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ABSTRACT: MIL-53-Cu has been synthesized hydrothermally and has been used for the first time
for gas separation. MIL-53-Cu shows adsorption capacities of 8.1, 0.7 and 0.5 m.mol/g,
respectively, for CHs, CO; and H; at 30 bar and 298 K. The high CH4 adsorption capacity of
MIL-53-Cu maybe attributed to the high pore volume and large number of open metal sites. The high
selectivity for CH4 over CO; (11.5) and H; (16.2), suggests that MIL-53-Cu is a effective adsorbent
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material for the separation of CH4 from gas mixtures.
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INTRODUCTION

Natural gas has attracted considerable attention
as a fuel for vehicles because of several advantages (such
as natural gas is inexpensive and abundant worldwide) compared
with conventional fossil fuels [1]. Methane, the principle
component of natural gas, is available in large quantities
and is preferable to other hydrocarbon fuels because of
its cleaner combustion [2]. Moreover methane has
the highest hydrogen-to-carbon ratio, and therefore, has highest
energy density (per mass) among hydrocarbons. Natural
Gas (NG) can be regarded as a clean fuel compared with
petroleum because of reduced emissions such as NOx,
SOy, COy, benzene, particulate matters, etc [3-5].

Adsorbed Natural Gas (ANG) can be an alternative
solution to store natural gas at relatively low pressure (35 bar)
and at room temperature (298 K) if adequate adsorbent
is developed [6]. Porous materials such as zeolites, carbons
and mesoporous materials have been tried as potential
adsorbents for ANG [6].

Many materials have been investigated for gas storage
including zeolites, carbons and Metal Organic Framework
(MOFs) materials [7-9]. MOF materials, which consist of
organic linkers and inorganic joints, represent a new class
of porous crystalline materials that provides very high
surface area and controllable pore size for energy storage
and gas separation applications. Generally, nanoporous
materials have many applications [10-19].

Kitagawa et al. [20] have reported a coordination
polymer compound {Co02(4,4'bpy)3s(NO3)s*4H,O}n
which exhibits modest but encouraging gravimetric
methane uptake of ~ 2.3 m.mol/g at 298 K and 30 bar.

Pradip et al. [21] have studied CO,, CH4, C3sHs, SFs
and Ar adsorption on MIL-101. At 5.3 bar and 283 Kk,
the adsorption capacities for gases CsHs , SFg , CO2, CHa
and Ar were 13.4, 9.1, 8, 2.2 and 0.9 m.mol/g, respectively.
Bao et al. [22] have also investigated CO, and CH4
adsorption on Mg-MOF-74 at 298 K and 1 bar, and
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the adsorption capacities for CO, and CH, were 8.61 and
1.05 m.mol/g, respectively. Also, under these conditions
zeolite 13X can only adsorb 0.38 m.mol/g of CH..

In the present study, the adsorption measurements of
methane, carbon dioxide and hydrogen on metal organic
framework Copper (I1) terephthalate (MIL-53-Cu), have
been made at 298 K up to 30 bar.

EXPERIMENTAL SECTION
Reagents and materials

All materials such as, terephthalic acid [HOC-
(CsHa)-CO2H] (TP), hydrofluoric acid-HF (38-40%) and
Cu (NOs3),.3H,0 were of analytical grade from E. Merck
(Germany).

Synthesis of MIL-53-Cu

MIL-53-Cu was hydrothermally synthesized at
autogenous pressure from a mixture of Cu(NOs3)2.3H20,
terephthalic acid, hydrofluoric acid and H,O in the molar
ratio of 1:1:1:280. Reactants were introduced in this order
and stirred for few minutes before introducing
the resulting suspension in a Teflon-lined steel autoclave,
and the temperature was set at 493 K for 72 h. The green
solid product was recovered by filtration, washed with
deionized water and dried at room temperature. Finally,
the solid product was calcined at 573 K under air
atmosphere.

Characterization

The nitrogen  physical  adsorption-desorption
isotherms of the sample was measured at 77 K using
a micromeritics ASAP 2020 analyzer. Specific surface area
was obtained using the BET method and pore size
distribution was evaluated using the BJH (Barrett —
Joyner — Halenda) method. Other methods were used
from before study [23].

Gas adsorption measurement

To investigate the adsorption capacities of MIL-53-Cu
for methane, carbon dioxide and hydrogen, volumetric
method was used setup from before study [23]. At first,
1 g of a sample was loaded in the adsorption reactor
(HP vessel) and attached to the system. Them, the existing
gas inside the system was swept out with helium.
To de-gas the system, valves 9 and 11were opened and other
valves were closed, then, the vacuum pump was turned
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on and the system was vacuumed along with the heating
temperature of 473 K for 1.5 h. After de-gassing,
the system was cooled to ambient temperature. The test gas
was adsorbed by opening the valves 7, 9 and closing all
other valves. The pressure of HP vessel decreased due to
some dead volume in reactor (including hollow space and
the connected tubes) and some adsorption. By measuring
the dead volumes, the exact pressure decrease because of
gas adsorption was calculated.

RESULTS AND DISCUSSION

The powder X-ray diffraction patterns, SEM image
and TGA profiles of MIL-53-Cu sample are shown in
previous study [23].

Fig. 1. Shows the N adsorption - desorption
isotherms of MIL-53-Cu at 77 K up to 1 bar. The N;
adsorption isotherm on MIL-53-Cu is of a typical type I
isotherm, a signature characteristic of microporous
materials. Structural properties of MIL-53-Cu, is listed in
previous study [23]. The BET surface area of MIL-53-Cu
was found to be 1283 m?/g.

The absolute adsorption isotherms of CH4, CO; and
H, on MIL-53-Cu at ambient temperature (298 k) and
different pressures in the range 0-30 bar are shown in Fig. 2.
MIL-53-Cu showed for CH4, CO, and H; adsorption
capacities of 8.1, 0.7 and 0.5 m.mol.g?, respectively,
at 30 bar and 298 K. At high pressure, the absolute
adsorption capacity for an isotherm reaches to the
saturation and then remains constant. The absolute adsorption
capacities were found in order of CHs>> CO;> H,.
The high CH, adsorption capacity of MIL-53-Cu can be
attributed to the high pore volume and large number of
open metal sites. Comparison of the adsorption capacities
of MIL-53-Cu for CH.and other porous materials
are given in Table 1. The adsorption selectivity for the CHa,
CO, and H, were calculated from their adsorption
isotherms. The adsorption selectivity of a gas A over gas B
was calculated by using the equation. 1. [29].

a as = [Va/Ve]pT 1)

Where, Va and Vg are the volumes of gas A and B
respectively adsorbed at any given pressure P and
temperature T. The order of adsorption selectivity
towards CH4 over CO; and H; is as follows: CH4/ H:
>CH4/ CO,. MIL-53-Cu shows high selectivity towards
CH, over CO; (11.5) and H (16.2). The selectivity for
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Table 1: Comparison of the adsorption capacity of MIL-53-Cu
for CHa4 and other porous materials at 298 K and 30 bar.

Synthesis of Nanoporous Metal Organic Framework ...

f Sample CH,4 adsorption capacity (m.mol/g) \
MOF-235 2.7
MIL-100-Cr 5.5
MIL-100-Fe ~5.1
Active carbon ~53
ZSM-5 2.8
Zeolite HY 31

k MIL-53-Cu 8.1 j
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Fig. 1: The N2z adsorption-desorption isotherm of MIL-53-Cu.
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Fig. 2: Adsorption isotherms of CH4 (A), CO2 (B) and
H: (C) on MIL-53-Cu at 298 K up to 35 bar.
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CH. over CO; for MII-53-Cu indicates it’s suitability for
separation of CH4 from gas mixtures.

CONCLUSIONS

We have successfully synthesized metal organic
framework MIL-53-Cu and have used it for the first time
as an adsorbent for separation of methane, carbon dioxide
and hydrogen. Gas adsorption capacity is measured by
volumetric measurements at 298 K up to 30 bar. The
absolute adsorption capacities is found in the order of
CHs>>CO2>H,. The high CH4 adsorption capacity of
MIL-53-Cu is attributed to the high pore volume and
large number of open metal sites. The high selectivity for
CHy4 over CO; (11.5) and H. (16.2), suggests that MIL-
53-Cu is a potential adsorbent material for the separation
of CH: from gas mixtures and also the potential
application of this adsorbent in ANG due to high methane
adsorption capacity.

Acknowledgements

The authors thank the Industrial Development and
Renovation Organization of Iran and Development of
Advanced Materials Company (Amidco) for their
consultation during the course of this project and
financial support.

Received : Nov. 9, 2013 ; Accepted : Sep. 29, 2014

REFERENCES

[1] Celzard A., Fierro V., Preparing a Suitable Material
Designed for Methane Storage: A Comprehensive
Report, Energy. Fuel., 19: 573-583 (2005).

[21 Wu H., Simmons J.M., Liu Y., Brown C.M., Wang X.,
Ma S., Peterson V.K., Southon P.D., Kepert C.J.,
Zhou H., Yildirim T., Zhou W., Metal-Organic
Frameworks with Exceptionally High Methane
Uptake: Where are how is Methane Stored?, Chem.
Eur. J., 16: 5205-5213 (2010).

[3] Lozano-Castello D., Alcaniz-Monge J., de la Casa-
Lillo M.A., Cazorla-Amoros D., Linares-Solano A.,
Advances in the Study of Methane Storage in Porous
Carbonaceous Materials, Fuel., 81: 1777-1803 (2002).

[4] Menon V.C., Komarneni S.J., Porous Adsorbents for
Vehicular Natural Gas Storage: A Review, J. Porous
Mater., 5: 43-58 (1998).

27


http://pubs.acs.org/doi/abs/10.1021/ef040045b
http://pubs.acs.org/doi/abs/10.1021/ef040045b
http://pubs.acs.org/doi/abs/10.1021/ef040045b
http://www.ncbi.nlm.nih.gov/pubmed/20358553
http://www.ncbi.nlm.nih.gov/pubmed/20358553
http://www.ncbi.nlm.nih.gov/pubmed/20358553
http://www.sciencedirect.com/science/article/pii/S0016236102001242
http://www.sciencedirect.com/science/article/pii/S0016236102001242
http://link.springer.com/article/10.1023%2FA%3A1009673830619
http://link.springer.com/article/10.1023%2FA%3A1009673830619

Iran. J. Chem. Chem. Eng.

[5] Zere Nezhad B., An Investigation on the Most
Important  Influencing  Parameters  Regarding
the Selection of the Proper Catalysts for Claus
SRU Converters, J. Ind. Eng. Chem., 15: 143- 147
(2009).

[6] Chung K.H., Park B.G., Esterification of Oleic Acid
in Soybean Oil on Zeolite Catalysts with
Different Acidity, J. Ind. Eng. Chem., 15: 388- 392
(2009).

[7] Leaf D., Verolmec H.J. H., Hunt W.F., Overview of
Regulatory/Policy/Economic Issues Related to Carbon
Dioxide, J. Environ. Int., 29: 303-310 (2003).

[8] Wood C.D., Tan B., Trewin A., Niu H.J., Bradshaw
D., Rosseinsky M.J., Khimyak Y.Z., Campbell N.L.,
Kirk R., Stockel E., Cooper A.l., Hydrogen Storage
in Microporous Hypercrosslinked Organic Polymer
Networks, Chem. Mater., 19: 2034-2048 (2007).

[9] Ghanem B.S., Msayib K.J., McKeown N.B., Harris
K.D.M., Pan Z., Budd P.M., Butler A., Selbie J.,
Book D., Walton A., A Triptycene-Based Polymer
of Intrinsic Microposity That Displays Enhanced
Surface Area and Hydrogen Adsorption, Chem.
Commun., 67-69 (2007).

[10] Hirscher M., Panella B., Hydrogen Storage in
Metalorganic Trameworks, Scr. Mater., 56: 809-812
(2007).

[11] Anbia M., Hoseini V., Enhancement of CO;
Adsorption on Nanoporous Chromium Terephthalate
(MIL-101) by Amine Modification, J. Nat. Gas.
Chem., 21: 339-343 (2012).

[12] Anbia M., Hoseini V., Sheykhi S., Sorption of
Methane, Hydrogen and Carbon Dioxide on Metal-
Organic Framework, Iron Terephthalate (MOF-235),
J. Ind. Eng. Chem., 18: 1149-1152 (2012).

[13] Anbia M., Moradi S.E., Removal of Naphthalene
from Petrochemical Wastewater Streams Using
Carbon Nanoporous Adsorbent, Appl. Surf. Sci.,
255: 5041-5047 (2009).

[14] Anbia M, Hoseini V., Development of
MWCNT@MIL-101  Hybrid Composite  with
Enhanced Adsorption Capacity for Carbon Dioxide,
Chem. Eng. J., 191: 326-330 (2012).

[15] Anbia M., Hoseini V., Mandegarzad S., Synthesis
and Characterization of Nanocomposite MCM-48-
PEHA-DEA and Its Application as CO, Adsorbent,
Korean. J. Chem. Eng., 29: 1776-1781 (2012).

28

Anbia M. etal.

Vol. 33, No. 4, 2014

[16] Alaei M., Jalali M., Rashidi A., Simple and
Economical Method for the Preparation of MgO
Nanostructures with Suitable Surface Area, Iran. J.
Chem. Chem. Eng. (1JCCE), 33: 21-28 (2014).

[17] Faghihian Hossein., Rasekh M., Removal of
Chromate from Aqueous Solution by a Novel
Clinoptilolite-Polyanillin Composite, Iran. J. Chem.
Chem. Eng. (IJCCE), 33: 45-52 (2014).

[18] Yazdizadeh M., Nourbakhsh H., Jafari Nasr M.R., A
Solution  Model for Predicting Asphaltene
Precipitation, Iran. J. Chem. Chem. Eng. (IJCCE),
69: 93-98 (2014).

[19] Shahi M., Foroughifar N., Moradi Sh., Synthesis and
Ab Initio Study of Pyrano[2,3-d]pyrimidine
Derivatives, Iran. J. Chem. Chem. Eng. (IJCCE), 33:
1-14 (2014).

[20] Kondo M., Yoshito mi T., Seki K., Matsuzaka H.,
Kitagava S., Three-Dimensional Framework with
Channeling Cavities for Small Molecules: {[M(4,
4'-bpy)3(NO3)4]-xH20} (M = Co, Ni, Zn), Angew.
Chem. Int. Ed., 36: 1725-1727 (1997).

[21] Chowdhury P., Bikkina C., Gumma S., Gas
Adsorption Properties of the Chromium-Based
Metal Organic Framework MIL-101, J. Phys. Chem.
C., 113: 6616-6621 (2009).

[22] Bao Z., Yu L., Ren Q., Lu X., Deng S., Adsorption
of CO; and CHs on a Magnesium-Based Metal
Organic Framework, J. Colloid. Interface. Sci., 353:
549-556 (2011).

[23] Anbia M., Sheykhi S., Synthesis of Nanoporous
Copper Terephthalate [MIL-53(Cu)] as a Novel
Methane-Storage Adsorbent, J. Nat. Gas. Chem., 21:
680-684 (2012).


http://www.sciencedirect.com/science/article/pii/S1226086X09000276
http://www.sciencedirect.com/science/article/pii/S1226086X09000276
http://www.sciencedirect.com/science/article/pii/S1226086X09000276
http://www.sciencedirect.com/science/article/pii/S1226086X09000276
http://www.sciencedirect.com/science/article/pii/S1226086X09001117
http://www.sciencedirect.com/science/article/pii/S1226086X09001117
http://www.sciencedirect.com/science/article/pii/S1226086X09001117
http://www.ncbi.nlm.nih.gov/pubmed/12676217
http://www.ncbi.nlm.nih.gov/pubmed/12676217
http://www.ncbi.nlm.nih.gov/pubmed/12676217
http://pubs.acs.org/doi/abs/10.1021/cm070356a
http://pubs.acs.org/doi/abs/10.1021/cm070356a
http://pubs.acs.org/doi/abs/10.1021/cm070356a
http://pubs.rsc.org/en/Content/ArticleLanding/2007/CC/b614214a
http://pubs.rsc.org/en/Content/ArticleLanding/2007/CC/b614214a
http://pubs.rsc.org/en/Content/ArticleLanding/2007/CC/b614214a
http://www.sciencedirect.com/science/article/pii/S1359646207000498
http://www.sciencedirect.com/science/article/pii/S1359646207000498
http://www.sciencedirect.com/science/article/pii/S1003995311603745
http://www.sciencedirect.com/science/article/pii/S1003995311603745
http://www.sciencedirect.com/science/article/pii/S1003995311603745
http://www.sciencedirect.com/science/article/pii/S1226086X12000196
http://www.sciencedirect.com/science/article/pii/S1226086X12000196
http://www.sciencedirect.com/science/article/pii/S1226086X12000196
http://www.sciencedirect.com/science/article/pii/S0169433208025282
http://www.sciencedirect.com/science/article/pii/S0169433208025282
http://www.sciencedirect.com/science/article/pii/S0169433208025282
http://www.sciencedirect.com/science/article/pii/S1385894712003683
http://www.sciencedirect.com/science/article/pii/S1385894712003683
http://www.sciencedirect.com/science/article/pii/S1385894712003683
http://link.springer.com/article/10.1007%2Fs11814-012-0090-4
http://link.springer.com/article/10.1007%2Fs11814-012-0090-4
http://link.springer.com/article/10.1007%2Fs11814-012-0090-4
http://www.magiran.com/view.asp?Type=pdf&ID=1317852&l=en
http://www.magiran.com/view.asp?Type=pdf&ID=1317852&l=en
http://www.magiran.com/view.asp?Type=pdf&ID=1317852&l=en
http://www.magiran.com/view.asp?Type=pdf&ID=1317849
http://www.magiran.com/view.asp?Type=pdf&ID=1317849
http://www.magiran.com/view.asp?Type=pdf&ID=1317849
http://www.magiran.com/view.asp?Type=pdf&ID=1317844
http://www.magiran.com/view.asp?Type=pdf&ID=1317844
http://www.magiran.com/view.asp?Type=pdf&ID=1317844
http://www.magiran.com/view.asp?Type=pdf&ID=1317857
http://www.magiran.com/view.asp?Type=pdf&ID=1317857
http://www.magiran.com/view.asp?Type=pdf&ID=1317857
http://onlinelibrary.wiley.com/doi/10.1002/anie.199717251/abstract
http://onlinelibrary.wiley.com/doi/10.1002/anie.199717251/abstract
http://onlinelibrary.wiley.com/doi/10.1002/anie.199717251/abstract
http://pubs.acs.org/doi/abs/10.1021/jp811418r
http://pubs.acs.org/doi/abs/10.1021/jp811418r
http://pubs.acs.org/doi/abs/10.1021/jp811418r
http://www.sciencedirect.com/science/article/pii/S0021979710011161
http://www.sciencedirect.com/science/article/pii/S0021979710011161
http://www.sciencedirect.com/science/article/pii/S0021979710011161
http://www.sciencedirect.com/science/article/pii/S1003995311604192
http://www.sciencedirect.com/science/article/pii/S1003995311604192
http://www.sciencedirect.com/science/article/pii/S1003995311604192

	Received : Nov. 9, 2013  ;  Accepted : Sep. 29, 2014
	REFERENCES

