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Composites of poly(vinyl pyrrolidone) and polarized Ag nanoparticles for CO, separation
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Abstract—A poly(vinyl pyrrolidone) (PVP)/Ag nanoparticles (AgNPs)/7,7,8,8-Tetracyanoquinodimethane (TCNQ)/
dioctyl phthalate (DOP) composite membrane using positively charged silver nanoparticles was prepared for CO, sepa-
ration. Positively polarized silver nanoparticles were generated by TCNQ, known as an electron acceptor for CO, car-
rier. In the separation of CO, and N,, the composite membrane consisting of PVP/AgNPs/TCNQ/DOP showed that
only polar CO, could be selectively separated by a reversible reaction with the positively polarized silver nanoparticles.
Furthermore, the addition of DOP as a plasticizer enhanced gas permeance through the glassy PVP, and the CO,/N,
selectivity performance reached 103.8. The PVP/AgNPs/TCNQ/DOP composite membranes were characterized by FT-
IR spectroscopy, X-ray photoelectron spectroscopy, thermogravimetric analysis, and scanning electron microscopy.
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INTRODUCTION

Global warming, mainly induced by greenhouse gases, is a seri-
ous problem that causes environmental issues such as climate change,
a rise in the average sea level, and ozone depletion [1-3]. Increas-
ing greenhouse gas emissions from many sources are accelerating
global warming. In particular, the combustion of fossil fuels, which
has the greatest impact on global warming, is raising the concen-
tration of greenhouse gases in the atmosphere, even though new
and renewable forms of energy are taking their place [4]. Above
all, CO, is the major contributor to greenhouse gases, accounting
for about 80% of their total content in the atmosphere and having
an enormous effect on global warming [5].

For these reasons, it is of great importance to reduce greenhouse
gases in the atmosphere, particularly CO,, through carbon capture
and storage (CCS) techniques to sustain human life and reverse
global warming. Many studies have found that when CCS is applied
to post-combustion CO, reduction, more than 90% of the CO, can
be reduced, and research is being conducted in various fields [6,7].
Zhao et al. [8] reported porous activated carbon for CO, capture
from sugarcane bagasse owing to concerns regarding solid CO, cost.
In this study, porous activated carbon was activated by using acti-
vating agents such as air, NaOH, H,PO,, and CO,, showing a high
CO, adsorption performance of 428 mmol CO,/g at 25°C and 1 bar,
particularly NaOH-activated carbon (CAC-S). Furthermore, CCS
technology using an electric field was recently studied. Wang et al.
[9] reported the use of a penta-graphene (PG) nanosheet to adsorb
and separate CO, by applying an electric field. They argued that
electrically activated PG nanosheets can chemically interact with
CO,, but not H, or CH,, owing to the strong binding energy of PG
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nanosheets. This study implied that CO, capture and separation can
be controlled by turning on and off the electric field.

Among numerous CO, permeation technologies, including ad-
sorption, absorption, cryogenic distillation, and chemical looping,
technology that applies a separation membrane using a thin selec-
tive film to allow the permeation of a specific gas is attracting atten-
tion for its advantages [10-13]. Membrane technology for CO,
separation has the advantages of energy savings, low cost, and easy
operation, which can lead to its commercial use. Gas separation
using a separation membrane is determined by the relative velocity
difference of each gas passing through the separation membrane,
which follows the solution-diffusion process and Fickian law [14].
Membranes can be classified according to their many structural dif-
ferences. In the case of CO, separation membranes, dense mem-
branes composed of substances that selectively react with CO, are
widely used [15]. CO, has properties that are physically and chemi-
cally different from gases such as N, and CH, and can be separated
by selective reactions.

In recent years, metal organic frameworks (MOFs) in mem-
branes have attracted attention as a promising method for CO,
adsorption with high porosity, wide reaction range, and pore size
control [16-18]. Jin et al. [19] introduced a novel metal organic
framework, MOF-81, which was incorporated in a polyester-block-
amide (PEBA) polymer formed on a porous substrate via a spin-
ning-coating method. MOF-81 has a fast and selective transport
channel for CO, over N, because of its smaller kinetic diameter.
The MOF-801/PEBA mixed matrix membrane (MMM) showed
high performance, showing 224 GPU of CO, permeance and a
CO,/N, selectivity of 66. Furthermore, research on covalent organic
frameworks (COF) is underway [20,21]. COF is composed of light
elements and is receiving growing attention owing to its unique
pore size, structural diversity, and functionalized wall, leading to
CO, separation performance. Zhang et al. [22] reported a COF-5
nanosheet by a sonochemical method and fabricated MMM dis-
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persed in PEBAX-1657 polymer. The COF-5/PEBAX-1657 MMM
showed a selectivity of 49.3 and 493 Barrer for CO,/N, separation
due to the expansion effect.

To overcome these shortcomings and improve membrane per-
formance, further research is being carried out [23-26]. Our lab has
been studying CO,/N, separation using various nanoparticles in
ionic liquids [27-30]. In a previous study, a liquid-state membrane
containing CdO nanoparticles was prepared [28]. For the 1-butyl-
3-methyl imidazolium tetrafluoroborate/CdO/1-aminopyridinium
iodide membrane, the CO, permeance was 22.6 GPU and its selec-
tivity was 64.6. Furthermore, to compensate for the shortcomings
of the liquid state membrane, since its performance deteriorates as
it soaks the polymer over time, a poly(ethylene oxide) (PEO) poly-
mer membrane was prepared to which ZnO nanoparticles and ionic
liquid were added for CO,/N, separation [29]. The PEO/1-butyl-
3-methyl imidazolium tetrafluoroborate (BMIM'BF4~)/ZnO nano-
composite membrane showed a CO, permeance of 35.7 GPU and
a selectivity of 29.7. These results indicate that the oxide of metal
nanoparticles interacts well with CO,, and nanoparticles function
as a barrier to N,.

Herein, we introduce a new concept to CO, separation research
using partially positively polarized silver nanoparticles. We fabri-
cated a PVP nanocomposite polymer membrane capable of sepa-
rating CO, through facilitated transport, which is one of the pro-
spective technologies for separation membranes because of its abil-
ity to increase both selectivity and permeability by way of a carrier
that only reacts with a specific substance. Silver nanoparticles par-
tially polarized by the electron acceptor are used as carriers and
will interact only with polar CO, to selectively allow CO, to per-
meate in CO,/N, gas mixtures [31]. In addition, to overcome the
limitations of PVP, which has very low gas permeability owing to
its glassy property, DOP was added to increase the flexibility of the
polymer. Consequently, it was expected that polar CO, would pass
through the plasticized polymer and be separated due to the pres-
ence of silver nanoparticles.

MATERIALS AND METHODS

1. Materials

Poly(vinyl pyrrolidone) (PVP, M,, 360,000), silver tetrafluorobo-
rate (AgBF,, 98.0%), and 7,7,8,8-tetracyanoquinodimethane (TCNQ,
98.0%) were purchased from Tokyo Chemical Industry Co. Dioc-
tyl phthalate (DOP, 99.5%) was purchased from Aldrich Chemi-
cal Co. Ethyl alcohol was purchased from Samchun Chemicals.
All chemicals were used as received.
2. Membrane Preparation

PVP/AgBF,/TCNQ/DOP composite membranes were prepared
by adding AgBF, and TCNQ to a 3 wt% PVP solution in 94.5% eth-
anol. The solution was stirred at 80 °C for 10 days until a brown-

ish yellow color was observed, indicating that silver nanoparticles
were properly formed. Then, DOP was added as a plasticizer to
the mixed solution. The molar ratio of PVP/AgBF,/TNCQ was
1:1:0.01, and the weight ratio of DOP to PVP was fixed at 0.03.
To reach an appropriate concentration and viscosity, the solution
was heated at 130 °C to evaporate solvent. For the fabrication of
the separative membrane, the concentrated solution was coated on
a macroporous polysulfone support (Toray Chemical Korea Inc.)
using an RK Control Coater (Model K202, Control Coater RK
Print-Coat Instruments Ltd., UK). The coated membrane was dried
at room temperature for 2 h and used immediately to measure the
gas permeation performance.
3. Characterization

Scanning electron microscopy (SEM) images were collected using
a JEOL JSM-5600LV. The weight loss of the composite was meas-
ured using thermogravimetric analysis (TGA, TGA Q50, TA In-
struments) under N, flow. The IR data were obtained using a VER-
TEX 70 FI-IR spectrometer; 16 scans were signal-averaged with a
resolution of 8 cm™. The XPS data were acquired using a PHI 5000
Versa Probe (Ulvac-PHI, Japan).
4. Gas Separation Experiments

All tests for gas permeation were performed by measuring the
permeance of CO, and N, single gases with a bubble meter with the
pressure fixed at 2bar. The unit of gas permeance is GPU (1 GPU=
1x10° cm’ (STP)/(cm’ s cmHg)).

RESULTS AND DISCUSSION

1. Gas Separation

The performance of the membrane into which the polarized sil-
ver nanoparticles were introduced was measured by the permeation
of carbon dioxide and nitrogen. All measurements were carried
out at room temperature. Table 1 shows selectivity and CO, per-
meance of neat PVP, PVP/AgNPs/TCNQ and PVP/AgNPs/TCNQ/
DOP composite membrane. These membranes show a selectivity
of 103 and a permeance of 1.03 GPU for CO, and no measurable
permeance for N,, which was calculated as 0.01 GPU for selectiv-
ity. This low permeability can be explained by the glassy nature of
PVP. However, gas transport was accelerated by the increased free
volume in the plasticized regions by DOP even though the amount
of added DOP was small. DOP was added as a plasticizer to im-
prove the low permeability of the PVP-based membrane. As shown
in Table 1, permeance of neat PVP and PVP/AgNPs/TCNQ was
not measurable and as DOP was incorporated, the permeance for
CO, increased to 1.0 GPU. The permeance of N, and CO, can be
explained as follows: polar CO, gases with high quadrupole moment
values can be selectively transported by way of the silver nanopar-
ticles positively polarized by TNCQ as a carrier, while non-polar N,
molecules cannot permeate. In addition, CO, permeability is ob-

Table 1. Selectivity and CO, permeance of PVP/AgNPs/TCNQ/DOP composite membrane

Selectivity (CO,/N,)

CO, permeance (GPU)

Neat PVP [32]
PVP/AgNPs/TCNQ
PVP/AgNPs/TCNQ/DOP

Not measurable
Not measurable
103 1.0

Not measurable
Not measurable
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Fig. 1. Cross-sectional SEM image of PVP/AgNPs/TCNQ/DOP com-
posite membrane on polysulfone microporous support.

served because the interaction between CO, and silver nanoparti-
cles is a sufficiently weak interaction under pressure.
2. Scanning Electron Microscopy (SEM) Images of Composite
Membranes

SEM images were obtained to confirm the thickness of the com-
posite membrane coated on the polysulfone microporous mem-
brane. As shown in Fig. 1, the polysulfone microporous membrane
has a sponge-like structure capable of effectively allowing the per-
meation of gases such as CO, and N,, and the composite mem-
brane coated layer is observed to be 6.3 um thick. In addition,
considering that the thickness of the selective layer is uniform, the
solution was evenly dispersed onto the support.
3. FT-IR Spectroscopy

FT-IR spectroscopy was used to investigate the interaction be-
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Fig. 2. FT-IR spectra of neat PVP, PVP/Ag nanoparticle/TCNQ,
PVP/Ag nanoparticle/TCNQ/DOP and DOP.

tween silver nanoparticles, DOP, and the polymer through the car-
bonyl group peak. First, as shown in Fig. 2, it was confirmed that
the carbonyl peak of neat PVP occurs at 1,712 cm™'. When silver
nanoparticles with TCNQ were added to neat PVE, the peak shifted
slightly to 1,714 cm™". This result means that, as silver nanoparticles
were incorporated into the brittle PVP polymer for strong dipole
attraction between the chains, the distance between the chains in
the polymer increased and the bond strength of the carbonyl group
recovered. On the other hand, when DOP was added, the car-
bonyl peak slightly shifted to the left, indicating that the strength
of the carbonyl bond was weakened. This result implies that the
interaction between the carbonyl group of PVP and AgNPs be-
comes stronger as the polymer chain becomes more flexible due
to the plasticizing effect of DOP.
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Fig. 3. Deconvolution of the carbonyl peak of FT-IR spectra: (a) neat PVP, (b) PVP/Ag nanoparticle/TCNQ, and (c) PVP/Ag nanoparticle/

TCNQ/DOP composite membranes.

Table 2. Deconvoluted % data of (a) neat PVP, (b) PVP/Ag nanoparticle/TCNQ, and (c) PVP/Ag nanoparticle/TCNQ/DOP composite mem-

branes
1,702.3-1,703.2 cm™ 1,714.2-1,716.1 cm™
Neat PVP 47.7% 52.6%
PVP/AgNPs/TCNQ 41.2% 58.8%
PVP/AgNPs/TCNQ/DOP 48.6% 51.4%
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Table 3. Binding energy of silver atoms with TCNQ in composite

membrane
Ag dsp, Ag dsp,
PVP/AgNPs/TCNQ/DOP 368.56 374.56
Neat AgNPs[31] 368.26 374.26

Fig. 3 and Table 2 show deconvolution data for Fig. 2. As AgNPs
were added, the carbonyl peak shifted to the right, and as DOP was
added, it can be confirmed that the carbonyl peaks shifted to the
left. In the spectrum for the composite film to which DOP was
added, a peak for DOP was not observed since its content was
small.

4. X-ray Photoelectron Spectroscopy (XPS)

The electron density on the surface of the Ag NPs positively
polarized by TCNQ was determined by measuring the binding
energy of Ag NPs through X-ray photoelectron spectroscopy. When
TCNQ is attached to the AgNP surface, the interfacial dipole is
induced to shift the local vacuum energy level. Therefore, the pos-
itive transfer of vacuum energy of AgNPs is expected and, as a
result, the work function increases [31]. In this study, the binding
energy of Ag NPs with both TCNQ and DOP was 368.56 eV for
Ag 3d;), and 374.56 eV for Ag 3d,,. Compared with the previous
study [31], as shown in Table 3 and Fig. 4, it is confirmed that the
binding energy when TCNQ is attached to the surface of AgNPs
is higher than that of neat AgNPs, at 368.26 eV and 374.26 eV for
Ag 3ds;, and Ag 3d,,, respectively. These values indicate that TCNQ,
which acts as an electron acceptor, adheres to the surface of the
AgNPs and successfully generates a positive charge on the surface
of the AgNPs. The positively charged AgNPs as a carrier can inter-
act selectively with CO,, which is more polar than N,, thereby ef-
fectively transporting CO,.

5. Thermogravimetric Analysis (TGA)

Neat PVE, PVP/AgNPs/TCNQ, and PVP/AgNPs/TCNQ/DOP
were measured by TGA to investigate their thermal stability. Fig. 5
shows the weight loss from room temperature to 800 °C. In all mea-
surements, the weight loss at 18-80 °C is attributed to decomposi-
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Fig. 4. Binding energy of silver atoms in PVP/AgNPs/TCNQ/DOP
composite membranes.

tion of oligomers and low molecular weight polymers. The weight
loss at 320-400 °C is due to the decomposition of PVP. The remain-
ing weight loss at 150-300 °C is generated by an increase in the free
volume as the silver nanoparticles are incorporated into the poly-
mer chains, and thus the intermolecular attraction between the
polymer chains decreases. This poor stability can be attributed to
the fact that AgNPs are well dispersed in various positions and
crosslinking does not occur. In the graph for PVP/AgNPs/TCNQ/
DOP  a faster weight loss is observed than for those without DOP,
which is attributable to the increased free volume due to the plasti-
cization effect of DOP. These plasticizing effects are expected to
accelerate gas transport through the glassy membrane.

CONCLUSION
We separated CO, from a CO,/N, gas mixture with a facilitated

transport membrane using silver nanoparticles. The composite
films were characterized by IR, TGA, XPS, and SEM. The separa-
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Fig. 5. TGA data of (a) neat PVP, PVP/Ag nanoparticle/ TCNQ, and PVP/Ag nanoparticle/ TCNQ/DOP composite membranes and (b) mag-

nification of (a).
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Scheme 1. CO, separation process in PVP/AgNPs/TCNQ/DOP composite membranes.

tion performance completely blocked the permeation of N, mole-
cules and showed a selectivity of 103.8 for CO,, as shown in
Scheme 1. The blocking of N, transport was due to the glassy charac-
teristics of PVP, and the permeation of CO, can be explained by
facilitated transport, promoted by positively polarized silver nano-
particles as carriers of polar CO,. Silver nanoparticles were posi-
tively polarized by TCNQ, which increased the binding energy
compared to that of the neat silver nanoparticles. It was confirmed
that the polarized silver nanoparticles could interact reversibly with
CO, molecules. In addition, DOP was used as a plasticizer, and
the resulting abundant free volume facilitated gas transport. This is
the first study using polarized silver nanoparticles to show high
selectivity for facilitated CO, transport.
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