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ABSTRACT: The pore structure of mesoporous silica is crucial to
its application as a substrate for CO2 capture sorbents. In this
work, the synthesis of resin-templated silica, a new class of
hierarchically meso-/macroporous silica for fabrication of CO2
capture sorbents, was reported. Unlike the conventional acid-
catalyzed synthesis of mesoporous silica using self-assembled
surfactant or block copolymer templates, the resin-templated silica
is derived from porous ion-exchange resin templates using a
catalyst-free method that involves three simple steps of silane
soaking, moisture exposure, and air calcination. The resin-
templated silica reproduced the spherical shape of the porous
ion-exchange resin template. It was also found that pores in resin
templates were crucial to creating mesoporosity in resin-templated silica. The resin-templated silica has simultaneous attractive
surface area and pore volume, which were both substantially higher than those of the ion-exchange resin template. Impregnation of
the mesopores and macropores by polymeric amine provided novel amine-oxide sorbents for CO2 capture, that is, resin-templated
sorbents. The resin-templated sorbents impregnated using a 15 wt % polyethylenimine (PEI)/methanol solution showed
competitive direct air capture (at 400 ppm) performance with a CO2 sorption capacity of 2.1 mmol of CO2/g of SiO2 and amine
efficiency of 0.11 mol of CO2/mol of N at an amine loading of 0.83 g of PEI/g of SiO2.

1. INTRODUCTION
Global surface temperature has increased by 0.8 °C since the
1970s and is predicted to increase by up to 4.8 °C by the end
of the 21st century.1 The temperature increase is largely
attributed to rapidly rising CO2 concentration in the
atmosphere as a result of emission from fossil fuel combustion.
The National Academies of Sciences, Engineering, and
Medicine recommended prioritizing the advancement of direct
air capture (DAC),2 which is among the negative emission
technologies (NETs) intended to slow global temperature rise.
Direct air capture can rely on liquid solvents, solid sorbents, or
electrochemical approaches.3 Notably, the strong amine-CO2
reaction provided by amine-oxide sorbents can allow selective
CO2 capture from ultradilute (∼420 ppm of CO2) ambient
air.4,5

Amine-oxide sorbents are formed by introducing amines to
mesoporous oxide (e.g., silica) substrates.6,7 The strong acid−
base reactions between CO2 (a Lewis acid) and amines allow
selective CO2 sorption from other air components even at
ultralow concentrations. Amine-oxide sorbents are classified
based on the nature of amine-oxide interactions.5 In class 1
sorbents, polymeric amines (e.g., polyethylenimines, PEI) are
physically impregnated into the pores of oxide substrates.8−12

Class 2 sorbents are typically formed via covalent bonds
between the oxide surface hydroxyl groups and low-molecular-
weight aminosilanes (e.g., 3-aminopropyltrimethoxysilane).13

Class 3 sorbents mainly rely on in situ polymerization of amine
monomers (e.g., aziridine) inside porous oxide substrates to
form hyperbranched amino-oxides.14 High CO2 sorption
capacity, fast sorption kinetics, and outstanding stability
under sorption/desorption cycles are desired for amine-oxide
sorbents for direct air capture. It has been shown that the
direct air capture performance of amine-oxide sorbents is
determined by a number of factors, including the pore
structure and chemistry of oxide substrates, the nature of
amine-oxide interactions, amine chemistry, operation con-
ditions, and so forth.4,15 Class 1 sorbents have so far been the
most extensively studied due to easy fabrication and high CO2
sorption capacity. However, class 1 sorbents are subject to
amine leaching4 and generally less stable than class 2 and 3
sorbents. Amine-oxide sorbents are highly versatile and
compatible with diverse sorbent geometries. For example, in
addition to being used in traditional packed beds, amine-oxide
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sorbent particles can be dispersed in porous polymer hollow
fiber matrix to provide structured hollow fiber sorbents.16−19

Mesoporous silica is popularly used as a substrate of amine-
oxide sorbents. The pore size, surface area, and pore volume of
the mesoporous silica substrate are important to the adsorption
capacity and adsorption kinetics of amine-oxide sorbents.
Mesoporous silica is traditionally synthesized by soft-
templating20 or hard-templating21 methods, both relying on
cationic surfactants or block copolymers. For example, ordered
mesoporous silica (e.g., MCM-41 and SBA-15) with uniform
mesopores (2 nm < d < 50 nm) is synthesized by the soft-
templating method using self-assembly of silica species and
micelles of cationic surfactants or block copolymers.6,7,22−24

Following synthesis, the organic micelles can be removed by
air calcination,22 supercritical CO2 extraction,25 or washing24

to provide uniform and tunable mesopores. In addition to
ordered mesoporous silica, hierarchically meso-/macroporous
silica and other oxides26−32 have been used as substrates to
fabricate amine-oxide sorbents for CO2 capture. The macro-
pores (d > 50 nm) can provide extra space for amine
impregnation and sometimes improved sorption kinetics. For
example, Kwon and co-workers30 reported fabrication of
hierarchically meso-/macroporous silica using a dual template
method consisting of a combination of soft template (block
copolymer) and hard template (spherical polystyrene bead).
Amine impregnation of the dual-templated silica gave sorbents
with a highly attractive CO2 sorption capacity. Our recent
work33 showed that petrification of macroporous hollow fiber
templates can give hierarchically micro-/meso-/macroporous
silica hollow fiber membranes with both high surface area and
large pore volume. The petrification process requires no
catalyst and occurs by three simple steps: silane soaking,
moisture exposure, and air calcination. It would be attractive to
adapt the petrification method to fabricate hierarchically
porous silica by using a broader range of polymer templates
for a wider spectrum of separation applications.
Ion-exchange resins consist of cross-linked styrene-divinyl-

benzene or acrylic matrix functionalized by active sites.34−36 By
tuning the active site chemistry, cation-exchange resin (e.g.,
with sulfonic acid active sites) or anion-exchange resin (e.g.,
with tertiary amine active sites) can be made. Ion-exchange
resins can be either nonporous (i.e., gel-type resin) or porous.
The pores in porous ion-exchange resins provide rapid fluid
transport for fast ion exchange or chemical reactions.37,38 The
pores also allow for petrification of the ion-exchange resin by
providing space for silica formation. Here, we show that the
petrification method can be adapted to fabricate hierarchically
meso-/macroporous resin-templated silica using a porous ion-
exchange resin as template. Unlike the aforementioned soft-
templating or hard-templating methods, no surfactants or
block copolymers are used. Amine impregnation of these novel
resin-templated silica provided resin-templated sorbents
potentially suitable for both direct air CO2 capture and flue
gas CO2 capture.

2. MATERIALS AND METHODS
2.1. Materials. AmberLyst 15 cation-exchange resin

(porous, hydrogen form), AmberLite FPC23H (porous,
hydrogen form), and AmberLite IRC120 cation-exchange
resin (gel-type, hydrogen form) were obtained from Sigma-
Aldrich and dried under vacuum at 110 °C for 12 h before use.
Polyethylenimine (branched, average molecular weight 800)
was obtained from Sigma-Aldrich. Vinyltrimethoxysilane

(VTMS, 97%, Gelest), methanol (anhydrous, Sigma-Aldrich),
and hexane (anhydrous, mixture of isomers, Sigma-Aldrich)
were used as received.

2.2. Synthesis of Resin-Templated Silica. Resin-
templated silica was synthesized by the petrification of porous
ion-exchange resin templates, which involves silane soaking,
exposure to moisture, and air calcination. More specifically, the
dried ion-exchange resin beads were soaked in a 10 wt %
VTMS/hexane solution for 24 h. After the solution was
decanted, the resin beads were allowed to dry in a fume hood
for 12 h before being exposed to water vapor saturated air for
another 24 h to provide treated ion-exchange resin. Resin-
templated silica was obtained by calcining the treated ion-
exchange resin in a Lindberg/Blue Moldatherm box furnace
(Thermo Scientific, Waltham, MA) under continuous air flow
(0.5 L/min) using the following heating protocol: (1) room
temperature to 600 °C (5 °C/min); (2) dwelling at 600 °C for
120 min; (3) naturally cool down to room temperature.

2.3. Characterizations. Scanning electron microscopy
(SEM) and energy-dispersive X-ray (EDX) analyses were
performed using a Tescan GAIA3 FEG scanning electron
microscope. Particle size distribution curves were obtained by
analyzing the SEM images using ImageJ. Nitrogen phys-
isorption (77 K) was performed with an ASAP 2020Plus
physisorption analyzer (Micromeritics, Norcross, GA). Ion-
exchange resin samples were degassed at 120 °C for 12 h prior
to isotherm collection. Resin-templated silica samples were
degassed at 200 °C for 12 h prior to isotherm collection. A
nonlocal density functional theory (NLDFT) model (N2 [77
K], cylindrical pore, oxide surface) was used to calculate the
pore size distribution curves using the nitrogen physisorption
isotherms. Water vapor sorption measurements were carried
out in a VTI-SA+ vapor sorption analyzer (TA Instruments,
New Castle, DE). Fourier transform infrared spectra were
obtained by using a ThermoNicolet Nexus 670 FT-IR
spectrometer. Powder X-ray diffraction patterns were recorded
using a Bruker D8 Advance Lynx powder diffractometer
(LynxEye PSD detector, sealed tube, Cu Kα radiation with a
Ni β-filter). Thermogravimetric analysis (TGA) was performed
by using a Shimadzu TGA50 thermogravimetric analyzer.
Mercury intrusion porosimetry was performed by the Particle
Testing Authority (Micromeritics, Norcross, GA) using an
AutoPore V9600 mercury intrusion porosimetry analyzer.

2.4. Fabrication of Resin-Templated Sorbents. Resin-
templated sorbents were formed by polyethylenimine (PEI)
impregnation of resin-templated silica. Resin-templated silica
was first dried in a vacuum oven for 12 h to remove adsorbed
moisture. The PEI impregnation was carried out by soaking
the dried resin-templated silica in PEI/methanol solutions for
24 h. After the solution was decanted, the PEI-impregnated
resin-templated sorbent was dried in a vacuum oven (0.5 psia)
for 12 h.30 The PEI loading of resin-templated sorbents was
determined using a TGA with continuous air purge. The
heating protocol comprises a ramp at 5 °C/min from room
temperature to 900 °C.

2.5. CO2 Sorption Measurements. CO2 sorption
isotherms at 35 °C were measured using an ASAP 2020Plus
physisorption analyzer (Micromeritics, Norcross, GA) at
pressures up to 1 atm. Sorbent samples were degassed at
110 °C for 3 h prior to isotherm collection. Equilibrium CO2
sorption measurements under a humidified CO2/N2 feed were
carried out using a dynamic vapor sorption analyzer (VTI-SA+,
TA Instruments) equipped with a dew point analyzer, allowing
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precise control of relative humidity (RH) in the range of 5−
95% (±1%). A schematic of the dynamic vapor sorption
analyzer is shown in Figure S1. The analyzer was connected to
a N2 cylinder and a CO2/N2 cylinder by a three-way valve. The
sorbent sample was loaded to the sample chamber and
degassed at 110 °C for 6 h under dry N2 purge. Once the
sample was cooled to 35 °C, humidified N2 with controlled RH
was introduced to the sample chamber and sample weight gain
was seen due to water sorption. Once water sorption reaches
equilibrium, a humidified CO2/N2 feed was introduced to the
sample chamber by switching the three-way valve to the CO2/
N2 cylinder. Because the feed RH was unchanged, the CO2
sorption capacity under humidified CO2/N2 feed can then be
calculated based on the sample weight gain after the three-way
valve was switched. An example “sample weight−time” curve
of an equilibrium CO2 sorption measurement is shown in
Figure S1.

3. RESULTS AND DISCUSSION
3.1. Formation of Resin-Templated Silica. AmberLyst

15 is a hickory-colored (Figure 1A) strong acidic porous resin
with a styrene-divinylbenzene matrix and sulfonic acid
functional groups. In addition to being used for cation
exchange, AmberLyst 15 is an acid catalyst useful for
esterification,39 hydrolysis,40 and alkylation.41 Vacuum-dried
AmberLyst 15 resin beads were soaked in an organic silane
precursor solution (10 wt % vinyltrimethoxysilane/hexane)
and exposed to moist air to provide silane-treated resin
templates. Air calcination of the silane-treated resin template
provided resin-templated silica. The sample color change
following air calcination can be noticed in Figure 1A. The
percentage residual weight of the resin-templated silica was
∼6%. The large weight loss was due to decomposition of the
organic ion-exchange resin template, which is evidenced by the
disappearance of organic groups (S�O stretching at 1124
cm−1 and C�C stretching at 1598 cm−1) from the Fourier

transform infrared spectroscopy (FT-IR, Figure 1B) spectra of
the resin-templated silica. According to EDX, the resin-
templated silica is fully inorganic consisting of silicon and
oxygen (Figure S2) with carbon and sulfur removed. The silica
formation was further confirmed by FT-IR, which showed Si−
O−Si peaks at 1090 and 800 cm−1. A weak silanol peak (Si−
OH) was also observed at 3400 cm−1.
Although a large weight loss occurred during air calcination,

scanning electron microscopy (SEM) shows that the resin-
templated silica retained the structural integrity and spherical
shape of the resin template with reduced diameters. While the
resin template (Figure 2A) has an average diameter of 727 μm,
the resin-templated silica (Figure 2C) has an average diameter
of 412 μm (Figure S3). Notably, SEM suggests that the porous
structure of the resin template was retained in the resin-
templated silica. The resin template has an asymmetric
structure, with a porous core covered by an apparently dense
shell (Figure 2B). Interestingly, this asymmetric structure was
reproduced in resin-templated silica (Figure 2D). Formation of
resin-templated silica is believed to follow the same mechanism
of petrified hollow fiber membranes reported in our previous
work.33 Indeed, both resin-templated silica and the petrified
hollow fiber membrane reproduce the shape and asymmetry of
their polymer templates.

3.2. Pore Structure of Resin-Templated Silica. The
pore structure of the AmberLyst 15 resin template and resin-
templated silica was studied by nitrogen (N2) physisorption at
77 K (Figure 3A and Table 1). The resin template showed a
Type I N2 physisorption isotherm with a low Brunauer−
Emmett−Teller (BET) surface area ∼37 m2/g (BET plots
shown in Figure S4). The resin-templated silica showed a
much higher BET surface area (∼636 m2/g) than the resin
template. The hierarchical meso-/macroporous structure of the
resin-templated silica was evidenced by increasing N2
adsorption capacity at relative pressure (P/P0) of 0.6−1.0
and the hysteresis loop. Notably, the hysteresis loop of the

Figure 1. (A) Photographs showing the AmberLyst 15 resin template (top) and resin-templated silica (bottom). (B) FT-IR spectra of the resin
template, resin-templated silica, and resin-templated sorbent impregnated with 15 wt % PEI/methanol solution.
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resin-templated silica is broader than those seen in ordered
mesoporous silica such as MCM-41 or SBA-15,42−44

suggesting that the resin-templated silica had less uniform
mesopore size distribution. The mesopores in the resin-
templated silica were further quantified by pore size
distribution (Figure 3B) obtained by analyzing the N2
physisorption isotherms using the nonlocal density functional
theory (NLDFT). The pore size distribution curve indicates
that the resin-templated silica has mesopores as small as 2 nm.
These small mesopores are possibly responsible for the high N2
adsorption at P/P0 < 0.1. NLDFT also allowed for the
calculation of cumulative surface area (Figure 3C) and
cumulative pore volume (Figure 3D) of the resin-templated
silica.
In addition to N2 physisorption, mercury intrusion

porosimetry (MIP, Figure S5) was performed to give pore
size distribution, cumulative surface area, and cumulative pore
volume for the resin template and resin-templated silica.
Compared with the resin template, the resin-templated silica
had larger porosity, lower bulk density, and almost identical
skeletal density (Table S1). Although the AmberLyst 15 resin
was labeled as macroporous by the manufacturer, mercury
intrusion porosimetry shows that it is in fact dominated by
mesopores of ∼20 nm. Following petrification, the resin-
templated silica showed smaller mesopore size yet larger
mesopore volume. This is consistent with our prior
observation in petrified hollow fiber membranes.33 It should
be noted that although the resin-templated silica has both
meso- and macropores, its pore volume is dominated by
mesopores. Although a mismatch was seen in the pore size
distribution curves of resin-templated silica obtained by
NLDFT and MIP, the two methods showed quite close total
surface areas and pore volume. It should be noted that the total
surface area measured by NLDFT (∼480 m2/g) and MIP
(∼518 m2/g) were both lower than the BET surface area
(∼636 m2/g). This is because NLDFT cannot measure pores
larger than 40 nm and MIP cannot measure pores smaller than

3 nm, whereas the BET method can measure surface area in
the full micro-/meso-/macropore size range.
Mesoporosity of the resin-templated silica was also

evidenced by a hysteresis loop on the water adsorption
isotherm (Figure S6A). The resin-templated silica showed
comparable water uptake (∼45 wt %) with commercial silica
desiccants. Analysis of the water adsorption isotherms (Figure
S6B) measured at 15, 25, and 35 °C using the Clausius−
Clapeyron equation allowed to calculate the water isosteric
heats of adsorption (Figure S6C).45 The higher isosteric heats
of adsorption at lower water loadings represent a strong
interaction between water molecules and surface silanol groups
in the hydrophilic resin-templated silica. As the water loading
increased, the isosteric heat of adsorption dropped and
approached the water heat of vaporization. This was because
the water−water interaction dominates capillary condensation
in macropores and large mesopores, which occurred at higher
relative humidity (higher water loading).

3.3. Effect of Calcination Temperature on the Pore
Structure of Resin-Templated Silica. We further inves-
tigated the effects of the air calcination temperature (400−800
°C) on the pore structure of resin-templated silica. As the
calcination temperature increased from 400 to 500 °C, both N2
physisorption capacity (Figure 4A) and BET surface area
(Figure 4B) of the resin-templated silica increased. Analysis of
the N2 physisorption isotherm by NLDFT suggested that the
pore volume (Figure 4B) also increased. The increase in
surface area and pore volume was possibly due to thermal
decomposition of the organic resin template and formation of
porous silica structure. As the calcination temperature
continued to increase from 500 to 800 °C, the resin-templated
silica showed reduced N2 physisorption capacity, BET surface
area, and pore volume, which was likely due to densification of
the porous silica structure. The highest surface area (748 m2/
g) and pore volume (1.45 cm3/g) were obtained at an air
calcination temperature of 500 °C. The resin-templated silica
made at 400−800 °C showed similarly shaped mesopore size
distribution curves (Figure 4C). Compared with hierarchically
meso-/macroporous silica reported in the literature (Figure 4D
and Table S2), the resin-templated silica has an attractive total
surface area.

3.4. Role of Resin Template Pores in Formation of
Resin-Templated Silica. We studied the role of resin
template pores in the formation of resin-templated silica.
AmberLite FPC23H is a strong acidic macroporous cation-
exchange resin with similar chemistry (styrene-divinylbenzene
matrix and sulfonic acid functional groups) with the
AmberLyst 15 resin. The resin-templated silica derived from
the FPC23H resin template had lower BET surface area (213
m2/g, Figure S7) than the resin-templated silica derived from
the AmberLyst 15 resin template, which can be attributed to
the lower BET surface area (15 m2/g) of the FPC23H resin
template. AmberLite IRC120H is a strong acidic cation-
exchange resin with similar chemistry (styrene-divinylbenzene
matrix and sulfonic acid functional groups) with the
AmberLyst 15 resin. Unlike the AmberLyst 15 resin, however,
AmberLite IRC120H is a nonporous gel-type resin. Petrifica-
tion of the AmberLite IRC120H resin did not provide
spherical resin-templated silica (Figure S8). Instead, irregularly
shaped silica fragments were obtained with much lower
residual weight (<1%) than the resin-templated silica derived
from AmberLyst 15 (∼6%). Unlike the porous resin-templated
silica derived from AmberLyst 15, the silica fragments derived

Figure 2. Scanning electron microscope images of the AmberLyst 15
resin template and resin-templated silica. (A) Overview of a resin
template particle. (B) Macropores of resin template. (C) Overview of
a resin-templated silica particle. (D) Macropores of resin-templated
silica.
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from AmberLite IRC120H was nonporous with low BET
surface area (∼39 m2/g). Based on these results, we postulate
that pores in the resin template are crucial to the formation of
resin-templated silica with hierarchical meso-/macropores and
high surface area. The pores in resin templates possibly
provided space for silane precursor impregnation and the
subsequent silica formation during petrification.33

The role of resin template pores in the formation of resin-
templated silica underscores the differences between the dual-
templated silica prepared by Kwon and co-workers30 and the
resin-templated silica reported in this work. While preformed
spherical polymer templates are used for both, dual-templated

silica relies on small (diameter ∼1 μm) and nonporous
template (polystyrene beads) and resin-templated silica relies
on much larger (diameter ∼727 μm) and macroporous
template (ion-exchange resin beads). Both dual-templated
silica and resin-templated silica have hierarchical meso-/
macropores yet different pore size uniformity. Dual-templated
silica has uniform mesopores and macropores, which are
formed by removal of assembled surfactant templates and
removal of preformed polystyrene templates, respectively.
Resin-templated silica has nonuniform macropores and
mesopores and are both formed by removal of preformed
ion-exchange resin templates. At the same calcination temper-
ature of 550 °C, the resin-templated silica shows a larger
surface area (626 vs 448 m2/g) and smaller pore volume (1.27
vs 4.52 cm3/g) than the dual-templated silica.

3.5. CO2 Capture by PEI-Impregnated Resin-Tem-
plated Sorbents. The hierarchical meso-/macroporosity of
the resin-templated silica makes them attractive substrates to
fabricate amine-impregnated CO2 capture sorbents, that is,
resin-templated sorbents. The amine impregnation was carried
out by soaking the resin-templated silica substrates in 5, 15,
and 25 wt % polyethylenimine (PEI, Mw ∼ 800, branched)/
methanol solution followed by vacuum drying. Successful

Figure 3. Pore structure of the AmberLyst 15 resin template and resin-templated silica. (A) N2 physisorption isotherm (77K) in the resin template
and resin-templated silica. The solid points represent the adsorption branch, and the hollow points represent the desorption branch; (B) pore size
distribution curves of the resin template (obtained from MIP) and resin-templated silica (obtained from MIP and NLDFT); (C) cumulative
surface area of the resin template (obtained from MIP) and resin-templated silica (obtained from MIP and NLDFT); (D) cumulative pore volume
of the resin template (obtained from MIP) and resin-templated silica (obtained from MIP and NLDFT).

Table 1. Comparing Surface Area and Pore Volume of the
AmberLyst 15 Resin Template and Resin-Templated Silicaa

surface area (m2/g)
pore volume
(cm3/g)

material BET NLDFT MIP NLDFT MIP

resin template 37 N/A 93 N/A 0.36
resin-templated silica 636 480 518 1.22 1.10

aSurface areas were determined by BET, NLDFT, and MIP methods.
Pore volumes were determined by the NLDFT and MIP methods.
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impregnation was evidenced by the appearance of C−N and
N−H peaks in the FT-IR spectra (Figure 1B). The sorbent
amine loading was determined by TGA (Figure S9A), which
showed that the resin-templated sorbents impregnated with 5,
15, and 25 wt % PEI/methanol solutions had amine loading of
0.25, 0.83, and 1.35 g PEI/g SiO2, respectively (Table S3).
Figure 5 shows a schematic of amine impregnation in resin-
templated silica substrates. The resin-templated sorbent
showed a similar morphology to the resin-templated silica.
Following PEI impregnation, the resin-templated sorbent
particles (Figure S9B) remained spherical with macropores
(Figure S9C) seen on the outer surface. The resin-templated
sorbent showed much lower N2 physisorption (77 K) capacity

(Figure S9D) with smaller mesopore volume (Figure S9E).
This was due to partially filling the mesopore space with PEI.
The reduction in mesopore volume after PEI impregnation was
consistent with the observation by Kwon and co-workers.30

The CO2 sorption isotherms (Figure 6) of the resin-
templated silica and resin-templated sorbents were measured at
35 °C and pressures up to 1 bar. The resin-templated silica had
a low CO2 sorption capacity, likely due to the lack of
chemisorption sites. The impregnated PEI in the resin-
templated sorbent provided dramatically higher CO2 sorption
capacity, which increased with amine loading. The highest
amine efficiency (Table S3) was obtained in the resin-
templated sorbent made with 15 wt % PEI/methanol solution

Figure 4. Effect of air calcination temperature on the pore structure of resin-templated silica derived from the AmberLyst 15 resin template. (A) N2
physisorption isotherms (77K). The solid points represent the adsorption branch, and the hollow points represent the desorption branch; (B) BET
surface area and pore volume (obtained from NLDFT); (C) pore size distribution curves of resin-templated silica (obtained from NLDFT); (D)
comparing the surface area and pore volume of resin-templated silica with meso-/macroporous silica reported in the literature. The surface area of
resin-templated silica was determined by the BET method. The pore volume of resin-templated silica was determined by NLDFT.

Figure 5. Schematics illustrating formation of resin-templated sorbents. (A) Resin template. (B) Resin-templated silica substrate. (C) Resin-
templated sorbents formed by impregnation of the resin-templated silica substrate with polyethylenimine (PEI).
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showing a CO2 sorption capacity of 2.1 mmol/g SiO2 for direct
air capture (at 0.004 bar) and 2.7 mmol/g SiO2 for flue gas
capture (at 0.1 bar). The lower amine efficiency in the resin-
templated sorbent impregnated with 25 wt % PEI/methanol
solution was possibly due to thicker amine films and slower
CO2 sorption kinetics.4 As reported by Kwon and co-
workers,30 the effects of amine film thickness on CO2 sorption
kinetics is more pronounced at low CO2 concentration, which
is responsible for the lower CO2 sorption capacity in the resin-
templated sorbent impregnated with 25 wt % PEI/methanol
solution at CO2 pressure below 0.06 mbar. At comparable
amine loading and feed conditions, the resin-templated sorbent
showed competitive CO2 sorption capacity for direct air
capture with a hierarchical meso-/macroporous silica sorbent
reported in the literature.30

Using a dynamic vapor sorption analyzer, we studied the
effects of feed relative humidity (RH) on the CO2 sorption
capacity of the resin-templated sorbent impregnated with 15
wt % PEI/methanol solution (Figure 7). In general, the
presence of feedwater vapor enhances the uptake capacity of
amine-oxide sorbents by facilitating the formation of carbonate
and bicarbonate species.4 For the feed with 10% CO2,
feedwater vapor enhanced the CO2 sorption capacity over
the CO2 sorption capacity measured under dry feed (Figure 6).
The CO2 sorption capacity was reduced as the feed RH
increased from 35 to 95% (Figure 7). This was possibly due to
unfavorable CO2 sorption kinetics as the amines were
oversaturated with water at higher RH. Another possibility is
deactivation of amine sites due to urea formation.46 The CO2
sorption capacity was lower at 400 ppm of CO2 under each
feed RH. Kwon and co-workers30 reported that CO2 sorption
is more kinetically limited at 400 ppm of CO2 than at 10%
CO2, thereby giving lower sorption capacity at 400 ppm. This
was likely responsible for the lower CO2 sorption capacity at
400 ppm of CO2 under each feed RH.

4. CONCLUSIONS
To summarize, we reported fabrication of resin-templated
silica, a novel class of hierarchically meso-/macroporous
materials made by petrification of porous ion-exchange resin

templates via three simple steps of silane soaking, moisture
exposure, and air calcination. The resin-templated silica had a
good surface area (748 m2/g) and pore volume (1.45 cm3/g),
which were both much higher than those of the porous ion-
exchange resin template. Compared with ordered mesoporous
silica, resin-templated silica had a broader pore size
distribution. It was found that nonporous gel-type resins
cannot provide resin-templated silica due to lack of pores.
Impregnation of the resin-templated silica using 15 wt % PEI/
methanol solution provided resin-templated sorbents with
attractive CO2 sorption capacity for direct air capture (2.1
mmol of CO2/g of SiO2) at an amine loading of 0.83 g of PEI/
g of SiO2 and an amine efficiency of 0.11 mol of CO2/mol of
N. To our best knowledge, this was the first time that
mesoporous silica was derived from ion-exchange resin
templates. Compared with traditional amine-oxide sorbents
relying on ordered mesoporous silica substrates, the novel
resin-templated sorbents reported in this work are potentially
competitive due to the streamlined silica substrate fabrication
without using surfactants or block copolymer templates.
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(43) Zukal, A.; Thommes, M.; Čejka, J. Synthesis of highly ordered
MCM-41 silica with spherical particles. Microporous Mesoporous
Mater. 2007, 104 (1), 52−58.
(44) Thommes, M. Physical Adsorption Characterization of
Nanoporous Materials. Chem. Ing. Technol. 2010, 82 (7), 1059−1073.
(45) Zhang, K.; Lively, R. P.; Zhang, C.; Koros, W. J.; Chance, R. R.
Investigating the Intrinsic Ethanol/Water Separation Capability of
ZIF-8: An Adsorption and Diffusion Study. J. Phys. Chem. C 2013,
117 (14), 7214−7225.
(46) Sayari, A.; Belmabkhout, Y. Stabilization of Amine-Containing
CO2 Adsorbents: Dramatic Effect of Water Vapor. J. Am. Chem. Soc.
2010, 132 (18), 6312−6314.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.4c00479
Ind. Eng. Chem. Res. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1016/j.matlet.2012.04.126
https://doi.org/10.1039/c2ee21394j
https://doi.org/10.1039/c2ee21394j
https://doi.org/10.1021/acs.chemmater.9b01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2010.12.032
https://doi.org/10.1016/j.micromeso.2010.12.032
https://doi.org/10.1016/j.micromeso.2010.12.032
https://doi.org/10.1016/j.micromeso.2015.06.043
https://doi.org/10.1016/j.micromeso.2015.06.043
https://doi.org/10.1016/j.micromeso.2015.06.043
https://doi.org/10.1021/acsmaterialslett.2c00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmaterialslett.2c00063?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.seppur.2020.116896
https://doi.org/10.1016/j.seppur.2020.116896
https://doi.org/10.1016/S0008-6223(02)00091-X
https://doi.org/10.1016/S0008-6223(02)00091-X
https://doi.org/10.1021/acssuschemeng.2c04178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c04178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.2c04178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.6b00729?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cattod.2014.11.004
https://doi.org/10.1016/j.cattod.2014.11.004
https://doi.org/10.1016/j.cattod.2014.11.004
https://doi.org/10.1021/acs.energyfuels.1c01967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c01967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c01967?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcata.2017.12.024
https://doi.org/10.1016/j.apcata.2017.12.024
https://doi.org/10.1016/j.apcata.2017.12.024
https://doi.org/10.1002/ejoc.201000456
https://doi.org/10.1002/ejoc.201000456
https://doi.org/10.1002/ejoc.201000456
https://doi.org/10.1146/annurev-chembioeng-061720-081242
https://doi.org/10.1146/annurev-chembioeng-061720-081242
https://doi.org/10.1016/j.micromeso.2007.01.004
https://doi.org/10.1016/j.micromeso.2007.01.004
https://doi.org/10.1002/cite.201000064
https://doi.org/10.1002/cite.201000064
https://doi.org/10.1021/jp401548b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp401548b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1013773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1013773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c00479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

