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Abstract

In this work, we investigate the kinetics and mechanisms of CO; facilitated transport across
polyvinylamine (PVAm) membranes using mathematical modeling of experimentally measured
CO; fluxes across PVAm with operando surface-enhanced Raman spectroscopic (SERS) and
Fourier-transform infrared (FTIR) spectroscopy characterization. The mathematical model was fit
to experimentally measured CO; fluxes as a function of CO; partial pressure (2-99 kPa) and PVAm
membrane thickness (1.7-4.1 pm). Physically significant kinetic and thermodynamic parameters
associated with CO; transport were extracted from the model, such as the permeability of PVAm
to CO; via solution diffusion, the permeability of PVAm to carbamate (NHCOO™) via facilitated
transport, and the carbamate formation/decomposition equilibrium constant. Our results show that
the permeability of PVAm to carbamate via facilitated transport (2200 + 1200 Barrer) is about an
order of magnitude greater than the permeability of PVAm to CO; via solution-diffusion of CO»
(150 £ 20 Barrer). Using operando SERS and FTIR, we directly observed saturation of the primary
amine groups of PVAm with CO» (carbamate) at a feed CO, partial pressure of ~10 kPa, which
was in good agreement with our model predictions. This work quantitatively describes CO-

facilitated transport across PVAm and provides direct evidence of the carrier saturation
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phenomenon—for the first time to our knowledge—from a molecular perspective through

operando spectroscopic characterization.
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1. Introduction

Separating CO: from other gases, such as N> and CHa, has become increasingly important
to combat climate change and for natural gas processing [1]. Conventional CO> separation
technologies such as amine scrubbing can separate CO; from mixed gases with high selectivity [2-
4] and can produce nearly-pure CO> streams. However, these processes are extremely inefficient
and expensive because they require energy intensive temperature-swing regeneration stages to
release CO; and regenerate the sorbent [5]. Membrane-based CO» separation is an attractive
alternative, because it is intrinsically a continuous process, hence requiring a smaller footprint and
simpler setup/operation than sorbent-based CO, capture [1, 6, 7]. Amine-based membranes in
particular have attracted a great deal of attention for CO; capture from concentrated point sources
such as flue gas, where various pre-pilot and pilot-scale field tests have been carried out [8-11].
They are also promising for CO> capture from dilute sources such as air because of their unique

facilitated CO> transport mechanism.

In amine-based facilitated transport membranes (FTMs), amine carriers in the membrane
selectively enhance the transport of CO, without affecting the transport of other gases that follow
the solution-diffusion mechanism (e.g., N> and CHs), which results in CO> permeances and
selectivities that can exceed the “upper bound” inherent to polymeric membranes [12-16]. Due to
the high proportion of free amine groups in the membrane that are unoccupied at low CO> partial
pressures, these FTMs exhibit the highest permeances and selectivities at low CO» partial pressures
[12, 17-20]. This unique property of FTMs makes them attractive for capturing CO> from dilute
sources, such as air [21, 22]. When the amine sites become saturated with CO», any further
increase in the CO» partial pressure only increases the CO; flux via solution diffusion [23-26]. To

our knowledge, amine carrier saturation has never been directly observed. Instead, evidence of
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facilitated transport is frequently cited as the observation that the apparent CO, permeance
decreases with increasing CO; partial pressure until reaching a constant value [17, 26]. We
introduce the term ‘apparent CO; permeance’ here to emphasize that the CO, permeance typically
reported in the literature [27, 28] for FTMs is a convolution of two different transport

mechanisms—facilitated transport and solution diffusion—with different intrinsic permeances.

Although various amine-based FTMs have been investigated for CO. separation, the
membrane performance has received the majority of the focus, while aspects related to the
understanding of facilitated transport still need to be clarified. To clarify transport mechanisms,
we have developed operando spectroscopy tools to monitor the membrane structural changes
resulting from CO; transport across the membrane [29, 30]. As CO2 passes through the PVAm
membrane, these tools have made it possible to identify carbamate (NHCOO™) intermediates in
polyvinylamine (PVAm) [29, 30]. Although we have identified the CO; transport intermediate for
PV Am, there are still many unsolved questions: (1) What is the intrinsic permeability of CO; via
facilitated transport compared to the solution-diffusion of neutral CO>? (2) What is the relative
flux of CO» via facilitated transport of carbamate compared to that of solution diffusion of neutral
CO2? (3) At what CO» partial pressures do the amine sites saturate? This work addresses these
questions by mathematical modeling of CO» transport and operando observation of carbamate

formation as a function of CO; partial pressure and PVAm membrane thickness.

Some mathematical models have been developed to investigate facilitated transport based
on simplified solutions that approximate the actual membrane behavior [17, 31-35]. Han et al.
explained the dependence of CO> permeance on CO; partial pressure by describing the facilitated
transport membrane with a homogeneous reactive diffusion model [35], where it was assumed that

CO2 reacts reversibly with amine carriers in the membrane and diffuses across the membrane as
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bicarbonate (HCOz3") [17, 36]. Yang et al. developed a mathematical model using a tanks-in-series
approach to study the FTMs and took into account the simultaneous effects of relative humidity
(RH%), temperature, and CO; partial pressure [31, 32]. Some researchers have attempted to model
the facilitated transport system using the dual-mode (DM) transport model [37-44], which
describes the equilibrium concentration of solutes in glassy polymers as a sum of the concentration
of gas dissolved in the polymer matrix (Henry’s law [45]) and the concentration of gas adsorbed
in the holes of the polymer matrix (Langmuir sorption [37]) [46]. Although the dual-mode (DM)
transport model fits well for many fixed site carrier systems, there is no clear and comprehensive
interpretation of the transport mechanism, particularly the chemical reactions, in these FTMs.
Cussler et al. [47] and Noble et al. [42-44] derived phenomenological models to consider the role

of chemical reactions and polymer morphology in facilitated transport of COs,.

As a continuation of our previous work [29, 30], a simple CO; transport mathematical
model is proposed here. Unlike previous modeling studies [17, 31, 32, 35-44, 47] that have
focused primarily on modeling membrane performance, the model proposed here was developed
with the aim gaining more fundamental and quantitative insight into the transport mechanism.
The model was fit to CO; fluxes measured across PVAm membranes as a function of feed CO-
partial pressure (2-99 kPa) and membrane thickness (1.7-4.1 pum). Fundamental kinetic and
thermodynamic parameters associated with CO- transport across PVAm were extracted from the
model, such as the intrinsic permeability of CO> via facilitated transport, the intrinsic permeability
of CO; via solution-diffusion, and carbamate formation/decomposition equilibrium constant. We
also used operando Raman and FTIR spectroscopy in parallel to study the changes to the
membrane structure while CO; transports across PVAm under varied CO, feed partial pressures.

We observed that as the feed CO» partial pressure increases, the band intensities associated with
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carbamate species also increase and reach a saturation point at ~10 kPa CO> where no further
increases in band intensities are observed. We compared these band changes, which correspond
to carbamate intermediates [29, 30], with the changes in CO> fluxes across the membrane to find
that they exhibit similar trends. Thus, we have direct spectroscopic evidence of the carrier
saturation phenomenon. Our modeling and spectroscopic approaches are not limited to this
particular membrane separation system and may be used to study other amine-based FTMs for

CO; capture or FTMs for other types of separations such as olefin-paraffin separation, for example.

2. Experimental

2.1 Materials

N-vinylformamide (NVF, > 96% stabilized), citric acid (anhydrous lab grade), hydrochloric acid
(HCl, 37%), and ethanol (denatured, anhydrous) were purchased from VWR. a,0'-
azoisobutyronitrile (AIBN, 97%), silver nitrate (AgNO3), and L-ascorbic acid were purchased
from Sigma-Aldrich. Strong base anion-exchange resin (Purolite A60OOOH) was purchased from
APS WATER. Polyvinylidene difluoride (PVDF) ultrafiltration substrate with a molecular weight
cut off 100 kDa (pore size 10 nm) was kindly donated by the Phillip lab at the University of Notre
Dame and originally supplied by Nanostone. PVDF was used as received. Porous polypropylene
(PP) substrate was donated by Celgard. Celgard 2075 PP (20 pm thick) was cleaned by soaking in
ethanol for four hours followed by soaking in deionized water for four hours, and then dried in a
fume hood overnight. All gas cylinders (purity of >99.99%) were purchased from Airgas: Ar,

CO,, CHa, and N>.

2.2 Membrane fabrication
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PVAm was synthesized following protocols described in our previous publications [29, 30]. 40
wt% N-vinylformamide aqueous solution was degassed with Nz, and 0.14 wt% 2,2"-azobis(2-
methylpropionitrile) was added as the initiator. Polymerization was carried out at 50 °C for 3h.
After polymerization, the polymer was hydrolyzed with 2M HCI at 70 °C for 5h under N>. 3 wt%
of the polymer aqueous solution was prepared and strong base anion-exchange resin was used to
adjust the solution pH to 11. PVAm (3 wt%) aqueous solution was prepared and used to knife cast
on the PVDF and PP support materials to fabricate PVAm membranes, with the PP-supported
samples being compatible with transmission FTIR. To prepare the casting solution for the surface
enhanced Raman scattering (SERS)-active membrane, 20.4 mg of silver nanoparticles were
incorporated into 1 mL of 3 wt% PV Am aqueous solution to enhance the Raman signals [29]. All
the membranes were dried overnight under ambient conditions. After drying, the PVAm-PVDF
and PVAm/Ag NPs-PVDF membranes were installed in the SERS permeation cell with an active
area of 2.2 cm?. The PVAm-PP membrane was adhered to an aluminum disc with JB Weld Epoxy

to install into the FTIR permeation cell with an active area of 0.79 cm?.
2.3 PVAm membrane permeation experiments

Gas permeation measurements were conducted using an operando Raman spectroscopy
permeation cell reported previously [29] where CO2 and CH4 were used as feed gases (10 mL/min
total flow rate) and Ar was used as the sweep gas (148 mL/min flow rate). A high Ar sweep flow
rate (148 mL/min) was necessary to keep the CO> concentration within the detection range of the
flame ionization detector. To study the effect of CO» partial pressure on the membrane separation
performance, the feed CO» partial pressure was varied from 2 to 99 kPa with 2.2 kPa H>O and
balance CHj4 at atmospheric pressure; this was achieved by adjusting the flow rates of the CO» and

CH4 gases, which were controlled by mass flow controllers (Aalborg MFC). The feed and sweep
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gases were at ambient pressure for all experiments and flowed through humidifiers (Ace Glass) to
introduce water vapor. The outlet gas composition of the permeate stream was analyzed using an
SRI 8610C gas chromatograph (GC) equipped with a HayeSep D packed column and a flame

ionization detector. All experiments were conducted at room temperature.

2.4 Operando surface enhanced Raman scattering (SERS) experiments

The operando surface enhanced Raman scattering (SERS) permeation cell was also used to
observe the formation of carbamate species in PVAm from the interaction of CO> with the primary
amine groups of PVAm. To enhance the intensity of vibrational bands associated with carbamate,
Ag nanoparticles were involved in the PVAm aqueous solution prior to casting, as described in
our previous publication [29]. The PVAm/Ag NPs-PVDF membrane was monitored using Raman
spectroscopy while simultaneously measuring gas permeation rates on the same sample under
identical operating conditions described in Section 2.3. All Raman spectroscopy measurements
were performed using a Horiba iHR 320 Raman spectrometer with a 532 nm laser and a Horiba
MicroHead 3000 fiber optic probe. The spectra were collected with an incident laser power of 9.8

mW and a 50x Nikon objective.

2.5 Operando transmission FTIR experiments

Operando transmission FTIR spectroscopy experiments were conducted using an operando
transmission FTIR spectroscopy permeation cell reported in our previous work [30]. Spectroscopic
measurements were performed at 22 °C and atmospheric pressure. The effect of feed composition
was studied by using feed compositions of 2-97 kPa CO», 4.2 kPa H>O, and balance N». The total
feed flow rate was maintained at 37.5 mL/min and the Ar sweep flow rate was 10 mL/min.

Transmission FTIR spectra were collected with a Bruker Tensor II spectrometer equipped with a
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liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector using a spectral resolution of 4

cm’! resolution, 1.5 min scans, and 6 mm aperture.
2.6 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to determine the PVAm membrane thicknesses
using a field emission scanning electron microscope (Magellan 400 FEI) equipped with a Bruker
XFlash energy dispersive X-ray detector. Fig. 1 shows the SEM images of the PVAm membranes
used in this study with thicknesses of (a) 1.7 um, (b) 2.6 um, and (c¢) 4.1 um, supported on PVDF.
These membranes were used to study the effect of membrane thickness and feed CO» partial

pressure on membrane performance in section 4.1.

%
J

T HV mag MD
13 pA 5.00 kV  15000x 4.4 mi

Iy

Cun

Fig. 1. SEM images of cross-sections of PVAm-PVDF membranes cast with different thickness
gauges to obtain PVAm thicknesses of (a) 1.7 pm; (b) 2.6 um; and (c) 4.1 pm.

3. CO2 transport mathematical model

We modeled the transport of CO> across PVAm by assuming that the transport occurred
by two different transport mechanisms acting in parallel (see Fig. 2): solution-diffusion of neutral
CO2 and facilitated transport of CO> via carbamate, which we have previously identified [29, 30]
as the main intermediate in the facilitated transport mechanism across PVAm. Thus, the total flux
(mol/m?:s) of COz across the membrane, J;,¢4;, is equal to the sum of the flux of CO> via facilitated

transport, Jrr (mol/m?/s), and solution-diffusion, Jsp (mol/m?s):
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Jtotat = Jsp + Jrr (1)

The flux of CO; across the membrane via solution-diffusion is given by equation (2) (see Appendix

1A for derivation) [48, 49]:

kco,
X

Jsp = (Pco,nigh — Pco,iow) (2)

where k¢, represents the permeability of PVAm to CO via solution diffusion (mol/m-s-Pa), x
represents the membrane thickness (m), and Peg, nign and Pco, 10w represent the CO: partial
pressure (Pa) on the high CO» pressure and low CO> pressure side of the membrane, respectively.
The flux of CO; across the membrane via facilitated transport of carbamate species (NHCOO™) is

given by equation (3) (see Appendix 1A for derivation):

__ DNHCOOCNH, [ KeqPco,,high KeqPco,,low 3
FT — x - ( )

1+KeqPCOZ,high 1+KeqPC02,low

where Dyycoo represents the apparent diffusivity of carbamate species (m?/s) (note that the
reactive amine carriers are fixed to the polymer chain and are not mobile; therefore, the carbamate
species do not diffuse across the membrane but rather the carbamate species ‘hop” from one amine
site to another. Thus, Dyycoo represents the apparent diffusivity of carbamate species hopping
across the membrane); Cyy, represents the concentration of amine sites in the membrane (mol/m?),
which we assume to be constant throughout the volume of the membrane; K, (Pa!) represents the
equilibrium constant for the formation of carbamate species from CO> and a free amine site (shown

in Equation (4) and Fig. 2).

Ke
CO, + NH, < NHCOO™ ---H* (4)

Thus, the total flux across the membrane is given by:
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kco,
X

(PCOZ,high - PCOZ,low) +

_ DNHCOOCNH, [ KeqPco,,high KeqPco,,low 5
]total - - ( )

x 1+KeqPcoy,high  11KeqPco, low

Unlike the DM transport model [37-44], which assumes there are holes in the polymer matrix that
can adsorb solutes with no reaction occurring between the solutes and polymer matrix, our model
considers the chemical reaction between the amine carriers on the polymer backbone and the

solutes.

Facilitated Transport Solution-Diffusion
Feed, Pco, ., chﬁ)z C{fz
NHCQO NH NH. o NH
NH; \ 2 NH; 2 2
“O0CHN NH,
NH, NH,
N NH
Hi NHCOO- 2 NH,
NH; ©OCHN- 2 NH; NH, NH;
f NH, NH,
NH; NHCOO- NH; NHZ‘ T
NH, co
NH, “OOCHN NH, NH;
ol -
Permeate, Pcg, COo, co,

Fig. 2. Schematic representation of CO; transport across PVAm via facilitated transport of
carbamate and solution-diffusion of COa.

There are three unknown adjustable parameters in the facilitated transport + solution-
diffusion model: k¢q, (the permeability of PVAm to CO, via solution diffusion); K., (the
equilibrium  constant for carbamate formation/decomposition); and the lumped
parameter DypcooCnp, - These three model parameters were fit to experimental CO: fluxes
measured across PVAm membranes with three different thicknesses (1.7 pm, 2.6 pm, 4.1 pm) and

over nearly two decades of CO; feed partial pressures (2 to 99 kPa), for a total of 33 data points.
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In order to obtain a good fit of the model to the experimental data, with parameters that make
physical sense, it is important to provide good initial guesses for these adjustable parameters. The
procedure for obtaining good initial guesses for these adjustable parameters is described in detail
in Appendix 1B. To determine the values of k¢o,, DyucooCnh,» and K4 that describe CO>
transport in the PVAm membrane, a numerical solver (Excel Solver) was used to find the
optimized values of k¢o,, DyucooCnn,» and K., that minimize the sum of the squared error
between the measured CO> fluxes and the CO; fluxes predicted by the model (Equation (5)) over
varied CO; partial pressure and membrane thickness. The computation is fast and is typically

completed in 2-3 seconds.

4. Results and discussion

4.1 Mathematical modeling of CO: transport across PVAm

CO; permeation measurements across PVAm membranes were performed with a
spectroscopic permeation cell reported in our previous work [29]. Pure PVAm membranes were
prepared with thicknesses of 1.7 pm, 2.6 pm, and 4.1 pm to study the effect of both membrane
thickness and feed CO; partial pressure (2-99 kPa) on membrane performance. The CO; flux
across PVAm is plotted as a function of CO; partial pressure and membrane thickness in Fig. 3(a).
The CO: flux increases continuously with increasing COz partial pressure for all three membrane
thicknesses; however, there is a distinct change in the slope of the CO» flux versus the feed CO»
partial pressure at ~10 kPa. At pressures above ~10 kPa, the CO: flux increases roughly linearly
with increasing CO; feed pressure. At pressures below ~10 kPa, the CO> flux increases non-
linearly with increasing CO> feed pressure. The change in the slope of the CO» flux versus CO»

partial pressure is most likely due to a transition from a regime at low CO; partial pressures where
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CO» transport occurs primarily via facilitated transport with a high CO» permeability to a regime
at higher CO> partial pressures where the amine sites are saturated with CO; and the increase in
the CO> flux with increasing CO» partial pressure is due to an increase in the solution-diffusion of
CO> where the flux increase occurs less rapidly in comparison to below 10 kPa CO, where

facilitated transport dominates.

Fig. 3. Comparison of facilitated transport model (solid lines) with experimental data (squares) for
(a) CO; flux; (b) apparent CO> permeance; and (c¢) CO2/CHgs selectivity as a function of the
upstream COz partial pressure with PVAm thicknesses of 1.7 um (red), 2.6 um (black), and 4.1
pm (blue) at atmospheric pressure and room temperature.

In the literature [17, 18, 26, 50-52], CO2 permeance is often used as a metric to evaluate
the performance of FTMs such as PVAm. However, since COz transport across FTMs occurs by
facilitated transport and solution-diffusion in parallel, which are governed by different kinetic
expressions, the CO> permeance in the literature is an ‘apparent’ CO> permeance that neglects the
individual contributions of CO; facilitated transport and solution-diffusion. The apparent CO-
permeance is defined as the total CO> flux across the membrane (J;,¢4;) divided by the CO» partial

pressure driving force (Pco, high — Pco,.low):

CO, apparent permeance = Jeotal (6)

Pco,nigh = Pco,iow
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Fig. 3(b) shows the apparent CO; permeance versus CO; partial pressure in the feed with PVAm
membrane thicknesses of 1.7 um (red), 2.6 um (black), and 4.1 um (blue). We plot the apparent
CO» permeance here for comparison to behavior reported in the literature [17, 18, 26, 50-52]. The
apparent CO» permeance decreases with increasing PVAm thickness, as expected. At 2 kPa CO»,
the CO; permeance of PVAm is 340 + 30 GPU, 270 + 20 GPU, and 200 + 20 GPU with PVAm
membrane thicknesses of 1.7 um, 2.6 um, and 4.1 um, respectively. The apparent CO; permeance
decreases with increasing CO; partial pressure up to ~10-20 kPa and then remains relatively
constant at 91.42 + 0.07 GPU (1.7 pum), 61 =9 GPU (2.6 um), and 46.8 = 0.6 GPU (4.1 um) for
CO; feed pressures greater than 20 kPa. This trend of decreasing apparent CO> permeance with
increasing CO; partial pressure is consistent with the trends reported in the literature [17, 18, 26,
50-52] and has been cited as the primary indicator of carrier saturation. The CO»/CHj4 selectivity

also decreased with increasing COz partial pressure (see Fig. 3(c)).

The facilitated transport model described in Section 3 was fit to the experimental CO-
fluxes in Fig. 3(a) to quantify the CO2 flux that occurs via facilitated transport and solution
diffusion and to extract kinetic and thermodynamic parameters associated with CO> transport
across PVAm. The solver-optimized adjustable parameters k¢o,, DyucooCnn,, and Keq were
obtained with values of 150 + 20 Barrer (1 Barrer = 3.35 X 107'® mol/m's-Pa), (4.5 +0.2) x 1071
mol/m-s, and (2 + 1) X 102 Pa’!, respectively. Using these solver-optimized values of the
adjustable parameters, the CO> flux across PVAm was calculated as a function of CO; partial
pressure (2-99 kPa) and PVAm membrane thickness (1.7 um, 2.6 pm, 4.1 um) using Equation (5).
As shown in Fig. 3(a), the model-calculated CO, fluxes (solid lines) fit the experimentally-
measured CO: fluxes (data points) reasonably well, especially considering that only one set of

parameters (Kco,, DnucooCnm,»> and Keq) was used to model all of the experimental data over a
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feed CO; partial pressure of 2 to 99 kPa, and with three different membrane thicknesses. Fig. S1
in the supporting information shows a parity plot of the experimental CO> flux versus the modeled
CO2> flux. The parity plot shows that the modeled CO; flux fits the experimental data well with a
slope equal to 0.99 and an R? value of 1.00. The average absolute relative error (AARE) between
the modeled CO: flux and the experimental CO; flux is 7%. The model-predicted CO permeances,
which were calculated using the model-predicted CO> fluxes and Equation (6), also fit the
experimental CO; permeances reasonably well (see Fig. 3(b)). The AARE between the model and

experimental CO; permeance is 6%.

The model indicates that the permeability of PVAm to carbamate via facilitated transport,
which is given by the product of the parameters Dypcoo Cyp, Keg» 18 2200 + 1200 Barrer. This is
an order of magnitude greater than the permeability of PVAm to CO, via solution-diffusion (150
+ 20 Barrer). Comparing the K, ((2 £ 1) X 10, Pa!) extracted from the model with literature,
we found no reported equilibrium constant for amine-based polymeric membranes and CO». The
equilibrium constant associated with the interaction of CO> with amine sorbents has been reported
in the literature; however, the equilibrium constants reported in the literature have different units.
To better compare our model-extracted equilibrium constant with literature values, we
nondimensionalized our equilibrium constant based on a method reported in the literature [53, 54]
(Table SI). After nondimensionalization, our K., (200 + 100) is between the equilibrium
constant associated with the reaction of NH3 and CO> (88.78) and the reaction of NH.CH3 with
CO2 (154400) [55, 56]. Thus, the equilibrium constant extracted from our model appears to be in
a reasonable range.

The fraction of the total CO» flux that occurs via facilitated transport of carbamate species

for each membrane (calculated by dividing the facilitated transport CO; flux by the total CO; flux)
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is plotted in Fig. 4 as a function of feed CO; partial pressure. The fraction of the total CO; flux
that occurs via facilitated transport of carbamate species decreases with increasing CO; partial
pressure, from a value of ~0.8 at 2 kPa CO> to ~0.05 at 99 kPa CO,, and is mostly independent of
the membrane thickness. This result shows that CO> transport across PVAm occurs primarily via
facilitated transport at CO; feed pressures less than ~10 kPa (the fraction of CO> flux via facilitated
transport ~ 45% at 10 kPa CO») and primarily through solution-diffusion at pressures greater than

~10 kPa; this transition is mostly independent of the membrane thickness.
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Fig. 4. Fraction of CO> flux via facilitated transport of carbamate (left axis) and fraction of amine
sites occupied by CO» (carbamate) on the feed side of the membrane (right axis) as a function of
the upstream COz partial pressure for PVAm membranes with thicknesses of 1.7 pm (red), 2.6 um
(black), and 4.1 um (blue) during exposure to 2-99 kPa CO, 2.2 kPa H20, and balance CHj at
atmospheric pressure and room temperature.

The fraction of amine sites occupied by CO> on the feed side of the PVAm membrane,
which was estimated using Eq. (A8) in Appendix 1A (in the Supporting Information) and the K.,
extracted from the model, is plotted as a function of CO; partial pressure and membrane thickness

in Fig. 4 (right axis). The fraction of amine sites occupied by CO> on the feed side increases with
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increasing feed COz partial pressure reaching near full saturation around 10 kPa. As the K., value

was assumed to be independent of the membrane thickness, the fraction of amine sites occupied

by CO; on the feed side is also independent of the membrane thickness.

4.2 Operando spectroscopy study of PYAm membrane

Our model indicates that amine carrier saturation in PVAm occurs at a feed CO; partial
pressure of about 10 kPa, with CO» transport primarily occurring via solution diffusion at CO;
feed pressures higher than this. To determine whether this amine carrier saturation could be
observed directly using operando spectroscopy, a SERS-active PVAm membrane was prepared
by embedding plasmonic Ag NPs in the PVAm membrane. SERS spectra were collected at varying
feed CO; partial pressures while CO; permeances and CO2/CHg4 selectivities were measured
simultaneously.

Fig. S2 compares SEM images of the PVAm membrane and the PVAm membrane with
embedded silver nanoparticles (PVAm/Ag NPs), which shows that the thickness of the PVAm/Ag
NPs membrane (~2.5 £ 0.2 um) is similar to the pure PVAm membrane (~2.6 = 0.1 pm). The
permeation results (CO2 flux, apparent CO; permeance, and CO»/CHjy selectivity) of the PVAm/Ag
NPs are shown in Fig. 5 (red squares). As the CO> partial pressure increases, the apparent CO>
permeance and CO; flux follow the same trend as the pure PVAm membrane; however, the CO>
flux (Fig. 5(a)) and apparent CO; permeance (Fig. 5(b)) are slightly lower than the corresponding
PVAm membrane for all conditions, which may be explained by the blocking of some pathways
of CO; transport by Ag NPs [29]. However, the differences in the CO,/CHjs selectivity (Fig. 5(c))
are minimal. The experimentally measured CO> fluxes across the PVAm/Ag NPs membrane were

also modeled using the facilitated-transport + solution-diffusion model (Equation (5)), and the
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parameters extracted from the optimized model (see Table S2) are in good agreement with the

results from PVAm membranes.

Fig. 5. Comparison of (a) CO: flux, (b) apparent CO> permeance, and (c) CO2/CHjs selectivity for
the experimental data (squares) and the models (solid lines) as functions of the upstream CO-
partial pressure for PVAm and PVAm/Ag NPs membranes during exposure to 2-99 kPa CO», 2.2
kPa H>O, and balance CH4 at atmospheric pressure and room temperature.

The operando Raman spectra collected during exposure to varying CO» partial pressures
(2-99 kPa) are shown in Fig. 6(a). There are several Raman peaks in the 1076-1693 cm™ region,
which we have previously assigned to ammonium carbamate species [29, 30], that increase in
intensity with increasing CO; partial pressure but do not change position. To better visualize the
variation of these Raman peak intensities with CO> partial pressure, the peak areas in the 1076-
1693 cm! range were integrated and normalized by the maximum integral area observed at a CO»
partial pressure of 99 kPa. The normalized Raman integral areas are plotted as a function of CO>
partial pressure in Fig. 6(b) (blue squares). The normalized integral area of the Raman peaks in the
1076-1693 cm™! range increases with increasing feed CO» partial pressure up to ~10 kPa CO..
Above ~10 kPa COa», the intensity of these peaks remains relatively constant. Because these peaks
are associated with carbamate species, this observation indicates that the primary amine sites of
PV Am are saturated with CO> (carbamate) at CO- partial pressures above ~10 kPa. This is the first

direct observation of the carrier saturation phenomenon in amine-functionalized facilitated
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transport membranes, to our knowledge. The fraction of amine sites occupied by CO» on the feed
side of PVAm, estimated from model predictions as described above, is also plotted versus CO»
partial pressure in Fig. 6(b) (black line) for comparison to the normalized integral area of the
Raman peaks in the 1076-1693 cm™! range. There appears to be a strong correlation between the
model-predicted fraction of amine sites occupied by CO» and the normalized integral area of the
Raman peaks associated with carbamate; both increase sharply with increasing CO» partial
pressure and then saturate at ~10 kPa CO». This correlation further validates the accuracy of the

facilitated-transport + solution-diffusion model.
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Fig. 6. (a) Operando Raman spectra as a function of CO; partial pressure during exposure to
humidified CO2/CH4 with 2-99 kPa CO,, 2.2 kPa H>O, and balance CH4 at atmospheric pressure
and room temperature. (b) Fraction of amine sites occupied by CO; on the feed side of PVAm
from model predictions (black line), and the normalized integral area of the Raman peaks between
1076-1694 cm™ (blue squares), versus feed CO, partial pressure.

As transmission FTIR and Raman spectroscopy are complementary techniques, in-situ

transmission FTIR spectroscopy was also used to observe the saturation of the primary amine
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groups of PVAm with CO; (carbamate). Fig. 7(a) shows the operando transmission FTIR spectra
collected during exposure of PVAm to humidified CO2/N> gas mixtures over a range of CO> feed
partial pressures from 0 to 97 kPa. A comparison of Raman and FTIR band assignments is given
in Table S3 with references to literature. The Raman and FTIR band positions are consistent with
each other and with carbamate species, which further supports our assignment of these peaks to
carbamate species. Similar to the operando Raman results, the operando transmission FTIR
spectra also show that the intensity of all FTIR bands associated with carbamate increase rapidly
up to ~10 kPa CO2 and these band intensities change minimally with further increasing CO; partial
pressure. Similar to the previous discussion related to operando Raman spectroscopy, the FTIR
spectra were integrated from 1112-1725 cm™!, normalized, and plotted against the CO, partial
pressure in Fig. 7(b). The normalized FTIR integrated area also correlates well with the fraction
of amine sites occupied by CO; on the feed side, also plotted in Fig. 7(b), which further validates
our combined modeling and spectroscopic approach to quantitatively and mechanistically describe

COg, facilitated transport across PVAm.
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Fig. 7. (a) Operando transmission FTIR spectra of PVAmM/PP during exposure to humidified
CO2/N; with 2-97 kPa CO», 4.2 kPa H>0O, and balance N at atmospheric pressure and 22 °C. (b)
Fraction of amine sites occupied by CO, estimated from model predictions (black line) and the
integral area of the FTIR spectra (blue squares) in the 1112-1725 cm™!, versus CO; partial pressure.
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The CO» partial pressure at which the carbamate Raman peaks (Fig. 6) and FTIR peaks
(Fig. 7) saturate (~10 kPa CO) also coincides with a distinct change in the CO» permeation
behavior. CO» transport occurs primarily via facilitated transport of carbamate species across the
membrane at CO; partial pressures below ~10 kPa (Fig. 4). The CO; flux (Fig. 3(a)) varies non-
linearly, and the CO> permeance (Fig. 3(b)) decreases, with increasing CO> partial pressure as the
amine sites become increasingly occupied by CO; (carbamate) up to ~10 kPa CO,. Above ~10 kPa
COg, the amine sites are completely saturated and CO; transport occurs primarily via solution-
diffusion of CO.. Consequently, the CO: flux increases linearly, and the CO2 permeance is roughly
constant, with increasing CO; partial pressure. Thus, the greatest benefits of facilitated transport

membranes occur at low CO; partial pressures (less than ~10 kPa for PVAm).

5. Conclusion

A simple mathematical expression for CO: transport through PVAm membrane was derived and
fit to experimental data of CO2/CH4 gas separation in PVAm-PVDF membranes with different
thicknesses at varied CO: partial pressures. The comparison between experimental and model-
predicted CO; fluxes and permeances indicates a good fit of the model to the experimental data.
The model gives quantitative information about key thermodynamic and kinetic parameters
associated with CO> transport across amine-functionalized membranes, such as CO; solution
diffusion permeability (k¢o,), CO2 facilitated transport permeability (DypcooCnu,Keq), and
carbamate formation/decomposition equilibrium constant (K., ). PVAm/Ag NPs-PVDF and
PVAmM-PP membranes were also prepared and tested with our spectroscopic permeation cells to

monitor the formation of carbamate species in the PVAm membrane from the interaction of the
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primary amine groups of PVAm with CO,. We observed that both the Raman bands and the FTIR
bands associated with carbamate species increased with increasing feed CO; partial pressure until
saturation was observed at a CO; partial pressure of ~10 kPa. Our combined mathematical
modeling and spectroscopic approach provides direct spectroscopic evidence of the carrier
saturation phenomenon in amine-functionalized polymer membranes for the first time, to our
knowledge. Further, this work demonstrates that CO» transport across PVAm occurs primarily via
facilitated transport of carbamate species at CO; partial pressures below ~10 kPa CO», and
primarily via solution-diffusion of CO- at pressures above ~10 kPa CO; where the primary amine
groups of PVAm are saturated with CO» (carbamate).

The mathematical modeling approach reported in this work can also be applied to other
amine-functionalized membranes for CO; separation and other types of facilitated transport
membranes, such as silver-functionalized polymer membranes for olefin-paraffin separation. The
model parameters extracted from this work using PVAm cannot be used to predict CO; transport
across other membrane compositions, because the adjustable parameters in the model are intrinsic
material properties that depend on the membrane composition. However, this modeling approach
allows one to extract more detailed, and more fundamental, quantitative information about the CO>
transport process than is typically reported in the literature. This leads to greater fundamental
understanding of the CO; transport process, which is particularly important for establishing
reliable structure-function relationships, and enables a more rational design of high-performance
CO; separation membranes than is possible with current trial-and-error approaches to membrane
development. Therefore, this model will be a valuable tool for future design and optimization of

other CO; separation systems in more efficient process configurations.
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6. Nomenclature

Cco,,nign: concentration of CO: dissolved on the high CO; pressure side of the membrane

Cco,,1ow: concentration of CO> dissolved on the low CO; pressure side of the membrane

Cnn,: concentration of amine sites in the membrane

Cnrcoo-: concentration of carbamate species in the membrane

Dc¢g,: CO2 diffusion coefficient

Dnucoo-: apparent diffusivity of carbamate species hopping across the membrane

Sco,: solubility of CO; in the membrane

Pco, hign: COz2 partial pressure on the high-pressure side of the membrane

Pco,,1owt CO2 partial pressure on the low-pressure side of the membrane

k¢o,: permeability of CO> via solution diffusion

Jrr: facilitated transport flux

Jsp: solution-diffusion flux

Jtotar: total flux of CO; across the membrane

K.q: equilibrium constant for the formation of carbamate species from CO> and a free amine site

Bnign: fraction of amine sites occupied by CO; on the high-pressure side of the membrane
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0,ow: fraction of those amine sites occupied by CO» on the low-pressure side of the membrane

x: membrane thickness
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