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EFFECT OF HISTORY ON THE BINARY ADSORPTION EQUILIBRIA OF 

ALUMINIUM TEREPHATHLATE (MIL-53(Al)) 

UFUOMA KARA 

ABSTRACT 

Metal organic frameworks (MOFs) are highly porous solids with potential 

applications in a wide range of fields including gas separations and catalysis.  Most of 

porous solids used in these applications such as zeolites and activated carbon usually 

have rigid structures. In contrast, a number of metal-organic frameworks (MOFs) exhibit 

structural transformation in response to external stimuli. Such materials show promise for 

applications such as sensors, actuators and adsorptive separations. Several 

thermodynamic formalisms were proposed in literature to explain this phenomenon, often 

known as “gate-opening” or “breathing” of the MOF material.    

  In this study, the adsorptive behavior of MIL-53(Al), a MOF that undergoes a 

change in volume of about 40% when transiting between its narrow pore (np) and large 

pore (lp) phases was measured. The binary adsorption characteristics of this MOF depend 

on its history, which makes these experimental measurements and its modeling more 

complicated. In literature, mixed gas adsorption equilibrium data on this material is 

limited to CO2/CH4 mixtures. Moreover, available models in literature cannot describe 

the history dependence of equilibrium data for gas mixtures.  

The pure component adsorption equilibria at 293 K on the narrow pore phase 

showed a significantly higher capacity for CO2 (compared to that of N2) in the sub-

atmospheric pressure region. In addition, the binary adsorption equilibria results showed 

that the narrow pore phase exhibited a high CO2/N2 selectivity, while the selectivity was 
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close to unity on the large pore phase.      

 The pure component isotherms on this material were modeled using a Langmuir 

type isotherm for each phase that includes a pore opening parameter dependent on 

spreading pressure (SPDPLM Model), as proposed in literature. In addition, for the first 

time in this work the SPDPLM was readily extended to binary mixtures, without any 

additional parameters. 
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 CHAPTER I  

 INTRODUCTION 

 

This chapter provides a brief description of adsorption, adsorbents, metal-organic 

frameworks, and flexible frameworks. The objectives of this study are also stated. 

Metal-organic frameworks (MOFs) are a rapidly growing class of nanoporous 

materials showing a very wide range of crystal structures and host-guest properties due to 

the tunable porosity, which is made possible by coordination chemistry and the versatility 

enabled by functionalization of organic linkers.  It is expected that MOFs will have a 

major impact in many areas of science and technology1. Some MOFs exhibit an 

exceptional flexibility and stimulus-responsive behavior,2–6 reacting to changes in 

temperature, pressure, and adsorption of guest molecules by undergoing structural 

transformations. Such materials have promising applications as sensors and actuators, as 

well as in adsorptive separation. 3,5,7        

 There are two distinct categories of stimulus-responsive MOFs. In one case, 

structural variations are progressive, as displayed in the case of the swelling of MIL-88 

upon exposure to water and various alcohols.8 However, in other materials, the structural 

change is displayed by a relatively abrupt transition between two distinct structures of the 

framework. A particular example of MOFs exhibiting this bi-stability is the MIL-53 
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materials family,9–11 which have recently attracted significant attention due to their 

prominent flexibility and the occurrence of a double, guest-induced structural transition 

(“breathing”) upon adsorption of certain gases. 

1.1 Adsorption 

Adsorption refers to the process in which porous solids bind large numbers of 

fluid molecules to their surface. This process plays a vital role in both separation and 

catalytic processes.  Adsorption  is a surface phenomenon that largely depends on the 

nature of the  fluid and the adsorbing solid surface (typically, most useful adsorbents 

have very large surface area per unit mass).12 

Furthermore, adsorption can be classified into two main categories: physical 

adsorption which is also referred to as “Physisorption” and chemical adsorption which is 

termed “Chemisorption”.  Chemisorption involves the formation of chemical bonds 

between the adsorbent surface and the adsorbate molecule, hence chemisorption is an 

irreversible process. However, in the case of Physisorption, the adsorbate molecules are 

attached to the surface of the adsorbent due to Van der Waals forces. Therefore, 

physisorption is a reversible process.   Adsorption is a temperature dependent process 

(The amount of a fluid specie adsorbed decreases with an increase in temperature). It is 

also noteworthy to state that adsorption is an exothermic process, consequently it is 

accompanied by the release of heat. The enthalpy of adsorption for physisorption is 

usually in the range of 10 𝑡𝑜 40𝑘𝐽/𝑚𝑜𝑙 , while chemisorption has enthalpy changes in 

the range of 80 𝑡𝑜 400 𝑘𝐽/𝑚𝑜𝑙.13 
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1.2 Adsorbent 

      Adsorbent materials include traditional microporous materials like silica gel, 

activated alumina and activated carbon as well as crystalline aluminosilicates (zeolites) 

and metal-organic frameworks. Usually, adsorbents usually have peculiar properties that 

can be explored for applications. As an example, activated alumina, zeolites, silica gel 

and metal organic frameworks are hydrophilic and polar in nature, therefore they have a 

high affinity for polar molecules. On the contrary, activated carbon is non-polar in nature, 

as a result it shows no affinity towards polar molecules.14 

The porosity of an adsorbent material is a very important property, typically the 

higher the porosity, the greater the surface area and pore volume of the adsorbent 

material.  Usually, adsorbents can be categorized into three categories based on their pore 

sizes: microporous adsorbents(<2nm), mesoporous adsorbents (2-50nm) and microporous 

adsorbents (>50nm).  The optimization of an adsorbents pore size is essential to ensure 

maximum utilization of its ability. 

1.3 Metal-Organic Frameworks 

Metal-organic Frameworks (MOFs) are a class of crystalline materials with 

ultrahigh porosity (up to 90% of free volume) and very high internal surface area of up to 

6000m2/g. MOFs are made up of metal ions interconnected by organic linkers such as 

carboxylates, tetrazolates, sulfonates, etc. The extraordinary degree of variability with 

both the organic and inorganic parts of their structure makes MOFs of interest for several 

applications.15 MOFs are claimed to have potential for applications in areas such as clean 

energy including carbon dioxide capture, hydrogen storage, methane storage, membranes, 
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thin film devices, adsorption of vapours, separation of chemicals, drug delivery, catalysis, 

magnetism, polymerization, biomedical imaging etc.15–22 

1.4 Flexible Frameworks/MIL-53(Al) 

Gas adsorption in porous solids has been observed to induce elastic deformation 

and has been reported in literature, dating back to the first experimental evidence of 

charcoal swelling by Meehan and Bangham.23 However, because of the infinitesimal size 

of the strain (which ranges in the order of 10-4 -10-3), this effect has often been 

neglected24. For nanoporous solids, the effect of adsorption deformation is not limited to 

swelling. For instance,  zeolites and carbons, porous silicon and low-k films have all been 

observed to undergo contraction at low  pressures followed by swelling at higher 

pressures25.  

A special class of metal-organic framework material referred to as MIL-53(M=Al 

or Cr) has drawn significant attention due to its enormous flexibility and its transition 

between two pore conformations termed “breathing” during adsorption. The two 

conformations are referred to as the large-pore phase (lp) and the narrow-pore phase 

(np).11,27–29 The cell volume of both conformations differ by up to 40%. At room 

temperature, and in the absence of guest molecules, the lp phase is the most stable form. 

However, in the process of adsorption of molecules such as CO2 and H2O, the lp phase 

transitions to the np phase at low pressures and reverses back to the lp phase at higher 

pressures. It has also been reported that the transition can be induced by the singular 

effect of temperature on the empty material. A considerable amount of research work has 

been published on this material because of its fascinating breathing behavior. 6,9–11,25,28–31 
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Figure 1: lp and np structures of  MIL-53(Al).25 

 

 

1.5 Research Objective 

 

Despite the fact that MIL-53(Al) has generated significant interest due to its 

breathing phenomenon, there exists a lack of binary equilibria data which would provide 

more insight into the adsorptive behavior of both the narrow and large pore phases. This 

will also elucidate the potential of this material for adsorptive separations. Consequently, 

this study aims to measure the pure and binary adsorption equilibria of CO2 and N2 on 

both phases of MIL-53(Al) to characterize their adsorption characteristics. In addition, a 

suitable yet simple model to predict the binary equilibria of CO2/N2 mixture based on 

their pure component adsorption properties will be developed. Such a model will include 

the dependence of adsorption isotherm on the history. We extend recently proposed 

history dependent pure component model (Edubilli,2018) to binary gas adsorption 

isotherms.     
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 Thus, the novelty of this current study includes: provision of binary data set of 

CO2/N2 adsorption isotherm on the large as well as the narrow pore phase of MIL-53(Al 

and the extension of the history dependent model to binary gas adsorption equilibria. 
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CHAPTER II 

 LITERATURE REVIEW 

 

This section gives a brief overview of research studies on MIL-53(Al) that have 

investigated the rationale behind breathing phenomenon, number of transitions, effect of 

synthesis solvent, effect of history, and various approaches to modeling adsorption in 

flexible adsorbents. 

2.1 Breathing Behavior in MOFs 

In 2004, Loiseau et al.11 studied the rationale behind the large breathing behavior 

of MIL-53(Al) upon hydration, this study utilized solid state NMR to analyze the 

hydration process. It was observed that the large breathing behavior of MIL-53(Al) upon 

hydration, was as a result of the hydrogen bonding interaction between the trapped water 

molecules and the oxygen atoms of the framework. 

Also, In 2005 , Bourelly et al. 28 studied the adsorption of CO2 and CH4 on MIL-

53(M=Al and Cr), and its isostructural vanadium (4+) MIL-47, at 304K with direct 

microcalorimetry measurements. It was observed that upon adsorption of CO2 on MIL-

53(M=Al and Cr) the material displayed the breathing phenomenon. However, the 

breathing phenomena were not observed for the adsorption of CO2 on MIL-47 and CH4 

on MIL-53(Al and Cr). It was hypothesized that the breathing phenomenon is a result of 
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interactions between the CO2 molecules and the hydroxyl component of the MIL-53 

frameworks. 

Lui et al. in 20086 studied the reversible structural transition in MIL-53(Al). The 

study was conducted using neutron scattering and inelastic neutron scattering techniques. 

These authors established that MIL-53(Al) can undergo a large reversible structure 

transition as a function of temperature in the absence of any guest molecule. It was 

reported that the transition to the narrow pore conformation occurs around 125K-150K 

and the reverse transition to the large pore conformation occurs at around 325-375K. 

Furthermore, the study determined that the transition from the large pore to the narrow 

pore conformation had very slow kinetics. 

2.2 Transition during Breathing Phenomena 

In 2008 Coudert et al.34 developed a thermodynamic model to describe guest 

induced structural transition in hybrid organic-inorganic frameworks. The model utilizes 

information from the adsorption isotherms to estimate the frameworks stability, number 

of transitions, and the pressure in which these transitions occur. The model proposed that 

MIL-53(Al) would undergo two structural transitions upon adsorption of CO2, and it was 

concluded that the thermodynamics of the framework depends on the pore volume and 

adsorption affinity (Henry’s constant). 

2.3 Effect of Synthesis Solvent on Breathing 

Walton et al. 31 in 2015, studied the effect of synthesis solvent on the breathing 

behavior of MIL-53(Al). The study demonstrated that MIL-53(Al) synthesized in 

Dimethyl formaldehyde (DMF) at 120 ⁰C does not undergo breathing upon adsorption of 

CO2. This was attributed to the presence of uncoordinated BDC ligand which ensures the 
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material stays in the lp phase at all conditions. However, MIL-53(Al) synthesized in 

DMF at 220 ⁰C demonstrated a very gradual breathing behavior which was not as abrupt 

as the breathing observed in the material synthesized under hydrothermal conditions. 

Both materials synthesized in DMF demonstrated an increased CO2 uptake capacity in the 

pressure range of 1-5 bar indicating both materials remain in the lp phase upon adsorption 

of CO2.   Also, it was reported from NMR and FTIR studies that both MIL-53(Al) 

synthesized in DMF at 120 ⁰C and 220 ⁰C were unstable under humid conditions. 

2.4 Effect of History 

In 2013, Mishra et al.35 demonstrated in their study that the adsorption 

characteristics of MIL-53(Al) is dependent on the adsorption history of the material. The 

study reported a procedure for tuning the lp phase to the np phase at ambient temperature 

by the adsorption of CO2. MIL-53(Al) was also shown to remain in the np phase after 

desorption of CO2. The study also demonstrated the increased CO2 uptake capacity and 

the negligible N2, CH4, CO and O2 uptake capacity of the np phase at sub-atmospheric.  

In this present study, we extend this effect of history on the adsorption characteristics of 

MIL-53(Al) to adsorption of a binary mixture of CO2/N2 at different conditions.  

2.5 Binary Equilibria Experimental Data  

In 2011, Ortiz et al.30 conducted a study of the coadsorption of CO2/CH4 in MIL-

53(Al). The coadsorption isotherms were measured at 253 K, 273K, 292 K and 323 K 

and at pressures ranging from 0-9.5bar. The total amount adsorbed was observed to 

increase with an increase in CO2 molar composition for all conditions investigated. Also, 

the study reported that the evolution of the np-lp transition reopening pressure with CO2 

molar composition was non-monotonic. In addition, it was observed that a CO2 molar 
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composition of less than 0.05 was able to trigger breathing in MIL-53(Al). The study 

demonstrated that the critical CO2 composition required to induce breathing in MIL-

53(Al), increased with temperature. 

The above study provided the only available binary adsorption equilibria data on 

MIL-53(Al) in literature. Therefore, this present study aims to measure the binary 

adsorption equilibria of CO2 /N2 mixture (two very important gases in industrial 

applications, which are also the major constituent of flue gas) on MIL-53(Al). 

2.6 Adsorptive Separation  

In 2009, Finsy et al.33 studied the separation of CO2/CH4 using a packed bed of 

MIL-53(Al) pellets. The separation of the binary mixture was investigated using 

breakthrough experiments at different binary mixture compositions with pressures 

ranging from 1-8bar. The study reported a higher CO2 selectivity, compared to that of 

CH4, over the entire pressure and concentration range. The selectivity was affected by the 

total pressure. In the pressure range of 1-5bar, the selectivity was relatively constant, and 

the separation factor had an average value of about 7. However, above 5bar the 

separation factor decreased to a value of 4. 

2.7 Modeling Flexible Framework Behavior 

A few researchers have proposed models to describe the behavior of flexible 

frameworks upon adsorption of guest molecules which induce structural transformation. 

In this section we review these models and elucidate on their limitations. 
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2.7.1 Stress Model 

Neimark et al.29 in 2010, proposed the stress model to describe the elastic 

deformation and structural transition that occur on MIL-53 as a consequence of 

adsorption induced stress (σs). σs is defined as the derivative of the grand thermodynamic 

potential (Ωc) per unit volume with respect to the cell unit volume at constant 

temperature and chemical potential. 

σs = (
∂Ωc

∂Vc
)

𝑇,µ
                                                                                2.7.1.1 

 

The stress model proposes that the magnitude of the frameworks elastic 

deformation ε (ε=𝛥𝑉𝑐/𝑉𝑐,where 𝛥𝑉𝑐 is the variation of the cell volume) is determined by 

the Solvation pressure (Ps) which is defined as the difference between the adsorption 

stress and the external pressure as shown in the equation below 

𝑃𝑠 = 𝜎𝑠 − 𝑝𝑒𝑥𝑡 = 𝐾𝜀  +  𝜎𝑜                                                 2.7.1.2 

  where K is the bulk modulus and 𝜎𝑜 the pre-stress in the reference state. 

The model hypothesizes that the structural transition occurs when the adsorption stress 

reaches a certain critical value 𝜎*, which the framework cannot resist. In the 

development of this model, the adsorption isotherms were assumed to follow a Langmuir 

isotherm. The adsorption stress 𝜎𝑠 can then be calculated by invoking the integral 

relationship between the grand thermodynamic potential and the adsorption isotherm. 

𝛺𝑐 =  −𝑅𝑇 ∫ 𝑁(𝑝)𝜕𝑙𝑛 𝑝 =  −𝑅𝑇𝑁𝑜𝑙𝑛 (1 +
𝐾𝐻𝑃

𝑁𝑜
)                          

𝑃

0

2.7.1.3 

where No is the unit cell capacity and KH is the Henry constant. 



 
 

12 

 

𝜎𝑠 = 𝑅𝑇 {(
𝑑𝑁𝑜

𝑑𝑉𝑐
) [𝑙𝑛 (1 +

𝐾𝐻𝑝

𝑁𝑜
) − (

𝐾𝐻𝑃

𝑁𝑜

1+
𝐾𝐻𝑃

𝑁𝑜

)] + (
𝑑𝐾𝐻

𝑑𝑉𝑐
) (

𝑃

1+
𝐾𝐻𝑃

𝑁𝑜

)}          2.7.1.4 

 

In the case of MIL-53(Al) 
𝑑𝑁𝑜

𝑑𝑉𝑐
 is positive while 

𝑑𝐾𝐻

𝑑𝑉𝑐
 is negative leading to a non-

monotonic variation in the adsorption stress (𝜎𝑠) and solvation pressure. The limitation 

of this model lies in the fact it assumes the structural transition occurs at a single 

pressure, however it has been shown from x-ray diffraction studies conducted by 

Llewellyn et al36 that there exist regions were the np and lp phase co-exist implying the 

transition takes place over a pressure range. Furthermore, the change in amount adsorbed 

per unit cell per volume of unit cell (
𝑑𝑁𝑜

𝑑𝑉𝑐
) and the change in Henry’s constant per unit 

volume of unit cell (
𝑑𝐾𝐻

𝑑𝑉𝑐
) cannot be determined experimentally. 

2.7.2 Osmotic Ensemble 

Coudert et al.34 in 2008, proposed the use of the osmotic ensemble to rationalize 

the thermodynamics of adsorption on flexible frameworks when guest induced transition 

is involved. The osmotic potential is defined as: 

𝛺𝑜𝑠 = 𝐹𝑘ℎ𝑜𝑠𝑡(T) + 𝑃𝑉𝑘 – ∫  𝑁𝑎𝑑𝑠(𝑇, 𝑃)𝑉𝑚𝑖(𝑇, 𝑃)                             
𝑃

0
 2.7.2.1 

 

Where 𝐹𝑘ℎ𝑜𝑠𝑡 (Helmholtz energy) is the free energy of the empty material, 𝑉𝑘 is 

the unit cell pore volume of the given phase, 𝑁𝑎𝑑𝑠 is the amount of gas adsorbed as a 

function of temperature (T) and pressure (P) on the host phase and 𝑉𝑚𝑖 is the molar 

volume of the pure gas as a function of temperature and volume. 
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In order to determine the free energy difference between both phases, this 

approach fits the distinct part of the stepped experimental isotherm to obtain full rigid-

host isotherms needed for both phases. The transition pressure is then estimated from the 

experimental isotherm and the difference in free energy of both phases is then estimated 

as follows: 

Δ𝐹𝑘ℎ𝑜𝑠𝑡  = 𝑅𝑇 ∫
Δ𝑁𝑎𝑑𝑠(𝑇,𝑃)𝑑𝑝

𝑝
− 𝑃𝑡𝑟𝑎𝑛𝑠Δ𝑉ℎ𝑜𝑠𝑡                        

𝑃𝑡𝑟𝑎𝑛𝑠

0
2.7.2.2 

For conditions were adsorption isotherms are available at multiple temperatures, 

both internal energy and entropy differences, ∆𝑈ℎ𝑜𝑠𝑡 and ∆𝑆ℎ𝑜𝑠𝑡, can be extracted from 

the free energies: ∆𝐹ℎ𝑜𝑠𝑡(𝑇) =  ∆𝑈ℎ𝑜𝑠𝑡 −  𝑇∆𝑆ℎ𝑜𝑠𝑡. 

Also, the limitation of this approach lies in the fact that it assumes the transition 

occurs abruptly at a single pressure which is different from what have been observed 

experimentally from X-ray diffraction studies, which showed the co-existence of both 

phases. The fitting of the individual regions of the experimental stepped isotherm to 

model the adsorption characteristics of both rigid-host phases will introduce a high 

degree of uncertainty especially for the large pore phase which is modelled across the 

entire pressure range using only high-pressure data.  

2.7.3 Modified Dual Site Langmuir Model 

In 2014, Mishra et al.37 modeled the structural transition (stepped adsorption 

isotherm) of MIL-53(Al) using a modified dual site Langmuir. The model incorporated 

an additional parameter (Ψ) to account for the degree of transition (pore opening) from 

the narrow pore to the large pore conformation as shown in the equation below.  

𝑁 = (
𝑁1max 𝑏1𝑃

1+𝑏1𝑃 
)(1 −  Ψ) + (

𝑁2max 𝑏2𝑃

1+𝑏2𝑃 
)(Ψ)                                            2.7.3.1                                

 



 
 

14 

 

Where N is the amount adsorbed, N1max is the narrow pore saturation capacity, 

N2max is the large pore saturation capacity, b1 is the narrow pore affinity parameter, b2 is 

the large pore affinity parameter, and P is the gas phase pressure. 

Ψ was also defined to be a function of pressure and is defined mathematically as 

Ψ = 1/2(1 + erf (
𝑃−𝑚

√2𝑠
)                                                                  2.7.3.2 

Where m is the mean of the underlying Gaussian, and s is the standard deviation 

of the Gaussian. The advantage of this approach lies in the fact that it eliminates the need 

to estimate the Henry’s constant and adsorption isotherm of the large pore conformation 

from high pressure data. Moreover, it accounts for the coexistence of the narrow and 

large pore conformations as reported in literature.  

 2.7.4 Revised Dual Site Langmuir Model 

 

In 2018, Edubilli. 38 revised the Modified Dual Site Langmuir model and 

proposed that the pore opening parameter is a function of the spreading pressure 

difference between the large pore and narrow pore phases rather than pressure. Also, the 

history dependence of the adsorption isotherm was incorporated into the pore opening 

parameter. The revised dual site Langmuir model equations are described as follows: 

𝑁 = (
𝑁1max 𝑏𝑛𝑝𝑃

1+𝑏𝑛𝑝𝑃 
)(1 −  Ψ) + (

𝑁2max 𝑏𝑙𝑝𝑃

1+𝑏𝑙𝑝𝑃 
)(Ψ)                              2.7.4.1 

𝜋 = ∫ (
𝑁

𝑝
) 𝑑𝑝

𝑃

0
                                                                                       2.7.4.2 

𝜋𝑙𝑝 = 𝑁2max(1 + 𝑏𝑙𝑝𝑃  )                                                                      2.7.4.3 

𝜋𝑛𝑝 = 𝑁1max(1 + 𝑏𝑛𝑝𝑃  )                                                                    2.7.4.4 

𝛿 = 𝜋𝑙𝑝 − 𝜋𝑛𝑝                                                                                                                              2.7.4.5 
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Where (Case 1) 𝛿 < 0  

 𝛹𝑒𝑠𝑡 = 1 − 0.5 (1 + erf (
𝑎𝑏𝑠(𝛿)−𝑚

√2𝑠
))                                                       2.7.4.6 

𝛹 = min( 𝛹𝑒𝑠𝑡, 𝛹𝑜)                                                                                    2.7.4.7 

Where (Case 2) 𝛿 > 0 

   𝛹𝑒𝑠𝑡 = 0.5 (1 + erf (
𝑎𝑏𝑠(𝛿)−𝑚

√2𝑠
))                                                                2.7.4.8 

 𝛹 = 𝑚𝑎𝑥 ( 𝛹𝑒𝑠𝑡, 𝛹𝑜)                                                                                     2.7.4.9 

Where N is amount adsorbed(capacity), N1max is the saturation capacity of the 

narrow pore phase, N2max is the saturation capacity of the large pore phase, bnp is the 

affinity parameter of the narrow pore phase, blp is the affinity parameter of the large pore 

phase, P is the pressure of the bulk gas, 𝛹 is the fraction of the sample in the large pore 

phase. 𝜋 is the spreading pressure, 𝛿 is the spreading pressure difference between the 

large and narrow pore phase, 𝛹𝑒𝑠𝑡 is the estimated fraction in the large pore phase and 𝛹𝑜 

is the initial fraction in the large pore phase, m is the mean of the Gaussian and s is the 

standard deviation of the Gaussian. 

2.8 Modeling of Flexible Frameworks for Binary Adsorption. 

The widely accepted technique for predicting multicomponent adsorption on 

flexible adsorbents has been the Osmotic Framework Adsorbed Solution Theory 

(OFAST) proposed by Coudert et al. in 2010.39 In this section, the application of OFAST 

to multicomponent adsorption on flexible adsorbent is described. Also, the limitations of 

OFAST are highlighted, and a different modeling approach based on a revised dual 

Langmuir is proposed. 
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2.8.1 Osmotic Framework Adsorbed Solution Theory (OFAST) 

  The Osmotic Framework Adsorbed Solution Theory is used to predict the 

evolution of structural transition and selectivity in fluid gas mixtures from experimental 

adsorption isotherms. The model has four control parameters which are the number of 

molecules on the host framework (Nhost), the mechanical constraint (in this case the 

pressure (P)), Temperature (T), and the partial molar volume of specie i (Vmi).  

The model defines an osmotic grand potential by the equation: 

𝛺𝑜𝑠 = 𝐹𝑘ℎ𝑜𝑠𝑡(T)+𝑃𝑉𝑘 –∫ 𝛴𝑖 𝑁𝑖(𝑘)(𝑇, 𝑃, 𝑦)𝑉𝑚𝑖(𝑇, 𝑃, 𝑦)                       
𝑃

0
2.8.1.1 

For the special case of an ideal gas and an ideal mixture, the equation simplifies to 

𝛺𝑜𝑠 = 𝐹𝑘ℎ𝑜𝑠𝑡(𝑇) + 𝑃𝑉𝑘 –𝑅𝑇 ∫
𝑁𝑇(𝑘) (𝑇,𝑃,𝑦)𝑑𝑝

𝑝
                                        

𝑃

0
2.8.1.2 

Where 𝐹khost is the Helmholtz energy, Vk is the Volume of unit cell of the phase, 

Ni(k) is the adsorbed quantity of fluid i (i.e. the partial co-adsorption isotherm) and NT(k) is 

the total quantity of fluid adsorbed. 

Predicting multicomponent adsorption using OFAST involves fitting the 

experimental isotherm in the low-pressure region and high-pressure region to a model to 

represent the narrow pore and large pore region adsorption isotherms. Afterwards, the 

free energy difference between both phases is then determined by equating the grand 

potential of both phases at the transition pressure as shown in the equation 2.8.1.3 

Δ𝐹𝑘ℎ𝑜𝑠𝑡  = 𝑅𝑇 ∫
Δ𝑁𝑖(𝑘)(𝑇,𝑃,𝑦)𝑑𝑝

𝑝
− 𝑃𝑡𝑟𝑎𝑛𝑠Δ𝑉ℎ𝑜𝑠𝑡                    

𝑃𝑡𝑟𝑎𝑛𝑠

0
2.8.1.3 

The osmotic potential of the host phases is computed for all values of 

thermodynamic parameters of interest (pressure and gas mixture composition). This 
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enables the identification of the most stable phase (the phase with the lowest osmotic 

potential) at the pressure and composition of interest. The pressure at which the osmotic 

potential in both phases are equal is termed the “phase transition” pressure for a given 

composition. Finally, IAST is then used to compute the mixture adsorption properties of 

the most stable phase. 

The limitation of this model  lies in the fact that it assumes that the transition 

occurs at a single pressure, while X-ray diffraction studies have shown the co-existence 

of both phases.29 Also, the technique of fitting the high pressure experimental isotherm 

data to a model to obtain the large pore phase adsorption isotherm introduces a high 

degree of uncertainty.  
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CHAPTER III 

THEORY 

 

This section gives an overview of some important adsorption theories. It discusses the 

concept of pure and binary adsorption equilibria, excess adsorption, grand potential, 

Ideal Adsorbed Solution Theory (IAST), Osmotic Framework Adsorbed Solution Theory 

(OFAST), and a revised dual site Langmuir model 

3.1 Pure and Binary Gas Adsorption 

The adsorption characteristics of an adsorbent material are described by 

adsorption isotherms. The amount of a pure gas (adsorbate) in equilibrium with an 

adsorbent at a constant temperature can be expressed as: 

𝑁 =  𝑓{𝑃}    (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑇)                                                                              3.1.1 

The above equation describes the amount of gas adsorbed by an adsorbent at 

equilibrium with the gas, as a function of the bulk gas Pressure (P) at a constant 

temperature. For a binary mixture the amount adsorbed is typically expressed as: 

𝑁𝑖 =  𝑓{𝑃, 𝑦𝑖}    (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑇)                                                                              3.1.2 
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Where Ni = partial amount adsorbed of specie i. This indicates the partial amount 

of specie i adsorbed at equilibrium at a constant temperature, is a function of both the 

bulk gas pressure(P) and the mole fraction (yi) of the bulk gas. 

3.2 Excess Adsorption 

In measuring excess adsorption volumetrically, a known mass (ms) of an 

adsorbent is placed into a sample cell (adsorption column) of calibrated volume (Vempty). 

The adsorbent is then activated using high temperature or vacuum. A constant 

temperature is imposed by a temperature bath and a measured dose of gas (∆n) is 

introduced to the sample cell. When the system attains equilibrium, the temperature (T) 

and pressure (P) and composition (in the case of binary adsorption equilibria) are 

measured. The specific excess amount adsorbed (ne) is defined by a mass balance: 

𝑛𝑒  =
 𝑛𝑡−𝜌𝑔(𝑉𝑒𝑚𝑝𝑡𝑦−𝑉𝑠𝑜𝑙𝑖𝑑)

𝑚𝑠          
                                                                    3.2.1 

Where ms is the adsorbent mass in the sample cell, 𝑉𝑑 is the helium dead space of 

the sample cell (the volume helium would occupy in the sample cell at the given 

condition), 𝜌𝑔 (T, P) is the density of the bulk gas obtained from an equation of state, and 

 𝑛𝑡  is the total amount of gas in the sample cell. The helium dead space 𝑉𝑠𝑜𝑙𝑖𝑑 is obtained 

from a calibration with helium gas at ambient temperature (To) and pressure (P) before 

starting the experiment. This approach assumes that helium does not adsorb on the solid 

at ambient temperature.40 

3.3 Langmuir Isotherm 

This is the simplest theoretical model for predicting monolayer adsorption. The 

Langmuir model is based on the assumptions that: molecules are adsorbed at a fixed 
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number of well-defined sites, each site can hold one adsorbate molecule, all sites are 

energetically equivalent, and there is no interaction between molecules adsorbed on 

neighboring sites. Mathematically the Langmuir model can be described as follows: 

𝑁 =
𝑁𝑚𝑎𝑥𝑏𝑃

1+𝑏𝑃
                                                                                                         3.3.1 

Where N is the amount adsorbed, Nmax is the saturation capacity, b is the affinity 

parameter and P is the total Pressure. 

3.3.1 Extended Langmuir Model 

The Langmuir model can be extended to binary or multicomponent adsorption 

equilibria prediction. However, for this model to be thermodynamically consistent, the 

saturation capacity of the individual gases (Nmax) must be equal. The extended Langmuir 

model can thus be described mathematically as: 

𝑁𝑖 =
𝑁𝑚𝑎𝑥𝑏𝑖𝑃

1+∑ 𝑏𝑖𝑦𝑖𝑃
                                                                                                    3.3.1.1 

Where Ni is the coadsorbed amount of specie i, Nmax is the saturation capacity, bi is the 

affinity parameter of specie i, yi is the mole fraction of specie i in the bulk gas phase and 

P is the total Pressure. 

3.4 Grand Potential 

The grand potential plays a major role in adsorption thermodynamics. The grand 

potential is defined by: 

𝛺 = 𝐹+ –∫ 𝛴𝑖𝑢𝑖𝑛𝑖 = −𝑃𝑉                                                                          
𝑃

0
3.4.1 

Where 𝛺  is the grand potential, F is the Helmholtz free energy of the fresh 

adsorbent (the adsorbent with no fluid molecule adsorbed on its surface), 𝑢𝑖 is the 

chemical potential of specie i and 𝑛𝑖 is the number of moles of specie i adsorbed. The 
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independent variables of the grand potential are temperature, volume, and chemical 

potential. These variables are precisely what is required to describe the amount adsorbed 

from a bulk gas at specified values of temperature and chemical potential in a solid 

adsorbent of fixed volume.  

For the adsorption of a pure gas, the grand potential can be expressed as  

𝛺= –𝑅𝑇 ∫
𝑛𝑖

𝑝
𝑑𝑝                                                                                          

𝑃

0
3.4.2 

Physically, the grand potential can be described as the change in free energy 

associated with immersing an activated adsorbent in a bulk fluid.41 

3.5 Proposed model 

In this work, the pure adsorption equilibria of CO2 and N2 on MIL-53(Al) were 

modelled using a revised dual site Langmuir model proposed by Edubilli (2018). Also, 

this model was extended for the first time to predict binary adsorption equilibria in this 

study 

The extension of the model equations is described as follows: 

𝑁𝑖 = (
𝑁 1max 𝑏𝑛𝑝𝑖𝑦𝑖𝑃

1+∑ 𝑏𝑛𝑝𝑖𝑦𝑖𝑃
) (1 − 𝛹) + (

𝑁 2max 𝑏𝑙𝑝𝑖𝑦𝑖𝑃

1+∑ 𝑏𝑙𝑝𝑖𝑦𝑖𝑃
) (𝛹)                            3.5.1 

 

Therefore  

𝜋𝑙𝑝 = 𝑁2max(1 + ∑ 𝑏𝑙𝑝𝑖𝑦𝑖𝑃  )                                                                  3.5.2 

𝜋𝑛𝑝 = 𝑁1max(1 + ∑ 𝑏𝑛𝑝𝑖𝑦𝑖𝑃  )                                                              3.5.3 

Where (Case 1) 𝛿 < 0  

𝛹𝑒𝑠𝑡 = 1 − 0.5 (1 + erf (
𝑎𝑏𝑠(𝛿)−𝑚

√2𝑠
))                                                          3.5.4 

𝛹 = min( 𝛹𝑒𝑠𝑡, 𝛹𝑜)                                                                                        3.5.5 
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Where (Case 2) 𝛿 > 0                    

               𝛹𝑒𝑠𝑡 = 0.5 (1 + erf (
𝑎𝑏𝑠(𝛿)−𝑚

√2𝑠
))                                                               3.5.6 

                               𝛹 = 𝑚𝑎𝑥 ( 𝛹𝑒𝑠𝑡, 𝛹𝑜)                                                                                    3.5.7 

Where Ni is the partial amount of component i adsorbed, N1max is the saturation 

capacity of the narrow pore phase, N2max is the saturation capacity of the large pore phase, 

bnpi is the affinity parameter of the narrow pore phase for component i, blpi is the affinity 

parameter of the large pore phase for component i, yi is the mole fraction of component i 

in the bulk gas, P is the pressure of the bulk gas, 𝛹 is the fraction of the sample in the 

large pore phase. 𝜋 is the spreading pressure, 𝛿 is the spreading pressure difference 

between the large and narrow pore phase, 𝛹𝑒𝑠𝑡 is the estimated fraction in the large pore 

phase and 𝛹𝑜 is the initial fraction in the large pore phase, m is the mean of the Gaussian 

and s is the standard deviation of the Gaussian. 
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CHAPTER IV 

MATERIALS AND METHODS 

 

This section describes the techniques used to synthesize and characterize MIL-53(Al). 

Also, a detailed description of the experimental apparatus and experimental procedures 

are reported in this section. Lastly, preliminary measurements results are reported 

For this study the adsorption characteristics of the large and narrow pore 

conformations of aluminum terephthalate (MIL-53(Al)) was investigated by measuring 

its CO2 and N2 pure component adsorption isotherms and the binary adsorption isotherm 

of the mixture [of the above stated gases. The MIL-53(Al) was synthesized 

hydrothermally and characterized using thermogravimetric analysis (TGA) and 

Brunauer−Emmett−Teller (BET) surface area analysis. In addition, the adsorption 

equilibria were measured volumetrically. 

4.1 Synthesis 

In this study, MIL-53(Al) was synthesized under hydrothermal conditions as 

prescribed by Loiseau et al11. The material was synthesized using aluminum nitrate 

nonahydrate (Al(NO3)3·9H2O), 1,4 Benzene dicarboxylic acid (BDC), 

dimethylformamide(DMF), and deionized water.  Aluminum nitrate nonahydrate 

(Al(NO3)3·9H2O), 1,4benzene dicarboxylic acid and deionized water with a molar ratio 
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of 1Al(78.1g),0.5BDC(17.3g):80 H2O(300g) were placed in a batch reactor. Afterwards, 

the reactor was placed in an oven at a temperature of 220 ⁰C under autogenous pressure 

for 72 hours. The resulting product was then centrifuged and washed in DMF. 

Afterwards, the sample obtained was placed in the batch reactor with 200 ml of DMF and 

the reactor was then placed in an oven for 15 hours at a temperature of 150 ⁰C to remove 

the unreacted BDC. The sample obtained was washed three times in methanol (to replace 

DMF in the pores) and calcined for 16 hours at 280 ⁰C.  The yield of MIL-53(Al) was 

about 11 g for each of the 5 batches processed. 

4.2 Characterization 

The MIL-53(Al) sample was characterized using BET and TGA  

4.2.1 Thermogravimetric analysis (TGA) 

  Thermogravimetric analysis (TGA) of synthesized MIL-53(Al) was performed in 

a thermogravimetric analyzer (Mettler TOLEDO, model no. TGA/SDTA 851e). The 

temperature was ramped from 25 to 580⁰C with a heating rate of 5 K min-1, and the 

measurements were carried out under a nitrogen atmosphere. TGA results are shown in   
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Figure 2: Thermal stability of MIL-53(Al) 

 

Figure 2 which shows the MIL-53(Al) sample was stable up to 540 ⁰C which is consistent 

with values reported in literature. 

4.2.2 BET Surface Area Analysis 

  A micrometrics ASAP 2010 was used for nitrogen physisorption at 77 K. Prior to 

nitrogen physisorption, MIL-53(Al) sample was degassed at 493 K for 4 hours. The 

specific surface area was calculated using the Brunauer−Emmett−Teller (BET) model 

and relative pressure (P/P0) range of 0.03–0.3 was used in its calculation. The pore 

volume was calculated at a pre-determined relative pressure (P/P0) of 0.98. The BET 

surface area and pore volume were estimated to be 1284 m2/g and 0.64 cm3/g 

respectively, these estimates are in agreement with values previously reported in 
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literature. 

4.3 Experimental Apparatus Description 

A custom-made volumetric apparatus was used to conduct the gas adsorption 

measurements. A schematic diagram of this system is shown Figure 3 below. The system 

consists of a closed volume with a recirculation loop charged with the gases to be 

adsorbed. Also, the system is made up of different sections corresponding to the feed, 

adsorption/desorption, bypass/sampling and exit sections. In addition, the system is also 

connected to a gas chromatograph (GC) via a 6-way sampling valve to determine the gas 

phase composition at equilibrium in binary adsorption equilibria experiments.  

4.3.1 Feed Section 

The feed section consists of gas lines connected to a manifold. The gas manifold 

is connected to cylinders containing the gases of interest. The gases used in this study 

were nitrogen (Grade 5.0, >99.999%), carbon dioxide (Grade 4.4, >99.99%) and helium 

(Grade 4.7,>99.997%).  The Feed Inlet section includes a small and a big tank, with 

internal volumes of 92.87cm3 and 157.65cm3 respectively, which were determined by 

helium expansion experiments (which are described in detail later). Additionally, the 

tanks are immersed in a water bath to maintain isothermal conditions. A J-Type 

thermocouple was immersed in the water bath for measuring the tanks’ temperatures.  As 

shown in Figure 4.2 valves A2, A4 and A3, A5 are inlet and outlet valves to the big and 

small tanks respectively, while the valve A13 connects the big and small tank. This valve 

is useful for mixing during binary adsorption equilibria measurements. The valves used 

in this study were B-type bellow valves, NUPRO SS-4BK. 
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4.3.2 Adsorption/Desorption Section 

The adsorption/desorption section includes a changeable 20cm stainless steel 

adsorption column (1inch tubing) with 15.64grams (mass after activation) of MIL-53(Al) 

adsorbent. A J-type thermocouple was embedded in the column, which was placed in a 

water bath to serve as a temperature control mechanism. The water bath is connected to 

water circulator for maintaining isothermal conditions and stabilizing the column 

temperature within ±0.1⁰C accuracy throughout the experiments. valves A6 and A7 as 

shown in Figure 3 are the inlet and outlet valves to the column respectively, while valve 

A10 serves as a bypass of the column to the exit section. 

4.3.3 Bypass/Sampling section 

 This section is mainly used for binary adsorption equilibria measurements and for 

circulating helium during activation of the adsorbent. The section consists of a pump, a 

mass flow controller, and a sampling valve for GC analysis. Usually, the pump is used for 

mixing gases and circulating the gas mixture throughout the system, including the 

column, to maintain a uniform composition when running binary gas experiments. The 

mass flow controller (model: 33 FMA123) has a range of 0-100sccm and is used to 

control the recirculation rate during binary experiments. It is also used to control the flow 

of Helium gas during activation of the adsorption column. The sampling valve is 

connected to an Agilent gas chromatograph system, which aids in the determination of 

the gas composition.  

4.3.4 Exit section 

This section is equipped with two pressure transducers for measuring the pressure 

in the system. One of the pressure transducers has a range of 0-15psi and is used to take 
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low pressure measurements due to its high degree of accuracy. However, the second 

transducer is used for taking high pressure measurements and has a range of 0-10340torr 

(200psi). These pressure transducers are enclosed by four pressure gauge valves (P1, P2, 

P3, P4) which are H-type compact rugged bellow valves, NUPRO SS-2H. Valve A11 

serves as the main exit from the system and is connected to a vacuum pump (Fisher 

Scientific Maxima C Plus M2c 0125777 115/230v 60hz) with a rating of 0.002𝑡𝑜𝑟𝑟. 
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Figure 3: Schematic Diagram of the custom-made Volumetric Adsorption System 

 

 

 

Exit section 

Adsorption/Desorption 

Section 

Feed Section 

Bypass 

section 

A1- Feed Inlet                         A7-Bed/Column Top                        A13- BT and ST Connector 

A2- Big-tank Inlet                   A8-Pump/Side Branch Out             P1- Low Pres. Trans. In  

A3- Big-tank (BT) Outlet        A9- Pump/Side Branch Bypass      P2-High Pres. Trans. In 

A4- Small-tank (ST) Inlet       A10- Bed/Column Bypass               P3-Low Pres. Trans. Out 

A5-Small-tank Outlet             A11-Exit/Vacuum                            P4-High Pres. Trans. Out 

A6-Bed/Column Bottom        A12- Pump/Side Branch In   
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4.4 Preliminary Measurements 

Before the actual experiments were done to measure the pure and binary 

adsorption equilibria, preliminary measurements were taken to determine the volumes of 

individual sections of the custom-made volumetric system. In addition, the GC was 

calibrated by injecting CO2/N2 gas mixtures with known compositions. 

4.4.1 Preliminary Volume Measurements.  

The various volumes were determined using helium expansion measurements to 

determine the ratios between the volumes of each section of the system. This was done by 

charging a known amount of helium gas into a given section (Voi) (the pressure and 

temperature in Voi was recorded). The helium gas was then expanded into a chosen 

volume of the system (Voj). The temperature and pressure after expansion was also 

recorded. The density of the helium gas before and after the expansion was determined 

using the Peng Robinson equation of state. Afterwards, the volume ratio was then 

determined by conducting a material balance as shown below 

𝑉0𝑖𝜌𝑖 + 𝑉𝑗𝜌𝑗 = (𝑉𝑖 + 𝑉𝑗)𝜌𝑓                                                                    4.4.1 

𝑚𝜌𝑖 +  𝜌𝑗 = (𝑚 + 1)𝜌𝑓                                                                           4.4.2 

𝜌𝑓 − 𝜌𝑗 = 𝑚(𝜌𝑖 − 𝜌𝑗)                                                                              4.4.3 

Where ρi is the helium density in Voi, ρj is the helium density in Vj before 

expansion, ρf is the helium density after expansion, and m is the ratio of Vi to Vj.  

This procedure was repeated for all values Voi and Voj shown in Table 1.  
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Table 1: Helium Expansion Measurement Volumes 

 

 

 

 

 

 

 

 

Furthermore, the absolute volume of the system was determined using a 

combination of helium expansion experiments and stainless-steel balls (3mm diameter) of 

known mass and density. The density of the stainless-steel balls was determined in a 

Rubotherm microbalance to be 7.96 g/cm3. Afterwards, a known mass of the stainless-

steel balls was placed in the column (adsorption/desorption section) and helium 

expansion measurements as were conducted from the column (Vo9) to volumes Vo3 and 

Vo8. The procedure was repeated four times while varying the mass of the stainless-steel 

balls. The absolute volume of the column (Vo9) was determined as shown by the 

equation below 

𝑉𝑠𝑠 = −(𝑉𝑜3 + 𝑉08)𝑟 + 𝑉09                                                                   4.4.1.4 

Where Vss is the volume of stainless-steel balls in the column (Vo9) and r is the 

volume ratios determined from the helium expansion measurements.  The plot of Vss 

against r yielded Vo9 as the intercept and the sum of volumes Vo3 and Vo8 as the slope as 

shown in Figure 4.  The volumes of other sections of the system were then determined 

using this information in conjunction with the earlier determined volume ratios. 

Volume(s) expanded from ( Voi) Volume(s) expanded to ( Voj) 

Vo3 V08 

Vo2 + Vo4 V03+ V08+ V10 

Vo2 V03+ V08+ V10 

Vo1 V02+ V03+ Vo8 

Vo2 V03+ V08 

Vo10 V03+ V08 

Vo9 V03+ V08 

Vo3 V08 

Vo2 + Vo4 V03+ V08+ V10 

Vo3 V07 

Vo4 V02+ V03+ V08 
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Figure 4:Determination of the absolute volume of the adsorption/desorption section 

volume 

 

After the volume of each section of the system were determined, the column was 

filled with 15.64 g (mass after activation) of MIL-53(Al). Afterwards, helium expansion 

measurements were conducted to determine the volume of the filled bed. The volumes of 

the various sections of the volumetric system are reported in Table 2. 
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Table 2: Section volumes of the custom-made volumetric system 

 
 

 

4.4.2 Gas Chromatograph Calibration 

Gas Chromatography is used to separate/analyze components of a gas mixture to 

determine their relative compositions. In this study, a gas chromatograph with model 

number GC-system-Agilent 7890A was used in binary adsorption equilibria 

measurements to determine the gas phase compositions at equilibrium. Prior to starting 

the binary adsorption equilibria experiments, the gas chromatograph was calibrated by 

injecting mixtures of CO2/N2 with known compositions at a pressure of 2psia into the GC. 

A calibration curve was obtained relating the actual CO2 mole fractions in the injected 

mixture to the corrected area per cent of CO2 generated by the GC for the various gas 

mixture compositions. The calibration curve obtained is shown in Figure 5 below. In 

addition, the conditions of the GC runs are shown in Table 4. 

Volumes (cm3) Standard error 

Vo1 19.44 ±0.03 

Vo2 9.731 ±0.010 

Vo3 14.19 ±0.01 

Vo4 23.71 ±0.03 

Vo6 157.7 ±0.1 

Vo7 6.473 ±0.021 

Vo8 6.391 ±0.016 

Vo9 (bed empty) 88.56 ±0.05 

Vo10 92.87 ±0.04 

Vo11 (bed full) 78.26 ±0.09 
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Figure 5: Calibration curve for Gas Chromatography Analysis 

 

Table 3: GC calibration curve parameters 

Parameter Value Standard Error 

A 0.19 ±0.007 

B 0.81 ±0.007 

C 0.00 *Not significantly different 

from zero 
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Table 4: Gas Chromatograph run conditions 

 

Detector Thermal Conductivity Detector 

(TCD) 

Carrier gas Helium 

Column  Hysep-D 10” by 180 SUPELCO 

60/80 

Detector temperature 200 ⁰C 

Oven temperature 50 ⁰C 

Helium flow rate 20 cm3 min-1 

Reference flow rate 40 cm3 min-1 

Make up flow rate 1 cm3 min-1 

Column pressure 21 psia 

 

4.5 Pure Component Isotherm Measurement 

The pure component isotherms of CO2 and N2 were measured on both the large 

and narrow pore conformations of MIL-53(Al). For the large pore conformation, the 

MIL-53(Al) sample placed in the column was activated by heating to a temperature of 

220 ⁰C and maintaining this temperature for about 3hours. While activating the sample, 

helium is flown over the bed at a rate of 40 cm3/min to help improve the rate of heat 

transfer and purge. After activation, the column is immersed in a water bath and the 

temperature of the water bath is maintained at 20 ⁰C (using a temperature-controlled 

water circulator connected to the water bath). 

Upon completion of the above procedure, the large pore pure component 

isotherms were then measured by charging the gas of interest (CO2 or N2) into a section 

of the volumetric system (usually the small or big tank) to a given pressure. The gas is 

then expanded into the column and allowed to attain equilibrium (this occurs when the 

pressure remains constant for more than 30 minutes). The ambient and tank temperature 

of the charged gas are recorded. In addition, the ambient, tank and column temperature 
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and pressure of the gas at equilibrium were also recorded. The molar density of the gas 

charged and the density at equilibrium are then estimated using Peng Robinson equation 

of state. Afterwards, the total number of moles of the gas (nt) in the column and the moles 

adsorbed per unit mass of MIL-53(Al) are determined from the material balance 

equations shown below 

𝑛𝑡 = 𝜌𝑐𝑉𝑐 − 𝜌𝑒𝑉𝑓                                                                                   4.4.2.1 

𝑛𝑒 =
𝑛𝑡−𝜌𝑔(𝑉𝑒𝑚𝑝𝑡𝑦−𝑉𝑠𝑜𝑙𝑖𝑑)

𝑚𝑠
                                                                      4.4.2.2 

Where ρc (mmol/cm3) is the density of the gas at the charge condition, ρe 

(mmol/cm3)  is the density of the gas at the equilibrium, Vc (cm3) is the volume of the 

charge section, Vf (cm3)  is the volume the gas occupies at equilibrium excluding the 

column, ne (mmol/g) is the excess amount adsorbed, ρg is the density of the bulk gas at 

the equilibrium condition (T,P) obtained from the Peng Robinson equation of state, and 

ms is the mass of MIL-53(Al) in the column. 

  Afterwards, the column is then isolated, and the entire process is repeated for 

different equilibrium pressure ranges. In this study the isotherms were measured between 

0-12 bar. 

For the narrow pore isotherms measurements, the MIL-53(Al) sample in the 

column was charged with CO2 to a pressure above 1bar and then the sample was desorbed 

by subjecting it to vacuum for about 3hours. This process leads to the transition from the 

large pore conformation to the narrow pore phase. After tuning the sample from the lp to 

the np phase, the isotherms measurements were conducted using the same procedure 

stated above for the large pore. 
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4.6 Binary Isotherm Measurements 

The binary isotherm measurements were conducted on both the lp and np 

conformation. The procedure used for these experimental measurements were very 

similar to that of the pure component isotherm measurements. In the case of the lp 

conformation the MIL-53(Al) sample in the column was activated in the same way as 

was done for the pure component measurements. Afterwards, both the CO2 and N2 gas 

were charged to different sections of the volumetric system to predetermined pressures. 

Both gases were then mixed and circulated with the pump (bypass section) through the 

column until equilibrium was attained (each experiment took about 4 hours to attain 

equilibrium). The ambient, tank and column temperatures and pressure of the charge 

were recorded.   In addition, the ambient, tank and column temperatures and the pressure 

of the gas were also recorded at equilibrium. Furthermore, at equilibrium, the pressure of 

the gas mixture was decreased to 2psia and a sample of the gas mixture was injected into 

the GC via the sampling valve to determine the gas phase compositions. 

The total amount and partial amounts of the gas adsorbed in the columned were 

determined using the material balance equations as shown below.  

 

𝑛𝑡 = 𝜌𝑐02
𝑉𝑐02

+ 𝜌𝑁2
𝑉𝑁2

− 𝜌𝑚𝑖𝑥𝑉𝑓                                                               4.4.2.3 

𝑛𝑒𝑐𝑜2
=

𝑥𝑐𝑜2𝑛𝑡−𝜌𝑔𝑚𝑖𝑥(𝑉𝑒𝑚𝑝𝑡𝑦−𝑉𝑠𝑜𝑙𝑖𝑑)

𝑚𝑠
                                                               4.4.2.4 

𝑛𝑒𝑁2
=

𝑥𝑁2𝑛𝑡−𝜌𝑔𝑚𝑖𝑥(𝑉𝑒𝑚𝑝𝑡𝑦−𝑉𝑠𝑜𝑙𝑖𝑑)

𝑚𝑠                    
                                                                  4.4.2.5 

Where 𝜌𝑐02  is the density of CO2 charged, 𝑉𝑐02
is the volume charged with CO2, 

ρN2 is the density of N2 charged, 𝑉𝑁2
is the volume charged with N2, ρmix is the density of 
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the gas mixture at the equilibrium, Vf is the volume occupied by the gas mixture at 

equilibrium excluding the volume of the column, 𝑥𝑐𝑜2
 is the CO2 mole fraction at 

equilibrium, ρgmix is the density of the bulk gas mixture at the equilibrium condition (T,P) 

obtained from the Peng Robinson equation of state, and 𝑥𝑁2  is the N2 mole fraction at 

equilibrium. The experimental conditions in which the binary adsorption equilibria 

measurements were conducted are listed in Table 5 below. 

Table 5: Binary Adsorption Equilibria Experimental Conditions 

 

 

 

 

 

 

 

 

  

Pressure (bar) 
CO2 bulk gas Mole 

Fraction(yco2) 

Phase 

0.8 0.00 -1.00 np 

1.30 0.00-1.00 np 

9.50 0.00-1.00 np 

0.00-6.00 0.20 np 

0.00-9.00 0.05 np 

0.00-8.00 0.05 lp 
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CHAPTER V 

RESULTS AND DISCUSSION 

 

This chapter reports the pure and binary adsorption equilibria experimental results. 

Details of the modeling of the pure and binary isotherms using a revised dual-site 

Langmuir model are also provided 

Pure and binary adsorption equilibria data provide very useful insight on the 

potential of using a given adsorbent for adsorptive gas separations. In addition, for 

adsorbents that undergo a structural transformation upon adsorption of certain guest 

molecules, the pure and binary adsorption equilibria can provide additional information 

about the difference in the adsorption characteristics of the different phases of the 

different phases of the adsorbent material. In this chapter, the pure component adsorption 

equilibria of CO2 and N2 at 20⁰C on the lp and np MIL-53(Al) are reported.  The binary 

adsorption equilibria of the CO2/N2 mixture on the np MIL-53(Al) at a constant 

temperature of 20⁰C, and constant pressures of 0.8bar, 1.3bar and 9.5bar are also 

reported. Additionally, binary adsorption equilibria data on MIL-53(Al) np at constant 

CO2 gas phase composition of 0.05 and 0.2 and lp at constant CO2 gas phase composition 

of 0.05 are reported as well. 
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5.1 Pure Component Adsorption Equilibria and Data Analysis 

 

 

Figure 6:  CO2 adsorption isotherm and model 

 

The pure component isotherm of CO2 on MIL-53(Al) np at 20⁰C shows a step 

change in the isotherm at about 4.65 bar which occurs as a result of the np-lp structural 

transition induced by the interaction between CO2 and the MIL-53(Al) sample. The 

sample is predominantly in the np phase for pressure ranges between 0-4.65 bar. 

Furthermore, at sub-atmospheric pressures (<1 bar), the CO2 uptake capacity increased 

very steeply with a change in pressure which is indicative of the high CO2 affinity of the 

np phase in this pressure range.  
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For pressures between 1-4.65 bar, the uptake capacity increased gradually from 

2.74-3.74 mmol/g. However, at pressures greater than 4.65 bar (around the np-lp 

transition region), the CO2 uptake capacity of the MIL-53(Al) sample increased 

significantly from 3.74 to 9.30 mmol/g when the pressure was varied from 4.65-9.54 bar. 

This demonstrates the high CO2 adsorption capacity of the lp phase at higher pressures.   

The characteristic adsorption behavior of MIL-53(Al) np described above, aligns 

with predictions of Coudert et al.34  study ‘’ Thermodynamics of guest induced transition 

in hybrid frameworks”, which proposed that, for a framework with two metastable phases 

a single transition would occur when the pore volume of the starting phase is less than the 

pore volume of the second metastable phase. This implies that the phase with the lower 

pore volume would be the stable phase at lower pressures and the phase with the higher 

pore volume would be the stable phase at higher pressures.  

In addition, this result is in good agreement with the pure CO2 isotherms obtained 

by Boutin et al.25 In their study, these authors found that the step change in the adsorption 

isotherm corresponding to the np-lp transitions occurs at about 2.5 bar for isotherms 

measured at 273 K and at  5 bar for isotherms measured at 298 K. In comparison, the step 

change in this present study occurred at 4.65 bar indicating that the np-lp transition of 

MIL-53(Al) is temperature dependent and the pressure range at which the transition 

occurs increases with temperature. 

 In the case of the adsorption equilibria of MIL-53(Al) lp, shown in Figure 6, the 

adsorption behavior is very similar to that of the np form at pressures greater than 1 bar. 

However, at sub-atmospheric pressures, the np phase displays a significantly higher CO2 

uptake capacity when compared with that of the lp phase. The difference in the 
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adsorption capacity of the np and lp form at sub-atmospheric pressures is shown more 

clearly in Figure 7. 

 It is hypothesized that this difference in the adsorption isotherms of the np and lp 

phase occurs because of the higher CO2 affinity of the narrow pore form at sub-

atmospheric pressures when compared with that of the large pore form. According to  

Coudert et al.34 , when the pore volume of the starting phase of the flexible framework (in 

this case the large pore conformation) is greater than that of the second metastable phase 

(narrow pore conformation), there is a probability that the framework will undergo two 

transitions (lp-np and np-lp ) if the difference in the Helmholtz energy of both phases is 

small or when the affinity of the  second metastable phase is high.  

 The lp phase undergoes a transition to the np phase in the pressure range of 0.17 - 

0.92 bar as can be seen in Figure 7. Furthermore, at about 4.65 bar, the MIL-53(Al) 

begins another transition back to the lp phase as previously shown in Figure 6. 

 

 

 

 



 
 

43 

 

 

Figure 7: CO2 adsorption capacity of MIL-53(Al) np and lp at sub-atmospheric pressures 
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Figure 8: N2 adsorption isotherm and model 

 

The N2 pure component adsorption equilibria on MIL-53(Al) np is shown in 

Figure 8. At pressures below 3 bar, the N2 uptake capacity on the MIL-53(Al)np sample 

is negligible. However, at pressures greater than 3 bar, the N2 uptake capacity begins to 

increase with increasing pressure.  This happens probably because the sample is still in 

the np phase at pressures less than 3 bar and the np conformation probably has a 

negligible affinity for N2. However, at pressures greater than 3 bar, the MIL-53(Al) 

sample begins to undergo structural transition to the lp phase, which has a higher N2 

affinity, leading to an increase in the N2 uptake capacity. 
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In addition, only one transition is observed, i.e. the transition from the np to the lp 

phase. This, again, is in agreement with predictions by Coudert et al.34 as well as similar 

to results obtained by  Mishra et al.35 In the case of the N2 pure component adsorption 

equilibria on MIL-53(Al) lp shown in Figure 8, the N2 uptake capacity increases 

monotonically with increasing pressure.  The MIL-53(Al) sample stays in lp phase for the 

entire pressure range (0-12bar). This implies the MIL-53(Al) lp sample did not undergo 

any structural transition upon adsorption of N2.  It is hypothesized that this happens 

because the lp conformation is the thermodynamically stable form both at low pressures, 

because of its higher affinity for N2, and at high pressures, due to its greater pore volume 

in comparison with the narrow pore. 
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Figure 9: Pure component adsorption capacity of CO2 and N2 on MIL-53(Al)np 

 

 

Figure 10: Pure component adsorption capacity of CO2 and N2 on MIL-53(Al)lp 
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5.2 Pure Component Adsorption Equilibria Modelling 

The pure component adsorption equilibria of CO2 and N2 on MIL-53(Al)np and 

MIL-53(Al)lp were modelled using the revised dual site Langmuir model described 

earlier in chapter III. The model parameters were obtained by conducting a nonlinear 

regression using the least square method in the MATLAB curve fitting toolbox.  

Table 6: Model Parameters for CO2 Pure Component Adsorption Equilibria on MIL-

53(Al) 

 

Parameter Value Standard error 

N1max (mol kg-1) 3.5 ± 0.06 

b1 (bar-1) 4.1 ±0.23 

M 1.7 ±0.07 

S 0.6 ±0.16 

N2max (mol kg-1) 12.1 ±0.12 

b2 (bar-1) 0.34 ±0.011 

  

 The revised dual site Langmuir model provided a good fit of the pure component 

CO2 adsorption isotherms of the MIL-53(Al)np and MIL-53(Al)lp. In the low-pressure 

region between 0.1-0.4 bar, the model under predicts the CO2 adsorption capacity on 

MIL-53(Al)np and over predicts that of MIL-53(Al)lp. As discussed earlier, MIL-53(Al) 

lp undergoes two transitions upon adsorption of CO2 in the pressure range studied in this 

work, and the revised dual site Langmuir model adequately modelled these transitions.  

 Also, the Henry’s constant (which is a measure of an adsorbent’s affinity for the 

gas of interest) of the narrow pore phase (14 molkg-1bar-1) is about 3.5 times greater than 

that of the large pore phase (4.1 molkg-1bar-1). Also, the saturation capacity of the large 

pore phase (12.1 molkg-1)   is about 3.5 times greater than the saturation capacity of the 
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narrow pore phase (3.5 molkg-1). This is probably due to the fact that the large pore phase 

has a larger pore volume than the narrow pore phase. 

Table 7: Model Parameters for N2 Pure Component Adsorption Equilibria on MIL-53(Al) 

 

 

 

  

 

 

 

 The revised dual site Langmuir model provided a good fit for the N2 pure 

component adsorption equilibria on MIL-53(Al) and estimated the Henry’s law constant 

for the narrow pore phase to be 0.0 molkg-1bar-1
 and that of the large pore phase to be 

0.02 molkg-1bar-1. In addition, the saturation capacity of the np was estimated to be 3.5 

molkg-1 for the narrow pore phase which is about 3.5 times less than that of the large pore 

phase estimated to be 12.1 molkg-1. 

5.3 Binary Adsorption Equilibria Results and Data Analysis 

 As stated earlier, the binary adsorption equilibria in this study were measured at 

constant pressures of 0.8, 1.3 and 9.5bar. Also, measurements at constant CO2 gas phase 

compositions of 0.05 and 0.20 were also done. All experiments were conducted at a 

constant temperature of 293 K. The results obtained, and their significance is presented 

below. 

  

Parameter Value Standard Error 

N1max (mol kg-1) 3.5 ± 0.06 

b1 (bar-1) 0.0 * not significantly 

different from zero 

m 1.7 ±0.07 

S 0.6 ±0.16 

N2max (mol kg-1) 12.1 ±0.12 

b2 (bar-1) 0.02 ±0.001 
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5.3.1 Binary Adsorption Equilibria at Constant Pressure 

 

 

Figure 11:  CO2/N2 selectivity on MIL-53(Al)np at 0.8bar 

 The constant pressure binary adsorption equilibria were  measured at three 
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measured at 0.8 bar and 1.3 bar show that the amount of N2 adsorbed at these conditions 

is negligible. However, the CO2 adsorption capacity increases with an increase in the CO2 

mole fraction.  This results suggest that MIL-53(Al) np will be highly selective in 

separating a mixture of CO2/N2  at these conditions. Also, it is hypothesized that the MIL-

53(Al) np stays in the narrow pore form under these conditions because the narrow pore 
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phase is the thermodynamically stable phase at low pressures. In addition, since the 

narrow pore phase has a high affinity for CO2 and a neglible affinity for N2 at pressures 

below 3 bar, the MIL-53(Al) np is thus highly selective in separating CO2 from  binary 

mixtures with N2, at low pressures. 

 For the binary adsorption equilibria measured at 9.5 bar, the amount of N2 

adsorbed (capacity) decreases with an increase in the CO2 mole fraction. At a CO2 mole 

fraction  of 0.053, approximately equal amounts of CO2 and N2 are adsorbed. However,  

as the CO2 mole fraction is increased, the amount of CO2 adsorbed increases, while that 

of N2 decreases.  At a pressure of  9.5 bar, the MIL-53(Al) sample is expected to be in the 

large pore phase, which  is less selective towards separating CO2 from the binary mixture 

when compared with the narrow phase. This is probably the underlying reason for the 

competitive adsorption between CO2 and N2 at low CO2 mole fractions and, hence, the 

lower selectivity when compared with MIL-53(Al) in the narrow phase conditions 

described above.  

In addition, Ortiz et al.30 reported that no step change was observed in the partial 

amount of CO2 adsorbed in the case of the binary adsorption isotherms of CO2/CH4 

mixture on MIL-53(Al)lp measured at pressures greater than 8 bar and a temperature of 

273 K, which suggest that under these conditions no transition occurs and MIL-53(Al) 

remains in the lp conformation. The binary adsorption equilibria of CO2/N2 mixture 

measured on MIL-53(Al)np at 9.5 bar and 293 K as shown in Figure 12 also did not show 

a step change in the partial amount of CO2 adsorbed on the MIL-53(Al) sample. This 

observation further supports the fact that the lp conformation is the thermodynamically 

stable phase at high pressures. 
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Figure 12: CO2/N2 selectivity on MIL-53(Al)np at 1.3bar 

 

 
Figure 13: Effect of bulk gas composition on CO2 and N2 adsorption capacity of MIL-
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Figure 14: Effect of molar composition on the adsorbed phase mole fraction. 

 The variation of the CO2 molar composition in the adsorbed phase with the CO2 

gas phase molar composition at constants pressures is shown in Figure 14. For the low 

pressures of 0.8bar and 1.3bar the CO2 mole fraction in the adsorbed phase remained at a 

constant value of approximately 1 (indicating only CO2 was adsorbed) regardless of the 

change in the CO2 gas phase composition. For the high pressure (9.5 bar), the CO2 mole 

fraction in the adsorbed phase increases with an increase in the CO2 gas phase 

composition and approaches the low-pressure value at high CO2 gas phase mole fraction 

of 1 This further supports the fact that the large pore phase is less selective in separating a 

CO2 /N2 mixture with low CO2 concentration. 
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5.3.2 Binary Adsorption Equilibria at Constant CO2 Composition 

 Binary adsorption equilibria of the CO2/N2 mixture on MIL-53(Al) np and lp were 

measured to investigate the effect of pressure on the adsorption characteristic of both 

MIL-53(Al) phases. Three measurements were conducted. First, the binary adsorption 

equilibria were measured at a constant CO2 composition of 0.20 on MIL-53(Al)np. The 

experiment was then repeated with the CO2 composition held constant at 0.05. 

Afterwards, the binary adsorption equilibria were measured on MIL-53(Al) lp at a 

constant CO2 composition of 0.05 to give further insight into the difference in the 

adsorption characteristic of both phases. The results are presented in Figures 15 and 16. 

 In the case of MIL-53(Al)np at constant CO2 composition of 0.20 shown in Figure 

15, the amount of N2 adsorbed was negligible across the pressure range that was 

investigated. However, the CO2 adsorption capacity increased with an increase in 

pressure.   This is most likely because under this condition the MIL-53(Al) sample stays 

in the narrow pore phase which has a very high affinity for CO2 and a negligible affinity 

for N2. 

 For the experiments conducted on MIL-53(Al)np at constant CO2 composition of 

0.05 as shown in Figure 16, the amount of N2 adsorbed was greater than that observed for 

the 0.20 constant CO2 condition. However, the N2 adsorption capacity was still negligible 

when compared with that of CO2 at this condition.  Lastly, the results of the binary 

adsorption equilibria measurements on MIL-53(Al)lp at constant CO2 composition of 

0.05 showed the adsorption of CO2 and N2 to be competitive at this condition, signifying 

that MIL-53(Al)lp is less selective for separating a mixture of CO2 and N2 at this 

condition. 
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Figure 15: Effect of pressure on the adsorption capacity of CO2 and N2  
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Figure 16: Difference in the binary adsorption characteristics of the np and lp phase 
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mixture on MIL-53(Al)np and MIL-53(Al)lp at constant CO2 composition of 0.05 and 

constant temperature of 293 K. The results demonstrate the difference in the adsorption 

characteristics of the of the narrow and large pore phase. The narrow pore phase has a 

higher affinity for CO2 and lower affinity for N2 at this condition when compared with the 

large pore phase, resulting in MIL-53(Al)np having a better CO2 selectivity for the 

separation of the CO2/N2 binary mixture. 
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Figure 17: Effect of pressure on Adsorbed phase mole fraction 
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contrast, the CO2 mole fraction of the adsorbed phase of MIL-53(Al)lp at CO2 gas phase 

composition of 0.05 was 0.52. The results illustrate the dependence of the amount of CO2 

adsorbed on the phase of the material and the CO2 gas phase composition. 

 

Figure 18: Effect of pressure on the selectivity of the np and lp phase of MIL-53(Al) 
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region where the selectivity remains relative constant. This lies between 4-6 bar for CO2 

composition of 0.2 and 6-8.7 bar for CO2 composition of 0.05. 

 

5.4 Binary Adsorption Equilibria Predictions 

The binary adsorption equilibria were modelled using the revised dual site 

Langmuir (DSL) model extended to multicomponent mixtures. The underlying 

assumption of this modelling approach is that the phase transition of the MIL-53(Al) 

sample is dependent on the difference in the spreading between the large and narrow pore 

phase at the condition of interest as well as the initial state of the material (history). The 

model under predicted the CO2 coadsorption capacity at conditions with CO2 partial 

pressure in the range of 0.1-0.4 bar. In contrast, the model provided a good estimate of 

the N2 coadsorption capacity at all the binary conditions investigated in this study. 

. 
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CHAPTER VI 

 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

 This study focused on investigating the difference in the adsorption characteristics 

of both conformations of MIL-53(Al). This material is a flexible metal-organic 

framework that undergoes structural transition due to changes in temperature, pressure 

and upon the adsorption of certain guest molecules like CO2. The difference in the 

adsorption characteristics of the narrow and large pore phase of MIL-53(Al) was studied 

by measuring and analyzing the pure and binary adsorption isotherms of CO2 and N2. The 

narrow pore phase was shown to have an increased affinity for CO2 at sub-atmospheric 

pressure and a decreased affinity for N2 when compared to the large pore phase. 

Consequently, the narrow pore phase displayed a very high selectivity towards CO2 in the 

binary adsorption equilibria, even at very low CO2 gas phase compositions. On the 

contrary, the adsorption of CO2 and N2 was competitive on the large pore phase at low 

CO2 gas phase compositions. This result demonstrates that the narrow pore phase would 

be much more selective towards CO2 in the separation of CO2 from a CO2/N2 mixture 

when compared with the performance of the large pore phase. 

 The pure and binary gas adsorption equilibria were modelled based on the 

assumption that the transition of MIL-53(Al) between both phases is dependent on the 
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difference in spreading pressures and the initial state (history) of the MIL-53(Al) sample. 

The narrow and large pore saturation capacities were determined to be 3.5 mol/kg and 

12.1 mol/kg respectively. The np-lp structural transition was determined to occur at a 

mean spreading pressure value of 1.7 Nm-1 with a standard deviation value of 0.6 

(indicating the range of spreading pressure in which the transition occurs). The affinity 

parameter of the np phase for CO2 was determined as 4.1 bar-1. The np phase N2 affinity 

parameter was determined to be negligible. In contrast, the lp phase CO2 and N2 affinity 

parameters were determined as 0.34 bar-1 and 0.02 bar-1 respectively. 

6.2 Recommendations 

 In order to further understand the adsorptive behavior of MIL-53(Al), it is 

recommended that additional binary adsorption equilibria measurements should be 

performed at conditions intermediate between those conducted in this study (for example 

on the np form at ~ 4 and 10 bar). 

 Furthermore, synthesis techniques that control the crystal size distribution can be 

investigated to help understand the dependence of the transition pressure range on the 

MIL-53(Al) crystal size distribution.  

 Lastly, the pure and binary adsorption isotherms should be measured at two 

additional temperatures, to determine the temperature dependence of the spreading 

pressure.  
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APPENDIX A 

Propagation of error analysis in primary measurements 

Estimating the impact of uncertainties in experimental measurements on 

thermodynamic properties is necessary as some of the quantities measured depend on 

accuracy of the measurement of others. The pure and binary component adsorption 

experimental data was collected using closed volumetric system. The measurements 

involved in the closed system that appear in equations used to calculate total and partial 

amounts adsorbed are:  

• Pressure measured by a transducer at different times.  

• Volumes that are measured in the different parts of the apparatus using helium 

expansion techniques.  

• Temperature measured by a thermocouple in the column and controlled by an 

external bath.  

• Gas composition at equilibrium measured using gas chromatograph (GC) and  

• Mass of porous solid in the column which was measured using balance.  

      Indeed, all these measurements are related to only three measurements:  

i.) Pressure, ii.) Mass, and iii.) Temperature.  

     There are numerous ways to estimate the uncertainties in measurements that have 

impact on final calculated results. One technique used in the present work is propagation 

of error analysis, which calculates the most probable errors on the final results. If a 

quantity N is calculated by a mathematical expression, 

𝑁 = 𝑓(𝑃, 𝑇)                                                                                                          𝐴. 1 
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  Where the uncertainty in the measurement of P and T are ΔP and ΔT respectively, 

the uncertainty in N i.e. ΔN can be calculated as follows 

𝛥𝑁 = (((
∂P

∂N
) ∗ ΔP)

2

+ ((
∂T

∂N
) ∗ ΔT)

2

)

0.5

                                                      A. 2 
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APPENDIX B 

Pure Component Adsorption Equilibria Data on MIL-53(Al) at 293 K 

In this section the experimental data of the pure component adsorption isotherms 

of CO2 and N2 on MIL-53(Al) shown in Figure 6 and are presented 

Table B. 1: Pure CO2 experimental isotherm data on MIl-53(Al)lp at 293 K 

Pressure(bar) N(mmol/g) Standard error (±) 

0.05 0.12 0.001 

0.17 0.42 0.002 

0.27 1.05 0.004 

0.38 1.70 0.006 

0.47 2.03 0.008 

0.65 2.35 0.011 

0.92 2.57 0.014 

1.15 2.72 0.019 

1.50 2.90 0.024 

2.40 3.23 0.034 

3.07 3.41 0.047 

3.78 3.55 0.061 

4.65 3.74 0.077 

4.96 4.42 0.092 

5.21 5.24 0.106 

5.54 6.28 0.121 

5.93 7.13 0.135 

6.34 7.68 0.150 

6.72 8.14 0.165 

6.97 8.34 0.179 

7.21 8.54 0.194 

7.86 8.84 0.210 

8.75 9.11 0.228 

9.54 9.30 0.248 

10.00 9.39 0.268 

10.48 9.48 0.289 

10.86 9.55 0.309 
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Table B. 2 Pure CO2 experimental isotherm data on MIl-53(Al)np at 293 K 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pressure(bar) N(mmol/g) Standard error (±) 

0.02 0.19 0.00 

0.04 0.50 0.00 

0.05 0.84 0.00 

0.10 1.31 0.00 

0.21 1.83 0.00 

0.28 2.03 0.00 

0.37 2.17 0.01 

0.45 2.27 0.01 

0.53 2.37 0.01 

0.66 2.46 0.01 

0.79 2.55 0.01 

0.87 2.60 0.02 

1.15 2.74 0.02 

1.31 2.81 0.02 

1.64 2.93 0.03 

1.96 3.03 0.04 

2.40 3.23 0.034 

3.07 3.41 0.047 

3.78 3.55 0.061 

4.65 3.74 0.077 

4.96 4.42 0.092 

5.21 5.24 0.106 

5.54 6.28 0.121 

5.93 7.13 0.135 

6.34 7.68 0.150 

6.72 8.14 0.165 

6.97 8.34 0.179 

7.21 8.54 0.194 

7.86 8.84 0.210 

8.75 9.11 0.228 

9.54 9.30 0.248 

10.00 9.39 0.268 

10.48 9.48 0.289 

10.86 9.55 0.309 
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Table B. 3 Pure N2 experimental isotherm data on MIl-53(Al)lp at 293 K 

Pressure(bar) N(mmol/g) Standard error (±) 

0.19 0.04 0.00 

0.38 0.09 0.00 

0.53 0.12 0.01 

0.68 0.16 0.01 

0.85 0.20 0.01 

1.02 0.22 0.02 

1.46 0.32 0.02 

1.74 0.37 0.03 

2.22 0.48 0.04 

2.63 0.56 0.05 

2.91 0.66 0.05 

3.90 0.86 0.07 

4.65 1.01 0.08 

5.03 1.08 0.10 

5.75 1.21 0.11 

6.46 1.34 0.13 

6.84 1.41 0.15 

7.76 1.57 0.17 

8.75 1.71 0.19 

9.59 1.85 0.21 

10.93 2.06 0.24 

11.84 2.20 0.27 

12.40 2.29 0.30 
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Table B. 4 Pure N2 experimental isotherm data on MIl-53(Al)lp at 293 K 

Pressure(bar) N(mmol/g) Standard error (±) 

0.75 0.01 0.01 

0.88 0.01 0.01 

2.02 0.03 0.02 

3.02 0.06 0.04 

4.10 0.11 0.06 

5.00 0.21 0.08 

6.09 0.34 0.10 

7.08 0.60 0.12 

7.91 0.98 0.15 

11.22 1.88 0.19 

12.86 2.10 0.23 
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APPENDIX C 

Binary Adsorption Equilibria Data on MIL-53(Al) at 293 K 

In this section the experimental data of the binary adsorption isotherms of CO2 and N2   

mixture on MIL-53(Al)np are presented 

 

Table C. 1 Binary Adsorption equilibria experimental data on MIl-53(Al)np at 0.8 bar 

CO2 mole 

fraction(yco2) 

N (mmol g-1) 

(CO2) 

Standard error 

(±) 

N (mmol g-1) 

(N2) 

Standard 

error (±) 

0.05 0.50 0.017 0.00 0.017 

0.06 1.14 0.016 0.01 0.016 

0.20 1.80 0.017 0.01 0.017 

0.39 2.11 0.017 0.01 0.017 

0.60 2.30 0.026 0.00 0.026  

0.80 2.43 0.035 0.00 0.034  

0.94 2.50 0.042 0.00 0.041  

 

 

Table C. 2 Binary Adsorption equilibria experimental data on MIl-53(Al)np at 1.3 bar 

CO2 mole 

fraction(yco2) 

N (mmol g-1) 

(CO2) 

Standard error 

(±) 

N (mmol g-1) 

(N2) 

Standard error 

(±) 

0.04 0.97 0.025 0.06 0.024 

0.09 1.47 0.024 0.05 0.024 

0.21 1.97 0.026 0.03 0.026 

0.43 2.32 0.029 0.01 0.029 

0.51 2.44 0.037 0.00 0.036 

0.52 2.45 0.036 0.00 0.036 

0.61 2.55 0.043 0.00 0.042 

0.61 2.54 0.043 0.00 0.043 

0.79 2.67 0.056 0.00 0.056 

0.79 2.66 0.055 0.00 0.055 

0.88 2.72 0.065 0.00 0.064 

0.88 2.71 0.063 0.00 0.063 

0.93 2.75 0.069 0.00 0.068 
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Table C. 3 Binary Adsorption equilibria experimental data on MIl-53(Al)np at 9.5 bar  

CO2 mole 

fraction(yco2) 

N (mmol g-1) 

(CO2) 

Standard error 

(±) 

N (mmol g-1) 

(N2) 

Standard error 

(±) 

0.05 1.31 0.198 1.27 0.192 

0.10 2.47 0.218 0.82 0.210 

0.12 2.55 0.199 1.00 0.192 

0.22 3.60 0.206 1.01 0.197 

0.37 5.48 0.212 0.55 0.202 

0.55 7.31 0.294 0.60 0.279 

0.76 8.47 0.391 0.22 0.368 

0.88 9.47 0.458 0.20 0.428 

0.93 9.65 0.503 0.03 0.469 

 

 

Table C. 4 Binary Adsorption equilibria experimental data on MIl-53(Al)np at 0.20 yc02 

Pressure 
N (mmol g-1) 

(CO2) 

Standard error 

(±) 

N (mmol g-1) 

(N2) 

Standard error 

(±) 

0.20 0.51 0.004 0.00 0.004 

0.46 1.35 0.010 0.02 0.010 

0.76 1.65 0.016 0.01 0.016 

1.18 1.93 0.025 0.01 0.025 

1.18 1.93 0.025 0.02 0.025 

1.59 2.11 0.034 0.02 0.033 

2.49 2.31 0.052 0.02 0.052 

2.49 2.30 0.052 0.03 0.052 

4.03 2.48 0.085 0.08 0.084 

6.07 2.70 0.129 0.07 0.126 

6.07 2.69 0.129 0.08 0.126 

8.38 2.49 0.179 0.29 0.173 
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Table C. 5 Binary Adsorption equilibria experimental data on MIl-53(Al)np at 0.05 yco2 

Pressure 
N (mmol g-1) 

(CO2) 

Standard error 

(±) 

N (mmol g-1) 

(N2) 

Standard error 

(±) 

1.90 1.33 0.040 0.09 0.040 

3.92 1.80 0.083 0.14 0.081 

6.07 1.99 0.128 0.22 0.126 

7.34 2.01 0.155 0.19 0.151 

8.68 2.07 0.184 0.18 0.178 

10.76 2.17 0.228 0.38 0.220 

 

 

Table C. 6 Binary Adsorption equilibria experimental data on MIl-53(Al)lp at 0.05 yco2 

Pressure 
N (mmol g-1) 

(CO2) 

Standard error 

(±) 

N (mmol g-1) 

(N2) 

Standard error 

(±) 

1.03 0.26 0.022 0.19 0.022 

4.00 0.79 0.085 0.69 0.083 

5.94 1.04 0.126 0.89 0.123 

7.90 1.22 0.167 1.11 0.163 
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