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Abstract
In this paper we used MOF-5 and Cu3(BTC); to separate CO,/CH4 and CH4/N; mixtures under dynamic conditions. Both materials were
synthesized and pelletized, thus allowing for a meaningful characterization in view of process scale-up. The materials were characterized
by X-ray diffraction (XRD) and scanning electron microscopy (SEM). By performing breakthrough experiments, we found that Cu3(BTC),
separated CO,/CHy slightly better than MOF-5. Because the crystal structure of Cuz(BTC); includes unsaturated accessible metal sites formed
via dehydration, it predominantly interacted with CO;, molecules and more easily captured them. Conversely, MOF-5 with a suitable pore size
separated CH4/N, more efficiently in our breakthrough test.
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1. Introduction

To overcome the energy crisis, clean energy sources will
become increasingly important. Natural gas, which is rich
in methane, is a promising source of energy for the future.
However, CO, which is present in fuel gases including natu-
ral gas, can reduce its heating value as well as cause equip-
ment and pipeline corrosion [1]. To use low-quality natural
gas, the separation of CO, will be needed inevitably. There
are many separation solutions including membrane separa-
tion, pressure swing adsorption (PSA), chemical adsorption,
physical adsorption, physical-chemical adsorption [2]. PSA
is an effective means of separating gas mixtures. It has gained
much attention because of its low energy requirements and
low capital investment cost, and many sophisticated PSA pro-
cesses have been developed [3] and commercialized in re-
cent decades [4]. For these physisorption-based processes, a
porous adsorbent with good adsorption performance is nec-
essary. Previously, zeolite [5—7], activated alumina [8] and
carbonaceous materials [9,10] have been used in gas sepa-
ration. In recent years, metal-organic frameworks (MOFs),
a new class of adsorption materials, have attracted many re-
searches because of their promising properties. Owing to

their high specific surface areas (SSAs) and tunable pore sizes,
MOFs formed by coordination bonds between metal clusters
and organic linkers have great potential for gas adsorption
and separation [11—14]. Additionally, the pore aperture in
MOFs is larger than that in molecular sieves and more or-
dered than that in activated carbon. MOFs have been used
as adsorbents to separate gases from mixtures, such as CO;
over CHy, CO;, over Nj, and CO;, over Hy [15—17]. The
material, given its high adsorption capacity, could potentially
be useful for separating CO, and CHy4. Furthermore, the
structure and chemical composition of MOFs can be eas-
ily tuned to enhance their selectivity and adsorption capacity
[18]. CO; selectivity of MOFs can be improved because they
contain unsaturated, accessible metal sites, which predomi-
nantly interact with CO, molecules [13,19]. Mu et al. [20]
synthesized an interpenetrating MOF, which had a very high
CO,/CHy4 selectivity at 1 bar (« = 12) because of its uncoor-
dinated carboxylic functional groups and unsaturated copper
ions. Keskin [21] reported that a microporous metal imidazo-
late framework (MMIF) had high CO; affinity, which can be
attributed to the strong interactions between CO, molecules
and the unsaturated metal sites of MMIF. Wu et al. [22] re-
ported a detailed study of CO, adsorption by Mg-MOF-74
and Cu3(BTC),, and their results showed that the unsaturated
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metals had strong enough affinity toward CO, for it to prefer-
entially adsorb CO, over CHy during the dynamic separation.

In Cu3(BTC),, one water molecule is coordinated to the
copper, pointing towards the center of the larger pores (hy-
drophilic, diameter ~0.9 nm) (Figure 1c) [23]. The coordi-
nated water molecules are removed in vacuum, creating unsat-
urated, accessible Cu centers that can act as Lewis acid sites
[24] (Figure 1a). Llewellyn et al. [25] reported that the high
heats of adsorption of CO; (44 and 63 kJ/mol for MIL-101
and MIL-100, respectively) at low coverage are caused by the
coordination of CO, onto Lewis acid chromium sites. Ha-

mon et al. [26] presented experimental data of the separation
of CO,/CH4 mixtures using Cuz(BTC), powder, which sepa-
rated CO, very efficiently.

In this work, we studied two representative MOFs:
Cu3(BTC), [27] and MOF-5 [28], the former containing un-
saturated metal sites (Figure 1a) and the latter containing none
(Figure 1b). Our study examined how these unsaturated metal
sites influence CO,/CH4 separation. We also attempted to
separate CH4/N; by measuring breakthrough curves, because
most published work so far on separating this mixture used
molecular simulations instead of experiments [29—31].

Unsaturated
metal sites

No unsaturated

®

metal sites

Figure 1. Cluster of MOFs: (a) Cuz(BTC); and (b) MOF-5; Unit cell crystal structures of the two MOFs viewed along the [100] direction: (c) Cu3(BTC); and

(d) MOF-5

2. Experimental

2.1. Synthesis of MOF-5 and Cu3(BTC);, and particles prepa-
ration

MOF-5 was synthesized following the procedures similar
to those in our previous report [32], and Cu3(BTC), was syn-
thesized based on the procedures reported previously in the
literature [33]. MOF-5 and Cu3(BTC), were then calcined for
10 h at 250 °C and 140 °C, respectively.

Particles with diameters of 180-380 pm (Figure 2) were
obtained by pressing MOF-5 or Cu3(BTC), powder (at 3, 5
or 10 MPa) into a solid disc, keeping pressure for 1—1.5 min,
and then crushing and sieving to obtain particles of a certain
size.

MOF-5

Cu3(BTC),
Figure 2. Particles of MOF-5 (white) and Cu3(BTC), (blue) as prepared
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2.2. Characterization

The crystallinity of each sample was examined by X-ray
powder diffraction (XRD, Rigaku Mini Flex II) with Cu K,
radiation, operated at 30 kV and 15 mA, scanned over 5°—40°
(20) at a rate of 8 °/min. The sample morphology was ex-
amined by scanning electron microscopy (SEM, Rigaku TM-
3000), operated at 15.0kV. The samples were coated with
gold before observation to increase their conductivity. The
pore-texture properties of MOF-5 and Cu3(BTC), particles
were measured using a Micromeritics ASAP 2020 adsorp-
tion porosimeter at 77 K. The specific Langmuir area and
Brunauer-Emmet-Teller (BET) surface area, pore volume, and
pore size distribution were obtained from N, isotherms mea-
sured.

2.3. Gas adsorption experiments

The purity of carbon dioxide was 99.999%, methane was
99.95%, and nitrogen was 99.999%. The adsorption isotherms
of CO,, CH4 and N, were recorded under high pressure by an
Intelligent Gravimetric Analyzer (IGA 001, Hiden, UK). Each
sample used for these purposes was about 50 mg. The samples
were activated by outgassing them overnight at 423 K under
high vacuum until no further weight loss was observed. Each
adsorption/desorption step was allowed to approach equilib-
rium over a period of 20-30 min, and all the isotherms for a
particular gas were measured using a single sample.

2.4. Separation of gas mixtures

Breakthrough experiments were performed in a stain-
less steel column with a length of 150 mm and an internal
diameter of 9 mm. We packed this column with 4.3131 g
of MOF-5 or 4.7718 g of Cu3(BTC),. Our experimental
setup [7] allows for in situ activation of the adsorbent under
pure He (99.999%) flow, after which He is switched to feed
gas to ready the system for breakthrough experiments. Be-

MOF-5
LA A

4 / A 5 MPa

J J J A 3 MPa
J / J A A . Activated

) ’| A Synthesized

5 10 15 20 25 30 35 40
20/(°)

10 MPa

Intensity

fore flowing it into the adsorption column, the feed gas was
bubbled into an equilibrium column for 5-10 min until the
flow stabilized. We then measured the breakthrough separa-
tion at 298 K and atmospheric pressure. CO,/CH4 mixtures
(50%/50%, 40%/60%) were tested at flow rates of 16.6 and
30 mL/min, while CH4/N, mixtures (55%/45%) were tested
at 4.2 and 16.6 mL/min. These flow rates were regulated by
mass flow controllers (measuring range: 0—100 mL/min). The
gas stream was analyzed by gas chromatography at the outlet
of the column. Table 1 shows the charging characteristics of
the adsorption column.

Table 1. Charging characteristics of MOF-5 and Cu3(BTC),
Quality

Density Bulk density

Samples (&) (calculated) (g/cm?) (g/cm?) Porosity
MOF-5 4.3131 1.158 [34] 0.4522 0.609
Cu3(BTC), 4.7718 1.22 [27] 0.5003 0.560

3. Results and discussion

3.1. Particles preparation and adsorbent characterization

To prevent large pressure drops while separating gas mix-
tures, the adsorption column should not be filled with pow-
der. Additionally, similar to industrial separation processes,
the powder must be shaped into particles or extrudates of sta-
ble aggregated crystals [12]. Therefore, in this work we inves-
tigated the effects of various granulation pressures on the ad-
sorbent structure by XRD (Figure 3). For both as-synthesized
MOF-5 and Cu3(BTC),, the positions and relative intensities
of their diffraction peaks matched well with the reported val-
ues [32,33]. Figure 3 shows XRD patterns of two powders,
and each of them was pelletized under different pressures. As
shown in Figure 3, the peak positions of the pressed samples
agreed well with those of the as-synthesized samples, how-
ever, the relative diffraction intensities weakened as the pres-
sure increased, and the skeleton collapsed at 10 MPa. Figure 3

Cuy(BTC),

WA 10 MPa

A 5 MPa
z
g 4
= 3 MPa

A A A LA Activated

Synthesized N

5 10 15 20 25 30 35 40
20/(°)

Figure 3. XRD patterns of synthesized, activated material and the corresponding patterns under different pressing conditions. (a) MOF-5, (b) Cuz(BTC),
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5
Figure 4. SEM images of MOF-5 (a) and Cu3(BTC); (b) crystals prepared in this work

also shows XRD patterns of pelletized Cu3(BTC),. These
samples performed similarly when pelletized at pressures of
3 or 5 MPa, while the skeleton collapsed at 10 MPa. These
data show that the skeleton becomes increasingly damaged
as the pelletization pressure increases. Thus, we used the
samples pelletized at 3 MPa for the gas separation exper-
iments. Figure 4 show the morphologies of MOF-5 and
Cu3(BTC); crystals prepared in this work. Figure 4(a) shows
that the large MOF-5 crystals were cube-shaped with dimen-
sions of approximately 30 pum. Figure 4(b) shows that most
of Cu3(BTC), samples had octahedral morphology and diam-
eters of 10—20 pm.

We studied the pore properties of these materials by ana-
lyzing their nitrogen adsorption isotherms at 77 K (Figure 5).
Their BET surface areas, Langmuir surface areas and pore
volumes are given in Table 2. Compared with powders in the
literature [32,33], our pelletized particles had lower specific
surface areas and pore volumes due to partial blocking of the
pores.

Table 2. Textural properties of sample particles

Samples BET SA Langmuir SA Pore volume
(m*/g) (m*/g) (em*/g)
MOF-5 particles 620.6 816.8 0.30
Cu3(BTC); particles 452.2 595.9 0.28

3.2. Gas sorption isotherm measurements

We measured CO,, CHy and N, adsorption and desorp-
tion isotherms at 298 K up to 1.0 MPa (Figure 6). Our samples
exhibited rapid desorption, and the adsorption and desorption
isotherms of each specimen coincided. Within the pressure
range we studied, CO, was adsorbed firstly, then CHy4, and
finally N,. Additionally, the initial slopes of methane and ni-
trogen isotherms were much smaller than that of CO,. We
found that MOF-5 particles pelletized at 3 MPa had much
lower adsorption capacity than the original powder. Pelletiz-
ing can deactivate part of the material because it can partially
block the pores and reduce pore volume.

Figure 6 shows CO,, CH4 and N, adsorption and des-
orption isotherms of Cu3(BTC), particles. Similar to MOF-
5, Cu3(BTC); particles pelletized at 3 MPa had much lower
adsorption capacity than the original powder. Because the
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Figure 5. N, adsorption isotherms of samples at 77 K and pore size distribu-
tions calculated by Horvath-Kawazoe Model
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unsaturated accessible metal sites adsorb CO, more readily
[13,22], partial blockage of the pores and reduced pore vol-
ume prevent some interaction with the originally accessible
Cu sites in the large pores. However, the absorption capacities
of CHy4 and N; remained almost unchanged after pelletization.
Thus, we infer that the unsaturated, accessible metal sites in-
teract predominantly with CO; molecules rather than CHy and
N».
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Several groups have studied different gases adsorption
isotherms on MOF-5 and Cu3(BTC);, [35—38]. For compari-
son, their capture capacities for CO, and CHy, and the results
obtained in this work are shown in Table 3. It can be seen that
the gases capacities on MOF-5 powder were larger than those
on MOF-5 particles. And the capture capacities of Cuz(BTC),
for CO, and CH4 were affected by their synthetic route and
pelleting method.
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Figure 6. CO,, CH4 and N; adsorption (solid) and desorption (hollow) isotherms of MOF-5 and Cu3(BTC), samples at 298 K and 1.0 MPa

Table 3. Capture capacities of MOF-5 and Cuz(BTC); for CO,, CH4 and N,

Pressure Temperature Capture capacities (cm®/g STP)
Samples (MPa) ) co, CH, N Reference

MOF-5 particles 0.1 298 43.0 13.8 4.2 this work

MOF-5 particles 1.0 298 110.2 61.4 29.3 this work

MOF-5 powder 0.1 298 47.0 - - [35]

MOF-5 powder 1.0 298 - 85.4 - [36]
Cu3(BTC), particles 0.1 298 56.1 20.4 7.8 this work
Cu3(BTC); particles 1.0 298 125.2 70.5 35.2 this work

Cu3(BTC), tablet 0.1 308 69.4 14.1 - [37]
Cu3(BTC); extrudate 0.1 303 80.6 15.7 - [38]
3.3. Dynamic separation performance: MOF-5 and This behavior occurred because CHy is the lighter component,
Cu3(BTC), having relatively weak molecular interactions, and CO; is the

We performed breakthrough experiments in a column
packed with particles of MOF-5 or Cu3(BTC), and fed
different mixtures of CO,/CH4 or CH4/N,. All the experi-
ments were conducted at 298 K and atmospheric pressure.

3.3.1. Separation of CO2/CH4

Figures 7 and 8 show the CO,/CHy separation data we
collected. The parameters chosen for this experiment are rep-
resentative of a broad range of conditions. Showing more ex-
periments is worthwhile to better understand how the feed
conditions affect the breakthrough and the flow profiles as
well as to illustrate the validity of the fitted transport parame-
ters over our entire experimental range.

CH,4 broke through the adsorption column firstly, support-
ing that CHy was adsorbed the least by the materials tested.

heavier component, having relatively strong molecular inter-
actions. For 40%/60% CO,/CH4 mixture, CH4 breakthrough
curve exhibited roll-up, where the flow rate at the column exit
exceeded the feed flow rate for some period of time. This phe-
nomenon can be explained by the partial desorption of CHy
due to the adsorption of CO,, which causes CH4 flow rate to
rise above the feed flow rate.

Figures 7 and 8 show the breakthrough curves of MOF-
5 and Cu3(BTC), at 298 K and atmospheric pressure. For
40%/60% CO,/CH4 at 16.6 mL/min and using MOF-5, the
breakthrough time of CO; was 10.2 min and that of CHy
was 4.6 min. For Cuz(BTC), with the same gas parame-
ters, the breakthrough time of CO, was 10.0 min and that of
CH4 was 3.5 min. Thus, the differences in breakthrough time
for the two gases for MOF-5 and Cuz(BTC), were 5.6 and
6.5 min, respectively. The difference between these two times
indicates that Cu3(BTC); separated the gas mixture slightly
better than MOF-5 at 298 K and atmospheric pressure. The
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improved separation by Cu3(BTC), can be attributed to the
strong interactions between CO, molecules and its unsatu-
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Figure 7. Separation of CO,/CH,4 mixture (40%/60%) at 298 K and atmospheric pressure under different flow rates: (a,b) MOF-5 and (c,d) Cu3(BTC);
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Figure 8. Separation of CO,/CH,4 mixture (50%/50%) at 298 K and atmospheric pressure under different flow rates: (a,b) MOF-5 and (c,d) Cu3(BTC);
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Comparing different gas mixtures rates, we found that
40%/60% CO,/CH4 can be separated more efficiently than
50%/50% CO,/CH4 in MOF-5 and Cu3(BTC),. Figures 7
and 8 also show that the flow rate of the feed gas greatly
affected the separation efficiency. When flow rate increased,
the breakthrough times of CO, and CHy through the adsorp-
tion column shortened, as the balance time did. Thus, increas-
ing the flow rate increased the throughput of the adsorbent in
the feed gas, however, the separation efficiency at higher flow
rate was not as good as that at slower rates. Table 4 shows
the breakthrough times of CO, and CH4 under different con-
ditions.

3.3.2. Separation of CH4/N>

The separation of CH4/N; was similar to that of
CO,/CHy4. Figure 9 shows the separation of 55%/45%
CH4/N; under various flow rates at 298 K and atmospheric
pressure. For MOF-5 and a flow rate of 4.2 mL/min, the
breakthrough time of CH4 was 11.6 min and that of N, was
7.9 min. For Cu3(BTC);, the breakthrough time of CHy was
9.0 min and that of Ny was 6.2 min. Thus, the differences
in breakthrough time for the two gases for MOF-5 and
Cuz(BTC); were 3.7 and 2.8 min, respectively. These results
clearly show that MOF-5 separated 55%/45% CH4/N; better
than Cu3(BTC); at 298 K and atmospheric pressure. We con-
clude that the presence of unsaturated metal sites had almost
no effect on the separation of CH4/N>. However, Cu3(BTC),

100
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g %0 (a)
=
2 r
g 6ot
E L
g L
g L
2 40l
= L
20
NZ
[ —°—CH,
o S NP9 A
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Volume fraction (%)
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has smaller pores than MOF-5 (1.4 nm) [23], which slows
CHy4 diffusion. Thus, MOF-5 aperture was more suited for
CH4/N; separation.

Table 4. Breakthrough time of CO, and CH4 on MOF-5,
Cu3(BTC); under different conditions

Flow rate Breakthrough time (min)

Samples  COo/CHs | miny ~CH; €O,  CO,—CHy
MOE-5 40%/60% 16.6 4.6 10.2 5.6
30.0 2.5 5.5 3.0
50%/50% 16.6 5.2 10.6 54
30.0 2.9 5.6 2.7
Cu3(BTC), 40%/60% 16.6 3.5 10.0 6.5
30.0 2.0 5.3 33
50%/50% 16.6 4.0 9.5 5.5
30.0 2.2 5.1 2.9

Table 5. Breakthrough time of CH4 and N on MOF-5 and
Cuz(BTC); under different flow rates

Samples Flow rate Breakthrough time* (min)
(mL/min) N, CHy4 CH4—N,

MOEF-5 4.2 7.9 11.6 3.7

16.6 2.2 3.8 1.6

Cu3(BTC), 4.2 6.2 9.0 2.8

16.6 1.8 2.8 1.0

*CHy4/Ny = 55%/45%

Table 5 also shows the breakthrough times of CH4 and
N, at different flow rates for MOF-5 and Cu3z(BTC),. When
the flow rate increased, the breakthrough time of CH4 and N;
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Figure 9. Separation of CH4/N; (55%/45%) mixture at 298 K and atmospheric pressure under different flow rates: (a,b) MOF-5 and (c,d) Cu3(BTC);
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through the adsorption column shortened, and the throughput
of the adsorbent in the feed gas increased. However, the sepa-
ration efficiency decreased at higher flow rate. Therefore, the
implications of the flow rate of feed gas must be fully consid-
ered in the future.

4. Conclusions

In this paper we separated CO,/CH4 and CH4/N; mix-
tures under dynamic conditions using a column packed with
MOF-5 or Cuz(BTC), particles. Our results showed that
Cu3(BTC); separated CO, from CO;,/CH4 mixtures at 298 K
and atmospheric pressures slightly better than MOF-5. For
this mixture, we concluded that the unsaturated accessible
metal sites predominantly interacted with CO, molecules,
making Cuz(BTC), more conducive to capture CO;. Con-
versely, MOF-5 separated CH4/N, more efficiently than
Cuz(BTC);,. For this mixture, we concluded that the unsat-
urated metal sites barely affected the separation of CH4/N>,
and MOF-5 aperture was more suited for CH4/N, separation
under the conditions studied. However, Cu3(BTC), had lower
breakthrough times for all gas mixtures. This behavior was
caused by the unsaturated metal sites in Cuz(BTC), which
fill with CO, more quickly, and also because CHs and Nj
molecules suffered a stronger steric effect in the side pockets.
These results supported the idea that appropriate adsorbents
must be chosen when considering different gas mixtures.
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