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Metal-organic frameworks (MOFs) are a new class of nanoporous materials that have 
attracted much attention for the adsorption of small molecules, due to the large size of the 
cavities. In this study, we investigate the adsorption and diffusion of hydrogen (H2) and 
carbon monoxide (CO) guest molecules to the UiO-66 framework, as one of the most widely 
used MOFs, by using Monte Carlo simulation method. The results prove that an increment in 
the temperature decreases the amount of the adsorbed H2 and CO on the UiO-66 framework. 
While an enhancement of the pressure increases the amount of the adsorbed H2 and CO on 
the UiO-66 framework. Besides, the adsorption of H2 and CO on UiO-66 is the type I isotherm. 
The calculated isosteric heat for CO/UiO-66 is slightly higher than that of H2/UiO-66. The 
means of square displacement (MSD) value is less for CO molecule; hence, the movement of 
the guest molecule within the host cavity slows down and the guest molecule travels a 
shorter distance over a period of time. The guest molecule with higher molecular mass 
possesses less mobility, and therefore, it will have less permeability. 
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1. Introduction 
 

Recent years have witnessed the growing development in 
the renewable energy, due to the finite sources of the fossil fuels 
and severe climate changes caused by their overuse [1]. Among 
the available devices for producing the renewable energy, the 
fuel cell systems have attracted a great attention because of 
some significant advantages, such as high thermodynamic 
efficiency, low operational cost, and scalability [2,3]. However, 
these systems are hydrogen consumer devices; hence, 
hydrogen can be a utile source for the energy production [3]. 
Carbon monoxide, as one of the small components of the air 
layer, can be a result of the natural processes and human 
activities. Currently, the increment of the CO concentration near 
urban areas has become one of the major environmental 
concerns. In recent decades, the numerous efforts have been 
made to eliminate CO with high efficiency and economically, 
even in a small percentage in the converted gases. Adsorption 
is one of the most common methods for removing CO molecule 
[4]. 

The generation and storage of H2 and CO are the principal 
issues that should be considered in the field of fuel cell systems. 
Hence, it is important for researchers to design and introduce 
the cost-effective and secure methods for the H2 and CO storage. 

Adsorbents are the promising tools for this purpose, due to the 
significant features, including high storage capacity, light 
weighting, regenerability, etc. [5-7]. Up to now, the different H2 
storage materials are introduced extensively. The metal-
organic frameworks are one of the most applicable substances, 
especially for their particular porosity and high surface area [8]. 
The MOFs containing zirconium (Zr) atom are applied greatly 
as the efficient adsorbents for the H2 storage [9]. UiO-66, a Zr-
based MOF, is considered as the efficient H2 and CO adsorbent 
[10]. Some structural parameters that have a significant 
influence on the adsorbent’s efficiency are surface area, number 
of active sites, type of functional groups, internal layers, and 
also, pore shape and size [11,12].  

There are different studies clarifying that the preparation 
conditions possess impressive effects on the adsorbent 
functionality [13]. For example, Yang et al. [14] studied the 
influence of the zeolite template and nitrogen doping on the 
ability of the zeolite template carbon materials for the H2 
storage. They found that the H2 uptake was dependent on the 
surface, and therefore, the choice of the zeolite template and 
carbon source possessed a critical role to achieve the highest H2 
storage. Besides, Xie et al. [15] investigated the effect of the 
preparation conditions of the carbon adsorbents on the H2 
adsorption capacity.  
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Figure 1. Crystal structure of cell (2×2×2) in the UiO-66 framework (color elements: Zirconium: green, Oxygen: red, Carbon: gray, and Hydrogen: white). 
 
The different preparation conditions induced the changes 

in the structure of the adsorbents that influenced their storage 
capacity. Many studies by using the computational methods 
highlight the effect of the adsorbent structure on the adsorption 
process. Jeffery et al. [16] studied the adsorption of water onto 
the MOF-5 by using a molecular dynamics (MD) simulation 
method that demonstrated a new insight into the mechanism of 
MOF-5 displacement in contact with water. Since the bond 
between zinc ions and oxygen atoms in the MOF-5 was weak, 
the attack was allowed by water molecules.  

One of the most widely applied approaches to investigate 
the gas adsorption process is the Grand Canonical Monte Carlo 
(GCMC) method. Zheng et al. [17] investigated the H2 
adsorption on MOF-505. The results proved that the ligand 
expansion, especially through the alkyne bonds, was an 
effective way to enhance the MOF surface area and pore volume 
that efficiently increased the gas uptake. Stern et al. [18] studied 
the H2 adsorption on a new MOF by Monte Carlo simulation 
method. The simulation results illustrated that MOF with a 
porous structure and relatively small channels induced a high 
H2 adsorption capacity by strengthening the H2-MOF interac-
tions. The H2 interaction with MOF was carried out through the 
general principles of the potential energy distribution: Van der 
Waals polarization and induction. In the previous experimental 
studies, the role of the polarization agents was not considered 
significantly. However, MD simulation studies displayed the 
adsorption of a large number of dipolar H2 through the effect of 
the agents on the MOFs [19]. Accurate laboratory measurement 
of gas uptake and diffusion in a MOF is difficult, due to the 
various constraints, such as the presence of solvent in the 
structure and the incomplete exit of solvent. In contrast, MD 
simulation provides a wide range of dynamic and thermo-
dynamic properties of MOF [20]. 

In this study, a systematic simulation study is achieved on 
the adsorption of H2 and CO in the zirconium metal organic 
(UiO-66) framework. We utilize UiO-66 framework as an 
adsorbent and then study the adsorption of H2 and CO on UiO-
66 at the different temperatures. The main aim of the study is 
to determine the best adsorption rate of H2 and CO on UiO-66. 
Finally, the relationship is obtained between the diffusivity, 
pressure, temperature, and UiO-66 pore size. 
 

2. Experimental 
 
2.1. Simulation method 
 

The Materials Studio software (BIOVIA, San Diego, CA, USA) 
[21] was used for the molecular imitation of the adsorption and 
diffusion of H2 and CO in UiO-66. The crystallographic 
information file (CIF) of the UiO-66 structure was available in 
the Crystallographic Cambridge Data Centre (CCDC) (Figure 1), 
used for all the simulations without any modification [22]. The 
unit cell of the cubic framework possessed 456 atoms with the 
dimensions of 20.9784 Å. Besides, the spatial group of the cube 
cell was considered 3Fm m [23].  
 
2.2. Isotherm and diffusivity calculations 
 

Monte Carlo simulation and adsorption module were used 
to predict the H2 and CO adsorption in Material Studio software. 
Metropolis sampling is connected to GCMC and was used to 
predict the adsorption isotherms of UiO-66. In addition, all the 
simulations were done inside a 2×2×2-unit cell box with a cut-
off radius of 12.5 Å. The Lennard-Jones potential parameters 
and universal force field (UFF) were used in the simulations. 
The electrostatic interactions were calculated using the Ewald 
summation method. The atomic bond radius, van der Waals 
parameters, hybridization angles, and the set of core loads were 
also calculated by the universal force field. The diffusion of CO 
and H2 in UiO-66 was studied at 298 K. The self-diffusion 
coefficient (Ds) was calculated by means of square 
displacement method [24]. 
 
3. Results and discussions 
 
3.1. Temperature and pressure effect on H2 and CO 
isotherms 
 

Diagrams of the adsorption isotherms for H2 and CO 
adsorbed on UiO-66 at the different temperatures, are shown in 
Figure 2. Based on Figure 2, the increment in the temperature 
decreases the amount of the adsorbed H2 and CO on the UiO-66 
framework, illustrating that the absorption process is 
completely spontaneous.  
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Figure 2. The H2 adsorption isotherm (a) and CO adsorption isotherm (b) on the UiO-66 framework. 
 
The change in the Gibbs free energies is obtained the 

negative value (∆G < 0); because the absorbed molecules lose 
their degrees of freedom for the transmission when they reach 
the suitable level of the adsorption. Similarly, the entropy 
changes are obtained the negative values (∆S < 0) during the 
absorption process. Therefore, the enthalpy changes (∆H) must 
be negative enough that the ∆G value becomes negative 
according to ∆G = ∆H-T∆S < 0. Hence, the adsorption process is 
exothermic, and increasing the temperature decreases the 
adsorption of H2 and CO. Besides, the increment of the pressure 
enhances the amount of the adsorbed H2 and CO on UiO-66 
framework. The obtained adsorption isotherms for H2 and CO 
in the UiO-66 structure are classified as the type I isotherm. 
Hence, it can be assumed that the porosity of the framework 
cavities is mainly micro-cavities. The obtained results are in 
consistent with the previous studies [25]. 
 
3.2. H2 and CO adsorption on UiO-66 framework 
 

Figure 2 illustrates the co-occurrence of the H2 and CO 
uptake on UiO-66 by using Monte Carlo simulation at different 
temperatures including 273, 298, 313, and 333 K and the 
pressure range of 100-300000 kPa (1-3000 bar). Figure 2 
depicts that the adsorption of H2 and CO on UiO-66 is a type I 
isotherm, which is initially rapid and increases after the 
saturation at the pressures above 0.5 bar. The absorption of CO 
on UiO-66 is increased significantly at 298 K and 1300 bar in 
comparison with the other temperatures (Figure 2b). The main 
reason for the phenomenon is the increase of the Van der Waals 

and electrostatic interactions, as well as the formation of the 
intermolecular hydrogen bonds in the UiO-66 framework. 
 
3.3. Adsorption sites of H2 and CO on UiO-66 framework 
 

To identify the preferred adsorption sites of H2 and CO on 
the UiO-66 framework, the probability density of the adsorbed 
molecule was obtained by using Monte Carlo simulation in the 
large band tuned at the different temperatures and a pressure 
range of 1-3000 bar. The results are indicated in Figure 3, 
highlighting that the volume of the UiO-66 structure remains 
constant at the temperatures. A comparison between the 
probability density of H2 and CO shows that it is higher for H2 
(Figure 3). The higher electronegativity of H2 induces its more 
attachment to the oxygen atoms of the UiO-66 structure, 
thereby increasing the electric charge of the atom. The 
adsorbed H2 also affects the volume of the UiO-66 structure, due 
to its location in the space charge density. 

 
3.4. Isosteric heats of adsorption 
 

The adsorption isosteric heat was calculated by using the 
Equation (1). 
 
qst = - R [ 𝜕𝜕(𝑙𝑙𝑙𝑙𝑙𝑙)

𝜕𝜕(1/𝑇𝑇)
 ]loading     (1) 

 
in which qst, R, P, and T are the isosteric heat of adsorption, fixed 
gases, pressure, and average temperature, respectively.  
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Figure 3. The probability density of the adsorbed H2 (a) and CO (b) on the UiO-66 framework. 
 

Figure 4 displays the isostatic heat of H2 and CO on UiO-66 
at the different temperatures. According to Figure 4, the 
isostatic heat of H2 and CO is constant in the studied pressure 
range (1-1000 bar). The fluctuation of the absorption heat 
through loading is a clear indicator for the presence of the active 
sites with the different powers on the surface. The increment of 
the loading induces the full monolayer coating; then, the 
adsorption-adsorption (A-A) interactions are developed that 
result in an enhancement of the isosteric heat. The results 
demonstrate that the heat of the CO uptake in UiO-66 is equal to 
4.2 (Table 1). The isosteric heat in CO/UiO-66 is slightly higher 
than that of H2/UiO-66. The proximity of the adsorption heat for 
two systems indicates that the adsorption process is the same 
in them, because the hydrophobicity is very high while the load 
is very low. The reason for the low adsorption heat can be 
related to the low amount of the adsorbents. At the low loads, 
the A-A interactions are not significant, and consequently, less 
isosteric heat is obtained for the H2/UiO-66 system.  

 

3.5. Determination of diffusion coefficient 
 

The diffusion coefficient for the diffuser was calculated by 
Einstein’s relation: 
 
𝐷𝐷 = 1

6𝑁𝑁
lim
→∞

𝑑𝑑
𝑑𝑑𝑑𝑑
∑𝑑𝑑=1
𝑁𝑁 <  ⃒𝑟𝑟𝑖𝑖(𝑡𝑡)−  𝑟𝑟𝑖𝑖(0) ⃒ >2   (2) 

 
in which N is the number of the diffusing atoms, 𝑟𝑟𝑖𝑖  is the atom 
location, < ⃒ri(t) − ri(0)⃒2 > represents the MSD for the path 
of the entered molecular gas, and ri (t) and ri (0) are the vectors 
of the final and primary locations of the central mass of the gas 
molecules at the time t = t and t = 0, respectively. In addition, 
the diffusion coefficient of the self-correlation function of the 
computational speed is improved by the simulation software. 
The MSD gradient can be used as a function of time to estimate 
the diffusion coefficient [26]. To determine the permeability, 
the six molecules of each gas were added to the replication box 
by using the discovery module.  
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Table 1. The isosteric heat of the adsorbed H2 and CO (qH2 and qCO, respectively) on the UiO-66 structure at the different temperatures. 
Temperature (K) P (bar) qH2 (kJ/mol) qCO (kJ/mol) 
273 1-3000 2.23 4.29 
298 1-3000 2.22 4.27 
313 1-3000 2.23 4.28 
333 1-3000 2.23 4.20 
 

 
 

Figure 4. Isosteric heats for the H2 and CO adsorption on the UiO-66 framework. 
 

 
 

Figure 5. MSD plot of CO and H2 adsorbed on the UiO-66 framework. 
 

Before adding the gas molecules, the energy minimization 
step was performed on the gas molecules. MSDs were 
calculated from the paths of the gas molecules in each cell and 
used to obtain their diffusion coefficients. In a short time, the 
gas molecules are trapped into the small holes inside the free 
volume, and the level of MSD remains almost constant. In a long 
time, the molecules leave the confined region and move to 
another cavity of the free volume. The result of the repetition of 
these movements is the diffusion. The diffusion coefficient was 
calculated by using the Einstein's relation [26] and fitting to the 
straight line (y = ax + b). Figure 5 shows the MSD of the 
adsorbed H2 and CO on UiO-66 at 273, 298, 313, and 333 K 
temperatures. Based on Figure 5, the displacement increases 
with increasing time (for a constant load of 8 molecules per unit 
cell). The self-penetration coefficients indicate that the H2 
penetration to the base of UiO-66 possesses a different behavior 
compared to CO. The electrostatic interaction of CO with UiO-
66 prevents it to penetrate and move further in the other parts 
of the structure. 

One of the effective parameters on the penetration of a 
molecule to a porous structure is its molecular mass, described 
by Graham’s law (Equation 3).  

 
rα =  1

√𝑀𝑀
    (3) 

 

in which r and M parameters are the gas accumulation and 
molar mass of gas, respectively. According to Graham’s law, the 
rate of the gas diffusion depends on its molecular weight [27]. 
In fact, the gases with less molecular weight pass through the 
cavity faster than those with more weight. A gas with a lower 
molecular weight has a higher penetration rate and a shorter 
penetration time. The penetration coefficient is calculated by 
considering the slope of the MSD diagram over time, reported 
in Table 2. The magnitude of the diffusion coefficient for H2 is 
greater than that of CO. To highlight the effect of the molecular 
size on the diffusion coefficient, the Van der Waals volumes are 
calculated and given in Table 3. The gas molecule with smaller 
volume is expected to have a higher diffusion coefficient; 
however, it is vice versa in the case of the studied molecules. CO 
molecule is smaller in volume than H2, but the diffusion 
coefficient of the latter is higher. The kinetic diameter as 
another impressive factor greatly affects the diffusion coeffi-
cient.  

The kinetic diameter is dependent on the geometry of the 
molecule. The denser and more compact structure of the 
electron cloud around the nucleus of CO and stronger 
electrostatic interaction between the negatively charged 
electrons and positively charged atoms in CO molecule induce a 
greater kinetic diameter of CO molecule in comparison with H2. 
Hence, the penetration coefficient in CO is smaller than that of 
H2 molecule. 
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Table 2. Diffusion coefficient of the gas molecules. 

D×10-9 (m2/S) T (°C) Gas 
4 273 H2 
5 298 
7 313 
15 333 
2 273 CO 
3 298 
4 313 
8 333 

 
Table 3. Molecular size of the gas molecules. 
Gas Volume (Å3) Kinetic diameter (Å) 
H2 46.23 0.28 
CO 33.60 0.32 
 
4. Conclusion 
 

In this study, the adsorption of H2 and CO on the UiO-66 
framework is examined by using Monte Carlo simulation. The 
simulations are performed for studying the penetration of the 
gas molecules, showing that the increase in the temperature is 
associated with an enhancement of the gas penetration. In 
addition, the results show that the volume of the structure has 
no effect on the penetration process in the studied systems. The 
diffusion coefficient is affected by the type of the penetrating 
molecule. According to Graham’s molecule law, H2 molecule 
greatly moves into the UiO-66 structure, due to its less mass. 
The Monte Carlo results highlight that the addition of H2 to the 
UiO-66 structure increases the absorption capacity. The 
amount of adsorbed gas molecules on UiO-66 decreases with 
the enhancement of the temperature and increases at the high 
pressures. The adsorption isotherms for the studied systems 
follow Langmuir model isotherm. 
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