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ABSTRACT 

 

Platinum group metal (PGMs) are the most extracted non-renewable mineral 

resources in South African due to their high demand for various applications. During 

mineral processing some of these valuable metals are lost into the generated toxic 

which is excessively released into the environment. Adsorption technology offers 

advantages of ease operation, high effectiveness and opportunity to incorporate other 

techniques such as ion-imprinting method. Metal-organic frameworks have been 

explored as adsorbent due to their interesting properties such tuneable surface 

functionality and ability to host guest molecules. In this work, metal organic framework, 

MIL-101(Cr), (MIL= Matérial Institut Lavoisier) prepared from polyethylene-

terephlalate waste was initially functionalised with ethylenediamine (ED) to form MIL-

101(Cr)/ED for the adsorption of palladium (Pd) ions from aqueous solution. The 

successful incorporation of ED was confirmed by Fourier transform infrared 

spectroscopy with N-H vibrations at 3300 -3000 cm-1. The MIL-101(Cr)/ED achieved 

a maximum adsorption capacity (qm) of 454.2 mg/g for the uptake of Pd(II) ions in a 

pH =3.0 and 0.03 g of the adsorbent dose. MIL-101(Cr)/ED adsorbent was selective 

and fast towards the adsorption of Pd(II) ions. However, the regeneration and 

reusability of the adsorbent was still a challenge. The MIL-101(Cr)/ED was further 

grafting with glutaraldehyde (GA) to enhance the regeneration and reusability. This 

functionalisation was noted by the appearance 1554 and 1052 cm-1 for N-H bend and 

C-N stretch in the MIL-101(Cr)/ED-GA due to the amide bond formation. The efficiency 

of MIL-101(Cr)/ED-GA was tested for Pd(II) and platinum (Pt(IV)) ions. The data 

showed a good fit to the Langmuir isotherm and pseudo-second order (PSO) kinetic 

models. The estimated qm values were 414.4 for Pt(IV) and 308.3 mg/g for Pd(II) ions. 

The adsorption rate of the MIL-101(Cr)/ED-GA adsorbent was very rapid towards 

Pd(II) ions intake than Pt(IV) ions and resulted in higher selectivity of Pd(II) ions over 

Pt(IV) ions. Adsorption-desorption cycles for the reusability of MIL-101(Cr)/ED-GA in 

removing both metal ions were stable for two successive cycles and started to 

decrease in the third cycle. The reusability of MIL-101(Cr)/ED-GA showed a significant 
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drop in removal efficiency (%R) towards Pd(II) ions from 84% in the first cycle to 73% 

in the fourth and fifth cycle. The regeneration and reusability of the MIL-101(Cr)/ED-

GA was improved by ion-imprinting Pd(II) ions on a glycylglycine (glygly) functional 

monomer and formed an ion specific IPMIL-101(Cr) composite. The optimum 

adsorption conditions for the uptake of Pd(II) ions were achieved at 0.03 g of the IP-

MIL-101(Cr) adsorbent and pH=2.0. This suggested electrostatic interaction between 

the protonated nitrogen (N) groups on the adsorbent surface and the Pd(II) ions 

complexes. The Langmuir isotherm was the well fitted model and estimated the qm of 

195.3 mg/g for the adsorption of Pd(II) ions IPMIL-101(Cr) composite which was higher 

than 177.7 mg/g of the its non-imprinted counterpart (NIMIL-101(Cr). Kinetics data 

further confirmed the improved rapid adsorption rate of Pd(II) by the IPMIL-101(Cr) 

which obeyed the PSO kinetic model. The ion specific IPMIL-101(Cr) adsorbent was 

re-generable for five consecutive cycle without loss in the removal efficiency and 

adsorption capacity.  

The Pt(IV) ion imprinted IIGlyMIL-101(Cr) composite, which was prepared using the 

same glygly functional monomer showed enhanced performance in the adsorption of 

targeted Pt(IV) ions from aqueous solution. In an initial solution pH of 3.0, 0.02 g of 

the IIGlyMIL-101(Cr) adsorbent was able to recover 85% of the Pt(IV) ions at 25 oC. 

The qm value were obtained from the Langmuir isotherm model to be 531.3 mg/g for 

the IIGlyMIL-101(Cr) adsorbent in the intake of Pt(IV) ions, which was higher than 

296.4 mg/g of the non-imprinted counterpart (NIGlyMIL-101(Cr)) composite. Kinetics 

data revealed fast adsorption of Pt(IV) ions by IIGlyMIL-101(Cr) which equilibrated 

within 30 minutes and fitted well with PSO kinetic model. The selectivity towards Pt(IV) 

ions intake by the IIGlyMIL-101(Cr) composite was also improved with an efficiency of 

80% in comparison to the non-imprinted adsorbent which was 50% in the presence of 

various anions. Moreover, the IIGlyMIL-101(Cr) composite was able to maintained 

88% removal efficiency after five subsequent cycles, suggesting improved stability of 

the adsorption active sites. The results observed in this study proved the efficiency of 

ion-imprinted MOF composites and their potential application in the recovery of PGMs 

form industrial wastewater should be considered. 
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CHAPTER ONE 

INTRODUCTION OF THE THESIS 

1.1. BACKGROUND 

Platinum group metals (PGMs) are naturally occurring mineral resources that have 

been widely used in various industries including electronics, catalysis, 

pharmaceuticals, mining, and others as depicted in Figure 1.1(a) [1][2]. Their growing 

demand and supply in order to meet the needs of the increasing global population 

have become a worldwide concern due to the limited availability of mineral ore 

reserves [2]. Furthermore, during mineral processing, some of the PGMs become 

highly concentrated in wastewater resulting in acid mine drainage , which has a 

negative impact on human health and the environment [3]–[5]. With South Africa being 

the number one producer of these mineral ores, there is a greater chance of increased 

disposal of industrial effluents into water bodies (see Figure 1.1(b)). As a result, this 

calls for the need to remove (reduce pollution) and recycle (increase supply) PGMs 

from wastewater in order to meet the increasing demand as well as protection of the 

environment. Different hydrometallurgical technologies that have been implemented 

for the recovery of PGMs include adsorption, solvent extraction, precipitation, 

membrane filtration, ion exchange, and cloud point extraction [5], [6]. Amongst these 

methods, adsorption has been identified as the beneficial technology owing to its 

easiness of operation at low capital cost, fast kinetics, less chemical intake, and 

flexibility in the merger with other methods [7], [8]. The effectiveness of the adsorption 

technology requires the selection of suitable adsorbent material. 
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Figure 1.1: (a) Applications of PGMs, and (b) Global production of PGMs. 

 

1.2. PROBLEM STATEMENT 

 

Numerous adsorbent materials for PGMs ions removal such as zeolites, carbon 

nanotubes, polymers, biomass, and their composite have been explored [9]. For 

example, Fujiwara and colleagues [10] prepared a chitosan modified L-lysine for the 

recovery of divalent palladium (Pd(II)) and tetravalent platinum (Pt(IV)) metal ions from 

aqueous solutions. The composite was able to achieve a maximum adsorption 

capacity (qm) of 129.26 mg/g for Pt(IV) in acidic media of pH 1.0 and 109.47 mg/g for 

Pd(II) in pH of 2.0. In another study, Nikoloski et al. [11] used three different ion 

exchange resins (Lewatit M+MP 600, Purolite S985, and XUS 43600.00) to recover 

the PGMs from spent catalysts. The selectivity of these materials was more specific 

to palladium (Pd) and (Pt) ions in acidic conditions, however with limited capacities 

ranging from 0 - 12 g/L for Pt and 0 - 8 g/L for Pd. Another study from the literature 

reported by Snyders and co-workers [12] demonstrated the influence of temperature 

on the recovery of Pd, Pt, and gold (Au) by activated carbon (AC). The results revealed 

that the adsorption of PGMs was not specific in the presence of other metal ions such 

as nickel (Ni) and copper (Cu) as the temperatures of the systems were varied. 

Sharififard and co-authors [6] also investigated the adsorption capacity of acid-

modified AC towards the uptake of selected PGMs. Their results indicated that 0.02 g 
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of bio-polymer-modified AC was able to adsorb 43.5 and 52.6 mg/g of Pd and Pt, 

respectively, in a pH of 2.0. Another example is on the synthesised chitosan cross-

linked with dialdehyde carboxymethyl cellulose (Ch-DCMC) reported by Asere et al. 

[3]. The equilibrium data suggested electrostatic interaction between the PGMs with 

the nitrogen (N) groups on the adsorbent in acidic media and achieved qm values of 

80.8 and 89.4 mg/g for Pt and Pd, respectively. In addition, the selectivity of PGMs 

uptake by the Ch-DCMC was affected by the presence of iron (Fe) metal ions, whereas 

the regeneration studies revealed the potential application of the Ch-DCMC in 5 

subsequent cycles for both Pd and Pt. Nevertheless, most of the adsorbents have low 

adsorption capacity and poor selectivity of metal ions, low surface area as well as poor 

recovery of some of the materials [13]. Therefore, it is ideal to develop a material with 

high surface area, high PGMs uptake, and good selectivity. 

 

1.3. RATIONALE 

 

With the advancement in material science, a new class of crystalline coordination 

polymers named metal-organic frameworks (MOFs) have attained great attention for 

a wide range of applications [14]. These porous materials are composed of metal 

clusters or ions linked together by organic ligands through esterification forming a 

variety of dimensional structures ranging from 1D to 3D. MOFs offer extensive 

properties such as high porosity, large surface area, tuneable inner pore size, and vast 

functional groups for reactivity and have been used in gas sensing [12], hydrogen 

production and storage [13,14], catalysis [15] as well as in drug delivery [15,16]. In 

addition, MOFs can be easily prepared from polyethylene terephthalate (PET) plastic 

waste bottle, which is the source of the key ingredient that serves as the organic ligand 

called 1,4-benzenedicarboxylic acid (BDC) [16]. The development of a successful 

process for the use of PET from the waste bottle for the purpose of synthesising MOF 

materials would offer an economically attractive strategy for waste management [17]. 
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For application in wastewater treatment, the unsaturated metal ions offer potential as 

an adsorption site [18]. Furthermore, tenability of MOFs by changing the central metal 

ion or organic linkers can also facilitate the chelation of metal ions and increase the 

uptake capacity of MOFs and their composites, which is a good prospect for the 

removal of metal ions from wastewater [18]. Luo et al. [19] reported on 

ethylenediamine-Material Institut Lavoisier (ED-MIL-101) composite for the removal of 

Pb(II), with the adsorption capacity of 87.64 mg/g. Yuan and co-workers [18] 

functionalised MIL-101 with glycine derivatives for the removal of Co(II). They obtained 

the maximum adsorption capacity to be 232.6 mg/g for the triglycine-MIL-101 

adsorbent. Magnetite–pyridine/copper benzene-1,3,5-tricarboxylate Cu3(BTC)2 MOF 

composite for Pd(II) recovery was reported by Bhageri et al. [20] and obtained the 

maximum adsorption capacity of 105.1 mg/g. Lin et al. [21] prepared the University of 

Oslo UiO-66-NH2 MOF with the qm of 1.58 and 0.67 mmol/g for Pd(II) and Pt(IV), 

respectively. Recently, Lim and co-authors reported on the preparation of MIL- 

101(Cr)-NH2 by reduction of MIL- 101(Cr)-NO2 which acquired qm values of 277.6 and 

140.7 mg/g for Pd(II) and Pt(IV) ions through electrostatic interaction in acidic media. 

Although, MOFs have shown promising application for metal ions recovery, selectivity 

towards targeted metal ions is still a challenge [22]. Hence, ion imprinting (IP) 

technique offers great potential to improve the selectivity and thus increase the 

efficiency of MOFs for metal ions adsorption. The process of IP has many attractive 

features including the selective removal of metal ions over a broad range of pH and 

temperature, its rapid kinetics of sorption and desorption, low capital and operational 

costs [23]. The ion-imprinted polymers (IIPs) have been introduced by Nishide et al. 

[22] by cross-linking of poly(4-vinyl pyridine) with 1,4-dibromobutane in the presence 

of a metal ion. The selectivity of IIPs is governed by creation of metal ion memory or 

cavity on the surface of the cross-linked polymers using the template of the targeted 

metal ion. The generated binding sites match the coordination number and geometry, 

charge and size of the targeted metal ion [22],[23]. Yuan et al. [22] synthesised IIP 
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induced by glycine modified MOF for the removal of divalent cobalt Co(II) ions from 

aqueous solutions. However, there is no literature on the removal of PGMs by IIP/MOF 

composites. Hence, this study focussed on the preparation of modified MOF with ion 

imprinted polymer for the removal of PGMs from wastewater. 

 

1.4. AIMS AND OBJECTIVES 

1.4.1. Aim 

 

The aim of the study was to develop an IIP/MOF composite for the recognition and 

separation of PGMs from wastewater. 

 

1.4.2. Objectives 

 

The objectives of the study were to: 

i. synthesise MIL-101(Cr), MIL-101(Cr)/ED, and MIL-101(Cr)/ED-glutaraldehyde 

(GA). 

ii. fabricate PdIPMIL-101(Cr), IPMIL-101(Cr) and NIMIL-101(Cr). 

iii. prepare Pt@IIGlyMIL-101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr). 

iv. characterize the prepared materials using Fourier transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), thermogravimetric analysis 

(TGA), Brunauer–Emmet–Teller (BET) and scanning electron microscopy 

(SEM) fitted with an energy dispersive X-ray spectroscopy (EDS) detector. 

v. study the removal efficiencies of the synthesised MIL-101(Cr)/ED towards 

Pd(II) ions intake. 

vi. examine the intake capacity of Pd(II) and Pt(IV) ions by the MIL-101(Cr)/ED-

GA. 
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vii. investigate the adsorption behaviour of IPMIL-101(Cr) and NIMIL-101(Cr) 

towards the recovery of Pd(II) ions. 

viii. compare the adsorption behaviour of the IIGlyMIL-101(Cr) and NIGlyMIL-

101(Cr) towards the recovery of Pt(IV) ions. 

ix. analyse the concentrations of PGM metal ions before and after adsorption 

using UV-Vis spectroscopy. 

1.5. THESIS OUTLINE 

 

This thesis is aimed at investigating the adsorption efficiencies of the of the prepared 

IPMIL-101(Cr) and IIGlyMIL-101(Cr) in the selective recovery of Pd(II) and Pt(IV) ions 

from aqueous solution by comparison with the NIMIL-101(Cr) and NIGlyMIL-101(Cr). 

 Chapter one focused on the introduction of the study wherein the background 

on the PGMs is given based on their uses, production, and potential pollution 

associated with them. In addition, the chapter summarises the problem 

statement, motivation, aims, and objectives of the study. 

 Chapter two provides a detailed literature review on the various synthetic routes 

for MOFs including composite formation and their application in various fields. 

Moreover, the application of MOF composite in the removal of pollutants is 

discussed with more emphasis on the adsorption of heavy metals including 

PGMs. 

 Chapter three describes the numerous characterisation techniques used in this 

work for studying the structures of the prepared composites before and after 

adsorption of heavy metals as well as the analytical methods used in the 

determination of PGMs concentrations. 

 Chapter four focuses on the preparation of MIL-101(Cr)/ED and its removal 

efficiencies towards the adsorption of Pd(II) ions. 
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 Chapter five deals with the synthesis and modification of MIL-101(Cr)/ED-GA 

and its investigations on the adsorption of Pd(II) and Pt(IV) ions from aqueous 

solutions. 

 Chapter six reports on the preparation of the IPMIL-101(Cr) and NIMIL-101(Cr) 

and their adsorption behaviour towards Pd(II) ions recovery. 

 Chapter seven provides details on the synthesis of IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) and their adsorption efficiencies in the recovery of Pt(IV) 

ions. 

 Chapter eight provides a summary of the whole study and draws some 

conclusions based on the obtained results as well as suggestions on future 

recommendations. 
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 CHAPTER TWO 

METAL–ORGANIC FRAMEWORKS FOR HEAVY METAL REMOVAL FROM 

WATER 

 

2.1. INTRODUCTION 

 

Members of the platinum group elements/metals (PGE/Ms) are economically valuable 

metals which are very popular for a variety of uses worldwide. This is due to various 

chemically and physically inherent properties that PGMs have such as very high 

melting points, chemical inertness to most compounds even at elevated temperatures, 

corrosion resistance and catalytic behaviour [1,2]. These PGMs including platinum 

(Pt), palladium (Pd), ruthenium (Ru), rhodium (Rh), osmium (Os) and iridium (Ir) occur 

together in nature (in combination with minor gold (Au)) [2]. Amongst them, the most 

widely used in industries such as automotive, electronics, hydrogen fuel cells, 

jewellery and oil refineries are Pt, Pd and Ru [3]. PGMs are dominantly produced in 

South Africa from the Bushveld complex, followed by other countries such as Russia, 

Canada, Zimbabwe and United States of America [1-3]. However, the increasing 

demand for PGMs as a result of increasing population has put a strain on the available 

scares reserves which poses concerns for future [4-6]. Moreover, the possibility of 

environmental issues such as water and land pollution, affecting the health of human 

beings and animal has been realisedd [4,7-9]. Hence, it is essential to recover PGMs 

from mining wastewater prior to being released into the environment. The recovery of 

PGMs has led to the development of many separation techniques such as solvent 
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extraction, chemical precipitation, ion-exchange, photocatalytic degradation and 

membrane technology (Figure 2.1) [8]. Nevertheless, some of the traditional 

technologies possess several drawbacks such as insufficient recovery, generation of 

harmful by-products, high capital cost and poor selectivity [10]. Adsorption technology 

has been identified as the beneficial technology owing to its easiness of operation at 

low capital cost, ability to regenerate spent adsorbent, generation of less secondary 

products, fast kinetics and flexibility to merger with other methods [6,11]. The success 

of the adsorption process requires the careful selection of a suitable adsorbent 

material.  

Metal organic frameworks (MOFs) are coordination polymers which have emerged as 

nanomaterials with interesting physical and chemical properties including tuneable 

pore size and pore character, less density, higher surface area, elevated thermal 

stability, enormous porosity, and abundant active functional sites [12,13]. These 

properties have led to the application of MOFs in various fields as catalysts, gas 

sensors, nonlinear optics, gas storage and drug delivery materials [13-15]. Recently, 

MOFs have also found new application as adsorbent materials for the removal of 

pollutants such as metal ions, organics and pathogens from wastewater owing to their 

enormous surface area [11,13,16,17]. This can serve as adsorption active site and 

incredible porosity which allows dissemination of pollutants  over the framework [18]. 

However, poor selectivity by MOFs towards PGMs in the presence of interfering ions 

is still a challenge [10]. Ion imprinting has appeared as a promising technique to 
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fabricate adsorbent materials which are highly selective towards targeted metal ions 

[19,20]. In this Chapter, MOFs as new materials are introduced and discussed in 

detail, from their various synthetic routes to the different composites and 

nanocomposites that can be formed. This is followed by the discussion of several 

applications of MOFs that have been studied including application in wastewater 

treatment, with more focus on adsorption of metal ions. Furthermore, we describe the 

challenges faced by MOF and the possibility of addressing the limitation through the 

employment of ion imprinting method. Finally, we summarise and give a future 

perspective for realisation of MOFs as ion imprinted adsorbents. 

 

Figure 2.1: Methods used for platinum group metals recovery. 
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2.2. METAL ORGANIC FRAMEWORKS 

2.2.1. Background 

 

The metal organic framework first arose through the study of Zeolites [21]. The term 

metal organic framework was first introduced by Yaghi in 1995 for the newly 

synthesised copper-4,4’-bipryridal complex that exhibited extended metal-organic 

interactions [18,22]. Essentially, MOFs belong to the general family of coordination 

polymers. MOFs are more specific for one- ,two- or three-dimensional crystallized 

networks with porous property when compared to the general coordination polymers 

[23,24]. Since the beginning of millennium, there is exponential growth of interest in 

the preparation of MOFs and publications. As shown in Figure 2.2(a) represents 

Scopus database from 1998–2019 showing a significant increase in the number of 

publications on MOFs in general as well as articles of MOFs for heavy metal 

adsorption [16]. It was seen in Figure 2.2(b) that over 4500 MOF structures have been 

published in the Cambridge Structural Database (CSD) from 1970 to 2015 [25]. These 

MOFs as novel type of porous crystalline materials have attracted increasing attention 

in water treatment applications due to their high surface area, permanent porosity and 

controllable structures [12,18,26]. 

The structure of MOFs as shown in Figure 2.2(c), indicates that the metal nodes 

function as joining points and the organic linkers work as bridging ligands. The 

framework of the two components is detained together by covalent bonds to form 
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extended 3-D infinite network structures [24,27]. The defined crystallinity of MOFs 

allows for identification of the exact positions of all atoms in the framework. By 

definition, a porous solid is one in which permanent channels or pores permeate the 

structure and have dimensions large enough to allow solvent or other guest molecules 

to diffuse into the structure. The porosity and structure is maintained even when guest 

particles/compounds within the channels are removed by heating or vacuum [28]. 

Furthermore, the MOF structures are highly tuneable by varying the metal nodes or 

organic ligands which makes it possible to obtain a tailor-made MOF materials with 

the required structures and functionalities for specific application [29,30]. The porosity 

of known MOFs varies between 20 and 95 percent, where it is measured as the ratio 

of the accessible pore volume to the total volume of the solid [22]. This porosity relates 

to high internal surface areas, allowing for increased adsorption of guest molecules. 

As a result, MOFs have attracted considerable attention due to high surface area and 

porosity, tuneable structure, and functionality [21,31]. 
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Figure 2.2: (a) graph of number of MOFs published per year since 1998 to 2019 [16]; 

(b) the change in percentage of the MOFs in the overall Cambridge Structural 

Database (CSD) since 1970 to 2015 [25]; and (c) Metal organic framework structure 

[27]. 

 

2.2.2. Different Structures of MOFs 

 

The structural arrangement in MOFs extends from one- to two- and three- dimensional 

(1-D, 2-D and 3-D) networks, which are assembled from organic linkers and metal ion 

or cluster nodes [32]. For 1-D MOF geometries, the bonds between metal clusters and 

organic linkers form a one directional expansion throughout the polymer with the 

probable cavities being occupied by molecules of smaller size. 2-D MOF polymers are 

composed of single type layers superimposed from either preceding edges or 
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staggered type layers which are stacked by weak interactions existing between layers. 

Ligands modification constituting the layers are able to governor the way in which 

channel interiors stack and function [24]. The two possible ways in which 2-D MOF 

structures can accommodate guest species are; through the spaces found amongst 

the grids of layers and in between the layers. The structural frameworks of 3-D MOFs 

have high porosity and stability as a result of the spreading of coordination bonds in 

three directions and is common in many MOFs [33,34], as shown in Figure 2.3(a-l). 

The coordination that results into the above geometries (between metal ions and 

organic ligands) is facilitated by the non-covalent π-π stacking and hydrogen bonds. 

These interactions are responsible for converting the framework in MOFs to an 

infinitely dimensional network, as well as controlling their strength and direction. 

Moreover, the metal ion geometries have a great effect on the structures of MOF 

polymers [33]. 

Metal sites (referred as unsaturated metal sites or accessible metal sites) in MOFs 

have tremendous influence on their adsorption properties. The metal ions as the 

centre connectors are usually chosen from transition metals such as Cu, Zn, Mn, Co 

etc. The metals in the MOF structure often serve as Lewis acids which can activate 

the coordinated organic ligands for succeeding organic transformation [33-36]. The 

partially positive charges of metal sites in MOF structure have been proved to increase 

adsorption capacity [36,37]. The commonly used transition metals give different 
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geometries depending on their number of oxidation state [38,39]. Below are the 

commonly observed geometries of each metal and also in Figure 2.3(a-l): 

a. Copper-electron configuration of zero-valent metal is [Ar]3d104s1. Copper 

nodes are often in distorted octahedral and square-planar geometries. The distortion 

occurs mainly due to Jahn-Teller distortion commonly resulting in octahedral 

geometries having four short bonds and two longer bonds as the dz2 orbital is filled 

whilst the dx2-y2 orbital is only partially filled.  

b. Cobalt-electron configuration of the zero-valent metal is [Ar]3d74s2. There is a 

range of common coordination numbers for Co2+. Geometries of cobalt(II) nodes are 

generally octahedral and tetrahedral.  

c. Nickel-electron configuration of the zero-valent metal is [Ar]3d84s1. The most 

prevalent nickel geometries are octahedral and square-planar with consistent bond 

lengths.  

d. Manganese-electron configuration of the zero-valent metal is [Ar]3d54s2. 

Manganese (II) compounds take on a range of coordination modes and geometries in 

metal-organic frameworks, the most common being octahedral.  

e. Zinc-electron configuration of the zero-valent metal is [Ar]3d104s2. Zinc(II) 

compounds often take up octahedral or tetrahedral geometries.  

The organic linkers used to connect the metal nodes in coordination polymers are 

usually multidentate organic molecules [33]. The linkers contain aromatic rings in 
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frameworks, which help maintain the structural integrity of the complex and direct the 

geometry of the framework. The pore volume and surface area of MOFs can be 

organized by modifying organic ligands which act as spacers and create an open 

porous structure. The common organic linkers are shown in Figure 2.3 [40].  

 

 

Figure 2.3: Lattice structures (middle) and corresponding SBUs (metal nodes (left), 

and organic linkers (right) of some of the MOFs discussed in this review. (Atom 

definition: blue-metal, red-oxygen, purple-nitrogen, grey-carbon, green-chlorine) [40]. 
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Secondary Building Units (SBUs) play an important role as they dictate the final 

geometry of MOFs. The structure and chemical properties of the SBUs and organic 

ligands lead to the prediction of the schemes and preparations of MOFs [41]. Literature 

reports have shown that under careful selection of reaction preconditions, multidentate 

linkers can aggregate and thus locking metal ions at definite location to form SBUs 

[42]. The SBUs will subsequently join with rigid organic links to produce MOFs that 

exhibit high structural stability [24,41]. It was reported that the structure of the SBU is 

controlled by the metal-to-ligand ratio, solvent used as well as source of anions used 

in balancing metal ions charges [37,43]. Since the structure of MOF polymers are 

governed by SBUs geometries and organic linkers (shape and size), they are tuneable 

to a certain degree by careful selection of SBUs and organic ligands having 

appropriate pore size, structure, and functionality for the precise application. 

MOFs have gained interest in studies having adsorption applications because they 

have easily modifiable surface pores which can lead to improved selectivity in 

adsorbing certain guest species with specific functional groups [11,44]. Hence, they 

have been extensively explored for the adsorption of numerous toxic materials which 

are organic and inorganic in nature. The ability of MOFs to remove pollutants from the 

environment is owed to their enormous porosity and incredible geometry of the pores. 

Furthermore, some of the MOF components that have been effectively employed to 

improve the adsorption interactions include coordinatively unsaturated metal sites, 

functionalised ligands and added active species. These properties make MOF 
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materials to have better adsorption performance than most porous materials towards 

toxic species [11]. 

 

2.2.3. Physical Properties of MOFs 

 

MOFs are prominent due to their capability to convey various functionality through 

appropriate selection of the metal ions and organic ligands. Various studies available 

in literature have already demonstrated a number of synthesis methods for tuning the 

chemistry, stability, particle size, and flexibility of MOF structures [45]. Moreover, these 

coordination polymers can be further improved by “post-synthetic modification” for 

further tuning the properties by swapping, altering, or by removal of the ligand or metal 

ion from the structure. The mechanical properties of MOFs can be modified by 

introducing malleable ligands, modulating the strength of host-guest interactions, 

constructing multi-metallic framework and manipulating the size of crystals. 

The most important property in designing MOFs is the stability. MOF polymers have 

to be stable in order for them to be characterized fully and be applied in various fields 

like adsorption, catalysis and sensing [46]. The stabilities in the MOFs include 

chemical, thermal, hydrothermal and mechanical. To improve the chemical stability of 

MOF polymers, metal clusters having higher valence such as Cr3+, Fe3+, and Zr4+  are 

used, together with soft ligands including triazolates, imidazolates and tetrazolates 

[34,36,47]. Furthermore, heterocyclic molecules containing nitrogen atoms can be 
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utilised in the preparation of MOFs together with soft divalent metal clusters like Zn2+, 

or Co2+ to increase the stability. The thermal stability of MOFs shows degradation 

when metal-ligand bond breaks and the organic linkers get combusted [46]. This can 

however be improved by coordination of oxy-anions ligands to high valance metal ions 

[36]. On the other hand, the hydrothermal stability of MOF refers to the stableness of 

a materials in the existence of moisture at higher temperatures, and it was also shown 

that it can be improved by introduction of hydrophobic functional groups into the MOF 

framework [48,49]. The mechanical stabilities in MOF materials directly linked to their 

high porosity and they have an inversely proportional relationship. This type of stability 

is elevated in MOFs that have solvent-filled pores than in those that have vacant pores 

[36,46]. Figure 2.4 depicts various MOF materials with improved BET results. It was 

shown that MOF-177 possessed highest surface area in 2004 with BET surface area 

of 3780 m2/g and porosity of 83%  in 2007 [50]. Later in 2010, the surface area was 

doubled by MOF-200 and MOF-210 produced surface areas of 4530 and 6240 m2/g; 

and porosities of 90 and 89%, respectively [51,52]. On the other hand, in 2007, MOF-

5 material showed a surface area of 3800 m2/g owing to active adsorption sites from 

zinc oxide SBU and the edges of the organic linker [52]. Furthermore, it has been 

reported that expanded tritopic linkers based on alkyne rather than phenylene units 

should increase the number of adsorption sites and lead to enhance the surface area 

[51]. NU-110 MOFs in 2012 have demonstrated a high surface area of 7140 [50]. 

Whereas UiO-66(Zr), MIL-100(Cr), MIL-101(Cr) and HKUST-1 showed a BET surface 
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of 1473, 1842, 3250 and 2642 m2/g in 2013-2019, respectively [38,53,54]. For 

application in wastewater treatment a number of MOFs polymers which are water-

stable such as chromium-based MIL-101 series [38,53,54], zeolitic imidazolate 

frameworks (ZIFs) [55], zirconium-based carboxylates [56], aluminum-based 

carboxylates and pyrazole-based MOFs have been reported [16,49]. These materials 

have improved stability which was achieved by increasing the coordination bonds 

strength of SBUs to organic ligands [49,37,57]. 

 

 

Figure 2.4: BET surface areas of MOFs and typical conventional materials were 

estimated from gas adsorption measurements. 

2.2.4. Synthesis of MOFs 
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There are numerous methods that are available for the synthesising MOFs. Many of 

these methods takes place in liquid phase which involves the mixing of metal salt and 

ligand in a suitable solvent or preparing their solutions separately before mixing them. 

The important part in synthesising MOFs with good properties is choosing a proper 

solvent by looking at features such as redox potential, reactivity, stability constant and 

solubility [58]. Figure 2.5 illustrates a summary of several approaches for the 

preparation of MOFs. The main aspects purpose of investigating different methods of 

MOF preparations are to determine the synthetic routes which can result in a distinct 

inorganic building units without disintegration of the organic ligand. In this chapter, 

more focus is given to the selected preparation methods for synthesis of MOF 

structures and some are illustrated in Figures 2.5 and 2.6(a-c). 

 

Figure 2.5: Overview of synthesis methods for preparation of MOFs. 

2.2.4.1. Hydro/Solvothermal Method 

 

The hydro/solvothermal process has been effectively implemented in preparing MOFs 

that exhibiting nanoscale structural morphologies which are unattainable by traditional 
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techniques [33,59]. The important parameters in the preparation of MOFs are 

temperature, the choice of metal and organic linker, concentration of metal salt, and 

the solubility of the reactants [39]. The metal ions in this case are coordinated via 

functional groups of organic linker to create a three-dimensional porous paddle-wheel-

like unit with a cubic structure. In addition, the use of traditional preparation schemes 

has often resulted in powdered MOFs with low densities. However, the low density 

property is not suitable for hydrogen storage as MOFs require high volume for 

hydrogen storage density with improved stability in humid and reactive environments, 

which are unavailable in slack powdered materials [60,61]. Hydrothermal method is 

usually carried out in a stainless steel autoclave as shown in Figure 2.6(a). The method 

permits a precise regulation on the size and shape of the material to be synthesised, 

unlike conventional method [36,62]. For example, Figure 2.6(d) shows schematic 

representation for the synthesis of ZIFs prepared by solvothermal techniques. It was 

seen that crystals slowly developed after heated solution of a hydrated metal salt, 

imidazole organic linker, and solvent [63]. This process is ideal for generating 

monocrystalline MOF materials. 
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Figure 2.6: (a) Hydrothermal synthesis of MOFs structures, (b) microwave-assisted 

solvothermal preparation of MOF structures and (c) mechanochemical synthesis of 

MOF structures (d) Schematic representation for the preparation of (i) MOFs (ZIF-8) 

(ii) ZIF-67 crystals and NC@GC, and core-shell ZIF-8@ZIF-67 crystals and (iii) 

NC@GC via a conventional solvothermal method [61]. 

 

2.2.4.2. Microwave/Ultrasonic Method 

 

Microwave-synthesis technique has demonstrated to be an appealing route for fast 

preparation of nanostructured porous materials through hydrothermal conditions 

[35,64]. In addition to the rapid crystallization and high efficiency, this method offers 

potential advantages such as phase selectivity, narrow particle size distribution, and 

facile morphology control [33]. The microwave-assisted synthesis, involves heating a 

substrate mixture in a suitable solvent with microwave for an hour in order to yield 
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nanosized crystals (Figure 2.6(b)). The quality of the crystals produced by microwave-

assisted process matches that produced by the ordinary solvothermal methods, 

however it is much faster [64]. 

 

2.2.4.3. Electrochemical Synthesis 

 

The method of synthesising MOFs electrochemically was initially described by BASF 

researchers in 2005 [33,36]. Electrochemical synthesis was developed in order to 

avoid the effects of anions from the metal salts such as nitrates, chlorides and 

perchlorates. As a result, this method offered simplicity, high purity of the produced 

materials and process controllability [33,36,65]. The process in electrochemical 

synthesis involves continuous introduction of metal ions instead of their salts into the 

anodic dissolution which them moves through the reaction medium to interact with the 

dissolved organic linkers at the cathode in the electrolyte [33,65,66]. To prevent metal 

from being deposited onto the cathode, protic solvents and compounds like 

acrylonitrile, acrylic, or maleic esters were used and H2 gas was released during the 

process [23,61,65]. Furthermore, electrochemical synthesis offers an opportunity carry 

out a continuous process and attain a high solids content in industrial operation in 

comparison with normal batch reactions [65,67]. This method provides fast reaction 

rates and mild conditions which are essential in producing MOF materials in a large 

scale [36]. 
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2.2.4.4. Mechanochemical Synthesis 

 

Mechanochemical synthetic process is regarded as a solvent-free preparation 

procedure since it does not require any solvent for MOFs synthesis (Figure 2.6(c)). It 

proceeds through two steps, wherein the first step involves the mechanical 

disintegration of intramolecular bonds which is accompanied by chemical 

transformation [68]. The advantage of this solvent free process is that reactions can 

proceed at room temperature without the use of an organic solvent. Qualitative yield 

of small amount of product is obtainable in a short period of time ranging between 10-

120 minutes. In several cases, preference of the starting material was metal oxides 

rather than metal salts as they resulted in water as the only side product [69,70]. In 

recent years, mechanochemical synthesis has been effectively implemented for the 

fast preparation of MOFs through the use of liquid-assisted grinding (LAG). This 

process involves the addition of small amount of solvent into a solid reaction mixture, 

where it acts as a structure-directing agent. Furthermore, the method was developed 

to ion and liquid assisted grinding (ILAG) which demonstrated high efficiency for the 

selective manufacturing of pillared-layered MOFs [65,71]. Nonetheless, the process is 

restricted to explicit MOF types which cannot produce large amount of product [72-

74]. 

 2.2.4.5. Sonochemical Synthesis 

 



30 
 

The sonochemical technique involves the use of high ultrasonic energy of about 20 

kHz–10 MHz in a chemical reaction mixture. The ultrasound makes chemical/physical 

modifications through cavitation method, where smaller bubbles are created and grow 

in the liquid state [43]. The bubbles collapse to form local hot spots having a short 

lifespan with temperature and pressure, generating homogeneous nucleation centres 

and reducing the time for crystallization in comparison to traditional solvothermal 

process [43,75]. 

 

 2.2.4.6. Diffusion Method 

 

The diffusion method is normally used in the preparation of materials to avoid the 

creation of polycrystalline powdered compounds by generating crystals that are 

suitable for single X-ray diffraction analysis [33,67].The working principle behind this 

technique involves bringing slowly different species into contact and this can be done 

achieved in different phases including gas, liquid and gel diffusion [33,43]. The rate of 

reaction in all of these diffusions is influenced by one of the reactants. In solvent liquid 

diffusion, two layers having dissimilar densities form where one the solvent containing 

the product and other solvent is for the precipitant. The two layers are further 

separated from each other by another solvent layer and the precipitant solvent 

gradually penetrates into the separating layer and allow crystals formation at the 

interface [33,43]. Liquid phase diffusion involves the dissolution of the metal ions and 
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organic linkers in immiscible solvents, whereas gas phase diffusion uses an organic 

ligand solvent that is volatile. In gel diffusion method, MOF crystals form from mixing 

metal ion solution and organic ligand prior to dispersing them in a gel substance in 

order to prevent bulk material from precipitating. The gel substance help to slow down 

the diffusion rate and the preparation of MOFs by diffusion method which is usually 

carried out in mild conditions and it is time-consuming [43]. 

 

 2.2.4.7. Solvent Evaporation Technique 

 

Solvent evaporation is another available technique for the synthesis of MOF 

coordination polymers. This synthetic route involves the formation of crystals through 

a gradually increasing concentration of mother liquor [33]. In solvent evaporation 

method, the first step entails mixing precursors in a suitable solvent, followed by 

stirring of the mixture to obtain a clear solution. The mixture is then exposed to a 

specific temperature in an inert environment for the solvent to evaporate and allow the 

crystals to grow [33,36]. The main advantage of this traditional technique of 

synthesising MOFs is that it does not require any external energy supply and can be 

used at room temperature. However, it is time-consuming and poor solubility of 

reactants poses some drawbacks for the preparation of MOFs. The poor solubility of 

the reactants is then improved by mixing different solvents and the process is 

accelerated by using low-boiling point solvents which can evaporate quicker [36,43]. 
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 2.2.4.8. Post Synthesis Method  

 

Amongst other advantages of MOFs, it is their capability to incorporate complex 

functionalities into their framework, therefore generating a series of MOFs with diverse 

functionality while maintaining the same topology [76]. However, it remains a 

challenge to introduce functional groups onto the structure of MOF during its synthesis. 

The above mentioned drawback can be addressed through the post-synthesis 

modification (PSM) method, which is the chemical modification or functionalisation of 

MOFs following their formation (Figure 2.7). The introduction of functional groups onto 

the structure of MOFs can be achieved by through noncovalent, coordinative or 

covalent interactions [39,40,77]. Some of the simplest approaches employed in 

carrying out PSM are protonation and doping. 

Covalent interactions have been the successfully used in PSM for amino-

functionalisation of MOFs owing to the high reactivity of amino functional groups. It 

must be noted that many PSM reaction methods make the functional groups to 

increase in size and more complex in the pores, but there is the possibility of making 

the groups smaller and instantaneously unmask the protected functional group [47,78]. 

For dative PSM processes, there are two types that exist. Firstly, the one in which 

metal nodes bond coordinatively to the neutral sites of the linker. The second one 
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occurs when metal ions coordinate to the organic linker by deprotonation like 

transformation of hydroxyl groups into alkoxides [47]. 

 

Figure 2.7: PSM of MOFs and functionalised ligands during MOFs synthesis [79]. 

2.3. MOF NANOMATERIALS 

 

The application of MOFs in various fields has led to the development of MOF 

nanostructures and MOF composites. Nanostructures of MOFs are formed when the 

size of the materials are reduced to a nanoscale [80]. These type of materials have 

gained interest due to their properties which include luminescence, electrical and 

magnetic properties, enormous surface area, narrow pore volumes and unique size-

dependent optical behaviour in comparison to compared traditional MOF polymers 

[65,80,81]. Furthermore, nanostructured MOFs are highly diverse in terms of 

composition, morphology, characteristics, and have shown to be greatly dispersible 

and biocompatible. When comparing nanostructured MOFs with other nanostructured 

materials, their diversity in the morphology includes nano-cavities, hollow spheres and 
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polyhedrons [41]. The synthesis of these type structures involve doping of inorganic 

nodes, which allows for modification of functional characteristics of MOF polymers 

while maintaining their coordination characteristics [65,81]. MOF materials are 

sometimes mixed with appropriate metals and graphene based nanomaterials to 

obtain highly effective composites structures Sometimes, graphene based 

nanomaterials are combined both with suitable metals and MOF structure. As a result, 

very effective composites were obtained. An examples is a study conducted by 

Asadian and co-workers [82]. They were able to prepare nickel copper (NiCo) layered 

double hydroxide (LDH) nanosheets/GNRs. They put the synthesised material on 

glassy carbon electrode (GCE) and utilised it for detecting non-enzymatic glucose 

(Figure 2.8). 
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Figure 2.8: A carbon nanomaterial/MOF composite based sensor [82]. 

2.4. MOF COMPOSITES 

 

A composite is a material that has multiple components with various phase domains, 

wherein one type of the domain is continuous [83]. Such materials are regularly 

employed in industrial systems, due to the combination of phase properties which are 

tuneable. Hence, there are some studies on composites which have been conducted 

such improving gas sorption/separation and heavy metals adsorption [65,83,84]. 

Additionally, composites can be easily handled when comparing them to crystalline 

MOF polymers. In catalysis, the interest in composites lie in the combination of the 
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catalytic activity of the dispersed phase and the stability of the continuous phase 

[65,83]. Formation of composites by modifying the surface of MOFs has been also 

investigated in biomedicine and found to improve the water dispersity and stability of 

MOFs. This results in the enhancement of drug loading, reduction in plasma protein 

binding, avoided uptake by the reticuloendothelial system, etc [85]. In addition to other 

applications, various MOF composites have been synthesised and studied, with many 

of them showing potential in enhancing efficiency for a specified application [84,86,87]. 

It was reported that incorporation of an ultrathin layer of MOF-derived nanocarbon on 

graphene oxide sheets resulted in the formation of a nanocarbon/graphene 

oxide/nanocarbon sandwich-like structure (Figure 2.9) with high specific surface area 

and excellent electronic conductivity [88]. 
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Figure 2.9: (a) MOF composite of ZIF/GO and N-doped nanoporous carbon/graphene/ 

nanoporous carbon sandwiches; and (b) Their linear sweep voltammetry curves and 

oxygen reduction process and conducted in alkaline conditions [88]. 

 

2.5. APPLICATIONS OF MOFS 

 

The fascinating structural diversity of MOFs and their nanostructures and composites 

have earned these coordination polymers the unlimited possibilities for a wide range 

of application. MOFs can be tailored for a particular application through appropriate 

alteration of the structure. Literature reports have shown that properties of the system 

that have been measured correlates completely with chemical functions and matrix 

that have changes [85,89,90,91]. The surveys have shown that there are complete 

correlations between the measured properties of the systems and the changes 

occurring on their chemical functionality and matrix [92,93]. For this reason, a variety 

of design methodologies can be implemented in order to obtain the anticipated 

performances of the MOF materials. The following section provides an insight on some 

of the significant applications of MOF materials. 

 

2.5.1. Biomedicine 

 

The development of MOF composites and nanomaterials for drug delivery has been a 

growing research in the field of medicine, since, the emergence of using pristine MOFs 
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for drug delivery in the mid-2000 [94]. MOFs possess numerous ideal properties as 

drug carriers such as high surface area which offers high drug loading ability, large 

pore size and improved controlled release kinetics. Furthermore, the labile metal-

ligand coordinated bonds and flexible functionality for post synthetic grafting of drug 

molecules offer potential of biodegradability of these materials [95]. MOFs application 

as drug carriers is hindered by their insolubility in water which is addressed by surface 

modification and composite formation with components that are hydrophilic or 

coordinating with water attracting ligands [94]. 

The utilisation of MOF materials as drug carries can improve the efficiency in drug 

delivery and reduce the side effects of the active pharmaceutical ingredient. The main 

objective in developing MOF drug carriers is to use metal ions and organic ligands that 

display insignificant toxicity in the human body system. Less toxic metals which are 

widely used include iron, calcium, copper, nickel, zinc, titanium, manganese and their 

oral lethal dose is below 50 (LD50) within different metabolic body systems. In terms 

of organic ligands, the chosen ones are those prepared from natural compounds which 

have no effect on the body systems [33,94]. As an example, Haydar et al. [96] 

synthesised four different MOFs namely Fe-100, Fe-MIL-101, Fe-MIL-53 and Ca-MOF 

using hydrothermal method for the delivery of flurbiprofen. The Fe-MIL-100 and Fe-

MIL-101 MOFs showed the loading percentage of 46% and 37%, respectively. 

 



39 
 

2.5.2. Sensors  

 

The diversity in the structural designs and tuneable surface chemistry of MOF 

properties have motivated their utilisation in various sensing application such as gas 

sensing, bio-sensing, electrochemical and chemical-sensing [81]. Generally, a sensor 

comprises two components;(i) a sensing unit which collects information, (ii) 

transduction unit that is used for translating the collected information into either an 

electrical or optical signal [97]. MOF materials having magnetic or luminescence 

characteristics, as well as size/shape-selective adsorption can offer potential for the 

application in sensing devices. The preparation of luminescent networks can be 

achieved by using organic linkers and metal ions which are luminescent organic, or by 

using the metal-to-ligand charge transfer [98]. Hence, the properties of MOFs that 

contribute significantly to their usage in developing a MOF luminescent sensing device 

include its structural characteristics, coordination environments, porosity, interactions 

with guest species and non-covalent interactions. Lanthanides are the promising 

candidates in preparing MOF based sensors owing to their large coordination sphere 

(coordination number up to 12) as well as lacking strong coordination geometry 

[33,67,97]. 

MOFs may be used in electrochemical sensor which operates based on the oxidation 

and reduction reactions of the analytes. The measurement in electrochemistry takes 

place in electrochemical system of two or three electrodes made of a working 

electrode, a counter electrode, or reference electrode. The quantitative measurement 
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of species involved in the reaction can be achieved by measuring the current, electric 

potential, or other electrical signals. MOF composites have shown to a good candidate 

for electrochemical gas sensing owing to their high surface area, pore volume, good 

absorbability, and high catalytic activity [97]. Mashao et al. [99] reported 

electrochemical hydrogen gas sensor based on polyaniline/ZIF (Figure 2.10). They 

showed that electrochemical gas sensors based on MOFs have the capability to sense 

low concentration (ppm level) of hydrogen gas without requirement of heating. 

 

Figure 2.10: Schematic representation of polyaniline doped with ZIF for 

electrochemical hydrogen gas sensing [99]. 

 

2.5.3. Catalysis 
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In catalysis, the porosity and the thermal stability of MOF materials play a vital role. 

Moreover, the tuneable nature of the size of the pores in MOFs allow them to be easily 

designed for the exact application as catalysts. The preferred catalyst are usually 

homogeneous catalysts owing to their higher efficiency and selectivity, however, their 

study is limited by the instability and limited recovery and separation of the spent 

catalyst. MOFs as solid materials offer potential in addressing the above mentioned 

shortcomings since their framework can be altered to allow various catalytic reactions. 

MOF possesses a heterogeneous catalytic characteristic due to its porous nature and  

structural properties such as high surface area, permanent porosity and multifunctional 

ligands [100]. It was seen that the most vital characteristic responsible for its 

heterogeneous catalytic ability is lack of non-accessible volume. Literature shows that 

there are numerous of MOFs that have been used as heterogeneous catalysts for 

formation of organic oxidation, epoxidation, knovenagel condensation, aldol 

condensation, hydrogenation, Suzuki cross-coupling, or Friedel–Craft’s alkylation 

reactions [101]. The advantage of employing a MOF catalyst in synthesis of organic 

compounds (Figure 2.11) is its ease separation from the target product by 

centrifugation and its reusability [102]. It was reported that rates of organic 

transformation depends on the surface area and pore size of MOF since the catalytic 

reaction takes place on the outer surfaces of the MOF particles under UV radiation 

[102]. 
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Figure 2.11: Formation of organic compounds using MOF catalyst and transport 

limitations in MOFs indicated by particle size effects on conversions [32]. 

Figure 2.12 presents four strategies for the important role that MOFs play in catalysis 

[103]. The firs approach is on the transition metal ions which can act as active sites, 

requirement being vacant coordination sites on the metal centres. The second 

approach is based on the metal nanoparticles which are saturated into the pores of 

MOF structure, however, they occupy the space in the pores that leads to a decrease 

in the surface area and pore volume which will reduce the catalytic activities. The third 

approach is on the organic linker which features the functional side-groups and 

possesses a possibility of post functionalisation to enhance its catalytic activity. The 

last approach is on the preparation of mixed organic linker MOFs which are made from 

two iso-reticular linkers that are disseminated in a mixed structure. It was seen that 

the challenges in the preparation of MOF catalyst are the introduction of unsaturated 

metal centres (UMC) and creation of void spaces into the framework structure. Current 

studies have shown that transition metal ions and multifunctional organic ligand are 
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used as the building blocks and specific structure to obtain microporous MOFs 

[95,104]. In addition, the introduction of N-heterocyclic carbenes (NHC) into MOF 

makes a powerful heterogeneous catalysts and allows multiple catalytic active sites 

[33,36]. 

 

 

Figure 2.12: Different approaches for the use of MOFs in catalysis: (a) framework 

metals as active centres, (b) generation of metal nanoparticles inside the pores, (c) 

immobilization of active metal complexes via functional side-groups of the linker 
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molecule and (d) synthesis of mixed-linker MOFs (MIXMOFs) Black circles represent 

active metal centres and grey circles symbolise metal centres which are only used to 

build up the framework (no free coordination sites) [103]. 

2.5.4. Gas Storage and Separation 

 

It was documented that a porous adsorbent material has the ability to safely and 

economically store gas at lower pressure due to high surface area [33]. These kind of 

porous materials are the candidates to replace the conventional storage methods of 

high pressure and multi-stage compressors. The literature survey shows that the 

reports on the utilisations of activated carbon, carbon nanotubes, zeolites for gas 

storage, interest on MOFs as gas storage materials is increasing owing to its tuneable 

structural properties. MOF materials have been applied in for hydrogen gas storage 

whereby hydrogen molecules are adsorbed on the surface of the pores of MOF 

structure through a physisorption process [39,45]. There are number of MOF materials 

that exhibit outstanding performance for hydrogen adsorption under cryogenic 

conditions and high pressure up to 100 bar [85,105], However, their hydrogen store 

efficiency was shown to be low at ambient conditions [39,51,106]. Recently, extensive 

studies have been reported for the fabrication of MOF materials having high interaction 

energies for hydrogen gas at ambient conditions [51,67,103]. It was shown that the 

hydrogen uptake relates to  surface area of the material, therefore, the enhancement 

of hydrogen adsorption may be achieved increase in surface area [105]. So far more 

than 150 microporous MOFs have been investigated for H2 adsorption at different 
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conditions. For instance, the hydrogen uptake was tested for the documented 

carboxylate based MOFs such as MOF-5 and MOF-177 prepared from [Zn4O] cluster 

with di and tri carboxylate ligands, respectively [51]. It was seen that MOF-5 

possessed a BET surface area of 3800 m2/g with 7.1 wt% of H2 uptake at 40 bar and 

77 K [51]. On the other hand, MOF-177 material with BET surface area of 4750 m2/g 

showed 7.5 wt% of H2 adsorption at 70 bar and 77 K [107]. Jihoon et al.[108] reported 

the preparation of Pt and Carbon Black (CB) impregnated MOF-5 composite, 

CB/Pt/MOF-5, possessing high hydrogen storage potential up to 0.62 wt% over 

pristine MOF-5 (0.44 wt%) at moderate temperatures and pressures. They further 

showed that the CB/Pt/MOF-5 composite has moisture resistant capability as 

compared to pure MOF-5. Hu et al. [109] have synthesised Pt impregnated on 

MOF/graphene oxide (GO) composites to form Pt@HKUST-1/GO and Pt@ZIF-8/GO. 

They indicated that the composites possessed increment in hydrogen uptake with 

respect to their pure MOFs [28].  

 

2.5.5. Water Purification 

 

The selection of a water treatment method is based on the initial quality of water, 

parameters established by regulations and the intended usage of the water after 

purification. These methods are regarded as physical, chemical or biological treatment 



46 
 

based on the mechanism of removal of pollutants [59,110], as presented in Figure 

2.13(a). 

 

 

Figure 2.13: (a) Several technologies available for removing contaminants from 

wastewater. (b) Elimination of organic dyes from wastewater through 

photodegradation process [21]. 
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The conventional treatment methods are inefficient for potable uses especially against 

raw water containing low concentrations of pollutants [49,111]. Treated water obtained 

from conventional methods can be reused for irrigation of crops or landscapes, refilling 

of aquifers and non-potable urban uses. Nevertheless, traditional remediation 

methods do not produce water that is sufficient enough for reusability in industrial 

applications (such as cooling and boiler feed) and also drinking [112]. Hence, there is 

a need to develop an improved wastewater treatment technology as demonstrated in 

Figure 2.13. 

 

2.5.5.1. Adsorption of Organic Pollutants 

 

MOFs are the promising porous adsorbent materials for the removal of organic 

contaminants from the environment due to their easy separation, high surface area, 

and highly selective towards removal of contaminants. MIL-101 material as one of the 

MOF materials have a zeotype crystal structure with high resistance to air, water and 

common solvents. It is a key property for an adsorbent for application in the pre-

treatment of aqueous-containing samples. Zhou et al. [113] prepared novel magnetic 

Fe3O4@MIL-100(Fe) nanoparticles for removal of organochlorine pesticides from tea 

leaves in a mechanochemical magnetic solid phase extraction (MCMSPE). The 

Fe3O4@MIL-100(Fe) material was prepared employing the step-by-step method, 

showed to be effective towards organochlorine pesticide recovery and also be reused 

with no significant changes adsorption capacity after several cycles [113]. The findings 
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showed that MOF materials are ideal recyclable adsorbents for removal of organic 

contaminants. Furthermore, MOs have been used to adsorb organic dyes which has 

become a hazardous contaminant from industries in the environment [30]. Wang et al. 

[114] investigated the utilisation of magnetic Fe3O4/MIL-101(Cr) nanomaterial for 

removal of organic dyes such as acid red 1 (AR1) and orange G (OG). They reported 

that the prepared Fe3O4/MIL-101(Cr) nanomaterial possessed adsorption capacities 

of 142.9 and 200.0 mg/g for AR1 and OG, respectively. The results showed that MOF-

based magnetic core-shell materials as good candidates as for dye removal from 

wastewater.  Moreover, Yang et al.  [115] reported a preparation of Fe3O4-

PSS@ZIF-67 nanocomposite for selective adsorption of methyl orange (MO) from 

solution mixture of MO and methylene blue (MB) (Figure 2.14). They demonstrated 

that the adsorption capacity of the magnetic nanocomposites for MO was measured 

to be 738 mg/g with the separation rate of up to 92%. 
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Figure 2.14: Scheme of selective adsorption of MO from the mixed MO/MB solution 

by Fe3O4-PSS@ZIF-67 magnetic composites; photographs (b) and UV-vis spectra (c) 

of the mixed MO/MB solution before and after magnetic separation [115]. 

 

2.5.5.2. Photodegradation of Organic Pollutants 

 

It was well documented that heterogeneous photocatalysis (HP, Figure 2.13(b) is 

regarded as an emerging itinerary for water treatment for removal of organic dyes 

through photodegradation [21,116]. In HP, the photocatalyst is irradiated with UV light 

to separate charges followed by production of the reactive oxygen species (ROS) 

[70,117,118]. The material which is used in HP is known as a photocatalyst. It is a 

semiconductor, possessing the valence band (VB) and conduction band (CB). The VB 

is known as the highest occupied molecular orbital (HOMO) whereas the CB is the 

lowest unoccupied molecular orbital (LUMO) level. The distance amid of these levels 

is named band gap energy (Eg) [70]. For instance, the photocatalytic mechanism of 

pollutant removal is presented in Figure 2.13(b). Once a semiconductor is irradiated 

with UV light, it absorbs light with energy which is equivalent to its bandgap energy (≥ 

Eg) [119]. The electrons (e-s) in the material are promoted from the VB to the CB for 

photogeneration of charges and leave an electron hole, h+ behind [70]. At excited 

state, there are several pathways that photogenerated charges can take, such as 

recombination, releasing the excitation energy as heat, migration to the surface of the 

photocatalyst or production of the reactive oxygen species [117,119]. Lastly, OH is 
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produced through water oxidation process which is achieved by the h+, whereas 

superoxide radical anions (O2·-) is generated via adsorbed oxygen reduction 

mechanism. On the other hand, it was seen that the protonation process may take 

place to oxidize this O2·- to hydroperoxyl radicals (HO2·-) [43,120]. It was observed 

that these oxidant species, together with direct oxidation by h+, are capable to 

mineralize the organic dye to CO2 and H2O [116]. 

 

2.5.5.2.1. Photocatalysts for Wastewater Treatment 

 

The fast growing interests in the area of photocatalysis for wastewater treatment has 

rose in the manufacture of different photocatalysts such as metal oxide [21,121] and 

metal sulfides [122]. Table 2.1 presents some of the most investigated photocatalysts 

in water purification.  Several investigations have concentrated on the use of TiO2 for 

water purification [123,124] owing to its high activity in photocatalysis. However, the 

application of TiO2 powder has several setbacks such as poor porosity, low adsorption 

and its difficulty recovery [117]. In addition, it was seen that the photocatalytic activity 

of TiO2 anatase, possesses a band gap energy of 3.2 eV (λ ≥ 387 nm) which is high 

and needs to be activated by UV radiation [21,123,125]. As a result, surface 

modification of TiO2 by addition of carbon, graphene or metal deposition, has been 

used in photocatalysis [123,125] . However, the preparation of a photocatalyst based 

on TiO2 for practical wastewater treatment using visible and solar light is still a 
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challenging boundary. Consequently, it is imperative to explore competent, robust and 

cost-effective photocatalyst for replacement of the traditional ones. In the last two 

decades, a type of crystalline materials named metal organic organic frameworks 

(MOFs) have received consideration in photocatalysis. MOFs offer wide range of 

applications owing to their structural arrangement of coordination bonds between 

unsaturated metal core/node and multidentate organic linkers (catalytically active) 

[126]. Furthermore, their large surface area and well-ordered porous structures have 

significantly contributed towards their interest in numerous fields. In HP, the utilisation 

of MOFs as photocatalysts is mainly based on three aspects: (1) encapsulating 

chromophores in the internal structure of MOF; (2) promoting e-/h+ separation in the 

metal core; or (3) preparing MOFs using materials which have absorption bands at 

visible region [122,119]. Moreover, some MOFs can serve as semiconductors (e.g. 

MOF-5 [127], NTU-9 [128] and UiO-66 [129], in which the energy transfer takes place 

from the organic linker to the metal-oxo cluster [130]. Nonetheless, most MOF 

photocatalysts have a large band gap due to their poor conductivity caused by 

insulator characteristic of organic linker [21,124,131] that can simply harvest UV light, 

which immensely limits their further application [34]. There are several dissimilar 

approaches, including dye sensitization [132], decoration of linker or metal center 

[130,133] and combination with other semiconductors [134]. Hence, surface 

modification and functionalisation of MOFs are required for their application as suitable 

photocatalytic materials. 
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Table 2.1: Some of the Most Investigated Photocatalysts in Water Purification. 

Photocatalyst Purpose Refs. 

TiO2 Photocatalytic degradation activity [123] 

Photocatalysis for treating bacteria [131] 

Photocatalyst in water treatment technology [134] 

ZnO Photocatalytic degradation activity [123] 

Photocatalyst in water treatment technology [131] 

WO3 Photocatalytic degradation activity [123] 

CuS/ZnS Exceptional visible-light driven photocatalytic 

activity 

[124] 

MoS2/CdS Enhanced visible-light photocatalytic activities [130] 

MOF Photocatalytic degradation activity [135] 

   

 

2.5.5.2.2. Photocatalytic Degradation of Dyes using MOFs 

The application of MOFs in water purification is subjected to their photochemical 

reaction and stability. This means that MOFs must retain their structural and textural 

properties during photocatalytic activity. Several organic dyes such as MB, MO, and 
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rhodamine blue (RhB) have been used as target pollutants and given in Table 2.2. The 

studies showed some of the approaches to establish photoactive materials which are 

founded from MOFs, as presented in Figure 2.15(a) [43,84,132]. Type I strategy uses 

the semiconductor dots characteristics of the metal cores in MOF that behaves like 

isolated nano-semiconductors which are sequestered by the organic ligands [122]. 

The type I MOFs are greatly effective compared to traditional semiconductors owing 

to their excessive porous nature. This favour the adsorption of contaminants that are 

near the semiconductor and photogenerated charges. Moreover, close to their high 

density of photoactive dots and the organic ligand which serves as antennae to absorb 

light, and accordingly enhancing the photoresponse of the MOF [56,136]. In type II 

MOFs, dye-based organic linkers with photoresponse are used for absorption of light 

as well as transfer of photogenerated charges to the metal cores [118,137]. Type III 

MOFs are regarded as the simplest route where MOFs act as porous matrix in which 

the photoactive species are compressed within its structure [138]. However, the main 

drawback of these MOF materials in photodegradation is their stability in water. In 

2007, Alvaro et al. [139] described the photocatalytic degradation of phenol in water 

by MOF-5. In addition, Hausdorf et al. [138], observed that instability of MOF-5 

depends on structural modification and water environment. The photodegradation of 

rhodamine 6G (R6G) by Fe-MOFs under visible light (550 nm) was studied by Laurier 

et al. [140]. They have observed that Fe-MOFs were better catalysts than the 

conventional TiO2 and their structural properties were reasonably maintained after 
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photocatalytic activities. Other MOFs for photodegradation of MB organic dye have 

demonstrated high photodegradation efficiency (PDE%). Typical examples in this 

Chapter are presented in Figure 2.15(b) and (c) and Table 2.2. It was reported that 

Cd(II)-imidazole MOFs for photodegradation of the MB and methyl orange (MO) under 

UV light generates the photogenerated charges that are vital for photocatalytic 

degradation of organic dyes [111]. Furthermore, Zhang et al. [141] examined other 

types of Cd(II)-imidazole MOFs for photodegradation of MO and revealed that the 

bandgap energy, efficiency in the transference and separation of charges are the 

factors controlling the photogeneration of charges. On the other hand, Zn(II)-

imidazolate MOF (ZIF-8) also showed a high photocatalytic efficiency for the removal 

of MB UV radiation [121]. Du et al. [121] reported a synthesis and application of MIL-

101 in the photodegradation of Remazol Black B (RBB) dye. They have found that 

MIL-101 has high crystallinity, specific surface area (3360 m2g-1) and high stability in 

water and several organic solvents. The results showed that MIL-101 as a 

heterogeneous photocatalyst in the degradation reaction of RBB with 95% PDE after 

4th cycle and the photocatalytic mechanism was though electron transfer from 

photoexcited organic ligands to metallic clusters in MIL-101 [121].  
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Figure 2.15: (a) Demonstration of the types of MOF developed for photocatalytic 

applications [70], (b) typical degradation mechanism of organic dyes using MOF as a 

photocatalyst and (c) effect of irradiation time on MB using MOF under UV radiation 

[142]. 
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Table 2.2: Photocatalytic Degradation MOF Based Materials for Organic Dyes. 

MOF based 

Photocatalysts 

Organic Dye Irradiation Time 

(min) 

PDE% 
Refs. 

MOF, 

[Cu(4,4’-bipy)Cl]n + H2O2 

MB 150 94 [119]  

MOF, 

[Co(4,4’-bipy)(HCOO)2]n+ 

H2O2 

MB 150 55 [119] 

Fe2O3/MIL-53(Fe) MB 240 70 [143] 

BiOBr/NH2-MIL-125 RhB 100 100 [144] 

Bi2MoO6/MIL-100 RhB 90 90 [145] 

Ag3PO4/MIL-53(Fe) RhB 90 100 [129] 

g-C3N4/MIL-125 RhB 60 100 [146] 

g-C3N4/MIL-100 RhB 240 100 [133] 

g-C3N4/MIL-53(Al) RhB 75 100 [147] 

rGO/NH2-MIL-125 MB 30 100 [148] 

rGO/MIL-88(Fe) RhB, MB 20 100 [136] 

GO/MIL-101(Cr) MG 60 92 [149] 

Au@MIL-100(Fe) MO 150 100 [150] 

Pd@MIL-100(Fe) MO 150 100 [150] 

Pt@MIL-100(Fe) MO 150 100 [150] 

MIL-53(Fe) Phenol 180 99 [137] 

NH2-MIL-53(Fe) Phenol 180 92 [137] 

Fe(BDC)(DMF) Phenol 180 99 [137] 

MIL-53(Fe) RhB 50 98 [151] 

 

2.6. ADSORPTION OF HEAVY METAL IONS 
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Heavy metals are originally found in the natural environment from different types of 

rocks (i.e igneous, metamorphic and sedimentary). They interact with their 

surrounding environment through several processes including weathering, soil erosion 

and soil formation and results in the accumulation of these metal ions in higher toxic 

concentration [152]. The pollution of water by heavy metal ions such as copper (Cu), 

chromium (Cr), lead (Pb), cobalt (Co), nickel (Ni) PGMs, mercury (Hg) expelled from 

industrial activities is of major concern owing to their numerous toxicological effects to 

the human health and the environment [9,112]. The exposure to some of these heavy 

metal ions is accompanied by severe and irreversible effects even in lower 

concentrations [153]. The employment of adsorption technology as a feasible 

technique for wastewater treatment has been widely investigated owing to its simple 

designs and operation at a lower cost, production of less harmful secondary by-

products and possible regeneration of the adsorbent. In the adsorption process, the 

adsorbent (usually porous solids) interact with the adsorbate of suitable size and 

shape through physical (adsorptive) or chemical (reactive) adsorption [11]. The 

physical/adsorptive adsorption mechanism involves the entrapment of adsorbate into 

the pores of the adsorbents via van der Waals forces. In chemical/ reactive adsorption, 

the mechanism of adsorbate-adsorbent interaction is through the formation of a 

chemical bond. The advantage of physical adsorption is the easy regeneration of the 

spent adsorbent using solvents exchange or by physical treatment like sonication, as 

compared to chemical adsorption which requires chemical treatments. Various 
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mechanisms of adsorption that are possible between the adsorbate and adsorbent are 

represented in Figure 2.16 [37]. The effectiveness of the adsorption process is 

evaluated based on the uptake capacity by the adsorbents, specific selectivity and of 

the rates mass transfer [112].  

 

Figure 2.16: Various mechanisms of adsorption that are possible between the heavy 

metal and MIL-101. 

MOFs offers offer good aspects in the removal of heavy metal pollutants from 

wastewater due to their structural diversity, higher surface area, tenability of their pore 

size, and enormous porosity. Furthermore, MOFs have shown to have significant 

partitioning coefficients that indicate higher adsorption capacity for heavy metals 

regardless of the initial conditions [59,154]. In some cases, MOFs capture inorganic 

pollutants on their nodes via pseudo-ion-exchange processes whereby less strongly 

coordinated organic linkers are removed by the inbound contaminant [56]. As an 

example, Wu et al. [155] synthesised thiol-functionalised copper terephthalate 
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Cu4O(BDC) MOF via PSM for the removal of Hg2+ ions. They obtained the maximum 

adsorption capacity of 405.6 mg/g at and equilibrium time of 90 min. In another study, 

Lu and co-workers [156] prepared a sandwich structured metal–organic 

framework/graphene oxide (MIL-101(Fe)/GO) composite for the adsorption of Pb2+ 

ions from simulated wastewater. Though the composite showed the decrease in 

specific surface area from 1777 to 377 m2/g, the Langmuir adsorption capacity was 

increased from 71.2 to 128.6 mg/g at equilibrium adsorption time of 15 min. Lin et al. 

[157] synthesised three zirconium based MOFs UiO-66, UiO-66-NH2 and UiO-66-

NHCOCH3 through  hydrothermal method. The MOF materials were tested for the 

selective removal of Pd(II) and Pt(VI) over Co(II) and Ni(II) competing ions. The 

functionalised MOFs showed an increase in the adsorption capacity towards Pd(II) 

and Pt(VI). However, the presence of competing ions showed to have an effect on the 

selectivity of PGMs uptake by the MOF based materials. Table 2.3 shows some of the 

reported MOFs based adsorbent for the removal of various heavy metal ions.  

Table 2.3: Adsorption Capacity of MOFs for Heavy Metal Removal. 

MOF Based 

Adsorbent 

Targeted Metal Ion qm (mg/g) Refs. 

UiO-66 and UiO-66-NH2 U(VI) 109.9 and 114.9 [158] 

ED-MIL-101 Pb(II) 87.64 [15] 

Fe3O4@AMCA-MIL53(Al) U(VI) and Th(IV) 227.3 and 285.7 [159] 
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Cu-MOFs/Fe3O4 Pb(II) 219 [154] 

Azine-Decorated Zn(II) MOF 

(TMU-4, TMU-5, and TMU-6) 

Pb(II) 237, 251 and 224 [160] 

Fe3O4–Pyridine)/Cu3(BTC) Pd(II) 105.1 [161] 

MOF-802, UiO-66 and MOF-

808 

Pd(II) 25.8, 105.1 and 

163.9 

[91] 

MIL-101-triglycine Co(II) 232.6 [162] 

MIL-101(Cr)-NH2 Pd(II) and Pt(IV) 277.6 and 119.5 [12] 

MIL-101-TEPA@CA Beads Pb(II) 

 

273.59 [163] 

* = Langmuir Adsorption Capacity  

2.6.1. Photodegradation of Heavy Metals 

 

The Mil-101, ZIF-8, UiO-66(Zr) and MIL-125(Ti) materials are the most studied MOFs 

in photocatalytic degradation [164]. Their photocatalytic mechanism relates to type II, 

and MIL-53 and MIL-88B (all Fe-based type I MOFs) where the light is absorbed by 

the Fe-O cluster to photogenerate electron and transferred from O2- to Fe3+ [118,165]. 

In addition, the additional strategies were reported in literature showing the promotion 

of photocatalytic activity of MOFs by enlarging their visible light absorption, thus 

favouring their behaviour under solar light [118]. One methodology comprises in 

functionalising the organic linker or metal core to shift its photoresponse to lower 
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energy band gap. Shi et al. [165] prepared different amine-functionalised Fe-MOFs 

(NH2-MIL-88B, NH2-MIL-53 and NH2-MIL-101) on the organic linker with high stability 

and activity for treatment of Cr(VI) via photoreduction mechanism under visible light. 

They established that the presence of an amine group in MOF structure increased the 

photodegradation efficiency (Figure 2.17(a)). Based on the observation, they projected 

a possible mechanism of photoreduction based on a dual excitation as presented in 

Figure 2.17(b). The figure shows the promotion of electron transfer and reduction of 

charge recombination.  Based on the reported literature about adsorption and 

photodegradation, MOF based materials offer good potential as candidates for the 

removal of heavy metal ions from wastewater. However, selectivity for some of the 

reported composites is still a challenge. 

 

Figure 2.17: Photocatalytic reduction of Cr(VI) to Cr(III) using MOFs; (a) photocatalytic 

efficiency and (b) possible mechanism [165]. 

 

2.6.2. Ion-Imprinting Technique  
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Ion-imprinting technique is a promising technology that has been investigated for the 

removal targeted pollutants from wastewater [166]. This method involves the synthesis 

of polymer materials that can selectively interact with the specific targeted metal ions 

in the presence of competing ions. The first step of ion imprinting polymer (IIP) entails 

the interaction of the targeted metal template with an appropriate functional monomer 

to form a complex. This is followed by the polymerization of the formed complex in the 

presence of an appropriate linker to form a 3-D cross-linked structure [167,168]. Once 

the structure has formed, the metal ions template is removed out of the framework by 

leaching to allow the selective rebinding of the targeted metal ions into the remaining 

vacant sites even in the presence of competing ions [169]. Different composite 

materials have been reported for the selective removal of heavy metal ions 

[10,169,170]. MOFs offer great potential as adsorbent material due to their diverse 

structures which can be easily tuned by ion imprinting to improve their adsorption 

functionality and selectivity for the removal of heavy metal ions from wastewater. In a 

study conducted by Yuan and co-workers in 2018 [20], an ion-imprinted glycine UiO-

66-NH2 MOF was successfully synthesised for the selective adsorption of Co(II) ions 

from wastewater. The ion-imprinted composite (Co(II)-IIP) showed an improved 

maximum adsorption capacity of 175 mg/g as compared to the non-imprinted 

composite (NIP) which had a maximum adsorption capacity of 125 mg/g (Figure 

2.18(a)) [20]. Furthermore, the ion-imprinted UiO-66-NH2 MOF had a higher surface 

area of 482.46 m2/g than the non-imprinted UiO-66-NH2 MOF which was having a 



63 
 

surface area of 471.65 m2/g [20]. They came with adsorption mechanisms of Co(II) on 

Co(II)-IIP which are shown in Figure 2.18(b). The cobalt ions in the figure act as a 

template agent in the preparation process of Co(II)-IIP. When the cobalt ions are 

removed by suitable solvent, the composite selectively adsorbs Co(II) from the 

aqueous solution because of the template recognition for cobalt ions. It was seen that 

the Schiff base nitrogen, carboxyl oxygen and carbonyl oxygen in the framework are 

the main coordination atoms in the Co(II)-IIP [20]. Their discovery of ion-imprinted 

polymers based on MOFs provides new opportunities to the functionalisation of MOFs 

in recovery of PGMs from wastewater. 

 

Figure 2.18: Effect of the cobalt(II) concentration on the sorption of cobalt (II) onto the 

Co(II)-IIP and NIP (t= 5 h; T= 298 K; V=50 mL; m = 0.01 g; pH = 8.4) [20]. 

2.7. SUMMARY AND FUTURE PERSPECTIVES 

 

The presence of high concentrations of toxic heavy metal ions in the available water 

resources continues to be a global challenge. The priority on the removal and recovery 
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of some of the precious metals is a growing research in the field of wastewater 

treatment.  Amongst the number of technologies that have been investigated, 

adsorption process has shown to be effective in removing various heavy metal ions 

from wastewater with the appropriate choice of the adsorbent material. Metal-organic 

framework materials have gained popularity for various applications including in heavy 

metal ions removal. In this review, MOF materials were briefly discussed starting from 

their interesting structural arrangement, followed by their various synthetic routes then 

finally to their various applications. MOFs have been exploited for various applications 

due to their highly porous nature, higher surface area and tuneable pore sizes which 

affects their functionality. Numerous data have been collected for comparison of MOF 

based materials with other porous materials for each specific application. For 

application in wastewater treatment, MOF based materials have demonstrated some 

significant improvement in both the adsorption and degradation of pollutants. This 

review summarised some of the work done on the adsorption of heavy metal ions 

(including PGMs) by MOFs which showed an increase in the adsorption capacity. 

However, there some MOF based composites which lacked selectivity towards the 

adsorption of heavy metals of targeted contaminants. To overcome this challenge, ion-

imprinting technique was employed for the selective removal of specific pollutants from 

wastewater and the capacity improved further. In literature, there are only few reports 

on ion-imprinted MOFs for the adsorption of heavy metal. The process of ion-

imprinting is implemented during the synthesis of the adsorbent materials to 
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generating foot prints of the targeted pollutants on the surface of the adsorbent. 

Considering the tuneable nature of MOFs and the ion-imprinting technique, there is a 

future perspective for the development of a highly porous MOF composite with higher 

removal uptake and high selectivity towards targeted pollutants. 
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CHAPTER THREE 

HIGHLIGHTING THE IMPORTANCE OF CHARACTERISATION TECHNIQUES 

EMPLOYED IN ADSORPTION USING METAL–ORGANIC FRAMEWORKS FOR 

WATER TREATMENT 

 

3.1. INTRODUCTION 

Fresh water is one of the vital needs that is required for life on earth. Unfortunately, 

due to the contamination of fresh water by several industrialised activities, water 

scarcity is a challenge across the globe [1,2]. Predictions have shown that there are 

possibilities that some areas will have serious water shortages by 2025 [3]. To 

overcome this challenge, the reusability of wastewater has become the ideal way to 

conserve and increase the availability of water in their reserves. The advantages of 

using recycled wastewater include irrigating agricultural soil, aquaculture, 

manufacturing consumption, recreational and environmental practices, as well as 

artificial groundwater recharge [1,2]. In general, recycled wastewater can be utilised 

in these processes and replace fresh water, provided a suitable purification procedure 

is implemented to acquire the desired water quality for the specified application [2]. 

Various water pollutants that are found in water bodies are classified according to their 

origin, with the main classifications being organic, biological, and inorganic [2,4,5]. 

Heavy metals (which form part of the inorganic pollutants) are the most investigated 

due to their persistence and non-biodegradable nature. Many of these types of 

contaminants are found to be toxic and carcinogenic, and can accumulate through 

food chains causing very serious health hazards to living organisms [6,7]. 

Furthermore, some heavy metals are of economic importance such as platinum group 

metals (PGMs), and therefore, their conservation and recycling have become 

important in order to meet future demands [8,9]. In an attempt to find solutions to these 

problems, scientists have investigated and developed several technologies including 

chemical precipitation, flocculation/coagulation, reverse osmosis, membrane filtration, 

and adsorption [6]. Due to the cost-effectiveness and simplicity of the adsorption 

method, in this review, we focus more on this method to narrate the instrumental 

techniques used to understand the structural effects of MOFs in wastewater treatment. 
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Adsorption is the process by which mass transfer occurs between substances at the 

interface of two phases. The phases in adsorption can either be liquid–solid, liquid–

liquid, gas–liquid, or gas–solid. The solutes of gas or liquid (referred to as adsorbate) 

accumulate on the surface of an adsorbent (either solid or liquid) [10]. Depending on 

the properties and the constituents of the adsorbate and the adsorbent, there are two 

possibilities for the adsorption process that can take place. The first one is 

physisorption (adsorptive adsorption), which occurs when there is a physical 

adsorbate–adsorbent contact either through van der Waals, London, or dipole–dipole 

interactions [11,12]. These types of interactions are weak and can be reversed. 

Secondly, an interaction can occur between an adsorbent and an adsorbate which can 

result in the formation of a chemical bond referred to as chemisorption (reactive 

adsorption) [10,13,14]. Chemisorption takes place only on monolayers and the 

adsorbate–adsorbent interaction cannot be easily broken due to strong forces acting 

between them [10,11]. Factors that contribute to the type of adsorption process taking 

place are chemical structures such as functional groups and physical structures 

including specific surface area and pore size [15]. Generally, the adsorption process 

takes place naturally in many physical, biological, and chemical systems. Furthermore, 

this process is applicable in numerous industrial applications such as separation, 

purification of gases, [16,17], isolation of biological compounds [18], drug delivery [19] 

as well as in wastewater treatment [14,20]. 

The utilisation of adsorption technology in the remediation of polluted water is 

considered to be a feasible way to recycle wastewater by removing pollutants. The 

adsorption technique has enjoyed widespread attention in wastewater treatment due 

to the following advantages: cost-effectiveness, ease of implementation and 

operation, high efficiency, and the possibility to regenerate the adsorbent material 

since it is reversible [3,6]. Moreover, it allows for the use of a wide range of adsorbent 

materials and generates less harmful secondary products, which can be used for other 

applications. The process operates in the liquid phase where the dissolved pollutants 

(adsorbate) are transferred from the liquid state (wastewater) to the surface of an 

adsorbent, which, in many cases, is a solid material. The result of this mass transfer 

produces clean water which can be reused for other suitable applications [3]. For 

wastewater treatment through adsorption, the parameters that are taken into 

consideration include the properties (chemical and physical) of the characteristics of 

the adsorbent and adsorbate, effects of temperature, interaction time, solution pH, 
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amount of adsorbent, the initial concentration of adsorbate in liquid, as well as the 

effect of competing ions [21]. These parameters are the ones used when determining 

the adsorption capacities of adsorbent materials toward the targeted pollutant. In 

addition, the effectiveness of this method is deduced from the ability of the adsorbent 

to selectively target certain molecules, its reusability, and regeneration [3,15,22]. 

Metal–organic frameworks (MOFs) are currently in the spotlight of research due to 

their intrinsic properties that make them suitable for use in various applications. These 

materials are composed of metal ion centers that are connected to one another by 

organic linkers to achieve a variety of structural geometries [23,24]. Owing to the 

intriguing properties (i.e., high specific surface area, tuneable pore size, high porosity, 

and crystalline structure), MOFs have been explored in various applications such as 

gas sensors, energy storage, drug delivery, and water purification [25,26,27]. 

Furthermore, their surface functionality allows the incorporation of other functional 

materials to form composites. Recently, MOFs have attained great attention as 

suitable adsorbents for the recognition and elimination of heavy metal ions in 

wastewater treatment [23,28]. The presence of heavy metal ions in wastewater poses 

serious health threats to living organisms, even at low concentrations. One of the 

major steps in treating water that is contaminated with heavy metal ions is to determine 

and measure the initial concentrations of the pollutants that are present in the water. 

After the adsorption process has taken place, the efficiency/adsorption capacity of the 

adsorbent (i.e., MOFs) is obtained by measuring the remaining concentrations of 

heavy metal ions after separating the adsorbent from the adsorbate aqueous solution. 

The heavy metals that have been widely studied using MOFs and their composites as 

adsorbents include lead (Pb), chromium (Cr), rare earth elements (REE), mercury 

(Hg), arsenic (As), copper (Cu), cobalt (Co), nickel (Ni), and platinum group metals 

(PGMs). Analytical methods can be employed to determine the concentrations of 

heavy metals before and after adsorption. In addition, the adsorption mechanism can 

also be revealed by characterisation of the MOF adsorbent material before and after 

adsorption using spectroscopic, morphological and physical techniques. However, the 

poor solubility of MOFs in most organic solvents hinders the characterisation of MOF 

using some spectroscopic techniques. MOFs can easily be damaged by high energy 

electron irradiation using transmission electron microscopy. The most primitive MOFs 

have the inherent defects of poor electrical conductivity and low structural stability, 

which impact their practical performance. 
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In this review paper, we present some of the literature on the analytical techniques 

employed in studying and better understanding the adsorption behaviour of MOFs 

toward the removal of heavy metal ions in wastewater. Initially, a brief background on 

water pollution by heavy metal ions as well as MOFs as possible adsorbents is 

introduced in relation to the adsorption technology in wastewater treatment. This is 

followed by a discussion and comparison of different techniques such as UV-Vis, ICP-

MS, ICP-OES, and FAAS used to analyse and to determine the remaining 

concentration of the heavy metals before and after adsorption. Furthermore, various 

methods of characterisation that assist in deducing the structures of MOF 

composites/nanocomposites and their possible interactions with heavy metals in the 

adsorption process are discussed. 

3.2. ANALYTICAL METHODS FOR HEAVY METAL ANALYSIS 

3.2.1. Inductively Coupled Plasma Mass Spectrometry 

Inductively coupled plasma mass spectrometry (ICP-MS) is a powerful technique that 

combines both the advantages of ICP and a mass spectrometer to give elemental 

analysis data [29]. The incredible properties of this instrument include multiple 

elemental analysis ability, adequate precision, and lower detection limits. Furthermore, 

ICP-MS has a longer linear dynamic range, uncomplicated spectra, and the capability 

to rapidly analyse isotopes [29–31]. 

3.2.1.1. System Operation 

The working principle of the ICP-MS is based on three main components: 

Sample introduction and conversion to ions 

In this step, the analyte (in liquid form) is introduced into the system through suction 

by a peristaltic pump which provides a constant uptake flow rate. In this case, an 

autosampler is used to optimize the analysis time and to reduce the consumption of 

reagents. The sample is pumped into the nebulization chamber, where it gets 

converted from a liquid solution to aerosol. The smallest droplets are carried to the 

plasma by the help of argon gas, whereas the larger droplets are drained out of the 

system. 

ICP compartment 

Initially, the analyte aerosol is filtered prior to being introduced into the plasma to 

prevent overloading the solvent which may result in plasma extinction. The argon 

plasma interacts with the electromagnetic field provided by the radiofrequency source 
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and it becomes generated on top of a torch. Once the aerosol is injected into the 

plasma, it instantaneously dissolves, vaporises, atomises, and subsequently ionizes 

depending on the ionisation potential of the individual elements. The argon plasma 

provides heat with high temperatures from 6000 to 10,000 K. Due to its chemical 

inertness and higher ionisation energy that emit a simple spectrum, argon gas is widely 

used in ICP. It is capable of ionising or exciting many elements of the periodic table 

without the formation of a stable compound with the analyte [32]. 

Mass spectrometer and detection system 

The vaporized ions and atoms are then carried by argon gas from the ICP torch to the 

interface. The compartment of the interface is composed of two subsequent cones 

(skimmer and sampler) which permit the ions to focalize into a smaller volume. 

Followed by their introduction into the mass spectrometer, either a quadrupole or 

hexapole, they are separated based on their mass to charge ratio and then move to 

the detector. In ICP-MS, a detector is mostly an electron multiplier that works by 

converting ion signals to electric pulses [29,31–34]. The ICP-MS technique is 

adequate to quantitatively identify metal ions present in natural and drinking waters at 

trace levels, which are of particular relevance for toxicity control regions that may have 

been contaminated by toxic metals. ICP-MS has been recognised as a suitable 

method for adsorption/water treatment as it provides good sensitivity, requires minimal 

sample size, affords minimal elemental interferences, and readily provides a means 

to perform rapid and automated multi-elemental analyses. For example, an ICP-MS 

analytical instrument was employed in the work reported by Alqadami and colleagues 

[35]. The authors synthesised a nanocomposite of Fe3O4@AMCA-MIL-53(Al) for the 

adsorption of thorium Th(IV) and uranium U(IV) ions from simulated wastewater. 

Adsorption experiments were carried out by mixing 0.02 g of Fe3O4@AMCA-MIL-

53(Al) with 25 mL of Th(IV) and U(VI) solutions containing 20 mg/L for 24 hours. For 

determining the maximum adsorption capacity, the initial concentrations of Th(IV) and 

U(VI) ranged between 20 and 400 mg/L with the optimum solution pH of 4.7 and 5.5 

for Th(IV) and U(VI), respectively. Different temperatures of 25, 35, and 45 °C were 

investigated at a contact time of 300 min. The remaining concentrations of the analyte 

after adsorption were obtained from the ICP-MS analysis and the data are represented 

in Figure 3.1. For both Th(IV) and U(VI), the Fe3O4@AMCA-MIL53(Al) adsorbent 

showed increasing values of equilibrium adsorption capacities (qe) as the 

temperatures and initial concentrations increased (see Figure 3.1 (a and b). 
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Figure 3.1: Temperature effect of the adsorption of (a) U(VI) and (b) Th(IV) ions by 

Fe3O4@AMCA-MIL53(Al) nanoadsorbent. Regeneration and reusability cycles 

towards (c) U(VI) and (d) Th(IV) metal ions [35]. 

Furthermore, the regeneration studies of the prepared Fe3O4@AMCA-MIL53(Al) were 

investigated by adsorption/desorption experiments and 25 mL of various acidic eluents 

of 0.01 M were used to regenerate the adsorbent material. The concentrations of 

Th(IV) and U(VI) were determined using ICP-MS and calculated from Equation (3.1): 

%𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝐶𝑜 − 𝐶𝑒

𝐶𝑜
 𝑋 100 (3.1) 

The results obtained are represented in Figure 3.1 (c and d). On the basis of the data, 

the authors were able to conclude that 0.01 M HCl provided more desorption efficiency 

for Th(IV) and U(VI) as compared with HNO3 and H2SO4 of the same concentration. 

The use of ICP-MS technique for adsorption studies provides the advantages of a 

smaller sample size, element-specific information, quantitation, rapid sample 

throughput, and significantly higher recovery of all elements of interest, especially the 

volatile elements. ICP-MS is characterised by the following advantages such as high 

sensitivity analysis, lower detection limits of most elements (ppt or ppb-range), 
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simultaneous multi-element analysis; wide dynamic range, and isotope composition. 

The disadvantages of ICP-MS are the high operational costs because of the high 

amount of argon used and the high susceptibility to high salt concentrations present 

in digest solutions or in sweat and saliva extraction solutions, resulting in interferences 

of the measurements. 

3.2.2. Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was developed 

in the 1960s and first commercialized in the mid-1970s [33]. The sample introduction 

process in ICP-OES is analogous to one of the ICP-MS instruments. However, in ICP-

OES, once the plasma has ionised, the analyte atoms move to the excited state and 

emit light energy upon their return to the ground state [33]. This light energy, which is 

emitted by metal atoms/ions, is transformed into an electrical signal followed by 

detection and quantitative measurements from a photoelectron multiplier tube (PMT). 

ICP-OES has advantages for the detection of heavy metals in water; however, this 

technique is limited by the need to transform a solid sample into a solution which is 

time consuming as it requires over 60% of the total time to complete the analysis. 

Thus, considerable improvement is required in this regard as there is a weak link in 

heavy metal analysis to ensure that the analytes are completely released and 

solubilised, i.e., total decomposition of the sample is achieved. 

The recent work reported by Tang et al. [36] showed that pre-modification of Zr-based 

MOF with 4-amino-3-hydroxybenzoic acid and p-phthalaldehyde (AHPP) was effective 

in removing Pd(II) pollutants in simulated wastewater. They conducted their batch 

adsorption experiments by contacting 0.01 g of AHPP-MOF with 10 mL of 100 mg/L 

Pd(II) solution at a pH of 4.0. The samples were centrifuged for 24 hours at a speed 

of 280 rpm. The remaining concentrations of the Pd(II) ion were determined from the 

ICP-AES, Leeman Prodigy7, United States. The effects of initial concentration ranging 

from 100 to 600 mg/L and temperatures of 298, 308, and 318 K were used to 

determine the adsorption capacity. As shown in Figure 3.2(a), their results showed 

that the adsorption capacity increased as both the temperature and original 

concentration increased. 
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Figure 3.2: (a) Effect of Pd(II) initial concentration. Data fitting of adsorption isotherm 

models at: (b) 298 K; (c) 308 K; (d) 318 K [36]. 

Furthermore, the data obtained were fit to four different isotherm models (Langmuir, 

Freundlich, Temkin, and D-R), for the determination of maximum adsorption capacity 

(qm), as shown in Figure 3.2(b–d). The data fit the Langmuir more than others with 

qm values of 241.6, 288.48, and 293.65 mg g−1 at 298, 308, and 318 K, respectively. 

Therefore, the advantages of ICP-OES over an atomic absorption spectrometer and 

UV-VIS are that both simultaneous and sequential analyses of multiple elements is 

possible, the calibration function is spread over a wide dynamic range, and the number 

of measurable elements is high. However, one of the disadvantages of the ICP-OES 

method is the high argon consumption. 

3.2.3. Flame Atomic Absorption Spectrometer 

The spectroscopy of flame atomic absorption (FAAS) is one of the popular techniques 

that is utilised when determining the metal element concentrations present in particular 

analytes. The method was initially developed in 1952 and only became 

commercialized as an analytical technique in the 1960s [37] The FAAS technique was 

directly developed from atomic absorption spectroscopy (AAS) which is based on the 
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theory of atoms/ions having the ability to absorb light at a particular wavelength that is 

unique [38]. 

The main principle in FAAS involves the atomization of a solution containing the 

analyte using a flame. Firstly, the analyte (in solution form) is introduced into the 

system through an inlet tube into the nebulizer where the liquid is converted into small 

droplets (aerosol mist), followed by introduction into the flame [39,40]. Then, the flame 

atomizes the sample elements to their ground state atoms that are free and prone to 

excitation. A hollow cathode lamp provides pure light with a specific wavelength and 

energy which passes through the flame, and is absorbed by atoms/ions of the element 

of interest. Upon absorption of the light energy, the electrons in the atoms become 

excited and jump to higher energy levels. The radiation leaves the sample cell and 

goes to the monochromator where it is separated into wavelengths that are detected 

by a PMT. This is followed by intensification and conversion of the photon signals to 

electrons, which is quantified as electric current [41,42]. In AAS, these measurements 

assist in calculating the amount of the element present in an analyte in terms of 

absorbance and/or concentration [43]. The relationship between light absorption and 

the concentration of the element is described by the Beer–Lambert law, which 

assumes direct proportionality between them under certain conditions. To determine 

the unknown concentration of an analyte, a calibration curve is required which is 

obtained from the standard of a known concentration and more than 62 metal element 

concentrations can be obtained [39,44,45]. 

FAAS is preferred for determining trace levels of metal ions in environmental samples 

due to its simplicity and cost-effectiveness as compared with other instrumental 

techniques, such as ICP-OES and ICP-MS. However, analytes at lower levels than 

the detection limit of AAS and large amounts of salt in the real samples are the two 

primary limitations in determining metal ion levels though AAS. Such techniques are 

not sufficiently sensitive and selective for certain analyses. Thus, methods for 

separating or preconcentrating trace elements may be necessary before spectrometric 

analysis. In the work reported by Soltani and colleagues [46], a nanocomposite of 

layer-double hydroxide LDH/MOF was synthesised and employed in the adsorption of 

divalent mercury, Hg(II), and nickel, Ni(II) ions. For the adsorption experiments, they 

used a constant amount of 0.002 g mg of LDH/MOF nanocomposite, which was 

contacted with 20 mL of Hg(II) and Ni(II) at a temperature of 22 ± 3 °C and 200 rpm 

shaking speed. The main adsorption variables investigated were (see Figure 3.3): (a) 
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solution pH, (b) primary metal ions concentration, and (c) the interaction time. After 

the adsorption process took place, the LDH/MOF nanocomposite was separated from 

the Hg(II) and Ni(II) ions solutions by centrifuging at a speed of 5000 rpm. Then, the 

filtrates were analysed using a spectrometer (FAAS, PerkinElmer Model A300, 

Norwalk, USA) to determine the remaining concentrations of Hg(II) and Ni(II) in 

solution. 

 

Figure 3.3: (a) Solution pH influence; (b) original Hg(II) and Ni(II) concentration with 

isotherm models fit; (c) interaction time with kinetic models fit [46]. 

From the pH studies, the authors observed an optimum removal percentage of 99% 

for Hg(II) at a pH of 3.0 and 96% for Ni(II) at a pH 8.0. As shown in Figure 3(b), there 

was an increase in the qe with increases in the original concentration. The data was 

also used to calculate the qm value of LDH/MOF by fitting it to the nonlinear isotherm 

models of Langmuir, Freundlich, and Redlich–Peterson. From their conclusions, the 

data fitted the Langmuir more than the other models with qm values of 509.8 mg/g for 

Hg(II) and 441.0 mg/g for Ni(II). Furthermore, the kinetic data, as presented in Figure 

3.3(c), showed that the LDH/MOF nanocomposite had fast kinetics for Hg(II) and Ni(II) 

and obeyed the Avrami kinetic model. Hence, AAS is appropriate for monitoring 

studies of a certain element. It is a fully automated procedure, and thus, a less labour-

intensive method. The advantage is that this analytical method allows the 

determination of elements in very low mass concentrations (µg/L range), however, its 

disadvantage is the long analysis time per sample due to three or four replicates. 

3.2.4. Ultraviolet-Visible Spectroscopy 

The ultraviolet-visible (UV-Vis) spectroscopy is employed in studying the properties of 

samples by analysing the amount of light they can absorb or reflect [47]. The light that 

is used in the instrument is in the wavelengths of UV and the visible region of the 
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electromagnetic spectrum [47,48]. In principle, the light of a suitable wavelength is 

irradiated onto the molecule and absorbed by the π-electrons or non-bonding 

electrons within the molecule, and then detected and displayed as an absorbance 

peak. The absorbed wavelengths have energy associated with them and are 

responsible for the transition of electrons from the ground state to the excited state 

[49-58]. Depending on the composition of the sample that is being analysed, 

quantitative and qualitative measurements can both be obtained by comparing the 

analyte with a reference sample. The absorbed energy provides information about the 

components that are present in the sample, and therefore, their concentrations can be 

determined. This energy is determined from Equation (3.2) using the energy difference 

between the lower and higher energy levels: 

𝐸 = ℎ𝑣 (3.2) 

where E, h, and v represent the amount of energy absorbed, Planck constant, and the 

frequency, respectively. Then, Equation (3.2) is expanded into Equation (3.3), due to 

the wavelength associated with the light that is absorbed by molecules in 

spectroscopic studies [51,52]: 

𝐸 =
ℎ𝑐

𝜆
 (3.3) 

where the speed of light is denoted by c and λ is the maximum wavelength of light 

absorbed by the analyte sample. The UV-Vis instrument estimates the intensity of 

absorbed light as a function of absorbance (A) or transmittance (T), which are related 

by Equation (3.4): 

𝐴 = − log 𝑇 (3.4) 

The interaction between electromagnetic radiation and molecules can be defined 

using Beer’s law, which describes proportionality between the incident radiation and 

the concentration of the absorbing molecule with the rate of the monochromatic beam. 

Mathematically, Beer’s law is expressed as Equation (3.5) [51]: 

𝐴 = 𝑎𝑏𝑐 (3.5) 

Where A, c, a, and b representing the absorbance, concentration of the analyte, 

absorptivity constant, and path length of a cell, respectively. Due to the unit of 

concentration being molar (M), Beer’s law is expressed as Equation (3.6): 
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𝐴 = 𝜀𝑏𝑐 (3.6) 

where ε denotes the molar absorptivity of the sample [47–54]. 

Daliran et al. [59] functionalised Zr-MOF with pyridyltriazol (Pyta) to selectively adsorb 

Pd(II) ions from an aqueous environment. For batch adsorption experiments, a 25 mL 

solution having 1 mg/L of Pd (II) at a pH of 4.5 was contacted with 0.01 g of UiO-66-

Pyta for approximately 2−30 min. After adsorption, the authors separated the UiO-66-

Pyta adsorbent from the Pd(II) ion solution by centrifuging at a speed of 5000 rpm and 

analysed the supernatant with a UV−Vis instrument at a wavelength of 410 nm. Figure 

3.4(a) presents the results obtained after studying the influence of the original 

concentration of Pd(II) ions on the qe value of UiO-66-Pyta. The data showed that qe 

increased as the original concentration increased, and the qm value was deduced from 

the Langmuir isotherm as 294.1 mg/g. 

 

Figure 3.4: (a) The effect of initial Pd(II) ion concentration; (b) the reusability of 

UiO−66−Pyta for Pd(II) ions adsorption [59]. 

The authors further conducted adsorption/desorption trials to explore the potential 

reusability of the UiO−66−Pyta composite for the adsorption of Pd(II) ions, and the 

results are shown in Figure 3.4(b). The plotted data depicted that 96.9% was reduced 

to 81.7% after 5 consecutive cycles. The analysis conducted to determine the 

remaining concentrations of various metal ion pollutants in wastewater was shown to 

be effective using various detection techniques. Although some techniques have 

limited detection of other metal ion species, the obtained results display some potential 

utilisation of the prepared MOF-based adsorbent material. Table 3.1 presents some 

of the studies wherein different metal ions have been analysed by the chosen 

technique following adsorption with MOF composites. Therefore, there are several 
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advantages of UV-Vis such as a broad area of applicability, high sensitivity with a limit 

of detection (LOD) in the mg/L range, high selectivity, and a simple and rapid automatic 

method. However, there are some disadvantages including time-intensive sample 

preparation and measuring procedure (binding to complexes, adjusting of the pH 

value, special extraction procedures) to obtain coloured metal complexes which can 

be determined using UV-Vis interferences of other coloured substances in the sample. 
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Table 3.1: Different heavy metal detection techniques after the adsorption of heavy metal ions using MOF composites. 

Prepared Adsorbent 

Material 

Targeted Metal Ion 

Pollutant 
Analytical Technique Used 

Adsorption Capacity 

Determined from the Isotherm 

Model (mg g−1) 

Ref 

Diaminomaleonitrile 

(DAMN)/MIL-101(Cr) 
U(IV) ICP-AES and ICP-MS 601 [60] 

MIL-125-HQ 
Pb(II), Cd(II), Cu(II), 

and Cr(III) 
AAS 262.1, 102.8, 66.9, and 53.9 [61] 

MIL-101(Cr)/Fe3O4@ADTC Se(IV) and Se(VI) Electrothermal (ET)-AAS 197 [62] 

NH2-mSiO2@MIL-101(Cr)  Cr(VI) and Pb(II) UV-Vis and ICP-OES 73.2 and 161.3 [63] 

MIL-101-PMIDA 
Yttrium (Y) and 

lutetium (Lu) 
ICP-MS 25.3 and 63.4 [64] 

ED-MIL-101(Cr) U(VI) Trace uranium analyser 200 [65] 

ED-MIL-101(Cr) Cu(II) and Cd(II) Optical emission spectrometer 69.9 and 63.15 [66] 

Ni0.6Fe2.4O4-UiO-66-PEI Pb(II) and Cr(VI) ICP-AES 273.2 and 428.6 [67] 
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SH@Cu-MOF Hg(II) FAAS 173 [68] 

 



107 
 

3.3. CHARACTERISATION OF MOF COMPOSITES FOR HEAVY METAL IONS 

ADSORPTION 

3.3.1. Physical Characterisation 

Physical methods are analytical techniques used to study and deduce information about 

the physical properties of compounds. These techniques assist in obtaining information 

about some of the phases that form part of the material structure, the potential surface 

reactivity looking at the area on the surface, as well as the functionality and possible 

geometry and atomic arrangements. They combine the fundamentals of both 

spectroscopic and microscopic techniques. Adsorption technology reveals information 

about the adsorption behaviour of MOF composites. 

3.3.1.1. X-ray Diffraction 

An X-ray diffraction (XRD) analytical instrument is mostly employed for determining the 

different phases of crystalline materials and obtaining data about the dimensions of the 

unit cell. The three major components of the XRD instrument are an X-ray tube, a sample 

holder, and an X-ray detector. The idea of this method is mainly grounded on the 

diffraction of light that is scattered by a periodic array of long-range order and results in 

the production of constructive interference at certain angles [69]. A beam of X-ray photons 

from the cathode ray tube passes through a slit where it is filtered to form monochromatic 

radiation that collimates to directly focus on the sample. Then, atomic or molecular 

crystals of powdered samples diffract the beam of X-ray photons, resulting in the 

scattering of photons in all directions [69–71]. When incident rays interact with an analyte, 

they result in a constructive interference obeying Bragg’s law which is presented by 

Equation (3.7) [72]: 

𝑛𝜆 = 2𝑑sin𝜃 (3.7) 

where 𝜆 and d denote the incident light wavelength and spacing of diffracting planes, 

respectively. The angle associated with diffraction is represented by 𝜃 and n = 1 is an 

integer. 

XRD is commonly employed for identifying unknown compounds and measuring sample 

purity and crystallinity [69–71,73]. This technique is non-destructive to the sample and 

can be used for quantitative analysis, in which the data presentation includes two theta 
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angles, peak intensity, and the amount of lattice constant. The data that are obtained for 

qualitative analysis include phase analysis, whereby the type of phase can be identified; 

phase composition; crystallite size; and orientation [70,74]. The XRD technique has been 

used by many researchers for the physical characterisation of MOFs and MOF 

composites used in the adsorption of heavy metal ions. Moreover, after the adsorption 

process, the effects of the adsorbed metal ions on the phases and the crystallite size of 

MOF adsorbents have also been studied. From the obtained results, the crystallinity of 

the prepared materials has been deduced and, in some cases, the incorporation and 

modification with other functional components has been confirmed using this technique. 

For example, Yin and co-workers [75] synthesised UiO-66 MOF which they modified with 

melamine for the removal of Pb(II) ions. The diffraction patterns of UiO-66 and melamine-

UiO-66 were obtained using an X-ray diffractometer (BRUKER AXS, D8 Advance), and 

the results are shown in Figure 3.5(a). The patterns of the prepared UiO-66 and 

melamine-modified UiO-66 show some similarity with those of simulated UiO-66 from 

CCDC 837796. The authors concluded that post-modification with melamine did not 

disrupt the crystal structure of melamine-UiO-66. Moreover, the melamine-UiO-66 

displayed higher peak intensities at two theta values of 7.4° and 8.5°, suggesting an 

increased degree of crystalline on the MOF structure. The melamine peaks were also 

observed at 2θ = 26° and 30° to further support the chemical interaction between 

melamine and the UiO-66. Quan et al. reported on NH2-mSiO2@MIL-101(Cr) composite 

for adsorbing Pb(II) and Cr(VI) ions which were characterized using a PANalytical 

Empyrean X-ray diffractometer operating at a scan rate of 5° min−1. As presented in 

Figure 3.5(b), MIL-101(Cr) was prepared and modified with mSiO2 due to the appearance 

of a peak at 2θ = 2.5° on both the patterns of mSiO2@MIL-101(Cr) and NH2-mSiO2@ 

MIL-101(Cr). The diffraction patterns for MIL-101(Cr) are also visible in both composites 

indicating that the crystal phases are still intact, however, are less intense on NH2-

mSiO2@ MIL-101(Cr) nanoadsorbent, confirming the effective grafting of amino groups. 
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Figure 3.5: Diffractograms of: (a) MOFs and melamine-modified MOFs [75]; (b) pristine 

MIL-101(Cr), mSiO2@MIL-101(Cr), and NH2-mSiO2@MIL-101(Cr) [63]. 

Other researchers have used the XRD technique to partially understand the mechanism 

of adsorption taking place between MOFs and heavy metal ions. Lim and colleagues 

studied the removal of Pd(II) and Pt(IV) ions using MIL-101(Cr)-NH2 which was prepared 

by reducing MIL-101(Cr)-NO2 [76]. The patterns were measured between 3° < 2θ < 90° 

using a higher performance XRD, having a Cu-sealed tube of λ = 1.54178 Å. The XRD 

patterns for the prepared materials were obtained before and after metal ion adsorption, 

and are presented in Figure 3.6(a). The authors concluded that the pristine MIL-101(Cr)-

NH2 and MIL-101(Cr)-NO2 structures were stable in acidic media since they retained 

peaks that were identical to those of the simulated MIL-101(Cr) before and after the 

adsorption of Pd(II) and Pt(IV) ions. 

 

Figure 3.6: Diffractograms of: (a) MIL-101(Cr)-NH2, and MIL-101(Cr)-NO2, after the 

adsorption of Pd(II) and Pt(IV) ions [76]; (b) AHPP, AHPP-MOF, and AHPP-MOF-Pd [36]. 
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Tang and his colleagues characterized AHPP-MOF-Pd after adsorbing Pd(II) ions and 

compared it with the diffraction peaks of AHPP and AHPP-MOF, as depicted in Figure 

3.6b. According to their observations, the diffractograms of AHPP and AHPP-MOF were 

quite dissimilar. However, the peaks at 2θ = 6.0° and 8.09° for the AHPP-MOF 

corresponded to the conventional patterns of UiO-66 reported in the literature, indicating 

the successful combination of AHPP and ZrCl4. Furthermore, the diffraction peaks at 2θ 

= 22.3°, 26.7°, and 82.8° for AHPP-MOF-Pd were attributed to PdCl2 and Pd2OCl2. The 

authors also observed some peaks at 2θ = 40.061°, 46.506°, and 67.898° corresponding 

to the (111), (200), and (220) planes of palladium, respectively (JCPDS no. 65–2867). 

They observed that Pd(II) ions were interacting with some surface functional groups on 

the AHPP-MOF, which resulted in the formation of Pd compounds including metallic Pd. 

Although the XRD technique cannot provide information regarding the mechanism of 

interacting between MOFs and heavy metal ions, it is still of significant importance, since 

MOF structures have been shown to be very crystalline materials. Their successful 

composite formation with other compounds is most often confirmed by a reduction in 

crystallinity wherein some shift or broadening of diffraction peaks is observed as well as 

the appearance of new peaks. In addition, their interaction with heavy metal ions can also 

be confirmed by an increase or decrease in crystallinity. Hence, the XRD patterns of the 

MOFs composites after the adsorption of heavy metal ions should be obtained in order to 

confirm their interaction. 

3.3.1.2. Thermal Gravimetric Analysis 

A thermal analysis is a study conducted using a group of analytical techniques combined 

to give important information about the physicochemical properties of a material as a 

function of temperature. Thermogravimetry is one of the techniques of thermal analysis 

used to study variations in the quantity and frequency of the weight of a sample against 

temperature and time in a controlled atmosphere such as purged nitrogen gas [77–81]. 

The main components of a TGA instrument are the furnace, the microbalance, the 

temperature controller, and a data acquisition system [82,83]. In principle, a sample with 

a mass of 0.002–0.02 g is inserted into a pan (crucible) of suitable size, followed by setting 

the temperature variations according to an adapted temperature program. These may 

include isothermal ramp steps having various heating rates while measuring the 
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temperature with thermocouples that are in contact with the crucible. In a TGA instrument, 

the sample holder for putting the crucible is connected to the microbalance (mass 

sensitive element) which is used for detecting the weight changes associated with the 

sample. Then, the sample holder system is heated with an electric furnace that can reach 

maximum temperatures of about 2000 °C. However, the quantity of heat needed depends 

on the specifications of material, the design of the furnace, as well as other components 

[78,80]. 

The weight change recorded as a function of time is in isothermal mode, whereas weight 

change captured as a function of temperature is in scanning mode. The non-isothermal 

mode is usually associated with a constant heating rate (β) which is caused by the linear 

change in temperature with time and is expressed by Equation (3.8): 

β =
𝑑𝑇

𝑑𝑡
 (3.8) 

where dT and dt represent the change in temperature and change in time, respectively. 

The data obtained from TGA assist in deducing the type of reaction that can take place 

including decomposition, sublimation, vaporisation, etc. Furthermore, gaseous products 

that escape during the chemical reaction, thermal stability of composites, and associated 

degradation mechanisms can be studied by this technique. Generally, a compound is 

regarded as being thermally stable if the TGA curve shows no change in sample weight. 

However, its disadvantage is the destruction of the sample as well as the restricted 

number of elements to be analysed [80,83–86]. 

For the removal of heavy metal ions by MOF composites, authors have employed the 

TGA technique to examine the thermal stability of the synthesised materials. Depending 

on the MOF that one is working with and the type of modification taking place, the thermal 

stability of the resulting MOF composites (including nanocomposites) can either improve 

or degrade. The composite of MIL-101(Cr)/TEPA@CA 

(tetraethylenepentamine@calcium alginate) used in the adsorption of Pb(II) ions was 

synthesised by Wang et al. [87]. The obtained TGA curves for the composite and its 

precursors (MIL-101(Cr) and MIL-101(Cr)-TEPA) are shown in Figure 3.7(a). The 

prepared materials demonstrated weight loss due to moisture at less than 130 °C with 

weight losses of 4.95%, 8.35%, and 10.10% for the MIL-101, MIL-101(Cr)-TEPA, and 
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MIL-101(Cr)/TEPA@CA, respectively. The degradations occurring between 240–470 °C 

for MIL-101(Cr) and MIL-101(Cr)-TEPA corresponding to 45.21% and 39.96% weight loss 

were due to decomposition of the MIL-101 structure while converting to Cr2O3. For MIL-

101(Cr)/TEPA@CA, the loss in weight increased by 49.64% at 240–520 °C and it 

included the conversion of cellulose aerogel (CA) into CaO. In another report, the thermal 

properties of the synthesised UiO-66-NH2@cellulose aerogel composite were studied by 

Lei et al. [88] through a comparison with the thermal stabilities of UiO-66, UiO-66-NH2, 

and CA materials. The thermograms were obtained from a TGA, TG 209 F1, Germany 

instrument that operated at 20 °C min−1 heating rate and 30 –700 °C under N2 

atmosphere. As presented in Figure 3.7(b), the CA was less thermally stable than MOF 

and showed maximum decomposition at 332.2 °C, whereas the value increased by 26.2 

°C for UiO-66@CA and 26.7 °C for the UiO-66-NH2@CA composite. The prepared UiO-

66- NH2@CA composite with improved thermal stability was utilised in the adsorption of 

Pb(II) ions from simulated wastewater. It was observed in TGA that the processes 

occurring during heating of the samples directly coincided with temperature. This 

suggested that the adsorption of heavy metals occurred on the surface of the MOF 

structure. TGA can reveal the chemical stability of MOFs after adsorption which strongly 

depends on the possibility of preserving their initial structure. The exchange of heavy 

metals and guest anions from the aqueous solution to the MOF surfaces can be observed 

by changes in thermal stability. The weight loss from TGA can be used to estimate the 

amount of heavy metals on the surface of MOF materials by determining changes in the 

mass of the MOF composites before and after adsorption. 
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Figure 3.7: TGA curves of: (a) MIL-101(Cr), MIL-101(Cr)/TEPA, and MIL-

101(Cr)/TEPA@CA [87]; (b) UiO-66, UiO-66-NH2, CA, UiO- 66@CA, and UiO-66-

NH2@CA [88]. 

3.3.1.3. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is another thermal analytical technique which was 

developed in 1962 by Watson and O’Neill and commercialised in 1963 [89]. This thermal 

analytical technique uses the same operating conditions as TGA and is sometimes 

coupled together in a system referred to as simultaneous thermal analysis (STA) [80]. 

DSC is based on the measurements of heat flow between a sample and inert reference 

materials as a function of temperature, wherein the changes in heat capacity and 

endothermic and exothermic activities occurring on a sample can be determined. It is a 

powerful and rapid method for providing qualitative and quantitative data concerning the 

physicochemical phase transitions experienced by materials when exposed to elevated 

temperatures (from 100 to 1800 K) [82,83,90–95]. The three basic phases that can occur 

when an amorphous substance is being exposed to heat are as follows: (a) glass 

transition, in this phase change, the structure of an amorphous substance changes from 

a moderately hard state to a rubbery state and it is reversible, and the glass transition 

temperature provides information concerned with the stability of the glassy or amorphous 

state; (b) crystallisation, this irreversible (two-steps) phase change entails assembling the 

disordered structures through nucleation and growth processes to form crystalline 

structures through an exothermic process; (c) melting, in this transition, a single step 

endothermic process occurs when the crystalline lattice becomes broken down into a 

disordered state from solid to liquid in a single step [89]. 

Efome et al. [96] synthesised polyacrylonitrile (PAN) nanofiber-supported Zr-based MOF-

808 via co-electrospinning for the adsorption of Cd(II) and Zn(II) from an aqueous 

environment. The glass transition temperatures (Tg) of the PAN and PAN@MOF, as 

obtained from a TA Instruments DSC Q2000 V24.11 Build 124, are presented in Figure 

3.8. The results were obtained by annealing approximately 0.05 g of the nanomaterials 

for 10 min at 150 °C, followed by quenching to 25 °C for another 10 min, and then the 

heating rate for Tg measurements was 5 °C min−1. The DSC thermogram shows that the 

Tg of PAN@MOF-808 increases slightly by 3 °C, to 82 °C as compared with the initial Tg 
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value of 79 °C for PAN. The shift is attributed to the restricted chain movement on the 

PAN polymer brought about by its interaction with MOF-808. DSC is similar to TGA; it can 

also be used to monitor the adsorption mechanism of heavy metals by looking at the 

change in heat flow as a function of the sample temperature. The transition of heavy metal 

ions or guest anions from aqueous solution to the surface MOF composites can be 

observed by changes in heat flow corresponding to the endothermic and exothermic 

peaks. 

 

Figure 3.8: DSC thermogram of PAN and PAN@MOF-808 nanomembranes [96]. 

3.3.1.4. Brunauer, Emmett, and Teller Method 

The measurement of the surface areas of materials is one of the studies that is conducted 

to deduce some of the properties of materials. The most commonly used method, 

developed by Brunauer, Emmett, and Teller in 1938, is the BET theory [97]. The main 

working principle of the BET analytical technique is associated with the amount of gas 

adsorbed onto the surface of materials. The types of interactions that can occur between 

an adsorbate and the adsorbent are physisorption (via van der Waals) and chemisorption 

(via chemical reaction) [97,98]. After the adsorbate–adsorbent interaction, the reaction 

ultimately reaches equilibrium at a particular constant temperature and relative vapour 



115 
 

pressures denoted as P/Po. The quantity of the adsorbed gas is determined and the result 

is used to produce an adsorption isotherm. The total gas captured has a proportional 

relationship with the external and internal surfaces of the adsorbent material [98,99]. The 

BET theory can be derived similarly to the Langmuir theory (assumes monolayer 

adsorption between gaseous atoms and the adsorbent surface). However, multilayer 

adsorption can occur if the surface temperature of the adsorbent is less than the critical 

temperature of the adsorbate (gas molecules). In this process, many layers of adsorbed 

gas molecules form; however, some of them are not in contact with the adsorbent surface 

layers. The BET theory assumes multilayer adsorption where all layers are in equilibrium 

and atoms on the lower layers serve as adsorption sites for atoms on the above layers 

and the BET equation is expressed by the following Equation (3.9): 

𝑃/𝑃𝑜

𝑛(1 −
𝑃

𝑃𝑜
)

=
1

𝑛𝑚𝐶
+

𝐶 − 1

𝑛𝑚𝐶
(

𝑃

𝑃𝑜
) (3.9) 

where n and nm denote the specific amount and monolayer capacity of the gas adsorbed, 

respectively. C represents the BET constant relating to the monolayer adsorption energy 

and it can be used to determine the shape of the isotherm [97,98,100–105]. 

The BET isotherms can form six different curves. Type I isotherms, which are reversible, 

have two patterns and are obtained from microporous solids having micropore widths that 

are below ≈1 nm. Type II isotherms are common for compounds that are nonporous or 

macroporous and are also reversible. Type III isotherms are achieved when the 

adsorbent−adsorbate interactions are weak and the monolayer surface coverage data 

are not given. Type IV isotherms have two patterns that are related to the width of the 

pores. However, type IV isotherms are reduced to type VI isotherms if the size of the width 

is higher than the critical width. Type V isotherms are observed at low P/Po ranges and 

result from weak interactions between the adsorbent and adsorbate. Type VI isotherms 

are usually obtained over multilayer adsorption on substances having extremely uniform 

nonporous surfaces. The stepwise-shaped curves depend on the material, gas, and 

temperature [97,103,105,106]. 

The BET technique has been used to deduce the surface area, pore volume, and pore 

diameter of MOFs and MOF composites. From the reported literature, MOFs have been 
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described as highly porous materials with very high surface areas that can reach over 

3000 m2 g−1. Furthermore, the pore volume and pore diameter that correspond to the 

specific surface areas of MOFs can be determined. The surface areas and pore volumes 

of MOFs both enable MOFs to be good host that can accommodate a variety of guest 

molecules. Since the adsorption of heavy metal ions by MOF composites is a surface 

phenomenon, the BET technique has been used to confirm the interactions of MOF 

materials with the heavy metal ions. During adsorption, these heavy metal ions penetrate 

into the pores of MOF composites resulting in a reduction in the surface area and 

subsequently the pore volume decreases indicating that there are some molecules 

occupying their space. Such information can be obtained by an analysis of an MOF 

composite after the adsorption. In a study reported by Luo and his colleagues [107], 

MIL−101(Cr) was prepared and functionalised with ethylenediamine (ED) for the 

adsorption of Pb(II) ions from an aqueous solution. The BET surface areas of 

MIL−101(Cr) and ED−MIL−101(Cr) are shown in Figure 3.9(a). The isotherm curves 

demonstrate a type I behaviour and the obtained BET surface area of 2290 m2 g−1 for 

MIL−101(Cr) decreases significantly after grafting with 2 and 5 mmol of ED to 1270 and 

347 m2 g−1, respectively. Furthermore, the corresponding pore volume of 1.4 cm3 g−1 for 

MIL−101(Cr) shows the same trend of decreasing to 0.74 cm3 g−1 for 2 mmol ED and 0.28 

cm3 g−1 for 5 mmol. The reduction in the porosity is attributed to the occupation of some 

pores on the MIL−101(Cr) by the ED moieties after surface modification, and thereby, 

preventing the adsorption of N2 molecules. In another study, the porous nature of the 

prepared AHPP-MOF composite was deduced from ASAP-2020 plus, Micromeritics, 

USA. 
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Figure 3.9: BET isotherms of: (a) MIL−101(Cr); (b) ED−MIL−101(Cr) 2 mmol; (c) 

ED−MIL−101(Cr) 5 mmol [107]. 

The N2 adsorption-desorption isotherm curves before and after Pd(II) adsorption are 

represented in Figure 3.10(a) and the corresponding pore volumes are shown in Figure 

3.10(b). From the BET isotherms of AHPP-MOF, it can be noted that the type IV behaviour 

is the prevailing curve. This characteristic hysteresis loop describes the porous nature of 

the AHPP-MOF with the calculated specific surface area and pore volume of 180.29 m2 

g−1 and 0.09 cm3 g−1 [36]. After the adsorption of Pd(II) ions, both the specific BET surface 

area and pore volume decreased, confirming the occupation of the surface pores by the 

Pd(II). Yin and co-workers [75] reported that the functionalisation of MOF materials with 

melamine increased the BET surface area of the final composite of melamine-modified 

MOFs. As shown in Figure 3.10(c), the obtained type I shape of the N2 adsorption-

desorption isotherm curve confirmed the microporous surfaces. However, the melamine-

modified MOFs curve demonstrated a type IV isotherm shape which suggested the 

mesoporous natures of the functionalised MOF surfaces. Furthermore, the specific BET 

surface areas of the MOFs increased from 302.9 to 371.0 m2 g−1 for the melamine-

modified MOF composites and the behaviour was supported by pore size distribution, as 
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presented in Figure 3.10(d). The results showed that MOFs had a narrow pore size 

distribution of about 20 Å, whereas the melamine-modified MOFs displayed a fairly larger 

pore size distribution with mesoporous architectures [75]. 

 

Figure 3.10: BET curves of: (a) AHPP−MOF and Pd@AHPP−MOF; (b) pore width 

distribution curve (before and after) adsorption [36]; (c) the MOFs and 

melamine−modified MOFs; (d) pore size distribution BJH plot [75]. 

3.3.2. Microscopic Characterisation 

Microscopy is another powerful technique that is employed to study the morphological 

structures of prepared materials. The technique acquires information about the material 

at a microscopic level wherein different images relating to the structures of materials 

before and after functionalisation are obtained. Furthermore, these techniques can be 

coupled with various detectors to reveal the elements that are present in the structures 

as well as their distribution on the surface of the composites. 

3.3.2.1. Scanning Electron Microscopy—Energy Dispersive Spectroscopy 

The most powerful and versatile analytical technique used for studying and analysing the 

morphological micro-, nanostructure, and chemical composition of materials is scanning 
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electron microscopy (SEM) [108]. This technique involves generating a beam of electrons 

that have an energy of approximately 40 keV and is bombarded on the sample of interest. 

This beam interacts with the surface of the analyte by scanning it using scan coils [109–

111]. This phenomenon results in excitation of the electrons on the surface and 

subsequently causes elastic and inelastic collisions until the electrons possess enough 

energy to escape. This interaction is followed by scanning of electrons along parallel lines, 

which emits various signals due to Auger electrons, secondary electrons, backscattered 

electrons, X-rays, and photons. Then, the particles that originate from the sample are 

collected by various detectors and produce an image or information about the surface of 

the analyte [83,108,112–116]. The SEM instrument is mostly coupled with the energy-

dispersive X-ray spectroscopy (EDS) to attain qualitative data about the composition of 

the sample of interest. EDS works by detecting and “counting” the X-rays generated by 

the emitted electron beam. When an incident beam of electrons strikes the surface of an 

analyte, it causes the excitation of inner shell electrons which leaves vacant sites that are 

filled by electrons in the outer shell. This transition is accompanied by the release of X-

ray energy that is signified by the differences in energy amongst the inner and outer shell 

electrons. The X-ray photons characterize all the elements in the periodic table except H, 

He, and Li. The elements that are present as major constituents can be identified and 

quantified [116–120]. 

The SEM-EDS technique has been employed for the morphological and elemental 

studies of MOFs and MOF composites/nanocomposites. This instrument provides two-

dimensional images of higher resolution that reveal the geometry of a sample as well as 

spatial variations. Furthermore, the data can be used to acquire evidence regarding the 

external morphology, dispersion, and various phases of a sample [121]. Thanh et al. [122] 

synthesised and compared two different MOFs (i.e., MIL−101(Cr) and Fe–MIL−101) for 

the adsorption of Pb(II) from an aqueous solution. The obtained SEM images and EDS 

analysis, as shown in Figure 3.11(a), indicated an octahedral geometry with smooth 

facets for MIL−101(Cr) and the elemental analysis (see Figure 3.11(d)) confirmed the 

presence of Cr, O, and C which were the major constituents of MIL-101. The image of 

Fe–MIL−101, as represented in Figure 3.11(b), displayed irregular shapes mixed with 

octahedral structures. Further support from an elemental analysis, as shown in Figure 
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3.11(c), confirmed the elemental composition of the prepared MOF with the major 

constituents being Fe, Cr, O, and C. 

 

Figure 3.11: SEM images of: (a,b) of MIL−101(Cr); (b) Fe–MIL−101. EDS analysis of: (c) 

MIL−101(Cr); (d) Fe–MIL−101 [122]. 

In another study, Lim et al. [76] described the synthesis of MIL-101(Cr)-NO2 using CrCl3 

as a source of Cr and reduced it to MIL-101(Cr)-NH2 using SnCl2 for removing Pd(II) and 

platinum Pt(IV) in acidic solutions. The SEM images, as shown in Figure 3.12, revealed 

prismatic crystals with a diameter and length of approximately 150 nm and 1000 nm, 

respectively, for both the MIL-101(Cr)-NH2 and MIL−101(Cr)-NO2. Furthermore, the inset 

elemental mapping images showed the even distribution of Cr on the surface of the MIL-

101(Cr)-NH2 and MIL-101(Cr)-NO2 [76]. For example, the images obtained after the 

adsorption of both the Pd(II) and Pt(IV) which were supported by elemental mapping (see 

insets) are shown in Figure 3.13(i-iv). For the PGM-loaded MIL-101(Cr)-NH2 (Figure 

3.13(I and ii)), an even distribution of the prismatic crystals particles of the composite was 
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observed. This was attributed to the high adsorption capacity of MIL-101(Cr)-NH2 towards 

Pd(II) and Pt(IV). Conversely, the low adsorption capacity of MIL-101(Cr)-NO2 showed 

the inconspicuous distribution of Pd(II) and Pt(IV) on the elemental mapping images 

(Figure 3.13(iii and iv)). 

 

Figure 3.12: FE-SEM images of: (I and ii) MIL−101(Cr)−NH2; (iii and iv) MIL−101(Cr) 

−NO2 (insets show chromium elemental mapping images) [76]. 
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Figure 3.13: SEM and elemental mapping images of MIL-101(Cr)-NH2 after: (i) Pd 

loading; (ii) Pt loading. MIL-101(Cr)-NO2 after: (iii) Pd loading; (iv) Pt loading [76]. 

3.3.2.2. Transmission electron microscopy-energy dispersive X-ray spectroscopy. 

Transmission electron microscopy (TEM) is a highly effective analytical technique used 

to study the internal surface morphologies of various materials. Its working principle is 

similar to that of a SEM instrument and can also be coupled with various detectors to 

attain data associated with the structure of the analytes. The difference with the TEM 

instrument is that the energies of the incident beam of electrons are much higher as 

compared with the SEM instrument [114,123,124]. This beam of primary/incident 

electrons, with energies between 80 and 300 keV, passes through lenses where it is 

filtered and focussed on the sample of interest. The beam of electrons penetrates into the 

sample and inelastically collides with the inner atoms, resulting in the emission of 

secondary electrons and X-rays. The emitted electrons that are scattered through smaller 

angles in all directions are limited and focussed onto the projector lens by the objective 

aperture. Subsequently, the image is collected onto the detector screen and its contrast 

is enhanced by altering the voltage from the gun [125–127]. High-quality images with 
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more information about a sample are formed due to the fact that the fast-moving electrons 

having shorter wavelengths. Many researchers have used TEM coupled with an energy 

dispersive X-ray spectroscopy (EDX) detector to study and obtain evidence relating to the 

structure, texture, shape, and size of MOFs and their composites [126,128]. For example, 

Lv and his colleagues [129] compared the internal morphologies of prepared MIL-101(Cr) 

and MIL-101(Cr)−NH2 which were synthesised via the solvothermal method with the use 

of dimethylformamide (DMF). The MIL-101(Cr) was functionalised with amino functional 

groups to form MIL-101(Cr)-NH2 which was employed for removing Pb, Cu, and Fe metal 

ions. As shown in Figure 3.14(a), the synthesised MIL-101 exhibited a hexagonal 

prismatic structure which remained intact after the introduction of amino groups, as 

depicted by Figure 3.14(b). Abedidni et al. [130] hydrothermally synthesised MIL-101 

followed by post-modification with cuprous oxide nanoparticles (Cu2O) for the adsorptive 

equilibria and kinetics separation of propylene. The obtained TEM images of the MIL-

101(Cr) and 12%Cu@MIL-101(Cr) are presented in Figure 3.14(c and d), respectively. 

The evidence revealed that Cu2O nanoparticles with sizes ranging between 1 and 3 nm 

were homogenously dispersed within the MIL-101(Cr) pores, and confirmed the 

successful reduction of the metal precursor into nanoparticles. In another study 

conducted by Luo and co-workers, MIL-101(Cr) with improved adsorption capacity for 

Pb(II) ions was prepared by PSM using ethylenediamine (ED) in anhydrous toluene. The 

authors compared the TEM images of MIL-101(Cr) before and after modification, as 

represented in Figure 3.15(a and b). The MIL-101(Cr) showed octahedral structures with 

smooth surface, however, after the incorporation of ED, the surface became rougher 

[107]. 
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Figure 3.14: TEM images of: (a) MIL-101(Cr) NH2; (b) MIL-101(Cr) [129]; (c) MIL−101(Cr); 

(d) 12% Cu@MIL-101(Cr) crystal [130]. 

In contrast, a study on the post-synthetic modification (PSM) of MIL-101 with amidoxime 

(AO) for removing uranium ions from seawater, which was conducted by Liu et al. [131], 

demonstrated a significant effect on the structure of MIL-101. The authors initially 

choloromethylated MIL-101 and obtained an octahedral structure with a uniform 

dispersion of the Cl element, as shown by TEM-EDX images of MIL-101-CM in Figure 

3.15(c and e). This was followed by grafting with diaminomaleonitrile before introducing 

amidoxime which resulted in an almost spherical morphology (Figure 3.15(d)). The 

significant change in the structure indicated the successful incorporation of AO and was 

further supported by the TEM-EDX mapping image which depicted a uniformly dense 

dispersion of N element from the AO on the MIL-101-AO (Figure 3.15(f)). 
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Figure 3.15: TEM images of: (a) MIL-101 and (b) ED-MIL-101 (5 mmol) [107]; (c) MIL-

101-CM, (d) MIL-101-AO and EDS mapping images of: (e) MIL-101-CM and (f) MIL-101-

AO [131]. 

3.3.3. Spectroscopic Characterisation 

3.3.3.1. Fourier Transform Infrared Spectroscopy 

The main working principle of Fourier transform infrared spectroscopy (FTIR) is based on 

the interactions of molecules/compounds with light in the infrared region of the 

electromagnetic spectrum. This analytical technique offers the opportunity to obtain 

information about the functional groups that are present in a sample (solid, liquid, or gas), 

as well as the possibility of understanding the molecular bonds that exist between matter 

[83,132]. In IR spectrophotometry, a beam of infrared radiation emitted from the source 

is passed through an interferometer and is spectrally encoded, creating an interferogram 

(i.e., constructive and destructive interferences). This is followed by the light interacting 

with the sample where specific frequencies are absorbed by the sample. The resulting 

vibrational frequencies due to the bonds that are present in molecules are detected and 

calculated in terms of wavenumbers ranging from 4000 to 400 cm−1 [83,113,132–137]. 

On the FTIR spectra, there are four regions where the different types of bonds can be 

clearly analysed. The first region, from 2500 to 4000 cm−1, corresponds to single O-H, C-
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H, and N-H bonds. It is followed by triple bonds which are found in the range between 

2000-2500 cm−1. The middle region, with the wavenumber range from 1500 to 2000 cm−1, 

corresponds to detection of double bonds; the last area, below 1500 cm−1, is the 

fingerprint region where the vibrations of carbon single bonds between the atoms produce 

overlapping bands [132]. The FTIR technique has been widely used to deduce the 

functional groups that form as part of the MOF structure as well as to understand its 

interaction with other materials after composite and nanocomposite formation for the 

removal of heavy metal ions from wastewater [4,61,64,138,139]. 

For example, Luo et al. [107] synthesised MIL-101(Cr) which was functionalised with ED 

for the adsorption of Pb(II) ions from wastewater. The amount of ED was varied to achieve 

the optimum removal of Pb(II), and the results are shown in Figure 3.16. The IR spectra 

for the functionalised ED-MIL-101 demonstrated peaks at 1581, 1051, and 882 cm−1 

which were attributed to the N-H plane stretching, C-N bond stretching, and −NH2 

stretching, respectively. Furthermore, the broad band between 3434 and 3231 cm−1, 

which was attributed to the −NH stretching, showed an increase in the intensity with an 

increase in the amount (2, 5, and 10 mmol) of ED grafted. 
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Figure 3.16: FTIR spectra of: (a) MIL-101(Cr); (b) ED-MIL-101(Cr) 2 mmol; (c) ED-MIL-

101(Cr) 5 mmol; (d) ED-MIL-101(Cr) 10 mmol [107]. 

In another study, MIL-101-NH2 was functionalised with thymine for the adsorption of Hg(II) 

ions from wastewater [140]. The IR spectrum of the resulting composite after adsorption 

was also obtained and compared with MIL-101-thymine, as presented in Figure 3.17(a) 

(i). The authors numbered the carbon atoms on MIL-101-thymine for easy interpretation. 

The spectrum of MIL-101-NH2 revealed peaks at 1658 cm−1 which were attributed to the 

stretching vibrations of C2=O and C7=O. Moreover, stretching vibration absorption bands 

of C3-C5 and C6-N were observed at 1124 and 1085 cm−1, respectively. All these distinct 

peaks were detected on the IR spectrum of MIL−101-thymine (Figure 3.17(a) (ii)). 

However, after the adsorption of Hg(II) ions, the absorption peaks of C2=O and C7=O 

became broad with a shift to higher wavenumbers (Figure 3.17(a) (iii)). Jalayeri and co-

workers reported on the IR spectra of MIL-101(Cr) which was functionalised with amine 

moieties via the organic linker for the removal of hexavalent chromium from an aqueous 

solution [141]. The spectrum for the AFMIL, as presented in Figure 3.17(b) (i), showed a 

peak at 3381 cm−1 which was attributed to stretching vibrations of the amino moieties. 

Furthermore, the N-H bending vibrations and C-N stretching of the aromatic amines were 

observed at 1621 and 1340 cm−1, respectively. After the adsorption of hexavalent Cr, the 

IR spectrum (Figure 3.17(b) (ii)) showed some reduction in peak intensity as well as a 

slight shift to higher wavenumbers, which confirmed the chemical interaction between Cr 

and amino moieties. In addition, the IR is also one of the characterisation techniques that 

can be utilised to understand the mechanism of heavy metal adsorption using MOFs. 

Peng et al. [26] showed the IR spectra of MOF−808−EDTA before and after for La(III), 

Hg(II), and Pb(II) adsorption and revealed the shift of C-N vibration mode from 1214 cm−1 

to 1220 cm−1, 1242 cm−1, and 1250 cm−1. The shift in bands indicated the strong 

interaction between heavy metal ions and the grafting of the EDTA functional groups on 

the framework, which resulted in the chelate complex after adsorption. 
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Figure 3.17: (a) FT-IR spectra of (i) MIL-101-NH2, (ii) MIL-101-thymine, and (iii) Hg-loaded 

sample of MIL-101-thymine [140]; (b) amino-functionalised MIL-101(Cr) before and after 

Cr(VI) adsorption [141]. 

3.3.2. X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is an analytical technique that uses the 

photoelectric effect to obtain information about the chemical nature of a material at the 

atomic and molecular levels [83,115]. This surface-sensitive method involves the 

irradiation of an X-ray beam onto the surface of a sample. The atoms in the sample absorb 

the incident light and result in the emission of core electrons of which their kinetic energy 

(KE) is measured according to Equation (3.10): 

hν = BE + KE + Φspec (3.10) 

where hv denotes the energy of the X-ray and Φspec is the spectrometer work function. 

The rearranged form of Equation (3.11) is used to calculate the binding energy (BE): 

BE = hv − KE − Φspec (3.11) 

The XPS spectrum is obtained as a function of the number of photoelectrons spotted 

against the BE. The photoelectron peaks are extracted from the orbital of the elements 

they were emitted from, and their corresponding BE permit their recognition. The peak 

intensities generated by the photoelectrons are directly proportional to the concentrations 

of the elements and can be used for their quantification. The XPS techniques can be used 

quantitatively to further reveal data regarding the empirical formula, the electronic and 

chemical states of elements (excluding hydrogen and helium) found within a sample, as 

well as their interactions with metal centres [83,113,115,142–144]. In the adsorption of 

heavy metal ions from wastewater by MOF materials, this technique has been widely 
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used to study and understand the type of interactions taking place as well as to support 

the deduced adsorption mechanism. 

For example, Lim and co-workers studied the interactions of MIL-101(Cr)-NO2 and MIL-

101(Cr)-NH2 with Pd(II) and Pt(IV) ions in order to understand the mechanism of 

adsorption [76]. Initially, the XPS N 1s spectra were obtained to confirm the reduction of 

the NO2 to NH2, as represented in Figure 3.18(a). The MIL-101(Cr)-NO2 spectrum 

showed a peak at 405.6 eV, which was attributed to the nitro functional group that was 

attached to the phenyl ring (PhNO2). However, the peak diminished upon the reduction 

process, as the spectrum for MIL-101(Cr)-NH2 revealed a new peak at 399.2 eV which 

was ascribed to the amino group that was attached to the phenyl ring. After the adsorption 

of Pd and Pt ions, the authors obtained and compared the XPS N 1s spectra for metal-

loaded MIL-101(Cr)-NH2 with the pristine, as shown in Figure 18(b). The spectrum in 

Figure 3.18(b(1)) revealed two intense peaks at 399.2 and 400.2 eV which were attributed 

to the N in PhNH2 and PhNH3
+ (interaction with H+ and Cl− that remained after the 

synthesis process). As compared with the Pd-loaded MIL-01(Cr)-NH2 (Figure 3.18(b) (2)), 

there was an increase in intensity of the peak at 400.2 eV and a decrease in the intensity 

of the peak at 399.2 due to the electrostatic interaction of PhNH3
+ with the [PdCl4]2−. 

Similar trends were also observed on the spectrum (Figure 3.18(b(3))) of Pt-loaded MIL-

101(Cr)-NH2, where the electrostatic interaction was between PhNH3
+ and [PtCl6]2−. In 

addition, the appearance of a new peak at 401.9 eV was also observed, which was due 

to the partial oxidation of PhNH2 to PhNO2. Furthermore, the Pd 3d spectrum (Figure 

3.18(b (5))) revealed a peak at 337.8 eV corresponding to the [PdCl4]2− adsorbed on the 

MIL-101(Cr)-NH2. For the Pt 4f spectrum (Figure 3.18(b(7))), two major peaks of (4f 7/2) 

attributed to the [PtCl6]2− and [PtCl4]2− were observed at 74.8 and 72.6 eV, respectively. 

Conversely, the MIL−101(Cr)−NO2 N 1s spectrum, as shown in Figure 3.18(c (1–3)), 

showed no significant effects on the adsorption of both the Pd and the Pt, as the peak at 

405.6 eV showed no adverse effects which was further supported by the low intensity 

observed on the Pd 3d and Pt 4f spectra. Moreover, the excellent performance of MOF 

composites for heavy metal adsorption could be traceable to the electrostatic or strong 

chelation. The wide-scan XPS spectra indicated that the metal ions were adsorbed in the 

pores of MOF. In the case of functionalised MOF, the N 1s core level was shifted to higher 
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binding energy upon metal loading (399.8 eV, 399.5 eV, and 399.9 eV for La(III)@MOF-

808-EDTA, Hg(II)@MOF-808-EDTA, and Pb(II)@MOF-808-EDTA, respectively) as 

compared with the as-synthesised MOF-808-EDTA (399.2 eV) [26]. This showed that the 

valence of N in EDTA was changed because of the interaction with the guest metal ions. 

 

Figure 3.18: (a) XPS for N 1s spectra of MIL-101(Cr)-NH2 and MIL-101(Cr)-NO2; (b) MIL-

101(Cr)-NH2 after Pd loading (2) Pd and Pt-loading (3), Pd 3d and Pt 4f of pristine ((4) 

and (6)), and metal-loaded MIL-101(Cr)-NH2 ((5) and (7)); (c) XPS for N 1s of MIL-

101(Cr)-NO2 (1) after Pd loading (2), Pt loading (3), XPS for Pd 3d and Pt 4f of MIL-

101(Cr)-NO2 ((4) and (6)), and after metal-loading ((5) and (7)) [76]. 
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3.4. CONCLUSIONS 

Some positive aspects of adsorption technology have been demonstrated in the 

remediation of wastewater containing heavy metal ions. Adsorption technology has been 

proven to be efficient in removing pollutants from contaminated water owing to its ease 

of operation and low cost. MOF polymers have shown some potential activity as 

adsorbents for the adsorption of metal ion pollutants. These materials have very 

interesting inorganic–organic coordination structures that can be easily tailored to suit a 

specific application. Furthermore, their surface functionality can be improved by 

introducing other materials such as metal oxides, nanoparticles, and active functional 

groups, for the purpose of removing heavy metal ions. MOF composites that have been 

synthesised and modified for the adsorption of heavy metal ions have been characterized. 

Hence, in this review, we focussed on various analytical methods that have been 

employed in the reported studies of heavy metal adsorption. The combination of these 

techniques has provided a significant amount of data that assist in studying the behaviour 

of MOF composites and their interactions with metal ions. Microscopic characterisation 

techniques coupled with EDS/X were able to detect some elements that were adsorbed 

by MOFs. Further supports were also provided by the FTIR spectroscopy, wherein we 

observed the vibrational peaks of the introduced functional groups as well as a reduction 

in the peaks after adsorption. The XPS confirmed the adsorption of heavy metal ions by 

looking at the orbital of the active elements on MOF composites as well as the orbitals of 

the targeted metal ion. In conclusion, this review focussed on understanding the role that 

each analytical technique has in order to determine the efficiency of the adsorption 

process. 
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CHAPTER FOUR 

FUNCTIONALISED POLYETHYLENE TEREPHTHALATE-DERIVED METAL-

ORGANIC FRAMEWORKS FOR SPECTROSCOPIC DETECTION AND 

ADSORPTION OF PALLADIUM IONS FROM AQUEOUS SOLUTIONS 

 

4.1. INTRODUCTION 

Palladium (Pd) is one of the economically valuable metals belonging to the platinum group 

metals (PGMs) [1]. Owing to its unique physical and chemical properties, Pd has gained 

extensive utilisation in modern industrial technologies including catalysis [2], hydrogen 

production [3] and storage [4] devices, and pharmaceuticals production [5]. With an 

increase in civilization, there is a need for rapid industrialisation that requires the use of 

Pd in order to meet the growing demand for its utilisation. However, this leads to the 

depletion of Pd natural reserves as well as increased discharge of Pd-containing waste 

into the environment which can be harmful to living organisms [6]. Therefore, the results 

of these activities trigger the need to develop efficient technologies for the removal and 

recovery of Pd ions from wastewater. Numerous conventional methods such as 

precipitation [7], reverse osmosis [8], electrochemical deposition [9], membrane 

technology [10], solid phase extraction [11], and adsorption [12] have been developed for 

the removal of Pd ions from wastewater. The adsorption technique has received great 

attention amongst the mentioned technologies owing to its simplicity in design, high 

efficiency, and cost-effectiveness [13]. Over the years, different adsorbent materials and 

their composites have been investigated and they have demonstrated promising activities 

for recovering and removing Pd ions from simulated wastewater [14][15][16][17]. Amongst 

the reported materials, a new class of porous coordination polymers such as metal-

organic frameworks (MOFs) has gained interest in the field of wastewater treatment due 

to their fascinating properties [18]–[20]. MOFs are 3D structured polymers consisting of 

metal ion clusters connected together by organic ligands resulting in a defined micro- or 

nano-material. The fascinating properties of these materials include high surface area, 

high pore volume, and chemical tuneability [21][22]. Furthermore, the flexibility and 

porous nature of MOFs permit guest molecules like metal ions to easily diffuse into the 
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bulk structure, wherein the shape and size of the pores are able to selectively adsorb the 

molecules of interest [23]. MOFs may be prepared from polyethylene terephthalate (PET) 

plastic waste bottle, which serves as the source of organic linker called 1,4-

benzenedicarboxylic acid (H2BDC) [24][25]. The successful development of this method 

of synthesising MOF materials offers an economically attractive strategy for PET waste 

management [26][27]. There are several MOFs reported in the literature [28]–[31]. Among 

these MOFs, chromium-based MOFs which were developed by the Férey group under 

Material Institut Lavoisier (MIL) have attracted attention owing to their thermal and 

chemical stability [32][33]. In addition, these MOFs can be modified through the post-

synthesis method to enhance their functionality in the selective separation of guest 

molecules, while maintaining their crystallinity [33]. For example, Hu and his co-workers 

[34] prepared MIL-101(Cr) functionalised with ethylenediamine (ED) for the capturing of 

oxytetracycline (OTC). The composite showed the successful incorporation of ED as 

deduced from FTIR with the appearance of the band 1051 cm-1 attributed to the C-N bond 

stretching of the amino group. They showed that the ED-MIL-101(Cr) adsorbent has the 

ability to adsorb OTC with the Langmuir maximum adsorption capacity of 454.6 mg/g at 

25 ◦C. Furthermore, the composite achieved fast kinetics for the removal of OTC at the 

equilibrium time of 90 minutes and was reusable for 3 cycles. In a study conducted by 

Zheng and co-workers [35], MIL-101(Cr) and MIL-101(Cr)/graphene oxide (GO) 

composites were prepared via the hydrothermal method for the removal of chlorinated 

volatile organic compounds. MIL-101(Cr) and MIL-101(Cr)/GO composite demonstrated 

a high BET surface area of 1832 and 2026 m2 g-1, respectively. They obtained the 

maximum adsorption capacity of 2044.4 mg/g using MIL-101(Cr) and 2368.1 mg/g using 

MIL-101(Cr)/GO for the removal of carbon tetrachloride. Zhuo et al. [21] reported on the 

formation of composite beads between MIL-101(Cr) and natural polymers which are 

sodium alginate (SA) and chitosan (CS) for the removal of selected pharmaceuticals and 

personal care products (PPCPs) from wastewater. The XRD results showed that MIL-

101(Cr) MOFs maintained their crystallinity even after composites formation and also 

demonstrated improved BET surface areas. The reported MIL-101(Cr)/SA and MIL-

101(Cr)/CS bead composites showed an increase in the uptake of selected PPCPs as 

compared to their pristine counterparts. Luo and colleagues [36] functionalised MIL-
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101(Cr) with thymine for the removal of mercury ions (Hg(II)) from wastewater and 

obtained a Langmuir maximum adsorption capacity (qm) of 51.27 mg/g. In another study 

reported by Lim and co-workers [37], MIL-101(Cr)-NH2 was prepared from the reduction 

of nitro-functionalised MIL-101(Cr)-NO2 for recovery of Pd(II) and Pt(IV)from wastewater. 

The composite showed higher uptake and fast kinetics for the selected PGMs, which was 

due to the affinity of protonated amino groups in MIL-101(Cr)-NH2 towards Pd and Pt ions. 

The maximum adsorption capacities obtained were 277.6 and 140.7 mg/g for Pd(II) and 

Pt(II), respectively. Hence in this study, we present the functionalisation of MIL-101(Cr) 

with ED for the removal and recovery of Pd(II) from simulated wastewater. ED is a 

coordination agent possessing two amine ligands and its incorporation is motivated by 

the easy protonation of its amino groups (–NH3
+), especially in acidic environments. Thus, 

the electrostatic attraction between –NH3
+ and Pd anions is highly expected, forming 

coordination complex at faster rates [38]. The MIL-101(Cr) was prepared from a waste 

PET bottle as a source of H2BDC. The prepared MIL-101(Cr)/ED composite was 

investigated for the adsorption of Pd(II) ions from simulated wastewater, by checking the 

effects of different parameters such as pH, temperature, contact time, and adsorbent 

dose. Furthermore, the obtained results were fit to Langmuir and Freundlich models in 

order to determine the mode of adsorption as well as the qm. 

 

4.2. MATERIALS AND EXPERIMENTS 

4.2.1. Materials 

Chromium nitrate nanohydrate Cr(NO3)3.9H2O, ethylenediamine (ED), palladium chloride 

(PdCl2), and ethylene glycol (EG) were purchased from Sigma-Aldrich (South Africa). 

PET waste bottles were collected from the University of Limpopo, Polokwane, South 

Africa. The bottles’ caps, rings, and labels were removed, followed by a thorough cleaning 

with water and ethanol. After drying at room temperature they were cut into small flakes 

using a pair of scissors. Other reagents used in this study were of analytical grade and 

were utilised without any further purification. 
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4.2.2. Experimental Synthesis and Functionalisation of MIL-101(Cr) 

4.2.2.1. Depolymerisation of PET 

Preparation of 1,4 benzenedicarboxylic acid (H2BDC) organic linker was carried out via 

hydrothermal method in a 100.00 mL autoclave as reported in the literature [24]. Typically, 

PET flakes (3.00 g) were weighed and put into a reactor together with 6.00 mL of EG and 

60.0 mL of deionised (DI) H2O. The reaction mixture was then heated at 210 °C for 8 

hours in an oven. After the reaction, the obtained white precipitates were filtered, followed 

by washing with ethanol and dried at 100 °C for 24 hours. 

 

4.2.2.2. Synthesis and modification of MIL-101(Cr) and MIL-101(Cr)/ED 

Chromium-based MIL was synthesised based on the reported procedure [39]. Briefly, 

4.00 g of Cr(NO3)3.9H2O and 1.66 g of H2BDC were dispersed in DI H2O, followed by 

stirring for 15 minutes using a magnetic mixer and then ultra-sonicated for 30 minutes. 

The acquired suspension was transferred into a Teflon-lined stainless steel autoclave and 

put in an oven. The reaction was heated and kept at 220 °C for 8 hours. The resulting 

product was filtered and washed prior to being dried under ambient conditions. For 

modification, 0.50 g of the prepared MIL-101(Cr) was dispersed in anhydrous toluene 

(50.0 mL) followed by the addition of 1.00 mL of ED. The reaction mixture was then 

refluxed for 12 hours. The obtained product was filtered using cellulose filter paper and 

washed several times with ethanol and finally dried at room temperature. 

 

4.2.3. Spectroscopic and Morphological Characterisation 

X-ray diffraction (XRD) patterns for phase identification of the MIL-101(Cr) and MIL-

101(Cr)/ED composites were conducted using a Bruker Advance powder diffractometer 

(Madison, USA; 40 mA, 40 keV, λCu-K = 0.15406 nm. Morphological and elemental 

analyses were obtained from the field-emission scanning electron microscopy (FE-SEM) 

(Auriga Cobra focused-ion beam FIB-SEM, Carl Zeiss, Jena, Germany) coupled with 

energy dispersive x-ray spectroscopy (EDS). The Brunauer–Emmet–Teller (BET) surface 

area and pore volume measurements of the prepared MIL-101(Cr) and MIL-101(Cr)/ED 
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composites were deduced using a Tristar micromeritics instrument by using low-pressure 

nitrogen (77 K) adsorption/desorption technique. The presence of functional groups and 

composite formation was confirmed by Cary 600 series Fourier transform infrared (FTIR) 

spectrometer (Spectrum II PerkinElmer). The thermal properties of MIL-101(Cr) and MIL-

101(Cr)/ED composites were obtained from a PerkinElmer STA 6000 instrument 

connected to a PolyScience digital temperature controller under N2 gas purged at a flow 

rate of 20 mL/min. 

 

4.2.4. Adsorption Experiments 

In order to determine the adsorption behaviour of the prepared MIL-101(Cr)/ED different 

adsorption parameters were investigated, by using 50.0 mL of Pd(II) solution having a 

concentration of 100 mg/L. The palladium stock solution was prepared in an acidic 

medium, by dissolving PdCl2 in 0.100 M hydrochloric acid (HCl) solution. The remaining 

concentrations of Pd(II), before and after adsorption were determined from the ultraviolet-

visible (UV-Vis) spectroscopy (Lambda 365 UV/Vis Spectrophotometer, (PerkinElmer, 

Johannesburg, South Africa)) operated at a wavelength of 450 nm and the removal 

efficiency of MIL-101(Cr)/ED towards Pd(II) ions were calculated from the below 

equations:  

% removal = (
𝐶𝑜−𝐶𝑒

𝐶𝑒
) x 100      (4.1) 

𝑞𝑒= (
𝐶𝑜−𝐶𝑒

𝑚
)𝑉        (4.2) 

with Co and Ce representing the initial and equilibrium concentrations of Pd(II) in mg/L, 

respectively. qe is the amount of Pd(II) ions adsorbed at equilibrium per mass of MIL-

101(Cr)/ED measured in mg/g, whereas m (g) signifies the mass of the adsorbent and V 

(L) the volume of Pd(II) solution utilised. 

 

4.2.4.1. Effect of solution pH and adsorbent dose  

The studies on the effect of initial solution pH on the uptake of Pd(II) ions by MIL-

101(Cr)/ED were conducted at controlled pH, ranging from 1.0-6.0. This was achieved by 
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contacting 0.03 g of the prepared adsorbent with 50.0 mL Pd(II) solution at a constant 

temperature and shaking speed of 298 K and 150 rpm, respectively. The pH of the 100 

mg/L Pd(II) solution was adjusted using various concentrations of HCl and sodium 

hydroxide (NaOH). To understand the effect of adsorbent dosage, the amount of MIL-

101(Cr)/ED was varied from 0.01-0.070 g while keeping other parameters such as 

temperature, initial concentration, contact time, and pH constant. 

 

4.2.4.2. Adsorption isotherms 

For the studies on the effect of temperature on the adsorption of Pd(II) ions by  MIL-

101(Cr)/ED, different initial concentrations (50 − 400 mg/L) were used with the constant 

adsorbent dose of 0.03 g and a pH of 3.0. The experiments were conducted at three 

different temperatures of 298, 308, and 318 K in a water bath shaker for 24 hours at a 

constant speed of 160 rpm. After the completion of the adsorption process, the solution 

and adsorbent were separated through filtration, followed by the determination of the final 

concentration. The data was fit to the two isothermal models which are the nonlinear and 

linear forms of the Langmuir and Freundlich models shown in the below equations. 

𝑞𝑒

𝑞𝑚
 = 

𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
       (4.3) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒1/𝑛
      (4.4) 

𝐶𝑒

𝑞𝑒
 = 

1

𝑞𝑚𝐾𝐿
+  

𝐶𝑒

𝑞𝑚
      (4.5) 

ln qe = ln 𝐾𝐹 + 
1

𝑛
 ln Ce     (4.6) 

where qm (mg/g), KL (L/mg), KF (mg/g) and n each represent the Langmuir maximum 

adsorption capacity, Langmuir constant, Freundlich constant and adsorption intensity, 

respectively. 

4.2.4.3. Adsorption kinetics 

For investigating the adsorption kinetics, experiments were conducted using three 

different Pd(II) initial solution concentrations, which were 25.0, 50.0, and 100 mg/L. The 

MIL-101(Cr)/ED adsorbent was contacted with the above-mentioned Pd(II) concentration 
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at varying times to check the effect of contact time on the uptake of Pd(II) ions by the MIL-

101(Cr)/ED. In a typical procedure, 0.03 g of MIL-101(Cr)/ED adsorbent was exposed to 

500 mL of 100 mg/L Pd(II) solution at a pH of 3.0 in a temperature-controlled water bath. 

The reaction mixture was mixed using an overhead stirrer set at a speed of 200 rpm at 

25 ◦C. Several aliquots were withdrawn from the mixture at specific time intervals and 

filtered with 0.450 µm cellulose acetate syringe filters, followed by analysis with UV-Vis. 

The data obtained from kinetics experiments were then used to establish the rate of 

adsorption and other adsorption kinetics parameters, by fitting it to the nonlinear and 

linear forms of the pseudo-first-order (PFO) and the pseudo-second-order (PSO) kinetic 

models determined using the following equations: 

𝑑𝑞𝑡

𝑑𝑡
 = k1 (qe – qt)       (4.7) 

𝑑𝑞𝑡

𝑑𝑡
 = k2 (qe − qt)2        (4.8) 

ln (qe − qt) = ln qe − k1t      (4.9) 

𝑡

𝑞𝑡
 = 

1

𝑘2𝑞2𝑡
 + 

1

𝑞𝑒
 t       (4.10) 

where k1 (1/min) represents PFO rate constant and k2 (g/mg.min) denotes the PSO rate 

constant. 

 

4.2.4.4. Competing ions effect 

The investigation of the selectivity of the MIL-101(Cr)/ED adsorbent for the uptake of 

Pd(II) ions was done using various selected cations (Ru3+, Co2+, Ni2+, Ag+ Pt2+) and anions 

(SO4
2-, CO3

2-, Cl−, NO3
−, PO4

2-) at a concentration 100 mg/L in solutions. 

 

4.3. RESULTS AND DISCUSSION 

4.3.1. Benzenedicarboxylic acid organic linker 

Figure 4.1 shows the FITR spectra for the PET and benzenedicarboxylic acid (BDC) 

organic linker. The absorption bands of the PET were detected with the major peaks at 
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1730 cm-1 for carbonyl stretching (C=O) of the carboxylic acid group, 1240 and 1124 cm-

1 for the terephthalate group (OOCC6H4-COO), 1096 and 1050 cm-1 for methylene group 

and vibrations of the ester C-O bond, whereas the 712 cm-1 was for the interaction of 

polar ester groups and benzene rings [40][41]. The spectrum for BDC revealed numerous 

peaks in the 2358-3076 cm-1 and at 1572, 1510, 1420, and 1280 cm-1 which are ascribed 

to the asymmetric vibrational stretches of the carboxylic functional groups [27], [42]–[44]. 

The intense peak at 1674 cm-1, as well as the band at 1280 cm-1, are ascribed to the C=O 

vibrational stretching of the carbonyl groups and the C-O symmetric stretch of the acid 

sites, respectively. Interestedly, there was a shift and reduction of the terephthalate group 

of PET polymer in the formation of BDC organic linker. The broadening of the OH peaks 

at 3432 cm-1 for the hydroxyl group was also observed in BDC. Furthermore, the ringing 

and -out-of-plane bending vibrations of aromatic rings are attributed to the IR bands at 

728 and 686 cm-1 [27]. All the absorption bands observed are correlating well with those 

in the literature, signifying the successful conversion of PET to BDC. 

 

Figure 4.1: FTIR spectra of PET and BDC. 

 

The FTIR spectra of the prepared neat MIL-101(Cr) and the modified MIL-101(Cr)/ED are 

represented in Figure 4.2(a). These spectra are demonstrated in the wavenumber range 

of 400–4000 cm-1. The spectrum of MIL-101(Cr) showed bands at 1404 and 1625 cm-1 

which are assigned to C-O and C=O symmetrical stretching vibration, respectively [45]. 

The presence of C=C stretching of the benzene ring was observed at 1508 cm-1 and C-
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H deformation vibrations of the aromatic ring at 750, 884, 1018, and 1160 cm-1 

respectively [21][46]. Peaks related to stretching vibrations of oxygen with metals are 

usually observed in the ranges of 400–800 cm-1 and in this spectrum, the observed peak 

at 674 cm-1 is associated with Cr-O vibration [21]. Based on the MIL-101(Cr)/ED 

spectrum, all the characteristic peaks corresponding to the MIL-101(Cr) compound are 

present [47]. Furthermore, there are broad peaks appearing between 2800-3300 cm-1 and 

a new peak at 1039 cm-1 that is attributed to the N-H stretching and C-N stretching, 

respectively [48][49]. The absorption bands of N-H bend and C-C stretching were 

observed at 1553 and 1345 cm-1 for the amino and the aliphatic CH2 groups of the ED, 

respectively. In addition, the N-Cr vibration was observed at 506 cm-1, confirming the 

successful post-modification process of the MIL-101(Cr) compound with ED.  

 

Figure 4.2: (a) FTIR of MIL-101(Cr) and MIL-101(Cr)/ED; (b) XRD patterns and fitted 

pattern of MIL-101(Cr); (c) XRD patterns and fitted pattern of MIL-101(Cr)/ED and (d) 

XRD patterns of MIL-101 and MIL-101(Cr)/ED. 
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To study the crystalline structure and to confirm the successful synthesis of MIL-101(Cr), 

XRD analysis was performed and the data are shown in Figure 4.2(b). The obtained 

characteristic peaks at 5.59o, 8.63o, 9.25o, 9.90o, 10.6o, 11.7o, 16.8o, 17.6o, 18.2o, and 

19.2o for the MIL-101(Cr) sample correlate well with those reported in the literature 

[34][45], confirming the successful synthesis of MIL-101(Cr). As shown in Figure 4.2(b), 

it was observed that the prepared MIL-101(Cr) has a highly crystalline structure. It was 

reported that the presence of intense peaks at small angles (2θ) as seen here confirms 

the existence of ample pores in the prepared MIL-101(Cr) structure [50]. In addition, the 

crystallography information file (CIF) of MIL-101 was used in order to plot the XRD 

simulated pattern from crystallography information which is available on the 

crystallography websites [51]. The CIF file was introduced to MAUD software and the 

powder diffraction analysis was taken. The results of the simulated structure of MIL-

101(Cr) are also shown in Figure 2(b), confirming the successful synthesis of MIL-101(Cr) 

with XRD lattice parameter (a=b=c) of 86.1 Å as compared to 88.9 Å of the simulated 

one, making the prepared MIL-101(Cr) to have 96.1% of crystallinity. 

Upon functionalisation with ED, the peaks were broadened with characteristic peaks still 

observed on the XRD pattern of MIL-101(Cr)/ED as confirmed by the simulated patterns 

in Figure 4.2(c) and (d). Moreover, the pattern of MIL-101(Cr)/ED showed a decrease in 

the peak intensity which is due to the partial filling by the ED molecules. Similar results 

were also observed by Zhang and co-workers [49]. The amount of MIL-101(Cr) 

crystallinity in the functionalised material was estimated from its lattice period parameter 

(a=b=c) of 71.1 Å by applying Vegard’s law [52] and found to be 80.1%. Furthermore, the 

calculated d-spacing (2𝑑 sin 𝜃 = 𝑛𝜆) for 333 hkl value was 15.8 and 13.7 Å for MIL-

101(Cr) and MIL-101(Cr)/ED (Table 4.1), respectively. The reduction in d-spacing in the 

functionalised material was due to the broadening and amorphous characteristic of ED 

[53].  In addition, the crystalline sizes (D) of the materials were determined from the XRD 

pattern using the Debye-Scherrer equation (Equation 4.11) [ 50]. 

𝐷 =
𝐾𝜆

𝛽 cos 𝜃
    (4.11) 

K stands for the Scherrer constant, β is the full width at half maximum (FWHM), λ 

represents the wavelength of the Cu source and θ is the diffraction angle.  
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The determined crystallite size was observed to be 756.72 nm for MIL-101(Cr) which was 

similar to the simulated one whereas the reduction in the crystallite size to 7.81 nm was 

obtained in the functionalised material. The reduction in the crystallite size was observed 

by the broadening of the XRD pattern as a result of the lattice strain in the materials. The 

lattice strain (ε) and dislocation density (ρ) of the MIL-101(Cr) and MIL-101(Cr)/ED were 

estimated using Equations 4.12 and 4.13 [50], [51], respectively. 

𝜀 =
𝛽𝑐𝑜𝑠𝜃

4
     (4.12) 

𝜌 =
1

𝐷2      (4.13) 

The lattice strain in MIL-101(Cr) was obtained as 4.35 x 10-5 which was similar to the 

simulated one. In the case of MIL-101(Cr)/ED, the strain was increased to 443.81 x 10-5 

because of the introduction of ED. On the other hand, the dislocation density value (ρ) 

shows the number of dislocation lines per unit area of crystal defects possessed by a 

crystal as the size of crystal defects and the degree of the crystalline profile is in relation 

to the dislocations density value [54]. The ρ values were calculated to be 1.58 x 1012 

lines/m2 for MIL-101(Cr) and its corresponding simulated material, whereas MIL-

101(Cr)/ED possessed a dislocation density of 1.64 x 1016 lines/m2. The large ρ value of 

MIL-101(Cr)/ED indicates that the functionalised material has a lower degree of 

crystallinity as compared to MIL-101(Cr) due to the amorphous nature of ED 

 

Table 4.1: XRD parameters and FTIR vibrations of the as-synthesised materials. 

 Characteristics Materials 

Simulated MIL-101(Cr) MIL-101(Cr)/ED 

XRD: Lattice 

parameter 

a=b=c(Å) 88.9 86.1 71.1 

Crystallinity (%) 100 96.1 80.1 

2Ɵ 9.06 9.25 9.11 
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FHWM (x10-3 radians) 0.18 0.18 17.81 

D (nm) Cu 796.56 796.72 7.81 

ε x10-5 4.35 4.35 443.81 

ρ x1012 (lines/m2) 1.58 1.58 1.64 x 104 

FTIR: Vibrations (cm-

1) 

C-O - 1404 1378 

C=O  1625 1586 

C=C -  1508  1508  

C-H - A a 

Cr-O -  674 674 

-NH - - b 

C-N -  -  1039 

a=750, 884, 1018 and 1160 cm-1 

b=2800-3300 cm-1 

 

Figure 4.3(a-c) shows the nitrogen adsorption/desorption isotherms used for determining 

the BET surface area of the MIL-101(Cr) and MIL-101(Cr)/ED samples. From the results, 

it was seen that MIL-101(Cr) exhibited characteristics of type I isotherms. These type I 

isotherms are also known as the Langmuir type. They have a steep slope at the beginning 

of the nitrogen adsorption process. This slope decreases with an increment in relative 

pressure. The presence of hysteresis in the given isotherms shows the existence of a 

mesopore in the MOF materials. This can be used to give vital information related to the 

geometry of the pores. The observed hysteresis in MIL-101(Cr) is of type A, which 

indicates the existence of cylindrical pores. In comparison to the MIL-101(Cr) sample, the 

BET surface area of the prepared MIL-101(Cr)/ED showed a decreased value of 3.4766 

m²/g from the initial value of 308.7265 m²/g. Furthermore, the pore volume and the 

average pore size were obtained as 0.026266 cm³/g and 293.204 Å, respectively. The 

functionalisation of MIL-101(Cr) with ED molecules affected the adsorption of N2, as the 

introduced amine moieties partially occupied the spaces within the pores [55]. Figure 

4.3(d) shows the thermogravimetric analysis of TGA curves of the synthesised MIL-

101(Cr) and MIL-101(Cr)/ED samples. It was observed in the TGA profile that the first 
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step, in the range of 25–100 °C, is related to the removal of the guest water and solvent 

molecules [44]. From the thermograms, it was seen that MIL-101(Cr)/ED displayed 

improved thermal stability. Approximately, 39.6 and 13.2% weight losses are observed 

for the MIL-101(Cr) and MIL-101(Cr)/ED, respectively. This was supported by the 

corresponding DTA curves for MIL-101(Cr) and MIL-101(Cr)/ED (Figure 4.4(a-c)) that 

showed three degradation steps at 90 oC which attributes to the weight loss due to 

solvents. The step from 100 to 390 oC is attributed to the decomposition of unreacted 

terephthalic acid and ED [56]. 

 

 

Figure 4.3: BET measurement of (a) MIL-101(Cr) and (b) MIL-101(Cr)/ED (inset: Pore 

diameter measurement). (c) Comparison BET isotherms and (d) TGA curves of MIL-

101(Cr) and MIL-101(Cr)/ED. 

 

The last degradation at 410 oC is owed to the decomposition of the coordinated organic 

linker. The MIL-101(Cr)/ED sample demonstrates better thermal stability in comparison 



161 
 

to the pristine MIL-101(Cr) as the framework starts to decompose at a temperature above 

480 oC (Figure 4.4(b and c)). This was supported by the DSC curves of MIL-101(Cr) and 

MIL-101(Cr)/ED in Figure 4.4(d), showing an intense and small exothermic peak at <100 

°C for crystallisation transition. The endothermic peak was observed at 380 °C for MIL-

101(Cr) and in the case of MIL-101(Cr)/ED, it was obtained at 280 °C. 

 

 

Figure 4.4: TGA/DTA curves of (a) MIL-101(Cr), and (b) MIL-101(Cr)/ED. (c) DTA and (d) 

DSC of MIL-101(Cr) and MIL-101(Cr)/ED.  

 

The morphological images of MIL-101(Cr) presented in Figure 4.5(a and b) shows highly 

agglomerated octahedral structures with smooth surface and have an average particle 

size between 100-200 nm. Moreover, the corresponding EDS analysis (Figure 4.5(c)) 

revealed that the sample elemental composition consists of C, O, and Cr (the Al element 

is from the SEM preparation procedure). The composition was further obtained through 

elemental mapping and confirmed the presence of the desired elements (Figure 4.6). 

Upon the introduction of ED (Figure 4.5(d)), the octahedral morphologies gradually 



162 
 

disappeared to form irregular-shaped particles and the surface of the MIL-101(Cr)/ED 

sample tenders to be rougher [34][49]. This effect also resulted in a slight reduction in the 

particle size as depicted in Figure 4(e). The obtained EDS spectra of prepared MIL-

101(Cr)/ED showed a similar elemental composition with the addition of N from ED. The 

relative contents of N in the MIL-101(Cr)/ED material were determined to be about 4.28 

mmol.g−1, which corresponds to an ED/Cr ratio of 3.27 (see Figure 4.5(f)). Furthermore, 

the elemental mapping in Figure 4.7(c) showed an increased dispersion of the N over the 

MIL-101(Cr)/ED confirming the presence of ED. 

 

 

Figure 4.5: SEM image of (a) MIL-101(Cr), and (d) MIL-101(Cr)/ED. Particles distribution 

of (b) MIL-101(Cr), and (e) MIL-101(Cr)/ED. EDS spectra of (c) MIL-101(Cr), and (f) MIL-

101(Cr)/ED (Inset: elemental analysis in atomic percentage). 
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Figure 4.6: Elemental mapping of MIL-101(Cr), (a) EDX spectrum, (b)-(e) mapping image 

of carbon, nitrogen, oxygen, and chromium elements, respectively. 
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Figure 4.7: Elemental mapping of MIL-101(Cr)/ED, (a) EDX spectrum, (b)-(e) mapping 

image of carbon, nitrogen, oxygen and chromium elements, respectively.  

 

4.3.2. Adsorption Studies 

4.3.2.1. Effect of solution pH and adsorbent dosage 

The initial solution pH plays a vital role in the adsorption of Pd(II) ions because it directly 

contributes to the degree of protonation on polar functional groups found on the surface 

of the adsorbent and thereby affecting the surface charge of the adsorbent [57]. The 

adsorptive removal of Pd(II) ions by MIL-101(Cr)/ED was investigated in the pH range 1.0 

- 6.0 represented in Figure 4.8(a). The results show that the removal percentage of Pd(II) 

ions by MIL-101(Cr)/ED was in.0creased with an increase in pH from 1.0 to 3.0. At pH 

values from 4.0 to 6.0, an increased removal percentage (%R) was also observed with a 

slight decrease as the pH was moved to higher values. However, due to the hydrolysis of 

Pd(II) ions, there is a partial formation of the Pd(OH)2 precipitates starting from pH = 4.0 

[58]. Moreover, at lower pH ≤1.5, the prevailing species are [PdCl]+ and PdCl2 which are 

electrostatically repelled by the highly protonated amino groups [59][60]. The increasing 

%R for pH values between 2.0 -3.5 is attributed to the predominating anion complexes of 

[PdCl3]ˉand [PdCl4]2- which are able to interact with the positively charged surface of the 

MIL-101(Cr)/ED [61][62]. Hence, the greatest removal was obtained at the optimum pH 

of 3.0 as seen in Figure 4.8(a). This was further supported by point of zero charge (PZC) 

which was obtained to be at 4.0 pH as shown in Figure 4.8(b). In addition, this behaviour 

was supported by FTIR analysis of MIL-101(Cr)/ED before and after Pd metal ion uptake 

as shown in Figure 4.8(c). It was seen that the interaction of MIL-101(Cr)/ED with Pd(II) 

has caused the reduction of peak intensities at 2800-3300, and 1039 cm-1 for amino, and 

amide bands, respectively. The absorption band at 1378 cm−1 for C-O vibration shifted to 

1394 cm−1 upon Pd(II) adsorption. From these observations, the change in absorption 

intensity, and the shift in wavenumber of functional groups were due to interaction of 

Pd(II) ion with active sites in MIL-101(Cr)/ED. The Pd(II) ions bound to the active sites of 

MIL-101(Cr)/ED through either electrostatic attraction or complexation mechanism as 

seen in pH studies. The electrostatic interaction was between Pd(II) ion and carbonate 
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group, whereas, the complexation mechanism involved electron pair sharing between 

electron donor atoms (O and N) [63]. Results from this work indicate that carbonate, 

carbonyl, amino and amide groups were the main adsorption sites in MIL-101(Cr)/ED. 

 

 

Figure 4.8: (a) Removal percentage of Pd(II) ions by MIL-101(Cr)-ED as a function of pH 

1-6. (b) Point of zero charge value for MIL-101(Cr)-ED. (c) FTIR spectra of MIL-101(Cr)-

ED before and after Pd (II) removal. (d) Effect of dosage ranging from 0.01-0.07 g. 

 

The effect of the adsorbent dose for MIL-101(Cr)/ED was investigated (0.01 g - 0.07 g) to 

determine the optimum amount for the adsorption of Pd(II) ions. The obtained results as 

represented in Figure 4.8(d), show that there is an increase in the uptake of Pd (II) ions 

with MIL-101(Cr)/ED from 0.01-0.03 g of dosage used. This indicates that 

functionalisation with ethylenediamine indeed improved the removal efficiency of MIL-

101(Cr). The percentage (%) removal increased from 73% to 80% for MIL-101(Cr)/ED at 

Pd (II) solution conditions of 100 mg/L, pH 3.0 and 0.01-0.03 g MIL-101(Cr)/ED amount 
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for 24 hours. The optimum dosage was observed to be 0.03 g and used throughout the 

study. 

 

6.3.2.2. Adsorption isotherms 

In order to investigate the effect of initial concentration and temperature, adsorption 

experiments were conducted at three different temperatures which are 25, 35, and 45 oC 

while varying the initial concentration between 50-400 mg/L. The results obtained show 

that there is an increase in the adsorption of Pd(II) ions by the MIL-101(Cr)/ED with an 

increase in the concentration and temperature as depicted in Figure 4.9(a) [37][64]. The 

experimental data were fit to the Langmuir and Freundlich (nonlinear and linear) models 

in order to deduce the adsorbent-adsorbate interactions and maximum adsorption 

capacity (qm) as given in Figure 4.9(a-c). From Figures 4.9(a and b), the obtained data 

fitted more on the Langmuir model than the Freundlich model (Figure 4.9(a and c)), 

implying monolayer adsorption mechanisms. Moreover, the isothermal parameters were 

calculated and presented in Table 4.2, wherein the correlation coefficients R2 values 

determined from the non-linear and the linear Langmuir models are 0.7727 and 0.9089 

for 25 oC, whereas the ones obtained from the Freundlich model are 0.6271 and 0.6172, 

for non-linear and linear fittings, respectively. The Langmuir model was further supported 

by the separation factor (RL) which is used to determine whether the adsorption process 

is favourable or unfavourable and was calculated according to the literature [65]. As 

presented in Table 4.2, the calculated RL values are in the range of 0˂RL˂1  

demonstrating a favourable  Langmuir adsorption process [66] between Pd(II) ions and 

MIL-101(Cr)/ED. The post-functionalisation of MIL-101(Cr) with ED increased the qm from 

the value of 454.6 mg/g at 25 oC to the value of 570.6 mg/g at 45 oC. The obtained results 

showed the potential preference of MIL-101(Cr)/ED with higher qm for removal and 

recovery of Pd(II) ion from wastewater in comparison to those reported in the literature 

(see Table 4.3). Furthermore, the thermodynamic properties of the synthesised MIL-

101(Cr)/ED were determined according to Maponya et al. [64]. The ∆G0 change values 

obtained at 25, 35 and 45 oC were found to be -4.69, -5.33, and -5.30 kJ/mol, respectively. 

The negative values of ∆G0 suggest that Pd(II) ion adsorption occurs spontaneously at all 
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of the temperatures under investigation. The van Hoff plot (Figure 4.9(d)) was used to 

estimate the ∆H0 value from the slope and ∆S0 change value from the intercept. The ∆H0 

and ∆S0 change values were found to be 4.55 kJ/mol and 0.36 kJ/K/mol, respectively. 

The positive value of ∆H0 showed that adsorption of Pd(II) onto MIL-101(Cr)/ED was 

endothermic [64], whereas the positive value of ∆S0 shows that there is a high affinity 

between Pd(II) and MIL-101(Cr)/ED [67]. 

 

 

Figure 4.9: Adsorption isotherms of Pd(II) uptakes byMIL-101(Cr)/ED (a) Nonlinear fit of 

the Langmuir and Freundlich models for Pd(II), (b) Langmuir linear isotherm curve, (c) 

Freundlich linear curve and (d) Van’t Hoff plot. 
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Table 4.2: Langmuir and Freundlich isotherm parameters for Pd(II) adsorption by MIL-

101(Cr)/ED 

Isotherm model Temperature 
 25 °C 35 °C 45 °C 
Langmuir    
Linear    
qm 454.6 500.0 555.6 
KL 0.0329 0.0381 0.0766 
RL 0.108 0.0950 0.0496 
R2 0.9089 0.9286 0.9929 
Non-linear    
Best-fit values    
qm 454.2 506.5 570.2 
KL 0.0431 0.0470 0.0710 
Std. Error       
qm 65.44 58.95 30.36 
KL 0.0189 0.0162 0.0117 
95 % Confidence 

Intervals 

   
qm 294.1 to 614.3 362.3 to 650.8 495.9 to 644.5 
KL -0.003 to 0.089 0.007 to 0.087 0.0423 to 0.0996 
Goodness of Fit    
Degrees of 

Freedom 

6 6 6 
R² 0.7727 0.8610 0.9731 
Absolute Sum of 

Squares 

22910 16888 4296 
Sy.x 61.79 53.05 26.76 
Number of points       
Analysed 8 8 8 
Freundlich    
Linear    
KF 37.864 41.913 69.616 
n 2.010 1.936 2.127 
R2 0.6172 0.6946 0.9113 
Non-linear    
Best-fit values    
KF 82.69 85.95 109.6 
n 3.199 2.968 2.939 
Std. Error       
KF 38.62 33.92 26.11 
n 1.101 0.828 0.5326 
95 % Confidence 

Intervals 

   
KF -11.80 to 177.2 2.956 to 168.9 45.70 to 173.5 
n 0.505 to 5.892 0.942 to 4.994 1.636 to 4.242 
Goodness of Fit    
Degrees of 

Freedom 

6 6 6 
R² 0.6271 0.7235 0.876 
Absolute Sum of 

Squares 

37584 33602 19861 
Sy.x 79.15 74.84 57.53 
Number of points       
Analysed 8 8 8 
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Units: qm: mg/g, KL: L/mg, KF: mg/g. 

Table 4.3: Comparison of MIL-101(Cr)/ED adsorption capacity with other adsorbents 

used for Pd(II) ion uptake. 

Adsorbent qm (mg/g) Ph  

dosage 

(mg 

Volume 

(mL) 

References 

MOF-808 163.9 1 10 20 [68] 

MOF-802  25.8  1 10 20 [68] 

UiO-66 105.1 1 10 20 [68] 

pyromellitic acid 

modified-UiO-66-NH2 

226.1 2 10 15 [69] 

Et-N-Cu(BDC-NH2) 172.9 7 10 20 [70] 

MOR-2-QAS 123.2 7.5 10 20 [71] 

UiO-66-L1/L2 147.3  4 10 20 [72] 

AHPP-MOF 242.5 4 10 10 [73] 

UiO-66-Pyta 294.1 4.5 10 25 [74] 

UiO-66-NH2 197.0 4.5 10 25  [74] 

ED-magnetic chitosan 

nanoparticles  

138 2 20 100 [75] 

MOF-AFH 191.27 5 10 10 [76] 

Amine-Zeolites 0.99 2 10 10 [77] 

MIL-101(Cr)-NO2 119.5 1 10 20 [37] 

MIL-101(Cr)-NH2 277.6 1 10 20 [37] 

MIL-101(Cr)/ED 454.6 3 30 50 This work 

 

4.3.2.3. Kinetics experiments 

The effect of contact time on the adsorption of Pd(II) ions by MIL-101(Cr)/ED was 

investigated at initial concentrations of 100 mg/L, pH=3.0, 0.03 g, and a time ranging from 

0-120 minutes. As shown in Figure 4.10(a), an increase in the adsorptive removal of Pd(II) 



170 
 

ions by MIL-101(Cr)/ED with increasing time was observed. The equilibrium adsorption 

capacity value of 126 mg/g was reached within a short period of fewer than 10 minutes. 

This behaviour is attributed to the large affinity for [PdCl4]2- ions by the highly protonated 

amino groups on the surface of the MIL-101(Cr)/ED composite [78]. The obtained data 

was fit to the linearised and non-linearised forms of the pseudo first-order (PFO) and 

second-order (PSO) kinetic models in order to determine the rate of the adsorption. The 

nonlinear (PFO and PSO kinetic models) fit observed in Figure 4.10(a) showed that the 

data fits both models, however, the PSO model showed to have a higher adsorption 

capacity than that of the PFO model (Table 4.4). To further validate the observations, the 

obtained data was fit to the linear forms of the kinetic models as shown in Figures 4.10(b) 

and (c). The results depict that the data fitted very well for the PSO (Figure 4.10(b) than 

PFO (Figure 4.10(c)), as supported by the obtained R2 value of 0.9997 at 100 mg/L 

concentration and 25 oC. In addition, the qe values predicted by the model are in good 

agreement with the ones obtained experimentally as well as with nonlinear ones [79]. 

 

Table 4.4: Kinetics parameters of Pd(II) ion adsorption by MIL-101(Cr)/ED. 

Kinetic Models 

Concentration 

Pseudo-first-

order 

 
Pseudo-second-

order 

 

Linear  Linear  
qe (exp) 126.002 qe 133.333 
k1 0.00006 k2 0.0590 
R2 0.9995 R2 0.9997 
Non-linear 

 
Non-linear 

 

Best-fit values  Best-fit values  
qe 131.5 qe 134.3 
k1 0.9875 k2 0.02065 
Std. Error 

 
Std. Error 

 

qe 9.976 qe 12.25 
k1 0.8007 k2 0.03717 
95 % Confidence 

Intervals 

 
95 % Confidence 

Intervals 

 

qe 108.5 to 154.5 qe 106.1 to 162.6 
k1 -0.8589 to 

2.834 

k2 -0.06505 to 0.1064 
Goodness of Fit 

 
Goodness of Fit   

Degrees of 

Freedom 

8 Degrees of Freedom 8 
Absolute Sum of 

Squares 

6179 Absolute Sum of 

Squares 

6133 
Sy.x 27.79 Sy.x 27,69 
Number of points 

 
Number of points 

 

Analysed 10 Analysed 10 
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Units: qe: mg/g, k1: 1/min, k2: g/mgmin 

 

The adsorption kinetics data were further used to investigate the rate-limiting step of Pd(II) 

adsorption by the MIL-101(Cr)/ED, by fitting the data to the Weber and Morris intra-

particle model [69]. The plot obtained for the intra-particle diffusion model for the Pd(II) 

adsorption is presented in Figure 4.10(d). It shows that the curve has two different linear 

regions. The Weber and Morris model predict that the intra-particle diffusion becomes the 

rate-limiting step once a plot of qt as a function of t0.5 is linear and passes through the 

origin [80]. From the plot, it can be deduced that the intra-particle diffusion process was 

not a rate-limiting step, since the plot did not pass through the origin. From the curve, the 

slope represents the ki value, it was seen that the rate-limiting step is the second region 

which is known to be the equilibrium stage [69][80], as it has a smaller slope as compared 

to the first region. 
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Figure 4.10: (a) Nonlinear fit and experimental; (b) linear fit pseudo-second-order and first 

order; and (d) intra-particle diffusion model of Pd(II) uptakes by MIL-101(Cr)/ED. 

 

For studying the influence of diverse ions on the adsorptive removal of Pd(II) ions by MIL-

101(Cr)/ED composite, various cations (Pt(IV), Ni(II), Co(II), Ag(I), Ru(III)) and anions 

(SO4
2-, CO3

2-, Cl−, NO3
−, PO4

2-) were selected. The initial concentration of the competing 

ions (10 mg/L) was mixed with Pd (II) solution followed by adjusting the pH to 3.0 before 

contacting with 0.03 g of MIL-101(Cr)/ED for 24 hours. The obtained results as presented 

in Figure 4.11, revealed that there was no significant effect on the adsorption of Pd (II) by 

MIL-101(Cr)/ED as the removal percentage obtained was still above 85% for all the 

competing ions. This behaviour is due to the electrostatic repulsion of cationic species by 

the protonated amino groups in acid media between the pH 2.0-3.0 of HCl solution 

[15][60][81]. 

 

 

Figure 4.11: Effect of coexisting ions on Pd(II) adsorption by the MIL-101(Cr)/ED. 
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4.4. CONCLUSION 

PET waste plastic was successfully recycled into the organic linker which was used for 

the synthesis of MIL-101. The MIL-101 was grafted with ED in order to study its adsorption 

towards Pd(II) ions removal from simulated wastewater through batch adsorption studies.  

The prepared MIL-101(Cr)/ED showed a very high qm of 454.54 mg/g Pd(II) ions when 

conducting the experiments with initial concentrations ranging between 50-400 mg/L. 

Furthermore, the most outstanding behaviour of the MIL-101(Cr)/ED is the rapid kinetics 

which reached equilibrium within 10 minutes of interaction with Pd(II) ions in an acidic 

solution. Both the adsorption capacity and the reaction rate are very high in comparison 

to those reported in the literature. Based on the obtained results, it can be concluded that 

the successful preparation of MIL-101(Cr)/ED from PET waste bottle with an increased 

number of amine functional groups as a very low cost and super-adsorbent material for 

heavy metal ions removal was effectively achieved.  
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CHAPTER FIVE 

HIGHLY ADSORPTIVE REMOVAL OF PALLADIUM AND PLATINUM IONS FROM 

WASTEWATER USING NOVEL GLUTARALDEHYDE-GRAFTED METAL ORGANIC 

FRAMEWORK 

 

5.1. INTRODUCTION 

 

Palladium (Pd) and platinum (Pt) are the widely used luxurious members of the platinum 

group metals (PGMs) due to their exceptional behaviour in catalysis. Consequently, their 

consumption increases owing to the advancing global economy and technology [1]. In 

order to meet the intensifying demand, more research is driven toward the recovery and 

recycling of Pd and Pt from secondary sources such as spent adsorbent electronic 

scraps, and mining tailings [2]. These efforts are aimed at reducing resource wastage and 

adverse environmental impacts. Over the years, different technologies such as liquid-

liquid extraction [3], cloud point extraction [4], chemical precipitation [5], membrane 

separation [6], and adsorption [7] have been  successfully employed in recovery and 

separation of these PGMs from wastewater to some extent. However, most of these 

methods have some drawbacks including generation of secondary contamination, poor 

removal efficacy, expensive as well as operational complexity [8]. Amongst the explored 

techniques, adsorption technology has emerged as a better method employed in the 

removal of metal ion complexes owing to its simple operation, low secondary pollution, 

and low cost [9][10]. The method needs effective adsorbents such as resins [11], 

magnetic nanomaterials [12], activated carbon [13], polymer fibres [14], and metal-

organic framework (MOFs) materials [15]. 

MOFs are coordinated polymers made of organic linkers and metal ions connected by 

coordination bonding. Their unique and outstanding characteristics include easily 

tuneable structures, adjustable porosity, as well as large specific surface areas [16]. This 

encouraged their widespread development and applications, including hydrogen storage 

[17], gas sensing [18] and capturing [19], drug delivery [20] and electrochemical energy 

storage [21], wastewater treatment [22], and other fields. in case of Pd and Pt removal 
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and adsorption, MOFs including MIL-101, MOF-802, UiO-66 and MOF-808 have to some 

extent managed to resolve the current water pollution crisis. For instance, Lin et al. [23] 

studied the Pd adsorptive capabilities of MOF-802, UiO-66, and MOF-808 at ambient 

temperature. The authors reported that maximum adsorption capacity of MOF-808, UiO-

66 and MOF-802 for Pd2+ was 164 105 and 26 mg/g, respectively. In a different study, Lin 

and co-workers  [15] studied the binding ability of Pt4+ on the surface of UiO-66 in an 

acidic medium. After contacting 0.01 g of UiO-66 with 100 mg/L of Pt4+ solution at a pH 

of 1.0 for a day, they achieved the maximum adsorption capacity of 144 mg/g. Apart from 

these types of MOFs, MIL-101(Cr)-type MOFs possess some exceptional properties and 

are known to be chemically and thermally stable because of the strong Cr-O bonding 

between metal ions and organic ligands [24], [25]. MIL-101 consists of Cr nodes 

[Cr3(OH)(H2O)2O(-CO2)6] and 1,4-dicarboxylic acid-type (BDC-type) ligands. An 

exceptional advantage of using MIL-101 is use of an organic linker, BDC which is easily 

made using polyethylene terephthalate (PET) waste bottle [26]. The successful usage of 

PET to synthesise MOFs offers an economically favourable approach for waste 

management. However, it has been shown that the unmodified MOF material has certain 

limitations when used in adsorption, including unstable structure, poor selectivity and 

meagre impact [27].  

Therefore, the versatile groups are usually incorporated by post-synthetic 

functionalisation onto the organic ligand or metal cluster [28]. Luo et al. [29] post-modified 

MIL-101(Cr) with ethylenediamine (ED) for the adsorptive removal of toxic divalent Pb2+ 

from aqueous solutions. The amino functional groups increased the adsorption capacity 

from 15.7 to 87.64 mg/g. In case of recovering PGMs, Lim et al. [30] used amine-

functionalised MIL-101(Cr) which was post-synthesised from nitro-functionalised MIL-

101(Cr) on the organic linker and tested in Pd2+ and Pt4+ adsorption from acidic aqueous 

solutions. They observed MIL-101(Cr)-NH2 performs much better and possessed higher 

adsorption capacities for both Pd2+ and Pt4+ than MIL-101(Cr)-NO2. However, the 

observed capacity was still low for recovery of PGMs in real life application. The post-

synthetic functionalisation of MIL-101 with glutaraldehyde (GA) was reported by Ragheb 

et al. [31]. The GA has often been used as a crosslink or grafting agent due to its ease of 

fabrication and effectiveness. Chemical modification of MIL-101 with GA changes its 
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morphology and structure, which in turn affects the adsorption properties [27]. Therefore, 

the combination of ED and GA as low molecular weight molecules with a relatively small 

kinetic diameter containing terminal amino and carbonyl groups have the potential to 

interact with Pd2+ and Pt4+. Their interaction occurs between the aldehyde groups of GA 

and amine groups of ED on the MIL-101 surface. This results in the formation of an extra 

amide group to provide further active sites to interact with Pd and Pt metal ions. Hence 

herein, MIL-101(Cr) was synthesised from a PET waste bottle using the hydrothermal 

method. The introduction of ED on the Cr node was prepared by post-synthetic 

functionalisation of MIL-101(Cr) followed by further grafting with GA for additional 

functional groups. Then the obtained MIL-101(Cr)/ED-GA adsorbent was used for the first 

time to adsorb Pd2+ and Pt4+ ions from aqueous environment. The adsorption behaviour 

and capacity of MIL-101(Cr)/ED-GA was investigated under different factor conditions. 

Together, the adsorption isotherms and kinetics were studied, followed by the 

investigation of the potential re-usability of the adsorbent.  

 

5.2. MATERIALS AND METHODS 

5.2.1. Reagents and chemicals 

Chromium nitrate nanohydrate Cr(NO3)3.9H2O, Sigma-Aldrich, 99.5%), ethylene glycol 

(HOCH2CH2OH, Sigma-Aldrich, 99.8%), sodium hydroxide (NaOH, Sigma-Aldrich, 

99.8%), hydrochloric acid (HCl, Sigma-Aldrich, 99.8%), ethylenediamine (C2H8N2, Sigma-

Aldrich, 99.8%) and glutaraldehyde (C5H8O2, Sigma-Aldrich, 99.8%) were used as 

received. PET bottles were collected from the University of Limpopo dining Hall, 

Polokwane, South Africa. Upon removing caps, rings, and labels, the bottles were cut and 

shaped into smaller chips. 

 

5.2.2. Synthesis of MIL-101(Cr) 

The synthetic procedures were conducted in a 100 mL Teflon-lined hydrothermal reactor 

(Laboratory Supplies, South Africa) [26]. BDC was prepared from a PET waste bottle. 

Briefly, 3.00 g of PET flakes and 6.00 mL ethylene glycol (EG) were placed into the reactor 

together with 60.00 mL H2O. The reaction vessel was heated and kept at 210 oC for 8 
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hours. The resultant white particles were separated by centrifuge, prior to washing with 

ethanol, then followed by drying at 100 oC overnight in an oven. 

Chromium-based MIL-101 was synthesised based on the reported procedure [32]. 

Approximately, 4.00 g of Cr(NO3)3.9H2O salt and 1.66 g of H2BDC were suspended in 

deionised H2O. and subsequently stirred for 15 min prior to ultra-sonic mixing for 0.5 

hours. The reaction mixture was put into an auto cleavable reactor which and kept in an 

oven for 8 hours at 220 °C. The resulting product (MIL-101(Cr)) was filtered, washed and 

dried under 100 °C. 

The grafting with ED was done under refluxing by dispersing 0.50 g of the prepared MIL-

101(Cr) in anhydrous toluene (50.00 mL), then added ED (1.00 mL). After 12 hours, the 

obtained brown MIL-101(Cr)/ED precipitates were separated by vacuum filtration, 

followed by washing with ethanol and finally allowed to dry at 60 0C overnight. 

Preparation of the glutaraldehyde grafted MIL-101(Cr)/ED was performed by suspending 

0.50 g of MIL-101(Cr)/ED in 50.00 mL of glutaraldehyde solution. The reaction 

suspension was kept under stirring for 24 hours at 25 0C. Then, MIL-101(Cr)/ED-GA 

particulates were separated by vacuum filtration and dried at 60 oC for overnight. 

 

5.2.3. Characterisations 

Structural studies of MIL-101(Cr)/ED-GA with reference to MIL-101(Cr) were deduced 

from X-ray diffraction Phillips 1830 instrument of a wavelength (λ) peak positioned at 1.54 

angstrom. Functional groups elucidation and Fourier transform infrared (FT-IR) 

spectroscopic studies were explored from the Agilent Cary 600 Series, Spectrum II 

PerkinElmer. The Brunauer-Emmett-Teller (BET) isothermal curves were analysed using 

Micromeritics Tristar 300, where the samples were first degassed at 180 °C for 4 hours 

prior to nitrogen gas adsorption-desorption. Perkin-Elmer STA 6000 instrument was used 

to study the thermal properties of the samples under N2 gas ejected at 20 mL min-1. The 

surface morphology, elemental analysis, and mapping were probed by using FE-SEM 

(Auriga Cobra focused-ion beam scanning electron microscopy fitted with energy 

dispersive X-ray (EDS), operated at 200 keV. 
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5.2.4. Sorption experiments 

The pH studies were investigated from 1.00-6.00 for Pd2+ and Pt4+at 100 mg L-1 and 50.0 

mL volume using HCl and NaOH for adjustments. The effects of initial concentrations on 

Pd2+ and Pt4+ sorption by MIL-101(Cr)/ED-GA were explored from 50-400 mg/L at 25 °C. 

Kinetics experiments were assessed with an optimum adsorbent amount and pH, of 0.03 

g and pH of 3.0 for Pd2+; and 0.02 g and pH of 4.0 for Pt4+. The remaining concentrations 

of Pd2+ and Pt4+, before and after adsorption were determined from the ultraviolet-visible 

(UV-Vis) spectroscopy (Lambda 365 UV/Vis Spectrophotometer, (PerkinElmer, 

Johannesburg, South Africa)). The removal efficiency of the composites was deduced 

from Equation 5.1: 

%𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝐶𝑜−𝐶𝑒

𝐶𝑜
) 𝑋 100      (5.1) 

Co and Ce (mg/L) are the original and equilibrium concentrations of metal ions. The 

adsorption equilibrium adsorption capacity was estimated using the following Equation 

5.2: 

𝑞𝑒 =  (
𝐶𝑜−𝐶𝑒

𝑚
)  𝑉        (5.2) 

qe (mg/g) is the quantity of metal ion adsorbed per unit mass of MIL-101(Cr)/ED-GA at 

equilibrium. m (g) and V (L) denote the amount of MIL-101(Cr)/ED-GA, and the volume 

of metal ion solution. Regeneration and reusability of the MIL-101(Cr)/ED-GA adsorbent 

were investigated by stirring the prepared adsorbent in a solution containing 6 M HCl 

solution after the adsorption. This was followed by thorough washing with deionised water 

prior to the subsequent cycle. 

 

5.3. RESULTS AND DISCUSSION 

5.3.1. Structural Characterisations 

 

Figure 5.1(a) represent the FT-IR spectra for the MIL-101(Cr) and MIL-101(Cr)/ED-GA. 

The IR spectra demonstrated characteristic bands assigned to the benzene-carboxylates 

vibrations at 1510 and 1414 cm−1 for C=O and C-O bonding in the carboxylates [33]. The 

band at 1631 cm−1 is due to the C=C of the benzene ring and the observed peak at 674 

cm-1 is associated with Cr-O vibration [34]. With the addition of ethylenediamine-
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glutaraldehyde, the peak intensities of C=O at around 1510 cm-1 decreased. The 

characteristic bands attributed to the amine and amide group in MIL-101(Cr)/ED-GA were 

seen at 3221 cm−1 for N-H stretch, 2944 cm−1, and 1357 cm−1 for C-H and C-C stretching 

of the aliphatic CH2 group, 1554 cm-1 for N-H bend and 1052 cm-1 for C-N stretch of the 

amide group in ethylenediamine-glutaraldehyde [33][35][36]. In addition, a new peak 

appeared at 506 cm−1 which is assigned to the N-Cr vibrations indicating the successful 

preparation of MIL-101(Cr)/ED-GA.  
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Figure 5.1: (a) FTIR and (b) Diffractograms for MIL-101(Cr) and MIL-101(Cr)/ED-GA. 

 

Figure 5.1(b) shows the XRD patterns of the prepared MOF samples obtained in the 

range of 5-80 2θ degrees. The diffraction pattern for MIL-101(Cr) revealed characteristic 

peaks at 5.59o, 8.63o, 9.25o, 9.90o, 10.6o, 11.7o, 16.8o, 17.6o, 18.2o, and 19.2o which 

correspond with the reported studies [34][37][38]. In comparison to the MIL-101(Cr)/ED-

GA patterns, it was seen that post-synthetic functionalisation has some effect on the 
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symmetry of the crystal as the diffraction peaks broadened. However, the framework of 

the MIL-101(Cr) was not destroyed as the major characteristic peaks were still observed 

on the MIL-101(Cr)/ED-GA patterns. This was further supported by determining the 

amount of MIL-101(Cr) crystallinity in the MIL-101(Cr)/ED-GA using Vegard’s law [39]. 

The calculated value for the lattice period parameters (a=b=c) was 68.0 Å and gave 

75.1% crystallinity. The reduced crystallite size in MIL-101(Cr)/ED-GA was also 

calculated at 2θ degree 10 using the Debye-Scherrer formula [40] shown by Equation 5.3 

and found to be 6.1 nm. 

 D = 
0.9𝜆 

𝛽Cos𝜃
        (5.3)

 

The BET analyses of MIL-101 and MIL-101(Cr)/ED-GA are depicted by Figure 5.2(a)-(c). 

As illustrated in Figure 5.2(a,b), MIL-101(Cr) and MIL-101(Cr)/ED-GA possessed type I 

isotherm curves. which suggest the presence of microporous structure of the adsorbents. 

The steep slope is resulting from the slow adsorption of N2 by the smaller microporous 

cavities of  MIL-101(Cr) [41][42]. The initial steep slope is then followed by a narrow 

hysteresis loop in pressures between 0.25 < P/P0 <0.95), signifying mesopores with 

uniform pore size distribution. Oppositely, Figure 5.2(b) shows that N2 struggles to 

penetrate the pores of MIL-101(Cr)/ED-GA at lower P/P0 values. This can suggest that 

the material is dominated by very small pores and thus the diffusion is very slow. In both 

cases, however, an abrupt increase in the N2 amount is noted when P/P0 is higher than 

0.9. In addition, the surface area of MIL-101(Cr) (Figure 5.2(a)) was measured as 308.73 

m2 g-1 with a pore volume of 0.122 cm3 g-1. For MIL-101(Cr)/ED-GA, the values decreased 

to 3.476 cm2.g-1 and 0.026 cm3 g-1 with the introduction of ethylenediamine-

glutaraldehyde on to MIL-101(Cr) surface. This suggests that ethylenediamine-

glutaraldehyde took up the pores of the framework and hinder the diffusion and adsorption 

of N2 [33]. 
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Figure 5.2: BET measurement of (a) MIL-101 and (b) MIL-101(Cr)/ED-GA (inset: Pore 

diameter measurement). (c) Comparison BET isotherms and (d) TGA curves of MIL-

101(Cr) and MIL-101(Cr)/ED-GA. 

Thermogravimetric analysis of MIL-101(Cr) and MIL-101(Cr)/EDGA were done to 

investigate their thermal stability (Figure 5.2(d)). Two degradation steps were observed 

in both materials as depicted by the TGA plots in Figure 5.2(d). The results were 

supported by differential thermal analysis (DTA) curves seen in Figure 5.3(a)-(c) for MIL-

101(Cr) and MIL-101(Cr)/ED-GA. The TGA in Figure 5.2(d) and DTA (Figure 5.3(c)) 

comparison thermograms showed an enhancement in the thermal stability of MIL-

101(Cr)/ED-GA. The TGA and DTA were supported by DSC curves which displayed 

endothermic peaks at 100 oC for water loss and exothermic parks at 400 (MIL-101(Cr)) 

and 480 oC (MIL-101(Cr)/ED-GA) for degradation of the framework (Figure 5.3(d)). The 

curves exhibited an intense exothermic peak at 92 °C for crystallization transition with 

changes in enthalpy (∆H) of 2.46 and 2.82 kJ g-1 for MIL-101(Cr) and MIL-101(Cr)/ED-

GA, respectively. The endothermic peak in MIL-101(Cr)/ED-GA was detected at 272 oC 

with ∆H of 0.821 kJ g-1 for disintegration of ED and glutaraldehyde on the surface whereas 

MIL-101(Cr) had an endothermic peak at 382 °C with ∆H 0.782 kJ g-1 for degradation of 
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organic linker [44]. In addition, there were small exothermic peaks at around 500 °C with 

∆H 0.789 and 2.00 kJ g-1 for MIL-101(Cr) and MIL-101(Cr)/ED-GA, respectively.  

 

 

Figure 5.3: TGA/DTA curves of (a) MIL-101(Cr), and (b) MIL-101(Cr)/ED-GA. (c) DTA and 

(d) DSC of MIL-101 and MIL-101(Cr)/ED-GA. 

 

3.2. Morphological Characterisations 

The SEM image of the MIL-101(Cr) in Figure 5.4(a) possessed discrete octahedron 

shapes with clear edges and corners, consistent with previous reports [29]. Most crystals 

were made of uniform surface morphologies and some are split or lack angles. The 

octahedron shapes had a smooth surface with the majority of the particles having a size 

of 100-40 nm (Figure 5.4(b)). The EDS spectrum of the MIL-101(Cr) presented in Figure 

5.4(c) revealed that the sample is composed of C, O, and Cr (the Al element was from 

the SEM preparation procedure). The inset in Figure 5.4(c) showed the relative contents 

of C, O, and Cr in the MIL-101(Cr) which were determined to be about 77.6, 20.1, and 

1.4%, respectively. The SEM image of the MIL-101(Cr)/ED-GA in Figure 5.4(d) clearly 

demonstrated that its shape and morphology are similar to those of the MIL-101(Cr) with 
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some increment in large particle size (Figure 5.4(e)). Endorsing that the crystalline 

structure of MIL-101(Cr) remains unchanged after incorporating ED and GA as seen in 

the XRD above. Nonetheless, the structural porosity of MIL-101(Cr) decreased after the 

incorporation of GA due to the growth of the polymer chain with ED and GA. Figure 5.4(f) 

and Figure 5.5 show the EDS spectrum and representative images of the MIL-

101(Cr)/ED-GA with corresponding elemental mappings. The presence of C, O, Cr, and 

N elements was observed in the EDS spectrum in Figure 5.4(f). As presented in Figure 

5.5(a)-(h), the corresponding elemental mapping distributions also showed the existence 

of C, O, Cr, and N elements. From the EDS spectra and maps, it was seen that the 

elements are uniformly distributed over the MIL-101(Cr)/ED-GA, confirming the 

homogeneity of the samples. The increase in the amount of C and N elements was due 

to the presence of ED and GA chain, thus confirming the uniform incorporation of ED and 

GA chain into the porous MIL-101(Cr) framework. The obtained morphological and 

structural characterisations of the synthesised materials indicated the presence of 

reactive species in the MIL-101(Cr)/ED-GA. This clearly suggests that the adsorption of 

Pd2+ and Pt4+ ions on the MIL-101(Cr)/ED-GA will arise from the electrostatic interaction 

of these ions with the reactive species on the surface. Hence in this work, the removal of 

Pd2+ and Pt4+ ions from contaminated aqueous solutions using MIL-101(Cr)/ED-GA as a 

novel adsorbent was investigated. 
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Figure 5.4: (a) SEM image, (b) particle size distribution and (c) EDS spectrum ofMIL-

101(Cr) MIL-101(Cr)/ED-GA. (d) SEM image, (e) particle size distribution and (f) EDS 

spectrum of MIL-101(Cr)/ED-GA (Inset: elemental analysis in atomic percentage). 
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Figure 5.5: Elemental mapping of MIL-101(Cr)/ED-GA, (a) light, and (b) grey images, (c)-

(f) mapping image of carbon, nitrogen, oxygen, and chromium elements, respectively. (g) 

EDS spectrum and (h) tabulated atomic weight percentages of MIL-101(Cr)/ED-GA. 

 

5.3.3. Adsorption results 

5.3.3.1. Influence of pH and adsorbent dosage 

The original solution pH directly influences the intake of Pd2+ and Pt4+ ions by MIL-

101(Cr)/ED-GA. Depending on the pH value, the reactive groups can either be protonated 

or deprotonated to electrostatically interact with metal ions that are present in the solution 

[45]. Figure 5.6(a) depicts the influence of solution pH on the uptake of Pd2+ and Pt4+ ions 
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by MIL-101(Cr)/ED-GA. The results show that the removal percentage for both Pd2+ and 

Pt4+ increased with increasing pH from 1.0-4.0 and decreased beyond 4.0. The optimum 

pH value was obtained as 3.0 for Pd2+ and 4.0 for Pt4+. This behaviour is attributed to the 

higher degree of protonation occurring in acidic media on the N and O of the amide groups 

on the MIL-101(Cr)-ED-GA surface as shown in Equations 5.4 and 5.5 [11]: 

O=CH‒NH + H+ + Cl− → O=CH‒NH2
+ + Cl−     (5.4) 

HN‒CH=O + H+ + Cl− → HO‒CH=NH+ + Cl−     (5.5) 

Moreover, in lower pH values of HCl the dominating species of the PGMs are anionic 

chloro-complexes which can interact with the MIL-101(Cr)/ED-GA through electrostatic 

interaction with the protonated amide groups through the mechanisms shown in Equation 

5.6-5.9 [46]: 

2RNH2
+ Cl‒ + PtCl62‒ ↔ (RNH2

+)2PtCl62‒ + 2Cl‒    (5.6) 

2RNH+ Cl‒ + PtCl62‒ ↔ (RNH+)2PtCl62‒ + 2Cl‒    (5.7) 

2RNH2
+ Cl‒ + PdCl42‒ ↔ (RNH2

+)2PdCl42‒ + 2Cl‒   (5.8) 

2RNH+ Cl‒ + PdCl42‒ ↔ (RNH+)2PdCl42‒ + 2Cl‒    (5.9) 

In addition, the pH drift method was employed to assess the point of zero charge (PZC) 

which was used to further deduce the possible interaction of MIL-101(Cr)/ED-GA with 

Pd2+ and Pt4+ ions as presented in Figure 5.6(b). The attained values of PZC for Pd2+ and 

Pt4+ are 4.2 and 5.5, respectively. These results suggest that more adsorption is occurring 

below the PZC values as a result of electrostatic interaction between MIL-101(Cr)/ED-GA 

and metal ions. The results are in good correlation with the achieved optimum pH. 

Furthermore, the IR spectra of MIL-101(Cr)/ED-GA after the adsorption of Pd2+ and Pt4+ 

were obtained and compared with the spectrum before adsorption and the results are 

depicted in Figure 5.6(c). From the results, the interaction of Pd2+ with MIL-101(Cr)/ED-

GA was noted by the reduction in the intensity of the C-N vibration at 1052 cm-1 and the 

disappearance of the N-H peaks at 1554 cm-1. In the case of Pt4+, the adsorption was 

confirmed by the broadening of the 1554 cm-1 peak as well as the enhancement of the 
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peak at 1288 cm-1 which is due to the N-H vibration of the amide group. These results 

confirm the successful interaction of MIL-101(Cr)/ED-GA with Pd2+ and Pt4+ ions. 

The influence of the amount of MIL-101(Cr)/ED-GA on the removal of Pd2+ and Pt4+ ions 

was investigated by varying the amount of adsorbent dose from 0.01-0.0.07 g for Pd2+ 

and 0.005-0.05 g for Pt4+ (Figure 5.6(d)). The results for Pd2+ showed an increase in the 

removal percentage (%R) with an increase in the MIL-101(Cr)/ED-GA dose and the 

equilibrium was reached at 0.03 g. For Pt4+, an increase in the %R was observed from 

0.005-0.02 g of MIL-101(Cr)/ED-GA followed by a decrease as the dosage amount was 

increasing. The trends for Pt4+ removal by MIL-101(Cr)/ED-GA suggest that when more 

material is added there is a limited collision between adsorbate and adsorbent, hence in 

this work the optimum dose was taken as 0.02 g.  

 

 

Figure 5.6: (a) pH effect on the removal of Pd2+ and Pt4+ ions by MIL-101(Cr)/ED-GA (b) 

PZC of MIL-101(Cr)/ED-GA. (c) FTIR spectra of MIL-101(Cr)/ED-GA before and after 

Pd2+ and Pt4+ ions uptake. (d) MIL-101(Cr)/ED-GA dose effect on Pd2+ and Pt4+ 

adsorption. 
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5.3.3.2. Adsorption isotherms 

The equilibrium adsorption experiments for Pd2+ and Pt4+ ions removal by MIL-

101(Cr)/ED-GA are shown in Figure 5.7(a). The results revealed that the experimental 

adsorption capacity of MIL-101(Cr)/ED-GA is increasing with an increase in the initial 

concentrations from 50-400 mg/L for both Pd2+ and Pt4+ ions. To deduce the mode of 

adsorption, the obtained data were fit to the nonlinear Langmuir and Freundlich isotherm 

models given by the following Equations 5.10 and 5.11, respectively. 

𝑞𝑒

𝑞𝑚
=

𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
        (5.10) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

        (5.11) 

with qm (mg/g) representing the Langmuir maximum adsorption capacity. The Langmuir 

and Freundlich constants are denoted by KL (L mg-1) and KF (mg/g), respectively. The 

results obtained from the nonlinear fittings revealed that both Pd2+ and Pt4+adsorption 

data fitted well with the Langmuir isotherm model as the correlation coefficients R2 values 

were closer to one than those predicted by the Freundlich nonlinear fittings (See Table 

5.1). These observations were further supported by the linear fittings of the data to the 

two isotherm models which are given by Equations 5.12 and 5.13 and the results are 

shown in Figures 5.7(c) and (d). The R2 value predicted by the linear Langmuir model 

was 0.9821 for both Pd2+ and Pt4+ which was higher than 0.7913 and 0.8526 for Pd2+ and 

Pt4+, respectively, which were depicted by the Freundlich model. This behaviour suggests 

that the adsorption of Pd2+ and Pt4+ by MIL-101(Cr)/ED-GA is through a monolayer.  

𝐶𝑒

𝑞𝑒
=  

1

𝑞𝑚𝐾𝐿
+

𝐶𝑒

𝑞𝑚
       (5.12) 

ln 𝑞𝑒 = ln 𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒      (5.13) 

Furthermore, the maximum adsorption capacity (qm) of the functionalised MIL-

101(Cr)/ED-GA towards Pd2+ and Pt4+ ions were determined from the linear form of the 

Langmuir isotherm model and obtained as 322.6 mg/g for Pd2+ and 416.7 mg/g for Pt4+. 

These results show that MIL-101(Cr)/ED-GA has a higher affinity for PGMs as the values 

are higher than those reported in the literature as shown in Table 5.2. Additionally, the 

Langmuir isotherm model is associated with a dimensionless parameter called the 
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separation factor denoted by RL. This constant assists in deducing the favourability of the 

adsorption process and is determined by the below Equation 5.14. 

𝑅𝐿 =
1

1+𝐾𝐿 𝐶0
         (5.14) 

For the adsorption process to be favourable, the RL values should be greater than zero 

but less than one (0< RL >.1). The calculated values suggest that the adsorption of Pd2+ 

and Pt4+ on the surface of MIL-101(Cr)/ED-GA is favourable since RL = 0.0695 and 0.1546 

(see Table 5.1).  

 

 

Figure 5.7: (a) Equilibrium adsorption and nonlinear isotherm data for the removal of Pd2+ 

and Pt4+ ions by MIL-101(Cr)/ED-GA. (b) Langmuir isotherm linear curve (c) Linear curve 

of the Freundlich isotherm model. 
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Table 5.1: Isotherms data of MIL-101(Cr)/ED-GA after the adsorption of Pd2+ and Pt4+ 

metal ions. 

Isotherm models  

Pd2+ 

Pt4+ 

 Pd2+ Pt4+ 
Langmuir   
Linear   
qm 322.6 416.17 
KL 0.0670 

 

0.0273 

 

RL 0.0695 

 

0.1546 

 

R2 0.9821 0.9821 
Non-linear   
Best-fit values   
qm 308.3 

 

414.4 

 

KL 0.08948 

 

0.02875 

 

Std. Error     
qm 7.977 

 

22.97 

 

KL 0.01165 

 

0.005892 

 

95 % Confidence 

Intervals 

  
qm 288.8 to 327.8 358.2 to 470.6 
KL 0.06097 to 0.1180 0.01433 to 0.04316 
Goodness of Fit   
Degrees of 

Freedom 

6 6 
R² 0.9794 

 

0.9513 

 

Absolute Sum of 

Squares 

906,1 3144 

 

Sy.x 12.29 

 

22.89 

 

Number of points     
Analysed 8 8 
Freundlich   
Linear   
KF 37.864 41.913 
n 2.010 1.936 
R2 0.6172 0.6946 
Non-linear   
Best-fit values   
KF 85.29 

 

64.48 

 

n 4.09 

 

3.1 

 

Std. Error     
KF 15.41 

 

20.6 

 

n 0.6522 

 

0.6246 

 

95 % Confidence 

Intervals 

  
KF 47.58 to 123.0 14.08 to 114.9 
n 2.495 to 5.686 1.572 to 4.628 
Goodness of Fit   
Degrees of 

Freedom 

6 6 
R² 0.9052 

 

0.8539 

 

Absolute Sum of 

Squares 

4162 

 

9443 

 

Sy.x 26.34 

 

39.67 
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Table 5.2: A comparison of the adsorption capacity of Pd2+ and Pt4+ metal ions by MIL-

101 (Cr)/ED-GA with reported literature. 

 

5.3.3.3. Adsorption kinetics 

The influence of contact time on the adsorption of Pd2+ and Pt4+ metal ions by MIL-

101(Cr)/ED-GA was also assessed in order to get an insight into the adsorption process. 

The experiments were conducted at an initial concentration of 100 mg/L at 25 oC for both 

Pd2+ and Pt4+. From the results presented in Figure 5.8(a), there is an increase in the 

Number of points     
Analysed 8 8 

Adsorbent Pt4+ qm (mg/g) Pd2+ qm 

(mg/g) 

Experimental 

conditions 

Refs 

Calcined aluminum 

hydroxide gels 

23.9 23.4 pH 5.0, 0.02 g, 20 

mg/L 

[47] 

ED/Chitosan NPs 171 138 

 

pH 2.0, 0.05 g, 60 

mg/L 

 

[46] 

 bayberry tannin 

collagen fiber 

membrane 

41.7 27.5 pH 3.0 and 4.0, 0.1 

g, 50 mg/L 

[48] 

 

mGO@SiO2@PPy-

PTh 

50 45 pH 4.5, 0.019 g, 0.2 

mg/L 

[49] 

GLA-PEI@ algal 

biomass beads 

100 120 pH 2.5, 0.05 g, 50 

and 40 mg/L 

[45] 

L-lysine/Chitosan 129.26 109.47 pH 1.0 and 2.0, 0.1 

g, 100 mg/L 

[11] 

MIL-101(Cr)-NH2 140.7 277.6 pH 1.0, 0.01 g, 200 

mg/L 

[30] 

MIL-101(Cr)-NO2 104.5 119.5 pH 1.0, 0.01 g, 200 

mg/L 

[30] 

quaternary 

ammonium-Zr4+ 

metal-organic resin 

245.7 123.2 pH 7.5, 200 mg/L, 

0.01 g 

[50] 

 

Polystyrene 

nanofiber/EDA 

bead 

7.4  4.3 

 

pH 1.0, 10 mg/L, 

0.15 g 

 

[14] 

 
Glycine/chitosan 

resin 

122.47 120.39 pH 2.0, 0.33 g, 100 

mg/L 

[51] 

MIL-101 (Cr)-GA  416.17 322.6 

 

pH 3.0 and 4.0, 200 

mg/L, 0.02 g 

 

This 

work 
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adsorption capacity for both Pd2+ and Pt4+ ions with an increase in contact time. In 

addition, the MIL-101(Cr)/ED-GA demonstrated fast kinetics for the adsorption Pd2+ which 

reached equilibrium after 20 minutes as compared to the kinetics for Pt4+ which 

equilibrated after 60 minutes. The data obtained from kinetics experiments were then 

used to establish the rate of adsorption and other adsorption kinetics parameters, by 

fitting it to the nonlinear and linear forms of the pseudo-first-order (PFO) and the pseudo-

second-order (PSO) kinetic models determined using the following Equations: 

𝑑𝑞𝑡

𝑑𝑡
 = k1 (qe – qt)       (5.15) 

𝑑𝑞𝑡

𝑑𝑡
 = k2 (qe − qt)2        (5.16) 

ln (qe − qt) = ln qe − k1t      (5.17) 

𝑡

𝑞𝑡
 = 

1

𝑘2𝑞2𝑡
 + 

1

𝑞𝑒
 t       (5.18) 

where k1 (min-1) represents the PFO rate constant and k2 (g mg-1 min-1) denotes the PSO 

rate constant. 

The experimental observations were supported by PSO rate constant k2 values which 

were obtained as 2.603 x10-3 g mg-1 min-1 for Pd2+ and 3.46 x 10-4 g mg-1 min-1 for Pt4+ 

determined from the nonlinear fittings, respectively (see Table 5.3). The data was further 

fit to the linear pseudo 1st and 2nd order kinetic models (see Figures 5.8(b) and (c)). The 

results showed a better fit of data to the 2nd order for both Pd2+ and Pt4+ adsorption by 

MIL-101(Cr)/ED-GA with the R2 values of 0.9997 and 0.9918, respectively. This 

behaviour implies that the rate-limiting step is the chemisorption mechanism wherein, the 

removal of Pd2+ and Pt4+ ions from an aqueous solution is through physicochemical 

interaction with the surface of the MIL-101(Cr)/ED-GA [52][53]. The data was validated 

by fittings on the Weber and Morris intra-particle diffusion model given by Equation 5.19 

[7]. 

𝑞𝑡 = 𝑘𝑖 𝑡0.5 + 𝐶       (5.19) 

with ki (g mg-1(min-1)0.5) and C (mg g-1) denoting the rate constant measured and intercept 

associated with the thickness of the boundary layer, respectively. As depicted in Figure 
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5.8(d), the adsorption of both Pd2+ and Pt4+ ions by MIL-101(Cr)/ED-GA is controlled by 

two steps. Step one which is the intra-particle diffusion, it is the rate-limiting and is rapid 

for Pd2+ adsorption with ki = 28.36 g mg-1(min-1)0.5than for Pt4+ where ki = 19.04 g mg-

1(min-1)0.5. 

 

 

 

Figure 5.8: (a) Kinetics experimental data and nonlinear fittings. Linear fitting of Pd2+ and 

Pt4+
 data to the pseudo (b) 1st –order and (c) 2nd order. (d) Intra-particle diffusion model. 
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Table 5.3: Kinetics data on the adsorption of Pd2+ and Pt4+ ions by MIL-101 (Cr)/ED-GA. 

 

5.3.3.4. Selectivity and Reusability tests 

The selectivity of the adsorbent towards the targeted pollutant is a vital parameter in the 

adsorption process. For assessing the selectivity of the MIL-101(Cr)/ED-GA towards the 

uptake of Pd2+ and Pt4+ ions, the different molar ratios of Pd2+/Pt4+ (25-100 mg/L) solutions 

were prepared and contacted with 0.02 g of MIL-101(Cr)/ED-GA at a pH of 3.5 and a 

temperature of 25 oC for 24 h. From the acquired results represented by Figure 5.9(a), 

MIL-101(Cr)/ED-GA showed the highest affinity towards the adsorption of Pd2+ than Pt4+. 

The removal percentage of Pd2+ was still above 95 % after varying the concentration of 

Pt4+. Conversely, the removal percentage of Pd2+ ions demonstrated a significant 

decrease with an increase in the amount of Pd2+. These results suggest that MIL-

101(Cr)/ED-GA is more selective towards the adsorption of Pd2+ ions than Pt4+ and they 

are in good correlation with the kinetics data which revealed fast kinetic of Pd2+ ions. 

In addition to the ideal properties of the adsorbent material, another aspect to consider is 

the regeneration and the reusability of the adsorbent. The reusability of the MIL-

101(Cr)/ED-GA adsorbent was investigated for 5 consecutive cycles and regeneration 

Kinetic models 1st -order 2nd –order 
 Pt4+ Pd2+ Pt4+ Pd2+ 
Linear     
qe  182.5 

 

105.0 

 

181.8 

 

158.7 

 
k1 or  k2 0.0858 

 

0.1662 

 

0.001415 

 

0.006168 

 
R2 0.9216 0.9654 0.9918 0.9997 
Non-linear     
Best-fit values     
qe 165 

 

150.5 

 

191.5 

 

159.9 

 
k1 or  k2 0.05371 

 

0.2576 

 

0.000346 

 

0.002603 

 
Std. Error     
qe 2.795 

 

3.247 

 

4.437 

 

2.329 

 
k1 or  k2 0.003425 

 

0.03484 

 

0.00003838 0.000308 

 
95% Confidence 

Intervals 

    

qe 158.9 to 171.0 143.3 to 157.6 181.9 to 201.1 154.8 to 165.0 
k1 or  k2 0.04631 to 

0.06110 

0.1809 to 

0.3343 

2.6x10-4 to 

4.3x10-4 

1.9x10-3 to 

3.3x10-3 
Goodness of fit     
Degrees of 

Freedom 

13 11 13 11 
R2 0.9877 

 

0.9509 

 

0.989 

 

0.9847 

 
Absolute Sum of 

squares 

Squares 

528.1 

 

1018 

 

474 
 

316.1 

 
Sy.x 6.373 

 

9.619 

 

6.038 

 

5.361 

 
# of points analysed 15 13 15 13 
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was done using 6 M HCl. Figure 5.9(b) revealed that the removal percentage for Pd2+ and 

Pt4+ ions by MIL-101(Cr)/ED-GA decreased with an increase in the number of cycles. This 

may be attributed to the over-oxidation of the ED and glutaraldehyde chain leading to the 

disruption of the active sites [7]. However, the removal percentage was still above 70% 

from the 3rd to the 5th cycle on the adsorption of Pt4+. For the adsorption of Pd2+ ions, the 

removal reduced to less than 70% starting from the 4th cycle. In addition to these 

preliminary results, the desorption procedure can further be investigated and improved to 

validate the potential utilisation of the prepared MIL-101(Cr)/ED-GA material. 

 

 

Figure 5.9: (a) Selectivity test of MIL-101(Cr)/ED-GA towards Pd2+ and Pt4+
 adsorption. 

(b) Reusability of MIL-101(Cr)/ED-GA. 
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5.4. CONCLUSION 

In this work, the focus was on synthesising MIL-101(Cr)/ED-GA to efficiently remove 

precious metal Pd2+ and Pt4+ ions from an aqueous solution. The successful synthesis of 

MIL-101(Cr)/ED-GA was confirmed by the FTIR with the appearance of the amide bond 

vibrations at 1554 and 1052 cm-1 owing to the interaction of ED and GA end. The results 

showed that more Pd2+ and Pt4+ ions were removable in acidic media whereby they exist 

as anion complexes. The isotherm data revealed that MIL-101(Cr)/ED-GA has a higher 

capacity for Pt4+ than Pd2+ with values of 416.17 and 322.6 mg/L, respectively. However, 

MIL-101(Cr)/ED-GA displayed higher affinity for Pd2+ since its removal % was more than 

95%. Furthermore, the rate of Pd2+ adsorption by MIL-101(Cr)/ED-GA was more rapid 

and resulted in the high selectivity of the ions in the presence of Pt4+. MIL-101(Cr)/ED-

GA demonstrated great potential in terms of recovering both Pt4+ and Pd2+ from industrial 

wastewater and can serve as good support for Pd and Pt catalysts used for other 

applications such as hydrogen production. 
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CHAPTER SIX 

SELECTIVE ADSORPTION OF PALLADIUM IONS FROM WASTEWATER BY ION-

IMPRINTED MIL-101(Cr) DERIVED FROM WASTE POLYETHYLENE 

TEREPTHALATE: ISOTHERMS AND KINETICS 

 

6.1. INTRODUCTION  

Over the years, the recovery and removal of palladium ions from wastewater has become 

very vital due to the economic value and scarcity of this precious metal [1][2]. 

Furthermore, because palladium (Pd) and its compounds have no biological role, their 

release into the environment is considered toxic and carcinogenic [3][4]. The 

consequences of these compounds have led to the development of various methods to 

recover and remove Pd ions from wastewater. Adsorption technology has been identified 

as the promising technique for the uptake of Pd2+ ions from wastewater as compared to 

ion exchange, membrane separation, and chemical precipitation [5]. The process occurs 

when gaseous or liquid solutes (atoms, ions, or molecules) adhere to the surface of a 

solid or a liquid referred to as the adsorbent resulting in the formation of a molecular or 

atomic film called the adsorbate [6]. The advantages of this technique lie in its simplicity 

in design, low operational costs as well as high efficiency even at low pollutant 

concentrations. A number of studies have been undertaken to develop adsorbents that 

are highly efficient in removing the Pd ions from wastewater and cost-effective. 

Metal-organic frameworks (MOFs) is a subgroup of polymer materials that is made 

through the self-assembly of metal ions and organic molecule [7]. The resulting 3-D 

structured MOF nanomaterials possess interesting physical and chemical properties 

which have led to their wide application in numerous industrial processes such as 

catalysis, separation, gas adsorption, energy storage, and wastewater treatment [7][8]. 

These highly porous coordination polymers have inner pore sizes and pore surfaces that 

can be fine-tuned for a specific application. In addition, they are less dense with large 

internal surfaces, high thermal stability as well as abundant active function [9]. Owing to 

their flexible surface functionality and porous structure, MOFs can permit guest molecules 

for instance metal ions to diffuse through the bulk material leading to the selectivity of the 



217 
 

guest molecule that may be adsorbed [10]. This property is ideal for the intake of Pd2+ 

ions from wastewater. In contrast, MOF based-adsorbents are suffering from instability in 

water, limited selectivity, and poor regeneration of the adsorbent after the adsorption 

cycle. Hence, this led to the necessity for further functionalisation of MOFs either via pre-

synthesis or post-synthesis modification method. Preceding studies have displayed that 

modification of MOFs with various functional groups and other materials to form 

composites offers potential for the removal of heavy metals from wastewater.  

Ion-imprinting technology is an attractive technology that offers a great opportunity in 

terms of improving the selectivity of targeted heavy metal ions from wastewater [11]. This 

technique allows the synthesis of tailor-made adsorbent materials with specific binding 

sites (i.e the size, charge, shape, and coordination geometry) for the metal ion of interest, 

resulting in higher adsorption capacity and fast kinetics as compared to their non-

imprinted analogous [11]. Much research work from the literature mainly focuses on the 

use of a biopolymer named chitosan. For example, Lin et al. informed on the preparation 

of ion-imprinted chitosan fibre for the recovery of Pd2+ ions from wastewater. The 

interactions between the adsorbent and Pd2+ ions before and after uptake were 

established by analytical techniques. The Langmuir maximum adsorption capacity (qm) 

was obtained as 326.9 mg/g, and was higher than the non-imprinted polymer (NIP). In 

another study conducted by Monier and co-workers, the chitosan resin was ion-imprinted 

using 2-aminobenzaldehyde to form a Schiff’s base ligand for the recovery of Pd2+ ions. 

After modelling the equilibrium results, the Langmuir model gave the qm value of 275 

mg/g, whereas its NIP gave 114 mg/g [12]. Di Bello et al.[13] also synthesised Pd2+ ion-

imprinted chitosan-based membrane (Pd-IAzoCsM) using azo-derivative ligand for the 

efficient removal of Pd2+ ions through the copolymerization process in the presence of an 

excess cross-linker. After fitting their data to different isotherm models, they obtained a 

qm value of 101.6 mg/g for Pd-IAzoCsM and 80.0 mg/g for its NIP counterpart. Recently. 

Moa and co-workers prepared Pd2+ imprinted chitosan fibre (ICF) and investigated its 

selectivity and adsorption behaviour using column studies for the removal of Pd2+ ions. 

When compared to its analogous non-imprinted chitosan fibre, ICF exhibited higher 

selectivity adsorption for Pd2+ with the uptake of 112.4 mg/g and lower Pt4+ uptake of 11.9 

mg/g in acidic solution [2].  
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To the greatest of our understanding, there are no literature surveys on IPMIL-101(Cr) for 

the selective recovery and removal of Pd2+ ions from wastewater. Hence, we report on 

the novel synthesis of Pd2+ ion-imprinted MIL-101(Cr) (IPMIL-101(Cr)) modified with 

ethylenediamine (ED), cross-linked with glutaraldehyde (GA) and imprinted on the 

glycylglycine chain for selective separation and recovery of Pd2+ ions from wastewater. 

The improved uptake capacity and selectivity test were investigated and compared with 

the non-imprinted MIL-101(Cr) (NIMIL-101(Cr)) by studying through batch adsorption 

experiments. The possible interactions of Pd2+ ions with the functional groups from the 

imprinted MIL-101(Cr) that resulted in the higher uptake capacity and selectivity were 

deduced from Fourier transform infrared (FTIR), with further support from SEM-EDS. 

 

6.2. MATERIALS AND EXPERIMENTS 

6.2.1. Materials 

Chromium nitrate nanohydrate Cr(NO3)3.9H2O, Sigma-Aldrich, 99.5%), ethylene glycol 

(HOCH2CH2OH, Sigma-Aldrich, 99.8%), sodium hydroxide (NaOH, Sigma-Aldrich, 

99.8%), hydrochloric acid (HCl, Sigma-Aldrich, 99.8%), ethylenediamine (C2H8N2, Sigma-

Aldrich, 99.8%), glutaraldehyde (C5H8O2, Sigma-Aldrich, 99.8%), glycylglycine (Rochelle 

chemicals, South Africa) and palladium chloride (PdCl2, Rochelle chemicals, South 

Africa) were acquired and used without further purification. Waste PET water bottles were 

collected from the University of Limpopo dining Hall, 10 May 2022, Polokwane, South 

Africa. After the removal of the caps, rings, and labels, the cleaned bottle bodies were cut 

into small flakes with scissors. 

6.2.2. Preparation of IPMIL-101(Cr) polymer and the NIMIL-101(Cr) 

6.2.2.1. Synthesis and modification of MIL-101(Cr) 

The synthesis of MIL-101(Cr) first involved the recycling of the PET waste to obtain the 

terephthalic acid (H2BDC) which was used as the organic linker [14]. Following that, 1.66 

g of H2BDC was dispersed in deionised (DI) water together with Cr(NO3)3.9H2O (4.0 g). 

The reaction mixture was hydrothermally heated in a Teflon-lined autoclave reactor for 8 

hours at 220 °C. The obtained precipitates were centrifuged and dried at 80 °C overnight. 

Subsequently, 0.5 g of the product was dispersed in a toluene solution containing 1 mL 
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of ED and refluxed at 90 °C overnight. The product was filtered and washed with an 

adequate amount of DI and ethanol and dried at ambient conditions for 24 hours. 

Crosslinking was achieved by using glutaraldehyde, wherein 0.5 g of MIL-101(Cr)/ED was 

suspended in 50 mL of glutaraldehyde solution and stirred at room temperature overnight. 

Then the product was filtered and dried at 70 °C for 24 hours.  

6.2.2.2. IPMIL-101(Cr) polymer and NIMIL-101(Cr) 

The preparation of IPMIL-101(Cr) was done by suspending the 0.33 g of glycylglycine in 

50 mL of ethanol and then heated at 60 °C for 1 hour. This was followed by the addition 

of 10 mL of Pd ion template and the reaction mixture was kept under stirring for 2 hours 

at 60 °C. The reaction solution was further heated at 80 °C for evaporation until only 20 

mL was remaining. Then 0.5 g of the MIL-101(Cr)/ED was introduced into the solution 

followed by heating at 60 °C under magnetic stirring for 12 hours. The obtained product 

was filtered and washed with DI prior to drying at 80 °C. Subsequently, the metal template 

was removed by stirring the IPMIL-101(Cr) in 6M HCl solution for 24 hours. The obtained 

product was filtered and washed with an adequate amount of DI until no traces of Pd were 

detected and it was then dried at 80 °C. Similarly, the NIMIL-101(Cr) was prepared with 

the same procedure without the addition of the metal ion template. 

6.2.3. Characterisation 

X-ray diffraction (XRD) patterns for phase identification of the MIL-101(Cr), IPMIL-

101(Cr), and NIMIL-101(Cr) composites were conducted using a Bruker Advance powder 

diffractometer (Madison, USA; 40 mA, 40 keV, λCu-K=0.15406 nm. Morphological, 

elemental analysis and mapping were obtained from the field-emission scanning electron 

microscopy (FE-SEM) (Auriga Cobra focused-ion beam FIB-SEM, Carl Zeiss, Jena, 

Germany) coupled with EDS.  The Brunauer–Emmet–Teller (BET) surface area and pore 

volume measurements of the prepared MIL-101(Cr), IPMIL-101(Cr), and NIMIL-101(Cr) 

composites were deduced using a Tristar micromeritics instrument by using low-pressure 

nitrogen (77 K) adsorption/desorption technique. The presence of functional groups and 

composite formation was confirmed by Cary 600 series FTIR spectrometer (Spectrum II 

PerkinElmer). The thermal properties of MIL-101(Cr), IPMIL-101(Cr), and NIMIL-101(Cr) 
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were obtained from a PerkinElmer STA 6000 instrument connected to a PolyScience 

digital temperature controller under N2 gas purged at a flow rate of 20 mL.min-1. 

6.2.4. Adsorption of Pd2+ from aqueous solution 

The investigations on the adsorption of Pd2+ by IPMIL-101(Cr) and NIMIL-101(Cr) 

materials were conducted in batch mode. To examine the influence of pH, 100 mg/L of 

Pd2+ (50 mL) was adjusted using different concentrations of HCl and NaOH to obtain pH 

values between 1.0-6.0. The effect of IPMIL-101(Cr) and NIMIL-101(Cr) dosage 

experiments were conducted by varying the amount from 0.01-0.07 g. Studies on the 

effects of initial concentrations on the removal of Pd2+ by IPMIL-101(Cr) and NIMIL-

101(Cr) were done from 50-400 mg/L with a constant dose of 30 mg for both Pd-IMIL-

101(Cr) and NIMIL-101(Cr) materials. The effect of contact time was assessed by varying 

the time between 0-90 minutes at selected time intervals. All the experiments were 

conducted using a 100 mL plastic bottle which was placed in a temperature-controlled 

water bath shaker set at 25 °C and 160 rpm. After the systems have reached equilibrium, 

the IPMIL-101(Cr) and NIMIL-101(Cr) adsorbents were separated from the mother liquor 

using syringe filters (0.45 µm). The supernatants were analysed using ultraviolet-visible 

(UV-Vis) spectroscopy (Lambda 365 UV/Vis Spectrophotometer, PerkinElmer, 

Johannesburg, South Africa) to quantify the remaining Pd2+ ions in the solution. The 

removal efficiencies of the IPMIL-101(Cr) and NIMIL-101(Cr) adsorbents were calculated 

in percentages from Equation 6.1: 

%𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝐶𝑜−𝐶𝑒

𝐶𝑜
) 𝑋 100        (6.1) 

with Co and Ce representing the initial and equilibrium concentrations of Pd2+ in mg/L. The 

adsorption capacity of the IPMIL-101(Cr) and NIMIL-101(Cr) after reaching equilibrium 

was determined from the below Equation 6.2: 

𝑞𝑒 =  (
𝐶𝑜−𝐶𝑒

𝑚
)  𝑉          (6.2) 

where qe is the amount of Pd2+ adsorbed at equilibrium per unit mass of adsorbent (mg/g), 

m (g) is the mass of the adsorbent, and V (L) is the volume of the metal ion solution. The 

influence of co-existing ions on the adsorption of Pd2+ by IPMIL-101(Cr) and NIMIL-
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101(Cr) was investigated using selected cations including Pt4+, Co2+, Ni2+, Ag+ and anions 

of PO4
3‒, SO4

2‒, NO3
‒, CO3

‒ and Cl‒ with the molar ratio of 1:1 on 50 mg/L of Pd2+. The 

experiments on the reusability of the IPMIL-101(Cr) and NIMIL-101(Cr) adsorbents were 

conducted by regenerating the prepared adsorbent by stirring in a solution containing 

0.01M of thiourea and 1M HCl for 24 hours. This was followed by thorough washing with 

DI and drying at 60 °C prior to the subsequent cycle. 

 

6.3. RESULTS AND DISCUSSION 

6.3.1. Physical Characterisation 

The structural chemical properties of the manufactured IPMIL-101(Cr), and NIMIL-

101(Cr) with reference to MIL-101(Cr) were identified using FTIR. Figure 6.1 represents 

the spectrum for the MIL-101(Cr), which correlates well with that reported in the literature 

by showing the presence of C=O and C-O at 1510 and 1414 cm−1 attributing to the 

bonding in the carboxylates [15]. In addition, the C=C bonding of benzene ring and Cr-O 

vibration were observed at 1631 and 674 cm-1. These observations suggest the 

successful preparation of MIL-101(Cr). After surface post-modifications, the spectra of 

the IPMIL-101(Cr) and NIMIL-101(Cr) revealed new peak at 1553 cm−1 which is due to 

the N-H stretching of the aliphatic groups. Another new peak which is due to the Cr-N 

vibration was observed at 506 cm−1. The NIMIL-101(Cr) spectrum showed an addition of 

new peaks at 1370 and 1052 cm−1 attributed to the C-N and C-N-C vibrations of the amide 

bond, whereas the IPMIL-101(Cr) revealed the vibration due to the C=N at 1677 cm−1. 

Furthermore, the spectrum of Pd-loaded IPMIL-101(Cr) was obtained and compared with 

the IPMIL-101(Cr) and Pd-IPMIL-101(Cr). The results revealed that all the characteristic 

peaks were similar to those observed on the NIPMIL-101(Cr). The observations indicate 

that the removal of the template converted the vibration of C-N-C of amide bond to the 

vibration of C=N. 
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Figure 6.1: FTIR spectra of MIL-101(Cr), Pd-IPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-

101(Cr). 

 

The XRD patterns of the prepared MIL-101(Cr), IPMIL-101(Cr), and NIMIL-101(Cr) are 

presented in Figure 6.2. The diffraction pattern for Pd-IPMIL-101(Cr) was also included 

in order to compare with the IPMIL-101(Cr) by investigating the effect of removing the 

template metal from sample structure. All the prepared materials revealed similar peaks 

between 5.68-12.11o and 16.10-18.23 o which correspond to the characteristics diffraction 

peaks of MIL-101(Cr) [16][17][18]. However, the peaks showed some broadening when 

compared to those in MIL-101(Cr) confirming the successful synthesis of the Pd-IPMIL-

101(Cr), IPMIL-101(Cr), and NIMIL-101(Cr). Furthermore, the lattice parameters and the 

crystallinity of the prepared samples were calculated and the results are shown in Table 

6.1. The obtained values showed a decrease in the crystallinity of MIL-101(Cr) from 

96.6% to 70.6 and 73.0% upon formation of the PdIPMIL-101(Cr) and NIMIL-101(Cr). In 

addition, the IPMIL-101(Cr) showed an increase in crystallinity of 1.4% suggesting that 

the Pd template has been successfully removed. The crystallite size as determined from 

the Debye-Scherrer [19] equation revealed that the ordering of the MIL-101(Cr) structure 

was reduced significantly due to the functionalisation with the amorphous nature of the 

chelating ligands. However, this change has no adverse effect on the framework of the 

MIL-101(Cr) as the d-spacing of the prepared Pd-IPMIL-101(Cr), IPMIL-101(Cr) and 

NIMIL-101(Cr) showed no significant decrease proving that the characteristic planes are 

still intact within the prepared materials. 
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Figure 6.2: XRD patterns of MIL-101(Cr), Pd-IPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-

101(Cr). 

 

Table 6.1: XRD data of the MIL-101(Cr), Pd-IPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-

101(Cr). 

Sample 
Lattice parameters 

a=b=c (Å) 

Crystallinity 

(%) 

D 

(nm) 

d-spacing 

(Å) 

MIL-101(Cr) 86.1 96.9 796.72 16.6 

Pd-IPMIL-101(Cr) 62.8 70.6 11.38 12.1 

IPMIL-101(Cr) 64.0 72.0 8.13 12.3 

NIMIL-101(Cr) 64.9 73.0 5.94 12.5 

 

The BET curves of the MIL-101(Cr), Pd-IPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-

101(Cr) were obtained in order to study the porosity of the prepared materials. As 

depicted in Figure 6.3(a-d), the N2 adsorption-desorption isotherms for the MIL-101(Cr), 

Pd-IPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-101(Cr) demonstrated a type-IV shape, 

which indicates the existence of mesoporous structures [20]. The MIL-101(Cr) showed to 

have a specific BET surface area of 308.73 m2.g-1 and pore volume of 0.1222 cm3.g-1. 

Whereas the ion imprinted technology indicates a drop in surface area and pore volume. 
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The IPMIL-101(Cr) showed an increase in specific BET surface area and pore volume of 

8.7158 m2.g-1 and 0.026266 cm3.g-1, in comparison to its NIMIL-101(Cr) and Pd-IPMIL-

101(Cr) counterparts (see Figure 6.3(d) and Table 6.2). There was an increase in pore 

size indicating successful ion imprinted and the Pd recognition sites were generated by 

the removal of the metal template.  

 

Figure 6.3: BET/Pore volume measurement of a) Pd-IPMIL-101(Cr), (b) IPMIL-101(Cr), 

and (c) NIMIL-101(Cr). BET comparison curves of Pd-IPMIL-101(Cr), IPMIL-101(Cr), and 

NIMIL-101(Cr). 

 

Table 6.2: BET and pore volumes for PdIPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-

101(Cr). 

Material SBET  (m².g-1) Pore volume (cm3.g-

1) (cm³/g) 

Pore size (Å) 

MIL-101(Cr) 308.73 0.1222 35.693 

Pd-IPMIL-101(Cr) 6.1702 0.019086 327.878 

IPMIL-101(Cr) 8.7158 0.026266 155.079 
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Figure 6.4(a‒c) presents the thermal analysis of the Pd-IPMIL-101(Cr), IPMIL-101(Cr), 

and NIMIL-101(Cr) material, with a further comparison of their thermal behaviour as 

shown by Figure 6.4(d‒f). The results demonstrated similar degradation behaviour on all 

the synthesised materials. The initial degradation step at approximately 100 °C is 

attributed to the weight loss due to water and other solvent moistures that were trapped 

within the mesoporous structures of the MIL-101(Cr), Pd-IPMIL-101(Cr), IPMIL-101(Cr), 

and NIMIL-101(Cr). With an increasing temperature, a second degradation step was 

observed between 120-480 °C and is the weight loss that resulted from the degradation 

of the polymer chain length [21], of the prepared materials as well as the framework of 

MIL-101(Cr) (Figure 6.4(d-f)). The DSC provided more information wherein an 

endothermic peak was observed at 100 °C for the loss of moisture with changes in 

enthalpy (∆H) of 1.99, 3.61, 1.75 and 1.64 kJ g-1 for MIL-101(Cr), Pd-IPMIL-101(Cr), 

IPMIL-101(Cr), and NIMIL-101(Cr) material. Furthermore, the Pd-IPMIL-101(Cr), IPMIL-

101(Cr), and NIMIL-101(Cr) revealed endothermic peaks at 480, 520, and 570 °C. These 

peaks correspond to the decomposition of the chelating polymer chain and the collapse 

of the MIL-101(Cr) structure. These results confirm that the prepared materials have 

similar structures with an improvement of the thermal stability. In addition, the Pd-IPMIL-

101(Cr), IPMIL-101(Cr), and NIMIL-101(Cr) material were further characterized with SEM 

for morphological analysis. 

 

 

 

NIMIL-101(Cr) 1.1344 0.012009 624.852 
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Figure 6.4: TGA/DTA curves of (a) Pd-IPMIL-101(Cr), (b) IPMIL-101(Cr) and (c) NIMIL-

101(Cr). (d)TGA, (e) DTA, and (f) DSC of Pd-IPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-

101(Cr). 

 

6.3.2. Morphological Analyses 

Figure 6.5 presents the morphology, particle size distribution, and EDS data for the Pd-

IPMIL-101(Cr), IPMIL-101(Cr), and NIMIL-101(Cr). The SEM image of Pd-IPMIL-101(Cr) 

in Figure 6.5(a), showed the presence of octahedral structures with rougher surfaces with 

more particles of 120-200 nm. In addition, the EDS data deduced the composition of the 

sample showing the presence of C, O, Cr, and Cl as well as the presence of Pd having 

only 0.1 atomic weight percent (At%) (the Al element was from the SEM preparation 
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procedure) (see Figures 6.5(a-c)). Upon the removal of the template Pd metal ion, the 

structure of the IPMIL-101(Cr) in Figure 6.5(b-f), possessed a mixture of highly 

agglomerated octahedral and rod-like structures having rough surfaces with the majority 

of the particles being within the 100-120 nm scale. Moreover, the EDS results confirmed 

the absence of the Pd template by showing no detection indicating that the template was 

successfully removed (see Figures 6.5(f)). The NIMIL-101(Cr) indicated similar 

morphology and particle size distribution as that of the Pd-IPMIL-101(Cr). However, the 

EDS results showed that 0.6 At.% of N was present which is attributed to the bonding 

nature of the chelating ligand in the NIMIL-101(Cr). 

To further validate and support the results obtained from the EDS, the elemental 

composition mapping of the Pd-IPMIL-101(Cr) represented in Figure 6.6 was compared 

with the composition mapping of IPMIL-101(Cr) shown in Figure 6.7. The composition 

mapping images of Pd-IPMIL-101(Cr) show a high density of the C, O, Cr, and Pd which 

are evenly distributed on the surface of the material. Furthermore, the amount of N was 

also detected however it appears to be less dense and poorly distributed. This is due to 

the interaction of the Pd metal ions with the N atoms during chelation. In contrast, Figure 

6.7(c) of the IPMIL-101(Cr) shows a highly dense and even distribution of the N after the 

removal of the template metal ion. These results confirm that Pd ions were successfully 

printed on the surface of the IPMIL-101(Cr). 
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Figure 6.5: SEM image of (a) Pd-IPMIL-101(Cr), (d) IPMIL-101(Cr) and (g) NIMIL-

101(Cr). Particles distribution of (b) Pd-IPMIL-101(Cr), (e) IPMIL-101(Cr) and (h) NIMIL-

101(Cr). EDS spectra of (c) Pd-IPMIL-101(Cr), (f) IPMIL-101(Cr) and (f) NIMIL-101(Cr) 

(Inset: elemental analysis in atomic percentage). 

 



229 
 

 

Figure 6.6: Elemental mapping of Pd-IPMIL-101(Cr), (a) light and (c) grey images, (b) 

EDS spectrum, and (d-h) mapping image of carbon, nitrogen, oxygen, chromium, and 

palladium elements. 
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Figure 6.7: Elemental mapping of IPMIL-101(Cr), (a) EDS spectrum, (b-e) mapping image 

of carbon, nitrogen, oxygen, and chromium elements.  

6.3.3. Batch Adsorption experiments 

6.3.3.1. pH and dose effect 

Figure 6.8(a) represents the investigation of the effect of pH on the removal of Pd2+ ions 

by IPMIL-101(Cr) and NIMIL-101(Cr). The results demonstrated an increase in Pd2+ 

removal percentage (%R) with an increase in pH from 1.0-2.0, followed by a decline from 

3.0-6.0. At a pH of 2.0, the IPMIL-101(Cr) showed the highest %R of 95.1% whereas the 

NIMIL-101(Cr) gave 84.4%. In general, the prevailing species of the Pd2+ ions in acidic 

media are the [PdCl3]ˉ and [PdCl4]2ˉ  anions. The increase in pH from 1.0-2.0 causes a 

high degree of protonation on the nitrogen groups of the amide bond resulting in 

electrostatic interaction between Pd-chloro complex anions with positively charged 

surfaces of the as-synthesised adsorbents. At elevated pH, the protonation on the 

surfaces of the IPMIL-101(Cr) and NIMIL-101(Cr) is reduced and electrostatic repulsion 

between the anions occurs. However, the generated Pd2+ recognition sites on the IPMIL-

101(Cr) surface provided the advantage of removing the metal ions even at increased 

pH. Hence, the IPMIL-101(Cr) adsorbent was still able to adsorb more than 80% of the 

Pd2+ ions. The point-of-zero charge (PZC) was obtained from the pH drift method in order 
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to determine the surface charge of the prepared IPMIL-101(Cr) and NIMIL-101(Cr) (See 

Figure 6.8(b)). The results revealed that the IPMIL-101(Cr) has a PZC at 2.0 and NIMIL-

101(Cr) is 3.2. Below these values, the surfaces of the prepared adsorbents are positively 

charged, and hence an increasing %R removal was observed which is in good correlation 

with the pH. Furthermore, the FTIR spectra of the IPMIL-101(Cr) (Figure 6.8(c)) and 

NIMIL-101(Cr) (Figure 6.8(d)) were obtained after Pd2+ adsorption and compared with the 

one before adsorption. From both spectra, new peaks attributing to the N-H vibration, 

C=N stretching, and O-H band were observed at 1288, 1643, and 3500 cm‒1. These 

results confirm the N and O protonation of the amide group which is responsible for the 

electrostatic interaction with Pd2+ ions. Furthermore, the NIMIL-101(Cr) spectrum showed 

the disappearance of the C-N-C peak at 1052 cm‒1 after Pd2+ adsorption. The effect of 

IPMIL-101(Cr) and NIMIL-101(Cr) dosage was investigated by varying the amount from 

0.01-0.07g. As presented in Figure 6.9(a), the uptake of Pd2+ ions increased with an 

increasing adsorbent dosage and reached the optimum removal at a dosage of 0.04 g for 

both the IPMIL-101(Cr) and NIMIL-101(Cr). In addition, the IPMIL-101(Cr) showed better 

efficiency as the %R reached more than 86% in comparison to the NIMIL-101(Cr) which 

gave 80%. Figure 9(b) shows the adsorption capacity. There was a decrease in 

adsorption capacity with an increasing dose up to 0.04 g. The adsorption capacity showed 

to be high for IPMIL-101(Cr) and dropping for NIMIL-101(Cr) after 0.0 4 g of dosage. 
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Figure 6.8: (a) Effect of initial solution pH on the removal of Pd2+ ions. (b) The point-of-

zero charge for IPMIL-101(Cr) and NIMIL-101(Cr) adsorbents. FTIR spectra for (c) IPMIL-

101(Cr) and (d) NIMIL-101(Cr) before and after adsorption. 
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Figure 6.9: Comparison of the (a) Effect of IPMIL-101(Cr) and NIMIL-101(Cr) amount; 

and the (b) adsorption capacity. 

 

6.3.3.2. Adsorption isotherms 

The effects of Pd2+ ions concentration on the adsorption behaviour of IPMIL-101(Cr) and 

NIMIL-101(Cr) were used to obtain the adsorption isotherms as depicted in Figure 10(a). 

The results showed that the adsorption capacity of both the IPMIL-101(Cr) and NIMIL-

101(Cr) increased with an increase in the initial concentration of Pd2+ ions solution. The 

data was fit to the non‒linear Langmuir and Freundlich isotherm models in order to 

determine the mode of adsorption as described by the following Equations 6.3 and 6.4.  

𝑞𝑒

𝑞𝑚
=

𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
        (6.3) 
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𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

        (6.4) 

A better fit to the Langmuir isotherm was observed with the correlation coefficient (R2) 

values of 0.9999 and 09998 for both the IPMIL-101(Cr) and NIMIL-101(Cr) in comparison 

to the Freundlich model which gave a 0.8677 and 0.94222. In addition, the linear isotherm 

models which are given by Equations 6.5 and 6.6 were also in good correlation with the 

non-linear isotherm model as shown in Figure 10(b and c) and Table 6.3. The linear 

Langmuir isotherm was used to calculate the maximum adsorption capacity (qm) of the 

IPMIL-101(Cr) and NIMIL-101(Cr), which were obtained as 185.2 and 175.4 mg.g-1. 

These observations confirm the improved efficiency of the IPMIL-101(Cr) toward Pd2+ 

ions removal.  

𝐶𝑒

𝑞𝑒
=  

1

𝑞𝑚𝐾𝐿
+

𝐶𝑒

𝑞𝑚
       (6.5) 

ln 𝑞𝑒 = ln 𝐾𝐹 +
1

𝑛
𝑙𝑛𝐶𝑒      (6.6) 

In addition, the qm values of the IPMIL-101(Cr) and NIML-101(Cr) towards Pd2+ ions from 

the nonlinear form of the Langmuir isotherm model were 193.2 mg/g and 177.7 mg/g. 

These results show that IPMIL-101(Cr) has a higher affinity for Pd2+ uptake as the value 

is higher than NIMIL-101(Cr) and those reported in the literature as shown in Table 6.4. 

The dimensionless separation factor RL, which is another significant parameter relating 

to the Langmuir isotherm model was determined using Equation 6.7 [22]. 

𝑅𝐿 =
1

1+𝐾𝐿𝐶𝑜
       (6.7) 

The parameter is suggesting the favourability of the adsorption process if the values are 

between 0<RL<. As shown in Table 6.3, the calculated RL values for both the IPMIL-

101(Cr) and NIMIL-101(Cr) suggest that the adsorption of Pd2+ ions is favourable. 
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Figure 6.10: (a) Effect of concentration on the adsorption of Pd2+ ions by IPMIL-101(Cr) 

and NIMIL-101(Cr). Linear plots of the (b) Langmuir and (c) Freundlich isotherm models. 

 

Table 6.3: Adsorption isotherm parameters for IPMIL-101(Cr) and NIMIL-101(Cr). 

Isotherm models Langmuir  Freundlich 
 IPMIL-101(Cr) NIMIL-101(Cr) IPMIL-101(Cr) NIMIL-101(Cr) 
Linear     
qm or KF 185.2 

 

175.4 

 

42.9 

 

34.7 

 
KL or  N 0.09872 

 

0.055992 3.566334 3.321156 
RL 0.04821 

 

0.08198 

 

‒ ‒ 
R2 0.9964 0.9884 0.7585 0.6434 
Non-linear     
Best-fit values     
qm or KF 193.2 

 

177.7 

  

62.69 

  

51.07 

  
KL or  N 0.08264 

 

0.05848 

  

4.894 

  

4.536 

  
Std. Error     
qm or KF 7.31 

  

12.11 

  

16.52 

  

16.72 

  
KL or N 0.01609 

  

0.0191 

  

1.333 

 

1.393 

  
95% Confidence 

Intervals 
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Table 6.4: Comparison of the uptake capacity of IPMIL-101(Cr) with other reported ion-

imprinted polymer materials used in the adsorption of Pd2+ ion. 

Adsorbent qm 

(mg/g) 

pH dosage 

(g) 

Concentration 

(mg/L) 

Refs 

Polymer-2-

hydroxyethyl 

methacrylate 

42.2 4 20 50 [11] 

Pd-IAzoCsM 93.48 4 0.003 100 [13] 

Pd-IIP-AHTB 60 3 0.05 200 [23] 

IPET-CA beads 82.85 3 0.025 0.5 [5]  

Pd (II)-imprinted 

membrane 

2.2447 ‒ ‒ 20 [3] 

Pd-ABN-VP complex 39.8 0.5 0.1 50 [1] 

Fe3O4@SiO2‒Pd(II)-

MIIP 

67.75  4 0.05 100 [24] 

Pd(II)‒IP chitosan 

fiber 

87.2 1 0.01 200 [2] 

NIMIL-101(Cr) 177.7 2 0.04 100 This work 

IPMIL-101(Cr) 193.2 2 0.03 100 This work 

 

qm or KF 175.3 to 211.0 148.1 to 207.4 22.27 to 103.1 10.16 to 91.98 
KL or N 0.04327 to 

0.1220 

0.01174 to 

0.1052 

1.631 to 8.157 1.128 to 7.943 
Goodness of fit     
Degrees of Freedom 6  6 6 6 
R2 0.9455 

  

0.8437 

  

0.7538 

  

0.6992  
Absolute Sum of 

squares 

Squares 

794.7 

  

1842 

  

3590 

 

3545 

  
Sy.x 11.51 

  

17.52 

  

24.46 

  

24.31 

  
# of points analysed 8 8 8 8 
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6.3.3.3. Kinetics data 

Adsorption kinetics provide insight into the reaction pathways that can assist in 

understanding the possible mechanistic route. Figure 6.11(a) shows the influence of 

contact time on the uptake of Pd2+ ions by IPMIL-101(Cr) and NIMIL-101(Cr). The graph 

revealed that the adsorption capacity increased with an increase in contact time and it is 

much higher for the IPMIL-101(Cr) than its non-imprinted counterpart. The experimental 

data on the removal of Pd2+ was studied using the non-linear PFO and the PSOkinetics 

models which are given by Equations 6.8 and 6.9:  

𝑑𝑞𝑡

𝑑𝑡
 = k1 (qe – qt)       (6.8) 

𝑑𝑞𝑡

𝑑𝑡
 = k2 (qe − qt)2        (6.9) 

with qe and qt representing the Pd2+ capacity at equilibrium and any given time t in (mg/g). 

k1 is the PFO rate constant in L/min and k2 is the PSO rate constant in g/mg.min. The 

resulting kinetic parameters as presented in Table 6.5, depicts that the rate of Pd2+ ions 

adsorption is faster with the IPMIL-101(Cr) than with the NIMIL-101(Cr). Furthermore, the 

linear plots of the PSO and PFO kinetic models were obtained from Equations 6.10 and 

6.11 in order to determine the rate constants. 

𝑡

𝑞𝑡
 = 

1

𝑘2𝑞2𝑡
 + 

1

𝑞𝑒
 t       (6.10) 

ln (qe − qt) = ln qe − k1t      (6.11) 

From the results presented in Figures 6.11(b and c), the adsorption of Pd2+ ions onto the 

IPMIL-101(Cr) surface showed a good fit of the data to the PSO kinetic model with the R2 

values of 0.9993 as compared to the PFO model. However, the NIMIL-101(Cr) fitted both 

the PSO and PFO. Moreover, the rate constants obtained from both models revealed that 

the Pd2+ adsorbs much faster onto the IPMIL-101(Cr) than the NIMIL-101(Cr) (see Table 

6.5). The adsorption kinetics data were further fit to the Weber and Moris intraparticle 

diffusion model given by Equation 6.12, in order to determine the rate-limiting step [25].  
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𝑞𝑡 =  𝑘𝑖𝑡0.5 + 𝐶𝑖          (6.12) 

where ki (mg/g.min) and ci represent the intraparticle rate constants which is the y-

intercept. As depicted in Figure 6.11(d), the adsorption mechanism of Pd2+ ions onto the 

as-synthesised adsorbents occur through two steps. The first rapid step is the rate-limiting 

step which attributes to intraparticle diffusion and the second step represents the 

equilibrium. The obtained values of ki shown in Table 6.5 suggest that the adsorption of 

Pd2+ ions is controlled by the diffusion of the adsorbate inside the IPMIL-101(Cr) and 

NIMIL-101(Cr) adsorbents.  

 

 

 

Figure 6.11: (a) Influence of contact time on the adsorption of Pd2+ ions by IPMIL-101(Cr) 

and NIMIL-101(Cr). Linear plots of the (b) PSO and (c) PFO kinetics models. (d) Intra-

particle diffusion model. 
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Table 6.5: Kinetics data on the adsorption of Pd2+  ions by IPMIL-101(Cr) and NIMIL-

101(Cr). 

 

6.3.3.4. Co-existing ions effect and reusability 

In the natural water systems, Pd2+ ions do not exist alone, hence, the influence of 

competing ions is a significant factor to be investigated. Figure 6.12 shows the role played 

by the presence of selected cations and anions on the adsorption of Pd2+ ions by IPMIL-

101(Cr) and NIMIL-101(Cr). The cations of Pt4+, Co2+, Ni2+, and Ag+ showed no effect on 

the adsorption of Pd2+ ions by the IPMIL-101(Cr) as the %R was still above 95 %. 

Furthermore, Pd2+ ions solution was mixed with 50 mg/L of selected anions and the 

results showed that CO3
2-, SO4

2-, NO3
-
, and PO4

- anions had little effect on the adsorption 

process. The IPMIL-101(Cr) was able to remove more than 80% of Pd2+ ions. For the 

NIMIL-101(Cr), the cations also showed no significant effect on the adsorption of Pd2+ 

ions, whereas in the presence of anions the removal of the Pd2+ ions dropped from 80 to 

Kinetic models 1st -order 2nd –order 
 IPMIL-101(Cr) NIMIL-101(Cr) IPMIL-101(Cr) NIMIL-101(Cr) 
Linear     
qe  112.6 

 

81.0 

 

113.6 

 

112.6 

 
k1 or  k2 0.354 

 

0.1269 

 

0.003472 

 

0.001755 

 
R2 0.8312 0.9998 0.9993 0.9972 
Non-linear     
Best-fit values     
qe 105.6 

 

103.1 

 

113.4 

  

114.1.4 

  
k1 or  k2 0.2041 

 

0.1061 

 

  

0.00286

6 

 

  

0.00130

3 

  

Std. Error     
qe 3.191 

 

2.413 

 

  

2.93 

  

2.216 

 

  

k1 or  k2 0.03551 

 

0.01102 

 

  

0.000551 

 

0.000146 

 
95% Confidence 

Intervals 

    

qe 98.83 to 112.9 97.75 to 108.4 106.9 to 119.8 109.2 to 119.0 
k1 or  k2 0.1260 to 

0.2823 

0.08186 to 

0.1304 

1.7x10-3 to 

4.0x10-3 

9.8x10-4 to 

1.6x10-3 
Goodness of fit     
Degrees of Freedom 11 11 11 11 
R2 0.9083 

 

0.9694  0.9551 

 

  

0.9876 

  
Absolute Sum of 

squares 

Squares 

914.4 

 

  

398 

  

448.2 

 

162.1 

 

  

Sy.x 9.117 

 

6.015 

  

6.383 

 

3.839 

 

  

# of points analysed 13 13 13 13 
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70%. These results suggest that the IPMIL-101(Cr) is more selective towards Pd2+ ions 

in comparison to the NIMIL-101(Cr). 

 

 

Figure 6.12: Influence of competing ions on the adsorption of Pd2+ by the IPMIL-101(Cr) 

and NIMIL-101(Cr) adsorbents. 

The reusability of the IPMIL-101(Cr) and NIMIL-101(Cr) were investigated for the potential 

sustainability of the adsorption process. Figure 6.13 shows that the IPMIL-101(Cr) can be 

reused for 5 consecutive cycles without the significant loss of the adsorption capacity as 

the removal percentage for Pd2+ was still above 80% after four-cycle. After the 5th cycle, 

the %R dropped slightly to 79%, however, this was only 5% in comparison to the first 4 

cycles. The NIMIL-101(Cr) demonstrated a reduction in the adsorption capacity due to 

the decline in the removal percentage from 85% in the initial cycle to 70% in the 2nd, 3rd 

and 4th cycles. Furthermore, another significant drop to 50 % was observed with the 5th 

cycle. This indicated that the IPMIL-101(Cr) has the superior advantage of being 

regenerated and reused over the NIMIL-101(Cr). 
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Figure 6.13: Reusability studies of IPMIL-101(Cr) and NIMIL-101(Cr) adsorbents.  

 

6.4. CONCLUSION 

The results of this study have demonstrated the potential application of ion-imprinted 

MOF materials for the removal of Pd2+ ions from an aqueous solution. The preparation of 

the IPMIL-101(Cr) was achieved through post-modification on the MOF surface with a 

chelating ligand. The adsorption experiments were conducted in the batch mode and 

numerous parameters were investigated. The equilibrium concentration and contact time 

studies showed that the %R for Pd2+ ions increased with the increase in both parameters. 

As predicted by the Langmuir isotherm model, the IPMIL-101(Cr) showed an improved 

adsorption capacity towards the uptake of Pd2+ ions with the qm value of 193.2 mg/g. 

Kinetics data revealed that the adsorption of Pd2+ ions by IPMIL-101(Cr) was rapid and 

reached equilibrium within 20 minutes with the rate being limited by the intraparticle 

diffusion step as compared to NIMIL-101(Cr). More importantly, the IPMIL-101(Cr) has 

shown to be highly selective towards Pd2+ ions adsorption and can be regenerated and 

reused for 5 consecutive cycles without a significant loss in the adsorption capacity. 

These results show the potential recovery of Pd2+ ions from industrial wastewater using 

the Pd ions imprinted IPMIL-101(Cr). 
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CHAPTER SEVEN 

SYNTHESIS OF NOVEL ION IMPRINTED GLYCYLGLYCINE POLYMER METAL‒

ORGANIC FRAMEWORK FOR THE SELECTIVE RECOGNITION AND RECOVERY 

OF PLATINUM IONS FROM WASTEWATER 

7.1. INTRODUCTION 

Platinum (Pt) is amongst the platinum group elements (PGEs) and has great significance 

in numerous industrial fields due to its outstanding properties. Pt has good catalytic and 

electrocatalytic activities, resistance to oxidation and corrosion as well as high melting 

point that makes it attractive for various applications. Pt and other PGEs, such as iridium, 

rhodium, ruthenium and palladium, are extensively used as catalysts in the automobile, 

chemical and petroleum industries. These metals are also used in the electrical and 

electronics industries as conductors, and in medicine and jewellery [1]. However, the 

development and application of these technologies are accompanied by the discharge of 

Pt into the environment during normal exploitation of cars, as well as in its production and 

processing. Therefore, the constant rise in the contamination of water by Pt metals can 

be observed [1][2][3]. Hence, the effective adsorption and recovery of Pt from wastewater 

may have potential importance, both economically and in environmental protection.  

 

In general, Pt metals are difficult to be separated and recovered from wastewater [4]. As 

a result, a number of methods have been employed to remove and recover Pt metals, 

such as co-precipitation, fire-assay, biosorption, solid-phase extraction, reverse osmosis, 

membrane separation, and evaporation [5]–[8]. Amongst these methods, the solid phase 

extraction has been identified as a promising method because it has several mechanism 

of sorption including adsorption, ion-exchange, ion-pairing or chelation [9]–[12]. These 

mechanisms have been utilised in analysis of wide range of samples due to easy 

operation, cost effectiveness, low energy consumption, treatment superiority in 

minimizing the adverse impacts on the environment or human health [13], [14]. For 

example, in adsorption technology, Fujiwara et al. [15] prepared a cross‒linked chitosan 

resin chemically modified with l-lysine as an adsorbent for adsorption of Pt(IV) from 

aqueous solutions. They observed the maximum adsorption capacity of 129.26 mg/g. But, 
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these materials suffer from several setbacks, including low adsorption capacity and poor 

stability. Therefore, continuous efforts are still required to tackle the challenge of Pt 

recovery. 

 

Metal-organic frameworks (MOFs) are class of materials consisting of inorganic blocks 

that form a textured structure with each other by organic linkers [12]. MOFs have been 

recognised as alternative adsorbents to overcome the technical limitations of 

conventional porous materials [15]. These porous polymers have been used as solid-

phase sorbents to adsorb and remove environmentally toxic metal ions from aqueous 

solutions, but there are few studies on the Pt ions separation. MIL-101 has drawn a great 

attention due to its high water stability. In addition, it can be synthesised from waste 

polyethylene terephlalate (PET) plastic that provides the benzenedicarboxylic acid (BDC) 

organic linker. This method of synthesising MIL-101 makes it to be part of recycling waste 

managements. MIL-101 possesses high surface area, accessible coordinatively 

unsaturated sites and high chemical stability [16]. Lim et al. [17] showed the adsorption 

and recovery of Pt(IV) from acidic aqueous solutions using a nitro- and an amine-

functionalised MIL-101(Cr) which were prepared from the BDC organic linker. Their 

adsorption kinetics and isotherms revealed that the Pt(IV) uptake was obtained as 140.7 

mg g−1 by MIL-101(Cr)-NH2 which was higher than the uptake of 104.5 mg/g by MIL-

101(Cr)-NO2. In another study, Lin et al. [18] investigated the removal of Pt metals ions 

using zirconium (Zr) based BDC MOF (UiO-66) and UiO-66-NH2. The maximum 

adsorption capacity of UiO-66 for Pt(IV) was observed to be 166 mg/g, whereas UiO-66-

NH2 possessed a higher adsorption capacity of 193 mg/g. However, the adsorbents have 

common disadvantages of the poor recognition and selectivity, hence; new competent 

adsorbents must be established. 

 

Ion imprinting polymer (IIP) is similar to molecular imprinting polymer in which ion-specific 

recognition is achieved because of its stereochemistry and morphology. In the process of 

IIP, a metal ion interacts with an imprinted molecule, and then it is fixed with a cross-

linking ligand into a polymeric network. The extraction of metal ion leaves a 

predetermined arrangement of imprinted metal ions [19]. The obtained IIP offers high 
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recognition and selectivity towards imprinted metal ions, which makes it possible to bind 

the target ion in the presence of other metal ions [19]. Currently, IIPs have been 

extensively used as new adsorbents for the adsorption of Pb(II) [20], Au(III) [21], Cu(II) 

[22], Ni(II) [23], Pd(II) [24], etc. from wastewater. Even though there are studies on the 

Pt(IV) uptake, setbacks such as the low adsorption capacity [25] and poor selectivity [26] 

have been observed. For example, Jiang et al. [27] obtained the maximum adsorption 

capacity of 38.89 mg/g for Pt(IV) uptake using an IIP prepared from divinylbenzene and 

styrene in the presence of self-assembled chelates of 4-vinylpyridine and 

dimethylglyoxime functional monomers. Leśniewska et al. [28] prepared IIP by 

copolymerization of ethylene glycol dimethacrylate and methacrylic acid in the presence 

of numerous chelating agents for Pt(II) ions recognition using 2,2′-azo-bis-isobutyronitrile 

initiator. They demonstrated the effect of Pt ion imprinting into a polymeric matrix using a 

quantitative retention of Pt(II) and Pt(VI) ions to be 92-97% and 87-92%, respectively. 

Here, we report the preparation of a novel ion-imprinted glycylglycine polymer based on 

metal-organic frameworks (IIGlyMIL-101(Cr)) from waste PET bottle. The synthesised 

IIGlyMIL-101(Cr) was applied to adsorb and remove Pt(IV) from simulated wastewater. 

The influence of the initial Pt(IV) solution pH and concentrations, competing ions and 

contact time on the adsorption behaviour IIGlyMIL-101(Cr) towards of Pt(IV) uptake were 

interrogated, and the regeneration of the prepared adsorbent was evaluated. In addition, 

the adsorption kinetics and isotherm data were fit to the models in order to determine the 

adsorption mechanism and maximum capacity. To the best of our knowledge, it is the first 

time that the MIL-101(Cr) prepared from waste PET plastic is coupled with IIP and applied 

for recognition and recovery of Pt ions. This work will open a new path for PET waste 

management and precious metal removal and recovery. 

 

7.2. MATERIALS AND EXPERIMENTS 

7.2.1. Materials 

All the reagents of analytical grade were used as received without any modification. 

Hydrochloric (HCl), sodium hydroxide (NaOH), ethylenediamine (ED) and chromium 

nitrate nanohydrate Cr(NO3)3.9H2O were obtained from Rochelle Chemicals (South 

Africa). Chloroplatinic acid hydrate (H2PtCl6.6H2O), ethylene glycol (EG), toluene 
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(anhydrous 99.8%) and glutaraldehyde (GA) solution (50 wt% in H2O) were procured from 

Sigma-Aldrich (South Africa). Waste PET bottles were collected from the University of 

Limpopo, Polokwane, South Africa.  

7.2.2. Synthesis of the ion-imprinted polymer 

7.2.2.1. Preparation and functionalisation of MIL-101(Cr) 

An organic linker, 1,4 benzenedicarboxylic acid (H2BDC), was prepared using 

hydrothermal method in a 100 mL autoclave as reported in the literature [29]. Initially, 

3.00 g of PET plastic chips were suspended in a solution of EG and distilled water. The 

mixture was allowed to heat for 8 hours in an oven set at 210 °C. The resulting precipitates 

were collected by filtration and washed with ethanol followed by drying at 110 °C for 

overnight.  

MIL-101(Cr) was prepared using a method reported in literature [30]. In this procedure, 

Cr(NO3)3.9H2O salt (4.00 g) and H2BDC (1.66 g) were mixed with distilled water through 

magnetic stirring for 30 minutes. The reaction suspension was then heated at 220 °C for 

8 hours in a Teflon-lined autoclevable reaction vessel that was put in the oven. The 

formed particulates were filtered and washed with ethanol prior to be dried at 120 °C. For 

grafting with ethylenediamine (ED), a suspension of MIL-101(Cr) (0.050 g) and ED (1.00 

mL) in anhydrous toluene was refluxed at 90 °C for 12 hours. The resulting solid particles 

of MIL-101(Cr)/ED were collected by vacuum filtration, followed by washing with toluene 

and ethanol before drying at 70 °C overnight. 

7.2.2.2. Preparation of IIGlyMIL-101(Cr) 

The materials were synthesised according to the method similar to that available in 

literature with some modification [31]. Initially, the MIL-101(Cr)/ED was modified with a 

cross-linking agent prior to ion imprinting. Approximately, 0.50 g MIL-101(Cr)/ED was 

added into an aqueous solution (50 mL) that contained 5% (w/w) glutaraldehyde (GA) 

and stirred for 12 hours. Then, excess deionised water was used to wash‒off the 

aldehyde-decorated MIL-101(Cr)/ED-GA to remove the residual GA. Finally, the product 

was dried at 80 °C for 10 h.  
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The synthesis of the IIGlyMIL-101(Cr) was achieved by dispersing 10.0 mmol L−1 

glycylglycine in ethanol, followed by stirring under heat at 60 °C for 1 hour. Then 10 mL 

of H2PtCl6.6H2O solution for the metal ion template was added and continuously heated 

for another 2 hours before evaporation of the solvent at 90 °C. MIL-101(Cr)/ED-GA (1.00 

g) was added into the reaction mixture and stirred for 12 hours at 60 °C. The resulting 

brown precipitates of Pt@IIGlyMIL-101(Cr) were collected by filtration and washed with 

abundant deionised water to remove the residual glycylglycine and Pt ions. Chelated 

Pt(IV) ions were removed from Pt@IIGlyMIL-101(Cr) by eluting with a solution mixture of 

HCl (6M) and thiourea (1M) for 24 hours under rapid stirring, followed by filtration and 

washing with deionised water several times to form IIGlyMIL-101(Cr). The procedure was 

repeated three times and the eluent was analysed with ultraviolet visible spectroscopy 

(UV-Vis) to ensure that no Pt(IV) remained in the IIGlyMIL-101(Cr) polymer. Finally, the 

product was dried at 80 °C for 24 hours. The same process was used to synthesis the 

non-imprinted polymer (NIGlyMIL-101(Cr)) with the exclusion of the H2PtCl6.6H2O metal 

template. 

7.2.3. Spectroscopic and Morphological Characterisation 

Morphological and elemental analyses were obtained from the field-emission scanning 

electron microscopy (FE-SEM) (Auriga Cobra focused-ion beam FIB-SEM, Carl Zeiss, 

Jena, Germany) coupled with energy dispersive x-ray spectroscopy (EDS). The presence 

of functional groups and composite formation was confirmed by Cary 600 series Fourier 

transform infrared (FTIR) spectrometer (Spectrum II PerkinElmer). The thermal properties 

of Pt@IIGlyMIL-101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) as well as MIL-101(Cr) 

were obtained from a PerkinElmer STA 6000 instrument connected to a PolyScience 

digital temperature controller under N2 gas purged at a flow rate of 20 mL/min. 

 

7.2.4. Adsorption Experiments 

The adsorption studies for the synthesised IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) were 

conducted following the batch mode of adsorption. The platinum stock solution was 

prepared in an acidic medium, by dissolving H2PtCl6.6H2O in 0.100 M hydrochloric acid 

(HCl) solution. All the equilibrium experiments were performed in a temperature controlled 
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water bath shaker set at 25 °C and a speed of 160 rpm. After the optimization of pH and 

adsorbent dosage, the studies were done using 20 mg of the prepared adsorbents with 

the Pt(IV) solution pH and volume being kept at 3.0 and 50 mL, respectively. The 

adsorption efficiency of the IIGlyMIL-101(Cr)and NIGlyMIL-101(Cr) was determined by 

analyzing the Pt(IV) solution samples before and after adsorption using ultraviolet-visible 

(UV-Vis) spectroscopy (Lambda 365 UV/Vis Spectrophotometer, (PerkinElmer, 

Johannesburg, South Africa)) operating at 370 nm, followed by calculations in Equation 

7.1 and 7.2:  

% removal = (
𝐶𝑜−𝐶𝑒

𝐶𝑒
) x 100      (7.1) 

𝑞𝑒= (
𝐶𝑜−𝐶𝑒

𝑚
)𝑉        (7.2) 

The symbol Co and Ce represent the initial and equilibrium concentrations of Pt(IV) in 

mg/L, respectively. The symbol qe is the amount of Pt(IV) ions adsorbed at equilibrium 

per mass of IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) adsorbent measured in mg/g, 

whereas m (g) signifies the mass of the adsorbent and V (L) the volume of Pt(IV) solution 

utilised. 

7.2.4.1. Effect of solution pH and adsorbent dose  

The studies on the influence of initial solution pH on the uptake of Pt(IV) ions by IIGlyMIL-

101(Cr) and NIGlyMIL-101(Cr) were conducted at controlled pH, ranging from 1.0-8.0. 

This was achieved by contacting 0.03 g of the prepared adsorbents with 50.0 mL Pt(IV) 

solution at a constant temperature and shaking speed of 298 K and 160 rpm, respectively. 

The pH of the 100 mg/L Pt(IV) solution was adjusted using various concentrations of HCl 

and sodium NaOH. To understand the effect of adsorbent dosage, the amount of 

IIGlyMIL-101(Cr) or NIGlyMIL-101(Cr) was varied from 0.005-0.050 g while keeping other 

parameters such as temperature, initial concentration, contact time, and pH constant. 

 

7.2.4.2. Adsorption isotherms 

The influence of concentration on the removal of Pt(IV) ions by IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr), different initial concentrations (50-400 mg/L) were used with the 
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constant adsorbent dose of 0.02 g and a pH of 3.0 at 298 K in a water bath shaker for 24 

hours at a constant speed of 160 rpm. After the completion of the adsorption process, the 

solution and adsorbent were separated through filtration, followed by the determination 

of the final concentration. The data was fit to the two isothermal models which are the 

nonlinear and linear forms of the Langmuir and Freundlich models shown in the below 

equations. 

𝑞𝑒

𝑞𝑚
 = 

𝐾𝐿𝐶𝑒

1+𝐾𝐿𝐶𝑒
       (7.3) 

𝑞𝑒 = 𝐾𝐹𝐶𝑒1/𝑛
      (7.4) 

𝐶𝑒

𝑞𝑒
 = 

1

𝑞𝑚𝐾𝐿
+  

𝐶𝑒

𝑞𝑚
      (7.5) 

ln qe = ln 𝐾𝐹 + 
1

𝑛
 ln Ce     (7.6) 

where qm (mg/g), KL (L/mg), KF (mg/g) and n each represent the Langmuir maximum 

adsorption capacity, Langmuir constant, Freundlich constant and adsorption intensity, 

respectively. 

7.2.4.3. Adsorption kinetics 

Adsorption kinetics experiments were conducted using Pt(IV) initial solution concentration 

of 100 mg/L. The contact time between Pt(IV) ions and the IIGlyMIL-101(Cr) or NIGlyMIL-

101(Cr) adsorbents was varied from 0-120 minutes. Approximately 0.2 g of IIGlyMIL-

101(Cr) or NIGlyMIL-101(Cr) were exposed to 500 mL of 100 mg/L Pt(IV) solution at a 

pH of 3.0. The reaction mixture was mixed using an overhead stirrer set at a speed of 

200 rpm at 25 ◦C. Several aliquots were withdrawn from the mixture at specific time 

intervals and filtered with 0.450 µm syringe filters. The experimental data was fit to the 

nonlinear and linear forms of the pseudo-first-order (PFO) and the pseudo-second-order 

(PSO) kinetic models given by the following equations: 

𝑑𝑞𝑡

𝑑𝑡
 = k1 (qe – qt)       (7.7) 

𝑑𝑞𝑡

𝑑𝑡
 = k2 (qe − qt)2        (7.8) 

ln (qe − qt) = ln qe − k1t      (7.9) 
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𝑡

𝑞𝑡
 = 

1

𝑘2𝑞2𝑡
 + 

1

𝑞𝑒
 t       (7.10) 

where k1 (1/min) represents PFO rate constant and k2 (g/mg.min) denotes the PSO rate 

constant. 

 

7.2.4.4. Competing ions effect 

The investigation on the selectivity of the IIGlyMIL-101(Cr) or NIGlyMIL-101(Cr) 

adsorbents towards the uptake of Pt(IV) ions was done using various selected cations 

(Co2+, Ni2+, Ag+ Pd2+) and anions (SO4
2-, CO3

2-, NO3
−, PO4

2-). For each ion, 25 mL having 

a concentration 50 mg/L was mixed with 25 mL of 50 mg/L Pt(IV). 

7.3. RESULTS AND DISCUSSION 

7.3.1. Structural characterisation 

 

The FT-IR spectra of the Pt@IIGlyMIL-101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) 

are shown in Figure 7.1. In all samples, the characteristic bands accredited to the C-O 

and C=O symmetrical stretching of MIL-101(Cr) [33] were observed at 1394 and 1625 cm-

1, respectively. The existence of C=C stretching of the benzene ring in MIL-101(Cr) [40] 

was observed at 1508 cm-1. The vibration due to the C-H deformation of the aromatic ring 

appeared at 750, 884 and 1160 cm-1. The peak associated with the stretching vibrations 

of chromium metal to oxygen of organic linker was noticed at 658 cm-1 in all three samples 

[21]. The IR spectra for all the post-modified samples revealed bands at 1370 and 505 

cm-1 due to the C-N (amide bond) and Cr-N vibrations. The vibrational bond assigned to 

the N-H and C-N-C stretching of the aliphatic groups were observed at 1560 and 1042 

cm-1 in the spectra for Pt@IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr). The spectrum for 

IIGlyMIL-101(Cr) showed a reduction of a peak at 1042 cm-1 showing the involvement of 

the -N group of the polymer chain in the binding with Pt(IV) ions. In addition, the 

appearance of a peak at 1587 cm-1 ascribed to the C=N was observed on the spectra for 

IIGlyMIL-101(Cr). The results confirm the successful preparation of the IIGlyMIL-101(Cr) 

with the Pt(IV) ions recognition sides. 
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Figure 7.1: FTIR spectra of MIL-101(Cr), Pt@IIGlyMIL-101(Cr), IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr). 

 

Figure 7.2(a-d) shows the TGA curves of the synthesised MIL-101(Cr), Pt@IIGlyMIL-

101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) samples. The initial degradation step 

observed between 25-100 °C on thermogram of MIL-101(Cr) in Figure 7.2(a), is related 

to the evaporation of the water and solvent guest molecules [41]. The TGA profiles for the 

Pt@IIGlyMIL-101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) showed an improvement 

in the thermal stability. Less than 10% weight losses were observed in all the three 

composites as compared to 39.6% in MIL-101(Cr). The degradation steps at 300 oC and 

400-480 oC were ascribed to the decomposition of polymer chain and terephthalic acid 

[42], respectively. The Pt@IIGlyMIL-101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) 

samples demonstrate a better thermal stability in comparison to the pristine MIL-101(Cr) 

as the framework started to decompose at a temperature above 400 oC (Figure 7.2(b-d)). 

This was also supported by the corresponding DSC curves for MIL-101(Cr), Pt@IIGlyMIL-

101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) samples (Figure 7.2(a-d)) which 

showed degradation steps at 90 oC attributing to the weight loss due to solvents. The 

DSC curves of the prepared materials showed an intense and small exothermic peak at 

<100 °C for crystallization transition with ∆H values of 2.45, 3.61, 3.61, and 1.64 kJ.g-1 for 



255 
 

MIL-101(Cr), and NIGlyMIL-101(Cr) respectively. The Pt@IIGlyMIL-101(Cr) showed two 

endothermic peaks at 235 and 395 °C with ∆H values of -0.536 and -9.63 kJ.g-1, 

respectively. Whereas the IIGlyMIL-101 (Cr) possessed an endothermic peak at 373 with 

∆H value of -14.5 kJ.g-1.   

 

Figure 7.2: TGA/DSC curves of (a) MIL-101(Cr), (b) Pt@IIGlyMIL-101(Cr), (c) IIGlyMIL-

101(Cr) and (d) NIGlyMIL-101(Cr). 

 

7.3.2. Morphological characterisation 

The morphological image of MIL-101(Cr) presented in Figure 7.3(a) showed highly 

agglomerated octahedral structures with smooth surface and have an average particle 

size between 100-200 nm. Moreover, its corresponding EDS analysis (Figure 7.3(b)) 

revealed that the sample elemental composition consists of C, O, and Cr (the Al element 

is from the SEM preparation procedure). Upon post-functionalisation the images for the 

Pt@IIGlyMIL-101(Cr), IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) composites (Figure 7.3(c, 

e and g)), indicated that the octahedral morphologies were maintained with reduction in 

particle size for IIGlyMIL-101(Cr). The analogous EDS spectra of the prepared 
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composites (Figure 7.3(d, f and h)) showed similar elemental composition to that of the 

parent material, however, with the addition of N, Pt and increment of oxygen content. The 

presence of Pt(IV) in Pt@IIGlyMIL-101(Cr) was clearly shown in the EDS spectrum with 

0.04 at % (See Figure 7.4(d)). Complete removal of Pt(IV) ions in the preparation of 

IIGlyMIL-101(Cr) was confirmed in the comparison between the spectra of the two 

polymer samples before and after the washing process. 
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Figure 7.3: SEM-EDS images of (a and b) MIL-101(Cr), (c and d) Pt@IIGlyMIL-101(Cr), 

(e and f) IIGlyMIL-101(Cr) and (g and h) NIGlyMIL-101(Cr) materials. 

 

7.3.3. Adsorption Studies 

7.3.3.1. Effect of solution pH and adsorbent dosage 

The optimum removal percentages (%R) of Pt(IV) ions by the IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) samples were investigated and compared in the pH between 1.0-8.0 

(See Figure 4(a)). The obtained results revealed that the IIGlyMIL-101(Cr) had superior 

performances over a wide range of pH with the highest removal of 85% achieved at pH = 

3.0 in comparison its non-imprinted counterpart. For the NIGlyMIL-101(Cr) composite, the 

highest removal was obtained to be 70%. The increasing %R for pH values between 2.0 

-4.0 is accredited to the predominating anion complexes of [PtCl6]2- which were able to 

interact with the protonated nitrogen atoms of the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) 

composites [10][43]. However, at lower pH < 2.0, the chloride ions are dominating and 

compete with the [PtCl6]2- hence the observed lower %R of Pt(IV) by the NIGlyMIL-

101(Cr) [25][44]. The dropping %R with elevating pH values for both composites is due 

to the hydrolysis of Pt(II) ions, which leads to the partial formation of the Pt(OH)2 starting 

from pH = 5.0 and above [25]. The point of zero charge (PZC) data as shown in Figure 

7.4(b) further supported the protonated surfaces of the IIGlyMIL-101 (Cr) and NIGlyMIL-

101 (Cr). According to the obtained results, the surface charge of the prepared 

composites is positively charged between 1.0-3.0 pH values. This indicates that the 

IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) can electrostatically interact with the [PtCl6]2- 

complexes. Furthermore, this behaviour was reinforced by FTIR analysis of the IIGlyMIL-

101(Cr) and NIGlyMIL-101(Cr) before and after Pt metal ion adsorption as depicted in 

Figure 7.4(c) and (d), respectively. It was observed in both samples that the adsorption 

of Pt(IV) by the IIGlyMIL-101(Cr) has caused the reduction of peak intensities at 1652, 

1288 and 1039 cm-1 for amino, and amide bands, respectively. The absorption band at 

1378 cm−1 for C-O vibration shifted to 1394 cm−1 upon Pt(IV) adsorption. From these 

observations, the change in absorption intensity, and the shift in wavenumber of 

functional groups were due to interaction of Pt(IV) ion with active sites in IIGlyMIL-101(Cr) 
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and NIGlyMIL-101(Cr). The Pt(IV) ions bound to the active sites of IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) through either electrostatic attraction or complexation mechanism as 

seen in pH studies. The electrostatic interaction was between Pt(IV) ion and carbonate 

group, whereas, the complexation mechanism involved electron pair sharing between 

electron donor atoms (O and N) [45]. In addition, it was seen that IIGlyMIL-101(Cr) has 

higher adsorption capacity than NIGlyMIL-101(Cr) as a resulting of interaction of Pt(IV) 

with the IIGlyMIL-101(Cr) using chelating effect.  

 

Figure 7.4: (a) Removal percentage of Pt(IV) ions by the IIGlyMIL-101(Cr) and NIGlyMIL-

101(Cr) sample as a function of pH 1.0-8.0. (b) PZC values for the IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) sample. FTIR spectra of the (c) IIGlyMIL-101(Cr) and (d) NIGlyMIL-

101(Cr) sample before and after Pt(IV) removal. 

 

The effect of the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) dosage was investigated 

(0.005-0.05 g) to determine the optimum amount for the adsorption of Pt(IV) ions. As 

depicted in Figure 7.5(a) and (b), the adsorption of Pt (IV) ions was raised as the amount 
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of the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) increased from 0.005-0.03 g. The 

IIGlyMIL-101(Cr) demonstrated to have higher %R and adsorption capacity over the 

NIGlyMIL-101(Cr) composite. This indicates that ion imprinted technology indeed 

improved the removal efficiency of MIL-101(Cr). The %R increased from 58% to 88% for 

IIGlyMIL-101(Cr) at Pt(IV) solution conditions of 100 mg/L, pH 3.0 and 0.05-0.03 g 

IIGlyMIL-101(Cr) amount for 24 hours. The optimum dosage was acquired to be 0.02 g 

in both composites and used throughout the study. 

 

Figure 7.5: Effect of the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) dosage on the (a) % R 

and (b) capacity towards Pt(IV) ions uptake. 

 

7.3.3.2. Adsorption isotherms 

Figure 7.6(a) depicts the influence of original concentration on the intake of Pt(IV) ions by 

the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) composites. The obtained data displayed 
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that there was an increment in the adsorption of Pt(IV) ions by the IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) sample with an increase in the original concentration of Pt(IV). The 

experimental data were subjected to the Langmuir and Freundlich non-linear (Figure 

7.6(a)) and linear (Figure 7.6(b and c)) models in order to comprehend the adsorbent-

adsorbate interactions and maximum adsorption capacity (qm). The modelled data 

showed that the Langmuir model was more favoured as compared to the Freundlich 

model owing to the correlation coefficients (R2) values which were close to the unity, 

suggesting monolayer adsorption mechanisms [46]. The estimated isothermal 

parameters are presented in Table 7.1. The R2 values determined from the linear 

Langmuir models were 0.989 and 0.873 for the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr), 

which are higher than the those of the Freundlich model (See Figure 7.6(b and c)). In 

addition, the separation factor (RL) values were determined according to the literature to 

evaluate if the Langmuir adsorption process is favourable or unfavourable [47]. As given 

in Table 7.1, the estimated RL values were in the range of 0˂RL˂1 indicating a favourable 

Langmuir adsorption process [48] between Pt(IV) ions and the IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) composites. The ion imprinted mechanism increased the qm from the 

value of 296.4 mg/g for the NIGlyMIL-101(Cr) to the value of 531.3 mg/g for the IIGlyMIL-

101(Cr) composite. The obtained results displayed the potential preference of IIGlyMIL-

101(Cr) composite with high qm for removal and recovery of Pt(IV) ion from wastewater 

in comparison to those reported in the literature (see Table 7.2).  
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Figure 7.6: Adsorption isotherms of Pt(IV) uptakes by IIGlyMIL-101(Cr) and NIGlyMIL-

101(Cr) composites (a) Nonlinear fit of the Langmuir and Freundlich models, (b) Langmuir 

linear curve, and (c) Freundlich linear curve. 
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Table 7.1: Langmuir and Freundlich isotherm parameters for Pt(IV) ions adsorption by 

IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) composites. 

Isotherm model Material 
 IIGlyMIL-101(Cr) NIGlyMIL-101(Cr) 
Langmuir   
Linear   
qm 555.6 322.6 
KL 0.0245 0.0131 
RL 0.169 0.276 
R2 0.989 0.873 
Non-linear   
Best-fit values   
qm 531.3 296.4 
KL 0,02664 0,0198 
Std. Error     
qm 26,11 34,28 
KL 0.00443 0.008006 
95 % Confidence Intervals   
qm 467.4 to 595.2 212.5 to 380.3 
KL 0.01580 to 0.03748 0.0002139 to 0.03939 
Goodness of Fit   
Degrees of Freedom 6 6 
R² 0.9743 0.8157 
Absolute Sum of Squares 2880 5561 
Sy.x 21.91 30.44 
Number of points     
Analysed 8 8 
Freundlich   
Linear   
KF 48.28 18.58 
n 2.280 2.075 
R2 0.9586 0.6274 
Non-linear   
Best-fit values   
KF 62.54 39.81 
n 2,621 3,009 
Std. Error     
KF 10.57 19.64 
n 0,2421 0,8721 
95 % Confidence Intervals   
KF 36.68 to 88.39 -8.257 to 87.87 
n 2.028 to 3.213 0.8754 to 5.143 
Goodness of Fit   
Degrees of Freedom 6 6 
R² 0.9682 0.7287 
Absolute Sum of Squares 3568 8185 
Sy.x 24.39 36.93 
Number of points     
Analysed 8 8 
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Units: qm: mg/g, KL: L/mg, KF: mg/g. 

 

Table 7.2: Comparison of IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) sample adsorption 

capacity with other adsorbents used for Pt(IV) ion uptake. 

Adsorbent qm (mg/g) pH dosage 

(g) 

Co 

(mg/L) 

References 

IIP-membrane 

(PMMA-b-P4VP)  

79.68 0.5 0.1 100 [1] 

Pt(II)TCTES/S2 65.8 2.5 0.005 100 [25] 

Pt(II)TCTES/S1 78.7 2.5 0.005 100 [25] 

Pt-DMG-VP 40.5 0.5 0.1 50 [27] 

MIIP-poly(EGDMA) 172.9 1.0 0.01 50 [49] 

UiO-66(A) 144.5 1.0 0.01 100 [50] 

MIL-101(Cr)-NO2 104.5 1.0 0.01 100 [17] 

MIL-101(Cr)-NH2 140.7 1.0 0.01 100 [17] 

NIP 296.4 3.0 0.02 100 This work 

IIP 531.3 3.0 0.02 100 This work 

 

7.3.3.3. Kinetics experiments 

The kinetics of Pt(IV) adsorption onto the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) 

composites are represented by Figure 7.7(a). The plots demonstrated a rise in the intake 

capacity of the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) with increasing time. The 

IIGlyMIL-101(Cr) demonstrated superior performance and reached equilibrium within 30 

minutes as compared to the NIGlyMIL-101(Cr) which equilibrated after 60 minutes. This 

behaviour was attributed to the higher affinity for [PtCl6]2- ions by the ion imprinted 

composite [51]. The obtained data was subjected to the non-linearized and linearized 

forms of the pseudo first-order (PFO) and second-order (PSO) kinetic models for the 

elucidation of the adsorption mechanism. As seen in Figure 7.7(a, b and c), the data 

correlated more with the PSO linear and nonlinear model as supported by the obtained 
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R2 value of 0.9975 and 0.8972 for the IIGlyMIL-101(Cr); and 0.9461 and 0.9898 for the 

NIGlyMIL-101(Cr) at 100 mg/L concentration and 25 oC (Table 7.3). Moreover, the PSO 

linear model showed to have a higher adsorption capacity than that of the PFO model 

and the qe values estimated by the model are in good agreement with the ones obtained 

experimentally as well as with nonlinear ones [28]. Furthermore, the rate-limiting step of 

Pt(IV) adsorption by the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) composites was 

investigated by fitting the kinetics data to the Weber and Morris intra-particle model [52]. 

Figure 7.7(d) illustrated that the intake of Pt(IV) ions by both composites proceeds through 

two steps. The initial rapid region is attributed to the film diffusion and the second region 

is the intra-particle diffusion. From the results shown by the inset equation, the rate limiting 

step is associated with the film diffusion since the intra-particle step deviates from linearity 

and the plots does not pass through the origin [53][54]. In addition, the greater y-intercept 

which is associated with the boundary layer effect or surface adsorption showed to have 

a contribution in the rate-limiting step [55]. 
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Figure 7.7: (a) Nonlinear fit and experimental; (b) linear fit pseudo-second-order and (c) 

first order; and (d) intra-particle diffusion model of Pt(IV) uptake by IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) composites. 
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Table 7.3: Pseudo-first- and pseudo-second-order parameters of Pt(IV) ion adsorption by IIGlyMIL-101(Cr) and NIGlyMIL-

101(Cr) materials. 

Units: qe: mg/g, k1: 1/min, k2: g/mgmin

Pseudo-first-

order 

Material Pseudo-second-order Material 

 IIGlyMIL-

101(Cr) 

NIGlyMIL-

101(Cr) 

 IIGlyMIL-

101(Cr) 

NIGlyMIL-101(Cr) 

Linear   Linear   
qe (exp) 146.658 111.966 qe 212.766 131.5789 
k1 0.0986 0.0486 k2 0.005402 0.00048 
R2 0.9830 0.9458 R2 0.9975 0.9461 
Non-linear 

 
 Non-linear   

Best-fit values   Best-fit values   
qe 200.3 103.1 qe 215.9 132 

 
k1 0.15 0.1061 k2 0.001146 0,02699 
Std. Error 

 
 Std. Error   

qe 8.263 2.413 qe 8.87 5,446 
k1 0,03165 0.01102 k2 0,0003186 0,002328 
95 % Confidence 

Intervals 

 
 95 % Confidence 

Intervals 

  
qe 182.1 to 218.5 97.75 to 108.4 qe 196.4 to 235.5 119.7 to 144.3 
k1 0.08037 to 

0.2197 

0.08186 to 

0.1304 

k2 0.0004451 to 

0.001848 

0.02173 to 0.03226 

Goodness of Fit 
 

 Goodness of Fit    

Degrees of 

Freedom 

11 11 Degrees of Freedom 11  
R2 0.8347 0.9694 R2 0.8972 0.9898 
Absolute Sum of 

Squares 

5471 398 

 

Absolute Sum of 

Squares 

3401 181,1 
Sy.x 22,3 6.015 Sy.x 17.58 4,485 
Number of points 

 
 Number of points   

Analysed 13 13 Analysed 13 11 
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7.3.3.4. Competitive ions 

The selectivity test of the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) towards Pt(IV) ions 

intake was studied in the presence of selected cations (Pd2+, Ni2+, Co2+, Ag+,) and anions 

(SO4
2-, CO3

2-, NO3
−, PO4

2-). In each case the original concentration of 1:1 ratio was 

adjusted to a pH of 3.0 before contacting it with 0.03 g of IIGlyMIL-101(Cr) and NIGlyMIL-

101(Cr). The results shown in Figure 7.8 revealed that the IIGlyMIL-101(Cr) was able to 

achieve a %R of more than 75% for Pt(IV) ions intake in the presence of various ions. 

However, Pd2+ ions demonstrated to have an influence on the uptake of Pt(IV) ions as 

the %R was reduced to 50%. This observation suggests that there is more than one 

mechanism of adsorption occurring and Pd is more reactive in comparison to the Pt. For 

the uptake of Pt(IV) ions by the NIGlyMIL-101(Cr) composite, there was a significant 

effect by all of the selected anions with %R ranging between 55-40 %, as well as the Pd 

ions which led to the removal of 20% of the Pt(IV) ions. These results confirm the 

advantages offered by the ion imprinting technique in selecting the targeted metal ions in 

the presence of diverse ions. Hence, the prepared IIGlyMIL-101(Cr) showed superior 

performance in comparison to the NIGlyMIL-101(Cr). 

 

 

Figure 7.8: Influence of competing ions on the uptake of Pt(IV) ions by the IIGlyMIL-

101(Cr) and NIGlyMIL-101(Cr) composites. 
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7.3.3.5. Reusability experiments 

The potential economical sustainability and efficiency of the IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) composites were investigated by assessing the regeneration and 

reusability of the prepared materials. The experiments were conducted for 5 successive 

cycles in which the IIGlyMIL-101(Cr) and NIGlyMIL-101(Cr) composites were 

regenerated using 6 M HCL prior to the subsequent cycle. As illustrated by Figure 7.9, 

the results showed that the IIGlyMIL-101(Cr) can be utilised for 5 consecutive cycles 

without the significant loss of Pt(IV) intake capacity. This was observed by the removal of 

88.2% obtained in the first cycles that was slightly reduced 87.4% after the 5th cycles. The 

removal efficiency of the NIGlyMIL-101(Cr) composite showed a decrease with the 

increasing number of cycles from 78.36% of the initial cycle being reduced to 68.77% 

after the 5th cycle. These observations signify the advantageous adsorption performance 

of the IIGlyMIL-101(Cr) over its non-imprinted counterpart. 

 

 

Figure 7.9: Experimental regeneration and reusability of the IIGlyMIL-101(Cr) and 

NIGlyMIL-101(Cr) composites. 

 

7.4. CONCLUSION 

This work was aimed at developing a highly efficient IIGlyMIL-101(Cr) adsorbent for the 

recovery of Pt(IV) ions from industrial wastewater. The synthesis of IIGlyMIL-101(Cr) was 



270 
 
 

achieved by using a PET- derived organic linker in the preparation of MIL-101(Cr) 

followed by post-modification with cross-linking agents and a functional monomer to 

produce an ion imprinted composite. The adsorption behaviour of the IIGlyMIL-101(Cr) 

towards Pt(IV) ions removal and recovery was investigated in batch mode and its 

efficiency was compared with its non-imprinted counterpart. The adsorption of Pt(IV) ions 

by the IIGlyMIL-101(Cr) was optimum in acidic media of pH = 3.0 due to the electrostatic 

interaction between the protonated N and O atoms with the Pt(IV) ions. The IIGlyMIL-

101(Cr) demonstrated a high adsorption capacity of 531.4 mg/g, which was higher than 

296.4 mg/g of the NIGlyMIL-101(Cr) as predicted from the Langmuir linear equation. 

Furthermore, the IIGlyMIL-101(Cr) revealed an improved adsorption rate, which reached 

equilibrium in less than 30 minutes and fitted well with the PSO. The selectivity of the 

composite for Pt(IV) ions was also enhanced in comparison to the NIGlyMIL-101(Cr) as 

its %R was maintained above 75% in the presence of various ions. The IIGlyMIL-101(Cr) 

was regenerated and reused for 5 successive cycles without significant loss in the 

removal efficiency.  
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CHAPTER 8 

 GENERAL DISCUSSION, CONCLUSION AND RECOMMENDATIONS 

 

8.1 DISCUSSION AND CONCLUSION 

 

In this chapter, a brief discussion on the results presented in this work is provided. 

Furthermore, a conclusion based on the comprehensive study and future 

recommendations is made in relation to the findings. The overall purpose of this study 

was to develop highly efficient and selective MOF-based adsorbents through the ion 

imprinting technique in order to increase their scope in the application for the removal and 

recovery of PGMs metal ions from aqueous solution. The MOF adsorbent materials were 

chosen based on their interesting properties such as high chemical and thermal stabilities 

in harsh conditions, tuneable pore size and surface functionality, high porosity and 

surface area, availability of various functional groups for reactivity, and their ability to be 

synthesised from waste PET as the organic linker. Based on their previous application in 

the recovery of Pd and Pt metals ions, the prepared MOFs were post-modified through 

ion imprinting by incorporating amino and carboxyl group rich components including 

ethylenediamine, glutaraldehyde, and glycylglycine to improve their performances and 

reusability in the removal and recovery of selected PGMs. The overview of this work is 

encompassed of seven chapters.  

Chapter one mainly focussed on the introduction of this work where the background on 

the utilisation of PGMs was briefly provided. Furthermore, these uses have contributed to 

the increased global demand resulting in the need to produce more PGMs. However, the 

excessive mining activities posed challenges relating to mineral resource scarcity as well 

as water pollution. Different technologies have developed, with more consideration being 

given to the adsorption technology as it has demonstrated some promising effects in 

terms of ease of operation and capital cost. Hence, the motivation of this study has 

identified the MOF composites as potential adsorbents to recover PGMs from aqueous 
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solutions. In addition, the selectivity towards targeted precious metal ions has been set 

to be improved through the modification of the synthesised MOFs with ion-imprinted 

polymers and thereby leading to the aim and objectives of the study.  

In chapter two, a literature survey on the synthesis of MOFs and their application in 

various fields was covered, with more attention given to their application in the removal 

of heavy metal ions from industrial wastewater. The chapter initially introduced a 

background on PGMs in relation to their wide range of applications in numerous fields, 

their increasing demand and limited availability due to their non-renewable nature, 

potential pollution, and impact associated with their improper disposal, and finally, the 

efforts implemented through adsorption to recover and remove them from aqueous 

solution by ion-imprinted MOF adsorbents. Detailed background on the existing different 

structures of MOFs and how they can be prepared using various methods were also 

discussed. The post-modification process has been identified to offer advantages in terms 

of forming MOF composites and was the common method employed in the applications 

discussed in this chapter. A further deliberation of the utilisation of MOF composites in 

the adsorption of pollutants has been made and it was noted that even though there are 

some reports on the removal of heavy metal ions, there is a lack of information with 

regards to ion-specific modified MOF composites for the removal and recovery of 

precious metal such as PGMs. 

Chapter three described the analytical techniques used in this study to characterize the 

prepared MOF composites and analyse the concentrations of the targeted metal ions 

before and after adsorption. In the introduction, water pollution emanating from various 

sources, its impact on the environment, and different technologies implemented in order 

to curb their effect were briefly discussed. MOF-based composites were chosen as the 

adsorbent materials of choice during the adsorption process to be reviewed in terms of 

their structural characterisation and interaction with heavy metal ions such as PGMs. The 

chapter further provided a detailed literature review on different analytical instruments 

such as ICP-MS, FAAS and ICP-OES used in the determination of the remaining 

concentration of heavy metal ions before and after adsorption by MOFs and compared it 

with the UV-Vis spectroscopy analysis used in this study. This was achieved by 
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comparison of some of the adsorption parameters results from various reported studies 

in which these analytical instruments were utilised. Moreover, a comprehensive 

discussion on a variety of techniques employed in the structural characterisation of MOF 

composites before and after their interaction with heavy metals has been outlined. The 

highlighted techniques include physical, morphological, and spectroscopic 

characterisation methods that have been used in this work such as XRD, BET, TGA, 

SEM-EDS, FTIR, and those that have been used in other literature including TEM-EDX 

and XPS to understand the mechanism of interaction between MOF composites and 

heavy metal ions (PGMs included). 

 

In this work, the first approach to the application of MOFs composites for the adsorption 

of PGMs was presented in chapter four. This chapter focused on the synthesis and 

functionalised polyethylene terephthalate-derived metal-organic frameworks with 

ethylenediamine (MIL-101(Cr)-ED) for spectroscopic detection and adsorption of Pd(II) 

ions from aqueous solutions. The MIL-101(Cr)-ED composite was prepared from the 

waste PET organic linker using the hydrothermal method, prior to functionalisation with 

ED. The grafted ED moieties were noted from FTIR with vibration 2800-3300 cm-1, the 

appearance of N content on the EDS, and the reduction in the crystallinity of MIL-101(Cr) 

from 96.1 to 80.1 % as seen from XRD data. Batch adsorption experiments revealed that 

the MIL-101(Cr)-ED was more efficient towards Pd(II) ions intake in acidic media of pH 

3.0 and acquired a 95% removal efficiency at 25 oC with the initial concentration of 100 

mg/L. The adsorption isotherm data collected at three different temperatures (25, 35, and 

45 oC) fitted well with the Langmuir model which estimated the qm values of 454.2, 506.5, 

and 570.2 mg/g for 25, 35, and 45 °C, respectively. The rate of interaction between the 

MIL-101(Cr)-ED and Pd(II) was very rapid as the kinetics experiments reached 

equilibrium within three minutes. Though showed some potential in the removal of Pd(II), 

adsorbent regeneration still posed some challenges due to the over-oxidation of the ED 

amino groups. 
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Chapter five presented the second approach of this study which was focused on 

synthesising a highly adsorptive MIL-101(Cr)/ED-GA composite for the removal of Pd(II) 

and Pt(IV) ions from wastewater. The successfully incorporated GA formed an amide 

bond with the ED end in MIL-101(Cr)-ED which was seen by the 1554 cm-1 for the N-H 

bend and 1052 cm-1 for the C-N stretch of the amide group. In addition, the crystallinity of 

MIL-101(Cr) was further reduced to 75.1% as observed on the XRD. In this chapter, the 

removal efficiencies towards Pd(II) and Pt(IV) by the MIL-101(Cr)/ED-GA composite were 

compared. The adsorption data also correlated well with the Langmuir isotherm model 

which gave the qm of 416.17 and 322.6 mg/g for Pt(IV) and Pd(II) ions, respectively. The 

kinetics data showed that the MIL-101(Cr)/ED-GA composite had a higher affinity for the 

uptake of Pd(II) ions than Pt(IV) ions which suggested that selectivity was still a challenge. 

Furthermore, the adsorbents demonstrated potential regeneration which was limited to 

two cycles in terms of maintaining the initially acquired removal efficiencies for both Pd(II) 

and Pt(IV) ions. 

Chapter six presented the initial approach based on the main aim of this study which was 

on improving the selectivity towards Pd(II) ions for the purpose of recovering the majority 

of them from industrial wastewater. The IPMIL-101(Cr) was prepared through chelation 

of Pd(II) ions onto the glycylglycine functional monomer on the MIL-101(Cr)/ED-GA 

surface, wherein the FTIR revealed the formation of C=N at 1677 cm−1 upon removal of 

the metal template to form IIP. The results were also supported by the XRD and BET 

data, which showed the increased crystallinity (72.0%) and surface area (8.7158 m2/g) of 

the IPMIL-101(Cr) from the 70.6% crystallinity and 6.1702 m2/g surface area in the Pd-

loaded composite. The conducted batch adsorption experiments showed that the IPMIL-

101(Cr) was able to recover more than 95% of Pd(II) ions in acidic media with pH = 2.0 

using 0.04 g of the adsorbent. The kinetics data were rapid and fitted well with the PSO 

model. The fitted Langmuir isotherm model estimated the qm values of 195.3 mg/g for the 

adsorption of Pd(II) ions which was higher than the NIMIL-101(Cr) capacity of 177.7 mg/g 

and those that are reported in the literature. Furthermore, the IPMIL-101(Cr) showed 

some improved selectivity with more than 80% Pd(II) ions removal still achieved in the 

presence of various cations and anions. The ion-imprinted MIL-101(Cr) adsorbent was 
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reusable for five consecutive cycles without any loss in the removal efficiency and 

adsorption capacity. 

Chapter 7 focus on the second approach used to achieve the main aim of this research 

in which a IIGlyMIL-101(Cr) composite was synthesised to selectively recover Pt(IV) ions 

from aqueous solutions. The same chelating functional monomer in chapter 6 was used 

to prepare the IIGlyMIL-101(Cr) composite, however with the utilisation of the Pt metal 

template. The FTIR spectrum for the IIGlyMIL-101(Cr) composite showed the appearance 

of a characteristic peak at 1587 cm-1 attributed to the C=N vibration of the amide bond 

upon leaching out of the metal template. The adsorption experiments of the IIGlyMIL-

101(Cr) composite toward Pt(IV) recovery were also compared to those of the NIP@MIL-

101(Cr) adsorbent. At an initial solution pH of 4.0, 0.020 g of IIGlyMIL-101(Cr) and 

NIP@MIL-101(Cr) were able to remove 85% and 65% of Pt(IV) ions, respectively. The 

isotherm data fitted the Langmuir model and the calculated qm reached higher values of 

531.3 and 296.4 mg/g for the IIGlyMIL-101(Cr) and NIP@MIL-101(Cr), respectively. 

These values are much higher than those reported in the literature. The adsorption of 

Pt(IV) onto the Pt(IV)-IIP@MIL-101(Cr) adsorbent equilibrated within 30 minutes and the 

data fitted the PSO kinetics model. Competing ions studies revealed that the IIGlyMIL-

101(Cr) was selective towards Pt(IV) ions removal in the presence of other ions. However, 

Pd(II) ions had an influence due to their higher affinity and reactivity with protonated N 

groups in comparison to the Pt(IV) ions. Furthermore, the IIGlyMIL-101(Cr) was 

regenerated and reused for five successive cycles and still maintained the efficiency of 

89% removal. 

The results obtained and presented in this thesis have demonstrated successful 

functionalisation of the MIL-101(Cr) which was prepared from waste PET plastic as an 

organic linker. The synthesised adsorbents have shown some activity in the removal and 

recovery of Pd(II) and Pt(IV). It can be concluded that the composite form of MIL-

101(Cr)/ED-GA with ion-imprinted polymer has shown to be very effective in recognising 

the targeted metal ions which in turn contributed to the high intake capacity of Pd(II)-

IIP@MIL-101(Cr) and IIGlyMIL-101(Cr) towards Pd(II) and Pt(IV) metal ions, respectively. 
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Furthermore, the reusability data also proved that the ion-recognition active sites can be 

regenerated. 

 

8.2 RECOMMENDATIONS 

The application of both the IPMIL-101(Cr) and IIGlyMIL-101(Cr) in the recovery of Pd(II) 

and Pt(IV) metal ions has shown some promising activity. However, some improvements 

need to be made in terms of the adsorption of Pd(II) ions due to the limited solubility of 

PdCl2 which might affect the ion-imprinting process. Furthermore, the influence of 

temperature should also be investigated in order to understand and determine the 

thermodynamic properties associated with the adsorption process. The reusability 

experiments can be extended to more cycles in order to draw an overall conclusion on 

the stability of the IPMIL-101(Cr) and IIGlyMIL-101(Cr) in the recovery of Pd(II) and Pt(IV) 

metal ions. The use of other functional monomers can also be considered in order to 

enhance the selectivity of the prepared composites and to further minimize the influence 

of competing ions, especially the effect of Pd(II) ions on the intake of Pt(IV) ions. The 

adsorption experiments were performed in batch mode using simulated wastewater, in 

this regard real-world application is recommended in order to validate the efficiencies of 

the IPMIL-101(Cr) and IIGlyMIL-101(Cr). In addition, the experiments need to be 

conducted in column studies for the purpose of potential industrialisation. The obtained 

results should also be confirmed by employing other detection techniques such as ICP-

MS and FAAS which are more specific to elemental analysis. 

 

 

 


