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ABSTRACT: Various dry sorbents have been lately introduced as promising media to
capture carbon dioxide (CO,). However, it is still desirable to further improve their
performance in diverse aspects, and high temperature selectivity of CO, over other gases
is clearly one of them. Here, we report a co-assembly approach to turn nonporous
melamine resin to a highly ordered mesoporous polymeric network (space group: Im3m)
containing high nitrogen content (~18 at%). This mesoporous network shows
anomalously increasing CO,/N, selectivity with temperature rise, with the selectivity
at 323 K reaching 117 (Henry method). This selectivity behavior is attributed to a
combined effect of the high nitrogen content allowing for high binding affinity with CO,
and well-defined mesopores (2.5—2.9 nm) accelerating release of N, with temperature
rise. The given orthogonal approach suggests a new direction in designing dry sorbents

with excellent selectivities at high temperatures.
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1. INTRODUCTION

The ever-increasing carbon dioxide (CO,) emission from
burning fossil fuels has been considered the main origin of
various recent environment and energy issues."” In an effort to
overcome this grand challenge, a global integrated measure,
namely CO, capture and sequestration (CCS), has been
launched with drawing a great deal of attention and regarded
as one of the viable solutions.*~> In the area of CO, capture,
various kinds of dry sorbents> ' have been lately investigated as
alternatives to the current commercial technology using aqueous
ethanolic amines®* because the commercial technology suffers
from intrinsic drawbacks represented by high energy penalty for
regeneration and severe corrosion. In spite of the considerable
progress so far, it is desirable to further improve performance in
key aspects,” such as total CO, uptake, CO, selectivity over other
gases especially nitrogen (N,), and uptake retention upon
temperature rise.

While the performance of dry sorbents is highly dependent on
their various material parameters including sgeciﬁc surface
area,""'? functional group,m_18 and element,"”~>* it was recently
revealed'®2%*? that high nitrogen (N)-content can result in high
uptake and selectivity simultaneously. In particular, the high
selectivity was recently explained by a new concept, so-called
N,-phobicity."® In terms of taking advantage of high N-content,
melamine (2,4,6-triamino-1,3,5-triazine) is one of the most ideal
moieties for the sorbent building block because of its rich
nitrogen content reaching twice as large as carbon. Melamine has
additional advantages of low cost and long industrial
history.”*~** Despite the high N-content, the widely adopted
form of melamine, melamine resin (MR), synthesized via
continuous condensation reaction’®™*' between melamine
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and formaldehyde is not appropriate for CO, capture be-
cause its morphology is nonporous and its specific surface
area is therefore pretty low (<2 m*/g in this study) (see Figures
S1-S2).

The synthesis of porous MR is inherently nontrivi
The aforementioned condensation process is very reactive and
propagates rapidly in random directions, eliminating the
capability for morphology control. Other reaction schemes that
activate melamine toward a polymeric network while incorporat-
ing a reagent serving as bridges for a porous framework are hardly
available. The formation of MR is not also compatible with self-
assembly with diverse surfactants because MR does not have any
hydrogen bonding sites with surfactants. In the current study, we
overcome this difficulty by developing a copolymer approach
engaging phenolic resin (PR) units. The PR units are allowed to
form hydrogen bonding®™** with a well-known surfactant,
Pluronic F127 (a block copolymer, poly(ethylene oxide);os-
poly(propylene oxide),,-poly(ethylene oxide),), to produce a
highly ordered mesoporous copolymer network with a high
nitrogen content (~18 at%). The high N-content originating
from the triazine units of melamine facilitates strong CO,
binding affinity, enabling “CO,-philicity”, while well-defined
pores in a mesoscopic dimension (~2.9 nm) disrupt N,
adsorption especially at high temperatures due to weakened
interaction with pore walls. This orthogonal approach to the two
different gases results in excellent CO,-to-N, selectivities and an
unusual selectivity increase over temperature rise, implying that
mesopores are useful in enhancing the selectivity. Also, the
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Figure 1. Schematic representation showing the synthetic route of ordered mesoporous phenolic-functionalized melamine resin (om-ph-MR).
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Figure 2. Spectroscopy analyses of om-ph-MR. FT-IR spectra (A) before and (B) after a mild heat treatment. (C) XPS spectrum in the N s branch.

present study with highly organized mesopores could offer a clue polymers with the same nitrogen-containing functional
to resolve the recent inconsistent selectivities of the porous groups.'™'®
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Figure 3. (A) Powder SAXS pattern for om-ph-MR. HRTEM images of om-ph-MR viewed in the (B) [100] and (C) [111] zone axes. Bottom-right
insets are FT patterns attained from the yellow boxes. Top-left insets are zoomed-in images from the red boxes. (D) Scanning TEM image of om-ph-MR

showing both the (100) and (111) planes.

2. RESULTS AND DISCUSSION

Once MR monomer is reacted with PR monomer via con-
densation, phenolic-functionalized melamine resin (ph-MR)
monomer can be generated (see Figure 1). The ph-MR
monomer can form hydrogen bonding with F127 through
interactions between its phenol groups and the ethylene oxide
(EO) groups in the PEO branches of F127.>*7>° A subsequent
hydrothermal process leads to an assembly with an ordered
mesostructure, which is then converted to final ordered
mesoporous ph-MR (denoted as om-ph-MR) after removing
F127 by a mild heat treatment at 400 °C (see thermogravimetric
analysis (TGA) data in Figure $3).3*3% Detailed experimental
procedure is described in the Experimental Section in Supporting
Information.

Fourier-transform infrared (FT-IR) spectra before the heat
treatment (Figure 2A) confirm the assembly of ph-MR with
F127, as the spectrum of ph-MR showed peaks at ~2870 and
~1117 cm™" corresponding to the C—H stretching vibration of
methylene group and the C—O stretching vibration of the ether
group in F127,°%% respectively, in contrast with bare MR. The
given signals were also detected in the spectra of PR and F127.
Hence, these FT-IR results are well aligned with the
aforementioned hydrogen-bonding formation between ph-MR
and F127. In addition, the peaks at 1580 and 800 cm™! assigned
to the C=N stretching vibration of triazine ring>"**~* were
observed for ph-MR and MR, verifying that the melamine
identity was preserved in ph-MR. Overall, the FT-IR results
support our synthetic strategy that the triazine moiety in
melamine can be built into a mesoscopic ordered structure by
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incorporation with the phenolic functional group in the PR
monomer.

Even after the mild heat treatment, the FT-IR peak at 800 cm™"
reflective of C=N bonds was maintained to a large extent
(Figure 2B). However, the peak at 1580 cm™" became broadened
in the range of 1200—1600 cm™}, which suggests that some of the
C—N and C=N conjugation was disrupted, and these bonds
were present separately to some degree.”® ** Also, the peaks
corresponding to F127 disappeared, verifying the removal of
F127. In contrast, the FT-IR spectrum of om-PR confirms that
the phenol moiety kept®**>*" its main chemical identity: C=C
(~1600 cm™), C=0 (~1700 cm™), and C—O (~1200 cm™).
In addition, X-ray photoemission spectroscopy (XPS) profile in
N 1s branch of om-ph-MR exhibited two major peaks at 398.5
and 400.8 eV corresponding to N-6 (pyridine-like) and N-Q
(graphite-like) carbon—nitrogen bonding configurations, along
with a minor peak at 399.4 eV corresponding to N-S (pyrrole-
like) or amine configurations (Figures 2C and $4) 27254 The
presence of the N-6 and N-Q configurations is in good
agreement with the FT-IR data that revealed the existence of
C—N and C=N. An elemental analysis indicates that om-ph-MR
contains a high nitrogen content of 18.16 at% (Table S1), which
would play a key role in increasing the selectivity of CO, over N,
as will be discussed later.

To obtain information on the structural ordering of om-ph-
MR, small-angle X-ray scattering (SAXS) analysis was performed
(Figure 3A). The SAXS pattern exhibited well-resolved dif-
fraction peaks corresponding to (110), (200), and (211) Bragg
reflections, indicating that om-ph-MR holds a highly ordered
mesostructure under the space group Im3m. The observed
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Figure 4. (A) Ar adsorption—desorption isotherms of om-ph-MR at 87 K. (B) Pore size distribution curve from the desorption branch using the BJH

model.

Table 1. CO, and N, Uptakes, CO,/N, Selectivities, and Isosteric Heats (Q,;) of om-ph-MR, om-PR, and AC

CO, uptake” N, uptake” selectivity” Qq

T (K) 273 298 323 273 298 323 273 298 323 (kJ/mol)*
om-ph-MR 2.50 1.77 1.26 0.28 0.13 0.08 65 100 117 32.2
om-PR 191 1.24 0.79 0.19 0.10 0.05 54 N 62 314
AC 2.59 1.66 1.11 0.32 0.19 0.12 34 32 28 27.8

“Unit: mmol/g at 1 bar. YObtained from initial slope of adsorption isotherm in linear low-pressure regime (0.0—0.1 bar). “Obtained from CO,

isotherm data at 273 and 298 K using the Clausius—Clapeyron equation.

ordered structure is consistent with that of ordered mesoporous
carbons with the same space group reported previously.>****>**
Scanning electron microscopy (SEM) images (Figure SS) of om-
ph-MR showed a polyhedron shape, another indication of its
ordered mesostructure.

To capture the ordered mesostructure in a more tangible
manner, om-ph-MR was visualized by high-resolution trans-
mission electron microscopy (HRTEM). When viewed along the
[100] and [111] directions (Figure 3B,C, respectively), four-fold
and three-fold symmetries of pores with high mesoscopic
regularities were clearly observed, which is consistent with the
body-centered cubic (bcc) symmetry belonging to the Im3m
space group.’>****** The corresponding Fourier transform
patterns (insets of Figure 3B,C) also verify the observed
geometries of the pore arrays. The HRTEM image (top left
inset of Figure 3B) indicates that the pore size is approximately
2.9 nm. Moreover, the ordered mesoscopic structure was
consistently observed by scanning TEM image (Figure 3D)
that concurrently exhibited the two crystal orientations along the
[111] and [100] zone axes.

Argon (Ar) adsorption/desorption isotherms provide a more
quantitative set of information on the porosity of om-ph-MR
(Figure 4A and Table 1). The isotherm with a sharp capillary
condensation step at P/P; = ~0.3 corresponds to type IV
reflecting the dominant presence of mesopores. Brunauer—
Emmet—Teller* specific surface area and pore volume turned
out to be 256 m?/g and 0.13 cc/g, respectively. The main pore
size of ~2.9 nm according to the Barrett—Joyner—Halenda
(BJH)46 method from the desorption branch (Figure 4B) is well
matched with the bright core dimension of each pore in the TEM
observation (inset of Figure 3B). If the adsorption branch is
taken into account, the main pore size becomes ~4.9 nm. These
distinct pore sizes reflect bottle-like shape of the mesopores.**
The series of analyses coherently imply that om-ph-MR holds a
highly ordered mesoporous structure bearing N-6 and N-Q
configurations as building components.
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Next, CO, capture of om-ph-MR was investigated focusing on
the effect of the N-containing units in the ordered porous
framework. Two other porous materials, om-PR and activated
carbon (AC), were also tested to further elucidate the role of the
N-containing units and pore size. om-PR possesses the same
Im3m space group (see SAXS pattern in Figure S6) as well
as larger specific surface area and pore volume (385.9 m*/g and
0.17 cc/g, Figures S7 and S8). Its main pore size is 2.5 nm
according to the BJH method (Figure S7). om-PR consists
mainly of benzene ring with oxygen-containing functional

3#1 and has 8.58 at% of oxygen according to XPS
analysis (Figure S4). On the other hand, AC has been known to
have slit-shaped micropores,*” and the AC used in this study was
synthesized to have similar specific surface area and pore volume
(413.3 mz/g and 0.15 cc/g, Figures S7 and S8) to those of the
other samples to elucidate the pore size effect.

All of the samples showed reversible CO,/N, isotherms at
different temperatures (Figure S), indicating physisorption-
based uptake processes. om-ph-MR showed decent CO, uptakes
of 110, 78, and 55 mg/g at 273, 298, and 323 K (Figure SA—C),
respectively, which are attributed to favorable quadrupole—
dipole interaction®'®**75° between polarizable CO, and the
N-containing units. This favorable interaction is also re-
flected in higher isosteric heat of adsorption ( Q.)""#**! value
(32.2 kJ/mol at the initial CO, loading) compared with those of
the other two samples (Table 1 and Figure S9). Even with the
favorable quadrupole—dipole interaction, the CO, binding of
om-ph-MR is based mainly on physisorption, as Q is too small
for chemisorption. The isotherm curves of om-ph-MR with no
hysteresis are another evidence to support the physisorption. In
our experiment, the same om-ph-MR sample was repeatedly
measured at all the temperatures, and the consistent uptakes
were confirmed, verifying that the porosity of om-ph-MR was not
damaged during the measurements.

The enhanced interaction of om-ph-MR turns out more
pronounced when the uptake is monitored as the temperature is
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Figure 5. (A—C) CO, and (D—F) N, uptake isotherms for om-ph-MR (black), om-PR (red), and AC (blue) at 273, 298, and 323 K. Insets are the
calculated CO,/N, selectivities using both the IAST and the Henry’s constants.

raised. When the temperature went up from 273 to 323 K at
1 bar, om-ph-MR retained 50.6% of the initial capacity, whereas
om-PR and AC preserved only 41.1% and 42.8%, respectively
(Table S2). At 0.15 bar, a realistic condition for actual flue gas,
om-ph-MR also exhibited higher uptakes than those of the other
two sorbents at all the temperatures tested, verifying the effective
binding of the N-containing units with CO,. The effective CO,
binding is also reflected in the steep slopes of the CO, isotherms
at low relative pressures. In particular, it is anticipated that a good
portion of N-6 configuration (Figure 2C) in om-ph-MR plays a
critical role in the favorable CO, binding by utilizing the excess
electrons on the corresponding nitrogen, which is in good
agreement with a recent computational study.>

For actual on-site application, besides high CO, uptake, high
CO,/N, selectivity especially at high temperatures is highly
preferred.”*”'® om-ph-MR exhibited high selectivity as well as
an unusual trend of selectivity increase upon the temperature rise
(insets of Figure SA—C): the Henry selectivity increased from
65 to 100 to 117 (Figure S10), as the temperature went from 273
to 298 to 323 K. The ideal adsorption solution theory (IAST)*?
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selectivities (Figures S11—13 and Tables S3—S4) were
consistent with the Henry’s selectivities. Remarkably, the
selectivities at 323 K, 95 (IAST), and 117 (Henry) are higher
than those of most of other porous polymers*®***~% reported
to date as summarized in Table S5. The anomalous selectivity
increase with the temperature can be explained by both CO,-
philicity and mesoporosity and can be clarified further by a
systematic comparison with the other two samples.

From the CO, and N, uptakes of the three samples (Figure 5
and Table 1) and their uptake retentions over the temperature
range (Table S2), the critical role of CO,-philicity and
mesoporosity is unburied for om-ph-MR. In the CO, uptake
retention viewpoint, for the same temperature rise from 273 to
323 K at 1 bar, om-ph-MR showed a better retention (50.6%)
than those of the other two samples (41.1% for om-PR and
42.8% for AC), which can be once again explained by the CO,
affinity of the N-containing units. In the absence of such binding
capability, om-PR and AC exhibited similarly lower retentions.
The higher quadrupole moment and polarizability of CO, than
those of N, by 2.85 and 1.5 times,”'®*® respectively, are the
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origin in having this CO,-philic interaction in effect. By contrast,
the behavior of N, uptake retention was opposite. At the same
temperature increase and pressure, while om-ph-MR and om-PR
showed similar retentions of 26.7% and 28.9%, respectively, AC
exhibited a far higher retention of 38.6% (Table S2), implying that
mesopores are better at releasing N, with the temperature rise.
Pore size is definitely critical for gas capture. In general, the
capturing capability drops as the pore size increases due to the
weakened interaction with gas molecules.”” The superior N,
retention of the AC over the temperature range can also be
explained by its smaller pore sizes (<1.5 nm, Figure S7). In the
case of om-ph-MR and om-PR, even under the same unfavorable
situation from the larger pore sizes, CO, uptake retention of om-
ph-MR over the temperature range is less interfered due to the
aforementioned CO, binding affinity of the N-containing units.
Hence, once again, the combined CO,-philicity from the N-
containing units and mesoporosity accelerating N, release with
the temperature rise is the origin of the observed high selectivities
of om-ph-MR at high temperatures. Control om-ph-MR samples
heat treated at higher temperatures exhibited inferior selectivities
(Figures S14 and S1S), which are attributed to increased
micropore portion and decreased N-content (Table S1). In the
same line, it is anticipated that the recently reported inconsistent
CO,/N, selectivity behaviors of the same or very similar azo-
linked porous polymers'®™*® might be due to the distinct
portions of mesopores. In fact, in the case'® that selectivity
enhancement with temperature rise was observed, the particle
diameter was 20—50 nm so the interparticle mesopores account
for a good portion of its porosity as evidenced by its isotherms.
More strictly speaking, the critical pore size that begins to lose
CO, binding is below 1 nm® (although it would be material
dependent) and is thus different from the conventional boundary
(2 nm) between micropores and mesopores. In any case, the
present investigation indicates that a large portion of pores bigger
than the critical pore size in the presence of high N-content can
facilitate anomalous selectivity increase over the temperature
rise. According to t-plot method (Figure S16),” micropores of
om-ph-MR occupy 32% of its pore volume. However, these
micropores are unlikely to be the origin of the increased
selectivity over the temperature rise since micropores would
enhance the N, retention over the increased temperature.
Another strong evidence is that most of N-containing
polymers'®'7*¥ consisting mainly of micropores also did not
show such selectivity enhancement over the temperature rise.

3. CONCLUSION

In conclusion, we have reported a new synthesis that turns
melamine resin mesoporous with a highly ordered pore
arrangement. The current copolymer approach should be
applicable to other similar resin moieties that cannot form
hydrogen binding with most surfactants. In the CO, capturing
perspective, the copresence of high N-content and mesoporosity
handles CO, and N, in an orthogonal manner, giving rise to
unusual high selectivities at high temperatures. Hence, the
current study offers a useful design principle for superior
selectivities of porous dry sorbents at high temperatures, namely
combined mesopores and functional groups with high binding

affinity with CO,.
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