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A novel amine-modified pillar[5]arene bonded porous silica adsorbent (DETA-P5S) was designed to be
applied to dynamic CO, adsorption and selective separation of CO, over N, and CH, gases mixture. The
results demonstrated that reasonable introduction of DETA into the BE-P5 bonded silica support has sig-
nificantly increased the adsorption capacity of CO,. The DETA-P5S has the optimal adsorption capacity
of 9.1 mmol/g with 5 vol% CO, at 40°C. The main reason of this increased capacity could be attributed
to the enhanced CO, diffusion into porous adsorbent for its better dispersion in the pores of amine-
pillar[5]arene cavity and active site of DETA. Furthermore, the dynamic saturation adsorption capacities
of DETA-P5S were 7.11 (0.37) and 6.18 (0.44) mmol/g for CO,/N, and CO,/CHy, respectively, both the gas
mixtures showed high separation selectivity. Simultaneously, the DETA-P5S can maintain outstanding CO,
adsorption capacity after fifteen regeneration cycles. Consequently, the designed DETA-P5S could serve as
a promising adsorbent for CO, capture and storage.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Excessive emissions of carbon dioxide (CO,), stemming from
the combustion of fossil fuels, are deemed major contributors to
the greenhouse effect [1-3]. To the best of our understanding, CO,
also serves as a valuable resource the production of fine chemicals,
beverage additives, and other fields [4,5]. Recent studies have con-
firmed that CO, capture and storage (CCS) would be a potential
method for carbon reduction [6]. A myriad of capture adsorption
techniques and materials have been studied to CO, capture [7-9].
Thereinto, solid adsorbent was believed to be the most potential
one with considerations to their simple preparation, good repeata-
bility and stability [10]. However, these adsorbents have shortcom-
ings of poor selectivity or low adsorption capacity. Therefore, there
is a pressing need to develop novel solid adsorbents that enhance
CO, capture efficiency.

To investigate the practical separation efficacy of adsorbents,
there is a significant emphasis on enhancing the CO, capacity with
selectivity for CO, over N, and CH4. Additionally, factors such as
stability and regenerability are crucial in adsorbent development
[11,12]. Recently, solid amine adsorbents obtained by grafting or
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impregnating porous silica with organic amines, have garnered at-
tention due to their superior physical and chemical properties,
which are notably characterized by high selectivity, easy regenera-
tion and potential prospects of CO, capture [13-16]. This has the
potential to significantly enhance the adsorption process compared
to raw porous materials. The adsorption capacity of CO, and selec-
tivity of porous solid amine adsorbents may be contingent upon
factors such as specific surface area, pore volume, porosity, and
the interaction between gas molecules and active sites within the
main skeleton groups. Notably, pore volume and active sites are
crucial for the adsorption capacity, particularly in the context of
selective adsorption [17,18]. However, how to optimize the design
scheme for high adsorption capacity along with its selectivity is
still a great challenge [19]. In the separation of CO, from N, and
CHy4, the similarity in molecular sizes and intermolecular interac-
tions plays a significant role [20]. All previously reported studies
have clearly indicated that the strategic introduction of low-density
molecules and organic amines into porous adsorbents may serve as
a feasible method for synthesizing materials with high CO, adsorp-
tion capacity. Additionally, these materials can selectively separate
CO, /N, and CO,/CH,4 gases [21-23].

Herein, in view of previous studies on pillar[5]arenes
[24-27], we reported a novel amine-pillar[5]arene based solid

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) Synthesis of DETA-P5S. (b) Schematic diagram of fixed-bed (FD-2000)
reactor for CO, capture.

amine adsorbent, named DETA-P5S, which constructed from
bromo-pillar[5]arene (BE-P5), diethylenetriamine (DETA) and
porous silica as shown in Fig. 1a and Fig. S1 (Supporting informa-
tion). Subsequently, the adsorption process of CO, and selectivity
separation for CO, over N, and CH4 on DETA-P5S were performed
on a fixed-bed (Fig. 1b). The physicochemical properties of ad-
sorbents were systematically studied by FT-IR, scanning electron
microscopy (SEM), thermogravimetric analysis (TGA), BET, XPS,
MIP, etc. The effects of gas flow rate, amount, adsorption tempera-
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ture, and adsorption mechanism on CO, adsorption process were
also investigated.

In FT-IR spectra, a broad band at 3550~3300 cm~! was re-
ferred to the stretching vibration of N—H and Si—OH. The peaks at
2933 and 2856 cm~! were assigned to symmetric and asymmet-
ric stretching vibration corresponding to C—H bonds, respectively.
The peak at 1634 cm~! was identified as the stretching vibration
of C=C on benzene ring, which indicated the successful introduc-
tion of BE-P5. Additionally, peaks at 1506 and 1240 cm~! were at-
tributed to the N—H deformation vibration of aliphatic secondary
amines and C-N stretching vibration, respectively, which confirmed
the successful modification of DETA. The peaks at 1095, 807 and
466 cm~! were characteristic vibrational peaks of Si—0—Si bonds.
These data confirmed the successful preparation of DETA-P5S (Fig.
2a). SEM exhibited agglomerating morphology of silica particles
with rough surface and apparent silica pore (Fig. 2b). Transmission
electron microscopy (TEM) investigation revealed that there was
significant pore structure of silica particle stacking in DETA-P5S
(Fig. S4 in Supporting information). TGA curves of NH,-Sil, BE-P5S,
and DETA-P5S under N, flow were examined and presented in Fig.
2c. The findings indicated that pristine NH,-Sil has high thermal
stability in a protective atmosphere, the weight loss was only 6.62%
even after being heated to 750 °C. The DETA-P5S also exhibited ex-
cellent thermal stability until the temperature reached 260 °C, a
more rapid decrease stage for the quality of BE-P5S and DETA-P5S
was appeared in the temperature range of 260-750°C. This could
be attributed to the decomposition, combustion and volatilization
of BE-P5 or DETA within the adsorbents. Ultimately, the loss rate
of BE-P5S and DETA-P5S were 11.69% and 15.54%, which indicated
that the bonding amount of BE-P5 and DETA were reached 5.07%
and 3.85%, respectively. The N, adsorption-desorption isotherms
and BJH pore size distribution curves of DETA-P5S was shown in
Fig. 2d, it can be found that DETA-P5S has a typical IV type of N,
desorption curves with a large surface area of 231.65 m?/g, which
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Fig. 2. Characterization of adsorbents: (a) FT-IR spectra of NH,-Sil, BE-P5, BE-P5S, and DETA-P5S, (b) SEM of DETA-P5S, (c) TG of NH,-Sil, BE-P5S, and DETA-P5S, (d) N,
adsorption/desorption isotherms of DETA-P5S, (e) XPS of DETA-P5S, (f) MIA of DETA-P5S.
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Fig. 3. (a) Effect of gas flow rate for CO, adsorption capacity of DETA-P5S. (b) Effect of DETA-P5S amount for CO, adsorption capacity. (c) Effect of adsorption temperature

for CO, adsorption capacity. (d) CO, adsorption capacity of different adsorbents.

indicated DETA-P5S has mesoporous pore structure. In addition, X-
ray photoelectron spectroscopy (XPS) confirmed the presence of C,
N, O, and Si elements (Fig. 2e). Elemental analysis (EA) also showed
that the content of DETA-P5S for N, C, H reached 2.68%, 13.28% and
1.63% (Table S1 in Supporting information), confirmed the success-
ful grafting of DETA on BE-P5S. Moreover, energy-dispersive X-ray
spectroscopy (EDS) analysis in SEM shows that O, C, and N ele-
ments were uniformly distributed over DETA-P5S (Fig. S5 in Sup-
porting information). Mercury intrusion porosimetry revealed that
the total pore volume of DETA-P5S was 1.66 cm3/g, with a pore
size was 77.17 nm. The porosity reached 67.73%, which provided fa-
vorable conditions for the adsorption of CO, (Fig. 2f). While large
pores formed may be the pores between porous silica in aggregate
granulation, and the mesoporous pores originate from the porous
silica.

The evaluation of CO, adsorption process was conducted us-
ing a fixed-bed (FD-2000) reactor, equipped with a 6 mm diame-
ter quartz reaction tube. The saturation adsorption capacity of CO,
was determined by utilizing the breakthrough curve according to
Zhao et al. [28]. The adsorbent was first treated for 50 min at 120 °C
with a flow rate of 20 mL/min Ar to remove pre-adsorbed residual
solvents, then adjusted to corresponding adsorption conditions and
carried out CO, adsorption process. An adsorption cycle was con-
sidered complete when the outlet CO, concentration matched the
inlet concentration. Subsequently, Ar was purged again to desorp-
tion at 120 °C for 50 min, then proceed to the next CO, adsorp-
tion at corresponding requirements. Throughout the experiment,
the CO, concentration of the reactor outlet was measured using
gas chromatography, coupled with a TCD detector.

In order to investigate the optimal adsorption capacity of DETA-
P5S for CO,, the breakthrough curves were measured at different
factors like flow rates, amount of adsorbent, adsorption temper-
atures, and different adsorbents. The effect of flow rate on the
breakthrough curve of DETA-P5S was operated as Fig. 3a. It was
found that the CO, saturation adsorption capacity for CO, reached
7.4mmol/g when 0.2g of DETA-P5S at a flow rate of 10 mL/min.
However, both the breakthrough time and saturation adsorption
capacity for CO, declined as the gas flow rate increased. It may be
that working at a faster gas flow rate reduced the retention time of

CO, gas in the fixed bed, thus resulted in a decrease of adsorption,
eventually leaded to earlier breakthrough times, these characteris-
tics are consistent with the reports [29].

Subsequently, the effect of DETA-P5S amount for CO, adsorp-
tion capacity was investigated with flow rate of 10 mL/min at 30
°C (Fig. 3b), and the breakthrough time was shortened and the CO,
saturated adsorption capacity decreased with the increase of DETA-
P5S increased from 0.2 g to 0.8 g. Based on the basis of adsorption
mechanism, the adsorption capacity of acid gas may depend on the
amine proportion in DETA-P5S. It could be concluded that a certain
amount of DETA-P5S could enhance CO, adsorption capacity for
dominant adsorption mode. However, when too much adsorbent
was packed, the column height of the adsorbent increased, and the
diffusion resistance of CO, through the adsorbent pores was in-
creased accordingly, which reduced the contact time between CO,
and the active amine of the internal adsorbent. As a result, the sat-
uration adsorption capacity was reduced. Therefore, the saturation
adsorption capacity of CO, is related to the amount of DETA-P5S
in specific reaction tubes.

Temperature significantly influences the CO, adsorption capac-
ity, Fig. 3c represented the effect of adsorption temperature on
CO, adsorption capacity from 30 °C to 60 °C on 0.2g DETA-
P5S at a 10mL/min flow rate. the results revealed that the CO,
saturation adsorption capacity of DETA-P5S reached 9.1 mmol/g
when the temperature at 40 °C, however, further temperature in-
creases lead to a decrease in adsorption capacity, these results in-
dicated that the adsorption of CO, to EDTA-P5S may be a kinetics-
controlled process. When increased the temperature, the diffusion
resistance of CO, decreases, the structure of alkyl chain in DETA-
P5S stretched and exposed more active site, which leads to a sig-
nificant increase in CO, capture capacity. However, with the fur-
ther increased of temperature, the desorption of CO, from the ad-
sorption site in the pore may become more priority, resulting in
the reduction of CO, adsorption capacity. Therefore, DETA-P5S at
40 °C was an important factor as a candidate material for CO, ad-
sorption.

Furthermore, with multiple modification in synthesis process,
the CO, adsorption capacity may be different. To examine the im-
pact of DETA derivatives on adsorption capacity, we investigated
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Fig. 4. (a) Effect of temperature on selectivity of CO,/N, for DETA-P5S. (b) Saturated adsorption capacity and selectivity of CO,/N,. (c) Effect of temperature on selectivity of
CO,/CH,4 for DETA-P5S. (d) Saturated adsorption capacity and selectivity factor of CO,/CH,.

the CO, adsorption capacity of control adsorbents NH,-Sil and BE-
P5S (Fig. 3d). The saturated adsorption capacity of CO, on DETA-
P5S was found to be the highest when compared to the other two
adsorbents. The results indicated that the introduction of DETA
on pillar[5]arene bonded porous silica greatly enhanced the ad-
sorption capacity of CO,. Considering the great change of CO, ad-
sorption capacity after the introduction of DETA and BE-P5, this
method can provide a new strategy for the development of CO,
solid amine adsorbent.

To further assess the practical separation performance of DETA-
P5S, the effect of temperature on dynamic adsorption performance
selectivities of DETA-P5S for CO,/N, and CO,/CH4 were evaluated
through breakthrough tests, respectively. The two ternary gas mix-
tures CO,/N,/Ar and CO,/CH4/Ar with a composition of 5/5/90
were used at a flow rate of 10 mL/min at 30~60°C. The adsorp-
tion time of CO, in whole adsorption process was longer than
that of N, and CHy, indicated that the adsorption capacity of CO,
was strong, and the breakthrough time was longer than that of N,
and CH4. The breakthrough curve clearly shown that DETA-P5S has
good separation potential for CO, over N, and CHy. The dynamic
saturation adsorption capacities of DETA-P5S were 7.11 (0.37) and
6.18 (0.44) mmol/g for CO,/N, (Figs. 4a and b) and CO,/CH, (Figs.
4c¢ and d), respectively, both the gas mixtures showed high separa-
tion selectivity. These results have demonstrated that DETA-P5S is
a promising absorbent for the adsorption of CO, in preference to
CHy4 and N,.

As an excellent adsorbent, in addition to high absorption ca-
pacity and selective separation, there are advantages of stability
at cyclic adsorption. During operation, the adsorption temperature
of 40 °C and desorption temperature of 110 °C were performed
for DETA-P5S in CO, cyclic adsorption capacity (Fig. 5a), the study
concluded that the adsorption capacity of CO, diminished from
8.4 mmol/g to 7.6 mmol/g following 15 cycles of adsorption and
desorption, yet it still retained an exceptionally high CO, adsorp-

tion capacity. The findings suggested that DETA-P5S could be effec-
tively utilized in cyclic CO, adsorption operations.

In situ infrared spectroscopy was employed to study the adsorp-
tion mechanism of CO, on DETA-P5S. As shown in Fig. 5b and Fig.
S6 (Supporting information), the intensity of stretching vibration
at 3728~3533 cm~! was confirmed to be due to the binding ef-
fect between CO, and -OH on silicas. The peak at 3345 cm~! was
the asymmetric stretching vibration peak of NH,, and the peak at
3231 cm~! was the symmetric stretching vibration peak of NH,
and NH. Peak at 3105 cm~! was the stretching vibration of N-H.
The intensity of stretching vibration at 2381 cm~! and 2290 cm~!
were thought to be stretching vibration of CO,, the peak at 2170
cm~! was the vibration peak of NH,*-COO~. Peaks at 1711 cm~!
was vibration adsorption peaks of C=0 bond in -NCOOH. Peak at
1697 cm~! is the deformation vibration peak of NH;*. Peaks at
1557~1553 cm~! were the stretching vibration peak of COO~. Peak
at 1516 cm~! was the stretching vibration peak of C-N, and peaks
at 651 cm~! was assigned for CO, deformation vibration. The ad-
sorption peaks of NH;* and NH,* gradually intensified mainly be-
cause CO, reacted with NH, and NH. This was consistent with dy-
namic CO, adsorption mechanism of solid amine adsorbent [30-
32]. Consequently, the CO, adsorption of adsorbent follows anionic
and cationic mechanisms on DETA-P5S, finally forming ammonium
ions and carbamate.

Solid-state 13C MAS NMR spectrum was further conducted to
investigate the adsorption mechanism for whether there was a for-
mation of carbamate (Fig. 5c¢), the distinct resonance at 168 ppm
indicated the formation of carbamate after adsorbed CO, by DETA-
P5S. Therefore, DETA-P5S has the ability to selectively adsorption
of CO,, as well as the amide and hydroxyl group in its frame-
work have a synergistic effect, they play an important role in
the interaction with CO, in both chemisorption and physisorption
(Fig. 5d). Lastly, the pseudo-first-order model, pseudo-second-order
model and Avrami kinetic model were fitted to the adsorption
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mechanism for DETA-P5S with CO,.

process, the results suggested that the Avrami model can accu-
rately predict the adsorption kinetics of DETA-P5S, the correla-
tion coefficient of R? was above 0.9977 and the adsorption process
has both physical and chemical adsorption, but physical adsorption
plays a dominant role in the adsorption process (Fig. S7 and Table
S2 in Supporting information) [7].

In conclusion, a novel amine-pillar[5]arene functionalized CO,
porous adsorbents (DETA-P5S) with high CO, adsorption capac-
ity was prepared for selective separation CO, over N, and CHy.
The DETA-P5S preferentially adsorbs CO, over N, and CH4 for its
primary and secondary amine with a weakly nucleophilic prop-
erty, which were able to interact with CO,. The effects of gas flow
rate, amount of adsorbent, and adsorption temperature on CO,
adsorption capacities were systematic studied. The DETA-P5S has
the optimal capture amount of 9.1 mmol/g with 5vol% CO, flow
rates at 40°C, which indicated that the introduction of DETA pro-
vided amino active sites, while the cavity of pillar[5]arene pro-
vided capture pores, thereby promoting CO, adsorption. More-
over, the dynamic saturation adsorption capacities of DETA-P5S
were 7.11 (0.37) and 6.18 (0.44) mmol/g for CO,/N, and CO,/CHy,
respectively, both the gas mixtures showed high separation se-
lectivity. Simultaneously, the DETA-P5S also maintained an out-
standing CO, adsorption capacity even after ten regeneration cy-
cles. In-situ FTIR and solid-state 3C MAS NMR spectrum con-
firmed that the CO, adsorption process on DETA-P5S was consis-
tent with zwitterionic mechanism. This study demonstrates that
amine-pillar[5]arene solid porous adsorbent with organic amine
modification and could provide a facile protocol for the challenging
CO, capture.
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