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ABSTRACT: CO, adsorption/desorption onto/from tetraethylenepentamine
(TEPA) films of 4, 10, and 20 um thicknesses were studied by in situ attenuated
total reflectance (ATR) and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) techniques under transient conditions. Molar absorption
coefficients for adsorbed CO, were used to determine the CO, capture capacities

DRIFTS CO,-amine network

and amine efficiencies (CO,/N) of the films in the DRIFTS system. Adsorption of [omm o i P -
CO, onto surface and bulk NH, groups of the 4 ym film produced weakly adsorbed ~2#™ ZnSe

CO,, which can be desorbed at 50 °C by reducing the CO, partial pressure. These ATR

weakly adsorbed CO, exhibit low ammonium ion intensities and could be in the

form of ammonium-carbamate ion pairs and zwitterions. Increasing the film thickness enhanced the surface amine—amine
interactions, resulting in strongly adsorbed ion pairs and zwitterions associated with NH and NH, groups of neighboring amines.
These adsorbed species may form an interconnected surface network, which slowed CO, gas diffusion into and diminished access
of the bulk amine groups (or amine efficiency) of the 20 ym film by a minimum of 65%. Desorption of strongly adsorbed CO,
comprising the surface network could occur via dissociation of NH;"/NH,*---NH,/NH ionic hydrogen bonds beginning from 60
to 80 °C, followed by decomposition of NHCOO™/NCOO™ at 100 °C. These results suggest that faster CO, diffusion and
adsorption/desorption kinetics could be achieved by thinner layers of liquid or immobilized amines.
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B INTRODUCTION

A 15% increase in atmospheric CO, concentration over the last
20 years1 to 398 ppm in 2014 and its recognized impact on
climate changes have promoted extensive research for the
development of effective approaches in controlling CO,
emissions from the power plants and other point sources.
Amine functional groups in the form of (i) aqueous amines:
monoethanolamine (MEA)>~” and 2-amino-2-methyl-1-prop-
anol (AMP);*'° (ii) amine-based ionic liquids (ILs): lysine-
based [Nggs14] [Lys]11 and [EMIM] [Lys],12 anionic [Pgge14] [p-
AA]" and glycinate-based [P,,][Gly];'* and (iii) immobi-
lized amines for sorbents and membranes: tetraethylenepent-
amine (TEPA)"™" and polyethylenimine (PEI)*°~*° have
been widely studied for capturing the emitted carbon dioxide.
Aqueous amines and IL’s used for CO, absorption have also
been incorporated into the sorbents and membranes for CO,
adsorption.

The reaction mechanisms of CO, with aqueous or
immobilized primary and secondary amine groups could
occur via two general steps,zs_28

Primary amine:

R-NH, + CO, — R-NH,"COO (zwitterion) (1)

R-NH,"COO™ + *R-NH,
— R-NHCOO + *R-NH," (ion pair) (2)

-4 ACS Publications  © 2014 American Chemical Society

Secondary amine:

R;-NH-R, + CO, — R;-NH"COO -R, (zwitterion)
(1)

R-NH"COO -R, + *R,-NH-R,
— R;-NCOO -R, + *R1-NH,*-R, (ion pair) (2)

where *R-NH, represents a second amine molecule. Step 1
proceeds by nucleophilic addition of 1 mol of R-NH, (primary)
or R;-NH-R, (secondary) amine groups to the carbons of 1
mol of CO,, forming 1 mol of ammonium-carbamate zwitterion
intermediates. The zwitterions are then deprotonated in Step 2
by 1 mol of free amine groups, producing 1 mol of ammonium-
carbamate ion pairs. Alternatively, 1 mol of CO, could react
with 1 mol of primary or secondary amine to form the
zwitterion followed by carbamic acid (NHCOOH or
NCOOH). It has been reported that carbamic acids are
stabilized through the formation of dimers or through hydrogen
bonding with neighboring amine groups,>*° which has been
supported by density functional theory (DFT) calculations.'®
The proposed reactions of CO, with the primary amine are
further illustrated in Scheme 1.
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Scheme 1. Proposed Reaction Mechanisms of CO, with a
Primary Amine
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CO, diffusion within immobilized polyethylenimine (PEI)/
silica sorbents could resemble the facilitated CO, diffusion
across the amine-containing membranes.*”*> This type of
diffusion has been examined in detail by thermodynamic and
kinetic modeling of thermogravimetric analysis (TGA) profiles
for adsorbed CO, and by performlng DFT calculations of
different CO,/amine systems > The mass transfer of CO,
through the PEI layers was modeled in two steps: (i) the
formation of ammonium/carbamate zwitterions (reactive
intermediates) and ion pairs at the gas-amine interface followed
by (ii) the facilitated diffusion of zwitterions into the bulk. The
model revealed that the zwitterion stability (enthalpy and
entropy of formation) and its dissociation with an activation
energy barrier could control the overall CO, uptake kinetics
and capacity of the amine sorbent.

Our previous results from a diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) study showed that
CO, adsorption onto immobilized TEPA/silica sorbents with a
high density of amine sites produced ammonium-carbamate ion
pairs and carbamic acid, which inhibited the diffusion of CO,
gas within the sorbent.>* Higher density of these ion pairs and
acid was envisioned at the external pore mouths of the sorbent
rather than inside of the pores of the sorbents with higher
amine density at the external particle surface. These results
could aid our understanding of the factors in controlling CO,
gas diffusion into liquid amines. During CO, adsorption, a
concentration gradient of adsorbed species is formed along the
direction of diffusion through liquid and supported amines. A
better understanding of the nature of these adsorbed species at
different locations within the amine film could provide the

scientific basis for the design of more efficient amine sorbents
and membranes.

The nature of adsorbed CO, at the top surface (7—9 nm)
and within the bulk of a 100 ym layer of an NH-containing
ionic liquid, dihydroxyethyldimethylammonium taurinate, has
been examined by attenuated total reflectance (ATR) and X-ray
photoelectron spectroscopy (XPS).>* The XPS results showed
a higher amount of carbamic acid (0.43 mol CO,/mol IL) than
carbamate (0.15 mol CO,/mol IL) at the top surface than in
the bulk of the IL after exposure to 0.9 mbar of CO,. The ATR
and *C NMR results confirmed the presence of only carbamate
species within the bulk after exposure of the IL to 1 bar of CO,.
It was postulated that CO, adsorption occurred first at the top
surface of the IL by forming carbamic acid followed by
carbamates, which then diffused into the bulk. XPS results also
showed that CO, adsorption onto a 15 ym diameter jet of 30
wt % aqueous MEA solution resulted in neutral MEA molecules
at the outer surface layers and carbamate plus carbamic acid
species within the bulk layers.® It was postulated that CO,
adsorbed onto the surface of MEA as the carbamate and acid,
which diffused (facilitated diffusion) into the bulk.

The objective of this study was to investigate the nature of
adsorbed CO, on tetraethylenepentamine (TEPA) films. TEPA
was selected because it has been widely used for immobilized
amine sorbents.'”'*?’ 7" We compared the attenuated total
reflectance (ATR) and diffuse reflectance (DRIFTS) infrared
spectra of adsorbed species during CO, adsorption onto and
desorption from TEPA films with different thicknesses under
transient conditions. Because ATR and DRIFTS should scan
the bottom and top layers of the amine films, respectively, the
results obtained from these IR studies could provide insights
into the mechanisms of the reaction and mass transfer
processes occurring near the film surface and within the bulk.
We found that adsorption of CO, onto TEPA films produced a
thick, interconnected network of ammonium-carbamate ion
pairs near the film surface, which slowed down CO, gas
diffusion into and adsorption onto the bulk NH, groups. We
also estimated the DRIFTS molar absorption coefficients of
carbamate and ammonium ions and determined the CO,/N
efficiencies of the films. The latter was found to decrease with
increasing thickness, which confirmed the inability of CO, to
access all available NH and NH, groups within the bulk
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Figure 1. Experimental setup for conducting the CO, adsorption—desorption studies.
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because of the diffusion limitations imposed by the surface
network.

B EXPERIMENTAL SECTION

Preparation of Amine Films. Tetraethylenepentamine (TEPA)
(Sigma-Aldrich, technical grade) films with nominal thicknesses of 4,
10, and 20 pm were deposited onto (i) the ZnSe crystal of an
attenuated total reflectance (ATR) FTIR cell and (ii) a stainless steel
metal disk set inside of a diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) cell for CO, adsorption/desorption studies.
Different amounts and concentrations of TEPA/ethanol solutions
were injected onto the ZnSe crystal and metal disk, which were heated
at 80 to 100 °C under a 150 cm®/min Ar flow to evaporate ethanol.
The total amount of TEPA/ethanol solution required to deposit the 4,
10, and 20 ym films are as follows: 200 uL of 0.084, 0.210, and 0.419
M for the 8 cm® ATR ZnSe crystal and $ uL of 0.23, 0.58, and 1.16 M
for the 0.55 cm” DRIFTS metal disk.

CO, Adsorption and Desorption Study. Figure 1 shows the
experimental setup used for the CO, adsorption and desorption
studies, consisting of (i) a gas manifold with mass flow controllers and
a 4-port valve for switching the gases between 15% CO,/air and Ar;
(ii-a) an attenuated total reflectance (ATR, Harrick Scientific)
accessory with a ZnSe crystal or (ii-b) a stainless steel metal disk set
inside of a diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS, Thermo Scientific) cell; and (iii) a Labview DAQ module
to operate the 4-port valve and to control and monitor the IR cell
temperature. The IR cells and accessories were placed inside of a
Fourier transform infrared spectrometer (Nicolet 6700 FTIR,
Thermo-Nicolet).

The schematic at the right of Figure 1 illustrates the method for
investigating CO, adsorption onto and diffusion through the TEPA
films by incorporating both IR techniques. Briefly, DRIFTS spectra
allowed observation and elucidation of processes of CO, gas
adsorption near the CO,/TEPA interface and diffusion into the top
of the film. Adsorbed CO, continues to diffuse through the middle of
the film and reach the bottom of the film, which is shown by the ATR
spectra.

In-situ CO, adsorption and desorption studies of the TEPA films
consists of the following steps: (i) pretreating at 100 °C for S min in a
150 cm®/min Ar flow and cooling to 50 °C, (ii) adsorbing CO, for 10
min by step switching to a 150 cm?/min flow of 15% CO,/air via the
4-port valve, (iii) removing gas-phase and weakly adsorbed CO, by
switching back to the Ar flow for 10 min, and (iv) heating to 100 °C at
10 °C/min in Ar flow and holding for 10 min for temperature-
programmed desorption (TPD) of strongly adsorbed CO,. Single-
beam spectra, I, with a resolution of 4 cm™" were obtained every 10 s,
where each spectrum was averaged from 32 coadded scans.

B RESULTS AND DICSUSSION

IR Spectra of Fresh Films. Figure 2 shows the IR
absorbance spectra (log(1/I)) of TEPA films with thicknesses
of 4, 10, and 20 ym in ATR and DRIFTS at S0 °C after
pretreatment at 100 °C. The spectra of TEPA resembles those
of organic amines which show the characteristic (i) asymmetric
and symmetric N—H stretching bands at 3355 and 3284
cm™'and N—H deformation band at 1595 cm™ for primary
amines, NH,; (ii) asymmetric and symmetric C—H stretching
bands at 2929 and 2809 cm™!, C—H deformation band at 1456
cm™}, and H-C—-H twisting band at 1302 cm™'and for CH,;
and (iii) C—N stretching band at 1125 cm™ for —CH,—
NH,.***! The N—H stretching band of secondary amines, NH,
is overlapped with that of the symmetrical stretching of NH,.*!
The secondary amine band assignment for TEPA is further
supported by the N—H stretching band observed at 3283 cm™
for N,N'-dimethylethylenediamine.**

The ATR spectra of TEPA for different film thicknesses
show nearly identical intensities and shapes for all bands,
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Figure 2. IR absorbance spectra of 4, 10, and 20 ym TEPA films at 50
°C in ATR and DRIFTS before CO, adsorption.

resulting from the same penetration depth of the IR beam into
these various thickness films. The penetration depth is
determined by the incident angle of the IR beam and the
refractive indices of TEPA and the ZnSe ATR crystal (see the
Supporting Information). In contrast, the DRIFTS spectra
showed a significant variation in their intensities with film
thickness. The 4 ym film has a low intensity ratio of N—H/C-H
bands which could be attributed to the interaction between the
metal surface and the N—H of TEPA. Increased N—H/C-H
stretching (3355 and 3284 cm™'/2929 cm™) and deformation
(1595 cm™/1456 cm™) band intensity ratios with film
thickness may be explained by the diminishing effect of the
metal surface on TEPA at the top layers of the thicker films.
Interestingly, the spectra show broadened N—H stretching
bands with increased intensities from 4 to 20 ym thicknesses.
These DRIFTS results were unexpected because the size of the
TEPA molecule is less than 1.5 nm, which is 3 orders of
magnitude less than the thickness of the TEPA films. The
differences in the nature of adsorbed CO, near the film surface
and within the bulk has only been observed by XPS at the
nanometer scale.*® We postulate that the broadened NH bands
resulted from an increased number of amine—amine hydrogen
bonds near the top layers of the 10 and 20 gm thick films. The
presence of this hydrogen bonding would facilitate the
formation of an interconnected network of ammonium-
carbamate ion pairs. Furthermore, the hydrogen bonding near
the films’ surfaces would give a higher viscosity than that of the
bulk, affecting the diffusion of the ion pairs. The flat C—H and
N—H bands show that the detector was saturated because of
the long IR path through the thicker films.

Although DRIFTS is not a good technique to study low
viscosity liquid films, the absence of variations in the
backgrounds of the TEPA film spectra, shown in Figure S6 in
the Supporting Information, indicates that DRIFTS can serve as
an excellent technique to study highly viscous films. We further
demonstrated that the DRIFTS primarily observes the top
surfaces of the amine films by depositing various thicknesses of
TEPA onto a 4 um poly(vinyl alcohol) (PVA) film. Figure S1
of the Supporting Information reveals that the IR features of
PVA were nearly diminished by applying 12 ym of TEPA onto
the PVA. The 12 pum depth is the DRIFTS detection limit for
the amine film. By utilizing ATR and DRIFTS techniques, each
with different penetration depths, we could study the structures
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Table 1. Average Molar Absorption Coeflicients of Adsorbed CO, in the DRIFTS

IR band (ecm™) assignment (species)

1575/1525 CO0~
1477 CO0~
1405 NCOO~
1630 NH,*

molar absorption coefficient £,4,* (6, STD)(L mmol™ cm™) (%)

0.052 (9.8)
0.047 (10.1)
0.033 (7.1)
0.034 (9.4)

“Average €,4, values were calculated for c,y, values between 3.54 and 17.71 mmol of CO,/g of TEPA.

and kinetics of adsorbed CO, at different locations within the
TEPA film.

Calculation of Film CO, Capture Capacities. The molar
absorption coefficients of adsorbed CO, (£,4, ), i.e., ammonium
ions and carbamates, were determined by the detailed
procedure in the Supporting Information, and are shown in
Table 1. Beer's law, cuge Angs/(lrppa€ags), was used to
calculate the concentration of adsorbed CO, (capture capacity,
Cags) for each film in DRIFTS from the following: (i) the IR
path lengths through each TEPA film (I1gpy, see the Supporting
Information), (ii) the 1575/1525 cm™ carbamate absorbance
intensities (A,q,) after CO, adsorption, and (iii) the
corresponding €44, value for 1575/1525 cm™ from Table 1.
The CO, capture capacities and amine efficiencies (CO,/N) of
the DRIFTS TEPA films are shown in Table 3.

Spectra of Adsorbed CO,. Figure 3a shows the ATR
absorbance spectra of adsorbed CO, on the TEPA films after
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Figure 3. IR absorbance spectra of adsorbed CO, on 4, 10, and 20 ym
TEPA films in (a) ATR and (b) DRIFTS modes after 10 min in a 15%
CO,/air flow. Absorbance = log(I,/I), where I, was the single beam
spectrum before CO, adsorption and I was the single beam spectrum
during adsorption.

10 min in a 15%CO,/air flow. The band assignments for
adsorbed CO, species were reported in the literature and are
tabulated in Table 2. Adsorption of CO, onto all TEPA films in
ATR produced the characteristic (i) NCOO™ skeletal vibration
band at 1305 cm™!, COO™ stretching bands at 1563 and 1486
cm™’, and C—N stretching band at 1405 cm™ for carbamates
and (ii) NH;" deformation and stretching bands at 1630 and
2975 cm™}, respectively, for primary ammonium ions. The
NH;" was produced by proton transfer from the R-NH,"COO~
intermediate to a neighboring R-NH, group, giving the negative
3366 cm™ N—H band as illustrated in Scheme 1. The C—N
stretching band for the resulting R-NHCOO™ was observed at a

Table 2. IR Band Assignments for Adsorbed CO, Species

wavenumber

(cm_l) assignment species ref

3075-2975 NH;* stretching primary ammonium 30, 46

ions

2750—1750  N—H combination primary/secondary 30, 44,
ammonium ions 45

1696 C=0 dimer carbamic acid 29, 30

1670—1630  NH;" deformation primary ammonium 29, 30,
ions 46

1575—-1525 COO" stretching carbamate 29, 30,
46

1486—1477 COO" stretching carbamate 30, 47

1405 C—N stretching/NCOO™  carbamate 46, 48

skeletal vibration

1324—1305 NCOOQO™ skeletal vibration carbamate 30, 46,

47

lower wavenumber than that for a TEPA/silica sorbent,*
suggesting weaker binding of CO, to NH, in a liquid amine
environment.

The N—H--N—H hydrogen bonding of ammonium ions
produced the broad N—H bands between 2750 and 1750 cm™,
with a maximum intensity at 2619 cm™" for primary ammonium
ion species, NH;". These broad N—H bands are a combination
of deformation and stretching vibrations. The NH;" could also
be formed by deprotonation of R-NH*COO™-R by NH, of the
same TEPA molecule to form ammonium/carbamate zwitter-
ions. The broad band at 2184 cm™ is tentatively assigned to
the N—H combination bands of secondary ammonium ions,
NH,", which were produced by deprotonation of R-NH*COO™
by secondary amines. A general trend for NH," giving lower
wavenumber bands than NH;" can be observed for various
organic amine salts.** The assignment of NH," for TEPA is
further supported by weak combination bands specifically
reported at 2140 and 2160 cm™ for piperazine hydrochloride
and dimethylamine hydrochloride, respectively.*®

The band intensities of the carbamate at 1563 cm™ (1.3)
and ammonium ion at 1630 cm™ (0.7) for the 20 ym film were
23 and 33% less, respectively, than those for 4 um, reflecting
lower concentration of adsorbed CO, at the bottom layers of
the thicker film. Although the liquid TEPA molecules can move
between different layers of the films, the observation of a
concentration gradient of the ammonium-carbamate ion pairs
suggests that these ion pairs undergo very slow diffusion from
the top to the bottom of the film by facilitated transport. The
low adsorbed CO, concentration for the thicker film could be
correlated with lower uptake of PEI/silica sorbents containing
longer pores (24—40 pm) than those containing shorter pores
(02 um),” which was attributed to high CO, diffusion
resistance through more amine layers. Interestingly, the ATR
spectra of adsorbed CO, resembles the DRIFTS spectra for low
concentration of adsorbed CO, on the 4 ym film at 0.1 min

dx.doi.org/10.1021/am5031006 | ACS Appl. Mater. Interfaces 2014, 6, 13617—13626
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Figure 4. (a) IR absorbance spectra of adsorbed CO, on the TEPA films in DRIFTS mode during CO, adsorption and (b) normalized IR
absorbance intensity profiles of adsorbed and gas-phase CO,. The insets of b show the relative rates of CO, adsorption (AI/At) onto each film as a

function of time. Norm. abs. int. = (I, — L)/ (Inax
maximum profile intensity, and I;, is the minimum profile intensity.

— I..), where I, is the absorbance intensity at time t for the profile of interest, I, is the

(Figure 4a), where the surface amine layers were exposed to
low CO, partial pressure upon switching to the CO,/air flow.

The DRIFTS spectrum of adsorbed CO, on the 4 ym film in
Figure 3b exhibited shifts in the carbamate band positions and a
reduced 2619 cm™'/2975 cm™' intensity ratio compared to
those in the ATR spectrum. These results suggest diminished
hydrogen bonding of ammonium-carbamate species with the
reduced available NH, near the TEPA/metal interface. In other
words, NH, groups interacting with metal are unable to further
stabilize adsorbed CO,. The negative NH, band at 3366 cm™
indicates that the adsorbed CO, was associated more with
primary than secondary amines throughout the thinnest film.
Intramolecular proton transfer of the R-NH,"COO~ inter-
mediate could produce NHCOOH (carbamic acid) at the top
layers of the TEPA film, and has been observed within 9 nm of
a CO,/ionic liquid (NH,) film interface by XPS.** Carbamic
acid was not observed on TEPA because of complete
penetration of the DRIFTS IR beam into the film. The
calculated CO, capture capacity of 10.7 mmol CO,/g-TEPA
results in an amine efficiency of 0.40 mol CO,/mol N, shown
in Table 3, which is close to the theoretical 0.5 value for
ammonium-carbamate formation and shows effective utilization
of surface and bulk amine sites to adsorb CO,,.

Increasing the TEPA film thickness increased the intensity
ratio of the 2750—1750 cm™'/1750—1000 cm™ region and

Table 3. CO, Capture Capacities and Amine Efficiencies of
the TEPA Films in DRIFTS

film thickness CO, capture capacity (mmol of CO,/  amine efficiency
(um) g of TEPA) (CO,/N)
4 10.7 0.40
10 7.1 0.27
20 3.8 0.14 (max.)

13621

shifted/merged the carbamate bands, suggesting enhanced CO,
adsorption onto secondary amines.>® Proton transfer from the
R-NH'COO™-R intermediate to neighboring amines generated
the negative NH band at 3284 cm™, shifted the positions of the
ammonium ion bands, and produced more prominent features
for NH," at 2184 cm™ than NH," at 2531 cm™.

These results indicate more association of NH in the surface
regions of the thicker than thinner films in forming ammonium-
carbamate ion pairs and zwitterions. We further speculate a
higher availability of NH, sites at the surface compared to the
bulk for deprotonation of R-NH,*COO~ intermediates,
converting the amine sites into ammonium ions. CO,
adsorption onto 15 and S0 wt % polyethylenimine (PEI)/
SBA-15* (0.2 and 1.0 nm of amine) produced similar IR
features for ammonium-carbamate species as those for 4 and 10
pum TEPA films. These results suggest that the CO, adsorption
mechanisms for liquid amine films can be used to explain the
behavior of immobilized amine layers.

The amine efficiencies of the 10 and 20 ym films were 40
and 65% lower, respectively, than that for the 4 ym film. The
lower amine efficiencies for the thicker films confirm that
adsorbed CO, at the films’ surfaces caused diffusion limitations,
which restricted the access of CO, to available bulk amine sites.
The adsorbed species are stabilized by hydrogen bonding with
neighboring amines to form an interconnected network,>*
which slowed CO, diffusion to the bulk amine groups. The
formation of an interconnected network, in part by NH, could
increase the viscosity of the liquid amine or ever form a gel at
the TEPA film surface.’® Quantum chemistry calculations
revealed higher binding energy of CO, to the NH (20.4 kJ/
mol) than NH, (14.5 kJ/mol) groups of TEPA,'® suggesting
that slow CO, diffusion through the surface network occurred
mainly by solution-diffusion (gas-phase) rather than facilitated
transport across the NH sites. A high CO, binding energy to

dx.doi.org/10.1021/am5031006 | ACS Appl. Mater. Interfaces 2014, 6, 13617—13626
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Figure 5. (a) IR absorbance spectra of adsorbed CO, after Ar purge and during TPD, and (b) normalized IR intensity profiles of adsorbed and gas-
phase CO,. The insets of b show the relative rates of CO, desorption from each film as a function of temperature.

-NH (secondary amine functional group) is in contrast to the
low energy observed elsewhere experimentally.”’ This discrep-
ancy can be explained by the presence of more hydrogen
bonding of the ion pairs associated with neighboring secondary
amine groups, which was observed near our film surfaces.
Diminished CO,/N efficiency for TEPA/SBA-15 with
increased amine loading'® further supports limited CO,
diffusion through more amine layers.

Interestingly, the formation of the interconnected surface
network is associated with the high degree of amine—amine
hydrogen bonding of the films before adsorption. In other
words, the mechanism for CO, adsorption onto amine films
could be predicted by the DRIFTS spectra of the fresh films.

CO, Adsorption in DRIFTS. Figure 4a compares the
DRIFTS absorbance spectra of adsorbed CO, as a function of
time on 3 different thickness films. The spectra of adsorbed
CO, on the 4 um film show identical features for band
positions and shapes with increasing intensity, indicating a
homogeneous distribution of surface and bulk species. The
spectra of adsorbed CO, for the 10 and 20 ym films show an
appreciable difference in the IR band intensity growth. The
spectrum at 0.1 min, which represents adsorbed CO, on
primary amines at low concentration, resembled that obtained
for 4 ym. As CO, exposure time increases, the growth of NH;"
and NH,* ammonium ion band intensities at 2431 and 2184
cm™" and the shifted/merged carbamate bands suggest further
association of adsorbed CO, with secondary amines.

Figure 4b plots the intensities of ammonium ion and
carbamate bands with time while flowing CO,/air. The
ammonium ion and carbamate intensities increased at the
same rate on the 4 ym film, compared to leading of the
ammonium ion profile relative for that for carbamate for the 10
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and 20 ym films. The NH," band around 2184 cm™'emerged at
0.5 min on these thicker films. The adsorbed CO, spectra and
intensity profiles suggest two possible pathways for ammonium
ion formation: (i) CO, adsorption onto NH, sites first to
produce primary NH;"- NHCOO™ jon pairs and then onto the
NH sites or (ii) migration of an NH;* proton to NH for
regeneration of the NH, to adsorbed incoming CO,. The
migration of these protons is diffusion limited, evidenced by the
increased lag between the ammonium ion and carbamate
profiles with film thickness.

The kinetics of CO, adsorption onto immobilized amine
sorbents have been quantified by the rate constants (k) by
fitting the CO, uptake curves to various models, including the
linear driving force (LDF) 2 first and second order Lagergen,53
fractional order,”> and Avrami’>*** The use of the various
models in the literature makes the comparison of adsorption
kinetics challenging. We found that adsorption half time, which
is defined as the time required for the sorbents to reach half of
their saturated adsorption capacities, can serve as a semi-
quantitative indicator of the overall adsorption and diffusion
kinetics.*>*® Analysis of the CO, profiles for amine sorbents in
the literature®>>**>>” revealed that the sorbents’ adsorption
half times were within the range of those of our TEPA films,
between 0.28 and 0.42 min.****3%*" Comparable adsorption
half times for the sorbents and films suggests similar adsorption
kinetics for immobilized and liquid amines, in spite of potential
diffusion effects in the immobilized amine sorbent. Further-
more, the adsorbed CO, on immobilized and liquid amines are
similar.

The derivative intensity profiles of the adsorbed species (AI/
At) for 4 ym, shown in the inset, increased sharply up to a
maximum relative rate of AI/At = 4.0 au/min at 0.3 min, and
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then symmetrically decreased until 1 min. These results
confirm negligible CO, diffusion limitations through the entire
film. In contrast, the AI/At profiles for the 10 and 20 ym films
rapidly increased to maximum relative rates of 2.5 and 1.8—4.0
au/min around 0.45 min, respectively, and then steadily
decreased until 2.0 min. These asymmetrical intensity profiles
reveal slow CO, diffusion through the interconnected surface
network and to the bulk amines. Asymmetrical CO, uptake
profiles for amine/silica sorbents®”*® have been attributed to
fast adsorption onto external amine layers followed by slow
diffusion into bulk layers. It was further postulated that slow
bulk diffusion resulted from the formation of an ionic
carbamate gel at the amine surface layers.*®

CO, Desorption in DRIFTS. Figure Sa shows the DRIFTS
absorbance spectra of adsorbed CO, after Ar purge and during
TPD from the TEPA films. Reducing the partial pressure of
CO, by switching to the Ar flow at 50 °C desorbed about 20%
of the adsorbed CO, from the 4 pym film, evidenced by the
reduced carbamate and ammonium ion band intensities. These
species desorbed at zero CO, partial pressure and constant
temperature are considered as weakly adsorbed CO,.

CO, desorption kinetics have been compared by examining
the decay curves of adsorbed CO,.** This type of decay curve
has been further quantified by fitting to the Avrami equation.*”
Comparison of the COO™ carbamate decay curve during CO,
desorption from the 4 ym TEPA film, shown in Figure 4b, with
that of a high amine density sorbent (34.50 N atoms (TEPA)/
nm?)® indicates that adsorbed CO, desorbs from the films and
sorbents within the same time scale. These results are in
contrast to those of the thicker films.

Increasing the temperature of the 4 ym film accelerated the
removal of the adsorbed CO,, beginning at 60 °C. The spectra
during desorption resembles those during adsorption, further
supporting that the adsorbed species were reversibly adsorbed
to the amine groups.

In contrast to the 4 ym film, adsorbed CO, on the 10 and 20
um films required a higher desorption temperature (100 °C)
than that of 4 pm. Higher desorption temperature for the
thicker films shows stronger binding of the ion pairs and
zwitterions to NH groups that comprise the hydrogen bonded
surface network. The IR features of adsorbed CO, being
desorbed at 100 °C resemble those at 0.1 min of CO,
adsorption (Figure 4a), suggesting the removal of bulk species
associated with primary amines trapped beneath the network.

Figure Sb shows increased lead times of the ammonium ion
profiles relative to the carbamate profiles with increased film
thickness during thermal desorption. It is interesting to observe
the reversed lead-lag trend for the ammonium and carbamate
ion profiles when comparing with those for adsorption in
Figure 4b. Faster reduction of the ammonium ion than
carbamate profiles suggests that deprotonation precedes the
decomposition of carbamate during CO, desorption.

The thermally desorbed CO, can be considered as a strongly
adsorbed species. The key differences in the IR spectra between
strongly and weakly adsorbed CO, are the intensities of
ammonium jons and the variations in the carbamate bands.
These differences can be, in part, attributed to the availability of
-NH,/NH sites for protonation, especially -NH,. The high
fraction of the NH,, primary amines, on TEPA interacting with
the metal surface for the 4 ym film would produce more weakly
adsorbed CO, than the high fraction of available primary amine
sites for the 10 and 20 um films. It is likely that a high fraction

of carbamate on the 4 ym film near the TEPA/metal interface
is associated with the secondary amine sites.

The 10 and 20 um films exhibited slow reduction in the 2531
and 2431 cm™' ammonium ion profiles beginning at 65 °C
prior to CO, desorption, which could result from dissociation
of ionic hydrogen bonds (IHB) between ammonium ions and
NH,/NH. A reported lower IHB strength of 86.8 kJ/mol for
CH;NH;"-H,NCH, (gas-phase)®’ than a 155—45 kJ/mol
CO, binding strength for silica-immobilized aminopropylsilane
(APS)®* further supports this hypothesis.

The higher fraction of weakly adsorbed ammonium ion and
carbamate species on the thinner 4 ym film gave the broad AI/
At profiles with respect to temperature, reflecting a wide
distribution of CO,-amine binding strengths throughout the
film. In contrast, the higher fraction of strongly adsorbed
species comprising the surface network of the 10 and 20 ym
films gave narrower AI/At profiles, which showed faster CO,
desorption kinetics at higher temperature.

Figure 6 compares the intensity profiles of ATR (1563 cm™")
and DRIFTS (1575, 1525 cm™) for COO~ during TPD.
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Figure 6. Normalized DRIFTS and ATR absorbance intensity profiles
of carbamate (COO~) during TPD. The time scales of the ATR
profiles were offset by 0.7 min relative to those for DRIFTS to account
for the different heating rates of the IR accessories.

Slower decay in the 1577/1525 cm™" carbamate ATR profile
than that of DRIFTS for the 4 ym film indicates that weakly
adsorbed CO, removal was limited by the slow rate of
facilitated transport/diffusion through the bulk amines.
Increasing the TEPA film thickness inhibited bulk diffusion
and delayed surface desorption of strongly adsorbed CO,,
which are evidenced by the slow responses in the respective
ATR and DRIFTS profiles. Note that ATR observed the
adsorbed species at the bottom of the film which is near the
surface of the ZnSe window. Desorption of strongly adsorbed
CO, from the thicker films likely occurred in two stages: (i)
slow facilitated transport process via the formation and
decomposition of primary ammonium-carbamate species, as
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shown by the ATR curves in Figure 6 followed by (ii) rapid
surface desorption of primary and secondary ammonium-
carbamate species at 100 °C, as shown by the DRIFTS profiles.
At 100 °C, the surface network of ammonium-carbamate
species was eliminated, which liberated bulk CO,. The flat ATR
and DRIFTS carbamate profiles for the 20 gm film up to 80 °C
reveal the inability of adsorbed CO, to desorb from the thick,
strongly bound surface network at a lower temperature.

B CONCLUSIONS

The adsorption and desorption of CO, for different thicknesses
of TEPA films were studied by in situ ATR and DRIFTS
techniques under transient conditions. The IR results showed
that CO, adsorbed onto the 4 pm film as ammonium-
carbamate ion pairs and zwitterions, which rapidly diftused into
the bulk. Increasing the film thickness to 20 pm resulted in a
thick, interconnected surface network of strongly adsorbed
species. This network contained a high concentration of
ammonium ions and slowed down CO, gas diftusion into and
diminished access of the bulk amine groups, reducing the CO,/
N efficiency by a minimum of 65%. The corresponding ATR
spectra of thick TEPA films confirmed the low concentration of
adsorbed CO, within the bulk due to diffusion limitations. TPD
studies showed that weakly adsorbed CO,, of which the IR
spectra exhibited low intensity of ammonium ions, were
released from the 4 pm film beginning at 50 °C by decreasing
the CO, partial pressure through flowing Ar. Desorption of
adsorbed CO, from the thicker films could occur in two stages:
(i) slow facilitated transport processes via the formation and
decomposition of primary ammonium-carbamate species
followed by (ii) elimination of the ammonium-carbamate
surface network at 100 °C for rapid desorption of CO,. These
results show that diffusion, as well as binding strength, play a
key role for CO, adsorption/desorption onto/from thick amine
films. Faster CO, mass transfer and higher amine efficiencies
for sorbents can be achieved by using thinner layers of
immobilized amines on the porous support. The ATR and
DRIFTS techniques presented in this study can also be used to
examine the nature of adsorbed CO, on viscous films prepared
from different amines.
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