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ABSTRACT: A comprehensive study was conducted to investigate the stability of
a wide variety of mesoporous silica-supported amine-containing adsorbents in the
presence of carbon dioxide under dry conditions. CO,-induced degradation of
grafted primary and secondary monoamines (pMono, sMono), diamines with one
primary and one secondary amines (Diamine) and triamine with one primary and
two secondary amines (TRI) as well as different impregnated polyamines such as
branched and linear polyethylenimine (BPEI and LPEI) and polyallylamine (PALL)
was investigated using extensive CO, adsorption—desorption cycling as well as
diffuse reflectance infrared Fourier transform (DRIFT) and *C CP MAS NMR
measurements. Except for sMono, all other supported amines underwent significant
deactivation in the presence of dry CO, under mild conditions. In all cases, the
decrease in CO, uptake was associated with the formation of urea linkages at the
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expense of amine groups. The urea-containing species were identified, and the deactivation pathways were delineated.

1. INTRODUCTION

The selective removal of CO, from gaseous streams is a subject
of widespread industry and public concern. Currently, a variety
of technologies, such as physical and chemical absorption with
solvents, membrane separation and adsorption on solid
materials, have been proposed." With regard to the latter,
extensive research activities focused on the development of
gra\ftedz_6 and impregnated7_18 amine-containing species on
large surface area supports. Several authoritative reviews on this
topic are readily available.'”~** Most literature reports were
devoted to the measurements of equilibrium or near-
equilibrium adsorption capacity of materials using CO,-
containing gas mixtures. However, only a limited number of
contributions dealt with the stability of amine-modified
adsorbents in the presence of H,S,”* NO,,° 802,24 0,7
moisture,”®*” and CO,”* ! on the carbon dioxide adsorptive
properties, most often without delineating the mechanisms of
deactivation. Of utmost importance in this context is the
stability of the adsorbents under conditions favorable for the
recovery of a pure CO, stream, ready for compression and
sequestration,' or for other usages such as oil enhanced
recovery and as raw material for high value added chemicals.**
To achieve this goal, two scenarios have been contemplated.
The first approach, which consists of using low quality steam as
a purge gas is facing challenging issues associated with the lack
of stability of the materials pore structure in the presence of
steam.>** The second alternative would be to use CO, as a
purge gas in a temperature swing operation. To achieve this
objective, it would be necessary to investigate the stability of
different amine-containing adsorbents in the presence of CO,
at relatively high temperature to mimic the desorption
conditions in the presence of CO, purge gas.
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Drage et al’® investigated the behavior of branched
polyethylenimine (PEI)-impregnated silica in pure CO, at
different temperatures. Beyond 135 °C, they observed a weight
gain paralleled by a decrease in adsorption capacity. This was
attributed to the formation of urea linkages. Sayari and
Belmabkhout*® investigated the effect of CO, on several
amine-containing adsorbents under different temperature swing
conditions. They found that (i) all materials deactivated at
different rates depending on the severity of the adsorption and
desorption conditions, (ii) the deactivation was due to the
formation of stable urea groups at the expense of amine, and
(i) none of the materials deactivated when humidified gases
were used instead of dry gases. In a more detailed study, Sayari
et al.*! investigated the effect of dry CO, on the adsorptive
properties of grafted propylamine (pMono containing a single
primary amine), N-methylpropylamine (sMono with a single
secondary amine) and propyldiethylenetriamine (TRI with one
primary and two secondary amine groups). They found that
while pMono deactivated readily, sMono was stable even at
temperatures as high as 200 °C. This finding was associated
with the occurrence of isocyanate as intermediate species
toward the formation of urea groups. Since the secondary
monoamine cannot generate isocyanate, it did not undergo
CO,-induced coupling into urea. However, the deactivation of
TRI was higher than expected based on complete trans-
formation of the primary amine groups into urea linkages. This
indicated that once the isocyanate is formed, it can react with
either a primary or a secondary amine to yield different ureas.
Heydari-Gorji et al.*® carried out a multifaceted investigation
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on thermal, oxidative and CO,-induced degradation of
branched PEI-impregnated mesoporous silica. They demon-
strated that in the presence of dry CO,, the adsorbent degraded
through the formation of open chain and/or cyclic ureas, even
under mild conditions. However, consistent with earlier
studies,”® it was also shown that the formation of urea groups
may be completely inhibited in the presence of moisture.

In light of the foregoing discussion, one important question
arises: What would be the behavior of an all-secondary amine
polymer such as linear polyamine, in the presence of dry CO,?
To address this question and to gain further insights into the
CO,-induced deactivation processes, we embarked on a
comprehensive study dealing with a wide variety of amine-
containing adsorbents. Using CO, uptake measurements as well
diffuse reflectance infrared Fourier transform spectroscopy and
solid-state NMR data, different deactivation processes were
delineated. Depending on the structure of the adsorbing
materials and the nature of the amine groups involved, several
degradation mechanisms were proposed.

2. EXPERIMENTAL SECTION

2.1. Materials and Synthesis of Adsorbents. Linear PEI was
supplied by Polysciences, Inc. All other chemicals were obtained from
Sigma-Aldrich and Gelest. All amines and polyamines used in this
work are listed in Table 1. Carbon dioxide (99.99%) and nitrogen
(99.999%) were supplied by Linde Canada.

The detailed preparation procedure for amine-grafted pore-
expanded MCM-41 (PE-MCM-41) may be found elsewhere.” Briefly,
samples referred to as pMono, sMono-1, sMono-2, Diamine, and TRI
were prepared by surface grafting of 3-(aminopropyl)trimethoxysilane,
trimethoxy[ 3-(methylamino)propyl]silane, N-butylaminopropyl trime-
thoxysilane, N-[3-(trimethoxysilyl)propylJethylenediamine, and N'-(3-
trimethoxy-silylpropyl)diethylenetriamine. After drying PE-MCM-41
silica in a vacuum oven at 120 °C, the support material was loaded into
a multineck glass flask containing 100 mL of toluene. Once a
homogeneous mixture was produced, 0.1-0.4 mL of distilled
deionized water/g of PE-MCM-41 was added and left stirring for 30
min. The flask equipped with a condenser was then submerged in a
silicon oil bath set at 85 °C using a temperature-controlled stirring hot
plate with an external temperature probe. Monoaminosilanes (2 mL
per gram of silica) or di- and triaminosilane (3 mL/g of silica) was
subsequently added to the mixture and left stirring overnight. The
products were filtered and washed with toluene and pentane. The
recovered solid materials were dried at room temperature overnight.

Polyamine-impregnated materials were prepared using as support a
large pore SBA-15 silica (12.5 nm) synthesized according to literature
reports.>**® Typically, 2.4 g of Pluronic P123 triblock copolymer was
dissolved in 30 g of water and 120 g of 2 M HCI solution with stirring
at 40 °C. Then, 8.5 g of tetraethylorthosilicate was added into the
solution with stirring at 40 °C for 20 h. The mixture was then
transferred into an autoclave for further treatment at 130 °C overnight
without stirring. The material was air-calcined at 550 °C to remove the
template.

Regarding the preparation of impregnated adsorbents, the required
amount of branched PEI (Aldrich, average M, ~ 600), linear PEI
(Polysciences, Inc., M, ~ 2500) or polyallylamine (Aldrich, M,, ~
17000, 20% in water) was dissolved in methanol before adding the
mesoporous silica support. The resultant slurry was stirred at room
temperature until the solvent is evaporated, then the sample was
further dried at SO °C under reduced pressure (600 mmHg). The
adsorbents were denoted as BPEI, LPEI, or PALL for branched PEI,
linear PEI, or polyallylamine supported on SBA-15 mesoporous silica,
respectively. The structural properties of the adsorbents are listed in
Table S1 (Supporting Information). Notice however, that the current
adsorbents were not optimized for maximum CO, uptake, because this
was not the main purpose of this work.
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2.2. Adsorption Measurements. CO, adsorption and temper-
ature swing adsorption (TSA) measurements were carried out using a
Rubotherm magnetic suspension balance. Details about the exper-
imental setup and procedure may be found elsewhere.® To investigate
the deactivation of the adsorbents in the presence of dry CO,, after
nitrogen pretreatment at the desorption temperature (130—160 °C)
for 90 min, the sample was cooled down to the adsorption
temperature (S0 or 100 °C) before switching to a pure CO, stream.
After 30 min of exposure, the regeneration took place at the
desorption temperature under flowing pure CO, at atmospheric
pressure for 30 min; then cooled again to the adsorption temperature.
The cooling stage followed by adsorption was carried out in pure CO,
atmosphere, and took a total of 100 min. The procedure was repeated
over several cycles. At the end of the cycling experiment, the adsorbent
was regenerated using pure N, at the same desorption temperature
and the CO, uptake was measured at the adsorption temperature in
order to compare with the fresh material. The same procedure was
carried out for all adsorbents. The CO, uptake was calculated based on
the weight gain of the sample during adsorption. The degree of
deactivation represents the difference between the uptakes of the fresh
and CO,-exposed materials relative to the original uptake. The
adsorbents after TSA cycling were designated as Adsorbent-T 4./ Tyeq
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where T4 and Ty, are the adsorption and desorption temperatures,
respectively. For example, pMono-50/130 means grafted primary
monoamine adsorbent after TSA cycling at 50 °C for adsorption and
130 °C for desorption.

2.3. Diffuse Reflectance Infrared Fourier Transform (DRIFT)
Spectroscopy and Nuclear Magnetic Resonance (NMR). A
Nicolet Magna-IR 550 spectrometer equipped with a MCT detector
and a Thermo diffuse reflectance cell was used to collect DRIFT
spectra. About 15 mg of powder sample was placed in the cell and
pretreated in flowing ultrahigh purity He at 100 °C for 2 h. The
DRIFT spectra were then recorded under He atmosphere for fresh
and CO,-deactivated materials. The spectrum for KBr was used as
background. The 13C CP/MAS NMR experiments were conducted on
a Bruker AVANCE 200 or 400 instrument. The spinning frequency
was set to 4.5 and 10 kHz for Avance 200 and 400, respectively. The
contact time was 2 ms, with recycle delays of 2 s. Before NMR
measurements, all samples were pretreated using pure N, at the same
temperature as the desorption temperature to release adsorbed CO,, if
any.

3. RESULTS AND DISCUSSION

Figure lab presents the working capacity data during TSA
cycling in the presence of dry pure CO, for different
adsorbents. Pure CO, was used for both adsorption and
desorption steps for 30 cycles.

Table 2 shows the corresponding uptake losses for all
adsorbents after 30 TSA cycles. As seen, all grafted materials,
with the exception of sMono-1 and sMono-2, lost more than
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Figure 1. CO, uptake during TSA cycling over (a) amine-grafted, (b)
amine-impregnated adsorbents in dry condition (cooling and
adsorption at 50 or 100 °C and 1 bar using pure CO, for 100 min
and desorption at 130—160 °C and 1 bar using pure CO, for 30 min).

Table 2. CO, Uptake Loss of the Adsorbents after
Adsorption—Desorption Cycling at 50/130 °C

adsorbent uptake loss (wt%) organic content (wt%)
pMono 66 28
sMono-1 <1 26
sMono-2 <1 29
Diamine 72 24
TRI 72 37
BPEI 76 50
LPEI 50 40
PALL 62" 40

“Uptake loss after 30 adsorption—desorption cycles at 50/150 °C was
78%. “Adsorption—desorption cycles at 100/160 °C.

65% of their original CO, adsorption capacity. With regard to
the three impregnated polyamines, although they all underwent
significant decrease in CO, uptake, the degree of deactivation
seems to decrease with increasing molecular weight, most likely
because of increasing diffusion resistance. After 30 TSA cycles
at 50/130 °C, BPEI (M,, ~ 600) showed 72% CO, capacity loss
versus 50% for LPEI (M,, ~ 2500), whereas PALL (M,, ~ 17
000) had to be treated under more severe condition (30 cycles
at 100/160 °C) to reach a high degree of deactivation (62%),
suitable for DRIFT and NMR measurements. Under otherwise
the same conditions, increasing the desorption temperature in
the presence of LPEI, to 150 °C, led to 78% deactivation versus
50% for desorption at 130 °C. Similarly, PALL-100/160
showed 82% uptake loss upon continuous exposure to dry pure
CO, at 180 °C for 10 h.

On the basis of earlier findings®® and the following
discussion of FTIR and *C NMR data, it is inferred that the
CO,-induced deactivation of supported amines under dry
condition takes place through the formation of stable urea
linkages at the expense of amine groups. Table 2 shows that the
sMono samples did not suffer any deactivation, indicating that
single secondary monoamines cannot form open-chain urea
linkages under our experimental conditions.

Table 3 presents a comprehensive list of urea derivatives that
may form upon dry CO,-induced degradation of the supported
amines listed in Table 1. Two primary amines in separate
chains react with CO, to form a disubstituted urea type U-1.
Two primary amines in a single chain, such as PALL, react with
carbon dioxide to produce a cyclic urea with an eight-
membered ring, that is, U-2. As far as FTIR and NMR
measurements are concerned, since the ring is too large, species
U-2 behaves like U-1. Notice that none of the amine-containing
materials used here is capable of generating primary amine-
derived ureas with smaller cycles. Interestingly, a primary amine
can react with CO, and a secondary amine in the same chain or
in a different molecule to form an N-substituted cyclic urea (U-
4) or trisubstituted open-chain urea (U-3).”* Moreover, N,N'-
disubstituted cyclic ureas, U-S and U-6, are formed via reaction
of two secondary amines in a single chain with CO,. Table 3
also shows the range of *C NMR shift for C=0 in the
different urea groups as determined by the ACD/C+H NMR
Predictors software. These data are consistent with exper-
imental measurements reported in the literature.>”** They may
be divided into two groups of ureas with C=0 chemical shifts
in the range of (i) 159—161 ppm associated with disubstituted
(U-1, U2 with large cycle) and trisubstituted (U-4) open-chain
ureas as well as N,N'-disubstituted cyclic ureas (U-5), and (ii)
163.5—16S ppm attributed to N-substituted cyclic ureas (U-3).

=31
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Table 3. List of Possible Urea Derivatives Formed by CO,-
Induced Deactivation of Supported Amines

urea structure BC chemical
shift of C=0
i
U-1 R\2/1\N/C\N/1\2/R 159.5-160.5
H H
[+]
‘I‘j
HN- TSNH
U-2 1/ \1 159.5-160.5
\
R\4/2\3/ ~ R
o]
o
U-3 N N 163.5-165
\ ]
2—3
1
U-4 I W N 159.5-160.5
H
|
[o}
R [ R
U-5 \1_N/°\N_1/ 160-161
/
2—2
o
(]l
U-6 1—n" ON—t 162-163
\
2—2
n

Nonetheless, polymer containing adjacent imidazolidinone
entities (U-6) exhibits a C=0 chemical shift at 162—163 ppm.

C NMR and DRIFT data for CO,-deactivated supported
amines provide strong evidence to the formation of different
urea linkages. Figures 2—4 show the 3C CP/MAS NMR
spectra for fresh and CO,-deactivated materials. In the
following discussion, the methylene groups in fresh adsorbents
and in the corresponding ureas will be designated as Cx and
CUzx, respectively, where x is the carbon number as shown in
Tables 1 and 3.

3C NMR data for pMono and PALL are shown in Figure 2.
As seen in Figure 2a, fresh pMono exhibited three signals at
10.5, 27.3, and 44.5 ppm corresponding to C1, C2, and C3 in
the propyl chain. A small signal at ca. 164.4 ppm corresponds to
carbamate, due to CO, adsorption from ambient air. This peak
appeared in the >C NMR spectrum of all fresh adsorbents.
Upon CO,-induced deactivation, NMR signals corresponding
to C1 and C2 hardly changed, while three new peaks appeared
for pMono-50/130 at 24.6, 43.8, and 159.6 ppm (Figure 2a).
Consistent with the formation of urea type U-1 (Table 3), these
signals were assigned to CU2, CU1, and C=O0, respectively.
The peaks centered at 35.8 and 45.4 ppm in Figure 2b were
assigned to C1—C2 and C3 (Table 1) in fresh PALL,
respectively. After extensive CO, adsorption—desorption
cycling, the slightly shifted peaks at 37 and 44.4 ppm were
attributed to CU2 to CU4 and CUI in the formed urea, that is,
U-2 (Table 3). Interestingly, the new peak at 160.6 ppm
assigned to C=0 in U-2 proved the formation of disubstituted
urea. The small shoulder at 164.5 was possibly a remnant of the
carbamate signal.
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Figure 2. *C CP MAS NMR spectra of (a) pMono before and after

TSA cycling in dry CO, at 50/130 °C and (b) PALL before and after
TSA cycling in dry CO, at 100/160 °C.

As seen here and elsewhere,*! adsorbents containing single
secondary amine species, sMono-1 and sMono-2, were
exceedingly stable in dry CO,. However, grafted materials
containing ethylenediamines with mixed primary and secondary
amines such as Diamine and TRI underwent significant
deactivation upon exposure to dry CO, (Table 2). Figure
3a,b presents the *C NMR data for both fresh and CO,-
deactivated Diamine and TRI adsorbents.

Figure 3a shows the *C NMR data for Diamine before and
after TSA cycling in dry CO, at 50/130 °C. The observed
peaks centered at 9.5, 22, 40.3, 47.5, 50.8, and 164 ppm for
fresh Diamine were associated with C1, C2, C5, C3, C4 (Table
1) and carbamate. Upon CO,-deactivation, the NMR peaks for
the carbon atoms adjacent to the amine groups (C3 to CS)
disappeared, and two new peaks were observed at 38.6 and 45.5
corresponding to CU3 and CU1-CU2 (Table 3), respectively.
The peak at 164 ppm grew, but hardly shifted. Since the
material has been 72% deactivated (Table 2), this peak cannot
correspond to a carbamate species, but to C=0 in U-3 (Table
3) urea. This finding shows that the formation of N-substituted
cyclic urea (U-3) between two amine groups in a single chain is
more favorable than open-chain disubstituted urea (U-1)
because no peak was observed at ca. 160 ppm. Notice that
based on the behavior of sMono, open-chain tetrasubstituted
urea cannot be formed between secondary amines in different
chains, under our adsorption—desorption conditions of CO,—
containing dry gases.

TRI with two secondary amines and one primary amine
degraded in the presence of dry CO, mostly via the formation
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Figure 3. *C CP MAS NMR spectra of (a) Diamine, (b) TRI, before
and after TSA cycling in dry CO, at 50/130 °C.
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Figure 4. 3*C CP MAS NMR spectra of (a) BPEIL (b) LPEI before
and after TSA cycling in dry CO, at 50/130 and 50/150 °C,
respectively.

of cyclic urea (U-3). Figure 3b shows that CO,-deactivated TRI
exhibits three peaks at 38.9, 45.5, and 163.7 attributable to
CU3, CU1-CU2, and C=O0 in U-3 urea. A small shoulder at
159.6 ppm may indicate the formation of type U-S urea via
cyclization using two neighboring secondary amines. Although
less likely, this peak may correspond to an open-chain type U-1
urea, formed between two primary amine groups in different
chains.

The 3C NMR data for fresh and CO,-deactivated LPEI are
shown in Figure 4a. In contrast to BPEI which contains
primary, secondary and tertiary amine groups, LPEI is a
polymer composed of only secondary amines with identical
local environments. The single “C peak at S1.4 ppm is
attributable to the only type of carbon atoms in the polymer
chain. Upon CO,-deactivation, two new peaks developed at
44.2 and 46 ppm which were assigned to CU2 and CU1 in urea
U-S (Table 3), respectively. Another peak attributable to C=0
in U-S appeared at 162.7 ppm, indicating the occurrence of $-
membered ring cyclic urea (poly-1,3-dimethylene-2-imidazoli-
dinone) as the only CO,-degradation product, with no open-
chain urea formed because no peak was observed at 164—165
ppm. Consistent with the experimental data, the ACD/C+H
NMR Predictors software indicates that the chemical shift
associated with C=0 in a single U-S species is expected at
160—161 ppm, while in a polymer containing adjacent U-5
species, the signal shifts to 162—163 ppm.

Figure 4b shows the '*C NMR spectrum for fresh and CO,-
deactivated BPEL For fresh BPEI, the peaks at 41, 49.5, and 58
ppm are associated with the methylene groups adjacent to
primary (39—41 ppm), secondary (49—52 ppm), and tertiary

(52—58 ppm) amine groups.”” Upon CO, deactivation, the
NMR spectrum underwent significant changes, except for the
chemical shift attributable to the carbon atoms attached to
tertiary amines (52 ppm). It is thus inferred that tertiary amines
were not involved in the CO,-induced degradation process. On
the basis of the deactivation mechanism and the degradation
products of other amine-containing species discussed above, it
is proposed that in the presence of dry CO,, BPEI deactivates
through the formation of different kinds of open-chain and
cyclic ureas (Table 3). The new peaks at 39.3 and 45.8 ppm
were assigned to —CH,—NH—CO- in open chain ureas such
as CU1 in U-1, U-2 or U-4 or to methylene groups adjacent to
cyclic ureas such as CU1 in U-3, U-5 or U-6. Two new peaks
appeared at 160 and 163.5 ppm that may be assigned to C=0
in different open chain or cyclic ureas (Table 3), involving
primary and secondary amines.

Figures S, 6 and 7 show the DRIFT spectra for all adsorbents
before and after TSA cycling in dry pure carbon dioxide. Table
4 shows the wavenumbers of relevant infrared bands in fresh
and deactivated materials and their assignments.**’

As seen in Figure Sab, the disappearance of the 1600 cm™
band associated with NH, deformation and the parallel
development of two new bands at 1565 and 1653—1660
cm™! provide strong evidence for the formation of U-1 and U-2
ureas in pMono and PALL, respectively. The DRIFT spectra
for CO,-deactivated Diamine, TRI and LPEI are shown in
Figure 6, panels a, b, and c, respectively. The new bands
observed at ca. 1500 and 1700 cm™' for all these adsorbents
were associated with C—N and C=O0 stretch in cyclic ureas,
that is, U-3, U-S and U-6.

dx.doi.org/10.1021/ja304888a | . Am. Chem. Soc. 2012, 134, 13834—13842
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Figure 5. DRIFT spectra for (a) pMono and (b) PALL, before and
after TSA cycling in dry CO, at 50/130, 100/160, respectively.

Figure 7 indicates that conversely to other amine-containing
adsorbents, BPEI-50/130 shows four new DRIFT absorption
bands at 1560 and 1660 and also 1498 and 1702 cm™},
associated with linear and cyclic ureas (Tables 3 and 4),
respectively. Consistent with >C NMR data, this finding
provides direct evidence that several kinds of substituted ureas
were formed.

3.1. Deactivation Mechanisms. Two general mechanisms
for the formation of urea from amines in the presence of CO,
will be considered, namely, dehydration of ammonium
carbamate, and reaction of amine with isocyanate, the latter
stemming from primary amine. Scheme 1 proposes a number of
possible pathways for the degradation of primary and secondary
amine groups in the presence of CO, under dry conditions.

On the basis of the current experimental results and literature
data,®' it is inferred that the formation of open-chain urea most
likely involves at least one primary amine, indicating that no
open-chain tetrasubstituted urea, involving two secondary
amine groups, may be formed. Mechanism A, Route 1 (Scheme
1) seems to be the most dominant pathway. A primary amine
reacts with CO, to form the corresponding carbamic acid,
which in turn, dehydrates under dry conditions, particularly at
high temperature to form the corresponding isocyanate. The
latter condenses with a primary or secondary amine to yield di-
and trisubstituted open-chain ureas, respectively.

Wau et al.*' reported an effective process for the synthesis of
urea derivatives from monoamines and CO, without any
catalyst or organic solvent, and showed that under high
temperature and CO, pressure (180 °C, 10 MPa), primary
monoamines afford disubstituted ureas in moderate to high
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Figure 6. DRIFT spectra for (a) Diamine, (b) TRI and (c) LPEI
before and after TSA cycling in dry CO, at 50/130 °C (a and b) or
50/150 °C (c).

yields. Using mixtures of primary and secondary monoamines,
they obtained significant yields of both primary amine-derived
disubstituted ureas and mixed amine-derived trisubstituted
ureas, but no tetrasubstituted ureas from secondary amines
only. Likewise, Ton et al.** found that even in the presence of
basic catalysts such as Cs,CO;, secondary monoamines alone
do not form urea in the presence of CO, (2.5 MPa, 170 °C, 24
h), whereas mixed primary and secondary monoamines afford
di- and trisubstituted ureas, without any tetrasubstituted urea.
These findings may be explained by the occurrence of primary
amine-derived isocyanate as an intermediate, followed by
reaction with either primary or secondary amine into ureas.
Our results regarding the deactivation of monoamines, or the
lack thereof are fully consistent with such observations. Notice,
however, that secondary monoamines may generate tetrasub-
stituted ureas in the presence of strong bases such as KOH on
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Figure 7. DRIFT spectra for BPEI before and after TSA cycling in dry
CO, at 50/130 °C.

Table 4. Assignments of DRIFT Absorption Bands

frequency (cm™) assignment

1450—1460 CH, deformation

2815-2940 CH, stretch

1595-1600 NH, deformation

1630—1660 NH;" deformation

3286—-3300 NH stretch and symmetric NH, stretch

3360 asymmetric NH, stretch

1498—1500 C—N stretch in U-3/U-5/U-6
1560—1565 C—N stretch in U-1/U-2
1653—1660 C=0 stretch in U-1/U-2
1700—1705 C=0 stretch in U-3/U-5/U-6

polyethylene glycol under relatively severe conditions (8 MPa
CO,, 150 °C, 10 h), presumably via reaction of amine (R,NH)
with potassium carbamate (R,NCOOK).>® Such conditions are
not pertinent to the current work. The isocyanate mechanism is
likely to apply for the formation of open-chain di- or
trisubstituted ureas, or N-substituted cyclic ureas, that is,
whenever a primary amine is involved (Scheme 1, Mechanism
A, Route 1 and Mechanism B, Route 1). However, as far as the

formation of open-chain ureas is concerned, although less likely
than the isocyanate route, the dehydration of disubstituted
ammonium carbamate derived from primary amine or
trisubstituted ammonium carbamate derived from mixed
amines cannot be ruled out (Mechanism A, Route 2).

As for adsorbents containing ethylenediamine units such as
Diamine, TRI, BPEI and LPE], the intramolecular dehydration
of the corresponding ammonium carbamate or carbamic acid
(Scheme 1, Mechanism B, Route 2), leading to the formation of
cyclic ureas is particularly favored. Lepaumier et al.**
investigated the behavior of a series of ethylenediamines in
the presence of CO, (2—5 mol amine/kg water, 2 MPa CO,,
140 °C, 15 days). They reported that one of the main
degradation pathways of such diamines was the formation of
imidazolidinones even in the presence of water. Moreover, the
deactivation was particularly fast for ethylenediamines with the
general formula R;NH—CH,—CH,—NHR,. Further studies
showed that diamines and triamines, capable of generating five-
or six-membered rings, are particularly prone to deactivation.**
Likewise, Seki et al.***® found that N,N’-dimethylethylenedi-
amine affords the corresponding 1,3-dimethyl-2-imidazolidi-
none in the presence of CO, (16 MPa, 200 °C), apparently
catalyzed by amorphous silica.

One of the most intriguing findings in this work is that while
secondary monoamines are exceedingly resistant to CO,-
induced deactivation, linear polyethyleneimine which comprises
only secondary ethylenediamine units deactivates readily. This
is in line with several literature reports showing the lack of
reactivity of secondary monoamines,*”*"** and the high
reactivity of ethylenediamine units, including secondary
diamines.**~*° If one of the two amine groups is primary in
nature as in Diamine, the formation of the corresponding
imidazolidinone may take place through the intermediacy of
isocyanate (Scheme 1, Mechanism B, Route 1). However, if
both amines are secondary, the deactivation must involve the
intramolecular dehydration of the corresponding ammonium
carbamate or the carbamic acid (Scheme 1, Mechanism B,
Route 2). This mechanism applies to LPEI, and possibly to TRI
and BPEL

Scheme 1. Proposed Mechanisms for CO,-Induced Degradation of Supported Amines

Mechanism A: Formation of open-chain ureas
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4. CONCLUSIONS

The effect of CO, under dry condition on mesoporous silica-
containing amines was investigated using a wide variety of
amines, including primary and secondary monoamines, mixed
primary and secondary di- and triamines as well as different
polyethylenimines. Except for secondary monoamines, all other
materials were significantly deactivated in the presence of dry
carbon dioxide under mild conditions via the formation of urea
linkages at the expense of amine groups. In all cases, the nature
of the urea species has been identified and different reaction
pathways have been proposed, depending on the structure and
nature of the amine-containing species. Materials containing
primary amines are most likely to deactivate through the
intermediacy of isocyanate followed by reaction with primary or
secondary amine into di- and trisubstituted open-chain ureas or
N-substituted imidazolidinones. As for materials containing
ethylenediamine units with secondary amines, the formation of
the corresponding N,N’-disubstituted imidazolidinones takes
place through the dehydration of ammonium carbamate or
carbamic acid.

It is conceivable that, using a humidified inert gas under
relatively high temperature (100—200 °C), all or some CO,-
deactivated materials may be regenerated via urea hydrolysis.
Nonetheless, this step would be extremely time and energy
consuming. Therefore, every effort should be made to avoid
such CO,-induced deactivation by using feed and purge gases
containing water vapor.
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