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Abstract: The highly selective dry com-
plex membrane AgBF4 ± cellulose ace-
tate (CA) was prepared and tested for
the separation of ethylene/ethane and
propylene/propane mixtures. The max-
imum selectivity for olefin over paraffin
was found to be 280 for the ethylene/
ethane mixture and 200 for the propyl-
ene/propane mixture. Solid-state inter-
actions of AgBF4 with cellulose acetate
(CA) and/or olefins have been inves-
tigated by using FT-IR, UV, and X-ray
photoelectron spectroscopy (XPS). FT-
IR and XPS studies clearly show that the

silver ions are coordinated by carbonyl
oxygen atoms among three different
types of oxygen atoms present in CAÐ
two in the acetate group and one in the
ether linkage. Upon incorporation of
AgBF4 into CA, the carbonyl stretching
frequency of the free cellulose acetate at
1750 cmÿ1 shifts to a lower frequency by
about 41 cmÿ1. The binding energy cor-

responding to a carbonyl oxygen atom in
the O 1s XPS spectrum shifts to a more
positive binding energy by the incorpo-
ration of AgBF4. Reversible olefin co-
ordination to silver ions has been ob-
served by FT-IR and UV studies. Treat-
ment of the AgBF4 ± CA membrane
placed in a gas cell with propylene
produces a propylene-coordinated
membrane in which coordinated propyl-
ene is easily replaced by other olefins
such as 1,3-butadiene.
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Introduction

Olefin/paraffin separation is one of the most important
processes in the petrochemical industry.[1] The conventional
method for separating olefin/paraffin mixtures is highly
energy-intensive low-temperature distillation.[2, 3] Among a
number of alternative separation processes, separation by
facilitated transport membranes in which silver salts are used
as carriers has attracted much interest because of the low
energy consumption, compact apparatus, and simple opera-
tion.[3, 4] The basis for the separation is the ability of a silver
ion to react reversibly with olefin by forming silver ± olefin
complexes.[1, 3±8] There have been many reports on the
facilitated transport of olefins by using various membranes
such as supported liquid membranes and ion-exchange
membranes;[9] however, those membranes exhibit high ole-

fin/paraffin selectivity only in the presence of water, requiring
costly and undesirable humidification and dehumidification
steps in the practical applications.[9] A solution to this problem
is the development of dry polymer membranes such as a Ag
salt/poly(ethylene oxide) membrane in which the silver ion
can reversibly interact with olefin even in the absence of
water.[10] Many investigators have studied facilitated transport
phenomena in water free state, but only a limited number of
reactive dry polymer membranes with high olefin/paraffin
selectivity have been developed.

Accordingly, very little information is provided about the
phenomena occurring on the solid polymer membrane.[11±13]

The following three interactions should be considered in the
investigation of the phenomena on the solid polymer mem-
brane for facilitated olefin transport: silver salt/polymer,
silver salt/olefin, and olefin/silver salt/polymer interactions.
Since the degree of each interaction seems to be strongly
dependent on the type of donor atom present in the polymer
atoms, the choice of the polymer material with an appropriate
functional group would be one of the most important factors
in determining the performance of the membrane. For this
reason, we have been interested in polymer materials that
contain various types of donor atoms to elucidate the
favorable coordination site of silver ions.

We report here the spectroscopic characterization of the
solid-state interaction between AgBF4 and cellulose acetate
(CA), which contains various types of oxygen donor atoms,
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and the reversible coordination of olefins to silver ions in dry
CA by using FT-IR, UV, and X-ray photoelectron spectros-
copy. We also report that the facilitated transport membrane
consisting of AgBF4 and CA exhibits the highest selectivity
for propylene over propane and ethylene over ethane
reported to date.

Results and Discussion

Figure 1 shows the IR spectra of the AgBF4 ± CA membranes
for various molar ratios of AgBF4/CA (1:1 to 3:1). The peak at
1750 cmÿ1 in Figure 1 a, associated with the C�O stretching

Figure 1. IR spectra of AgBF4 ± CA membranes containing different molar
ratios of AgBF4/CA as well as those of olefin-coordinated membranes
(AgBF4/CA� 3:1): a) CA, b) AgBF4/CA� 1:1, c) AgBF4/CA� 2:1,
d) AgBF4/CA� 3:1, e) AgSbF6/CA� 1:1, f) propylene-coordinated
AgBF4 ± CA membrane, g) 1,3-butadiene-coordinated AgBF4 ± CA mem-
brane.

frequency of uncoordinated cellulose acetate, shifts to a lower
frequency by the incorporation of AgBF4. This result
indicates that the carbonyl groups coordinate to silver ions

through electron donation from oxygen atoms to the vacant 5s
orbital of the silver ion. The degree of shift of the carbonyl
absorption band increases with increasing molar ratio of
AgBF4/CA. At a higher molar ratio of AgBF4/CA, carbonyl
groups have more chances to interact with silver ions, which
leads to a reduction of C�O bond order. Such an interaction
between silver ions and carbonyl groups has been well
described in the dense membrane consisting of AgBF4 and
poly(vinyl methyl ketone).[8] The two carbonyl absorption
bands observed in the molar ratio range from 1:1 to 2:1 can be
assigned to free and coordinated carbonyl groups, respective-
ly. Interestingly, the peak centered at 1233 cmÿ1 correspond-
ing to a CÿO single-bond stretching band of the acetate group
continuously shifts to a higher frequency with increasing
molar ratio of AgBF4/CA. The peak shift to a higher
frequency implies that AgBF4 is not directly coordinated to
the oxygen atom of the CÿO single bond, and the shift can be
ascribed to the increased CÿO bond strength resulting from
the resonance structures shown in Equation (1).
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Due to the overlap of BF4
ÿ1 and CÿO absorptions in the

range 1000 ± 1100 cmÿ1, the interaction between silver ions
and oxygen atoms in ether linkages has been investigated by
using a AgSbF6 ± CA film (AgSbF6/CA� 1:1). Unlike in
AgSbF6 ± poly(ethylene oxide), the CÿO absorption frequen-
cy in the ether linkage of free CA, which is centered at
1050 cmÿ1, remains unchanged upon incorporation of AgSbF6

into CA, indicating that there is no interaction between silver
ions and oxygen atoms in ether linkages (Figure 1 a, e).[14]

Figure 1 also demonstrates the rapid and reversible olefin
coordination to silver ions dissolved in the solid AgBF4 ± CA
membrane. When the membrane (AgBF4/CA� 3:1) was
exposed to propylene (2 atm) for a couple of seconds and
then purged with N2, a new IR absorption peak appeared at
1586 cmÿ1 (Figure 1 f). This new peak, which is at lower
frequency than the C�C stretching of free propylene,
represents the C�C stretching vibration of coordinated
propylene. Interestingly, the peak at 1586 cmÿ1 remains even
after degassing at 10ÿ5 Torr for 4 h at room temperature.
However, exposure of the propylene-coordinated membrane
to 1,3-butadiene (2 atm) followed by a N2 purge gives a new
peak at 1551 cmÿ1 with the concomitant disappearance of the
peak at 1586 cmÿ1. The peak at 1551 cmÿ1 can be assigned to
the C�C stretching frequency of coordinated 1,3-butadiene
(Figure 1 g). This behavior indicates that the coordinated
olefin is not rigidly bound to the AgBF4. Therefore, olefins
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can diffuse from the feed stream across the membrane
thereby resulting in selective separation of olefin from
olefin/paraffin mixtures. Likewise, the absorption band at
1586 cmÿ1 reappeared when propylene was introduced into
the gas cell containing the 1,3-butadiene-coordinated
AgBF4 ± CA membrane. The coordination of olefins to silver
ions also results in some significant changes in the carbonyl
absorption band. The band at 1709 cmÿ1, associated with
carbonyl groups coordinated to silver ions, shifts to a higher
frequency at 1740 cmÿ1 (Figure 1 d). The appearance of the
peak at 1740 cmÿ1 can be related to the formation of a silver
ion/carbonyl oxygen/olefin complex.[12] It is also conceivable
that the olefin and carbonyl group compete with each other
for the coordination to silver ions, because the frequency of
1740 cmÿ1 is close to 1750 cmÿ1 for the uncoordinated
carbonyl group. A similar coordination profile has been
observed in the THF solution containing AgBF4 and cellulose
acetate.

The reversible olefin coordination was also observed by the
spectral changes in the UV absorption spectra (Figure 2).
Figure 2 d shows a strong and broad absorption band at 220 ±
230 nm for propylene-coordinated AgBF4 ± CA (AgBF4/
CA� 3:1). When the propylene-coordinated membrane was

Figure 2. UV spectra showing the effects of olefin coordination on the
AgBF4 ± CA membrane: a) propylene, b) 1,3-butadiene, c) AgBF4 ± CA
membrane (AgBF4/CA� 3:1), d) propylene-coordinated AgBF4 ± CA
membrane, e) 1,3-butadiene-coordinated AgBF4 ± CA membrane.

exposed to a 1,3-butadine atmosphere, followed by a N2 purge,
the absorption band at 220 ± 230 nm disappeared and a new
band appeared at around 260 nm for the coordinated 1,3-
butadiene (Figure 2 e). This result again indicates that coor-
dinated propylene is labile enough to be easily replaced by
another olefin. In the same manner, the absorption band of
coordinated propylene at 220 ± 230 nm reappeared when

propylene was introduced into the cell containing the 1,3-
butadiene-coordinated membrane.

X-ray photoelectron spectroscopy (XPS) was applied to
clearly identify the coordination site and chemical states of
the silver ion in AgBF4 ± CA membranes with a varying molar
ratio of AgBF4/CA. The high-resolution Ag core spectra of
these samples are shown in Figure 3. The Ag 3d5/2 core

Figure 3. Ag 3d5/2 XPS spectra of AgBF4 ± CA membranes containing
different molar ratios of AgBF4/CA: a) AgBF4, b) AgBF4/CA� 6:1,
c) AgBF4/CA� 3:1, d) AgBF4/CA� 1.5:1, e) AgBF4/CA� 1:1.

spectrum of uncoordinated AgBF4 shows a single peak at
369.2 eV (Figure 3 a). The incorporation of AgBF4 into CA
results in the decrease of silver binding energy, and the degree
of shift to a lower binding energy increases with increasing
amounts of CA. It is reasonable to assume that the increased
electron density on silver atoms by the coordination of oxygen
atoms in CA is responsible for the decrease in the binding
energy of the silver atoms.

Cellulose acetate has three different types of oxygen atoms
that can donate electrons to silver ionsÐtwo in acetate groups
and one in the ether linkage [Eq. (1)].[15, 16]

The O 1s XPS spectrum of CA can be fitted to three
components as shown in Figure 4 a. The peaks at 531.4 eV,
532.2 eV, and 532.8 eV correspond to the C�O in the acetate
group (O1), the oxygen atom in the ether linkage (O2), and
the oxygen atom of the CÿO single bond in the acetate group
(O3), respectively. Upon incorporation of AgBF4 into CA, the
intensities of components O1 and O3 decrease and two new
peaks appear at about 533.2 eV and 534.1 eV. As the molar
ratio of AgBF4/CA increases, the peaks of the new compo-
nents shift to more positive binding energy and the relative
peak intensities of the new peaks increase. These results
indicate that the two new peaks are associated with coordi-
nation of the O1 and O3 atoms in the acetate groups to silver
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Figure 4. O 1s XPS spectra of AgBF4 ± CA membranes containing differ-
ent molar ratios of AgBF4/CA: a) CA, b) AgBF4/CA� 1:1, c) AgBF4/CA�
1.5:1, d) AgBF4/CA� 3:1, e) AgBF4/CA� 6:1.

ions. On the other hand, the intensity of the O2 component
remains unchanged with the increasing amounts of AgBF4,
implying that silver ions are not directly bonded to oxygen
atoms in the ether linkage.

The separation of an olefin/paraffin mixture was performed
to evaluate the facilitated transport effect of silver ions in the
cellulose acetate membranes. Figure 5 shows the effect of

Figure 5. Effect of the molar ratio of AgBF4/CA on the selectivity for
olefin over paraffin.

increasing the molar ratio of AgBF4/CA on the selectivity for
olefin over paraffin. The selectivity for propylene over
propane and ethylene over ethane increases with increasing
molar ratio of AgBF4/CA up to 3:1 and then gradually
decreases with further increase in the molar ratio. The
maximum selectivity at the molar ratio of AgBF4/CA� 3:1
implies that the coordination environment of silver ions in the

cellulose acetate membrane has a significant effect on the
facilitated transport of olefin. The monomer unit of cellulose
acetate (acetyl content: 39.8 wt%) has approximately 4.9
carbonyl groups and thus, in principle, each silver ion in the
membrane (AgBF4/CA� 3:1) is coordinated by about 1.6
carbonyl groups. From this result and the spectroscopic data,
it is likely that the silver ions in the AgBF4 ± CA membrane
should be approximately twofold coordinated by carbonyl
groups for the membrane to be highly selective in the
facilitated transport of ethylene and propylene. Considering
the maximum coordination number of four for a silver ion, it
is interesting to note that the membrane with the molar ratio
of AgBF4/CA of 1:1 exhibits some selectivity for propylene
over propane and for ethylene over ethane because there are
4.9 carbonyl groups around each silver ion in the membrane.
This result implies that propylene or ethylene can coordinate
to the fully coordinated silver ion by replacing carbonyl
group(s). This is supported by a separate IR experiment in
which the interaction of propylene with the fully coordinated
silver ions in the membrane (AgBF4/CA� 1:1) was studied;
an absorption peak for the coordinated propylene occurs at
1586 cmÿ1. The higher selectivity for ethylene/ethane over
that for propylene/propane can be ascribed to the difference
in diffusion rates of mixture gas and/or to the difference in
affinities of olefins for silver ions in the membrane.

Experimental Section

All the samples were prepared in a dry box under argon and the
spectroscopic measurements except the X-ray photoelecton spectra were
performed by using a specially designed gas cell because silver ± olefin and
silver ± polymer interactions are sensitive to moisture.[17±19]

The dense membranes with different molar ratios of AgBF4/CA were
prepared as follows: AgBF4 (Aldrich, 98%) was mixed with 10 wt %
cellulose acetate (Aldrich, acetyl content: 39.8 wt %) in THF (Baker, 99�
%) solution. The solution was cast onto a glass plate and dried for 2 h in air
and then vacuum-dried at 40 8C for 6 h. The prepared membrane was
placed between two 25� 3 mm KBr windows located in a specially
designed gas cell. FT-IR spectra were recorded on a Mattson Infinity
spectrophotometer equipped with a MCTA detector.

The XPS measurements were conducted with a VG Scientific ESCALAB
220 spectrometer equipped with a hemispherical energy analyzer. The
nonmonochromatized AlKa X-ray source (hn� 1486.6 eV) was operated at
12.5 kVand 16 mA. Before data acquisition, the membranes were degassed
for 3 h at 298 K under a pressure of about 1.0� 10ÿ9 Torr to minimize the
surface contamination.
The samples for UV spectra were prepared by coating 1 wt % AgBF4 ± CA
solution in THF onto a 25� 3 mm quartz window. The coated quartz
window was vacuum-dried for 2 h at room temperature. UV spectra were
taken on a Scinco UV S-2100 spectrophotometer using the gas cell
equipped with two 25� 3 mm quartz windows.

Separation measurements were performed with the dense membranes
placed in a stainless steel separation module with an olefin/paraffin (50/50)
mixture gas as described elsewhere.[20] The flow rates of mixed gas and
sweep gas (helium) were controlled by using mass flow controllers. The
total feed pressure of mixed gas was set at 1.4 atm by back pressure
regulators. Average fluxes of ethylene/ethane and of propylene/propane
through the membranes at the molar ratio of AgBF4/CA� 4:1 were 1.6�
10ÿ5 and 1.2� 10ÿ5 cm3cmÿ2sÿ1cmHgÿ1, respectively at room temperature.
The permeated gas was analyzed by using a Gaw-Mac gas chromatograph
equipped with a TCD and unibead 2S 60/80 column.
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