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Abstract: The reduction behavior of silver ions to silver nanoparticles is an important topic in polymer/silver salt
complex membranes to facilitate olefin transport, as this has a significant effect on the long-term performance sta-
bility of the membrane. In this study, the effects of the solvent type on the formation of silver nanoparticles, as well
as the long-term membrane performance of a solid polymer/silver salt complex membrane were investigated. These
effects were assessed for solid complexes of poly(N-vinyl pyrrolidone) (PVP)/AgBF,, using either an ionic liquid
(IL), acetonitrile (ACN) or water as the solvent for the membrane preparation. The membrane performance test
showed that long-term stability was strongly dependent on the solvent type, which increased in the following order:
IL > ACN >> water. The formation of silver nanoparticles was more favorable with the solvent type in the reverse
order, as supported by UV-visible spectroscopy. The poor stability of the PVP/AgBF, membrane when water was
used as the solvent might have been due to the small amount of water present in the silver-polymer complex mem-
branes actively participating in the reduction reaction of the silver ions into silver nanoparticles. Conversely, the
higher stability of the PVP/AgBF, membrane when an 1L was used as the solvent was attributable to the cooperative
coordination of silver ions with the IL, as well as with the polymer matrix, as confirmed by FTIR spectroscopy.
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Introduction

Ionic liquids (ILs) are molten salts that are fluidic over a
wide temperature range, with higher viscosities (107 to 10°
Pa s) than either aqueous ( < 10 Pa s) or organic (~6 X 10~
Pa s) electrolytes at room temperature. Their potential recy-
clability, solvating ability of a variety of materials, and neg-
ligible vapor pressure are some of their unique attributes.
Thus, ionic liquids have recently been targeted as environ-
mentally benign solvent substitutes for conventional volatile
solvents in a variety of applications such as chemical syn-
thesis,' extractions,™ dissolution,* polymerization® and cata-
lysis.® Quite recently we also found a new, effective applica-
tion of ILs in facilitated olefin transport membranes by con-
trolling the strength of the ionic interactions of the silver
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cations and its counter anion (NO5') in polymer/silver salt
complexes.” AgNO; has not been effectively used for the
polymer/silver salt complexes or silver polymer electrolyte
membranes in the separation of propylene/propane mixtures
because of its high lattice energy. We reported on the suc-
cessful use of IL in controlling the interaction between Ag”
and NOjy, thus making Ag"™ more active in silver-olefin
complexation and consequently, more active in facilitated
olefin transport. The propylene permeance increased from
0.1 t0 5.5 GPU (1 GPU =1 X 10 ¢cm® (STP)/cm’ s cmHg)
and the mixed gas selectivity of propylene over propane
increased from 1.0 to 32.0.

The facilitated olefin transport membranes consisted of a
polymer with functional groups and silver ions capable of
reversibly reacting with olefin molecules.® Silver polymer
electrolyte membranes consisting of AgBF, or AgCF;S0;,
dissolved in either poly(2-ethyl-2-oxazoline) (POZ), poly
(N-vinyl pyrrolidone) (PVP) or poly(ethylene oxide) (PEO)
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showed that the mixed gas selectivity of propylene over pro-
pane reached 45 and the mixed gas permeance approached
12 GPU A2

Maintaining a stable separation performance over time
through membranes is critical for applications. Unfortunately,
a gradual decrease in separation performance over time
through silver polymer electrolyte membranes has frequently
been observed," primarily because of a loss of carrier activity
by the reduction of silver ions to metallic silver. This reduc-
tion originates from the fact that the polymer matrices, such
as POZ, PVP or PEO, play a role as a reducing agent for
silver ions.'*'* Isabel and Luis explained that N,N-dimethyI-
formamide (DMF) in water causes the silver ions to be
reduced as follows: ¢ ‘

HCON(CH,), + 2Ag" +H,0 <> 2Ag° + (IL,C),NCOOH + 2H"

Because the structure of PVP, which has amide groups, is
similar to DMF, a similar reduction behavior is expected in
the presence of water. It has been also reported that alcohols
participate in the reduction reaction of silver ions."” There-
fore, the use of alternative solvents other than water or alco-
hols is desirable.

It is known that AgBF, is most active in olefin-complex-
ation and thus frequently used as an olefin carrier for facili-
tated transport. But it is readily reduced to metallic silver
and loses its carrier activity, resulting in a rapid deteriora-
tion in the separation performance with time. Therefore, it is
highly desirable to prolong the separation performance when
AgBF, is used for silver polymer electrolytes.

In this paper, we introduced an IL and acetonitrile (ACN)
as alternative solvents to prepare silver polymer electrolyte
membranes to prolong the separation performance of propy-
lene/propane mixtures over time.

Experimental

Silver tetrafluoroborate (AgBF,, 99%), poly(N-vinyl pyr-
rolidone) (PVP, M,=1.3 X 10® g/mol) were purchased from
Aldrich Chemical Co. The ionic liquid, 1-butyl-3-meth-
ylimidazolium nitrate (BMIM'NO;) was purchased from
C-TRI Co. All the chemicals were used as received. 0.05 g
of PVP was dissolved in 0.95 g of ionic liquid. The (PVP in
IL)/AgBF, membranes were prepared by dissolving AgBF,
in the ionic liquid solution containing 5 wt% PVP. (PVP in
ACN)/AgBF, membranes were prepared by dissolving
0.39 g of AgBF, in a solution consisting of 0.2 g PVP and
0.8 g ACN. The (PVP in water)/AgBF, membrane was pre-
pared by dissolving 0.39 g of AgBF, in a solution consisting
of 0.2g PVP and 0.8 g water. The solutions were then
coated onto the polysulfone microporous membrane sup-
port (Seahan Industries Inc., Seoul, Korea) using an RK
Control Coater (Model 101, Control Coater RK Print-Coat
instruments LTD, UK). The water and ACN were evapo-
rated in a light-protected convection oven at room tempera-
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ture under a stream of nitrogen, and then the membranes
were dried completely in a vacuum oven for two days at
room temperature. It should be noted that the IL is hardly
volatile and is mostly present in the membranes of (PVP in
IL)/AgBF,. Permeation tests were performed in a stainless
steel separation module as described elsewhere* The gas
flow rates, represented by gas permeance, were determined
using mass flow controllers (MFC). The unit of the gas per-
meance is GPU, where 1 GPU =1 X 10" cm® (STP)/(cm? s
cmHg). Mixed gas (50:50 vol% of propylene:propane mix-
ture) separation properties of the membranes were evalu-
ated by gas chromatography (Hewlett Packard) equipped
with a TCD and a unibead 2S 60/80 packed column.
Infrared measurements were performed on a Perkin-
Elmer FTIR spectrometer; 64-200 scans were signal-aver-
aged at a resolution of 4 cm™. For UV-visible spectroscopy,
solutions of PVP/AgBF, with the same polymer concentra-
tion in a solvent of 0.5 wt% were dropped and spread on
each quartz window by spin-coating. The quartz windows
were dried under a nitrogen atmosphere for 2h at room
temperature and further dried in a vacuum oven for 2 days.
UV-visible spectra were measured with spectrophotometer
(Hewlett-Packard) over a range of 190 to 900 nm.

Results and Discussion

Separation Performance with Time. Figure 1 shows
membrane selectivities with respect to propylene/propane
of the (PVP in water)/AgBF,, (PVP in ACN)/AgBF, and
(PVP in IL)Y/AgBF, membranes as a function of time. The
molar ratio of silver ions to the monomeric units of PVP
was fixed at 1:1 or [C=0]:[Ag]=1:1. Both (PVP in water)/
AgBF, and the (PVP in ACN)/AgBF, membranes showed
an injtial selectivity of about 40 and an initial permeance of
about 12 GPU. On the other hand, the (PVP in IL)/AgBF,
membrane showed a selectivity of 7.2 and a permeance of
3.6 GPU.

The relatively poor separation performances of the (PVP
in IL)/AgBF, membrane are explained as follows. First, the
concentration of silver ions in the (PVP in ILYAgBF, mem-
brane was much lower than the other two even at the same
[C=01]:[Ag]=1:1 because the IL was scarcely volatile and
thus mostly (~95 wt% in the total membrane) remained in
the membranes. In other words, the carrier concentration
was low compared to the others, resulting in a poor separa-
tion performance. Secondly, the propylene or propane solu-
bilities may be much lower in the (PVP in IL)Y/AgBF,
membrane than the others because of the presence of the
ionic liquid which is rather polar in nature. Thirdly, the
(PVP in IL)/AgBF, membrane was much thicker than the
other two membranes, resulting in low permeance.

As the time for the separation experiments increased, the
(PVP in water)/AgBF, membrane showed a rapid decrease
in separation performance with respect to time as shown in
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Figure 1(a). The (PVP in ACN)/AgBF, membrane showed
a rather stable separation performance up to 100 h, after
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Figure 1. Separation performance: mixed-gas selectivity of (a)
1:1 (PVP in water)/AgBF,, (b) 1:1 (PVP in ACN)Y/AgBF,, and (c)
1:1 (PVP in IL)Y/AgBF, membranes with time (40 psig and 20°C).

Macromol. Res., Vol. 15, No. 2, 2007

which a deterioration of the separation performance was
gradually observed (Figure 1(b)). On the other hand, selec-
tivity and permeance of the (PVP in IL)/AgBF, membrane
were nearly constant for the duration of the experiment, up
to 160 h (Figure 1(c)), implying that the activity of silver
ions as olefin carriers is very stable. A detailed mechanism
of the improvement in the separation performance with time
in the (PVP in IL)/AgBF, membrane will be discussed below.

Interactions of Silver Ions with IL and PVP. The inter-
actions of silver cations with the ionic liquid and PVP were
investigated by FTIR spectroscopy. Figure 2 shows the
FTIR spectra recorded between 4000 and 3000 cm™ for the
(PVP in water)/AgBF, and the (PVP in ACN)/AgBF, mem-
branes. The broad band at around 3500 cm™ associated with
OH groups indicates the presence of water for the (PVP in
water)/AgBF, a with negligible amount of water for the
(PVP in ACN)/AgBF, membranes. The (PVP in water)/
AgBF, retained the OH band even after vacuum conditions
(107 Torr at room temperature) for 3 days. Since the retained
water plays a key role as a reducing agent for silver ions,"®
the (PVP in water)/AgBF, membrane showed much poorer
stability regarding separation than the (PVP in ACN)/
AgBF, membrane.

To elucidate a mechanism for the more stable separation
performance for the (PVP in IL)/AgBF, membrane, the
FTIR spectra of the [L (BMIM*NO;), neat PVP, and (PVP
in IL) containing various molar ratios of the silver salt are
shown in Figure 3. The peak centered at approximately
1670 cm™ was ascribed to the carbonyl (C=0) stretching
vibration of the neat PVP. The decrease of the carbonyl
peak intensity at 1670 cm™ with the concomitant increase at
1636 cm™ of the (PVP in IL)/silver salt complex demon-
strated a specific interaction between the carbonyl oxygen
of the PVP and silver cations. At the same time, the free
NO; peak at 1360 cm™ shifted to 1288 cm™ upon forming a

1:1 (PVP in HoO)/AgBF 4
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Figure 2. FTIR spectra of 1:1 (PVP in water)/AgBF, and 1:1
(PVP in ACN)/AgBF, in the range between 4000 and 3000 cm'™.
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Figure 3. FTIR spectra of ionic liquid (BMIM'NO;’), neat PVP,
(PVP in IL) and (PVP in IL)/AgBF, complexes with different
mole ratios of the monomeric unit of PVP to silver ion.

NO; complex with silver cations,'® as shown in Figure 3(b).
Note that the NO;™ peak shape of the IL does not change
upon mixing with PVP, suggesting that no significant inter-
action between the IL and PVP occurs. Therefore, it could
be said that the silver ions are coordinated by both the car-
bonyl oxygens of the PVP and the NO; of the ionic liquid.
The peak shift of the carbonyl group in PVP was com-
pared in three systems, i.e. (PVP in water)/AgBF,, (PVP in
ACN)/AgBF, and (PVP in ILYAgBF, complexes, as shown
in Figure 4. This figure shows that the free carbonyl peak at
1670 cm™ shifted to 1620 cm™ for both (PVP in water)/
AgBF, and (PVP in ACN)/AgBF, while it shifted to
1636 cm™ for the (PVP in IL)Y/AgBF, complex. The degree
of the peak shifting was much larger for the (PVP in water)/
AgBF, and (PVP in ACN)/AgBF, than that for the (PVP in
IL)YAgBE, complex, suggesting that the interaction of the
silver cation with the carbonyl oxygens was stronger than
that with the IL. In addition, the weak interaction between
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Figure 4. FTIR spectra of 1:1 (PVP in water)/AgBF,, 1:1 (PVP
in ACN)/AgBF, and 1:1 (PVP in IL)/AgBF, complexes.

the silver cation with the IL associated with the small carbo-
nyl peak shift suggests that the charge density of the silver
cations would be lower for the (PVP in IL)/AgBF, complex
compared to those for the (PVP in water)/AgBF, and (PVP
in ACN)/AgBF,. This may also suggest a low olefin carrier
activity for the latter and consequently, a smaller facilitated
transport. This could also contribute a poor separation per-
formance for the (PVP in IL)/AgBF, membrane. Therefore,
it could be concluded that silver ions were additionally
coordinated with the ionic liquid together with the carbonyl
group of the PVP.

Reduction of Silver Ions to Metallic Silver. UV-Visible
spectroscopy has been employed to investigate the reduction
of silver cations to metallic silver. This is because UV-visible
spectra are known to be quite sensitive to the formation of
metallic silver nanoparticles. Figure 5 compares the absorp-
tion spectra for the (PVP in water)/AgBF,, (PVP in ACN)/
AgBF, and (PVP in IL)/AgBF, complexes with varied UV
irradiation time. UV irradiation was carried out in order to
accelerate the reduction reaction of the silver ions to metallic
silver, and thus to investigate the formation kinetics of silver
nanoparticles in polymer/silver salt complexes. For UV irra-
diation, a Spectrolinker (Spectronics Corporation, model:
XL-1000 UV Crosslinker, U.S.) was used and the irradiation
intensity was 4,000 £W/cm?. A broad absorption maximum
at around 420 nm is attributed to the surface plasmon exci-
tation when silver nanoparticles are formed.” It is generally
accepted that the height of the surface plasmon peak is asso-
ciated with the amount of the silver nanoparticles.” The
intensity of the plasmon peak in the (PVP in water)/AgBF,
complex increased with increasing UV-irradiation time due
to the formation of silver nanoparticles. The intensities are
much smaller in the (PVP in IL)/AgBF, complex than those
in the (PVP in ACN)/AgBF, and (PVP in IL)/AgBF, com-
plex at any given time, indicating that the former has a
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Figure 5. The UV-visible spectra of (a) 1:1 (PVP in water)/

AgBEF,, (b) 1:1 (PVP in ACNYAgBF,, and (¢) 1:1 (PVP in IL)Y/
AgBF, membrane with varying UV irradiation time.

higher concentration of silver nanoparticles than the latter
two. Furthermore, it was observed that the formation of sil-
ver nanoparticles was retarded or completely inhibited in
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the presence of IL, compared to the presence of water and
ACN, which is in consistent with the much prolonged sepa-
ration performance that was observed over time.

Conclusions

The ionic liquid prolongs the separation performance of
olefin/paraffin mixtures over time, but shows a rather poor
separation performance compared to acetonitrile and water.
The poor separation performance may be attributable to
several factors: (1) less positively charged silver ions due to
the rather weak interactions between the silver ions and the
ionic liquid, (2) a low concentration of the silver cation ole-
fin carrier, and (3) a longer effective thickness associated
with the presence of a nonvolatile ionic liquid. More impor-
tantly, it is expected that the silver ions coordinated by the
IL are more stable than those coordinated by carbonyl oxygen
as confirmed by FTIR spectroscopy. Conclusively, the ionic
liquid may play an important role in prohibiting the reduction
reaction of silver cations to metallic silver and consequently
in improving stable separation performance over time.

The effect of solvent, i.e. IL, ACN and water, was investi-
gated with respect to the long-term stability of the polymer/
silver salt complex membranes together with a correlation
with the reduction behavior of silver ions to silver nanopar-
ticles. It was found that the 1:1 (PVP in ACN)/AgBF,and 1:1
(PVP in IL)/AgBF, complex membranes were more stable
with time in the separation of propylene/propane mixtures
than the 1:1 (PVP in water)/AgBF, complex membrane. It
is believed that the deterioration of the long-term stability in
the (PVP in water)/AgBF, membrane over time is attributable
to the role of the trace water that remains in the membranes
as a reducing agent. Furthermore, the higher stability of the
1:1 (PVP in IL)/AgBF, complex membranes could be ex-
plained by the fact that the silver ions coordinated with the IL
are more stable than those coordinated with carbonyl oxygen
as confirmed by FTIR spectroscopy. Therefore we succeeded
in preparing a long-term stable membrane for olefin/paraffin
separation by using an ionic liquid as an alternative solvent.
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