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ABSTRACT: Hierarchical porous composite Mg-MOF-74/MCFs were success-  vno., + H,poBDC 2MEEOHmONAC @
fully synthesized using a simple and facile method under in situ solvothermal

conditions. Textural structures and morphologies of the composites were

characterized by X-ray diffraction (XRD), N, adsorption—desorption isotherms,

and scanning electron microscopy (SEM), transmission electron microscopy Mg-MOF-74
(TEM), and thermogravimetric analysis (TGA). The results demonstrate that a frecumen
large amount of nanosized Mg-MOF-74 particles is incorporated into the pores of

mesocellular siliceous foams (MCFs) without remarkable aggregation and the

composites possess microporous and mesoporous characteristics of both MCFs Mg-MOF-74/MCFs

components. In addition, CO, adsorption properties of the composites were

tested in a fixed bed with/without hydrothermal treatment. The total CO, adsorption capacities were calculated by breakthrough
curves. The CO, adsorption capacity of the composites reaches 1.68 mmol/g, which is smaller than that of pristine Mg-MOF-74.
However, the total CO, adsorption capacity of the composites after hydrothermal treatment reaches 2.66 mmol/g, which is larger
than that of Mg-MOF-74 (2.39 mmol/g) under the same condition. XRD patterns and SEM images of the composites demonstrate
that the hydrothermal stability and CO, adsorption performance of the composites were improved compared with those of pristine
Mg-MOF-74 after hydrothermal treatment.

Mg-MOF-74

1. INTRODUCTION incorporated MOFs into ordered mesoporous SiO,, making
MOFs well dispersed in silica nanopores.'”” Moreover, the
thermal stability of MOFs was enhanced upon their
incorporation into silica nanopores. Levan et al.’ impregnated

Metal—organic frameworks (MOFs) are one of the most
rapidly growing categories of crystalline porous materials with
extremely large specific areas and tunable chemical function-

alities, which provide promising prospect in the gas adsorption MOFs into the pore channel of MCM-41, which enhanced the
and separation area." However, lower hydrothermal stability hydrothermal stability of the MOFs. However, long one-
limits its practical applications.” Recently, a new strategy is dimensional (1D) cylinder pore channels, such as SBA-15 and
proposed to the complete functional properties of the MOFs MCM-4, are difficult for the diffusion of molecules."’

by hybridizing them with different active species like metal Mesocellular foam (MCF) is amorphous silica with high
nanoparticles,” polyoxometalates,” graphene oxide (GO),>° surface area and well-defined, uniform spherical pores
carbon nanotubes (CNTs),” and mesoporous materials.® Such (typically 20—45 nm) that are interconnected by cylindrical
composite materials can show better properties than the windows (8—25 nm).'* The mesopore size of MCF is known
individual parent material.”'® For example, Bandosz et al. to be larger than that of ordered mesoporous silica, such as
synthesized new composites combining MOFs with GO, and MCM-41 and SBA-15,'"!>'6 providing more favorable
new I%orosity re?%l_llted from t.he _synergistic_ effect of MOFs and conditions for mass diffusion. Therefore, MCFs were chosen
GO."" The additional porosity is responsible for the enhance- as the substrate to prepare microporous/mesoporous compo-
ment of hydrogen uptake of the composites compared to the sites.

ones calculated for the physical mixture of HKUST-1 and GO. Mg-MOF-74," also denoted CPO-27, has 1D hexagonal

Ewa et al. successfully introduced MOFs into the core of
multiwalled carbon nanotubes (MWCNTs). It was found that
MOFs-5 confined to MWCNT interiors exhibit structure
stability in atmospheric humidity for more than 3 days.
Ordered mesoporous silica is a series of porous siliceous
materials with a large surface area and ordered porous
structure.' The combination of mesoporous silica and
microporous MOFs is beneficial for enhancing the lower
chemical and mechanical stabilities of MOFs. Zhou et al. have

channels of around 11—12 A and a very high density of open
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metal sites after removal of coordinated water molecules.
Previous reports demonstrated that Mg-MOEF-74 has a high
CO, affinity at subatmospheric pressure. Caskey found that the
CO, adsorption capacity of MOF-74 reached 7.23 mmol/g at
low CO, pressures (0.15 bar).'® Besides, the exit of water
vapor always inhibits the CO, adsorption performance of Mg-
MOF-74." In a real industrial process, the adsorbent is under
the form of aggregated crystals called pellets. Hence, the MOEF-
74 powder needs to be shaped into pellets or extrudes of stable
aggregated crystals.”” However, this procedure is cumbersome
for MOFs. Hence, MCFs were introduced into the Mg-MOE-
74 precursor to synthesize Mg-MOF-74/MCF composites in
our study. We studied synthesis, characterization, and CO,
adsorption performance of MOF-74/MCF materials under
simulated flue gas. The CO, adsorption capacity of the
composites after hydrothermal treatment was also carried out
on a fixed bed to estimate the hydrothermal stability of the
composites.

2. RESULTS AND DISCUSSION

The XRD patterns of as-synthesized Mg-MOF-74 and Mg-
MOFEF-74/MCFs are shown in Figure 1. As we can see that two

—— Simulated Mg-MOF-74
——— MCFs

—— As-synthesized Mg-MOF-74
—— Mg-MOF-74/MCFs
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Figure 1. XRD patterns of simulated Mg-MOF-74, as-synthesized
Mg-MOEF-74 MCFs, and Mg-MOEF-74/MCFs.

teatured diffraction peaks located at Bragg angle 26 of 6.7 and
11.7° well correspond to the simulated Mg-MOF-74. The

results suggest that the crystalline structure of Mg-MOF-74 in
the composites is not affected by the introduction of MCFs.
Meanwhile, the broad diffraction peak between 15 and 35°
corresponding to MCFs in Mg-MOF-74/MCEFs also illustrates
the amorphous structure of mesoporous silica particles.”"

To study the textual properties of Mg-MOF-74, MCFs, and
Mg-MOF-74/MCFs, N, adsorption isotherms were measured
at 77 K. As shown in Figure 2, Mg-MOF-74 exhibits a type I
isotherm, which is attributed to the characteristics of the
microporous structure. Mg-MOF-74/MCFs possess a combi-
nation of type I and type IV isotherms, characteristics of
microporous materials and mesoporous materials. Hence, the
composites demonstrate the presence of additional mesopores
resulting from MCFs except for the micropores of pristine Mg-
MOF-74. The Brunauer—Emmett—Teller (BET) specific area
of Mg-MOF-74/MCFs reaches 657.75 m?*/g, which is larger
than that of Mg-MOF-74 (Table 1). Due to the cylindrical

Table 1. Textual Properties of Mg-MOF-74 and Mg-MOEF-
74/MCFs

pore

BET specific volume

sample area (m?/g) pore size (nm) (cm’/g)
Mg-MOEF-74 494.77 0.77¢ 0.22
Mg-MOE-74/MCFs 655.75 0.78°, 18.4%, 30.8" 0.50
MCFs 702.34 18.5%, 30.8° 2.44

“Window size of MCFs is determined from the desorption branch.
bCell size of MCFs is determined from the adsorption branch. “Pore
size of Mg-MOF-74 is determined according to Horvath—Kawazoe
method.

pore geometry of Mg-MOF-74, the pore size distribution of
Mg-MOF-74 was estimated according to the Horvath—
Kawazoe method, as shown in Figure 2. It can be found that
the median pore size of Mg-MOF-74 was 0.77 nm, which was
in accordance with the adsorption—desorption isotherm. The
pore size distribution of Mg-MOF-74/MCF composites was
estimated according to the BJH method; the window pore size
and the cell pore size of MCFs were estimated according to the
desorption and adsorption branch isotherms, respectively. The
window pore size and cell pore size of MCFs in the composite
were 18.4 and 30.8 nm, respectively, which are similar to the
window pore size and cell pore size of MCFs. The larger pore
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Figure 2. N, adsorption and desorption isotherms and pore size distribution of Mg-MOF-74, MCFs, and Mg-MOF-74/MCFs.
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size of MCFs is beneficial for the diffusion of Mg-MOEF-74
precursor molecules. The pore volume of Mg-MOF-74/MCFs
is smaller than that of MCFs, which may be because nanosized
Mg-MOF-74 was encapsulated into the pore of MCFs.

The loading amount of Mg-MOF-74 in the composites is
calculated from the thermogravimetric analysis (TGA) profiles.
Compared with the activated Mg-MOF-74 profile, a large
weight loss was observed between 100 and 300 °C, which is
due to the loss of solvent embedded in the frameworks of Mg-
MOFEF-74. The loading amount results from the weight loss of
dried Mg-MOEF-74 at 250 °C since MCFs do not show any
weight loss at 250 °C according to the TGA profile of MCFs.”*
Here, the loading amounts of Mg-MOF-74 in the composite
were calculated using as-synthesized Mg-MOF-74 and Mg-
MOEF-74/MCFs. As shown in Figure 3, the weight loss of dried
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Figure 3. TGA profiles of Mg-MOF-74, MCFs, activated Mg-MOF-
74, and Mg-MOF-74/MCFs.

Mg-MOF-74 is 57% at 250 °C, while the weight loss of the
composites at 250 °C is 54%. Hence, the loading amount of
Mg-MOF-74 in the composites is estimated to be 93% (54/
57).

To study the effect of MCFs on the morphology of Mg-
MOF-74, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) analyses of samples were
carried out. As shown in Figure 4a, Mg-MOF-74 crystals show
a needle shape with a length of ~1.5 pm aggregated to
cauliflower morphology. Meanwhile, Mg-MOF-74/MCFs
present the same morphology as MCF particles with nanosized
particles loaded on the surface of MCFs (Figure 4b). Energy-
dispersive X-ray spectroscopy (EDX) analyses of Mg-MOF-
74/MCFs show the presence of Mg and Si elements, which
results from Mg-MOF-74 and MCFs, respectively. From the
SEM images, it is difficult to illustrate that Mg-MOEF-74
nanoparticles encapsulate into the pores of MCFs. To clearly
prove the sites of Mg-MOF-74 nanoparticles, TEM images of
MCFs and Mg-MOEF-74/MCFs were recorded. As can be seen
from Figure 5, the MCF particles were ~29 nm in cell pore
diameter with significant and uniform porosity, which is in
accordance with BJH pore size distribution. MCF particles
possess a disordered array of silica struts, which is the
characteristic structural feature of the MCFs.** From the TEM
images of Mg-MOEF-74/MCF composites, it can be found that
nanosized Mg-MOF-74 crystals were encapsulated into the
pores of MCFs, even though without even distribution. Thus,
Mg-MOF-74 crystals can be immersed in the pores of MCFs
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using the synthesis procedure. Some Mg-MOF-74 nano-
particles were distributed on the outside of MCFs, which
may have resulted from the small amounts of MCFs used in
the synthesis of the composites. It can increase the amount of
MCFs in the synthesis of the composites to decrease the
amount of Mg-MOF-74 distributed outside of MCFs.

In the growth process of the composites, MCFs play an
important role in the nucleation of Mg-MOF-74. The presence
of silanol groups of MCFs has a stronger affinity to the
precursor of Mg-MOF-74 crystals. Here, MCFs act as a
microsized reactor for the growth of Mg-MOF-74. The
synthesis strategy of the composites relies on the facile
diffusion of the Mg-MOF-74 precursor molecules, so the larger
pore size of MCFs is beneficial to the diffusion of MOF
precursor molecules.

To evaluate the practical application of the hybrid Mg-
MOEF-74/MCFs for adsorbing CO, in the flue gas, we
conducted dynamic breakthrough experiments in a fixed-bed
reactor with binary gas (CO,/N, = 10:90%) simulated a flue
gas at 30 °C. All of the samples were activated at 200 °C before
adsorption experiments. The breakthrough curves of all of the
composites and desolvated Mg-MOF-74 are shown in Figure 6.
As we can see from the dynamic breakthrough curves, the
breakthrough time of the composite is shifted right compared
to Mg-MOEF-74, which suggests that the adsorption capacity of
the composite is increased remarkably. The total CO,
adsorption capacities of the composite and MOFs crystals
are calculated according to equation (1-1), which are listed in
Table 2. The total CO, adsorption capacities of Mg-MOEF-74
and Mg-MOEF-74/MCFs are 3.70 and 1.68 mmol/g,
respectively. Here, the total CO, adsorption capacity of
MCFs is 0.45 mmol/g. The presence of MCFs in the
composites leads to decreased CO, adsorption capacity
compared to that of pristine Mg-MOF-74. However, the exit
of mesoporous MCFs increases the gas molecule diffusion rate.
As we can see from Figure 7, here, M, is the CO, adsorption
capacity at time t and M, is the CO, adsorption capacity at
equilibrium. The result shows that the adsorption rate of Mg-
MOEF-74/MCFs is larger than that of Mg-MOF-74. The
increase of adsorption kinetics in the composite may be due to
an increase in molecular diffusivity in the nanoparticles as well
as the mesopores (Figure 8).

Since flue gases always contain 8—17 vol % water vapor, a
promising adsorbent should have excellent hydrothermal
stability in practical applications. The dynamic adsorption
capacity of the composite after hydrothermal treatment was
also conducted in a fixed-bed reactor. The results are shown in
Table 2, which suggests that the CO, adsorption capacity of
conditioned Mg-MOEF-74/MCFs is 2.66 mmol/g larger than
that of conditioned Mg-MOF-74 (2.39 mmol/g). It may be
due to CO, molecules dissolving in the water adsorbed in the
framework of MCFs after hydrothermal treatment. Further-
more, the CO, adsorption capacity of conditioned composites
is larger than that of untreated composites because a certain
amount of hydroxyl groups of MCFs that disappeared in the
calcination process have reformed after hydrothermal treat-
ment,”* hence a reduction in water vapor adsorption capacity
compared to CO, in Mg-MOEF-74 of the composites. As we
can see from Figure 9, the diffraction peaks located at 26 of
11.7° of Mg-MOEF-74 decrease dramatically after hydrothermal
treatment, which suggests that the structures of Mg-MOF-74
collapsed to a certain extent by hydrothermal treatment.
Meanwhile, even the reduction of diffraction peaks intensity of
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Figure 5. TEM images of MCFs (a) and Mg-MOF-74/MCFs (b).

Mg-MOF-74 in the composites due to the loading amounts of
MOFs, no changes in intensity of diffraction peaks of Mg-
MOF-74 in the composites after hydrothermal treatment. The
results illustrate that the introduction of MCFs can improve
the hydrothermal stability of Mg-MOF-74.

To further illustrate that the hydrothermal stability of Mg-
MOF-74/MCFs, N, adsorption and desorption isotherms of
MCFs, Mg-MOF-74, and Mg-MOEF-74/MCFs were examined.
The detailed textural properties of all samples are listed in
Table 3. As we can see from Table 3, the BET specific area of
Mg-MOF-74 decreases remarkably after hydrothermal treat-
ment, while the Spgr of Mg-MOF-74/MCFs after hydro-

7742

thermal treatment is higher than that of the composite without
any treatment. The results further prove that the introduction
of MCFs improves the hydrothermal stability of Mg-MOEF-74
in Mg-MOEF-74/MCFs.

In practical applications, regenerability is an important factor
to consider for the solid adsorbent. Therefore, CO,
adsorption—desorption cycles were conducted to measure
the regenerability of the composite. The results shown in
Figure 10 illustrate that the CO, adsorption capacity remained
unchanged after ten cycles. At the same time, the CO,
adsorption capacity of Mg-MOF-74 decreased gradually.

https://dx.doi.org/10.1021/acsomega.1c00098
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Figure 6. Dynamic breakthrough curves of Mg-MOF-74, MCFs, and
Mg-MOEF-74/MCFs at 30 °C.
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Figure 8. Total CO, adsorption capacity of Mg-MOF-74, MCFs, and
Mg-MOEF-74/MCFs after hydrothermal pretreatment.

Table 2. CO, Adsorption Capacity of All of the Samples
before and after Hydrothermal Treatment

total CO, adsorption capacity (mmol/g)

samples initial conditioned
Mg-MOEF-74 3.70 2.39
Mg-MOEF-74/MCFs 1.68 2.66
MCFs 0.45 0.64

[§)
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Figure 7. CO, adsorption kinetics profiles on Mg-MOF-74, MCFs,
and Mg-MOF-74/MCFs at 303 K.

Hence, the Mg-MOF-74/MCF composite is a promising
adsorbent in practical applications.

3. EXPERIMENTAL SECTION

3.1 Chemicals. Magnesium nitrate hexahydrate (Mg-
(NO;),-6H,0, 99%), 2,5-dihydroxyterphthalic acid
(H,DOBDC, 98%), N,N-dimethylformamide (DMF, 99.5%),
triethylamine (TEA, 99%), and ethanol (EtOH, 99.7%) were
purchased from Aladdin Industrial Corporation. Deionized
water is made by the laboratory.

3.2. Synthesis of Mg-MOF-74. Mg-MOF-74 was
synthesized according to the previous report with little
modifications.'” The detailed synthesis process is described
as follows: 0.111 g of 2,5-dihydroxyterphthalic acid
(H,DOBDC) and 0.475 g of magnesium nitrate (Mg-
(NO;),-6H,0) were dissolved in 50 mL of a mixed solution

/\ Mg-MOF-74/MCFs after hydrothermal treatment
g S U NENPE N

Mg-MOF-74/MCFs before hydrothermal treatment

e

Intensity(a.u.)

j\ Mg-MOF-74 after hydrothermal treatment

Mg-MOF-74 before hydrothermal treatment

]

T T T d T T T T T d T T T T
6 8 10 12 14 16 18 20

20(degree)

Figure 9. XRD patterns of Mg-MOF-74 and Mg-MOEF-74 before and
after hydrothermal treatment.

Table 3. Textural Properties of MCFs, Mg-MOF-74, and
Mg-MOF-74/MCFs after Hydrothermal Treatment

sample Sper (m?/g) total pore volume (cm®/g)
Mg-MOEF-74 275.67 0.14
Mg-MOEF-74/MCFs 521.45 0.36
MCFs §79.23 1.89

of N,N-dimethylformamide (DMF), ethanol, and deionized
water (H,0) (15:1:1, v/v/v). TEA (0—0.16 mL) was slowly
added to the mixed solution. The mixed solution was sealed in
the vial and heated at 125 °C for 20 h in a convection oven.
The obtained yellow crystals were washed with DMF three
times and placed in methanol, which was decanted and
replenished four times in 3 days. Finally, the solvent was
removed, and the as-synthesized crystals were dried at 100 °C
overnight. TEA was adopted as a deprotonation reagent, and
the obtained crystals were denominated as Mg-MOF-74.

3.3. Synthesis of Mg-MOF-74/MCFs. MCFs were
synthesized according to the previous report.”> MCFs (0.5
g) were added to the precursor solution of Mg-MOF-74 and
stirred at room temperature for 6 h. TEA (0—16 mL) was
slowly added to the mixed solution. The mixed solution was
sealed in the vial and heated at 125 °C for 20 h in the
convection oven. Finally, the obtained samples were washed
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Figure 10. CO, adsorption capacity of Mg-MOF-74 and Mg-MOF-
74/MCFs after hydrothermal treatments for ten CO, adsorption—
desorption cycles.

with DMF and placed in methanol, which was decanted and
replenished four times in 3 days. Finally, the solvent was
removed, and the as-synthesized crystals were dried at 100 °C
overnight. The obtained sorbents were denoted as Mg-MOEF-
74/MCFs.

3.4. CO, Dynamic Breakthrough Experiment. CO,
adsorption and desorption processes were conducted in a
fixed-bed reactor. Moderate adsorbents were added in a U-type
quartz tube with an inner diameter of 8 mm and plugged by
quartz wool in the side of the gas outlet. The adsorbents were
pressed into a disk under S MPa for 3 min, and then, the disk
was broken into particles and the particles were sieved to
obtain 20—40 mesh particles. The sorbents were activated at
200 °C for 6 h in an argon atmosphere with a flow of 60 mL/
min and then cooled to adsorption temperature under the
argon atmosphere. The simulated flue gases (CO, 10 vol %, N,
90 vol %) were introduced into the reactor. The CO,
concentration of the outlet gas of the quartz tube was
determined by a gas analyzer (Vaisala, Finland) for every 10 s.
The CO, adsorption capacity of adsorbents can be determined
from the breakthrough curves, as reported in the previous
report.”® The values are calculated according to the following
equations:

W,
C224W (1)
t C
t, = f (1 - —t]dt
0 Co (2)

where t, is the dead time (s), C, is the feed gas concentration,
W is the weight of the activated adsorbent (g), V is the
volumetric flow rate (mL/min), q is the equilibrium adsorption
capacity of the adsorbent (mmol/g), C, is the outlet gas
concentration, and t is the adsorption time (s).

3.5. Hydrothermal Treatment. To estimate the hydro-
thermal stability of Mg-MOF-74 and its composites at high
temperature and humidity conditions, all of the adsorbents
were placed on filter papers and suspended above a beaker
filled with 85 °C hot water for 2 h. After hydrothermal
treatment, the samples were dried at room temperature.

3.6. Characterization. Powder X-ray diffraction (PXRD)
patterns were collected with a D8 Advanced diffractometer
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operated at 40 kV and 40 mA with monochromated Cu Ka
radiation (4 = 1.5406 A) and at a scan speed of 3°/min. The
simulated PXRD patterns were calculated from modeled
crystal data using the Diamond 3.2i software suite. Nitrogen
sorption isotherms were measured at 77 K on a Micromeritic
ASAP 2020 system. The samples were outgassed at 473 K
overnight before the measurement. Scanning electron micros-
copy (SEM) images were obtained on a JEOL at 10 kV. Before
measurements, the samples suspended in the ethanol were
dropped onto a tin-foil plate and dried at room temperature.
Transmission electron microscopy (TEM) investigations were
performed with a JEM-2100F (operated at 10 kV). Before the
measurement, the material was deposited onto a holey carbon
foil supported on a copper grid. Thermogravimetric analysis
(TGA) was performed on a Rigaku TG thermal gravimetric
analyzer in the temperature range of 30—700 °C under a
nitrogen atmosphere at a heating rate of 10 °C/min.

4. CONCLUSIONS

Mg-MOF-74/MCF hybrid composites were synthesized by a
simple and facile route by dispersing MCFs into the Mg-MOEF-
74 precursors. The larger pore size of MCFs makes it easy for
the diffusion of MOF precursor molecules into the cell of
MCFs. The hybrid composites possess binary characteristics of
both components. Besides, the adsorption kinetics of the
composites is enhanced due to an increase in molecular
diffusivity in the nanoparticles as well as mesopores. Mg-MOEF-
74/MCFs exhibit interesting CO, adsorption behaviors due to
the presence of MCFs. This may be due to the reformation of
hydroxyl groups in MCFs in the moisture environment, thus
decreasing the competitive adsorption of water vapor in Mg-
MOF-74 compared to CO,. After hydrothermal treatment, the
composites show an increase in dynamic CO, adsorption
performance. After ten CO, adsorption—desorption cycles, the
CO, adsorption capacity remains unchanged. Therefore, it is
promising for the composites acting as solid adsorbents in
practical applications.
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