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1. INTRODUCTION

Among different CO, emission sources, flue gas with a CO,
concentration less than 20% is the largest single-source
contributor, and thus selective capture of CO, is essential to
reduce CO, emission.'™ In addition, removing CO, from
CH, is important to upgrade the quality of biogas and natural
gas and to reduce pipeline corrosion issues.” '’ At present,
most industrial processes are still using chemical absorption
with amine solutions for CO, capture, which shows high
efficiency but suffers from high energy regeneration costs and
issues with severe corrosion of equipment and pipelines.'' '
Among different CO, capture technologies, physical adsorp-
tion using porous materials is a promising, cost-efficient
method, particularly for low to medium-volume capture by
using a pressure swing adsorption process.()’10 Zeolites," ™"
porous carbon,'”~** and nanotubes”*** have been screened
and examined for their selective adsorption behavior,”>™*’
regeneration issues,”® and kinetics for CO, separation
performance.”” ™ Metal—organic frameworks (MOFs) have
also attracted much attention for CO, capture.36_39 The CO,
uptake capacities of many MOFs are much higher than those
of traditional porous materials due to their high surface area
and versatile chemical properties.”””** Abundant adsorption
sites on the surface can significantly enhance the overall
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performance;**~* therefore, functionalized MOFs with many

stronger adsorption sites have been demonstrated by, for
instance, grafting amine groups onto MOFs to improve their
affinity to CO, molecules."”” ™' However, due to the gradual
loss of the external amine groups during multiple adsorption—
desorption cycles, the cycling performance of these modified
materials is generally poor.

MOFs with unsaturated metal sites (open metal sites) have
received much more attention than other MOFs due to their
intrinsic binding sites.**~*>**7>* These specific MOFs include
MIL-101/100,>> HKUST-1,>° and MOF-74 (CPO-27),* and
so on. Murray et al. synthesized Cr-BTC with the same
structure of HKUST-1 (Cu-BTC), having an oxygen capacity
of up to 11 wt % (3.4 mol/g). The extremely high O,
adsorption on Cr-BTC was attributed to the redox activity of
the open Cr sites.”” Bloch et al. found that Fe-MOF-74 has a
high O,/N, selectivity due to the electron transfer interactions.
Similar to Cr-BTC, the unsaturated Fe>* metal center provides
strong binding sites for adsorption and separation.””>”*
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MIL-100/101 have a higher water stability than HKUST-1
and MOF-74 and therefore hold a high potential for practical
applications. However, our understanding of the effects of
open Cr’* sites on adsorption is still very limited. A recent
study reveals that the activation of MIL-100(Cr) at 523 K and
a high vacuum (less than 107° torr) can expose the Cr’* sites
to achieve high N,/CH, selectivity.”” Our own study also
reveals that MIL-100(Cr) activated at similar conditions has an
incremental adsorption of N, and N,O because the Cr** sites
are exposed after removing the coordinated water molecules, in
which the binding energy of N,O on the open Cr’* sites of
MIL-100(Cr) was up to 72.5 kJ/ mol and the N,O adsorption
capacity is similar to that of CO,.°" These preliminary studies
have demonstrated very intriguing properties of open Cr** sites
in MIL-100(Cr).

In addition, the densification of adsorbent materials by
forming pellets, extrudates, or beads is essential to improve the
mechanical and thermal properties of adsorbent materials and
lower the bed pressure drop for 1ndustr1a1 pressure or
temperature swing adsorptlon processesG However, most
of the previous studies of MIL-100(Cr) are based on the fine
powder form, and several publications reported MIL-100(Cr)
monoliths for hydrogen storage and water adsorption. 63766
Therefore, in this work, we studied the effects of activation
temperature on the adsorption behavior of MIL-100(Cr)
pellets, in which multicomponent CO,/CH, and CO,/N,
kinetic separation performance was investigated in detail.

2. EXPERIMENTAL SECTION

2.1. Synthesis of MIL-100(Cr) Crystals. MIL-100(Cr)
was synthe51zed in our laboratory according to the reported
procedure 798 A mixture of powdered Cr (0.104 g), H;BTC
(0.3 g), HF (40%, 0.2 mL), and H,O (9.6 mL) was added into
a Teflon-lined autoclave and heated from room temperature to
493 K in 12 h and kept at 493 K for 4 days. The synthesis is
presented in Table 1. After cooling to the ambient temperature
naturally, the green powder was collected by repeated
centrifugation and thorough washing by distilled water.

Table 1. Synthesis Condition of MIL-100(Cr)

chemical amount
reactants name formula (mmol)
elementary Cr 2
chromium
trimesic acid CyH¢O4 1.5
(H,BTC)
hydrofluoric acid HF 4.5
deionized water H,0 533
reaction 493 K
temperature
reaction time 4 days

2.2. Preparation of MIL-100(Cr) Pellets. The synthe-
sized MIL-100(Cr) was sufficiently ground in a mortar to
obtain a fine powder, and then the powder was added into a
tableting machine and extruded into a sheet under a pressure
of 4 MPa. It should be noted that the MOF powder added to
the tableting machine should not be excessive as it may cause
the strength of the pressed MOF sheet to decrease and lead to
serious particle pulverization in the later stage. The pressed
MOF sheet was suitably pulverized and then passed through a
40—60 mesh steel wire screen to obtain MOF particles having
a diameter of about 1 mm. Scheme 1 demonstrates the
preparation process of MOF pellets, while Figure 1 shows the
final MIL-100(Cr) pellets.

2.3. Sample Activation. The MIL-100(Cr) samples
including powder and pellet forms were activated under a
high vacuum (107 bar) at different temperatures (373, 423,
473, 523, and 573 K) for 12 h on the degasser unit of ASAP
2460 and named MIL-100(Cr)100/150/200/250/300, respec-
tively.

2.4. Adsorption Isotherms. All adsorption isotherms of
single-component gas (CO,, CH,, N,) were obtained using a
Micromeritics ASAP 2460 instrument; the instrument’s
uncertainty is +0.05%. The samples were outgassed at high
temperatures (from 373 to 573 K) and high vacuum (107"
bar) for 12 h. The isotherms were collected at 298 K and up to
1 bar.

2.5. Calculation of Binding Energy. Cluster models for
MIL-100(Cr) were prepared from the diffraction experiments
and used as the initial models. The dangling bonds on these
fragmented clusters were terminated by methyl (CH,;) groups
to maintain the correct hybridization.”” We calculated the
binding energy of CO, with Cr-MOF using density functional
theory (DFT) in Dmol3.”” The gradient corrected approx-
imation treated using the Perdew—Burke—Ernzerhof ex-
change—correlation potential with long-range dispersion
correction via Grimme’s scheme was used in all our
calculations.”"”’* A real-space orbital global cut off of 3.7 A
was applied and the convergence threshold parameters for the
optimization were 10~ (energy), 2 X 107° (gradient), and S X
1073 (displacement).”* Double numeric polarization was used
as the basis set. The DFT semicore pseudopots,74 which were
developed specifically for DMol3 calculations, were used to set
the type of core treatment. The self-consistent field (SCF)
procedure was used with a convergence threshold of 107°
on the energy and electron density. The direct inversion of the
iterative subspace technique developed by Pulay was used with
a subspace size 6 to speed up the SCF convergence in these
systems.75

2.6. Breakthrough Experiment of Mixed Gases. The
mixed-gas breakthrough experiments were carried out in 2
fixed-bed separation device developed by our research group.’
The device was composed of displacement gas (He, 99.999%),
mixed gas at different volume ratios (CO,/N, 20/80% and

Scheme 1. Preparation of MOF Pellets Including Tableting, Extruding, Crushing, and Sieving Steps
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Figure 1. MIL-100(Cr) particles through a 40—60 mesh sieve present an average diameter of about 1 mm. These pellets were used for the

adsorption isotherm and breakthrough measurements.

CO,/CH, 40/60%), mass flow meter (5 mL/min), adsorption
column (inner diameter X length: 9 mm X 150 mm), pressure
change valve, pressure gauge, and gas chromatograph. The
adsorption column filled with MIL-100(Cr) pellets was loaded
into the testing device. High-purity helium gas was then used
to purge the adsorption column until no other gases were
detected at the end of the adsorption column and the
purification step was complete. Then the carrier gas was
stopped, and the testing gas valve was opened. The conditions
were controlled at normal pressure and the gas flow rate was
set at S mL/min for 5—10 min. After the flow rate was
stabilized, the gas was introduced into the adsorption column
and the outlet gas was collected and analyzed using gas
chromatography (Shimadzu UG2014C). From the analysis of
the content of the gas components obtained with time, the gas
permeation curve was obtained.

The gas uptake by the adsorbents, represented as Q;, (mmol/
g), is determined by the following equation

v/ooo [c0 — c(t)]dt

The selectivity S is estimated by the following equation
Qi/ Xi
)

where v is the flow rate of pure gas in mL/min, m is the mass of
the adsorbent sample in g, ¢ is time taken for adsorption in
minutes, Cy and C are concentrations of gas at inlet and outlet,
respectively, in mmol/mL, and « is the gas volume fraction.

3. RESULTS AND DISCUSSION

3.1. Effects of Activation Temperature on CO, Uptake
of MIL-100(Cr). The adsorption isotherms of CO, at 298 K
and 1 bar on MIL-100(Cr) powder samples activated at
different temperatures are shown in Figure 2, and the data are
listed in Table 2, in which the adsorption capacity of CO,
significantly increases with the activation temperature from
MIL-100(Cr)100 to MIL-100(Cr)300, up to 6.09 mmol/g,
showing a 250% increase. The powder X-ray diffraction (XRD)
patterns of MIL-100(Cr) samples are provided in Figure S1, in
which all activated samples show the sample peak positions.
However, the peak height of MIL-100(Cr)300 samples is a
little lower than that of other samples, indicating that 575 K for
12 h may damage the MOF crystallinity a little. The N,
isotherms at 77 K (Figure S2) also clearly show that samples
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Figure 2. Adsorption isotherms of CO, at 298 K on MIL-100(Cr)
activated at 373—573 K.

Table 2. Adsorption Data of CO, at 298 K on MIL-100(Cr)
Powder Sample Activated at 373—573 K

capacity (mmol/g)

MIL- MIL- MIL- MIL- MIL-
pressure 100(Cr) 100(Cr) 100(Cr) 100(Cr) 100(Cr)
(bar) 100 150 200 250 300
0.01009 0.07179 0.16577 0.68127 2.00167 2.10175
0.02626 0.16600 0.31549 1.02605 2.30302 2.41817
0.04954 0.27303 0.47261 1.29516 2.57200 2.70060
0.10082 0.45917 0.69511 1.62427 2.89463 3.03937
0.15063 0.60755 0.87177 1.85658 3.17289 3.33153
0.19904 0.73126 1.02150 2.04258 3.69678 3.88162
0.24916 0.84691 1.15644 2.20600 3.80105 4.00468
0.29938 0.95382 1.26952 2.34386 3.98829 4.17554
0.34998 1.05354 1.37891 2.47255 4.14511 4.34874
0.39958 1.14635 1.48789 2.59288 4.31974 4.53572
0.50136 1.3170S 1.66850 2.80879 4.60231 4.83242
0.60069 1.47232 1.83570 3.01272 4.85786 5.10075
0.70106 1.61760 1.99138 3.19068 5.10083 5.35587
0.80041 1.75418 2.13854 3.36100 5.33439 5.60111
0.90041 1.88406 2.27981 3.52908 5.55902 5.83697
0.99075 1.99898 240174 3.67189 5.80235 6.09247

activated at a higher temperature have a higher surface area
than those activated at a lower temperature. Interestingly, the
enhancement of the adsorption capacity with increased
activation temperature was not even. As shown in Figure 2,
the increase from 373 K (MIL-100(Cr)100) to 432 K (MIL-
100(Cr)150) or from 523 K (MIL-100(Cr)250) to 575 K
(MIL-100(Cr)300) only enhances the update a little, while the
biggest improvement is between MIL-100(Cr)200 and MIL-

DOI: 10.1021/acs.jced.9b00770
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Figure 3. (a) Adsorption isotherms of CO, on MIL-100(Cr)250 at 273, 298, and 323 K and (b) the adsorption heat of CO,.

Table 3. Adsorption Update of CO, on MIL-100(Cr)250
Powder Sample at 273, 298, and 323 K, Respectively

capacity (mmol/g)

pressure (bar) 323 K 298 K 273 K
0.01038 1.32824 2.00158 2.17682
0.10878 2.49797 3.17275 3.34766
0.22165 2.95530 3.69662 4.02190
0.32266 3.25259 4.0580S 4.52142
0.40483 3.46443 4.31955 4.8991S
0.50480 3.69235 4.60211 5.31779
0.60325 3.90027 4.85765 5.71096
0.70244 4.09536 5.10061 6.09361
0.80111 4.28278 5.33416 6.46177
0.89993 4.46497 5.55878 6.82401
0.99886 4.63900 5.80210 7.18040

Table 4. Adsorption Heat of CO, on MIL-100(Cr)250
Powder Sample

uptake adsorption heat uptake adsorption heat
(mmol/g) (kJ/mol) (mmol/g) (kJ/mol)
0.05 57.78685 2.05 18.89002
0.15 45.66196 2.15 18.48793
0.25 40.08960 2.25 18.11037
0.35 36.46114 2.35 17.75524
0.45 33.78230 2.45 17.42070
0.55 31.66835 2.55 17.10514
0.65 29.92948 2.65 16.80713
0.75 28.45798 2.75 16.52540
0.85 27.18678 2.85 16.25882
0.95 26.07131 2.95 16.00638
1.05 25.08040 3.05 15.76715
11§ 24.19142 3.15 15.54032
1.25 23.38742 3.25 15.32513
1.35 22.65535 3.35 15.12092
1.45 21.98499 345 14.92706
1.55 21.36813 3.55 14.74298
1.65 20.7981S5 3.65 14.56817
1.75 20.26956 3.75 14.4021S
1.85 19.77780 3.85 14.24448
1.95 19.31904 3.95 14.09476

100(Cr)250, indicating that the unsaturated Cr centers will not
be fully exposed until the activation temperature reaches above
523 K.° Thus, in the following experiments, the sample
activated at 523 K (MIL-100(Cr)250) is used for most studies.

Two more isotherms were collected on MIL-100(Cr)250
samples for CO, adsorption at 273 and 323 K, and a
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Table 5. Summary of CO, Capacity on MIL-100(Cr) at 1
bar

activation condition

CO, capacity T T vacuum time
sorbent (mmol/g) (K) (K) (bar) (h) refs

MIL-100(Cr) <1.00 298 493 LS 52
MIL-100(Cr) 1.60 308 373 1 LS 54
MIL-100(Cr) 2.11 303 423 77
MIL-100(Cr) 2.60 298 423 12 78
MIL-100(Cr) 2.67 298 423 1x107° 12 79
MIL-100(Cr) 3.52 303 523 1x107® 16 80
MIL-100(Cr)/ 1.30 298 493 L5 52

PPD”
EN- MIL- 2.40 308 373 1 LS 54

100(Cr)“
MIL-100(Cr) 2.06 298 423 1x107° 12

150
MIL-100(Cr) 4.70 323 523 1x107° 12

250
MIL-100(Cr) 5.80 298 523 1x 107" 12

250
MIL-100(Cr) 7.18 273 523 1x107° 12

250
MIL-100(Cr) 6.09 298 573 1x 1071 12

300

“Amine functionalization of MIL-100(Cr).

224 A

Figure 4. DFT calculations for an adsorbed CO, molecule around the
Cr atom in a MIL-100 cluster; CO,—Cr distance is 2.243 A
(chromium, oxygen, carbon, and hydrogen atoms are in green, red,
gray, and white, respectively).

comparison is provided in Figure 3a. As shown in the figure,
the adsorption quickly occurred at a very low-pressure range
(0.01 bar) within the examined temperature range, indicating
that the exposed Cr'* is very active towards CO,. With the
pressure increase, the effects of adsorption temperature on the
uptake started to dominate the isotherm shape and capacity, in

DOI: 10.1021/acs.jced.9b00770
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Figure S. Adsorption isotherms of CH, (A), CO, (B), and N, (C) on MIL-100(Cr) samples, including powder and pellets activated at 423 and

523 K, respectively.

Table 6. Adsorption Data of CH,, CO,, and N, at 298 K on MIL-100(Cr) Powder Sample Activated at 423 and 523 K,

Respectively
capacity (mmol/g)
MIL-100(Cr)150 MIL-100(Cr)250
pressure (bar) CH, CcoO, N, CH, CO, N,
0.01012 0.00600 0.16325 0.00241 0.01078 1.99590 0.08723
0.02512 0.01517 0.30836 0.00600 0.02674 2.30017 0.18908
0.05085 0.02954 0.47308 0.01236 0.05270 2.58469 0.29153
0.10027 0.07425 0.73581 0.03218 0.13400 3.04549 0.44626
0.15031 0.10872 0.87156 0.04801 0.19497 3.36878 0.54871
0.20032 0.14399 1.01901 0.06592 0.25353 3.60430 0.63227
0.25035 0.18041 1.16032 0.08676 0.31106 3.81421 0.70132
0.30033 0.21705 1.27794 0.11017 0.36790 3.97908 0.75846
0.35046 0.25404 1.38414 0.13182 0.42241 4.15827 0.80956
0.40042 0.28955 1.48946 0.15367 0.47480 4.31597 0.85635
0.49947 0.32324 1.63077 0.17377 0.52463 4.46650 0.93417
0.59937 0.35394 1.83089 0.19018 0.57146 4.85152 1.00008
0.69959 0.38366 1.98976 0.20493 0.61537 5.09830 1.05989
0.80053 0.41090 2.14248 0.21760 0.65666 5.33762 1.11375
0.89976 0.43679 2.27238 0.22851 0.69603 5.55939 1.15444
0.98970 0.46607 2.40140 0.23503 0.74331 5.76536 1.19058

Table 7. Adsorption Data of CH,, CO,, and N, at 298 K on MIL-100(Cr) Pellets Activated at 423 and 523 K, Respectively

capacity (mmol/g)

MIL-100(Cr)150

MIL-100(Cr)250

pressure (bar) CH, CO,
0.01009 0.00253 0.19047
0.02626 0.00781 0.26646
0.04954 0.01696 0.39725
0.10082 0.03471 0.57207
0.15063 0.05263 0.70774
0.19904 0.07056 0.83501
0.24916 0.08791 1.00200
0.29938 0.1053 1.15838
0.34998 0.12126 1.30094
0.39958 0.13825 1.43735
0.50136 0.17014 1.56611
0.60069 0.20379 1.68122
0.70106 0.23362 1.79208
0.80041 0.26438 1.89651
0.90041 0.29526 1.99604
0.99075 0.32251 2.08968

N, CH, Co, N,
0.00146 0.00852 1.19874 0.04797
0.00476 0.02039 1.41664 0.17535
0.01000 0.03968 1.61924 0.27295
0.01977 0.07603 1.90436 0.37471
0.02950 0.11242 2.11360 0.46247
0.03900 0.14733 229649 0.53331
0.04843 0.18158 2.53239 0.59552
0.05794 0.21494 275095 0.65108
0.06690 024796 295100 070219
0.07583 0.28017 3.14029 0.74769
0.09398 0.34194 331490 0.78891
0.11166 0.40053 3.47706 0.82606
0.12807 0.45659 3.62751 0.85939
0.14418 0.51149 377465 0.88904
0.15967 0.56581 391123 09126

0.17343 0.61148 4.04699 093757

which three different curves can be distinguished from each
other. As expected, the lower adsorption temperature produces
a higher uptake curve and the data are provided in Table 3. In
addition, we calculated the isosteric heat of adsorption (Q,,) of
CO, on MIL-100(Cr)250. As shown in Figure 3b and Table 4,

the Q,, of CO, at low coverage is up to 58 kJ/mol, which then
slowly drops with the uptake, indicating that most active sites
have been occupied with the adsorption process.

Here, we summarize the reported CO, adsorption capacities
on MIL-100(Cr) (<4 mmol/g) in Table S, and the results

5818 DOI: 10.1021/acs.jced.9b00770
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Table 8. Summary of Adsorption Capacity of CH,, CO,, and
N, on MIL-100(Cr) Samples

CH, capacity CO, capacity N, capacity
samples (mmol/g) (mmol/g) (mmol/g)
powder MIL- 0.47 2.40 0.23
100(Cr)150
powder MIL- 0.74 5.80 119
100(Cr)250
pellets MIL- 0.32 2.09 0.17
100(Cr)150
pellets MIL- 0.61 4.05 0.94
100(Cr)250

from this study are among the highest.”’~*" From the above
analysis, it seems that three factors are important for the
successful activation of MIL-100(Cr): proper temperature
(573 K > T > 523 K), high vacuum (<107'? bar), and sufficient
activation time (>12 h). Although Hamon et al. found that the
CO, capacity will reach up to 2 mmol/g at low pressure after
high-temperature activation, they did not obtain the optimum
data due to the lack of high vacuum (107® bar).*” Therefore,
even functionalized MIL-100(Cr) (MIL-100(Cr)/PPD and
EN-MIL-100(Cr)) showed a lower CO, capacity than MIL-
100(Cr)250.>%°*

In the previous studies, the CO, adsorption enthalpy on
MIL-100(Cr) was determined to be up to 63 kJ/mol.”’
However, most related research reported that MIL-100(Cr)
was not a good CO, removal sorbent candidate due to its low
adsorption capacity (<4.0 mmol/g),””**”* which is contra-
dictory to its high adsorption enthalpy. In this work, density
functional theory (DFT) calculations estimate that the CO,—
Cr distance is 2.243 A (Figure 4), and the binding energy of
CO, molecules on the open Cr sites on MIL-100(Cr) is about
63 kJ/mol, which is consistent with the previously reported
value.”” In this work, as shown in Figure 3b, the Q, of CO, at
low coverage is up to 58 kJ/mol, close to the calculated
binding energy and enthalpy change. Therefore, we believe
that the maximum CO, capacity of MIL-100(Cr) is at least
6.09 mmol/g at 298 K and 1 bar, if the open Cr sites are fully
exposed. By comparison, MIL-101Cr, with the same Cr—O
cluster as MIL-100(Cr) and higher surface area, demonstrated
a much lower CO, capacity of 2.19 mmol/g at 298 K and 1
bar. This is due to the larger pore size of MIL-101Cr, which is
not good for small molecule adsorption and the lower density
of unsaturated Cr sites (3.5 mmol/g) in MIL-101Cr vs 4.2
mmol/g in MIL-100(Cr) (Figure S4).

3.2. Comparison of Isotherms on MIL-100(Cr) Powder
and Pellets. Adsorption isotherms of CH,, CO,, and N, at

Table 9. Transient Breakthrough Data of a CO,/N, (20/80)
Mixture in a Fixed-Bed Containing MIL-100(Cr)150 (a)
and MIL-100(Cr)250 Pellets (b) at 298 K and 1 bar (5 mL/
min)

MIL-100(Cr)150 MIL-100(Cr)250

volume volume volume volume
time fraction % of fraction % of time fraction % of fraction % of
(min) N, CO, (min) N, CO,

1 0 0 1 0 0

3 0 0 3 0 0

S 0 0 S 0 0

7 0 0 7 0 0

8 85 0 9 0 0

9 90 0 11 78 0
11 93 0 12 92 0
13 95 0 13 94 0
15 95 0 15 95 0
17 95 0 20 95 0
20 95 0 40 95 0
23 95 0 80 95 0
26 95 0 100 95 0
29 95 0 102 95 0
32 95 0 106 95 0
34 93 7 110 95 0
35 89 11 114 95 0
36 86 14 116 95 0
38 84 16 118 920 10
40 83 17 120 86 14
42 83 17 122 84 16
45 82 18 124 83 17
48 81 19 126 82 18
S1 81 19 130 81 19
54 80 20 134 80 20
57 80 20 138 80 20
60 80 20 140 80 20

298 K and 1 bar on MIL-100(Cr) samples, including powder
and pellets activated at 423 and 523 K, are collected to
understand the effects of the densification of MOF crystals on
the adsorption capacity. As shown in Figure S, MIL-100(Cr)
pellets generally demonstrate less capacity than powder
samples, in which the samples activated at 523 K present
more loss than those activated at 423 K, indicating that the
open Cr sites may tend to be blocked during the densification
(the fitting data of Figure S are listed in Table S3 of the
Supporting Information). In particular, powder MIL-100(Cr)-
150 and pelletized MIL-100(Cr)150 did not show much

a 100
< 80 —==—N,
E —o—CO,
E 60 |-
&
o
E 4L 20%/80% CO,/N,
§ 5 mL/min
20
MIL100(Cr)150 f
0 n I i L |
0 10 20 30 40 50
Time/min

b 100,
80+ —aN,
- ) “snm
< ——CO,
2 eof
g
t a0l 20%/80% CO,N,
= 5 mL/min
=l
= 20l
MIL100(Cr)250 f"‘
0 I f ! L )
0 30 60 90 120 150
Time/min

Figure 6. Transient breakthrough of a CO,/N, (20/80) mixture in a fixed-bed containing MIL-100(Cr)150 pellets (a) and MIL-100(Cr)250

pellets (b) at 298 K and 1 bar.
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Figure 7. Transient breakthrough of a CO,/CH, (40/60) mixture in a fixed-bed containing MIL-100(Cr)150 (a) and MIL-100(Cr)250 pellets (b)

at 298 K and 1 bar.

Table 10. Transient Breakthrough Data of a CO,/CH, (40/
60) Mixture in a Fixed-Bed Containing MIL-100(Cr)150
(a) and MIL-100(Cr)250 Pellets (b) at 298 K and 1 bar (5
mL/min)

MIL-100(Cr)150 MIL-100(Cr)250

volume volume volume volume
time fraction % of fraction % of time fraction % of fraction % of
(min) CH, CcO, (min) CH, Cco,

1 0 0 1 0 0
3 0 0 3 0 0
S 0 0 S 0 0
7 0 0 7 0 0
9 0 0 9 0 0
11 20 0 11 0 0
12 57 0 13 0 0
13 84 0 15 65 0
15 92 0 17 80 0
17 95 0 19 87 0
19 95 0 21 91 0
21 95 0 23 93 0
23 95 0 25 94 0
25 95 0 27 95 0
26 90 10 30 95 0
27 75 15 40 95 0
29 68 32 60 95 0
31 63 36 62 95 0
33 61 39 63 88 12
35 60 40 64 74 26
37 60 40 66 63 37
40 60 40 68 62 38
70 61 39

73 60 40

77 60 40

80 60 40

Table 11. Breakthrough Time and Retention Time of CO,
on MIL-100(Cr) Pellets

breakthrough retention time
samples gas mixture time (min% (min) selectivity
MIL- CO,/N, 33 27 52
igg(Cf) CO,/CH, 25 14 3.1
MIL- CO,/N, 116 108 133
igg(cr) CO,/CH, 62 48 46

difference on CO, adsorption behavior, while a big drop on
MIL-100(Cr)250 was observed, suggesting that 423 K could
not open Cr sites, while 523 K does. The negative impact of

5820

densification on the adsorption capacity follows the order of
CO, > N, > CH, for MIL-100(Cr)250 and CH, > N, > CO,
for MIL-100(Cr)150, which also suggests that the effects of
open Cr sites on the adsorption follow the order of CO, > N,
> CH, on MIL-100(Cr). The adsorption data measured on the
powder sample are listed in Table 6, while the data on pellets
are presented in Table 7. The maximum value of each isotherm
is listed in Table 8.

3.3. Breakthrough Results of CO,/N, Mixture on MIL-
100(Cr) Pellets. As mentioned before, the Cr—O (CO,)
distance in MIL-100(Cr) is estimated to be 2.24 A, which is
close to the Cr—N (N,) distance (2.25 A). However, the
binding energy between Cr and CO, (63 kJ/mol) is higher
than that between Cr and N, (48.7 kJ/mol), so we
experimentally investigated the breakthrough behavior of
CO,/N, mixture on MIL-100(Cr)250 and MIL-100(Cr)150
samples, as shown in Figure 6ab and Table 9 (adsorption
capacity is summarized in Table S1). We observed that N, was
eluted first, followed by CO, for both samples, clearly showing
that MIL-100(Cr) strongly adsorbs CO, during the break-
through. The steep nature of these curves is indicative of an
efficient use of the adsorbent in dynamic processes. In the
breakthrough study, two important parameters are the
breakthrough time (#,) and the corresponding uptake (gq).
In this work, t, is determined as the time corresponding to C,/
C, = 5%. The retention time of CO, on MIL-100(Cr)150 was
27 min, and this increased to 108 min on MIL-100(Cr)250, a
4-fold increase. In addition, the breakthrough selectivity of
CO,/N, (20/80) on MIL-100(Cr)150 and MIL-100(Cr)250
was 2.4 and 4.3, respectively (Table 11), indicating that MIL-
100(Cr)250 was more efficient for the separation of the CO,/
N, (20/80) mixture. It is noteworthy that the equilibrium time
of CO, and N, in this breakthrough test was very short, which
is the advantage of using pellets as the adsorbents.

3.4. Breakthrough Results of CO,/CH, Mixture on
MIL-100(Cr) Pellets. The transient breakthrough test of the
CO,/CH, (40/60) mixture is shown in Figure 7 and Table 10
(adsorption capacity summary is shown in Table S1). The
carbon dioxide adsorption retention time (48 min) of MIL-
100(Cr)250 is about 3.4 times that of MIL-100(Cr)150. And
the breakthrough selectivity of CO,/CH, (40/60) on MIL-
100(Cr)150 and MIL-100(Cr)250 is 4.2 and 10.7, respectively
(Table 11). The breakthrough results were confirmed as MIL-
100(Cr)250 was more efficient toward the separation of the
CO,/CH, (40/60) mixture. Remarkably, the equilibrium time
of CO, and CH, in this breakthrough test was short, thus we
can also infer that that is the advantage of using pellets as
sorbents.
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4. CONCLUSIONS

The adsorption enthalpy of CO, on MIL-100(Cr) was
estimated at around 63 kJ/mol, indicating its strong affinity
to CO, molecules for separation applications. However, the
previously reported CO, adsorption capacity at 298 K and 1
bar was not good enough (<4.0 mmol/g). Thus, in this study,
we performed experiments to study the effects of activation
temperature on MIL-100(Cr) adsorption performance and
discovered that both a higher temperature (523—573 K) and
high vacuum (<107'° bar) for 12 h activation time are required
to open the Cr sites and achieve a capacity of 5.8—6.08 mmol/
g at 298 K and 1 bar, which is the highest among the reported
values. Isotherms were also collected on both MIL-100(Cr)
powder and the pelletized form. The negative impact of
densification on the adsorption capacity follows the order of
CO, > N, > CH, for MIL-100(Cr)250 and CH, > N, > CO,
for MIL-100(Cr)150, which also suggests that the effects of
open Cr sites on the adsorption capacity follows the order of
CO, > N, > CH, on MIL-100(Cr). Moreover, the mixed-gas
breakthrough curves on MIL-100(Cr) pellets were measured
to evaluate the real performance of this MOF for CO,/N, and
CO,/CH, separation. The promising results demonstrate the
great potential of properly activated MIL-100(Cr) for CO,
separation applications.
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