite high for films capped with a layer whose charge
is opposite to that of the transporting species. Tieke and
co-workers also demonstrated that polyanion-terminat-
ed membranes can give good cation selectivities. They
showed that 5, 10, and 60 bilayers of PAH/PSS on a
polymer support give Na™/Mg?* selectivities of 31, 36,
and 113, respectively.® In an effort to increase the cation
selectivity of hybrid films, we capped these coatings with
an additional layer of PAH. This additional layer of PAH
increased the Nat/Mg?" selectivity to only ~140. We
speculate that the high cation selectivities of these films,
irrespective of the capping layer, might occur as a result
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Table 3. Cation Fluxes (mol cm=2 s™1) through Hybrid PSS/PAH/PAA Films
film composition Na* flux/10-8 Mg?* flux/10~10 Na*t/Mg?+a
5 PSS/PAH + 2.5 PAA/PAH 1.7 £ 20% 3.8 + 40% 50 £+ 30%
5 PSS/PAH + 2.5 PAA/PAHP 1.6 + 20% 2.0 + 35% 80 + 15%
5 PSS/PAH + 2.5 PAA/PAHP® 1.7 £ 20% 4.3 £ 20% 40 + 6%
5 PSS/PAH + 3 PAA/PAHP 2.6 £3% 1.9 +£ 9% 140 + 6%

a Average Na*/Mg?* values were calculated from the average of selectivities of each membrane type. This results in a lower standard
deviation. ® The PAH layer between PSS and PAA was deposited at a pH of 4.5 rather than 2.3. ¢ These membranes were heated at 115

°C for 2 h as described in the Experimental Section.

Table 4. Ni(CN)42~ and Cl- Fluxes (mol cm~2 s71) through
5-Bilayer PSS/PAH + 2.5-Bilayer PAA/PAH Films2b

salt solution CI~ flux/10-8 Ni(CN)42~ flux/10~8 Ni(CN),2~ flux/10-8¢

CI-/Ni(CN)s2 2.6¢ - 0.014
Ni(CN)42 - 0.011 0.012
cr- 2.4 - -

a The PAH layer between PSS and PAA was deposited at a pH
of 4.5 rather than 2.3. P Fluxes were calculated from the average
of two measurements. Differences between the two measurements
were less than 30%. ¢ Flux was calculated using conductivity after
making a small correction for conductivity due to Ni(CN)s2.
d Flux was calculated from atomic absorption measurements.

of adsorption of the divalent cation,102103 which yields
a positively charged membrane surface and increased
Donnan exclusion. The adsorption of cations might be
more favorable than that of anions, which would explain
the relatively small increase in cation selectivity due
to capping with a polycation.

Permeability of Mixtures through Hybrid PSS/
PAH/PAA Membranes. The permeability experiments
described up to this point were run with solutions
containing a single salt. Actual separations will occur
from mixtures, so we began evaluating transport from
solutions containing both CI~ and Ni(CN)4%~. Unfortu-
nately, conductivity measurements alone cannot dis-
tinguish between two ionic species, so we utilized
K>Ni(CN), as a substitute for K;SO4 so that Ni(CN)42~
transport could be detected using atomic absorption
spectrophotometry. Table 4 gives the CI~ and Ni(CN)42~
fluxes through 5-bilayer PSS/PAH + 2.5-bilayer PAA/
PAH films from single electrolyte and mixed electro-
lyte solutions. A comparison of Table 4 and Table 2
shows that the permeability of Ni(CN)s2~ through
5-bilayer PSS/PAH + 2.5-bilayer PAA/PAHY! films is
similar to that of SO42~. Both the CI~ and Ni(CN)42~
fluxes are similar in mixed electrolyte and single-salt
solutions, suggesting that single-salt experiments pro-
vide a good initial indication of membrane selectivity.

(102) Peeters, J. M. M.; Mulder, M. H. V.; Strathmann, H. Colloids
Surf. A: Physicochem. Eng. Aspects 1999, 150, 247.
(103) Takagi, R.; Nakagaki, M. J. Membr. Sci. 1992, 71, 189.

These results also suggest that osmotic flow has little
effect on ion transport, because the flow of water
between source and receiving phase is about 5 mL for
the mixed CI7/Ni(CN)42~ solution and <2 mL for a 0.1
M KCI solution.

Conclusions

Deposition of PAA/PAH bilayers on PSS/PAH films
on porous alumina substrates creates highly selective
ion-transport membranes with minimal thicknesses.
The PSS/PAH precursor film provides relatively little
resistance to mass transport, while the PAA/PAH
surface layers discriminate against transport of multiply
charged ions. Furthermore, heat-induced cross-linking
of PAA/PAH surface bilayers enhances the overall
average CI=/SO42~ selectivity to average values as high
as 360. These values are almost 2 orders of magnitude
higher than those previously reported for 5-bilayer PAH/
PSS or 5-bilayer PAH/PAA films on porous alumina.3?91
The CI~ flux through hybrid films is also up to three
times higher than that through pure PAA/PAH films.
Changing the surface charge from negative to positive
dramatically reduces, and in some cases reverses, Cl~/
S0,42~ selectivity for both pure and hybrid films, sug-
gesting that Donnan exclusion at the surface is the
primary factor behind selective anion transport. In
contrast, both polyanion- and polycation-terminated
films show selectivity among cations. Experiments with
mixed solutions containing CI~ and Ni(CN)4%~ ions
showed that single-salt permeability measurements
effectively represent transport from mixed solutions.
Thus, hybrid polyelectrolyte membranes can provide
highly selective barriers for water purification processes.
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