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ABSTRACT 

The thesis titled “Synthesis and Investigation of Zirconium Metal-Organic 

Frameworks for adsorption Application” comprehend the work on synthesis of 

functionalised zirconium based UiO-66 type metal-organic framework for the 

adsorptive removal of contaminants from water. A green method for the synthesis of 

stable, free carboxylic functionalised MOF is developed. The promising outcomes of 

the strategies employed are confirmed by the characterization of the MOF. The MOF 

is utilised in the simultaneous adsorption of methylene blue dye and heavy metal ions 

(Lead and Cadmium) from aqueous solution. Under optimised condition the removal 

capacity of the MOF for cadmium, lead and methylene blue are found to be 37 mg g-1, 

100 mg g-1 and 169 mg g-1 respectively. The maximum adsorption of MB dye among 

the other adsorbates is due to strong ionic interaction between MOF adsorbent and 

cationic MB dye. Lead adsorbs fairly better than cadmium because of its smaller size 

and the interaction with free carboxylic group present in the MOF. A fluorescence 

active zirconium based MOF synthesised from mixed ligand strategy displayed 

sensitive detection ability for p-nitrophenol along with rapid adsorption. In-house 

synthesised fluorescence active trifunctional ligand namely H3ntb (4,4ʼ,4ʼʼ-

Nitrilotrisbenzoic acid) and BDC (1,4-Benzenedicarboxylic acid) are used in various 

proportions to synthesize MOF. PXRD studies affirmed the formation of crystalline 

phase and TGA revealed the effect of structural defects on framework integrity. The 

trifunctional ligand imparted the defects in the framework due to its inability in forming 

continuous array for crystalline network. As a result, increase in the proportion of 

trifunctional ligand during synthesis induced more defects in the framework and lesser 

stability to the MOF. The fluorescence active MOF is able to detect p-nitrophenol at 

low concentration and obeys Langmuir isotherm for adsorption with maximum 

adsorption capacity of 62 mg g-1. The work presented in this thesis illustrate the 

efficacious synthesis and application of zirconium metal-organic frameworks for 

adsorptive removal of contaminants from water. 

Key words: Metal-organic frameworks, Multi solute adsorption, Green synthesis, 

Fluorescence active MOF. 
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Abstract: This chapter provides brief introduction about metal-organic frameworks. 

Significance of zirconium MOF is highlighted and principles of adsorption relevance 

to MOFs are outlined.  

 

 

1.1 INTRODUCTION TO POROUS MATERIALS 

“Nature abhors vacuum” stated by Aristotle believing every space needs to be filled 

with something and creating a vacuum space is highly unfavourable. Likewise, in 

connection to the material science, synthetically creating a void at molecular level was 

seems to be inexpedient for scientific community until 19th century, although porous 

materials are known from ancient times, as Hindus and Egyptians used charcoal for 

water purification and medicinal purposes.  

 

The occurrence of porosity in natural structures indicates the importance of porous 

architecture in the biosphere. Furthermore, porous nature of the natural substance is 

sometimes a result of optimized reciprocation under constrained conditions mainly to 

increase the surface area of the total mass. For example, consider the coconut sprout 

(Figure 1), the germination of the coconut seed occurs up to 3 to 4 months after 

detaching from the coconut plant.  

 

 

Figure 1.1. Porous coconut sprout covering the inner core 

During this period, the seed is completely isolated from the external sources. Once seed 

starts to grow, it produces highly porous spherical sponge-like cotyledons. This covers 
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the whole inner volume and takes nutrients from the inner core of the coconut and 

grows. Similarly, porous materials are integral part of many applications in the modern 

field of technology, from energy to the environment and electronics (like in porous 

materials with low k dielectrics and heat sinks). In these applications, the porous 

materials are engineered to the desired requirement to deliver specific performances. 

This tailoring of the pore structures is progressing tremendously and created a vast array 

of highly structured advanced porous materials.   

 

 

Figure 1.2. Advancement of porous materials 

 

Porosity is the main criterion for material to be called as an adsorbent and these 

materials have occupied a significant part in solid–state materials domain. The 

functionalization improves potential applications of porous materials which made them 

as integral part in our day to day life.  Hence, it is of great interest to investigate the 

advanced porous materials for their ubiquity and significance in today’s world. 

Activated carbon, zeolites and activated alumina are few examples of porous materials 

used traditionally. The history of charcoal outspread from ancient times to the recent 

and played vital role as porous adsorbent till World War I (Figure 1.2). Activated 
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carbon materials usually prepared by pyrolysis of carbon materials, have high surface 

area and displayed high adsorption capacities. But main drawback of these materials 

are, it does not possess ordered structure and difficult to introduce functionality in the 

pore structure. Despite this disadvantage activated carbon materials are extensively 

used in separation, recovery process and water purification. Apart from these antique 

carbonaceous materials, porous materials segment witnessed another class of niche 

family called zeolites. Zeolites are another sort of porous materials which have ordered 

framework structure made by inorganic backbone. Zeolites are most important and 

largely used group of porous materials.  With the discovery of X-rays for structural 

determination, research over synthesis and application of natural and synthetic zeolites 

was escalated to another level and zeolites has become an integral part of many 

chemical processes from adsorption to catalysis. The main use of zeolites is in 

petroleum refinement, catalysis and ion exchange applications. The advantage of 

zeolites over activated carbons lies in their ionic nature and accessible periodic channels 

and cavities. Even with these superiority zeolites applications are limited because of 

their atomic composition, restricted pore size in addition to limited functionality. As 

the advancement of technology progressed researchers envisaged the building of nano 

porous materials and manipulating the pore structure with the augmentation of 

functionality. This resulted discovery of microporous structures made of coordination 

complexes or coordination polymers called metal-organic frameworks (MOF) with 

well-known geometrical forms. 

From last few decades there has been exponential development in organic–inorganic 

hybrid materials such as metal-organic framework materials. These materials are 

formed by coordination network of organic ligands having repeating units and 

extending in two or three dimension, generating permanent voids with stable 

framework structure. These new class of highly crystalline porous solids, metal-organic 

frameworks (MOFs) demonstrated superior performances in adsorptive separation and 

purification. Compared to other coordination polymers, MOFs are crystalline in nature 

while others are amorphous. This crystallinity even after removing solvent from pore 

structure made it easier to understand and study the framework to know the exact 

position of each atom and connection between them. This will help in designing new 
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kind of MOFs with enhanced properties. Tuning the pore size and incorporation of 

functional groups to obtain desired properties in the framework are the extra flexibilities 

of MOFs when compared to conventional porous materials such as activated carbon 

and zeolites. 

 

Figure 1.3. Hierarchal superiority of MOFs over conventional porous materials 

 

There are four main important parameters which differentiate MOFs from conventional 

porous materials and place them in hierarchal superiority (Figure 3). 

1. Composition; MOFs have multivariate functionality  

2. Porosity; They have highly ordered porous structure and can possess multilevel 

porosity 

3. Connectivity; MOFs are made of flexible and divergent connections  

4. Surface area; MOFs displayed highest surface area as compared to traditional 

porous materials.  

 

Furthermore, highly crystalline nature and mild synthesis techniques along with 

superior surface area of MOFs made them as prime member of porous adsorbents. 
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Zirconium-based metal-organic frameworks considered to be most attracted MOFs to 

scientific community due to their highly stable framework and versatile application 

areas. High charge on zirconium and its affinity towards oxygen donor ligands brings 

excellent chemical and mechanical stability to the framework (Kim and Cohen 2012). 

UiO-66 is one of the most researched zirconium metal-organic frameworks since its 

first synthesis, mainly due to its extraordinary stability towards moisture (Cavaka et al. 

2008).  

 

1.2 MOFs BACKGROUND 

In 1990s Hoskins’ and Robson’s proposed new design principle for constructing 

polymeric network structure containing tetrahedral and octahedral metal centre with 

organic ligands as molecular rods to join them forming molecular framework as 

represented in the figure 1.4. Initially it was envisioned to design the framework to 

produce larger pores by using sufficiently rigid ligand in the structure and the 

functionalization of ligand molecule to intensify the properties of MOF such as catalytic 

activities, molecular sieving, thermal and mechanical stabilities. When these metal 

centres are constructed even by smaller links, they are capable of producing array of 

voids of appreciable size. The structure of the framework was guided by the way metal 

centre were bonded to linking organic molecule. When the synthesise was 

meticulously designed with metal centres and rod like ligands, which resulted in 

spontaneous formation of polymeric framework as that of cross linked polymers. But 

presence of order structure disparate it from cross linked polymers making them 

acquiescent for X-ray crystallographic studies, which will be used explicitly to 

understand and to control the framework domain. This ordered nature of MOF 

resembles the features of zeolites, which have enormous interest due to their application 

in catalyst and as molecular sieves. But MOFs offers more flexibility in designing 

bigger cavities and incorporating numerous and diversified functionalization of 

framework over cross linked polymers or zeolites. It was appeared that these infinite 

molecular framework structure have promising properties and suitable 

functionalization in the framework could enhance the features for versatile applications 

(Hoskins and Robson 1989). During the initial stages, rod like ligands used for the 
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construction of MOFs are mainly using N-donor coordination chemistry such as 

cyanide and Aromatic-N ligands. 4,4-bipyridine and its derivatives served as best 

suitable candidates by possessing monodentate nitrogen atoms at the opposite sides of 

the molecules coordinating similar as that of cyanide ion. Variety of MOFs structure 

were synthesised by regulating various factors such as metal ligand ratio, counter ions 

and coordination geometry of the metal ions. 4,4-bipyridine molecule is being a liner 

ligand made it simple to determine the MOFs topology because it’s now depends only 

on coordination geometry of the metal ion. 

Despite the possibility of designing and synthesizing these infinite molecular structures 

attaining permanent porosity in the framework structure was barely achieved. This is 

because flexibility of metal nitrogen bond made them to lose their crystallinity once the 

solvent was removed. Prerequisite for the presence of counter ions caused another 

problem for developing robust MOFs for factual applications. These limitations of N-

donor ligands have made researcher to look for more versatile ligands for the 

construction of MOFs. During the mid-1990s polytopic carboxylic based ligands were 

explored and employed in developing resilient MOFs candidates. 

 

 

Figure 1.4.  Building blocks for constructing coordination polymers 
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A remarkable milestone was achieved in 1998 when Yagi and co-workers published 

first permanently porous metal-organic framework MOF-2 (Figure 1.5, a-b). This MOF 

was constructed by using a dicarboxylic ligand Terephthalic acid and Zinc metal ion. 

Terephthalic acid being linear ditopic ligand and its carboxylic acid group coordinates 

bis-monodentate fashion to two square pyramidal Zn2+ ions forming 4-connected 

dinuclear metal-carboxylate cluster (square paddle wheel structure). Initially the 

structured formed was two dimensional but each layer was held together by hydrogen 

bonds formed between aqua ligands attached to metal ion at axial position of one layer 

and carboxylate oxygen of the adjacent layer. The structure was stable even after 

removing water molecules because of the formation of bonds between open metal atom 

sites and carboxylate oxygen of neighbouring layer. This substantial progress in 

synthesizing stable, permanently porous MOFs has commenced new era especially for 

carboxylate based linkers in developing robust and tailor made materials. These clusters 

formed from carboxylate and metal centres has intrigued MOFs scientific community 

to amplify the research to understand the various combination of metal nodes and linker 

ligands for constructing 3D frameworks. It also understood that the uncoordinated open 

metal sites can be utilised for diverse applications like catalytic activities and gas 

storage. 

Figure 1.5. (a) Unit cell of MOF-2 viewed from 100 projections and (b) paddle wheel 

building unit of the MOF-2 [Hydrogen atoms are not shown for the sake of clarity, 

images created using. cif file of MOF-2 and Topospro program.] 
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Figure 1.6. (a) Unit cell of HKSUT viewed from 001 projections. and (b) SBU of 

HKSUT -1 MOF [Hydrogen atoms are not shown for the sake of clarity, images 

created using. cif file of HKSUT-1 and Topospro program.] 

 

Based on polytopic carboxylate and metal-carboxylate cluster two new prime MOFs 

were reported in 1999. One of them was synthesised by using square paddle wheel 

copper-oxygen clusters formed from trimesic acid and named as HKUST-1(Chui et al. 

1990). The BET surface area of this MOF was 692.2 m2 g-1 and whose pore size was in 

par with zeolites. As in the case of MOF-2, here too the aqua ligand situated at the axial 

position can be removed on heating to have open metal site or replaced by other ligands 

without compromising on framework structure.  

The other metal organic framework MOF-5 (Li et al. 1999), was synthesised using zinc 

and Terephthalic acid forming basic zinc acetate cluster for constructing 3d framework 

and become the archetypical MOF having open cubic-like network topology (Figure 

1.7.). Even though metal-carboxylate cluster based MOFs showed permanent porosity, 

their unstable nature towards moisture snagged their practical application interest. 

Chemical and thermal stability are the two main properties which count the superiority 

of any advanced materials over their counterparts. The fragile nature of MOF on 

exposing to moisture depends on ligand metal bonds strength. Transition metal ions 
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with d10 electronic configuration possess no ligand field energy hence its ligand field 

environment controlled only by steric aspects. 

Figure 1.7.  (a) Unit cell of MOF-5 viewed from 001 Projection and (b) SBU of MOF-

5 [Hydrogen atoms are not shown for the sake of clarity, images created using. cif file 

of MOF-5 and Topospro program.] 

These features make the ligand exchangeability easy, leading to framework 

collapse. But this kind of lability of ligand-metal bond helps in the formation of 

crystalline framework allowing to synthesise single crystals for precise determination 

structure from single crystal XRD. Regardless how big crystals are formed; the easy 

exchangeability of the ligands makes water molecule to displace carboxylate ligands 

leading to structure disintegration. Despite the high bond strength, if ligand exchange 

barrier is low, MOFs are susceptible to decompose. Hence to increase the stability, 

metal ion with high valance are investigated. With equal coordination environment, 

metal having higher charge decreases the ligand exchangeability by escalating 

electrostatic interaction between ligand and metal ions. The concept of metal-ligand 

stability is also explained by HSAB principle. Low-oxidation state soft metal ions Zn2+ 

forms less stable bonds with hard base like carboxylate ions. Whereas highly charged 

smaller hard ions like Cr3+ and Zr4+ makes strong bonds. In 2009 Cavaka and co-

workers synthesised a highly water and thermal stable hexanuclear zirconium based 

metal organic framework UiO-66, which possesses 12-connected Zr6O8 SBU 

(Secondary building unit) (Figure 1.8. a & b). 
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Figure 1.8.  (a) Unit cell of Uio-66 and (b) SBU of Uio-66 [Hydrogen atoms are not 

shown for the sake of clarity, images created using. cif file of UiO-66 and Topospro 

program.] 

 

1.2.1 Zirconium based MOFs 

Zirconium is the 18th most abundant element available on earth crust, more abundant 

than copper and zinc (Figure 1.9.). Zirconium silicates has been known to mankind 

since long time as gem stones, in fact uncoloured specimens looks like diamonds. 

However, in the modern day major buyer of zirconium metal are nuclear industries. 

Because of resistant to corrosion at high temperature and being transparent to neutrons, 

zirconium-tin alloy, Zircaloy is used as cladding for uranium oxide fuel. Interestingly, 

both of these major materials used in nuclear industry, zirconium and uranium are 

discovered by Martin Heinrich Klaproth in the same year of 1789.  

Apart from its major use in nuclear power stations as an alloy, zirconium finds its 

application in corrosion resistance coatings, production of strong ceramics and pigment 

industry. Being a fourth group element, it interacts strongly with oxygen, forming rigid 

bonds. This is in agreement with HSAB concept explained earlier. 
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Figure 1.9.  Abundance of zirconium metal available on the earth crust over other 

industrially important metals 

  

Moreover, zirconium based materials has another excellent advantage to become the 

prime candidate as an adsorbent for water purification process, because of its 

biocompatibility. Zirconium has no known role in biological toxicity, hence used in 

surgical implants and prosthetic devices. Since its non-toxicity, environmentally 

amiable and abundancy, the use of zirconium in the future is continue to grow. After 

the first report of UiO-66 MOF, immense research has been going on in the area of 

development and application of this highly stable MOF (Figure 1.10). 

The geometry of two-, three-, four-, and six-coordinated metal complexes are well 

known. In these metal complexes, the structure depends mainly on size and charge of 

the central metal ion. Large size and high charge of the metal ion and smaller size of 

the ligands, favours high coordination number.  In case of the larger size ligands, highly 

charged metal cations influences the polarizability of the ligand and makes overlap of 

the electron cloud their by increasing the covalent character of the bond, resulting 

stability of the complex. When chemically identical ligands approaches, the central 

metal ions choose a particular coordination polyhedron for bonding.   
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Figure 1.10.  Number of research articles of UiO-66 MOF, available on google 

scholar as of 2021 

Zirconium (Zr4+) uses sp3d4 hybridisation for eight coordination number complex. For 

eight coordination number there are four possible polyhedron arrangement are possible 

(as given in the Table 1. 1). 

Table 1.1. Coordination number and their polyhedron 

CN Polyhedron CN Polyhedron 

3 equilateral triangle 

 

8 

dodecahedron 

square antiprism 

bicapped trigonal prism 

cube 

4 
tetrahedron 

square 

5 trigonal bipyramid 9 
tricapped trigonal prism 

monocapped square antiprism 

6 
octahedron 

trigonal prism 
10 bicapped square antiprism 

7 

monocapped octahedron 

monocapped trigonal prism 

pentagonal bipyramid 

12 
icosahedron 

cuboctahedron 
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Figure 1.11.  Representation of number of possible polyhedral for eight coordination 

related to its energy of formation. (Green) Square antiprism structure of the eight 

coordinated zirconium  

                       

Figure 1.12. (a) Square antiprism arrangement of zirconium, , (b) Representation of 

vertex as bonding directing points in UiO-66 zirconium octahedron, (c) Zirconium 

octahedron structure in UiO-66 

A plot of potential energy verses various possible geometric forms of eight-coordinated 

shows that only the square antiprism formation has the lowest energy (Figure 1.11.). 

Zirconium forms the square antiprismatic structure to form the bonding with oxygen 

ligands. One of the square face of antiprismatic structure is connected by oxygen atoms 

of the carboxylate ligands and the other one by oxygen atoms of the µ3-O and µ3-OH 

groups. 
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This leads to the formation of octahedral Zr6O4(OH)4(CO2)12 cluster which is the 

inorganic brick for UiO-66 structure. This octahedral cluster act as nodes and directs 

the crystal grow from its vertex resulting a FCC crystalline framework (Figure 1.12.). 

1.3 SYNTHESIS OF MOFS 

As the name suggests, MOFs are made of two important components, metal centre and 

organic linkers. Transition metal ions and cluster act as nodes connecting multi ligands 

together in constructing MOF structures. These metal centre and ligands are together 

called as secondary building units (SBUs) (Eddaoudi et al. 2001). These SBUs helps to 

visualize MOF structures in terms of simplified geometric schemes. Figure 1.13. shows 

schemes of metal ions or clusters as connectors and ligands as linkers and figure 1.14 

few of the organic ligands used in the design of MOF structures (Kitagawa et al. 2004).    

 

Fig 1.13. Schematic representation of metal ions or clusters as connectors and ligands 

as linkers (Kitagawa et al. 2004).    
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Figure 1.14. The organic ligands used for constructing MOFs (Kitagawa et al. 2004).    

MOFs are formed by the assemblage of organic and inorganic functional building units. 

This results in greatly diversified structural formation and applications areas of MOFs. 

Due to the background of the varied applications, the interdisciplinary scientific 

community has made numerous approaches for the synthesis of MOFs. Principles 

governing the crystallization process significantly influence the synthesis conditions 

and give command over the morphology of the crystals. 
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In the beginning, coordination chemists from the field of crystal engineering 

conceptualized the formation of MOFs in the form of molecular interactions and tried 

to build the porous structure from the assemblage of organic and inorganic building 

units. The reaction conditions were kept mild, as weak interactions between the 

building units are expected (Hoskins and Robson 1990). While on the other hand, 

researchers from zeolite-related materials background envisaged organic entities not 

only as structure directing agents but also as reactants having strong interactions with 

the inorganic units in building framework (Cheetam et al. 1999). Hence, to form strong 

bonds between the building units’ higher temperature reaction conditions were 

employed. This elucidates the diverse approaches used by the researchers to synthesize 

the MOFs. 

 The reaction temperature is one of the main parameters and plays a vital role along 

with time in the synthesis of MOFs. It was understood that, increase in temperature 

helps to form –M-O-M- linkages and –M-O-M- clusters due to an entropy driven 

dehydration process (Forster et al. 2005 & Mahatha et al. 2008). This indicates that 

formation of MOFs as a function of temperature could be thermodynamically 

controlled. Whereas zeolites and other traditional framework materials are kinetically 

controlled.   

    A conventional electric heating instrument is used for heating the reaction mixture 

and the temperature range determines, whether the process is solvothermal or 

nonsolvothermal. The reaction conditions which take place in a closed vessel under 

autogenous pressure above the boiling point of the solvent are referred as solvothermal 

(as given in the figure 1.15.). Whereas reactions below or at the boiling point and under 

ambient pressure are called nonsolvothermal (Stock and Biswas 2012). 
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Fig 1.15. Schematic representation of solvothermal synthesis 

A crystal is formed by two-step process, initially combination of reactants to nucleation 

and followed by the crystal growth (LaMer model) (LaMer, and Dinegar 1950).  

Nucleation is the process where ions or molecules come together and form a cluster. 

Until the critical size, the cluster is not stable and re-dissolves. When the cluster attains 

the minimum size (in nm range) it is thermodynamically stable and is called nucleus. 

This attainment of minimum size and formation of nucleus occurs only when the 

concentration exceeds the critical concentration of nucleation (Cnuc). Due this process 

the concentration of reactants decreases and the system reaches an equilibrium (Csat). 

The crystal growth occurs at concentration between Csat and Cnuc (Feng et al 2019) 

the process is depicted in the below figure 1.16.   

In general crystallization process can be considered as an equilibrium reaction between 

dissolved organic, inorganic units and solid crystals of MOF. At constant pressure the 

thermodynamics of this process is described by Gibbs-Helmholtz equation. 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆 
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Figure 1.16. La Mers model of crystallization 

 

The Gibbs free energy of crystallization is composed of two entities, interfacial energy 

and volume free energy as represented in the above figure (Figure 1.17) and equation 

below, 

                                              𝛥𝐺 =
ସ

ଷ
 𝜋𝑟ଷ𝛥𝐺௩ + 4𝜋𝑟ଶ 𝛾                                                             (1.1) 

 

 

Figure 1. 17. Thermodynamics of crystallization 
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Where 𝛥𝐺𝑣 is the free energy related to volume and is negative and driving force for 

nucleus formation. The surface free energy 𝛾 is always positive and acts against the 

nucleus formation. When the particle size reaches critical size rc , 𝛥𝐺 decreases rapidly 

and the growth of the crystals becomes exergonic process. 

For the successful commercialization of MOFs, it is important to find facile, 

inexpensive, rapid synthesis techniques. Also the desired property of the MOFs 

depends on its physical and chemical nature such as morphology, porosity, stability- 

which again depends on the way it is synthesized. In search of this, research group 

around the globe has investigated the application of various techniques on the synthesis 

of MOFs.  

It is obvious that chemical reactions require energy in terms of temperature to proceed. 

As it was stated earlier, the synthesis of MOFs could occur in the range from room 

temperature to around 250 °C. Conventionally the energy in terms of temperature was 

given by electrical heating, such as oven, heating mantle through convection. However, 

the energy can also be supplied by other means like electric potential, electromagnetic 

radiation, and mechanical waves. Each of these techniques affect strongly on the 

product formation and its morphology. 

Modulated synthesis is a strategy to control the formation and size of the metal-organic 

framework. Generally, modulators used in the synthesis will be monotopic ligands 

present in excess quantity and have higher solubility in the reaction media (Tsurukoa 

et al. 2009). During the reaction course, these modulators compete with the bridging 

ligands and alters the crystal growth, facilitating the framework formation. 

Development of   green synthetic methods are the another important aspect of MOF 

synthesis.  

Solvents used in the synthesis of MOFs also affects and regulate the coordination 

environment. In most cases solvent acts as structure directing agents or a medium for 

the crystal growth process. In case of carboxylate linkers dissolved in DMF solvent (the 

condition where most of zirconium MOF synthesised), it was explored that (Hausdorf 
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et al. 2007), DMF decomposes under acidic condition to form basic dimethylamine 

(Figure 1.18.), which deprotonates and then the carboxylate anion is free to attack metal 

centre.   

 

Fig 1.18.  Decomposition of DMF during MOF synthesis (Hausdorf et al. 2007) 

 

Table 1.2. Various synthesis techniques of MOF 

Synthesis 

techniques 

Principle Outcomes 

Microwave 

synthesis 

Heating is generated by the 

interaction of electromagnetic 

waves with mobile electric 

charges such as polar solvent 

molecules, ions in solution or 

electrons, ions in the solid 

causing increased temperature, 

due to resistance of the solid. 

Highly efficient heating due to high 

heating rate and homogeneous 

heating throughout the sample. This 

results in accelerated nucleation 

leading to smaller crystals. 
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Electrochemical 

synthesis 

Continues introduction of metal 

ions through anodic dissolution 

to the solution containing linker 

molecules and a conducting salt. 

Formation of concerned anions 

such as nitrate, perchlorate and 

chloride ions at industrial scale can 

be eliminated by avoiding the metal 

salt for synthesis.  Products 

obtained by electrochemical 

method are lesser quality as 

compared to conventional 

solvothermal synthesis mainly due 

the incorporation of linker and 

conductive salt during 

crystallization.                             

Mechnochemical

synthesis 

Chemical reactions induced by 

mechanical force, reactions are 

carried out by without or with 

slight amount of solvent. 

Environment friendly because no 

use of solvents and shorter period 

of time for synthesis. 

 

Sonochemical 

synthesis 

The reactions that takes place 

upon application of high-energy 

ultrasound to a reaction mixture. 

Short synthesis time at ambient 

room temperature and higher 

yields. 

 

 

1.4 APPLICATION OF MOFs 

The construction of metal-organic framework architectures has developed enormously, 

so that we can first formulate the hypothesis on the structural requirements to obtain 

best performance for a particular application and then synthesize MOFs. Since these 

materials are crystalline, exact position of the atoms and their relation with the structure 

can be predicted to validate the hypothesis. These MOFs can be used for variety of 

applications. In our study we are more focused on the application of zirconium based 

MOFs for removing contaminants from water and its allied applications.  
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1.4.1 Adsorption 

Adsorption can be defined as the enrichment of a species on the interface of the solid 

phase from a fluid phase. Transfer of one or many species from one phase to another 

occurs during the process of adsorption, hence it can be regarded as a phase transfer 

process (Figure 1.19.). Industrially adsorption is the most desired process specifically 

when it comes to environment-related treatment operations because of its low operation 

cost and low energy consumption. 

 

Figure 1.19. Representation of adsorption process 

Many chemical, physical and biological processes take place through the adsorption 

phenomenon. Basically, a solid surface is comprising of active energy (binding energy) 

sites distributed all over the surface, which are capable to interact with solute species 

from the fluid phase (Figure 1.20). The electronic and spatial arrangement of the active 

sites helps to draw the solute particle towards themselves. The energy for the attraction 

depends on the local environment of the active site. Depends on the energy distribution, 

the surface can be energetically heterogeneous or homogeneous (Figure 1.21). The 

interaction between the adsorbate and adsorbent also depends on the concentration of 

the adsorbent. By definition the phase which provides surface for adsorption is called 

as adsorbent and the species which gets adsorbed is known as adsorbate. By altering 

the condition, the adsorption process can be reversed, known as desorption. The 
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characterization of absorption process is done by modelling the number of sites and 

their interaction ability in terms of binding energy with the adsorbed species. 

The process of adsorption can be expressed chemisorption or physisorption process 

based on interaction ability between the adsorbate and adsorbent. Physisorption is 

reversible, occurs through easily breakable weak electrostatic interactions such as 

London forces, Dipole-diploe and Van der Waals interactions. Through physisorption 

multilayer formation of adsorbate over adsorbent can takes place and occurs at low 

temperature. In chemisorption, formation of strong chemical bond happens between 

adsorbate and adsorbent and once these bonding sites are over further no interaction 

occurs between adsorbate and adsorbent, hence only monolayer forms in 

chemisorption.  

The adsorption process can be expressed as,  

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
୦ୣ ୟ୫୭୳୬୲ ୭ ୱ୭୪୳୲ୣ ୟୢୱ୭୰ୠୣୢ

୦ୣ ୟୢୱ୭୰ୠୣ୬୲ ୱ୳୰ୟୡୣ ୟ୰ୣୟ
                (1.2) 

Since it is difficult to know exactly the surface area of the adsorbent, adsorbent mass is 

used in determining the surface concentration typically known as adsorbent loading. 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =
୦ୣ ୟ୫୭୳୬୲ ୭ ୱ୭୪୳୲ୣ ୟୢୱ୭୰ୠୣୢ

୦ୣ ୟୢୱ୭୰ୠୣ୬୲ ୫ୟୱୱ
                 (1.3) 

 

The dependency of the solute particles to get adsorbed on the surface of the adsorbent 

is needs to be evaluated and underlying theoretical basis should be described in order 

to practically apply the adsorption process. The study and understanding of adsorption 

equilibrium and adsorption kinetics are the two main steps to guide the practical utility 

of the adsorbent materials. It can be assumed that all the adsorbent surface will have 

some kind of heterogeneity because of the presence of various binding energy sites. 
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Figure 1.20. Adsorbent surface with various sites for adsorption 

In the case of metal-organic frameworks the pore structure is uniform throughout the 

structure still it poses different types of adsorption sites for the adsorbate. Adsorption 

can be because of Van der Waals interaction in the narrow passage of the adsorbent, 

with interaction with the metal ion or with the interaction of the functional group 

present in the framework. Adsorption isotherms are developed on the basis of this 

interaction of the adsorbent and its binding energy capacity with the adsorbate 

molecules. The necessity of advanced porous materials will come into picture in the 

situation where it is supposed to remove a particular pollutant from contaminant system 

below statutory level. Conventional adsorbent does not process specific sites having 

higher binding energy so that they can remove the pollutant even in the low 

concentration, hence the application of conventional adsorbent is suitable in situations 

where pollutant concentration is high. In case of advanced porous materials such as 

metal-organic frameworks, possess higher surface area hence more number of 

absorption sites (specific functional groups) which are having higher binding energy 

interact strongly with the pollutant molecule even in low concentration and bring its 

level in the effluent to the desired level. 
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Figure 1.21. Adsorbent surface with various binding sites having different binding 

energies 

1.4.2 Adsorption equilibrium 

Consider a situation where an adsorbent having a binding site with a binding energy e1 

and with another binding site having binding energy lower than the e1, called as e1-x. 

When at infinite dilution it is assumed that, the adsorbate species experiences same 

amount of attractive energy and the chances of getting at either of the adsorption site is 

same. Whereas the increase in the concentration of the adsorbate in the fluid system 

causes adsorption to increase. If the energy of the one the site is sufficiently increased, 

even at infinite dilutions this specific site can bring the adsorbate species into adsorbed 

phase from the bulk phase (Figure 1.22). The low energy site can also do the same at 

higher adsorbate concentrations (Figure 1.23). From the thermodynamic point of view, 

a system of high concentration is having lower entropy in the bulk phase than the system 

with lower concentration of adsorbate. Hence, the energy required to move the 

adsorbate species from bulk phase to adsorbed phase is lower in the former case. 
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Figure 1.22. Interaction of adsorbates with binding sites present in the adsorbent at 

lower adsorbates concentration 

 

Figure 1.23. Interaction of adsorbates with binding sites present in the adsorbent at 

higher adsorbates concentration 

Under homogeneous adsorption, decrease in entropy and binding energy are in 

equilibrium making the adsorption to occur at equal binding energy level. In this 

situation, the expression for the amount adsorbed is given by 

                        𝑞 = 𝑁𝑒𝐶                                                               (1.4)        
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Where, qh is the amount adsorbed in a homogeneous adsorbent, N, is the number of 

adsorption sites having binding energy en and Ce is the concentration of the adsorbate 

molecule at equilibrium. In practical situations the relationship is not simple as 

described above and it is influenced by number of variables. Approximation of the 

number of adsorption sites obtained by running experiments and modelling the 

experimental results with the theoretical adsorption isotherms. The theoretical 

adsorption isotherms join the variable parameters such as number of adsorption sites, 

their binding energy and their distribution on the adsorbent surface. 

 

Figure 1.24. Various adsorption isotherm models 

1.4.3 Modelling of adsorption isotherms 

Based on the interaction between adsorbate and adsorbent system four types of isotherm 

modelling can be constructed. Which are described below, 

a. The “C” isotherm 

As represented in the figure 1.24a, in this case the ratio of the concentration of the 

adsorbate remaining in bulk phase and in adsorbed phase is same at any concentration. 
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The ratio is called distribution coefficient or partition coefficient, the reason why it is 

called C isotherm because of this constant partition. 

b. The “L” isotherm 

Here, the ratio between the concentration of the adsorbate in bulk phase and in adsorbed 

phase decreases as the adsorbate concentration increases leading to concave curve 

(Figure 1.24b). This suggest the continuous saturation of the adsorbent. There are two 

types of outcomes are possible in this type of isotherm. One associated with a strict 

plateau implying the adsorbent has a limited adsorption capacity and another not having 

strict plateau indicating the adsorbent do not have clear limited adsorption capacity. 

Most of the theoretical isotherms such Langmuir (reason this isotherm called “L”), 

Freundlich, Redlich-Peterson, Sips and other used in our study are based on this kind 

of isotherm (Isotherms and their expression are given table 1.3.). 

 Langmuir isotherm model is a theoretical equilibrium model and assumes that 

adsorption occurs at a finite delocalized sites forming monolayer adsorption of the 

sorbent molecule (Langmuir 1916). Freundlich isotherm is an empirical, widely used 

isotherm for heterogeneous adsorption (Foo and Hameed 2010). Redlich-Peterson is a 

hybrid of Langmuir and Freundlich isotherms, it can be applied to homogenous and 

heterogeneous adsorption systems. It approaches Freundlich model at high 

concentration (as g tends to zero) and at low concentration to Langmuir isotherm (as g   

tends to one) (Redlich and Peterson 1959). Sips isotherm is combined form of Langmuir 

and Freundlich isotherms model used for predicting heterogeneous adsorption systems 

and Sips model exponent gives nature of adsorption (Sips 1948). Dubinin-

Radushkevich isotherm gives insight into whether the adsorption is physical or 

chemical in nature (Hu and Zhang 2019). The mean free energy (E) was calculated by 

the equation (3) below and tells the nature of adsorption.  

𝐸 =
ଵ

ඥଶೌ
                         (3) 
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The value of E < 8 kJ/mol indicates physical and 8 to 16 kJ/mol indicate chemical 

interaction of adsorbate with the adsorbent. 

c. The “H” isotherm 

This is high affinity isotherm (reason H), where the adsorbate has a very high affinity 

towards adsorbent. It is a particular case of L isotherm (Figure 1.24c). 

d. The “S” isotherm 

This isotherm represents the sigmoidal curve for the ratio of adsorbate in bulk and 

adsorbed phase. This generally exists where two kinds of mechanisms are involved in 

the adsorption and occurs one after another (Figure 1.24d)     

Table 1.3. Adsorption isotherms models and their expressions 

 Isotherm  Expression 

1 Langmuir 𝑞 =
𝑄𝑏𝐶

1 + 𝑏𝐶
 

𝑄- Maximum adsorption capacity (mg g-1) 

𝑏- Langmuir equilibrium constant (L mg-1) 

2 Freundlich 𝑞 = 𝐾ி𝐶

ଵ
 

𝐾ி-Fruendlich constant (L g-1) 

𝑛- Fruendlich exponent 

3 
Redlich-

Peterson 
𝑞 =

𝐾ோ𝐶

1 + 𝑎ோ𝐶
 

𝐾ோ-Redlich-Peterson isotherm constant 

(L  g-1) 

𝑎ோ- Redlich-Peterson constant L mg-1 

𝑔- Redlich-Peterson model exponent 

4 
Dubinin-  

Radushkevich 
𝑞 = 𝑞௦𝑒ିೌమ

 

𝑞௦- Dubinin-Radushkevich model constant 

(mg/g) 

𝑘ௗ- Dubinin-Radushkevich model 

constant (mol2 kJ-2) 

E- mean free energy (kJ mol-1) 

5 Sips 𝑞 =
𝐾௦𝐶

ఉೞ

1 + 𝑎௦𝐶
ఉೞ

 

𝐾௦- Sips model isotherm constant (L g-1) 

𝑎௦- Sips model constant (L mg-1) 

𝛽௦- Sips model exponent 
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The isotherm and their expression used for the modelling of adsorbates are given in 

following chapters. 

1.4.4   Adsorption Kinetics 

Adsoprtion being a surface phenonmenon proceeds through diffrrent stages, 

a. Transportation of adsorbates from bulk phase to the surafce of the adsorbent 

called as film diffusion. 

b. Transporation from the surface of the adsorbent to exteranal surface by pore 

diffusion. 

c. Surafce reaction between adsorbate and adsorbent , attachment of adsorbate. 

 

Figure 1.25. Adsorption kinetics mechanism 

 

All the process are dicpted in the figure 1.25.,  transportaion steps posses higher 

resistance to the adsoprtion compared to surafce reaction , which typically rapid and 

cause negilazable resistance. The overall rate of the adsorption is the total resitance 

produced by the all the stages. If one of them contributed more resistance towards 
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adsorption then the step is called the rate controlling step. Usually the adsorption 

process is carried out batch operation or continues operation in a column packed 

with adsorbent, in such situation mass transfer effects are inevitable. Kintics studies 

of an adsorption experiments revels the underlying mechansm and describe the rate 

limiting step. Kinatc models are diveded bassed on the rate controling step such as 

diffusion models and reaction models. In this study both kind of models (Table 1.4) 

are fitted with experimental data in order to explore the extent and rate of the 

adsorption process. 

Table 1.4. Adsorption kinatc model and their expressions 

 

1.4.5 Error evaluations in adsorption isotherm and kinetics  

Earlier adsorption isotherm data were fitted by using linearized equations and 

coefficient of determination (R2) was chosen as the goodness of fit. By doing so non-

linear equations are converted to linear form, which will result in disturbing error values 

 Kinetic model Expression Reference 

1 
Pseudo first 

order kinetics 
𝑞 = 𝑞(1 − 𝑒ିభ௧) 𝑘ଵ-Rate of adsorption (min-1) 

(Kumar 

2006) 

 2 

Pseudo 

second order 

kinetics 

𝑞 =
𝑘ଶ𝑞

ଶ𝑡

1 + 𝑘ଶ𝑞𝑡
 

𝑘ଶ- Rate of adsorption  (g mg-1 

min -1) 

(Kumar 

2006) 

3 
Elovich 

model 
𝑞 = ൬

1

𝛽
൰ ln(1 + 𝛼𝛽𝑡) 

𝛼- Initial sorption rate  (mg g-1 

min-1) 

𝛽- related to the extent of surface 

coverage and activation energy for 

chemisorption (g mg-1) 

(Tan and 

Hameed 

2017) 

4 
Weber- moris 

model 
𝑞 = 𝑘ௗ√𝑡 + 𝐵 

𝑘ௗ-rate coefficient  

(mg g-1 min-1/2) 

B-thickness of the boundary  

layer 

Weber- 

moris 

model 
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making hard to find the best fitting isotherm. In addition to this, linear regression 

analysis is not suitable to use for the isotherms more than two parameters, hence non-

linear regression analysis was opted to determine the isotherm parameters.  

Commonly there are two types of error associated in expressing adsorption studies. 

First one is the experimental error, which is the difference between the experimental 

value and the true value. This kind of errors can be reduced by increasing higher 

accuracy in system and using standard reagents and equipment. Second type of error is 

fitting error, which transpire when practical data was correlated with theoretically 

calculated isotherm model data.  

Optimization of fitting error involves, evaluating the fit of isotherm model parameters 

with experimental values by an error function. Generally, it is considered that, 

coefficient of determination equal to unity and lower error values of error functions 

indicates the best fitting isotherm. Five type of error functions (as given in the table 1.5) 

are used to evaluate the goodness of fit. This error functions and statistical comparison 

were done by using solver add-in with Microsoft excel spreadsheet. 
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Table 1.5. Error functions and their expressions 

Error function Expression Reference 

1. The Coefficient of 
determination (R2) 𝑅ଶ =

∑(𝑞,௦ି 𝑞, )ଶ

∑(𝑞,௦ି 𝑞, )ଶ ∑(𝑞,௦ି 𝑞 , )ଶ
 

(Nebaghe et al. 
2016) 

2. Nonlinear chi-square test 
(χ2) χଶ = 

(𝑞,௦ି 𝑞, )ଶ

𝑞,௦



ୀ

 
(Boulinguiez et al. 

2008) 

3. Residual root mean 
square error (RMSE) 𝑅𝑀𝑆𝐸 =  ඩ

1

𝑛 
(𝑞,௦ି 𝑞, )ଶ



ୀ

 
(Foo and Hameed 

2010 

4. Marquardt’s percent 
standard 
Deviation (MPSD) 

𝑀𝑃𝑆𝐷 = 100ඩ
1

𝑛 − 𝑝
 ቆ

𝑞,௦ି 𝑞,

𝑞,௦

ቇ

ଶ

ୀ

 (Saadi et al. 2015) 

5. Sum squares errors 
(ERRSQ) ERRSQ = (𝑞, 𝑞, )ଶ



ୀଵ

 
(Foo and Hameed 

2010 
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Abstract: This chapter provides the summary of current aspects of MOFs synthesis 

emphasizing more on zirconium based MOFs and its application in adsorbing 

undesired constituents from aqueous solution. 

 

2.1 LITERATURE SURVEY 

MOFs are developed by carefully designing and choosing precise mixture of metal ions 

and ligands. Apart from these, other compositional parameters such as pH, solvent, 

substituent present in the ligand, counter ions and process parameters like temperature, 

pressure and time can also affect the framework formation. Hence, recognizing the 

interdependency and influence of these parameters on one another is crucial for 

designing MOFs for practical application.  

2.1.1 Synthesis of MOFs 

Bernard F. Hoskins and Richard Robson, (1989) introduced the idea of connecting 

tetrahedral or octahedral nodes to rod like ligands resulting polymeric infinite 

crystalline structure. Reported the use of copper metal ion as the tetrahedral site along 

with 4,4’,4”,4”’-tetracyanotetraphenylmethane ligand to synthesize crystal framework 

having adamantane like cavities. X-ray analysis of the mother liquor taken in Lindeman 

tube confirms the formation of crystalline framework correlating interatomic distances, 

bond angels and inherent placement of all the species in the crystal. The obtained 

structure is in accordance with the intended structure. Inspired from the previously 

reported synthesis on extended polymeric crystalline network, Gable et al. (1990) used 

a linear bidentate ligand 4,4’-bipyridine along with zinc metal ion for the construction 

of the infinite framework. The formation of square grid structure containing sheets of 

zinc bridged by 4,4’-bipyridine stacked on top of one another was confirmed by X-ray 

diffraction studies. 

Li et al. (1998) constructed the first permanently porous metal-organic framework, 

synthesized by slow diffusion of reagents to the solution of zinc nitrate and benzene 

dicarboxylate yielding stable framework structure. Apart from the conformation of 

monoclinic crystal structure from XRD, for the first time nitrogen sorption isotherm 
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studies were conducted on this permanently porous metal-organic framework. The 

Langmuir surface area of this MOF is 270 m2 g-1, micro pore volume of 0. 094 cm3g-1. 

The weight loss due to the removal of guest molecules from framework obtained from 

TGA studies and during activation of the MOF for nitrogen sorption isotherm are both 

in complete agreement. Realizing the importance of bond strength between metal ion 

and the ligand, Cavaka et al. (2008) synthesised a highly stable MOF from zirconium 

and Terephthalic acid.  The synthesized MOF was highly stable, even in the presence 

of moisture. The XRD analysis confirmed the FCC crystalline structure, having 12 

connected Zr6 cluster. The Langmuir surface area was found to be 1187 m2 g-1 and the 

framework revealed openings of windows 6,8,10 Å.  

Hexing et al. (2010) synthesized the MOF with multivariate functionalities, by 

introducing various derivatives of 1-4 benzene dicarboxylic acid together. Nitro, amine, 

fluoro, bromo, chloro, methyl and methoxy functionalities were incorporated in the 

framework. The framework structure was not changed by the use of mixture ligands 

but the arrangements of functional groups are not in ordered. Multiple increase in the 

characteristic features of the MOF observed when compared to the linear sum of pure 

compounds. Morries et al. (2012) synthesized zirconium based MOF having ftw and 

csq topology with porphyrin ligands (MOF-525 and 545). The strategy used was to 

control the coordination in the zirconium cluster by blocking the coordination site (12 

connections to 8 connection). MOFs are stable in water at neutral and acidic pH. The 

MOFs obtained exhibited a surface area MOF-525 and MOF-545 2620 m2 g-1 and 2260 

m2 g-1 respectively and pore diameter 20 and 36 Å respectively.  

Feng et al. (2013) reported the synthesis of highly stable zirconium MOFs (PCN-224) 

with metalloporphoyrins ligands (no metal, Ni, Co, Fe) by using linker elimination 

strategy. These MOFs displayed highest BET surface area of 2600 m2 g-1 with a pore 

diameter 19 Å and stable pH=0 to pH=11. Suresh et al. (2014) described the synthesis 

of permanently porous MOF having large three dimensional channels by using two 

ligands in synthesis together. Two linkers (L1 = 4,4’,4’’,4’’’-([1,1’-biphenyl]-3,3’,5,5’-

tetrayltetrakis(ethyne-2,1-diyl)) tetra benzoic acid (btba)), L2 = 4,4’,4’’,4’’’-(pyrene-

1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl)) tetra benzoic acid (ptba)) were used. 

Multilinker synthesis strategy used in this work resulted in the synthesis of MOF having 
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surface area over 4000 m2 g-1 and hydrolytically stable structure at room temperature. 

These enhanced properties were not obtainable when synthesized with single linker 

method. Liang et al. (2014) used mono carboxylic acids (formate, acetate and 

propionate) along with BDC ligand for the construction of Zr6 core of UiO-66 

framework. The monocarboxylic acids control the pore size of the framework. As the 

chain length of the monocarboxylic acid increases pore size, surface area and total pore 

volume decreases. 

Sachin et al. (2015) Synthesised of five different zirconium based MOFs by varying the 

mole ratio of two ligands (benzene-1,4-dicarboxylic acid and (ABDC) 2-

aminobenzene-1,4-dicarboxylic acid). Utilizing MOF instability in high pH solution, 

the MOFs are re-dissolved in NaOH solution and 2-aminobenzene-1,4-dicarboxylic 

acid concentration in the solution was quantified by UV-vis spectroscopy 

measurements. Finally, elucidated that the porosity and thermal stability of the 

framework depends on the ratio of the ligands used. Yuan et al. (2015) introduced 

multivariate functionalities in the framework by Sequential Linker Installation (SLI) 

strategy. Using this strategy, zirconium MOF with eight coordinated nodes were 

designed to create pockets for linear dicarboxylate linkers. The obtained MOF contains 

multivariate functionalities with stable porous structure.   

Feng et al. (2015) synthesized mesoporous zirconium based MOF (PCN-777) through 

topological rationalization. The MOF having largest cage size of 3.8 nm and highest 

pore volume of 2.8 cm3 g-1 showed superior stability in aqueous conditions making it 

excellent candidate for incorporation of different functionalities. Bruken et al. (2017) 

synthesized zirconium MOF UiO-66 by utilizing a thermolabile linker trans-1,4-

cyclohexane-dicarboxylate (cdc) with (BDC) benzene-1,4-dicarboxylic acid. Later this 

thermolabile linker was eliminated by heating, leaving defects in the framework. 

Characterization of the MOF revealed the homogeneous distribution of defects formed 

by the thermolabile linker. It was realized that the zirconium node can tolerate 4.3 

missing linker defects over this, framework loses its integrity leading to collapse of the 

framework.   
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2.1.2 Applications of MOFs 

Magnetic zirconium MOF composite with flexible mercapto group pendants 

synthesized through solvent-assisted ligand exchange process utilized for the removal 

of mercury ions from aqueous solution (Huang et al. 2013). The terephthalic acid in the 

UiO-66 cluster is replaced with mercaptoaceteic acid and framework retained its 

porosity and crystalline nature. This ligand exchanged MOF exhibited high adsorption 

capacity 282 mg g-1 of Hg2+ from aqueous solution.  Carboni et al. (2013) described the 

synthesis and application of zirconium MOF UiO-68 for the extraction of Uranium 

from water. Phosphorylurea groups are incorporated to terphenyl dicarboxylate linker 

to increases adsorption. The resulting UiO-68 MOF derivatives exhibited high 

adsorption capacity of uranyl from water and sea water. An adsorption mechanism was 

proposed on the basis of interaction between phosphorylurea groups and uranyl cation. 

Nagarakar et al. (2014) reported synthesis of fluorescent zirconium MOF with ligand 

2-phenylpyridine-5,4'-dicarboxylic acid for the detection of nitro explosives in the 

aqueous phase. The MOF possess pore windows of 11.5 Å and 23 Å allowing the 

analytes to move inside the framework and keeping the analytes and MOF close for 

efficient fluorescent quenching. This MOF displayed selective and sensitive detection 

of trinitrophenol in aqueous solution.  

 Zhu et al. (2014) demonstrated the synthesis and application of UiO-67 for the 

adsorptive removal of organophosphorus compounds from water. Due to strong affinity 

of zirconium towards phosphate containing compounds, the synthesized MOF showed 

efficient adsorption of organophosphorus compounds glyphosate and glufosinate 

herbicides. It was understood that the terminal Zr–OH groups are the reason behind 

adsorption through the formation bonds between Zr-O-P. 

Liu et al (2014) studied the adsorption of phenol and p-nitrophenol from aqueous 

solution over three MOFs namely MIL-100 (Cr, Fe) and NH2-MIL-101(Al). It was 

found that the adsorption behaviour towards phenol was similar from all the three 

MOFs. However, NH2-MIL-101(Al) displayed higher adsorption capacity for p-

nitrophenol. This profound adsorption capacity was attributed to the hydrogen bonding 

between the p-nitrophenol and the amine group of the MOF. 
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Nagarakar et al. (2015) utilised the isoreticular expansion of zirconium MOF, UiO-68 

for the detection of trinitrophenol in aqueous solution. The ligand 2′-amino-[1,1′:4′,1″-

terphenyl]-4,4″-dicarboxylic acid imparted the fluorescence property to the MOF. The 

electrostatic interaction between the trinitrophenol and the pendent amine group of the 

ligand caused fluorescence quenching. It was proposed that, the recognition of 

trinitrophenol by the amine group can be efficiently used in sensing nitro explosives. 

 Zhang et al. (2015) reported the synthesis and application water stable zirconium MOF, 

UiO-66(Zr)–2COOH for the removal of Cu2+ over Ni2+ from aqueous solution. The 

presence of two free carboxyl groups facilitated the formation of unique chelation effect 

and because of Jahn-Teller effect, the MOF showed superior selectivity for Cu2+/Ni2+ 

in aqueous solution when compare to other adsorbents. 

Ahmed et al. (2015) demonstrated the application zirconium MOF, UiO-66-SO3H for 

the adsorption of indole and quinolone. As the –SO3H content in the MOF increased so 

is the adsorption of indole, this effect is might be due to the hydrogen bonding between 

oxygen of the –SO3H group and hydrogen of the indole. Application zirconium MOF, 

UiO-66 for the adsorption of arsenic from aqueous solution was reported by Wang et 

al. (2015). UiO-66, MOF showed high adsorption capacity 303 mg g-1 over a broad 

range of pH (1 to 10). This excellent uptake is attributed to porous nature and zirconium 

oxide cluster for providing a large contact area with plenty of active sites. The presence 

of hydroxyl group and benzenedicarboxylate ligand are responsible for high uptake. 

Lin et al. (2015) reported the application zirconium MOF, UiO-66 and UiO-66-NH2 for 

the adsorption of phosphate anions from aqueous solution. A slight increase in the 

uptake by UiO-66-NH2 indicates the influence of hydrogen bonding and electrostatic 

interactions between phosphate group and amine. However, the major role for the 

adsorption is by interaction between zirconium and phosphate group. Application 

zirconium MOF, NU-1000 for the adsorption selenate and selenite from aqueous 

solution was conducted by Howarth et al. (2015) and reported the fastest uptake rates 

of all the zirconium MOFs. The presence of large 30 Å apertures helped for fast 

diffusion and labile hydroxyl and water ligand facilitated the binding of selenium 

oxyanions to zirconium cluster leading to higher adsorption. 
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Chen et al (2015) demonstrated the application of UiO-66 and UiO-66-NH2 for the 

removal anionic and cationic dyes from the aqueous solution. It is observed that both 

MOFs were able to remove cationic dye (methylene blue) more effectively than anionic 

dye (methyl orange). This selective adsorption is because of favourable electrostatic 

interaction arising from intrinsic surface charge of the MOFs and the cationic dye. Lv 

et al. (2016) utilised the UiO-66 and UiO-66-NH2 MOFs for the adsorption of 

nitrophenols from phenol, 4-nitrophenol, 2,4-dinitrophenol, and 2,4,6-trinitrophenol 

mixed solutions. The 2,4-dinitrophenol was able to adsorb more at acidic pH on both 

the MOFs. Hydrogen bonding and electrostatic interactions are the mechanism 

responsible for the adsorption. 

Wang et al. (2017) used the zirconium MOF having -NH2 group for the adsorption lead 

and cadmium ions from water and 100 % removal of lead and cadmium ions reported 

(at 10 ppm initial concentration). The adsorption mechanism studies confirmed the 

coordination interaction between NH2 group and lead and cadmium ions responsible 

behind this superior adsorption.  

Mohammadi et al (2017) described the use of UiO-66 for the adsorption of methylene 

blue from aqueous solution. Adsorption optimization studies revealed that the 

maximum adsorption occurs at pH = 9. The adsorption capacity of the MOF was found 

to be 91 mg g-1. Jin-Min Yang (2017) reported the phosphate immobilized UiO-66 

(UiO-66-P) for the application of adsorptive removal of Methylene blue from aqueous 

solution. This UiO-66-P composite showed superior adsorption capacity form 24.4 mg 

g-1 to 91.1 mg g-1 (272 %) over pristine UiO-66.  Phosphate anions induced negative 

charge on the MOF, facilitating electrostatic interaction between methylene blue and 

MOF leading to higher adsorption. El-mehalmay et al. (2018) synthesised and reported 

the application of a composite of the amino-derivative Zr- (MOF) and silica gel for the 

removal of chromium. The porous silica gel helped to increase the sorbent–solute 

contact time. This composite exhibited an excellent chromium uptake capacity 277.4 

mg g-1 even in the presence of other competing ions. This indicated the practical 

usability of the composite for the removal of chromium from water.   
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Synthesis and application of Amino-decorated Zr-based magnetic metal-organic 

frameworks (Zr-MFCs) composites for the removal organic dyes and metal ions was 

reported by Huang et al. (2018). The amine derivative of Zr-MFCs (Zr-MFC-N) 

exhibited higher adsorption capacity and faster adsorption kinetics. The maximum 

adsorption capacity of Zr-MFC-N for Pb2+ and methylene blue and methyl orange was 

found to 102 mg g-1, 128 mg g-1 and 130 mg g-1 respectively. 

Shi-wen et al. (2019) utilised the UiO-66-NH2 for the removal of anionic dye (methyl 

orange) and cationic dye (methylene blue) simultaneously from aqueous solution. 

Adsorption studies indicated that at acidic pH, methyl orange adsorbed more (148 mg 

g-1) where as in the alkaline pH methylene blue adsorption was more (549.6 mg g -1). 

This exhibited the pH-dependency of the adsorption process. The simultaneous 

adsorption capacity at neutral for methyl orange and methylene blue was 105.2 and 

144.9 mg g-1 respectively.  

2.2 CURRENT ASPECTS OF ZIRCONIUM BASED MOF FOR ADSORPTION 

APPLICATION 

Surface area, porosity, surface energy, mechanical strength and ability to interact 

chemically with the adsorbate, these are few important characteristics of an adsorbent 

considered essential for the successful application in adsorption. After the discovery of 

MOFs, an extensive research on the adsorptive application has been published. This 

evidences the huge potential of MOFs to become an eminent class of segment in the 

industrially important porous materials cluster. 

The affinity of the MOF towards the target species is enhanced by the presence of 

certain moieties, which possess higher energy and interact specifically. The summary 

of the mechanism of this interaction was recently reviewed (Hasan and Jhung 2015) 

and given in the below figure 2.1. The following kinds of mechanism are generally 

expected, Electrostatic interactions, acid-base interactions, hydrogen bonding, pi-pi 

interactions, hydrophobic interactions and interactions due to the presence of 

framework metal.  
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The electrostatic interactions can occur only when both the MOF and adsorbate are 

charged, such situation often expected in aqueous solution. The adsorption of ionic dyes 

and charged metal species follow this type of mechanism. The presence of hydrogen 

bonding bearable polar groups like amine, acid, carbonyl and hydroxyl in the organic 

molecules supports to adsorb on the MOF, when the MOF also possess polar groups 

which can form hydrogen bonding. The acid-base interactions are expected between 

acidic and basic groups present on both adsorbate-adsorbent system, for example, acidic 

MOF containing carboxylic acid groups interact with an organic molecule having amine 

group. Interaction due to the presence of framework metal in case of lewis acid base 

interactions happening due to open coordination sites present in the metal to form 

coordinate bond with organic molecules. The pi-pi interactions are possible when 

favourable interaction occurs due to the presence of many pi-electrons such as aromatic 

rings present in the both the system.  

 

 

Figure 2.1. Plausible mechanism of interaction between MOF and adsorbates 

 

As the knowledge of the possible mechanism of interactions of the MOFs with the 

target molecules are realized, so is the further development in the synthesis of MOF 
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materials for adsorption application (Figure 2.2). Functionalization of zirconium MOF 

is the major part where most of the research is focused. Along with functionalization of 

MOF, exploration on the various forms of zirconium MOFs adsorbents such as 

membranes, polymer matrix, composites, and nano particle immobilized composites 

are also under development. 

The functionality in the zirconium MOF is incorporated by using dicarboxylate ligands 

having additional groups such as amines, halides and others (Figure 2.3, Kandiah et al. 

2010).  

 

Figure 2.2. Current aspects of zirconium MOF research for adsorption of various 

contaminants from aqueous solution 

In case where it is difficult to obtain both functional groups in same ligand, a mixed 

ligand strategy was used, dicarboxylic acid ligands with different functional groups are 

combined in a single framework (Kim and Cohen 2012). 
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Figure 2.3. Incorporation of functional group to MOF by mixed ligand and functional 

group conversion 

Further desired functionalities in the framework was introduced by post synthetic 

modification of the existing groups either using chemical conversion method like 

conversion of bromo to cyano (Kim et al. 2011) or by using ligand exchange method 

(Kim et al. 2012). These functionalized MOF show similar stability as that of UiO-66 

along with superior performance features. In extension to this functionalization of 

zirconium framework, Daliran et al. (2020) synthesised pyridyltriazol-functionalized 

UiO-66 framework by three step post synthetic modification and efficiently utilised the 

MOF for the adsorption of palladium from aqueous solution, in addition after 

adsorption, the palladium adsorbed framework was also used as a catalyst for the 

Suzuki–Miyaura cross-coupling reaction. 

Defective MOFs consists sites that locally break the regular periodic arrangement of 

atoms or ions of the static crystalline parent framework because of missing or dislocated 

atoms or ions (Fang et al. 2015). In zirconium based MOFs the defect arises due to 

missing linkers (ligands) generating a coordination vacancy on the adjacent zirconium 

metal ions. In similar way a missing cluster creates vacancy on each neighbouring 
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cluster. These defects help to alter the physical and chemical properties the MOFs 

producing positive effects.  

Recently Ali et al. (2021) reported the synthesis of defect engineered UiO-66 

framework by varying reactants mole ratio and reaction temperature. These MOFs 

showed increased absorptivity of lead ions from water indicating influence of open 

metal site and open framework on the adsorption of heavy metal ions. Use of 

monocarboxylic acid as ligands to create defects in the UiO-66 framework was reported 

by li et al. (2021). These monocarboxylic acid ligands increased the open site on the 

framework enhancing the phosphate adsorption capacity and increased the rate 

adsorption compared to pristine UiO-66.   

MOFs synthesised in powder forms have little usability in terms of industrial 

application. To make them industrially prominent materials, fabrication of the MOFs 

to an appropriate form is necessary. Hence, making a composite with suitable another 

material can overcome this shortage. A composite is a multi-component material with 

multiple phases which has at least one continuous phase (Hoeri et al. 2003). Liu et al. 

(2015) first reported the fabrication of zirconium MOF on alumina hollow fibre to 

obtain continuous UiO-66 polycrystalline membranes for the application of 

desalination of water. The synthesised membrane showed good stability in saline water 

and promising separation performance. Cai et al. (2020) synthesised the continuous 

polycrystalline UiO-66(Zr)-NH2 membranes on a flexible carbon cloth substrate for the 

separation of organic solvents through nanofiltration.  The membrane showed complete 

rejection for dyes such as methylene blue, oil red and Nile red and moderate 

permanence for organic solvents (methanol and dichloromethane). 

Functionalizing the MOFs by nano particle increases its intrinsic property or bestow 

new properties which are not inherently present in MOF. Raiely et al. (2017) proposed 

a classification on arrangement of nanoparticles in MOF. In the first case nano particles 

are deposited on the outer surface of the MOF and in second case multiple nanoparticles 

are randomly implanted in the MOF, finally core-shell structure with one or more 

nanoparticles completely encapsulated in the MOF shell represents the third category. 

To obtain the MOF nanoparticle composites explained before two synthetic strategies 
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were applied. Those are “ship in the bottle”, where nano particles precursors are 

infiltrated into a preformed MOF matrix and form the nano particle, in the second 

strategy “bottle around the ship” involves building MOF around a preformed 

nanoparticle. 

Feng et al. (2020) reported the synthesis of silver nanoparticle containing zirconium 

metal organic framework to remove radioactive iodine waste from nuclear plant waste. 

The synthesised MOF-Nanoparticle displayed high porosity and stability with 

exceptional adsorption capacity for Iodine (1260 mg g-1). This high performance is 

attributed to the synergistic effect of MOF and silver nanoparticle. 

Owing to their difficulties in preparing neat MOF membranes, mixed matrix membrane 

approach has been used for the integration of MOF with membrane. These mixed 

matrix membranes are composites with polymer as a continuous phase and MOFs as 

additive in the continuous pause. Here, the membrane essential properties are governed 

by the polymer such as porosity, whereas the additive (MOF) look after the adsorptive 

properties. In a recent study (Gutiérrez-Serpa et al. 2022) thin-films made of mixed 

matrix membrane of zirconium MOFs are utilised in analytical microextraction of 

contaminants arising from personal care product were studied. The mixed matrix 

membranes exhibited good adsorptive uptake behaviour of contaminants.  

Jia et al. (2021) demonstrated the synthesis of porous starch-chitosan-UiO-66-COOH 

composite for the adsorptive application of sulphanilamide from water. The composite 

showed hierarchical porosity which facilitated the efficient adsorption of 

sulphanilamide. 

It is clear that, synthesis and application of zirconium MOFs for the removal 

contaminants from water is progressing in a fast pace. New strategies and techniques 

for the improvisation of intrinsic properties and amalgamation of material science 

principles resulting highly advanced and performance oriented MOF materials. These 

materials have the ability to answer the environment remediation problems efficiently.  
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2.3 SUMMARY OF LITERATURE SURVEY 

From the literature survey it is clear that water stable MOFs made of zirconium were 

extensively used to remove pollutants from aqueous systems. The adsorbing ability of 

the adsorbents (MOFs) was augmented by incorporating specific groups in the 

framework. These groups are either introduced after the formation of framework as post 

synthetic modification or in the beginning as a part of the framework during synthesis 

by mixed ligand strategy. Presence of larger pores also increases adsorption by allowing 

adsorbate molecule to pass through the framework channels and adsorb physically. The 

metal centres present in the framework shows high affinity through their unsaturated 

open sites for adsorption as in the case of zirconium metal centres towards phosphate 

containing adsorbate. Introducing fluorescence active property to the framework has an 

advantage of detection and adsorptive removal of pollutants at the same time. The MOF 

was made fluorescence active by incorporating fluorescence active ligand using alone 

or with the other ligands during synthesis. Over all electro static attraction, hydrogen 

bonding, acid base interactions of the functional groups and the metal centres present 

in the framework were the main mechanisms through which adsorption mainly occurs 

in removing pollutants from water. 

Development and application of a multifunctional engineered material for effluent 

treatment systems have tremendous benefits in terms of treatment efficiency and cost. 

Having a highly porous structure, MOFs are considered as a prominent class of 

materials in environment remediation applications. Zirconium based MOFs are having 

high stability towards moisture and temperature due to the strong bonding between 

metal and oxygen atoms. Hence, zirconium-based MOFs form ideal materials for water-

based adsorption applications. 

2.4 PROPOSED WORK 

2.4.1 Scope of the work  

It is evident from the literature survey that the synthesis and application of MOFs has 

attracted many researchers worldwide for its expanding utility in the field of separation. 

However, application of MOFs in simultaneous adsorption of multiple contaminants 
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like dyes and toxic metal ions from aqueous solution seems to be limited. The industrial 

effluents compose multiple pollutants and developing robust adsorbent is the key in 

solving regulatory issues. Furthermore, it is also perceived that the development works 

on smart adsorbents, which can detect and adsorb pollutants simultaneously is yet to 

turn up. Therefore, keeping in view the advantages offered by this material, research is 

in progress to overcome their existing drawbacks by some suitable modifications in 

order to make them as an ideal application material. The possibility of enhancing the 

properties by introducing functional groups and improving their chemical resistance, 

stability towards water and temperature may help in large scale utilization of this 

material in the near future. 

2.4.2 Aim of the work 

Aim of the current work is to synthesize and maximum utilization of metal-organic 

framework materials. Furthermore, addressing the need to improve their chemical 

resistance, stability towards water and temperature. Also improving the desired 

properties by proper chemical modification, by introducing new chemical entities etc. 

This may result in augmentation in enhancing separation and detection of pollutants 

from the resulting MOFs. 

2.4.3 Objectives 

 To synthesize N, O donor ligands. 

 To synthesise zirconium metal-organic frameworks using in-house synthesised 

ligands. 

 To synthesise functionalised zirconium MOFs. 

 To study the structure of ligand and MOF by various analytical techniques. 

 To study the surface area and pore structure of MOFs by gas adsorption.  

 To study the detection and adsorption of hazardous materials over synthesised 

zirconium MOFs. 



 

 
 

 

CHAPTER 3 

 

 

SIMULTANEOUS ADSORPTION OF 

METHYLENE BLUE AND HEAVY METALS 

FROM WATER USING Zr-MOF HAVING FREE 

CARBOXYLIC GROUP
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Abstract: This chapter describes the greener method for the hydrothermal synthesis of 

UiO-66 (COOH)2 MOF using easily available zirconium chloride salt with BETC 

ligand and acetic acid as modulator and accounts the use of hydrothermal synthesised 

UiO-66 (COOH)2 MOF to adsorb methylene blue and heavy metals simultaneously 

from aqueous solution. The detailed characterization of the material has also been 

discussed 

 

3.1 INTRODUCTION 

The freshwater resources are under great threat because of rapid urbanization. To meet 

the demand of the essential products industrialization is occurring at a rapid pace, which 

ultimately releases a large number of hazardous pollutants of inorganic and organic 

wastes into the water, causing severe water pollution (Ashiq et al. 2012, Baral et al. 

2009). Hence, it is required to protect the aquatic resources and supplies from these 

contaminations effectively and efficiently. Textile, pharmaceutical, food, tanning, and 

paper industry were the prevalent users of dyes and pigments which also contain toxic 

metals (Baral et al. 2009, Dotto et al. 2011). Methylene blue is the most common 

colouring agent, used mainly in dyeing leather, printing cotton, and tannin (Gupta et al. 

2011).  It is obligatory to remove dyes from the aquatic system because of their defiant, 

harmful and abiding nature (Jain at el. 2014). The existence of dyes in the water bodies 

reduces sunlight penetration that leads to decrease in photosynthesis and has a 

detrimental effect on aquatic life (Zhou et al. 2014). High toxicity and ubiquity of metal 

ions in water bodies such as lead, cadmium released from industrial process cause 

multiple organ damage, birth defects, and carcinogenic to human life. Hence 

environmental agencies (World Health Organisation (WHO)) and American Water 

Works Association (AWWA)) limit the concentration of lead and cadmium in drinking 

water to 0.015 mg L-1 and 0.005 mg L-1 respectively (Mohan and Singh 2002, Cuenot 

et al. 2005). These factors were forcing the scientific community to find newer solutions 

for efficient low-cost remediation of polluted water (Tchounwou et al. 2012).  

The conventional methods to treat water include adsorption, coagulation, 

sedimentation, filtration, chemical and membrane technologies. The adsorption process 
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is less energy consuming and hence cost-effective applications for water treatment 

(Zhou et al. 2014, Gupta et al. 2000, Vinod and Anirudhan 2003). Porosity is the main 

criteria for material to be called an adsorbent; hence, it is of great interest to investigate 

the advanced porous materials for this application. A new class of highly crystalline 

porous solids, metal-organic frameworks (MOFs) demonstrated superior performances 

in adsorptive separation and purification.  

The uppermost concern in treating effluents from dye-based industries is to remove 

colour. Adsorption has been found to be a pivot technique in removing dyes from water. 

Heavy metals can also be removed by an adsorption process along with other low-cost 

removal processes such as coagulation and sedimentation followed by filtration (Fu and 

Wang 2011). Advanced and efficient adsorbents are of great interest to overcome 

multiple effluent treatments for an effluent system containing different pollutant species 

like organic dyes and inorganic metal ions (Ahmad et al. 2020, Ayub et al. 2021). It is 

also a statutory requirement that the effluents released should be at neutral pH, hence 

industrially it is economical and beneficial to develop a treatment process at neutral pH 

and remove all the pollutants. 

 3.2 STRATEGY AND OBJECTIVES 

As stated in the chapter 1, very few of the synthesised MOFs are stable and can hold 

their framework integrity in presence of water. This instability is due to weak bonding 

between the metal ions and ligands. Where as in the case of zirconium based MOFs, 

the strong affinity between Zr (IV) ion and carboxylic oxygen makes the bond stronger. 

In addition to this maximum coordination number of metal ion makes it difficult to 

external ligands to replace the existing ligand. Functionalization of this highly stable 

MOF opens wide opportunities in various applications. One such way is to use 

functionalized ligands during synthesis. Many attempts were made to use greener 

methods for sustainable synthesis of zirconium based MOFs but ended with poor 

crystallinity and repeatability. In recent years’ modulator approach has been used, 

where ligands having one coordination sites were used during synthesis of MOF which 

competes with linkers to form complex with metal cations, there by altering the rate of 

crystal formation (Schaate et al. 2011). Acetic acid seems to be the best modulating 
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agent as it offers no solubility issue for hydrothermal synthesis. The solubility of the 

ligands in aqueous condition is the main criteria for the green synthesis of zirconium 

based MOFs (Schaate et al. 2011). Even with water soluble ligands it was difficult to 

obtain crystal solids as the reaction mass turns into amorphous solids. But the presence 

of water is essential for the formation of UiO-66 type MOFs, as Zr6(O)4(OH)4 structure 

consists – OH and – O bridges (Valenzano et al. 2011). In fact, synthesis with BDC-

NH2 ligands requires water to obtain well-ordered single crystal (Schaate et al. 2011). 

Yang et al (2013) first reported the synthesis of UiO-66(COOH)2 with BETC ligands 

under aqueous condition without using any modulators. But reproducibility often 

questioned by many researchers (Hu et al 2015). Ragon et al. (2015) conducted a 

comprehensive study on aqueous synthesis of UiO-66 (COOH)2 using high throughput 

technique with HCl and water mixture at 100 to 150 °C. It was concluded that equimolar 

ratio of metal ion and ligand with optimum dosage of HCl/water is necessary for crystal 

formation. Excess of acid prevents deprotonation of ligands reducing the reaction rates. 

The rate of crystal formation increases as the temperature increased from 100 to 150 

°C. Hu et al. (2015) used nitrate salt of zirconium and acetic acid as modulator along 

with BETC ligands to obtain nano sized crystalline UiO-66(COOH)2 by hydrothermal 

method. Zirconium chloride was avoided which might be due to its hygroscopic nature 

and formation of gel like products (Bueken et al. 2017). Here, we report modified 

hydrothermal method for the synthesis of UiO-66(COOH)2 metal-organic framework 

with 1,2,4,5-benzenetetracarboxylic acid and zirconium chloride as metal source. 

The objective of the present study was to evaluate the usefulness of the easily 

synthesizable, water stable and low cost (from hydrothermal synthesis) MOF in 

removal of multiple contaminants simultaneously from water. The influence of various 

experimental factors such as contact time, pH, adsorbate initial concentration and 

amount of adsorbent were investigated. The sorption behaviour at optimized condition 

was assessed and correlated with underlying mechanism. The outcomes are compared 

with similar works in the literature and found favourable. 
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3.3 MATERIALS AND METHODS 

3.3.1 Materials 

Zirconium chloride (ZrCl4) (99.5%, Reactor grade) was purchased from Alfa Aesar. 

1,2,4,5-benzentetracarboxylic acid was purchased from Sigma Aldrich, Acetic acid 

were supplied by Spectrochem Pvt Ltd, India. All chemicals were used as received 

without further treatment. 

3.3.2 Methods 

The synthesis of UiO-66(COOH)2 was carried out based on literature with a slight 

modification (Hu et al. 2015). In this process, organic ligand (∼5 mmol) and ZrCl4 (∼5 

mmol) were suspended in 50 mL of water/acetic acid mixed solvent (30 ml:20 ml), and 

the reaction mixture was heated to 130 °C under reflux condenser for 10 h to yield a 

powder product. The product was cooled to room temperature and filtered, washed with 

water and acetone. Then the sample was dried under vacuum at 80 °C for 12 h to yield 

the final product with a yield of 90% based on the overall weight of ligand and metal 

salt. 

3.3.3 Characterization  

The crystal structure of the as synthesized MOF was analysed using an X-ray 

diffractometer (XRD, Rigaku) with monochromatic Cu-Kα radiation (ʎ = 0.154 nm) at 

a scan rate of 2° per minute in the range of 5-60°. The morphological features of the 

synthesized MOF were analysed using SEM (Carl Zesis). The nitrogen adsorption-

desorption isotherms were obtained by the BET method, before the analysis, the sample 

was degasified for 2 h at 120 °C (BELSORP-mini II (Japan)). FTIR spectra of the 

sample were recorded using Perkin Elmer spectrum 100 analyser by preparing the 

sample and KBr pellets. Zeta potential measurement carried out by Horiba scientific 

(nanopartica) nanoparticle analyser at neutral pH. Metal ions concentrations were 

determined by GBC SavntAA atomic absorption spectrometer. Kratos XSAM800 

spectrometer equipped with Al Kα source used for XPS analysis. 
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3.3.4. Adsorption experiments 

A solution containing each adsorbate from 10 mg L-1 to 100 mg L-1 initial concentration 

(methylene blue and heavy metals) were taken and an optimum dosage of 0.35 g L-1 of 

adsorbent was fixed for isotherm studies. The adsorbate-adsorbent system was kept in 

an orbital shaker under isothermal condition for sufficient time to reach equilibrium. 

0.1 N NaOH and 0.1 N HCl used for pH adjustments and the effect of various 

parameters on adsorption were evaluated. After each experiment, the solution was 

centrifuged (2000 rpm and 10 min) and the methylene blue dye concentration at 

equilibrium was determined by a spectrophotometer (k = 664 nm) (Qiu et al. 2017), and 

metal ions concentrations were determined by atomic absorption spectrometer. All the 

trials were replicated at identical conditions. The amount of adsorption at equilibrium, 

qe (mg g-1), was calculated by equation (3.1) (De haro-del et al. 2017). 

 

            q =
(େିେ)


                                                                     (3.1) 

Where Co and Ce are the initial and equilibrium adsorbate concentration (mg L-1) 

respectively. V is the volume of the solution (L) and W is the mass of dry adsorbent 

used (g). Adsorbate removal (%) was calculated by equation (3.2) (Alhassani et al. 

2020). 

 

                       Adsorbate  removal (%) =  ቀ1 −
େ౪

େ
ቁ ∗ 100             (3.2) 

 

Where Ct is adsorbate concentrations at any time t (mg L-1). Kinetic experiments were 

similar to those of equilibrium tests (20 mg L-1 initial concentration). The 

concentrations of dye and metal ions from the aqueous samples were measured at 

different time intervals. The amount of adsorption at time t, qt (mg g-1), was calculated 

by equation (3.3) (Al-jubouri et al. 2020). 
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       q௧ =
(େିେ౪)


                                                                               (3.3) 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Characterization MOF 

From literature it was found that chloride salt of zirconium was not used along with 

acetic acid modulator for hydrothermal synthesis. When Zirconium chloride was used 

in aqueous condition gel like product obtained which needs further treatment to get 

powder (Yang et al. 2013). This is due to the rapid reaction of metal salt with water 

molecule. In presence of modulator this reaction gets altered, provided the modulator 

is soluble in reaction condition. As the temperature of the reaction was increased this 

modulator was replaced by ligand molecule to from framework structure. By combining 

the outcome of the previous reports, it was concluded that at higher concentration of 

metal ions, under aqueous conditions using acetic acid as modulator and at high 

temperature facilitates formation of UiO-66(COOH)2 crystals. The structure of UiO-

66(COOH)2 MOF consists of octahedron zirconium atoms. Each zirconium atom is 

eight-coordinated in square antiprismatic fashion with eight-oxygen atoms, where four 

of which from carboxylate and the other four from μ3-O and μ3-OH atoms. The 

octahedral edges are bridged by carboxylate groups from 1,2,4,5-benzentetracarboxylic 

acid forming three-dimensional FCC structure. The Powder XRD results confirm the 

crystallinity of the synthesized MOF.  As shown in the figure 3.1(a), the characteristic 

two peaks at 7.4° and 8.5° corresponds to the plane [111] and [220] respectively 

indicate that the MOF synthesized was having isostructural UiO-66 framework 

topology (Hu et al. 2015).   

The band at 1710 cm-1 from FTIR spectra figure 3.1(b) shows the presence of freely 

available COOH, which acts as anchors for holding the cationic methylene blue dye. 

Apart from this FTIR confirms the presence of regular bands of MOFs metal-carboxylic 

bonds. The band at 1420 cm-1 and 1580 cm-1 corresponds to carboxyl symmetric and 

asymmetric stretching bonded to zirconium. The band at 1511 cm-1 is from aromatic 
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C=C vibration of benzene ring. The bands around 820, 710, and 550 cm-1 are associated 

with C-H vibration, O-H bending and Zr-(OC) asymmetric stretching. 

 

Figure 3.1. (a) PXRD spectra of synthesized MOF (b) FTIR spectra of MOF   

 

Surface area and pore size were studied by N2 sorption isotherm (Figure 3.2(a)). Which 

reveals a composite kind of I/IV isotherm. There is a sharp increase in the volume of 

gas adsorbed at p/po=1, which shows condensation of gas in mesopores formed due to 

the defects in MOF structure. BET Surface area is 505 m2 g-1. The pore distribution plot 

(inset of figure 3.2 (a)) studied by micropore method shows that the sample has 

micropores 0.4 to 0.7 nm and has distribution peak at (dp, peak/nm) at 0.57 nm. Hence, 

it can be concluded that the occurrence of hysteresis is due to condensation of N2 gas 

in voids formed in the framework during synthesis. The SEM morphology of UiO-

66(COOH)2 (Figure 3.2(b)) shows relatively circular particles of size 150−300 nm, this 

was attributed by fast nucleation of the metal cation with water molecules at a higher 

temperature and different levels of molecular aggregation during synthesis. The energy 

dispersive X-ray spectroscopy (EDX) determines the elemental composition of the 

sample. EDX analysis image of MOF is given in figure 3.2 (c). The figure shows the 

representative elements in appropriate proportion. The major constituent is oxygen 

present in 59.36 atomic percent (at %) and carbon is present in 29.68 at% followed by 

zirconium 10.96 at%. 
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Figure 3.2. (a) Nitrogen adsorption isotherm of MOF (b) SEM image of MOF (c) 

EDX spectra of the MOF 

 

3.4.2 Parameters optimised for adsorption  

3.4.3 Effect of pH 

Effect of pH studies was conducted at 20 mg L-1 concentration of dye molecules and 

0.5 g L-1 dosage of adsorbent. As a result of free carboxylic groups, the adsorbent 

exhibits a different level of adsorption in the acidic and basic medium and the surface 

charge of the adsorbent is greatly affected by pH of the solution. Due to the ionic nature 

of MB, the dye adsorption on the surface of the MOF is dependent on the surface charge 

of the adsorbent. The degree of dissociation of dye molecules also depends on pH. At 

lower pH, protonation of the carboxylic group of the MOF occurs, which makes the 
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cationic dye to interact weakly with the MOF. This competition between hydrogen ions 

and dye molecules for the ionic interaction with the MOF, causes decrease in adsorption 

of dye molecules at low pH. However, at higher pH, though the surface charge of the 

MOF may be negative but the adsorption seems to be less may be due to charge 

neutralization of dye molecules with hydroxyl ions. This results in the reduced ionic 

interaction between dye molecules and the MOF. The Zeta potential value of MOF at 

neutral pH is -7.7 mV, a slight negative charge on the surface of the MOF, which is 

favourable for the cationic dye to adsorb and shows maximum adsorption at neutral pH 

(figure 3.3(a)). It was found that the maximum dye removing capacity of the adsorbent 

is at neutral pH. This advantage was considered, and decided to explore the ability of 

the adsorbent to remove the heavy metals at neutral pH. Furthermore, switching back 

and forth to pH corrections to the removal pollutants was not found to be cost-effective. 

Hence for the adsorption studies the pH was kept between 6.5 and 7.0., in considering 

the precipitation effect of heavy metals. As it was found that the insoluble precipitates 

of metal hydroxide such as lead and cadmium will only start to form after pH 7.0 

(Hahne and Kroontje 1973). 

 

 Figure 3.3. (a) Effect of pH on MB dye adsorption.  (b) Effect of dosage on 

adsorption of MB dye molecule. 

3.4.4 Variation in adsorbent dosage 

In this study, it was decided to explore the potential use of the adsorbent when 

used in the treatment of pollutants from the dye industry. Hence the effect of pH and 

adsorbent dosage optimized for maximum dye adsorption, later the ability of the 
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adsorbent to remove lead and cadmium ions at these optimized conditions was studied. 

The quantity of MB adsorbed was strongly affected by adsorbent dosage. To understand 

this effect, a known concentration of adsorbate solution was contacted with varying 

concentrations of adsorbent dose from 0.1 g L-1 to 0.5 g L-1 as shown in figure 3.3(b). 

Initially, adsorption increases with dosage but later saturates at 0.3 g L-1 onwards. This 

is because the number of sites for adsorption over adsorbent increases with the dosage, 

removal efficiency also increases but there is a decrease in the density of adsorption at 

a higher adsorbent dose resulting lower qe value (Vadivelan and Kumar 2005). 

 

3.4.5 Effect of time  

Figure 3.4. shows the plot of adsorption efficiency and amount of adsorbates 

adsorbed as a function of time, when the experiments are conducted using 20 mg L-1 

adsorbates with 0.35 g L-1 of adsorbent dosage. Higher dye removal capacity at the 

initial stage is due to the attractive interaction between of anionic carboxylic acid and 

cationic methylene blue dye. As the adsorption progress, dye molecules cover the 

surface of the adsorbent partially or completely resulting in lower adsorption. Close 

experimental values were obtained when the dye/adsorbent system was in a state of 

adsorption equilibrium (Dotto and Pinto 2011).  It can also be concluded from the figure 

3.4., that the single–component adsorption with respect to a particular metal ion is more 

when compared to multi-component system. This shows there is a competitive 

adsorption phenomenon between cationic metal species but this is not the same for the 

dye molecules present in the solution. Because the adsorption efficiency of MB is 

almost same and not influenced by the metal ions present in the system. It is also clear 

that the adsorption efficiency of lead is selectively more when compared to cadmium. 

This is due to the smaller size of hydrated lead ions in water and the affinity of the 

electron-rich carboxylic oxygen towards lead (Yu et al. 2017). The average pore size 

of MOF determined from surface area measurement is around 0.5 nm whereas hydrated 

ionic radii of lead is almost half of the pore size hence it is easier for lead ions to move 

inside the pores. Another factor that favours the adsorption is the lower hydration 

energy, as the metal ions need to lose hydrated water before entering smaller-sized 

pores. 
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  Figure 3.4.  Effect of time on individual and multicomponent adsorption removal 

efficiency. 

 

Therefore, from table 3.1. (Yu et al. 2017), larger ionic radius and lower 

hydration energy of lead favours the interaction with anionic MOF adsorbent. As the 

adsorption proceeds, dye molecules block the pores of MOF leading to the decrease in 

the diffusion rate of metal cation adsorption and forming a barrier between metal ions 

and electron-rich oxygen atoms. It can be concluded that when there is a competition 

for diffusion and surface adsorption, lead ions prevail over cadmium because of their 

smaller size and lower hydration energy. 

 

The selectivity of adsorbent among the adsorbates can be analyzed from distribution 

coefficient (Kd (mg L-1)) as given in equation (3.4) (Yan et al. 2011). Where Co and Cf 

(mg L-1) are the initial and equilibrium concentration of adsorbates respectively. V (L) 

is the volume of the solution and m (g) is mass of the adsorbent. Which is used as an 

indicator of the selectivity of the adsorbent to the particular ion in the presence of 

complex matrix of interfering ions. 
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                                                            𝐾ௗ =
൫ି൯


×




                                            (3.4) 

         A selectivity coefficient α for the adsorption of specific adsorbate in the presence 

of competitor species can be given by equation (5). 

                                                               𝛼 =
(்)

(ூ)
                                                       (3.5) 

In which Kd(T) is the Kd value of the targeted species and Kd(I) is the Kd other 

competing species. The calculated values of α for methylene blue is 14.18 (in presence 

of Cd) and 3.40 (in presence of Pb). For lead ions α values are 0.29 (in presence of MB) 

and 4.16 (in presence of Cd). For cadmium ions α values are 0.07 (in presence of MB) 

and 0.24 (in presence of Pb). 

It is clear that the adsorbent has higher selectivity in the order MB > Pb > Cd. 

 

 Table 3.1. Properties of dehydrated and hydrated heavy metal ions 

Metal ion Ionic radii 
Hydrated Ionic 

radii 
Hydration energy 

Cadmium 0.097 nm 0.426 nm 1755 kJ mol-1 

Lead 0.122 nm 0.261 nm 1425 kJ mol-1 

 

    XPS analysis (Figure 3.5) was conducted to understand the mechanism between 

adsorbate/adsorbent interactions. The presence of Pb 4f and Cd 3d peaks confirms the 

loading of metal species after adsorption (Figure 3.5 (c) survey). High resolution 

spectra of XPS reveal the more details on metal cation interaction with anionic MOF 

adsorbent. The peaks 138.44 and 143.3 (Figure 3.5 (a)) corresponds to Pb 4f7/2 and Pb 

4f5/2 have 1.2 eV shift towards lower binding energy compared to 144.5 eV and 139.6 

eV of purified Pb(NO)3 shows likeliness affinities between Pb and MOF. In case of 

cadmium, Cd 3d5/2 and Cd 3d3/2 (Figure 3.5 (b)) corresponds to peaks 404.9 and 411.6 

has 0.3 eV shift lower when compared to 405.2 eV and 411.9 eV of standard. This 

implies that adsorbent affinity towards cadmium is less which was also confirmed by 

experimental results. Furthermore from FTIR analysis (Figure 3.5 (d)) the change of 

peak shape at 1400 cm-1 after adsorptions shows the presence of NO3
 for charge 
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balance. Decrease in the area of peak 1710 cm-1 of free carboxyl groups is due to the 

possible coordination interaction with metal cations.                                                                        

 

Figure 3.5. XPS analysis of MOF before and after adsorption (a) Pb 4f & (b) Cd 3d, 

High resolution spectra. (c) Survey XPS. (d) FTIR spectra of MOF before and after 

adsorption of each metal ions.  

 

3.4.6  Effect of initial concentration 

As the number of adsorbate molecules increases, the probability of interaction 

between adsorbate-adsorbent increases which leads to higher adsorption (Baral et al. 

2009). The adsorbate concentration in the beginning governs the mass transfer 

resistance between adsorbate and solution phase. There always exists resistance for 

mass transfer from the liquid phase to solid phase and the concentration difference is 

inversely proportional to mass transfer resistance, hence increase in concentration in 

liquid phase act as driving force to reduce mass transfer resistance. A similar effect has 

been observed in figure 3.6., increase in concentration reduces mass transfer resistances 
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leading to higher qe values. But efficiency of adsorption decreases with increasing 

initial concentration at fixed dosage. This is because the mass of adsorbent is constant, 

hence the adsorption per unit concentration is less as the number of sites available is 

same. The removal efficiency of MB dye is very high at low concentration and 

decreases steeply as the dye concentration increases, this trend is because of reduction 

in the number of ionic sites on the adsorbent as adsorption proceeds. For metal ions 

also, removal efficiency decreases but change in removal efficiency is gradual 

compared to dye removal. This kind of moderate change in removal efficiency is may 

be due to lower likeliness of interaction between metal ions and adsorbent when 

compared to MB dye and adsorbent. 

 

 

Figure 3.6. Effect of initial concentration of adsorbate on removal efficiency. 

 

3.4.7 Adsorption isotherms 

The information on how the solute particles were able to adsorb on the adsorbent is 

provided by adsorption isotherms (Natarajan et al. 2014). A plot of remaining adsorbate 

molecules in the solution and solute particles adsorbed over adsorbate at equilibrium 
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was constructed keeping the temperature constant. To explore and gather more 

information on the distribution of solute particles over adsorbent, four isotherms 

Langmuir, Freundlich, Redlich-Peterson and Sips models were fitted with experimental 

data (Table 3.2). From the isotherm curves, the information on maximum adsorption 

capacity, adsorption mechanism, physisorption or chemisorption, monolayer or multi-

layer adsorptions were deduced. 

 

Table3.2.  Description of adsorption isotherm models and their parameters 

 Isotherm  Expression 

1 Langmuir 𝑞 =
𝑄𝑏𝐶

1 + 𝑏𝐶
 

𝑄- Maximum adsorption capacity (mg 

g-1) 

𝑏- Langmuir equilibrium constant (L 

mg-1) 

2 Freundlich 𝑞 = 𝐾ி𝐶

ଵ
 

𝐾ி-Fruendlich constant (L g-1) 

𝑛- Fruendlich exponent 

3 
Redlich-

Peterson 
𝑞 =

𝐾ோ𝐶

1 + 𝑎ோ𝐶
 

𝐾ோ-Redlich-Peterson isotherm constant 

(L g-1) 

𝑎ோ- Redlich-Peterson constant (L mg-1) 

𝑔- Redlich-Peterson model exponent 

4 Sips 𝑞 =
𝐾௦𝐶

ఉೞ

1 + 𝑎௦𝐶
ఉೞ

 

𝐾௦- Sips model isotherm constant (L g-1) 

𝑎௦- Sips model constant (L mg-1) 

𝛽௦- Sips model exponent 

 

Isotherm parameters and error functions are calculated by nonlinear regression 

method using Microsoft excel solver. For each isotherm five error functions (Table 3.3) 

are calculated along with model parameters (Al-Ghouti et al. 2020). Generally lower 

error values and coefficient of determination near to unity indicates the best fitting 

isotherms. Even though isotherms were having similar coefficient of determination 

(R2), the optimum isotherm was identified with lower error values as the best fitting 

isotherm (Figure 3.7). From the isotherm study and from the error analysis it was found 

out that, each adsorbate follows different isotherms. Methylene blue adsorption follows 



 

64 
 

Sips isotherm, predicting multi-layered adsorption and lead adsorption follows 

Langmuir isotherm. 

 

Table 3.3.  Error functions list 

 
Error function Expression 

1. 
The Coefficient of 

determination 

𝑅ଶ =
∑(𝑞 ,௦ି 𝑞 , )ଶ

∑(𝑞,௦ି 𝑞 , )ଶ ∑(,ೌೞష,ೌ)మ 

 

2. 
Nonlinear chi-square  

test 

χଶ = 
(𝑞 ,௦ି 𝑞 , )ଶ

𝑞,௦



ୀ

 

 

3. 
Residual root mean 

square error 
𝑅𝑀𝑆𝐸 =  ඩ

1

𝑛 − 2
(𝑞 ,௦ି 𝑞, )ଶ



ୀ

 

4. 

Marquardt’s percent 

standard 

deviation 

𝑀𝑃𝑆𝐷 = 100ඩ
1

𝑛 − 𝑝
 ቆ

𝑞 ,௦ି 𝑞 ,

𝑞,௦

ቇ

ଶ

ୀ

 

 

5. Sum squares errors 
ERRSQ = (𝑞 ,௦ି 𝑞 , )ଶ



ୀଵ

 

 

 

In the case of Methylene blue, the Sips exponential is 0.5790 indicating both Langmuir 

and Freundlich type of adsorption (Table 3.5a). For lead adsorption, both Redlich-

Peterson and Sips isotherms were having higher regression coefficient values and lower 

error values. But the values of Redlich-Peterson exponent and Sips model exponent are 

more than unity, indicating both models are not suitable in explaining the adsorption 

process. Hence, from the experimental data, it can be concluded that adsorption of lead 

follows Langmuir isotherm (Table 3.5c). Whereas Cadmium adsorption was better 

explained by Redlich-Peterson isotherm showing both physical and chemisorption of 
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cadmium on adsorbent surface (Table 3.5b). The adsorption capacities were calculated 

from monolayer adsorption (qm) from Langmuir equation. Dye removal capacity was 

quite higher than previously reports for multi solute adsorption system (Table 3.4). 

Table 3.4. An overview of studies on multicomponent adsorption system and their 

performances 

Sl No Adsorbate Adsorbent 
Multicomponent 

adsorbate system 

Maximum 

adsorption 

capacity mg.g-1 

Reference 

1 
MB 

Pb 

Lignosulfonate 

 
Pb+MB 

132.6 

64.9 

Zhang et 

al. 2020 

2 Cd Fly ash (Cu+Ni+Cd+MB) 6.36 
Visa et al. 

2010 

3 

 

MB 

Pb 

 

Ruthenium 

nanoparticle-loaded 

activated carbon 

Pb+MB 
178.3 

35.46 

Mazaheri 

et al. 2015 

4 

Pb 

Cd 

 

Mechanochemically 

Treated 

Montmorillonite 

/Kaolinite Clay 

Pb+Cu+Zn+Cd 

 

27.2 

11.3 

Kumric et 

al. 2013 

5 
Pb 

Cd 

Ultrafine Mesoporous 

Magnetite  

Nanoparticles 
 

Pb+Cd+Cu+Ni 

 

85 

79 

Fato et al. 

2019 

6 MB 
EDTA-modified 

bentonite 
MB+Cu 

 

160 
De castro 

et al. 2018 

7 

MB 

Pb 

Cd 

Zirconium metal-

organic framework 
MB+Pb+Cd 

164 

102 

37 

Presnt 

work 
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Table 3.5a. Isotherm constants and error values for nonlinear regression for 

Methylene blue 

Methylene 

blue 

Langmuir Freundlich Redlich-Peterson Sips 

𝑄 169.10 𝐾ி 0.4590 𝐾ோ 35.284 𝐾௦ 18.552 

𝑏 0.0538 1/ 𝑛 21.159 𝑎ோ  1.1662 𝑎௦ 0.0426 

R2 0.9807 R2 0.9963 𝑔 0.6145 𝛽௦ 0.5790 

χ2 0.1856 χ2 0.0352 R2 0.9971 R2 0.9975 

MPSD 0.5326 MPSD 0.2320 χ2 0.0279 χ2 0.02372 

RMSE 4.3545 RMSE 1.8967 MPSD 0.2208 MPSD 0.2036 

ERRSE 151.69 ERRSE 28.782 RMSE 1.6885 RMSE 1.5570 

    ERRSE 22.808 ERRSE 19.395 

Table 3.5b. Isotherm constants and error values for nonlinear regression for Cadmium 

Cadmium 

Langmuir Freundlich Redlich-Peterson Sips 

𝑄 36.877 𝐾ி 4.6531 𝐾ோ 1.3570 𝐾௦ 1.7486 

𝑏 0.0340 1/ 𝑛 0.4037 𝑎ோ  0.0435 𝑎௦ 0.0437 

R2 0.9893 R2 0.9799 𝑔 0.9682 𝛽௦ 0.8807 

χ2 0.0116 χ2 0.2209 R2 0.9915 R2 0.9919 

MPSD 0.4134 MPSD 0.7812 χ2 0.0093 χ2 0.0088 

RMSE 0.5478 RMSE 0.7531 MPSD 0.3527 MPSD 0.2463 

ERRSE 2.4014 

 

ERRSE 4.5389 RMSE 0.5232 RMSE 0.4761 

ERRSE 0.1916 ERRSE 1.8136 
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Table 3.5c. Isotherm constants and error values for nonlinear regression for Lead 

Lead 

 

Langmuir Freundlich Redlich-Peterson Sips 

𝑄 100.71 𝐾ி 7.7564 𝐾ோ 2.4041      𝐾௦ 1.5080 

𝑏 0.0273 1/ 𝑛 0.5098 𝑎ோ  0.0100 𝑎௦ 0.0178 

R2 0.9953 R2 0.9727 𝑔 1.1896 𝛽௦ 1.2383 

χ2 0.0202 χ2 0.1180 R2 0.9979 R2 0.9981 

MPSD 0.7170 MPSD 4.1752 χ2 0.0086 χ2 0.0080 

RMSE 1.0734 RMSE 2.590 MPSD 0.3279 MPSD 0.1593 

ERRSE 9.2175 ERRSE 53.670 RMSE 0.7505 RMSE 0.6772 

    ERRSE 3.9434 ERRSE 3.6691 

        

 

Figure 3.7. Representation of total error values and coefficient variation for each 

adsorbate and their isotherms 
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3.4.8 Kinetic modeling of the adsorption process 

It is fundamental to know the kinetics of an adsorption process for predicting 

and designing industrial sorption systems (Subrmanyam and Das 2009). Adsorption 

isotherms reveal the extent of adsorption but to understand the mechanism and time 

required to reach this extent, it is essential to study the kinetics of adsorption. 

Table 3.6. List of kinetic models 

 

To understand the kinetics of adsorption, four different models were studied as listed 

in table 3.6. Usually, adsorption proceeds with four main steps (Tan and Hameed 2017). 

i) Transport in the bulk solution.  

ii) Diffusion from the bulk through the liquid film. 

iii) Diffusion of adsorbate into the adsorbent i.e. intraparticle diffusion and 

finally, 

iv) Chemical reaction between adsorbate and adsorbent.  

1.  Kinetic model Expression  

2.  
Pseudo first 

order kinetics 
𝑞 = 𝑞(1 − 𝑒ିభ௧) 

𝑘ଵ-Rate of adsorption  

(min-1) 

3.  
Pseudo second 

order kinetics 
𝑞 =

𝑘ଶ𝑞
ଶ𝑡

1 + 𝑘ଶ𝑞𝑡
 

𝑘ଶ- Rate of adsorption 

 (g mg-1 min-1) 

4.  Elovich model 𝑞 = ൬
1

𝛽
൰ ln(1 + 𝛼𝛽𝑡) 

𝛼- Initial sorption rate 

(mg g-1 min-1) 

𝛽-related to the extent of surface 

coverage and activation energy 

for chemisorption (g mg-1) 

5.  
Weber- moris 

model 
𝑞 = 𝑘ௗ√𝑡 + 𝐵 

𝑘ௗ-rate coefficient  

(mg g-1 min-1/2) 

B-thickness of the boundary  

layer 
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The slowest of the above four steps is the rate determining step which depends on 

adsorbate-adsorbent properties and experimental condition. The regression coefficient 

value (R2) obtained from graph is used to testfy and understand the successfulness of a 

kinetic model in explaining adsorption process. The experimental results along with 

regression coefficient values were listed in table 3.7. 

Table 3.7. Kinetics parameters and coefficient of variation from experimental result 

Kinetic Model Parameters MB Pb Cd 

Pseudo first order kinetics 

qe(calculated) (mg g-1) 

k1(min-1) 

R2 

31.36 12.94 8.30 

0.2508 0.1153 0.0774 

0.9991 0.9979 0.9914 

Pseudo-Second order kinetic model 

qe(calculated) (mg g-1) 

k2 (g mg-1 min-1) 

R2 

33.40 

0.0125 

0.9976 

13.80 

0.0144 

0.9994 

8.98 

0.0134 

0.9976 

Elovich model 

ß 

α 

R2 

0.3908 0.6803 0.7876 

9135.4 95.902 7.4766 

0.9998 0.9960 0.9986 

Inter particle diffusion model 

(Weber- moris model) 

kid (mg g-1 min-1/2) 

Intercept B 

R2 

1.451 

17.47 

0.9516 

0.6225 

6.1831 

0.9507 

0.5149 

2.484 

0.9557 

qe experimentally determined = 35.13 (mg g-1) for MB, 9.05 (mg g-1) for Cadmium and 

13.5 (mg g-1) for Lead. Test conditions; Co=20 mg L-1, pH 7, T=25 °C. 

 

From the experimental data, methylene blue and cadmium follows Elovich 

model, which implies adsorption on heterogeneous system. Lead follows pseudo 

second model having chemisorption on homogeneous system. Intraparticle diffusion 

model (IPD) was also fitted with experimental results. Since the pore sizes were very 

narrow, it is quite difficult for the dye molecules to get adsorb inside the pores of MOF 

but for heavy metals being smaller can migrate through pores and adsorb (Qiu et al 

2017). If kinetics is solely controlled by intraparticle diffusion model, then a plot of q 

vs.√t should be linear and pass through the origin (B=0). B value corresponds to 
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boundary thickness. Larger the B value more will be the film diffusion resistance 

(Weber and Morris 1963). From the table 3.7, it can be inferring that IPD is not the rate 

controlling mechanism. Boundary layer diffusion seems to be the rate controlling step 

for MB adsorption. In case of lead and cadmium, B values were lesser compared to MB 

and exist two kinds of adsorption. First one with slow increase in adsorption is due to 

pore filling followed by surface adsorption. Introduction of hierarchical pore system in 

the MOF structure can reduce the resistance of intraparticle diffusion and enhance the 

adsorption of adsorbates by pore diffusion (Al-Jubouri et al. 2018). Such multi-level 

porosity in MOFs can introduced by using mixed ligand strategy (Pullen and Clever 

2018) or by introducing defects in MOF (Cai and Jiang 2017). 

Figure 3.8.  Adsorption mechanism of multiple components on Zr-MOF 

3.4.9 Adsorption mechanism 

From the experimental results, information regarding adsorption mechanism 

can be inferred and illustrated in figure 3.8. Methylene blue being bigger molecule 

cannot penetrate inside the pores of MOF. But due the ionic nature, it can interact 

strongly and adsorbs on the surface MOF. Hence, fast and maximum dye adsorption 

takes place. Although lead ions can make favourable adsorption due to their smaller 
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size and lower hydration energy but presence of dye molecules hinders the process of 

lead adsorption. Cadmium ions adsorbs less favourably as compared to MB and lead 

ions, due their bigger size and feeble interaction with the adsorbent.  

 

3.5 ADSORBENT REUSABILITY STUDIES 

The easy and effective regeneration capacity of adsorbent is an important indicator 

for its application in industrial process. After the adsorption, MOF was washed twice 

with acidified methanol (0.025 N HCl in methanol and 5 mL for 100 mg of adsorbate) 

by shaking 30 min at room temperature each time, dried and then used to explore the 

reusability of the MOF. It was found that during three cycles of studies (reused 

methanol from previous regenerations) the slight reduction in the dye removal 

efficiency of the adsorbent observed as shown in figure 3.9. This may be due to 

disintegration MOF structure during the washing process. From the results, it shows 

that the acidified methanolic treatment can be used for adsorbent regeneration with 

adsorbent removal efficiency after three cycle was econamical. 

 

 

Figure 3.9. Regeneration studies of MOF adsorbent 

3.6 Conclusions 

Based on previous literature, here we extended the greener method for the hydrothermal 

synthesis of UiO-66 (COOH)2 MOF using easily available zirconium chloride salt with 
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BETC ligand and acetic acid as modulator. Presence of water soluble acid modulator is 

necessary for crystal phase formation as it competes with other ligands during 

framework formation and alters the rate of reaction facilitating crystalline phase 

formation. Temperature also affects the rate of product formation, optimum 

temperature for hydrothermal synthesis is 130 °C. This method is environmentally 

benign and can be scaled up to multi gram level. Presence of free carboxylic groups in 

the framework amplifies the properties of MOF for wide range of applications. This 

metal-organic framework with free carboxyl group synthesized from 1,2,4,5-

benzentetracarboxylic acid was utilized to adsorb MB dye and heavy metals 

simultaneously from aqueous solution. The zeta potential value at neutral pH is -7.7 

mV, which reveals anionic nature of the MOF at workable pH, enhancing the ability of 

MOF to interact strongly and hold the adsorbate. Higher concentration of adsorbate 

molecule in the solution increases the probability of interaction and hence adsorption 

increases with increase in initial concentration. Maximum dye adsorption (up to 55%) 

at initial 30 min is due to ionic interaction between adsorbate-adsorbent. Size of the 

hydrated heavy metal ions plays important role along with functional group present in 

the adsorbent in increasing removal efficiency. Lead ions adsorbs favourably than 

cadmium because of their small sized hydrated ion and lower hydration energy. The 

adsorption studies showed maximum adsorption capacities per gram of adsorbent 

compared to earlier reports. Adsorption capacity of the adsorbent for cadmium, lead 

and methylene blue were found to be 37 mg g-1, 100 mg g-1 and 169 mg g-1 respectively. 

The regeneration studies were carried out by simple washing treatment, and adsorption 

efficiency reduced slightly after three adsorption cycles indicating easiness of reuse. 

Thus, efficient green route synthesized Zr-MOF was utilized for removing MB, 

cadmium and lead metal ions from aqueous solution. 
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Abstract: This chapter reports synthesis of a smart and stable zirconium-based UiO-66 

type metal-organic framework from mixed ligand strategy and its structural analysis 

by various techniques along with its application in simultaneous detection and 

adsorptive removal of p-nitrophenol from the aqueous solution. 

 

4.1 INTRODUCTION 

Phenol and its allied compounds are considered to be toxic, long term exposure to high 

levels can cause skin, liver damage, and heart diseases (Busca et al. 2008, Zhang et al. 

2012). Most of the industrial effluents from petrochemicals, drugs, coal, steel, and 

plastic contain phenol derivatives. The p-nitrophenol is a prime raw material in the 

manufacturing of paracetamol drug, used for treating pain and fever and also mixed 

with other drugs. It is also included in the list of most essential medicines by World 

Health Organization (WHO). China and India are the two biggest producers and 

consumers of paracetamol followed by the USA. Industrially paracetamol was 

synthesized by nitrating phenol followed by reduction of p-nitro group into Amine. 

Thus p-nitrophenol is the major pollutant coming from the paracetamol industry. Apart 

from this p-nitrophenol is also used in the manufacturing of fungicides and insecticides 

such as methyl and ethyl parathion. The presence of p-nitrophenol in the air and water 

can cause damage to the environment and to human health (Uberoi and Bhattachrya 

1997). The p-nitrophenol is classified as a hazardous substance by United States 

Environmental Protection Agency (USEPA) because of its stability in the 

environmental condition to transport long distances and pollute groundwater resources 

and soil. Nose irritation, inflammation to eyes and respiratory tract and when it interacts 

with blood causes methemoglobinemia, these are few examples of nitrophenol 

exposure (Ofomaja and Unuabonah 2011, Al-asheh et al. 2004). Due to this toxicity 

environmental regulatory agencies fixed the allowable limit of phenol and its 

derivatives in drinking water to 1 ppm (Liu et al. 2014) Hence, it is very important to 

detect easily and remove nitrophenol from industrial effluents.  
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4.2 STRATEGY AND OBJECTIVES 

The smart adsorbents, which can detect and adsorb pollutants simultaneously is the 

pressing priority in the field of environmental monitoring. Such attainment has 

tremendous effect on improving human health and environmental protection. Often 

industrial remediation operations require fast and easy detection of adsorbates to speed 

up the treatment cycles (Kumar et al. 2007, Pan et al. 2007). Hence a simple method 

needs to be developed for removal and easy detection of nitrophenol from water. 

Detection methods based on the fluorescence principle are of great interest because of 

their flexibility of operation in the solid and solution phase, short response time, high 

sensitivity and fluorescence-based instrumental can be made portable (Xin et al. 2012). 

Highly ordered porous structure and adjustable pore environment along with flexibility 

in the application of ligands for building frameworks made metal-organic framework 

materials as most desirable candidates for various applications (Kuppler et al. 2009). 

Due to higher surface area and the possibility of engineering the pore structure, MOFs 

were extensively researched for adsorption applications (Khan et al. 2013 Hasan and 

Jhung 2015, Li et al. 2018). The incorporation of specifically designed ligands in the 

framework will enhance the desirable adsorptive property (Lin et al. 2015). The present 

work focus on the synthesis of novel fluorescence active zirconium based UiO-66 type 

MOF using 1,4-Benzenedicarboxylic acid and in-house synthesized 

photoluminescence active ligand. 

4.3. MATERIALS AND METHODS 

4.3.1 Materials 

1,4-Benzenedicarboxylic acid (BDC, Terephthalic acid), 4-Aminobenzoic acid were 

purchased from sigma Aldrich, India.  Zirconium chloride, 4-Fluorobenzonitrile and 

Cesium fluoride, DMF and p-nitrophenol were procured from Alfa aesar, India.  

4.3.2 Synthesis of trifunctional ligand (H3ntb) 

The trifunctional carboxylic ligand (H3ntb) 4,4ʼ,4ʼʼ-Nitrilotrisbenzoic acid was 

prepared from the slight modified reported procedure (Liou et al. 2005).1.5 g of 4-

Aminobenzoic acid and 2.649 g (2 Eq) of 4-Fluorobenzonitrile along with 4.98 g of 
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Cesium fluoride was taken in a round bottom flask in 75 ml of DMF and refluxed for 

48 hrs at 170 °C, the reaction was monitored by TLC, later DMF was evaporated and 

diluted with water and the product was extracted with ethyl acetate. Column 

purification was done by eluting with 80:20 petroleum ether and ethyl acetate solution 

to remove impurities. The compound obtained after purification was taken for alkaline 

hydrolysis and refluxed for 24 hrs with KOH and the reaction was monitored by TLC. 

After the reaction completion, ethanol was evaporated and acidified the reaction 

mixture to obtain off white solid, which was washed with water and ethanol, dried in a 

hot air oven at 60 °C overnight. 1H NMR (400 MHZ, [D6] DMSO, 25 °C, δ in ppm) 

7.1(m, 6H, CH2, JH,H = 8.4 Hz), δ 7.9 (m, 6H, CH2, JH,H = 8.4 Hz), δ 12.9 (s, 3H, 

OH). ESI-MS: C21H12NO6 (M+), Calculated (deprotonated) 374.07, Found- 374.15.   

 

Figure 4.1. NMR spectra of in-house synthesised ligand H3ntb 

4.3.3 Synthesis of Zr-MOF 

The ligand obtained from the above was alone used to synthesize the MOF but no 

product was obtained probably due to constrains in the geometrical arrangement for 

framework structure formation.  Therefore, the in-house synthesised ligand (H3ntb) was 
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used (10-30% replacement with BDC on mol basis) as an auxiliary ligand along with 

1,4-Benzenedicarboxylic acid. The procedure is as follows, ZrCl4 0.5 g and 1,4-

Benzenedicarboxylic acid 495 g and 10-30 % trifunctional synthetic ligand (H3ntb) and 

1 ml concentrated HCl in 20 ml DMF in a glass vial heated to 120 °C for 24 hr to obtain 

powder product. Which was filtered, washed with water, acetone and dried at 60 °C 

overnight under vacuum (Katz et al. 2013). In each case UiO-66 MOF was formed and 

Powder X-Ray Diffraction (PXRD) matches well with the pattern of UiO-66 along with 

fluorescence activity. The products obtained are named on the basis of percent of 

auxiliary ligand (BDC) used (Table 4.1). 

Table 4.1. Synthesis design and zeta potential along with pore size analysis of MOFs.  

MOF 

Ligands Zeta 

potential 

BJH pore size analysis 

BDC H3tnb Pore distribution peak Pore volume 

UiO-66 MOF-1 100 % 0 % 32.8 mV 2.43 nm 0.04973 cm3.g-1 

UiO-66 MOF-2 90 % 10 % 25.4 mV 2.43 nm 0.05326 cm3.g-1 

UiO-66 MOF-3 80 % 20 % 26.3 mV 2.43 nm 0.05027 cm3.g-1 

UiO-66 MOF-4 70 % 30 % 29.5 mV 2.43 nm 0.05160 cm3.g-1 

 

4.3.4 Characterization 

The crystal structure of the MOF was determined by using an X-ray diffractometer 

(XRD, Rigaku) with monochromatic Cu-Kα radiation (λ= 0.154 nm) at a scan rate of 

2° per minute in the range of 5-60. Brunauer–Emmett–Teller (BET) surface area 

measurements were conducted by BELSORP-minill instrument. Before the analysis, 

the sample was degasified for 12 h at 120 °C. Fourier Transform Infrared Spectroscopy 

(FTIR spectra) of the sample were recorded using Perkin Elmer spectrum 100 analyser 

by preparing the sample and KBr pellets. Zeta potential measurement carried out by 

Horiba Scientific (nanopartica) nanoparticle analyser at neutral pH. p-nitrophenol 

concentration was analysed by shimadzo HPLC equipped with UV-visible detector and 

Shim-pack GWS column (5 µm, C18). Kratos XSAM800 spectrometer equipped with 

Al Kα source used for X-ray photoelectron spectroscopy (XPS) analysis. 
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4.3.5  Adsorption experiments 

A batch experiments consisting of concentration of 2-20 ppm solution adsorbate and 

adsorbent dosage (UiO-66 MOF-2) of 0.25 g L-1 was taken for adsorption isotherm 

studies and 20 mg L-1 adsorbate solution was fixed for kinetics studies at 25 °C. A 1000 

ppm stock solution of p-nitrophenol was prepared by deionized water and subsequent 

dilution were made from this solution. The concentration of the solute was analysed by 

HPLC instrument equipped with UV-visible detector. The mobile phase was (60+40) 

cm3 (methanol + water), and the flow rate was 1.0 cm3 min-1. The temperature of the 

column was maintained 25 °C and the p-nitrophenol was detected at 270 nm (Liu et al. 

2014). All the experiments were conducted at neutral pH. Before the adsorption 

studies, MOF adsorbate was dried overnight at 60 °C. The amount of adsorption at 

equilibrium, qe (mg g-1), was calculated by equation (4.1) (Ghosal and Gupta 2015): 

 

            q =
(େିେ)


                    (4.1) 

 

Where Co and Ce are the initial and equilibrium adsorbate concentration (mg L-1) 

respectively. V is the volume of the solution (L) and W is the mass of dry adsorbent 

used (g). Kinetic experiments were similar to those of equilibrium tests. The 

concentrations of p-nitrophenol from the aqueous samples were measured at different 

time intervals. The amount of adsorption at time t, qt (mg g-1), was calculated by 

equation 4.2 : 

 

              q௧ =
(େିେ౪)


                              (4.2) 

 

 

4.4 RESULTS AND DISCUSSION 

4.4.1 Characterization MOF 

Zirconium and Terephthalic acid (1,4-Benzenedicarboxylic acid) based MOF (UiO-66) 

was first synthesized by Cavaka and others (Cavaka et al. 2008). Due to the high 
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thermal and chemical stability, this MOF was researched for numerous versatile 

applications (Zou and Liu 2019).  Its structure was well established by a number of 

techniques (Valenzano et al. 2011). The inner core of UiO-66 contains six zirconium 

atoms forming Zr6-octahedron. Each zirconium atom is eight-coordinated in square 

antiprismatic fashion with eight-oxygen atoms, where four of which from carboxylate 

and the other four from μ3-O and μ3-OH atoms. Formation of the Zr6-Octahedron was 

reported earlier with monocarboxylic acids as an isolated cluster (Reza et al 1999). 

 

Figure 4.2.  Schematic two-dimensional representation of (a) MOF formation with 

only BDC ligand (b) MOF formation with BDC and trifunctional ligand (For 

illustration purpose few of Zr6-octahedron and Carboxylic linkages are omitted) 

 

Terephthalic acid acts a bridge to connect this Zr6-octahedron core-forming 

three-dimensional FCC structure (Figure 4.2a). Replacing the planer ligand like 

Terephthalic acid with trifunctional ligand (H3ntb), which is trigonal bipyramid 

geometrical structure and having carboxylate groups in the twisted plane will not 

facilitate to produce crystalline structure because of geometrical constrain to form the 

framework. Hence no product obtained when ligand (H3ntb) alone was used. To 

incorporate this ligand inside the framework, a mixed ligand strategy was employed 

and used as an auxiliary ligand with Terephthalic acid. The product obtained was 

crystalline and powder X-ray diffraction (PXRD) peaks confirm the FCC structure as 

UiO-66 along with fluorescence activity, which shows that ligand (H3ntb) is also part 
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of the framework. Further to this, it can also be concluded that since not being a planer 

molecule when the ligand (H3ntb) forms bonding with zirconium cluster it prevents the 

framework to grow further to it (Figure 4.2b). This shows that, the ligand (H3ntb) 

always lies outside the framework and its likeliness of interaction with the adsorbate 

molecule is more (Figure 4.3).   

 

 

Figure 4.3. Representation of synthesised metal-organic framework with the cavities 

formed due to trifunctional ligand 

 

The PXRD peaks of the synthesized MOFs are in accordance with the patterns of UiO-

66, which confirms the crystal structure along with the FCC lattice (Figure 4.4a). It also 

clear that even with up to 30% replacement of Terephthalic acid, the formation of UiO-

66 MOF structure prevails. This shows the robust nature of UiO-66 formation. Thermo 

gravimetric analyses were conducted to understand the effect of ligand replacement on 

structural stability at higher temperatures (Figure 4.4b). From the studies, it was 

observed that, at all concentrations of the auxiliary ligand, weight loss followed a 

similar kind of degradation. But as the ligand replacement increases the structural 

disintegration (weight loss) is more at the same temperature. 
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Figure 4.4.  (a) PXRD spectra of synthesized MOFs (b) TGA spectra of synthesized 

MOFs 

This behaviour of faster structural disintegration at same temperatures attributed to 

increases in the structural defects with the increase in trifunctional ligand concentration. 

Based on the TGA results UiO-66 MOF-2 was chosen for adsorption and fluorescence 

studies. Because among the other MOFs synthesised UiO-66 MOF-2 (with 10% BDC 

ligand replacement) was as stable as UiO-66 MOF-1(with only BDC ligands) in 

addition to displaying fluorescence activity. 

 The FTIR spectra (Figure 4.5) reveal the presence of a tertiary amine group in the 

framework at 1251 cm-1. Although the signal is very weak, as the ligand concentration 

increases, the band starts appearing clearly (Inset of figure 4.5). Apart from this FTIR 

confirms the presence of regular bands of MOFs metal-carboxylic bonds. The band at 

1400 cm-1 and 1580 cm-1 corresponds to carboxyl symmetric and asymmetric stretching 

bonded to zirconium. The band at 1511 cm-1 is from aromatic C=C vibration of benzene 

ring. The bands around 813, 750, and 550 cm-1 are associated with C-H vibration, O-H 

bending and Zr-(OC) asymmetric stretching. The bands of μ3-O stretch and μ3-OH 

stretch are appearing at 657 and 474 cm-1 respectively. Surface area and pore 

distribution were calculated by N2 adsorption-desorption isotherm (Figure 4.6 (a)). The 

isotherm obtained is a hybrid kind of I/IV nature, indicates the presence of micro and 

mesopores. The existence of pore condensation was indicated by the formation of 

hysteresis at p/po =1, from this data BHJ pore distribution curve was plotted (Figure 4.6 
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b). BJH plots (Table 4.1) revealed a similar kind of pore distribution pattern in all the 

MOFs suggesting that, the addition of trifunctional ligand does not alter the internal 

pore structure. This also supports that the trifunctional ligands present only at the outer 

surface of the framework. BET surface area obtained (Inset of figure 4.6b) from N2 

isotherm decreases from UiO-66 MOF-1 to UiO-66 MOF-4 reflects that as the 

concentration of trifunctional ligand increases surface area decreases because of its size 

as compared to Terephthalic acid.  

Zeta potential measurements were conducted to explore the surface charge properties 

of MOFs. Since the MOFs were synthesized by acid promoted procedure, it possesses 

positively charged surface. But the introduction of a ligand having multiple free 

carboxylic groups decreases this density. As a result, zeta potential values shift towards 

the lower side (Table 4.1).  MOF synthesized from Terephthalic acid alone showed a 

Zeta potential of 32.6 mV whereas UiO-66 MOF-2 with 10 % trifunctional ligand 

loaded MOF showed 27.3 mV. 

 

Figure 4.5.  FTIR spectra of MOFs and Trifunctional ligand-H3ntb, (inset-amine 

group peak) 
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Figure 4.6. (a) N2 adsorption-desorption isotherms of MOFs, (inset-hysteresis 

at p/po =1) (b) BJH pore plot of MOFs (inset-BET surface area of MOFs) 

 

 4.4.2 Photoluminescence studies 

The dried MOF when dispersed in water shows strong fluorescence when excited at 

297 nm (UV-visible spectra of the MOF, figure 4.7). To determine the sensing ability 

of the MOF, trace amount of p-nitrophenol was added to the MOF dispersed in water 

solution and decrease in fluorescence intensity were measured at 590 nm. To explore 

and to understand the potential application of MOF to detect p-nitrophenol in an 

aqueous solution, fluorescence quenching titrations were performed with the graduate 

addition of an aqueous solution of p-nitrophenol. 

In the fluorescence experiment, 1 mg of UiO-66 MOF-2 (synthesised with 10% of 

H3ntb) was dispersed in 2 ml of deionized water in a cuvette. An aqueous solution 

containing 1000 mg L-1 of p-nitrophenol was prepared in deionized water and 

subsequent dilution were made from this solution and used for the quenching 

experiments. The fluorescence response upon excitation at 297 nm was monitored in-

situ after the gradual addition of p-nitrophenol solution (100 mg L-1) and resultant 

fluorescence intensity was measured at 590 nm.  As expected the addition of p-

nitrophenol results in efficient and swift fluorescence quenching of 90%. In the figure 
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4.8(a&b) shows the changes in the intensity of fluorescence with the incremental 

addition of nitrophenol. The MOF was able to show prominent fluorescence response 

to p-nitrophenol at a concentration of as low as 34.21 μM. This clearly indicates the 

superior quenching ability of nitrophenol in fluorescence MOF. The Stern-Volmer plot 

(Figure 4.8.c) ,  allow us to calculate the quenching constants and to examine the 

quenching efficiency using the  equation  
ூ

ூ
= 𝐾𝑠𝑣[𝐴] + 1 , where I and Io are the 

fluorescence intensities before and after the addition of p-nitrophenol and [A] molar 

concentration of p-nitrophenol, Ksv quenching constant in M-1. 

 

Figure 4.7.  UV-vis spectra of synthesized UiO-66 MOF 2 

 

At low concentration a linear increase can be seen in the Stern-Volmer plot but as the 

concentration increases, the upward bending of the curve is observed. This kind of non-

linearity is due to a combination of static and dynamic quenching processes between 

MOF and p-nitrophenol. After fitting the Stern-Volmer plot, quenching constant 

3.5297×104 M-1 obtained.  

Since there is no spectral overlap between absorption spectra of p-nitrophenol and the 

emission spectrum of MOF, it can be concluded that, there is no resonance energy 

transfer mechanism that occurs in fluorescence quenching. Instead, the upward bending 

curve by Stern-Volmer plot indicates quenching by sphere of action mechanism, where 
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fluorophore and quencher do not actually form a ground-state complex (Melavanki et 

al. 2009). When the quencher p-nitrophenol molecules are adjacent to fluorescence 

active ligand situated at the outer layer of the framework makes it easier to establish a 

closely spaced fluorophore-quencher pair for quenching at the moment of excitation. 

 

Figure 4.8.  (a) Change in the fluorescence intensity of MOF on incremental addition 

of p-nitrophenol solution (100 ppm) (b) Decrease in fluorescence intensity on the 

addition of p-nitrophenol. (c) Stern-Volmer plot of p-nitrophenol added to MOF in 

water 

4.4.3 Adsorption Isotherms  

To explore and gather more information on the distribution of solute particles over 

adsorbent, five isotherms (Isotherm model and their parameters are given in Table 4.2), 

Langmuir, Freundlich, Dubinin-Radushkevich, Redlich-Peterson and Sips models were 

fitted with experimental data. From the isotherm analysis, the information on maximum 
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adsorption capacity, adsorption mechanism, physisorption or chemisorption, 

monolayer or multi-layer adsorptions were deduced. 

 

Table 4.2.  Description of adsorption isotherm models and their parameters. 

 Isotherm Expression 

1. Langmuir 𝑞 =
𝑄𝑏𝐶

1 + 𝑏𝐶
 

𝑄- Maximum adsorption capacity 

(mg g-1) 

𝑏- Langmuir equilibrium constant (L 

mg-1) 

2. Freundlich 𝑞 = 𝐾ி𝐶

ଵ
 

𝐾ி-Fruendlich constant (L g-1) 

𝑛- Fruendlich exponent 

3. 
Dubinin-  

Radushkevich 
𝑞 = 𝑞௦𝑒ିೌమ

 

𝑞௦- Dubinin-Radushkevich model 

constant (mg g-1) 

𝑘ௗ- Dubinin-Radushkevich model 

constant (mol2 kJ-2) 

E- mean free energy (kJ mol-1) 

4. Redlich-Peterson 𝑞 =
𝐾ோ𝐶

1 + 𝑎ோ𝐶
 

𝐾ோ-Redlich-Peterson isotherm 

constant (L g-1) 

𝑎ோ- Redlich-Peterson constant 

(L  mg-1) 

𝑔- Redlich-Peterson model exponent 

5. Sips 𝑞 =
𝐾௦𝐶

ఉೞ

1 + 𝑎௦𝐶
ఉೞ

 

𝐾௦- Sips model isotherm constant 

(L  g-1) 

𝑎௦- Sips model constant (L mg-1) 

𝛽௦- Sips model exponent 
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Isotherm parameters and error functions (Error functions and their expression 

are given in Table 4.3) are calculated by the nonlinear regression method using 

Microsoft excel, solver. For each isotherm, five sets of error functions are calculated 

along with model parameters. Langmuir adsorption model theoretically assumes the 

formation of monolayer adsorption of the sorbent molecules, occurring at a finite 

delocalised site of the adsorbent. Freundlich isotherm is an empirical model and 

extensively used for heterogeneous adsorption. Redlich-Peterson isotherm combines 

the Langmuir and Freundlich model and can be applied for homogenous and 

heterogonous adsorption systems. At high concentration the Redlich-Peterson model 

approaches to Freundlich model and at low concentration to Langmuir isotherm. Sips 

isotherm is hybrid form of Langmuir and Freundlich isotherms model and Sips model 

exponent gives nature of adsorption. 

Dubinin-Radushkevich isotherm gives insight into whether the adsorption is physical 

or chemical in nature. The mean free energy (E) was calculated by the equation (4.3) 

below and tells the nature of adsorption.  

𝐸 =
ଵ

ඥଶೌ
                         (4.3) 

 

The value of E < 8 kJ mol-1 indicates physical and 8 to 16 kJ mol-1 indicate chemical 

interaction of adsorbate with the adsorbent. The mean free energy obtained from 

isotherm studies was 7.68 kJ mol-1, which shows the interaction is Physico-chemical in 

nature. 

Generally, lower error values and coefficient variation near to unity indicate the 

best fitting isotherms. Even though isotherms were having a similar coefficient of 

determination (R2), lower error values were chosen as the best fitting isotherm (Figure 

4.9), hence based on these results Langmuir isotherm isotherms fit well with the 

experiment data (Al-ghouti et al. 2020). The Redlich-Peterson model exponent (g) 

value is more than to one indicating the adsorption is having Langmuir nature with 

monolayer formation of adsorbate molecules. Isotherm constants and error values for 

non-linear regression analysis obtained from experimental results are listed in table 4.4 
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and 4.5. XPS analysis of the adsorbent before and after adsorption was conducted to 

understand the mechanism of interaction between adsorbate and adsorbent. The high-

resolution XPS spectra of O 1s show two peaks at 529.5 eV and 532.5 eV (Figure 4.10 

a & b). 

Table 4.3.   List of error functions used for isotherm evaluation. 

Error function Expression 

1. The Coefficient 

of determination 

(R2) 

𝑅ଶ =
∑(𝑞,௦ି 𝑞 , )ଶ

∑(𝑞 ,௦ି 𝑞 , )ଶ ∑(𝑞,௦ି 𝑞, )ଶ
 

2. Nonlinear chi-

square test (χ2) 
χଶ = 

(𝑞 ,௦ି 𝑞 , )ଶ

𝑞,௦



ୀ

 

3. Residual root 

mean square 

error (RMSE) 

𝑅𝑀𝑆𝐸 =  ඩ
1

𝑛 
(𝑞 ,௦ି 𝑞 , )ଶ



ୀ

 

4. Marquardt’s 

percent standard 

Deviation 

(MPSD) 

𝑀𝑃𝑆𝐷 = 100ඩ
1

𝑛 − 𝑝
 ቆ

𝑞 ,௦ି 𝑞 ,

𝑞,௦

ቇ

ଶ

ୀ

 

5. Sum squares 

errors (ERRSQ) 
ERRSQ = (𝑞 ,௦ି 𝑞 , )ଶ



ୀଵ

 

 

These peaks are assigned to the Bridging linked carboxylate group and 

coordinated free carboxylic acid group. Hence, it confirmed the presence of free 

carboxylic groups from the Terephthalic acid and trifunctional ligand in the framework 

and they are holding firmly to the framework. The presence of a small hump at 406 eV 

in the after adsorption N 1s spectrum (Figure 4.10c) represents the nitro group, which 

is an evidence for the loading of p-nitrophenol on MOF. Apart from this, the presence 

of all the peaks before and after adsorption (Figure 4.10d) confirms the intactness of 

the framework structure during adsorption process 
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Table 4.4.  Isotherm constants and error values for nonlinear regression for two 

parameter isotherms. 

Langmuir 

isotherm 

𝑄 𝑏 R2 χ2 MPSD RMSE ERRSE 

62.48 0.0319 0.9974 0.0048 0.1727 0.2173 0.5891 

Freundlich 

isotherm 

𝐾ி 1/ 𝑛 R2 χ2 MPSD RMSE ERRSE 

2.416 0.7898 0.9952 0.009 0.3176 0.3677 1.0821 

Dubinin-

Radushkevich 

isotherm 

𝑞௦ 𝑘ௗ E R2 χ2 MPSD RMSE ERRSE 

256.03 0.0085 7.68 0.9971 0.0054 0.192 0.29 0.655 

 

Table 4.5.  Isotherm constants and error values for nonlinear regression for three 

parameter isotherms. 

Redlich -

Peterson 

isotherm 

𝐾ோ 𝑎ோ 𝑔 R2 χ2 MPSD RMSE ERRSE 

1.924 0.0198 1.137 0.9974 0.0048 0.1808 0.2870 0.0.5769 

Sips 

isotherm 

𝐾௦ 𝑎௦ 𝛽௦ R2 χ2 MPSD RMSE ERRSE 

1.887 0.0349 1.047 0.9975 0.0047 0.2366 0.2667 0.5690 

 

 

Figure 4.9. Total error values of the isotherms after non-linear fitting 
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Figure 4.10.  XPS analysis of MOF before and after adsorption. (a & b) O 1s, before 

and after adsorption high resolution spectra, (c) N 1s, high resolution spectra and (d) 

Survey XPS 

 

 4.4.4 Kinetic modeling of the adsorption process 

To understand the kinetics process involved in the p-nitrophenol adsorption following 

four different models were applied to evaluate the experimental data: (1) Pseudo-first-

order kinetics. (2) Pseudo-second-order kinetics, (3) Elovich model, and (4) Weber-

Moris model. The model parameters were calculated by the nonlinear method using 

Microsoft excel, solver and coefficient of determination was used to find the best fitting 

model for kinetics. All the model parameters are listed in the Table 6. The experimental 

results (Figure 4.11) indicated that, the adsorption rate was very fast and within few 

minutes (≈ 10 min) adsorption equilibrium was reached. 
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Table 4.6.  List of kinetic models. 

 

 

Figure 4.11.  Adsorption kinetics plots of Pseudo-first/second-order, Elovich model 

and Weber-Morris model for p-nitrophenol adsorption 

 

 Kinetic model Expression Reference 

1 
Pseudo first 

order kinetics 
𝑞 = 𝑞(1 − 𝑒ିభ௧) 𝑘ଵ-Rate of adsorption (min-1) 

(Kumar, 

2006) 

 2 
Pseudo second 

order kinetics 
𝑞 =

𝑘ଶ𝑞
ଶ𝑡

1 + 𝑘ଶ𝑞𝑡
 𝑘ଶ- Rate of adsorption (g/mg.min) 

(Kumar, 

2006) 

3 Elovich model 𝑞 = ൬
1

𝛽
൰ ln(1 + 𝛼𝛽𝑡) 

𝛼- Initial sorption rate(mg/g.min) 

𝛽- related to the extent of surface 

coverage and activation energy for 

chemisorption (g/mg) 

(Tan and 

Hameed, 

2017) 

4 
Weber- moris 

model 
𝑞 = 𝑘ௗ√𝑡 + 𝐵 

𝑘ௗ-rate coefficient  

(mg g-1 min-1/2) 

B-thickness of the boundary  

layer 

Weber- 

moris 

model 
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Table 4.7.  Kinetics parameters and coefficient of variation from experimental result. 

Kinetic Model Parameters Experimental results 

1. Pseudo first order kinetics 

qe(calculated) (mg g-1) 

K1(min-1) 

R2 

22.3 

0.3512 

0.9968 

2. Pseudo-second order kinetic model 

qe(calculated) (mg g-1) 

K2 (g mg-1 min-1) 

R2 

23.04 

0.0332 

0.9987 

3. Elovich model 

ß 

α 

R2 

0.734 

280473 

0.9997 

4. Inter particle diffusion model 

Kid (mg g-1min-0.5) 

Intercept B 

R2 

1.108 

11.953 

0.9523 

qe experimentally determined = 24.56 (mg g-1). Test conditions; Co=20 mg L-1, pH 7, 

T=25°C. 

 

From the experimental results the calculated qe values are not consistent with the 

experimental qe values, out of the four models only Pseudo second-order model was 

able to give nearest calculated qe values to that of the experimental value (Table 4.7). 

The R2 value of the intraparticle diffusion model was less, suggesting pore diffusion is 

not the rate-determining step. Both Pseudo second-order model and Elovich model 

fitted well with the experimental data indicating chemisorption on heterogeneous 

surface adsorption. 

4.4.5 Mechanism of adsorption 

From the experimental results, probable mechanism of adsorption has been deduced.  

The XPS analysis confirms the presence of similar chemical environment in the MOF 

before and after the adsorption. This shows there may not be an effectual chemical 

interaction between adsorbent and adsorbate. Instead, the following kind of 

mechanisms is expected (Figure 4.13). 
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Carboxylic groups and aromatic ring of the p-nitrophenol forms surface complexes by 

donor-acceptor interactions. Where carbonyl group acts as donor and aromatic rings of 

p-nitrophenol acts as an acceptor.  

·        The molecular size of p-nitrophenol is found to be 0.66 nm×0.44 nm and pore 

size of the synthesised MOF calculated from micropore method was 0.60 nm (Figure 

10), so it is difficult for p-nitrophenol molecule to enter inside the pores of the MOF 

(Huang et al. 2009; Haydar et al. 2003). But at neutral pH (pKa= 7.15 at 298 K) p-

nitrophenol molecules are ionized and possess a negative charge, whereas, MOF was 

synthesized in the presence of an acid hence, surface is positively charged. This helps 

in drawing p-nitrophenol molecules towards MOF resulting an assemblage of p-

nitrophenol molecules in the cavities formed by the structural defects due to the 

presence of trifunctional ligand (H3tnb) at the surface of the MOF. 

 

 

Figure 4.12.  Pore volume distribution of UiO-66 MOF-2 calculated by MP method. 
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Figure 4.13. Depiction of plausible mechanism of adsorption and fluorescence 

quenching. 

 

 4.4.6 Real-life application of fluorescence detection and adsorption  

To evaluate the efficiency of fluorescence quenching and adsorption of p-nitrophenol 

in real-life situations, experiments are conducted with locally available river water 

(Gurupura river, Dakshina Kannda, Karnataka, India). The concentration of p-

nitrophenol in the water collected from the river was found to be below the detection 

limit (BDL), hence, p-nitrophenol was spiked in the river water at a concentration of 

1000 mg L-1 and then used. The river sample was initially analysed for usual water 

quality parameters as described in table 4.8. 

Batch and column adsorption trials were conducted on the p-nitrophenol solution 

spiked in the river water sample. For a batch adsorption study 100 mL of 100 mg L-1  

p-nitrophenol solution was taken and 100 mg of adsorbent was added. Mixture was 

shaken on an orbital shaker to reach the equilibrium. Initial and final concentrations 

were measured by HPLC by diluting the sample 20x times (figure 4.14, HPLC 
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calibration graph). The amount of p-nitrophenol adsorbed was determined by equation 

(1). From HPLC analysis the final concentration was found to be 2.2 mg L-1. This 

corresponds to the actual final concentration of 44 mg L-1. Therefore, from equation 

(4.1) the amount of adsorption at equilibrium is 56 mg g-1. 

Table 4.8. Analysis result of the river water 

Parameter Result Parameter Result 

pH 6.8 Silica as SiO2, ppm 8.94 

Turbidity, NTU 24.4 Phosphates as PO4  ,ppm BDL 

M-alkalinity as CaCO3,   ppm 22 Total Iron as Fe, ppm 1.23 

Total hardness as CaCO3,   ppm 84.71 Sulphates as SO4 , ppm 68.6 

Calcium hardness as CaCO3, ppm 25.14 Total Solids, ppm 458 

Magnesium hardness as CaCO3,  ppm 59.57 Total Dissolved Solids, ppm 434 

Chloride as Cl , ppm 93 Suspended Solids, ppm 24 

 

 

Figure 4.14. HPLC calibration curve of p-nitrophenol solution 

Similarly, the column adsorption capacity was also calculated (El-Mehalmey et al. 

2018). For the purpose of column adsorption studies, 100 mg of MOF was mixed with 

5 g of clean and dry sand and then loaded on the column. 10 mL of 1000 mg L-1 of the 

p-nitrophenol solution prepared by using river water was passed through the column at 

a flow rate of 1 mL min-1. The eluent was analyzed for the p-nitrophenol content by 
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HPLC by making 50x dilution. Exact trials were conducted on a column without the 

MOF content to quantify the uptake of p-nitrophenol by sand and it was found to be 

negligible. 

From the HPLC measurements, the concentration of p-nitrophenol in the eluent was 

11.4 mg L-1, corresponds to the concentration of 555 mg L-1 in the eluent. The amount 

adsorbed was 455 mg.L-1 (4.55 mg in 10 mL) of p-nitrophenol. The column capacity 

was (4.55/100) *100 = 4.55 %, therefore the column can adsorb 45.5 mg of p-

nitrophenol per gram of adsorbent.   

The adsorptive and fluorescence quenching property of the MOF was also utilized in 

real-time applications. The p-nitrophenol solution prepared from the river water was 

used in simulating the application study. A column was prepared as before and 10 ml 

of the 1000 mg L-1 of the spike solution is passed through the column and each 0.5 mL 

of solution was collected separately in a vial for fluorescence study and named serially 

from 1 to 20.  

The graph of decrease in fluorescence intensity with the addition of p-nitrophenol 

constructed earlier was used for the estimation of p-nitrophenol content in the eluent. 

The graph obtained was not linear hence, exponential fitting was done by using 

Microsoft excel to obtain the non-linear equation for the calculation purpose and the 

regression coefficient value is 0.9974 (figure 4.15 (b)), which is in good agreement with 

the fitting. During the course of column adsorption, fluorescence quenching was not 

observed until vial number twelve containing eluent. Thereafter from vial 14th 

complete quenching was observed, hence the vials 12th to 14th were chosen and 

fluorescence measurements were conducted exactly as given in section 3.2. and graph 

obtain represented in the below figure 4.15 (a). 

From the non-linear equation the concentration of the p-nitrophenol in the 13th vial was 

calculated (relative intensity, y = 227.6) as below. 

𝑦 = 497.04𝑒ିଷଶ.ସ    (From graph) 

                     𝑠𝑖𝑛𝑐𝑒 𝑦 = 227.6,    227.6 = 497.04𝑒ିଷଶ.ସ  



 

96 
 

Divide both side by 497.04,              
ଶଶ.

ସଽ.ସ
= 𝑒ଷଶ.ସ௫ 

 

Figure 4.15.  a) Decrease in fluorescence intensity after column adsorption. b) Graph 

of emission intensity against p-nitrophenol concentration with exponential fitting. 

Taking Natural logarithm on both sides,   ln ቀ
ଶଶ.

ସଽ.ସ
ቁ = ln (𝑒ିଷଶ.ସ௫)     

                                               ln(0.4579) = −32.46𝑥 

                                           −0.7811 = −32.46𝑥 

𝑥 =
−0.7811

−32.46
 

     𝑥 = 0.0240 

Therefore, the concentration of the 13th vial is 0.0240 mg of p-nitrophenol in 0.1mL or 

240 mg L-1. The same solution was also tested in HPLC for p-nitrophenol content by 

diluting 20 times, and the result was 11.4 mg L-1 corresponds to 228 mg L-1 of final 

concentration. The difference between both methods was 5.2% indicates that 

fluorescence quenching can also be used for the detection of p-nitrophenol efficiently. 

Based on the experimental study, we propose the industrial application of the present 

work for the simultaneous use of this fluorescence active MOF for adsorption and 

detection of p-nitrophenol (figure 4.16). Easy detection of p-nitrophenol in the treated 
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water system by fluorescence quenching can be made instrumental, once detected the 

instruments send the signal to the control system to switch over the column 

automatically. This helps to run the treatment system continuously and efficiently 

without any retreatment. 

 

  

Figure 4.16.  Real life column adsorption studies and proposed industrial application 

of the present work. 

 4.5 ADSORBENT REUSABILITY STUDIES 

Regeneration and recycling performances of the adsorbent were examined to 

understand its suitability for its practical application. After adsorption and fluorescence 

quenching trails, 100 mg of adsorbent was treated with 10 mL of 2% Na2CO3 solution 

for 30 min. then washed with water and decanted, to this 0.1 N HCl was added and 

stirred for 10 min, filtered and washed with water dried in an oven at 60 °C for overnight 

and then reused for adsorption and quenching studies. Regeneration experiments were 

repeated four times (Figure 4.17) and observed that, during each cycle both the 
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adsorbing ability and the fluorescence property decrees gradually. This effect is 

attributed to the disintegration of framework structure and drifting off of the loosely 

bound fluorescence active ligand from the framework.       

 

 

Figure 4.17.  Regeneration and recycling studies of the absorbent 

4.6 CONCLUSIONS 

A smart and stable zirconium-based UiO-66 type metal-organic framework was 

successfully synthesized from mixed ligand strategy. The obtained MOF showed 

photoluminescence property, which was utilized for simultaneous detection and 

adsorptive removal of p-nitrophenol from the aqueous solution. The MOF was able to 

detect as low as 34.2 μM concentration of the analyte in aqueous solution at neutral pH 

and was able to remove rapidly (adsorption equilibrium in 10 min) p-nitrophenol from 

an aqueous solution. From the absorption isotherm studies, it was inferred that the 

adsorption obeys Langmuir isotherm and the monolayer capacity of adsorption was 62 

mg.g-1. The adsorption kinetic studies reveal that the mechanism follows chemisorption 

on the heterogeneous surface. We believe this kind of dual application property can be 

used effectively in effluent monitoring and treatment systems. For example, the 

concentration of p-nitrophenol in treated water can be detected instantaneously when 

the adsorption process reaches its maximum capacity and immediate switchover can 

save time and energy of the retreatment processes. 
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Abstract: This chapter is the compilation of the results obtained from preceding 

chapters, and draws concluding remarks and future overview of the research. 

 

5.1 SUMMARY OF THE RESEARCH WORK 

In the present work, we synthesised free carboxylic acid functionalised zirconium based 

metal-organic framework using hydrothermal method and a fluorescence active 

zirconium metal-organic framework by mixed ligand strategy using solvothermal 

method.     

 Modulated synthesis technique was utilised for the green route synthesis of free 

carboxylic acid functionalised metal-organic framework by hydrothermal 

method using acetic acid as a modulator.  

 Solubility, concentration of the modulator and optimum reaction temperature 

played a significance role in the formation of framework during hydrothermal 

synthesis. 

 In house synthesised ligand was utilised to synthesize a fluorescence active 

metal-organic framework along with Terephthalic acid. 

 Powder XRD analysis was conducted to analyse the crystalline nature of the 

synthesised MOFs. 

 FTIR analysis was carried out to confirm the functional group present in the 

metal- organic framework. 

 TGA studies of the synthesised framework displayed the thermal stability and 

effect of defects on the structural integrity. 

 Scanning electron microscopy and EDX analysis were performed to evaluate 

the surface morphology and elemental composition.  

 XPS analysis was utilised to explore the nature of interaction between 

adsorbates and adsorbent. 

 Zeta potential measurement was carried out to determine the surface charge of 

the MOFs. 
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5.1.1 Green synthesis of Zr-MOF and its application in adsorbing 

contaminants from aqueous solution    

Synthesis of zirconium MOF by hydrothermal method using zirconium nitrate as 

starting material was reported earlier (Hu et al. 2015). But the reports on using 

zirconium chloride for the synthesis were rare and with poor reproducibility. Based 

on the literature, use of water soluble modulator such acetic acid influences the 

framework formation by altering the crystallization. The temperature also affects 

the MOF formation by facilitating the reaction pathway to produce more 

thermodynamically stable product rather than kinetically stable one. In addition, the 

concentration of zirconium ions further governs the crystal phase formation. As the 

number of metal ions increases so is the zirconium octa core nodes with BETC and 

acetic acid ligands. This leads more number of nuclei formation, later increases in 

temperature causes the replacement of acetic acid ligand with corresponding BETC 

ligands (Figure 5.1). The obtained MOF was analysed by various techniques to 

confirm the structural and functional features.  

This anionic functionalised UiO-66 (COOH)2 MOF was utilised in the adsorptive 

removal of methylene blue dye and heavy metal ions such as lead and cadmium 

from aqueous solution (Figure 5.2). Initial screening studies confirmed the high 

affinity of anionic MOF towards cationic dye at neutral pH. Hence, optimization of 

pH and dosage studies were conducted with respect to cationic MB dye. Later, at 

these optimised condition was utilised to evaluate the effect of contact time and 

effect of adsorbates (MB, Pb and Cd) initial concentration on adsorption. Contact 

time studies exhibited the higher dye adsorption at initial stages, which is due to 

ionic interaction between MOF and dye. When it was compared the individual and 

multiple adsorption trends, a competitive interaction between adsorbates to adsorb 

was revealed. Due to this competitive phenomenon individual adsorption of the 

adsorbates was always greater than its adsorption from multi solute system. Size of 

the hydrated metal ions control the adsorption by diffusion process. Lead ions being 

smaller than cadmium ion and affinity of carboxylic acid towards lead made them 
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to adsorb more favourably then cadmium. Presence of metal ions does not affect 

the MB dye adsorption because as it was adsorbed by more dominant electrostatic 

interaction. Overall the order selectivity of the MOF adsorbent for adsorbates is MB 

dye > Lead > Cadmium. 

 

 

Figure 5.1. Representation of UiO-66 (COOH)2 formation by modulated synthesis  

As the number of solute molecules increases, the adsorption also increases due to 

decrease in mass transfer resistance. But as the specific sites responsible for 

adsorption decreases because of fixed adsorbent dosage, the increases in adsorbate 

concentration does not have prominent effect on adsorption. The same effect has 

been observed in case of MB dye adsorption causing steep decrease in adsorption 

as the adsorbate concentration increases. Since the affinity of MOF adsorbent 

towards metal ions was not high, causing gradual decreases in adsorption as the 

adsorbate concentration increases. Adsorption isotherm and kinetics studies were 

conducted to explore the mechanism behind the adsorbate-adsorbate interactions. 
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Figure 5.2 Application of UiO-66 (COOH)2 for the removal of MB and heavy metal 

ions 

5.1.2 Synthesis and application of fluorescence active zirconium MOF for 

nitrophenol detection and adsorption from water 

Smart adsorbents which can perform dual functions are of great interest to scientific 

community. These adsorbents have huge benefits in terms of cost and time in 

environment remediation operation. Keeping in view of the above requirement a 

florescence MOF adsorbent was prepared by using in-house synthesised 

fluorescence active trifunctional carboxylic ligand, H3ntb (4,4ʼ,4ʼʼ-

Nitrilotrisbenzoic acid) and BDC for the detection and adsorption of p-nitrophenol 

(Figure 5.3).  The trifunctional ligand when used alone, was not able form MOF 

and it was confirmed by PXRD analysis. This might be due to steric constrains. 

Hence, mixed ligand strategy was applied. Both BDC and H3ntb were used in 

different proportions to synthesis UiO-66 type zirconium MOFs. The obtained 

MOFs were analysed by PXRD, which confirms the formation UiO-66 isostructural 

framework. Further the MOFs were analysed by FTIR, BET surface area and TGA 

techniques for the functional and structural characterization. The trifunctional 

ligand (H3ntb) ligand was not linear like BDC ligand and there is a substantial 

difference in structural feature between these two ligands. This has caused a 

distinctive bonding environment in MOF. As a result of this, the H3ntb ligand is 

unable to build a crystal network and creates structural defects in the framework 

forming open pockets. These defects have negative effect on structural stability, this 

was confirmed by TGA studies. As the proportion of the concentration of H3ntb 
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ligand increases during synthesis, the resulted MOF was disintegrated more at the 

same temperature compared other MOF having lesser H3ntb ligand concentration. 

Therefore, the fluorescence active MOF, which was as stable as pristine UiO-66, 

chosen for fluorescence quenching and adsorption studies. The fluorescence 

quenching studies confirmed the superior quenching ability of p-nitrophenol. The 

Stern-Volmer plot disclosed the process of fluorescence quenching as sphere of 

action mechanism. The adsorption isotherm studies were conducted at neutral pH 

and obeys Langmuir model with maximum adsorption capacity of p-nitrophenol 62 

mg g-1 of adsorbent. Kinetics experiment displayed a fast nature of adsorption 

process, reaching equilibrium in 10 min. Regeneration studies showed recycling 

abilities of the MOF. In a 4 cycle study, the adsorption and fluorescence activity 

both decreased gradually. This effect was may be due to losing off the trifunctional 

ligand by MOF in the washing process. 

Figure 5.3. Representation of fluorescence active MOF for detection and adsorption 

of p-nitrophenol from aqueous solution 
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Further, real life application of the fluorescence active MOF was conducted using 

locally available river water. The results were promising and close to that of earlier 

performed quenching and adsorption studies indicating robustness of the MOF 

understudy to work in the competitive environment. In addition to this, a proposal 

on using this fluorescence active MOF in the remediation operation was also 

presented.      

5.2 CONCLUSIONS  

Being a most stable MOF, the zirconium based UiO-66 was researched for many 

applications and has become the centrepiece in the MOF domain. Along with 

moisture stability, tuneable porous structure and flexibility to incorporate the 

desired functional groups escalated the zirconium MOFs to new height in the field 

of material science. An environment friendly synthesis route was designed by 

considering easily available starting materials to build zirconium MOF with 

carboxylic functionalities using water as solvent. The hydrothermal synthesis of 

MOF using zirconium chloride was improved by using modulator and escalated 

temperature at 130 °C. Multi solute adsorption process was investigated and various 

interactions between the adsorbate and adsorbent were realised. Similarly, a smart 

adsorbent which adsorb and detect p-nitrophenol was developed by mixed ligand 

strategy and its practical applications were explored. 

The following are the key findings of the proposed investigation: 

 Green method for the synthesis of stable zirconium metal-organic framework 

having free carboxylic groups has been established. 

 Smart and stable zirconium metal-organic framework is synthesised from mixed 

ligand strategy using in-house synthesised trifunctional ligand and benzene 

dicarboxylic acid ligand. The obtained MOF showed photoluminescence 

property imparted from its trifunctional ligand.  

 The synthesised MOFs are analysed for its crystalline nature, stability, 

functionality, surface area and pore structure.  These characterization results 

indicated that the strategy implied are encouraging and could be used in further 

developing the MOF materials. 
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 The zirconium metal-organic framework obtained from greener method having 

free functional groups used in the adsorptive removal of multi adsorbate system 

containing methylene blue dye, lead and cadmium metal ions. The experimental 

results exhibit the superior adsorbing ability of the MOF adsorbent over similar 

adsorbents reported. 

 Smart MOF made of trifunctional (H3ntb) and difunctional ligand (BDC) is 

utilised for the detection and adsorption of p-nitrophenol from aqueous system. 

The experimental results inferred that the MOF can be effectively utilised in the 

p-nitrophenol treatment system.   

 The adsorbent-adsorbate systems are studied by fitting the experimental results 

with various adsorption isotherms. Numerous error functions are used to check 

the fitting ability of the adsorption isotherm equations. 

 

5.3 FUTURE WORK 

In considering the enormous advantages offered by zirconium based MOFs, 

further realization is required to make them suitable for practical adsorption 

applications. Environment friendly and low cost synthesis and fabrication of 

MOFs for real life applications are the main concern in the future work along 

with below points. 

 Functionalization of MOF for site specific binding of hazardous 

material from water. 

 Exploring the applications of MOF-composites for adsorption studies. 

 Establishing screening methods for MOFs adsorbents to use effectively 

in adsorption applications. 

 Structuring MOF adsorbents by processing of porous powders for 

industrial applications. 
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