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ABSTRACT: A new ionic liquid treatment method has been developed for
removing the organic template from mesoporous silica SBA-1S. Compared
with conventional template removal by air calcination, the novel ionic liquid
treatment method efficiently removed the organic template at a low
temperature and preserved the surface silanol groups. The significantly
increased silanol density led to higher amine loadings on amine grafted SBA-
1S. Consequently, the ionic liquid treated sample showed 63% more CO,
capacity at conditions relevant to CO, capture from flue gas. Moreover, the
ionic liquid treated sample exhibited significantly higher capacities for H,S
capture from natural gas as well as CO, adsorption capacities for direct air
capture which were nearly 3 times higher than the conventionally treated
sample. The adsorbent stability, the isosteric heats of adsorption, and the
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effect of moisture were also investigated for the ionic liquid treated sample.
The mechanism of template removal by ionic liquid is discussed, and the feasibility of recovery/reuse of the ionic liquid and the

template is shown.
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B INTRODUCTION

Postcombustion carbon dioxide (CO,) capture from flue gas
and the removal of hydrogen sulfide (H,S) from natural gas are
important industrial processes. Gas—liquid absorption and
stripping processes using aqueous solutions of alkanolamines
(monoethanolamine (MEA), diethanolamine (DEA), and
methyldiethanolamine (MDEA)) are the bases for the current
technologies for postcombustion CO, capture and natural gas
desulfurization. The liquid amine absorption process, while
effective, is plagued by a myriad of problems including high
energy consumption during regeneration, corrosion from
amine solutions, and amine loss. Therefore, considerable
efforts over the past few years have been committed to the
development of alternatives.

One such alternative is gas adsorption using solid adsorbents
such as carbons,'™* zeolites,’ ™’ metal—organic frame-
works,'’™'? nitrogen-functionalized porous polymers,*™*¢
and amine-functionalized silicas."’~>> The combination of
selective capture and catalytic conversion is also an alternative
route for CO, and H,S removal.”*** Among all the adsorbents,
amine grafted silicas are some of the most promising because
of their high capacities, high CO, (and H,S) selectivities, high
adsorption rates, ease in regeneration and low moisture
sensitivities.”* Ordered mesoporous silicas (Mobil Composi-
tion of Matter-n or MCM-n,”’ Santa Barbara Amorphous-n or
SBA-n,"** and hexagonal mesoporous silica or HMS") are of
great interest due to their adjustable pore sizes, large surface
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areas, and, most notably, the hydroxyl groups or silanols that
dominate the surface. This makes them ideal for postsynthesis
amine grafting. Amine grafting is accomplished by a reaction
between the surface hydroxyl groups (silanols) of silicas and
aminosilanes such as 3-aminotrimethoxysilane. Therefore,
increasing silanol density is a facile and effective way of
increasing amine group density, which, in turn, leads to an
increase in CO, (and H,S) adsorption capacity on the amine
grafted silicas.

Ordered mesoporous silicas are generally obtained by
hydrothermal synthesis using organic templates as a structure
directing agents, followed by polymerization of the silica
precursors around the template. Once this mesoporous
structure is formed, the key step in the synthesis process is
the removal of the organic template because it creates the
desired porosity. The conventional method for template
removal is by air calcination at high temperatures (>500 °C)
and long treatment time (>4 h). However, calcination at high
temperatures result in the reduction of silanol groups due to
dehydroxylation at high temperature and long heating time.
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Thus, alternative methods for template removal under mild
conditions were developed. Ethanol extraction,” glow
discharge plasma degradation,23 UV/dilute H,0, degrada-
tion,™! supercritical fluid extraction,”” and microwave diges-
tion>® have been successfully employed to remove templates
from ordered mesoporous silicas. Since the amine grafting
reaction is based on silanol groups as the anchor sites, more
efforts are desirable for developing effective template removal
method at lower temperature and shorter time to preserve as
many silanol groups as possible, especially methods that can
also preserve and recover the costly organic templates.

Ionic liquid is a salt in which the ions are poorly
coordinated, which results in these salts being liquid below
100 °C. Ionic liquids are described as having many potential
applications. They are powerful solvents and electrically
conducting fluids. Rogers et al. reported that cellulose could
be dissolved using ionic liquids, such as 1-butyl-3-methyl-
imidazolium chloride ([C,mim]Cl), by breaking the hydrogen
bonds within the cellulose.”**> Various ionic liquids are
effective for lignocellulosic biomass dissolution. A compre-
hensive and updated review on treatments of lignocellulosic
biomass with ionic liquids is available.*® Brennecke et al.
employed ionic liquids with amine groups for CO, capture. By
the design of anion in ionic liquids, the CO, absorption
capacities and regeneration energies could be adjusted.’”**
Deep eutectic solvents, a new class of ionic liquid analogue, are
promising media for gas separation.”” Moreover, ionic liquid
can be added to amine-impregnated adsorbents to increase
CO, adsorption capacity.*’ As designer solvents, ionic liquid
can be modulated to suit specific tasks.*"**

In this study, we employed a novel ionic liquid treatment as
well as the conventional thermal calcination to remove the
triblock copolymer template Pluronic P123 from as-synthe-
sized SBA-15. The physical properties, silanol and amine
density, and the CO, and H,S adsorption capacities of SBA-15
utilizing both template removal methods were compared. The
mechanism for template removal using ionic liquid was also
proposed. To the best of our knowledge, this is the first time
ionic liquid is used for SBA-15 template removal.

B EXPERIMENTAL SECTION

Synthesis of SBA-15. Mesoporous silica SBA-15 was synthesized
using the procedures reported by Zhao et al* using triblock
copolymer Pluronic P123 (EO,(PO,,EO,,) as template. Typically, 8 g
of Pluronic P123 was added to 240 g of deionized water (DI water)
and 48 g of concentrated HCI (37 wt %) at 35 °C and stirred until
dissolved. Next, 17 g of TEOS (tetraethyl orthosilicate) was added to
the solution. Then the mixture was stirred at 35 °C for 24 h, followed
by another 24 h at 100 °C. The solid product (as-synthesized SBA-
15) was filtered, washed with DI water, and dried at S0 °C.

Removal of Template (P123) from As-Synthesized SBA-15.
The ionic liquid 1-butyl-3-methylimidazolium chloride ([C,mim]Cl)
used to remove template P123 from as-synthesized SBA-1S was
purchased from ACROS Organics. In the template removal process by
ionic liquid, 1 g of the as-synthesized SBA-1S was mixed with 9 g of
[C,mim]Cl and then transferred to a Teflon-lined autoclave. The
mixture was treated in an oven at 120 °C for 12 h under static
conditions. After template removal treatment, the product was washed
with DI water, recovered by centrifugation, and then dried at 50 °C.
The SBA-1S obtained was designated as SBA-15-IL.

In comparison, the template P123 of as-synthesized SBA-15 was
also removed by conventional calcination under air flow at 500 °C for
6 h. The SBA-15 sample obtained from calcination was designated as
SBA-15-cal.
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Grafting Amine on SBA-15. The grafting of amine on SBA-15
surfaces followed the procedures reported in the literature.”>*?
Typically, 0.5 g of SBA-15-cal or SBA-15-IL was mixed with 50 mL of
toluene and S mL of 3-aminopropyltrimethoxysilane. The mixture was
stirred at 80 °C for 18 h under reflux. The resulting product was
filtered and washed with a copious amount of toluene and then dried
at 50 °C. The obtained samples were designated as NH2-SBA-15-cal
and NH2-SBA-15-IL.

Adsorption Measurement. Adsorption isotherms of carbon
dioxide, nitrogen, and methane within the pressure range from 0 to
760 Torr were measured with a Micromeritics ASAP 2020 Analyzer,
which is a static volumetric apparatus. The hydrogen sulfide
adsorption isotherms were measured using a Shimadzu TGA-SOH
thermogravimetric analyzer, which is a gravimetric method. Quartz
sample cells and purge gas (helium) were used for H,S isotherm
measurement. The adsorbent was pretreated in predried helium at
105 °C for 4 h before the H,S isotherm measurement to remove the
adsorbed moisture and impurities on the surface. Low concentration
H,S was obtained by blending predried H,S (200 ppm in helium)
with predried helium. The total flow rate was 80 mL/min, and the
concentration range of H,S was 0—12S ppm.

The CO, breakthrough curves were measured with a vertical fixed
bed equipped with a Vaisala GMP343 CO, probe. The Vaisala
GMP343 incorporates a silicon-based nondispersive infrared sensor
with a measurement range of 0—1000 ppm CO,. The procedures for
preparing the adsorbent bed were described elsewhere.*’ A slurry
made from the amine grafted powder adsorbent and toluene was
injected into a Pyrex tube. An indent and a small piece of quartz wool
were used to hold the adsorbent bed. The slurry was dried under 60
°C in an air stream flowing at 20 mL/min. For a typical experiment,
the fixed bed was set at 4 cm in height and 0.35 cm diameter. Before
the adsorption process, the fixed bed column was pretreated at 105 °C
for 3 h under nitrogen flow prior to adsorption measurements. The
temperature was then reduced to 25 °C and the feed gas (ambient air,
predried with a bed of 3A zeolite) was introduced at a gas hourly
space velocity (GHSV) of 4200 h™". For the adsorption measurement
under wet conditions, the feed stream was passed through a bubbler
containing a saturated KCI solution at 25 °C before being introduced
to the adsorbent bed.**

Multicycle stability studies were examined using a Shimadzu TGA-
SOH thermogravimetric analyzer under a CO, flow (70% in He) of 80
mL/min at 25 °C. The sample was pretreated at 90 °C for 60 min
before the first adsorption cycle and desorbed at 90 °C in helium for
10—15 min after each adsorption cycle.

Characterization. N, adsorption/desorption isotherms at —196
°C were acquired using a Micromeritics ASAP 2020 Analyzer, which
is a static volumetric gas adsorption apparatus. The samples were
degassed at 105 °C for 6 h before analysis. Thermogravimetric
analysis (TGA) was performed on a Shimadzu TGA-SOH apparatus to
analyze the percentage of template removal, silanol density, and amine
loading of the samples. The template removed samples (SBA-15-cal
and SBA-15-IL) were heated from room temperature to 850 °C at a
heating rate of 5 °C/min under a helium flow for evaluating the
percentage of template removal and silanol density. The amine grafted
samples NH2-SBA-15-cal and NH2-SBA-15-IL were heated under
helium and air flow to investigate the amine loading. The samples
were pretreated at 120 °C in the helium flow to remove adsorbed
CO, and moisture, and then they were kept at 100 °C in a helium
flow for 30 min before being heated to 850 °C at a heating rate of §
°C/min in an air flow. The NMR spectra were recorded on a Varian
vnmrs 500 MHz spectrometer at 25 °C using deuterated chloroform
(CDCl,) as solvent. Chemical shifts were referenced to TMS (0.0
ppm). A total of 128 scans were collected.

B RESULTS AND DISCUSSION

Template Removal by lonic Liquid. The N, adsorp-
tion—desorption isotherms of calcined SBA-1S sample (SBA-
15-cal) and ionic liquid treated SBA-1S sample (SBA-15-IL)
are shown in Figure la. Both isotherms exhibited type IV(a)

https://dx.doi.org/10.1021/acssuschemeng.0c01941
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Figure 1. N, adsorption and desorption isotherms and BJH pore size
distribution of SBA-15-cal ((0) and SBA-15-IL (A) at —196 °C.
Isotherms for SBA-1S-IL and BJH pore size distributions were offset
by 500 cm®/ g STP and § cm®/ g for clarity.

behavior with a type H1 hysteresis loop, according to IUPAC
classification.”> The uptake in the P/P, range of 0.6—0.8
corresponds to capillary condensation of nitrogen in the
mesopores of SBA-15, and the type H1 loop indicates a narrow
range of uniform mesopores. These results are characteristic of
good quality SBA-15 and similar to those reported
previously.””” The Brunauer—Emmett—Teller (BET) surface
area and total pore volume of SBA-15-IL were 883.5 m>/g and
1.09 cm?/g, respectively (Table 1), which are similar to those
of SBA-15-cal (981.8 m?/g and 1.12 cm?®/g). This illustrates
that ionic liquid treatment is an effective method of template
removal. Figure 1b shows the Barrett—Joyner—Halenda (BJH)

Table 1. Textual and Structure Parameters of SBA-15 and
Amine-Grafted SBA-15 by Thermal Calcination and Ionic
Liquid Treatment

pore estd amine
SBET‘I Vmgﬂb diam®  silanol no. loadings
sample (m*/g) (cm’/g) (nm) (OH/nm?)  (mmol/g)
SBA-15-cal 981.8 1.12 6.4 3.0
SBA-15-IL 883.5 1.09 7.5 >5.1
NH2-SBA-15-cal 326.0 0.47 5.6 14
NH2-SBA-1S5-IL 239.7 0.38 5.7 22

“BET surface area calculated from the adsorption branch. “Pore
volume estimated from the single-point amount adsorbed at P/P, =
0.95. “Pore diameter determined by BJH method.
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pore size distributions of SBA-15-cal and SBA-15-IL. The BJH
pore size distributions were centered at 6.4 nm for SBA-15-cal
and 7.5 nm for SBA-15-IL, indicating reduced shrinkage of the
mesoporous framework structure via template removal by ionic
liquid treatment.

The efliciency of template removal by ionic liquid treatment
can be demonstrated by thermogravimetric analysis (TGA).
The TGA thermograms of SBA-15-cal and SBA-15-IL are
shown in Figure 2. Two major weight loss steps can be
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Figure 2. (a) TGA thermograms of SBA-15-cal (solid line) and SBA-
15-IL (dashed line) in a helium flow. (b) TGA thermogram (solid
line) and DTG curve (dashed line) of as-synthesized SBA-15 in a
helium flow.

observed for these samples. The weight loss below 150 °C can
be attributed to the removal of physically adsorbed water and
other small molecules (i.e., CO,). The weight loss from 150 to
850 °C corresponds to the release of water formed during the
condensation of silanol groups in the silica framework and the
decomposition of organic templates. The percentage of
template in as-synthesized SBA-1S5 was 45.2%, and all of the
decomposition occurred between 200 and 400 °C (Figure 2b).
As shown in Figure 2a, the weight losses from 150 to 850 °C of
SBA-15-cal and SBA-15-IL were 4.5 and 9.5%, respectively.
Calcination in air is an effective way to remove template.
Therefore, the 4.5% weight loss of SBA-15-cal can be
attributed to the condensation of silanol groups. For the case
of SBA-15-IL, there are three stages of weight loss: the weight
loss below 150 °C, the weight loss between 150 and 400 °C,
and the weight loss above 400 °C. The weight loss between
150 and 400 °C can be attributed to the combination of
remained template decomposition and dehydroxylation of
silanol groups. The weight loss above 400 °C is the
condensation of the rest of the silanol groups in SBA-15-IL.

https://dx.doi.org/10.1021/acssuschemeng.0c01941
ACS Sustainable Chem. Eng. 2020, 8, 8295—-8304
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According to the TGA results, the percentage of template
removal of SBA-1S5-IL is at least 92%, indicating the
effectiveness of the ionic liquid treatment. Based on the BET
surface area, the silanol number of SBA-15-IL was at least 5.1
OH nm™?, which was higher than 3.0 OH nm™ for SBA-15-
cal. These results demonstrate ionic liquid treatment is able to
remove template under mild temperature conditions and retain
more silanol groups in SBA-15 framework than the thermal
calcination.

Amine Grafted SBA-15 by lonic Liquid Treatment for
Template Removal. Figure 3 shows the N, adsorption—
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Figure 3. N, adsorption and desorption isotherms and BJH pore size
distribution of NH2-SBA-15-cal ((0) and NH2-SBA-15-IL (A) at
—196 °C. Isotherms for NH2-SBA-15-IL and BJH pore size
distributions were offset by 200 cm’/ g STP and § cm®/ g for clarity.

desorption isotherms at —196 °C of NH2-SBA-15-cal and
NH2-SBA-15-IL. The BET surface area and total pore volume
of the amine grafted samples are much lower than those of
pristine SBA-15. This decrease can be attributed to the partial
pore blockage and increased weight from the grafted 3-
aminopropyl groups. The BJH pore size distributions were
centered at 5.6 and 5.7 nm for NH2-SBA-15-cal and NH2-
SBA-15-IL, respectively. The change of pore size of SBA-15-IL
after amine grafting (from 7.5 to 5.7 nm) is larger than that of
SBA-15-cal (from 6.4 to 5.6 nm), which suggests the possibility
of higher amine loading for NH2-SBA-15-IL.

To investigate the amine loadings on NH2-SBA-15-cal and
NH2-SBA-15-IL, the samples were analyzed by TGA in air
flow. Both samples were degassed in helium in situ to remove
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adsorbed moisture and CO, before analysis. As shown in
Figure 4, NH2-SBA-15-IL showed a total 24.2% weight loss
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Figure 4. TGA thermograms of (a) NH2-SBA-15-cal and (b) NH2-
SBA-15-IL in an air flow.

under air atmosphere. For NH2-SBA-15-cal, the total weight
loss was 16.0%. The weight loss difference between NH2-SBA-
15-cal and NH2-SBA-15-IL indicated 51% more amine was
grafted on SBA-15-IL. According to previous studies,'” the
bidentate grafting is more likely to happen than the tridentate
grafting. Based on the weight loss result and considering the
complete removal of the 3-aminopropyl group and a methoxyl
group, the amine loadings were estimated to be 1.4 mmol/g for
NH2-SBA-15-cal and 2.2 mmol/g for NH2-SBA-15-IL. These
results confirmed that more amine groups were grafted on
SBA-15-IL than on conventional thermal template removal
sample SBA-15-cal, which is in accordance with pore size
distribution of NH2-SBA-15-IL.

CO, Capture Performance. The CO, and N, adsorption
isotherms on NH2-SBA-15-cal and NH2-SBA-15-IL are
compared in Figure S. At 760 Torr (1 atm), the amount of
CO, adsorbed was 1.8 mmol/g for NH2-SBA-15-IL and 1.3
mmol/g for NH2-SBA-15-cal, while for N, adsorbed it was
0.04 mmol/g on NH2-SBA-15-IL and 0.08 mmol/g on NH2-
SBA-15-cal. For CO, adsorption on both amine grafted
samples, the isotherms showed steep increases in the low
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Figure 5. CO, adsorption isotherms on amine grafted SBA-15-cal (OJ)
and amine grafted SBA-15-IL (A) at 25 °C. The closed symbol is the
N, adsorption isotherms at 25 °C.
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pressure range. The steep increase in the low pressure range on
the amine grafted samples correlates with the strong
interactions between the primary amine groups (—NH,)
grafted on SBA-15 and the CO, molecules.””* Based on the
grafted amine loadings determined by TGA, the amine
efficiencies of CO,/N near the “knees” of the CO, isotherms
are about 0.5, in agreement with the ratio of CO, and amine
groups to form a carbamate. The high amount of CO,
adsorbed at low pressure on NH2-SBA-1S5-IL makes it a
good adsorbent for CO, capture from dilute gases or direct air
capture; the results will be discussed subsequently.

Adsorption of CO, from flue gas or postcombustion gas is
perhaps the most common application of carbon capture and
storage (CCS) currently. Considering the conditions relevant
to flue gas (~15% CO, concentration and 80% N,
concentration), the CO, capacity of NH2-SBA-15-IL (1.3
mmol/g at 114 Torr, 0.15 atm) was 63% more than that of
NH2-SBA-15-cal (0.8 mmol/g at 114 Torr, 0.15 atm). The
corresponding pure-component selectivity of CO, over N, for
NH2-SBA-15-IL was 36 (calculated by using CO, capacity at
0.15 atm and N, capacity at 0.8 atm), about 3 times the CO,
over N, pure-component selectivity for NH2-SBA-15-cal.
Compared with other template extraction methods, such as
ethanol extraction, the CO, capacity increase of NH2-SBA-15-
IL under flue gas conditions is higher than that of ethanol
extraction sample (an increase of 52% CO, adsorption capacity
compared with the conventional calcined sample).”” The
results indicate that the novel ionic liquid template removal
method is a better template extraction method to increase the
CO, adsorption capacity and the CO,/N, selectivity.

The CO, adsorption isotherms on NH2-SBA-15-cal and
NH2-SBA-15-IL were also investigated at 40 and 70 °C
(Figure 6). The CO, capacity decreased with temperature on
both amine grafted samples. The isosteric heats of adsorption
on NH2-SBA-15-cal and NH2-SBA-15-IL were calculated from
the CO, isotherms at 25, 40, and 70 °C by using the Clausius—
Clapeyron equation and are compared in Figure 7. The
isosteric heats of adsorption were determined by evaluating the
slope of the plot of In(P) versus 1/T at the same CO, adsorbed
amount. As shown in Figure 7, the heats of adsorption on
NH2-SBA-15-cal decreased from 77 kJ/mol (at 0.1 mmol/g
CO, adsorbed amount) to 28 kJ/mol (at 0.9 mmol/g). For
NH2-SBA-15-IL, the heats of adsorption declined from 90 kJ/
mol (at 0.25 mmol/g CO, adsorbed amount) to 62 kJ/mol (at
1.0 mmol/g). At the same amount of CO, adsorbed, the heat
of adsorption value of NH2-SBA-15-IL is higher than that of
NH2-SBA-15-cal. The previous TGA results showed that the
amine loading on NH2-SBA-15-IL is higher than that on NH2-
SBA-15-cal. These results agreed with previous studies, which
showed the heats of adsorption of amine g.l;rafted samples
increased as the amine loading was increased.'”*” It is noted
that the heat of adsorption value for NH2-SBA-15-cal at the
CO, adsorbed amount of 0.7 mmol/g was already below 40
kJ/mol, indicating the physisorption of CO, on silicas was
beginning to occur. At the same CO, adsorbed amount (0.7
mmol/g), the heat of adsorption value for NH2-SBA-1S-IL was
81 kJ/mol, meaning the CO, adsorbed on NH2-SBA-15-IL
was still reacting with amine groups. The high isosteric heat of
adsorption on NH2-SBA-15-IL led to the enhanced CO,
adsorption capacity.

From the CO, isotherms at low concentration (Figure 8),
NH2-SBA-15-IL demonstrated a CO, capacity more than
twice that of amine grafted conventional template removal
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Figure 6. CO, adsorption isotherms on NH2-SBA-1S-cal (a) and
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Figure 7. Isosteric heats of adsorption versus CO, loading for NH2-
SBA-15-cal (OJ) and NH2-SBA-15-IL (A).

sample NH2-SBA-15-cal. The much higher CO, adsorption
capacities of NH2-SBA-15-IL at low CO, concentrations
indicate this adsorbent would be well-suited for CO, capture
from an ultradilute gas stream such as ambient air.

Fixed-bed breakthrough experiments were performed on
NH2-SBA-15-cal and NH2-SBA-15-IL using both dry and wet
ambient air feeds (relative humidity of 60% when wet) to study
the working capacities under air capture conditions. Feed gas
hourly space velocities (GHSV) of 4200 h™"' were used for the
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__ 06 breakthrough capacities under dry and wet conditions were
o %/A/ {‘ 0.375 and 0.456 mmol/g, respectively. The increased CO,
g 0.51 %/ capacities under wet conditions are typical for amine-
£ A % functionalized silicas. Under dry conditions, two amine groups
o 041 é/ are needed to react with one CO, molecule to form a
3 %/ carbamate. One amine group can react with one CO, molecule
§ 031 . to form a bicarbonate in the presence of water (wet
. 0.2 3 /§/§ conditions).”*” It is noted that NH2-SBA-15-cal showed a
e /@/ﬁ higher increase in CO, capacity when comparing dry and wet
3 o1l / §/i conditions than NH2-SBA-15-IL. Such findings are consistent
g /§ with the previously reported study that lower surface amine
< 0.0 coverage silicas showed more pronounced enhancement for

0 200 400 600 800
CO, Concentration (ppm)

1000 amine efficiency in humid adsorption conditions.”® The
working (breakthrough) capacities of both adsorbents are
lower than the equilibrium capacities measured by the
volumetric method. The lower working capacities might be
due to the competing adsorption with nitrogen and other gases
and also the high GHSV that was used in the breakthrough
experiments.*’ The significantly higher fixed-bed breakthrough
capacity of NH2-SBA-1S5-IL makes this adsorbent promising
for capturing CO, directly from ambient air, i.e., for direct air

Figure 8. Low concentration CO, adsorption isotherms on amine
grafted SBA-15-cal (O) and amine grafted SBA-1S-IL (A) at 25 °C.

adsorbent beds. As shown in Figure 9, both NH2-SBA-15-cal
and NH2-SBA-15-IL showed sharp breakthrough curves,

— capture.
g_ 400 1 For practical applications, the stability of the adsorbents is a
= critical factor for CO, capture since it affects the cost of the
c overall process. The multicycle stability of NH2-SBA-15-IL
2 3001 was investigated by cyclic temperature swing adsorption/
g desorption cycles. As shown in Figure 10, all cycles took less
c
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Figure 9. CO, breakthrough curves of NH2-SBA-15-cal (solid lines)
and NH2-SBA-1S-IL (dashed lines) for ambient air with 415 ppm

CO, at 1 atm and 25 °C: (a) dry conditions; (b) wet conditions, RH
60%.

which indicated the fast mass transfer in the adsorbent beds.
The calculated fixed-bed breakthrough capacities of NH2-SBA-
15-cal for direct air capture (ambient air with 415 ppm CO, at
25 °C) were 0.146 mmol/g under dry conditions and 0.196
mmol/g under wet conditions. For NH2-SBA-15-IL, the
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significant changes in CO, adsorption capacities for NH2-SBA-
15-IL at 25 °C, which indicates that NH2-SBA-15-IL exhibited
good multicycle stability. The lower capacities of the first two
cycles can be attributed to lower temperature and shorter time
used for pretreating the adsorbent before the multicycle
experiments. The surface of the adsorbent became more
thoroughly regenerated after the first two cycles, and the
adsorbent showed cyclic steady state in the ensuing three
cycles.

H,S Capture Performance. H,S is a toxic, acidic gas that
needs to be removed from natural gas. The allowable limit for
“pipeline grade” methane in the United States is 4 ppm.*’
Therefore, desulfurization is an important step in the natural
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gas processing industry. The adsorption isotherms of low
concentration H,S and pure methane on NH2-SBA-15-cal and
NH2-SBA-15-IL are shown in Figure 11. The adsorption rates
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Figure 11. Adsorption isotherms of H,S (a) and CH, (b) adsorption
isotherms on amine grafted SBA-15-cal ((0) and amine grafted SBA-
15-IL (A) at 25 °C.

of H,S on amine grafted samples were considerably slower
than that of CO,. The concentration of H,S was increased
every 120 min to acquire each data point to approximate the
H,S “equilibrium” isotherm. At 125 ppm, the amounts of H,S
adsorbed were 0.06 and 0.18 mmol/g for NH2-SBA-15-cal and
NH2-SBA-15-IL, respectively. The amounts of methane
adsorbed (at 760 Torr) on NH2-SBA-15-cal and NH2-SBA-
15-IL were 0.09 and 0.07 mmol/g, respectively. The pure-
component selectivity of H,S over methane for NH2-SBA-15-
IL was 2.6 (calculated by using H,S capacity at 125 ppm and
methane capacity at 1 atm), making the adsorbent applicable
for desulfurization by pressure swing adsorption (PSA).*® The
high adsorption capacity at low H,S concentration and the
largely improved H,S/methane selectivity indicate that NH2-
SBA-15-IL is a promising adsorbent for removal of traces of
H,S in natural gas.

All selectivities mentioned in this work refer to single-
component selectivities. All known models for predicting
mixed-gas adsorption selectivities from single-gas isotherms
have been discussed by Yang.” Ritter and Yang studied pure
and mixed-gas adsorption on carbon for gases containing CO,
and H,S (i.e, H,S/CO,/CH,/H,/CO) and concluded that all
models deviated substantially (by >50%) from experimental
mixed-gas data. It is particularly relevant that the two gases that
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adsorb most strongly, ie, H,S and CO,, dominated the
adsorbed phase causing the highest deviation.”'

Mechanism for Template Removal by lonic Liquid,
and Recovery/Reuse of I.L. and P123. To understand the
mechanism for template removal by ionic liquid treatment,
P123 and 1-n-butyl-3-methylimidazolium chloride (LL.) were
recovered using carbon tetrachloride (CCl,) and deuterated
chloroform (CDCl;) at room temperature, respectively. CCl,
selectively dissolves organic template P123. After the
dissolution of P123 from the acquired mixtures after ionic
liquid treatment, CDCl; was used to extract 1-n-butyl-3-
methylimidazolium chloride. Deuterated solvent was used to
avoid the mix with solvent signals and compound signals,
which might lead to misinterpretation. The 'H NMR spectra of
LL. before and after template removal process were compared
in Figure 12, and it also shows the comparison for the organic
template P123. The structures of I.L. and P123 did not change
upon the template removal (no new peaks or disappeared
peaks after template removal), suggesting that P123 did not
decompose during the ionic liquid treatment. For as-
synthesized SBA-1S, the interactions between the surface of
the silica walls and the P123 template are H-bonding
interactions between silanols and the EO moiety of
P123.°>*® The mechanism of cellulose dissolution in the
ionic liquid 1-n-butyl-3-methylimidazolium chloride is the
disruption of the hydrogen bonding network in cellulose.*
Based on the results stated above, the mechanism of template
removal via ionic liquid treatment was likely due to breakage of
hydrogen bonds between the template P123 and the silanol
groups on the surface of as-synthesized SBA-1S. As a result, the
silanol groups on the surface of SBA-1S were greatly preserved
during the template removal process, which explains the high
surface hydroxyl group density of SBA-15-IL. Moreover, due to
the unchanged structures of template P123 and ILL. during
ionic liquid treatment, both P123 and ionic liquid can be
recovered and reused, which makes the ionic liquid treatment
method commercially viable for template removal of SBA-1S.
The solvent to be used for extraction of LL. (CDCl;) would be
replaced by chloroform (CHCI;) or acetone to reduce the cost
for commercial processing.

As mentioned, the mechanism of template removal via ionic
liquid treatment might be similar to the mechanism of cellulose
dissolution in ionic liquids. Therefore, ionic liquids with better
cellulose solubilities and lower melting points might preserve
more silanol groups during the treatment. Investigation on the
possibility of template removal via ionic liquid treatment under
room temperature is in progress.

B CONCLUSIONS

Extraction with ionic liquid has been successfully applied for
efficient template removal from mesoporous SBA-1S. Ionic
liquid treatment removes the template by breaking the
hydrogen bonds between the silanol groups on the SBA-15
surface and the organic template P123. Compared with
conventional air calcination, ionic liquid treatment helped to
preserve silanol groups on the SBA-15 surface and prevent
structure shrinkage, resulting in a larger amount of grafted
amine which consequently led to higher CO, and H,S
adsorption capacities and selectivities. Fixed-bed CO, break-
through experiments with ambient air performed under dry
and wet conditions indicate that amine grafted SBA-15 by the
ionic liquid treatment template removal method (NH2-SBA-
15-IL) is also a promising adsorbent for direct air capture. The
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Figure 12. 'H NMR spectrum of (a) 1-n-butyl-3-methylimidazolium chloride (LL.); (b) recovered LL. after template removal; (c) P123

(template); (d) recovered P123 template after template removal.

stability of NH2-SBA-15-IL is confirmed by a multicycle CO,
adsorption/desorption test.
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