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Self-Assembled Films of Prussian Blue and Analogues: Structure and Morphology,
Elemental Composition, Film Growth, and Nanosieving of lons
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Structure, morphology, and elemental composition as well as the size-selectivity of the ion transport behavior
of ultrathin membranes of iron(lll) hexacyanoferrate(ll) (FFRCP"), iron(ll) hexacyanoferrate(lll) (F&CF"),

cobalt(ll) hexacyanoferrate(lll) (Ci6ICP"), and nickel(ll) hexacyanoferrate(lll) (NHCP") are described.

The membranes were prepared upon multiple sequential adsorption of metal cations and hexacyanometalate
anions on porous polymer supports. Scanning electron and scanning force microscopy indicate that the
membranes of the complex salts consist of a multitude of small, densely packed particles with diameter in
the 16-100 nm range. Energy-dispersive X-ray analysis indicates that the iron hexacyanoferrate (Prussian
blue) membranes consist of the potassium-rich, so-called “soluble” modification, KFe[Rg(@Nije the
membranes of the analogous complex salts consist of a mixture of the potassium-rich and potassium-free
modification. The porous, zeolitic structure of the inorganic complex salts was permeable for ions with a
small Stokes radius such as'C&™", and CI, whereas large hydrated ions such ag Na*, Mg?t, or SQ?~

were blocked. lon separation became progressively more effective, if the number of complex layers increased.
The highest separation factongCsCIl/NaCl) ando(KCI/NaCl) of 7.7 and 5.9, respectively, were found for

the F&'"HCP' membrane subjected to a hundred dipping cycles. Membranes of iron(ll), cobalt(ll), and nickel-
(I1) hexacyanoferrate(lll) were also useful for ion separation, bubtielues were lower. Effects on the ion

flux rates caused by the feed concentration and the polyelectrolyte precoating of the support are also discussed.

small hydrated ions such as Tsan penetrate the structure,

whereas larger hydrated ions such as [dee blocked. Several
studies were concerned with selective ion transport across thin
"films of PB and its analogues to an underlying electrode using
a potential gradient as the driving fort&23 However, studies

of ion transport across supported PB films, the transport being
driven by a concentration gradient across the membrane, are
very rare. A possible reason is that conventional PB films

The formation of ultrathin organized films with precise control
over molecular arrangement and thickness in the nanomete
range has been an active research area for several yéars.
Especially suited for film formation are methods of layer-by-
layer assembly such as the Langmiiélodgett (LB) techniqu&s
and methods of multiple sequential adsorption and chemisorp-

tion of organic compound&® Although most of the recent . ar o6 : .
studies were concerned with polymeric films and organic prepared upon electrochemical deposifitr? casting, or dip-

inorganic hybrid filmss-8 the preparation of purely inorganic coating from colloidal solu'uoﬁv_?‘_3 are not suited for this
films has been described only very recently. Films of Prussian PUrPose. Electrochemical deposition does not allow films to be
blue (PB)?-1* Ruthenium purplé? or analogous mixed valence ~ Prepared on porous, nonconducting supports such as polymers,
complex salts12have been prepared upon multiple sequential for example, and casting or dip-coating from colloidal solution
adsorption (MSA) of transition metal ions and complex cya- do not provide a precise control of the thickness and lead to
nometalate ions. The films are of practical interest for their films with rather heterogeneous structure. The MSA technique

electro- and photoresponsive properfiéiseir ion exchangé?14 overcomes these problems and allows for the preparation of
and their ion separation behavir. dense, defect-free films on various supports. [Because metal
PB and related metal hexacyanoferrate salts are known tohexacyanoferrate salts are known to organize in a cubic crystal
exhibit an open, zeolite-like structdfe’8 consisting of a cubic lattice structure, a normal layering of metal cations and
framework of iron centers bound by cyanide bridges such that hexacyanoferrate anions is highly unlikely. Therefore, we avoid
additional cations can intercalate into the interstitial sites and the term “layer-by-layer” deposition and instead use “multiple
indefinite amounts of water can be included. Because of the sequential adsorption” ]
small channels in the lattice with a diameter of about 0.32 nm,  In a recent, comprehensive artiéleye reported on the optical
and electrochemical properties of films of PB and analogous
* To whom correspondence should be addressed. E-mail: Tieke@uni- complex salts, and for the first time, we demonstrated the

koeln.de. icati ; i iavi
application as being useful as ion sieving membranes. In an
TInstitut fir Physikalische Chemie der Univergitau Koln. pp . fth g. K h 9 h
+11. Physikalisches Institut der Universitau Kaln. extension of the previous work, we here report on the structure
8 Institut fir Mineralogie und Geochemie der Univeisiz Koln. and morphology of MSA films of PB and analogous complex
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salts using scanning electron (SEM) and scanning force containing 0.01 M K[Fe(CN)] + 0.1 M KCl and 0.01 M CoGl
microscopy (SFM), the elemental composition using energy- + 0.1 M KCI, or 0.01 M Kg[Fe(CN)] + 0.1 M KCl and 0.01
dispersive X-ray spectroscopy (EDS), and the kinetics of the M NiCl, + 0.1 M KCI, respectively, were used. The dipping
film growth using UV spectroscopy and SFM studies. Moreover, time into the salt solutions was 5 min each, and the washing
we present a detailed study on the use of the films as ion time in pure water was 10 min.

separation membranes. It is clearly demonstrated that the flms SEM Studies. The surface structure of the membranes was
represent nanosieves able to separate cesium, potassium, andvestigated using SEM (Philips SEM 515). The elemental
ammonium ions from sodium, lithium, and magnesium ions, composition of the surface was examined using EDS coupled

or chloride from sulfate ions.

2. Experimental Section

Materials. All chemicals were of analytical grade and used
without further purification. K[Fe(CN)]-3H,0, K4Fe(CN)]-
3H20, NiCl»*6H,O, NaCl, LiCl, NH,CI, and NaSOs were
purchased from Fluka; Co&£6H,0, (NH,)Fe(SQ),-6H,0,
MgCl,, and CsCl were purchased from Merck; Fe®ICl, and
polyvinyl sulfate potassium salt (PVS; molecular weight 350.000)
were purchased from Acros; poly(diallyldimethylammonium
chloride) (PDADMA; molecular weight 250.000) was purchased
from Aldrich; and polyvinylamine (PVA; molecular weight
100.000) was kindly supplied by BASF, Ludwigshafen. Milli-
Q-water (18 M2) was used for all experiments. A porous PAN/
PET membrane (Sulzer Chemtech GmbH, Neunkirchen) con-

sisting of a polyethylene terephthalate (PET) fleece (thickness

100um) coated with a polyacrylonitrile (PAN) layer (thickness
80 um) was used as the support, the pore size being220
nm. For UV spectroscopic studies, quartz supports (Suprasi
30 x 12 x 1 mm®, Hellma GmbH, Miliheim/Baden) were used.
The substrates were pretreated with PDADMA as previously
described!

Pretreatment of PAN/PET Supports. To render the sub-

strate surface hydrophilic and negatively charged, it was treated

with oxygen plasma. In a subsequent precoating step, the plasm

treated support was dipped into a 0.01 molar aqueous PVA

solution (pH 1.7) containim 1 M NacCl, in addition, so that a

monolayer of the polyelectrolyte was adsorbed on the surface.

Alternatively, the support was precoated with 3.5 layer pairs of
PVA and PVS in alternating sequeri®ehe uppermost layer
being PVA. The polyelectrolyte concentration of both solutions
was 0.01 monomoles1! (monomoles= moles of monomer
units), with the solutions contairgnl M NaCl as supporting

a

to the SEM. EDAX DX-4 equipment was used. The accelerating
voltage was 15 keV to stimulate X-ray emission. Characteristic
X-rays with an energy between 0 and 10 keV were collected
using a Si detector with a Be window. This permitted identifica-
tion of elements with atom numbe@r> 7. Each spectrum was
acquired for 10 min over a 40& 300 um? region. After
background subtraction, the peaks were fit to a Gaussian
function using a least-squares routine to calculate intensities.

SFM Studies. SFM images were taken with a Nanoscope
IV SFM (Digital Instruments) working in contact mode. The
samples were investigated in air at room temperature. The
images were taken in equiforce mode, and commercially
available Si/N cantilevers with integrated tips were used.

UV/Visible Spectroscopy. UV/visible absorption spectra
were recorded using a Perkin-Elmer Lambda 14 spectrometer.
The absorbance was corrected by subtracting the signal of the
pure quartz substrate.

lon Permeation Measurements. Measurements of ion
permeation were carried out using a homemade apparatus which
has been described elsewhé&r€? The membrane (area =
4.52 cn?) was mounted between two chambers with a volume
Vo of 60 mL each. Chamber one contained the electrolyte
solution of concentratiot = 0.1 mol/L, and chamber two
contained pure water and the cell for measurement of the
conductivity A. The flux rateJ of electrolytes across the
membrane was determined by measuring the initial increase of
conductivityAA per unit timeAt under constant stirringl.was
calculated from the equatiah= (AA/At)(Vo — AV)An 1 AL
with A being the molar conductivity of the corresponding salt
solution and Vo — AV) being the volume in chamber two after
correction of the osmotic flow. The change of thealue upon
the correction was never larger than 2%. The separation factor
o is defined as the ratio of the flux values of the corresponding
salts.

electrolyte. For deposition, the plasma-treated substrate was first

dipped into the PVA solution followed by rinsing with water
and dipping into the PVS solution, etc. The dipping time was
always 30 min. After pretreatment, the support had a positively
charged surface layer of PVA.

Preparation of Prussian Blue, Cobalt, and Nickel Hexacy-
anoferrate Membranes. For the preparation of iron(lll)
hexacyanoferrate(ll) (H#eEHCP') membranes, aqueous solutions
of 0.01 M K4[Fe(CN)] + 0.1 M KCI (solution 1) and 0.01 M
FeCk + 0.1 M KCI (solution 2) were used. A pretreated support
was consecutively dipped into solution 1, pure water, solution

3. Results and Discussion

3.1. Morphology of Self-Assembled Films of Prussian Blue
and Analogues.The ultrathin membranes of the metal hexacy-
anoferrate salts were prepared according to the MSA-technique
described in previous articlet' and briefly outlined in the
experimental part. Because we were interested in membranes
displaying a size-selective flow of ions through the zeolitic
channels of the crystal lattice of the complex salts, it was crucial
to prepare dense, defect-free films not showing any nonselective

2, and pure water again. The four steps are denoted as a dippingransport through defects and voids. Preliminary SFM stiitlies

cycle. They led to adsorption of a single'"H¢CF' layer. To

indicated that the desired films can be obtained at the easiest,

obtain multilayer separating membranes, the four steps wereif at least 20, better 60 dipping cycles are applied. In Figure 1,

carried out 20, 60, and 100 times, respectively. The dipping
time into solutions 1 and 2 was 20 s each, the washing time in
pure water was 1 min. The iron(ll) hexacyanoferrate(lll)"Fe

the typical appearance of ¥ 5 cn¥ sections of various metal
hexacyanoferrate membranes on PAN/PET supports is shown.
All membranes were prepared upon 60 dipping cycles. THe Fe

HCP'") membrane was prepared according to the procedure forHCF' and FEHCP" membranes exhibit the typical blue color

the F&'HCP' membrane except that aqueous solutions contain-
ing Ka[Fe(CN)] + 0.1 M KCl and 0.01 M (NH),Fe(SQ), +

0.1 M KCl were used. The cobalt(ll) hexacyanoferrate(lll) {Co
HCP'") and nickel(Il) hexacyanoferrate(lll) (NHCF'") mem-

of PB, and the C¢HCPF" and NI'HCPF" membranes are pink
and yellow, respectively. All membranes exhibit a very homo-
geneous coloration. In Figure 2, scanning electron micrographs
of the surface structure of metal hexacyanoferrate membranes

branes were prepared accordingly except that aqueous solutiongrepared upon 60 dipping cycles are shown. The surface
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0.3 micrometers (Figure 2b). The'NHCPF" membrane appears
slightly more homogeneous than the cobalt-containing mem-
brane, because the particles are generally smaller and more
uniform in size (Figure 2b,c). The BCP" sample shown in
Figure 2, parts d and e, also consists of many small and a few
large particles, which are equally distributed over the whole
surface. An even more detailed view can be obtained from the
SFM pictures shown in Figure 3. In Figure 3a, the undulating
FellHCF! FeHCF!" structure of the support is clearly visible. Many small particles
adsorbed on the surface can be recognized, which represent the
adsorbed layer of BFEHCF!. At higher magnification, the small
particles with diameter less than Quin and maximum height
of about 50 nm are clearly resolved (Figure 3b,c). Again the
particles of the nickel-containing film (Figure 3b) appear smaller
and more uniform than the particles of the cobalt-containing
film (Figure 3c). In general, the morphology of all sequentially
adsorbed metal hexacyanoferrate films is similar. The particle
size found in the self-assembled films is also similar to the
Co''HCF" Ni"HCF! crystallite size found in the bulk material precipitated from
Figure 1. Macroscopic appearance of various metal hexacyanoferrate solution3!
membranes on PAN/PET support prepared upon 60 dipping cycles. 3 5 Growth of Prussian Blue Films.To get a more detailed

Size of membrane sections: 575 cnf. information on the membrane formation, we studied the growth
structure of all of the samples is very similar, independent from of F&'HCP" films as a function of the number of dipping cycles
the nature of the deposited transition metal cations. The surfaceand the dipping time into each solution. The studies were carried
consists of numerous small patrticles of different sizes adsorbedout using UV/visible spectroscopy and SFM. For the UV studies,
on a smooth support with an undulating height profile as the FEHCP" films were built up on quartz substrates pretreated
recognizable from the bright and dark parts of the background with a monolayer of PDADMA. The UV studies allow the

in Figure 2a. At higher magnification, it can be seen that the amount of adsorbed PB to be determined from the absorbance
surface consists of many small particles with diameters betweenof the charge-transfer band at 700 nm. In Figure 4, the
10 and 100 nm and some large particles with a diameter up toabsorbance of the PB films dipped for either 1, 5, or 15 min

01kV 312E2 @00eS~-
(d)

Figure 2. Typical surface structures of various metal hexacyanoferrate membranes prepared upon 60 dipping cycles. Scanning electron micrographs
of CO'"HCP" (a,b), NI'HCP" (c), and FEHCPF" (d,e) membranes at different magnification.
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Figure 3. Scanning force microscopic images of'f¢CP' (a), Ni'-
HCP" (b), and C8HCP" (c) membranes at different magnification. V! !
Membranes were prepared with 60 dipping cycles. Support: porous adsorbed on the substrate, the elemental composition of the films

PAN/PET membrane.
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Figure 4. Plot of absorbance of EEICP" films versus the number of
dipping cycles. The dipping time into each solution was either 1, 5, or
15 min. Substrate: Quartz precoated with a single PDADMA layer.

number of dipping cycles. As expected, the absorbance increases
nearly linearly with the number of dipping cycles, but to our
surprise, the increase is highest for the sample dipped for only
1 min and lowest for the sample dipped for 15 min into each
solution. After 20 dipping cycles, the sample with dip times of
15 min only exhibits about 40% of the absorbance of the shortly
dipped sample, and the absorbance values scatter strongly. We
ascribe this effect to a partial desorption of ions or even complete
detachment of PB particles from the surface during the
prolonged immersion. To scrutinize our assumption, we studied
the morphology of samples dipped into each solution for either
30 or 1 min using SFM. As shown in Figure 5a, only a few
isolated particles with 56100 nm in diameter and less than
20 nm in height are deposited on the surface, if the dipping
time was 30 min and the sample was subjected to 5 dipping
cycles. When the number of dipping cycles is increased, more
and more particles are deposited, and particle aggregates are
also formed. Some of the particles shown in Figure 5b exhibit
the typical cubic shape of PB crystallites. However, even after
10 dipping cycles, the bare substrate surface is still visible in
some places. After 20 cycles, the whole surface is coated with
particles, with the size and height being very different (Figure
5c¢). Substrates dipped into each solution for only 1 min exhibit
a complete surface coverage with particles after 5 dipping cycles
already (Figure 5d) and with an increasing number of dipping
cycles, the thickness of the PB film increases (Figure 5e). From
the study, it can be concluded that dense, homogeneous
membranes of the metal hexacyanoferrate salts can only be
prepared if the dipping times of the substrates are kept very
short.

3.3. Elemental Composition.Metal hexacyanoferrates are
known to exist in a so-called “soluble”, potassium-rich, form
and an insoluble, potassium-free, modification. In the case of
PB, the soluble form has the composition KFE€E"(CN)g],
whereas the relevant compositions of soluble cobalt- and nickel
hexacyanoferrate are K€€ (CN)g] and KNi'[Fe"' (CN)g],
respectively. The stoichiometric formulas of the potassium-free
salts are F‘é4[Fe"(CN)6]3, Cd|3[Fe|”(CN)5]2, and NI'g[Fe'”-
(CN)g]2. It may be added that the term “soluble” only refers to
the colloidal solubility and not to an ionic solubility of the
complex salt. To find out which of the possible forms is

was determined using EDS measurements. Typical EDS dia-
grams of FHCPF' and C#HCP'" membranes are shown in

into the individual electrolyte solutions is plotted versus the Figure 6. Although the FEHCF' membrane exhibits two strong
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Figure 5. Scanning force microscopic images of'RECP" films as a function of dipping cycles and dipping time into each solution. Dipping
times are 1 min (a,b) and 30 min-{e). Numbers of dipping cycles are 5 (a,c), 10 (b,d), and 20 (e).

Kq peaks for Fe (6.402 keV) and K (3.311keV) (Figure 6a), C and N, which were not determined). Because of the relatively
the cobalt- and nickel-containing membranes show tikge  inhomogeneous surface structure, the absolute values may be
peaks originating from Co (6.97 keV), Fe and K (Figure 6b), affected with an error up to 10%. However, it can be recognized
or Ni (7.204 keV), Fe and K, respectively (not shown). The that the PB-based membranes nearly exclusively consist of the
guantitative evaluation of the peak areas allows an estimationsoluble, potassium-containing modification. In the case of the
of the molar composition at the surface of the membranes. In cobalt- and nickel-containing membranes, the analysis is more
Table 1, the molar ratios of the elements are listed (except for difficult. The high potassium content indicates that the potas-
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Figure 6. Typical EDS diagrams of X-ray intensity vs energy fof'Fe
HCF' (a) and C8HCP" (b) membranes subjected to 60 dipping cycles.

TABLE 1: EDS Analysis of Fe'"HCF'", Co'HCF'"', and
Ni'"HCF"" Membranes (60 Dipping Cycles; PAN/PET
Support Pretreated with One Layer PVA)

molar ratio of elements

separating stoichiometric
membrane experimental theoretical  formula
Fe'"HCF' Fe:K
1:.0.42 1.0.5 KFé'[Fe'(CN)g]
1:0 Fa''[F€'(CN)gs
Cd'HCP! Co:Fe:K
1:0.70:0.43 1:0.67:0 GHFE"(CN)sl2
1:1:1 KCd'[Fe" (CN)g]
Ni"HCP!" Ni:Fe:K
1:0.74:0.43 1:0.67:0 NI[F€"(CN)g)2
1:1:1 KNi'[F€"' (CN)g]

a Chloride found (Fe:K:Ck 1:0.42:0.03).

sium-rich, “soluble” modification is present in excess. However,
the cobalt and nickel content are significally higher than the
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voltammetric response of the self-assembled films came to the
same conclusiokt

3.4. Nanosieving of lonsOur studies of the ion transport
were mainly aimed at demonstrating the ion sieving effect, i.e.,
the exclusive transport of those ions across the membrane, whose
diameter is smaller than the zeolitic pore size of the metal
hexacyanoferrate separating membrane.

As the first step, a separating membrane of PB was prepared
by 100-fold alternate dipping of the porous support into agueous
solutions of ferric chloride and potassium hexacyanoferrate-
(). The large number of dipping cycles was chosen in order
to make sure that the ion transport is dominated by the flow
through the zeolitic pores of the complex salt and that the flow
through voids and defects is supressed. The next step was to
determine the flux rates of various electrolyte salts across the
membranes. For this purpose, the increase in conductivity per
unit time, AA/At, was measured in the permeate chamber.
Further details on the measurement and calculation of the flux
rate are given in the experimental part. As the electrolytes, we
used alkali metal chlorides, ammonium and magnesium chloride,
and sodium sulfate.

In Figure 7, the flux rates of the electrolyte salts are plotted
versus the ion radii, of the hydrated catiod3also denoted as
Stokes radii. Only chloride salts were investigated because the
chloride ion exhibits a Stokes radius of only 0.121 nm. This
value is significantly smaller than the radius of the zeolitic pores
of the separating membrane of 0.16 nm, and thus, the anions
should be smoothly able to pass the membrane. As can be
derived from Figure 7, the electrolyte salts with cation radii
smaller than the pore size of the membrane such as cesium,
potassium, and ammonium chloride exhibit high flux rates of
about 9-12 x 10 mol cn2s71. In contrast, sodium, lithium,
and magnesium chloride, with Stokes radii of the cations larger
than the zeolitic pores, exhibit low flux rates of 8.2.5 x 1010
mol cnm 2 s7%; that is, they are largely rejected. The fact that
some of these ions are still able to pass the membrane can be
ascribed to a timely, partial dehydration of these ions, which
requires only little energy and is accompanied by a shrinking
of the radius to values below the Stokes radius. High selectivities
o(Cs"/Na") ando(K*/Nat) of 7.7 and 5.9 were found, in good
agreement with the previously published preliminary data.

potassium and iron content. This indicates that certain amounts 3.4.1. Effect of the Number of Dipping Cycles on the lon Flux.
of the potassium-free modifications are also present; that is, theWe also studied the ion flux of F-HCP' membranes subjected
cobalt-and nickel-containing membranes actually representto less dipping cycles. As indicated in Table 2, the flux increases

mixtures of both modifications. A recent study of the cyclo-

and the selectivity decreases, if the number of dipping cycles
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TABLE 2: Flux Rates and Selectivities of Various Electrolyte Salts ¢ = 0.1 M) through Fe'" HCF" Membranes with Different
Numbers of Dipping Cycle$

flux rate [101° mol cnr2 s71]* selectivity”
dipping cycles CsCl NECI KCI NaCl LiCl MgCl, o (CsCl/NaCl) o (KCI/NaCl)
20 23.0 19.0 18.9 15.7 13.8 8.8 1.5 1.2
60 16.9 15.0 14.0 4.1 21 1.3 4.1 3.4
100 11.7 10.0 8.9 15 1.1 0.2 7.7 5.9

aSupport: PAN/PET precoated with a single PVA layeExperimental error:4 5 to 10%.

TABLE 3: Flux Rates and Selectivities of Various Electrolyte Salts ¢ = 0.1 M) through Metal Hexacyanoferrate Membranes
with 60 Dipping Cycles and a Different Polyelectrolyte Precoating of the Porous PAN/PET Support

flux rate [1071° mol cnm 2 s71]* selectivity?
membrane CsCl KCI NacCl LiCl MgGl NaSOy o (CsCl/NaCl) o (KCI/NaCl)
(a) Precoating: Single Layer PVA
Cd'HCP!" 50.4 41.7 29.1 30.3 26.6 26.3 1.7 1.4
Ni"HCP!" 46.3 42.1 33.7 30.4 24.2 23.3 1.4 1.2
Fe'HCP! 32.1 29.9 111 7.8 2.3 1.6 2.9 2.7
(b) Precoating: Layer Sequence (PVA/PYSPVA

no 20.2 215 12.9 7.8 2.2 3.8 1.6 1.7
Co'HCP" 9.6 7.5 3.9 45 1.2 0.9 25 19
Ni"HCP" 9.3 7.4 5.5 3.3 0.2 0.1 1.7 1.2

a Experimental error:+ 5 to 10%.

is reduced to 60 or even 20. The sample subjected to 60 dippingestimate the thickness ratio of the'F¢CPF' and FEHCP" films
cycles still exhibits a significant ion sieving effect: The flux from the absorbance of their charge-transfer bands at 700 nm.
rates of electrolyte salts with cations of a Stokes radius below At equal number of dipping cycles, the absorbance of th&-Fe
the zeolitic pore size of 0.16 nm are significantly higher than HCF' films was always about 30% higher than for theé'+Fe
for salts with a hydrated cation radius above 0.16 nm. However, HCF" films. This means that 30% more complex salt was
the lower selectivities ofi(Cs"/Nat) of 4.1 anda(K*/Na") of adsorbed and that the thickness should thus be about 30% higher
3.4 indicate an additional flux through voids and defects as well. The reason for the difference is that théd HEP! films
although the transport through the zeolitic pores is still dominat- are built up from cations and anions of larger charge numbers
ing. If only 20 dipping cycles are applied, the flux rate is even z" = 3 andz~ = 4 than the FEHCP" films, which only consist
higher, and the corresponding selectivities are merely 1.24 andof ions withz" = 2 andz~ = 3. Thus, the charge density on
1.2. For this membrane, the transport through defects is the substrate is lower, and consequently, less ions are adsorbed
obviously so large that the sieving effect is no longer significant. per dipping cycle. Because the flux across the membrane is
3.4.2. lon Flux across Membranes of 'CF!' and Ana- inversely proportional to the thickness, it can be concluded that
logues.The ion transport across '#eCP!", C'HCF", and NI'- Fe'HCP" membranes exhibit flux rates which are 1.4 times
HCP'" membranes was also investigated. The flux rates are higher than those for the F¢&ICF' membranes. The lower
represented in Table 3. All membranes were prepared upon 60thickness will go along with a higher number of defects and
d|pp|ng Cyc|e5, and the porous PAN/PET membrane was usedVOidS, which again should lead to hlgher flux rates. In faCt, this
as the substrate. To improve the adsorption of the inorganic is in agreement with the experimental observations.
ions, the support was either precoated with a single PVA layer The NI'"HCPF" and CdHCP!" membranes are also built up
or a sequence of PVA/PVS bilayers, with the layer sequence from ions of low charge density, which partly explains their
being (PVA/PVS}—PVA. We first discuss the ion flux across  high flux rates. In addition, it must be taken into account that
the membranes with a single PVA layer. From Table 3a, it is two crystalline forms are present as is known from the EDS
recognizable that the flux rates of cesium and potassium chloride measurements and the cyclovoltammetric stutfidhe simul-
are always higher than those of the other electrolyte salts sodium,taneous presence of the two forms is the reason that individual
lithium, and magnesium chloride and sodium sulfate. Further, crystallites are smaller and the defect concentration in the
it is noticed that the CiHCF" and NI'HCP" membranes show  membrane is higher. This again increases the ion flux and may
nearly identical flux rates. Compared with the two membranes, explain the high flux rates observed for these membranes.
the FEHCP" membrane exhibits approximately 25% lower flux  3.4.3. lon Flux across Membranes Precoated with Polyelec-
rates for cesium and potassium chloride, and abott900%6 trolyte Multilayers. To improve the selectivity of the metal
lower rates for the other salts. However, the flux rates of the hexacyanoferrate membranes, the thickness of the polyelectro-
FE'HCF'" membrane are two to three times higher than those |yte precoating of the porous polymer support was increased.
of the FE'HCP' membrane, which by far shows the lowest flux |nstead of adsorbing a single PVA layer, the layer sequence
rates and the highest selectivities. For the cobalt- and nickel- (PvA/PVS)—PVA was built up by alternately dipping the PAN/
containing membranes, the selectiwit{CsCI/NaCl) is 1.7 and  PET support into aqueous solutions of PVA and PVS. It was
1.4, respectively, whereas for the"lHCF" and F&'HCF! hoped that the thicker precoating provides a higher charge
membranes, it is 2.9 and 4.1. density on the support so that the metal hexacyanoferrate
Because the size of the zeolitic channels is largely equal for membrane is more homogeneously and densely adsorbed. As
all complex salts, the different transport behavior can only be indicated in Table 3b, the substrate plus thicker polyelectrolyte
ascribed to the different thickness and morphology of the precoating and no complex salt adsorbed exhibits lower flux
individual membranes. Although the thickness of the separating rates than all complex salt membranes with a single PVA layer
membranes was not measured directly, it was possible toas a precoating displayed in Table 3a. The precoating with 3.5
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Figure 8. Effect of concentration in the aqueous KCI feed solution
on the flux rate across ®BICP", Ni"HCP", and F¢HCF' membranes

(60 dipping cycles) on PAN/PET support precoated with a single PVA
layer.

polyelectrolyte bilayers causes some selectivity in ion transport,
with the a(CsClI/NaCl) value being 1.6, for example. Previous
studies on ion transport across polyelectrolyte multilayer
membranes have shown that the permeation rates of variou
alkali metal chlorides are inversely proportional to the charge
density of the cations because of their different electrostatic
repulsion by the positively charged polyelectrolytes in the
membrane. If cobalt and nickel hexacyanoferrate are adsorbe
on the supports with a thick polyelectrolyte precoating, the flux
rates are further decreased and the selectof§sCIl/NaCl) is

increased to 2.5. Although the separation behavior can be

improved in this way, the excellent quality of theHaCP!
membranes is not achieved.

3.4.4. Effect of Feed Concentration on lon FIdo study
the effect of the electrolyte concentration the ion flux rate

J, we investigated several aqueous KCI feed solutions in the

concentration range from 1 millimol/L to 2 mol/L. It can be
seen from the loglog-plot in Figure 8 thatl increases nearly
linearly with ¢ over at least 4 orders of magnitude, the
relationship being) = 3.48 x 1078 ¢%% (J in mol cm2 571
andc in mol L™%) for CO'HCP", andJ = 4.38 x 1078 c%%8for
Ni'"HCP". For F&'HCF!, the relation wasl = 1.56 x 1078
cl?4 The almost identical transport behavior of the cobalt and

J. Phys. Chem. B, Vol. 107, No. 44, 200B2069

form of the complex salts, KFe[Fe(CHl) whereas the Cb
HCP" and NI'HCP" membranes consist of a mixture of the
potassium-containing and potassium-free forms. The complex
salts are present as small crystallites of less than a hundred
nanometers in diameter. With increasing number of dipping
cycles, the crystallites more and more form a dense, homoge-
neous film on the substrate.

The ion transport studies show that especially théHFeF!
membranes prepared upon 60 or more dipping cycles are dense
enough to act as ion filters able to separate small hydrated ions
from large ones, for example Cor K+ from Na". Maximum
selectivities ofa(CsCl/NaCl) of 7.7 andy(KCl/NaCl) of 5.9
are found. The values are clearly superior to those of crown-
ether-containing polymer membrariég*which are about 1.5
2.5, or polyelectrolyte multilayer membranes, which are about
1.53536 The high selectivities in Cs/Na ion transport suggest
applications of the FEHCP' membranes in the separation of
radioactive cesium from other nontoxic salts in nuclear waste
solutions, for example. That the transport is based on a
nanosieving mechanism is first indicated by the fact that only

g’ons with a Stokes radius smaller than the zeolitic pore size of

the crystal lattice of PB can pass the membrane and second by
the rather low selectivity(NaCl/MgCh) = 3.1 indicating that
electrostatic effects originating from a different charge density

dof the cations only play a minor role.
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