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Abstract 

 

This scholarly research investigates synthesis of different Zr-MOFs and some of Al-

MOFs and studies their charcateristics and applications in capture or separation of 

carbon dioxide. CO2 is consdered as a main gas in greenhouse gases which have caused 

global warming.   

This thesis takes into account of using modified synthesis and activation procedures 

toward improving  MOF affinity to adsorb CO2 and reducing its heat of adsorption. 

Also, the dynamic adsorption capacities were calculated for some  Zr-MOFs and Al-

MOFs from breakthrough experiments.  

Zr-MOF, Zr-MOF-NH4, Zr-MOF-NH2, Zr-MOF-NO3, and Zr-MOF-NO2 were obtained 

during direct synthesis process while MIL-53, and  amino-MIL-53 were synthesized 

according to previous procedures with some modifications in activation process and 

MIL-96 was synthesized and activated by a new procedure.   

A fine crystalline powder of Zr-MOF was solvothermally synthesized and activated by 

chloroform and methanol separately. Chloroform activation was more vigorous to 

enhance surface area; the BET surface area was 1434 m2 g-1  which is higher than  that of 

samples in methanol activation and previously reported. The Zr-MOF was stable up to 

753 K. Chloroform activated Zr-MOF presented  CO2 adsorption capacity of 79 and 45 

cc g-1 at 1 atm, 273 and 302 K, respectively. Also, the heat of CO2 adsorption was 

around 28 kJ mol-1. However, the separating factor of CO2/CH4 was higher for methanol 

activated Zr-MOF although the adsorption capacity was lower. 

Ammonium hydroxide was used as an additive in the synthesis process to modify the 

pore size. Zr-MOF-NH4-2 showed the largest pore size; it was 2.3 nm. It was found that 

this modification has a negative impact on the CO2 adsorption capacity at STP. 

However, the adsorption capacity increased at increasing pressure over 5 atm(8.63 mmol 

g-1 at 987 kPa) while the heat of adsorption was 22 kJ/mol (which was calculated at 1 

atm at the coverage of 5- 29 cc/g). In addition, Zr-MOF-NH4-1 and Zr-MOF-NH4-3 

were more selective to separate CO2 from CO2-CH4. 
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Amino-Zr-MOF was thermally stable up to 623K. In addition, its surface area was lower 

than Zr-MOF-(Parent). On the other hand, CO2 adsorption capacity was higher, giving 

100 cc g-1 (4.46 mmol) at 273K and 1 atm. Also, it showed 9 mmol g-1 at 273K and 988 

kPa. 

Another modification in direct synthesis process was achieved using nitric acid as an 

additive or using NO2-functionalised linker. NO3-modified samples exposed thermal 

stability the same as Zr-MOF (Parent), they may be decomposed at 773K. However, Zr-

MOF-NO2 decomposed at 623K. Nitric acid additives played a main role in enlarging 

the pore size and reducing crystal size. Zr-MOF-NO3 exposed lower CO2 adsorption at 

STP with increasing amount of the additives. Zr-MOF-NO3-1 and Zr-MOF-NO3-2 

presented adsorption capacities of 61.4 and 57.9 cc g-1 respectively, while Zr-MOF-

NO3-2 had the lowest heat of adsorption of 17.8 kJ/mol. Conversely, Zr-MOF-NO2 

revealed an adsorption capacity of 74.7 cc g-1 and the heat of adsorption was 37 kJ/mol. 

However, Zr-MOF-NO3 samples exposed higher CO2 adsorption capacity at high 

pressure. Also, the selectivity of CO2/CH4 was the highest on Zr-MOF-NO3-2.   

Al-MOF exposed different thermal stability. MIL-53, MIL-96 and amino-MIL-53 were 

stable up to 773, 570, and 650K respectively. MIL-96 exposed higher CO2 adsorption as 

124 cc g-1 at STP while amino-MIL-53 has lower value at 48 cc g-1. However, amino-

MIL-53 demonstrated heat of adsorption of 28 kJ/mol. Also, MIL-53 displayed the 

highest dynamic adsorption (169 cc g-1 at 1 bar and 304K). 
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             Qf                                                                the total volumetric flow rate at STP 

             Ps                                                                                              Standard pressure 

             Vb                                                                                 packed volume of material 

             Pb                                                                                        pressure inside the bed 

             Tb                                                                                 Temperature inside the bed 

             Ts                                                                                                          Temperature at standard condition 

             R                                                Universal gas constant (8.314 Joules/gram-mole) 

            ЄT                       Total porosity of packed material 
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1.1 Motivation 

 

Climate change has been considered as a main global problem since the last decade 

of twentieth century. Power plants have been considered as main sources for carbon 

dioxide emission(1). The global warming over the past century is unprecedented in 

the past 1000 years (2).  

One of the main negative impacts of global warming is slow growth of economy(3). 

Researchers have focused on the separation of carbon dioxide from gaseous mixture 

such as CH4, N2, H2 by chemical solvents, activated carbon (4, 5)
 
and zeolitic 

adsorbents(6),
 
which have been commonly used in different industrial applications.  

In general, chemical solvent for CO2 absorption has been considered in industry. 

This technology is depended on the amine fuctionality of alkanoamine which has a 

good attraction toward carbon dioxide gas interaction. Despite enhancement in this 

technique (7), it has many problems related to the cost because regeneration of 

solvents requires high energy (8).   

Activated carbon is a highly microporous material with a large surface area (9). This 

material is always applied for modifications by functionalising the surface of the 

pores to increase the adsorption capacity (10). Also some carbon-based sorbents are 

more reliable than zeolites because they are cheaper and CO2 adsorption may not be 

affected by moisture.  

It was discovered that the selectivity for CO2 over N2 at pressure less than 1 atm is 

moderate and it reduced at high pressure (11). In general, the selectivity and capacity 

of carbonaceous adsorbents for CO2 have been much reduced in post-combustion 

applications and it can be more suitable for pre-combustion process (12). In general, 

large amount of CO2 has been emitted from conventional power plants which could 

be removed by post-combustion capture (13)  

Different types of zeolite, such as natural zeolite (14), zeolite 13X (15), zeolite ZSM 

-5 (16), MCM-41 (17)
 
and others (18, 19), have been used to control carbon dioxide 

emission. Zeolites have a high affinity to be functionalised with active functional  

groups such as amine groups and that can enhance their capacity for carbon dioxide 
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adsorption (20). However, zeolites may be affected by the presence of water in flue 

gases. The presence of water can block the cages in some types of zeolite as the 

molecules of water interact strongly by hydrogen bonding with the frameworks (21) 

while this interaction affinity may enhance the adsorption capacity of some materials 

(22) or decrease the adsorption capacity of zeolites depending on the polarity of 

adsorbates. The interaction of water can cause reduction in the strength and 

heterogeneity of the electric field (23).  However, most zeolites need high energy for 

regeneration in reuse and that takes them away from promising adsorbents for 

capture of carbon dioxide (20, 24).   

Although most of the above materials have huge capacity and high thermal stability 

to adsorb carbon dioxide (19, 25, 26). Metal organic frameworks (27, 28) have 

attracted much interests of researchers to be alternative adsorbents for carbon dioxide 

capture (29) .  

 

1.1.1 Metal Organic Frameworks (MOFs) 

 

Many scientific terms such as hybrid inorganic and organic framework, coordination 

polymers, and metal organic frameworks can be used to describe extended solid state 

frameworks which usually have structures by connecting metal ions  and organic 

spacer ligands (30). In general, coordination polymers are consisted  of 

metal−organic units coupled together in one-, two- or three-dimension to build an 

infinite array by extended coordinate or covalent connections (31). There are a huge 

number of MOFs which have been synthesized and they are increasingly growing up 

depending on type of functionalized organic linkers that can be joined with the 

inorganic parts containing O or N donors  which represents a promising  linkage with 

the inorganic cations (32). Originally, three dimensional frameworks with high 

surface area and pore volume have the greatest interest in many applications because 

the pores and voids can contain guest molecules and the pore walls can be easily 

functionalized for particular applications (33) including  catalysis, separation, 

purification, optoelectronics,  gas storage (34) and others. 
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1.1.2 Capture of CO2 on Metal Organic Frameworks 

 

Carbon dioxide has taken the priority amongst the gases that are causing global 

warming. Based on the energy consumption for regeneration process in recent 

separation technologies, physical sorption technologies are greatly used to capture 

carbon dioxide on porous materials at high capacity and low energy for regeneration. 

The metal organic frameworks with high surface area and effective functional groups 

have exposed unprecedentedly ability to adsorb and separate carbon dioxide gas from 

flue gases (35). Activation process is very important before testing these materials 

for carbon dioxide adsorption; it can increase the number of open metal sites which 

are considered the main sites for interaction with carbon dioxide gas as well as 

methane gas (36). 

Most adsorption studies on metal organic frameworks were confined at equilibrium 

adsorption measurements which may have a poor indicator to predict their separation 

ability at industrial applications. It was observed that dynamic capacity should be 

measured to assess the reliability of using these materials as adsorbents under 

industrial conditions (37). Carbon dioxide molecules have quadrapolar  moment , it 

is selectively adsorbed over methane on MOFs (36). These materials with their 

interesting application in gas storage and gas separation are seriously taken by many 

researchers toward modifications and applications.  

 

1.2 Scope and Objectives of the Thesis 

 

The objective of this thesis is to investigate the sorption properties of carbon dioxide 

on some metal organic frameworks to determine which MOF can have a significant 

capacity of gas storage. The aims are to 

 Prepare several samples of zirconium-Metal Organic Frameworks by 

modified procedure in synthesis and activation. 

 Use functionalised linker such as NH2-BDC and NO2-BDC or using 

HNO3 and NH4OH as chemical additives in the synthesis procedure. 
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 Quantify the structural and thermal stability as well as other 

characteristics. 

 Measure adsorption isotherms of carbon dioxide at low pressure and 

different temperatures and adsorption isotherms of carbon dioxide and 

methane at high pressure and 273K. 

 Evaluate the dynamic adsorption of carbon dioxide on different types of 

metal organic frameworks by column experiments. 

 

 

1.3 Organization of the Thesis 

              

            Chapter one: This chapter includes a briefly historical review for traditional          

methods and adsorbents which have been used to capture carbon dioxide. Also, it 

explains a general concept about metal organic frameworks and their applications. 

Scope and objective as well as chapter wise summary of this thesis are also presented 

in this chapter. 

Chapter two: This chapter displays the detailed literature review for metal organic 

frameworks from synthesis to applications including introduction, hydrothermal and 

solvothermal synthesis, interpenetration problem, flexibility and stability, 

functionalization and various applications. 

            Chapter three: This chapter are specified for study of CO2 adsorption on modified 

Zr-MOF at 1 atm and different temperatures as well as CO2 and CH4 adsorption at 

high pressure. More specifically, it includes modified procedures for synthesis and 

activation; characterizations for Zr-MOF are measured. Furthermore, it contains 

comparative view between methanol and chloroform activations.   

Chapter four: This chapter contains modification of Zr-MOF by adding NH4OH as 

an additive in the synthesis procedure. It discusses carbon dioxide adsorption at low 

pressure and high pressure; also, it discusses the changes which may happen to this 

material with NH4OH additives including the changes in pore size and crystal size 

and the effects on the adsorption capacity at high pressure and heat of adsorption.  

Chapter five: This chapter includes synthesis of NH2-Zr-MOF by a modified 

procedure and using methanol in activation process at different temperatures. Also, 
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all characterizations are determined in this chapter. CO2 and CH4 adsorption is 

discussed including determination of selectivity.   

Chapter six: This chapter refers to the effects of HNO3 additives in the synthesis of 

Zr-MOF on the properties and CO2 adsorption capacity of Zr-MOF as well as on the 

heat of adsorption. Also, it includes synthesis of NO2-ZrMOF in modified procedure 

and activation process by methanol which is compared with NO3-modified-Zr-MOF 

in characteristics and adsorption capacities. 

Chapter seven: This chapter studies the characterizations of different MOFs 

including MIL-53(Al), MIL-96, and amino-MIL-53. Also, static adsorption is 

measured at standard pressure and different temperatures. Breakthrough experiments 

are done for above Al-MOFs and some Zr-MOFs. The dynamic adsorption is 

compared. 

 Chapter eight: It refers to overall summary of the thesis including modification 

synthesis procedure and the main changes in the modified samples as well as the 

isotherm and dynamic adsorption for carbon dioxide on different MOFs. Also, some 

major points are recommended for future works.  
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2.1 Introduction 
 

Material synthesis is complex and tuning of pore structure is very important for 

adsorption. Apart from MCM-41S structure, it was noted that zeolite synthesis is also 

difficult to be logically planned or designed, and the final products mostly depend on 

the probability, accompanied with unexpected transformation (1). In addition, 

activated carbon has been limited by deficiency of the controlling on the pore 

properties because the network of this porous material is mostly amorphous (2). On 

the other hand, coordination polymers have been rapidly developed (3-6) and largely 

used in different applications (7-11).  They  are essentially constructed by 

coordination bonding  between  inorganic connecters and organic linkers (12, 13).  

Metal organic frameworks (MOFs) are one type of coordination polymers with 

exceptionably structural and textural characteristics (14, 15). The topologies and 

connectivities of metal organic frameworks have been controlled by selecting the 

favourable coordinating connections between metal clusters and organic linkers, in 

addition, a template material has a little role in the direction of their structures in 

contrast with that in zeolites (16). Also, they can be designed in well-known 

molecular building blocks which are assembled periodically in extended frameworks 

(17). Furthermore, these materials could be constructed from two or more transition 

metals which usually are geometrically connected by organic ligands. To synthesise 

final products with a sufficient rigidity, it is necessary that organic ligands combine 

with the metal ions by more than one site, enhancing the crystalinity of the product 

(18). In addition, M-O-C containing-clusters have the ability to create high rigid 

networks therefore secondary building units should make all metal ions confined in 

their sites by multicarboxylate groups. Hence, if these clusters (vertices) are 

connected with suitable ligands, extended frameworks might be formed (19). In other 

words, the synthesis of MOFs can result in robust extended framework with 

permanent porosity which may be fulfilled when the molecular building nets are 

connected by strong bonds (20). Figure 2.1 shows that MIL-53 structure is based on 

corner sharing chain of AlO6 octahedra linked with terephthalate groups via strong 

coordinating bonds. Most metals, especially, transition metals have been used 

increasingly in the synthesis of MOFs, but the more interest is only limited to a 

number of metal ions, such as Cu+, Cu+2, Ag+, Cd+2, Co+2, Ni+2 (18, 21, 22), Zn+2 (23-
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benefits to chemistry and material sciences. There are two factors that dominate a 

reaction. The first one is the chemicals and the second one depends on 

thermodynamical conditions of the reaction. The interaction between reactants and 

solvent plays an important role in solvothermal reactions (37). Electing a solvent can 

mainly contribute to produce the required products during the reaction (34). Usually 

the solvothermal reaction may occur at elevated temperature more than 100 °C and 

pressure more than few atmospheres inside “autoclaves” or “bombs”. Moreover, the 

requirements for starting materials are known composition, as homogeneous as 

possible, as pure as possible and as fine as possible (40, 41).  There are many 

properties should be provided by the selectable solvents such as  high solubility for 

the solute,  appreciable change of solubility with temperature,  rather low melting 

point, low vapour pressure to avoid changes in the solvent-solute ratio,  low dynamic 

viscosity in the range between 1 and 10 mPa, low reactivity with material of the 

growth vessel, the easy of separation of the growth crystal from the solvent by 

chemical or physical means, appropriate physical density, availability in high purity 

at reasonable cost and finally low toxicity. 

For some cases, hydrothermal may include mineralisers under elevated temperature 

and pressure when the solute is difficult to dissolve in a solvent under ordinary 

conditions (40, 42) . 

The thermodynamical conditions such as temperature and pressure as well as 

reaction time could be controlled and managed by a suitable autoclave size with 

specified properties. Actually, the temperature should be below than 400 °C. 

Increasing the temperature and  pressure will improve the solubility of solutes in 

solvents, enhancing the precursor concentration in the solvent and contributing to 

increase the rate of crystal growing (34). 

So far the most widely used solvent is water, which has a suitably high dipole 

moment (Єr=78) to permit dissolution of ionic and partially ionic solids and 

acceptably low vapour pressures at the temperature (usually 100-200 °C). For this 

purpose, typically, Teflon-lined stainless steel autoclaves are used with 

recommended maximum fill levels of around 75% to avoid problems associated with 

thermal expansion and excessive pressure build up (1). 
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It is important in synthesis of metal organic frameworks to make solutions including 

solvent, metal ions and multidentate organic ligand as a linker. Further specifically, 

frameworks should have ligand or other chemical portions which can be discarded 

from a metal centres to create uncoordinated metal sites (43). Moreover, these 

ligands may be water, solvent molecules, metal clusters, and other chemical species 

with high electronegative density to connect to the metal centres. Selectively, using 

counterions in the solutions is essential to balance the charged framework (44) 

including “sulphate, nitrate, halogen, phosphate, ammonium, and mixtures” (45). It is 

compulsory in synthesis of MOFs in the selection of linkers and their functional 

groups which are usually joined with the linker terminally. Additionally, the linker 

integrity in a final framework should be kept through a full path of synthesis (20). 

Metal - containing nodes have been successfully exploited to determine the 

properties of final product and these vertices also have specific ability to control a 

suitable directional degree (angle) of interaction between the metal centre and 

organic ligand (1) in a way preventing the collapse of framework upon discarding the 

guest materials from pores (20). Contribution of anion elements in the building of 

metal-organic frameworks is preferred sharing to predicting the coordination 

polymer (43). It means that the electronegative properties of anions and their ability 

to correlate metal ions are important (18). Generally, the majority of metal organic 

frameworks are neutralized by solvent molecules which can be removed easily,  

when the interaction is hydrogen bonding between the guest molecules and MOF 

structures (46). Coordination polymers have successfully been synthesized by 

solvothermal reaction with high rigidity or flexibility.  However, the removal of the 

guest molecules and non-interacted reactants may not be always easy.  

 

2.3 Interpenetrating impediment  

In early stage, metal organic frameworks suffered from interpenetrating impediment 

problem that leads to hugely reduction in surface area (Figure 2.2). This problem can 

be overcome in the following ways; 
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 Finally, there is another possibility to obviate the interpenetration 

problem when a structure has the ability to self-fill by deviating 

framework layers from planarity (18). 

 

2.4 Flexibility and Stability of Metal Organic Frameworks 

Metal organic frameworks have been experiencing in three generations according to 

their stability and flexibility as described below; 

a- First generation can be synthesized by using weak linkers such as 4, 4’-bipyridine 

therefore the crystalline product may be transferred to amorphous product at 

increasing temperature (22, 47-49). 

b- Second generation is more rigid by using a strong functional group in the linker 

materials such as benzene-dicarboxylic acid and the crystalline products may 

maintain their structure upon the removal of guest material with high surface area 

and pore volume (49-53). 

c- Third generation can get flexibility as well as structure integrity (16, 54). 

Crystalline products are more dynamic, which comes from hydrogen bonds in 

their structure, therefore the structural transformation of crystalline material may 

be reversible (55). As a result, the structures can rearrange leading to change of 

pore from close to open under the guest molecules (56). Furthermore, dynamic 

structural transformation based on flexible frameworks is one of the most 

interesting behaviours in MOFs upon removing or adsorbing guest molecules 

(49). It was mentioned that when the guest material is charged to balance the 

framework, it will be difficult to remove without shrinkage of the framework  

(45) but this phenomenon was eliminated to exchange the guest materials (due to 

their mobility) with other materials which can be facilely discarded from 

frameworks (57), though the structure may be contracted or expanded 

(breathing). The nature of guest materials affected a breathing behaviour of 

MOFs (58).  MIL (Material Institute Lavoisier) - family structures intensively 

comply with breathing behaviour to the degree, the pore volumes having 

expansion or contraction change by hundreds of A³ (59). More specifically, 
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It was essential to remove the guest material prior using MOFs to adsorb gas 

molecules. Removal of guest material from the pores can be achieved by activation 

process including heating procedure (60). However, after heating, huge negative 

expansion was observed in many isoreticular metal organic frameworks (IRMOFs) 

(61-63). The main reason for contraction in crystal lattice with heating may be 

related to decreasing vibrational energy at increased temperature as the benzene rings 

and the ZnO4 nodes move as stiff units and the carboxyl groups as linkages (64).  

Most coordination polymers do not have sufficient thermal and chemical stability 

(65) and that may be due to some weakness in a linker (66). Therefore it is necessary 

to use a multidentate organic linker to enhance the thermal stability such as 1, 4-

benzene dicarboxylic acid (57, 67-69) and 1, 3, 5- benzene tricarboxylic acid or their 

derivatives. For example, using 1, 3, 5-benzene tricarboxylic acid, it is possible to 

synthesize non-interpenetrating MOFs with enhanced thermal stability and rigidity 

(70). MIL-53(Al) framework has a very high stability at high temperature. This 

framework has ability to adsorb and desorb water molecules at ambient temperature, 

and the dehydrated structure could be stable at temperature up to 500˚C (71). In 

addition UiO-66, -68, -69 have high thermal stability and high chemical stability in 

different solvents. It was observed that these structures have one weakened position 

in the interaction point between the benzene ring and its terminal functional groups 

(carboxyl groups) while the connection with metal centre can be retained. As a result, 

with changing of organic ligand groups, there is no change in the rigidity of the 

structures but one can enhance the stability of these metal organic frameworks by 

increasing stability of their linkers (33). 

On the other hand, the frameworks (MIL-53-NH2 and MIL-53-NHCHO) are 

thermally stable up to 400 ºC (72). NO2 or NH2–UiO-66 may maintain as crystalline 

structure in a temperature lower than 350 ºC (73). That means the functional groups 

on the benzene rings of organic linker in MOFs might affect negatively on their 

thermal stability.  

It was claimed, imidazolate-metal organic frameworks (ZIFs) demonstrated high 

thermal stability up to 550 ºC (in nitrogen atmosphere) as well as high chemical 

stability in different chemical solvents (74). 
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Metal organic frameworks presented different behaviours against the moisture 

content. Some of them decomposed quickly after exposing in air with trace content 

of moisture such as MOF-177, MOF-5, IRMOFs (75-78), while some materials can 

withstand the trace moisture content but they may decompose in liquid water such as 

HKUST-1 (79). But, Zr-MOFs are very stable in the presence of water (33, 80). 

Material Institute Lavoisier (MIL) type of materials were also good to adsorb water 

molecules (78) without changing their structure, which can have  a breathing 

phenomenon as a result of water inside the pores (28). Moreover, ZIF-8 and DUT-4  

were tended  to be inert at ambient conditions (79). Both of flexibility and stability 

are important in design of MOFs to be reliable in different applications. 

 

2.5 Functionalization of Metal Organic Frameworks 

Functionalization can produce extra functional groups on the surface of the pores to 

meet a suitable application (81). There are two strategies for functionalization. The 

first may be directly achieved in the synthesis process, and the second can be done 

after synthesis of a porous material as post-synthesis modification(PSM) (82). Porous 

carbon can be functionalised through a direct participation of various atoms in the 

carbon synthesis, oxidation of the surface and activation, grafting, sulfonation, 

halogenations, adhesive of nanoparticles on the surface and covering the surface by 

polymers (81, 83, 84). 

Mesoporous inorganic silica and zeolite materials with their organized pore 

structures have attracted great awareness for different applications (85). These 

materials can be modified by surface functionalization toward improving their 

characteristics, such as reactivity, hyrophobicity and adsorption characteristics  (86). 

Post-synthesis modification (PSM) can make beneficial modifications in their 

structures and their applications (87). The functional groups can be attached 

covalently to the internal silanol defect positions (87, 88). 

In MOFs with carboxylates, it becomes possible to functionalize a linear bridge of 

metal carboxylate with chiral groups to produce a chiral MOF that may lead to 

minimize the void space. The functionalization  in first generation of MOFs which 



Chapter 2   Literature Review 

18 

 

used pyrazines as linear bridge and single metal as node faced many problems (82); 

with adding functional group on the linear bridge, both of the metal coordinated 

geometry and framework topologies were very sensitive. That may alter the metal 

geometry and framework topologies (89) or the coordination geometry of a metal 

may maintain even the framework topology was changed (90).  In the second and 

third generations of metal organic frameworks, besides, using the different linkers 

(isoreticular chemistry) with different lengthes to synthesize  large pore frameworks 

(91), the functionalization process has been used to modify the pores and increase 

diversity of applications (72). The functionalization in direct synthesis may be more 

common by using functionalized organic linkers in the synthesis process, but some of 

them had the problems of guest molecules removal from the pores (73). Also, the 

functional groups in narrow pores may lead to increase the average of differential 

adsorption energy due to finding sufficiently strong Van der-Waals interactions with 

the functional group in the structure (72). However, it is difficult to build a new 

functional group during the direct synthesis of MOFs by some additives for several 

reasons. Some may due to solvothermal reaction conditions (92) and others may be 

related to sensitivity of mechanism of coordination process (93). Hence, post-

synthesis modification(PSM) is very essential to make huge modification on the 

linkers of frameworks and that is possible when these coordinated linkers already 

contain during direct synthesis free functional groups such as amines (94-96). MOFs, 

which normally have hydrophilic properties, were possible to be functionalized 

toward hydrophobic or super-hydrophobic materials by using alkyl substituent to 

increase the resistivity of these material against moisture (78).    

Recently, a new method was discovered to functionalise MOFs in direct synthesis by 

including nanoparticles as functional (inorganic, organic or semiconductor) into 

nucleating seeds of synthesis process. This method can provide good characteristics 

for selective applications (97). MOFs can be widely used in different fields in 

industry when they are successfully functionalised by post-synthesis modifications 

(PSM) or direct synthesis with suitable functional groups. 
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2.6 Applications of Metal Organic Frameworks 
 

2.6.1 Catalysts: 

Catalysts based on MOF can be classified into three classes; 

 Presence of active sites on the framework: Catalytic activity of metal organic 

frameworks relied on their structures for heterogeneous asymmetric catalysis 

as it was proved after testing of two homochiral MOFs having the same 

building units (98, 99). Some MOFs such as vanadium-containing metal–

organic frameworks, MIL-47 and MOF-48, have been used to convert 

methane gas to acetic acid with high activity for both homogenous and 

heterogeneous systems (100). Moreover, a MOF was synthesized with mixed 

linkers  as  a promising  catalyst to synthesize propylene carbonate (PC) from 

carbon dioxide and propylene oxide (101). 

 Presence of encapsulated active moieties:  Encapsulation was a very good 

method to include a catalyst in supramolecular porous frameworks as a metal 

complex in three dimensions by the hydrogen bonding and π- π interactions 

(102-104). 

 Attaching active sites by post-synthesis modification: PSM has opened huge 

space for different applications, such as heterogeneous and homogenous 

catalysis but with limited success (105).  PSM can be used to form chelating 

sites into a MOF, and these sites can be connected with divalent or trivalent 

transition metals. As a result, these materials may be exploited as stout 

catalysts for C–C bond forming interactions (106). Recently, different metal 

organic frameworks were used as catalysts with high chemo-selectivity 

towards reduction of nitro-aromatic (107) or as electro-catalysts in fuel cells 

(108). MOFs with a variety of mechanisms have a great chance to be as a 

catalyst to synthesize and decompose many chemical compounds.  

 

2.6.2 Sensors 

Metal organic frameworks (MOFs) demonstrate an extensive range of luminescent 

behaviours as a consequence from the makeup of their structures in multifacets 
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(109). Luminescent MOFs may be easily modified toward adjusting their sensing 

utility with explicit anions through diversity of terminal solvents and pore structures 

(110). Some luminescent MOFs were utilized as a high responsive sensors for 

detection of small molecules (111). Furthermore, different metal organic frameworks 

such as Fe-BTC displayed a very good sensing in impedimetric gas sensors. The 

sensitivity to hydrophilic contents such as humidity, methanol and ethanol, was very 

good. Also, it was noted that the doped samples showed acceptable sensitivity for 

humidity lower than that without doping (112). Some discernible sensors were 

manufactured for sensing some chemical vapours and gases   by using a ZIF-8 thin 

film-based  Fabry-Pe rot device (113). Sensing applications may have a huge 

development using MOFs due to their fascinating characteristics. 

 

2.6.3 Drug Delivery 

Metal organic frameworks have been used specifically for drug delivery as promising  

nanotherapeutics  but they need further improvements and modifications to be 

suitable in clinical applications (114). Also, some metal organic frameworks were 

used for magnetic resonance imaging and as theranostic agents (115). Although these 

porous materials reflected high drug loading capacity, biodegradable ability and 

flexible functionality, this field is still in beginning. Using MOFs in biomedical 

applications may be bright for this field (116). This area is very important in human 

life, therefore MOF can make a big enhancement in drug delivery usage. 

 

2.6.4 Gas Storage  
 

Metal organic frameworks with significant characteristics, high surface area, and 

high pore volume, flexibility, acceptable thermal stability and chemical 

functionalities, become the most attractive materials in gas storage and separation. 

These types of porous material can be easily controlled to get the desired pore size by 

changing the length of organic linkers (25). Many researchers concerted their efforts 

in this application. 
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2.6.4.1Carbon Dioxide Storage 

 

With huge growing technologies and populations, the amount of emitting gases into 

atmosphere has been increased, and consequently global warming threats the earth 

future. The main source of greenhouse gases is fossil fuel such as coal, oil and 

natural gas; the main gases are carbon dioxide, methane, and nitrogen oxide (117-

119). Different traditional methods have been used to reduce emitted gases. 

Monoethanolamine was used for capture of carbon dioxide in practical applications 

but this process has many problems such as degradation of amine groups by some 

gases like SO2 and O2 which are usually presented in flue gases. In addition, this 

process was accompanied by damaging the equipment with corrosion and needs high 

energy for regeneration. Furthermore, ammonia solution was used as novel absorbent 

to remove the acidic gases such as CO2, SO2, NOx from exhaust gases of power plant 

with removal efficiency 95-99% (120-122). As it was shown that most studies 

focused on  capture of carbon dioxide because the 2/3 of potential global warming is 

caused by carbon dioxide (117). 

Porous solid materials are easy to handle in avoiding equipment damaging problems 

(123). Activated carbon (124) and zeolites have been widely used in different 

industrial activities as adsorbents to purify the flue gases before emitting into 

surroundings. Some studies focused on using molecular sieves and activated carbon 

for trap CO2 from gas mixtures (125). Furthermore, activated carbon was modified 

toward fibrous adsorbents to improve the adsorption process performance when 

compared with milled adsorbents and grainy adsorbents (126-128). Recently, novel 

activated carbon beads have been used successfully as an adsorbent with high 

selectivity for CO2 over other gases (129). 

Different types of zeolites with high  polarity, surface area and pore volume in  

cationic frameworks (130)  displayed very good affinity for adsorption and 

selectivity of CO2 from various gases in industrial applications (131). It was claimed 

that adsorption of carbon dioxide on zeolites was preferred at low pressure but the 

capacity of adsorption dropped down with further increasing pressure (132). Zeolites 

are strong for CO2 adsorption (133). Natural zeolites demonstrated superior 

adsorption of CO2 and the major reason may be related to cations in the zeolites 

which play as a prime factor to adsorb CO2 (134). Besides, the pressure and 
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temperature, presence of moisture in flue gases affected the adsorption capacity of 

carbon dioxide on the amino-functionalized zeolites because the zeolites are 

hydrophilic and water molecules can easily occupy the adsorption sites in zeolites 

(135). Water inside the cavities  may lead to form bicarbonates, then reduce the 

electric field heterogeneity (136). All types of zeolites have a common problem in 

industrial applications which is related to high heat of adsorption for carbon dioxides 

on zeolites (137-139).  Many researchers concentrated their efforts to synthesize and 

modify hundreds of metal organic frameworks to be effective adsorbents for carbon 

dioxide storage. 

Yaghi and his co-workers have synthesized many MOFs, MOF-210, MOF-200 

(140), MOF-177 (141, 142), MOF-5, IRMOF-6 and IRMOF-3 (143). Farah and his 

co-worker at Northwestern University synthesized a new material(NU-100) with  

high BET surface area of 6143 m2/g (144). Also, a UMCM-2(University of Michigan 

Crystalline Material ) has a large BET surface area of 5200 m2/g (145). Ferey and his 

co-workers have synthesized  and improved porous  metal organic framework (MIL-

101) to have BET and Langmuir surface area of 4,100 and 5900 m2/g respectively 

(146).  Furthermore, a desolvated polyhedral framework material (NOTT-112) has a 

BET surface area of 3800 m2/g (147, 148).  

It was expected that the material may be good for CO2 storage with low energy for 

regeneration and very high surface areas (149).  According to the adsorption studies 

of carbon dioxide on metal organic frameworks, it was found that paramount of 

carbon dioxide can adsorb on these materials at high pressure up to saturated 

pressure of carbon dioxide without  any change in their structures (150).  Table 2.1 

shows different metal organic frameworks with different surface areas and carbon 

dioxide capacities at high pressure. 

On the other hand, many MOFs demonstrated acceptable capacity to store CO2 at 

standard pressure (1 atm). For instance, Mg-MOF-74 presented the highest capacity 

for CO2 adsorption at standard conditions although this material displayed absolute 

adsorption capacity of 15 mmol/g at 313 K and pressure up to 35 bars. MOF-177 and 

MOF-5 had high adsorption capacity for CO2 at high pressure but displayed much 

lower adsorption uptake than Mg-MOF-74 at 1 atm.  Table 2.2 shows different metal 

organic frameworks for carbon dioxide uptake at 1 atm. 
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Table 2.1: Carbon dioxide adsorption on MOFs at high pressure 

 

MOF BET-surface 

area(Langmuir)m2/g 

Excess-gravimetric 

CO2 uptake (mmol/g) 

Pressure 

bar 

Temperature 

K 

References  

MOF-210 6240(10400) 59.98 37 298 (140) 

MOF-200 4530(10400) 59.98 50 298 (140) 

NU-100 6143 46.4 40 298 (144) 

NH4F-MIL-101 4100(5900) 40 50 303 (146, 150) 

UMCM-2 5200(6060) 36.04 45 298 (145, 151) 

MOF-177 4310(5460) 33.5 42 298 (141-143) 

UMCM-1 4100(6500) 23.5 24 298 (152) 

MOF-5 2833(2900) 21.7 35 298 (143, 153) 

IRMOF-6 2476(2630) 19.8 40 298 (25, 143, 154) 

IRMOF-3 2440(3400) 19 42 298 (143, 155, 156) 

MIL-53-Al 950 (1500) 10 25 303 (60, 157) 

MIL- 102(Cr) (42.1) 3.1 50 304 (158) 
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Table 2.2: Carbon dioxide uptake on different types of metal organic frameworks at 1 
atm 

 

MOF BET surface area 

(Langmiur)m2/g 

Excess-

volumetric CO2 

uptake(cc/g) 

Temperature 

K 

References 

Mg-MOF-74 1174(1733) 225 273 (159, 160) 

Mg/DOBDC 1495(1905) 180 296 (161) 

Co/DOBDC 1080 156 296 (161) 

Bio-MOF-11 1040 134 273 (162) 

Ni/DOBDC (1083) 126 296 (161, 163) 

ZTF-1 355.3(443.8) 118.72 273 (164) 

IMOF3 802 110 253 (165) 

Bio-MOF-1 1680 76.38 273 (166) 

CD-MOF-2 1030(1110) 75 273 (167, 168) 

Cd-4TP-1 472.2(728.6) 60.48 273 (169) 

ZIF-78 620 60 298 (170) 

SNU-21S (905) 58 298 (171) 

MIL-53(Al) 1235(1627) 52 303 (172) 

ZnPO-MOF 500 48 273 (173) 

MOF-5(DMF) 2304(2517) 47.04 295 (174) 

MOF-1 1450 45 296 (175, 176) 

MMOF 88.4(137.8) 40 273 (177) 

MOF-177 3275(5994) 35.7(7wt %) 298 (178, 179) 

C94H81.50N7O30Zn4 1150 22.5 298 (180) 

Cu-SNU-6 2590(2910) 15.5 273 (181) 
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It was observed that the affinity of CO2 adsorption on metal organic frameworks was 

various and it cannot be depended on surface area only. Many factors may be taken 

into account. 

1- The polarity of organic ligands: Using ligands with different polar 

functionalities such as NO2, NH3, OH, SO3H and COOH can enhance the 

intermolecular interactions of carbon dioxide. These interactions may be 

obtained between isolated pair donated atoms (N, O) on side groups and C of 

CO2 and also may be achieved by hydrogen bonding between  acidic protons 

on COOH and SO3H groups with oxygen atoms of CO2 (182-184). 

2- Number of vacant sites on metal centre; Removal of the non-linking ligand or 

other chemical species from the metal cluster will make some metal sites 

exposed to adsorb chemical molecules, and these sites are called open metal 

sites (45, 185). Open adsorption sites have huge importance in determining 

the adsorption capacity of metal organic frameworks and these can be 

distributed on the two parts of a framework. MOF-5 includes eight sites for 

adsorption of Ar and N2, five are metal centres and organic ligands, and three 

ones are on the surface of pores (186). MOFs with sufficient open metal sites 

and the pore size relative to the sorbate size have the ability to enhance  the 

potential adsorption separations of  gas molecules with differing polarities 

(187). With availability of unsaturated metal sites, the interaction force of 

carbon dioxide should be high and that may lead to increased  enthalpy of 

adsorption at low loading (188) during the filling process of unsaturated sites 

in the metal centre, and then the binding energy may decrease with 

interacting of the gas molecules with other sites on MOFs (150). Any 

increasing in the amount of adsorbates on the adsorbent material causes new 

interaction between gas molecules (189). The number of open metal sites can 

be enhanced by using effective activation procedure (190, 191).  

3- Electrostatic field on metal centre: Electrostatic  force plays a prime role in 

changing the adsorption behaviour, the electrostatic interaction between 

framework atoms and adsorbate molecules  may be dominated at low 

pressure while the molecules of adsorbates themselves are preferred at  high 

pressure (192). Molecular orientation of carbon dioxide depends on various 
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electronic distributions of atoms which are connected in the metal centres 

(193). The electrostatic interaction may be enhanced with exchanging the 

metallic centre as Nd+3 in isostructural lanthanide-organic frameworks was 

exchanged to Gd+3 (194) or by doping with metal-like lithium(Li+1) (195). 

4- The surface area and pore volume: Surface area has the main character in 

determining carbon dioxide storage capacity.  

2.6.4.2 Methane storage 

 

Methane was known as low carbon emitting fuel (196) and it was used in fuel cell as 

a light hydrocarbon (197). Both of activated carbon and zeolites were used for 

methane storage (198) but their abilities to store this gas were limited (199). Many 

characteristics should be available in typical materials for CH4 storage such as; large 

surface area, high free volume, low material density  as well as significant energetic 

interaction to attach methane molecules, which are matched with MOFs (200).  

Metal organic frameworks exhibited very good ability to adsorb methane although 

this gas molecule has no polarity. For instance, IRMOF-6 had methane capacity of 

240 cc/g at 36 bar and 298 K (91) and a microporous metal-organic framework, 

PCN-14, presented a highest methane storage capacity, 264 cc/g at 35bars and 290 K 

(201). It was reported 200 cc/g at 36 bar and 303K on MIL-101 and 218 cc/g on 

HKUST-1 at the same conditions (202) as shown in Table 2.3.  

 

Table 2.3: different MOFs with different capacities for methane storage 

 

MOF’s 

Name 

BET surface 

area m2/g 

CH4-Excess 

gravimetric 

uptake(cm3/g) 

CH4-Excess 

volumetric 

uptake(v/v) 

Pressure 

(bar) 

Temperature 

(K) 

references 

IRMOF-6 2476 240  36 298 (91, 154) 

PCN-14 1753 264  35 290 (201) 

MIL-101 4100 200  36 303 (202) 

HKUST-1 1502 218  36 303 (202) 

UTSA-20 1156  178 35 300 (203) 

COF-103 5230  260 100 298 (204) 
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 It was found that open metal sites have a great role in interaction of methane 

molecules with metal organic frameworks although methane is a non-polar and high 

symmetrical molecule.  The adsorption sites are very high attractive during physio-

sorption (205). Besides, the open metal sites which can interact with methane by 

coulomb forces, small cages/channels is important to capture methane by enhancing 

van der Waals forces (206). This gas may be captured and reused as new source for 

energy with improving MOF characteristics toward increasing the methane 

adsorption capacity. 

 

2.6.4.3 Hydrogen storage 

 

Nowadays, hydrogen is considered as alternative fuel for future because it has zero-

emission (196). Many methods were used to store hydrogen such as high pressure 

gas cylinders, liquid hydrogen in cryogenic tanks, absorbed on interstitial, complex 

compounds, and metals and complexes together with water (207). Porous materials 

during adsorption process are more suitable for real applications (208). 

 Activated carbon was considered as a material to adsorb hydrogen (209, 210) 

because of low density, wide variety of structural forms, broad pore structure, good 

chemical steadiness  and  easy to be modified structures by wide range of 

preparation, carbonization and activation conditions (208).  

Zeolites have a limited micropore volume therefore their capacities to store hydrogen 

were lower than activated carbon (211). 

 Metal organic frameworks with their attractive characteristics have been more 

selectable materials to store hydrogen at high pressure (20-80 bar) and at liquid 

nitrogen temperature (77 K) (212).  It was found that the surface area does not affect 

too much adsorption of hydrogen on MOFs as shown in Table 2.4, for instance, 

MOF-177 has the excess weight uptake of 7.5 mg/g at 70 bar and 77 K (213), while 

MOF-5 displayed  excess weight  7.1 mg/g at 40 bar and 77 K (75). In addition, 

NOTT-12  exposed  7mg/g at 40 bar and 77 K (147) and UMCM-2 had 6.8 mg/g at 

46 bar and 77 K (145). Furthermore, MIL-101 had 6.1 mg/g at 60 bar and 77 K 

(214), JUC-48 had 2.8 at 40 bar and 77 K (215), ZIF-8 had 3.01 mg/g at 55 bar and 
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70 K (74). Hydrogen adsorption is depended on the temperature; a high capacity may 

be achieved at 77 K at high pressure while that was not obtained at ambient 

temperature even at very high pressure. It is important to look for a good synthesis 

strategy to improve characteristics of metal organic framework toward enhancing 

hydrogen adsorption capacity (208). One of the main observations was that large 

surface area and pore volume are not responsible for high capacity for hydrogen 

storage. Some materials with low surface area demonstrated a high hydrogen uptake 

because their networks had high interpenetration accompanied with developing 

narrow pores (216).  Also,  empty metal sites are very important (163).  The 

optimum pore size can be obtained when the pore diameter as the same as hydrogen 

molecules, which  can maximize van der Waal attraction force on gas molecules 

(217).  A large pore may not be effective for hydrogen storage (214). Moreover, 

MOFs with very small pores  seem not as porous because the molecules of nitrogen 

may be larger than the pore size while  molecules of hydrogen may be passing 

through easily (218). Therefore, high surface area accompanied with open metal 

sites, and strong surface dipole moment have been important to boost hydrogen 

adsorption and further  studies will be required (212). 

Table 2.4: different MOFs with different capacities for hydrogen storage 
 

MOF’s name BET surface area 

m2/g 

Excess weight uptake 

mg/g 

Pressure 

bar 

References 

MOF-177 4,000 75 70 (213) 

MOF-5 2900 71 40 (75) 

NOTT-12 3800 70 40 (147) 

UMCM-2 5200 68 46 (145) 

MIL-101 4100 61 60 (214) 

JUC-48 629 28 40 (215) 

ZIF-8 1630 30.1 55 (74) 

PCN-10 1407 43.3 20 (219) 

MOF-210 6240 86 80 (220, 221) 
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2.6.4.4 Selectivity of carbon dioxide over other gases 

 

Both  selectivity and  capacity of adsorbents  should  be considered  in  performance  

of gas separation process (222). Although large CO2 adsorption capacities at 

atmospheric pressure are very important for industrial applications of MOFs, the 

priority of importance should be with selectivity to separate CO2 from gas mixture 

(223).  The selectivity can be described by the following equation; 

/
/

 

Where Xi indicates the mole fraction of component i in the adsorbed phase and Yi 

indicates the mole fraction of component i in the bulk gas phase (224). In spite of 

synthesizing ten thousands of MOFs, seventy of them were checked in the selective 

adsorption studies. The selectivity is replied on many factors, size and shape of 

adsorbates, adsorbate-surface interaction, and flexibility of a structure (structural 

rearrangement upon adsorbate-surface interaction) (223). Pressure, temperature and 

bulk gas composition may also affect the adsorbent selectivity and must be taken in 

design considerations of adsorbents (225). In addition, it was found that metal 

organic frameworks with vacant sites on metal centres may enhance the selectivity of 

polar gas such as CO2 over non-polar gas such as CH4. However, metal organic 

frameworks with 3D interconnected pores can inverse the role of unsaturated metal 

centres to be harmful to adsorption selectivity because van der Waals interaction for 

non-polar molecules may be increased like the polar molecules (226). 

Post synthesis modifications may lead to reduced surface area but the selectivity may 

be improved. Some materials were modified during the activation procedure by 

exchanging the solvent molecules with others which have more affinity toward 

adsorption of carbon dioxide even the surface area may be much dropped. More 

specifically, when open metal sites are not occupied, they can be ready to attach with 

high polar molecules(functional group) such as alkylamine (227), 4-(trifluoromethyl) 

pyridine (96). Therefore, selectivity of carbon dioxide over methane was improved 

by functionalizing the metal organic framework with high polar functional group 

such as amines group to get infinite selectivity (156) as shown in Table 2.5.  



Chapter 2   Literature Review 

30 

 

Table 2.5: Selectivity of CO2 over CH4 for different MOFs at 1 atm 
 

 

2.7 Summary 
 

Global warming has been a major problem to be resolved, therefore most scientific 

efforts have been concentrated to reduce emissions of greenhouse gases such as CO2 

and CH4 into the atmosphere. Traditional methods such as chemical solvents, solid 

adsorbents were widely used in industrial applications. Although some of these used 

materials such as activated carbon and zeolites possess high sorption capacities and 

high thermal stability, metal organic frameworks (coordination polymers) and their 

unique structural and textural characteristics have attracted importance in research 

and academic institutions to be used as alternative adsorbents in different 

applications. These materials are usually synthesized from metal oxides and organic 

ligands which are coordinatively linked via a solvothermal reaction. Rigid metal 

organic frameworks can be constructed when metal ions and organic ligands are 

connected by more than one site. First generation of metal organic frameworks faced 

some problems concerning to their thermal stability and interpenetrating hindrance. 

MOFs BET(Langmuir) 

surface area (m2/g) 

CO2/CH4 

selectivity 

Temperature 

K 

References 

NH2-MIL-53-Al 

 
675 infinite selectivity 303 (156, 228) 

Mg-MOF-74 1174(1733) 283 298 (229) 

MOF-5 3000 15.53 298 (143, 179) 

MIL-53-Cr  15 303 (230) 

ZIF-78 620 10.6 273 (231) 

ZIF-82 1300 9.6 273 (231) 

MIL-53-Al 1235(1627) 7 303 (172, 232) 

ZIF-100 595 5.9 273 (231) 

ZIF-70 1730 5.2 273 (231) 

MOF-177 3275(5994) 4.43 298 (178, 179) 
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Interpenetration phenomenon may be resolved by hydrogen bonding of template 

materials inside the pores while thermal stability can be enhanced by multidentate 

organic linkers such as 1,4-benzene dicarboxylic acid (BDC) and 1,3,5-benzene 

tricarboxylic acid (BTC) or their derivatives. It was believed that BTC can be used to 

synthesize non-interpenetrating MOFs with enhanced thermal stability and rigidity 

due to triple-bidentate functionality. 

Many MOFs have dynamic structural transformations based on flexible frameworks 

which can be considered as one of the most interesting behaviours. Guest material 

inside pores may play a great role in the flexibilities of some MOFs when they 

control the bond direction in MOF’s structures. This effect can be produced by 

comprehensive effect of all guest molecules inside the pores therefore structural 

expansion and contraction may happen relying on the nature of affinity between the 

guest molecules and surface of the pores. 

MOFs demonstrate various behaviours against the moisture content.  Some of them 

were easily decomposed after exposing to air with a little content of moisture such as 

MOF-177, MOF-5, IRMOFs, while some materials can resist the trace moisture 

content but they may decompose in liquid water such as HKUST-1, while UiO-66 

showed a good stability against moisture as well as MIL-53(Al, Cr). 

It is possible to functionalize metal organic frameworks by two paths; the first is 

direct synthesis and the second is post-synthesis modifications (PSM). The 

functionalizing of MOFs is important to increase the diversity of applications. PSM 

can be used to create chelating sites into a MOF, and these sites can be interacted 

with divalent or trivalent transition metals. As a result, these materials may be 

exploited as stout catalysts for C–C bond forming interactions. Also, luminescent 

MOFs may be easily modified toward gaining their sensing utility with explicit 

anions through diversity of terminal solvents and pore structures.  

Recently, MOFs have been used specially for drug delivery as hopeful class of 

nanotherapeutics but they need further enhancements and modifications to be 

properly used in clinical applications. 

The most application is gas storage and separation. Carbon dioxide storage, methane 

storage and hydrogen storage have taken the most interest. Regarding carbon dioxide 

storage, MOF-210 exposed the best adsorption capacity at high pressure while Mg-
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MOF-74 demonstrated the highest adsorption capacity at STP. For storing methane 

gas, IRMOF-6 was the best MOF to capture methane gas at high pressure while for 

hydrogen gas MOF-177 was selected as the best adsorbent at elevated pressure. To 

separate each gas from others both of selectivity and capacity of adsorbents should 

be measured in performance of gas separation process. The surface area was not 

much important in enhancing the selectivity, whereas the presence of selective 

functional group on the structure can upsurge the selectivity even with low surface 

area. For example, NH2-MIL-53 exposed very high selectivity for carbon dioxide 

over methane. 
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Adsorption of Carbon Dioxide on Modified 

 Zr-MOF 

 

 

Abstract 

 
 

This chapter will report synthesis of Zr-MOF using a modified procedure, 

characterizations of the crystalline structure of this material including FTIR spectra 

and XRD pattern. Also, this chapter includes carbon dioxide adsorption on Zr-MOF 

at different temperatures and at low and high pressure. A white nanoparticle of Zr-

metal organic framework (Zr-MOF, UiO-66) with a uniformed particle size around 

100 nm was synthesized solvothermally and activated with solvent exchange using 

chloroform and methanol. The activation process with an exchangeable guest solvent 

using chloroform produced the Zr-MOF with high surface area; BET surface area 

was 1434 m
2
/g while methanol activated sample  has a BET surface area same as 

that reported before. 

The  Zr-MOF showed high thermal stability up to 753 K and the structure was 

destroyed at 828K. In addition, this material has a good resistance against the 

humidity content; its strucrure maintained after 18 months in atmospheric 

conditions. The chloroform activated Zr-MOF exhibited adsorption capacity of  79 

and 45 cc (CO2) g
-1

 at 1 atm, 273 and 302 K, respectively, while the heat of CO2 

adsorption was calculated to be around 28 kJ mol
-1

. On the other hand, methanol 

activated sample presented  lower values (62 and 36.5 ccg
-1

 at 273 and 297K, 

respectively) and higher heat of adsorption (31 kJ/mol).  Chloroform modified 

sample exhibited higher  CO2 adsorption at high pressure. However, methanol 

activated Zr-MOF exposed higher selectivity of CO2 over CH4, showing 3.7 at 59 

kPa and 237K.  
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3.1 Introduction 
 

Recently, metal organic frameworks (MOFs) have been increasingly used as 

favourable  materials in separation (1), gas storage (2), and catalysis (3). Traditional 

separation techniques have been employed broadly in industries but with some 

limitations (4-6).  

Coordination polymers are promising materials due to their controllable porous 

structure and higher specific surface areas. They are constructed by organic ligands 

and metal clusters linked with coordination bonds (7-9).  

Carbon dioxide as a major greenhouse gas has been believed to be the cause of 

global warming. Storage of CO2 in a cost effective way has attracted a worldwide 

interest in research and industry. Previous investigations have shown that carbon 

dioxide could be efficiently adsorbed on metal organic frameworks with high surface 

areas at different temperatures (10). Most of the work was focused on carbon dioxide 

adsorption at a higher pressure up to 34 atm (11, 12).
 
The adsorption at a relative low 

pressure(≤ 1 bar) and high temperature is still low and inapplicable in industrial 

processes (13, 14). In addition, many MOFs suffer from low thermal stability, which 

makes them unsuitable as adsorbents at high temperatures, in particular for CO2 

separation from flue gas.   

Zr-MOF (UiO-66) was recently synthesized with a good thermal stability at 773 K 

and this material demonstrated tough chemical resistance against many solvents such 

as water, DMF, acetone and benzene. The building unit of Zr-MOF is a Zr6O4(OH) 

4(CO2)12 with 12 coordinated sites which represent the coordination of metal atoms. 

The extension structure of Zr-MOF is cubic close packed structure. This MOF has 

high symmetrical structure as shown in Figure 3.1 (15, 16).  

Also, other experimental and modelling studies have been done in parallel with our 

study; the UiO-66 was a very reliable material for both of CO2 and CH4 adsorption 

with an acceptable separator factor (17).  

 Recently, UiO-66 and UiO-67 were tested for hydrogen adsorption at high pressure 

and 77 K where UiO-67 with longer linker showed higher capacity for hydrogen 

storage  due to reduced density, increased Langmuir surface area, and enhanced 

micropore volume (18). Some investigations have been reported for its 

functionalization (19, 20) and application in catalysis (21, 22). 
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Figure: 3.1 UiO-66 structure (Zirconium, oxygen, carbon, and hydrogen atoms are red, 

blue, gray, and white, respectively) (15). 

 

In this chapter, we report a modified procedure for synthesis  of nanosize Zr-MOF. 

The synthesized Zr-MOF was activated by a solvent-exchange process to enhance its 

surface area. Sample characterizations were carried out. Its application for carbon 

dioxide adsorption was achieved at different temperatures and at atmospheric 

pressure. In addition, CO2 and CH4 adsorption capacities were obtained at high 

pressure, subsequently, the selectivity was calculated. 

 

3.2 Experimental Work 
 

3.2.1 Chemicals 
 

The chemicals used in the synthesis process include DMF (Dimethylformamide) 

(99%), BDC (Terephthalic acid,98.9%) and ZrCl4 (99%), which were obtained from 

Sigma-Aldrich, Thermo Fisher Scientific and Perth Scientific, respectively. 

Chloroform (99%) and methanol (analysis grade) were obtained from Sigma-Aldrich. 

The chemicals were used without further purification. 
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3.2.2 Synthesis and activation processes 
 

Zr-MOF was synthesized by scaling-up the earlier  procedure(15) with some changes. 

Typically, 2.27 mmol of ZrCl4, 2.27 mmol 1, 4-benzenedicarboxylic acid (BDC) 

were mixed in 405.38 mmol of N, N-dimethylformamide (DMF). The mixed solution 

was placed inside an autoclave of 45 mL. Next, the sealed autoclave was positioned 

in a preheated oven at 393 K for 24 h. Then, the collected solid samples were filtered 

and dried by vacuum filtration. Finally, white powders were produced. 

 Activation process was done by using a solvent exchange method.  Two solvents 

were used separately to activate modified-Zr-MOF.  First, chloroform was used as 

solvent in this process. More specifically, about 0.3 g as-synthesized Zr-MOF was 

immersed inside 80 mL of chloroform for 5 days. Then, it was filtered and dried 

under vacuum; finally the dried material was heated under vacuum at 473 K for 2 

days.  

Second, methonal was used as solvent to exchange coordinated DMF and 

uncoordinated BDC by solvothermal treatment for dried sample. More specifically, 

0.3 g of Zr-MOF was suspended into 25 mL of methanol then poured in an autoclave. 

The autoclave was tightly locked and heated in an oven at 373K for 24 hrs. After that, 

crystalline product was filtered and dried. Finally, dried sample was heated again 

under vacuum at 473K for 2 days. 

 

3.2.3 Characterizations  
 

X-ray powder diffraction patterns were obtained by a X-ray diffractometer (D8 

Advance- Bruker aXS) using Cu Kα radiation (λ = 1.5406 Å), with accelerating 

voltage and current of 40 kV and 40 mA, respectively, 2θ was ranged from 5 to 70° . 

SEM analysis (Zeiss NEON 40 EsB CrossBeam) was used to capture and determine 

the morphologies of the crystalline Zr-MOF.  

FTIR spectra (Spectrum 100-FT-IR Spectrometer-Perkin Elmer) were used to check 

the functional groups on the organic ligands as well as solvent molecules and non-

reacted chemicals. The spectrum was scanned from 650 - 4000 cm
-1 

with a resolution 

of 4 cm
-1

 by using an attenuated total reflectance (ATR) technique. Material was 

tested directly as pressed powder.   

A Quantachrome instrument (Autosorb-1) was used to determine the isotherms as 

well as the pore size and surface area of Zr-MOF; pore size( average pore size can be 

http://www.semtechsolutions.com/node/138/zeiss-neon-40-esb-crossbeam
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used over the whole range of pressure at adsorption and desorption while the 

micropore size can be determined by DA method), pore volume(Total pore volume 

when the pore is completely filled  thehighest relative pressure, BET surface area and 

micropore area(V-t method) were calculated by AS1Win software. An activated 

sample at 0.02 g was evacuated at 473K for 4 h prior to the adsorption measurements 

under high vacuum. Then nitrogen adsorption was done at 77K using  net weight 

after  degassing.  

Thermal stability of Zr-MOFs and performance of activation process were checked 

by a thermogravimetric analysis (TGA) instrument (TGA/DSC1 STAR
e
 system-

METTLER TOLEDO). Zr-MOF samples were loaded into an alumina pan which 

was automatically and in sequence moved on the balance and heated to 1173K at a 

rate of 5 K/min. An air flow rate was maintained at 10 mL/min.  

 

3.2.4 Adsorption Study 

 

3.2.4.1 Adsorption at 1 atm 

 First of all, 99.995% of CO2 gas was supplied to adsorption instrument. CO2 

adsorption was determined using a Gemini I-2360 instrument at different 

temperatures and 1 atm. In more details, in Vacprep 061 instrument, 0.25 g of Zr-

MOF was loaded in the known weight tube, and then degassed by heating at 473 K 

under vacuum overnight.  

The sample was obtained after degassing to be used in the analysis on Gemini I-2360.  

It was focused  in  carbon dioxide adsorption at 273 K which can be provided  by 

crushed ice slurry and room temperature.  

 

 3.2.4.2 Adsorption at high pressure 

Adsorption isotherms of carbon dioxide (99.995%) and methane (99.995%) were 

investigated at high pressure up to 1000 kPa, 273 K by a micromeritics-ASAP2050. 

The powdered sample should be prepared before using in gas adsorption analysis by 

a suitable procedure to ensure full removal of impurities. 

More specifically, a weighed sample was degassed on the same instrument by 

increasing the temperature at a heating rate of 10 K/min till 373 K to be continued at 

this temperature for 2 h then increasing the temperature again at the same heating 
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rate to 473K under vacuum (up to 0.4 kPa) to hold at these conditions for 8 h. Finally, 

an obtained net weight after degassing was used in the analysis at 273 K.   

 

3.3 Results and Discussion 
 

3.3.1 Structural Stability 
 

XRD patterns of Zr-MOF-(old procedure of Cavka, et al (15)  ) and activated 

samples of Zr-MOF(modified procedure) showed that the positions of all peaks are 

the same (Figure 3.2). That means all samples have the same structure as UiO-66(old 

procedure) but they have different crystallinities as the intensities were changed. 

Choloroform activated Zr-MOF shows  the highest crystallinity while methanol 

activated Zr-MOF is the lowest, that can refer to that choloroform is more reliable in 

activation process although methanol has higher effeciency for removal unreacted 

BDC and coordinated solvent as shown below in TGA profile. Modified-Zr-MOF 

demonstrated high stability against the water content by direct and indirect exposure. 

This material retained its structure the same when it was stored at ambient conditions 

for more than 18 months. Also, when this material was immersed in water for more 

than 6 hrs, the structure has not been changed as shown in Figure 3.3. Therefore, Zr-

MOF can be used and stored for long time with slight  impact on the crystalinity. 

 

 
Figure: 3.2 XRD Patterns for Zr-MOF before and after activation compared with UiO-

66(Published procedure(15)) 
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Figure: 3.3. XRD patterns for Zr-MOF under effect of water content 

 

3.3.2 Morphological Description 
 

SEM images show that homogeneous cubic particles of modified Zr-MOFs and Zr-

MOF(old procedure) were obtained. The particle size is similar and around 100 nm 

in chloroform activated Zr-MOF while the crystal size of methanol-activated Zr-

MOF is less than 100 nm (Figure 3.4). It seems that the morphological features of 

modified samples are similar while it is different from the morphology of Zr-

MOF(UiO-66) which was published by Cavka et al. (15) because the modified 

samples  were  synthesized in different molar ratio.  
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Figure: 3.4  SEM images of the Zr-MOF (a) and (b) Chloroform activated Zr-MOF in 

different dimentional scale, (c) Methanol activated Zr-MOF, and (d) UiO-66(old 

procedure) 
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3.3.3 Functional groups determination 
  

Figure 3.5 shows FT-IR spectra of Zr-MOF as-synthesized and after activation by 

solvent exchange in chloroform and methanol. The peak at 1550  1630 cm
-1

 

referred to C=O of carboxylates, which was coordinated with metal centres by O
– 

during the deprotonation process, could be observed on both spectra (23). This may 

be a main evidence for creating the coordination bonds in MOF. 

However, the stretching variation band of C=O bond in carboxylic acid in the region 

of 1640  1670 cm
-1

 disappeared after activation by methanol and there is a bit of 

this peak remaining after activation by chloroform, suggesting that a good exchange 

of chloform and methanol to DMF and BDC which could be easily removed after 

heating. In each spectrum a weak peak in the region of 1450  1580 cm
-1

 belonging 

to the C=C in aromatic compound of organic linker occurred. The strong peak at 

around 1400 cm
-1 

was
 
ascribed to C-O bond of C-OH group of carboxylic acid.  

It can be seen from FTIR spectra, there is no extra-functional group added on the 

structure and the original groups are maintained except  free carboxylic group  which 

was removed when uncoordinated-BDC was discarded by activation process. 

However, the intensities of the functional groups of Zr-MOF which was activated by 

chloroform were higher than those of methanol activated Zr-MOF, which may refer 

to higher crystallinity and functionality at chloroform-activated  Zr-MOF. 

 

 

Figure: 3.5 FT-IR spectra of modified Zr-MOF 
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3.3.4 Nitrogen Isotherm and Pore Size Distribution 

 

The porous structure of Zr-MOFs were tested by N2 adsorption. Figure 3.6 (a) shows 

that the adsorption and desorption isotherms were overlapped in chloroform 

activated sample, this can refer to dominating micropore structure without a 

hysteresis whereas the adsorption/desorption isotherms of methanol activated sample 

shows obviously a hysteresis which indicates mesopore structure as well as the 

micropore structure.  

Most textural parameters are presented in Table 3.1. The BET surface area of 

chloroform activated Zr-MOF is 1434 m
2 

g
-1

, while it is 1083 m
2 

g
-1

 for methanol 

activated sample, which is similar to the reported value before (12). Using 

chloroform in activation can effectively remove DMF and BDC residuals, resulting 

in higher crystanility and surface area. However, methanol can significantly remove 

the residuals, its surface area is lower as a result of lower crystallinity. 

 
 

Table 3.1: Porous structure of  Zr-MOF 

 

Textural  Properties Zr-MOF-Chloroform 

Activated 

Zr-MOF-Methanol 

Activated 

Multi-point BET 

(m
2
 g

-1
) 

1434  

 

1083 

tv  method (micropore 

area %) 

 

89.8% 

 

76% 

Average pore radius 

(Å) 

9.1 

 

11.4 

Total  pore volume 

(cm
3
 g

-1
) 

0.654 0.619 

 

Micropore Volume 

(cm
3
 g

-1
) 

0.438 0.315 
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The micropore portion for chloroform activated-Zr-MOF is around 90% and the 

average pore size is 0.9 nm while they are 76% and 1.14 nm, respectively, for 

methanol activated Zr-MOF, suggesting the micropore was reduced and average pore 

size was increased with using methanol as an exchanging  solvent. The pore size 

distributions from the BJH method show two major peaks centred at around  1.8 and 

5 nm for  methanol activated sample while they are 1.9 and 5 nm for chloroform  

activated sample (Figure 3.6(b)). However, the  DA micropore  distributions are  

presented  in Figure 3.6(c) and illustrates  that  micropore size in methanol  activated 

sample was lower than that of chloroform activated sample. The peaks are   around 

0.54 and 0.77 nm, for methanol  activated and chloroform activated samples, 

respectively. 

 

 

 

 

Figure: 3.6 (a) Nitrogen adsorption/desorption isotherms for activated Zr-MOFs 
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Figure: 3.6 (b)  The BJH pore size distributions, and (c) DA micropore size  

distributions 

 

3.3.5 Thermal Analysis 
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8% on unactivated sample. This amonut may be changed depending on the 

atmospheric conditions because Zr-MOF has extraordinary ability to adsorb  

moisture. 

In Zr-MOF, before activation, weight loss of uncoordinated BDC and coordinated 

DMF molecules inside the pores is around 20%  while in chloroform and methanol 

activated Zr-MOF, they are 3% and 0.5% respectively, which occurs up to 573 K. 

With increasing the temperature further up to 753 K, coordination bonds between the 

BDC molecules and metal centres were broken, this coordinated BDC in each sample 

had about 23% weight loss. Then, the whole structure is destroyed at 828 K.  

Thermal analysis shows that thermal stability of  Zr-MOF was not changed with 

changing the activation process. Methanol was more efficient to remove 

uncoordinated BDC but that  may affect the pore structure. However, chloroform is 

more selective to enhace the micropore structure although there are resdual BDC and 

DMF  . 

 

 

 

 

Figure: 3.7 TGA profiles of Zr-MOFs before and after activation 
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3.3.6 Carbon Dioxide Adsorption 

 

3.3.6.1 Adsorption at 1 atm 
 

Methanol activated sample (Figure 3.8) showed CO2 adsorption capacity of 62 and 

36.5 cc/g at 273 and 297K, respectively, at 1 atm while they were 79 at 273 and 45 

cc/g  at 302K on chloroform activated sample as shown in Figure 3.9. It is noted that 

the chloroform activation has improved the surface area of Zr-MOF and affinity of 

the structure to better adsorb CO2  .  

The adsorption capacities on chloroform activated sample are much higher than those 

the values previously reported on some MOFs, 22.5 cc g
-1

 (Zn-MOF, 1 atm, 298 

K)(24), 26 cc g
-1

 (MMOF, 1 atm, 298 K)(13), 15.5 cc g
-1

 (Cu-SNU-6, 1 atm, 273 

K)(10), 48 cc g
-1

 (ZnPO-MOF, 1 atm, 273 K)(25).  

It has been reported that an inflection in CO2 isotherm could occur on some MOFs, 

such as IRMOF-1, IRMOF-10, IRMOF-16(26), and MMOF (13).  This inflection 

was attributed to the electrostatic attraction between molecules of CO2 at lower 

pressure (26).  However, in this investigation, the inflection was not observed on 

nanosize Zr-MOF similar to other MOFs, MOF-74 and ZnPO-MOF-24. We believe 

that the inflection is also related to the distribution of electrostatic charges inside the 

pores, which will be controlled by electrostatic nature of the pore surface or 

electronegatively property of metal centres.   

Heat of adsorption for CO2 was calculated based on the Clausius-Claperyron 

equation using coverage at diffreent pressure and temperatures. 

   =  [     (     )
⁄ ]    [

  
  
⁄ ]                                             3-1 

Where P1 and T1 are the lower temperature and pressure while P2, T2 are the higher  

pressure and temperature, and R is the universal gas constant, 8.314 J.mol
-1

.K
-1

.   

It was found that heat of adsorption would not change significantly and was 28.6 kJ 

mol
-1

 for chloroform activated sample and 31 kJ/mol for methanol activated sample. 

These values are less than that of MOF-74 (39 kJ mol
-1

)
 
(14), MIL-53-Cr (32 kJ mol

-

1
) (6), and MIL-53-Al (35 kJ mol

-1
)(6).      
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Figure: 3.8 CO2 adsorption isotherms of methanol-activated Zr-MOF at 1atm and 

differenet temperatures 

 

 

     

 

  Figure: 3.9 CO2 adsorption isotherms of chloroform activated Zr-MOF at 1atm and 

different temperatures 
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3.3.6.2 Adsorption at high pressure  

 

3.3.6.2.1 CO2 Adsorption  
 

It was believed that the smallest pores are filled at the lowest pressures and that the 

larger pores can be gradually filled at higher pressures during CO2 adsorption 

process (26). Figure 3.10 shows that chloroform activated Zr-MOF has more CO2 

adsorption than methanol activated sample; the adsorption  was 8.1 and  7.31 mmol/g, 

respectively, at 273K and 988.6 kPa.   

 

 

Figure: 3.10 CO2 adsorption on modified Zr-MOFs at high pressure and 273K 
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captured by activated Zr-MOF but chloroform activation is more affective to enhance 

CH4 capture while methanol activation is lower.  CH4 adsorption capacity of 3.5 and 

3.14 mmol/g were achieved on both samples respectively. Pure component was 

considered in calculation of selectivity according to the following equation;   

Selectivity=VCO2/VCH4                                                                  3-2 

However, methanol activated Zr-MOF presented more selective to CO2  at pressure 

less than 400 kPa, its selectivity is 3.7 at 59 kPa  and 273K which is bigger than 

chlorofom activated Zr-MOF of  3.57 at the same conditions as displayed in Figure 

3.12. 

 

Figure: 3.11 CH4 adsorption on midified Z-MOF at high pressure and 273K 

 

 

Figure: 3.12 Selectivity of CO2 over CH4 on Modified Zr-MOFs 
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3.3 Conclusion 
 

Zr-MOFs  were  synthesized by a modified procedure and activated by different 

procedures. The crystalline structure was the same as UiO-66. Also, the morphology 

showed  a cubic crystals in high geometry which seems different from the previous 

one. 

The activation using chloroform or methanol as solvent exchange is efficient to 

remove molecules of DMF and unreacted BDC from the pores. Chloroform 

activation can enhance the porous structure and surface area more than methanol 

process. The thermal stability was very high and not changed with the activation 

process. 

 Zr-MOF exhibits an enhanced adsorption for carbon dioxide at varying temperatures, 

especially at chloroform activated Zr-MOF. Also, this material exposed very high 

stability in wetted atmosphere. It was found that, the heat of adsorption of carbon 

dioxide on methanol activated sample was higher than on chloroform activated 

sample but they are acceptable amongest other MOFs. These materials also 

demonstrated high adsorption capacity for carbon dioxide at high pressure. 

Chloroform activated Zr-MOF exposed higher CO2 and CH4 adsorpyion at high 

pressure. However, methanol activated Zr-MOF was more selective to CO2 at low 

pressure. 
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 Effects of ammonium hydroxide additives in synthesis process of 

Zr-MOF on the characteristics and CO2 adsorption 

Abstract 

In this chapter, Zr-MOF synthesis procedure has been modified by adding ammonium 

hydroxide. The effects of ammonium hydroxide on porous structure, thermal stability 

and adsorption were investigated and enlarged pores were produced. It was found that 

using of ammonium hydroxide as additives in the synthesis process produced some 

effects on structure and characteristics of Zr-MOF. The pore size increased with raising 

the amount of additives and the maximum average pore size was found to be 2.72 nm in 

Zr-MOF-NH4-2. However, the BET surface area of modified Zr-MOFs was found to be 

lower than Zr-MOF-(Parent). In addition, crystal size reduced with increasing the 

amount of additives. All samples with different amounts of NH4OH present thermal 

stability the same as Zr-MOF-(Parent). At standard conditions the capacity of 

adsorption for carbon dioxide reduced with decreasing the micropore fractions of 

modified samples. It fell from 3.52 mmol/g on Zr-MOF to 2.11 mmol/g on Zr-MOF-NH4-

3. However, with this modification the material with the largest voids had the lowest 

heat of adsorption for carbon dioxide (22.9 kJ/mol). Also, the adsorption capacity for 

carbon dioxide increased at high pressure, especially for Zr-MOF-NH4-2 at pressure 

more than 5 bars. It was about 8.63 mmol/g at 987 kPa, 273K. In addition, these 

materials were tested for methane adsorption. Zr-MOF (Parent) showed the highest 

methane adsorption; it was 3.62 mmol/g while Zr-MOF-NH4-3 demonstrated the lowest 

methane adsorption at 2.43 mmol/g. However, the selectivity of CO2/CH4 on Zr-MOF-

NH4-1 and Zr-MOF-NH4-3 had the best affinity to select CO2 over CH4. 
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4.1 Introduction 

MOFs become aim of most industrial applications, especially in gas storage. These 

materials have a ultra-low density and high specific void volume (1). Most transition 

metals have been used increasingly in the synthesis of MOFs (2). One of noteworthy 

properties of MOFs is that these new materials can  be easily modified and substituted to 

meet the specific requirements of applications by tailoring their properties (3), for 

example, the pore characteristics, which can be changed in size,  shape (4)  polarity (5) 

and cavities (6, 7). 

Many studies attempted to modify and improve the characteristics of MOFs during the 

synthesis process (8-11), and others concentrated on post-synthesis of some MOFs to 

meet the required usage (12). MOFs were more suitable for adsorption applications with 

exceptionally high capacity to store carbon dioxide at the pressure up to saturation 

pressure at room temperature (13). High selectivity for capture carbon dioxide from 

gaseous mixtures was obtained on Mg-MOF-74 at low pressure (14). Moreover, 

enhancement of selective capture of CO2 was gained by improving the pore or cavity 

chemistry toward more affinities for CO2 (15, 16). On the other hand, many studies 

focused on ability of several MOFs to adsorb carbon dioxide and methane at low 

capacity (17, 18).  

Recently, Zr-MOFs were reported with different organic linkers, 1,4-

benzenedicarboxylate (UiO-66), 4,4′-biphenyldicarboxylate (UiO-67), and terphenyl-

dicarboxylate (UiO-68) with the same topology (19, 20). Also amino-modified Zr-MOF 

(21) to make some changes in functionality and structure was performed, which can use 

Zr-MOF in different applications such as catalysts (22, 23). 

 In this chapter, the previous synthesis procedures of Zr-MOF and activation process 

were modified by using ammonium hydroxide as an additive in the synthesis process of 

Zr-MOF. The effects of the modification on structure change and carbon dioxide 

adsorption were investigated at low and high pressure.  

 

http://www.chemspider.com/135932
http://www.chemspider.com/135932
http://www.chemspider.com/11184361
http://www.chemspider.com/24771736
http://www.chemspider.com/24771736
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4.2 Experimental work 

  

4.2.1 Chemicals 

All chemicals including DMF (99%), BDC (benzene-1, 4-dicarboxylic acid, 98.9%), 

ammonium hydroxide (NH4OH, 24%), zirconium chloride (ZrCl4, 99%) and chloroform 

(CHCl3, 99%) were supplied by Sigma Aldrich, Thermo Fisher Scientific and Perth 

Scientific and used without further purification. 

 

4.2.2 Synthesis  

4.2.2.1 Zr-MOFs-(Parent) 

Zr-MOF was synthesized by the previous procedure (19) with some amendments and 

activated by chloroform as discussed in section 3.2.2 in Chapter 3.  

 

4.2.2.2 Zr-MOF-NH4 

Zr-MOF-NH4 was synthesized as below. In the synthesis of Zr-MOF-NH4-1, the solvent 

(DMF) was divided into two parts. In the first, 202.69 mmol of DMF was mixed with 

BDC and stirred for 15 min, and then 0.2 ml of NH4OH (2M) - was added in dropwisely 

under stirring. The second part of DMF was mixed with ZrCl4 and stirred about 30 min. 

Then the two solutions were mixed together for around 20 min. The resulted solution 

was placed into a Parr PTFE-lined digestion vessel of 45 mL at 393 K for 24 hrs. The 

same procedure was repeated with adding 0.4 and 0.6 mL of NH4OH to synthesize Zr-

MOF-NH4-2 and Zr-MOF-NH4-3, respectively. 

Activation of Zr-MOFs was carried out in the method as previously reported (24, 25). 

The crystalline materials were immersed inside chloroform solution for 5 days, and then 

the solids were filtered and dried under vacuum, finally, these materials were dried in an 

oven at 463 K overnight. The dried sample was heated under vacuum at 473 K for 2 

days. 
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4.2.3 Characterizations 

X-ray powder diffraction patterns were done by a XRD diffractometer (Diffractometer 

D8 Advance- BrukeraXS) with Cu Kα1 radiation (λ=1.5406 Å) to evaluate the stability 

of the crystalline structure.  

The morphologies of the samples were determined by a SEM machine (Zeiss NEON 40 

EsBCross Beam) to describe size and shape of crystals. 

N2 adsorption isotherms were measured by an Autosorb-1 (Quantachrome) to determine 

surface area by the BET and Langmuir models and pore size of mesopores by the BJH 

method. Average pore radius can be obtained for the whole range of pore size 

distribution (Mesopore, micropore, and Macropore) by average pore size method; in 

addition, micropore ratio can be measured by the t-plot method. Total pore volume was 

measured at relative pressure close to unity by total volume method. All these methods 

can be done by AS1Win software on the Autosorb-1. Firstly, around 10 mg of the 

sample were degassed at 473K under vacuum for 6 h. After that, the sample was ready 

to use in nitrogen adsorption measurement at 77 K by the same instrument. 

FTIR spectra were obtained by a Perkin-Elmer 100-FT-IR Spectrometer to check the 

intensities of functional groups which may be related to the crystalline structure or other 

free chemicals inside the pores. Each spectrum was scanned from 650 to 4000 cm
-1

 with 

a resolution of 4 cm
-1 

using Universal ATR-Diamond/ZnSe as IR Accessory. 

Thermal behavior of Zr-MOFs was determined by a TGA instrument (TGA/DSC1 

STAR
e
 system-METTLER TOLEDO). A sample of 20 mg was loaded into an alumina 

pan of 150 µL and placed automatically in the TGA furnace. The temperature was 

increased up to 1173 K in atmosphere of Argon and air mixture supplied with a flow rate 

of 20 ml/min. 

4.2.4 Adsorption study 

Static volumetric technique with an apparatus from Micromeritics (Gemini I- 2360) was 

used to measure the adsorption isotherm of pure CO2 (99.995%) at 273 and 296 K at low 

pressure up to 100 kPa. About 0.25 g of each sample after drying was firstly weighed in 

http://www.semtechsolutions.com/node/138/zeiss-neon-40-esb-crossbeam
http://www.semtechsolutions.com/node/138/zeiss-neon-40-esb-crossbeam
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a tube and then activated by Vacprep 061 at 473 K under vacuum for two days. The 

sample after degassing process was used in analysis on Gemini I-2360. Carbon dioxide 

heat of adsorption was calculated from the Clausius-Claperyron equation (eq.3.1) 

replying on the isotherms measured at different temperatures by Gemini I-2360 at 100 

kPa.  

Micoromeritics- ASAP2050 was used to measure the adsorption isotherms of pure 

carbon dioxide (99.995%) and pure methane (99.995%) at pressure up to 1000 kPa. First 

of all, an activated sample was degassed by the same instrument with increasing the 

temperature at a ramp of 10 K/min till 373 K to exclude the moisture from the pores and 

hold at this temperature for 2 hrs, then increasing the temperature again at the same rate 

to 473 K under vacuum (up to 0.4 kPa) and hold at this condition for 8 hrs. Then the 

sample was used in the analysis at 273 K.   

4.3 Results and Discussion 

4.3.1 Structural Stability 

All samples have the similar XRD patterns to that of Zr-MOF-(Parent), which was 

synthesized previously in Chapter 3 as shown in Figure 4.1 (a) and (b). However, the 

intensities were reduced with increasing the amount of additives (NH4OH). The biggest 

change in intensity can be seen in the patterns of Zr-MOF-NH4-3 and Zr-MOF-NH4-2. 

These samples suffered from a decrease in the intensity of one main peak at 2θ =8.51°. 

The intensity of the peaks in the patterns of modified samples was reduced as a result of   

effect of ammonium additives on the crystalline structure formation. Also, it was found 

that, there is a relation between the peak intensities and peak widths together with crystal 

size, the crystal size decreases when the intensity decreases and width becomes wider. 

More significant modification in pore enlargement was Zr-MOF-NH4-2, which had 

medium intensities amongst the samples. However, Sayari et al. claimed that the 

reduction in intensities means reducing the ordering of the structure which may be 

accompanied by shifting in the position of the peaks (26), and it was observed that Zr-

MOF-NH4-3 was wider than others. 
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Figure: 4.1 (a) XRD patterns for Zr-MOF-(parent) and Zr-MOF-NH4, (b) magnification 

scale of Zr-MOF-NH4-1, Zr-MOF-NH4-2 and Zr-MOF-NH4-3 patterns 
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4.3.2 Morphological Description  

SEM images (Figure 4.2) show clearly that crystal size of Zr-MOF-NH4 decreased with 

increasing ammonium hydroxide additive in synthesis solution. It was believed that 

adding of ammonium hydroxide in synthesis solution will induce two effects. The pH 

has been increased and it will lead to increase in the solubility of the solute. With extra-

addition, the solution becomes easy to be supersaturation and make small size crystal 

formation (27). 

.  

 

Figure: 4.2 SEM Images of Zr-MOFs, (a) Zr-MOF-without NH4OH additives,(b) Zr-MOF-

NH4-1, (c) Zr-MOF-NH4-2, (d) Zr-MOF-NH4-3 

  

(a) (b) 

(c) (d) 



Chapter 4     Zr-MOF-NH4 
 

80 
 

4.3.3 Functional groups determination 

FTIR spectra (Figure 4.3) and thermal analysis (Figure 4.6) for all samples proved that 

DMF molecules and un-reacted reactants (BDC molecules) were discarded, because, 

exchanging solvent activation method was more beneficial than a heating one, since a 

heating method may relatively affect the integrity of the structure. From a comparative 

study of FTIR spectra of activated and non-activated Zr-MOFs, it can be demonstrated 

that the stretching variation band of C=O bond in carboxylic acid in the region 1640-

1670 cm
-1

 has been approximately disappeared in the activated samples. At the region of 

1550-1630 cm
-1

, C=O in  carboxylates  which were already coordinated with metal 

center by O
–
 after losing H

+ 
of OH group in carboxylic acid during the deprotonation 

process (28). Also all spectra have a weak peak in the region 1450-1580 cm
-1

 belonging 

to the C=C in aromatic compound of organic linker. In the region below of 1500 cm
-1

 all 

the peaks may indicate the variation inside the molecules, the band at 1250-1450 cm
-1

 

indicated C-O bond of C-OH group of carboxylic acid. 

 

 

Figure: 4.3 FTIR spectra for Zr-MOFs with different amount of additive 
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The region of 3175-3600 cm
-1

 related to hydroxyl groups was found to be changed. 

Almost all spectra of all samples approximately have the same behavior. The main 

functional groups on organic linkers have been kept for all samples. In addition; the 

spectra of all the samples got the same peaks in fingerprint region from 1300 to 910 cm
-1

 

with a slight difference in the intensities.  

 

4.3.4 Nitrogen isotherm and pore size distribution 

Table 4.1 shows that the total pore volume, average pore size increased whereas 

micropore volume deceased with raising the amount of ammonium hydroxide in the 

synthesis process. The total pore volume ranged from (0.65 cc/g) to (1.63 cc/g), and 

average pore size grew up from 0.91 to 2.72 nm with enhancing the amount of additives 

from 0 to 0.4 mL of additives.  

Table 4.1: Pore size analysis as well as BET surface area of all sample of Zr-MOFs 

 

MOF’s 

Name 

SBET 

m
2
/g 

MP 

% 

Average pore 

radius   (Å) 

Total  pore 

volume (cm
3
/g) 

Micropore 

volume(cm
3
/g) 

 

Zr-MOF(Parent) 

 

1434 

 

89.76% 

 

9.1 

 

0.65 

 

0.562 

 

Zr-MOF-NH4-1 

 

1320 

 

82.0% 

 

9.7 

 

0.64 

 

0.517 

 

Zr-MOF-NH4-2 

 

1215 

 

74.17% 

 

27.2 

 

1.63 

 

0.475 

 

Zr-MOF-NH4-3 

 

1202 

 

65.32% 

 

17.1 

 

1.03 

 

0.499 
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Furthermore, Figure 4.4 (A) shows that Zr-MOF has two peaks centered at 1.8 and 5.0 

nm, respectively. Zr-MOF-NH4-1 shows a similar pore size profile with peaks shifted to 

lower size centered at 1.7 and 3.3 nm, respectively. Zr-MOF-NH4-2 presents a smaller 

pore at 3.3 nm and many large pores greater than 20 nm. For Zr-MOF-NH4-3, major 

pore size at about 10 nm is appearing. The above results indicate that addition of 

NH4OH will create larger pore and increase average pore size and the maximum pore 

radius and pore volume were seen in Zr-MOF-NH4-2 while they started to reduce again 

in Zr-MOF-NH4-3.  

The micropore percentage ranged from 89.76% to 65.32% when the amount of additives 

increases from 0 to 0.6 ml and micropore volume fell from 0.562 to 0.475 cc/g in Zr-

MOF-2 then increased again in Zr-MOF-3 to be 0.499 cc/g. Moreover, the micropore 

radius was 0.8, 0.86, 0.86, 0.81 for Zr-MOF-(Parent), Zr-MOF-NH4-1, Zr-MOF-NH4-2, 

and Zr-MOF-NH4-3, respectively, as shown in Figure 4.4 (B). 

In addition, the BET surface area decreased in sequence from 1434 m
2
/g in Zr-MOF-

(Parent) to 1202 m
2
/g in Zr-MOF-NH4-3. The maximum BET surface area in Zr-MOF 

without any additives may be attributed to crystalinity of this material which was higher 

than Zr-MOF-NH4 materials as it appears by comparison of intensities in XRD patterns 

of all samples (Figure 4.1) (18, 29).  

Figure 4.5 shows N2 adsorption/desorption isotherms of various Zr-MOFs samples. Zr-

MOFs show some different profiles. In general, Zr-MOFs present microporous structure 

showing high adsorption at low pressure. There is a hysteresis loop at p/p0=0.7-0.9 on 

isotherms of Zr-MOF-NH4-2 and Zr-MOF-NH4-3, indicating a large pore. Zr-MOF-

NH4-2 presents a sharp increase in adsorption at p/p0=0.9, indicating the presence of 

macropores. 

It seems that ammonium hydroxide seriously affect the pore structure as it was 

considered as a part of solvent in the synthesis process, and as a swelling factor for pore 

structure. As it was shown, less change occurred in the BET surface area. However, this 

enlargement in pore size may be accompanied with decrease in crystalinity of the 

structure (26). 
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Figure: 4.4 Pore size distribution for Zr-MOFs (A) in Mesopore portion, and (B) in 

Micropore portion  
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Figure: 4.5 Nitrogen adsorption/desorption isotherms at 77 K and 1 atm 

 

4.3.5 Thermal Analysis 
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Figure: 4.6 Thermal analyses before and after activation for Zr-MOFs samples with                

different amount of ammonium hydroxide additives 
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These values are lower than the adsorption capacity on Zr-MOF-(Parent) which was 

discussed in Chapter 3. It suggests that with increasing the macropore and mesopore 

percentages in these materials, carbon dioxide adsorption capacity at atmospheric 

pressure decreased. On contrast, very high CO2 uptake can be achieved at low 

temperature or at high pressure (17).  The isotherm of carbon dioxide at pressure up to 1 

atm  cannot show adsorption for  the pore larger than 1 nm (30).  

 

 

  

 

Figure: 4.7 CO2 adsorption at different temperatures and 1atm on (a) Zr-MOF-NH4-1, (b) 

Zr-MOF-NH4-2, and (c) Zr-MOF-NH4-3  
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The isosteric heat of adsorption calculated by the Clausius-Claperyron equation (Eq.3.1) 

reduced with increasing pore size of the modified samples. More specifically, the 

average heat adsorption on Zr-MOF-NH4-2 was a 22.87 kJ/mol while it was a 28.65 

kJ/mol on Zr-MOF-(Parent). It can be explained that large pore gives the opportunity to 

gas molecules to be adsorbed on the surface without any competing with similar 

molecules that have the same charges. Also the surface potentials may be less for large 

pores (30). Therefore the heat of adsorption showed the lowest value for the largest pore. 

Generally, the heat of adsorption slightly reduced with increasing coverage (Figure 4.8) 

Increasing the amount of adsorbed CO2 can enhance the interaction between CO2 

molecules. The strong adsorption sites may be occupied at the first then the gas 

molecules may be interacted by weaker adsorption force (31, 32). 

 

 

 

Figure: 4.8 Variation heat of adsorption for carbon dioxide on NH4-modified Zr-MOFs as 

well as Zr-MOF-(Parent) 
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4.3.6.2 Adsorption at High Pressure 

The adsorption at high pressure up to 1000 kPa on Zr-MOF-NH4-2 showed high 

adsorption than  Zr-MOF-(Parent) at  the  pressure more than 500 kPa (8.63 mmol/g at 

about 987 kPa) (Figure 4.9). This can be interpreted relying on the largest pore size 

which can be seen with Zr-MOF-NH4-2. It agrees  with  that the smallest pores are filled 

by CO2 at the lowest pressures, and then gradually, the large pores can be filled at higher 

pressure (30). 

 

  

Figure: 4.9 CO2 Adsorption at 273K and high pressure on Zr-MOFs  
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4.3.6.3 CH4 Adsorption and Selectivity  

Figure 4.10 shows that methane was adsorbed in different capacities on Zr-MOF-

(Parent) and ammonium modified Zr-MOFs. Zr-MOF (Parent) exposed 3.44 mmol/g, 

and higher adsorption capacity than modified samples, while Zr-MOF-NH4-2 displays 

the highest methane storage amongst the NH4-modified samples. They are 3.09, 2.79, 

2.43 mmol/g at 273K and 906 kPa for Zr-MOF-NH4-2, Zr-MOF-NH4-1 and Zr-MOF-

NH4-3. The selectivity of CO2 over CH4 by static adsorption at pressure ranging from 60 

till 905 kPa is shown in Figure 4.11. It demonstrates that Zr-MOF-(Parent) has the 

lowest of separation power, whereas, Zr-MOF-NH4-3 and Zr-MOF-NH4-1 display the 

best separation factor for carbon dioxide over methane. It seems that CO2 can separate 

significantly at pressure lower than 200 kPa. The high selectivity in the modified 

samples may be attributed to low abundance of small cages in these materials.  

 

 

Figure: 4.10 Adsorption of CH4 on Zr-MOFs at 273K and high pressure 
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Figure: 4.11 Selectivity of CO2/CH4 on Zr-MOFs 

 

4.4 Conclusion 
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thermal stability which maintained the same as Zr-MOF.  Although the BET surface 

area reduced in modified samples and the adsorption capacity was lower at STP, the 
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pressure over than 6 bars. Furthermore, the heat of adsorption reduced with increasing 
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NH4-3 was the lowest. However, because the selectivity of CO2 over other gases 

depended on the characteristics of crystalline materials, the selectivity of CO2 over CH4 

may be developed on modified samples. Hence, Zr-MOF-NH4-1 and Or-MOF-NH4-3 

exposed the best selectivity.  
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                       Adsorption of CO2 on Amino-Zr-MOF  

 

Abstract 

 

 In this chapter, we report amino functionalised Zr-MOF (amino-Zr-MOF) synthesis 

using 2-aminoterephthalic acid as an organic linker. This chapter aims to use amino-

functional group on the structure to enhance the CO2 adsorption capacity. This 

material was activated by methanol, which was very effective. However, this material 

was very sensitive to heating over 573 K. Experimentally, all physicochemical 

properties of the material were characterised by XRD, SEM, TGA, FTIR and N2 

adsorption to understand its crystalline structure, morphological description, 

thermal stability, and porous structure, respectively.  

It was found that the topology of this material was similar to Zr-MOF while its 

morphology was different. However, it was thermally stable up to 623 K; lower than 

Zr-MOF (753 K). Furthermore, amino functional groups were detected by FTIR at 

3394 and 3480 cm
-1

. BET surface area was 1220 m
2
/g. 

Amino-Zr-MOF was tested for adsorption at standard and high pressure, CO2 

adsorption isotherm was achieved at 1 atm and different temperatures. The 

adsorption capacity was 100 (4.46) and 64 (2.86) cc/g (mmol/g) at 273 and 296 K, 

respectively. In addition, CO2 and CH4 adsorption at high pressure was also 

obtained to calculate the separation factor for carbon dioxide over methane of this 

material. CO2 adsorption capacity on amino-Zr-MOF was 9 mmol/g at 988 kPa, 

273K while CH4 adsorption capacity was 3.7 mmol/g at 900 kPa and 273 K. The 

heat of CO2 adsorption on amino-Zr-MOF was calculated to be 29.4 kJ/mol.  
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5.1 Introduction 

 

Metal organic frameworks (MOFs) as new emerging porous materials have been 

investigated to be alternative adsorbents for various industrial and environmental 

applications (1, 2). The applications of MOFs have covered several areas including 

gas purification and separation (3), gas storage(4), drug delivery (5) and catalysis (6, 

7) etc. Unprecedentedly, MOFs have many characteristics such as ability to be 

designed with required specifications, high rigidity and flexibility to be 

functionalised, and exceptional low density (8). The synthesis of MOFs can result in 

a robust extended framework with permanent porosity and these porosities may be 

fulfilled when the molecular building nets are connected by strong bonds (9, 10). 

Previously, some transition metals have been used in the synthesis of MOFs, but 

priority is given to Zn and Al (1, 11). These new materials can be functionalised via 

an organic linker, therefore, they can be modified for suitable applications by using 

functional groups (3, 12). It was noted that the presence of amino groups as 

functional groups in porous materials is very selective improvement to enhance their 

affinity to adsorb and separate CO2. Hence, using of aminoterephthalates as linkers in 

MOF synthesis can enhance the performance of MOFs to capture carbon dioxide 

(13-15). 

Particularly, amino-BDC has been used as a linker in IRMOF-3 to increase the 

ability to capture gases (16, 17). In addition, amino-MIL-53 was synthesised and 

used in different applications. It was proved that postsynthesis modification can 

succeed with the presence of an amino-functional group on the linker in direct 

synthesis (18, 19). 

Zirconium oxide (ZrO2) has stable properties and the nature of zirconium atom 

connection with oxygen (20) makes it attractive in synthesis of MOFs. Moreover, it 

was observed that the synthesis of organic ligand of this framework could be 

controlled to get several Zr-MOFs (UiO-66) (21). Modification and application of 

Zr-MOFs have been also reported. Recently, Kandish et al. (22) synthesised Zr-MOF 

(UiO-66) with different functional groups by using different linker ligands, H2N-

H2BDC(Figure 5.1), O2N-H2BDC, and Br-H2BDC. Silva et al. (23) used both UiO-

66 and UiO-66-NH2 as photocatalysts for hydrogen generation while Vermoortele et 

al.(24) selected amino-UiO-66 for the cross-aldol condensation.  
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Figure: 5.1 Description of amino-Zr-MOF structure (22) 

 

These researchers used different procedures and molar ratios in the synthesis of 

amino-modified Zr-MOF. However, few investigations have been reported in Zr-

MOF application for CH4 and CO2 adsorption. 

In this chapter, an amino-Zr-MOF was reported to be synthesised using a different 

precursor ratio and activation process. Characteristics of this material were obtained 
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and then tested for CO2 adsorption at low and high pressure. Methane adsorption 

capacity was determined at high pressures to investigate the selectivity of CO2 over 

methane. 

5.2 Experimental 

 

5.2.1 Chemicals 

All chemicals including 2-amino-terephthalic acids (NH2-BDC, 99%), zirconium 

chloride (ZrCl4, 99.9%), dimethylformamide (DMF, 98%), methanol (CH3OH, 99%) 

were supplied by Sigma-Aldrich and used without further purification.  

 

5.2.2 Synthesis and activation 

In a typical procedure to synthesise amino-Zr-MOF, 1.47 g (6.31 mmol) ZrCl4 were 

dissolved in 15 mL DMF solution and stirring for around 20 min. Meanwhile, 1.06 g 

(5.85 mmol) NH2-BDC were dissolved in 68 mL DMF solution and stirring for 30 

min. Then, the two prepared solutions were mixed and placed in an autoclave of 125 

mL. The sealed autoclave was then placed in an oven at 120 C for 48 h. Finally, the 

greenish yellow crystalline product was extracted from the solution by vacuum 

filtration.  

The crystalline product was activated by immersing in methanol for 5 d, and then it 

was filtered, dried and heated under vacuum at 473 or 573 K for 12 h. 

 

5.2.3 Characterisations 

 X-ray powder diffraction patterns were recorded on a X-ray diffractometer (D8 

Advanced BrukerAxs) with a transmission mode using CuKα radiation 

(wavelength=1.54 Å) at low angle range of 2 = 5-70 to evaluate the stability of the 

crystalline structure. 

Morphology of materials including the shape and the size of crystals was determined 

by a SEM (Zeiss NEON 40 EsBCrossBeam) with high resolutions.  

A Perkin-Elmer 100-FT-IR Spectrometer was used to investigate functional groups 

on a crystalline structure or inside the pores. Scan range was from 650 to 4000 cm
-1

 

with resolution of 4 cm
-1

 using a Universal ATR-Diamond/ZnSe as IR Accessory.  
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N2 physisorption measurements were done on a Quantachrome instrument 

(Autosorb-1) at 77K and standard pressure. The surface area was obtained by the 

BET method and pore size distribution was determined by the BJH, and DA 

methods. It is essential that, the degassing should be set very well at a suitable 

temperature. In more details, around 15 mg of the sample was degassed at 473K 

under vacuum for 6 h. After that, the pores were opened and the net weight was used 

in adsorption/desorption measurement at 77K in the analysis port on the same 

instrument.  

Thermal stability of the crystalline structure was checked by a TGA instrument 

(TGA/DSC1 STAR
e
 system, METTLER-TOLEDO). Also, it can investigate 

performance of activation process. Practically, a sample of 10 mg was loaded into an 

alumina pan of 150 µL and placed automatically in the TGA furnace to heat at a 

heating rate of 10 K/min from 308 up to 1173K in an inert medium of 20 mL/min 

Argon gas.    

5.2.4 Adsorption Study 

A static volumetric technique with an apparatus of Micromeritics (Gemini I-2360) 

was used to determine adsorption isotherm of CO2 (99.995%) at 273 and 296 K 

under pressure up to 100 kPa.  

Firstly, about 0.3 g of amino-Zr-MOF was weighed in a tube and then degassed by 

Vacprep 061 overnight at 473 K under vacuum. The net weight of the sample after 

degassing process was used in analysis port of Gemini I-2360. Carbon dioxide heat 

of adsorption was calculated from the Clausius-Claperyron equation replying on the 

data of adsorption isotherms which were measured at different temperatures by 

Gemini I-2360 at 100 kPa. 

A Micromeritics-ASAP2050 was used to measure the adsorption isotherms of carbon 

dioxide (99.995%) and methane (99.995%) at high pressure up to 1000 kPa. 

 First, a sample was degassed on the same instrument by increasing the temperature 

at a heating rate of 10 K/min till 373 K to hold at this temperature for 2 h then 

increasing the temperature again at the same heating rate to 473K under vacuum (up 

to 0.4 kPa) to hold at these conditions for 8 h.  

Finally, an obtained net weight after degassing was used in the analysis at 273 K.   
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5.3 Results and discussion 

 

5.3.1 Topology Description  

XRD patterns of amino-Zr-MOFs are illustrated in Figure: 5.2. The profiles of the as-

synthesised amino-Zr-MOF and amino-Zr-MOF activated at 473 K were the same, 

similar to Zr-MOF pattern. However, the XRD of sample after activation at 573K 

was totally different. The XRD profile presented a broad peak at 2θ =7.5, and most 

peaks were disappeared suggesting amorphous structure due to the collapse of 

crystalline structure.  

 

 

 

Figure: 5.2 XRD Patterns for Amino-Zr-MOF before and after activation 

 

5.3.2 Morphological Description 

Figure 5.3 shows SEM photo of amino-Zr-MOF. As seen, amino-Zr-MOF presented 

as symmetrical crystals with triangular base-pyramid shape. 
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Figure: 5. 3 SEM Image for Amino-Zr-MOF, activated-473K 

 

5.3.3  Functional group determination 

FTIR spectra of amino-Zr-MOF as-synthesised and activated by methanol and 

heating at varying temperatures were found to have carboxyl functional group and 

amino functional group as well.  It was shown in Figure 5.4-(a) some peaks within 

the bands of 1400-1767 cm
-1

 which were referred to carboxylic functional groups 

(25); On as-synthesised material spectrum, carboxyl group from free aromatic 

carboxylic acid was observed at 1656 cm
-1

(26). It was removed after activation as 

shown on the spectra of materials after activation, which showed the removal of non-

coordinated BDC and DMF molecules from the pores. It was observed, on the 

spectra of as-synthesized and activated at 473K in Figure 5.4(a), the bands of 1430-

1533 cm
-1 

indicating the presence of amino-carboxylate compounds that were 

coordinated with zirconium metal centre by –CO2 asymmetrical stretching at the 

peaks in 1497 cm
-1

 and 1564 cm
-1

 as well as –CO2 symmetrical stretching at the 

peaks 1424 and 1385 cm
-1

(25, 27, 28). The amino-groups can obviously be 

recognised on the spectrum after activation. More specifically, from magnification 

part of the spectrum of as-synthesized amino-Zr-MOF, Figure 5.4 (b), two peaks 

with much low intensities appearing at 3466 and 3377 cm
-1

 were related to primary 

amines- NH2 on the organic linker. Low intensities of these peaks may be attributed 
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to the strong bonding between the amino groups on the coordinated acid with both of 

amino groups of free NH2-BDC inside the pores and bridging OH group on the metal 

centre(19, 29). Whereas, after activation, primary amines, -NH2 on the organic linker 

can be easily seen at 3394 and 3480 cm
-1

 while the bridging OH group can be seen at 

3675 cm
-1 

(28) as shown in magnification part on spectrum of activated material 

(Figure 5.4 (b)). It was observed that a small shifting in the position of amino-groups 

stretching on the spectra before and after the activation process. Explanation of this 

phenomenon may be that, amino group of organic linker was affected by moisture 

content from the surroundings and other functional groups inside the pores before 

activation. 

 

 

 

Figure: 5.4(a) - FTIR spectra for amino-Zr-MOF before and after activation 

(b)- magnification parts for amino-functional groups area in activated and 

unactivated amino-Zr-MOF 
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From the spectrum of amino-Zr-MOF after heating at 573 K, it was found that the 

intensities of peaks at 1564, 1497, 1424 and 1384 cm
-1

 were reduced. Also, the width 

of the band 1479-1785 cm
-1

 was reduced; this may be an indicator of the structure 

collapse because these peaks are related to coordinating of organic linkers with metal 

centres. It means this linkage was broken if heating over 573 K. 

 

5.3.4  Nitrogen Isotherm and Pore Size Distribution  

The nitrogen isotherms of activated amino-Zr-MOFs displays the difference in 

surface area and pore size distributions as presented in Figure 5.5 and Figure 5.6 

(a,b) respectively. It can be seen that amino-Zr-MOF activated at 473 K presented a 

highly developed microporous structure with much higher N2 adsorption than the 

sample after heating treatment at 573 K. The hysteresis in the isotherm was very 

distinct in the latter sample which may indicate the merge of small pores to large 

pores (mesopore) because in mesoporous materials, the movement of gas molecules 

can affect strongly by capillary condensation as well as attractive interaction between 

the gas molecules themselves(30). Also this hysteresis may be one of evidence to 

form random pore structure which can be enriched with many cavities to confine gas 

molecules and enhance the hysteresis (31). 

 

 

Figure: 5.5 Nitrogen adsorption/desorption for activated Amino-Zr-MOF at 

473K and 573K respectively 
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The mesopore size distribution of amino-Zr-MOF activated at 473 K showed two 

peaks centred at 1.5 and 3.3 nm, respectively. However, amino-Zr-MOF activated at 

573 K showed a shift of pore size to larger pore range. The two peaks were changed 

to 2.4 and 4.4 nm, respectively as shown in Figure 5.6 (a), while micropore was very 

limited with a very low volume as shown in Figure 5.6 (b) compared with activated 

material at 473 K.  

 

 

 

 

 

Figure: 5.6 Pore size distribution in (a) Mesopore and (b) Micropore structures 

 

The BET surface area of amino-Zr-MOF activated at 473 K was 1220 m
2
/g while the 

Langmuir surface area was 1395 m
2
/g. The average pore radius was 0.99 nm and the 

total pore volume was 0.611 cm
3
/g. The surface area of this sample is similar to the 

0

0.1

0.2

0.3

0.4

0 10 20 30 40 50

d
V

(l
o

g
r)

 (
cc

/g
) 

 

Pore Radius(nm) 

Activated-473K

Activated-573K

(a) 

0

0.05

0.1

0.15

0 0.5 1 1.5 2 2.5 3

C
u

m
u

la
ti

v
e 

v
o

lu
m

e 
(c

c
/g

) 

Pore Radius(nm) 

Activated-573K

Activated-473K

(b) 



Chapter 5                                                                                                          NH2-Zr-MOF 

 

104 
 

result reported by Zlotea et al. (32). However, the BET surface area of the sample 

activated at 573 K was significantly reduced to 180 m
2
/g, which reflects the 

destruction of porous structure. A comparison of amino-Zr-MOF with other MOFs 

shows that amino-Zr-MOF still has high porosity (Table 5.1). The above results 

suggested that activation of as-synthesised amino-Zr-MOF could be only done below 

573 K. It was found that above 573 K, the crystalline structure of amino-Zr-MOF 

could be destroyed to produce amorphous phase. 

 

Table 5.1: BET surface area of different amino functionalized metal organic 

frameworks.  

 

Sample SBET(m
2
/g) Reference 

MIL-125(Ti) 1130 (32) 

UiO-66(Zr)-NH2 1206(1280) (32) 

IRMOF-3 DEF 3683 (12) 

Amino-MIL-53(Al) 675 (12) 

Amino-MIL-101(Al) 2100 (33) 

Amino-Zr-MOF 1220 This work 
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5.3. 5 Thermal analyses  

 TGA profiles of amino-Zr-MOF can confirm that the structure of amino-Zr-MOF 

collapsed at heating higher than 573K, which means it has lower thermal stability 

than Zr-MOF as demonstrated in Figure 5.7. From Figure 5.8, there is a weight loss 

occurred at around 623 K on amino-Zr-MOF curve, which was not displayed on the 

Zr-MOF. This loss belongs to the presence of NH2 as functional groups inside the 

pores making new connection between the functional groups and oxygen of metal 

centre inside the pores. Meanwhile, the weight loss profile of amino-Zr-MOF treated 

at 473K showed two weight loss processes at 623 K – 823 K, suggesting the 

presence of the interconnection binding. By breaking this interconnection, the whole 

structure of amino-Zr-MOF collapsed and most pores were blocked. In a previous 

report, such a weight loss was not found (22), which may be due to using  a different 

activation process. In more details, it seems that non-coordinated BDC and DMF 

molecules consist of about 22 wt% while the coordinated and interconnected BDC 

represents by about 19 wt%. On the same figure, thermal analysis curve for the 

sample activated at 473 K shows the whole amount of non-coordinated materials was 

discarded from the pores at 550 K. On the other hand, the interconnection was 

impossible to be broken with the structure intact even it was observed from the curve 

for activated at 573 K that the coordinated BDC molecules are still linked.  

 

 

Figure: 5.7 Comparative view for thermal behaviour between amino-Zr-MOF 

and Zr-MOF  after activation 
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 Figure: 5.8 Thermal analysis for amino-Zr-MOF 

 

5.3.6 CO2 Adsorption  

 

5.3.6.1 Adsorption at 1 atm 

Figure 5.9 displays CO2 adsorption isotherms on amino-Zr-MOF at 273 K and 296 

K. Amino-Zr-MOF showed good adsorption of CO2 and the capacity depended on 

temperature. At 1 atm, 273 K, CO2 adsorption could reach 4.46 mmol/g, which is 

higher than that on Zr-MOF. This could be attributed to the presence of basic amino 

groups in porous structure. In addition, the adsorption of CO2 at 296 K was reduced 

and the capacity was determined as 2.85 mmol/g. Heat of adsorption was calculated 

using the Clausius-Clapeyron equation (Eq.3.1) and an average value from different 

CO2 coverage on amino-Zr-MOF was obtained as 29.4 kJ/mol. Table 5.2 presents the 

heat of CO2 adsorption on various amino-functionalised MOFs. The value of amino-

Zr-MOF is reasonable in comparison with other amino-functionalised MOFs (18). 

The relatively higher values of the heat of CO2 adsorption is due to amino groups 

which could create an electric field inside the pores against more polarisable 

adsorbates (34). 
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Table 5.2: Heat of CO2 adsorption on different amino-functionalised MOFs 

 

Sample CO2 Heat of 

adsorption(kJ/mol) 

Reference 

IRMOF-3 DEF 20 (12) 

Amino-MIL-53(Al) 38 (12) 

Amino-MIL- 

101(Al) 

28 (33) 

Amino-Zr-MOF 29.3 This work 

 

 

 

 

Figure: 5.9 Adsorption of CO2 on Amino-Zr-MOF at different temperatures 
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5.3.6.2 Adsorption at High Pressure and Selectivity 

It was known that the real capacity of adsorption on MOF cannot be gained at STP 

therefore adsorption capacity for CO2 on amino-Zr-MOF was obtained at high 

pressure up to 980 kPa at 273 K as shown in Figure 5.10.  Furthermore, CH4 

adsorption isotherm was also presented in Figure 5.11. As seen, CH4 and CO2 

adsorption increased with increasing pressure but CO2 adsorption was higher than 

CH4, especially at low pressure less than 200 kPa. The adsorption values were 9.04 

and 3.73 mmol/g for CO2 (980 kPa, 273 K) and CH4 (900 kPa, 273 K), respectively. 

This may be attributed to polar nature of gas molecules; CO2 has quadrupolar 

moment (–1.4 × 10
–35

 C m
2
) (35). In addition, amino-functional groups inside the 

pores creat basic environment with high affinity to adsorb acidic molecules such as 

CO2. Whereas, CH4 molecules are non-polar (36) and  known as a weak acid. 

The difference in adsorption capacities for CO2 and CH4 is very desirable in 

industrial application to increase the separation factor of CO2 over CH4.  The 

selectivity of CO2 to CH4 was obtained based on the ratio of the equilibrium 

adsorption at varying pressures and is shown in Figure 5.12. It is seen that the 

selectivity of CO2/CH4 on amino-Zr-MOF decreased with increasing pressure and it 

ranged from 4.5 to 2.35 over the range of pressure between 0.3 and 9 atm, 273K. 

This material may be selected as very good separator at pressure lower than 200 kPa. 

\ 

 

 

 Figure: 5.10 Adsorption of CO2 at high pressure 
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 Figure: 5.11 Adsorption of CH4 on Amino-Zr-MOF at high pressure 

 

 

 

Figure: 5.12 Selectivity of CO2 over CH4 for static adsorption 
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5.4 Conclusion   

 

This chapter shows modified synthesis procedure of amino-Zr-MOF and activation 

process by methanol treatment. The characterizations of this material were obtained 

and adsorption capacities at different temperature and pressure were measured as 

well. It was found that methanol is very affective solvent which can be used to 

enhance the surface area. Temperature is very important factor in activation 

procedure. Hence, porous structure of amino-Zr-MOF may be damaged with 

increasing temperature up to 573 K or more. Moreover, the whole structure was 

collapsed at 623 K; thermal stability lower than that of Zr-MOF.  

CO2 adsorption was investigated at STP and it was higher than that of Zr-MOF. CO2 

and CH4 adsorption capacities were acquired at high pressure and 273 K, showing 

affinity of this material to adsorb CO2 gas was stronger than CH4, therefore, this 

material can be selected as a screener to select CO2 over CH4 gas. The CO2/CH4 

selectivity decreased with increasing pressure.  
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Chapter Six: Effect of HNO3 Additives in the 

Synthesis of Zr-MOFs on Their Structure and 
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                             6 
Effect of HNO3 additives in the synthesis of Zr-MOFs on their 

structure and capacities of carbon dioxide adsorption  

 

Abstract  

In this chapter, we report synthesis of Zr-MOF with nitric acid as an additive in 

synthesis procedure. The modifications aimed to enhance the pore size by effects 

of nitric acid additive; also to check the functionality of product and compare 

them with NO2-Zr-MOF. The crystalline products were compared with Zr-MOF 

and Zr-MOF-NO2. It was found that all the XRD patterns of the materials were 

similar. Thermal analysis showed all samples with nitric acid additive started to 

decompose at temperature 773 K, same as Zr-MOF while Zr-MOF-NO2 was 

stable up to about 623 K. FTIR spectra showed no functional groups were formed 

as a result of adding nitric acid whereas nitro-functional group appeared on Zr-

MOF-NO2 spectrum. The BET surface area decreased with increased amount of 

additives and with existence of NO2 group. The pore size distribution was 

dramatically changed toward macropore in Zr-MOF-NO3-2 while the average 

pore size in NO3-modified samples and Zr-MOF-NO2 was higher than Zr-MOF. 

However, the crystal size reduced with increasing the amount of nitric acid 

additive. CO2 adsorption capacity at STP conditions decreased from 61.39 cc/g 

on Zr-MOF-NO3-1 to 57.90 cc/g on Zr-MOF-NO3-2, which was lower than that 

on Zr-MOF (79 cc/g). However, Zr-MOF-NO2 exposed acceptable adsorption 

capacity at the same conditions; it was 74.7 cc/g. Heat adsorption of carbon 

dioxide on Zr-MOF-NO3-1 and Zr-MOF-NO3-2 were 27 and 17.8 kJ/mol, 

respectively, while it was 37 kJ/mol on Zr-MOF-NO2. Zr-MOF-NO3-2 and Zr-

MOF-NO3-1 exposed higher CO2 adsorption at high pressure whereas Zr-MOF-

NO2 demonstrated a lower value; it was 8, 7.8, and 6 mmol g
-1

 at 849.6 kPa, 

respectively. Also, the selectivity of CO2 over CH4 was the biggest at Zr-MOF-

NO3-2; it ranged from 4.4 at low pressure (59 kPa) to 3.1 at 626 kPa. 
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6.1 Introduction 

 

Metal - containing nodes have been successfully exploited to determine the 

properties of final product (1). In addition, using multicarboxylate ligands was 

helpful to predict the extended networks (2). Therefore, metal organic 

frameworks have been increasingly used in different applications, such as 

separation (3), hydrogen storage (4), catalysts (5) and others (6). 

These materials can easily be developed to fit a selective application by 

understanding a mechanism of crystal growth via the synthesis process. This may 

help to controlling the characteristics of final product such as morphology, size, 

structure, and composition. Also presence and creation of crystal defects can be 

investigated and controlled. Process parameters have a prime role to determine 

the performance of crystallisation process, therefore, choice of the reagents 

should importantly be taken into account in the synthesis process (7). In addition, 

it was found that the solvent composition  can  have a great influence on the 

crystallisation kinetics in the synthesis process for many MOFs, this effect can 

enhance the solvation operation via the synthesis process (8). Furthermore, it was 

claimed in formation of zinc paddle wheel SBUs that the additives can affect the 

secondary building unit structure and consequently, the topology of MOF may be 

changed.  

Some additives can change the pH of reaction medium, the low pH can lead to 

form MOF linked through a single metal ion whereas the high pH can result in 

MOFs assembled via PW-4-zinc cluster(9). The MOF can be synthesised in a 

manner, strongly depended on the real reaction conditions, such as reaction time, 

temperature, solvent, co-solvent and basic additives (10). Some additives such as 

triethylamine (TEA) and H2O2 in limited concentration were used to improve the 

characteristics of MOF-5 to adsorb hydrogen gas. The H2O2 additive participated 

to enhance both of surface area and pore volume, resulting in  higher hydrogen 

storage capacity (11). Furthermore, nitric acid was used as an additive in a 

synthesis process of new zinc terephthalate metal organic frameworks including 

H2NEt2 ions occupied inside the pores as a result of additives (12).  
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Separation and purification have been researched; CO2 and CH4 were the most 

common gases selected. Zr-MOF (UiO-66) was synthesized (13, 14), modified 

and used in some applications as catalysts (15, 16). Recently, it was taken into 

account the effect of acetic acid, benzoic acid, and water on the synthesis of Zr-

MOFs to enhance their crystal sizes (17). In this chapter, Zr-MOF was prepared 

in two direct modification methods, the first was by increasing the synthesis 

medium acidity via using nitric acid as an additive and the second was by using a 

NO2-functionalised –organic linker. Most characteristics of the crystalline 

products were investigated. In addition, these materials were tested for carbon 

dioxide adsorption by a static volumetric method. Heat of adsorption for carbon 

dioxide was calculated. 

 

6.2 Experimental works 

 

 6.2.1 Chemicals 

Zirconium chloride (ZrCl4, 99%), 1, 4-Benzenedicarboxylic acid (BDC, 98.9%), 

2-Nitro-1, 4-Benzenedicarboxylic acid (NO2- BDC, ≥ 99%), Dimethylformamide 

(DMF, 99%), Nitric Acid (96%), Chloroform (Analysis grade, 99%) and 

Methanol (Analysis grade, 99%) were supplied from Sigma Aldrich, Scientific 

Perth and Thermo Fisher Scientific and used without further purification 

 

6.2.2 Synthesis and Activation Procedure 

 

6.2.2. 1 Zr-MOF-NO3-1 and -2  

Zr-MOF-NO3 was synthesized by the same procedure mentioned in Chapter 3 but 

with some modifications. Generally, 2.27 mmol of ZrCl4 was dissolved in 202.69 

mmol of DMF and 2.27 mmol of BDC was dissolved in 202.69 mmol of DMF 

separately, then 1.5 mmol of HNO3 (3 M) was added to the BDC solution was 

and mixed very well. After that, the two solutions were mixed together in a Parr 

PTFE-lined digestion vessel of 45 mL for around 30 min. Then, the autoclave 
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was tightly sealed and placed in a preheating oven at 393 K for 24 h. Finally, 

nano-scaled crystals were produced after vacuum filtration of the ending solution.  

To synthesize Zr-MOF-NO3-2, the same above procedure can be repeated by 

adding 4.2 mmol of HNO3 (3 M) in the BDC solution in the synthesis procedure. 

 Zr-MOF-NO3-1 and 2 were activated by immersing about 0.5 g from each of 

them separately inside 50 mL of chloroform for 5 d and then the product solution 

was filtered and dried under vacuum. Eventually, the white crystalline powder 

was heated at 463 K overnight. The dried product was heated again under 

vacuum at 473 K for 48 h. 

6.2.2. 2 Zr-MOF-NO2 

The Zr-MOF-NO2 was solvothermally synthesized at 393 K for 24 h according to 

the above procedure, but was modified and scaled up in a 125 mL Teflon-lined 

steel autoclave under autogenously pressure. More specifically, 6.26 mmol of 

ZrCl4 was mixed with 5.778 mmol of NO2-BDC in 1110.7 mmol (86 mL) of 

DMF, and then the starting solution was placed in an autoclave. The autoclave 

should be tightly closed and placed in the preheating oven at 393 K for one day. 

After that, the autoclave should be cooled enough till room temperature. Finally, 

very uniform crystals were produced by using vacuum filtration. 

Zr-MOF-NO2 was activated by immersing about 0.5 g of Zr-MOF-NO2 in 60 mL 

of methanol for 4 d, and then the solution was filtered and dried under vacuum. 

Finally the white crystalline powder was heated at 423K overnight. The dried 

powder was reheated under vacuum at 473K for 48 h. 

 

6.2.3 Characterizations 

 X-ray powder diffraction patterns were achieved by a XRD diffractometer 

(Diffractometer D8 Advance- Bruker aXS) with Cu Kα radiation (λ=1.5406 Å) to 

determine the topology and check the stability of the crystalline structure at low 

angle range of 2 = 5-70 with accelerating voltage and current of 40 kV and 40 

mA, respectively. 
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The morphological description of crystals and crystal size were done by A SEM 

instrument (Zeiss NEON 40 EsB CrossBeam) with maximum magnification 

power of 100 nm. 

 Functional groups on a crystalline structure or inside the pores were scanned and 

investigated by a Perkin-Elmer 100-FT-IR Spectrometer. Scans were done in the 

range from 650 to 4000 cm
-1

 with resolution of 4 cm
-1 

using Universal ATR-

Diamond/ZnSe as IR Accessory.  

The surface area, total pore volume, micropore area, average pore size, and pore 

size distribution can be measured and calculated on an Autosorb 1 

(Quantachrome) by A1Win software. Also, N2 adsorption/desorption isotherms at 

77 K can be determined. In more specifically, firstly, around 15 mg of the sample 

was degassed at 473 K under vacuum for 8 h. After that, the net weight was 

loaded into analysis port to measure nitrogen adsorption/desorption isotherm at 

77 K (Liquid Nitrogen).   

 Thermal stability was tested by a TGA instrument (TGA/DSC1 STAR
e
 system-

METTLER TOLEDO). In more detail, an alumina pan of 150 µL was filled by a 

sample of 16 mg, placed on sample disc and automatically transferred to settle on 

the sensitive balance. Then, in an atmosphere of 100% Argon (20 mL/min) it was 

heated at a rate of 10 K/min from 308 K to 1173 K.  

 

6.2.4 Adsorption study 

 

6.2.4.1 CO2 Adsorption at 1 atm 

A static volumetric method with an instrument from Micromeritics- (Gemini I-

2360) was used to measure the specific adsorbed volume of pure CO2 (99.995%) 

at 273 and 296 K at atmospheric pressure. The temperature was controlled to 

maintain the isothermal condition. 

Firstly, about 0.25 g of dried sample was weighed in the weighed tube and then 

degassed by heating in Vacprep 061 at 473 K under vacuum for 48 h.  After 

http://www.semtechsolutions.com/node/138/zeiss-neon-40-esb-crossbeam
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degassing, the net weight of the sample was recorded and the sample tube was 

moved to analysis port of Gemmini I-2360. 

 The Clausius-Claperyron equation (Eq.3.1) was used to determine heat of 

adsorption for carbon dioxide by using CO2 adsorption isotherm data at different 

temperatures. 

6.2.4.2 Adsorption at High Pressure 

The adsorption isotherms of pure carbon dioxide (99.995%) and pure methane 

(99.995%) at high pressure were measured by Micoromeritics- ASAP2050. The 

samples were degassed by increasing the temperature at a ramp of 10 K/min till 373 

K to hold at this temperature for 2 hrs then increasing the temperature again at the 

same rate  to 473K under vacuum (up to 0.4 kPa)  to hold at this condition for 8 hrs. 

Then an obtained net weigh was used in the analysis. All analyses were achieved at 

273 K.   

6.3 Results and discussion 

 

6.3.1. Structural stability 

From XRD patterns in Figure 6.1(a) it was observed that reflection intensity 

reduced with increasing nitric acid additives. That means the structural ordering 

of the NO3- modified materials decreases as the intensity decreases. However, the 

intensities of Zr-MOF-NO2 pattern were the lowest.  

 All the peaks seem to be overlapped for all samples; it is a good indication of 

maintaining the structure of Zr-MOF-NO3 and Zr-MOF-NO2 as the same as Zr-

MOF (Parent) even after adding different amounts of HNO3 in the synthesis 

process of Zr-MOF-NO3.   

Crystal sizes of all samples have been calculated based on the Scherrer 

equation(18). The crystal size decreased with increasing amount of additives.  

They are 508, 449.0, and 298.2 Å for Zr-MOF-Parent, Zr-MOF-NO3-1 and Zr-

MOF-NO3-2, respectively, while it is 378.0 Å for Zr-MOF-NO2.  

In addition, it was claimed that the pore size can be modified by some additives 

in direct synthesis and can be estimated from the atomic plane spacing (d) when it 
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is wider. The pore size is larger accompanying with disordered structure(19).  

Figure 6.1 (b) demonstrates atomic plane spacing of Zr-MOF-NO3, Zr-MOF-NO2 

in a comparative view with Zr-MOF-(Parent). 

 

 

 

Figure: 6.1 PXRD patterns for NO3-modified Zr-MOF samples 1, 2 and Zr-

MOF-NO2 compared with Zr-MOF-Parent (a) 2ϴ versus reflection intensity 

and (b) d-spacing versus reflection intensity 
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6.3.2 Morphological Description 

The morphological descriptions in Figure 6.2 (a) and (b) show obviously the 

difference in the crystal size in Zr-MOF-NO3 images, which reduced with 

increasing HNO3 additives in the direct synthesis process. In addition, the 

crystal shape seems to be cubic for both samples of Zr-MOF-NO3 which is 

similar to that of Zr-MOF while it seems triangular base-pyramid shape for 

Zr-MOF-NO2 as shown in Figure6.2(c). 

 

 

 

 

 

 

 

 

Figure: 6.2 SEM Images (a) Zr-MOF-NO3-1, (b) Zr-MOF-NO3-2, and (c) Zr-

MOF-NO2 
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6.3.3 Functional groups determination 

FTIR spectra in Figure 6.3 show that the free carboxylic acid (O═COH 

functional group) can be seen at band 1640-1670 cm
-1

 with a peak at 1656 

cm
-1

 (20, 21) on non-activated samples of Zr-MOF-NO3-2 and Zr-MOF-NO2. 

This band was removed after activation process on all the samples. Also, all 

the spectra of Zr-MOF-NO3 did not show nitro-functional group on the 

structure.  

However, asymmetrical stretching vibration of  functional group of NO2 at 

the peak of 1537 cm
-1

 and symmetrical stretching vibration of NO2 at 1391 

cm
-1

 appeared on Zr-MOF-NO2  (22-24).  

 

 

Figure: 6.3 FTIR spectra for Zr-MOF-NO3-1 and 2 as well as Zr-MOF-NO2 
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6.3.4 Nitrogen Adsorption and Pore Size Distribution 

Figure 6.4 shows nitrogen adsorption/desorption isotherms at 77 K on Zr-

MOF-NO3-1, Zr-MOF-NO3-2, and Zr-MOF-NO2. It was noted that both Zr-

MOF-NO3 isotherms and Zr-MOF-NO2 have a hysteresis. In contrast with 

Zr-MOF-Parent, adsorption and desorption isotherms were completely 

overlapped. This may prove the change in width of pores during 

modifications. Therefore, these samples had different behaviours to adsorb 

nitrogen gas depending on the ratio of micropores to mesopores.  

In addition, at low relative pressure (<0.05) in Figure 6.4 vertical parts in 

adsorption isotherm represent evidence to amount of micropore which 

increases with increasing the length of vertical lines. In this range only 

micropores might be filled and with increasing pressure higher mesopore 

might be filled as shown with low slope line in relative pressure range from 

0.05 till around 0.95. At relative pressure around unity the vertical line 

represents macropore region and this may be obviously seen just with Zr-

MOF-NO3-2.  

Table 6.1 shows the micropore percentage (MP%) was reduced from 89.8% 

for Zr-MOF-Parent to 65.7% for Zr-MOF-NO2 and the total pore volume 

increased to reach the highest value of 1.077 cc/g on Zr-MOF-NO3-2 and it 

was higher than Zr-MOF-Parent (0.654 cc/g) and Zr-MOF-NO2 (0.489 cc/g). 

Both Zr-MOF-NO3-1 and Zr-MOF-NO3-2 have the highest pore size, 18.94 

and 18.73 Å, respectively, while Figure 6.5 (A) shows that the micropore size 

was the lowest for Zr-MOF-NO3-2 and Zr-MOF-NO2, 6.2 Å and 7.1 Å 

respectively.  

Mesopore distribution for all samples was shown in Figure 6.5 (B). More 

specifically, mesopore size distribution has a different range depending on 

the geometry of the pores; it was ranged from 3.18 nm in Zr-MOF-NO3-1 to 

2.6 nm in Zr-MOF-NO3-2 with an indication of presence of macropore size 

as the accumulative volume increased on a wide range of pore radius more 

than 30 nm. Also, mesopore is in the range from 1.78 to 16.3 nm in Zr-MOF-

NO2.  
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The BET and Langmuir surface areas were calculated and the highest BET 

and Langmuir surface area were 1248 and 1407 m
2
/g for NO3-modified 

samples, respectively, which are lower than the surface areas of Zr-MOF-

(Parent). However, Zr-MOF-NO2 had a smaller BET and Langmuir surface 

area; they are 819, and 906 m
2
/g respectively.  

 

 

Figure: 6.4   Nitrogen Adsorption-Desorption isotherms 
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It can be believed that the lowest surface area in Zr-MOF-NO2 may be 

attributed to the presence of functional groups inside the pores, which can 

pull the structure toward centre of the pores because of their interaction with 

other functional group inside the pores. As a matter of the fact, the relation 

between the -NO2 functional (acidic group) groups and bridging -OH (basic 

group) group is strong enough to make bulky permanent interaction inside 

the pores (25). 

Table 6.1:  BET, Langmuir surface area and pore size distribution for 

 Zr-MOFs 

 

Zr-MOF 

Type 

 Zr- MOF’s Name 

BET  

Surface 

Area 

(m2/g) 

 

Langmuir   

Surface 

Area(m2/g) 

 

Average 

Pore 

Radius( Å) 

Total Pore 

Volume 

(cm3/g) 

  M P 

(%) 

 

Zr-MOF- 

Parent 

 

1434 

 

1563 

 

9.1 

 

0.654 

 

89.8% 

 

Zr-MOF-

NO3- 1 

 

 

1248 

 

 

1407 

 

 

18.9 

 

 

0.609 

 

 

79% 

 

 

Zr-MOF-

NO3-2 

 

 

1149 

 

 

1275 

 

 

18.7 

 

 

1.08 

 

 

75% 

 

 

Zr-MOF- 

NO2 

 

 

819 

 

 

906 

 

 

11.8 

 

0.489 

 

65.7% 
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Figure: 6.5 A- Micropore size distribution, B- Mesopore size distribution  
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6.3.5 Thermal Stability 

From Figure 6.6, it was found that Zr-MOF-NO3-1 and -2 behaved in a 

similar way to Zr-MOF-Parent under heating up to 900 ⁰C. It was observed 

that the amount of BDC and free DMF was 15% (Zr-MOF-NO3-1), 20% (Zr-

MOF-NO3-2), and 20% (Zr-MOF-NO2), which were interacted inside the 

pores by hydrogen bond and Van Der Waals forces depending on the 

conditions of a synthesis procedure. These amounts were reduced to 2%, 5%, 

and 0.5% for activated Zr-MOF-NO3-1, Zr-MOF-NO3-2, and Zr-MOF-NO2, 

respectively and efficiency of discarding relying on the performance of 

activation process.  

 

 

 

 

Figure: 6. 6 Thermal analysis for activated and not activated samples 
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According to TGA experiments the coordinated BDC or NO2-BDC 

percentages in activated samples (in above sequence) were calculated as 

about 26%, 26%, and 27% while the percentages of Zr6O6 were 57%, 55% 

and 44%. These percentages may be affected by the amount of moisture 

which usually can be adsorbed on the surface of materials.  

 All Zr- MOF-NO3 started to decompose at around 753 K similar to Zr-MOF 

(13), it means the HNO3 additives within this range did not affect the thermal 

stability of Zr-MOF-NO3 and the structure was destroyed as a result of 

disconnecting BDC-linkers from the structure by increasing the temperature 

up to 823 K. However, Zr-MOF-NO2 was thermally stable till 593 K when 

interconnection was broken; the whole structure may collapse at about 823K.  

 

6.3. 6 Adsorption Study 

 

6.3.6.1 Carbon Dioxide Adsorption at STP 

Figure 6.7 shows CO2 adsorption capacity at 1 atm and different temperatures 

on (a) Zr-MOF-NO3-1, (b) Zr-MOF-NO3-2 and (c) Zr-MOF-NO2. The 

adsorption capacities reduced when the temperature was increased. Also, it 

was found that affinity of carbon dioxide to adsorb on NO3-modified 

materials was reduced with increasing the amount of additives. 

 On the other hand, Zr-MOF-NO2 displayed an acceptable adsorption 

capacity compared with Zr-MOF-Parent. Volumetric amount of carbon 

dioxide adsorption on Zr-MOF-NO2 was 74.7 cc/g while Zr-MOF-NO3-1 and 

Zr-MOF-NO3-2 had 61.3 and 57.9 cc/g, respectively. Furthermore, the 

decreasing carbon dioxide adsorption with increasing the amount of additives 

may be related to the change of pore geometrical properties, and reduced 

surface area. It was proved that the smallest micropore might be filled at STP 

while the  mesopore and macropore  might be filled  at  high pressure (26), 

therefore the adsorption capacity of Zr-MOF-NO3-1 was higher than Zr-

MOF-NO3-2 at STP.  
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Figure: 6.7 Carbon dioxide adsorption  on (a)Zr-MOF-NO3-1,(b) Zr-MOF-

NO3-2, and (c) Zr-MOF-NO2 at 1atm and different temperatures 

 

0

10

20

30

40

50

60

70

0 200 400 600 800

C
O

2
 A

d
so

rp
ti

o
n

(c
c/

g
) 

Pressure(mmHg) 

Zr-MOF-NO3-1 at 273K

Zr-MOF-NO3-1 at296K

(a) 

0

10

20

30

40

50

60

70

0 200 400 600 800

C
O

2
 A

d
so

rp
ti

o
n

(c
c/

g
) 

Pressure(mmHg) 

Zr-MOF-NO3-2 at 273K

Zr-MOF-NO3 at 296K

(b) 

0

10

20

30

40

50

60

70

80

0 200 400 600 800

C
O

2
 A

d
so

rp
ti

o
n

(c
c/

g
) 

Pressure (mmHg) 

Zr-MOF-NO2 at 273K

Zr-MOF-NO2 at296K

(c) 



Chapter 6       NO3 & NO2-Zr-MOF 

129 
 

It is worthy to mention, the affinity of Zr-MOF-NO2 toward carbon dioxide 

capture at STP was approximately similar to Zr-MOF-Parent with slight 

differences in adsorption capacity, although surface area of Zr-MOF-NO2 

was smaller. That may be caused by the presence of NO2-functional group 

(acidic group) which is not reliable to be a major binding group on the 

structure directly interacting with CO2. The effect of NO2 functional group 

inside the pores can be explained; availability of NO2-functional group on 

organic linkers in metal organic frameworks may lead to increase in the 

polarity of the organic linker by changing the charge distribution and that 

may enhance CO2 adsorption (27, 28).  

Isosteric heat of adsorption of CO2 in Figure 6.8 was calculated by the 

Clausius-Claperyron equation (Eq.3.1) from isotherms that measured at 273 

and 296K for Zr-MOF-NO3-1, Zr-MOF-NO3-2, and Zr-MOf-NO2 as shown 

in Figure 6.7.  

The heat of adsorption was lower for Zr-MOF-NO3-1 and Zr-MOF-NO3-2 

than Zr-MOF-NO2; it was 27, 17.8, and 37 kJ/mol, respectively. The heat 

adsorption of CO2 on Zr-MOF-NO3-2 is the lowest amongst Zr-MOFs. That 

may be attributed to its largest pore volume as explained in Chapter 4. On the 

other hand, it is the largest on Zr-MOF-NO2 which may be because of 

influence of NO2-functional group.  

From Figure 6.8, it can be obviously noted on Zr-MOF-NO2 that the first 

layer of coverage on uniform surface was made first at low pressure when the 

heat of adsorption reaches a maximum value then other layers were created 

with low heat of adsorption.  

In addition, the variation in the heat of adsorption with increasing the surface 

coverage was very small in all the samples and it was the smallest in the case 

of Zr-MOF-NO3-2 and the largest in Zr-MOF-NO2.  

That may indicate  a very good evidence for a low heterogeneity of  

adsorption system (29) for all samples and specially in NO3-modified Zr-

MOF. That can contribute to facile regeneration process in approximately 

uniform rate. 
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Figure: 6.8 Variation of isosteric heat of adsorption with carbon dioxide 

coverage  

 

6.3.6.2 Adsorption at High Pressure 

 

6.3.6.2.1 CO2 Adsorption 

 

Figure 6.9 shows that the adsorption behaviours of NO3 and NO2 modified 

Zr-MOFs are different at high pressure from that at 1atm. CO2 adsorption on 

Zr-MOF-NO3-2 was the highest and the one on Zr-MOF-NO2 was the lowest 

at pressure up to 849 kPa; they are 7.82 and 6 mmol g
-1

, respectively. In 

addition, it seems that the enlargement of pore can affect the adsorption 

capacity at higher pressure as discussed in Chapter four, therefore the 

adsorption of CO2 on Zr-MOF-NO3-1 increased above that on  Zr-MOF-

(Parent) when the pressure increased over 224.5 kPa. Also, CO2 adsorption 

on Zr-MOF-NO3-2 was higher than Zr-MOF-(Parent) as the pressure jumped 

over 358.5 kPa. In Zr-MOF-NO3-2 and Zr-MOF-NO3-1, the maximum values 

0

10

20

30

40

50

60

0 10 20 30 40 50 60

C
O

2
 H

ea
t 

o
f 

A
d

so
rp

ti
o

n
 

Coverage(cc/g) 

Zr-MOF-NO2

Zr-MOF-NO3-1

Zr-MOF-NO3-2



Chapter 6       NO3 & NO2-Zr-MOF 

131 
 

were 8 and 7.8 mmol g
-1

 at 849.6 kPa respectively while it was 7.5 mmol g
-1

 

at 842.3 kPa.  

 

 

Figure 6.9 Adsorption of CO2 at high pressure and 273K on Various Zr-MOFs. 

 

6.3.6.2.2 CH4 Adsorption and Selectivity 

CH4 adsorption was reduced when the amount of HNO3-additives increased 

as shown in Figure 6.10. It was obviously seen that Zr-MOF-NO3-1 and Zr-

MOF-NO3-2 exposed adsorption capacity of 3.45, and 3 mmol g
-1

 

respectively. Zr-MOF-NO2 displayed higher CH4 adsorption capacity at 

pressure up to 271 kPa. When the pressure increased higher, the adsorption 

was less than Zr-MOF-NO3-1 but it was higher than Zr-MOF-NO3-2. The 

maximum CH4 adsorption at Zr-MOF-NO2 was 2.83 mmol g
-1
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Consequently, the enlargement in pore and surface area was not important 

factor in CH4 adsorption which may decrease with increasing the amount of 

additives. 

 

 

Figure 6.10 Adsorption of CH4 on Zr-MOF-NO2 and NO3-modified Zr-MOFs 

at high pressure and 273K  

  

The selectivity of CO2 from its mixture with CH4 is improved, better than Zr-

MOF-(Parent) in all samples, especially, in HNO3-modified samples.  As 
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0

0.5

1

1.5

2

2.5

3

3.5

4

0 100 200 300 400 500 600 700 800 900

C
H

4
 A

d
so

rp
ti

o
n

(m
m

o
l/

g
) 

Absolute pressure (Kpa) 

Zr-MOF-NO3-1

Zr-MOF-NO2

Zr-MOF-NO3-2



Chapter 6       NO3 & NO2-Zr-MOF 

133 
 

selectivity was 4.4, 4.2, and 4 respectively at 57kPa. It is worthy to notice 

that, the selectivity of Zr-MOF-NO3-2 is the highest over the wide range of 

pressure; it is 3.11 at 626 kPa while it is 2.4 and 2.26 at Zr-MOF-NO3-1 and 

Zr-MOF-NO2, respectively. 

 

 

Figure 6.11 Selectivity of CO2 over CH4 on various Zr-MOFs. 

 

6.4 Conclusion 

 

This chapter focused on the effect of direct modification of Zr-MOF within 
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was by adding HNO3 as an additive in the synthesis process. All the 

synthesized samples had the same topology as that of Zr-MOF-Parent. Zr-

MOF-NO2 had NO2- functional group inside the pores and none of NO3-

modified samples had extra functional group.  In addition, they had the 

similar thermal stability. However, Zr-MOF-NO2 had lower thermal stability 

than others. This modification made a change in the pore size distribution as 

well as crystal size. Specifically, crystal size reduced with increasing the 

amount of additives.  

The CO2 adsorption capacity for HNO3-modified samples (Zr-MOF-NO3-1 

and Zr-MOF-NO3-2) reduced with increasing the additives which was lower 

than that of Zr-MOF-Parent. The CO2 adsorption capacity on Zr-MOF-NO2 

was acceptable. However, the heat of CO2 adsorption decreased in HNO3-

modified samples, lower than Zr-MOF-Parent and increased in NO2-

functionalised sample. The relation between the carbon dioxide coverage and 

heat of adsorption referred to homogeneity of adsorption system.  The CO2 

adsorption at high pressure was affected by pore size in HNO3-modified 

samples, Zr-MOF-NO3-2 and Zr-MOF-NO3-1 had the highest values. 

However, Zr-MOF-NO2 exposed lower CO2 adsorption. The largest 

selectivity of CO2 over CH4 was shown for Zr-MOF-NO3 samples. 
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CO2 adsorption on MIL-53, MIL-96, and amino-MIL-53 MOFs 

 

Abstract 

 

In this chapter, MIL-53, MIL-96 and amino-MIL-53 were prepared, characterized 

and tested in CO2 adsorption. These MOFs exposed different characteristics but 

MIL-53 and amino-MIL-53 have the same topology. BET surface areas were 1519, 

687, and 262 m
2
/g   for MIL-53, MIL-96, and amino-MIL-53, respectively. Also they 

expose different thermal stability; MIL-53 has the highest stability which 

decomposed at 773 K. However, amino-MIL-53 and MIL-96 show the lower thermal 

stability, decomposing after heating up to 650 and 570 K, respectively.   

MIL-53 shows CO2 adsorption capacity at 56 and 64 cc/g at 296 and 273K, 

respectively. CO2 heat of adsorption on MIL-53 was found to be 39 kJ/mol. MIL-96 

exhibits CO2 adsorption capacity of 124 cc/g at standard conditions while the heat of 

adsorption is 28.6 kJ/mol. Amino-MIL-53 has CO2 adsorption capacity at standard 

conditions of 48 cc/g, while the heat of adsorption is 28 kJ/mol.  

Dynamic adsorption (working capacity) presents the biggest value on MIL-53, giving 

169 cc/g at 1 bar and room temperature (304 K). Amino-MIL-53 shows dynamic 

adsorption capacity of 128 cc/g at the same conditions. However, MIL-96 

demonstrates dynamic adsorption of 89 cc/g at 1 bar and 298K. On the other hand, 

some of Zr-MOFs, Zr-MOF, Zr-MOF-NH2, and Zr-MOF-NO2 which were used at 1 

bar as comparative samples displays of 48, 86, and 128 cc/g, at 304, 304, and 291K, 

respectively. It seems that MIL-53, Zr-MOF-NO2, and amino-MIL-53 present higher 

working capacity, due to their larger pore size. 
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7.1 Introduction 

 

There is a strong relationship between the adsorption of CO2 and structure or 

chemical composition of metal organic frameworks. Several metal salts were used to 

synthesize many MOFs and their isoreticular such as Zn
+2

(1), Zr
+4

(2) and Al
+3

. 

Trivalent metals M
+3

(Al
3+

, Cr
+3

, Fe
+3

, V
+3

) have been used in preparation MIL-n, 

which was built from infinite chain of corner sharing M4(OH) 2 octahedra. These may 

be classified to different structures relying on the type of linkers or metals such as 

MIL-53 (3-5), MIL-96 (6), MIL-100 (7), MIL-101 and MIL-47 (8).   

MIL-53 intrinsically has suffered from a reversible structural transition from open to 

close when the temperature is changed, without the assistance of the guest molecules. 

As a result, this material has demonstrated unprecedented large temperature 

hysteresis (9). It was claimed that using of benzenetricarboxylic acid, it is possible to 

synthesize non-interpenetrating Zn-MOFs with enhanced thermal stability and 

rigidity, which belongs to the properties of BTC such as triple–bidentate 

functionality(10). However, Al-BTC metal organic framework (MIL-96) has lower 

thermal stability  than MIL-53 (6).    

The breathing phenomenon of MIL-53 may happen with changing the pressure. 

More specifically, the pores of this material can expand and open with increased 

pressure and can close with reduced pressure of a gas (11). Also this phenomenon 

can be seen upon dehydration when water is rapidly removed upon heating to give a 

structure with the more open porosity (12, 13).  

There are two types of adsorption process (14); the first is static adsorption which 

can occurred under static conditions, that can be obtained from adsorption/desorption 

isotherms (15, 16), the second is dynamic adsorption which is usually used in 

industrial applications and it can be achieved by breakthrough experiment through  a 

fixed bed column (17). 

Fixed bed dynamic adsorption is a current gas separation facility  which may  use 

selective adsorbents (18) such as zeolites (19) and activated carbon (20) for capture 

of carbon dioxide. Metal organic frameworks recently emerge with incredible 

characteristics including high surface area, pore volume and high capacity for CO2 

(21). 
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The choice of a suitable adsorbent is very important which should be considered in 

designing an adsorption process because the capture of carbon dioxide by this 

process is primly depended on  the affinity of this gas with an adsorbent (22).  Two 

mechanisms  can  achieve this adsorptive separation  in PSA; the first is equilibrium 

effect  which can be obtained from various affinity of gases with the adsorbent  and 

the second is kinetic effect which can be produced  as a result of presence of 

different diffusion rates for gases in the mixture (23). Moreover, adsorption-based 

separation methods are influenced by the variance in adsorption equilibrium, 

diffusion rates of diverse molecules or size segregation of components  depending on 

adsorbent pore sizes, therefore the preeminent adsorbent for the application is 

specified by its capacity or by changes in inter-particle diffusivities in the working 

temperature and pressure range (24, 25). 

MIL-53(Al) has been used as an adsorbent for separating CO2 from methane (CH4), 

depending on the strong relationship between CO2 molecules and oxygen of the 

corner sharing hydroxyl groups of the MIL-53(3). Amino-group was expected to 

enhance carbon dioxide adsorption on amino functionalized zeolites (26), however,  

CO2 adsorption on amino-MIL-53 was reduced but this material  has gained a high 

ability to separate carbon dioxide from a gas mixture including carbon dioxide, 

methane and nitrogen at high pressure (27, 28). In this chapter, MIL-53, MIL-96, and 

amino-MIL-53 were synthesized and characterized. Also, adsorption capacities were 

obtained at standard pressure and different temperatures. Breakthrough experiments 

were done in comparison with Zr-MOFs materials which were discussed in previous 

chapters such Zr-MOF, amino-Zr-MOF and nitro-Zr-MOF. 

 

7.2 Experimental Work 

 

7.2.1 Chemicals 

 All chemicals including benzene-1, 3, 5-tricarboxylic acid (BTC, 98.9%), 

aminoterephthalicacid (amino-BDC, 99%), benzene-1, 4-dicarboxylic acid (BDC, 

98%), dimethylformamide (DMF), and aluminium nitrate nonahydrate 

(Al(NO3)3.9H2O, 98%) were purchased from Sigma-Aldrich and used without further 



140 
 

purification. Deionized water was prepared by Ibis-Technology-Ultrapure water 

device at Curtin University. 

 

7.2.2 Synthesis Process 

 

7.2.2.1 Amino-MIL-53 Synthesis 

Amino-MIL-53 was synthesized according to a previously reported procedure (29) 

by scaling up around three times. Typically, 5.82 mmol of Al(NO3)3.9H2O were 

dissolved in 41.5 mL of DMF, and 8.66 mmol of amino-BDC were dissolved in 41.5 

mL of  DMF. After very well mixing the two parts were mixed together inside a 

Teflon container, and then, placed in an autoclave of 125 mL.  The sealed autoclave 

was placed in a preheating oven at 423 K for three days. After that, the autoclave was 

left to cool down to room temperature, then the product solution was filtered under 

vacuum to collect a yellow solid of amino-MIL-53, which was crushed to get a fine 

yellow powder. 

Amino-MIL-53 was activated by immersing in methanol for 5 days then heated at 

473K under vacuum for 3 days to remove non-coordinated reactants and solvents. 

 

7.2.2.2 MIL-53(Al) 

 
MIL-53 (-Al) was synthesized under hydrothermal conditions using one of previous 

procedures(12), however, at  a scale-up of 5.5 times. 19.69 mmol of Al (NO3)3.9H2O, 

9.42 mmol of BDC and 29.93 mL of deionised water were mixed together inside a 

Teflon container and then placed into an autoclave which was tightly sealed. The 

autoclave was heated at 493K into a preheating oven for three days.  Finally, the 

white powder was obtained after vacuum filtration. 

MIL-53(Al) was activated by a solvothermal treatment using DMF (30); 0.5 g of 

MIL-53 was suspended in 12 mL of DMF and then placed inside an autoclave of 23 

mL.  The tightly closed autoclave was heated at 423 K for one day. Eventually, the 

product was filtered, dried and heated under vacuum at 473 K for 4 days. 
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7.2.2.3 MIL-96(Al)  

MIL-96(Al) was synthesized according to the following typical procedure; 19.83 

mmol  of Al(NO3)3.9H2O, 4.23 mmol of benzene-1,3,5-tricarboxylic acid (BTC)  and 

26.93 mL of deionised water were mixed altogether inside a 125 mL Teflon 

container for around 40 min, and then placed into an autoclave. The tightly sealed 

autoclave was heated at 493 K in a preheating oven for 2 days.  After vacuum 

filtration, a greenish white crystalline product was collected and washed several 

times with deionized water and further dried at 373 K. 

MIL-96(Al) was activated by immersing the dried product into methanol for 5 days 

and then solvothermally treated with methanol 48 hrs at 403 K. Then, the final 

product was dried under vacuum at room temperature and then heated under vacuum 

at 493 K for 6 days. The procedures of synthesis and activation of MIL-96 were not 

used before.  

 

7.2.3 Characterizations 

XRD patterns of materials were determined by the PXRD instrument 

(Diffractometer-D8-Advance BrukeraXS) using Cu Kα1 radiation (λ=1.5406A) over 

the range of 2θ from 5 to 70°.  

Morphologies of the crystals were described by SEM with high resolution (Zeiss 

NEON 40 EsBCrossBeam) and high magnification power. 

FTIR spectra were investigated by a Perkin-Elmer instrument (100-FT-IR-

Spectrometer) over the range of wavenumber from 650 till 4000 cm
-1

. 

BET, Langmuir surface areas, pore size distribution and pore volume were measured 

by nitrogen adsorption/desorption isotherms, in liquid nitrogen (77 K) on a 

Quantachrome instrument /Autosorb-1 using AS1Win software.  

Thermal stability of these MOFs was checked by TGA experiments in Argon 

atmosphere with a heating rate of 10 
°
C/min using a TGA/DSC1 STARe system 

(METTLER-TOLEDO). A sample of 15 mg was loaded in an alumina pan, and then 

placed in sample disc to be automatically moved inside TGA and settled on a 

sensitive balance. Finally, the weight loss was measured in the temperature range 

from 308K till 1173K. 

 

 

http://www.semtechsolutions.com/node/138/zeiss-neon-40-esb-crossbeam
http://www.semtechsolutions.com/node/138/zeiss-neon-40-esb-crossbeam


142 
 

7.2.4 Adsorption Study 

 

7.2.4.1 Static adsorption 

 A static volumetric technique with an apparatus from Micromeritics(Gemini I-2360) 

was used to measure the adsorption isotherm of pure CO2 (99.995%) at different 

temperatures at low pressure up to 760 mmHg. About 0.15 g of a sample was firstly 

loaded in a sample tube and then degassed by Vacprep 061 at 473 K under vacuum 

for 6 hrs. 

 After degassing process, analysis was carried out on the Gemini I-2360. The above 

procedure was applied for all activated samples (Amino-MIL-53, MIL-53(Al), and 

MIL-96(Al)). 

A heat of CO2 adsorption was calculated using the Clausius-Claperyron equation 

(Eq.3.1) based on isotherm data measured at different temperatures. 

 

7.2.4.2 Dynamic Adsorption 

Breakthrough experiments were done in a set up as described in Fig.7.1. A stainless 

steel column of 4 mm (ID) and 15 cm (length) was packed by powders of a material 

to fill around 14 cm of the column. Quartz wool was used as stopper at the ends of 

the tube to avoid suspending of packed material inside the tube.  

The total flow rate of gases (N2 (99%), CO2 (99%) passing during the column was 20 

mL/min at 20% of CO2. The flow rate was controlled by calibrated mass flow 

controllers (GFC-CO2 and GFC-N2, AALBORG). A long tube before the column 

was twisted in a spring shape to achieve perfect mixing.  

A heating tape (Heating Tape HT95502 Earthed 25mm Wide 60cm Long 100W- 

230V A.C) was turned around the packed bed to dehydrate and regenerated a 

material before running an experiment.  

A gas chromatograph instrument (GC-17A, Shimadzu) uses a TCD detector to 

analyse the gases in effluent after flowing via the column or during the bypass line.  

More specifically, MIL-96(0.57 g), MIL-53(0.572 g), amino-MIL-53 (0.593 g), Zr-

MOF (0.62 g), Zr-MOF-NO2 (0.565 g) and Zr-MOF-NH2 (0.7 g) were packed into 

the adsorption column separately, and then dried by heating at 423 K overnight. 

Next, N2 and CO2 gas mixture was passing through the packed column then through 

calibrated GC to investigate CO2 content in effluent.  
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The breakthrough of MIL-53, amino-MIL-53, Zr-MOF, and Zr-MOF-NO2 was done 

at 304 K while of Zr-MOF-NH2 and MIL-96 was achieved at 291 and 298K 

respectively. The gas was pressurized to the system at 100kPa. 

Zr-MOFs were synthesized, characterized and tested for static adsorption in previous 

chapters and used in this chapter as comparative samples in dynamic adsorption.  

Working capacity can be calculated by using breakthrough data. Breakthrough time 

can be determined by numerically integrating for experimental breakthrough data 

according to the following equation (31); 

 
  ∫    

 

  
   

 

 
                                                             7-1 

 Carbon dioxide capacity (loading) was calculated depending on the dynamic mass 

balance during the column bed which can be represented by the following equation 

(32); 

   

             

    
 

             
    

  
                            7-2 

Where the porosity (ЄT) can be estimated by the following equation; 

ЄT=1-(ρb/ρp)                                                               7-3 

ρb; Bulk density(which can easily be measured) 

ρp;  Average particle density (2.65gcc
-1

) (33) 

 

 

 

 

 

 

 

 

 

Figure: 7.1 Schematic diagram of fixed-bed adsorption experiments 

 

 

Figure: 7.1 Schematic diagram of fixed-bed adsorption experiments 

 

   One way  
valve     

N2

MFC

MFC

CO2

Packed Bed 

Column

One way 

valve

One way 
valve

Bypass 

Line

      Two Way 
Valve

GC

Vent



144 
 

7.3 Results and Discussion  

 

7.3.1 Structural Stability 

XRD patterns of Al-MOFs are presented in Figure7.2. It seems that the pattern of 

amino-MIL-53 is similar to that of MIL-53 with a reduction in intensity of the peaks. 

Also, it can be observed that there are two very small peaks on the pattern of amino-

MIL-53(2θ=10,15.3), which are not displayed on the pattern of MIL-53. It can be 

attributed to the presence few amount of free amino-BDC inside the pores which 

may lead to the small shifting in the peaks of amino-MIL-53.  

The pattern of MIL-96  has a different structure than MIL-53 compounds with owing 

the narrowest peaks whereas amino-MIL-53 has the broadest peaks. That can be a 

prime sign to different crystal sizes where amino-MIL-53 had the smallest crystals 

and MIL-96 had the biggest crystals. 

  

 

Figure: 7.2 XRD pattern of activated samples of MIL-53(Al), MIL-96(Al), and 

amino-MIL-53(Al) 

7.3.2 Morphological Description 

Morphological images of these materials are described in Figure 7.3. The average 

size of MIL-53, MIL-96 and amino-MIL-53 was 4, 5 and 0.35 µm, respectively. 
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Figure: 7.3 SEM Images of (a) MIL-53, (b) MIL-96, and (c) Amino-MIL-53 

 

7.3.3 Functional Groups Determination 

These materials show different infrared spectra as seen in Figure 7.4. Activated MIL-

53 spectrum demonstrates very good evidences for coordination of BDC linkers with 

Al-metal centres when -CO2 asymmetric stretching appears at 1574 and 1505 cm
-1

 

(a) 

(b) 

(c) 
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while -CO2 symmetrical stretching at 1443 and 1397 cm
-1

(34). Also, -CO2 stretching 

at the band of 1730-1650 cm
-1

 relating to free BDC inside the pores is completely 

disappeared after activation as proved by TGA. A bridging hydroxyl group was 

displayed at 1630 (12) and 3607 cm
-1

 as well.  

Spectrum of amino-MIL-53 in Fig.7.4 demonstrates primary amino groups at 3387 

and 3497 cm
-1

. The perfect coordination process is demonstrated by the existence of 

-CO2 asymmetric stretching at 1565 and 1494 cm
-1

, in addition, -CO2 symmetric 

stretching is observed at 1440 and 1389 cm
-1

. Moreover, bridging hydroxyl groups 

are appearing at 1619 and 3631 cm
-1

. Also, it is observed the peak of 1688 cm
-1

 

showing that the activation of this material by immersing in methanol cannot discard 

all molecules of free BDC from the pores because a few amount of BDC was 

encapsulated and it is impossible to be removed by activation process.  

 

 

 Figure: 7.4 FTIR spectra of amino-MIL-53, MIL-96(Al), and MIL-53(Al) 
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claimed that the spectrum of MIL-96 was deprotonated completely (100%); 

therefore, the peak of free acid was absent. However, we believe, the reduction in the 

width of this peak was an indicator of the presence of these molecules inside the 

pores. Spectrum of MIL-96 after activation shows the coordination process is perfect 

as proved by the presence of –CO2 asymmetrical stretching at 1597 cm
-1

 while –CO2 

symmetrical stretching was shown at 1457 and 1396 cm
-1

. Bridging hydroxyl group 

is observed at 1632 cm
-1

.     

 

7.3. 4 Nitrogen Adsorption and pore size distribution 

The BET and Langmuir surface areas of MIL-53(Al) were 1519 and 1863 m
2
/g, 

respectively, higher than the previously published values (12). Figure 7.5 (a) shows 

that the adsorption and desorption curves seem almost in overlapping , consequently, 

this material has a majority in micropore and the micropore radius is estimated at 

0.46 nm as displayed in Figure 7.5 (b). Also, the mesopore is available and it can be 

filled at relative high pressure. Furthermore, mesopores are distributed in multiple 

pore size from 1.5 to 4.5 nm as pore radius but the most dominated pore radius is 3.2 

and 1.6 nm as shown in Figure 7.5 (c). The total pore volume and the average pore 

size are 0.778 cc/g and 1.02 nm, respectively. 

MIL-96 has the BET and Langmuir surface areas of 687 and 800 m
2
/g, 

respectively; lower than the values of MIL-53. Figure 7.6 (a) demonstrates that 

the adsorption and desorption isotherms are not completely overlapped. Hence, 

both micropore and mesopore structures are present in this material.  Also it 

seems that desorption isotherm has positive deviation with deceasing the relative 

pressure at two locations at relative pressure 0.508- 0.549 and 0.78- 0.824, which 

may indicate the presence further captured gas molecules inside the pores more 

than usual at these specified pressure ranges. The measured value of pore radius 

in micropore structure is 0.46 nm as shown in Figure 7.6 (b); it is similar to MIL-

53. The MIL-96(Al) has a limited hysteresis which is a consequent of mesopore 

structure by capillary condensation. Mesopore distribution is shown in Figure 

7.6(c) giving pore radius of 1.6 and 2.7 nm.  The total pore volume and average 

pore radius are 0.335 cc/g and 0.97 nm, respectively. 

Fig.7.7 shows N2 adsorption isotherms and pore size distributions of amino-MIL-53. 

The BET and Langmuir surface areas are 262 and 591 m
2
/g, respectively. They are 

lower than the values previously reported (30). Figure 7.7 (a) displays the adsorption 
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and desorption isotherm with a high hysteresis. Also, it is seen that, the micropore 

line approached to zero, that means the micropore structure was approximately 

absent in this material as displayed in Figure 7.7 (b) where the smallest pore radius is 

1.2 nm. Fig.7.7 (c) shows that mesopores distribute in a wide range including 1.8, 

3.5, 4.7, 9.9 nm and increase toward the macropore range while the dominated radius 

is 1.8 nm.  The average pore size over the whole pore size distribution is 9.9 nm 

while the total pore volume is 1.31 cc/g. The bulk density of each sample in this 

chapter was measured in the laboratory; it was 0.45, 0.4, 0.5, 0.6, 0.55, 0.5 g cc
-1

 for 

MIL-53, amino-MIL-53, MIL-96, Zr-MOF, amino-Zr-MOF, and nitro-Zr-MOF 

respectively. 

 

 

 

 

 

Figure: 7.5 (a) Adsorption/Desorption Nitrogen isotherms (b) Micropore distribution 

and (c) Mesopore distribution in MIL-53(Al) 
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Figure: 7. 6 (a) Adsorption/Desorption Nitrogen isotherms, (b) Micropore distribution 

and (c) mesopore distribution in MIL-96(Al) 
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Figure: 7.7 (a) Adsorption/Desorption Nitrogen isotherms, (b) Micropore distribution 

and (c) mesopore distribution in Amino-MIL-53 
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free from any interconnection. TGA profile(a) (Figure 7.8) is similar to what was 

previously published (12).  

TGA profile (Figure 7.8 (b)) of MIL-96 shows MIL-96 starts to decompose when the 

temperature upsurges over 570 K and it may completely decompose at about 920 K. 

It is seen from this profile that this material has some interconnection inside the 

pores because of presence of three hydroxyl groups on non-coordinated benzene-1, 3, 

5-tricarboxylic acid inside the pores. It can be believed that if these functional groups 

interact by hydrogen bond with other groups in three directions they may produce 

stiff bulk inside the pores. Hence, MIL-96 may collapse as this bulk is removed.  

TGA profile in Figure 7.8(c) shows that amino-MIL-53 begins to decompose at 

around 650K and the whole structure may transfer to amorphous form of aluminium 

oxide at around 880K. 

 
 

 

 

Figure: 7.8 Thermal analysis of (a) MIL-53, (b) MIL-96, and (c) Amino-MIL-53 

 

40%

50%

60%

70%

80%

90%

100%

300 400 500 600 700 800 900 1000 1100 1200R
em

a
in

in
g

 w
ei

g
h

t 
%

 

Temperature(K) 

(a) 

84%

89%

94%

99%

300 400 500 600 700 800 900 1000 1100 1200 1300R
em

a
in

in
g

 W
ei

g
h

t%
 

Temperature(K) 

(b) 

40%

60%

80%

100%

120%

300 400 500 600 700 800 900 1000 1100 1200R
em

a
in

in
g

 W
ei

g
h

t%
 

Temperature (K) 

(c) 



152 
 

7.3.6 CO2 Adsorption 

 

7.3.6.1 Static adsorption  

Figure 7.9 (a) shows that around 64 and 56 cc/g of CO2 are captured on MIL-53(Al) 

at 273 and 296K, respectively. Also, this material presents an inflection in the 

isotherm at low pressure and this inflection is clearly viewed as a wide step at 296K 

while it was very narrow step at 273 K. This inflection on this material was reported 

at pressure less than 6 bar, which was explained as a strong interaction between CO2 

molecules and the framework structure at pressure up to 6 bar, consequently, the 

structure was shrinkage (35).  CO2 heat of adsorption is around 39 kJ/mol, which is 

in a good agreement with a published value (36). 

Figure 7.9 (b) shows the adsorption capacities of CO2 on MIL-96 as 124 and 96.5 

cc/g at 273 and 296 K, respectively. These values are higher than those on MIL-53 

although MIL-96 has a small surface area. This can be attributed to the presence of 

three bridging hydroxyl groups per each linker (BTC) (6, 37), which can enhance the 

basicity inside pores. 

MIL-96 has heat of adsorption for CO2 around 28.6 kJ/mol, which is significantly 

lower than that obtained on MIL-53 and also lower than the value of MIL-96 

previously published(6).  

Figure 7.9 (c) demonstrates that the adsorption capacities of CO2 on amino-MIL-53 

are the lowest amongst prepared MIL- materials, giving 48 and 42 cc/g at 273 and 

296 K respectively, even though primary amino-groups are present inside the 

structure. It was found that the synthesis and activation of this material had some 

difficulties (28) which may be related to the presence of amino-group on the linker 

and to very fine crystalline product. Therefore using methanol to exchange the guest 

material was not efficient to remove all of free amino-terephthalic acid from the 

pores of this material. 

However, the heat of adsorption for CO2 on amino-MIL-53 was 28 kJ/mol, which is 

the lowest amongst prepared-MIL- materials in this chapter and lower than published 

values(27). This may be owing to large pore size in amino-MIL-53 after activation. 
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Figure: 7.9 CO2 adsorption at 1atm and different temperatures  
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MIL-96, respectively. The working capacities were calculated to evaluate capturing 

potential of each adsorbent under the conditions similar to real conditions. It is 

obtained that the performance of MIL-53 to capture carbon dioxide within a whole 

adsorption/desorption cycle is significantly higher than amino-MIL-53(Al) and MIL-

96(Al). Their working capacities are 169, 128, and 89 cc/g, respectively. These 

results are different from adsorption capacities in static volumetric adsorption at 

standard conditions. More significantly, although dynamic adsorption was achieved 

at risen temperature, MIL-53 compounds have much higher capacity than that at 

static adsorption at STP. This may attribute to variety in pore size. It was proved that 

the wide pore size distribution can have a broad breakthrough curve (38) that can be 

interpreted; the material with pore diameter larger than the kinetic diameter of CO2 

(0.39 nm) may have a higher working capacity in breakthrough experiments. The 

high pore size is available in amino-MIL-53 following by MIL-53 and MIL-96. 

However, MIL-53 may have more expansion upon adsorption of CO2 which makes 

the pore larger. Also, it was investigated that the pressure drop has been increased 

during the packed column, it was 220, 230, 210, 250, 240, 230kPa for MIL-53, MIL-

96, amino-MIL-53, Zr-MOF, Zr-MOF- NH2, and Zr-MOF-NO2 respectively which 

can participate enhancement  dynamic adsorption  at MIL-53 with  large pore volume 

as large volume in micro-pores can develop supermicropores (39). 

Also, it may be believed that passing the nitrogen during the adsorbent prior to 

passing CO2 gas may contribute to open the pores of the material to be ready to 

capture carbon dioxide with absence the blockage of the pores at low pressure. 

Moreover, N2 in pre-treatment process can temporarily adsorb inside the pores, and 

then has to be exchanged and displaced with CO2. Also, it can be observed that the 

breakthrough time of amino-MIL-53 is higher than that of MIL-53. 

Other breakthrough curves of CO2 through some porous materials of Zr-MOFs are 

shown in Figure 7.11.  It seems that the high breakthrough time is occurring on nitro-

Zr-MOF 20 minutes while the time is 17 and 9.25 minutes for amino-Zr-MOF and 

Zr-MOF (Parent), respectively.  

Long-time of breakthrough may be attributed to dynamic exchange in the locations 

between N2 in pre-treatment process and CO2 as explained above. In addition, the 

working capacities were calculated to be 128, 86 and 48 cc/g for nitro-Zr-MOF, 

amino-Zr-MOF and Zr-MOF (Parent), respectively. As it was discussed, the pore 

radius and N2 pre-treatment have prime roles in determining the working capacity.  
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Therefore, nitro-Zr-MOF had the larger working capacity than others as its average 

pore radius was bigger. It was reported in pervious chapters that the pore radius was 

1.8, 0.99, and 0.91 nm for nitro-Zr-MOF, amino-Zr-MOF and Zr-MOF (Parent). 

 

 

Figure: 7.10 Breakthrough curves through Al-MOFs 

 

 

 

 
 

Figure: 7.11 Breakthrough curves through Zr-MOFs 
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CO2 adsorption capacity on this material at 1 bar was acceptable with a high heat of 

adsorption whereas it got exceptionally the highest working capacity amongst the 

MOFs in this study.  

MIL-96 showed the lowest thermal stability with an acceptable surface area. This 

material had the highest adsorption capacity for CO2 at STP. On the other hand, it 

had reasonable heat of adsorption and working capacity. 

Amino-MIL-53 emerged realistic thermal stability with very low surface area 

compared with other MOFs. It had low CO2 adsorption capacity at STP, with low 

heat of adsorption; however, it had large working capacity. 
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8.1 Conclusions  

 

To meet the objectives of this thesis, several metal organic frameworks such as Zr-

MOF, Zr-MOF-NH4, Zr-MOF-NH2, Zr-MOF-NO3, Zr-MOF-NO2, AlBDC-MOF 

(MIL-53), AlBTC-MOF (MIL-96), and amino-MIL-53 were synthesized and 

activated by modified methods. All these MOFs were tested for carbon dioxide 

adsorption. From the investigations presented in this thesis, the following important 

conclusions can be made.  

 

1- Zr-MOFs were synthesized according to a modified procedure and the 

activation process can employ solvent exchange methods. Some of Zr-MOFs 

such as Zr-MOF, Zr-MOF-NH4 and Zr-MOF-NO3 could be activated by 

chloroform with heating at mild temperature rather than methanol, which was 

efficient to remove molecules of dimethylformamide (DMF) and non-reacted 

benzene dicarboxylic acid (BDC) from the pores enhancing porous structure 

and surface area. However, it was found that Zr-MOF-NH2 and Zr-MOF-NO2 

cannot be activated by chloroform but they were successfully activated by 

methanol. AlBDC-MOF (MIL-53) was synthesized by a solvothermal 

activation in dimethylformamide (DMF), which was a better way to remove 

water and free terephthalic acid molecules from the pores. AlBTC-MOF 

(MIL-96) was synthesized by a new procedure and activated in two steps; 

first by immersing in methanol, then by solvothermal treatment in methanol. 

This method was more effective to activate this material. Amino-MIL-53 was 

synthesized by one of the previous procedures while it was activated by 

methanol as a new method to remove non-coordinated terephthalic acid from 

the pores. 

 

2- Zr-MOF-(Parent) has high surface area, high thermal stability and well 

developed microporous structure. It was found that the pore size and crystal 

size could be modified by using NH4OH and HNO3 as additives in the direct 
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synthesis procedure. As a result, Zr-MOF-NH4 and Zr-NOF-NO3 were 

produced.  The crystal size of the materials reduced while the pore size 

increased when the amount of the additives were increased. The surface area 

of the modified samples was reduced but thermal stability was maintained.  

FTIR analysis proved no functional group was added to the structure.  Zr-

MOF-NH2 and Zr-MOF-NO2 presented the same structure as  Zr-MOF, Zr-

MOF-NH4, and Zr-MOF-NO3, however, their thermal stability was very low. 

The surface area of these materials were lower than that of Zr-MOF(Parent). 

Morphology of these materials was different from that of Zr-MOF and Zr-

MOF-NH4. MIL-53 provided higher surface area than those reported before 

with high thermal stability. MIL-96 exposed low surface area and low 

thermal stability while morphological description provided a good crystal 

shape and crystal size with uniform hexagonal shape. Amino-MIL-53 

demonstrated lower surface area than reported value while the thermal 

stability was the same. 

 

3- Zr-MOF-(Parent) exhibited a good adsorption capacity for CO2 at varying 

temperatures. Modification in the direct synthesis process of Zr-MOF by 

using ammonium hydroxide and nitric acid additives was a good method to 

enlarge the pore size and regeneration of the adsorbents at low energy. 

Although the BET surface area reduced in the modified samples and the 

adsorption capacity was lower at STP, the adsorption capacity was higher 

than Zr-MOF-(Parent) at high pressure on Zr-MOF-NH4-2, and the selectivity 

of CO2/CH4 was enhanced on Zr-MOF-NH4-1 and Zr-MOF-NH4-3. 

Moreover, Zr-MOF-NH2 presented the highest CO2 adsorption amongst Zr-

MOFs. The selectivity of CO2 over CH4 was acceptable. 

 

 Furthermore, Zr-MOF-NO2 had CO2 adsorption capacity higher than Zr-

MOF-NO3 at 1 atm, however, it exposed lower CO2 adsorption at high 

pressure. The selectivity of CO2 over CH4 on Zr-MOF-NO3-2 was the highest 

amongst Zr-MOFs in this thesis. 
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4- AlBTC-MOF (MIL-96) exhibits a very good carbon dioxide capacity at STP. 

It is higher than all MOFs used in this study while AlBDC-MOF(MIL-53) 

achieved a capacity half of that of MIL-96 and amino-MIL-53 showed the 

lowest adsorption capacity at the same conditions. Breakthrough experiments 

for MOFs in this thesis demonstrated a variety in the breakthrough time and 

amount of adsorbed CO2. Dynamic adsorption of carbon dioxide on MIL-96, 

Zr-MOF and Zr-MOF-NH2 was approximately similar to the values which 

were obtained in static adsorption. While MIL-53, Zr-MOF-NO2, and amino-

MIL-53 showed adsorption capacities much higher than the values of static 

adsorption. Furthermore, MIL-53(Al) was investigated as the highest whereas 

the dynamic adsorption on Zr-MOF (Parent) was the lowest. In addition, the 

dynamic adsorption on Zr-MOF-NO2 and amino-MIL-53 ranked in the 

second and third following MIL-53. It was observed that capacity of dynamic 

adsorption was improved when the pore size was increased and expanded. 

Also, pre-treatment of the adsorbent bed by nitrogen gas was crucial for open 

the pores before injecting CO2 gas mixture. 

 

8.2 Recommendations for Future Work  

 

1- We used BDC, NH2-BDC, BTC and NO2-BDC as organic linkers in this thesis, 

other aromatic carboxylic acid linkers with different functional groups could be 

used in synthesis of Zr-MOF. Also, one type of metal ion (Zr
+4

 or Al
+3

) to 

synthesize MOFs was tested, it can be recommended to use mixed metal ions 

such as Zr
+4

 and Al
+3 

together in the synthesis process and different organic 

ligands to check new possibility to synthesize new metal organic frameworks. 

In addition, it will be very interesting to use mixed organic linkers together in 

the synthesis process with one metal ion or use mixed metals with mixed ligand 

altogether. All new MOFs produced can be checked for gas storage, separation, 

catalysts, sensing, or drug delivery under different pressures and temperatures. 

 

2- According to our results in this research, it was found that Zr-MOFs are 

promising materials for capture of carbon dioxide with high chemical and 
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thermal stability, which can be used in industrial applications. We strongly 

recommend post-synthesis modifications for this type of material toward 

enhancing carbon dioxide adsorption at STP.  We believe Zr-MOF-NH3 and Zr-

MOF-NO2 can be modified easily by finding some organic compounds which 

have the ability to interact with their functional groups and at the same time 

they can enhance carbon dioxide adsorption capacity or the selectivity of carbon 

dioxide over other gases. 

 

 

3- Adsorption isotherm for Zr-MOF at 10 bars was done in this thesis therefore 

adsorption study at high pressure up to 35 bars should be achieved to get the 

whole capacity of adsorption for carbon dioxide. 

 

4- According to the stability of the structure in water which was exposed in this 

thesis by Zr-MOF, studying the effect of the moisture content in gas mixture on 

the dynamic adsorption capacity of carbon dioxide should be achieved to 

determine the acceptable limit of moisture content. 

 

 

5- In this study, static selectivity was done to measure the separating factor of CO2 

/CH4; therefore we recommend measuring the kinetic selectivity in the future to 

get the optimum ratio of the gases to achieve the best selectivity. 

 

6- In this thesis we checked effectiveness of methanol on the activation process; 

therefore we recommend using other solvents in activation process for a 

comparative study.  

 

 

7- According to characterizations of Zr-MOF, it will be essential to make 

simulation study to predict the change in the characteristics under the influence 

of different additives such as NH4OH, HNO3, HCl and others. Also, a 

simulation study to check the effect of moisture content or ammonium content 

on the CO2 capacity should be carried out. 
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8- MOF-96 was synthesized in a new procedure in this thesis, which shows 

enhanced adsorption capacity of CO2 at standard conditions, therefore it will be 

noteworthy to check the selectivity of CO2 over CH4 on this material. Also, the 

modification of the synthesis procedure as well as activation procedure will be 

recommended toward enhancement in the surface area of this MOF. It will be 

necessary to synthesize AlBTC-MOF by adding different amount of additives 

to check the stability of the structures as well as the possibility to make changes 

in morphology and surface area. 

 

9-  It will be very interesting to carry out the breakthrough experiments at different 

temperatures, and to simulate the dynamic adsorption mathematically. 
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