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CHAPTER 1 
INTRODUCTIONS 

 

1.1.    Research rationale 
The major resources of power plant in the world rely on coal and natural gas 

because these materials are economical for generating electricity. Due to this 

process, CO2 is under considerable attention because it contributes to greenhouse 

gas and climate change that affect human life. In power plant processing, CO2 

captures were classified in three strategies, oxy-combustion, pre-combustion CO2 

capture and post-combustion CO2 capture [1]. Looking at the end of the pipe, flue 

gases were produced and released into atmosphere. The components of flue gas are 

mainly N2, about 4 - 30% of CO2 and little of H2O and O2. Normally, CO2 (kinetic 

diameter = 3.30 Å) diffuses faster than N2 (kinetic diameter = 3.64 Å) in many 

materials. Then a CO2/N2 mixture can feasibly be separated by membrane in the 

post-combustion CO2 capture process. This procedure has a high performance 

because it is compatible with retrofit structure and easy operation in the existing 

plant [2, 3]. The separation efficiency bases on the difference in diffusion of each gas 

in membrane materials. The essential properties of membrane are durable 

membranes, high selectivity, thermal and physical stability in combustion flue gas 

condition. To improve the performance of membrane, the various kinds of them 

were characteristically considered in two main parameters, permeability and 

selectivity. Polymer membrane, PolarisTM and Polyactive® are commercial products, 

with high selectivity and permeability of CO2 over N2. They are easily fabricated but 

membrane thickness and reliability need to be improved. The silica and zeolite 

membranes have better properties than polymer membrane. However, the 

production of the large surface area is more difficult. Metal organic frameworks 

(MOFs) membranes are of tremendous attention in this area because of their easy 
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tunable porosity allows for their properties to be adjusted to suit promising targets 

[4-7]. 

A new subclass of MOFs which has zeolitic structure, called zeolitic 

imidazolate frameworks (ZIFs) has been synthesized. Having good properties of both 

MOFs and zeolites, not only inherent properties, large surface areas, pore volume, 

but also an excellent chemical and thermal stability, it is no surprise that ZIFs are 

emerging in material research in recent years. Due to their fascinating properties, the 

scientists are extensively studying, for example, the separation of CO2/H2, N2/H2, 

CH4/H2 and CO2/CH4. These systems can be treated by ZIF-90 [8, 9]. Beyond the 

experimental research, computational methods which have high performance and 

accuracy but low price are a great choice to discover their basic properties. This can 

help the experimentalists to proofing adsorption mechanism or to elucidate unclear 

information by an easier approach than some experiments [10]. 

Moreover, natural gas plays the significant role for driving the country’s 

economic which is a second large usage in the world electricity generation. The 

chemical composition of natural gas is primarily composed of methane compound 

(CH4), with some ethane (C2H6), propane (C3H8), impurities of carbon dioxide, 

hydrogen sulphide and nitrogen as shown in Figure 1.1 [11]. The major pollutant gas 

of natural gas contains a CO2 and H2S. The high amount of CO2 can reduce the burn-

rate of natural gas [12]. The significant amount of H2S can be many problems not 

only in transportation but also the engine because the highly corrosive may cause 

internal corrosion of the pipelines and the engines, respectively. Therefore, removal 

of H2S and CO2 from natural gas is typically considered as the first step of the 

utilization of sour gas for power generation. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

 
Figure 1.1 The chemical composition of natural gas. 

 

 The natural gas treatment process includes different technique [13-24]. (i) 

Physical absorption that relies on physical solvents e.g. dimethyl ethers of 

polyethylene glycol (DEPG) shows no reaction between solvent and sour gas via 

counterflow. In this process, it is sometimes required to decrease the operating 

temperature to rise sour gas solubility and to reduce the solvent circulation rate. (ii) 

Chemical absorption involves the formation of reversible chemical bonds between 

the sour gas and the base solvent such as monoethanolamide (MEA), diethanolamine 

(DEA), diglycolamine (DGA) and sodium hydroxide (NaOH). In the process, the solvent 

itself undergoes regeneration, which involves bond breaking. The chemical solvent is 

good for removing sour gas but still has a problem with the separation of by-

products from the solution i.e. salt. (iii) Adsorption processes that use solid 

adsorbents such as activated carbon. The activated carbon is impregnated with 

alkaline solutions, such as sodium hydroxide (NaOH), potassium hydroxide (KOH), and 

potassium carbonate (K2CO3). Potassium carbonate was proven to be the best 

alkaline-impregnated activated carbon for effective adsorption capacity. However, 

disadvantages are the need of chemical inputs and the high cost of activated carbon 
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via alkaline solutions. (iv) Use of granulates of solids that adsorb impurities e.g. metal 

oxides or molecular sieves like zeolites or Metal-Organic Frameworks (MOFs). (v) 

Capillary condensation [22] (vi) Use of  membranes that act as molecular sieves. The 

gas is adsorbed at the membrane surface and it diffuses through barriers where some 

of the gases can move through the membrane more easily whereas other gases 

cannot pass or can pass in a lower amount. Membrane research for eliminating 

hydrogen sulfide requires many parameters to study such as pressure, temperature, 

concentration of the permeants and types of membrane [25]. For the separation of 

components, the permeability is ruled by selectivity (selectivity coefficient, 

separation coefficient). 

Based on the information above, such techniques have attracted the 

attention of many scientists for reviewing and discussing, different processes. All have 

advantages and disadvantages. These must be investigated in order to increase 

efficiency and reduce the cost of separation procedures. The adsorption and 

membrane flow processes by porous materials seem to be very promising for the 

elimination of hydrogen sulfide from methane. The efficiency of porous materials 

depends on the surface area, porosity, specific function group of adsorbents, and 

upon the temperature, pressure and concentration of hydrogen sulfide. Separation of 

components of gas mixtures using porous materials was already investigated in 

several experimental and simulation studies [8, 26-29] . The separation has been 

examined under the influence of an additional chemical reaction [30]. Several 

materials have extensively attracted scientists for studied the separation of H2S/CH4 

mixture, for instance, UiO-66(Zr) [31], MIL [32, 33], zeolite [34], and molecular sieves 

[35] which be the candidate materials in this field. 

With all above remarks, ZIF-90 gives a good CO2 permeability so that it has a 

potential in CO2/N2 mixture separation. For better understanding of the separation 

process on a molecular level, in this challenging work, effects of temperature and 
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number of gases loading in ZIF-90 were examined by using Monte Carlo simulations 

and Molecular Dynamic simulations. Moreover, the adsorption and diffusion results 

of single gases, N2 and CO2, and CO2/N2 mixture were expected to provide the 

information of adsorption site and selectivity in ZIF-90. The flexibility of the ZIF 

structure has important influence on the diffusivity of gases through frameworks. 

Therefore, the structural changes have been examined during all of the simulations. 

The outcomes hopefully can be useful for the design of the novel material in real 

industrial and power plant of CO2 capture application. 

The aim of the second work is to compare the separation of H2S impurity 

from methane if some porous materials are in use. We consider Zeolitic Imidazolate 

Frameworks (ZIFs) i.e. ZIF-8, ZIF-67, Co/Zn-ZIF and a MOF, namely, Materials of 

Institute Lavoisier-127 (MIL-127(Fe)).  ZIF-8 has been chosen because it is one of the 

most common MOFs and one of the few MOFs that are already commercially 

produced and sold. Thus, it may be of considerable interest to find out its 

performance for important technical processes. ZIF-67 and Co/Zn-ZIF are 

modifications of ZIF-8 and it is not only of scientific but also of practical interest if 

such modifications improve its performance for our purpose. As a contrast to this 

structure, we have additionally examined MIL-127(Fe) which showed good separation 

performance in previous study by our group. This may help to decide if the ZIF-8 - 

like structures are really optimal. Furthermore, the separation selectivity is offered on 

the pair of interested gases. If the computational simulation is intensively only the 

selected gases in term or equimolar ratio, it may not representative the real system 

because there are various type and amount of gas composition in nature. Considering 

at this point, the binary mixture of gases are verified with the real ratio of gases by 

ZIFs and MIL materials using computational simulation. 
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1.2.    Zeolitic Imidazolate Frameworks (ZIFs). 
Zeolitic Imidazolate Frameworks (ZIFs) are the new subclass of Metal Organic 

Frameworks (MOFs) that are embraced of imidazolate or derivative of imidazolate 

joined with tetrahedral metal ions (e.g. Zn, Co, Cu, Fe, etc.). Interestingly, the metal-

imidazole-metal angle of ZIFs is approximately 145° that similar to Si-O-Si angle in 

zeolites as shown in Figure 1.2 . ZIFs show zeolite-like topologies and can tailor by 

varieties divertive of imidazole and many type of metal, 105 ZIF topologies have 

been reported in the literature [36, 37]. The combination of the advantage of zeolite 

and MOFs properties leading ZIFs have properties of two materials such as robust 

porosity, resistance to thermal changes, and chemical stability, ZIFs are being 

investigated for applications such as gas storage and separation. 

 
Figure 1.2 The bridging angles in metal IMs (1) and zeolites (2) [38]. 

 

Zeolitic imidazolate framework - 90 (ZIF-90) was firstly synthesized in 2008, it 

is composed of tetrahedral metal ion (ZnN4) with linker imidazolate-2-

carboxyaldehyde (Ica). The framework has two aperture types which are including 

four linkers (4-member ring) and six linkers (6-member ring) as in Figure 1.3. The 

largest cavity diameter up to 11.0 Å and window size (6-member ring) is 3.5 Å [39]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 7 

 
Figure 1.3 The structure of Zeolitic Imidazolate Framework-90. 

Zeolitic imidazolate framework - 8 (ZIF-8), was composed of the 2-

methylimidazolate linked together with tetrahedral metal ion (ZnN4) to constructing 

a solidate (SOD) topology) that features a space group of interconnected six 

membered ring windows with an accessible diameter and pore width of 3.4 Å and 

11.6 Å, respectively [38]. 

Zeolitic imidazolate framework -67 (ZIF-67) has the same topology of ZIF-8 

but the metal was changed from Zn to Co. The largest cavity diameter up to 11.6.0 Å 

and window size (6-member ring) is 3.5 Å. Co/Zn Zeolitic imidazolate framework 

(Co/Zn-ZIF) is a mixed material between ZIF-8 and ZIF-67 which is synthesized from 

both tetrahedral Zn and Co metal with 2-methylimidazolate. The all frameworks are 

presented in Figure 1.4. Because the ionic radii of Co2+ (0.72 Å) and Zn2+ (0.74 Å) are 

comparable, the Co/Zn-ZIF is expected to be achievable due to the isostructural 

feature of ZIF-8 and ZIF-67 [40]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 8 

 
Figure 1.4 (a) Metal tetrahedral (b) 2-methylimidazolate (c) Schematic view of the 

ZIF-8 (d) Schematic view of the ZIF-67. (e) Schematic view of the Co/ZnZIF.  Zn2+, 

Co2+, carbon, oxygen and nitrogen atoms are represented in gray polyhedra, blue 

polyhedral, grey, red and blue, respectively. 

 

Material of Institute Lavoisier-127 (MIL-127) is one of porous metal organic 

frameworks which is composed of trimers of iron (III) linked together with 3,3′,5,5′-

azobenzenetetracarboxylate anions as shown in Figure 1.5. There are two types of 

pores in this structure, including for a 1-D channel with pore diameter around 6 Å 

and cage with 10 Å diameter [41]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 9 

 
Figure 1.5 (a) Fe(iii) octahedra trimers (b) 3,3′,5,5′-azobenzenetetracarboxylic acid (H4-

TazBz) (c) Schematic view of the iron(iii) MIL-127. Iron(iii) trimers, iron, carbon, oxygen 

and nitrogen atoms are represented in gold polyhedra, yellow, grey, red and blue, 

respectively. 

 

1.3.    Literature reviews. 
In 2012, Atci and Keskin investigated the performance of adsorbing and 

diffusing single gas or mixture gas in 15 different ZIFs, some of whom were examined 

in their previous work [42]. UFF force field again was used in this work for simulations 

and compared with DREIDING force field. Their models were treated with Grand 

canonical Monte Carlo (GCMC) and equilibrium molecular dynamics (EMD) 

simulations and they predict the adsorption-based, permeation-based, permeability. 

Furthermore, a good agreement is obtained between performing simulations and 

calculating by mixing theories for estimate diffusion-based selectivity. Nevertheless, 

when comparing with experiment, they found the underestimation of CH4 and N2 

permeance in mixture and therefore it will lead to overestimation of the selectivity 

in gas mixtures. The main reason came from their assumption that frameworks could 

be rigid for saving computational cost and examining a lot of ZIFs. Hence, gas 

molecules that have larger diameters than pore size of ZIFs wouldn’t pass or 

permeate through the membrane but, of course, in reality, frameworks are flexible. 
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In 2012, Nair’s group described properties of adsorption of CH4, CO2, N2 in two 

MOFs, one of them is ZIF-9 0  [4 3 ] . The experiment was carried out for a range of 

temperature from 30 to 70 oC at pressure from 0.3 to 110 psi. Both of these MOFs 

have the same trend for gas solubility which is CO2  > CH4  > N2 .  However, while 

Cu(4,4′-(hexafluoroisopropylidene)bisbenzoate)1.5 (referred to a Cu-hfipbb) showed a 

good presentation with mono-layer coverage in Langmuir model, ZIF-9 0  only 

followed this rule at low pressure due to its capacity for multi-layer at high and 

moderate pressure which can be explained by the large pore volume inside and 

small window size (three dimensions). 

In 2014, Zhang et al. [44] have examined a series of ZIFs to study about the 

important role of functional groups in bio-fuel purification. Ethanol, water and 

mixture between them were simulated with UFF force field. Because of the results 

from the above mentioned work which states that flexibility hasn’t affected 

significantly on the adsorption so in this work, they assume that framework to be 

rigid. Using molecular simulation results, they proposed ZIF-8  might be a good 

candidate for bio-fuel purification while ZIF-90 in this work shows a good capacity for 

the adsorption of both ethanol and water because of the hydrophilic functional 

group. 

In 2016, Phuong et al. [45] validated force fields of ZIF-90 and CH4 molecule 

compared with experimental data and the suitable one has been proposed to study 

adsorption and diffusion. Among tested force fields, the modified GAFF is the best 

ZIF-90 force field that gives agreement of the structural properties and adsorption 

isotherm with the experiment. The radial distribution functions show the adsorption 

site of CH4 in ZIF-90 which is located near the organic linker at low loading of CH4 

and it was observed closer to the metal site and cage center at high loading.  

In 2016, Sumer and Keskin [46] rank efficiency of MOF absorbent for CO2 

separations using Molecular Dynamic simulations. The separation of CO2/CH4, CO2/N2, 
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and CO2/H2 mixtures, MOFs show better performance than well-known zeolites such 

as NaX, NaY. The adsorption selectivity of MOF membranes is slightly lower than 

those of NaX and NaY, but its permeability is much higher than those of zeolites. 

They can conclude that MOFs can be efficiently applied for membrane-based 

separations of CO2 mixtures. 

In 2017, Chokbunpiam et al. [47] examined the adsorption and diffusion of a 

H2/CH4 mixture in ZIF-90 at 3 temperatures using GEMC and MD simulations. The 

results show that high temperature can induce structural changes in ZIF-90 without 

influence of gas loading. The membrane H2/CH4 selectivity is predicted to increase 

from 3.9 to 9.1 increasing with the temperature from 300 to 473 K. That agrees well 

with experimental data. It means that we can enhance the membrane selectivity by 

increased temperature. 

In 2014, Hafez and Mohammad [48] were successfully synthesized high silica 

CHA-type membrane which can separate both acid (H2S, CO2) gases from methane. 

The ternary (H2S–CO2–CH4) gas mixtures, with the real compositions of sour natural 

gas (CO2:2.13 mol%, H2S:0.3 mol% and CH4:97.57 mol %), at 298K and 400 kPa. The 

results revealed that both acid gases can be removed from CH4 simultaneously with 

H2S/CH4 selectivity of 3.24. 

In 2017, Pongsajanukul et. al. [48] investigated the carbon dioxide adsorption 

and diffusion in MIL-127 by using molecular simulation. The results show that the gas 

molecules were filled in the central regions of the channels. The self-diffusion 

coefficient obtained the highest value at loading of 5 molecules/unit cell while for 

higher concentrations it decreases because of mutual hindrance of guest molecules. 

In 2019, Jafarzadeh et.al. [49] used the molecular simulation for seeking the 

performance of graphene membrane for the separation of CH4 /H2S mixture. The 

effect of functional group (-OH and -F) on the edge of pore can make the selective 
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separation of CH4 out of CH4/H2S mixture. The best performance is obtained at 0 MPa 

with the selectivity of 12.4.  

Due to the low performance of CH4/H2S selectivities in the previous works are not 

good enough, the new challenge for finding the better is the mission of this work. 

 

1.4.    Scope of this study. 
 In this challenging work, effects of temperature and number of gas molecules 

in ZIF-90  were examined by using Monte Carlo simulations and Molecular Dynamic 

simulations. Moreover, the adsorption and diffusion results of single gases, N2  and 

CO2 , and CO2 /N2  mixture were expected to provide information of adsorption site 

and selectivity in ZIF-90.  The flexibility of the ZIF structure has an important 

influence on the diffusivity of gases through frameworks. Therefore, the structural 

changes have been examined during all of the simulations. The outcomes can be 

useful for the design of the novel material in industrial and power plant of CO2 

capture application.  

Furthermore, the four materials (i.e., ZIF-8, ZIF-67, Co/Zn-ZIF and MIL-127) are 

also examined the separation of impurity (H2S) form natural gas (CH4) by using Monte 

Carlo simulations and Molecular Dynamic simulations of the selected gas. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 
THEORY BACKGROUND 

 

The molecular dynamics are the one of the most prominent techniques in a 

variety of science fields to understand the physical and dynamic properties at the 

intra-, inter-, and supramolecular scales and insightful tool of investigating crystal 

formation. The achievement of the predictions of molecular simulations depends on 

the reliability and accuracy of the chosen force fields. Thus, the quantification of 

uncertainties associated with the form of force fields and their parameters is a 

fundamental part of molecular modeling. 

 

2.1.    Molecular simulation techniques 
2.1.1. Force field interactions 

The force field is the set of potential energy functions used to define the 

interactions between atoms within molecule and also between molecules. These 

may have a wide variety of analytical forms, with some basis in chemical physics, 

which must be parameterized to give the correct energy and forces. Commonly, 

there are two terms of functions which are intramolecular (bonded) and 

intermolecular (non-bonded) as seen in equation 2.1. 

 

𝑈𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑈𝑏𝑜𝑛𝑑𝑒𝑑 + ∑ 𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑    (2.1) 

 

2.1.1.1. The intramolecular potential 
 The intermolecular potential is the interaction between atom within 

molecule which are including two-, three- and four- body potentials referred to 

bond-stretching, angle-bending and torsion potentials, respectively as shown in 
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Figure 2.1. The energy Ubonded is calculated as a sum of Ubond, Uangle and Utorsion. [50, 

51] . 

 

 𝑈𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑈𝑏𝑜𝑛𝑑 + 𝑈𝑎𝑛𝑔𝑙𝑒 + 𝑈𝑡𝑜𝑟𝑠𝑖𝑜𝑛    (2.2) 

 

 
Figure 2.1  The bonded potential; (a) The bond-stretching potential. (b) The angle 

bending potential. (c) The torsional potential (also called dihedral potential) [52]. 

 

Two-body potential or boned potential describes the explicit bond between 

the specific pair atom. There are several potential functions such as harmonic 

potential, Morse potential, 12-6 potential bond or restrained harmonic potential. The 

common potential that widely use is harmonic potential as shown in equation (2.2) 

 

𝑈𝑏𝑜𝑛𝑑 = ∑ 𝑏𝑜𝑛𝑑𝑠 𝑘𝑟 (𝑟𝑖𝑗 − 𝑟0)2    (2.2) 

 

When rij being the absolute value of ij i jr r r= − . In these formular rij is the absolute 

value of the distance between atoms labelled i and j. The configurational energy of a 

bond is a function of the deviation of the bond length from the “equilibrium” value 

(r0). The force constant (kr) indicates the strength of the bond.  

 Three-body potential or angle-bending potential energy (Uangle) equation is 

the energy change associated with two bonds forming an angle with each other by 

three atoms (i−j−k), where there is a bond between i and j, and between j and k. 

This is also a harmonic potential. where 𝜃0 is the equilibrium angle and  𝑘𝜃 a 
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constant which describes the angular dependence well.  This leads to the following 

equation (2.3).  

 

𝑈𝑎𝑛𝑔𝑙𝑒 = ∑ 𝑎𝑛𝑔𝑙𝑒𝑠 𝑘𝜃 (𝜃𝑖𝑗𝑘 −  𝜃0)2    (2.3) 

 

The bond and angular terms were already familiar from the potentials for 

solids. In the physics and chemistry of molecules there are many important effects 

which cannot be described by only these terms. The most fundamental of these is 

probably torsion. This refer to the rotations of one part of a molecule with respect to 

another. Four-body potential or torsion potential energy (Utorsion) in equation (2.4) 

describes the part of the energy change associated with rotation in a four-atom 

sequence i−j−k−l, where i−j, j−k and k−l are bonded. The rotational motion 

associated with this term is described by a dihedral angle and a coefficient of 

symmetry m (periodicity), around the central bond j−k. This potential is supposed to 

be periodic and is regularly represented by a cosine function as given in equation 

(2.4).  

 

𝑈𝑡𝑜𝑟𝑖𝑜𝑛 = ∑ 𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠 𝑘𝜙 [1 + 𝑐𝑜𝑠(𝑚 𝜙𝑖𝑗𝑘𝑙  − 𝜙0)]   (2.4) 

 

The values of force constant (k) can be obtained from experimental data 

(such as infrared spectral frequencies) or from quantum mechanical calculations. 

 

2.1.1.2. The intermolecular potential 
Intermolecular potentials or non-bonded potentials (𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑) [53, 54] involve 

electrostatic and Van Der Waals potentials. A typical expression for such a potential 

is: 
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𝑈𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑 = 𝑈𝑉𝑎𝑛 𝐷𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 + 𝑈𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐   (2.5) 

 

For pair potentials, the total potential energy of a system can be calculated from the 

sum of the energy contributions from pairs of atoms and it depends only on the 

distance between atoms. One example of a pair potential is the Lennard-Jones 

potential which is shown in equation (2.6) and is the most commonly used form. 

 

𝑈𝑉𝑎𝑛 𝐷𝑒𝑟 𝑊𝑎𝑎𝑙𝑠 = ∑ 4휀𝑖𝑗 [(
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

]𝑖<𝑗    (2.6) 

 

When ij is the value of the minimum depth of the potential energy for the 

interaction involving atom i and j, σij (the equilibrium distance) and rij shows the 

distance between the atom centers. In this study, Lorentz−Berthelot mixing rules are 

used, which are:  

 

𝜎𝑖𝑗  =
1

2
(𝜎𝑖𝑖 + 𝜎𝑗𝑗)    (2.7) 

and 

휀𝑖𝑗 = √휀𝑖𝑖  휀𝑗𝑗     (2.8) 

 

Where σii, σjj , ii and ij are the LJ diameters for the interaction of i-i atoms 

and so on. The (σ/r)12 term describes the repulsive force due to overlapping of 

electron orbitals (Pauli repulsion) and does not have a true physical motivation, 

other than that the exponent must be larger than 6 to get a potential well. One 

often uses 12 because. it can be calculated efficiently (square of 6). The term (σ/r)6 

describes the attractive force (Van der Waals) and can be derived classically by 

considering how two charged spheres induce dipole-dipole interactions into each 

other. 
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Another intermolecular potential is the electrostatic interaction ( electrostaticU ) 

between a pair of atoms. The charge group scheme is more cpu intensive than a 

simple atomistic cutoff scheme as more computation is required to determine 

whether or not to include a set of interactions. The fundamental equation of 

electrostatics is Coulomb's law as shown in equation (2.9), which describes the force 

between two point charges. 휀0 is the effective dielectric function for the medium 

and rij is the distance between two atoms with charges qi and qj. 

 

𝑈𝐶𝑜𝑢𝑙𝑜𝑚𝑏 = ∑
1

4𝜋𝜀0𝑖<𝑗
𝑞𝑖𝑞𝑗

𝑟𝑖𝑗
    (2.9) 

 

The derivations of the potential energy function with respect to the atomic 

coordinates yield the forces needed in a Molecular Dynamic simulation. 

 

2.1.2. Periodic Boundary Conditions (PBC) 
In most cases we want to simulate a system in realistic environment, such as 

solution. The simulation is needed to preserve thermodynamic properties like 

temperature, pressure and density for the contained molecules in boundary. The 

periodic boundary conditions are a set of boundary conditions that can be used to 

simulate a large system (i.e. bulk material) simply by modeling using a small part 

(unit cell). A unit cell in MD is usually referred to as periodic box. PBC has been 

favored among many researchers and practicing engineers in the study of various 

materials. When a molecule leaves the box, one of its images will enter through the 

opposite site with exactly the same way and direction. The molecules in the 

simulation box will conserve and the system can be thought of as having no surface. 

There are several different periodic boundary conditions, which are defined by the 

shape and size of the simulation cell such as cubic, orthorhombic, hexagonal prism 
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etc. Figure 2.2 presents the cubic periodic boundaries that is the most commonly 

used in simulation and has the advantage of great simplicity.  

 

 

Figure 2.2 Periodic boundary conditions. A central box is surrounded by copies of 

itself. The arrows show the shortest distance between particles 1 and 3 [55].  

 

 Simulations requiring no periodic boundaries are best suited to in vacuuo 

simulations, such as the conformational study of an isolated polymer molecule or 

study in a solvent. 

 

2.1.3. Ensembles 
In MD was for the “typical” MD ensemble, that keeps the particle number, 

system volume and total energy constant (NVE). In addition, the total momentum is 

conserved in the common NVE-MD. There are three important ensembles in the 

theory of statistical thermodynamics, and they are classified according to what is 

held constant in each system as follows [56]. 

• Microcanonical ensemble (NVE): The thermodynamic state is determined by a 

fixed number of atoms (N), a fixed volume (V), and a fixed energy (E). This 

corresponds to an isolated system. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 19 

• Canonical ensemble (NVT): This ensemble describes a system in contact with 

a heat bath. Its thermodynamic state is defined by a fixed number of atoms 

(N), a fixed volume (V), and a fixed temperature (T). Energy can be exchanged 

with the bath which has the desired temperature. 

• Isobaric-isothermal ensemble (NPT): This ensemble is characterized by the 

number of atoms (N), the pressure (P), and the temperature (T). The energy 

can be exchanged with the heat bath and volume can be exchanged with the 

“pressure” bath.  

 

2.1.4. Radial Distribution Function (RDF) 
Radial distribution function is the one statistic mechanic that described how 

the density of surrounding matter varies as a function of the distance from the 

particular point. It gives the information concerning the frequency with which certain 

distances occur. In MD simulation, the RDF is calculated by counting the number of 

the atom pairs between given ranges of separation. The results can be transferred to 

the average density of atoms as a function of distance. The general expression to 

calculate the RDF G(r) is: 

 

 𝑔(𝑟) =  
𝑉

𝑁
〈∑ 𝛿(𝑟 − 𝑟𝑖) × ∑ 𝛿(𝑟 − 𝑟𝑗)𝑁

𝑗=1
𝑁
𝑖=1 〉   (2.10) 

 

in which 𝛿(x) is Dirac’s 𝛿 function. By definition, g(r) = 1 for an ideal gas. The 

radial distribution function (or its Fourier transform) can be measured in (scattering) 

experiments. Moreover, the g(r) plays a key role in many liquid state theories. 
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Figure 2.3 The radial distribution function g(r) describes the local density at distance r 

from a central particle [55]. 

 

The concept for calculating a radial distribution function is very simple. Firstly, 

the reference atom which the RDF will be calculated are chosen. For every value of 

r, construct a spherical shell of radius r and width dr centered on your chosen atom, 

then calculate the density (e.g., in atoms per cubic centimeter) within that spherical 

shell as shown in Figure 2.3.  

 

2.1.5. Adsorption, diffusion and permeation 
To determine the selectivity of material in this work adsorption and diffusion 

will be consider [55, 57]. Adsorption is mainly two interaction such as electrostatic or 

Van Der Waals forces. The separation factor for mixture is focus in term of adsorption 

selectivity that can be evaluated as equation 2.11. 

 

𝑆𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝑖/𝑗) =
𝑥𝑖/𝑥𝑗

𝑦𝑖/𝑦𝑗
    (2.11) 
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Where x is the molar fraction of the adsorbed phase and y is the molar 

fraction of the bulk gas phase. With this equation that can be obtained the 

adsorption selectivity not only via Gibbs ensemble Monte Carlo simulation but also 

by Molecular simulation and experiment. 

 

Diffusion is the process whereby an initially nonuniform concentration profile (e.g. 

an ink drop in water) evolves in time. Diffusion is caused by the thermal motion of 

the particles in the fluid. The macroscopic law that describes diffusion is known as 

Fick’s law, which states that the flux j of the diffusing species is proportional to the 

negative gradient in the concentration of that species: 

 

   j = −Dc     (2.12) 

 

In this chapter, we limit ourselves to self-diffusion. This means that we study the 

diffusion of a labeled species among other identical species. We now compute the 

concentration profile of the labeled species assuming that, the labeled species was 

concentrated at the origin at time t = 0. To compute the time evolution of the 

concentration profile, we combine Fick’s law with conservation of the total amount 

of labeled material: where the proportionality constant D is the diffusion coefficient. 

 
𝜕〈𝑟2(𝑡)〉

𝜕𝑡
= 6𝐷    (2.13) 

 

  The diffusion coefficient was calculated using the Einstein relation that was 

first derived by Einstein around 1905. It relates the diffusion coefficient D to the 

width of the concentration profile. We stress that D is a macroscopic transport 

coefficient, whereas 〈𝑟2(𝑡)〉 is a microscopic property as it is the mean-squared 

distance over which the tagged particles have moved in a time t. In a computer 
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simulation, D can be measured by measuring for every particle i the distance 

traveled in time t, _ri(t). To be more specific, we plot the mean-squared 

displacement as a function of t. 

 

∆〈𝑟(𝑡)2〉 =
∑ ∆〈𝑟𝑖(𝑡)2〉𝑁

𝑖=1

𝑁
    (2.14) 

 

More information on computing diffusivities can be found in Ref. [58]. In mixture, 

diffusion selectivity can be evaluated like that, in which self-diffusivities measured in 

mixture 

 

   Sdiffusion(i/j) =  
Ds,i,(i,j)

Ds,j,(i,j) 
    (2.15) 

 

In porous material, the gas transport mechanism inside follows the surface 

diffusion due to the porous structure. Therefore, the permeance can be predicted by 

the combination of the adsorption and the self-diffusion coefficient as the following 

equation 

 

𝑃𝑖 = Пil = Ds, iϕ
𝑐

𝑓
    ∶ where  Πi = NiΔPi    (2.16) 

 

ϕ is void fraction, c (mol.m-3) is equilibrium gas concentration, f (Pa) is the fugacity. 

Furthermore, permeation selectivity can also be evaluated by the relation 

 

𝑆𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑖𝑜𝑛 = 𝑆𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝑖/𝑗) x 𝑆𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛(𝑖/𝑗)  (2.17) 

    = xi/xj

yi/yj
 .

Ds,i,(xi,xj)

 Ds,j,(xi,xj)
  

 

𝑆𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛(𝑖/𝑗), 𝑆𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛(𝑖/𝑗) are adsorption selectivity and self-diffusion selectivity 

respectively. 
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2.2. Gibbs ensemble Monte Carlo (GEMC) simulation 
Gibbs ensemble Monte Carlo (GEMC) simulation has been specifically 

designed to characterize phase transitions. The Gibbs ensemble method was 

proposed by Panagiotopoulos [59] in 1987 for simulation of the gas-liquid and liquid-

liquid equilibria and extended to calculation of gas-solid phase equilibria [60]. As in 

the conventional Gibbs ensemble method, it is performed in 2 boxes simultaneously 

in one simulation at given initial density of gas at desired temperature and volume.  

One of the boxes contains the crystalline structure and adsorbed gas 

molecules, while the gas phase of the desired gas forms the other simulation box. 

The temperature, which is an input quantity in MC, is equal in both boxes. When 

simulation was started, the chemical potentials and pressures in 2 boxes should turn 

into equal according to the conditions for phase coexistence. Metropolis MC consists 

of a random movement of random gas particles within both simulation boxes that 

occur gas displacement inside of each box or gas exchange between 2 boxes as shown 

in Figure 2.4. The total number of gas particles within 2 boxes will be constant during 

each simulation run. Each box was simulated within standard periodic boundary 

conditions.  

       

   

     Initial state   Relaxing     Equilibrium state 

Figure 2.4 The step of a GEMC simulation. 
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The 3 steps of an GEMC simulation are 

     1. Creating an initial situation. 

     2. Relaxing the initial situation to a true equilibrium situation. 

     3. Main part: Long simulations in equilibrium in order to explore the equilibrium 

system. 

 

The particle exchanges lead to equilibrium between the gas phase and the 

adsorbed phase. The GEMC simulation does not require knowledge of pressure or 

chemical potential. Instead, the state of the gas box is determined by the 

temperature and n particle densities. Thus (n+1) intensive variables determine the 

gas phase in agreement with Gibbs rule. The state of the adsorbed phase is 

determined by the condition of equilibrium with the gas phase. But the pressure can 

be evaluated additionally if wished. This is desirable in order to compare the 

adsorption isotherms with experiments because the particle densities in the gas box 

are commonly not used (although known) for the abscissa in the presentation of 

adsorption isotherms by experimentalists or by engineers. The plotting of pressure vs 

amount of adsorbed at each point was compared with the experimental data for 

verifying parameter of simulation. 

  

2.3. Molecular dynamics simulations 
Molecular dynamics is the science of simulating the time dependent behavior 

of a system of particles. The time evolution of the set of interacting atoms is 

followed by integrating their equation of motion with boundary conditions 

appropriate for the geometry or symmetry of the system. In order to calculate the 

microscopic behavior of a system from the laws of classical mechanics, MD requires, 

as an input, a description of the interaction potential (or force field). The quality of 

the results of an MD simulation depends on the accuracy of the description of inter-
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particle interaction potential. The adsorption and diffusion of gases in porous 

material with time dependence can be investigated by Molecular Dynamic (MD) 

simulation [61].  

 

2.3.1. Classical mechanics. 
Basically, the MD simulation consists in calculation of the particle trajectories 

using Newton’s second law. Newton’s second law is an equation of motion that is 

solved for the equilibrium system. Knowledge of the forces acting on the individual 

atoms and the configuration energy is required. Integration of the Newton’s second 

law equations then yields a trajectory that gives the advance positions, velocities and 

accelerations of the atoms with time. Using this trajectory, the average values of the 

properties can be estimated. The positions and velocities of the individual atoms in 

the system can be calculated at any time during the simulation time.  

The essential elements for a molecular dynamics simulation are (i) the 

interaction potential (i.e., potential energy) for the particles, from which the forces 

can be calculated, and (ii) the equations of motion governing the dynamics of the 

particles. We follow the laws of classical mechanics, mainly Newton’s law that is 

given by equation (2.18) when iF  is the total force of atom i, mi is the mass of atom 

i and ia  is the acceleration of atom i. 

 

�⃗�𝑖 = 𝑚𝑖 �⃗�𝑖 (2.18) 

 

The force on an atom can be calculated as the derivative of energy with 

respect to the change in the atom’s position. Then, the force can be calculated it 

from the gradient of the potential energy by equation (2.19). Afterward, combining 

these two equations yields from (2.18) and (2.19) are giving in equation (2.20) when U 

is the potential or configurational energy of the system. Therefore, Newton’s 
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equations of motion related with the potential energy for changing the position as a 

function of time are: 

 

𝐹𝑖
⃗⃗⃗ = −𝛻𝑖𝑈     (2.19) 

         

       𝐹𝑖
⃗⃗⃗ = −

𝜕𝑈

𝜕𝑟𝑖
= 𝑚𝑖

𝜕2𝑟𝑖

𝜕𝑡2 = 𝑚𝑖 �⃗�𝑖    (2.20) 

    
For a unique solution the knowledge of the initial positions and velocities of 

the atoms is necessary. Thus, positions and velocities at any time are determined by 

the initial positions and velocities. The average positions of the lattice atoms can be 

obtained from experimental structures such as the X-ray crystal structure determined 

by NMR spectroscopy. These can be used as initial position of the lattice atoms while 

the initial positions of the guests are chosen randomly. 

The initial velocities ( 0iv ) are usually selected randomly from a Maxwell-

Boltzmann or Gaussian distribution at a given temperature, which gives the 

probability density (W) that an atom i has a velocity vx in the x direction at a 

temperature (T) shown in equation (2.21). 

 

𝑊(�⃗�𝑖𝑥) = (
𝑚𝑖

2𝜋𝑘𝐵𝑇
)

1/2
𝑒𝑥𝑝 (−

1

2

𝑚𝑖

𝑘𝐵

�⃗⃗�2
𝑖𝑥

𝑇
) .   (2.21) 

 

The velocities are corrected to fulfill.   

     

 �⃗⃗� = ∑ 𝑚𝑖 �⃗�𝑖0 = 0𝑁
𝑖=1      (2.22) 
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The temperature can be estimated from the velocities using equation (2.23) 

when N is the number of atoms in the system using the equipartition theorem of 

statistical mechanics. kB is Boltzmann constant.  

 

𝑇 =
1

(3𝑁𝑘𝐵)
∑

|�⃗⃗�𝑖 �⃗⃗�𝑖|

2𝑚𝑖

𝑁
𝑖=1     (2.23) 

 

During the MD simulation the sites and velocities are stored. The trajectory 

can be used to evaluate configurational properties (positions, velocities and 

accelerations) and dynamic quantities like transport coefficients and time correlation 

functions of all N particles from the trajectory [41, 42]. 

 

2.3.2. Integration algorithms. 
The integration algorithms in this MD simulation are based on the Verlet 

scheme, which is both time reversible and simple. It generates trajectories in the 

microcanonical (NVE) ensemble in which the total energy (kinetic plus potential 

energy) is conserved. The MD simulation program contains two versions of the Verlet 

algorithm. The first is the Verlet leapfrog (LF) algorithm and the second is the velocity 

Verlet (VV). 

Verlet Leapfrog (LF) algorithm requires values of position (r) and force (f) at 

time t while the velocities (v) are half a timestep behind. The first step is to advance 

the velocities to 𝑡 +
1

2
∆𝑡 by integration of the force: 

 

𝑣 (𝑡 +
1

2
∆𝑡) ← 𝑣 (𝑡 −

1

2
∆𝑡) + ∆𝑡

𝑓(𝑡)

𝑚
    (2.24) 

 

where m is the mass of a site and ¢t is the timestep. 
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The positions are then advanced using the new velocities: 

 

𝑟(𝑡 + ∆𝑡) ← 𝑟(𝑡) + ∆𝑡 𝑣 (𝑡 +
1

2
∆𝑡)   (2.25) 

 

Molecular dynamics simulations normally require properties that depend on 

position and velocity at the same time (such as the sum of potential and kinetic 

energy). In the LF algorithm the velocity at time t is obtained from the average of the 

velocities half a timestep either side of time t: 

 

𝑣(𝑡) =
1

2
[𝑣 (𝑡 −

1

2
∆𝑡) + 𝑣 (𝑡 +

1

2
∆𝑡)]   (2.26) 

 

The VV algorithm assumes that positions, velocities and forces are known at 

each full timestep. The algorithm proceeds in two stages as follows. 

In the first stage a half step velocity is calculated: 

 

𝑣 (𝑡 +
1

2
∆𝑡) ← 𝑣(𝑡) +

1

2
∆𝑡

𝑓(𝑡)

𝑚
   (2.27) 

 

and then the full timestep position is obtained: 

 

𝑟(𝑡 + ∆𝑡) ← 𝑟(𝑡) + ∆𝑡 𝑣 (𝑡 +
1

2
∆𝑡)   (2.28) 

 

In the second stage, using the new positions, the next update of the forces f(t 

+ ¢t) is obtained, from which the full step velocity is calculated using: 

 

𝑣 (𝑡 +
1

2
∆𝑡) ← 𝑣 (𝑡 +

1

2
∆𝑡) +

1

2
∆𝑡

𝑓(𝑡+∆𝑡)

𝑚
   (2.29) 
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Thus, at the end of the two stages full synchronisation of the positions, forces 

and velocities is obtained. In its original form molecular velocities do not appear, in 

conflict with the attitude that the phase-space trajectory depends equally on 

positions and velocities. Modern formulations [62, 63] of the method often 

overcome this asymmetric view. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 
CALCULATION DETAILS 

 

3.1.    CO2 and N2 in ZIF-90 
3.1.1. Force Field Validation  

The structure of ZIF-90 was assembled from the x-ray structure that was 

taken from the CCDC database [39]. The simulation box consists of 2×2×2 unit cells 

in the Molecular Dynamics (MD) simulation and 4×4×4 unit cells in the Gibbs 

Ensemble Monte Carlo (GEMC) simulation. Because the lattice flexibility plays an 

important role in calculations of dynamic properties in several MOFs as shown in [5], 

a force field for a flexible lattice of ZIF-90 was applied in the MD simulations. 

Bonding interaction parameters, including bond stretching, bond bending and bond 

torsion, were taken from GAFF [64], which could lead to a stable lattice size and 

dynamic properties. The non-bonding interaction parameters were developed by our 

group and approved in CH4 adsorption [65], seeing in Table 3.1. The 4 candidates of 

CO2 parameters and 3 candidates of N2 as shown in Table 3.2.  

Table 3.2 are used to find the suitable force field of CO2 and N2 in the ZIF-90 

system at 303 K by a comparison with the experimental data. These force fields were 

chosen from the best agreement with experiment of the results for adsorption 

isotherms and used to explore dynamic properties of the system. 

Table 3.1 Lennard-Jones parameters and charge of all atom types in ZIF-90. 

Atom σ (Å) ε (kcal/mol) q (e) 

C_CR 3.4 0.059 0.21 

C_CC 3.4 0.059 -0.002 

C_CT 3.4 0.059 0.258 

H_H4 2.51 0.01 0.115 
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Atom σ (Å) ε (kcal/mol) q (e) 

H_HT 2.65 0.01 0.049 

Zn 1.96 0.009 0.674 

O 2.96 0.14 -0.410 

N 3.25 0.11 -0.335 

 

Table 3.2 Lennard-Jones parameters and charge of all atom types for CO2 and N2. 

Force Fields atom  (Å) ɛ (kcal/mol) q (e) 

CO2 

FF1 (Liu D. et al.) [66] 
C 3.43 0.10459 +0.544 

O 3.12 0.05974 -0.272 

FF2 (Murthy C. S. et al.) [67] 
C 2.785 0.057629 +0.596 

O 3.014 0.165138 -0.298 

FF3 (Potoff, J. J. et al.) [68] 
C 2.80 0.05343 +0.70 

O 3.05 0.15634 -0.35 

FF4 (Zheng B. et al.) [69] 
C 2.757 0.055 84 +0.6512 

O 3.033 0.15982 –0.3256 

N2 

FF1 (Potoff, J. J. et al.) [68] 
N 3.31 0.07154 -0.482 

Center 0 0 0.964 

FF2 (Ravichandar Babarao) [70] 
N 3.32 0.07233 -0.482 

Center 0 0 0.964 

FF3 (Erhan Atci and Seda 

Keskin) [42] 

N 3.31 0.07233 -0.400 

Center 0 0 0.800 
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3.1.2. Gibbs ensemble Monte Carlo simulations 
All adsorption isotherms and adsorption selectivities in the porous materials 

examined in this work are calculated in Gibbs Ensemble Monte Carlo (GEMC) 

simulations by use of the homemade Gibbon software, that has been used 

successfully in several papers including [30, 47, 48, 71-74]. The Gibbon software 

performs Metropolis Monte-Carlo in 2 boxes simultaneously in one simulation at 

desired temperature. Equilibrium between the boxes is achieved by random particle 

exchange taking account of microscopic reversibility. The gas phase of the pure gas 

(CO2 and N2) and CO2/N2 mixture gas are simulated in box A while box B contains 64 

(4x4x4) unit cells of the ZIF-90 with adsorbed gas. Within each box random 

displacements and random rotations are carried out ruled by the Metropolis 

algorithm. The Coulomb interactions are not calculated by Ewald summation but 

they are treated with a damping factor for larger distances improved by a method 

analogously to the charge group method [75]  for long range interaction. Replacing 

the Ewald sum by such methods is extensively discussed in [76]. and our application 

is described in more detail in [45]. In this approximation the sum of the electrostatic 

potential of the three-point charges of each CO2 and N2 atoms are considered as an 

entity. The faster decaying sum is calculated within distances between the centers of 

masses of the two molecules smaller than the cutoff radius of 30 Å. Thus, the 

computer time needed in the GEMC simulation is reduced considerably. 

Moreover, the CO2/N2 mixture gas was calculated in 2 temperature series 

related with the real condition for finding the adsorption selectivity for this 

separation. During GEMC simulation the structure was implicit as a rigid framework 

because of the effect of the lattice flexibility on adsorption was not significant 

difference in many ZIF’s publication [42, 77]. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 33 

3.1.3. Molecular dynamics (MD) simulations 
The MD simulations have been carried out by use of the DL-POLY classic 

package [78]. Adsorbed amounts of CO2 and N2 in the range of 0.5 - 30 molecules 

per cage were investigated in 5 temperature series. All simulations started with NVT 

ensemble with Nosé–Hoover thermostat for 2 ns to control the temperature. After 

that NVE ensemble MD simulations were carried out during 25 ns to examine the 

dynamic properties. The effect of temperature and the amount of gas loading to the 

swinging of the imidazolate 6-member ring are examined in terms of window 

diameter distributions. The self-diffusion coefficients of CO2 in ZIF-90 are evaluated.  

 The amount of CO2 and N2 mixture in ZIF-90, with ratio 1:1 and 1:2, in 

comparison with single gas results that obtained from GEMC, were used to evaluate 

the diffusion selectivity in MD simulation. 

 

3.2.   H2S and CH4 in ZIFs and MIL-127 materials 
The binary mixture (CH4/H2S) is considered to evaluate the separation of the 

impurity in terms of adsorption isotherm and adsorption selectivity with porous 

materials. ZIF-8, ZIF-67, Co/Zn-ZIF and MIL-127(Fe) models are constructed from the 

XRD data of the Cambridge Crystallographic Data Center (CCDC)[40, 79-81]. The cubic 

frameworks of ZIF-8, ZIF-67 and Co/Zn-ZIF for simulations consist of 4x4x4 unit cells 

which have the corresponding lattice constants (unit cell edge lengths), of 16.9910 Å, 

16.9589 Å, 17.099 Å and 21.985 Å, respectively. The structures are illustrated in Figure 

1.4 and Figure 1.5. The interactions of Lennard-Jones parameters for the lattice 

atoms and its partial atomic charges as well as the parameters of CH4 and H2S are 

summarized in the Table 3.3. The adsorption selectivity and diffusion selectivity of all 

system are performed by Gibs ensemble Monte Carlo and Molecular Dynamic 

Simulations. 
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Table 3.3 Lennard-Jones parameters [82, 83] and charge of all atom types in ZIF-8 
[82], ZIF-67 [84] and Co/Zn ZIFs [82]. 

Atom  σ 

(Å) 
ε  

(kcal/mol) 

ZIF-8  

q (e)  

ZIF-67  

q (e) 

Co/Zn ZIF  

q (e) 

CC  3.400 0.0860 -0.104  -0.0581 -0.104  

CR  3.400 0.0860 +0.822  +0.7846 +0.822  

CT  3.400 0.1094 -0.585  -0.3094  -0.585  

HH  2.511 0.0150 +0.079  +0.0910 +0.079  

HT  2.650 0.0157 +0.105  +0.0584 +0.105  

N  3.250 0.1700 -0.751  -0.6956 -0.751  

Zn  1.960 0.0125 +2.00  - +2.00 

Co 2.1856 0.0286 - +1.3497 +2.00 

 

Table 3.4 Bond lengths (Å) and force constants (kcal/mol/Å2) of ZIF-8, ZIF-67 and 

Co/Zn ZIFs [82, 83, 85]. 

Atom type Force constants Bond lengths 

i  j  k
r
  r

0
  

CC  CC  1036  1.371  

CC  N  820  1.385  

CC  HH  734  1.080  

CT  HT  680  1.090  

CR  N  996  1.335  

Zn  N  160  2.050  

Co N 141 2.000 

CR  CT  634  1.504  
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Table 3.5 The bending angles (deg) and force constants (kcal/mol/deg2) of ZIF-8, ZIF-

67 and Co/Zn ZIFs [82, 83, 85]. 

Atom type Force constants Bending angles 

i j k kθ θ0 

CC CC N 140 120 

CC CC HH 100 120 

CR CT HT 100 109.5 

HT CT HT 70 109.5 

CC N Zn/Co 20 126 

CR N Zn/Co 20 126 

CC N CR 140 120 

N Zn/Co N 20 109.5 

N CR N 140 120 

N CR CT 140 120 

N CC HH 140 120 

 

Table 3.6 The torsional angles 0 (deg) and torsion force constants k (kcal/mol) of 

ZIF-8, ZIF-67 and Co/Zn ZIFs [82, 83, 85]. 

Atom type Constant 

I j k l k n 0 

X N CC X 6 2 180 

X CC CC X 21.5 2 180 

X CR N X 10 2 180 

  

The interaction parameters and coordinate for gas molecules i.e. CH4, and H2S 

as show in Table 3.7. 
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Table 3.7 Lennard-Jones parameters, charge and coordinate for gas molecules were 

loaded in ZIFs. 

Molecule 
Atom 

types 

σ  

(Å) 
ε 

(kcal/mol) 

q  

(e) 

Coordinate 

(x,y,z) 

CH4 [86] C 3.730 0.2939 0.00 0.0, 0.0, 0.0 

H2S [87]. H 0.00 0.00 0.16 -1.34, 0.0, 0.0 

H 0.00 0.00 0.16 0.047, 1.339, 0.0 

S 3.700 0.5466 -0.32     0.0, 0.0, 0.0 

 

Table 3.8 Lennard-Jones parameters [88] and charge of all atom types in MIL-127 (Fe) 

material [48]. 

Atom types 
σ  

(Å) 
ε  

(kcal/mol) 

q  

(e) 

O_Fe 3.118 0.060 –0.900 

Fe_O 2.594 0.013 1.400 

O_D 3.118 0.060 –0.930 

H_D 2.571 0.044 0.387 

O_W 3.118 0.060 –0.960 

H_W 2.571 0.044 0.480 

N_N 3.261 0.069 –0.210 

C_N 3.431 0.105 0.330 

C_H 3.431 0.105 –0.100 

H_C 2.571 0.044 0.107 

C_C 3.431 0.105 –0.200 

C_O 3.431 0.105 1.070 

O_C 3.118 0.060 –0.700 
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3.2.1. Gibbs ensemble Monte Carlo simulations. 
In this work, the GEMC simulations have been done with rigid frameworks, 

which would not be possible for MD simulation of the diffusion of methane in ZIF-8, 

ZIF-67 and Co/Zn-ZIF. The diffusion selectivity depends strongly upon fluctuations of 

channel and aperture sizes in flexible frameworks. For example, for the separation of 

H2/CH4 , the flexibility of the ZIF-8 framework changed the membrane selectivity by 

orders of magnitude because CH4 diffusion in the rigid framework is much smaller 

than in the flexible one [26] 

The reason is that the size of the methane molecule is not very different 

from the size of the windows connecting adjacent cavities. The influence of the 

flexibility on adsorption is much smaller because the fluctuations of the window 

sizes influence the speed of approximation to the adsorption equilibrium, but they 

have a small influence on the adsorption equilibrium. However, this is true only for 

cases in which no phase transition of the structure of the MOF happens. Such phase 

transitions can happen in some cases (see e.g.[89, 90]). For the systems which are 

examined here, such effects have not been observed. 

All adsorption isotherms (mixture gas i.e. CH4/H2S) and adsorption selectivities 

(CH4/H2S) in porous materials of this work were calculated using Gibbon ‘s in-house 

developed software for Gibbs Ensemble Monte Carlo (GEMC) that has been 

successfully used in several papers including [3-9]. The main feature of the GEMC 

simulation method [10-13] is that the equilibrium between a gas phase and an 

adsorbed phase (adsorbed in porous materials i.e. ZIF-8, ZIF-67, Co/Zn ZIF and MIL-

127 (Fe)) is investigated directly. The GEMC simulations are first equilibrated at target 

temperatures using 21 runs of 108 simulation steps. Further, a run of 108 simulation 

steps is carried out for evaluation.  
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3.2.2. Molecular dynamics (MD) simulations. 
Molecular Dynamics (MD) simulations examined the particle trajectories in 

system by using the Newton’s second law of motion. All calculations in this work 

were calculated by DL-POLY program by following these steps. (i) Set the initial 

conditions for the simulation in terms of the initial coordinates and initial velocities 

of the particles in the system. (ii) The list of neighbor will be updated after every 

time step. (iii) Then solve the equations of motion to find the new positions and 

velocities. (iv) Update new configuration and velocities. (v) Perform pressure or 

temperature control depending on different ensembles. (vi) Repeat these processes 

until the time reach the time simulation that is set up at the beginning. (vii) From the 

trajectory, analyze the result to get physical quantities i.e. radial distribution 

functions (RDFs) and dynamical properties i.e. self-diffusion coefficient of the system. 

The simulation boxes (ZIF-8, ZIF-67, Co/Zn-ZIF and MIL-127 (Fe)) consist of 

2×2×2 unit cells in the MD simulations. This model could also describe well the ZIF 

lattice structure, particularly the size and shape of the windows. These MD 

simulations are done in the NVE ensemble. In this ensemble the simulation box size 

is constant and therefore agrees with X-ray data. 

In this work, the MD simulation was conducted on flexible frameworks for ZIF-

8, ZIF-67, Co/Zn ZIF but rigid framework for MIL-127. The numbers of gas mixture 

CH4/H2S are loaded in porous materials that deepened on the results of adsorption 

isotherms in results and discussion section for each temperature and pressure.  

For ZIF-8, ZIF-67 and Co/Zn ZIF simulations were done by isochoric-

isothermal ensemble (NVT) for 5 ns. After that, evaluation part of the run the 

simulations were examined 30 ns in the microcanonical ensemble (NVE) including 28 

ns for equilibrate system and last 2 ns for interpreting results. For MIL-127 (Fe) 

simulations were studied for 25 ns by NVT ensemble that consists of 23 ns for 
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equilibrate system and last 2 ns for analyzing results. The simulation time step was 2 

fs for all systems.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 
RESULTS AND DISCUSSION 

 

4.1.   CO2 and N2 in ZIF-90 
4.1.1. Verifying force field of CO2 and N2 in ZIF-90 by using Gibs ensemble Monte 

Carlo simulations 
The GEMC simulations yield the calculated adsorption isotherms of CO2 in 

ZIF-90 at 303 K that are shown in Figure 4.1. By comparison of these adsorption 

isotherms, it turns out that the adsorption isotherm of FF1(◼) presents good 

agreement with experiment (x) along the pressure range from 0.5 - 3.5 bar. On the 

other hand, the other force fields give overestimated adsorption. Hence the FF1 

parameter set, that is from Liu et.al. [66] was selected to be used in the MD 

simulations. 

 

Figure 4.1 Calculated adsorption isotherms of CO2 in ZIF-90 using GEMC (FF1 –FF4) 

compared with experiment (x symbol) [43] at 303 K. 

 

As with CO2, the force field of N2 should be verified before use. The 3 force 

fields form well-known publications are selected for simulation and compared with 
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the experimental data, as seen in Figure 4.2. Note that the adsorption isotherm 

increases with increasing temperature. The results show that all simulated adsorption 

isotherms at 298K lie between two ranges of the experimental adsorption isotherms 

of 298 and 303 K. Then, the optimal force field of N2 for studying the physical and 

dynamic properties of CO2/N2 mixture should be the FF1. 

 

Figure 4.2 Calculated adsorption isotherms of N2 in ZIF-90 using GEMC (FF1 –FF3) at 

303 K compared with 2 experiments (x and ◼ symbols) [43]. 

 

4.1.2. Adsorption isotherm and adsorption selectivity of CO2/N2 mixture in ZIF-90 
material 

After the force fields of CO2 and N2 were verified, the optimal parameters 

were chosen to simulate the adsorption isotherm of CO2/N2 mixture with two ratios: 

equimolar (1:1) and real (1:5) at each temperature of 298, 323 and 358 K. At 

equimolar ratio, CO2 can adsorb about 5 times more than N2 but CO2 and N2 are 

adsorbed almost equally in ZIF-90 for the real ratio. Due to the real ratio, the 

amount of N2 is 5 times higher than the equimolar ratio, as seen in Figure 4.3.  
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Figure 4.3 Calculated adsorption isotherms of CO2/N2 mixture in ZIF-90 using GEMC at 

298, 323 and 358 K. 

 

The average number of adsorbed molecules in ZIF-90 material that belong to 

the 1 bar of adsorption isotherms in Figure 4.3 are listed in Table 4.1. The 

information in the GEMC Column of Table 4.1 was used to be an average number of 

gas molecules that were loaded in ZIF-90 materials for MD simulations by 2x2x2 = 8 

unit cells. The average gas in the GEMC column was taken from the GEMC simulation 

results and must be divided by 8 to obtain the number of gases in the MD 

simulation. 

Table 4.1 The average gas adsorption capacities of CO2/N2 mixture gas in ZIF-90. 

Gas molecules 

Number of gas molecule 

in GEMC  

Number of gas molecule 

in MD 

Temp. (K) 

298 323 298 323 

Equimolar ratio (1:1) 

CO2 75 46 9 6 

N2 12 9.8 2 1 
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Gas molecules 

Number of gas molecule 

in GEMC  

Number of gas molecule 

in MD 

Temp. (K) 

298 323 298 323 

Real ratio (1:5) 

CO2 23 16.2 3 2 

N2 20 16.2 3 2 

 

The adsorption selectivites of CO2/N2 mixtures were evaluated in Figure 4.4. 

The adsorption selectivity is about 4, 5 and 6 for the temperature of 358 323 and 

298, respectively which may mean that lower temperature can induce higher 

selectivity. However, the adsorption selectivity of ZIF-90 is not good enough 

compared to other materials such as ZIF-8 or porous materials but still better than 

some polymer membranes.  

 

Figure 4.4 Adsorption selectivity of CO2 and N2 mixture in ZIF-90 as a function of the 

mixture ratio and temperature. 
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4.1.3. Effect of the number of adsorbed gas molecules (CO2) by Molecular Dynamics 
(MD) simulations 

 Diffusion of CO2 and dynamic properties of the ZIF-90 structure were 

monitored in terms of self-diffusion coefficient and windows diameter, respectively. 

The distributions of window diameters of the 6-membered ring at different 

temperatures were plotted in Figure 4.5. E.g. at 300 K for loadings from 0.5 to 22.5 

CO2/cage the diameter distributions of the 6-membered ring show a clear peak at 

around 3.49 - 3.53 Å. The peak is corresponding to the average experimental data of 

3.50 Å [39]. But at 25 CO2/cage a very broad peak has been found covering the 

whole region between 3.61 to 4.25 Å. It can be concluded that there are 2 phases of 

structure mixed together showing different form of rotation of the imidazolate group. 

The structure with lower window diameter is called “normal stage” and the one with 

higher window diameter is called “expanded stage”. However, for loadings higher 

than 25 CO2 the height of the peak of the normal stage region decreases but the 

peak corresponding to the expanded stage region increases as established at window 

diameters of 4.22 Å at 27.5 CO2/cage. Finally, the complete transformation of the 

structure to the expanded stage occurred at 30 CO2/cage. It shows the highest peak 

at 4.34 Å which is a higher value than the one observed in previous work of ZIF-8 at 

4.125 Å by around 0.21 Å. Thus, interestingly, the transition state of normal stage to 

expanded stage in this CO2-ZIF-90 system can be observed explicitly in the present 

work. The CO2 molecules can induce the transition of the window diameter of ZIF-90 

similar to in ZIF-8 [91] but in the previous CH4-ZIF-90 [45] examination no structure 

transition could be seen. For lower temperatures than 300 K the transition state is 

less pronounced but, a shoulder in the distributions can be seen. 
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Figure 4.5 Distributions of the window diameter of ZIF-90 for different loadings of CO2 
as well as empty lattice in range of 100 to 473 K. 
 

4.1.4. Temperature effect on CO2 adsorption by Molecular Dynamics (MD) 
simulations 

In Figure 4.5, even in the empty lattice (without CO2 molecules in the 

framework) window diameters are gradually increased from 3.35 to 3.65 Å when the 

temperature is increased in the range of 100 to 473 K. The average window 

diameters under 25 CO2/cage at a temperature range of 100 to 473 K show the same 

series like the empty lattice of around 3.35, 3.44, 3.55, 3.61 and 3.65 Å respectively. 

At a loading of 30 CO2/cage, the structures were not completely transformed to the 

expanded stage at 100 and 200 K because 2 peaks appear. They are continuously 
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changed to reach the expanded stage at 300 K. The highest value of the window 

diameter at which a peak in the distribution at the expanded stage appears is 4.34 Å. 

It can be found at highest temperatures (473K). This is the highest value which has 

never been observed before in previous studies of ZIF-8 (300 K) [47]. 

Let us focus on the point of the first rapid increase of the windows diameters 

which happens at the same number of guest loading at 25 CO2/cage for all 

temperatures. More details about the window diameter for 25 molecules per cage at 

different temperatures are explained in Figure 4.6. At a temperature of 100 K, 2 

characteristic peaks of the window diameter can be observed. The first sharp peak 

appears at 3.35 Å and the second broad peak at 3.95 Å. When the temperature was 

increased, the second peak was also increased. Then it was blended with the first 

peak into the one very broad peak starting at 300 K. The average window diameters 

at 300 - 473 K were shifted from the first peak of 100 - 200 K (3.35 Å) to around 3.9 - 

4.0 Å. 

It is clearly to note that the rotation of the imidazolate, is the key of 

understanding the behavior of the window diameter, and can also be induced by 

temperature changes. 
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Figure 4.6 Distributions of the window diameter at 25 CO2 / cage for 5 temperatures. 

 

4.1.5. Effect of the number of adsorbed gas molecules (N2) by Molecular Dynamics 
(MD) simulations 
The distributions of window diameters of the 6-membered ring at different 

temperatures were plotted in Figure 4.7. For example, the diameter distributions of 

the 6-membered ring at 300 K for loadings from 0.5 to 30 N2/cage show a clear peak 

at around 3.55 Å. The peak is consistent with the average experimental data of 3.50 

Å [1]. This means that the N2 cannot induce the transition of the window diameter of 

ZIF-90. When the temperature is increased in the range from 300 to 473 K, the 

average window diameters are similar for 300 and 373 K, but slightly increased up to 

3.65-3.68 Å for 473 K. Due to the potential of mean force (PMF) as a function of 

dihedral angle are obtained at different temperatures, which shows that the 

“thermal swinging motion” is a soft vibration mode with large amplitude.  
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Figure 4.7 Distributions of the window diameter of ZIF-90 for different loadings of N2 

as well as in range of 300 to 473 K. 

 

Figure 4.8 shows the distribution of the window diameter of ZIF-90 at 30 

molecule/cage at different temperatures. The characteristic peak of ZIF-90 appears 

near 3.5 Å at 300 K, but gradually shifts to 3.7 Å as the temperature increases. It can 

be concluded that Zif-90 does not exhibit significant framework defects due to N2 

adsorption. 
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Figure 4.8 Distributions of the window diameter at 30 N2 / cage for 3 temperatures. 

 

4.1.6. Self-diffusion coefficient of CO2 and N2 in ZIF-90 by Molecular Dynamics (MD) 
simulations 
In Figure 4.9, the diffusion of CO2 was gradually increased from 1.65x10-10 to 

1.90 x10-10 m2/s-1 at a loading range 0.5 to 15 molecules/cage for 300 K and started to 

decrease at 20 molecules/cage. The Ds was dropped down to 5.04x10-12
 m2/s-1 at 30 

molecules/cage. This trend can also be observed at higher temperatures of 373 and 

473 K. The Ds increases with increasing temperature, as expected due to the 

increased thermal motion. At very high CO2 content the mutual hindrance of CO2 

molecules drops down the mobility. 
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Figure 4.9 The calculated Ds for CO2 loadings of 0.5 to 30 molecules/cage in ZIF-90 

frameworks at 300, 373, 473K by MD simulation. 

 

In Figure 4.10, the diffusion of N2 was increased from 1.39x10-9 to 2.52 x10-9 

m2/s for a loading range of 0.5 to 15 molecules/cage for 300 K and started to 

decrease at 20 molecules/cage. The Ds was dropped down to 1.67x10-11
 m2/s at 30 

molecules/cage. This trend is also observed at higher temperatures of 373 and 473 K. 

The diffusion of N2 is higher than that of CO2 because the molecular weight of N2 is 

lower. The Ds increases with increasing temperature, which is expected due to the 

increased thermal motion. At very high N2 content the mutual hindrance of the N2 

molecules also reduces mobility. 
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Figure 4.10  The calculated Ds for N2 loadings of 0.5 to 30 molecules/cage in ZIF-90 

frameworks at 300, 373, 473K by MD simulation. 

 

 The diffusion of CO2 and N2 in a CO2/N2 mixture at pressure of 1 bar was 

plotted in Figure 4.11 which shows the same trend as for pure gas, namely that the 

Ds of N2 is higher than CO2 for all conditions. Temperatures of 298 and 323 K were 

monitored, corresponding to conditions in the room and at the end of the chimney, 

respectively. Comparison of the two ratios at the same temperature shows that the 

1:1 ratio gives the lower diffusion than 1:5 ratio for all temperatures. Note that the 

1:1 ratio means equimolar adsorption while the 1:5 ratio means that the adsorption 

of N2 is about five times that of CO2. To determine the separation factor from Ds the 

diffusion selectivity is calculated as declared in Table 4.2. The highest adsorption 

selectivity of CO2/N2 mixture is 12.39 at the 1:1 ratio and 298 K. 
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Figure 4.11 The calculated Ds for CO2 and N2 in two ratios of CO2/N2 mixture for 298 

and 323 K.  

 

Table 4.2 Diffusion selectivity of CO2/N2 mixture in ZIF-90. 

Conditions Diffusion selectivity 

1:1 at 298 K 12.39 

1:1 at 323 K 5.24 

1:5 at 298 K 8.31 

1:5 at 323 K 8.54 

 

4.1.7. Radial distribution functions and Density Plots by Molecular Dynamics (MD) 
simulations 
In order to check the distribution of guest molecules within the lattice and to 

identify adsorption centers the radial distribution functions (RDFs) and density plots 

have been examined. Figure 4.12 shows the pair correlation functions of atoms of 

CO2 with various lattice atoms. It can be seen that the adsorption sites are not at the 

metal ion but at the O_OT atom of the linker. It was supported by the density plot 

in Figure 4.14 where the density of CO2 scatters around the imidazolate-2-
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carboxyaldehyde linkers at low concentration, while it is stronger at the center of the 

cage at higher concentration.  The preferred orientation of CO2 is so that the O and C 

atom of CO2 is closer to the O_OT atom. As to be expected the adsorption centers 

are more pronounced at lower temperatures as can be seen in the appendix A. 
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Figure 4.12 The RDFs of lattice atoms with CO2 and CO2 itself at loadings of 5, 25 and 

30 molecules/cage in ZIF-90 frameworks at 300 K. 

0

1

2

0

1

2

2 4 6 8 10
0

1

2

2 4 6 8 10

3.28

4.36

6.41

5.55

4.25
6.3

3.39

3.71

4.47

5.55

6.52

6.73

3.93

3.18

4.25

3.61

5.33

6.19
3.17

3.39

4.25

3.61

5.33

6.41

4.58

3.82

3.07

3.39

5.22

4.04

4.9

6.08

3.07

3.28

3.39 4.04

3.39

5.22

6.3

g
(r

)
 C_CC - C of CO2

 C_CR - C of CO2

 C_CT - C of CO2

 O_OT - C of CO2

 Zn - C of CO2

 N_NA - C of CO2

5 molecules / cage 5 molecules / cage

 C_CC - O of CO2

 C_CR - O of CO2

 C_CT - O of CO2

 O_OT - O of CO2

 Zn - O of CO2

 N_NA - O of CO2

25 molecules / cage

g
(r

)

25 molecules / cage

30 molecules / cage

g
(r

)

Distance (Å)

30 molecules / cage

Distance (Å)

2 4 6 8 10
0

1

2

3

Distance (Å)

 C of CO2- C of CO2 5 molecule / cage 

 C of CO2- O of CO2 5 molecule / cage 

 C of CO2- C of CO2 25 molecule / cage 

 C of CO2- O of CO2 25 molecule / cage 

 C of CO2- C of CO2 30 molecule / cage 

 C of CO2- O of CO2 30 molecule / cage 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 55 

The RDFs of the weighty lattice atoms with N2 and N2 itself at loadings of 5, 

25 and 30 molecules/cage in ZIF-90 frameworks at 300 K were plotted in Figure 4.13 

The adsorption site of N2 is close to the O_OT atoms of the imidazolate-2-

carboxyaldehyde linkers about 3.2 Å, while the pair correlation functions of N2 with 

Zn atom of ZIF-90 are above 6.1 Å. When the loading of N2 in ZIF-90 is increased, the 

average distance between N2 molecules is packed closer from 4.15 to 3.28 Å.  

 

 
Figure 4.13 The RDFs of lattice atoms with N2 and N2 itself at loadings of 5, 25 and 30 

molecules/cage in ZIF-90 frameworks at 300 K. 
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Figure 4.14 Density plots of CO2 in the x-y plane of the last 0.5 ns, 300K at loading of 
5, 15, 30 molecules/cage. 
 

4.2.   H2S/CH4 in ZIFs and MIL-127 materials 
4.2.1. Adsorption Isotherms and Adsorption Selectivity 
4.2.1.1. Pure Gases 

 
Figure 4.15 Adsorbed amounts of the pure gases (a) H2S and (b) CH4 in several 

materials at 300 K for various pressures. 
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Figure 4.16 Adsorbed amounts of pure gases (a) H2S and (b) CH4 in several materials 

at 250 K for various pressures. 

 

Figure 4.15 shows the adsorbed amounts of pure gases in several materials at 

300 K as a function of the pressure. The adsorbed amount of H2S is larger than that 

of CH4. To obtain an effective separation the difference in the adsorption of the two 

gases should be as large as possible. Up to 10 bar, the adsorption of CH4 is almost 

the same for ZIF-8, ZIF-67 and the mixed metal ZIF. That for MIL-127(Fe) is larger. At 

low pressure, the adsorption of H2S in MIL-127(Fe) increases more rapidly with 

increasing pressure than for the other materials. Hence the separation seems to be 

most effective if MIL-127(Fe) at low pressure is applied. Nonetheless, it will be 

interesting to see, if this is also true in the case of competitive co-adsorption in the 

mixture and with the concentration ratio as it is usually found in natural gas. 

Figure 4.16 shows the same at 250 K. As to be expected the adsorption is 

stronger at the lower temperature. An exception is the adsorption of H2S, for which 

saturation is reached at both 250 K and 300 K. The temperature dependence of 

adsorption at low coverage can be described by the Boltzmann factor for adsorption 

exp(- Ua/kT)  where Ua is the absolute value of an effective depth of a potential 

minimum at an adsorbing surface (see F. Keil [92] ).  
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At 250 K at ambient pressure, particularly the mixed metal ZIF seems to be a 

promising material for the separation while at pressures below 0.5 bar ZIF-8 and MIL-

127(Fe) seem to have a better performance. As mentioned above the separation 

H2S/CH4 must be investigated at realistic concentrations in the mixture before 

drawing valid conclusions. It turns out that at 250 K the adsorption of H2S surprisingly 

quickly reached saturation. The partial pressure of H2S in the gas phase is 5% of the 

total pressure in the equilibrium state for all of our simulations. Hence, the sudden 

saturation of the adsorption within the porous material has nothing to do with the 

lack of H2S in the gas phase. 

It may be interesting to compare the amount of adsorbed gases from our 

simulations with experimental values. We found isotherms of different groups of 

researchers. Note, however, we found that the adsorption of CO2 in ZIF-8 which 

measured adsorption isotherms from 5 different groups showed very different 

results[91]. The smallest and the largest values differed by a factor of about 2. 

Hence, such comparisons have to be done with care.  

Adsorption isotherms of CH4 in ZIF-8, ZIF-67 and Co/Zn-ZIF at 273 K up to 1 

bar are published[40]. From the graph, we estimate values at 1 bar of about 0.45 

mmol/g for ZIF-8, of about 0.54 mmol/g for ZIF-67 and of 0.36 mmol/g for Co/Zn-ZIF. 

We found in our simulations at 300 K and 1 bar 0.56 mmol/g in ZIF-8, 0.58 mmol/g 

for ZIF-67 and 0.55 mmol/g for Co/Zn-ZIF. For adsorption isotherms of CH4 in MIL-

127(Fe) at 303K from 1-10 bar are reported[93]. From the illustration, the adsorption 

capacity at 5 bar and 10 bar are approximately 2.8 and 4.3 mmol/g, respectively. In 

our simulations at 300 K obtained 4.0 mmol/g for 5 bar and 5.4 mmol/g for 10 bar.  

The H2S capacity was investigated for unmodified and modified ZIF-8 at 298K from 1-

10 bar[94]. Unmodified ZIF-8 i.e. DS-ZIF-8 (dry) and WS-ZIF-8 (suspension in 

methanol) show adsorption capacities at 10 bar about 9 and 18 mmol/g, 

respectively. This work demonstrated 12.0 mmol/g at 300K and 10 bar. The 
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adsorption values from simulations are not fitted to experiments. It is quite 

frequently the case in such comparisons of simulations and experiments. This 

disagreement can be caused by transport hindrances in real crystals such as lattice 

defects, grain boundaries, and pore blocking which do not exist in the ideal crystal of 

the simulations[95] . The adsorption of e.g. CH4 and CO2 in ZIF-68 and ZIF-69 the 

hypothesis of partial pore blocking was checked. Blocking some pores randomly is 

the one choice of blocking obtained a very good agreement of simulations with 

experiment using unfitted generalized force field parameters.  

 

4.2.1.2. H2S/ CH4 Mixture in ZIF-8 

 
Figure 4.17 (a) Adsorbed amounts and (b) adsorption selectivity of CH4 and H2S in ZIF-

8 as a function of the pressure and temperature. 

 

Figure 4.17 (a) shows the amount of the gases, that are adsorbed within the 

ZIF-8 in equilibrium with the gas phase of the mixture mentioned above. Interestingly 

at 250 K, the adsorbed amount of CH4 at p = 2 bar is larger than at higher pressures. 

This is clearly the consequence of competitive co-adsorption because for pure 

substances at constant temperature the adsorbed amount would be a monotonic 

function of the pressure. The adsorbed amount of CH4 at 300 K is larger than that of 

H2S as to be expected because in the gas phase (box A) the H2S content is only 5%. 
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Therefore, also at 300 K, the adsorption selectivity is larger than 1 although more CH4 

than H2S is adsorbed. This can be seen in Figure 4.17(b). Interestingly, the selectivity 

increases with increasing pressure. This is in contrast to the separation of CH4 from air 

in ZIF-78 as shown by Channajaree et al.[71]. The selectivity is calculated by 

equation (2) where Ni,gas =NCH4,A is the number of CH4 molecules in box A (gas phase). 

Nj,adsorbed =NCH4,B is the number of CH4 molecules in box B (adsorbed phase) and so 

on. The selectivity increases with increasing pressure. 

At 250 K the selectivity as a function of the pressure shows an inflection at 

about 2-3 bar. For ZIF-8 this inflection is less pronounced than for ZIF-67 and Co/Zn-

ZIF. The values for the adsorption selectivity at 1 bar and 10 bar are given in the 

appendix B. 

 

4.2.1.3. H2S/ CH4 Mixture in ZIF-67 

 
Figure 4.18 (a) Adsorbed amounts and (b) adsorption selectivity of CH4 and H2S in ZIF-

67 as a function of the pressure and temperature. 

 

Figure 4.18 (a) and (b) show that the adsorption and selectivity for the two 

gases in ZIF-67 are very similar to the corresponding curves for ZIF-8. The inflection 

of the selectivity curve at about 2.5 bar is more pronounced for ZIF-67. The reason 

for a stronger than linear increase of the H2S adsorption at this pressure is that 
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‘already adsorbed’-H2S molecules will attract new ones. Note, that the mass of a Zn 

atom is higher than that of a Co atom. Therefore, an equal amount of adsorbed gas 

measured in mmol/g corresponds to more adsorbed gas molecules in ZIF-8 as can 

be seen in Table S5 as shown in the Supporting Material. 

 

4.2.1.4. H2S/ CH4 Mixture in Co/Zn-ZIF 

 
Figure 4.19 (a) Adsorbed amounts and (b) adsorption selectivity of CH4 and H2S in 

Co/Zn ZIF as a function of the pressure and temperature. 

 

Figure 4.19 (a) and (b) show that the adsorption and selectivity for the two 

gases in the mixed metal ZIF are slightly different from the corresponding curves for 

ZIF-8 and ZIF-67. This would agree with the (i) structural component i.e. metal 

cluster and organic liker (ii) structural characteristic i.e. window aperture, surface area 

and pore volume. There are no statistical differences between ZIF-8, ZIF-67 and 

Co/Zn-ZIF as mentioned in appendix B. 

The adsorption and selectivity for CH4/H2S mixture in ZIFs results (Figure 4.17 

- Figure 4.19) are lower than MIL-127(Fe) as shown in Figure 4.20. The explanation is 

following: (i) The structural feature of ZIFs i.e. ZIF-8, ZIF-67 and Co/Zn-ZIF, that have 

two types of window aperture such as 6-membered ring (~3.4 Å) and 4-membered 

ring (too small). Whereas MIL-127(Fe) has two types of pores such as an accessible 
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one-D channel system around 6 Å and cages of cavity around 10 Å accessible 

through window apertures of around 4 Å that fit well to the kinetic diameter of CH4 

(3.8 Å) and H2S (3.6 Å) molecules. (ii) Radial distribution functions (in section 3.2) and 

density plot (in Supporting Material) show the adsorption site of gas molecules in 

MIL-127(Fe) including –COO cluster, organic linker and pore channels. However, ZIFs 

no adsorption site near metal cluster (ZnN4 o CoN4 or Co/ZnN4) (iii) Gas molecule 

could be adsorbed at organic linker in MIL-127(Fe) easier than ZIFs because of space-

size of linker, electronegativity of atom (O =3.44 and N = 3.04) as confirmed by the 

enthalpy of adsorption between gas and porous materials in Table 1 and no 

geometric hindrance effects at O atom in MIL-127(Fe). These reasons are also found 

in Zho’s reported[96]. The inflection of the selectivity curve at about 2.5 bar is more 

pronounced than for ZIF-8. The selectivity at 250 K is about 15 % smaller than for 

ZIF-8 and ZIF-67.  

The numbers of guest molecules that are adsorbed in equilibrium in ZIF-67 

and the mixed metal ZIF. Like for ZIF-8 at 1 bar about 3 times more CH4 than H2S is 

adsorbed. Note, however, that in the gas phase that is in equilibrium with these 

adsorbed species, 95% of the particles are CH4. In Table 4.4, we compare the 

numbers of adsorbed particles.  
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4.2.1.5. H2S/ CH4 Mixture in MIL-127(Fe) 

 

Figure 4.20 (a) Adsorbed amounts and (b) adsorption selectivity of CH4 and H2S in 

MIL-127(Fe) as a function of the pressure and temperature. 

  

The adsorption and selectivity for CH4/H2S mixture in ZIFs results (Figure 4.17 - 

Figure 4.19)) are lower than MIL-127(Fe) as shown in Figure 4.20. It becomes apparent 

that the adsorption and selectivity depend on the pore size and window aperture of 

porous materials.  The structural feature of ZIFs i.e. ZIF-8, ZIF-67 and Co/Zn-ZIF, have 

two types of window aperture such as 6-membered ring (~3.4 Å) and 4-membered 

ring (too small). Whereas MIL-127(Fe) has two types of pores such as an accessible 

1D channel system around 6 Å and cages of cavity around 10 Å accessible through 

window apertures of around 4 Å. Therefore, it is the main reason for increasing 

adsorption and selectivity.  

Figure 4.20 (a) shows the amounts of CH4 and H2S, that are adsorbed in MIL-

127(Fe), as a function of the pressure and temperature. Interestingly, the numbers of 

adsorbed CH4 at T=250 K are smaller than at 300 K. It is well known that adsorption 

is usually stronger at lower temperature and this can be seen in figure 7 for H2S. 

Therefore, the higher selectivity and thus stronger adsorption of H2S must be the 

reason for the smaller amount of adsorbed CH4 at 250 K in MIL-127(Fe). By the way, 

in order to avoid artifacts due to the strong adsorption of H2S and the fact that only 
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5% of the molecules in the gas phase are H2S the number of molecules in the gas 

box must be quite high. A typical run includes about 100 H2S molecules and 2000 

CH4 molecules in the gas phase in equilibrium. 

Figure 4.20 (b) shows the adsorption selectivity of the CH4/H2S mixture in MIL-

127(Fe) as a function of the pressure. At pressures of 1-3 bar the selectivity at 250 K 

can reach values of about 250. That means that with MIL-127(Fe) it is possible to 

reach high selectivity at low pressures and that this selectivity is higher than for the 

other materials examined in this paper. Interestingly, the selectivity does not depend 

monotonically upon the pressure. This fits the fact that H2S is adsorbed very strongly 

at low pressure and reaches its saturation value soon, while the adsorption of CH4 is 

much smaller but increases monotonically over the whole region of pressure 

examined here. Although the highest selectivity occurs at 250 K, even at ambient 

conditions the selectivity of MIL-127(Fe) is above 50. This may be particularly 

interesting for industrial applications because it allows separation under ambient 

conditions. 

 

4.2.2. Enthalpy of adsorption 
In order to get some more insight into the high selectivity at 250 K, it may be 

of interest to evaluate the enthalpy of adsorption at low pressure for this 

temperature. 

Table 4.3 Enthalpy of adsorption in kJ/mol for CH4 and H2S at 250 K. 

Materials CH4 H2S 

ZIF-8 -14.73 -21.76 

ZIF-67 -14.73 -21.30 

Co/Zn - ZIF -14.30 -20.15 

MIL-127(Fe) -21.13 -35.36 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 65 

Table 4.3 shows the enthalpies of adsorption for CH4 and H2S at 250 K and at 

low pressure. The very strong negative enthalpy of adsorption for H2S, particularly in 

MIL-127(Fe) illustrates that a high selectivity can be expected. 

Note, that the potential energy enters the integrand of the classical canonical 

partition function in the exponent. This integrand is essentially the probability density 

of a state in phase space. For example, at 2 bar, 250 K (the region of highest 

selectivity), the average potential energy of an H2S molecule in MIL-127(Fe) is -33.29 

kJ/mol. The potential energy of a CH4 molecule in the same run is 20.43 kJ/mol. The 

integrand of the classical canonical partition function is, of course, much more 

complicated than a simple Boltzmann factor. Nevertheless, the consideration of a 

Boltzmann factor may give a feeling for the importance of energy differences in the 

exponent. The Boltzmann factor exp(-Ua/kBT) changes its value by a factor of 486.29 

if Ua = -33.29 kJ/mol instead of - 20.43 kJ/mol for T=250 K. 

 

4.2.3. Radial distribution functions (RDFs)  
The radial distribution function, RDF, is the probability to find an atom at a 

radial distance r from a given reference atom. The evaluation of RDFs between 

atomic pairs of the binary CH4/H2S mixtures and the frameworks yields information 

about optimal gas-gas and gas-framework distances and possible adsorption sites. 

RDFs within ZIF-8 may be representative also for ZIF-67 and Co/Zn-ZIF that have the 

same structure. MIL-127(Fe) has a different structure and it is examined separately. 

More RDF curves are provided in the appendix B.  
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4.2.3.1. H2S/CH4 mixture in ZIF-8 at 250 K 
 

 
Figure 4.21 Radial distribution functions (a) between different atoms of the guest 

molecules, (b) between the C atom in CH4 with different atoms of the ZIF-8 lattice, 

that are defined in the inlet picture above, (c) between the S atom of H2S with these 

lattice atoms. 

 

Among the three ZIFs with a sodalite crystal structure, ZIF-8 has the best 

selectivity in the separation of the binary CH4/H2S mixtures at all conditions thus it 

was chosen to represent the structure of each gas inside ZIFs as shown in Figure 4.21 

at 250 K and 1 bar. The C and S labels stand for the atoms C and S, which are the 

centers of mass of the CH4 molecule and the H2S molecule respectively. CC and CT 

are both C atoms, but at different positions within the lattice, with different chemical 

bonds to their neighbor atoms and hence different properties.  

Three sites of the framework atoms have been considered, Zn of the metal 

part and CC, CT of the imidazolate part.  The RDFs in Figure 4.21(a) show that the 

first maximum of the RDF of the S atom in H2S with the S atom of another H2S is 

somewhat higher than the other two peaks. All of them have the highest maximum 

at a distance of 4 Å. This is approximately the sum of the two atom radii. But the 
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height of all three peaks is moderate and hence they result only from the kinetic 

effect that collisions with other molecules are possible only from outside, if two 

molecules are close to each other. Such collisions push the two molecules toward 

each other. No strong attraction and no clustering can be observed. Figure 4.21(b) 

and (c) show the radial distribution functions of the C and the S atoms with selected 

lattice atoms. RDFs of the other atoms of the framework with the atoms in guest 

molecules are available in the Supporting Material. No remarkable adsorption centers 

can be observed. Hence the strong adsorption of H2S results from the low potential 

energy over larger parts of the pores. The spatial restrictions make neighbor shells 

impossible. Therefore, number integrals would not give much useful information.  

 

4.2.3.2. H2S/CH4 mixture in MIL-127(Fe) at 250 K 

 
Figure 4.22 Radial distribution functions (a) between different atoms of the guest 

molecules, (b) between the C atom in CH4 with different atoms of the MIL-127(Fe) 

lattice, that are defined in the inlet picture above, (c) between the S atom of H2S 

with these lattice atoms. 
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MIL-127(Fe) has the highest selectivity of separation for the binary CH4/H2S 

mixtures at 250 K and about 2 bar. Therefore, the corresponding RDFs are particularly 

interesting. They can be found in Figure 4.22. Two regions of the lattice of MIL-

127(Fe) at the azobenzenetetracarboxylate (NN and CN) and at the metal cluster 

(FeO and OD) are examined in Figure 4.22 while the other RDFs of MIL-127(Fe) with 

guest atoms can be found in the appendix B. 

Interestingly, the maximum probability of a close approach between the two 

C – atoms of different CH4 is somewhat higher than that of a close approach 

between two H2S molecules in MIL-127(Fe) in contrast to ZIF-8. The main difference 

in the structure of both materials is that the pores of ZIF-8 consist mainly of cavities, 

connected by bottlenecks, while the pores of MIL-127(Fe) are mainly channels that 

form a network. Maybe, the smaller diameter of the channels in comparison to the 

cavities causes this effect. But the moderate height of all peaks leads to the 

conclusion that there are no remarkable adsorption centers and hence the low 

potential energy within the channels and pores is more important for the adsorption 

than accumulation points of the guest molecules. 

 

4.2.4. The average numbers of adsorbed molecules in the ZIFs and MIL-127 
materials 
The average numbers of adsorbed molecules in the ZIFs and MIL-127 

materials that belong to the saturation part of the isotherms of Figure 4.17 - Figure 

4.20 are reported in Table 4.4. Thus the ability of the ZIFs and MIL-127 materials for 

adsorption applications can be compared in this Table. And also it used to be an 

average number of gas molecules that were loaded in ZIFs and MIL-127 materials for 

MD simulations by 2x2x2 = 8 unit cells. 
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Table 4.4 Average gas adsorption capacities in ZIFs and MIL-127 by GEMC 4x4x4 = 64 

unit cells and MD 2x2x2 = 8 unit cells. 

Gas 

molecules 

Temp. 

(K) 

Particle 

Num. in  

ZIF-8 

Particle 

Num. in  

ZIF-67 

Particle 

Num. in 

Co/Zn ZIF 

Particle  

Num. in  

MIL-127 

Pressure 

1 bar 10 bar 1 bar 10 bar 1 bar 10 bar 1 bar 10 bar 

GEMC simulation 

CH4 
250 

296.95 354.98 300.37 364.31 284.99 395.42 305.12 554.59 

H2S 33.86 359.57 249.14 1614.12 192.40 1692.75 3812.92 4012.21 

CH4 
300 

94.38 576.63 93.79 588.25 90.29 600.93 373.26 712.95 

H2S 33.86 359.57 31.40 329.28 26.88 298.74 1285.83 2980.46 

MD simulation 

CH4 
250 

37 44 38 46 36 24 38 69 

H2S 35 208 31 202 49 212 477 502 

CH4 
300 

12 72 12 72 11 75 47 161 

H2S 4 45 4 45 4 37 89 373 
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4.2.5. Dynamic property 
4.2.5.1. Self-diffusion 

The two self-diffusion coefficients Ds of CH4 and H2S in their binary mixture 

adsorbed in ZIFs and MIL-127 as a function of the pressure and temperature as can 

be seen in Table 4.5. All data were calculated diffusion selectivities by the diffusion 

coefficient of H2S divided by that of CH4 as show in Table 4.6. 

Table 4.5 Diffusion of mixture between CH4 and H2S in porous materials as a function 

of the pressure and temperature. 

Materials 
Temperature 

(K) 

Pressure 

(bar) 

Num. mixture ratio 

in MD simulations  

(8 unit cells)) 

Ds of CH4 

(m2/sec) 

Ds of H2S 

(m2/sec) 

ZIF-8 

250 
1 37CH4 : 35H2S 8.21x10-11 7.69x10-11 

10 44CH4 : 208H2S  28.7x10-11 9.01x10-11 

300 
1 12CH4 : 4H2S 20.4x10-11 3.05x10-11 

10 72CH4 : 45H2S  12.3x10-11 6.25x10-11 

ZIF-67 

250 
1 38CH4 : 31H2S 6.72x10-11 6.95x10-11 

10 46CH4 : 202H2S  13.1x10-11 6.07x10-11 

300 
1 12CH4 : 4H2S 2.96x10-11 0.259x10-11 

10 74CH4 : 41H2S  5.29x10-11 1.49x10-11 

Co/Zn-

ZIF 

250 
1 36CH4 : 49H2S 2.36 x10-11 0.413x10-11 

10 24CH4 : 212H2S 14.7 x10-11 7.28 x10-11 

300 
1 11CH4 : 4H2S 4.51x10-11 0.260x10-11 

10 75CH4 : 37H2S 6.02 x10-11 0.874x10-11 

MIL-127 250 
1 38CH4 : 477H2S 8.66x10-11 10.03x10-11 

10 69CH4 : 502H2S  5.41x10-11 4.26x10-11 
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Materials 
Temperature 

(K) 

Pressure 

(bar) 

Num. mixture ratio 

in MD simulations  

(8 unit cells)) 

Ds of CH4 

(m2/sec) 

Ds of H2S 

(m2/sec) 

300 
1 47CH4 : 161H2S 31.1x10-10 9.81x10-10 

10 89CH4 : 373H2S  4.13x10-10 2.83x10-10 

 

4.2.5.2. Selectivityies 
The effectivity of separation processes can be expressed by the selectivities. 

Then the membrane selectivity is calculated from the adsorption selectivity and the 

diffusion selectivity as shown in Table 4.6. 

Table 4.6 Adsorption, diffusion and membrane selectivities of mixture between CH4 

and H2S in porous materials as a function of the pressure and temperature. 

Materials 
Temp. 

(K) 

Press. 

(bar) 

Num. mixture 

ratio in MD 

simulations 

(8 unit cells)) 

Adsorption 

selectivity 

(αij adsorption) 

Diffusion 

selectivity 

(αij diffusion) 

Membrane 

selectivity 

(αij membrane) 

ZIF-8 

 

250 
1 37CH4 : 35H2S 18.0 0.94 16.86 

10 44CH4 : 208H2S 89.0 0.31 27.94 

300 
1 12CH4 : 4H2S 6.8 0.15 1.02 

10 72CH4 : 45H2S 11.8 0.51 6.00 

ZIF-67 

250 
1 38CH4 : 31H2S 15.8 1.03 16.34 

10 46CH4 : 202H2S 84.2 0.46 39.01 

300 
1 12CH4 : 4H2S 6.4 0.09 0.56 

10 74CH4 : 41H2S 10.6 0.28 2.99 

Co/Zn 250 1 36CH4 : 49H2S 12.8 0.18 2.24 
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Materials 
Temp. 

(K) 

Press. 

(bar) 

Num. mixture 

ratio in MD 

simulations 

(8 unit cells)) 

Adsorption 

selectivity 

(αij adsorption) 

Diffusion 

selectivity 

(αij diffusion) 

Membrane 

selectivity 

(αij membrane) 

ZIF 10 24CH4 : 212H2S 81.3 0.49 40.26 

300 
1 11CH4 : 4H2S 5.7 0.06 0.33 

10 75CH4 : 37H2S 9.4 0.15 1.36 

MIL-127 

250 
1 38CH4 : 477H2S 237.4 1.16 274.96 

10 69CH4 : 502H2S 137.4 0.79 108.19 

300 
1 47CH4 : 161H2S 65.4 0.32 20.63 

10 89CH4 : 373H2S 79.4 0.69 54.41 

 

 From the results of Table 4.6 we can conclude that MIL-127(Fe) is well suited 

to separate CH4 from H2S in natural gas. The adsorption selectivity and the 

membrane selectivity at 250 K and 1 bar are significantly high up to 237 and 274, 

respectively.  Moreover, the separation is more effective at lower temperature for all 

porous materials. MIL-127(Fe) is the most candidate for the removal of H2S and N2 

from the natural gas. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 
CONCLUSIONS 

 

Appropriate force fields of CO2 and N2 in ZIF-90 model and information about 

separation capacity of CO2/N2 mixture in term of selectivity, which are useful for the 

design of ZIF-90 for CO2 capture application, will be obtained by computational 

chemistry. The MD simulations of CO2 in ZIF-90 at various concentrations and 

temperatures were examined for finding factors of gate-opening effect and 

adsorption site.  For all simulations, the adsorption sites are located on imidazolate-

2-carboxyaldehyde linkers and close to the O_OT atom and all C atom of linkers, 

respectively. The gate-opening effect was considered in terms of 6-membered ring 

window diameter distributions. When the numbers of CO2 are increased from 5 to 30 

molecules per cage, 6-membered ring window diameter is changed from 3.55 to 4.34 

Å at 300K, respectively. Especially, the transition state is captured at 25 molecules 

per cage.  However, the increase of temperature from 100 - 473 K can adjust the 

window diameter quickly. Finally, it can be concluded that not only the number of 

CO2 molecules but also temperatures can induce the gate-opening effect. This effect 

was not observed for N2 adsorption but fluctuated slightly to 3.7 Å at high 

temperature. The separation factor in form of adsorption selectivity of the CO2/N2 

mixture shows the highest value around 6 at a temperature of 298 K for all CO2/N2 

ratios.  

In addition, the second major feedstock for power plants is natural gas which 

must be freed from H2S before it can be used. All porous materials that are 

investigated in this study (ZIF-8, ZIF-67, Co/Zn-ZIF and MIL-127(Fe)) are suited for 

separating H2S from natural gas but the efficiency is different. For the binary mixture 

CH4/H2S, the H2S is stronger adsorbed than CH4 in all materials. Due to the larger 

channels and pores in MIL-127(Fe) the amount of H2S that is adsorbed is larger than 
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that in the ZIFs and also the adsorption selectivity is larger. It txurned out that MIL-

127(Fe) offers also the highest adsorption selectivity. This selectivity reaches its 

maximum value of 250 at about 2 bar and 250 K. However, even at 300 K the 

selectivity is between 60 and 80. Therefore, MIL-127(Fe) can be useful for this 

separation even at room temperature. The other materials considered in this study 

show very good selectivity of up to nearly 100 at 250 K. For 300 K their selectivity is 

much smaller. The selectivity of all materials, considered here, is higher at 250 K 

than at 300 K. The summarization can be pointed out that the important key factors 

for H2S separation from natural gas in this work not only depend on the potential 

energy of each gas/material pair but also the structure should have more free space 

for gas interaction and containing metal oxide for increasing the adsorption site. 
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APPENDIX A 
 

CO2 induced swing effect at imidazolate of zeolitic imidazolate framework-90 
using molecular simulations
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Radial Distribution Functions 

 
Figure A1 The Radial Distribution Functions (RDF) for CO2 in ZIF-90 at 100 K 

 

 
Figure A2 The Radial Distribution Functions (RDF) for CO2 in ZIF-90 at 200 K 
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Figure A3 The Radial Distribution Functions (RDF) for CO2 in ZIF-90 at 373 K 

 

Figure A4 The Radial Distribution Functions (RDF) for CO2 in ZIF-90 at 473 K 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 
 

Porous Material Adsorbents ZIF-8, ZIF-67, Co/Zn-ZIF and MIL-127(Fe)  
for separation of H2S from a H2S /CH4 Mixture 
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Porous materials 

Structural characteristics of ZIFs  

Table B1. Structural characteristics of ZIFs. 

ZIF 
materials 

Window aperture diameter 
(Å) 

SBET[97] 
(m2/g) 

 

Vp[97] 

(cm2/g) 
 

SBET[40] 
(m2/g) 

V2 

Vp[40] 

(cm2/g) 
V2 6-membered 

ring 
4-membered 

ring 

ZIF-8  
~ 3.4 

 
~ 0.8 

~ 1323 ~ 0.76 ~1821 ~0.66 

ZIF-67 ~ 1295 ~ 0.73 ~1888 ~0.71 

Co/Zn-ZIF ~ 1392 ~ 0.69 ~1864 ~0.62 

*SBET = Surface area  

*Vp= Pore Volume (by Horvath-Kawazoe method) 

 
Figure B1 Atom types of ZIF materials. 

 
 Structural characteristics of MIL-127(Fe)  

MIL-127(Fe) has two types of pores such as an accessible 1D channel system 

around 6 Å and cages of cavity around 10 Å accessible through window apertures of 

around 4 Å. It has surface area and pore volume around 1400 m2/g and 0.7 cm2/g, 

respectively. 

 
Figure B2 Atom types of MIL-127(Fe) material. 
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Radial distribution functions (RDFs)  

H2S/CH4 mixture in ZIF-8 

 

 

 

 

 

Figure B3 RDFs of mixture CH4 and H2S and guest- gest in ZIF-8. 
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H2S/CH4 mixture in ZIF-67 

 

 

 

 

Figure B4 RDFs of mixture CH4 and H2S and guest- gest in ZIF-67. 
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H2S/CH4 mixture in Co/Zn-ZIF 

 

 

 

 

Figure B5 RDFs of mixture CH4 and H2S and guest- gest in Co/Zn ZIF. 
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H2S/CH4 mixture in MIL-127(Fe) 

 

 

Figure B6 RDFs of mixture CH4 and H2S and guest- gest in MIL-127(Fe). 
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The comparison of some results from GEMC with results from GCMC 

In order to learn about the usability of GEMC and GCMC we have carried out 

additional GCMC calculations. Since the adsorption and the selectivity are the 

strongest at 250 K we have investigated the selective adsorption in ZIF-8 for three 

pressures at 250 K. 

 

Table B2 Comparison of results from GEMC and GCMC for the CH4/H2S mixture at 250 

K and at various pressures. 

Pressure 

(bar) 
GCMC GCMC GEMC GEMC 

Selectivity 

GEMC 

Selectivity 

GCMC 

 H2S 

dsorbed 

in 

mmol/g 

CH4 

adsorbed 

in 

mmol/g 

H2S 

adsorbed 

in 

mmol/g 

CH4 

adsorbed 

in 

mmol/g 

  

1.99 2.45 4.49 2.47 4.36 33.44 34.87 

9.66 9.58 2.01 9.52 2.03 89.00 90.16 

18.49 10.30 1.94 10.23 2.04 95.26 101.23 

 

 The results agree quite well. The GCMC calculations seem to yield slightly 

higher selectivity, but the differences are still in the range of fluctuations. The 

fugacities that were needed for GCMC have been calculated by the Peng-Robinson 

equation of state. The cross correction contributions in the Peng-Robinson equation 

for mixtures have been neglected. The fugacities are given in  Table B3 
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Table B3 Fugacities that have been used in GCMC for the mixture of 95% CH4 and 5% 

H2S at 250 K. 

Pressure 
(bar) 

Fugacity of CH4 

(bar) 
Fugacity of H2S 

(bar) 
1.99 1.87 0.097 

9.66 8.84 0.44 

18.49 16.36 0.76 

 

The Density Plot of CH4 and H2S in MIL-127(Fe), ZIF-8, ZIF-67 and Co/Zn-ZIF at 10 

bar and 300 K. 

 

Figure B7 The density plot of CH4 (gray region) and H2S (yellow region) for (a) MIL-
127(Fe) (b) ZIF-8 (c) ZIF-67 and (d) Co/Zn-ZIF materials at 10 bar and 300 K. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 99 

The snapshots of CH4 and H2S inside MIL-127(Fe), ZIF-8, ZIF-67 and Co/Zn-ZIF.  

 

Figure B8 The snapshots of CH4 (gray circle) and H2S (yellow circle) for (a) MIL-127(Fe) 
(b) ZIF-8 (c) ZIF-67 and (d) Co/Zn-ZIF materials at 10 bar and 300 K.
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