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The objective of this research was to develop a hovel spherical amine grafted silica aerogel for CO, capture.
A spherical silica gel was synthesized by dropping a sodium silicate based silica sol into an oil bath. Amine
grafting was achieved by bonding 3-aminopropyltriethoxysilane onto the framework of the silica gel. The
spherical amine grafted silica gels were dried using vacuum drying to prepare the spherical amine
grafted silica aerogels (SASAs). The synthetic mechanism of the SASAs was proposed. The structures and
the CO, adsorption performances of SASAs were researched. The amine loading of the SASAs increased

with the grafting time, however, the specific surface area and pore volume sharply decreased owing to
Received 20th May 2020

Accepted 29th June 2020 the blockage of the pore space. Excess amine loading led to the decrease of the CO, adsorption

capacity. The optimal CO, adsorption capacity was 1.56 mmol g~* with dry 1% CO, and at 35 °C. This

DOI: 10.1039/d0ra04497k work provides a low-cost and environmentally friendly way to design a capable and regenerable
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1. Introduction

Atmospheric CO, concentrations have increased enormously in
recent decades, which leads to global warming and climate
issues. CO, capture is an effective way to reduce CO, emis-
sions.”™ Among the available techniques, porous adsorbents
such as zeolites, activated carbon and metal-organic frame-
works (MOFs)>™*° have attracted intensive attention because of
their good performance. Due to their characteristic of large
porosity, these adsorbents show high CO, adsorption capac-
ities."'> However, these physical adsorbents have a low selec-
tive adsorption capacity for CO,, and are only available for CO,
rich gases. Moreover, their CO, capacities show a significant
decrease in humid environments.

An available way to enhance the CO, adsorption property of
the porous materials is to load amines that can react with
CO,."*"” Mesoporous silicas and carbons, MOFs, porous poly-
mers, and aerogels were used as supports to prepare amine
functionalized adsorbents, and good CO, adsorption perfor-
mances were achieved.’®” Among kinds of porous supports,
aerogels have large surface areas and porosities, inter-
penetrating network, and relatively larger pore size, which
favour the gas diffusion and the amine surface loading.***
Linneen et al. impregnated silica aerogels with tetraethylene-
pentamine (TEPA) to achieve amine functionalization.**** A CO,
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adsorption capacity of 3.5 mmol g~ " at 75 °C with 10% CO, was
achieved. Wang et al. impregnated aerogel with PEI with a CO,
adsorption capacity of 3.3 mmol g ' at 25 °C in pure CO,.**
Wormeyer et al. synthesized an amine grafted silica aerogel,
which exhibited a low CO, adsorption capacity of 1.07 mmol g~ *
at 22 °C in 2500 ppm CO,.***” Linneen et al. achieved amine
grafting of silica aerogels in anhydrous and hydrous solutions
with different amines, hydrous solutions leaded to higher CO,
adsorption property.*® Begag et al. prepared amine functional-
ized silica aerogels with amines and siloxanes as precursors,
one gram of aerogel sample can adsorb 1.43 mmol CO, by
simulating the flue gas atmosphere.** Kong et al. developed
a series of amine hybrid silica aerogels by one-step sol-gel
process based on in situ polymerization with APTES and TEOS
as precursors, which exhibited CO, adsorption capacities of
6.66, 5.55 and 2.57 mmol g~ at 25-30 °C with 10%, 1% and
450 ppm CO,, respectively.***

The aforementioned amine functionalized aerogels showed
excellent CO, adsorption performances under different condi-
tions. However, these aerogel-based CO, adsorbents were light-
weight powders. The powdered adsorbents have to mixed with
matrix otherwise the fixed bed reactor will be blocked.**
Moreover, the silicon alkoxides and alcohols are used as
precursor and solvent, which may have cost and environment
issues.*>"” Traditional silica aerogels are neither environmen-
tally friendly nor expensive at industrial scale.*® It is important
to improve the environmental and economic benefits of aero-
gels. As a cheap precursor, sodium silicate can replace as the
starting material instead of the alkoxides.” The supercritical
CO, fluid drying (SCD) was used to dry the wet gels, which needs
expensive equipment and complex technology. Most
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commercial aerogels are prepared by SCD which produced
a series of undesirable, more expensive, and less energy efficient
products, the green and cost-effective dry methods were devel-
oped to solve the environmental and economy problems.>***
Koebel et al. prepared the ambient-dried silica aerogel and
silica-biopolymer hybrid aerogels, which reduced the environ-
mental pollution greatly and make it from laboratory to pilot
scale.”> However, it is necessary to develop new environment-
friendly products. To solve these issues, a low-cost spherical
amine grafted silica aerogel for CO, capture was developed in
this work. Water glass and water were used as precursor and
solution, respectively. Amine functionalization of the spherical
silica aerogel was achieved by grafting APTES onto the silica gel.
A low-cost and convenient vacuum drying (VD) instead of SCD
was used to dry the silica gels. The structures and low-
concentration CO, adsorption performances of the spherical
amine grafted silica aerogels were studied.

2. Experimental

2.1. Materials

Water glass (WG, 33 wt%, modulus 3.3) was supplied by the
Quechen Silicon Chemical Co., Ltd, China. Acetic acid (HAc, AR,
99.5%) was purchased from the Shanghai Shenbo Chemical
Co., Ltd, China. Dimethicone oil (1000 &+ 80 mPa s) and APTES
(AR, 98%) were purchased from the Shanghai Aladdin
Biochemical Technology Co., Ltd, China. Ethanol (EtOH, AR,
99.7%) was purchased from the Wuxi City Yasheng Chemical
Co., Ltd, China. DI water (W) was home-made. All chemicals
were used as received without any further purification.

2.2. Preparation of the spherical amine grafted silica
aerogels

WG, W and HAc were mixed with a volumetrical ratio of
6 : 33 : 1.2 under room temperature (25 °C) to form a water glass
solution. The spherical silica gel was prepared by a “ball drop
method”. The water glass solution was dropped into a dime-
thylsilicic oil bath at 70 °C to form the spherical silica gel. The
spherical silica gel was washed with deionized water 3 times at
70 °C, and aged at 50 °C for 2 days. Then the spherical silica gel
was transferred into an APTES/EtOH/W solution with a molar
ratio of 1:24:3 for amine grafting at 50 °C. The spherical
amine grafted silica gels with different grafting days were dried
by VD to form the spherical amine grafted silica aerogels
(SASAs), denoting as SASA-d, where d represents the grafting
days. The spherical silica aerogel (SSA) without amine func-
tionalization was prepared as control sample.

2.3. Characterization

Apparent density (p,) was calculated on account of the weight
and the physical dimensions of the samples. Using a ZEISS
1530VP scanning electron microscope (SEM) to investigate
morphology of the adsorbent. N, adsorption/desorption obser-
vation was determined with a Quantachrome Autosorb-iQ
analyzer. Before testing, samples were degassed for 6 hours at
90 °C under vacuum. Specific surface area and pore size
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distribution were calculated using Brunauer-Emmett-Teller
(BET) and the Non Local Density Functional Theory (NLDFT)
models, respectively. X-ray Photoelectron Spectroscopy (XPS)
measurements were recorded on a Physical Electronics PE5800
ESCA/AES system. Fourier transform infrared spectra (FTIR)
were analyzed by using a Bruker ALPHA infrared spectrometer.
TG curves were examined by using a TA model SDT Q600
thermogravimetric analyzer.

2.4. CO, capture test

The CO, capture test of the SASAs was performed on a fixed bed
equipment. Dry 1% CO, was utilized for CO, adsorption and
pure N, was utilized for CO, desorption. The flowrates were 300
ml min . The SASA sample was packed in a circular glass tube
(925 x 2 mm) to form a fixed bed. When the temperature was
130 °C, the SASA was treated in N, flow for 30 min. Then the
fixed bed was cooled down to a certain temperature, N, was
changed to 1% CO,. The CO, adsorption was regarded as
equilibrium when the outlet CO, concentration achieved 1%.
For CO, desorption, 1% CO, was changed to N,, the tempera-
ture of the glass tube was elevated to 90 °C and held at that
temperature for 20 min. The breakthrough curves and back-
ground of the adsorbent can be used for calculating the CO,
adsorption capacity. To obtain the cyclic CO, adsorption
capacity, the aforementioned procedures were performed
repeatedly.

3. Results and discussion

3.1. Formation mechanism of the SASA

The schematic diagram of the formation of the spherical silica
aerogel is presented in Fig. 1. The silica sol is aqueous, which is
indissoluble with oil. The liquid ball is formed when dropping
the silica sol into the oil bath. The sol-gel kinetics is affected by
the temperature significantly. Therefore, a temperature of 70 °C
was used to accelerate the gelation. The spherical silica gel was
formed as soon as the silica sol was dropped into the hot oil,
which avoid the damage of the spherical droplet. The synthetic
mechanism of the spherical amine silica aerogels is presented
in Fig. 2. The sodium silicate (a) transformed to silicic acid (b)
by protonation after adding the acetic acid. Two silicic acid
molecules react to form the Si-O-Si linkage (c) by leaving
a water molecule. The silica gel (d) was formed along with the

solvent
exchange

alcogel aerogel

wet gel

Fig. 1 Schematic diagram of the formation of the spherical silica
aerogel.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Photographs of the spherical silica gels and aerogels.

growth of the network via the dehydration condensation of the
silicic acid. The sol-gel process was controlled by the amount of
acid catalyst to ensure that the gel instead of precipitation is
obtained. There are many hydroxyl groups on the surface of the
silica gel, which can be used for amine grafting. The hydrolysed
APTES species react with hydroxyl groups via dehydration
condensation to achieve the amine grafting of silica gel (e).

3.2. Morphology and microstructure

The photographs of the spherical silica gels and aerogels are
shown in Fig. 3. The spherical silica gel and aerogel are
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Fig. 4 (a) N, adsorption/desorption isotherms and (b) pore-size
distribution curves of the SSA and SASAs.

transparent, and they become white after amine grafting.
Vacuum drying leads to obvious shrinkage of the special silica
gels whether or not amine grafted. However, the resulting
spherical aerogels did not disintegrate and still remain intact
appearance, which indicates that VD can be used to prepare
aerogels as a low-cost and convenient method. As shown in
Table 1, amine grafting leads to the increase of the apparent
density. Moreover, the apparent density of the SASAs increases
with the grafting time, indicating that more amine groups are
loaded when increasing the modification time.

The N, adsorption-desorption isotherms and pore size
distribution curves of the SSA and SASAs are given in Fig. 4. The
isotherms for SASAs displayed type IV isotherms with H1
hysteresis loops, which indicated a characterization of typical
mesoporosity. The noticeable saturation adsorption platforms
demonstrate that there are no macropores in the SASAs, which
is supported by their pore size distribution curves. The pore

Table 1 The apparent densities, specific surface areas, pore volumes and CO, adsorption capacities of the SSA and SASAs

Samples Apparent density (g cm™?) BET specific surface (m* g™") Pore volume (cm?® g°) CO, adsorption capacity (mmol g~*)
SSA 0.0928 541.040 1.4830

SASA-1 0.1055 255.133 0.5545 1.00

SASA-3 0.1366 203.586 0.4883 1.56

SASA-5 0.1780 123.024 0.2336 1.54

SASA-7 0.2013 25.278 0.0404 0.45

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 SEM images of the SSA and SASAs.

sized distribution curves of the SASAs also reveal that the pores
concentrates on the range of 3-20 nm and are gradually blocked
along with the increase of the amine grafting, which is also
observed from the SEM images. The specific surface areas and
pore volumes of the SASAs are shown in Table 1, which are
accordance with the results discussed above. SEM images of the
SSA and SASAs with different amine grafting days are shown in
Fig. 5. The samples have compact network with colloidal
structure, owing to the aforementioned shrinkage during VD
process.
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3.3. Chemical structure

The FTIR spectra of the SSA and SASAs are presented in Fig. 6(a).
The bands observed near 3433 cm ™' have the O-H stretching
vibration from Si-OH groups and the hydrogen bonded water.
The bands at 1385, 2852 and 2922 cm™’, respectively repre-
sented the symmetric deformation vibration, symmetric
stretching vibration, and antisymmetric stretching vibration of
C-H (-CH,).*®* The band corresponding to the Si-O in-plane
stretching vibration of Si-OH group is ascribed to 966 cm™".%
The appearance of -CH, group and the disappearance of Si-OH
group after grafting suggest that the APTES was successfully
grafted on to the framework of the silica wet gel. The bands are
shown at around 1000-1250, 800, 689 and 460 cm ™!, which are
ascribed to the vibration of Si-O-Si, Si-O, Si-O-Si and O-Si-O of
silica, respectively.” The bands around 1640 cm™ ' are due to
the deformation vibration of H-O-H (adsorbed water).”® It
should be noted that the bands resulted from free amine and H-
bonded amine can be coved by the band of adsorbed water at
1640 cm™'.545¢

The TG and DSC curves of the SSA and SASAs are presented
in Fig. 6(b—c). For SSA, weight losses below 120 °C are caused by
the elimination of CO, and the adsorbed moisture. In the
temperature range from 120 and 230 °C, weight losses are
ascribed to the boned water. Weight losses after 230 °C corre-
spond to the decomposition of the organic species, such as
amine and hydroxyl groups. For SASA-1, SASA-3, SASA-5, weight

60 T T
400 600
Temperature (°C)

0 200

Pos. FWHM Area%
399.2 144 7141
400.6 1.949 289

(d)

Raw data
—— Fitted
---- Background
Peak 1
Peak 2
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402 400 398 396
Binding energy (eV)

406 404

(a) FTIR spectra, (b) TG curves, (c) DSC curves and (d) N 1s XPS spectrum of the SSA and SASA samples.
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losses below 130-202 °C are ascribed to the elimination of CO,
and the adsorbed moisture. From 150 °C to 280 °C, weight
losses are caused by the boned water. Weight losses after 230 °C
correspond to the decomposition of the organic species, such as
amine and hydroxyl groups. It reveals that the amine loading
increases with the grafting time. For SASA-7, weight losses
below 230 °C are ascribed to the elimination of CO, and the
adsorbed moisture. In the temperature range from 230 and
350 °C, weight losses are caused by the boned water. Weight
losses after 350 °C derive from the decomposition of the organic
species, such as amine and hydroxyl groups. The results
demonstrate that the temperatures for the moisture and CO,
desorption and the organic moieties decomposition of the SASA
samples increase with the grafting time. The reason is that the
specific area decreases with the grafting time, and low specific
surface area leads to the low reactivity of the SASA samples.
Weight loss of the SASA-7 at 800 °C is lower than that of the
SASA-5. It can be explained by that no more APTES species are
grafted when the grafting time is more than 5 days. The
condensation polymerization will take place among the
hydroxyl groups derived from the hydrolyzed APTES, which
leads to the loss of the organic moieties during sample
preparation.

The N 1 s XPS spectrum is presented in Fig. 6(d). The N 1s
spectrum of the SASA-3 showed two bands at 399.2 eV and
400.6 eV, respectively corresponding to free amine and H-boned
amine.*** The H-boned amines can form between an amine
group and other groups such as -NH, and -OH.?” The amine (N)
surface contents of the SASA-1, SASA-3, SASA-5 and SASA-7 from
the XPS tests are 4.38, 4.52, 3.86 and 1.45 mmol g™, respec-
tively. The amine surface content of the SASAs first increases,
then starts to decrease with grafting time. It is explained that
pores are gradually blocked along with the increase of the
amine grafting.

3.4. CO, adsorption performances

As shown in Fig. 7, the CO, adsorption kinetics of the SASAs
change with different grafting times. The CO, adsorption
capacity first increases, then starts to decrease with grafting
time. Although longer grafting time leads to larger amine
loading according to the TG curves, the highest CO, adsorption
capacity of the SASA-3 was 1.56 mmol g~ . It is explained by that
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Fig.7 CO, adsorption kinetics of the SASA samples with dry 1% CO, at
25 °C.
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Fig. 8 CO, adsorption kinetics of the SASA-3 under different
temperatures with dry 1% COs,.

the amine surface content depends on both amines loading and
specific surface area. Excessive amine loading leads to the sharp
decline of the specific surface area, many amine groups are
covered. It indicates that the amine loading should be
controlled to avoid the blockage of the pore space and achieve
a high amine surface content.

As shown in Fig. 8, the CO, adsorption kinetics of the SASA-3
change with different temperatures. On account of the ther-
modynamic theory, the CO, adsorption capacity of the amine-
based adsorbents should decrease with the temperature.*®
However, the CO, adsorption capacity of the SASA-3 increases
from 25 to 35 °C, then decreases with the temperature below
55 °C. The reason is that the mass transfer and reaction activity
are limited under low temperature.***** When the temperature
was above 35 °C, the thermodynamics would become predom-
inant again. Fig. 9 shows the cyclic adsorption capacities of
SASA-3 at 35 °C. The SASA-3 shows excellent stability with 10
cycles. It indicates that amine groups in the SASA are immobi-
lized to the aerogel via forming the chemical bonds.

Amine hybrid silica aerogels had excellent CO, adsorption
capacities. The highest CO, adsorption capacity of the amine
hybrid silica aerogels was 4.19 mmol g~ with dry 1%
CO,. %% The CO, adsorption capacity of the SASA with dry
1% CO, is lower than these adsorbents. However, the weight or
volume of the whole fixed bed should be taken into account
when evaluating the performances of the CO, adsorbents. For
example, an amine hybrid silica aerogel had to mix with sand to
avoid the blockage of the fixed bed, only 4% amine hybrid silica

1.5
1.2

0.94

CO, adsorption capacity (mmol/g)

0 2 4 6 8 10
Cycle number

Fig. 9 Cyclic CO, adsorption kinetics of the SASA-3 with dry 1% CO,
at 35 °C.
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Table 2 CO, adsorption capacities of SASA-3 and its state-of-art counterparts

Adsorbent Year Preparation method CO, concentration Apparatus Capacity (mmol g™ ) Researcher

SASA-3 2020 Ball drop Dry 1% at 35°C Fixed bed 1.56 This work

SA-I-80 2013 Sol-gel Dry 10% at 75°C TGA 3.5 Linneen et al.*>*
AFSAS 2012 Sol-gel Humid 0.25% Fixed bed 1.07 Wormeyer et al.>*™’
AFA 2013 Sol-gel Dry 10% TGA 1.43 Begag et al.*®
AH-RFSA 2015 One-step sol-gel Humid/dry 450 ppm Fixed bed 1.80/2.57 Kong et al.**™*®
AHSA 2017 Sol-gel Dry 1% Fixed bed 1.52 Kong et al.**"*

aerogel was involved in the whole fixed bed.** As a consequence,
the optimal CO, adsorption capacity of the amine hybrid silica
aerogel with dry 1% CO, decreased from 3.57 mmol g ' to
0.14 mmol g~ ' when considering the whole weight of the fixed
bed.* On the other hand, the drying method should be
considered. Kong synthesized an amine hybrid silica aerogel by
ambient pressure drying (APD), which only achieved a CO,
adsorption capacity of 1.52 mmol g~ " with dry 1% C0,.*>®* CO,
adsorption capacities of SASA-3 and its state-of-art counterparts
are given in Table 2. The CO, adsorption capacity of the SASA
(1.56 mmol g~ ') is higher than its state-of-art counterparts with
similar preparation and test conditions.

4. Conclusions

The SASAs were synthesized by a simple, convenient, low-cost
and environmental-friendly method. The low-cost water glass
was used as precursor to prepare the spherical silica gel by a ball
drop method. Amine functionalization of the spherical silica gel
was achieved by APTES grafting. The low-cost and convenient
vacuum drying was used to dry the silica gels. The CO,
adsorption capacity depended on the adsorption temperature
and amine surface content. The amine surface content was
influenced by the specific surface area and amine loading,
which can be controlled by the grafting time. Long grafting time
leaded to the blockage of the pore space and coverage of the
amine groups, thus resulted in the decrease of the amine
surface loading. The CO, adsorption capacity of the SASA is
higher than its state-of-art counterparts with dry 1% CO,. It
indicates that this work can provide low-cost and environmen-
tally friendly way on the design of a capable and regenerable
adsorbent material for low-concentration CO, capture. The
SASA can be used in a fluidized bed reactor without pelleting
which is involved in powder-like adsorbents. CO, adsorption
performances of the SASA in the fluidized bed reactor are
currently being studying.
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