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Hydrogen Adsorption on Metal-Organic Framework MOF-177
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Abstract: This review summarizes the recent literature on the synthesis, characterization, and adsorption
properties of meal-organic framework MOF-177. MOF-177 is a porous crystalline material that consists of
Zn40 tetrahedrons connected with benzene tribenzoate (BTB) ligands. It is an ideal adsorbent with an ex-
ceptionally high specific surface area (BET>4500 m2/g), a uniform micropore size distribution with a median
pore diameter of 12.7 A, a large pore volume (2.65 cm®/g), and very promising adsorption properties for hy-
drogen storage and other gas separation and purification applications. A hydrogen adsorption amount of
19.6 wt.% on MOF-177 at 77 K and 100 bar was observed, and a CO, uptake of 35 mmol/g on MOF-177
was measured at 45 bar and an ambient temperature. Other hydrogen properties (kinetics and heat of ad-
sorption) along with adsorption of other gases including CO2, CO, CH4, and N2O on MOF-177 were also be
discussed. It was observed in experiments that MOF-177 adsorbent tends to degrade or decompose when it

is exposed to moisture. Thermogravimetric analysis showed that the structure of MOF-177 remains intact at

temperatures below 330°C under a flow of oxygen, but decomposes to zinc oxide at 420°C.
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Introduction

Due to severe environmental impacts and ever-de-
pleted petroleum deposits, petroleum fuels-powered
transportation systems desperately need an alternative
power source that is clean and sustainable. The proton
exchange membrane fuel cell, driven by hydrogen gas,
is considered to be one of the feasible energy systems
for the future transport systems. There are two ways of
storing hydrogen for transportation applications: che-
mical adsorption and physical adsorption. In chemical
adsorption, hydrogen is reversibly and chemically
bonded to a substance from that it can be recovered by
thermal applications. Typical chemical adsorbents are
numerous kinds of metal hydrides!'? or aminobo-

[3.4]

ranes"~ - that have been examined by several research-
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ers for hydrogen storage applications. The main short-
comings of the chemical storage systems are the needs
of high temperature for hydrogen desorption and slow
desorption kinetics. In the physical adsorption process,
the gas molecules are weakly held within the pores of
adsorbents material by Van der Waals force, typically
stabilizing at low temperatures and high pressures.
When the system pressure is lowered or temperature is
raised, the adsorbed hydrogen molecules can be readily
released. Several porous materials that have been
evaluated for hydrogen adsorption include zeolites'™,
silica materials'®, and numerous types of carbonaceous
materials’” ",

Most recently, a new type of adsorbents, metal-or-
ganic frameworks (MOFSs), were synthesized with nu-
merous unique characteristics including extremely high
surface area, uniform size distribution with median
pore size less than 2 nm, large pore volume and prom-
ising adsorption properties for hydrogen storage and
gas separation and purifications!'”?"!. Metal-organic
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frameworks, also known as coordination polymers,
consist of metal or metal-ion vertices, connected by
organic molecules, popularly known as organic linkers.
There are numerous varieties of MOFs that have been
synthesized using different molecular building blocks
but only a fraction of them can be employed for hy-
drogen storage applications. Metal containing vertices
and the organic linker both play the vital role towards
chemical functionality or geometric rigidity. The syn-
thetic conditions of MOFs were deliberately designed
as mild in order to protect its structural integrity.
Numerous metal-organic frameworks have been
7311 and studied theoreti-
) for further modification or for the prediction

synthesized experimentally!
cally®246
of novel properties. The metal-organic frameworks are
classified as microporous materials as per [IUPAC defi-
nitions and possess the type-1 adsorption isotherm for

many gases. In general, MOFs can be classified into
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two kinds: the zinc-based and other metals-based.
Several zinc-based frameworks have been synthesized
and examined for hydrogen adsorption. In all the Zn-
based MOFs, Zn4O is used as the metal center and zinc
nitrate tetrahydrate is used as the starting chemical to
introduce zinc on to the framework. In the family of
zinc-based MOFs, the isoreticular metal-organic
frameworks or IRMOFs are the most important MOF
family members due to their unique structure-property
relationships. The word ‘isoreticular’ originated from
the phrase ‘same net’ that essentially means these are
produced with similar technique (mostly solvothermal
synthesis) and similar metal clusters by varying the
organic linker molecules. Sixteen IRMOFs have been
synthesized and reported*”. A summary of the major
IRMOF members and their corresponding organic
linker identities are summarized in Table 11,

Table 1 Summary of IRMOFs and corresponding organic linkers

IRMOF species

Organic linkers

IRMOF-1 [Zn;O(CsH404)3]
IRMOF-2 [Zn;O(CsH;BrO,);]
IRMOF-3 [Zn,O(CsHsNO,)s]
IRMOF-6 [Zn;O(C 0H¢O4)3]
IRMOF-8 [Zn,0(C;,H04)s]
IRMOF-9 [Zn,0(C/,Hg0,)s]
IRMOF-11 [Zn,O(C sH,,04)3]
IRMOF-13 Zn,0(C15H;04);]
IRMOF-18 [Zn,0(C1,H,,04);]
IRMOF-20 [Zn40(CsH,0455);]
MOF-177 [Zn,0(C2;H;504)3]

relrelrelre

Benzene-1, 4-dicarboxylic acid

2-bromobenzene-1, 4- dicarboxylic acid
2-aminobenzene-1, 4- dicarboxylic acid

1, 2-dihydrocyclobutabenzene-3,6- dicarboxylic acid
Naphthalene-2, 6-dicarboxylic acid

4, 4’ biphenyldicarboxylic acid

4,5,9, 10-tetrahydropyrene-2, 7- dicarboxylic acid
Pyrene-2, 7-dicarboxylic acid

2,3, 5, 6-tetramethylbenzene-1, 4-dicarboxylic acid
Thieno[3, 2-b]thiophene-2, 5-dicarboxylic acid

1, 3, 5-tris(4-carboxyphenyl) benzene or benzene tri benzoic acid (BTB)

Apart from zinc, other metals have also been em-
ployed to generate MOFs with suitable hydrogen ad-
sorption properties. Light metal tends to reduce
framework density thereby increasing gravimetric up-
take capacity. Metals that have been studied for MOF
49,50] [51-54]

» copper (Cu)™ ",

, manganese (Mn)[sg], iron (Fe)[sg],

synthesis are aluminum (Al)!
chromium (Cr)P>"!
zirconium (Zr)'*”), and scandium (Sc)™*'.

The ideal pore size of an adsorbent for optimal hy-
drogen adsorption should be very close to the diameter
of a hydrogen molecule (Van der Waals radius of 1.2 A
(1 A=0.1 nm), kinetic diameter of 2.89 A). If the pore
size is too large, the pore space detracts from the
hydrogen molecules; if the pore size is too small,

the majority of the pores will not be accessible to

hydrogen molecules. Generally speaking, the walls of
the adsorbent molecules should be thin and be com-
posed of light elements (like a graphite sheet)!®”. The
segmentation of a graphite sheet by an incision of ben-
zene aromatic rings is one way to increase the specific
surface area as well as the porosity!®. One of the key
features to shrink the pore size of the MOF is to em-
ploy organic linkers of shorter length. However,
with shorter linkers, the material may become
non-porous due to the increase in framework density
(by lowering void space), and gravimetric density de-
creases. Therefore, the optimal approach must be made
between volumetric density and gravimetric uptake of
hydrogen.

One approach to optimize the pore size and the
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hydrogen volumetric density is to insert guest species
in the pores of the MOFs!®?!, This approach can be
achieved by impregnation with a non-volatile guest or
catenation by a similar type of framework. The guest
species will not only narrow the pore size of the
framework but also provide an additional surface for
hydrogen adsorption. It is quite evident that the guest
should be lightweight, reactive, large and spindly type
of molecules or complexes'®.

Catenation of metal-organic frameworks has long
been practiced by researchers for the reduction of free
diameters of pores. Catenation can be achieved in two
different ways, namely, interpenetration and inter-
weaving. In interpenetration, frameworks are maxi-
mally displaced from each other; where in the case of
interweaving, the frameworks are minimally displaced
along with the exhibition of some close contacts'®*!. It
is generally argued that interpenetration is more desir-
able than interweaving'®”. However, interweaving in-
serts more rigidity to the framework, but it covers the
adsorption sites along with increasing in the thickness
in the pore wall, thereby increasing its density. Inter-
penetration decreases the pore volume without block-
ing the adsorption sites and in most cases it also cre-

ates a convoluted pore volume!®?.

1 Metal-Organic Framework
MOF-177

MOF-5 or IRMOF-1 is the first member of the
isoreticular and zinc-based MOF series and numerous
research works on MOF-5 have been published!®**!].
Despite a better pore texture and higher adsorption
amount for many gases, the number of publications on
MOF-177 is much less than that on MOF-5. The first
report on experimental synthesis of MOF-177 by Chae
et al. was published in 2004, However, the gas ad-
sorption studies on MOF-177 in that work were not
reported in detail. In the following years, MOF-177
has attracted different study its
structure-property relationships and gas adsorption
properties'*® 8%,

The typical schematic representation of MOF-177 is

researchers to

shown in Fig. 1'?]. The large yellow sphere is the void
space or pore space of the MOF-177 that is partially
responsible for the gas adsorption. The Zn4O clusters
are placed at the corners of the framework, connected by
organic linker molecules, which are benzenetribezoate

Fig. 1 Schematic diagram of molecular structure of
MOF-177"%

(BTB) for this typical framework (MOF-177).

Besides the pure species of MOF-177, hybrid spe-
cies of MOF-177 have also been synthesized and re-
ported in the literature®*". Koh et al.’®*! synthesized a
hybrid species of MOF-5 and MOF-177 by varying the
proportions of benzene dicarboxylic acid (BDC) and
BTB ligand. They observed that different types of hy-
brid species were generated at different mole ratios of
those two organic linkers. The pure hybrid species,
generated at the mole ratio 7:3 to 5:5 of BDC over
BTB, is named UMCM-1, where UMCM stands for
University of Michigan crystalline material. Table 2
shows the different hybrid species generated at differ-
ent mole ratios. Saha and Deng™®® also synthesized the
hybrid species of MOF-5 and MOF-177, but they did
not vary the mole ratio to observe the nature of the
hybrid species. In another work, Koh et al.’*"!
sized the hybrid species with organic linkers of BTB
ligand and HZTZDC and named it UMCM-2, which has
a BET specific surface area of more than 5000 m*/g.

synthe-

Table 2 Different proportions of BDC and BTB for
generating the hybrid species

BDC:BTB Species generated
10:0-9:1 MOF-5
9:1-7:3 MOF5+ UMCM-1
7:3-5:5 UMCM-1
5:5-4:6 UMCMI1+ MOF-177
4:6-0:10 MOF-177

2 Synthesis of MOF-177

Two different pathways of synthesizing MOF-177 have

been reported: the solvothermal technique!®***¥%> and
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the room temperature synthesis!”®. The most common
path is the solvothermal synthesis in which the zinc
salt and the organic linkers are dissolved in a suitable
solvent under suitable heating conditions. On the other
hand, in the ambient temperature technique, the con-
stituents were stirred in the solvent for a longer time to
obtain the MOF-177 crystals.

In the case of solvothermal synthesis, the reaction
time and the type of organic solvents were varied in

Tsinghua Science and Technology, August 2010, 15(4): 363-376

different works. N, N, diethylformamide (DEF) was
incorporated in the work of Furukawa et al. B2 Liand
Yang™®! or Caskey et al.””! However, N, N, methyl-
formamide (DMF) was employed by Saha et al.™ and
Saha and Deng[gg'm]. The reaction time for synthesis
and some other parameters were slightly different in
different published works. The major parameters for
synthesizing MOF-177 using the solvothermal tech-
nique are summarized in Table 3.

Table 3 Summary of synthesis parameters of the solvothermal technique

Solvent Solvent purification

Reaction time and temperature

Crystal purification References

100°C/23 h
85°C/2d

DEF Not mentioned
DEF Not mentioned
DEF Not mentioned
DEF Not mentioned 100°C/2 d
DMF  Freeze-pump-thaw method 67°C/7 d
DMF Freeze-pump-thaw method 70°C/7 d

100°C/23 h and then 23°C/30 d

Not mentioned Chae et al.®¥
Chloroform/3 d Furukawa et al.l’”)
Chlorobenzene/2 or 24 h (in two batches) Li and Yang[%]
Caskey et al.”!
Saha et al.B®¥
Saha and Deng

Not mentioned
Chloroform/70°C/3 d

Chloroform/70°C/3 d [89]

The ambient temperature synthesis route for MOF-
177 along with some other MOFs was reported by
Tranchemontagne et al.”® In this work, the BTB
ligand was stirred with Zn(OAc), in DEF solvent for
3 h at room temperature to get the MOF-177 crystals.

Despite the BTB ligand being available commer-
cially; it was synthesized prior to synthesizing MOF-
177 in all the published works of MOF-177. There are
three different paths of BTB synthesis available in the
literature. In the traditional way, the synthesis proce-
dure is composed with two parts. In the first part, 1, 3,
S-triphenyl benzene is converted to 1, 3, 5-acetylated
triphenyl benzene with the help of Friedel-kraft acety-
lation. In the second part, acetylated triphenyl benzene
is performed with haloform oxidation to produce BTB.
However, the intermediate steps are very compli-
cated®™ . In the second way of BTB synthesis, the
process begins with 1, 3, 5-tris(4-bromophenyl) ben-
zene that is ultimately converted to BTB with the ap-
plication of butyllithium, CO,, and glacial acetic
acid”™®. The third path of synthesizing BTB ligand
starts with 4-methylacetophenone that is converted to 1,
3, 5-tris(methylphenyl) benzene by the reaction of tri-
flic acid (CF;SOOH) with toluene under a refluxed
condition. Finally, the 1, 3, 5-tris(methylphenyl) ben-
zene resulting from the above reactions is converted to
BTB by reacting with HNOs. The steps for the synthe-
sis of BTB ligand were described in detail in Figs. 2a,
2b, 3, and 4.

3 Material Characterization
3.1 Pore textural properties of MOF-177

The very high surface area and large pore volume are
the main attractive features of MOF-177. The Lang-
muir specific surface area of this adsorbent varies from
4300 m*/g"® to 5994 m*/g™, and the BET specific
surface area varied from 3275 m%/g®®" to 4630 m%/g"?.
The median pore diameter recorded in the microporous
region are between 10.6 A and 12.7 A®*). Pore vol-
ume was recorded as high as 2.65 cm’/g by Saha et
al. ™ which is probably the largest pore volume of any
kind of adsorbent ever reported. Table 4 summarizes
the pore textural properties of MOF-177 reported by

different researchers.

3.2 XRD patterns

The major peaks in the XRD patterns of MOF-177
reported in different publications are quite consistent.
However, the peak positions and the location of the
strongest peak are shifted to a small extent. The main
peaks of the pattern appear in the 4.395°<26<
41.6610[82], which remained identical in almost works.
In the work of Saha et al.[gg], the main peaks at 4.7°,
6.2°, 10.1°, and 13.5° are well identified. However, in
the work by Li and Yang!”®! the largest peak appeared
at around 5°, unlike the pattern generated by Rowsell’s
dissertation!*! (around 6°) or by work by Saha et al.’**!
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Table 4 Summary of pore textural properties of MOF-177

Langmuir surface area (m?/g) BET surface area (m%/g)  Pore width (A)  Pore volume (cm’/g) References
4500 - 10.80 1.59 Chae et al.*¥
5250 4630 - 1.56 Furukawa et al.*?
4508 - 11.17 - Millward and Yaghi®¥
5640 - - - Wong-Foy et al.l’!
4300 3100 10.60 - Li and Yang™!
5994 3275 12.70 2.65 Saha et al.[**!

(4.7°). There are also existing differences in the loca-
tions of the smaller peaks. Most probably, the different
reaction (crystallization) conditions caused these dif-
ferences in the peaks. According to the work by Chae
et al.®™ the crystals of MOF-177 was indexed with
trigonal type with a space group P31c (163) and lattice
parameters a=31.072 A, ¢=30.0332 A. However, in the
work by Saha et al.®® the crystal was indexed with
hexagonal P63 (173) and cell parameters, a=b=
20.905 A, ¢=22.718 A, a==90°, y=120°.

NMSU-EML

2007/06/25 15:30 L x200

AccV SpotMagn Dot WD 20 pm
2000V30 1000« SE 83 .
kL

3.3 SEM images

The SEM images of MOF-177 that appeared only in
the work by Li and Yang[93 1 Saha et al.® and Li et
al.” are shown in Figs. 5, 6, and 7. It can be observed
from the work of Saha et al.™ and Li and Yang'”?), the
definite crystal shape is not observed, most probably
due to the polycrystalline agglomerate nature of
the crystals. However, in the work of Li et al. [98], a
definite crystal shape is observed at particular reaction
conditions.

(d)

Fig. 5 (a) SEM image of MOF-177 reported by Saha et al.*®! (b) SEM image of MOF-177 reported by Li and Yang™®,
and (c) and (d) SEM images of MOF-177 reported by Li et al. 1981
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Fig. 6 Gradual shift of XRD patterns after MOF-177
is exposed to moist air'®!,
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Fig.7 Adsorption isotherm of hydrogen on MOF-177
at 77 K®®
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3.4 Structural stability study

Similar to the other members of isoreticular metal-
organic framework series, the framework structure of
MOF-177 is highly vulnerable to water. The structure
collapses even if MOF-177 is exposed to moist air for
some time period. Though this observation was men-
tioned in the work by Li and Yang™", the detailed in-
vestigation was reported in the work of Saha and
Deng[89]. In their work, MOF-177 sample was exposed
to ambient air at relative humidity of 16% for 5 weeks
and monitored for its structural changes by XRD. The
crystal structure of MOF-177 gradually changed from
hexagonal to orthogonal in first week, and then to
monoclinic in the total 5 week period. The crystal
structure of MOF-177 was completely destroyed after
it is immersed in water. The detailed crystallographic
information of structural decay is revealed in Table 5**)
and gradual shifting of XRD peaks is shown in Fig.
61,

Based on the possible reaction mechanism of struc-
tural decay shown by Greathouse and Allendrof'”’ for
MOF-5, Li and Yang"”'and Saha et al.®™ has shown
the possible reaction mechanism of interaction of
MOF-177 with water.

Table 5 Summary of chronological structural property changes of a MOF-177 sample

Cell type Space group Lattice parameter (A) Lattice angle (°) Cell volume (A?)
b c o S y
Fresh sample Hexagonal P63(173) 20.905 20.905 22.718 90°  90.0° 120° 8598.4
After 1 week Orthogonal Pbam(55) 19.161 23.691 17.527 90° 90.0°  90° 7956.5
After 2 weeks Monoclinic P2/c (13) 18.700 17.870 21.540 90° 123.2°  90° 6025.8
After 3 weeks Monoclinic P2/c(13) 18.878 15307 18947 90° 97.7° 90° 5425.2
After 4 weeks Monoclinic P21(4) 18.641 16.223 23.724 90° 138.7° 90° 4739.1
After 5 weeks Monoclinic P2/m(10) 19.874 13.066 24.785 90° 114.0° 90° 5879.9
Zn,O(BTB),+4H,0 —[(Zn,0)(H,0), (BTB)]*" +BTB* . .
) 4 Adsorption Properties
[(Zn,0)(H,0),(BTB)]" — Zn(OH), + 4.1 Hydrogen adsorption
3ZnO+BTB(3H)+3H" 2)

In the thermogravimetric analysis made by Saha and
Deng™), it was observed that the weight loss of
MOF-177 is negligible at temperatures below 330°C
in the presence of oxygen or vacuum. However,
MOF-177 completely converts to zinc oxide at 420°C
in either condition.

4.1.1 Hydrogen adsorption at low pressures

The majority of the published works on MOF-177
dealt with hydrogen adsorption research. In the ambi-
ent pressure region, five different temperatures have
been employed to examine the hydrogen adsorption
capacity, 77 K, 87 K, 194.5 K, 298 K, and 323 K%,
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The highest H, uptake was reported by 1.45 wt.% at
77 K by Li and Yang[93] The detailed hydrogen uptake
amounts in various temperatures and an ambient pres-
sure were summarized in Table 6.

Table 6 Hydrogen adsorption capacity of MOF-177
at ambient pressure

Temperature (K)  Uptake amount Reference
77:0 75 me/g Furukawa et al.*?
87.0 13 mg/g
77.0 1.25 wt.% Rowsell*
77.0 1.45 wt.%
273.0 2.3 cmz/g Li and Yang®™
298.0 1.8 cm’/g
323.0 1.5 cm’/g

77.0 1.36 wt.%
194.5 0.92 wt.% Saha et al.l**!
298.0 0.012 wt.%

4.1.2 Hydrogen adsorption at high pressures

In the adsorption experiments at a high pressure region,
three different temperatures have been reported, 50 K,
77K, and ambient temperature. Wong-Foy et al.’’!
reported 75 mg/g excess hydrogen adsorption at 77 K
and 90 bar pressure. An excess hydrogen adsorption

Table 7a Langmuir and Freundlich model parameter values

Tsinghua Science and Technology, August 2010, 15(4): 363-376

amount of 80 mg/g corresponding to 120 mg/g of ab-
solute adsorption was observed in the work of Furu-

kawa et al. at 80 bar and 77 K. The highest hydro-

gen adsorption was reported in the work of Saha et

al.®¥at 77 K and 100 bar (19.6 wt.% absolute adsorp-

tion). The hydrogen adsorption isotherm at 77 K and
pressure up to 100 bar is shown in Fig. 7. Similar to
the other types of MOFs, the hydrogen uptake at am-
bient temperatures is also quite low for MOF-177,
0.35 wt.% at 40 bar and 298 KI**! and 0.6 wt.% at

100 bar and 298 K.

Isotherm modeling with Freundlich and Langmuir

equations was reported by Saha et al.® It was ob-

served that Freundlich equation better fits the experi-
modeled the ex-

mental points. Poirrer and Dailly!'*")

cess isotherm parameters using Dubinin-Astakov (DA)
models. Table 7a shows the isotherm model parameter
and

values for Langmuir and Freundlich equation!®®

Table 7b lists the model parameter values for the DA

100

equation'®”). The values inside and outside the paren-

thesis of Table 7b correspond to the calculations based

on the pressure and fugacity.

188]

TR Langmuir Freundlich Parameters
a,, (wt.%) b (bar™) k n
77 (low pressure) 1.80 1.35 1.34 1.40
194.5 (low pressure) 14.80 0.07 0.93 0.99
297 (low pressure) - - 0.05 0.56
77 (High pressure) 17.00 0.06 1.71 1.95
297 (High pressure) 0.70 0.02 0.03 1.39

Table 7b DA equation model parameter values

199]

Parameter name

Parameter values

Standard error

W, (mL/g) 2.28 (2.40) +0.09
E (J/mol) 1869 (1842) +30
m 1.68 (1.64) +0.05
y 2.48 (2.50) +0.1
a 0.0054 (0.0049) +0.0007
D 0.056 (0.054) +0.001

The difference in hydrogen adsorption is most
probably attributed to the slight difference in crystal-
line properties which in turn is monitored by the syn-
thesis conditions. The XRD pattern of MOF-177
shown by Saha et al.®™ is slightly different from Li
and Yang"*! or Chae et al.™ which is also further con-
firmed by the different crystal type and space group by

two research groups. Most probably the solvent de-
gassing and prolong heating with lower temperature
during the synthesis caused the different types of crys-
tals with higher pore volume resulting in better gas
uptake. The methods of degassing before the gas ad-
sorption measurement might also affect the hydrogen

gas uptake in a smaller extent.
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4.1.3 Increased hydrogen adsorption by spill-over
One of the promising ways of increasing the hydrogen
uptake at ambient temperatures is to dope the adsorb-
ent with certain types of transition metals, like
palladium (Pd), platinum (Pt), nickel (Ni) or ruthenium
(Ru)™. The metal sites are known to dissociate the
adsorbed hydrogen molecules and to facilitate hydro-
gen adsorption on the internal pore surfaces of the host
support through the spillover phenomenon'® !, Li and
Yang® mixed platinum doped activated carbon with
MOF-177 that resulted in 0.78 wt.% of hydrogen ad-
sorption at 298 K temperature and 100 bar pressure.
However, when they bridged the Pt/activated carbon
with MOF-177 with carbonized sucrose to facilitate the
surface diffusion, the hydrogen uptake increased to
1.4 wt.% at 100 bar and 298 K temperature.

4.1.4 Hydrogen adsorption kinetics

The adsorption kinetics of hydrogen on MOF-177 is as
important as the hydrogen adsorption amount because
the adsorption kinetics determine how fast hydrogen is
adsorbed or desorbed in the storage system. Saha et
al.®® performed a detailed kinetic study of hydrogen
adsorption on MOF-177. In order to describe the ad-
sorption kinetics and to determine the intracrystalline
diffusivity of hydrogen in MOF-5 crystals, a pore dif-
fusion model was derived to correlate the hydrogen
adsorption kinetic data following Ruthven!'’"). By ne-
glecting the heat transfer between particle and sur-
rounding fluid, the diffusion equation in spherical co-

. . . 101
ordinates is written as[ ]

B,
ot r*or or

where r is the radius of the equivalent sphere, D, is
the intracrystalline diffusivity and ¢(r, f) is the ad-
sorbed amount at time ¢ and radial position 7. For con-
stant diffusivity at a given particular pressure, Eq. (3)
can be converted to

8_(]_ D, o’ 9q 20q @)
ot or’ r or
The solution of Eq. (4) is given by
q-q, m, 6 & Dt
e Y ( j ©)
40 =4, m, n=1 11 rc

where, g (wt.%) is the average adsorbate concentra-
tion in the particle, ¢; is the initial adsorbate concen-
tration in the adsorbent particle (wt.%), ¢ is the
equilibrium adsorbate concentration in the adsorbent
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particle (wt.%), r. is the equivalent sphere radius of
adsorbent particle, and (m,/m_ ) is the fractional ad-
sorption uptake.

For fractional uptake (m,/m, ) greater than 70%, Eq.

(5) can be reduced to the following equation with less

than 2% error.
m= 6 Dt
1——z—zexp[ > j (6)
m, T r

C

In the study of Saha et al. (88 Eq. (6) was used as the
diffusion model equation to correlate the hydrogen
adsorption kinetic data. Only data points with (m,/m,_ )

greater than 70% and less than 99% were used for es-
timating the diffusivities. It was observed that the av-
erage diffusion time constant (s™') of H, on MOF-177
is 0.0964, 0.2140, and 0.3023 at 77 K, 194.5 K, and
298 K, respectively. It was also observed that diffusion
time constant increases with increasing pressure and
temperature.

4.1.5 Activation energy of hydrogen adsorption
The activation energy for hydrogen diffusion can be
estimated from the Eyring equation by assuming hy-
drogen diffusion inside MOF-177 to be an activation
process. The Eyring equation is given by

E
D =D_ exp| —— 7
c c0 p( RT) ( )

where D, is an equation constant, £ is the activation
energy for diffusion. Saha et al.® found that the acti-
vation energy for hydrogen diffusion in MOF-177 is
0.94 kJ/mol, which is much smaller as compared with
the activation energy for small hydrocarbon molecules
diffusion in zeolite!"*".

4.1.6 Heat of adsorption of hydrogen on MOF-177
The heat of adsorption is an important measure for
determining the adsorbate-adsorbent interactions. In
general, the heat of adsorption is very low for all the
metal-organic frameworks that are the cause of the
poor adsorption amount at ambient temperature condi-
tions. It was observed the heat of adsorption lies within
—4 to —7 kJ/mol for most of the metal-organic frame-
works”®!. Higher heat of adsorption was reported for
MIL-101, which was about —9.3 to —10 kJ/molP*1%],
Saha et al™ reported the heat of adsorption of
MOF-177 to be 4 to 0.1 kJ/mol within 0 to 1 wt.% of
hydrogen adsorption. Li and Yang® reported the
highest of heat of adsorption of 11.3 kJ/mol to
5.8 kJ/mol within the adsorption amount of 0.32 to

[100]

1.5 cm’/g. Recently, Poirrer and Daily reported
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heat of adsorption values of 3-5kJ/mol within the
fractional filling of 0.2 to 0.9.

4.2 Adsorption of other gases

The adsorption of CO, on MOF-177 has also been ex-
tensively studied because MOF-177 is considered to be
the most promising adsorbent for CO, storage and
separation. Millward and Yaghi®* reported a CO, up-
take as high as 35 mmol/g at 45 bar and an ambient
temperature. Saha and Deng[m] reported 0.18 and
9.09 mmol/g CO, adsorption at 298 K and 1 bar and 14
bar, respectively. They also reported the selectivity of
CO,/N, and CO,/CHy4 to be 17.73 and 4.43 respec-
tively®'l. CO adsorption study on MOF-177 was also
performed by Saha and Deng® along with MOF-5
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and zeolite 5A at 194.5 K, 237K, and 194.5 K and at

1 bar pressure. It was observed that MOF-177 can ad-
sorb 4.6 mmol/g of CO at 194.5 K and 1 bar. It was also
observed that the average diffusivity of CO on MOF-
177 is 5.01x107° m%/s at 298 K and the diffusivity de-
creases with adsorbate pressure. The heat of CO ad-
sorption on MOF-177 was estimated to be 19-21 kJ/mol.
Adsorption of CHy and N,O on MOF-177, MOF-5,
and zeolite 5A was also performed by Saha and
Deng[gl] and it was observed that CH; and N,O ad-
sorption uptakes were 0.98 and 0.2 wt.% at 298 K and
1 bar. The average diffusivities of CO,, CH,, and N,O
in MOF-177 were also calculated. The adsorption

amounts and diffusivities of CO,, CO, CHy, and N,O

on MOF-177 are summarized in Table 8.

Table 8 CO,, CO, CH,, and N,0 adsorption properties of MOF-177

Low pressure Low pressure Low pressure High pressure /.\ver.ag.e
Gas uptake (P=1 uptake (P=1 uptake (P=1 bar, diffusivity References

bar, =298 K)  bar, =237K)  T-194.5K) uptake (7298 K) (m?/s)
co, 7 wt.% - - 9.09 mmol/g (P=14 bar) 2.3x107° Saha and Deng!®"

- - - 35 mmol/g (P=45 bar) Millward and Yaghi®

CO 0.2 mmol/g 3 mmol/g 4.6 mmol/g - 5.01x10°  Saha and Deng!®”
CH, 098 wt.% - - 22 wt.% (P=100 bar) 1.46x10°  Saha and Deng®"
N,O 0.2 wt.% — — — 1.09x10°  Saha and Deng!"

5 Concluding Remarks

A brief review of recent publications on synthesis,
characterization, and adsorption properties of metal-
organic framework MOF-177 was presented in this
article. MOF-177 appears to be a very promising new
adsorbent with unique pore textural properties (Lang-
muir specific area: 4508-5996 m’/ g, BET specific area:
3100-4630 m*/g, pore size: 10.6-12.7 A, pore volume:
2.65 cm’/g) and excellent adsorption properties for
hydrogen and carbon dioxide. The hydrogen adsorp-
tion amount of 19.6 wt.% on MOF-177 at 77 K and
100 bar is the highest hydrogen adsorption capacity
ever reported on any physical adsorbent. A CO, uptake
of 35 mmol/g on MOF-177 was measured at 45 bar
and an ambient temperature. MOF-177 also has good
adsorption properties for other gases including CHy,
CO, and N,O. The MOF-177 structure is stable in the
air at ambient conditions without moisture, but it is
very susceptible to water.

Although it was demonstrated that MOF-177 has
very promising pore textural and adsorption properties

for hydrogen and other gases, MOF-177 is still a
model adsorbent being studied in lab research; signifi-

cant advances in materials production and stability

improvement have to be made before it can be used in
commercial applications. Because the hydrogen ad-
sorption amount of 19.6 wt.% on MOF-177 was meas-

ured at 77 K and 100 bar, this value still does not meet

the US Department of Energy (DOE) target of hydro-
gen storage for fuel cells to be used in transportation.
The hydrogen storage capacity on MOF-177 at ambi-
ent temperatures and moderate pressures is quite small

due to very weak interactions between hydrogen and
the MOF-177. Another drawback of the MOF-177 (or

basically IRMOFs) is the sensitivity to the moisture.
Many MOFs suffer irreversible damages at above 4%
moisture level, which also makes it quite difficult to
handle in large quantities for commercial applications.
Thorough research is needed to convert the IRMOFs
hydrophobic and make it easier to handle. The BTB
ligand and other chemicals used in MOF-177 synthesis

are quite expensive. Alternative synthesis routes to cut
the cost for producing MOF-177 are also necessary
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before this promising adsorbent can be commercialized.
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