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e Amination of the open metal sites in

Mg-MOF-74 leads to retardation of

CO, and doubles the selectivity for

H,/CO, separation. -
e The size of Mg-MOF-74 crystals in
membrane can be reduced after
optimization of synthesis solution.
Only by using MgO as seeds, a dense
and continuous Mg-MOF-74 layer
could be obtained.
The selectivity of the Mg-MOF-74
membrane for H,/CO, is far above
the Robeson bound.
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Mg-MOF-74 has attracted intense attention due to its high CO, uptake ability. In this work, a new
strategy by using magnesium oxide as seeds was developed to synthesize a dense, defect-free Mg-MOF-
74 membrane with hydrogen-selectivity. The mixed gas separation factor of H,/CO, mixture could be
improved by the post-modification of the Mg-MOF-74 membrane with ethylenediamine, since the
modification with amine groups enhanced the strong adsorption of CO, molecules, which reduces the
permeance of CO,. The separation factors for both as-synthesized and amino-functionalized Mg-MOF-74
membranes reduce gradually with increasing temperature. After amination of the open Mg sites, the
separation performance of the Mg-MOF-74 membrane was remarkably enhanced, and the H,/CO,
selectivity increased from 10.5 to 28 at room temperature.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

As a high-quality and clean energy carrier, hydrogen has
attracted renewed and increasing attention around the world in
recent years. Currently, the majority of hydrogen is produced by
steam-methane reforming (SMR) followed by a water-gas shift
(WGS) strategy. Before hydrogen can be used in fuel cell, it has to
be purified from the resulting SMR gas mixture which mainly

* Corresponding authors. Tel.: +49 511762 3175; fax: +49 511 762 1912.
E-mail addresses: huangaisheng@nimte.ac.cn (A. Huang),
juergen.caro@pci.uni-hannover.de (J. Caro).

http://dx.doi.org/10.1016/j.ces.2014.10.037
0009-2509/© 2014 Elsevier Ltd. All rights reserved.

contains CO,. Also in the pre-combustion technology of CO,
sequestration, Hp-selective membranes are desired. In the case of
pre-combustion CO, capture, H,-selective membranes can be
applied at moderate temperatures (150-250 °C) in a one-step
separation process. This approach offers the advantages that
(i) the mixture of CO, and H, has already a high pressure, and
that (ii) the application of selective H,-permeable membranes
can deliver CO, at high pressure, thus reducing compression costs.
Therefore, the separation of H, from CO, is of high interest.
Compared with conventional separation methods such as pressure
swing adsorption (PSA), membrane separation is the most pro-
mising alternative because of its low energy consumption,
ease of operation, and cost effectiveness (Rostrup-Nielsen and
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Fig. 1. Scheme of the synthesis of Mg-MOF-74 membrane on MgO-seeded Al,O5; supports and amine-modification of the as-prepared Mg-MOF-74 membrane.

Rostrup-Nielsen, 2002; Brown et al., 2014; Rodenas et al., 2014).
Inorganic membranes like zeolites, Pt-alloys and carbon are of
special interest since — different to organic polymer membranes —
they can be operated under harsh separation conditions. In the
recent 20 years, various hydrogen permselective inorganic mem-
branes have been developed for the separation of H, from CO,
(Shiflett and Foley, 1999; Uemiya et al., 1991; Ockwig and Nenoff,
2007; de Vos and Verweij, 1998; Hong et al., 2008; Huang et al.,
2010). However, the preparation of highly H,-permselective mem-
branes is still a challenge.

Metal-organic frameworks (MOFs), which consist of metal ions
or metal oxide clusters interconnected by anionic organic linkers,
have attracted intense attention for potential applications in cata-
lysis, separation, gas adsorption and gas storage due to their well-
defined pore structure and specific adsorption affinities. (Yaghi
et al., 2003; Seo et al,, 2000; Ranjan and Tsapatsis, 2009; Lu and
Hupp, 2010; Hermes et al., 2005; Zhao et al., 2009; Yoo et al., 2009;
Li et al., 2010; Huang et al., 2012; Liu et al., 2013) Magnesium
dioxybenzenedicarboxylate (Mg-MOF-74 or Mg/dobdc, also known
as CPO-27-Mg, hereafter termed Mg-MOF-74) (Rosi et al., 2005),
one of the iso-structural compounds of Msy(dhtp)(H,0),-8H,0
(M-MOF-74, M=Nj, Co, Zn, Mg, Mn, dhtp=dihydroxyterephthalic)
(Dietzel et al., 2005, 2008, 2006; Britt et al., 2009) is under intense
investigation due to its significantly high CO, adsorption capacities.
(Ranjan and Tsapatsis, 2009; Dietzel et al., 2009) Mg-MOF-74 is
built up by the linkage of the Mg?* ions with 2,5-dioxido-1,4-
benzenedicarboxylate (DOBDC), where the metal ions build a
distorted octahedron and the carboxylate groups act as ligand
of the metal cations, to form a well-defined hexagonal, one-
dimensional (1D) pore structure with a pore diameter of about
11 A (Caskey et al., 2008; Bétard et al., 2010).

Attributing to the unique feature of its framework structure,
where metal cations are bonded with five oxygen atoms to form a
square-pyramid coordination, and the unsaturated metal sites in
the center of the square plane are free to interact with CO,
molecules, Mg-MOF-74 has a high CO, adsorption capacity
(380mg CO,/g at room temperature under dry conditions)
(Yazaydin et al., 2009). Due to its high gas adsorption ability,
many studies have been focused on the gas separation efficiency of
Mg-MOF-74 (Mason et al., 2011; Yang et al., 2012; Dietzel et al.,
2010; Herm et al., 2012; Yu and Balbuena, 2013; Bohme et al.,
2013; Mundstock et al., 2013).

Although there are numerous of studies of Mg-MOF-74 pow-
ders on the gas adsorption incl. simulation (Kong et al., 2012;
Dzubak et al., 2012; Remy et al., 2013), to date no Mg-MOF-74
membrane with successful gas separation performance has been
reported. In a first attempt, a supported Mg-MOF-74 membrane
with a mean tilt angle of 31° of the 1D pore system from the

direction perpendicular to the membrane surface could be devel-
oped (Mundstock et al., 2013). Lee et al. (2012) have prepared a
Ni-MOF-74 membrane by using the layer-by-layer synthesis
technique with a H,/CO, selectivity of 9.1 at 25 °C. Bae and Long
(2013) used Mg-MOF-74 nanocrystals in mixed-matrix mem-
branes to improve the CO,/N, selectivity of the polymer mem-
brane. In the present work, we have developed a new strategy by
using magnesium oxide as seeds to synthesize a dense, defect-free
Mg-MOF-74 membrane for gas separation. Moreover, the post-
synthesis modification with ethylenediamine, which was devel-
oped by Choi et al. (2012), was employed to improve its gas
separation efficiency (Fig. 1). When preparing supported MOF
membranes with a 1D pore system, the orientation of the pores
in a suitable direction remains a challenge as addressed for the
first time for the Mn formate membrane (Arnold et al., 2007).

2. Experimental
2.1. Materials

Chemicals were used as received. 2,5-dihydroxyterephthalic
acid (Hadobdc, 98%, Aldrich), magnesium nitrate hexahydrate
(99%, Sigma-Aldrich), magnesium oxide (99.9%, ChemPur), poly-
ethyleneimine (branched, avg MW~ 25000 by LS, Aldrich), ethy-
lenediamine ( > 99%, Sigma-Aldrich), toluene ( > 99.8%, Acros), N,
N-dimethylformamide (DMF, water < 50 ppm, Acros), ethanol
(>99.8%, Sigma-Aldrich). Porous a-Al,03 disks (Fraunhofer Insti-
tute IKTS, former HITK/Inocermic, Hermsdorf, Germany: 18 mm in
diameter, 1.0 mm in thickness, 70 nm particles in the top layer)
were used as supports.

2.2. Preparation of Mg-MOF-74 membranes

2.2.1. Seeding on the support surface

The seeding suspension was prepared by adding 1.5 g MgO and
1.2 g polyethyleneimine (PEI) in 100 mL water. PEI was used to
ensure that the MgO particles ( <50 nm) adhered to the support
surface. The suspension was then stirred overnight, and the
a-Al,03 supports were dipped in the seeding suspension by using
an automatic dip-coating device with a dip- and withdraw-speed
of 300 and 100 mm/min, respectively. The seeded supports were
then air-dried at 100 °C overnight.

2.2.2. Synthesis of Mg-MOF-74 membrane

The Mg-MOF-74 membrane was prepared by a solvothermal
reaction. Mg(NOs),-6H,0 (0.2375 g, 0.925 mmol) and Hydobdc
(0.1011 g, 0.509 mmol) were added to a 15 mL solution which was
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prepared by mixing DMF, water and ethanol with a volumetric
ratio of 15:1:1. The MgO-coated supports were then placed
vertically in a Teflon-lined stainless steel autoclave which was
filled with the synthesis solution and then heated at 120 °C in an
air-conditioned oven for 24 h. After solvothermal reaction, the
Mg-MOF-74 membranes were washed with DMF three times, and
then dried in air overnight.

2.2.3. Post-modification of the membrane

The as-prepared Mg-MOF-74 membranes were treated with
ethylenediamine (0.5 g in 10 mL toluene) at 110 °C for 2 h under
reflux in argon atmosphere. The membranes were then directly
removed from the solution and dried in argon at room temperature.

2.3. Characterization

Scanning electron microscopy (SEM) micrographs were taken
on a JEOL JSM-6700F with a cold field emission gun operating at
2kV and 10 pA. The X-ray diffraction (XRD) patterns were
recorded at room temperature under ambient conditions with
Bruker D8 ADVANCE X-ray diffractometer with CuKa radiation at
40 kV and 40 mA. FT-IR spectrums were recorded with a Tensor 27
instrument (Bruker) through KBr pellets using Ar/Xe laser line
with 1=633 nm.

2.4. Evaluation of single gas permeation and mixed gas separation

The as-prepared and amine-modified Mg-MOF-74 membranes
synthesized on MgO-seeded a-Al,03 supports at 120 °C for 24 h were
evaluated by single gas permeation and mixture gas separation with
Wicke-Kallenbach (Huang et al., 2010). For the measurements of gas
separation performances, the supported Mg-MOF-74 membrane was
sealed in a permeation module with silicone O-rings. The mounting
of the membranes into the housing was done in a glove box under
argon to avoid the influence of humid air. According to the Wicke-
Kallenbach technique, on both sides of the membrane was atmo-
spheric pressure, N, was used on the permeate side as sweep gas,
except for the measurement of N, permeance where CH,4 was used as
sweep gas. The flow rate on the feed side was kept constant for each
gas with 50 mL min~—!, and the flow rate on the permeate side was
kept at 50 mL min~"' as well. The fluxes of both the feed and sweep
gas were controlled by mass flow controllers, and a calibrated gas
chromatograph (HP6890) was used to detect the gas concentrations
on the permeate side. The gas chromatograph (GC) was calibrated
every week anew with standard gas mixtures. The accuracy of the GC
analysis of our H,/CO, mixture with TCD detection is about + 5 vol%.
The permeance P is obtained by division of the flux by the
transmembrane pressure difference, as shown in Eq.(1), where n is
the amount of gas in mol, A is the membrane area, t is the
permeation time, and Ap is the pressure difference. The separation
factor a;; of a binary mixture permeation is defined as the quotient of
the molar ratios of the components (ij) in the permeate, divided by
the quotient of the molar ratio of the components (ij) in the
retentate, as show in Eq. (2). Since less than 1% of the feed gas pass
the membrane, the retentate composition is de facto identical with
the feed composition.

n

P:AxtxAp M

Vi perm /Yj perm
Ajjj=— (2
i Yi,ret/yj,ret

Originally, the Wicke-Kallenbach method has been developed
for the determination of CO, surface diffusion with N, as sweep
gas (Wicke and Kallenbach, 1941). It could happen therefore in our

case that the adsorption of nitrogen on the permeate side of the
membrane would falsify the separation factor, also the counter-
diffusion of the sweep gas to the feed side can happen. Therefore,
to prove the feasibility of the Wicke-Kallenbach technique, gas
permeation measurements were also carried out without sweep
gas. In one scenario, the feed side was at 1 bar, and the permeate
side was at reduced pressure (vacuum). In another case, scenario 2,
the pressure on the feed side was 2 bar, and the pressure on the
permeate side was 1bar. It was found that the fluxes of the
components of the feed gases were increased in scenario 1 and
decreased in scenario 2. This experimental finding can be under-
stood by modified concentrations gradients over the membrane as
driving force for permeation. However, the mixture separation
factors kept almost unchanged (less than + 5%).

We have also excluded another source of experimental errors.
Before every gas permeation measurement, the membranes were
first activated in situ at 100 °C by using 50 mL min~'H, in the
Wicke-Kallenbach permeation apparatus. All permeation data
were collected in steady state of permeation after at least 5h
equilibration time. Sometimes, after 5h equilibration time we
waited for another 12 h. Since there was no change in the
permeation data, we assume that the H,/CO, mixed gas system
was in steady state after 5 h.

The apparent activation energy E,, of permeation can be
calculated according to the Arrhenius equation (Eq. (3)), where P;
is the permeance of component i, P? is the pre-exponential factor,
R is the ideal gas constant (8.314Jmol 'K~'), and T is the
temperature in Kelvin. Then E,, has been determined through
the slope of the plot, which is obtained from the straight line of
InP; against T~! (Li et al., 2010) (see Section 3.4. Results of single
gas permeation and mixture gas separation).

E
P; :P?exp(—%}‘) 3)

3. Results and discussion
3.1. Effects of the synthesis solution on the membrane preparation

We first tried to grow a Mg-MOF-74 membrane following
Caskey’s recipe with a solution composition of 3.3 equiv. Mg
(NO3);-6H,0: 1 equiv. Hydobdc (Caskey et al., 2008). However,
we failed to prepare a continuous Mg-MOF-74 membrane after
solvothermal synthesis for 24 h at 120 °C. As shown in Fig. 2(a),
the crystals are too large to intergrow to a continuous layer, and
big inter-crystalline gaps are easily observed in the Mg-MOF-74
layer. In order to control the size of the Mg-MOF-74 crystal and to
avoid inter-crystalline voids, we modified the chemical composi-
tion of the synthesis solution by adjusting the ratio of Mg?* and
the dobdc®~ linker. By use of the new recipe with a solution
composition of 1.8 equiv. Mg(NOs), - 6H,0:1 equiv. Hydobdc, the
size of Mg-MOF-74 crystals can be remarkably reduced, and thus
the crystals become well intergrown and form a dense Mg-MOF-
74 membrane on the alumina support (Fig. 2(b)). XRD pattern of
the Mg-MOF-74 membrane further confirms that the as-
synthesized layer is a pure Mg-MOF-74 phase after the adjustment
of the synthesis solution.

Due to the poor heterogeneous nucleation of Mg-MOF-74
crystals on the alumina support surface, it is difficult to form a
continuous Mg-MOF-74 layer simply by in-situ hydrothermal
synthesis. Fig. 3(a) shows the Mg-MOF-74 membrane prepared
directly on the un-modified alumina support. It can be seen that
the crystals don’t grow into a dense membrane layer, and inter-
crystalline gaps can be observed between the Mg-MOF-74 crystals.
Therefore, we tried to improve their intergrowth by pre-coating
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Fig. 2. Top view SEM images of Mg-MOF-74 membranes prepared on a-Al,O3 supports (a) before and (b) after the optimization of the synthesis solution (a cross-section of

membrane (b) is shown in Fig. 6(b)).

Intercrystalline

gaps

Fig. 3. Top view SEM images of Mg-MOF-74 membranes prepared (a) directly on the a-Al,03 support and (b) on MgO-seeded a-Al,03 support at 120 °C for 24 h.

the alumina substrate surface with MgO seeds, which are expected
to promote both nucleation and growth of the Mg-MOF-74 layer.
As shown in Fig. 3(b), the membranes prepared on MgO-seeded
a-Al,03 supports are indeed dense and no inter-crystalline voids
can be observed. In the present work, MgO powders ( <50 nm)
were coated on the surface of the support with the help of PEI, and
served as nucleation centers which released Mg?™* ions into the
synthesis solution, thus promoting the following growth of
the Mg-MOF-74 crystals. After the synthesis of the membranes,
the MgO seeds have transformed fully into the Mg-MOF-74. On the
one hand, we cannot see any MgO seeds from the cross-section
view of the membrane. On the other hand, the XRD patterns
(Fig. 4) also indicate that the peaks of MgO disappeared after the
membrane was grown on the support. Before choosing the MgO as
seeds, we have also tried using Mg-MOF-74 nano crystals as seeds.
However, these membrane preparations on the Mg-MOF-74-
seeded supports, either by seeding in DMF or in ethanol, were
not successful. The crystals grew too fast to large 10 um sized
crystals, and intercrystalline cracks were unavoidable.

3.2. Effects of the synthesis time

With the secondary growth method, the effect of the synthesis
time on the membrane microstructure was followed. Fig. 5 shows
SEM images of the Mg-MOF-74 membranes prepared on MgO-
seeded a-Al,03 supports for different synthesis times at 120 °C.
As shown in Fig. 5(a), after 12 h, the alumina support surface has
been covered by separate Mg-MOF-74 crystals. As the synthesis

—— Mg-MOF-74 membrane
—— MgO seeds on support

Intensity

M [0)
30 35 40 45 50
20/ degrees

Lj
i g0 . Mg

Fig. 4. XRD patterns of MgO seeds on the Al,03 support and synthesized Mg-MOF-
74 membranes.

time increases to 20 h, more Mg-MOF-74 crystals are attached to
the substrate and gradually form a thin and continuous layer,
although there are still observable inter-crystalline gaps between
the Mg-MOF-74 crystals (Fig. 5(b)). A dense Mg-MOF-74 mem-
brane can be formed if the synthesis time increases up to 24 h.
It can be seen that the support surface was completely covered by
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Mg-MOF-74
aggregates
after 30 h

Fig. 5. Top view SEM images of Mg-MOF-74 membranes prepared on MgO-seeded a-Al,03 supports at 120 °C for different synthesis times: (a) 16 h, (b) 20 h, (c) 24 h and

(d) 30 h (for the XRD see Fig. 6).

uniform Mg-MOF-74 crystals with a grain size of about 10 um, and
no cracks or other macroscopic defects are visible (Fig. 5(c)). By
further extending the synthesis time to 30 h, more Mg-MOF-74
crystals agglomerate on the as-prepared membrane, resulting in a
rough membrane surface (Fig. 5(d)). The evolution of the Mg-MOF-
74 membrane formation is also characterized by XRD, as shown
in Fig. 6, compared with the XRD patterns of Mg-MOF-74
powder (Fig. 6(a)). After an elapse of 16 h, the first peaks of the
Mg-MOF-74 crystals have been detected on the support surface
(Fig. 6(b)). The heights of the Mg-MOF-74 diffraction peaks
relative to the a-Al,03 support increase with synthesis time, which
indicates that the thickness of the membrane increases with time.
After 24 h, the heights of the Mg-MOF-74 peaks relative to the
a-Al,03 support remain unchanged, which indicates that the
Mg-MOF-74 crystals completely have covered the surface of the
substrate (Fig. 6e). We conclude therefore, that 24 h at 120 °C is the
optimum synthesis condition for the preparation of Mg-MOF-74
membranes.

Unfortunately, in this special case, it is impossible to draw from
the XRD any conclusions about the crystal and - therefore -
channel orientation in the membrane by simply comparing the
XRD patterns of the isotropic powder and the membrane
(Fig. 6(a) and (e)). This is due to the fact that all dominant peaks
in the powder XRD pattern can be allocated to Miller indices
(-120),(030) and (—150) with I values of 0. Therefore, the
formation of a “crystallographic preferred orientation” (CPO) index
(Jeong et al., 2002) gives no information on the channel orienta-
tion in | direction. It has to be mentioned, that our XRD of the
supported Mg-MOF-74 is similar to the XRD of Ni-MOF-74 and
Zn-MOF-74 grown on alumina support (Bétard et al., 2010).

——30h

———24h

——20h

—12h .
—— powder

Intensity

(b)

(120)  (030)

©21) 5
@ ML«M_,M.MMMM

10 20 30 40
26/ degrees

Fig. 6. XRD patterns of Mg-MOF-74 membranes prepared on MgO-seeded a-Al,03
supports at 120 °C for different synthesis times: (b) 16 h, (c) 20 h, (d) 24 h and
(e) 30 h, compared with (a) the XRD patterns of Mg-MOF-74 powder. (m): Al,03
support, (not marked): Mg-MOF-74 (for the SEM see Fig. 5).
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Mg-MOF-74 membrane

Fig. 7. (a) Top view and (b) cross-section SEM images of the Mg-MOF-74 membrane prepared on MgO-seeded a-Al,03 supports at 120 °C for 24 h. The white channels in

(b) stand for the orientation of the 1 D pores in Mg-MOF-74 crystals.

— Mg-MOF-74
—— amine-modified Mg-MOF-74
120
®
g
s
£ 60
£
[}
5
= -CH,
0 -NH -NH,

T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenummer / cm’™

Fig. 8. FT-IR spectra of as-prepared and amine-modified Mg-MOF-74 crystals at
room temperature.

Fig. 7 shows the Mg-MOF-74 membrane prepared on a MgO-
seeded support for 24 h at 120 °C. From the cross-section view
(Fig. 7(b)), the membrane is well intergrown with a thickness of
about 10 um. The shown membrane top view and the cross-
section (Fig. 7) indicate that the crystals in the membrane show
no statistical arrangement on the support but rather a tilted
orientation with their trigonal axis perpendicular to the support.
Thanks to this, a major part of all the 1D channels, which run along
the c-axis of the trigonal structure, should be available for gas
separation. Because of this tilted orientation of the c-axis, a huge
amount of crystal planes and edges without an 1 0 value such as
(—120)and (03 0) are present and dominate the XRD as another
reason for the above mentioned problematic orientation determi-
nation via XRD.

3.3. Effects of the post-modification

The Mg-MOF-74 membranes prepared on MgO-seeded a-Al,03
supports were then post-modified with ethylenediamine. Fig. 8
shows the FT-IR spectra of non-modified and ethylenediamine-
modified Mg-MOF-74 membranes. Both two samples contain a
broad band at around 3450 cm~ ', which can be assigned to O-H
stretching vibrations of adsorbed water, and most of the bands in
the region from about 1600 to 800 cm ™! are due to the stretching
of the aromatic ring. Although lots of bands in the fingerprint
region cannot be recognized clearly due to the overlapping of

functional groups, some remarkable bands can still be distin-
guished. Compared with the FT-IR spectrum of non-modified
Mg-MOF-74, the FT-IR spectrum of ethylenediamine-modified
Mg-MOF-74 contains characteristic bands at 3370, 3285, 2932,
2814 and 1545 cm™ !, which match well with the FT-IR spectrum
of ethylenediamine (Bétard et al., 2010; Su et al., 2010; Chang et al.,
2003; Sabo et al., 2006). The bands shown at 3370, 3285 and
1545 cm™~"! are related to NH, vibration in the primary amine
group. The absorptions of the CH, groups of the aliphatic chains of
ethylenediamine are observed at 2935 and 2814cm ™! and are
attributed to the asymmetric and symmetric stretching vibrations
and deformation vibrations. The presence of -NH; and —CH, of the
aliphatic chain after the amine modification confirms that ethyle-
nediamine has been successfully grafted onto the Mg-MOF-74
crystals according to the recipe given in Choi et al. (2012). Judged
by the SEM image and XRD pattern (not shown here), both the
morphology and structure of the Mg-MOF-74 membrane remain
unchanged after the amine-modification.

3.4. Results of single gas permeation and mixture gas separation

The single gas permeances on the as-prepared and amine-
modified Mg-MOF-74 membranes at 25 °C and 1 bar as a function
of the kinetic diameter of the gas molecules are shown in Fig. 9,
and the inset gives the mixture separation factors for H, over other
gases from their equimolar mixtures. The single gas permeances
and ideal separation factors are summarized in Table 1, and the
permeation data for mixed gases are listed in Table 2.

It follows from Fig. 9 to Table 1 that the single gas permeances of
the as-prepared Mg-MOF-74 membrane follow the order: H, > CH, >
N, > CO,, with a H, permeance of 12 x 10"’ molm~2s~!Pa~ .
The mixture separation factor of H,/CO, with 10.5 is much higher
than those of Hy/CH4; (54) and H,/N, (3.8) (inset in Fig. 9). This
surprising experimental finding can be described by the diffusivity-
solubility model of permeation (Krishna and van Baten, 2011).
According to the rough estimate “permeation selectivity =adsorption
selectivity x diffusion selectivity”, a strong CO, adsorption over H,
could lead to a CO,-selective membrane. As reported previously
(Yazaydin et al., 2009), Mg-MOF-74 shows very high CO, capture
ability due to the unsaturated Mg?* site, thus CO- can be stored in the
pore structure Mg-MOF-74 especially. However, this strong CO,
adsorption reduces the CO, mobility over proportional so that the
Mg-MOF-74 membrane shows by the end a H, over CO, selectivity.

It is known that CO, interacts electronically also with amines
(Langeroudi et al., 2009; Serna-Guerrero et al., 2008; Planas et al.,
2013). It was our concept, therefore, to further enhance the H,/CO,
selectivity by increasing the adsorptive interaction of CO, by
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Fig. 9. Single gas permeances on the as-prepared and amine-modified Mg-MOF-74 membranes at 25 °C and 1 bar as a function of the kinetic diameter. The inset shows the
mixture separation factors for H, over other gases from equimolar mixtures (for the temperature dependence of the H,/CO, mixed gas selectivities see Fig. 10).

Table 1

Single gas permeation performances of the as-prepared and amine-modified Mg-MOF-74 membrane at 25 °C and 1 bar.

Gas;j; KC* As-prepared Mg-MOF-74 membrane Amine-modified Mg-MOF-74 membrane
Permeances (i) Permeances (j) Ideal separation Permeances (i) Permeances (j) Ideal separation
(molm~2s~1'Pa~1) (molm~2s~1Pa~ 1) factor (molm~2s~1Pa 1) (molm~2s~1Pa~1) factor

H,/CO, 4.7 11x10°8 1 28x107° 29

H,/CHy 2.8 1.24x 1077 22x10°8 5.6 8.2x10°8 14x10°8 5.8

Hy/N, 3.7 3.5x10°8 35 19x10°8 4.3

* KC: Knudsen constant.

Table 2

Mixed gas separation performances of the as-prepared and amine-modified Mg-MOF-74 membrane at 25 °C and 1 bar with 1:1 binary mixtures.

Gas;j; KC* As-prepared Mg-MOF-74 membrane Amine-modified Mg-MOF-74 membrane
Permeances (i) Permeances (j) Mixture separation Permeances (i) Permeances (j) Mixture separation
(molm~2s~'pPa~) (molm~2s~'pa~1) factor (molm~2s~'pa~1) (molm~2s~'Pa ) factor

H»/CO, 4.7 1.0x 1077 9.8 x107° 10.5 76x1078 2.7x107° 28

H,/CH,4 2.8 11x1077 21x10°8 5.4 75x10°8 13x10°8 5.8

Hy/N, 3.7 12x1077 33x107° 3.8 76x 1078 1.8x 1078 4.2

* KC: Knudsen constant.

amine-modification of prepared Mg-MOF-74 membrane. As
expected, after the amine-modification, due to the narrowed pore
size of MOF-74 the single gas permeances of Hp, CH; and N,
decreased slightly by only a factor of 1.5, 1.6, and 1.8, respectively.
However, the CO, permeance has been reduced by a factor of
4 from 11 x1078 molm 2s 'Pa~' to 28 x10"°molm 25!
Pa—!. As a result, the mixed separation factors of H, against CH,4
and N, remained almost unchanged after the amine-functionali-
zation, but the mixture separation factor of H,/CO, dramatically
increased from 10.5 to 28.

Due to the large pore size of about 11 A, the size-based
molecular sieve effect of Mg-MOF-74 was negligible. After the
amine-modification, the pore size of the membrane was narrowed,

but the pores are still large enough for the passage of small
molecules like H,, CH4 N, and CO,. Therefore, the mixture
separation factors of Hy/CH4 and Hy/N, do not change much when
the membrane is modified by the diamine. On the contrary, the
surface modification with amine groups has enhanced the strong
adsorption of CO, molecules, which in turn reduces the per-
meance of CO,, leading to an increase of the separation perfor-
mance of H, over CO,. As reported previously (Choi et al., 2012),
one side of the amine group of ethylenediamine is bound to the
open coordination sites of the Mg in the framework structure by
direct ligation, while the amine group on the other side remains
free in space (Hwang et al., 2008). Fig. 10 shows the mixture
separation factors for equimolar H,/CO, mixtures and the single
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Fig. 10. Mixture separation factors for H,/CO, from equimolar mixture (left) and single gas permeances of H, and CO, (right) on the as-prepared and amine-modified

Mg-MOF-74 membranes at 1 bar as a function of temperature.

Table 3
Activation energies of H, and CO, permeation for Mg-MOF-74 membrane before
and after amine-modification.

Activation energy E,. (kJ mol~1)

H, before amine-modification 7.65
H, after amine-modification 7.71
CO, before amine-modification 114
CO, after amine-modification 209

gas permeances of H, and CO, on the as-prepared and amine-
modified Mg-MOF-74 membranes at 1 bar as a function of
temperature from 25 to 100 °C. For both the as-synthesized and
amino-functionalized Mg-MOF-74 membranes the separation
factors reduce gradually with increasing temperature. How-
ever, the reduction of the separation factors for the modified
Mg-MOF-74 membrane was more remarkable since rising tem-
perature has reduced the preferential adsorption of CO, on the
amine groups. This trend is a good argument, that the interplay of
adsorption and diffusion dominates the gas separation perfor-
mance, rather than the size-based molecular sieving mechanism.
As temperature increases, less CO, becomes adsorbed and more
gas molecules can go through in the resulting free volume, leading
to an increase in the hydrogen permeance and a reduction of the
H,/CO, selectivity. The grafted ethylenediamine was also proven to
be stable at 100 °C, since the heating process of 1 °C min~! from
25 to 100 °C is also reversible. The apparent activation energies E,.
for H, and CO, permeation before and after modification, which
are shown in Table 3, were obtained by fitting the data between 25
and 100 °C. Whereas the activation energy of H, permeation
remains unchanged by the amination process, the activation
energy of CO, has been almost doubled. This experimental finding
can be explained by both steric effects (pore narrowing) and
energetic effects (amine-CO- interaction). Our activation energies
of Hy and CO, permeation are similar to literature data of other
microporous membranes for H,/CO, separation, like CVD modified
DDR zeolite membrane developed by Kanezashi et al. (2008) (the
activation energy for H, and CO, are 9.62 and 12.8, respectively),
but different to CVI modified silica membrane by Koutsonikolasa
et al. (2009) (the activation energy for H, and CO, are 15.8 and 7.4,
respectively).

As shown in a Robeson plot (Robeson 1991; Robeson 2008) in
Fig. 11, the H/CO, selectivities and H, permeances of both the
as-synthesized and the amine-modified Mg-MOF-74 membranes
exceed by far the “upper-bound” for polymeric membranes, and
the H,/CO, selectivity after amine-modification increases with

100
B Mg-MOF-74
@ amine-modified Mg-MOF-74
A 7F-8*®
ZIF-7*°
ZIF-22%
» zIF-69”
& 2IF-90%”
® MIL-53%
KUUST-1*

10 +
Polymers

H,/CO, selectivity

~.--Upper bound 1991% "
— Upper bound 2008
1 T
1 10

T T T T
100 1000 10000 100000 1000000

H, permeability / Barrer

Fig. 11. H,/CO, selectivity versus H, permeability for as-prepared and
amine-modified Mg-MOF-74 membranes at 25 °C and 1 bar, compared with the
previously reported MOF membranes. The upper bound lines for polymeric
membranes are based on Robeson (1991) and Robeson (2008).

only a slight decrease of the permeability. Furthermore, also
compared with other MOF membranes, our amine-modified
MOF-74 membrane is a promising material for the H,/CO, separa-
tion (Fig. 11 and Table 4). As shown in Fig. 11, compared with the
existing polymer membranes, the amine-modified MOF-74 mem-
brane exhibits a both much higher H,/CO, selectivity and H,
permeability which recommends amine-modified MOF-74 powder
also a promising candidate for the preparation of mixed matrix
membranes (MMM) (Mahajan and Koros, 2000). The MMM con-
cept avoids the difficulty to prepare and scale up pure supported
MOF membranes and can be produced more easily as spiral wound
or hollow fiber module, compared to the pure MOF membranes.

As a proof of the good reproducibility of the MgO-seeding
synthesis method and amine-modification, Table 5 shows the
results of gas permeation performance for four tested amine-
modified Mg-MOF-74 membranes prepared following identical
synthesis method. The selectivities of H,/CO, and H, and
CO, permeance at room temperature do not scatter more
than + 10%, which indicates the good reproducibility of the
Mg-MOF-74 membranes.
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Table 4

H,/CO, selectivity versus H, permeability for as-prepared and amine-modified Mg-MOF-74 membranes at 25 °C and 1 bar, compared with the previously reported MOF

membranes.
MOF membranes Thickness (um) H, permeance (mol m~2s' Pa') H, permeability* (Barrer) H,/CO, selectivity References
Mg-MOF-74 10 12x 107 3.7x10° 10.5 This study
Amine-modified Mg-MOF-74 10 8.2x 10798 2.5x10° 28 This study
ZIF-8 30 6.0x 10798 5.4 x10° 4.5 Bux et al. (2009)
ZIF-7 15 7.7 x 10798 3.5 x 10? 6.5 Li et al. (2010)
ZIF-22 40 1.7 x 1077 2.0x10* 7.2 Huang et al. (2010)
ZIF-69 50 6.5x 10798 9.7 x 10° 2.7 Liu et al. (2010)
ZIF-90 20 24x10°% 1.4 x 10* 7.3 Huang et al. (2010)
MIL-53 8 5.0x 10797 1.2 x 10* 6.8 Hu et al. (2011)
KUUST-1 60 1.0x107% 1.8 x 10° 2.7 Guo et al. (2009)

* Permeability is calculated as the membrane permeance multiplied by the membrane thickness. 1 Barrer=3.348 x 10~ '® mol m/(m? s Pa).

Table 5

Gas permeances of H, and CO, and mixture separation factors of H,/CO, from
equimolar mixtures at room temperature and 1bar of 4 tested Mg-MOF-74
membranes.

H, permeance
(molm~2s~'Pa~ 1)

CO, permeance
(molm~2s-'Pa~ 1)

Mixture separation
factor H,/CO,

1 82x10°8 2.8x107° 28
2 90x10°8 31x10°° 30
3 74%x10°8 2.8x107° 25
4 75x10°8 29x107° 26

4. Conclusion

Phase-pure and compact Mg-MOF-74 membranes have been
prepared successfully on MgO-seeded porous Al,Os; supports at
120 °C for 24 h after optimization of the synthesis solution. The
mixture separation factor of H,/CO, was much higher than those
of Hy/CH; and H,/N,, especially at lower temperature. After
amine-functionalization of the Mg-MOF-74 membrane by using
ethylenediamine, the separation performance of H,/CO, was
remarkably enhanced and the mixture separation performance
increased from 10.5 to 28 at room temperature. This increase is
ascribed to two effects: (i) One amino group of the diamine is
docked to the open Mg site, thus the diamine narrows the effective
pore size which retards for steric reasons the carbon dioxide
(kinetic diameter 3.3 A) permeation stronger than the hydrogen
one (2.9 A), and (ii) the other amino group interacts with CO, thus
reducing its mobility.
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