
21M. Anbia et al.  /  Journal of Chemical and Petroleum Engineering, 51 (1), June 2017  /  21-26

MWCNT@MIL-53 (Cr) Nanoporous
Composite: Synthesis, Characterization,

and Methane Storage Property

Mansoor Anbia*, Sara Sheykhi
and Roghaye Dehghan

Research Laboratory of Nanoporous Materials, Faculty of Chemistry, Iran University
of Science and Technology, Farjam Street, Narmak, Tehran 16846-13114, Iran  

(Received 2016.06.10, Accepted 2017.05.14)

Abstract

In this paper, porous metal−organic frameworks (MIL-53 [CrIII (OH).
{O2C-C6H4-CO2}.{HO2C-C6H4-CO2H}x]) were hydrothermally synthesized 
and, then, a hybrid composite of these synthesized porous metal−or-
ganic frameworks (MOF) with acid-treated multi-walled carbon nano-
tubes (MWCNTs) was prepared. The materials were characterized by 
X-ray diffraction (XRD), scanning electron microscopy (SEM), Brunau-
er–Emmet–Teller (BET), and FT-IR analysis. The X-ray diffraction pat-
terns showed that the structure of MWCNT@MIL-53-Cr nonoporous 
composite was not disturbed by incorporation of MWCNT in MIL-53-
Cr. N2 adsorption – desorption analysis showed that the MIL-53-Cr 
and MWCNT@MIL-53-Cr nanoporous composite had BET surface ar-
eas of 1500m2.g-1 and 1347m2.g-1, respectively. These materials were 
developed as adsorbents for methane storage at room temperature. 
The analysis showed about 50% increase in methane storage capacity 
(from 7.1 to 10.8 mmol.g-1 at 298K and 35bar) for MWCNT@MIL-53-Cr 
composite. The increment in the CH4 adsorption capacity of MWCNT@
MIL-53-Cr nanoporous composite is attributed to the increase in mi-
cropore volume of MIL-53-Cr by MWCNT incorporation.
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1. Introduction 
uring the last few years, considerable ef-
forts have been made to develop new fuels 
technologies to meet transportation ener-

gy  demand  and  lower  reliance  on  conventional  
 
 

petroleum-based gasoline. Among the possible 
fuels, natural gas (NG) is inexpensive and abun-
dant worldwide. Methane, one of the major com-
ponents of NG, has the highest energy density 
(per mass) among hydrocarbons because of hav-
ing the highest hydrogen-to-carbon ratio [1, 2]. 
Two major classes of porous materials have been 
traditionally considered for methane storage: ze-
olites and porous carbon materials [3-6]. Na-
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noporous materials have many applications [7-
13]. In recent years, a new family of physisorptive 
materials, porous metal−organic frameworks 
(MOFs) or coordination polymers in a broader 
sense, have emerged as promising adsorbents for 
methane storage [14]. MOFs have been known to 
have the advantages of reversibility and fast ki-
netic ability in CH4 storage behavior.  
Recent efforts for the design and synthesis of 
MOFs with high CH4 storage capacity at 298K 
have led to the development of numerous MOF 
families [15-20]. It is interesting that CH4 storage 
at 298K of MOF families increases when they are 
mixed with activated carbons [21]. Much effort 
has been devoted to improve MOF gas storage 
capacities and adopt strategies such as high po-
rosity with appropriate pore size, catenation, and 
inclusion of open metal sites [22]. 
It is worth mentioning that HKUST-1 [Cu3(btc)2, 
btc = 1,3,5-benzenetricarboxylate], an ionic MOF 
compound, has been studied by several groups 
and the methane storage capability of 
~160cm3(STP)cm-3 is reported [23]. Also, MIL53-
Cr [Cr(OH)(bdc)], MOF compound by Férey’s 
group, has exhibited the methane storage capabil-
ity of 165cm3(STP)cm-3 at 303K and 35bar [24]. 
These frameworks have Cr2+ sites that become 
available for interaction with other molecules 
after removal of H2O in carbonyl complexes, and 
can also be easily rehydrated without change in 
the crystalline nature of the material after expo-
sure to air [25]. 
In this study, we have prepared and tested CH4 
storage by incorporating multi-walled carbon 
nanotubes into the crystal system of MOFs. We 
have found that the newly synthesized hybrid 
composites exhibit significantly enhanced CH4 
storage capacity at 298K over a wide range of 
pressures.  
 

2. Experimental Section 
2.1. Materials 

Chromium (III) nitrate (Cr (NO3)3.9H2O) (Aldrich, 
97%), terephthalic acid HO2C-(C6H4)-CO2H (Alfa 
97%), and hydrofluoric acid (HF) (Prolabo, 40%) 
were used as such. 
 
 

2.2. Synthesis of MIL-53-Cr 

For synthesis of MIL-53-Cr, a mixture of chromi-
um (III) nitrate, terephthalic acid, hydrofluoric 
acid, and H2O in the molar ratio 1:1:1:280 at au-
togenous pressure was prepared. Reactants were 
introduced in this order and stirred for few 
minutes before introducing the resulting suspen-
sion in a Teflon-lined steel autoclave, and the 
temperature was set at 493K for 3 days. The pH 
remained acidic (<1) during the course of the 
synthesis. A light purple powder together with 
traces of terephthalic acid was finally obtained. 
All attempts for getting crystals of MIL-53-Cr 
were not successful. Then, the MIL-53-Cr solid 
product was calcined at 300°C under air atmos-
phere. 
 
2.3. Preparation of MWCNT@MIL-53-Cr 

For synthesis of MWCNT@MIL-53-Cr, 
10mg/10mL of MWCNTs/DMF with 30mL of DMF 
containing 4g of pre-dissolved Cr(NO3)39H2O and 
1.164g of terephthalic acid were mixed. Then, the 
mixture was stirred for 24h at room temperature 
and heated to 220°C in a furnace for 72h without 
stirring. A purple powder was repeatedly washed 
with DMF and anhydrous chloroform, and soaked 
in anhydrous chloroform for 12h. Further steps 
were as described above for MIL-53-Cr. 
 
2.4. Materials Characterization 

The structure of MIL-53-Cr samples was studied 
by X- Ray diffraction on a Philips 1830 diffrac-
tometer with Cu-Kα radiation source. Fourier 
transform infrared (FT-IR) spectra of the adsor-
bents were recorded at room temperature on a 
DIGILAB FTS 7000 spectrometer equipped with 
an attenuated total reflection (ATR) cell. The ni-
trogen physical adsorption-desorption isotherms 
of the samples were measured at 77k using a mi-
cromeritics ASAP 2020 analyzer. Specific surface 
area was obtained using the BET method and 
pore size distribution was evaluated using the 
Barrett – Joyner – Halenda (BJH) method. SEM 
(PHILIPS XL30) was used to study the morpholo-
gy of products.  
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2.5. CH4 adsorption measurement 

To investigate the MIL-53-Cr Methane adsorption 
capacity, volumetric method with the setup 
shown in Fig. 1 was used. At first, 0.5g of a sample 
was loaded in the adsorption reactor (HP vessel) 
and attached to the system. Then, the existing gas 
inside the system was swept out with helium. To 
de-gas the system, we opened the valves of 9, 11 
and closed other valves and, then, turned on the 
vacuum pump and the system was vacuumed 

along with the heating temperature of 473K for 
1.5h. 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 adsorp-
tion. By measuring the dead volumes, one could 
calculate the exact pressure decrease because of 
gas adsorption. 

 
 

 
Figure 1. Setup for adsorption capacity test 

 

 

3. Results and Discussion 
3.1. Characterization of MIL-53-Cr 

The powder X-ray diffraction patterns of 
MWCNT@MIL-53-Cr samples showed the same 
diffraction patterns as MIL-53-Cr (Fig. 2). These 
patterns were found to be in perfect agreement 
with earlier data on MIL-53-Cr [24]. This 
confirms that the structure of MIL-53-Cr was not 
affected by the MWCNT incorporation. 
Fig. 3 shows the N2 adsorption – desorption iso-
therms of MWCNT incorporated MIL-53-Cr com-
posite material and MIL-53-Cr at 77K up to 1bar 
pressure. Both of them revealed a type I adsorp-
tion – desorption isotherm characteristic of mi-
croporous solids. Structural properties of 
MWCNT@MIL-53-Cr composite material and 
MIL-53-Cr are listed in Table 1. The correspond-
ing surface area was estimated to be over 
1500m2.g-1 and 1347m2.g-1 for MIL-53-Cr and 
MWCNT@MIL-53-Cr, respectively. Decrease in 
surface area could be due to the decrease in pore 
width and pore blocking by MWNCT in the pores 
of MIL-53-Cr.  

The SEM images of MIL-53-Cr and MWCNT@MIL-
53-Cr composite material are shown in Fig. 4. The 
morphology of MIL-53-Cr is homogeneous. SEM 
image of MWCNT@MIL-53-Cr reveals that the 
MWCNTs are indeed well admixed with MIL-53-
Cr. These images indicate that MWCNTs are well 
incorporated into the MIL-53 crystalites. 
 

4. Conclusions 
A novel hybrid composite has been developed; we 
successfully synthesized a novel hybrid compo-
site designated with CNT@MIL-53-Cr, which 
showed significant specific surface area en-
hancement and improvement in CH4 storage ca-
pacity compared with MIL-53-Cr. The approach 
to incorporation of MWCNTs in high-surface-area 
metal-organic frameworks and subsequent utili-
zation of the unutilized volume of MOFs presents 
new direction for achieving novel hybrid materi-
als between two spotlighting materials, such as 
CNTs and MIL-53-Cr. 
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Figure 2. XRD patterns of the MIL-53-Cr (A) and 
MWCNT@MIL-53-Cr composite material (B) 

 

 
Figure 3. The N2 adsorption – desorption isotherms of 
MIL-53-Cr (A) and MWCNT@MIL-53-Cr composite mate-
rial (B) powders at 77K 

Table 1. Textural properties of MIL-53-Cr and MWCNT@MIL-53-Cr composite material 

Material SBET(m2g-1) SL(m2g-1) Reference 
MIL-53-Cr 1100 1500 This study 
MWCNT@MIL-53-Cr 856 1347 This study 
 

 
Figure 4. SEM images of MIL-53-Cr (A) and 
MWCNT@MIL-53-Cr composite material (B) 

 

 
Figure 5. CH4 adsorption isotherms in MIL-53-Cr (A) and 
MWCNT@MIL-53-Cr composite material (B) at 298K up 
to 35bar 
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