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A microporous metal–organic framework assembled
from an aromatic tetracarboxylate for H2 purification†

Yabing He,a Shengchang Xiang,b Zhangjing Zhang,b Shunshun Xiong,a

Chuande Wu,c Wei Zhou,de Taner Yildirim,df Rajamani Krishna*g and Banglin Chen*a

A NbO-type metal–organic framework UTSA-40 constructed from a novel aromatic tetracarboxylate has

been synthesized and structurally characterized. With open metal sites, suitable pore spaces and a

moderate BET surface area of 1630 m2 g�1 for the recognition of CO2 and CH4, the activated UTSA-40a

has the potential for use in H2 purification processes conducted in fixed bed adsorbers, with higher

productivities and lower regeneration costs than those obtained with conventionally used NaX and LTA-

5A zeolites when operating at higher pressure. Furthermore, its regeneration cost is also lower than

that of the examined MOFs MgMOF-74 and Cu-TDPAT despite its lower productivity.
Introduction

Hydrogen, considered as the cleanest and sustainable energy
source carrier, is mostly produced by steam reforming of
methane (SMR) and subsequent water gas shi (WGS). This
procedure yields a hydrogen-rich product stream with different
impurities, which typically consists of 71–75% H2, 15–20% CO2,
4–7% CH4, 1–4% CO, and a trace of H2O. In order to obtain
high-purity hydrogen for its practical utilization, these
contaminants need to be removed. One of the well explored
technologies for hydrogen purication is pressure swing
adsorption (PSA). Over the past two decades, some traditional
porous materials such as zeolites and activated carbon have
been well investigated for their PSA purication of hydrogen.1
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Porous metal–organic frameworks (MOFs) are a new type of
very promising porous materials for gas separation because
their pore sizes/curvatures can be tuned by selecting diverse
metal-containing secondary building blocks (SBUs) and rich
organic linkers to maximize the size-selective effects, and
furthermore, their pore surfaces can be modied synthetically
or post-synthetically to direct the differential interactions with
gas molecules.2 In fact, a few microporous metal–organic
frameworks for very challenging separations of C2H2/C2H4 and
C3H6/C3H8 have even been realized recently.3

Porous MOFs for hydrogen separation have been less
explored. The examined porous MOFs MgMOF-74 and Cu-
TDPAT have very strong interactions with CO2, which presum-
ably lead to high regeneration energy cost.4 It is expected that
more extensive research on porous MOFs for hydrogen puri-
cation will realize some very promising materials not only
exhibiting high separation capacities and selectivities, but also
minimizing the regeneration costs. In order to secure high
separation capacities, the desired MOF materials should have
moderately high porosities and optimized pore sizes for their
high storage capacities of CO2 and CH4. Among the diverse
porous MOFs, those constructed from isophthalate-derived
carboxylic acids are particularly interesting and important
(Table S10†).5,6 Indeed, a series of such porous MOFs have been
targeted for their high CO2 and CH4 adsorption,5b,5f–h,6i

providing the basis for their application on hydrogen purica-
tion. We plan to systematically evaluate this series of MOFs for
gas storage and hydrogen purication, and thus to target some
industrially useful porous MOF materials for these important
applications. Recently, we developed a chiral aromatic-rich
tetracarboxylate (H4L, Scheme 1) in order to explore enantio-
pure MOFs for asymmetric catalysis.7 We speculate that the
usage of this new organic linker should also lead to some
moderately highly porous MOFs for their gas storage and
J. Mater. Chem. A, 2013, 1, 2543–2551 | 2543
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Scheme 1 The organic linker H4L used to construct UTSA-40.
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separation, particularly because the functional organic groups
within this organic linker can optimize and/or tune the pores
for their efficient uptake of gas molecules and for their sieving
effects to enhance gas separation selectivity. Herein we report
the synthesis, structure and hydrogen purication potential of
the MOF [Cu2L(H2O)2]$6DMF$2H2O (UTSA-40).
Experimental section
General procedures

All reagents and solvents were used as received from commer-
cial suppliers without further purication. 1H NMR and 13C
NMR spectra were recorded on a Varian Mercury 300 MHz or
Bruker AV 600 MHz spectrometer. Tetramethylsilane (TMS) and
deuterated solvents (CDCl3, d ¼ 77.00 ppm; DMSO-d6, d ¼ 39.50
ppm) were used as internal standards in 1H NMR and 13C NMR
experiments, respectively. The coupling constants were repor-
ted in Hertz. FTIR spectra were recorded on a Bruker Vector 22
spectrometer at room temperature. The elemental analyses
were performed with Perkin-Elmer 240 CHN analyzers from
Galbraith Laboratories, Knoxville. Thermogravimetric analyses
(TGA) were performed using a Shimadzu TGA-50 analyzer under
a nitrogen atmosphere with a heating rate of 5 K min�1. Powder
X-ray diffraction (PXRD) patterns were recorded using a Rigaku
Ultima IV diffractometer operated at 40 kV and 44 mA with a
scan rate of 1.0 deg min�1. A Micromeritics ASAP 2020 surface
area analyzer was used to obtain N2 sorption isotherms. To
obtain a guest-free framework, the fresh sample was guest-
exchanged with dry acetone at least 10 times, ltered and vac-
uumed at room temperature for 24 h and then at 383 K until the
outgas rate was 5 mm Hg min�1 prior to measurements. A
sample of 84.2 mg was used for the sorption measurements and
was maintained at 77 K with liquid nitrogen. High-pressure
CO2, CH4, and H2 sorption isotherms were obtained using a
computer controlled Sieverts-type apparatus, details of which
have been published elsewhere.8
X-ray crystallography

The crystallographic measurement was performed on an Oxford
Xcalibur Gemini Ultra diffractometer with an Atlas detector.
The data were collected using graphite-monochromatic
enhanced ultra Cu radiation (l ¼ 1.54178 Å) at 293 K. The
datasets were corrected by empirical absorption correction
using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm. The structure was solved by direct
methods and rened by full matrix least-squares methods with
2544 | J. Mater. Chem. A, 2013, 1, 2543–2551
the SHELX-97 program package. The solvent molecules in the
compound are highly disordered. The SQUEEZE subroutine of
the PLATON soware suit was used to remove the scattering
from the highly disordered guest molecules.9 The resulting new
les were used to further rene the structures. The H atoms on
C atoms were generated geometrically. Crystal data forUTSA-40:
trigonal, R32, a ¼ b ¼ 18.5676(7) Å, c ¼ 52.205(3) Å,
V¼ 15 586.8(12) Å3, Z¼ 9, Dc ¼ 1.3165 g cm�3, m¼ 1.750 mm�1,
R1¼ 0.0715 for I > 2s(I), wR2¼ 0.2237 for all data. CCDC 896825.
Fitting of pure-component isotherms

The pure-component CO2 adsorption isotherm data of UTSA-
40a, covering both the low- and high-pressure ranges measured
at three different temperatures (240 K, 270 K, and 300 K), were
tted with the dual-site Langmuir–Freundlich model

q ¼ qA;sat

bAp
vA

1þ bApvA
þ qB;sat

bBp
vB

1þ bBpvB
(1)

with T-dependent parameters bA and bB

bA ¼ bA0 exp

�
EA

RT

�
; bB ¼ bB0 exp

�
EB

RT

�
(2)

The t parameters are provided in Table S2.† The pure-
component CH4 and H2 adsorption isotherms of UTSA-40a do
not display any inection characteristics, and therefore the
single-site Langmuir model

q ¼ qsatbp

1þ bp
(3)

can provide an adequately good representation of the absolute
loadings. The t parameters are provided in Tables S2 and
S3.†

For evaluating the performance of MgMOF-74, the pure-
component CO2 and CH4 adsorption isotherm data were
obtained from the works of Mason et al.,10 Herm et al.,4a,b and
Dietzel et al.11 The measured experimental data of excess load-
ings were converted to absolute loadings for tting purposes.
The temperature-dependent t parameters are specied in
Table S4.† The pure-component H2 adsorption isotherm data at
298Khavebeen reportedbyYaghi in adocument that is available
on the Web.12 The t parameters are provided in Table S4.†

For evaluating the performance of Cu-TDPAT, the pure-
component CO2, CH4, and H2 adsorption isotherm data were
obtained from the works of Wu et al.4c The t parameters are
provided in Table S5.†

For evaluating the performance of MIL-101, the pure-
component CO2 and CH4 adsorption isotherm data were
obtained from the works of Chowdhury et al.13 The temperature-
dependent t parameters are specied in Table S6.† The pure-
component H2 adsorption isotherm data at 298 K were reported
by Latroche et al.14 These data were tted with the Langmuir
constants specied in Table S6.†

For evaluating the performance of zeolite NaX, we used the
pure-component CO2, CH4, and H2 adsorption isotherm data
reported by Belmabkhout et al.15 and Cavenati et al.16 at various
temperatures. The excess loadings reported in these papers are
This journal is ª The Royal Society of Chemistry 2013
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View Article Online
converted to absolute loadings using a pore volume of 0.28 cm3

g�1, along with the Peng–Robinson equation of state for
estimation of the uid phase densities within the pores.
The temperature-dependent t parameters are specied in
Table S7.†

Table S8† presents the dual-site Langmuir–Freundlich t
parameters for pure-component CO2, CH4, and H2 adsorption
isotherms of zeolite LTA-5A, which are derived from tting the
data presented in Table 1 in the paper by Pakseresht et al.,17

along with Fig. 6 in the paper by Sircar and Golden.18

Isosteric heat of adsorption

The isosteric heat of adsorption, Qst, dened as

Qst ¼ RT2

�
vln p

vT

�
q

(4)

was determined using the pure-component isotherm ts. The
calculations of Qst are based on the use of the Clausius–Cla-
peyron equation, using numerical procedures for differentia-
tion of the dual-site Langmuir–Freundlich model.

Calculations of adsorption selectivity

The selectivity of preferential adsorption of component 1 over
component 2 in a mixture containing 1 and 2, perhaps in the
presence of other components too, can be formally dened as

Sads ¼ q1=q2
p1=p2

(5)

In eqn (5), q1 and q2 are the absolute loadings. In all the
calculations to be presented below, the calculations of Sads are
based on the use of the Ideal Adsorbed Solution Theory (IAST) of
Myers and Prausnitz.19 These calculations are carried out using
the pure-component isotherm ts of absolute loadings.

Packed bed adsorber breakthrough simulation methodology

Assuming plug ow of the gas mixture through the xed bed
maintained under isothermal conditions and negligible pres-
sure drop, the partial pressures in the gas phase at any position
and instant of time are obtained by solving the following set of
partial differential equations for each of the species i in the gas
mixture.

1

RT

vpiðt; zÞ
vt

¼ � 1

RT

vðvðt; zÞpiðt; zÞÞ
vz

� ð1� 3Þ
3

r
vqiðt; zÞ

vt
;

i ¼ 1; 2; :::n

(6)

In eqn (6), t is the time, z is the distance along the adsorber, r is
the framework density, 3 is the bed voidage (3 ¼ 1 � (bulk
density)/(framework density)), and v is the interstitial gas
velocity, equal to the supercial gas velocity, u, divided by 3. The
adsorber bed is initially free of adsorbates, i.e. we have the
initial conditions

t ¼ 0; qi(0,z) ¼ 0 (7)

At time t¼ 0, the inlet to the adsorber, z¼ 0, is subjected to a
step input of the ternary gas mixture and this step input is
This journal is ª The Royal Society of Chemistry 2013
maintained until the end of the adsorption cycle when steady-
state conditions are reached.

t $ 0; pi(0,t) ¼ pi0; v(0,t) ¼ u0/3 (8)

where u0 is the supercial gas velocity at the inlet to the
adsorber. Invoking the constraint of negligible pressure drop,
the overall material balance is obtained by summing eqn (6)
over the three component species

1

RT
pt
vðvðt; zÞÞ

vz
¼ �ð1� 3Þ

3
r
vqtðt; zÞ

vt
(9)

Eqn (9) allows the calculation of the interstitial gas velocity v
along the length of the adsorber. For high-pressure separations
considered in this work, the variation of the gas velocity along
the length of the adsorber, and with time, needs to be properly
accounted for. The molar loadings of the species i, qi(z,t) at any
position z, and time t are determined from IAST calculations.
Eqn (6) is rst subjected to nite volume discretization. Typi-
cally, the adsorber length L is divided into 100 slices. Further
details of the adsorber model, along with the numerical
procedures used in this work, are provided in our earlier
works.3c,4c,20,21 The typical computation time for a binary gas
mixture breakthrough is less than 100 s, allowing such transient
adsorber calculations to be routinely used for screening
purposes. Experimental validation of the breakthrough simu-
lation methodology is available in the published literature.3c,f,4c

The following parameter values were used: L ¼ 0.1 m; 3 ¼ 0.4;
v¼ 0.1m s�1 (at the inlet). When comparing different materials,
the fractional voidage is held constant at 3 ¼ 0.4. This implies
that the volumes of adsorbents used in the xed bed are the
same for UTSA-40a, MgMOF-74, Cu-TDPAT, MIL-101, LTA-5A,
and NaX. The total mass of the adsorbents used is governed by
the framework density.
Synthesis and characterization of the organic linker H4L

6,60-Dichloro-2,20-diethoxy-4,40-di(3,5-bis(methoxycarbonyl)-
phenyl)-2,20-binaphthyl (H4L-Me). To a degassed mixture of (R)-
6,60-dichloro-4,40-dibromo-2,20-diethoxy-1,10-binaphthyl (2.00 g,
3.51 mmol), dimethyl 5-(pinacolboryl)isophthalate (2.31 g, 7.22
mmol), and anhydrous K3PO4 (7.46 g, 35.14 mmol) in dry
dioxane (200 mL) was added Pd(PPh3)4 (203.10 mg, 0.18 mmol).
The resulting mixture was reuxed for 72 h under a nitrogen
atmosphere. Aer removal of the solvent, the residue was
diluted with CH2Cl2 (100 mL) and water (80 mL). The organic
phase was separated, and the aqueous phase was extracted with
CH2Cl2 (50 mL � 2). The combined organic phase was washed
with brine (40 mL � 2) and dried over anhydrous MgSO4. Aer
evaporation of the solvent, the residue was puried by silica gel
column chromatography (n-hexane–ethyl acetate ¼ 1/1, v/v) to
give the desired compound as a pure white solid (2.04 g, 2.56
mmol) in 73% yield. 1H NMR (CDCl3, 600.1 MHz) d (ppm): 8.837
(t, J ¼ 1.8 Hz, 2H), 8.461 (d, J ¼ 1.8 Hz, 4H), 7.650 (d, J ¼ 1.8 Hz,
2H), 7.377 (s, 2H), 7.219 (dd, J¼ 9.0 Hz, 1.8 Hz, 2H), 7.183 (d, J¼
9.0 Hz, 2H), 4.105 (m, 4H), 4.018 (s, 6H), 1.132 (t, J¼ 7.2 Hz, 6H);
13C NMR (CDCl3, 150.9 MHz) d (ppm): 166.10, 153.83, 140.96,
J. Mater. Chem. A, 2013, 1, 2543–2551 | 2545
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Scheme 2 Synthetic route to the organic linker H4L.
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138.86, 135.11, 132.76, 131.09, 130.15, 130.04, 127.85, 127.48,
127.41, 124.34, 120.12, 117.65, 65.25, 52.55, 14.99.

6,60-Dichloro-2,20-diethoxy-1,10-binaphthyl-4,40-di(5-isophthalic
acid) (H4L). To amethanol solution (20mL) of 6,60-dichloro-2,20-
diethoxy-4,40-di(3,5-bis(methoxycarbonyl)phenyl)-2,20-binaphthyl
(1.50 g, 1.89 mmol) was added 6 M NaOH aqueous solution
(10.0 mL, 60.0 mmol). The mixture was stirred under reux for
8 h. Then HCl aqueous solution (10%, 30 mL) was added to the
reaction mixture in an ice-water bath, which was stirred for an
additional 1 h. The resultant precipitate was ltered and
washed with H2O (20 mL � 3). Aer being dried under vacuum,
1.37 g of organic building block (R)-H4L was obtained as an off-
white solid (98%) (Scheme 2). 1H NMR (DMSO-d6, 300.0 MHz) d
(ppm): 13.480 (s, br, 4H), 8.632 (t, J ¼ 1.2 Hz, 2H), 8.345 (d, J ¼
1.2 Hz, 4H), 7.685 (s, 2H), 7.638 (d, J¼ 2.4 Hz, 2H), 7.347 (dd, J¼
9.2 Hz, 2.4 Hz, 2H), 7.156 (d, J ¼ 9.2 Hz, 2H), 4.200 (m, 4H),
1.050 (t, J¼ 7.6 Hz, 6H); 13C NMR (DMSO-d6, 75.4 MHz) d (ppm):
166.41, 153.78, 139.93, 134.41, 132.31, 131.87, 129.36, 128.90,
127.69, 127.08, 127.04, 123.59, 119.00, 117.86, 64.47, 14.70;
selected FTIR (neat, cm�1): 1693, 1581, 1494, 1441, 1372, 1325,
1201, 1110, 1088, 1037, 910, 869, 816, 758, 714.
Synthesis and characterization of UTSA-40

A mixture of the organic linker H4L (10.0 mg, 13.5 mmol) and
Cu(NO3)2$2.5H2O (20.0 mg, 86.0 mmol, Aldrich) was dissolved
into a mixed solvent (DMF–C2H5OH–H2O, 1.5/0.5/0.2 mL) in a
screw-capped vial (20 mL). 40 mL of 6 M HCl were then added.
The vial was capped and heated at 363 K for 48 h. Greenish
rhombic crystals were obtained in 45% yield. UTSA-40 can be
best formulated as [Cu2L(H2O)2]$6DMF$2H2O on the basis of
single-crystal X-ray structure determination, TGA and micro-
analysis. Selected FTIR (neat, cm�1): 1654, 1624, 1580, 1492,
1418, 1367, 1338, 1244, 1205, 1143, 1088, 1056, 1014, 915, 871,
817, 776, 729, 717, 659; TGA data for loss of 6DMF and 4H2O:
calcd: 37.2%, found: 37.6%; anal. for C58H74Cl2Cu2N6O20: calcd:
C 50.73, H 5.43, N 6.12, found: C 50.43, H 5.66, N 6.08%.
Fig. 1 Single-crystal X-ray structure of UTSA-40. (a) Each paddle-wheel
Cu2(COO)4 unit connects with twelve such units by four organic linkers. The
copper atoms are shown in polyhedra; (b) two types of cages: a pseudo octa-
hedral cage (10 � 12 Å2, yellow) and an irregular cage (6� 11 Å2, purple); and (c)
CPK representation of a three-dimensional open framework viewed along the c
direction. The hydrogen atoms and ethyl groups were omitted for clarity.
Results and discussion
Synthesis and characterization

The organic linker H4L was readily synthesized by Suzuki cross-
coupling of dimethyl 5-(pinacolboryl)isophthalate and 4,40-
dibromo-6,60-dichloro-2,20-diethoxy-1,10-binaphthyl followed by
hydrolysis and acidication. UTSA-40 was obtained as greenish
rhombic crystals via a solvothermal reaction of the organic
2546 | J. Mater. Chem. A, 2013, 1, 2543–2551
linker H4L and Cu(NO3)2$2.5H2O in the mixed solvents of N,N0-
dimethylformamide (DMF)–C2H5OH–H2O at 363 K under acidic
conditions for 48 h. The structure was characterized by single-
crystal X-ray diffraction, and the phase purity of the bulk
material was conrmed by powder X-ray diffraction (PXRD,
Fig. S1 in the ESI†). Based on the single-crystal structure
determination, thermogravimetric analysis (TGA, Fig. S2 in the
ESI†) and microanalysis, UTSA-40 can be formulated as
[Cu2(L)(H2O)2]$6DMF$2H2O. TGA under a nitrogen atmosphere
reveals a weight loss of 37.6% up to 553 K, corresponding to the
loss of free solvents and terminal water molecules (calcd
37.2%). Above this temperature, the complex starts to decom-
pose rapidly.

Crystal structures

Single-crystal X-ray diffraction reveals that UTSA-40 crystallizes
in the chiral space group R32 due to the presence of the chiral
binaphthyl groups in the organic linkers. As expected, the
framework is composed of in situ formed square-planar dicop-
per paddle-wheel secondary building units (SBUs) which are
bridged by the rectangular organic building blocks to form a
three-dimensional noninterpenetrated NbO-type network
(Fig. 1a and c). The dihedral angle between the two naphthalene
rings in the 1,10-binaphthyl subunit of the organic linker is
118.23�. The framework of UTSA-40 contains two types of cavi-
ties (Fig. 1b). The pseudo octahedral cage consists of 12 ligands
connecting 6 paddle-wheel SBUs. In this cage, each ligand
utilizes two of its four carboxylate groups to support the cavity
(Fig. 1b, yellow spheres). The irregular cage is formed from 6
ligands connecting 12 paddle-wheel SBUs. In this type, each
ligand uses all of its four carboxylate groups to support the
cavity (Fig. 1b, purple sphere). The two types of cavities are
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 N2 sorption isotherm of UTSA-40a at 77 K. Filled and open symbols
represent adsorption and desorption data, respectively.
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connected to each other by sharing three paddle-wheel SBUs,
and arranged in an alternating fashion. The accessible pore
volume is 62.8% as calculated using the PLATON program aer
removal of all solvent molecules and coordinated water
molecules.9

Permanent porosity

The permanent porosity was unambiguously established by the
N2 sorption isotherm at 77 K. Prior to gas sorption analysis, the
as-prepared UTSA-40 was solvent-exchanged with dry acetone
and then evacuated at 383 K under high vacuum. The greenish
crystalline samples turned dark blue during this process, indi-
cating the removal of the terminal water molecules. The integ-
rity of the framework was conrmed by powder X-ray diffraction
(Fig. S1 in the ESI†). The nitrogen sorption isotherm reveals a
typical reversible type-I sorption behaviour characteristic of
microporous materials (Fig. 2). Brunauer–Emmett–Teller (BET)
and Langmuir surface areas were estimated to be 1630 and
1662 m2 g�1, respectively (Fig. S3 in the ESI†), and the pore
volume calculated from the maximum amount of N2 adsorbed
is 0.65 cm3 g�1. These values are comparable to those of
MOF-505 (ref. 6a) but lower than those of NOTT-102.6b
Fig. 3 High-pressure absolute CO2, CH4, and H2 sorption isotherms ofUTSA-40a
at 300 K. Filled and open symbols represent adsorption and desorption data,
respectively.

This journal is ª The Royal Society of Chemistry 2013
High-pressure sorption isotherms

To evaluate its potential for hydrogen purication, high-pres-
sure CO2, CH4, and H2 sorption isotherms of the activated
UTSA-40a were measured at different temperatures using a
volumetric measurement method (Fig. S4 in the ESI†), and the
data at 300 K are presented in Fig. 3. The absolute H2 uptake of
UTSA-40a is 0.7% at 300 K and 60 bar, while UTSA-40a adsorbs
CH4 up to 13.4% (188 cm3 cm�3, absolute) at 300 K and 60 bar,
and CO2 up to 55.9% (236 cm3 cm�3, absolute) at 300 K and 30
bar. CO2 and CH4 adsorption capacities are much higher than
the corresponding one for H2, indicating that UTSA-40a can act
as an efficient sorption material for selective adsorption of CO2

and CH4 from H2.
IAST calculations

In order to establish the feasibility of this separation, we per-
formed calculations using the Ideal Adsorbed Solution Theory
(IAST) of Myers and Prausnitz.19 The accuracy of IAST for
Fig. 4 IAST calculations of (a) CO2/H2 adsorption selectivity, and (b) the
combined total CO2 + CH4 uptake capacity, in equilibrium with a 30/20/50 CO2–

CH4–H2 ternary mixture maintained under isothermal conditions at 298 K.
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estimation of binary mixture equilibrium in zeolites and MOFs
has been established in a number of publications in the liter-
ature.20,22–24 Fig. 4a presents the IAST calculations of the CO2/H2

adsorption selectivity in a 30/20/50 CO2–CH4–H2 ternary gas
mixture. The gas composition was deliberately chosen to
contain the maximum level of impurities CO2 and CH4 that are
likely to be encountered in industrial practice. For comparison,
the traditionally used zeolites NaX15,16 and LTA-5A17,18 and the
examined porous metal–organic frameworksMgMOF-74,4a,b,10–12

Cu-TDPAT,4c and MIL-101 (ref. 13 and 14) are also included.
From Fig. 4a, we can see that the highest selectivities are
obtained withMgMOF-74, LTA-5A and NaX. Fig. 4b presents the
IAST calculations of the (CO2 + CH4) uptake capacities. The sum
of the component loadings of CO2 and CH4 in the mixture is an
appropriate measure of the uptake capacity. Examination of the
data presented in Fig. 4a and b shows that the adsorption
selectivity and uptake capacity do not go hand-in-hand, espe-
cially when the operating pressures, pt, exceed 1 MPa. For pt > 1
MPa, LTA-5A and NaX have signicantly lower uptake capacities
than the four MOFs: UTSA-40a, MgMOF-74, Cu-TDPAT, and
MIL-101, whereas the adsorption selectivities of both LTA-5A
and NaX are higher than those of UTSA-40a, Cu-TDPAT, and
MIL-101 in the entire range of pressures. This can be rational-
ized as follows. LTA-5A and NaX have pore volumes of 0.25 cm3

g�1 and 0.28 cm3 g�1, respectively, signicantly lower than
those ofUTSA-40a (0.65 cm3 g�1),MgMOF-74 (0.57 cm3 g�1), Cu-
TDPAT (0.93 cm3 g�1), and MIL-101 (1.38 cm3 g�1). Therefore,
the capacity of LTA-5A and NaX for (CO2 + CH4) uptake becomes
limiting for high-pressure operations. Put another way, MOFs
with “open” structures are especially attractive for high-pres-
sure separations. MgMOF-74 is the most unusual MOF because
it has a combination of both high selectivities and high
capacities. This explains why MgMOF-74 has excellent separa-
tion performance for a wide variety of separation
applications.3c,4a,b,10,20,25
Fig. 5 (a) A schematic diagram of a packed bed adsorber. (b) Breakthrough
characteristics of a 30/20/50 CO2–CH4–H2 ternary mixture in an adsorber packed
with UTSA-40a and maintained under isothermal conditions at 298 K and a total
pressure of 5.0 MPa. (c) Ppm (CO2 + CH4) in outlet gas as a function of the
dimensionless time, sbreak, for various adsorbent materials. The total operating
pressure is 5.0 MPa.
Breakthrough calculations

The performance of a PSA unit is dictated not only by the
adsorption selectivity but also by the capacity to adsorb CO2 and
CH4. The appropriate combination of the adsorption selectivity
and uptake capacity characteristics is reected in the break-
through behaviour in a packed bed adsorber.26 We therefore
performed transient breakthrough calculations following the
methodologies developed and described in earlier works.3c,4c,20,21

Experimental validation of the simulation methodology is
provided in earlier works.3c,f,4c Fig. 5a shows a schematic
diagram of a packed bed adsorber. Fig. 5b presents the molar
concentrations of the gas phase exiting the adsorber packed
with UTSA-40a and maintained under isothermal conditions at
298 K for a 30/20/50 CO2–CH4–H2 ternary mixture operating at a
total pressure of 5.0 MPa at the inlet. The x-axis is a dimen-
sionless time, s, obtained by dividing the actual time, t, by the
contact time between the gas and the crystallites, 3L/u. Speci-
cally, the calculations presented here were performed taking the
following parameter values: L ¼ 0.1 m, 3 ¼ 0.4, and u ¼ 0.1 m
s�1. The framework density is 827 kg m�3. From the
2548 | J. Mater. Chem. A, 2013, 1, 2543–2551
breakthrough curves, we note that hydrogen breaks through
earliest and it is possible to produce pure hydrogen from this
3-component mixture during the adsorption cycle. A compar-
ison of the breakthrough characteristics of different adsorbents
operating at the same total pressures of 5.0 MPa is presented in
Fig. 5c. When the composition in the exit gas reaches a certain
desired purity level, the adsorption cycle needs to be terminated
and the contents of the bed regenerated. Longer breakthrough
This journal is ª The Royal Society of Chemistry 2013
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times are desirable because this reduces the frequency of
regeneration. From the gas phase concentrations at the exit of
the adsorber, we can determine ppm (CO2 + CH4) in outlet gas
as a function of the dimensionless time (Fig. 5c). For industrial
production of H2, impurities such as CO2 and CH4 need to be
reduced to extremely low levels, typically lower than 500 ppm.
When this purity level is reached, the corresponding dimen-
sionless breakthrough time, sbreak, can be determined, and the
amount of 99.95% H2 produced during the time interval, 0–
sbreak, can also be obtained according to the material balance
across the xed bed adsorber. Operating at a pressure of 5 MPa,
UTSA-40a has the longer breakthrough time and the higher
production capacity than traditionally used zeolites NaX and
LTA-5A and the examined MOF MIL-101.

To demonstrate how the choice of the best material alters
with operating pressures, we carried out a series of
Fig. 6 Influence of the total operating pressure, pt, on (a) dimensionless
breakthrough time, sbreak, and (b) the number of moles of 99.95%+ pure H2

produced per kg of adsorbent material during the time interval, 0–sbreak. The
breakthrough times, sbreak, correspond to those when the outlet gas contains 500
ppm CO2 + CH4.

This journal is ª The Royal Society of Chemistry 2013
breakthrough calculations for UTSA-40a, MgMOF-74, Cu-
TDPAT, MIL-101, NaX, and LTA-5A for pressures ranging from
0.1 MPa to 6 MPa. Fig. 6a shows the inuence of the total
operating pressure, pt, on dimensionless breakthrough time,
sbreak. The value of sbreak decreases for all materials with
increasing pressure; this is due to limitations in the capacities
with increasing pressure. For a pressure of say 5 MPa, the
breakthrough times, sbreak, have the following hierarchy:
MgMOF-74 > Cu-TDPAT > UTSA-40a > NaX > LTA-5A > MIL-101.
In other words, the decrease in sbreak is a reection of the
approach to pore saturation. The short breakthrough time for
MIL-101 is due to the fact that it has the lowest selectivity.
Fig. 6b presents data of the number of moles of 99.95%+ pure
H2 produced per kg of adsorbent material during the time
interval, 0–sbreak. For pressures exceeding 3 MPa, the hierarchy
of productivities is MgMOF-74 > Cu-TDPAT > UTSA-40a > NaX >
MIL-101 > LTA-5A. Furthermore, when the operating pressures
are higher than 1 MPa, UTSA-40a has a signicantly higher
productivity than the traditionally used zeolites NaX and
LTA-5A.
Regeneration of the bed adsorber

The relative costs of regeneration of the bed will be largely
dictated by desorption of the CO2 captured during the time
interval, 0–sbreak. Let us consider operation at a total pressure of
4 MPa. From a material balance on the adsorber, the amounts
of CO2 captured during the time interval, 0–sbreak, are deter-
mined to be 4.5, 5.4, 5.7, 3.0, 2.7, and 1.5 mol kg�1, respectively,
for UTSA-40a, MgMOF-74, Cu-TDPAT, MIL-101, NaX, and LTA-
5A. From the data of the isosteric heats of adsorption (Fig. 7), we
can determine the values of�Qst at these CO2 loadings to be 25,
39.5, 32, 18, 35, and 35 kJ mol�1, respectively. This implies that
Fig. 7 Comparison of isosteric heats of CO2 adsorption, Qst, in UTSA-40a,
MgMOF-74, Cu-TDPAT, MIL-101, NaX, and LTA-5A. The calculations of Qst are
based on the use of the Clausius–Clapeyron equation.

J. Mater. Chem. A, 2013, 1, 2543–2551 | 2549
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the regeneration requirement of UTSA-40a will be signicantly
lower than that of the traditionally used zeolites NaX and LTA-
5A and the examined MOFs MgMOF-74 and Cu-TDPAT for a
desired production of pure H2.
Conclusions

In summary, we designed and synthesized a novel aromatic-rich
tetracarboxylic acid, and incorporated it into a porous metal–
organic framework UTSA-40. This new porous MOF has a
moderately high surface area and suitable pore cages for its
high CO2 and CH4 adsorption while moderate interactions with
CO2, enabling it as a potential material for high-pressure puri-
cation of hydrogen which has been comprehensively examined
by simulated breakthrough experiments. The desolvated UTSA-
40a possesses a higher working capacity and lower regeneration
cost when operating at high pressure than the traditionally used
zeolites NaX and LTA-5A. Furthermore, compared with the
examined MOFs MgMOF-74 and Cu-TDPAT, the regeneration
cost of UTSA-40a is signicantly lower despite its somewhat
lower productivity. The increase of hydrogen productivity can be
realized by the optimization of pore surfaces and pore struc-
tures; it is expected that some new porous MOFs will be
emerging for efficient hydrogen purication with both high
productivity and low regeneration cost in the near future.
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14 M. Latroche, S. Surblé, C. Serre, C. Mellot-Draznieks,
P. L. Llewellyn, J.-H. Lee, J.-S. Chang, S. H. Jhung and
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