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Synthesis of amine incorporated hierarchical metal organic framework (MOF) MIL-101(Cr)/SBA-15, meso/ micro-porous
composites, with tailored properties for CO, capture is reported. The synthesized composites were characterized in terms of
their crystallinity, morphology, functional groups, and textural properties. Isothermal adsorption of CO, from concentrated
sites as well as ambient conditions were evaluated by gravimetric and volumetric measurements. The optimized composite
i.e., MIL-101(Cr)/SBA-15/PEI-25 showed improved pseudo- equilibrium adsorption capacity of 3.2 mmol/g at 303 K and 1 bar,
compared to nascent SBA-15 (0.8 mmol/g) and the MOF, i.e., MIL-101(Cr) (1.3 mmol/g). Such adsorption performance can be
attributed to the basic sites of the impregnated polyethyleneimine (PEI), unsaturated Cr(Ill) metal sites, and the hierarchical
pore structure of the composite which imparts chemical as well physical adsorption forces towards CO, uptake. Interestingly,
* Corresponding author. lower amine loading of 25 wt% in the composite resulted in facile CO, desorption at much lower temperature of
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65 °C. This guaranteed energy-efficiency and good reusability of the composite, after ten cycles, are evident from their
structural and morphological studies.
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1. Introduction

Continuous release of carbon dioxide (CO2) from various sources, such as
consumption of fossil fuels, increased transportation, population growth, etc.,
is one of the dominant factors for global warming. This has prompted academic
researchers as well as industry to focus on environmentally sustainable
solutions for carbon capture to attain carbon neutrality [1]. Different
technologies are being developed to reduce the carbon footprint, slowing the
release of carbon dioxide into the atmosphere and carbon capture and
sequestration (CCS) from the environment [2,3]. Adsorption emerges as a
promising technology compared to other CO; capture processes due to their
ease of operation and energy efficiency (Huck et al.,, 2014; [4,5]). More
significantly, cost-effective, non-toxic, multi-functional materials with high CO.
capture efficiency are currently being developed to create a clean and green
environment in the future.

Currently, activated carbon [6], carbon nanotubes [7], zeolites [8], alkaline-
based sorbents [9], polymers [10], mesoporous silica (Li et al., 2015), and
metal-organic frameworks (MOFs) [11] are being investigated for CO. capture
applications. Among the reported porous adsorbents, MOFs, an organic-
inorganic hybrid, have inculcated a special interest due to their wide
applications ranging from separation, drug delivery, sensors, fuel cell, catalysis,
gas adsorption, etc. [12—14]. The unsaturated metal center in MOFs, along with
their high surface area, crystallinity, high porosity, and tunable pore size, make
them highly promising candidates for CO; capture [15]. In 2005, Ferey et al.
synthesized MIL-101 (Cr) via hydrothermal synthesis. It possessed high
crystallinity with pentagonal and hexagonal windows in the range from 20 to
45 A [16]. This MIL-101 MOF was found to be stable and resistant to moisture
and heat. However, microporous MOFs often experience resistance to
diffusion and mass transfer (Shen et al., 2018). This can be circumvented by
introducing macro or mesopores within the MOF framework via in-situ or post-
synthetic modifications with polymers, graphene oxide, mesoporous
materials, etc. [17,18]. MCM-41 incorporated Cu(BDC), synthesized via
microwave route, resulted in enhanced CO. adsorption and selectivity
compared to the nascent counterparts [19]. Among the mesoporous materials,
SBA-15 is a promising candidate for use in CO; capture applications due to its
impressive thermal stability, high-temperature resistance, and ease of surface
functionalization [20]. For instance, the structural and morphological
characterizations of the Mg-MOF-74@SBA-15 composite showed growth of
the MOF nanoparticles inside the mesopores of SBA-15 [21]. However, the CO:
adsorption of the composite was lower than the MOF. Chen et al. [22]
synthesized a hierarchical SBA-15@HKUST-1 composite, via a solvothermal
approach, for CO; adsorption. The structure-directing property of SBA-15 led
to alteration in the morphology of HKUST-1 from octahedron to flowerlike
composite with a hundred-fold reduction in the particle size (10-15 um to
100-200 nm). The composite showed enhanced CO; uptake as compared to
HKUST-1 or SBA-15 due to the reduction in diffusion path and mass transfer
resistance. However, till date, little research has been reported on micro-
mesoporous materials for gas adsorption.

Herein, we present the controllable synthesis of hierarchichal
mesoporous/micrporous MIL-101(Cr)/SBA-15 composite. The effect of the
morphological tuning due to the synergistic effect of the MOF and SBA- 15 on
CO; adsorption and desorption has not been studied before. The ordered
mesoporous structure of SBA-15 controlled the growth of MIL- 101(Cr) crystals
accelerating CO: diffusion. In previous studies, impregnating amines such as
polyethyleneimine (PEI) into MOF framework has emerged as an efficient
pathway for improving CO. capture performance due to the —NH»-CO:
interactions. When PEI is uniformly distributed on the inner surface of MOF
composite without causing pore blockage, it is anticipated that the synergistic
interaction between them will enhance the performance of CO2 capture [23].
In the present study, to improve the CO: uptake, the developed MIL-101
(Cr)/SBA-15 composite has been modified with PEI to increase the basic sites
facilitating the chemisorption of CO.. The direct air capture efficiency of the
optimized composite was also assessed using 400 ppm of CO. (balance
nitrogen) in the adsorbate stream. However, the COz desorption of amine
impregnated MOFs usually occurs at higher temperature rendering the process
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to be energy-intensive [15,23,24]. In order to overcome this limitation, we
have tried to modify the pore structure of the MOF composite since the
presence of large pores is expected to facilitate CO2 desorption as reported by
Ref. [25]. This implies the significance of incorporating mesoporous SBA-15 in
MOF framework. The adsorption-desorption using the optimized composite
was performed under temperature swing mode. The hierarchical structure is
expected to exhibit CO2 desorption at lower temperature as compared to the
nascent MOF, which has been demonstrated experimentally.

Additionally, in order to assess the usability of the adsorbent usage in large-
scale, an approach to pelletize the optimized powder composite without
significant change in the adsorption efficiency was underaken. The pellets are
reported to reduce the pressure drop and non-uniform gas flow compared to
powders in large-scale adsorption columns [26]. The pelletization involved the
use of poly (methyl methacrylate) (PMMA) as a binder [26]. PMMA has a good
affinity for COz sorption and diffusion [27], resulting in minimum alteration of
the adsorption properties of the composite. Overall, our work demonstrates
an approach for design of porous amine modified MOF based composite,
which is expected to contribute to the goal of eliminating gaseous pollutants
to achieve a clean green environment.

2. Experimental
2.1. Materials

All the chemicals used in the synthesis of the materials, including chromium
nitrate (Cr(NOs)s:9H,0), terephthalic acid (H.BDC), SBA-15 (<150 um particle
size), polyethyleneimine (PEl) (molecular weight- 800 g/mol), poly (methyl
methacrylate) (PMMA), methanol N, N- dimethylformamide (DMF), acetone
were purchased from Sigma Aldrich and Fisher Scientific and used without any
further purification.

2.2. Synthesis

2.2.1. Synthesis of MIL-101(Cr)

MIL-101(Cr) was synthesized following the hydrothermal route devoid of
hydrofluoric acid with some minor modifications [28]. Typically, Cr(NOs)3.9H.0
(2.0 g) and terephthalic acid (0.83 g) were thoroughly mixed with deionized
water (20 mL) via ultrasonication for 2 h. The resulting blue-colored solution
was subjected to hydrothermal treatment at 218 °C for 18 h using a Teflon-
lined stainless-steel autoclave. The resulting solid precipitate was separated
using centrifugation and washed with water and methanol. The washed
residue was dispersed in DMF, sonicated for 1 h, and stirred at 80 °C for 24 h
for complete removal of the unreacted terephthalic acid. Subsequently, the
MOF particles were washed three times each using methanol and acetone,
followed by overnight air drying at 85 °C and vacuum drying at 120 °C for 24 h.
The synthesized MOF resulted in a higher surface area as compared to the
reported data, probably due to the alteration in the washing and drying
protocol, which led to the complete removal of solvents.

2.2.2. Synthesis of MIL-101(Cr)/SBA-15

The mesoporous silica incorporated MOF composite was synthesized
following the aforementioned similar protocol as MIL-101(Cr). SBA-15 (10 wt%
with respect to the metal precursor) was added to the solution of
Cr(NO3)3.9H,0 and terephthalic acid and subjected to hydrothermal treatment
[22]. The resultant washed and dried MIL-101(Cr)/SBA-15 composite was
stored in a vacuum desiccator for further use.

2.2.3. Synthesis of amine impregnated MIL-101(Cr)/SBA-15

The MIL-101(Cr)/SBA-15 composite was modified using PEI ranging from 10
to 50 wt%. The composite was activated at 120 °C for 24 h prior to amine
functionalization. PEI was first dissolved in methanol, followed by the addition
of the composite. The resulting mixture was sonicated for 24 h and stirred
overnight to form a homogeneous suspension [2]. Subsequently, methanol
was removed by air drying at 65 °C followed by vacuum drying at 40 °C for 24
h. The samples were labeled as MIL-101 (Cr)/SBA-15/PEl-x, where x refers to
the amount of PEl added (x = 10, 20, 25, 30, 50).
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2.2.4. Synthesis of spherical shaped MIL-101(Cr)/SBA-15/PE|

The synthesis of shaped MIL-101(Cr)/SBA-15/PEI using PMMA as a binder
was performed via drop casting and phase inversion [26,29]. Considering 1 g
batch, PMMA (100 mg) was added to CHCl3 (3 ml), accompanied by continuous
stirring to form a clear solution. The composite, MIL-101(Cr)/SBA-15/PEI (900
mg), was dispersed in the PMMA solution by ultrasonication for 3 h, followed
by overnight stirring at 60 °C. The solution was dropped vertically into a
nonsolvent bath of distilled water using a 19 gauge needle attached to a 5 ml
syringe. The obtained beads were immersed in the nonsolvent water bath for
30 min, followed by replacing them with fresh water for another 30 min.
Finally, the PMMA-incorporated composite beads were dried at 65 °C
overnight in a regular oven. 2.3. Characterizations

The as-synthesized materials were characterized using powder X-ray
diffraction (XRD; Bruker AXS). The analysis was conducted using a Cu Kal

radiation (A = 1.5406 A) by varying 26 from 10 to 80" with a step interval of
0.02°. The functional groups were analyzed using Fourier Transform Infrared
Spectroscopy (FTIR; Shimadzu IR Prestige-21 equipped with mercury cadmium-
telluride detector) within the wavenumber range 400-4000 cm- ®. X-ray
photoelectron spectroscopy (XPS; Escalab Xi + -, Thermo Scientific) was used
to assess the binding energy of the samples. The Brunauer- Emmett- Teller
(BET) surface area and porosity (including Barrett—Joyner—Halenda (BJH)
desorption pore size and pore volume) of the samples were estimated from
the N2 adsorption- desorption isotherms (3-flex Micromeritics ASAP 2020). The
samples were pretreated for 6 h under vacuum at 120 °C for complete removal
of moisture and other surface impurities. The particle size and morphology
were analyzed using Field Emission Scanning Electron Microscopy (FESEM;
JEOL JSM-IT800) and Field Emission Transmission Electron Microscopy (FETEM;
Thermo Fischer Talos F200X).

2.4. COzadsorption

2.4.1. TGA and BET experiments

The gravimetric and volumetric CO2 adsorption capacity of the samples
were estimated using thermogravimetric analysis (TGA/Differential scanning
Calorimetry DSC; TA instruments) and BET physisorption, respectively. For TGA
analysis, the samples were subjected to N2 flow for 180 min for activation,
followed by CO: (pure and 400 ppm) adsorption at 30, 40, and 50 °C with a flow
rate of 90 ml/min. The adsorption equilibration was performed for 180 min.
Desorption was conducted at 65 °C for 120 min under an Nz atmosphere. The
repeatability of the experiments have been demonstrated by performing the
experiments in triplicate. This approach provides a visual representation of the
variability in the data while emphasizing the central tendency captured by the
mean measurement. In the case of BET analysis, 0.1 g of the samples were
activated for 6 h at 120 °C. Adsorption of pure CO2 was performed at three
different temperatures, i.e., 30, 40, and 50 °C, for absolute pressure ranging
from 0 to 760 mm Hg. The cell pressure was manually monitored.

Primarily, adsorption studies were performed using pure CO2 to determine
the efficiency of the synthesized materials. The optimized adsorbent was
further investigated for direct air capture, i.e., adsorption of 400 ppm CO; at
ambient conditions (1 bar and 30 °C).

In the case of adsorption-based separation of CO2 from gas mixtures such
as N, the selectivity of adsorption also emerges as a pivotal determinant of
separation efficacy beyond just focusing on the adsorption capacity. In the
current study, Ideal Adsorbed Solution Theory (IAST) was used to calculate the
CO2/Nz selectivity (S) (Eqn (1)) [30].

SS12 =xyAfxy2 (1)

Here x and y represents mole fractions of gases 1 (CO;) and 2 (N2) in the
adsorbed phase and gas phase, respectively.
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2.4.2. Adsorption isotherm and kinetics

Temperature and contact time are the primary factors to affect gas/ liquid
adsorption. The relationship between the adsorbate, i.e., COzin the gas phase,
and that adsorbed on the adsorbent surface during dynamic equilibrium is
represented by adsorption isotherm plots [31]. The amount of CO. (mg or
mmol) adsorbed per unit mass (g) or surface area (m?) of the adsorbent
represents the adsorption capacity (Q) of the adsorbent at the operating
temperature and pressure. In the present study, the nature of adsorption was
analyzed by fitting the obtained adsorption data points using Langmuir, Sips,
and Toth adsorption isotherm (Eqns. (2)—(4)), which are widely used for gas
adsorption studies.

Qe=1Q+mKKuPP (2)
Qe = Qm(baP)1n1 3)
1+ (baP)n
QmbaP
Qe= "]l” (4)
[1+ (baP)

Where, Q. (mmol/g) represents the equilibrium adsorption capacity, P is the
gas phase adsorption pressure, Qm (mmol/g) is the maximum adsorption
capacity, K. is the Langmuir adsorption equilibrium constant, n is the
heterogeneity factor and bais the Toth and Sips adsorption isotherm constant.

The isosteric heat of adsorption (Qist), which represents the adsorption
enthalpy, signifies the extent of interaction between the adsorbent and
adsorbate. Qi was calculated based on the Clausius- Clapeyron equation (Eqn.
(5)). The dependency of the adsorption capacity with absolute pressure at
three different temperatures (30, 40, 50 °C) was used to calculate Qis:.

()

In P=-QRistR1 + ¢ (5) where T, P, R, and C represent the temperature,

pressure, universal gas constant, and integration constant, respectively,

The evaluation of the kinetics of CO. adsorption on the synthesized
adsorbents is required to apprehend the overall mass transfer in the process.
The time-dependent adsorption data obtained from TGA were fitted using the
pseudo-second-order kinetic model (Eqn. (6)).

Qt:=KQ1l2e+ Qte (6)

Where, Q: (mmol/g) represents the adsorption capacity obtained at various
time intervals (t), and K is the pseudo-second-order kinetic rate constant.

2.4.3. Reusability studies

The reusability of the optimized adsorbent was assessed in terms of their
CO; adsorption capacity at 30 °C, 1 bar from three consecutive cycles of
adsorption-desorption experiments. The desorption was performed at 65 °C,
1 bar for 120 min under an N; atmosphere. The reused adsorbent was
characterized using FTIR and FESEM to analyze their structural and
morphological integrity. 3. Results and discussions

3.1. Materials characterization

The composites, its different components and the MOF were
characterized using different techniques. The wide-angle XRD plot (Fig. 1a)

shows the formation of crystalline material. The peak positions at 26 = 5.92°,

9.03,9.62°, and 16.9° confirm MIL-101 (Cr) structure [28]. Upon incorporation
of SBA-15, the peak positions remained the same, with a decrease in
crystallinity due to the pore filling effect. The diffraction peaks corresponding
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to SBA-15 were not detected in the spectra, probably due to its lower loading
and improved dispersion in the MOF framework.

Fig. 1b represents the FTIR plot of the composites. MIL-101(Cr) shows a
peak at 1411 cm~1, indicating O—C—0 symmetric stretch corresponding to the
dicarboxylic acid linkers. The Cr—O vibration is demonstrated by the peak at
560 cm~1[32]. MIL-101/SBA composites did not show any significant changes
compared to the nascent MOF. This suggests that the MOF framework was
retained even after SBA incorporation. The spherical composites, formed
with PMMA as a binder, showed peaks at 1103 and 1152 cm™ ! that
correspond to the C—H deformation of PMMA (Fig. S1) [33]. The other peaks
remained unchanged as observed in the nascent MOF.

The XPS spectra of the synthesized materials are presented in Fig. 2. The
surface scan (Fig. 2a) shows representative Cr 2p peaks for MIL-101 and its
composites. Fig. 2b shows Cr 2p1/2 and Cr 2p3/2 peaks at 577.27 and 587.07
eV, confirming the formation of MIL-101(Cr) [34] and the existence of Cr in
its +3 tvalence state. The incorporation of SBA-15 in the MOF framework led
to the development of Si 2p characteristic peaks in the composites (Fig. 2a).
The Cr 2p1/2 and Cr 2p3/2 peaks slightly shifted to higher binding energies,
577.36 and 587.17 eV, respectively. This may suggest alteration in the
coordination environment of Cr(Ill) metal centers that may lead to a shift in
the peak positions. The nitrogen wt.% of the amine impregnated composites
(10, 20, 25, 30, 50) were determined from XPS surface scan and reported in
Table S1.

The morphologies of the MOF and composites were also analyzed using
FESEM and FETEM. Fig. 3a shows the uniform octahedral morphology of MIL-
101(Cr). SBA-15 has smooth, elongated micron- sized rod-like morphology (Fig.
3b). Combination of these two materials results in roughness on the SBA-15
surface accompanied by folding and bending of the SBA channels due to
growth of the MOF crystals on their surface (Fig. 3c). The morphology did not
alter significantly upon impregnating PEl on the composite (Fig. 3d) and even

| MIL/SBA-15
MIL/SBA-15/PEI-25

’

|
]\-;lAw)'
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for the PMMA mixed particles (Fig. S1b). FESEM-EDS of all the amine modified
MIL- 101/SBA-15 composites were conducted (Fig. S2) to determine the
nitrogen wt.% (Table S1).

The morphology and particle size were further confirmed using FETEM (Fig.
S3). The bright field images showed changes in the octahedral morphology of
nascent MOF to cylindrical composites. MIL-101 had a particle size of ~200 nm
(Fig. S3a). The growth of MOF crystals on SBA-15 resulted in a reduction of
their particle size from a few microns (Fig. 3b) to the nanometer range (Fig.
S3b).

The Nz adsorption-desorption isotherms of the synthesized materials are
presented in Fig. 4a. MIL-101(Cr) revealed a typical type | isotherm indicating
the dominance of microporosity, whereas SBA-15 displayed type IV isotherm.
SBA-15 decorated MIL-101(Cr) composites represented an amalgamation of
both types | and type IV adsorption isotherms. This is a clear indication of the
hierarchical structure, i.e., the presence of microporosity and mesoporosity of
the composites. The BET surface area of MIL-101(Cr) was found to be 4943
m?/g. This is comparatively higher than the reported surface area of MIL-
101(Cr) (~4230 m?/g) [2,35]. The surface area decreased upon the formation
of the SBA composite, which was further reduced upon PEI incorporation. The
pore size distribution (Fig. 4b) suggested the increased volume of mesopores
in MIL-101(Cr)/SBA-15 as compared to nascent MIL-101 (Cr). Although the
total pore volume of the nascent MOF is higher, the mesopore volume
substantially increased from 0.65 in nascent MOF to 1.62 cm3/g in the
MOF/SBA composite (Table 1). This facilitates mass transport of molecules,
resulting in enhancement of the adsorption capacity [36]. In contrast, SBA-15
showed higher mesopore volume as compared to the composites, inferring the
growth of MOF crystals on both the external surface as well as pores of SBA-
15 [37]. The role of SBA-15 as a structure-directing agent during MIL-101(Cr)
growth can be clearly inferred from the pore size distribution plots [37]. The
detailed

[——MIL/SBA-15/PE1-25 (b)
——MIL/SBA-15
|——MIL

Transmittance (%)

1500 1000 500

)

3500 3000 2500 2000
Wavenumber (cm”

4000
1

Fig. 1. (a) XRD; (b) FTIR of MIL-101(Cr), MIL-101(Cr)/SBA-15, MIL-101(Cr)/SBA-15/PEI-25.
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Fig. 2. (a) Surface XPS spectra and (b) Cr 2p core spectra of MIL-101(Cr), MIL-101(Cr)/SBA-15, and MIL-101(Cr)/SBA-15/PEI-25.

textural properties are shown in Table 1.

Based on the aforementioned structural and morphological
characterizations, a plausible mechanism for the formation of MOF crystals on
the surface of SBA-15 is proposed. The primary stages involved in the process
are nucleation, growth, and attachment of the MOF crystals on the SBA-15
during the hydrothermal process under temperature and pressure. Upon
dispersion of SBA-15 into the Cr*3 metal ion precursor, diffusion of the metal
ions occurs into the mesopores of SBA-15, followed by coordination with the
silanol groups on the surface. Subsequently, the reaction between Cr*3 metal
ion and the BTC linker results in the formation of MOF nuclei in a controlled
manner due to the silanol group containing SBA-15, which acts as nucleation
sites. Finally, the growth and attachment of these MIL-101(Cr) crystals occur
on the SBA- 15 matrix [37] resulting in the composite formation.

3.2. COzadsorption

The pure CO: adsorption capacities of SBA-15, MIL-101(Cr), MIL-
101(Cr)/SBA, and MIL/SBA/PEI-25 estimated by the gravimetric process at 30
‘Cand 1 bar are shown in Fig. 5a. The plot displays the effect of adsorption time
on the pseudo-equilibrium adsorption capacity. SBA- 15 showed a steep
increase in the adsorption capacity within 30 min, after which it became almost
stable. This might be due to the presence of mesopores in SBA-15, which
initially promotes adsorption, but after a certain time, becomes saturated with
COz molecules. In contrast, MIL and SBA decorated MIL composites displayed
a gradual increase in COz adsorption, and after 10 min, the capacity exceeded
that of SBA-15 alone. The adsorption capacities of the materials as a function
of pressure, estimated by the volumetric process, are presented in Fig. Sh.

Almost similar results were obtained with both volumetric and gravimetric
methods. While SBA-15 showed an adsorption capacity of 0.8 mmol/g,
consistent with reported data [22], the nascent MOF displayed a somewhat
higher adsorption capacity of 1.3 mmol/g as compared to that reported in the
literature [15].
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The adsorption efficiency of MIL-101(Cr)/SBA (2.1 mmol/g) was
significantly enhanced compared to the nascent MOF (1.3 mmol/g) or SBA-15
(0.8 mmol/g). The pore size distribution reveals increased mesopore volume
and pore diameter of SBA-15 compared to MIL-101. Hence, when SBA-15 was
incorporated in the MOF framework, the enhanced mesoporosity resulted in
more gas adsorption sites. This is indeed novel for this mixed composite.
Additionally, it improved CO2 diffusion and hence enhanced mass transfer from
the gas phase to the solid phase. We believe that the synergistic interplay
between MIL-101 (Cr) and SBA-15 was responsible for the improved
adsorption [38]. The adsorption further increased with amine incorporation via
an acid-base reaction of CO; with the modified composite. At the early stage
of PEI loading from 10 to 25 wt%, the increased chemisorption of CO; resulted
in increased CO; adsorption (Fig. S4). The low molecular weight of PEI
facilitates its uniform dispersion within the pores of the composite. This aids in
the reduction of the diffusion resistance for CO. as well as increases

Table 1
Textural prope
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accessibility to amine sites [39]. However, on further increasing the amine
loading to 50 wt%, the pore blockage results in weakening of physical
adsorption. The amine molecules are unable to develop sufficient chemical
adsorption force, which can exceed the combined physico-chemical forces to
adsorb the CO2 molecules. Hence, the adsorption drastically reduced to 0.65
mmol/g. MIL/SBA/PEI-25 incorporating 25 wt% of PEl showed a maximum
adsorption capacity of 3.2 mmol/g, and hence it was optimized for further
studies. Based on the above observations, the various stages of CO2
adsorption on the composite involves: i) Diffussion of CO2 molecules from gas
phase to the adsorbent surface, ii) Diffusion of CO. molecules from the
adsorbent surface to the pore which is indicative of physisorption, iii) Chemical
reaction of CO2 with adsorbent resulting in production of carbon-containing
compounds which is indicative of chemisorption, iv) Adsorption saturation due
to pore blockage. The round pellets of MIL/SBA/PEI-25, formed using PMMA
as a binder, showed around 9 % reduction in their adsorption capacity (2.9

—A— SBA-15 (b)
—w— MIL-101(C1)

—#— MIL-101(CrySBA-15

—=— MIL-101(Cr)SBA-15PEL-25

Adsorption Capacity (mmol/g)
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0.5
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Fig. 4. (a) N, adsorption-desorption isotherms and(b) BJH pore size distributions of SBA-15, MIL-101(Cr), MIL-101(Cr)/SBA-15, MIL-101(Cr)/SBA-15/PEI-25.
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mmol/g) (Fig. S5). The favorable permeance of CO; in PMMA retained the
adsorption property of the composite. Hence, this MOF shaping strategy using
PMMA binder proved to be suitable resulting in minimum alteration of gas
adsorption property. Fig. S6 represents the mean CO; uptake capacity of the
studied adsorbents, with error bars indicating the range between the
maximum and minimum values observed within each set of triplicates.

The composite MIL/SBA/PEI-25 also exhibited excellent adsorption of 400
ppm CO: (Fig. S7). The adsorption capacity was found to be 1.6 mmol/g for 180
min of adsorption at 30 °C and 1 bar. The reduction in driving force, i.e., CO2
concentration, resulted in a decrease in the adsorption capacity. The CO:
adsorption from the dilute stream was very rapid within the initial period of 20
min. Pseudo-equilibrium was obtained approximately after 110 min contact
time.

The CO2/N;selectivity has been estimated using gas mixture of 0.15 bar CO,
and 0.75 bar N. The Nz adsorption of MIL/SBA is higher than MIL/SBA/PEI-25
due to its larger surface area (Fig. S8). The Nz adsorption capacity of both
composites is lower than their COzadsorption capacity. This can be ascribed to
the reduction in the adsorbate-adsorbent electrostatic interaction [30]. The
CO./N; selectivity decreases with increasing pressure and reaches as high as
101 for the MIL/SBA/PEI-25. Increased selectivity indicates preferential
adsorption of COzin a binary gas mixture of CO2and Na.

3.2.1. Adsorption isotherm

The interaction between the optimized adsorbent (MIL/SBA/PEI-25) and
adsorbate (CO) was studied by performing the gravimetric and volumetric
adsorption at three different temperatures (Fig. S9). The adsorption capacity
decreased with an increase in temperature. The data were well fitted using the
single site Langmuir, Sips, and Toth Adsorption Isotherm (Fig. S10), as
evidenced by the correlation co-efficient (R?), and the parameters have been
displayed in Table S2. All the isotherms provide a good fit to the adsorption
data based on their R?values. Langmuir Isotherm indicates the dominancy of
physical adsorption and hence, facile desorption of CO; from the adsorbent
surface. The bain Sips and Toth isotherms represents the adsorption affinity.
The values of ba were found to increase with decreasing adsorption
temperature representing better adsorption at lower temperature. The
maximum Langmuir adsorption capacity was found to be 5.9 mmol/g.

The heat of adsorption (Qist) determines the strength of adsorbent-
adsorbate interaction. Qistat a certain COz loading has been calculated from the
slope of In P vs. 1/T (Fig. S11). MIL/SBA/PEI-25 displayed a slight change of Qist
with CO; uptake, implying surface homogeneity and uniform adsorption [40].
Qist reduced from 52 kJ/mol to 45 kJ/mol upon increased CO; adsorption from
0.1 mmol/g to 1 mmol/g (Fig. S12). The range of the isosteric enthalpy as
obtained indicates moderate strength of CO2 binding on the adsorbent surface
[41]. This concludes efficient desorption of CO. indicating facile adsorbent
regeneration. Adsorbent regeneration could be achieved via pressure or
temperature swing desorption.

3.2.2. Adsorption kinetics

The kinetic study for adsorption was conducted using TGA. The adsorption
data of MIL, MIL/SBA-15, and MIL/SBA-15/PEI-25 were well-fitted to the
pseudo-second-order kinetic model (Fig. S13), and the parameters are
presented in Table S3.

. The kinetic model describes a relation between the rate of adsorption and
the active sites on the adsorbent. Q. of MIL/SBA-15/PEI- 25 was found to be
3.5 mmol/g, which is almost similar to the experimental equilibrium adsorption
capacity. Additionally, the R? of 0.95 suggests a good fit of the data to the
pseudo-second-order kinetic model. The rate constant for MIL/SBA-15/PEI-25
was found to be 0.003 g/ mmol/min, which is higher than the other synthesized
materials. The presence of SBA-15 in the MOF framework enhanced the CO:
adsorption rate as compared to solely amine-impregnated MIL-101 (K = 0.002
g/ mmol/min) [42]. This highihhts the significance of SBA-15 incorporation in
the MOF framework.

Materials Chemistry and Physics 322 (2024) 129533
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3.2.3. Reusability studies

An important aspect of a novel composite is its reusability. The composite
MIL/SBA-15/PEI-25 displayed around 10 % reduction in adsorption capacity
after ten cycles of reuse and regeneration (Fig. 6a), with good adsorbent
stability. The reduction in adsorption efficiency was maximum at 3 cycles, after
which it almost stabilized. The FTIR and FESEM of the adsorbent after reuse

Materials Chemistry and Physics 322 (2024) 129533

occurred at a much higher temperature of 348 K [43]. MIL-101 (Cr)-PEI-70
showed slightly higher CO; adsorption at

Table 2
Adsorption capacity of reported MOFs and mesoporous materials.

Adsorption capacity (mmol/g)
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Fig. 6. (a) Adsorption capacity of MIL-101(Cr)/SBA-15/PEI-25 after reuse measured by TGA; (b) FTIR; (c) FESEM of reused MIL-101(Cr)/SBA-15/PEI-25.

Adsorbent

Condition Adsorption capacity (mmol/g) Method Desorption conditions Reference
MIL-100 (Fe)/DETA 298 K, 1 bar 1.82 Volumetric 75°C, 1 h, He flow [42]
MIL-101 (Cr)-PEI-70 348 K, 1 bar 3.8 Volumetric 120°C, 2 h, vacuum [15]
MIL-101 (Cr) 348 K 0.80 Gravimetric 150 °C, vacuum, 6 h [44]
Zn/Co ZIF/PEI 298 K, 1 bar 1.82 Volumetric 110°C [45]
MOF-177/DETA 298 K, 1 bar 2.83 Gravimetric 100 °C, 40 min [39]
ZIF-8/PEI 338K, 1 bar 1.61 Fixed-bed breakthrough - [46]
PEI/MCM-41 348 K 31 Fixed bed - [43]
PEl/nanoporous carbon 348 K 1.09 Gravimetric 100 °C, 30 min, N, flow [47]
PEIl/mesoporous alumina 348 K 2.72 Gravimetric 100-200 °C, He flow [48]
PEI/SWCNT 348 K 1.77 Gravimetric [49]
MIL-101(Cr)/SBA-15/PEI 303 K, 1 bar 3.2 Qmax= Gravimetric and Volumetric 65°C, 2 h, N, flow This study

5.9

are displayed in Fig. 6b and c, respectively. The structural and morphological
properties are retained, implying adsorbent stability and reversibility of
adsorption. This signifies that MIL/SBA-15/PEI-25 can be efficiently
regenerated under thermal treatment at atmospheric pressure conditions.
The adsoption and desorption efficiency of the synthesized composite has
been compared with similar materials, such as MOFs and mesoporous
compounds, shown in Table 2. The adsorption of the tabulated composites
were performed at atmospheric pressure, similar to our study. Although
PEI/MCM-41 showed comparable adsorption capacity, the adsorption

348 K compared to the current study. However, higher loading of amine (70
wt%) led to a much higher desorption temperature of 120 °C. In contrast, MIL-
101(Cr)/SBA-15/PEI-25 composite showed promising results at low amine
loading of 25 wt%, thereby efficiently desorbing at a much lower temperature
of 65 °C. Low regeneration temperature leads to lower energy consumption
making the dsoprtion processs environmental-friendly.



D. Mukherjee et al.

4. Conclusions

5. The synergistic interplay of meso and macro porosity of SBA-15
incorporated MIL-101(Cr) in amalgamation with impregnated amines, acting
as Lewis bases, can be used to play an important role in CO; capture. In
summary, a cylindrical composite containing PEI- impregnated SBA
incorporated MIL-101(Cr) was synthesized via an in- situ hydrothermal
process. While PEI can bind to SBA-15 via hydrogen bond formation,
coordinate bonding is responsible between the amine and Lewis acid sites in
the MOF. SBA-15 influenced the growth and crystallization of the MOF i.e.,
MIL-101(Cr), resulting in increased mesopore volume of the composite,
making them more suitable for CO; capture. The Lewis acid-base interaction
between COzand unsaturated Cr(lIl) metal centers in the MOF resulted in 1.3
mmol/g of CO; adsorption at 303 K, 1 bar. Incorpration of SBA-15 endowed
the composite with increased mesopore volume from 0.65 cm?3/g to 1.62
cm3/g. This enhanced the CO, mass transfer rate and its adsorption to 2.1
mmol/g for MIL-101(Cr)/SBA-15. Additionally, the SBA-15 particle size
drastically reduced from a few microns to a nanometer in the case of the
composite, thus exposing more active adsorption sites. Furthermore, amine
groups in PEIl increased chemisorption due to carbamate formation. The
maximum adsorption capacity for pure CO, as estimated from the Langmuir
isotherm fit, was found to be 5.9 mmol/g, and the reaction was exothermic in
nature. Markedly, low regerneration temperature of 65 °C indicates energy
efficiency of the process compared to various reported adsorbent. The
composite exhibited good stability for ten cycles of reuse and regeneration.
In summary, the current study delineates the role of hierarchical porous
adsorbents for capturing CO2 from concentrated as well as dilute gas streams
at ambient conditions.
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