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ABSTRACT: Novel nanoparticle organic hybrid materials (NOHMs), which are comprised of organic oligomers or polymers
tethered to an inorganic nanosized cores of various sizes, have been synthesized, and their solvating property for CO, was
investigated using attenuated total reflectance (ATR) Fourier transform infrared (FT-IR) spectroscopy. Simultaneous measure-
ments of CO, capture capacity and swelling behaviors of polyetheramine (Jeffamine M-2070) and its corresponding NOHMs
(NOHM-I-PE2070) were reported at temperatures of (298, 308, 323 and 353) K and CO, pressure conditions ranging from (0 to
5.5) MPa. The polymeric canopy, or polymer bound to the nanoparticle surface, showed significantly less swelling behavior with
enhanced or comparable CO, capture capacity compared to pure unbound polyetheramine.

B INTRODUCTION

With the increasing attention to climate debate, the removal of
CO, from a flue-gas stream generated from coal-fired power
plants or other large point sources of anthropogenic CO, has
become an urgent issue. Until now, aqueous solutions of amines
or ammonia have been considered for the postcombustion
capture of CO,."* These conventional solvents exhibit great
CO, capture capacities, while their inherent properties often
provoke the following undesired effects during CO, capture: (i)
the corrosion of the reactor or plant structures, (ii) the loss of the
solvent due to vaporization or degradation, and (iii) the high
parasitic energy consumption during the solvent regeneration
process due to the high water content (70 to 85 wt %).>* Thus,
the development of alternative materials, which possess high
CO, capture capacity, greater oxidative and thermal stability,
lower vapor pressure, and lower energy requirements for regen-
eration, has become necessary.

Recently, organic—inorganic hybrid materials based on the
nanoparticles, called nanoparticle organic hybrid materials
(NOHMs), have been developed.> NOHMs consist of inorganic
nanosized cores and ionically or covalently tethered organic
canopy species (Figure 1). NOHMs can be synthesized in
various forms ranging from glassy solids to solvent-free nano-
particle ionic fluids. Because the polymeric canopy species could
act as a fluid medium, it allows NOHM:s to exhibit liquid-like
behaviors without the agglomeration of the nanoparticles. Un-
ique characteristics of NOHMs such as tuned optical, electrical,
and thermal properties have been reported.” ® Therefore,
NOHMs are expected to be applicable for a wide variety of
technologies in addition to CO, capture, including photovoltaics,
water desalination, and oil exploration.’™ "

To investigate the potential of NOHMs as a CO, capture
medium, this study focused on the CO, solvating ability of
NOHMs based on the following unique structural properties of
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NOHMs: (i) The organic species strongly bound to hard spheres
of nanoparticles can reduce the inherent vapor pressure of
organic materials and elevate the operating temperature by
increasing thermal stability. (ii) The organic canopy species are
densely grafted onto nanoparticles, and they fill the gap between
nanoparticles; thus, the frustration or spontaneous ordering of
canopy chains could occur due to steric and/or entropic effects.
This could result in small gaseous molecules such as CO, being
accommodated favorably by reducing the free energy of the
frustrated canopy. (iii) The addition of task-specific functional
groups such as amines can provide sites for chemical interactions
between the organic canopy and CO, molecules, while the
ordered structure of the canopy chains may provide greater
accessibility to those functional sites. Thus, NOHMs could
exhibit promising CO, capture capacity and selectivity. Recently,
Lin and Park reported that NOHM:s exhibited relatively good
selectivity for CO, against N, and 0,."* For the optimization of
NOHMs as a CO, capture medium, both entropic and enthalpic
effects of NOHMs should be tuned. In this study, the CO,
capture capacity and swelling behaviors of the synthesized
NOHMs without task-specific functional groups were investi-
gated to isolate the entropic effect, and the results were compared
with those of pure canopy material.

B EXPERIMENTAL SECTION

For the synthesis of NOHMs, colloidal suspensions of silica
with diameters of (7, 12, and 22) nm (Ludox colloidal silica,
Sigma Aldrich (Milwaukee, WI)) were used. The diluted solution
of silica nanoparticles (3 wt %) was added to 3-(trihydroxysilyl)-
1-propane sulfonic acid (6 wt %, Gelest Inc. (Morrisville, PA)),
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and then sodium hydroxide (1 M) was added to adjust the pH to
5. The suspension mixture was incubated at 343 K for 12 h with
constant stirring. The excess silane was removed in the dialysis
tubing (3.5k MWCO, Pierce Biotechnology Inc. (Rockford, IL))
for 48 h. To attach polymeric canopy to the surface of the
nanoparticles, a cation exchange column (Dowex HCR-W2,
Dow Chemical Co.) was used to replace sodium ions with protons.
Jeffamine M-2070 (polyetheramine, M,, ~ 2000, Huntsman Co.
(The Woodlands, TX)) was selected as the canopy material.
The diluted solution of Jeffamine M-2070 (10 wt %) was ad-
ded to the functionalized nanoparticle suspension, and the final
product was dried under vacuum at 308 K for at least 36 h
to remove the excess water. Finally NOHMs (denoted as
NOHM-I-PE2070 where I and PE2070 represent the “ionically”
tethered canopy and “Jeffamine M-2070, respectively) with
different core sizes were obtained."> The weight percent of
inorganic cores in NOHM-I-PE2070 was measured by using a
thermogravimetric analyzer (QS0, TA Instruments Inc. (New
Castle, DE)) and found to be ~15 wt % for all prepared NOHMs
samples.

A Fourier-transform infrared (FT-IR) spectrometer (Nicolet
6700, Thermo Fisher Scientific Inc. (Madison, WI)) equipped
with a deuterated triglycine sulfate (DTGS) detector was used to
measure the CO, capture capacity and swelling behaviors of
NOHM-I-PE2070. All spectra were obtained from the acquisi-
tion of 32 scans, the resolution of 2 cm ™', and the spectrum range

Figure 1. Schematic diagram of ionically tethered NOHMs with a
polymeric canopy.

of 4000 cm ™' to 525 cm ™. The interferograms were multiplied
by the Norton—Beer “medium” apodization function prior to the
Fourier transformation. To measure the CO, capture capacity
and swelling behavior simultaneously, an attenuated total reflec-
tance (ATR) accessory with high-pressure cell (Golden Gate
Supercritical Fluids analyzer, Specac Inc. (Cranston, RI)) was
installed to the FT-IR. The incident angle of the infrared beam
was 43° (£ 1°) and it was focused with zinc selenide (ZnSe)
lenses. In the ATR apparatus, a thin layer of NOHM-I-PE2070
samples was applied to the top of the diamond crystal which is
mounted on the heating plate connected with a PID temperature
controller. Each sample was measured at temperatures of (298,
308, 323 and 353) K. To apply the desired CO, pressure of (0 to
55) MPa, a pressure generator (High Pressure Generators, HiP
Co. (Erie, PA)) was employed. All NOHM-I-PE2070 samples
were in the liquid or liquid-like states above room temperature,
which offered a good contact with the diamond crystal. Each
equilibrium was attained by observing the change in absorbance,
and the typical time spent to reach the equilibrium was less than
10 min. The experimental apparatus is shown in Figure 2.

B RESULTS AND DISCUSSION

It is known that a chemical affinity toward CO, and/or
accessibility of CO, to functional groups in polymeric materials
can significantly affect the CO, capture behavior."> Because
NOHDMs consist of organic canopy species tethered to inorganic
nanoparticles, they can offer an organic—inorganic hybrid matrix
to tune both chemical affinity and accessibility for CO, via
specific intermolecular interactions and unique structural ar-
rangements of canopy species. Therefore, the simultaneous
investigation of swelling behaviors of NOHMs during CO,
loading could provide important information about the structural
behavior of NOHMs and the extent of the entropy effect on the
solvating ability of NOHM:s as well as more rigorous interpreta-
tion of sorption process.

The techniques previously used for the measurement of both
CO, sorption and swelling behavior of polymeric materials
include in situ spectroscopy measurements with visual observa-
tion and gravimetric experiments with barometric methods."*~ 16
In this study, a FT-IR spectrometer coupled with a high pressure

1"

—¥15

\—>

6
13
14 S
Incident
\giation (8) /
T
4

Figure 2. Schematic diagram of in situ CO, capture capacity and swelling measurements apparatus. (1) FT-IR spectrometer, (2) ATR optics and high
pressure fluid cell, (3) gas inlet, (4) gas outlet, (S) PID temperature controller, (6) pressure gauge, (7) vent, (8) pressure generator, (9) CO, reservoir,
(10) data processing computer, (11) enlarged view of ATR cell, (12) sample, (13) diamond crystal, (14) ZnSe lenses, (15) mirrors.
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ATR technique was used to investigate the CO, capture capacity
and swelling behaviors of NOHM-I-PE2070, simultaneously.
The ATR FT-IR approach has been developed by Flichy et al.
for the simultaneous measurements of swelling and CO, sorp-
tion for pure polymers.'” ATR FT-IR spectroscopy is one of the
most promising tools for investigating the thermodynamic and
kinetic properties during the CO, sorption in polymeric matrix in
particularly in high-pressure and high-temperature conditions,
while observing the specific intermolecular interactions between
each functional group.'® The inherent nature of ATR often
provokes peak distortions and/or less accuracy in quantitative
analysis for the CO, sorption system compared to barometric or
gravimetric approaches.'”*® This is due to several assumptions
and uncertainty in calculations. However, ATR can provide an
insight to the understanding of the CO, sorption mechanisms in
polymeric matrix with regards to its structural behavior such as
swelling.

Generally, infrared transparent materials such as ZnSe, ger-
manium, silicon, zinc sulfur, KRS-S (thallium iodide and
chloride), and diamond are used as internal reflection elements
for ATR FT-IR spectroscopy. The internally reflected infrared
radiation at the interface between the transparent crystal material
and the sample specimen creates an evanescent electric field, and
its intensity undergoes an exponential decay as given in the
following equation,

E = Ey-e %%

(1)

where E is the electric field amplitude at a penetration distance
into the sample z, E is the electric field amplitude at the interface,
and d,, is the penetration depth given by

p y)

b 271(ny? sin20 — m,2)"/?

(2)

where 4 is the wavelength of the incident beam, 6 is the incident
angle, and n; and n, are the refractive indices of the ATR crystal
and the sample, respectively. To quantify the CO, capture
capacity from the ATR FT-IR spectra, the volume of the
evanescent wave, also known as the effective path length (d.),
should be given. The effective path length of the evanescent wave
in an ATR measurement can be defined as the equivalent path in
a transmission measurement, developed by Harrick.”' In this
approach, the Beer—Lambert law is modified by replacing d with
d.. The modified Beer—Lambert law which expresses the rela-
tionship among the absorbance (A), absorptivity (¢), concentra-
tion (c), and infrared path length (d.), is written as,

A =¢-cd

(3)

where the d, is the arithmetical mean between the effective path
length for the perpendicular (d.) and the parallel (dg) polariza-
tion. The effective path lengths of the polarization are defined as

i 1121, cos 0 A 4
el — 2 .2 3 20 — ( )
ny ny") JT\/ny” sin 1y
i 1121y cos 0 21,2 sin?0 — ny?
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For the calculation of the CO, capture capacity in NOHM-I-
PE2070 samples, required input data were the refractive index of
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ATR crystal (diamond) = 2.42, the angle of the incidence = 43°,
and the wavelength of asymmetric stretching band of CO, (v3) =
2336 cm ™ ' The absorbance of CO, was quantified by measuring
the intensity of v3 band, while assumin§ its molar absorptivity at
high pressure to be 1.0+ 10° cm*+mol~".** The molar absorptiv-
ity of CO, in the v; band used in this study is for the high-
pressure condition, and thus it gives relatively accurate values of
CO, capture capacity under high-pressure; however, its accuracy
may not be as high in low-pressure measurements.'”** The
refractive index of NOHM-I-PE2070 (np = 1.52) was measured
by using an ellipsometer (a-SE, J.A. Woollam Co., Inc. (Lincoln,
NE)). Finally, the obtained concentrations of CO, were used to
calculate the CO, capture capacity in NOHM-I-PE2070 using
eq 3. To facilitate the comparison between the organic portion of
NOHM:-I-PE2070 and its corresponding pure polymer (Jeffamine
M-2070), the concentration of CO, absorbed in NOHM-I-
PE2070, ¢, was calculated excluding nanoparticle by using the
following equation”

cco, ( . cm73)
gf (6)

(1+°9)

mco, (mmol-g~') =

where p is the density and S is the degree of swelling of NOHM-I-
PE2070. The degree of swelling of NOHM-I-PE2070 is defined by
A° d,

- A dg 1 (7)
where A°, d°, A, and d, are the absorbance and the effective path
lengths without and with CO,, respectively. Both absorbances of
C—0 (~1100 cm™ ') and C—H (~2865 cm ') bands were
selected for the swelling measurements. Because the broad band of
Si—O stretching of the nanoparticle cores (~1057 cm ™ ") overlaps
with C—O band of canopy chains, the swelling ratios obtained via
the integration in the interval from 1200 cm™' to 1000 cm ™'
would more likely represent the volume change of entire NOHM
system including both inorganic and organic parts. On the other
hand, the integration of the absorbance in the interval from
3000 cm™ ' to 2700 cm ™" was performed to represent the swelling
behavior of the polymeric canopy in NOHMs. It was assumed that
the absorptivity was not significantly affected by the concentration
of CO, at different pressures, and thus, the chanzge in the effective
thickness was considered to be negligible.'”**~*>

Figure 3 shows the ATR FT-IR spectra of NOHM-I-PE2070
before and after CO, loading. As CO, was absorbed into the
polymeric canopy of NOHM, significant intensity changes were
observed for each absorption band. Due to the volume change
during CO, absorption, the two characteristic peaks of CO, in
the mid-IR region, asymmetric stretching (v, at 2335 cm ') and
bending mode (v,, ~659 cm '), were increased, while other
absorption bands from the canopy were decreased.

The ATR FT-IR spectra were obtained for temperatures of
(298, 308, 323, and 353) K and the CO, pressure range of (0 to
5.5) MPa, and CO, capture capacities of NOHM-I-PE2070 with
varying sizes of nanoparticles were calculated. Figure 4 presents
CO, capture capacities of unbound Jeffamine M-2070 and bound
Jeffamine M-2070 in NOHMs as a function of CO, pressure
under various temperature conditions. It was observed that the
CO, capture capacity of the polymeric canopy attached to the
nanoparticles increased with increasing CO, pressure for each
isotherm, and as temperature increased the CO, capture capacity
decreased. In all cases, the organic canopy of NOHM-I-PE2070
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Figure 3. ATR FT-IR spectra of NOHM-I-PE2070 before and after

exposure to CO, at 5.5 MPa and 298 K. CO, absorption bands are
marked with asterisks.
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Figure 4. CO, capture capacities of pure polymer (Jeffamine M-2070,
solid symbols) and its corresponding NOHMs (NOHM-I-PE2070 with
7 nm diameter SiO, core, open symbols) as a function of Pco, under
various temperature conditions (@, O, ~298 K; A, A, ~308 K; W, [,
~323 K; 4, 0, ~353 K).

consistently achieved slightly higher or comparable CO, capture
capacities compared to the unbound polymer. Although NOHM-
I-PE2070 investigated in this study were designed without task-
specific functional groups such as amines, it was observed that
ether groups in the polymeric canopy interacted with CO,
through Lewis acid—base interactions.* Therefore, the com-
bined effect of the structural change due to the entropic effect (i.
e., ordering or arrangement of the canopy chains) and the Lewis
acid—base interaction possibly resulted in enhanced CO, cap-
ture capacity in NOHM-I-PE2070. As shown in Figure 4, the
degree of the enhancement in CO, capture using NOHM:s over
pure polymer was not very significant but definitely consistent.
Moreover, it is important to point out that pure polymer has
much lower thermal stability than the canopy tethered to
nanoparticles.'> The enhancement in NOHMs' thermal stability
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Figure 5. CO, capture capacities of NOHM-I-PE2070 with different
SiO, core sizes (O, 7 nm diameter; A, 12 nm diameter; [, 22 nm
diameter) at temperatures of 298 K (solid lines), 323 K (dashed lines),
and 353 K (dotted lines).

along with their improved CO, capture capacity concludes that
NOHMs could have potential benefits as CO, capture medium
compared to pure polymers.

The CO, capture capacity was also measured with varying
sizes of nanoparticles (Figure S); however, no clear relationship
between the CO, capture capacity and the nanoparticle size was
observed among the prepared NOHM-I-PE2070 samples. It is
supposed that a ratio of core diameter (d) and canopy's radius of
gyration (Rg) could be an important structural variable which
may alter the intercanopy interactions or solvating properties for
CO,. The details of these capture mechanisms covering a larger
R,/d value with varying grafting density and steric hindrance will
be subject to future investigations.

Because CO, absorption would induce a volume change in
polymeric material and result in swelling, the investigation of the
swelling behavior of NOHMs could provide insight into their
CO, capture mechanisms. The degree of swelling of NOHM-I-
PE2070 was measured at 298 K with varying sizes of nanopar-
ticles (Table 1). Similar to the case of CO, capture capacity, the
size of nanoparticles did not significantly affect the degree of
swelling during CO, capture. Figure 6 shows the relationship
between the CO, capture capacities and the swelling (%) of the
polymeric canopy of NOHM-I-PE2070, and the results were
compared with that of Jeffamine M-2070. NOHM-I-PE2070
distinctly showed a different swelling pattern from Jeffamine
M-2070. For the same amount of CO, capture, the swelling (%)
of NOHM-I-PE2070 was significantly less than that of the
unbound polymer system. It is speculated that the frustrated
canopy chains in NOHMs would favor the incorporation of CO,
between them, and therefore, NOHMs would require less
swelling to absorb the same amount of CO,.

The maximum wavenumbers of the absorbance of C—O
stretching bands of both unbound Jeffamine M-2070 and bound
canopy showed blue shifts as more CO, was absorbed. Figure 7
presents the patterns of the peak shift of the C—O stretching
band as a function of pco,. Generally this type of increase in
wavenumber occurs when the interaction between the 7polymeric
chains and the surrounding environment decreases.'”*” In this
study, this seems to have happened because, as more CO, was

dx.doi.org/10.1021/je200623b |J. Chem. Eng. Data 2012, 57, 40-45
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Table 1. Swelling Behaviors of the Polymeric Canopy in NOHM-I-PE2070 with Various SiO, Core Sizes and Jeffamine M-2070 at

T/K =298
NOHM-I-PE2070 (7 nm) NOHM-I-PE2070 (12 nm) NOHM-I-PE2070 (22 nm) Jeffamine M-2070
Pco,/MPa S/% Pco,/MPa S/% Pco,/MPa S/% pco,/MPa S/%
0.3 3.56 (+£04) 0.3 294 (+0.1) 0.3 3.12(+0.1) 0.3 3.50(£0.1)
0.7 5.78 (£ 0.42) 0.7 4.79 (£ 0.53) 0.7 4.72(£0.5) 0.7 541(£0.8)
14 9.68 (£0.42) 14 9.09 (£0.79) 14 9.3 (£0.47) 2.1 15.35 (£ 1.35)
2.1 14.16 (£ 0.44) 2.1 13.35 (£ 0.66) 2.1 13.02 (£0.71) 4.1 36.11 (£ 1.7)
2.8 19.08 (£ 0.61) 2.8 18.66 (£ 1.2) 2.8 18.27 (£0.72) 5.5 55.14 (£2.7)
34 24.55 (£ 0.05) 34 24.24 (£ 1.43) 34 23.88 (+0.2)
4.1 30.82 (£0.91) 4.1 30.29 (£ 1.51) 4.1 29.86 (£ 1)
4.8 38.01 (£0.78) 4.8 37.87 (£ 1.52) 4.8 36.66 (£ 1.49)
5.5 46.8 (£0.128) 5.5 45.97 (£2.82) 5.5 45.19 (£ 1.5)
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Figure 6. CO, capture capacities of pure polymer (Jeffamine M-2070,
®) and its corresponding NOHMs (NOHM-I-PE2070 with various
SiO, core sizes) versus the volume increases at 298 K (O, 7 nm diameter;
A, 12 nm diameter; 00, 22 nm diameter).

absorbed, the mobility of each segment of canopy chain was
increased. However, the polymeric canopy of NOHMs exhibited
different shifting patterns compared to pure unbound polymer.
Interestingly, the degree of peak shifts of NOHN-I-PE2070s
C—O stretching band increased abruptly at (2 and 5) MPa CO,
pressures, whereas that of pure polymer exhibited a monotonic
increase over the same CO, pressure range. The peak shifts were
relatively small in each step and uncertainty could exist in the
patterns. However, the consistency in the peak shift patterns
suggests that the frustrated canopies filled the gaps between core
nanoparticles and the structural changes in the NOHMs' canopy
compared to pure polymers allowed for improved accessibility of
CO, to the functional sites in the NOHMs' canopy. The swelling
behavior given in Figure 6 also supports this hypothesis. Future
studies are needed to fully understand this interesting CO,
capture mechanisms in detail.

Bl CONCLUSIONS

In this study, the CO, capture capacities and swelling behaviors
of NOHM s (i.e., NOHM-I-PE2070) were investigated at tempera-
tures of (298, 308, 323, and 353) K and CO, pressures ranging
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Figure 7. Spectral peak shifts of C—O stretching band of pure polymer
(Jeffamine M-2070, @) and its corresponding NOHMs (NOHM-I-
PE2070 with various SiO, core sizes) as a function of Pco, at 298 K
(O, 7 nm diameter; A, 12 nm diameter; [0, 22 nm diameter).

from (0 to 5.5) MPa. The polymeric canopy material of NOHM-I-
PE2070 showed distinct swelling behavior with enhanced or
comparable CO, capture capacity compared to that of the pure
polymer, Jeffamine M-2070. Based on the findings from this study
the NOHMs will be further optimized for effective CO, capture.
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