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ABSTRACT: Conventional and pore expanded SBA-15 were amine-grafted under
dry and wet conditions using N'-(3-trimethoxysilylpropyl)diethylenetriamine. The
effects of pore properties and gas hourly space velocity (GHSV) as well as the CO,
and H,S capture performance were investigated, and the results indicated that pore
expanded SBA-1S displayed the best performance. Clumping and agglomeration of
SBA-1S5 were observed for conventional SBA-15 under wet grafting conditions due
to interparticle polymerization of amines after pores are completely filled. This
phenomenon was not observed for pore expanded SBA-1S, resulting in viable
adsorbents with greater amounts of grafted amines. Pore expanded SBA-15
exhibited the highest CO, capacity (3.27 mmol/g), which to the best of our
knowledge is the largest for amine-grafted adsorbents. It also exhibited high amine
efficiency (0.39 mol CO,/mol N) and faster uptake rates compared to conventional
SBA-15 due to enhanced amine accessibility. For direct air capture, higher GHSV
values result in lower breakthrough CO, capacities and the breakthrough CO,
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capacity of wet grafted pore expanded SBA-15 is more dependent on GHSV than that of dry grafted pore expanded SBA-15 due to
diffusion resistance. Last, conventional SBA-15 displayed a marginally lower H,S adsorption capacity compared to pore expanded
SBA-15, suggesting that diffusion resistance does not play a significance role during H,S adsorption. These results suggest the
consideration of wet grafted pore expanded mesoporous siliceous supports for the design of promising adsorbents for the capture of

CO, and the removal of H,S from natural gas.

B INTRODUCTION

Carbon dioxide (CO,) is a major greenhouse gas that poses a
substantial threat to the environment. The combustion of fossil
fuels for energy generation has led to an unprecedented
increase in CO, emissions." Additionally, due to its corrosive
and poisonous nature, hydrogen sulfide (H,S) is another gas
that needs removal during the energy generation process.
Therefore, significant efforts are being undertaken to develop
technologies to curb CO, emissions and efficiently remove
H,S.”™® In the past 20 years, the most promising and
researched materials used for adsorption of harmful gases are
zeolites, activated carbons, metal organic frameworks, and
amine-functionalized mesoporous silica (silica gels, MCM-41,
and SBA-15) due to their favorable porous properties.” >

In particular, siliceous adsorbents functionalized with amines
have been shown to be especially effective in capturing CO,
and H,S. Amines are used because they react with CO, to form
carbamates under dry conditions, whereas under humid
conditions, hydrogen-bonded amines are released and addi-
tional carbamate ion pairs can be formed.”****” The H,S
reaction with amines proceeds via a proton transfer
mechanism, and moisture enhances the adsorption perform-
ance.” The most common methods for amine incorporation
into siliceous adsorbents are through chemical grafting
(covalent bonding of aminosilanes to the surface silanol
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groups of silica supports) and wet impregnation (impregnation
of silica supports with high-molecular-weight poly-
amines).””*'97*1973” While wet impregnated adsorbents
attain high CO, capture capacity brought on by higher
amine loading, they experience diffusion limitations and cyclic
instability due to leaching and evaporation of the
amines.””*>?*

In contrast, chemically grafted adsorbents are tightly
tethered to the support and are less susceptible to these
issues. Chemically grafted adsorbents, however, do not achieve
the high capture capacity of wet impregnated adsorbents due
to lower amine loadings brought on by limited availability of
surface silanol groups.”””*' In order to increase the amines
loaded during the chemical grafting process, water is added
during the grafting process. We hypothesize that water
addition hydrates the adsorbent surface (increasing the
hydroxyl groups) and also leads to the polymerization of the
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Figure 1. N, adsorption—desorption isotherms at —196 °C for pristine and dry and wet grafted conventional SBA-1S (a) and pore expanded SBA-

15 (b).

aminosilanes via siloxane bridges of free aminosilanes to other
gr:gtg;d aminosilanes as proposed by Feng et al. and Harlick et
al.™™

At present, most of the work on wet grafting has focused on
conventional SBA-15 and MCM-41 and usually at low amine
loading and water addition amounts. To the best of our
knowledge, there is sparse work available on the beneficial
effect of utilizing pore expanded SBA-15 for wet grafting and
their CO, adsorption performance under varied condi-
tions."”** Therefore, the objective of this study is to
understand how pore structure affects amine grafting outcomes
and adsorptive performance. Conventional and pore expanded
SBA-1S were synthesized, and grafting (dry and wet) utilizing
anhydrous N'-(3-trimethoxysilylpropyl)diethylenetriamine
(“DT”) was performed. The influence of the different pore
structures, amine loadings, and temperatures on the
adsorbents’ CO, capture performance was further studied.
Additionally, the performance of those supports under
conditions related to direct air capture, flue/post combustion
gas, and natural gas sweetening was studied.

B MATERIALS

N'-(3-Trimethoxysilylpropyl)diethylenetriamine, Pluronic
P123, hydrochloric acid (HCl), mesitylene, and tetraethylor-
thosilicate (TEOS) were obtained from Sigma Aldrich.
Anhydrous toluene was obtained from Fisher Scientific.

SBA-15. The synthesis of conventional SBA-15 was
performed according to the procedure reported by Wang et
al.** Eight grams of Pluronic P123 was dissolved in 240 mL of
H,O and 40.1 mL of 37% HCI at room temperature. After the
complete dissolution of Pluronic P123, the temperature was
increased to 35 °C. A total of 18.2 mL of TEOS was then
added to the solution dropwise. The mixture was stirred at 35
°C for 24 h followed by another 24 h at 100 °C under reflux.
The resulting white solid was collected by filtration, washed
with water, and dried at 50 °C overnight. Finally, it was
calcined at 550 °C for 6 h under an air flow. Conventional
SBA-15 was designated as SBA-1S.
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Pore Expanded SBA-15. The synthesis of pore expanded
SBA-1S5 was performed according to the procedure reported by
Chen et al.*® Eight grams of Pluronic P123 was dissolved in 2.0
M aqueous HCl (320 mL) at room temperature. After the
complete dissolution of Pluronic P123, the temperature was
increased to 35 °C. A total of 17.8 mL of TEOS was then
added to the solution dropwise and left to prehydrolyze for 30
min. After 30 min, 4.62 mL of mesitylene (1,3,5-trimethyl-
benzene) was added dropwise. The mixture was stirred at 35
°C for 20 h. The mixture was then autoclaved and aged for 24
h at 90 °C. The resulting white solid was collected by filtration,
washed with water, and dried at 50 °C overnight. Finally, it was
calcined at 550 °C for 6 h under an air flow. Pore expanded
SBA-15 was designated as SBA-15-PE.

Dry Grafting. SBA-15 and SBA-15-PE were dried at 100
°C for at least 3 h prior to amine grafting. In a typical synthesis,
100 mL of anhydrous toluene was mixed with 10 mL of N'-(3-
trimethoxysilylpropyl)diethylenetriamine in an Erlenmeyer
flask, and then 1 g of SBA-1S5 or SBA-15-PE was added. The
mixture was stirred and refluxed at 85 °C for 12 h. The grafted
silica was filtered, washed with copious amounts of toluene,
and then dried in a 50 °C oven overnight. Dry grafted supports
were designated as AG-SBA-15 and AG-SBA-15-PE.

Wet Grafting. SBA-15 and SBA-15-PE were dried at 100
°C for at least 3 h prior to amine grafting. In a typical synthesis,
a specific amount of H,0 (0.2—0.8 mL) was added dropwise
to a solution containing 100 mL of anhydrous toluene and 1 g
of SBA-15 or SBA-15-PE. The mixture was stirred at room
temperature for 2 h. A total of 10 mL of N'-(3-
trimethoxysilylpropyl)diethylenetriamine was then added.
The mixture was stirred and refluxed at 85 °C for 12 h. The
grafted supports were filtered, washed with copious amounts of
toluene, and then dried in a 50 °C oven. Wet grafted SBA-15
was designated as AG-SBA-15-X, and wet grafted pore
expanded SBA-15 was designated as AG-SBA-15-PE-X. X
refers to the amount of water (mL H,0/g SBA-1S) added
during wet grafting.
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B CHARACTERIZATION

Carbon dioxide (0—1 bar) was measured on a Micromeritics
ASAP 2020 Sorptometer using a volumetric technique. Carbon
dioxide isotherms were measured at 25, 40 and 75, 90, and 100
°C. Nitrogen adsorption isotherms were measured at —196 °C
on a Micromeritics ASAP 2020 Sorptometer. All samples were
degassed overnight at 105 °C prior to all measurements.
Thermogravimetric analysis was carried out on a Shimadzu
TGA-50H. Amine loading analysis was performed by
pretreating the sample under a helium flow for 2 h at 100
°C and then heating to 850 °C at a heating rate of 5 °C/min
under a helium and air flow. Adsorption rates were examined
using a TGA under a dry 70% CO, flow (in He) at 7S °C.
Multicycle stability studies were examined using a TGA under
a dry 70% CO, flow (in He) at 75 °C. The sample was
desorbed at 90 °C in He after each adsorption cycle. Hydrogen
sulfide was measured by blending predried helium with
predried H,S (200 ppm in helium). The H,S concentration
range was 0—125 ppm, and the total flow rate was 80 mL/min.

The CO, breakthrough adsorption measurement was
performed at predetermined gas hourly space velocity
(GHSV) using a vertical fixed-bed with ambient air feed in a
down-flow manner. A Vaisala GMP343 CO, probe was used to
constantly observe the CO, concentration of the effluent gas.
The Vaisala GMP343 incorporates a silicon-based non-
dispersive infrared sensor with a measurement range of 0—
1000 ppm of CO,. The fixed-bed column was 5 cm in height
and 0.35 cm in diameter. The fixed-bed was held by an indent
and a small piece of quartz wool. The sorbents with a particle
size of 20—40 meshes were used for the breakthrough
adsorption measurement. Prior to the adsorption process, the
fixed-bed column was degassed at 105 °C for 3 h under
nitrogen flow. Subsequently, the temperature was lowered to
25 °C and the feed gas (ambient air) was introduced at various
GHSV values.

B RESULTS AND DISCUSSION

Textural Properties and Amine Loading Analysis of
Supports. Figure 1 shows the nitrogen adsorption—
desorption isotherms at —196 °C of conventional SBA-15
and pore expanded SBA-15. The conventional supports
displayed a type IV isotherm, which is indicative of a standard
mesoporous material.””*® However, the capillary condensation
step occurs at a higher relative pressure for SBA-15-PE
compared to SBA-1S. This proves that the addition of
mesitylene (micelle expander) during synthesis led to the
enlargement of the pores.47 Furthermore, the BJH (Barrett,
Joyner, and Halenda) pore size distributions are mainly
centered around 8 nm for SBA-15 and 12.3 nm for SBA-15-
PE. The BET surface area and total pore volume are
approximately 956 m*/g and 1.13 cm®/g for SBA-1S and 766
m?*/g and 1.32 cm®/g for SBA-15-PE.

Dry grafting of all supports was performed using DT, and
wet grafting was accomplished using DT in the presence of
water. The nitrogen adsorption—desorption isotherms at —196
°C of all amine-grafted supports are presented in Figure 1, and
the pore properties are summarized in Table 1. The textural
properties of conventional and pore expanded SBA-15 were
provided pre- and post-grafting to convey the changes.
Following dry and wet grafting, the BET surface area, pore
size, and pore volume of all supports steadily decreased,
confirming the presence of amine moieties in the pores. This
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Table 1. Surface Area and Pore Structure Parameters

BET surface area  pore diameter  total éyore volume

sample (m*/g) (nm) cm’/g)
SBA-15 956 7.87 1.13
AG-SBA-15 168 6.39 0.276
AG-SBA-15-0.2 12.7 5.65 0.0236
AG-SBA-15-0.4 9.25 4.28 0.0104
AG-SBA-15-0.6 9.7 3.1 0.00823
SBA-15-PE 766 12.3 1.32
AG-SBA-15-PE 177 10.7 0.0486
AG-SBA-15- 112 7.87 0.0314
PE-0.2
AG-SBA-15- 258.5 10 0.00856
PE-0.4
AG-SBA-15- 9.64 4.67 0.00216
PE-0.6
AG-SBA-15- 5.04 3.63 0.00104
PE-0.8

decreasing trend is a result of blockage of pores and major
coverage of the supports’ surface by DT. Furthermore, this
demonstrates that increasing the amine loading correlates with
a decrease in surface area, pore size, and pore volume,
especially after wet grafting. Thermal analysis was conducted
on all dry and wet grafted adsorbents to determine the amine
loadings. Weight loss before 150 °C is due to the removal of
atmospheric CO, and adsorbed water; as such, it was
omitted.****™*" The decomposition of the grafted amine
occurs above 150 °C and leveled oft around 600 °C. As shown
in Figure 2, the amine loadings of dry grafted conventional and
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Figure 2. Amine loading of conventional SBA-15 (closed symbol) and

pore expanded SBA-15 (open symbols) using different amounts of
water during grafting.

pore expanded SBA-1S were 26 and 28%, respectively. This
disparity corresponds to the BET surface area of their
respective pristine supports. Post-wet grafting, the amine
loading increased from 28 to 46% for conventional SBA-1S and
26 to 50% for pore expanded SBA-15. This suggests
conclusively that the addition of water during the grafting
process successfully led to the increased amine loading.
Despite the initial difference in amine loading for dry grafted
AG-SBA-15 and AG-SBA-15-PE, however, the amine loading
after wet grafting is similar when 0.2—0.6 mL H,0/g SBA-15 is
added. This indicates that higher BET surface area, pore size,
and pore volume are not correlated with higher amine loading
for wet grafted adsorbents. It also suggests that silanol density,
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Figure 3. CO, adsorption isotherms at 25 °C (closed symbols) and 75 °C (open symbols) for conventional SBA-15 (a) and pore expanded SBA-15
(b) using 0 mL of H,O (squares), 0.2 mL of H,O (diamonds), 0.4 mL of H,O (triangles), 0.6 mL of H,O (circles), and 0.8 mL of H,O (inverted

triangles).

typically correlated with amine loading of dry grafting
adsorbents, does not affect the amine loading of wet grafted
adsorbents. Nonetheless, further investigation is needed to
reach a conclusion.

Under the reported synthesis conditions, the continuous
addition of water (0.2—0.8 mL H,0/g SBA-15) increased the
amine loading of conventional and pore expanded SBA-15
without signs of plateauing. Notably, addition beyond 0.6 mL
of water resulted in the clumping and agglomeration of
conventional SBA-15. This is possibly due to interparticle
polymerization of amines after the pores are completely filled.
The agglomeration of SBA-15 was not observed for pore
expanded SBA-1S5 beyond addition of 0.6 mL of water. This is
likely because of the larger pore size of SBA-15-PE, allowing
for greater amounts of grafted amines. This is supported by the
nitrogen adsorption—desorption results summarized in Table
1. Following wet grafting with 0.6 mL H,0/g SBA-15, SBA-15-
PE maintained more of their porosity (4.67 nm) compared to
SBA-15 (3.1 nm), indicating the importance of larger pore
sizes for continuously increasing water addition during grafting
to attain higher amine loadings.

CO, Capture Performance. Effects of Amine Loading
and Temperature on CO, Adsorption. The CO, adsorption
performance of dry grafted and wet grafted supports at 25 and
75 °C at different amine loadings is compared in Figure 2. The
CO, adsorption capacities at 25 and 75 °C and 1 bar are 1.69

6280

and 1.26 mmol/g for AG-SBA-15 and 1.29 and 1.16 mmol/g
for AG-SBA-15-PE. Upon wet grafting, the CO, adsorption
capacities at 25 °C and 1 bar are 0.60 mmol/g (AG-SBA-15-
0.2), 0.35 mmol/g (AG-SBA-15-0.4), and 0.29 mmol/g (AG-
SBA-15-0.6).

The CO, adsorption capacities at 25 °C for wet grafted pore
expanded SBA-15 are 1.66 mmol/g (AG-SBA-15-PE-0.2), 1.13
mmol/g (AG-SBA-15-PE-0.4), 0.58 mmol/g (AG-SBA-15-PE-
0.6), and 0.39 mmol/g (AG-SBA-15-PE-0.8). The adsorption
capacities at 75 °C and 1 bar are 1.92 mmol/g (AG-SBA-15-
0.2), 2 mmol/g (AG-SBA-15-0.4), and 2.24 mmol/g (AG-
SBA-15-0.6). For wet grafted pore expanded SBA-1S, the
adsorption capacities are 1.85 mmol/g (AG-SBA-15-PE-0.2),
2.36 mmol/g (AG-SBA-15-PE-0.4), 2.82 mmol/g (AG-SBA-
15-PE-0.6), and 2.78 mmol/g (AG-SBA-15-PE-0.8). Signifi-
cantly, for AG-SBA-15-0.2, the adsorption capacity decreased
at 25 °C. Conversely, the adsorption capacity increased for
AG-SBA-15-PE-0.2 before decreasing upon a further increase
in amine concentration. For CO, adsorption at 25 °C, there is
an initial enhancement of the CO, capture capacity for wet
grafted adsorbents at their optimal water addition amounts. In
this instance, the optimal amount is 0.2 mL H,0/g SBA-1S for
SBA-15-PE and a further increase in the water addition amount
during grafting results in a decrease in the adsorption capacity
at 25 °C. This suggests that the optimal water addition amount
for high CO, adsorption capacity at 25 °C is dependent on the
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Table 2. Summary of Wet Grafted Silica Adsorbents and Their CO, Capture Capacities

CO, adsorption capacity

sample amine used CO, partial pressure (bar)

silica gel triamine 1

MCM-41 triamine 0.2

KIT-6 APTES 1

SBA-15 diamine 0.15

SBA-15 triamine 0.15

SBA-15 triamine 0.89
AG-SBA-15-PE-0.6 triamine 0.15
AG-SBA-15-PE-0.6 triamine 1
AG-SBA-15-PE-0.6 triamine 1

temperature (°C) adsorption capacity (mmol/g, dry) reference
75 2.3 32
75 2.1 60
75 1.31 61
60 1.36 62
60 1.58 62
75 2.3 63
75 2.58 present work
75 2.82 present work
90 3.03 present work

support’s pore structure. Additionally, the adsorption capacity
at 25 °C for conventional SBA-1S5 reduced as the amine
loading increased. The increase in amine loading for silica
adsorbents is due to the hydrolysis and condensation of alkoxy
groups in the presence of water, leading to aminosilane
polymerization. The degree of polymerization is dictated by
the amount of water added to the solution for alkoxy
hydrolysis and condensation. The polymerization of amines
at high water addition amounts clogs the pores, which results
in reduced adsorption capacity at 25 °C.*»*°

Moreover, the adsorption capacity at 75 °C for all supports
rose substantially as the amine loading increased. This marked
increase is attributable to the decreased viscosity and increased
mobility of the polymer-like amines at 75 °C, leading to the
accessibility of more amine sites for CO, molecules.' **"**
The higher adsorption capacity of amine-grafted pore
expanded SBA-15 compared to conventional SBA-1S is due
to the large pore size of the pore expanded supports. Supports
with large pores provide increased accessibility of the densely
grafted amines; however, there is a point at which the increase
in amine concentration ceases to increase the CO, uptake of
large pore supports. When the water addition amount is
increased to 0.8 mL H,0/g SBA-15, the amine loading
increases to 50%. The CO, adsorption capacity, however,
decreases from 2.81 mmol/g (AG-SBA-15-PE-0.6) to 2.78
mmol/g (AG-SBA-15-PE-0.8) at 75 °C. The pore channels of
AG-SBA-15-PE-0.8 were clogged by the large amounts of
grafted amines, thus hindering the adsorption of CO,. This
underscores the importance of determining the optimal water
addition amount to attain the best adsorption performance.

Adsorbent performance under conditions related to flue/
post combustion is important. Flue gas needs to be cooled to
around 44—100 °C, and as such, understanding the adsorbent’s
performance in that temperature range is the key. Investigating
the effect of adsorption temperature on wet grafted adsorbents
with different pore properties is also essential. Consequently,
CO, adsorption isotherms for all supports (Figure 3 and
Figures S1 and S2 in the Supporting Information) were plotted
to address those concerns. Regardless of the pore structure of
the SBA-15 supports, the CO, adsorption capacity of all dry
grafted adsorbents achieved their highest CO, capacity at 25
°C followed by 75 °C. This observed decrease in CO,
adsorption capacity after the adsorption temperature is
increased demonstrates the exothermic nature of CO,
adsorption. Furthermore, the CO, adsorption capacity for all
wet grafted supports increased significantly as the adsorption
temperature was increased from 25 to 75 °C. However, as
shown in Table S1, the trends beyond 75 °C are not as clear-
cut. The CO, adsorption capacities of conventional and pore
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expanded supports grafted in greater than 0.4 mL H,0O/g SBA-
15 were highest at 90 °C; however, at 100 °C, the adsorption
capacity began to decrease. One of the main adsorption
barriers for supports with large amounts of grafted amines is
the diffusion of CO, on the surface to the bulk of the grafted
amines. The increase in temperature to 90 °C renders the
amines more mobile and facilitates the transfer of adsorbed
CO, from the surface into the bulk of the amines, thereby
revealing more amine sites for CO, adsorption and greatly
improving the CO, adsorption capacity. Conversely, while
higher temperatures reveal more amine sites, the desorption of
CO, from amine sites is more preferential, resulting in the
reduced adsorption capacity at 100 °C.'”***'~%* It is worth
noting that for AG-SBA-15-PE-0.6, the best performing
adsorbent, the CO, adsorption capacity increased from 0.42
mmol/g (25 °C) to 2.58 mmol/g (75 °C) in the flue gas range
(~0.15 bar), as shown in Figure S3. Increasing the adsorption
temperature beyond 75 °C resulted in a decrease in the
adsorption capacity in the flue gas range. Namely, at 90 and
100 °C (~0.15 bar), the CO, adsorption capacity decreased to
2.2 and 1.7 mmol/g, respectively. The CO, adsorption capacity
at 1 bar increased from 0.58 mmol/g (25 °C) to 3.03 mmol/g
(90 °C) before decreasing to 2.86 mmol/g at 100 °C. It is
likely that the aforementioned adsorption barriers also manifest
in the flue gas range.

Amine efficiency (mol CO,/mol N) is an additional
component to examine for amine-grafted supports. Under
dry conditions, the maximum theoretical amine efliciency is 0.5
mol CO,/mol N. Values above 0.5 can be achieved in the
presence of moisture.””*”*° Several factors including steric
hindrances from surrounding amine groups, pore clogging or
blockage, and amine location inside pores play a role in
decreasing amine efficiency. The maximum amine efficiencies
of all grafted supports at 25, 75, 90, and 100 °C are
summarized in Table S1. At 25 °C, the amine efficiency of AG-
SBA-15-X and AG-SBA-15-PE-X decreases gradually as the
water addition amount and the amine loading increase.
However, at 75, 90, and 100 °C, the amine efficiency trends
are not as unambiguous. There is an initial increase in the
amine efficiency of AG-SBA-15 from 0.25 to 0.31 for AG-SBA-
15-0.2 at higher adsorption temperatures; however, as the
amine loading increases, the amine efliciency stays relatively
flat thereafter. The amine efficiency trends are similar for pore
expanded SBA-15 at 75, 90, and 100 °C. The amine efliciency
increases from 0.26 for AG-SBA-15-PE to 0.32 for AG-SBA-
15-PE-0.2. At higher amounts of water addition (0.4—0.6 mL
H,0/g SBA-15) and higher adsorption temperatures (75—100
°C), the amine efficiency continues to increase before
declining slightly for AG-SBA-15-PE-0.8. Generally, the
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amine efficiency for wet grafted pore expanded SBA-15 when
compared to all wet grafted conventional SBA-1S is noticeably
higher. Although wet grafted conventional and pore expanded
SBA-15 displayed very similar amine loadings, they achieved
significantly different adsorption capacities and amine
efficiencies. The large pore size (12.3 nm vs 8 nm) of SBA-
15-PE compared to SBA-15 reduces mass transfer resistance,
leading to enhanced adsorption performance. This demon-

100

[==3
o
1

2]
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strates that supports with favorable physical characteristics
(large pore size) alleviate accessibility concerns emerging from
large amine loadings, leading to higher amine utilization.

To date, research on wet grafted adsorbents mainly utilizes
conventional supports. Table 2 outlines the results from this
work and the literature utilizing similar methods. The
increased wet grafted pore expanded SBA-15 is highly
competitive, with similar or higher CO, adsorption capacity
than all reported adsorbents.

Uptake Rates. The adsorption rates of CO, were measured
for conventional and pore expanded SBA-15 at 75 °C using the
gravimetric method. The measurement was carried out by
introducing the amine-grafted adsorbents to a 70% CO,/He
feed gas mixture at time = 0, from an initial helium flow, at the

desired temperature. The thermogravimetric data was used to
calculate the diffusion time constant. The diffusion time
constant (D/R?, where D is the pore diffusivity and R is the
radius of the particle) is used to express the uptake
rates.”**”**%% The calculated D/R? values are outlined in
Table 3. As listed in Table 3, the uptake rates for wet grafted

Table 3. Diffusion Time Constants (D/R?) for Dry and Wet
Grafted Conventional and Pore Expanded SBA-15 at 75 °C

sample D/R? (1 x 107°) (s71)
AG-SBA-15 110
AG-SBA-15-0.2 7.1
AG-SBA-15-0.4 4.9
AG-SBA-15-0.6 3.6
AG-SBA-15-PE 127
AG-SBA-15-PE-0.2 95
AG-SBA-15-PE-0.4 90
AG-SBA-15-PE-0.6 84
AG-SBA-15-PE-0.8 13

SBA-15-PE are significantly higher than those of wet grafted
SBA-15. More precisely, the D/R? of AG-SBA-15-PE-0.6 is 23
times that of AG-SBA-15-0.6 at 75 °C. Higher uptake rates for
AG-SBA-15-PE-0.6 are due to its favorable pore structure,
leading to increased accessibility of the amine groups. Despite
similar amine loadings for AG-SBA-15-0.6 and AG-SBA-15-
PE-0.6, AG-SBA-15-PE-0.6 exhibits higher uptake rates than
AG-SBA-15-0.6. This indicates that there are marked diffusion
limitations for smaller pore supports with high amine loadings.

These limitations are diminished for larger pore supports
because they allow the CO, molecules easier access to available
amine groups.

Cyclic Stability. It is crucial that adsorbents be stable after
multiple adsorption/desorption cycles if they are to be applied
practically. The multicycle stability of AG-SBA-15-PE-0.6
(highest performing support) was carried out at 75 °C. AG-
SBA-15-PE-0.6 was regenerated at 90 °C in He after each
adsorption measurement, and it took roughly 2 min to
regenerate fully. There was no significant loss in CO,
adsorption capacity at 75 °C (Figure 4) after 11 cycles. The
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Figure 4. Cyclic stability studies (70% CO, (in He) flow; desorption

in He at 90 °C (dashed line)) of wet grafted AG-SBA-15-PE at 75 °C
and 1 bar.

CO, adsorption capacity did not change significantly after
numerous adsorption/desorption cycles, which is consistent
with the previous findings for wet grafted adsorbents and
indicates that AG-SBA-15-PE-0.6 displays stability over
multiple cycles.'®*"**** Under dry conditions, however, the
stability of the adsorbent will eventually deteriorate.”** This
deterioration largely results from the formation of stable urea
groups after continued cycling of the adsorbent at high
temperatures. Carbamate decomposition might also play a role
in the deterioration. Stable urea groups deactivate grafted
amine, but, provided that CO, adsorption is performed under
wet conditions, the formation of urea groups is strongly
inhibited.*® Sayari and Belmabkhout measured the adsorption
capacity of amine-grafted MCM-41 under wet conditions
(0.4% R.H., 70 °C) for 700 cycles, and there was no observable
loss.”® This phenomenon is likely to be exhibited in other
amine-functionalized silica, namely, AG-SBA-15-PE-0.6.

Effect of Gas Hourly Space Velocity. The effect of the
GHSV on the adsorption performance of AG-SBA-15-PE and
AG-SBA-15-PE-0.6 and the dependence of the breakthrough
CO, capacity on the space velocity were examined at 25 °C,
400 ppm CO,, and GHSV values ranging from 2000 to 20,000
h™" for direct air capture applications. The breakthrough
results are displayed in Figures S and 6 and Table 4. At GHSV
values of 2000, 4000, and 20,000 h™!, the measured
breakthrough CO, capacities were 0.422, 0.279, and 0.177
mmol/g for dry grafted AG-SBA-15-PE and 0.149, 0.112, and
0.040 mmol/g for wet grafted AG-SBA-15-PE-0.6. As the
GHSV was increased from 2000 to 20,000, the breakthrough

CO, capacities decreased by approximately 58 and 73% for dry
grafted AG-SBA-15-PE and wet grafted AG-SBA-15-PE-0.6,
respectively. Higher GHSV values clearly result in lower
breakthrough CO, capacities, and the breakthrough CO,
capacity of wet grafted SBA-15-PE is evidently more
dependent on GHSV than dry grafted SBA-15-PE due to
diffusion resistance. Moreover, at the same GHSV values, the
breakthrough curves of dry grafted AG-SBA-15-PE are much
steeper than those of wet grafted AG-SBA-15-PE-0.6, further
confirming the higher D/R? of dry grafted AG-SBA-15-PE.>’
H,S Adsorption Performance. Another harmful gas that
needs to be removed from natural gas is hydrogen sulfide

https://doi.org/10.1021/acs.iecr.1c00415
Ind. Eng. Chem. Res. 2021, 60, 6277—-6286



https://pubs.acs.org/doi/10.1021/acs.iecr.1c00415?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c00415?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c00415?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c00415?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c00415?rel=cite-as&ref=PDF&jav=VoR

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

400 - R O e b
/ st T e

— ! ’,/ ”/
S
2 ' / ©  — - - GHSV 20000 h™
~ 300 ! | N
s | ./ ---GHSV4000 h"
T | | [ 1
= | | 1 - - - GHSV 2000 h
Saod! | !
(%) | [
c ! ! 1
[} | | !
(&) | h 1
o 100! ! i

| ! '
(&) X I |

| ! ’,

A,
0 2(‘)0 4(‘)0 6!‘)0 8(‘)0 1000
Time (min)

Figure 5. CO, breakthrough curves for AG-SBA-15-PE under an
ambient air feed at 25 °C, 0.96 bar, and different GHSV values.
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Figure 6. CO, breakthrough curves for AG-SBA-15-PE-0.6 under an
ambient air feed at 25 °C, 0.96 bar, and different GHSV values.

Table 4. CO, Breakthrough Capacity for Amine-Grafted
SBA-15-PE under an Ambient Air Feed at 25 °C, 0.96 bar,
0.0% R.H., and Different GHSV Values

GHSV (h™")
sample 2000 4000 20,000
AG-SBA-15-PE 0.422 mmol/g ~ 0.279 mmol/g  0.177 mmol/g
AG-SBA-15-PE-0.6 0.149 mmol/g 0.112 mmol/g 0.040 mmol/g

(H,S). The low-concentration H,S adsorption isotherms at 25
and 50 °C of AG-SBA-15-PE and AG-SBA-15-PE-0.6 are
presented in Figure 7. The results suggest that H,S adsorption
is favorable for supports with high amine loadings. Addition-
ally, it is notable that even at higher amine loading, H,S
adsorption was not influenced by adsorption temperature in
the same way that CO, was. The maximum CO, adsorption
capacity of all wet grafted adsorbents increased from 25 to 90
°C, whereas for H,S, the adsorption capacity decreased from
25 to 50 °C for AG-SBA-15-0.6 and AG-SBA-15-PE-0.6. A
further increase in the adsorption temperature beyond 50 °C
led to negligible H,S adsorption. Ma et al. observed a similar
behavior for PEI-impregnated MCM-41 and attributed this to
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Figure 7. H,S adsorption isotherms for AG-SBA-15-PE-0.6 (a) and
AG-SBA-15-PE (b) at 25 °C (open symbols) and 50 °C (closed
symbols) and 1 bar.

significantly lower diffusion limitations for H,S.” They
reported that the estimated kinetic barrier for diffusion of
H,S from the adsorbent surface into the bulk of the amine is
approximately three times lower than that of CO,, suggesting
that H,S is predominantly thermodynamically controlled since
lower temperatures thermodynamically favor CO, and H,S
adsorption. To further expand on their work, the H,S
adsorption capacities of AG-SBA-15-0.6 and AG-SBA-15-PE-
0.6 were compared in Figure 8 to determine if large pore
supports provide any enhancement in adsorption performance.
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Figure 8. H,S adsorption isotherms for AG-SBA-15 (open squares),
AG-SBA-15-PE (open circles), AG-SBA-15-0.6 (closed squares), and
AG-SBA-15-PE-0.6 (closed circles) at 25 °C and 1 bar.
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Despite similar amine loadings, AG-SBA-15-PE-0.6 exhibited a
marginally higher H,S adsorption capacity at 25 °C than AG-
SBA-15-0.6. The H,S adsorption capacities at 25 °C are 0.11
mmol/g (AG-SBA-15-PE-0.6) and 0.099 mmol/g (AG-SBA-
15-0.6). Unlike CO, that displayed a 100% increase in the
adsorption capacity at 25 °C for pore expanded SBA-15 (Table
S1), large pore supports do not significantly enhance H,S
adsorption capacity. This is further elucidated by the amine
efficiency (mol H,S/mol N). AG-SBA-15-PE-0.6 displayed a
marginally higher amine efficiency (0.014) compared to AG-
SBA-15-0.6 (0.012).

Overall, despite the high amine loadings, the H,S adsorption
capacities reduced as the adsorption temperature was
increased, indicating that the adsorption process of H,S was
thermodynamically controlled. Conventional SBA-15 displayed
a slightly lower H,S adsorption capacity compared to pore
expanded SBA-15 (Figure 8), confirming that diffusion
resistance does not play a significance role during H,S
adsorption.

While AG-SBA-15-PE-0.6 does not exhibit the high H,S
capacities of zeolites, it does not suffer from diminished
adsorption performance under wet conditions.”®”” In fact,
Okonkwo et al. found that for amine-grafted adsorbents,
moisture has a positive effect on the H,S adsorption capacity.3
They reported higher H,S adsorption capacity and good H,S
selectivity in the presence of CO, for amine-grafted SBA-15
adsorbents. For zeolites, however, there is an observed negative
influence due to competition for amine sites.

The pure component methane isotherm of AG-SBA-15-PE
and AG-SBA-15-PE-0.6 at 25 °C is presented in Figure 9. The
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Figure 9. CH, adsorption isotherm for AG-SBA-15-PE (open
squares) and AG-SBA-15-PE-0.6 (open circles) at 25 °C and 1 bar.

H,S adsorption capacities at 25 and 50 °C are 0.054 and 0.023
mmol/g for AG-SBA-15-PE and 0.11 and 0.032 mmol/g for
AG-SBA-15-PE-0.6, respectively. The methane adsorption
capacity is 0.04 mmol/g at 25 °C and 760 torr. The methane
adsorption capacity is substantially lower at 760 torr compared
to the H,S adsorption at a much lower concentration (125
ppm). This indicates that the increased amine concentration
resulted in a minimal increase in the methane capacity.
However, the H,S adsorption capacity increased by 99% with
the increase in amine loading. These properties make AG-SBA-
15-PE-0.6 a suitable adsorbent for natural gas desulfurization.
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Bl CONCLUSIONS

In this work, conventional and pore expanded SBA-15 were
amine-grafted (dry and wet) using DT. The results indicate
that amine-grafted pore expanded SBA-1S with large pore size
and pore volume has a positive effect on carbon dioxide
adsorption performance. The large pore size reduces mass
transfer resistance, leading to enhanced adsorption perform-
ance. Wet grafted pore expanded SBA-15 resulted in CO,
adsorption capacities of 2.8 mmol/g at 75 °C and ~0.15 bar
and 2.99 mmol/g at 75 °C and 1 bar. The CO, adsorption
capacity increased to 3.30 mmol/g at 90 °C and 1 bar. To the
best of our knowledge, these are the highest reported CO,
adsorption capacity for DT-grafted adsorbents and the first
experimental evidence for the positive effect of high temper-
atures (>75 °C) on amine-grafted SBA-15. Moreover, pore
expanded SBA-15 displayed enhanced amine efficiencies, and
CO, uptake rates compared to conventional SBA-15. AG-SBA-
15-PE-0.6 showed stability over 10 adsorption/desorption
cycles. The H,S adsorption performance indicates that AG-
SBA-15-PE-0.6 is a viable adsorbent for the sweetening of
methane-containing gases. These excellent CO, and H,S
capture characteristics indicate that wet grafted pore expanded
SBA-15 can be considered a promising amine-functionalized
adsorbent for flue gas CO, and H,S capture applications.
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