WASM: Mineral, Energy and Chemical Engineering

Metal Organic Frameworks (MOFs) Technology for Wastewater
Remediation

Naser Kazem Al Amery

This thesis is presented for the Degree of
Doctor of Philosophy
of

Curtin University

November 2020



Declaration

To the best of my knowledge and belief, this thesis contains no material previously
published by another person or other persons, except where due acknowledgment has

been made.

This thesis contains no material that has been accepted for an award of any other degree

or diploma in any university.



Acknowledgements

Firstly, I would like to thank Curtin University for giving me the opportunity to study
a course in Doctor of Philosophy — Chemical Engineering. I would like to express my
sincere gratitude to my supervisors Prof. Shaomin Liu and Shaobin Wang for their
continuous support of my PhD study and related research, there patience, motivation
and immense knowledge. There guidance helped me at all times during the research
for, and writing of, this thesis. I cannot imagine having a better advisor and mentor for

my PhD study.

Besides my supervisor, I would like to thank the rest of my thesis committee: Prof.
Ha-Ming Ang, Prof. Xia Lou, Assoc. Prof. Nicoleta Maynard and Dr Qin Li, for their
insightful comments and encouragement, and also for the hard questions that

incentivised me to widen my research to include various perspectives.

My sincere thanks also go to Dr Hussein Rasool Abid, who provided me the

opportunity to give me access to the laboratory and research facilities

I thank my fellow laboratory colleagues for the stimulating discussions, the sleepless
nights we worked together to meet deadlines and for all the fun we shared during the
years of study. Also, I thank technical staff members of the chemical engineering labs.
In particular, I am grateful to Roshanak Doroushi and Jason Wright for their help with

providing the facilities and chemicals.

I should like to thank the Capstone Editing team who have generously given valuable
efforts and advices during the process of copyediting the thesis. The success of the

thesis upon their care and competence. Their conscientiousness is much appreciated.

Last but not the least, I would like to thank my family: my parents, wife, daughters
(Zahra, Sarah and Hanan), sons (Mustafa, Ali, Hasan and Hussain) and to my brothers
and sisters for supporting me spiritually and emotionally throughout the PhD and my

life in general.



Abstract

There are alarming predictions that in the next decade, billions of people living in arid
regions will face the challenge of insufficient supply of clean water. In addition, many
countries, including Australia, are now confronted with water stress as well as the
production of huge volumes of polluted industrial wastewater. Water is the essential
substance of life. As a result, there is urgency in research into treating wastewater
before its discharge into receiving waters. Many techniques have been utilised to
remove pollutants from effluents, such as the use of chemical, physical and biological
treatments. Among these techniques, adsorption has been identified as the most

effective treatment due to its simplicity, durability and feasibility.

The present scholarly study was designed to synthesise single-metal and bimetal
zirconium-based metal organic frameworks (Zr-MOFs or UiO-66), which belong to
an extensive class of solid-state crystalline materials with high porosity, tuneable
metrics, thermal stability, water stability and organic functionality, using a secondary
building unit (SBU) method, and investigate the longstanding challenge of designing
and constructing novel crystalline materials from molecular building blocks. In
addition, the study aimed to investigate MOF characterisation and applications in
wastewater treatment to adsorb highly specific pollutants such as basic (methylene
blue [MB]) and acidic (methyl orange [MO]) commercial dyes from aqueous solutions,
as thousands of tons of synthetic dyestuffs are discharged annually into the
environment through wastewater and are classified as harmful to human and other

lives.

A series of single metal and bimetal Zr-MOFs samples with various ratios of M/Zr
(M= Ca, Ce, Co, or Al), such as UiO-66, UiO-66-10%Ca, UiO-66-30%Ca, UiO-66-
45%Ca, UiO-66-20%Ce, UiO-66-NHa, UiO-66-10%Co, UiO-66-30%Co, UiO-66-
10%Al and UiO-66-30%Al1, were successfully and solvothermally obtained by direct

synthesis, followed by activation processes with methanol with some modifications.

In this study, we further enhanced the performance of UiO-66 for removal of industrial
dyes such as methylene blue (MB) and methyl orange (MO) with improving its textural
properties through the introduction of second metal like Ca, Ce, Co or Al into the
framework or by using ammonium hydroxide as an additive in the synthesis process.

Direct synthesis modification was applied to synthesize modified UiO-66 samples



using Zr as the main metal and Ca, Ce, Co or Al as the second one while ammonium
hydroxide was used as an additive in the case of UiO-66-NH4. It is shown that the
variation of M/Zr ratio results in significant changes in textural properties of MOFs

and dye uptake of adsorption process.

The Zr-based inorganic SBU was engineered to enable the synthesis of Zr-MOFs with
a highly porous and large surface area. The combination of the robust bond of Zr-O
and the ability of the inner Zrs-cluster to rearrange reversibly upon removal or addition
of w3-OH groups, while maintaining a similar connection to carboxylates, create
unparalleled stability in Zr-MOFs. The use of most other MOFs in industrial
applications are limited because of their frail properties, such as insufficient thermal,
chemical and mechanical stability. However, the necessary qualities for industry
applications (decomposition only at high temperatures [more than 500°C], chemical
resistance and stability at increasing pressures up to 10.000 kg/cm?) shown by Zr-
MOFs make them appropriate for adsorption of commercial synthetic dyes at an

industrial scale.

All adsorbents were characterised using various techniques, including Fourier
transform infrared spectroscopy (FTIR), X-ray powder diffraction (XRD), Nz
adsorption and thermogravimetric analysis (TGA). Among UiO-66, UiO-66-Ce, UiO-
66-45% Ca and UiO-66-NHa, the best textural properties of modified Zr-MOF were
presented by UiO-66-Ce, which has Sger, pore volume and pore size measurements of
911.85 m?>g!, 0.91 cm® g ! and 4 nm, respectively. On the other hand, the prime
properties for Zr-MOF (M) (M= Ca, Co or Al) were exhibited by UiO-66-10%Al,
which has Sger, pore volume and pore size measurements of 1145.953 m? g”!, 1.34
cm® g! and 2.33 nm, respectively. In addition, the optimum textural properties in
bimetal Zr-MOFs were 10% second metal, including UiO-66-10% Al, UiO-66 10%
Ca and Ui0-66 10% Co.

Batch adsorption processes were conducted to remove dye pollutants, using contact
time and initial concentrations varying from 10 to 75 mg L' and from 5 to 50 mg L
for Zr-MOF/MO and Zr-MOF/MB systems, respectively. The results showed that
higher initial MB concentrations led to increases in adsorption capacity. The same

occurred with longer durations in contact time.



A study of adsorption kinetics was conducted by fitting the experimental data to
kinetics models such as the pseudo first order, pseudo second order, Elovich and
intraparticle diffusion models. The investigation revealed that the pseudo second order
model displayed the best fit among the kinetics models, indicating that the adsorption
processes of Zr-MOF/MB systems are generally controlled by the chemisorption
process. Further, confirmation of the chemisorption mechanism was achieved using
the Elovich model to examine the data. However, the pseudo first order equation was
found to be a poor fit for MB sorption by the entire range of MOFs examined (Zr-
MOF, Zr-MOF-Al and Zr-MOF-Co); in general, the equation can be applied to the

first 20 or 30 min of the adsorption process.

The limitations of the pseudo first order, pseudo second order and Elovich kinetic
models are that there is a lack of descriptions of their mechanisms and of the rate-
controlling step of the adsorption process. Given these limitations, the study used the
intraparticle diffusion model to determine that the overall rate of MB sorption on Zr-
MOFs was controlled by more than one step. However, the results obtained from the
kinetics study proved that Zr-MOFs effectively removed basic dye from aqueous

solutions.

The experimental equilibrium data were fitted to the Langmuir and Freundlich
isotherms. While the data agreed with the Langmuir equation for Zr-MOF/MO
systems, they were also a good fit with the Freundlich equilibrium model for Zr-
MOF/MB systems. However, the maximum adsorption capacity based on the
Langmuir model of Zr-MOF/MO systems and Zr-MOF/MB systems were 71.5 mg g~
! for Ui0-66-Ce and 51.02 mg g for Ui0-66-10% Co.

Further, this study found that the maximum monolayer adsorption capacity of several
adsorbents for MO and MB uptake appeared to be that of the maximum adsorption
capacity of Zr-MOFs for MO and MB. This finding is comparable with previously
reported results. The results presented here especially that of modified Zr-MOFs with
a low second metal content which were boosted the adsorption capacity of UiO-66
remarkably, may facilitate and enhance further improvements to UiO-66 for the
purpose of synthesising bimetal MOFs in future research and applications.
Furthermore, these updated UiO-66 samples can be selected as potential candidates

for industrial application for removal dyes and other contaminants from wastewater.
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CHAPTER 1 Introduction

Introduction

1.1 Motivation

Water pollution is one of the most undesirable environmental issues in the world
requiring urgent solutions. Textile manufacturing produces a huge quantity of waste
comprising a variety of pollutants, such as acidic or caustic dissolved solids, toxins
and dyes that are typically nondegradable by natural biological processes or in
wastewater treatment plants. A number of these dye materials are carcinogenic,
mutagenic, teratogenic and additionally hazardous to humankind and other life forms.

Hence, their elimination from wastewater is environmentally important [ 1, 2].

Since the Industrial Revolution, human activities have affected the flow and storage of
water and therefore, the quality of accessible fresh water [3]. Lately, industrial
advances have left their mark on society as well as the environment. For example, dyes
are thought to be unsafe organic compounds for the environment [4—6]; however,
various refineries and industries such as textile, chemical, plastic and food processing
plants [3] have employed dyes to colour their products. As a result, these industries
and processes produce massive volumes of wastewater containing organic compounds
of strong colour. Further, some researchers have found that about 50% of the dye is
wasted in the dyeing process because of the low degree of dye-fibre fixation [3, 7],
which creates a major problem for such industries and is a danger to the environment

[13, 14].

Chakrabarti et al. stated that about 40,000 dyes and pigments can be tabulated,
consisting of over 7000 different chemical structures [15]. In addition, many of these
organics are entirely not biodegradable [16]. It is estimated that nearly 10,000
commercial dyes and pigments are utilised by industries and more than 7 x 10° tonnes
are produced annually worldwide [17]. It is reported that 10—15% of the dye could be
lost in the effluent during the colouring process [8, 9]; however, new studies show that
almost 12% of dyestuff is lost during manufacturing and processing operations. The
variation in the level of colour fixation on a cloth is reliant on the type of fibre, the
shade of the dye and dyeing parameters. Table 1.1 outlines the fixation rates of
different dyes [10]; specifically, it shows that approximately 20% of the dye’s organic

compounds are passed through to industrial wastewaters [11, 12].
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Table 1.1: Percentage of non-fixed dye discharged in the effluent as a function of the
class of dye [10].

Dyestuff EPA OECD Spain
Acid dyes 1020 7-20 5-15
Basic dyes 1 2-3 0-2
Direct dyes 30 5-20 5-20
Disperse dyes 5-25 8-20 0-10
Azoic dyes 25 5-10 10-25
Reactive dyes 50-60 20-50 10-35
Metal complexes 10 2-5 5-15
Chrome dyes — — 5-10
Vat dyes 25 5-20 5-30
Sulfur dyes 25 3040 15-40

Cationic basic dyes (e.g., methylene blue [MB]) and anionic acidic dyes (e.g., methyl
orange [MO]), which are pollutant representatives in this study, are commercial dyes
that are utilised by many industries as colourants for their products [7]. MB is
commonly used in large quantities in medical applications, to colour paper, to dye
cottons and wools, as coating on paper stocks, etc. While MB is not significantly
dangerous, it has some harmful effects. A high level of exposure to MB may increase
heart rate, induce vomiting, shock, formation of Heinz bodies, cyanosis, jaundice and
potentially tissue necrosis and quadriplegia in individuals [9, 18]. Further, MO—a
famous dye—has been widely used in textile, printing, paper, food and pharmaceutical
industries as well as research laboratories [19, 20]. This dye is well known for being a

carcinogenic organic substance [20].

The textile industry dyeing process involves many steps, including desizing, scouring,
bleaching, dyeing, finishing and drying. The first three steps of the colouring process
consume large amounts of water that can typically reach 100-170 litres per kilogram
of processed cloth, assuming a strong colour, high chemical oxygen demand and a

wide range of pH [3].

Environmental legislation in some countries established very strict limitations on the

concentration of contaminants that can be discharged as industrial effluent. Therefore,
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all such effluent must be treated to meet the environmental standards set by wastewater

legislation [21].

In 1974, the international organisation Ecological and Toxicological Association of
Dyes and Organic Pigments Manufacturers (ETAD) was formed for the purpose of
minimising the environmental impact of, and protecting users and consumers from,
the toxicological effects of dye products, as well as informing government and the
public in relation to concerns about their use [22]. More than 90% of the 4000 dyes
have been examined in an ETAD survey, with maximum toxicity identified to exist in

basic and diazo direct dyes [23].

Many developed countries possess national environmental legislation to control dyes
and pigment contaminants, and environmental organisations monitor industry
compliance with legislated environmental standards and limits in the US (United
States), Canada, Australia, United Kingdom (UK)) and European Union member states.
While some countries have copied either American or European models, such as
Thailand, Turkey and Morocco, other countries like Pakistan, India and Malaysia have
been recommended that industries comply with the limits placed on the emission of

pollutants [10].

Environmental regulation in the UK is established by the Environment Agency for
England and Wales, and the Scottish Environment Protection Agency for Scotland
[24]. Generally, the enforcement of legislation relating to the removal of dyes in
industrial sewage has been more rigorous in developed countries. For instance, it has
been UK environmental policy since September 1997 to have zero synthetic chemicals,
including dye-containing compounds, released into the marine environment. In the US,
the Advanced Waste Treatment Research (AWTR) program aims to identify suitable
treatment methods to safely discharge effluent into environment [21, 25, 26]. Countries
in the European Community also possess very stringent regulations to ensure that

industrial effluent complies with environmental standards in their countries [23].

Several studies have examined the removal of dye from industrial textile wastewaters
using biological, physical and chemical treatments [1, 23, 27]. Chemical methods
(oxidative processes) include Fenton’s reagent [28], ozonation [29], photochemical
destruction [30], sodium hypochlorite (NaOCl) destruction [28], cucurbituril

destruction [31, 32] and electrochemical destruction [33]. The biological techniques
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examined are divided into many methods, such as decolourisation by white-rot fungi
[34], microbial cultures [35], adsorption by living/dead microbial biomass [36] and
anaerobic textile-dye bioremediation systems [37]. Physical treatment can be
classified into membrane filtration [38], ion exchange [28], irradiation [39],
electrokinetic coagulation [40] and adsorption using materials like activated carbon
[41], peat [42], woodchips [43], fly-ash, coal mixture [44] and metal organic
framework (MOF) materials [19, 45, 46].

Legislated environmental standards have pushed industries to utilise many techniques
to remove contaminants from effluents, but these treatments are not sufficiently
efficient because of restrictions and limitations. Table 1.2 outlines the advantages and
disadvantages of the techniques for removing dyestuff. The preferred method is
adsorption due to its simplicity, feasibility, removal efficiency and the high-quality
effluent by-product resulting from its application [23, 47, 48].

Table 1.2: Advantages and disadvantages of dye removal methods [7, 23].

Methods Advantages Disadvantages
Chemical treatments
Oxidative process Simplicity of application H,0; agent needs to

activate by some means

H,O,+Fe (II) salts Fenton’s reagent is a suitable Sludge generation
(Fenton’s reagent) chemical means
Ozonation Ozone can be applied in its gaseous Short half-life (20 min)

state and does not increase the
volume of wastewater and sludge

Photochemical No sludge is produced, and foul Formation of byproducts
destruction odours are significantly reduced

Sodium hypochlorite Initiates and accelerates azo bond  Release of aromatic amines
(NaOCl) destruction cleavage

Electrochemical No consumption of chemicals and  Relatively high flow rates
destruction no sludge build-up cause a direct decrease in
dye removal

Biological treatments
Decolourisation by White-rot fungi can degrade dyes  Enzyme production has
white-rot fungi using enzymes been shown to be

unreliable
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Methods Advantages Disadvantages

Other microbial Decolourised in 24-30 h Under aerobic conditions
cultures (mixed azo dyes are not readily
bacteria) metabolised

Adsorption by Certain dyes have an affinity for Not effective for all dyes
living/dead microbial ~ binding with microbial species

biomass

Anaerobic textile-dye  Allows azo and other water-soluble Anaerobic breakdown
bioremediation systems dyes to be decolourised yields methane and
hydrogen sulfide

Physical treatments

Adsorption by Effective removal of wide variety ~ Very expensive

activated carbon of dyes

Membrane filtration Removes all dye types Concentrated sludge
production

Ion exchange Regeneration, no adsorbent loss Not effective for all dyes

Irradiation Effective oxidation at laboratory Requires a great deal of

scale dissolved O»
Electrokinetic Economically feasible High levels of sludge
coagulation production

1.1.1 Materials of the 20th century

e Metals

e Alloys

e Composites

e Zeolites

e Silicon

e Concrete

e Metal oxides

e Layered double hydroxides (LDHs)
e Polymers

e Pharmaceuticals

o Steel.
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They are either organic or inorganic materials [49].

1.1.2 Materials of the 21st century

e MOFs
e Covalent organic frameworks (COFs)
e Zeolitic imidazolate frameworks (ZIFs).

They are organic, inorganic and mixed (organic and inorganic) materials [50].

1.1.3 Metal organic framework (MOF)

MOF [45, 51-57], or hybrid inorganic and organic framework [58], is one of the most
famous material of the 2Ist century characterised by ultra-high porosity with
architectural, mechanical and chemical stability [49]. During the past decade, interest
has grown tremendously in the design, synthesis and characterisation of crystalline
materials constructed from molecular building blocks (clusters and extended groups

of atoms) linked by covalent bonds.

The most notable materials are MOFs, in which clusters of polyatomic inorganic metal
are joined by polytopic linkers [59]. Typically, MOF-5, which consists of OZn4
cationic inorganic clusters, are linked to benzene dicarboxylate (BDC) anion organic
linkers to form a continuous cubic neutral framework of composition ZnsO(BDC)3
[51]. Although MOFs are referred to as coordination polymers from time to time, they
are differentiated by the strong linkages between their molecules (typically metal-
oxide molecules), which are the basis for its robust framework [52, 60]. The realisation
that MOFs can be designed and synthesised precisely in a rational way from molecular
building blocks has led to the emergence of a discipline referred to as ‘reticular

chemistry’ [61].

In the present context, the important point is that the underlying topology of a MOF
framework is like that of a net, with vertices as well as edges that correspond to clusters
of atoms; thousands of new MOFs and hundreds of previously unreported nets have

been described [61].

As a result of the chemical properties of some MOFs, MOFs such as MOF-5 or

isoreticular MOFs are sensitive to water in that their structures are progressively
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affected by atmospheric moisture [62, 63, 64]. Water stability is an important
indication that MOFs can be introduced successfully in water and wastewater

treatments.

MOFs have diverse potential applications, particularly applications that exploit their
well-known porous quality; therefore, they can be used in applications for gas storage,
gas/vapour separation, catalysis, luminescence, drug delivery [65] and as adsorbents

to remove pollutants from water and wastewater [19, 46, 66-78].

1.1.4 Dyes

1.1.4.1 Classification of dyes

The two main constituents of dye are chromophores and auxochromes. While
chromophores are the components that give the dye its specific colour, auxochromes
are the parts of the dye responsible for producing colour. It is the auxochromes that
improve the attraction between the dye and fibres [79]. Textile manufacturing
processes commonly use dyes such as basic dyes, acid dyes, reactive dyes, direct dyes,
azo dyes, mordant dyes, vat dyes, disperse dyes and sulfur dyes [6]. Specifically, the
textile industry currently consumes a huge amount of azo derivatives to colour their
products [80]. Table 1.3 lists the commercial textile dyes typically consumed in the

colouring process.

Table 1.3: Typical dyes used in textile dyeing operations [6].

Dye class Description

Acid Water-soluble anionic compounds
Basic Water soluble, applied in weakly acidic dyebaths, very bright
Direct Water-soluble anionic compounds that can be applied directly to

cellulosic without mordants (or metals like chromium and copper)

Disperse Not water soluble

Reactive Water-soluble anionic compounds, largest dye class
Sulfur Organic compounds containing sulfur or sodium sulfide
Vat Water insoluble, oldest dyes, chemically complex
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Dyes can be classified into cationic, anionic and non-ionic dyes. Cationic dyes are

basic dyes while anionic dyes include direct, acid and reactive dyes [40].

1.1.4.1.1 Cationic dyes

Cationic dyes are considered famous in industries that use acrylic, wool, nylon and
silk colouring. Relay on substituted aromatic groups, cationic dyes can obtain specific
chemical structures different from each other [81]. This group of toxic dyes can affect
human health; prolonged or high-level exposure can lead to allergic dermatitis, skin

irritation, mutations and cancer [82].

In addition, based on the positive ion or positive charge of their molecules (from zinc
chloride or hydrochloride complexes), these types of dyes are also known as basic dyes
[83]. These compounds can easily dissolve in water to form a coloured cationic
solution, and include diarylcarbenium, triarylcarbenium, anthraquinone,
phthalocyanine, polycarbocyclic, methane and azo dyes. Commercial cationic dyes
such as crystal violet, MB, basic blue 41 and basic red 46 are widely used in many
industries [84-87]. While some of these dyes are expensive, it is possible to find a dye

from this group at competitive prices for specific application [7].

1.1.4.1.2 Anionic dyes

Anionic dyes are also famous in industries that use coloured silk, wool, polyamide,
modified acrylic and polypropylene fibres [7]. Depending on the substituted aromatic
groups, cationic dyes can have chemical structures that differ from each other. This
group of toxic dyes can affect human health because they are organic sulfonic acids
[88]. Moreover, based on the negative ion or negative charge of their molecules, these

dyes are also known as acid dyes [83].

Specifically, these compounds can easily dissolve in water to form a coloured anionic
solution, and include azoic, anthraquinone, triphenylmethan and nitro dyes.
Commercial anionic dyes such as acid scarlet, acid turquoise blue, reactive brilliant
red, acid fuchsine, orange IV, MO, reactive yellow, red reactive 141, brilliant yellow,
acid black 26, acid green 25, acid blue and indigo carmine, are widely used in many
industries [89-94]. However, some of these dyes have a low level of fixation onto

products [7].
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1.1.5 Dye remediation

Adsorption is considered the best technique for removing pollutants in wastewater. Its
use of low-cost materials, such as activated carbons, zeolites, biological materials,
polymer resins and oxides, has generated excitement [95-101]. The origins of use of
carbon in the history of human civilisation dates so far back that it cannot be dated.
However, research has identified that in ancient times, Indian Hindus and Egyptians were

utilising charcoal to purify drinking water [102, 103].

The simplicity, feasibility and reliability of the adsorption method make this procedure
the first choice in wastewater treatment [ 102]. The employment of MOFs in adsorption
more recently has attracted tremendous interest in their applications in wastewater
treatment. Several studies have used MOFs like Ui0-66, ZIF-67, HKUST-1, MIL-101
and MIL-100 to target specific pollutants in wastewater [104-106]. Specifically, a
study has attempted adsorptive removal of MO and MB from aqueous solutions using
iron terephthalate (MOF-235)[19]. The advantages of MOFs lie in their chemical
properties and textural tuneability: an ultra-high surface area, pore size tuneability and

their incorporation of different functionalities [106-110].

Hydrogen bond, electrostatic interactions, m-m interactions and hydrophobic
interactions are the mechanisms that control the dye and sorbent molecules in the
adsorption process. Any successful adsorption process must involve at least one or

more of these mechanisms [72, 106, 111-114].

This pioneering study will demonstrate the mechanisms by which modified UiO-66
(single-metal and bimetal) adsorb cationic MB and anionic MO dyes in wastewater.
The experiments used different initial concentrations of dye with contact time, and all
experiments were conducted using batch adsorption processes to establish adsorbent

uptake.

1.2 Scope and objective of the thesis

The scope and core objective of the thesis is to study the adsorptive and removal
properties of MOFs as relating to dye pollutants in wastewater, with the view to
determining which MOF has the highest capacity for removing dye pollutants. This

overarching objective can be broken down into the following objectives:

10



CHAPTER 1 Introduction

e Design, modify, synthesise and activate UiO-66 (Zr-MOF)

e Use reticular synthesis (reticulation chemistry) to form crystalline Zr-MOFs,
which possess strong bonds between their constituents (organic and inorganic

units)

e Synthesise Zr-MOFs (bimetal MOFs) with structures that are amenable to

accepting more than one metal in their vertices

e Analyse and assess the structural integrity, as well as thermal and chemical

stability, of MOFs

e Study the textural properties of the MOF adsorbents based on N>

adsorption/desorption isotherms

e Select MB and MO as dye pollutant models to evaluate the capacity of Zr-

MOFs to remove dyes from aqueous wastewater solutions.

1.3 Organisation of the thesis

Chapter 1: This chapter presented the materials of the 20th and 21st centuries. In
addition, it briefly outlined the environmental impact of dyes and legislation that limits
the concentration of pollutants that can be discharged as industrial effluent. Moreover,
it presented the variety of methods for removing dyestuff as well as the advantages
and disadvantages of these methods. Further, it described MOFs (adsorbents),
specifically Zr-MOFs, and their constituents, as well as the dyes (adsorbates),
specifically MO and MB, and their classification and remediation. Finally, the scope,

objective and organisation of the thesis were presented.

Chapter 2: This chapter includes a comprehensive detailed literature review of MOF,
including its design, methods of synthesis, modification and functionalisation
procedures, methods of activation, water stability as well as its capacity for removing

organic pollutants (including MO and MB) from water.

Chapter 3: This chapter describes a study dedicated to the adsorptive removal of MO
from wastewater using Zr-MOFs (UiO-66-Ce, UiO-66-Ca and UiO-66-NHj). Further,
it reports on the comparative outcome of the best MOF for removing dye, through a

modification to the synthesis and activation of MOFs. Modifications of UiO-66

11
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involved the addition of Ce, Ca and NH4 ions in the synthesis procedure.
Characterisation techniques were employed to investigate the structural, thermal and

chemical stability of the modified UiO-66.

Chapter 4: This chapter outlines the removal of MB as a model pollutant in aqueous
solution, which employed enhanced bimetal Zr-MOFs (UiO-66-10%Ca and UiO-66-
30%Ca) and their parent single-metal MOF (UiO-66). Moreover, it demonstrates the
modification of UiO-66 using an additive containing Ca ions. It also outlines the
characterisation of adsorbents (Zr-MOFs) as well as the kinetic and equilibrium studies

performed on the adsorption processes.

Chapter 5: This chapter explains the mechanism and equilibrium isotherms for
removing dyes (MB) from simulated effluents of textile industries, by MOFs such as
Ui0-66, UiO-66-10%Al and UiO-66-30%Al. Further, it demonstrates the successful
synthesis of these adsorbents with the modifying step of adding Al ions in the
procedure to synthesise Zr-MOF, to obtain bimetal MOFs (Ui0-66-10%Al and UiO-
66-30%Al). It reports on the characterisation of adsorbents using several procedures
such as the Fourier transform infrared, X-ray powder diffraction, Brunauer—-Emmett—

Teller surface area and thermogravimetric analyses.

Chapter 6: This chapter illustrates the successful synthesis of single-metal and bimetal
Zr-MOFs (UiO-66-10%Co and UiO-66-30%Co) using a modified synthesis
procedure. Moreover, it describes the application of Zr-MOFs to the removal of
cationic dye such as MB in a batch adsorption process. It outlines the use of several
models in kinetic and equilibrium studies to fit the experimental adsorption data. In
addition, the chapter outlines the characterisation of adsorbents using different

measurement techniques.

Chapter 7: This chapter provides a summary of the thesis, including the design,
synthesis and modification of single-metal and bimetal Zr-MOFs, such as UiO-66,
Ui0-66-Ce, UiO-66-Ca, UiO-66-NH4, UiO-66-10%Ca, UiO-66-30%Ca, UiO-66-
10%Al, UiO-66-30%Al, UiO-66-10%Co and UiO-66-30%Co. In addition, it
summarises the results of studies examining the removal of contaminants, such as MO
and MB, from wastewater by MOF adsorbents, the use of different kinetic and
equilibrium models to fit the experimental data and the characterisation of the

adsorbents using several measurement techniques.

12
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Chapter 2: Literature review

2.1 Introduction

Globally, water pollution problems have dramatically increased because of a fast-
growing world population accompanied by insufficient investment in public water
supply and treatment projects [1]. Water quality issues are a major challenge for

humanity in the 21st century.

Chemical water pollutants can be divided into two categories. The first is natural
macropollutants, which typically occur at the milligram per litre level and includes
nutrients such as nitrogen and phosphorous, as well as natural organic constituents [2-
5]. The second is pollutants produced by the manufacturing industry, which is the
largest source of pollutants discharged into water. This sector involves a wide variety
of production; therefore, pollutants from each type of production are characterised by

their specificity.

Moreover, chemical and petrochemical industries, pulp and paper mills, electroplating
industries [6], mining industry [7] and textile industries [8] are considered the main
sources of water pollution. Dyes with considerable colouring capacity are widely
employed in the textile, pharmaceutical, food, cosmetic, plastic, photographic and
paper industries. Therefore, manufacture and use of synthetic dyes to dye fabric have
become a huge industry today [9]. Dyes can adhere to compatible surfaces in solution
by forming covalent bonds or complexes with salts or metals, by physical adsorption

or by mechanical retention.

Dyes are classified according to their application and chemical structure, and are
composed of a group of atoms known as chromophores, which are responsible for the
colour of the dye [10]. New ecolabels for textile products and tighter restrictions on
wastewater discharge are forcing textile wet processors to remove chemicals from their
wastewater. This challenge has prompted intensive research in new and advanced

treatment technologies [11].

As a result of their physical (colour) and chemical (toxicity) properties, dyes in
wastewaters are a danger to the environment. Diversity and intensity of colours lead
to potential problems when the effluent is discharged into water streams [12]. Further,

many dyes such as Alizarin S, Crocein Orange G, methyl red, Congo Red, methylene
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blue (MB)[13], reactive dyes (reactive red RB, reactive black B, Remazol blue)[14]
and methyl orange (MO)[15] are toxic and may cause genetic alterations in humans.
As their origins are synthetic, these dyes are not recognised in the natural environment
and their toxicity is not easily degraded. While sewage treatment plants deal with
different kinds of manufactured waste, their technology is unable to degrade the toxic
components of many dyes. Therefore, the search for technology to remove or degrade

dyes is of primary importance.

Dyes can be classified anionic (acid, direct and reactive dyes), cationic (basic dyes)
and non-ionic (disperse dyes)[16]. MB is a dye widely used in different industries. Its
colour is light blue to dark blue because of the thiazine group [17]. Although it is not
highly hazardous, MB can have various harmful effects. On inhalation, it can give rise
to short periods of rapid or difficult breathing; ingestion through the mouth produces
a burning sensation and may cause nausea, vomiting, diarrhea and gastritis. A high
dose leads to abdominal and chest pain, severe headache, profuse sweating, mental
confusion, painful micturition and methaemoglobinemia [12]. As shown in Figure 2.1,
MB is a cationic dye that can be adsorbed easily by electrostatic forces on negatively

charged surfaces [18].

I
CH,

o
H3 G"N 154. ,C H3
o dn,

Figure 2.1: The structure of methylene blue.

There is another important dye, MO, which is characterised by a deep orange colour.
MO belongs to the group of azo dyes, which are the most common and widely used

dyes because they are multipurpose and can be prepared by a facile synthesis process.
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This second dye is chosen for investigation because its molecular structure is very
different from the first one, as shown in Figure 2.2 [19, 20]. Upon ingestion, MO is
metabolised into aromatic amines by intestinal microorganisms or reductive enzymes
in the liver, potentially causing cancer [21]. Therefore, the removal of MO before its

discharge into the environment is necessary and important.

D

Q
o

Figure 2.2: The structure of methyl orange.

MB and MO are typical dyes in that they cannot be removed by conventional
treatments such as biotreatment; therefore, the removal of such dyes from wastewater
has attracted much research interest. Many methods have been tested to remove and
degrade these types of dyes, including chemical coagulation, membrane filtration,

chemical oxidation, ion exchange and adsorption.

2.2 Discolouration techniques

The discharge of dyes directly into valuable water resources must be avoided.
Otherwise, numerous advanced treatment processes must be used. Initially, the
treatment of dye wastewater was based on physical processes such as precipitation and
equalisation to maintain pH, total dissolved solids and total suspended solids in the
discharged water [22]. Later, secondary treatment units such as filtration for
biodegradation were used. Nowadays, the activated sludge process is used to remove

dyes from wastewater.
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Normally, methods of treating industrial wastewater involve the following steps [23]:
first, pretreatment (including equalisation and neutralisation) of industrial wastewater
effluent before discharging into municipal sewerage systems; then, primary treatment
of wastewater is undertaken; next, a secondary treatment (biological treatment) is
undertaken. Finally, physical-chemical treatments (tertiary treatment), such as
membrane separations, chemical oxidation, ion exchange and/or stripping and
adsorption, are undertaken. In practice, biological treatment is the most commonly

used process to remove dyes from wastewater.

A large number of bacterial species have been employed to decolour and mineralise
various dyes. Biological treatment is relatively inexpensive, and the final products of
a biological reaction are not toxic. The reaction can be aerobic (in the presence of
oxygen), anaerobic (without oxygen) or combined aerobic—anaerobic [24]. However,
some dyes cannot be removed by biological methods. Therefore, physical and

chemical methods should be used as advanced treatments.

As the chemical coagulation process relies on the gravity precipitation of suspended
particles, chemical flocculants are necessary to increase the efficiency of dye
precipitation. However, this process should include a sedimentation basin and
clarifiers as essential elements for precipitation [25]. Although chemical coagulation
generates a large amount of sludge, it is the most practised treatment for removal of
some dyes and is still conducted in many countries. However, its sedimentation
process is not always reliable because the coagulation mechanism used to decolourise
wastewater is still not understood [26]. Accordingly, industrial dyes can be removed
from aqueous solutions by a precipitation process that uses small amounts of ionic
liquids as a flocculent. For instance, six dyes can be removed by a precipitation process

using solid potassium hexafluorophosphate [27].

Filtration technology is an integral component of drinking water and wastewater
treatment applications; it includes microfiltration, ultrafiltration, nanofiltration and
reverse osmosis [25]. Dyes are successfully removed from wastewater by
ultrafiltration and nanofiltration, while microfiltration is not ideal for wastewater
treatment due to its large pore size. In addition, dye molecules may block membrane
pores in nanofiltration or ultrafiltration technology, adding costs and shortening

membrane life, which makes their application limited in terms of treating dyes in
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wastewater [22, 28]. In contrast, reverse osmosis filtration uses pressure to force water
through a membrane that is impervious to most pollutants. Reverse osmosis is an
operative decolouring and desalting method for a diverse range of dye wastes to

produce pure H>O [29, 30].

Oxidation treatment is a method for clarifying wastewater by using oxidising agents
such as chlorine, hydrogen peroxide, ozone or potassium permanganate. Oxidation
methods are usually used in decolourisation processes to completely or partially
degrade the dyes. As effective oxidation of dyes can reduce complex molecules to CO2
and H>O, pH and catalysts are considered major factors in oxidation processes [22].
Commercial dyes are designed to resist photodegradation, so the selection of optimal
photocatalytic conditions to decolourise dyes requires considerable expertise. Because
of significant commercial and environmental interest, the efficacy with which a large
number of catalysts and irradiation conditions decolourise various synthetic dyes has

been established [31].

The ion exchange technique is a versatile and effective tool for treating aqueous
hazardous waste, including dyes. ion exchange process during the wastewater
remediation of dye is the key to decrease the effect of hazardous load to a form of
reusable materials by converting them to lesser toxic substances. In addition, ion
exchange process has substantial role in the separating and concentrating of
contaminants. Since ion exchange resins due to their selectivity and high capacity can
be considered as a favourable adsorbent for colour pollutants in textile industry [32,

33].

Adsorption is defined as either partitioning of chemical species between the bulk phase
and interface, or accumulation of substances near the interface. The driving force for
the adsorption process is surface affinity towards adsorbates. According to the binding
energy, adsorption can be sorted into two types: chemisorption and physisorption.
Physisorption takes place by van der Waals force, hydrogen bonding and electrostatic
force, while chemisorption causes the interaction of adsorbents with adsorbates
through strong bonds, such as ionic, covalent and coordinate bonds [34]. This process
effectively removes chemical pollutants from wastewater using a porous substance
that has a high surface area and high surface affinity towards adsorbates [35]. As it is

preferable to recover an adsorbate and regenerate an adsorbent in industrial
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applications, the use of physisorption processes to treat wastewater is widespread.
Adsorption is a top-of-the-range treatment procedure for removing dissolved organic
pollutants like dyes from industrial waste water [36]. Adsorbents, such as zeolites [37-
39], activated alumina [40-42] and activated carbon [43-45], have lower costs and are

commonly used to remove different types of dyes [35].

Recently, MOFs have captured scientific attention due to their attractive specifications
such as large surface area, high pore volume, tuneable pore size, innumerable
functionalities and facile modification. Several MOFs with sufficient water stability
were used to remove dyes from wastewater and found to be highly efficient at dye
removal. As such, a review of their synthesis, activation methods and applications in

removing dyes from wastewater is vital.

2.3 Metal organic frameworks

2.3.1 Introduction

Different terminologies, such as coordination polymers, metal organic frameworks and
hybrid inorganic and organic framework materials, have been used to describe the non-
molecular or extended solid-state structures containing metal ions and organic spacer

ligands. However, solid-state chemists tend to prefer the term ‘MOF’ [46].

MOFs are made by linking inorganic units (metal nodes, metal clusters or metal ions)
and organic units (organic linker) using strong bonds. The flexibility with which the
structural geometry, size and functionality can be varied has led to reported syntheses

and studies of more than 20,000 different MOFs in the past decade [47].

The aromatic organic acid should have ditopic or polytopic carboxyl groups that, when
linked to metal-containing units, yield architecturally robust crystalline MOF
structures with typical porosity in up to 90% of the MOF crystal volume. The
structures and functions of MOFs are often tailored by designing the organic linkers
to be of specific length, geometry and functional group. The surface areas of MOFs
typically range from 1000 to 10,000 m*/g: above the values of traditional porous

materials such as activated carbons and zeolites [48].

As mentioned above, the synthesis of MOFs requires two essential precursors, the first

being metal salt and the second multidentate organic linker. Organic linkers and metal
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nodes can govern some MOF properties for selective applications [49]. All cation
elements in the periodic table have been used as inorganic nodes to build MOFs. The
most reliable metals for synthesising MOFs are Ag'!, Zn™?, Mn*?, Mg™?, Co™2, Zr™,

Tit, Hf™, R, Cu'?, Al73, Fe®?, Cr™? and V.

Several organic linkers of different lengths have been employed in MOF synthesis,
such as 1,4-benzenedicarboxylic acid, 1,3,5-benzenetricarboxylic acid, biphenyl-4,4'-
dicarboxylic acid, 4,4',4"-s-triazine-2,4,6-triyl-tribenzoic  acid, 1,3,5-tris(4-
carboxyphenyl) benzene, 2,6-naphthalenedicarboxylic acid and others with their
derivatives. As examples, Figure 2.3 provides a structural description of zinc
terephthalate MOF (MOF-5), zirconium terephthalate MOF (Ui0O-66)[50], copper
trimesate MOF (HKUST-1)[51] and aluminium terephthalate MOF (MIL-53)[52]. The
inorganic building of each element has been demonstrated to differ because of the

variety in valency and denticity of the organic linkers.

MOFs have been extensively used in different applications based on the specific
properties of their linkers and metal clusters. Further, some of these materials have
been known to undergo structural transformation upon removal of solvent molecules
in the activation process. Therefore, it was thought that the volume of the unit cells
might contract after discarding the solvent molecules from the structure because of
strong m-7 stacking interactions between the aromatic rings of the organic linkers [53,

54].

Some studies have found that MOFs such as MIL-53 (Al, Cr and Fe) exhibit dynamic
characteristics: its pores can change in size from narrow to large and vice versa upon
dehydration and hydration, respectively. This characteristic may be determined by the
nature of the guest molecule (guest—guest interactions), the type of metal and organic

linker (host—guest interactions) and the applied pressure [55-57].

MOFs have been synthesised, activated and modified via different methods and used
in various applications, such as gas storage and separation, catalysis, sensing

applications, drug deliveries and recently, in water treatment.
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Figure 2.3: Structural description of various kinds of MOFs. (a) Top, the Zn4 (O) O12—
cluster. Bottom, one of the cavities in the Zns(O)(BDC); framework (MOF-5)[58]. (b)
Zr-MOF with 1,4-benzene-dicarboxylate (BDC) as linker, UiO-66 [50]. (c) The cubic

cell of Cu-MOF (HKUST-1)[51]. (d) Large pore and narrow pore structures of the
MIL-53(Al)[52].

2.3.2 Reticular chemistry

The origin of reticular chemistry comes from the Latin word ‘reticulum’, which means
having the form of a net or appearing netlike [59]. The secondary building unit (SBU)
method can be considered pivotal to the discovery of permanently porous MOFs and
to laying the foundations of a new field of chemistry called ‘reticular chemistry’ [60].
Thus, reticular chemistry is chemistry of binding molecular building blocks (molecules
and clusters) to create strong bonds and obtain crystalline extended structures [61].
Figure 2.4 shows some examples of the materials created using basic reticular

chemistry.
2.3.2.1 Inspiration for synthesis of MOFs

The motivation for synthesising MOFs comes from coordination networks materials

which have single-metal nodes in their vertices. These vertices consist of a single-
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metal ion node bonded weakly with a neutral organic donor linker. An example is the
Cu-N (pyridine, nitrile)-type bond (e.g., adiponitrile = NC(CH2)4+CN [see Figures 2.5
and 2.6])[62-64].

Reticular Chemistry

» Reticular Chemistry: The chemistry of linking molecular building blocks by
strong bonds to make crystalline extended structures.

Metal-Organic Frameworks (MOFs) Covalent Organic Frameworks (COFs) Zeolitic Imidazolate Frameworks (ZIFs)

Nature 1999 Science 2005, 2007 PNAS 2006

Figure 2.4: Examples of crystalline extended materials [62].

Coordination Network Chemistry

[Cu ( Nc/\/\/CN)zl NO,

Y. Kinoshita, |. Matsubara and Y. Saito, Bull. Chem. Soc. Jpn., 1959, 32, 741-747.
Y. Kinoshita, |. Matsubara, T. Higuchi and Y. Saito, Bull. Chem. Soc. Jpn., 1959, 32, 1221-1226.
Y. Kinoshita, |. Matsubara and Y. Saito, Bull. Chem. Soc. Jpn., 1959, 32, 1216-1221.

Figure 2.5: Example of the first coordination network [63, 65].
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Early Examples of Coordination Networks

NC.
|N b . -
.'.""‘ L3  § l“ ® Cu
| 2 ®N
N‘CN

A. Aumdiller, P. Erk, G. Klebe, S. Hinig, J. U. von Schitz and H.-P. Werner, Angew. Chem., Int. Ed., 1986, 25, 740-7<

Figure 2.6: Example of an early coordination network [62, 66].

During the end of the 1980s and 1990s, a large number of research papers reported the
use of metal ions and neutral donor linkers to synthesise coordination networks
materials. These materials proved to have a handful of structure types whose number
is limited by the coordination geometries that can be understood using single-metal
nodes [64, 67-69]. Based on the weak chemical bonds between the vertices (see
Figures 2.7-2.9) and the linker (see Figures 2.10-2.16), coordination networks are
non-porous, chemically unstable, undesignable and collapse when the solvents are

removed or the ions exchange in the pores.

Such characteristics inspired scientists and researchers to strengthen the chemical
bonds between the vertex and the linker (i.e., chelation of metal ions with a charged
organic linker) and make MOFs with strong chemical bonds, such as C-C, C-H, C-O
and M-O bonds [50, 70-72]. SBUs were created so that these structures of SBUs could
serve as rigid, directional and stable building units in the design of robust crystalline
materials with predictable structures and properties (see Figures 2.7 and 2.8)[62, 65].
Specifically, this feature of SBU led to the creation of MOFs with ultra-high porosity

and structural complexity.

This body of research has led to a unique chemistry framework of architectural,
mechanical and chemical stability in MOFs [59, 62, 73]. Despite carrying out reactions

involving ligand, linker, metal exchange and metalation reactions, as well as precisely
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controlled formation of ordered vacancies, MOFs are able to maintain their structure,
crystallinity and porosity. These characteristics of the MOFs, derived from SBUs,
make them useful in many applications, such as gas and vapour adsorption, separation

processes, removal of contaminants from wastewater and SBU-mediated catalysis

[59].

Zn,(acetate), Units as a Secondary Building Unit

e

4-coordinated Secondary building unit (SBU)
Zn,(-C00),

Rigid, directional, one kind of coordination geometry, and has strong bonds (~360 kJ/mol)
Figure 2.7: Secondary Building Unit (SBU)[62, 65].

Basic Zinc Acetate Structure as a Vertex

52 4

Rigid, one kind of connectivity, and entirely made up of strong bonds.

Figure 2.8: Basic zinc acetate structure as a vertex vertex [62].
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Inorganic Building Units Used in Reticular Chemistry
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Figure 2.9: Inorganic secondary building units (SBUs) used in reticular chemistry [65].

Ditopic Linkers Used in Reticular Chemistry
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Figure 2.10: Ditopic linkers used in reticular chemistry [62, 65].
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Tritopic Linkers

Figure 2.11: Tritopic linkers used in reticular chemistry [62, 65].

Tetratopic Linkers (#1)

I HOOC— l
HOOC '_ COOH

HOOC

HOOC COOH

HOOC COOH

HOOC H COOH

Figure 2.12: Tetratopic linkers used in reticular chemistry [62, 65].
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Pentatopic Linker

COOH
HOOC l O O COOH

COOH COOH

Figure 2.13: Pentatopic linkers used in reticular chemistry [62, 65].

Hexatopic Linkers

HgBHEI
HFBEETCA

Figure 2.14: Hexatopic linkers used in reticular chemistry [62, 65].
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Figure 2.15: Octatopic linkers used in reticular chemistry [62, 65].
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Figure 2.16: Dodecatopic linkers used in reticular chemistry [62, 65].
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2.3.2.2 The SBU approach

The key aspect of the SBU method is that it achieved what was considered unattainable
at the time: the use of molecular chemistry laws (organic and inorganic) to obtain
extended solid-state structures. This innovation has made the SBU an important
element in the design and development of MOFs. It has also widened the field of
possibilities for controlling constituents of materials at the molecular level, to make
‘materials on demand’ such as zero-dimensional (0D), one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D) crystalline porous extended materials

[74-79].

Using SBUs in the first half of 1998, Hailian and co-workers reported the synthesis of
the first new material, called ‘MOF-2" (Zn,[BDC]2[H20]2). MOF-2 is a binuclear
paddle wheel of zinc clusters (Zn2[-COOQO]J4[H20]>) aided at the vertex (SBU) to form
2D porous layers by reticulation of Zn?* ions with a charged organic linker called 1,4-

benzene dicarboxylate (BDC?")[80].

Using the same SBU approach to synthesise MOFs, other researchers have used the
tetranuclear (basic zinc acetate cluster [ZnsO(-COO)¢]) as SBU and reported the
formation of 3D MOFs (called ‘MOF-5"). The reticular chemistry of the SBUs utilises
BDC linkers to generate MOF-5 (ZnsO[BDC];), which has the key features of
exceptional architectural stability, porosity and an ultra-high surface area [81]. The
design and formulation of MOF-5 and other 3D MOFs, like HKUST-1 and
Cuz(BTC)2(H20); (BTC =benzene-1,3,5-tricarboxylate)[82], employ the SBU
approach inspired by the pioneering MOF-2 study [59].

As at 7 June 2018, the Cambridge Crystallographic Data Centre has identified in its
Cambridge Structural Database (CSD) 84,185 MOF structures [83], as well as
numerous published articles on the synthesis, structure and applications of MOFs
every year (see Figure 2.17). Interest, growth and advances in MOF chemistry,
inspired by the SBU approach, have given rise to significant and numerous expansions
in the range of Brunauer—-Emmett—Teller (BET) surface area (see Figure 2.18) and of

MOFs that have been synthesised, studied and used in applications [59].
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2.3.3 MOF design

Although innovative synthesis to create novel materials is more art than science, the
most crucial component of its technology is that new substances are created

serendipitously.

Until the end of twentieth century, when the SBU approach was discovered, scientists
used methods referred to as ‘mix and wait’, ‘shake and bake’ or ‘heat and beat’. These
methods worked well to synthesise essential solid-state materials, and researchers will
continue to use these methods to obtain interesting compounds to benefit industries

and communities [60].

However, nowadays technological revolution and high demand worldwide for
materials in different industrial applications have developed MOF chemistry to the
stage of designing crystalline extended materials for a specific function and
composition, structure, functionality, porosity, metrics for a metal organic structure
and dynamics with high reliability [85, 86]. Advances in MOF chemistry have enabled
the production of materials with highly specific and cooperative applications [74, 75,

871.

The belief in the lack of association between the structure of the starting materials and
resultant materials was the reason for the lack of predictability in the structures of new
solid-state materials, such as coordination networks and other extended solids that
were synthesised using traditional methods. Based on MOF chemistry in the SBU
approach, the designed material can be made reliably by governing the reaction
conditions under which a certain SBU targets a predetermined geometry, topology and
structural connectivity of both building units [88]. The design of MOFs requires
precise knowledge about the chemistry of the metal ion that will be utilised to form a
specific SBU, because small differences in the conditions of synthesis can lead to the
formation of different types of SBU. Moreover, the structure of the organic linker
during the synthesis process must remain unchanged so that the constituents of the

linker will not affect the formation of the intended SBU [89].

The process of reticular synthesis is key to designing MOFs with predetermined
topologies. Appropriate building units are selected to build the targeted net. Edge-
transitive nets or default topology can be formed by any assumed set of building units

(vertices and linkers).
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Figure 2.19 shows a reticular table that provides the edge-transitive nets for any given
combination of building units and their augmented form (which are commonly
produced in reticular synthesis); possible non edge-transitive nets are also indicated by
the empty boxes. According to the reticular table, a suitable selection of shape and size

of building units enables scientists to fabricate any structure for a specific application.

From a topological point of view, a reticular synthesis of MOFs that uses similar
building units with the same geometry and connectivity, but differ in size, can result
in what is called ‘isoreticular frameworks. Therefore, although the structures of
building units may be similar in topology, their different metrics may be employed to

create materials having different applications (see Figure 2.20)[70, 84].
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Figure 2.19: The reticular table. A table of possible bipartite nets representing
binary frameworks made by reticular chemistry. All topologies are shown as their
corresponding augmented net [59, 62].
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IRMOF-74-Il

IRMOF-74-I1l

IRMOF-74-1X IRMOF-74-XI|

Figure 2.20: Isoreticular structures of isoreticular metal organic framework
(IRMOF-n) (n =1 through 7, 8, 10, 12, 14 and 16), labelled respectively [70]. (A)
Perspective views of a single one-dimensional channel shown for each member of an
IRMOF series. Perspective side view of the hexagonal channel, showing the ring of 282
atoms (highlighted in gold) that define the pore aperture of the largest member of the
series, IRMOF-74-XI [90].

2.3.4 Synthesis methods

Metal organic frameworks (MOFs) have been synthesised by two main chemical
approach (Liquid phase synthesis and Solid phase synthesis) as well as new technique

so called Ionothermal synthesis which also considered as liquid phase synthesis.
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2.3.4.1 Liquid-phase synthesis

Three constituents must be available in the synthesis procedure: the first is a metal salt,
the second is a suitable organic linker and the third is a solvent. Most MOFs are
synthesised in liquid-phase syntheses, where the metal salt and organic ligand are
mixed together with the selective solvent inside a suitable container or the metal salt
and organic ligand are dissolved separately in the solvent and then mixed in a single
pot [91]. Solute—solvent interactions include hydrogen boding, ion—dipole, dipole—

dipole, dipole-induced dipole, solvophobic, and dispersion or London interactions.

Generally, the effects of the solvents depend on several factors: solubility, reactivity,
stability, donor number, dielectric constant, polarity and boiling point temperature [92,
93]. Consequently, solvents or co-solvents play a primary role in the topological
control of the structure of porous materials [94]. Solvent aside, the results of this
method are controlled by several factors: concentration of reagents, heating
temperature and heating duration, pH of the solution and the nature of the precursors.
These factors affect the morphologies, crystal sizes, topologies and phase purity of the
produced material [95]. There are many reliable methods for liquid-phase synthesis of

MOFs; these are described below.

2.3.4.1.1 Slow evaporation method

The slow evaporation method is the oldest conventional method for growing crystals
and has been used recently to synthesise MOFs in a very simple procedure, as shown

in Figure 2.21. It generally does not require external energy.

Although this method is chosen occasionally because it is a low-temperature process,
its major drawback is that it consumes too much time compared with other methods
[91]. However, if an increased yield has priority over high crystal quality, the reaction
times can be significantly reduced by increasing the concentration of precursors and
using agitation [96]. Consequently, the product formed under these conditions may or
may not be identical to those achieved by other methods used to produce highly

crystalline materials [97].

In the slow evaporation method, a solution of the initial materials is concentrated by
slow evaporation of the solvent at constant low temperature. Sometimes the process

contains co-solvents, which can increase the solubility of the reagents and accelerate
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the process through quicker evaporation of low—boiling point solvents [91]. Table 2.1

demonstrates some MOFs which are prepared by slow evaporation synthesis method.

|
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n O Crystalline MOF

Figure 2.21: Slow evaporation method for synthesis of MOFs.

2.3.4.1.2 Hydrothermal or solvothermal method

The hydrothermal and solvothermal method are widely used in the synthesis of
advanced porous materials, such as zeolites, metal oxides and MOFs. The term
‘hydrothermal’ means any homogeneous or heterogeneous chemical reaction in the
presence of water at above room temperatures and at a pressure greater than 1 atm;
whereas the term ‘solvothermal’ indicates the chemical reaction occurs in the presence

of an organic solvent [98] (see Figure 2.22).

This method should be carried out in closed vessels, such as a glass vial or acid
digestion vessel [91]. Glass vials are mostly used for reactions at temperatures lower
than 373 K. Acid digestion vessels are usually used for reactions at higher
temperatures. The pressure inside the vessel is directly related to its volumetric
capacity and the volume occupied by the solvents. In fact, to control the autogenous
pressure, the volume occupied by the organic solvent should be less than 75% of the
total capacity of the vessel, while that occupied by aqueous solvents should be less
than 30% of the total volume. The solvent is carefully selected based on its chemistry
[99]. The solvents are either protic—hydrogen donors with high dielectric constant
and polarity, such as water, ethanol, methanol or acetic acid—or aprotic solvents such
as dimethyl sulfoxide, N, N-dimethylformamide, dimethylformamide, acetonitrile or
acetone. Aprotic solvents cannot take part in hydrogen bonding and they have
intermediate dielectric constant and polarity [100]. Table 2.1 show some MOFs which

are prepared by hydrothermal or solvothermal techniques.
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Figure 2.22: Hydrothermal/Solvothermal synthesis of MOFs [101].

2.3.4.1.3 Electrochemical method

The electrochemical method is a promising and environmentally friendly technique
for fabricating MOFs, because its conditions for synthesis are mild, the crystal growth
occurs relatively quickly, the method can be easily scaled up [102] and there is
possibility of controlling the reaction conditions directly during the synthesis process.
The concept relies on an electrochemical method to raise the pH and subsequent
deprotonation of the linker. As a result of anodic dissolution, the nucleation of MOF
crystals starts near the electrode surface with the consequent formation of a thin MOF

layer [103].

In narrative detail, the electrochemical method uses an electrode to generate the metal
ions by immersing the electrode in a solution of the linker and an electrolyte material.
After applying a set voltage, metal ions are produced around the surface of the
electrode and then directly react with the deprotonated linkers in the solution to form
the MOF molecules near the electrode surface. The quality of the product by this
method depends on several parameters, including the applied voltage, specific current,
the gap between the electrodes, duration of synthesis, type of solvent, chemistry of the

linker and electrolyte concentrations [104].

Electrochemical synthesis allows more control over the reactant concentration during
synthesis over the course of time, since it is performed without building pressure.
Therefore, not only can the metal be added at different rates by controlling the anodic

oxidation, but the linker can also be continuously added to the solution. In addition, it
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should be possible to carefully control the oxidation state of the metal simply by
adjusting the voltage to the electrode [105].

An electrochemical synthesis method was proposed to avoid the major disadvantages
that beset conventional methods, such as large amounts of waste, the risks and costs
associated with anions such as nitrates and chlorides, and oxidation and corrosion
hazards [106]. Functionalised isoreticular metal organic framework (IRMOF-3) was
successfully prepared by an electrochemical method using a zinc plate as the anode, a
copper plate as cathode while the co-solvents dimethylformamide (DMF) and ethanol
were used to dissolve the organic linker and the electrolyte (tetrabutylammonium
bromide)[107], as shown in Figure 2.23. Table 2.1 illustrate some MOFs which are

prepared by electrochemical approach.

o T—

Cu

Figure 2.23: Electrochemical synthesis of IRMOF-3 [107].

2.3.4.1.4 Sonochemical method

The sonochemical method usually uses the energy of ultrasound (in the range 20 kHz
to 1000 kHz) to accelerate the reaction between metal centres and organic ligands in

the solvent [108].

This ultrasound-assisted method for synthesising MOFs is recent technology, rapid,
economic and environmentally friendly. Its main advantage is that in requiring unusual
reaction conditions, such as high pressure and temperature, the reaction time is short

[109].Specifically, ultrasound causes chemical or physical changes via a solution of
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precursors. The acoustic cavitation process involves the formation, growth and prompt
collapse of microbubbles in a solution of precursors as a result of pressure fluctuations
that occur in the applied sound field [110], which create local hot spots of high
temperature and pressure of short duration [111]. The extreme conditions can promote
chemical reactions by immediate formation of a superfluous crystallisation nuclei. The
characterisation of the product is affected by the duration of ultrasonication,

temperature and applied ultrasound power [112].

As shown in Figure 2.24, sonochemical methods can generate homogeneous
nucleation centres, with considerable reductions in crystallisation time compared with
conventional hydrothermal methods [91, 101]. Table 2.1 demonstrate some MOFs

which are prepared by sonochemical synthesis.

Ultrasonic wave
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Solvent exchange

& washing
Heat/vacuum
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(~5000 K, ~1000 bar)
@ Metal salt == Organic licand

Figure 2.24: Synthesis MOFs by sonochemical method [101].

2.3.4.1.5 Microwave method

The microwave-assisted method is a very fast method for synthesising MOFs;
microwave irradiation provides energy for the growth of MOFs over a short period. It
was originally used to yield nanosized metal oxides because it was fast, clean and
economic [113]. The benefits of this method include high productivity, phase

selectivity, small particle size and control over morphology [114, 115].

The principle of microwave-assisted synthesis is to build up the interaction of
electromagnetic waves with mobile electric charges in the solution (polar solvent,

metal ions, deprotonated organic ligand). Crystalline powders are formed very quickly,
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within a minute, from an identical starting mixture under microwave irradiation at
temperatures between 423 K and 493 K [115]. However, concentrated reagent

solutions are not preferred because it may lead to the production of metal oxides [116].

There are many disadvantages to the microwave method. A high reaction temperature
can result through rapid microwave heating in a sealed vessel. In addition, solvents
with lower boiling points can be used under pressure (in closed-vessel conditions) and

heated at temperatures considerably higher than their boiling points [117].

As shown in Figure 2.25, highly crystalline UiO-67 was created by microwave-
assisted synthesis at a lower temperature and over a shorter period than that achieved
by conventional solvothermal synthesis. Microwave heating resulted in a product with
textural properties, morphology and affinity for adsorption similar to that achieved by
solvothermal synthesis [118]. Table 2.1 show some MOFs which are prepared by

microwave method.

ZrCl, + BPDC linker
a *

+ Modulator

Microwave-assisted synthesis
SISayuAs jowiay3onjos

High T

Microwave Conventional
heating heating

Figure 2.25: Synthesis of UiO-67 by microwave heating compared with conventional
heating [118].

2.3.4.1.6 Spray drying method

The spray-drying process starts with atomisation of a solution of precursors into a

spray of microdroplets, using a two-fluid nozzle. This step is accomplished by

47



CHAPTER 2 Literature Review

simultaneously injecting the solution at a certain flow rate with compressed air, or with
nitrogen gas at another flow rate. The droplet of a precursor is suspended by a gas
stream heated to a certain temperature, which evaporates the solvent and persuades the
precursors to diffuse radially to the surface. Then, the concentration of the precursor
increases continuously until the required concentration on the surface is reached, when
the nanosized MOF crystals start to grow and accumulate on the surface [119], as

shown in Figure 2.26.

The spray-drying method has been modified to be a continuous process to allow the
collection of dry MOFs in the form of microspherical superstructures. Further, the used
solvent can be recovered easily; therefore, this process is cost and waste efficient

[120]. Table 2.1 illustrate some MOFs which are prepared by spray drying synthesis.

Metal IONs+
Organic
Linker

Pressurizred
N2 Or Air

Atomization

Micridroplets

MOFs

Figure 2.26: Synthesis of MOFs by spray flow method.

2.3.4.1.7 Flow chemistry method

The flow chemistry method is an ultra-fast continuous process for synthesising MOFs
with tuneable characteristics, depending on the temperature, residence time and slug

volume [121].

Specifically, this method consists of four major parts: a syringe system, a microtubular
reactor, a temperature-controlled oil bath and a glass vial to collect the product, as
described in Figure 2.27. The syringe system includes three syringes: the first to supply

the silicon oil solution to prevent plugging of the reactor and aggregation of the
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particles, the second to inject the metal solution and the third to inject the organic
ligand solution [122]. The product can precipitate to the bottom of the vial, underneath

a layer that is related to the solvents and another layer related to the silicon oil.

Solvents ~ Solvothermal —.,
2 H HKUST-1
Organic Metallic MOF-5
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Figure 2.27: Flow chemistry method for preparing MOFs.

Another wet synthesis method, solid-state synthesis, is used to synthesise and control
the growth of different MOF nanocrystals on various mesoporous substrates. This
method permits the rational construction of hierarchical hybrid porous systems for
given applications, while overcoming the limitations of current solvothermal methods.
The integration of MOFs with mesoporous materials would benefit from mass-transfer
kinetics of mesoporosity, avoid the limitation of diffusion in bulk particles, impart
sphericity to MOF particles and protect MOF structures from physical forces that could
cause attrition of bulk particles in fluidised processes [123]. Table 2.1 show some

MOFs which are prepared by flow chemistry method.
2.3.4.2 Solid-phase synthesis

Grinding solid reagents under solvent-free or low-solvent conditions is emerging as a
general synthetic technique that is an alternative to conventional solvent-intensive
methods, because it is quicker and easier [124]. Solid-state synthesis has difficulties
with obtaining single crystals and therefore, with determining product structure—
otherwise quite easy in solution-phase synthesis [91]. Mechanosynthesis is a well-
known technique in metallurgy and mineral processing, but within the last few decades
it has expanded rapidly into many areas of chemistry such as catalysis, inorganic

chemistry and pharmaceutical synthesis.

The use of mechanochemical methods to construct MOFs has significantly improved

the synthesis of porous MOFs [125]. Practical demand for mechanosynthesis has
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increased because this method can be used to synthesise some MOFs that are
challenging to synthesise by conventional wet synthesis methods, due to the slightly

low solubility of reactants [126].

Further, there are three diverse mechanochemical methods of synthesising MOFs.
First, the solvent-free grinding technique is the simplest and uses hydrated metal salts.
Water is released after grinding. Second, the liquid-assisted grinding technique is
faster and more flexible, as it utilises a little catalytic amount in the liquid phase to
accelerate the mobility of the reagents, their partial dissolution or even eutectic
formation [127, 128]. Third, the ion- and liquid-assisted grinding technique, utilises a
catalytic liquid with drops of salt additives to increase the rate of MOF production.
This last technique produces unpredictable structure-directing effects by the insertion
of salt ions in the porous MOF. Figure 2.28 shows the mechanochemical synthesis via

the solvent-free grinding method, using a ball mill grinder.

By using these three techniques, many versatile MOFs have been synthesised [129].
Most reports of mechanochemical synthesis employ mills with small balls in a weight
of less than one gram to achieve reactions between the metal salts and organic linkers
to produce sufficient amounts of MOF with high surface area [130, 131]. Table 2.1

demonstrate some MOFs which are prepared by mechanochemical synthesis.

et
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Figure 2.28: Laboratory preparation of MOFs by mechanochemical synthesis.

Although hydrothermal and solvothermal methods are time consuming, they are the

most commonly used technique by researchers in this field to synthesise MOFs.
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2.3.5 Modification and functionalisation

There are two strategies for modifying MOFs: modifying during synthesis and
modifying post synthesis.

2.3.5.1 Direct synthesis modification (DSM)

The name of this method suggests it is possible to enhance the textural characteristics
and active functionalities of parent MOFs in the same pot of synthesis by adding

additives or other chemicals.

An advantage MOFs possess over other porous materials is the ability to readily
change the nature of their pores through functionalisation. With respect to
dicarboxylate-based MOFs, dicarboxylic acids that contain additional functionalities
can in some cases be employed directly in the synthesis to yield isoreticular MOFs

[70, 132], which may exhibit lower pore volume and smaller pore size [133].

In comparison with other porous materials, MOFs are reliable in having diverse
functional groups. The facile modification of MOFs is considered key to the successful
application of these hybrid materials. MOFs have two types of chemical components
(metal and linker) that enable the insertion of new active functional groups [134].
Functionality plays a significant role in MOF chemistry, since their potential capacity
for a wide range of applications depends heavily on the possibility of integrating
various chemical functionalities into MOFs [135, 136]. Functionalised MOFs can
exhibit interesting physical and chemical properties, including accelerated adsorption

kinetics and catalysis [137].

DSM is a very helpful method for obtaining new selective functional groups in MOFs
if they originally possess a functional group on the surface of their pores. For example,
UiO-66 was modified using functionalised terephthalic acid in the same synthesis
procedure to obtain different functional groups, such as NHz, NO,, Cl> and Br», on the
surface of pores while maintaining the same topology [138-140], as shown in Figure

2.29.
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Figure 2.29: Modification of UiO-66 using functionalised terephthalic acid in the same
synthesis procedure to obtain different functional groups. (a) NH,-UiO-66, (b) NO»-
Ui0-66, (c) Cl,-UiO-66, (d) Br>-UiO-66, (e) UiO-66.

However, in some cases it is necessary to adapt the synthesis procedure to optimise

the conditions for each substituted organic linker, because of differences in solubility

or chemical reactivity. This is demonstrated by the synthesis of 20H-UiO-66—which

succeeded not by following the same procedure as that for UiO-66 but by adopting the

co-solvent synthesis method [141].

The synthesis of isostructural MOFs with different linkers is, therefore, not

straightforward. By introducing substituents on the aromatic linker, certain control
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over the electronic density of the metal nodes, derived from the electron’s influence

through withdrawing or donating substituents, can be gained [142].

Moreover, DSM can be achieved by adding a trace of specified chemicals (as
additives) into the original mixture during synthesis. For instance, ammonium
hydroxide was used as an additive in the direct synthesis of UiO-66 to improve its
textural properties and reduce crystal size [143], while acetic acid was used in the

similar way to enlarge the crystal size of Ui0-66 [144].

Further, using co-solvents instead of a single solvent in DSM has enabled novel and
fascinating modifications to pore size, pore volume [145, 146] and morphology of
crystalline MOFs [147]. Additional research has found that when a series of uniform
crystals with different MIL-96 morphologies were synthesised, using water as the main
solvent mixed with different ratios of secondary solvents (e.g., DMF, toluene or THF),
the modified MIL-96 exhibited excellent stability in neutral to acidic aqueous

conditions.

In addition, the DSM method has been used to enhance the activity and functionality
of MOFs by installing other linkers or other metals in parent MOFs. Although it is
known that the crystallisation process may not be succussed to accommodate different
molecules in the same lattice units, MOFs exhibit contrasting behaviour because the
organic ligands are not closely packed within the lattice. Consequently, modification
is made possible with the use of various linkers or metals to construct mixed-

component MOFs [105].

Based on the properties of organic linkers, there are three strategies for synthesising
mixed-linker MOFs. The first strategy uses linkers with identical geometries. Whereas,
preparation of MOFs includes more than one identical linkers have been adapted after
confirming the successful synthesis of different isoreticular MOFs with the same
topology [148, 149], a series of metal-organic polynuclear clusters with small
multidentate ligands were designed, which were further extended by the secondary
ligands to construct multifunctional mixed-linker MOF materials [150, 151], as shown
in Figure 2.30. Integrating multiple ligands with identical linking chemistry is an
efficient route to multivariate MOFs with increasing complexity and functionality. It
is possible to obtain distinct functionalities in a single phase; while the distribution of

functional groups is not ordered, the backbone of the structure is ordered [87].
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Figure 2.30: Preparation of mixed-linker MOF using linkers of identical geometry
[152].

The second strategy for synthesising mixed-linker MOFs employs linkers with
different geometries. When two or more organic ligands of divergent size, shape and
coordination attraction are used, specific coordination of the different organic ligands
with metals is made. This strategy provides opportunities to functionalise parent MOFs
and enhance pore size with topologies of lower symmetry. Additionally, this strategy

may lead to synthesis of new materials with different topologies [153, 154].

The third strategy uses a second linker as a crowning agent, because it should have
reduced the number of functional groups. The relative rates of bond creation and
exchange determine the role of the truncated monomer in the crystallisation. If growth
is quicker than exchange, a shortened monomer is incorporated throughout the whole
network, which raises around these defect positions. If exchange is quicker relative to
framework growth, the shortened monomer will preferentially exist in the faces of the
growing crystal, and supply a means to control the crystal’s size, shape and surface

functionality [155].

DSM is the best method for synthesising mixed-linker MOFs, especially the first
strategy outlined above. \Many metal-organic polynuclear nodes with small
polydentate organic linker are premeditated, which are further extended by secondary

linkers to build multifunctional mixed-linker MOF materials [154].

There are several advantages in introducing auxiliary organic ligands in MOF, such as
the addition of different active functional groups, the emergence of selective textural

properties and the production of defect-tolerant MOFs. In addition, the introduction of
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auxiliary organic ligands in MOFs may lead to the production of new multifunctional

porous materials [154].

The preparation of mixed-metal MOFs by the single-pot synthesis method (DSM) is
very difficult [ 156] because inserting new auxiliary metal nodes into the structure of
MOFs leads to fragile frameworks with unpredictable topologies and functional
groups. However, classical MOFs have high surface areas, exceptional pore volumes
and high thermal stability; therefore, they can be considered the best candidates for

modifying mixed-metal MOFs by the DSM method, as described in Figure 2.31.
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Figure 2.31: Preparation of mixed-metal MOFs by the direct synthesis method.

The efficiency with which the main metal is replaced by the auxiliary metal depends
on several conditions, such as coulombic charge, ionic radii and coordination
geometry; therefore, both metals should be highly similar in ionic radii and
coordination geometry. Otherwise, a large size difference can lead to lattice disorder
[157] or produce an independent solid phase without participating in the main
backbone structure [158]. Conversely, in some cases of relative low size difference,
preparation of mixed-metal MOF succeeds and enhances the porosity of the parent
MOF. In addition, the availability of unsaturated metal sites on the parent MOF can
enhance the incorporation of the second metal in the mixed-metal MOF. While some
mixed-metal MOFs have been successfully synthesised, BET surface areas have
decreased with increasing incorporation ratios of a second metal [159]. In contrast,
some mixed-metal MOFs have been successfully produced without observed changes

to the BET surface area [160].
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According to the principle of establishing interfaces to separate two solid phases, the
possibility of developing new materials has arisen because significant changes to
engineering properties can be obtained if the interfacial structure is distorted [161].
Consequently, properties different to those of discrete phases can be gained, opening
up another approach that uses DSM to synthesise core—shell MOFs. The chemical
contrast between the centre and surface is obvious in the resulting MOFs. In other
words, a MOF can be built epitaxially on the surface of a different crystalline material
to create heterogeneous materials in which the shell and core of each crystal are not

the same [152], as shown in Figures 2.15 and 2.16.

The DSM method to produce core—shell MOFs involves the following. First, two
MOFs are prepared. Second, the crystalline powder of each MOF is centrifuged. Third,
the supernatant of the MOF is added (1) to the crystalline material of the MOF, (2) and
vice versa. Finally, the mixture is transferred into a separate autoclave that is tightly
sealed and heated at a mild temperature to produce core—shell MOFs (MOFa and
MOFb; Figure 2.32). This method can produce multilinker core—shell MOFs, as shown
in Figure 2.32, and bimetallic core—shell MOFs, as shown in Figure 2.33. This method
is closer to post-synthesis than DSM because the nucleus of the crystalline MOF
should be synthesised first, followed by MOF’s surrounding shell.
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Figure 2.32: Preparation of core—shell MOFs (MOFa+MOFD) of different linkers.
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Figure 2.33: preparation of core—shell MOFs (MOFa+ MOFbD) of different metal.

2.3.5.2 Post-synthesis modification (PSM)

PSM is used to modify materials that have already been synthesised. The modification
aims to insert a functional group to improve their textural properties or enhance their
particular application without significant change to the lattice structure [135], as

described in Figure 2.34.

The simplest PSM is the activation process via solvent exchange to remove the
coordinated solvent, which may be coordinated with a metal centre during the
synthesis process [162]. As mentioned previously, inserting an active group by using
functionalised organic linkers may lead to further complications in the synthesis
procedure or prevent the construction of MOF, because under hydrothermal conditions
the presence of functional groups may cause problematic solubility or may coordinate
with the metal centre [134]. However, simple functional groups have been prepared
successfully; consequently, as a result of high porosity, large pore volume and pore
size in MOFs, the insertion of other functional groups in MOFs for specific

applications has been achieved by the post-synthesis method [163, 164].

57



CHAPTER 2 Literature Review
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Figure 2.34: Inserting functional group in MOF by the post-synthesis method.

To be exchangeable in PSM, the functional group should be compatible with the
original functional group. There are many scenarios in which PSM is applicable. First,
it 1s preferable to use an inert functional group on the organic linker in the main
synthesis procedure to maintain structural integrity and to ensure the pores are fully
open. Following this, introducing an active functional group instead of an inert group
can facilitate PSM. Second, some MOFs such as MIL-53 and UiO-66 have a bridging
OH group; therefore, PSM can be used to exchange the hydroxyl group for other
functional groups to enable special application [163]. Third, it is directly
functionalised by displacing the hydrogen atom from the BDC linker under tough
conditions, and by inserting an active functional group with a covalent bond [164].
Fourth, PSM can succeed by coordinating the new metal in the main skeleton to

produce bimetal MOFs (mixed MOFs or M-MOFs), as shown in Figure 2.35.
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Figure 2.35: Synthesis of mixed MOF (M-MOF) by the post-synthesis method.

The synthesis of M-MOFs in PSM happens at a much slower rate than in DSM,;

therefore, PSM can be achieved by adjusting the percentage of ion exchanged and
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checking the results of elemental analysis of the metal solution and final product [151].
Specifically, the single metal should be prepared first with high crystallinity and then
activated to remove all non-reacted precursors. The metal exchange procedure is
undertaken by soaking crystalline MOFs in the second metal solution for several days
or by treating the activated crystalline MOF solvothermally in a solution of the
selective second metal [151, 156]. The replacement of a metal ion at the location of
another occurs partially or completely. Therefore, through mixed metals PSM can
produce new MOFs if the second metal can exchange with all metal sites of the main

metal [157, 165].

However, the process of completely replacing the metal ion faces significant kinetic
obstacles because of ultra-micropores, steric hindrance and captivity in unusual
coordination geometries. Hence, the partial exchange of metals dominates the PSM
process to produce mixed-metal MOFs. Similar to DSM, metal exchanges in PSM
occur between metals that are similar in ionic radius and coordination geometries [157,

166].

Mixed-linker MOFs have been synthesised by PSM according to first scenario (i.e.,
using an inert functional group on the organic linker in the main synthesis, followed
by an active functional group in the PSM). Therefore, prior to PSM, it is preferable for
MOFs to have 2-amino-1, 4-benzenedicarboxylate (BDC-NH2) or other linkers with
potential for diverse organic transformation [152]. During PSM, the partial reaction of
the active functional group can be attributed to the increasing steric burden inside the

pores as a result of the high degree of functionalisation [151].

To resolve the challenges in the single-pot synthesis and post-synthesis methods,
multistep synthetic methods—derived from retrosynthetic analysis—to synthesise
MOFs have been recently proposed. This technique uses kinetic analysis of the
targeted MOFs into their synthons (metal precursors and organic ligands). The
synthons are consequently gathered into the intended MOF structure stage by stage
under kinetic control, using recognised post-synthetic modification strategies to
eventually form the planned multicomponent MOFs. By this method, the synthesis of
very crystalline MOFs, included bimetal and multilinker MOFs, becomes possible

[156].
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2.3.6 Activation methods

As-synthesised MOFs are mostly blocked by solvents and unreacted precursors that
may fill the pores, undesirable guests must be discarded in a process called the
activation process. The removal of solvent molecules, especially when they have high
boiling points or high surface tension, may lead to collapse of the framework due to
high surface tensions and capillary forces that are imposed on the structure by the
liquid to gas transformation of the trapped solvent molecules. Consequently,
significant capillary forces, and hence surface tension, can be created during activation

and cause frameworks to fully or partially collapse [95].

Activation processes are affected by factors such as the chemistry of guest molecules,
pore size and functionality of the MOF surface. In many instances, the experimentally
observed surface areas and pore volumes are significantly lower than those predicted
in simulations based on single-crystal structures, and incomplete activation is often
invoked to explain observed data [167]. Known activation methods are described

below.
2.3.6.1 Evacuation process

The evacuation process is used when the porous materials have very low thermal
stability and the guest materials are connected to the structure by van der Waals forces
or hydrogen bonding. Generally, the samples are first filtered under vacuum and then
washed by a suitable solvent to remove the guest molecules from the external surface,
so that they can be forced to migrate out of the pores when placed in a vacuum, while

maintaining structural integrity.
2.3.6.2 Heating process and inert gas

The activation method of the heating process and inert gas uses the heating process to
evaporate the solvent and sublimate the residual precursors from the pores. Prior to
undertaking this method, it is preferable that the decomposition temperature of a MOF
is identified from a thermogravimetric analysis (TGA) profile. Then, the MOF can be
heated at a temperature less than half the decomposition temperature. This method can
perfectly remove small guest molecules (such as methanol and ethanol) from MOFs.

While it is recommended to use inert gas to homogenise the powder during the heating
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process, it may lead to partial damage of the structure. Also, some residual reactants

may remain inside the pores.
2.3.6.3 Heating and evacuation process

The heating and evacuation process require three conditions. First, the MOF powder
must be dried at low temperature to remove moisture. Second, heating should occur at
a selected temperature based on the MOF’s TGA profile. Third, evacuation should

occur at very low pressure during the heating process.

However, ensuring that these conditions are met does not guarantee the integrity of the
structure, because the structures may partially collapse. Therefore, the rate of

evacuation needs to be gradually increased during the heating process.
2.3.6.4 Solvent exchange and evacuation

In the solvent exchange and evacuation method, the as-synthesised crystals are firstly
washed by a synthesis solvent to remove unreacted precursors, then with a suitable
solvent such as chloroform or methanol to remove the guest molecules (synthesis
solvent) from the surface. To remove residuals and guest molecules from the pores,
the material should then be immersed in the solvent for several hours or days. During
this time, the soaking solution is replaced with fresh solvent at regular intervals. After
the solvent exchange process is complete, the sample is filtered, air-dried and placed
under vacuum at room temperature for a specified period [168]. As the soaking may
be time consuming, the washed samples can be solvothermally treated by the solvent
at a mild temperature over several hours, then filtered, dried and evacuated at room

temperature.
2.3.6.5 Solvent exchange followed by evacuation and heating

The method of solvent exchange followed by evacuation and heating includes two
techniques: a) soaking the synthesised MOFs and b) treating the dried synthesised
MOFs solvothermally.

The first technique, soaking the synthesised MOFs in a suitable solvent [58], the
solvent should have lower molecular weight, lower donor constant, lower surface
tension and lower boiling point [95]. Further, the specified weight of the MOF should

be firstly washed very well by the same solvent used in the synthesis, then dried at
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room temperature under vacuum or in an oven at 373 K. The dried sample should then
be soaked in the selective solvent for a specified period; it is preferable that the solvent
is changed at least twice during the soaking period. Finally, the sample should be dried

again and then heated under vacuum at a suitable temperature [143].

The second technique involves solvothermal treatment of the dried synthesised MOF
by a suitable solvent at a suitable temperature [169]. The selective solvent for the
exchange process should be highly polar, consist of hydrogen bond acceptors and is
not a hydrogen bond donor [170]. Specifically, a specified weight of the solvent should
be washed and dried very well, then immersed in the selective exchangeable solvent
and mixed very well. After that, the suspension should be transferred to a Teflon-lined
autoclave which should be tightly closed and sealed. Next, the autoclave should be
placed in a preheating oven at a temperature less than the temperature used in the
synthesis for a specified period. Finally, the product should be filtered, dried and then

heated under vacuum at a suitable temperature [171].
2.3.6.6 CO: supercritical CO2 drying

In the supercritical CO> drying method, the as-synthesised crystals are soaked in
ethanol for 3d to exchange all guest solvents with ethanol. Again, the soaking solution
is replaced with new ethanol every 24h. The ethanol-exchanged samples are then
soaked in liquid COz in a supercritical dryer for more than 6h, with the chamber purged
with fresh liquid CO> every hour. During this period, the temperature in the dryer is
maintained between —5°C to +5°C. The temperature is then increased to 40°C (i.e.,
above the critical point of CO> [31°C]) and maintained for 30 min. Finally, the

supercritical CO; in the drying chamber is slowly released over a period of 18h [172].
2.3.6.7 Benzene freeze-drying

Benzene freeze-drying is based on the principle of solvent exchange activation and
COs supercritical CO; drying [173]. The high boiling points of solvents, which may
be incorporated in the MOFs, can be exchanged with that of a solvent (such as
benzene) that can then be removed by freeze-drying. The frozen solvent molecules can
be removed from the MOFs by solid—gas transition under vacuum at temperatures
below its freezing point. Bypassing the liquid phase eliminates the negative effect of
surface tension that induces the mesopore to collapse, and thereby enhances the

permanent porosity of MOFs [167, 174].
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2.3.6.8 Photothermal activation

Photothermal activation is a one-step method that depends on the photo-irradiation of
MOFs, which causes them to heat up [175]. This effect is called the ‘photothermal
effect’.

Ideally, one could exploit the conversion of light into heat to selectively increase the
local temperature of a given MOF and its surroundings, while minimising heat
diffusion and energy loss. The effect of photothermal interaction on MOFs is
stimulated by their direct irradiation with a ultraviolet—visible lamp. After irradiation,
the localised light-to-heat conversion in the MOF structures leads to the rapid removal
of guest molecules and thus reduces the activation time considerably [176]. The MOF

must be a photothermally active material for this activation method to succeed [175].

While the CO> supercritical CO»2 drying and benzene freeze-drying are more efficient
activation methods in terms of achieving MOF porosity, the literature reveals that the
most popular activation method is solvent exchange accompanied by heating at mild

temperature.

In regard to the activation process for mixed-metal or mixed-linker MOFs, the solvent
exchange method is not always recommended because MOFs need to be carefully
activated. Further, this method might lead to the replacement of auxiliary linkers or
auxiliary metals by solvent molecules. However, the solvent exchange of coordinated
metal or linker enhances the structural defects and textural properties in the main
skeleton [157, 177]. To maintain the content of the second component in the final
product, as-synthesised MOFs should be activated by a heating treatment accompanied
by evacuation at a mild temperature (lower than the boiling point of the solvent used

in the synthesis).

2.4 Water stability of MOF's

Water stability is an essential indication that the MOF can be used in a water treatment.
As aresult of their chemical properties, some MOFs are sensitive to water content and
their structures are gradually affected by moisture in the atmosphere. Examples of such

MOFs include MOF-5 [58, 178] or its isoreticular form [179].
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The water stability of MOFs can be easily checked by PXRD. If after exposure to
moisture, an XRD pattern is identical to that of the same material in the absence of

moisture, it is a good indication of MOF stability in water or in wet environment.

However, measurement of the BET surface area is also essential to check whether
porous materials such as MOFs are waterproof. While some materials have been
reported as having the same XRD patterns in humid and dry atmospheres, their BET
surface areas had significantly decreased in dry conditions [180]. Chemically, water
molecules with high polarity are likely to attack a hydrophilic target in MOF
structures; therefore, the coordination bonds between the metal clusters and organic
linkers are targeted first. Consequently, the organic ligand might be displaced [181] or
the structure might be partially or totally destroyed [182].

MOFs with water stability must have high hydrothermal resistance to prevent water
molecules interloping into their structure; otherwise, they may loss crystallinity and
whole porosity. Thus, MOF structures with great stability normally have strong
coordination bonds (thermodynamic stability) or significant steric hindrance (kinetic
stability) to prevent the detrimental hydrolysis reactions that break metal-ligand bonds
[183].

Various approaches have focused on MOF-5 and its isoreticular forms to improve their
hydrothermal stability. Principally, there are several ways to synthesise MOFs with
high stability in water.

(1) The first method is to use high-valence metal ions. High-valence metal ions with
high charge density build stronger coordination bonds with organic ligands. This
phenomenon has been extensively detected by MOF material scientists and researchers

and justified by the hard/soft acid/base view.

Moreover, high-valence metal clusters with a higher coordination number typically
produce a strong firm structure, making the metal-metal bonds less liable to water
molecules [50, 184]. Therefore, with the most frequently used carboxylate-type
linkers, high-valence metal ions (including AI**, Fe**, Cr** and Zr*") have been used
to synthesise MOFs that are hydrothermally stable. For instance, the famous Al-based
MIL-96 [147], Fe-based MIL-100 [185] and Cr-based MIL-101 [186] exhibit high
water stability. Interestingly, M'V-MOFs, which include metal clusters of Ti, Zr or Hf,

exhibit superior chemical and water stability under acidic and some basic conditions
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because they are high-valence metal cations with high charge density; consequently,
they require more organic linkers to balance their charges to form stronger MOFs [49,

141, 187].

The stability of MOFs can also be affected by the operating environment; therefore,
MOFs constructed from metal ions of high-valence number with carboxylate-based
linkers exhibit significant stability in an acidic environment and very weak stability in
a basic environment [188]. In acid, metal ions and proton (H;O'") compete to interact
with the organic linker. However, metals of high valence are more dominant than
protons in building strong coordination bonds with terephthalates, while OH! in basic
environments has a strong affinity towards metal ions of high-valence number, thus

replacing organic ligands [49, 189].

(2) The second method uses nitrogen-donor ligands. Employing the azolate organic
ligand (such as imidazolates, pyrazolates, triazolates and tetrazolates) has produced
MOFs with water stability. When softer nitrogen-containing ligands interact with
softer divalent metal ions, a framework of high-water stability can be synthesised. An
instance of such a framework is the zeolitic imidazolate framework (ZIF), which uses
Zn*" or Co®" with imidazolate ligands to build a multiplicity of stable structures similar

in topology to zeolite [71, 190, 191].

(3)The third method functionalises pore surfaces by their hydrophobic functional
groups [192]. This method primarily involves the functionalisation of the BDC linker
in the MOF-5 framework, with one or more hydrophobic functionalities during in situ
MOF synthesis, by direct synthesis or post synthesis [193]. Therefore, the Zn—O bond
can be shielded by combining numerous hydrophobic functional groups on the BDC

ligand.

Modified MOFs have unpredictable surface areas, pore sizes and pore volumes.
Generally, incorporating a polar functional group such as NO», NH3, Br, Cl or OH on
the dicarboxylate organic linkers reduces the water stability of the resulting MOF
relative to the parent MOF, because the polar functional groups facilitate hydrolysis of
the Zn—0O bond. However, using hydrophobic functional groups such as methyl groups
or polydimethylsiloxane (PDMS) on the terephthalate ligand can produce stronger

MOFs with higher water duty, because water molecules are hydrophilic and do not
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have any affinity towards hydrophobic functional groups. Consequently, the Zn—O
bond is protected from attack by water molecules [194, 195].

(4) The fourth method of ensuring water stability is to coat the surface of MOFs with
hydrophobic materials. For example, MOF-5, HKUST-1 and ZnBT were coated with
PDMS (a hydrophobic silicone) to successfully enhance their water stabilities [196].
This method also maintains the MOF’s BET surface area and textural properties [197,
198].

(5) The fifth method is to insert second-phase hydrophobic nanoparticles inside the
MOFs, as demonstrated by the insertion of multiwalled carbon nanotubes in MOF-5
using the single-pot synthesis procedure. The resultant MOF had a higher surface area
and hydrothermal stability than the virgin MOF-5, although their topologies were the
same [199].

(6) Mixed-metal MOFs may exhibit higher water stability than single-metal MOFs;
for instance, the water resistance of MOF-5(Zn”") was enormously increased by the
partial exchange of Zn?" with Ni?* in Ni-MOF-5(Zn*")[200]. However, mixed-metal
Ti-Zr-MOFs such as PCN-415 demonstrated excellent stability in acidic aqueous
solutions, similar to that of UiO-66 [201]. The most promising MOF proven to have
practical applications in the water environment is Zr-MOF, which has showed
hydrophobic behaviour. It could have a high concentration of defects because of
missing organic ligands and can become more hydrophilic while maintaining stability

[189, 202].

2.5 Removal of organic pollutants in water by MOF's

The removal of organic pollutants in industrial wastewater has become an important
issue for numerous researchers and scientists. Adsorption techniques have been widely
used for this purpose, with different adsorbents such as activated carbon [203], metal
oxides [204] and zeolites [205]. Recently, researchers have used water-stable MOFs
as successful adsorbents to removal chemicals from water, such as dyes [206],
phenolic compounds [207], monoethylene glycol [141] and pharmaceutical wastes

[208].

Dyes are the most effective pollutants in the public water supply system; therefore,

their removal was undertaken by many researchers using MOFs as adsorbents. Haque
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et al. (2010) claimed that MIL-101(Cr) and MIL-53(Cr) were used as adsorbents to
remove harmful anionic dyes such as MO from water. Their results showed that the
adsorption capacities of MIL-101(Cr) were higher than those of MIL-53(Cr) because
of the former’s large pore size: Adsorption capacity increased with the pore size of the
porous material. They suggested that the adsorption mechanism for dye using MOFs
partly depended on the electrostatic interaction between the anionic MO and cationic

adsorbent [209].

Mahmood et al. (2015) reported the synthesis of bimetallic metal-organic gels such as
MOA-3 (0.5Fe-0.5A1-BTC) by conventional solvothermal synthesis. The surface area,
pore size and pore volume of these gels were improved, evident by the increased pore

volume in MOFs with growing heterogeneity in their structure.

As the specific density of accessible sites was enhanced, the adsorption rate was
increased. MOA-3 (0.5Fe-0.5A1-BTC) demonstrated maximum uptake of dyes over a
short period at neutral pH. The open metal sites, textural properties, the phenomenon
of structural breathing and electrostatic interaction between the MOFs and dyes were

found to be major influential factors in the adsorption process [210].

Haque et al. (2011) claimed that an Fe-BDC MOF (MOF-235) was used to clarify the
aqueous solution of anionic and cationic dyes, including MO and MB. The removal
efficiencies of these dyes by MOF-235 were much higher than by conventional
adsorbents such as activated carbon, although the specific surface area of this MOF
could not be determined by nitrogen at 77 K. The investigators concluded that some
MOFs can be attractive adsorbents of some harmful chemicals, like dyes in
wastewater. The adsorption mechanism was attributed to the presence of electrostatic
interactions between the dye and the adsorbent. Specifically, this MOF can have
positive (framework) and negative charges (charge-balancing anion), respectively;

therefore, it can capture anionic and cationic dyes.

In addition, they found that the adsorption capacities for MO and MB changed with
pH, due to the increasing number of OH™! ions on the surface of the adsorbent with
increasing pH condition. However, another suggested mechanism is the n—n
interactions between the benzene rings of the dye and MOF [211]. Hasan et al. (2015)

discussed the removal of various hazardous materials from wastewater and diagnosed
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that the adsorption mechanism between pollutants and MOFs involve hydrophobic

interactions, electrostatic enhancement and n—x interactions [212].

Shuang et al. (2014) claimed that Cu-MOF (HKUST-1) was effectively used to remove
MB from wastewater. HKUST-1 has a large BET surface area and a large pore volume;
these boosted the adsorption uptake of MB in a neutral environment through
electrostatic attraction. Indeed, although it was supposed that the adsorption of MB as
a cationic dye might increase in a basic environment, when the pH was greater than 7,
the adsorption uptake of MB dropped. Likewise, when the surface of pores of the Cu-
MOF was positively charged, in an acidic environment the adsorption capacity fell

because of repulsion between similar charges.

However, in aqueous solutions with pH > 7 (adjusted by dropwise additions of NaOH),
the adsorbed amounts of MB reduced. This was thought to be due to the chemical
reaction between the MB and NaOH molecules to produce NaCl (aq) and MB-S*OH
(aq). The presence of NaCl might have decreased the adsorption of MB-S'OH

(aq)[213].

Electrostatic interactions aside, other adsorption mechanisms, such as n—m interactions
and hydrogen bonds between the organic ligands of HKUST-1 and the benzene rings
of the MB dye, cannot be excluded [214]. Zhao et al. (2017) reported that two Cr-
MOFs (MIL-101[Cr] and MIL-101[Cr]-SO3H) were successfully prepared and used
to remove and separate the ionic dye fluorescein sodium (FS) and the cationic dye
safranine (red synthetic dye) (ST) from wastewater. Interestingly, MIL-101(Cr) could
adsorb the FS dye but had difficultly adsorbing the ST dye, and MIL-101(Cr)-SOsH
displayed the reverse phenomenon. Importantly, high adsorption capacity with high
selectivity of the two MOFs was also attributed to the solution mixture of both dyes.
Zhao et al. claimed that an investigation into the underlying mechanisms has found
that the performance of this adsorbent was caused by negatively charging the surface
of MIL-101(Cr)-SO3H and attributed to the existence of —SO3H functional groups.
Further, their investigation of FS adsorption mechanisms in MOFs, using MIL-
101(Cr), found that it was occurring via electrostatic interaction and ion exchange.
They also suggested that both the -OH site in the ligand and the open metal site may
play prominent roles in the adsorption of anionic dye (FS). In MIL-101(Cr)-SOzH
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[215], the functional groups of —SO; and the ionisation process of —SOzH groups in

aqueous solution were the adsorption sites for cationic dye ST [216].

Jiang et al. (2016) described that ZIF-8 was prepared by hydrothermal synthesis and
tested as an adsorbent to eliminate harmful anionic dye Congo red (CR) from water.
The removal efficiency was very high and the adsorption capacity of the dye by ZIF-
8 was ultra-high. The adsorption mechanism mainly depended on the electrostatic
interactions between the anionic dye of negative charge and ZIF-8 of positive charge.
In addition, n—m interactions between the benzene rings of ZIF-8 and those of the dye

could have contributed to the adsorption process [217].

Enugu et al. (2018) reported that cationic nickel-based MOF-1 and -2 exhibited
potential adsorption ability to remove neutral (methyl red [MR]), anionic (Congo red
[CR]) and cationic dye (rhodamine [ChB]). Relatively, Ni-MOFs’ removal of anionic
dyes was more efficient (97.30% and 98.65% for CR) than that of neutral dyes
(48.16% and 44.88% for MR), while the lowest removal efficiency was found for
cationic dyes (28.69% and 17.41% for ChB). Their study showed that the cationic Ni-
MOFs displayed reasonable adsorption capacity for cationic dyes, attributed to the
electrostatic interactions between the positive imidazolium moieties in the Ni-MOFs

and the negative moiety of the cationic dyes [218].

Li et al. (2017) found that Zr-MOF (PCN-222) exhibits exceptional adsorption
capacities for some charged dyes, independently and together in aqueous solution,
because this MOF has a large pore and a specific surface area. Moreover, PCN-222
was found to not only remove MB and MO from a single-dye solution or a mixture,
but also to do so in only 60 minutes. The investigators claimed that the large pore size
of PCN-222 facilitates rapid adsorption and enables the co-adsorption of large-sized
MB-MO aggregates possible. They proposed that a push-pull mechanism is dominant
in dual adsorption by this MOF; that is, it is possible that MO pushes MB dimerisation
and the MB dimer pulls MO together to be adsorb by PCN-222, and vice versa.
Therefore, cationic MB’s dimerisation can be promoted in the presence of anionic MO,

by self-association through n—x stacking interactions between the aromatic rings [219].

Zhang et al. (2017) claimed that UiO-66 exhibited high adsorption capacity for acid
orange 7. This can be attributed to the presence of open active metal sites which

significantly increases adsorption by magnifying the strength of the interaction with
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the dye molecules. Furthermore, improved n delocalisation and appropriate pore size

of Ui0-66 lead to the highest level of host-guest interactions [220].

Moldavia et al. (2018) claimed that the results indicated that while the structure of
Ui0O-66 was mostly retained, its adsorption capacity for dyes was slightly reduced after
long-term water ageing. They reported that the adsorption capacity of UiO-66 for MO
was greater than that for MB, particularly in acidic and neutral conditions, because of
its higher electrostatic attraction and the m-m stacking interactions of aromatic rings

[221].

In addition, Embay et al. (2018) found that UiO-66 had excellent adsorbent capacity
for anionic dyes as compared to cationic dyes. The adsorption mechanism for the
sulfonated anionic dyes in neutral condition was explained as the interaction of the
sulfonate group in anionic dyes with the hydroxide bridges in UiO-66 via hydrogen
bonds [222].

Chen et al. (2015) used UiO-66 and UiO-66-NH> to remove cationic and anionic dyes
and reported that the highest adsorption uptake of cationic dyes was seen in UiO-66-
NH> while anionic dye molecules were eliminated by UiO-66. Generally, they found
that the external surface area, pore volume and zeta potential were the most influential
factors in the adsorption process; therefore, the adsorption capacity of cations by UiO-
66-NH> was higher because of the MOF’s higher external surface area, pore volume
and zeta potential [223]. Yang (2017) used PSM to produce a nanoscale UiO-66-
phosphate composite (UiO-66-P), a negatively charged MOF with exceptional
adsorption capacity for cationic dyes. However, anionic dyes were not adsorbed by
UiO-66-P because of its high electronegative charge, which can cause high

electrostatic repulsion [224].

Qi et al. (2017) claimed that the modulation of UiO-66, by adding acetic acid or
hydrochloric acid in the solution of precursors, can promote selectivity for anionic
dyes over cationic dyes. The adsorption of mixed dyes indicated that the acetic acid—
promoted UiO-66 had exceptional selective adsorption for anionic dyes. Accordingly,
hydrogen ions in the synthesis of acid-promoted UiO-66 played a crucial role in dye
selective adsorption [225].

Yang et al. (2018) reported that the synthesis and characterisation of Ce (III)-doped
UiO-66 nanocrystals indicated that these crystals had the potential to efficiently
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remove organic dyes, such as MB, MO, CR and acid chrome blue K from aqueous
solutions. They found that Ce(IlI)-doping increased the number of adsorption sites and
promoted n—r interactions between the adsorbent and the adsorbate, thus improving
the adsorption capacity for cationic and anionic dyes and overriding the effect of

electrostatic interactions [226].

Azhar et al. (2017) stated that the adsorption capacities of HKUST-1 are higher than
UiO-66 and commercial activated carbon. They also found that the adsorption
capacities for cationic dyes were enhanced in Cu-UiO-66(Or) and Zr-HKUST-1(Cu),
although the former had the higher capacity. In addition, they claimed that the
adsorption of dyes is usually dependent on electrostatic interactions, m-m interactions,
hydrogen bonding and hydrophobic interactions between the adsorbents and dyes

[227].

It appears that the dominant mechanism in adsorption of dyes by MOFs depends on
the characteristics of the MOF, including its vacant metal sites, the chemistry of its
organic ligands (polarity of functional groups and length of benzene chain), as well as
the type of valent charge of the dye, the nature of benzene rings and the structural
groups of the dye molecule. Zr-MOFs have demonstrated adsorbent ability to remove
dyes from aqueous solutions while maintaining their own structures. Mixed-metal
MOFs have been successfully used to remove dyes from wastewater, but studies of

these MOFs have been very limited.

Table 2.1: MOFs with different precursors and solvents prepared by different
approaches (liquid phase, solid phase).

Method | MOFs Precursors Solvents Reference
HKUST-1 Cu (NO3)2.3H20, DMSO [228]
H;BTC
MOF-177  Zn (OAc),.2H,0, DEF [229]
g H;BTB
s Ni-MOF  Ni (NOs)2.6H0, NaOH, H>O, CH3;CN [230]
= H;BTC
§ Cd-MOF  Cd (NOs),.4H,0, H,0, EtOH, NaOH [231]
o H,BPP, H,PyDC
z La-MOF  La (NO;)s-xH,0, H,0 [232]
@% H,ADC
Ce-MOF  Ce (NO3)3-3H20, H,O [232]
H,ADC
Co-MOF  CoClL.6H,0, H,PyDC  H>O, CsHsN [233]
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Method | MOFs Precursors Solvents Reference
M-008 Zn (OAc)2.xH,0, 4,40- MeOH, H,O [234]
bipy
Ag-MOF  AgCl, 5-EATZH MeOH, NH3.H,O [235]
Cu-MOF  Cux(OH)»(COs3), HsB4sS  H»O [236]
Cu- Cu (NO3)2.3H:0, H,0, EtOH [237]
HKUST-1 H;BTC
Zn-MOF-  Zn (NO3)2.4H0, DEF [238]
5 H,BDC
Zr-PCN-  ZrCls, H,BDDB DMF, CF;COOH [239]
111
Co-MOF  Co (NOs),.6H,0, DMF, DXN, H.O [240]
H;DCPNA
Mn-MOF  Mn (CH3COO0),.4H,0, DMF, EtOH [241]
= H,BTAC
§ Ti-MIL- Ti(OiPr)s, H,BDC DMF, MeOH [242]
= 125
g Y-JUC-32 Y (NO3):.6H20, AB, MeOH [243]
3 Hs;BTC
= Al-MIL- Al (NO3)3.9H,0, H>O [244]
E 96 H3;BTC
= Eu-MOF  Eu (NO3)3.6H,0, CHsCH,OH, DMF, H,O [245]
§ H,MFDA
=4 Ni-CPO-  Ni (CH3CO»)..x H>0, HF, H,O [246]
n) 27 HsDHTP
Fe- FeCl,.4H,0, 20H- DMF, C;H80, H,O [247]
MOF74 H,BDC
Mn-MOF  MnCl,.4H,0, H;BTC DMF, C,HsO,, TEA [248]
Eu-MOF  Eu (NO3)3.6H,0, H,O, DMF [249]
H;BTC
Ca-MOF  Ca (NO3)2.4H-0, DMF [250]
H4AZBZ-TC
Mg-MOF- Mg (CH3C00),.4H,O, DMF, H,0, EtOH [251]
74 20H-H,BDC
Zn-MOF-  Zn (NO3),.6H20, DMF [252]
5 H,BDC
Zr-UiO- ZrCls, H.BDC DMF, EtOH, CH3;CO,H, [253]
66 TBAB
Cu- Cu- electrode, HsBTC  EtOH, MTBS [254]
KHUST-1
E Fe-MIL- Fe electrode, BTC MeOH, MTBS [255]
E 100
.;:": Al-MIL- Al electrode, BDC DMEF, H,0, KCI [254]
o 53
2 Zn- Zn electrode, BDC, DMF, LiClO4 [256]
= DMOF-1 DABCO
Zn-MOF-  Zn (NOs),.6H,0, Bmim-Cl, DMF [257]
5 H,BDC
Ti-MIL- TiCl4, HBDC DMF, EtOH, TBAPF¢ [258]
100
Cu-MOF  Cu-electrode, H;BTC H,0O, EtOH, MTBS [259]
Ni-MOF Ni-electrode, H;BTC H>O, EtOH, TBATFB [260]

72



CHAPTER 2

Literature Review

Method | MOFs Precursors Solvents Reference
NH2- Zr-electrode, NH,- CH;COH, DMF, TABA [261]
Ui0-66 H,BDC
Cu- C4HsCuO4.xH-0, DMF, EtOH, H,O [262]
HKUST-1 H.BDC
Zn-MOF-  (Zn (NOs),.6H,0, NMP [263]
5 H,BDC
Fe-MIL- FeCl3,6H,0, H,BDC DMF [264]
53
Ce-UiO- (NH4)2Ce (NO3)s, H,O, DMF [265]
= 66 H,BDC
= Mg-MOF Mg (NOs),.6H,0, H>O [266]
§ H:BDC, KOH
9 Ni-MOF  Ni (NOs)2.6H-0, DMF, EtOH [267]
g Hs;BTC
A AI-MIL- FeCl3.6H0O, H,BDC DMF [268]
53
Cd-MOF  Cd (OAc),.4H0, DMF [269]
BPDB, H,.OBA
Ln-MOFs  Eu (OAc);.6H20, DMF [270]
H>BDC
Tb-MOF  Tb (NO3);.6H>0, DMF, EtOH, H,O [271]
H;BTC
Cr-MIL- Cr (NO3);. XH20, H,O, HF [272]
100 H;BTC
Fe-MIL- FeCl;.6H,O, NH,- EtOH, DMF, HCI, H,O [273]
100 H,BDC
Zn-MOF-  Zn (NO3)2.4H0, NMP [274]
o 5 H,BDC
z Cu- Cu (NO3)2.3H:0, H,O, EtOH [275]
E HKUST-1 Hs;BTC
5 Mg-MOF Mg (NOs3),.6H.O, DOT DMF, EtOH, H,O [276]
= Ni-MOF  Ni (NOs),.6H;0, DMF, MeOH, H,0 [277]
HsDHTP
Co-MOF  Co (ACAC),, H:BPDC  DMF, CHCI3 [278]
Hf-UiO- HfCl4, H,BDC DMF, CH;COOH [279]
66
Zr-UiO- ZrCls, BPDC DMF, BenAc or HCI [280]
67
Cu- Cu (NO3)2.2.5H,0, DMF, EtOH, H,O [281]
HKUST-1 Hs;BTC
Fe-MIL- FeCl;.6H,0, CsH4O4 H,O, NaOH [281]
a0 88A
E Zr-UiO- ZrOCL.8H,0, H,BDC-  H,O, AAC [282]
= 66 NH,
o Ni-MOF  Ni (CH3COO0),.4H-0, DMF, H,O [283]
= HPZDC
@ Co- CoSiFs, HPYZ MeOH [284]
SIFSIX-3
Fe- Fe (NO;);.9H:0, DMF [283]
MIL100 H;BTC
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Method | MOFs Precursors Solvents Reference
Zn-ZIF-8  Zn (CH3CO2).. XH,O, H20 [285]
2-Melm
Zn- Zn (CH3CO»)2. XH,O, DMF [281]
IRMOF-3 DHBDC
Mg-MOF- Mg (NO3),.6H>0, DMF, EtOH, H,O [281]
74 DHBDC
Co-ZIF- Co (OAc),.4H>0, 2- H>O [286]
67 Melm
Cu- Cu (NO3)..2.5H,0, DMF, EtOH [287]
HKUST-1 H3;BTC
AlI-MIL- Al (NO3)3.9H,0, H>O [288]
53 H>BDC
Zn-MOF-  Zn (NOs),.6H,0, DMF [289]
5 H,BDC
? Zr-UiO- ZrCls, H:BDC DMF [290]
2 66
g Ni-MOF-  Ni (CH3C00),.4H,0,  H,O, DMF [291]
S 74 20H-H,BDC
E Cd-STA-  Cd (Ac0).2H,0, H,0, KOH [290]
= 12 H,PAMPA
Ce-MOF  Ce (NH4)2(NOs3)s, DMF [292]
H.BDC
Fe-MIL-  FeCl3.6H>O, NH,- H,O, DMF [293]
88B-NH2 H,BDC
Ni-CPO-  Ni (CH3COO0),.4H.O, H:0 [294]
27-Ni 20H-H,BDC
Co-MOF  Co (NOs),.6H0, 1-Ethyl-3- [295]
H>BDC methylimidazolium
chloride
Zn-MOF  Zn (NO3),.6H20, 1-Ethyl-3- [296]
H;BTC methylimidazolium
bromide
Mn-MOF  Mn (OAc)2, H3BTC propyl -3- [297]
methylimidazolium-iodine
Cd-MOF  Cd (NOs),.4H0, 1-butyl-3- [298]
H,BDC methylimidazolium
= bromide
£ Zn-MOF  Zn (NO3),.6H,0, 1-butyl-3- [299]
% H>BDC methylimidazolium
S bromide
= Zn-MOF  Zn (NO3),.6H20, 1-Amyl-3- [299]
H>BDC methylimidazolium lodine
Mg-MOF Mg (NO3),.6H>0, 1-butyl-2,3- [300]
H,OBA dimethylimidazolium-
Bromide
In-MOF In (NO3)3,6 H20, 1-Ethyl-3- [301]
H,DABCO methylimidazolium
ethylsulfate
Cu-MOF  Cu (NOs3),.3H,0, 1-butyl-3- [302]
H,BPP methylimidozolium-
tetrafluoroborate
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Method | MOFs Precursors Solvents Reference
Ni-MOF Ni (OAc),.4H20, 1-butyl 3- [303]
H;TMA methylimidazolium-
bromide
Eu-MOF  EuCls. 6H,0, H,BDC 1-ethyl-3- [304]
methylimidazolium
bromide
Cu-MOF- Cu (CH3C0O0),.H;0, Nil [305]
14 Hs;BTC
Zn-MOF- ZnO, 20H-H,BDC H,O [306]
74
Cd-MOF  Cd (CH3;C0O0),.2H,0, Nil [307]
§ H3BTC
‘g Zr-UiO- Zrs04(OH)4(MC)12, H20 [308]
2 66 H.BDC
§ Ni-MOF Ni (OAc),.4H0, MeOH, EtOH, DMF [309]
= H;BTC
2 In-OF-1 In (OAc);.6H,0, H,O, DMF, CH5CN [310]
= H,BPTC
Y-MOF YH;, H:BTC Nil [311]
Fe-MOF Fe (NO3);.9H-0, TMAOH [312]
H;BTC
Cr-MIL- Cr (NO3)3.9H,0, Nil [313]
101 H,BDC

2.6 Summary

Water pollution problems have dramatically increased throughout the world because
of unanticipated economic growth, manufacturing expansions and urbanisation due to
a fast-growing world population accompanied by insufficient investment in basic
water supply and treatment projects. Due to their physical (colour) and chemical
(toxicity) properties, dyes in wastewaters are a major danger to the environment. Their
diversity and intensity of colours lead to potential troubles when they are discharged

into water streams.

Further, many dyes such as Alizarin S, Crocein Orange G, methyl red, Congo red, MB,
reactive dyes (reactive red RB, reactive black B, Reason Blue) and MO are toxic and
may cause genetic alterations in human and other beings. In addition, as they are
synthetic in origin, these dyes are not recognised in the natural environment and do
not degrade easily. Discharging dyes directly into valuable water resources must be
stopped; otherwise, numerous new treatment processes are required and must be built

and used.
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Physical and chemical methods should be employed in advanced treatments to
maintain standard concentrations of chemicals in wastewater. The adsorption process
is very effective for removing chemical pollutants (adsorbates) from wastewater by
using adsorbents having a high surface area and surface affinity towards adsorbates.
In industrial applications, it is preferable to recover adsorbates and regenerate
adsorbents; therefore, the use of physisorption processes to treat water is widespread.
Adsorbents such as zeolites, activated alumina and activated carbon, made from

affordable sources, are commonly used in different applications.

Recently, MOFs have attracted much research attention because of their delightful and
picturesque specifications such large surface area, pore volume, tuneable pore size,
innumerable functionalities and capacity for facile modifications. The impetus for
synthesising MOFs originated in studies of coordination networks, which have single-
metal nodes in their vertices. These vertices consist of a single-metal ion node bonded
weakly with a neutral organic donor linker such as Cu-N (pyridine, nitrile)-type bond.
As a result of the weak chemical bonds between the vertices and linkers, coordination
networks are non-porous, chemically unstable, undesignable and collapse with the

removal of solvents or with the exchange of ions in the pores.

These characteristics of coordination networks motivated scientist and researchers to
strengthen the chemical bonds between the vertex and the linker (via reticular
chemistry) to make MOFs that consist entirely strong chemical bonds such as C-C, C-
H, C-O and M-O [50, 70-72]. They did so by creating SBUs, which are rigid,
directional and stable building units that enable the design of robust crystalline

materials with predictable structures and properties.

Specifically, the features of SBU have enhanced the design and synthesis of MOFs
with ultra-high porosity and structural complexity. Several MOFs with sufficient water
stability have been examined for the removal of dyes from wastewater and

demonstrated very high removal efficiency.

The design, synthesis and characteristics of MOFs were briefly and carefully reviewed
in this chapter. MOFs can be synthesised in two ways. The first is a liquid-phase
synthesis, which includes slow evaporation, or hydrothermal/solvothermal,

electrochemical, sonochemical, spray-drying, microwave, and flow chemistry
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methods. The second is solid-phase synthesis, represented by mechanochemical

methods.

The review has identified that the solvothermal/hydrothermal method is the most
popular method among researchers. As-synthesised MOFs are mostly blocked by
solvents and unreacted precursors in this method; this blockage fills the pores and
therefore, undesirable guests must be discarded by a process called the activation

Process.

There are several activation methods, including evacuation, heating, heating and
vacuum, solvent exchange and evacuation, solvent exchange accompanied by
evacuation and heating, CO: supercritical CO; drying, benzene freeze-drying and
photothermal activations. The activation method used most to date is activation by

solvent exchange with evacuation.

Water stability is an essential sign that an MOF can succeed in a water treatment
application. A water-stable MOF must have sufficient hydrothermal resistance to
prevent water molecules from interloping into the MOF structure to avoiding loss of
structural integrity and whole porosity. Thus, MOF structures with great stability
normally possess strong coordination bonds (thermodynamic stability) or significant
steric hindrance (kinetic stability) to prevent the detrimental hydrolysis reactions that
break metal-ligand bonds. Moreover, high-valence metal clusters with higher
coordination number typically produce firm structures and make the metal-linked
bonds less vulnerable to water molecules. Therefore, using carboxylate-type linkers,
high-valence metal ions, including AI", Fe*', Cr’* and Zr*', have been used to
synthesise hydrothermally stable MOFs. In addition, incorporating a polar functional
group such as NO,, NH3, Br, Cl or OH on the dicarboxylate organic linker reduces
water stability of the resulting MOF compared to the parent MOF, because these polar
functional groups facilitate hydrolysis of the M—O bond (such as the Zn—O bond).
However, using hydrophilic functional groups such as methyl groups or
polydimethylsiloxane on the terephthalate ligand can produce stronger MOFs with
higher water stability, because water molecules are hydrophilic and have no affinity

towards hydrophobic.

Waterproof MOFs have been scientifically investigated for its capacity to remove dyes

from aqueous solution. The findings in the literature are that the dominant mechanism
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responsible for MOFs’ adsorption of dyes relies on the characteristics of MOFs—
including their vacant metal sites, chemistry of organic ligands (polarity of functional
groups and length of benzene chain)—as well as dye characteristics, such as the type
of valent charge, the nature of benzene rings and the structural groups within a dye
molecule. Zr-MOFs have exhibited significant ability to remove dyes from aqueous
solution while maintaining their own structures. Mixed-metal MOFs have also been
successfully used to remove dyes from wastewater, although studies on these MOFs

have been very limited.
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Chapter 3: Adsorptive study of removing harmful dye
(methyl orange) by NHs modified Zr-MOF, Ce-modified
Zr-MOF and Ca-modified Zr-MOF

3.1 Abstract

In this study, three improved versions of UiO-66 were successfully synthesised. UiO-
66-NH4, UiO-66-Ca and UiO-66-Ce were characterised to confirm their structural
integrity, the stability of the functional groups on the surface and their thermal
stability. Activated samples were used to remove harmful anionic dye (methyl orange
[MO]) from wastewater. A batch adsorption process was employed to investigate the
relative efficiency with which these metal organic frameworks (MOFs) removed MO
from aqueous solution. Based on the results, UiO-66-Ce exhibited the highest uptake
of 71.5 mg/g, while the adsorption capacity of UiO-66-NH4 and UiO-66-Ca were 62.5
mg/g and 50.25 mg/g, respectively. Langmuir and Freundlich isotherms were
employed to simulate the experimental data. In addition, pseudo first-order and pseudo
second-order equations were used to describe the adsorption mechanism. The results
presented here may facilitate and enhance further improvements in UiO-66 MOF and

more generally, in the synthesis of bimetal MOFs in future research.

3.2 Introduction

Lately, significant volumes of coloured wastewater are created by a wide variety of
industries, including textile, leather, paper, printing, dyestuff and plastic industries [1].
Based on the high impacts of colour on the quality of water, the removal of dyestuff
from polluted water is becoming a very important issue [1]. In addition, the high
visibility of dye means that even a small amount of it is undesirable. Moreover, many

dyes are toxic and even carcinogenic [1-3].

Given its stability in light and oxidation reactions, nondegradable synthetic dyes are
one of many challenges for environmentalists [3]. Physical, chemical and biological
methods have been applied to the remediation of dyes in aqueous solution [1, 3, 4].
Among the range of proposed methods, one of the most feasible is adsorptive removal

due to its high efficiency, economics, simplicity of design and its operation [3, 4].
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Methyl orange (MO) is classified as a common acidic (anionic) dye used widely in
many industries, including textile, printing, paper, food, pharmaceutical industries, as
well as in wood, silk and research laboratories [2, 4, 5]. The toxicity of MO has drawn
research interest to the removal of this synthetic [2-4]. According to the above
explanation, MO was chosen for examination in the present study because it is a typical
acidic dye. To remove such a cationic dye, many solid materials have been tested as
adsorbents to decolour contaminated wastewater, such as activated carbon [6-14],
graphene oxide [15], layered double hydroxide (LDH)[16], waste materials (industrial
by-products)[2, 17-23], =zeolite [24], waste materials (raw agricultural by-
products)[25-37], natural inorganic materials [38-45], natural organic materials [46-

50].

Metal organic frameworks (MOFs) (hybrid materials) are a class of extended structure
crystalline solid porous materials that have been used widely in many applications [51-
58]. They can be constructed from inorganic vertices containing metal and organic
linkers with tuneable pore size, at meso-, micro- and ultra-microporous [59-62] scales
by altering the connectivity [51-53, 63]. The characteristics of MOFs, including its
structural and functional tunability, have led to explosive growth in research in recent
decades [64]. Due to their exceptional properties, MOFs have been used in a wide
range of applications, including gas and vapour storage, molecular separations,
chemical catalysis, chemical sensing, ion exchange, drug deliveries (18-20) and

hazardous materials [54-57, 62, 65-75].

Recently in the realm of advanced porous materials, the role of MOFs as adsorbents
in adsorptive separations or purifications has attracted much interest [76-79]. MOFs
are extensively used in different research fields because of their versatile
characteristics [80-82]. They are strong contenders in the search for adsorptive
removers of MO form aqueous solutions: for example, the use of MIL-101 MOF has

been reported successful in the field of wastewater research [83].

The present study seeks to address a research gap in the literature on the use of MOFs
to remove MO in wastewater. It shows the use of modified single and bimetal Zr-
MOFs that are water and structurally stable, porous and extended solid material to
remediate MO-polluted wastewater. Examination of adsorption of anionic dye (MO)

into three kinds of MOFs-named UiO-66-Ce, UiO-66-Ca and UiO-66-NHj reveals the
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adsorption properties of these MOFs, and the opportunities for their use as sorbents to

remove cationic (acidic) dye from wastewater.

3.3 Materials and methods

3.3.1 Synthesis and activation

All chemicals were supplied by Sigma-Aldrich (Australia) without further

purifications.

UiO-66-Ce was synthesised under autogenous pressure. An exact amount of
terephthalic acid (0.3771 g, 2.27 mmol; Sigma-Aldrich, 98%) was mixed with
31.387 mL of DMF (Sigma-Aldrich, 99%). The mixture was next stirred for 10 min
until a clear solution was formed. Following this, ZrCls (0.529 g, 2.27 mmol; Sigma-
Aldrich, 99%) was added into the solution and stirred for 5 min. CeN3O9.6H,O
(0.1971 g; Sigma-Aldrich, 99%) was then added to the reactants and stirred for 15 min.
The reactant mixture was loaded into a Teflon-lined autoclave, sealed and placed in a
preheated electric oven (120 °C) for 24 h. The white powder of UiO-66-Ce was
collected by centrifugation and washed with DMF at least three times. The product
was then dried and immersed in absolute methanol (100%; Sigma-Aldrich) for 5 d,
then filtered, dried and heated under vacuum at 473 K overnight before being applied

as adsorbent.

Ui0O-66-Ca was synthesised by mixing ZrCls (1.5 g, 6.44 mmol) with terephthalic acid
(1.3 g, 7.82 mmol) in 70 mL of DMF; after 30 min, Ca(NO3) (0.675 g, 2.86 mmol),
2.4H20 (99%; Sigma-Aldrich) then 5 mL of deionised water was added into the
mixture. Eventually, the mixture was transferred to a Teflon-lined autoclave, where it
is tightly sealed and moved into a preheating oven at 405 K. The product was then
filtered, dried and immersed in absolute methanol (100%; Sigma-Aldrich) for 5 d, then

filtered, dried and heated under vacuum at 473 K overnight before use as adsorbent.

UiO-66-NH4 was synthesised solvothermally, according to the reported single-solvent
method [84]. A solution of 32 mL of DMF was divided equally into two batches. In
the first batch, 2.27 mmol of terephthalic acid was added and mixed for 15 min, then
NH4OH (0.4 mL, 2 M) was added dropwise to this mixture. In the second batch,

2.27 mmol of ZrCls was mixed into the solvent for approximately 30 min.

101



CHAPTER 3 UiO-66-Ca, UiO-66-Ce, and UiO-66-NH,

Following the above, both batch solutions were mixed for approximately 20 min.
Finally, the resulting solution was placed inside a 45 mL polytetrafluoroethylene-lined
stainless-steel vessel (Parr Instrument Company) and placed in an oven at 393 K for
24 h. After cooling to room temperature, vacuum filtration was used to separate the
white gel-like material, which were dried in an oven at 353 K for 24 h. For activation
of the modified UIO-66, a solvent exchange method using chloroform was performed
by mixing 100 mg of the sample material in 50 mL of chloroform for 30 min, then
soaked for 5 d. The product was subsequently filtered by vacuum filtration and dried
in the oven at 373 K for 2h. The final product was heated under vacuum at 473K for
2d.

3.3.2 Characterisation

Thermal stability of UiO-66-Ce, UiO66-Ca and UiO66-NH4 were assessed by a
thermogravimetric analysis (TGA) instrument (Thermogravimetric Analyzer/DSCI1
STARe system; Mettler-Toledo, Ohio, US). The samples were loaded into a pan and
heated to 1173K at a rate of 5K/min. The air gas flow rate was maintained at

10 mL/min.

FTIR spectra (Spectrum 100 FT-IR spectrometer, PerkinElmer, Waltham, USA) were
obtained to check the stability of the functional groups on the organic ligands. The
spectra were scanned from 600 to 4000 cm™' with a resolution of 4 cm™! using an

attenuated total reflectance technique.

X-ray powder diffraction patterns were obtained with an X-ray diffractometer (D8
Advance, Bruker AXS) using Cu Ko radiation (L =1.5406 A) with accelerating
voltage and current of 40 kV and 40 mA, respectively.

N> adsorption/desorption (Autosorb-1, Quantachrome Instruments) was used to
determine N> isotherms as well as the pore size and surface area of MOFs. The samples
were evacuated at 473 K for 24 h prior to adsorption measurements under high

vacuum. They were then used to determine the surface area, pore size and pore volume.
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3.3.3 Adsorption process

An aqueous stock solution of MO (1000 ppm) was prepared by dissolving MO
(C14H14N3NaOsS, molecular weight 327.3 g.mol™!; Sigma-Aldrich) in deionised
water. Aqueous solutions with different concentrations of MO (5-100 ppm) were
prepared by successive dilution of the stock solution with water. MO concentrations
were determined using an absorbance of 464 for the solutions after obtaining the
ultraviolet (UV) spectra of the solution with a spectrophotometer (UV
spectrophotometer). The calibration curve was obtained from the spectra of the

standard solutions (5—100 ppm).

Prior to adsorption, the adsorbents were dried overnight under vacuum at 373 K.
Several glass containers were cleaned, dried and filled to 20 mL with MO of different
concentrations, ranging from 10 to 75 ppm. Subsequently, the exact amount of the

adsorbent (20 mg) was put in each container.

The dye solutions containing the adsorbents were mixed well by a magnetic stirrer and
maintained for 5 min to 24h at 298K. The samples for analysis were collected by
syringe filter at different sampling intervals. A UV spectrometer was used to determine

the dye concentration in the supernatant.

Dye uptake by Zr-MOF at any time and equilibrium time may be expressed below by
Equations 3.1 and 3.2, respectively, and percentage removal of MO is calculated using

Equation 3.3 [85] as follows.

%
4c = (Co— C)— (3.1
%
4e = (Co—C) (3.2)
Co—C
R% = (Oc—t)xwo, (3.3)

0
Where:

gt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
ge: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
Co: initial concentration of the MB solution at time zero (mg/L)

Ci: concentration of MB solution at time t (mg/L)

Ce: concentration of MB solution at equilibrium (mg/L)
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V: volume of MB solution in the adsorption batch process (L)
R%: percentage removal of MB

m: Zr-MOF mass used in the adsorption batch process (g).

The adsorption mechanism and rate of diffusion were fitted to two kinetic models,
including pseudo first-order and pseudo second-order models [86-89]. Moreover, the
sorption of MO by Zr-MOFs was investigated using the Langmuir and Freundlich
adsorption isotherm [86-88, 90].

3.4 Results and discussion

3.4.1 Characterisation

Figure 3.1(a) shows the PXRD pattern for the UiO-66 samples before and after use
with water, which demonstrates that the structures are the same as those in previously
reported studies [84, 91].Furthermore, Figure 3.1(a) compares the XRD pattern of
Ui0-66-Ca, UiO-66-Ce and UiO-66-NH4 with that of UiO-66 before and after use in
water. The results demonstrate that the integrity of the structure was maintained and
excellent water stability in all samples, which indicates that the synthesis and
activation procedures succeeded reliably without suspected impurities of a metal oxide
inside the pores. The strong crystalline nature of the synthesized MOFs (UiO-66, UiO-
66-Ca, UiO-66-Ce and UiO-66-NHj) is evidently demonstrated from XRD patterns.

In addition, FTIR spectra of the samples in this study are shown in Figure 3.1(b): all
functional groups seen on the surface of UiO-66 in previous studies [92] were observed
and maintained on the surface of UiO-66-Ca, UiO-66-Ce and UiO-NH4. Formation of
UiO-66 was confirmed by the peak at 1550—1630 cm—1, which refers to coordinated
carboxylates with metal centres. However, the stretching variation band of CO bond
in free carboxylic acid throughout the region (1640-1670 cm™ ') mostly disappeared in
all samples; this is positive indication of a successful activation procedure to remove

non-reacted carboxylic acid and free solvent from the pores.

Further, the thermal stability (TGA) of these samples was investigated, as
demonstrated in Figure 3.1(c). All MOFs samples have three-stage profiles which
represent weight loss of the material. The first stage weight loss of TGA graphs is

attributed to evaporation of moisture and uncoordinated DMF occurring around 393K
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for different samples. While the second stage of the graph occurs at about 570K
indicating samples’ weight loss is referred to breakdown of uncoordinated BDC and
coordinated solvent molecules. On the other hand, the third stage of weight loss occurs
at 750K is ascribed to devastation of coordinated BDC and porous structure of parent
and modified MOFs. The samples have the same thermal stability as that reported in
previous studies [84, 93], and remain stable up to approximately 750K. Therefore the

additives which was used to improve Zr-MOF cannot affect the thermal stability of the

enhanced materials.
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Figure 3.1: Metal organic framework characterisation. (a) PXRD patterns, (b) FTIR
spectra and (c) TGA profiles for UiO-66, UiOQ-66-Ca. and UiO-66-Ce samples UiO-66-
NH4 samples.

Figure 3.2 (c) shows the N> adsorption/desorption isotherm on the UiO-66 samples,
which confirm their porosity. These samples appear to have pores in the long range
extending from micropores to macropores. Primary micropore fillings were achieved
at low relative pressures up to 0.01, as shown in Figure 3.2.(c) Larger micropores were
filled in the long range of relative pressure up to 0.9, as represented by the relatively
horizontal line. However, hysteresis of desorption isotherm over adsorption isotherm
is indicated by the presence of neck-bottle mesopores. In addition, rapid increases in
the adsorption rate at higher pressures, close to 0.999, can be evidence of the presence

of macropores.

Figure 3.2 (h) shows N2 adsorption-desorption isotherm from which surface area was
found using the multipoint BET method. On the other hand, external surface area was
computed with the t-plot method. Furthermore, the total pore volume was calculated
at P/P0 equal to 0.99. In addition, the pore size distribution was carried out using a
micro porous method for the average pore size. Figure 3.2.(a and b) demonstrate

mesopore and micropore distribution of pristine and modified UiO-66. In addition,
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Table 3.1 displays the textural properties of the UIO-66 samples. Specific surface area
(Seet) was reduced following the incorporation of the trace content of a second metal
in the UiO-66 structure. It was 1064 and 911.85 m?. g”! in UiO-66-Ca and UiO-66-Ce,
respectively. The Sger of UiO-66-NH4 was approximately the same as that published
for UiO-66: 1226 m?. g~!. The pore volume and pore size were enhanced in all the
samples; the largest pore volume and pore size were found for UiO-66-NHs, which
was 1.65 cc. g and 5.4 nm, respectively. In UiO-66-Ca and UiO-66-Ce, these values
were 1.32 cc. g ! and 4.95 nm, 0.9098 cc. g ' and 3.99 nm, respectively. Consequently,
the external surface area of UiO-66-NH4, Ui0-66-Ca and UiO-66-Ce was 331, 292.50
and 224.45 m?. g’!, respectively.

Table 3.1: Textural properties of Parent and Modified Zr-MOF samples.

Material: BET surface Average pore Average pore

area volume size

(m* g") (em’g™) (nm)

Ui0-66 1585.5 0.82 1.04

Ui0-66-Ca 1064 1.32 4.95

Ui0-66-Ce 911.85 0.9098 3.99
UiO-66-NHy 1226 1.65 54
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Figure 3.2: Mesopore (a, b, ¢ and d) and micropore (e, f, g and i) distribution and N,
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3.5 Adsorption Kinetics

3.5.1 Pseudo first-order and pseudo second-order models

Kinetics adsorption studies are crucial because they reliably indicate one criterion of
adsorbent efficiency, the rate of adsorption, and they provide a clear picture of the
adsorption mechanism. The linear relationship of pseudo first-order model can be

expressed as [94]:

In(qe — q¢) = In(qe ) — kyt. (3.4)

The linear form of the pseudo second-order model is given as [87]:

t__1 +1t (3.5)
q k2 q¢ q. ' '

Where:

qe: amount adsorbed at equilibrium (mg. g ™)
qt: amount adsorbed at time t (mg. g™!)

t: adsorption time (min)

k. first-order kinetic constant (min™')

ko: second-order kinetic constant (g/mg min).

Given the above, a In(qe—q¢) versus t plot can lead to a straight line whose slope and
intercept indicate the value of ki and qe, respectively [95-97]. In addition, t/q; versus t
can be plotted to give a linear relationship whose slope and intercept provides q. and

ko, respectively [98-100].

To precisely compare the adsorption kinetics, changes in adsorbed amount over time
were treated with pseudo first-order and pseudo second-order kinetic models [86-88,
101-103]. Tables 3.2 and 3.3 show the obtained parameter of rate constant studies of
various initial concentrations of MO, by fitting the experimental data to the pseudo
first-order and second-order equations. The obtained correlation coefficients (R?) of
the pseudo first- and second-order adsorption models revealed that the R? values of the
pseudo second-order model were higher (greater than 0.99) compared with those of
the pseudo first-order model, and its calculated equilibrium adsorption capacity (qe,cal)

was consistent with the qe determined from the plot based on experimental data.
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Higher R? values of the second-order model and identical values of q. for both
theoretical and experimental data led to the fact that the pseudo second-order
adsorption mechanism is predominant for Zr-MOF adsorption of dye. Therefore, the
overall rate of MO uptake in Zr-MOF processes appear to be controlled by the
chemisorption process [104], including valence forces contributing to the sharing or
exchange of electrons [89, 105]. The major reason causing the significant difference
in adsorption among different MOFs is due to large pore size and better pore structure
as well as chemical properties of adsorbent. Adsorption capacity increased with the
pore size of the porous material. They suggested that the adsorption mechanism for
dye using MOFs partly depended on the electrostatic interaction between the anionic

MO and cationic adsorbent.

However, previous studies have reported the same phenomenon for the adsorptive
removal of methylene blue (MB) by activated carbon developed from Ficus carica bast
[89], the adsorption kinetics of MB and MO by raw date pits and its activated carbon
[106], the adsorptive removal of MO by tin oxide nanoparticles loaded on activated

carbon and activated carbon prepared from Pistacia atlantica wood [107].

It is also notable that in general the rate constant of the pseudo second-order model
(k2) decreases with increases in the initial MO concentration in all MO/Zr-MOF
adsorption systems, except for the initial concentration of 30 mgL™!. It appears from
Table 3.3 that the rate constant (ko) increased in adsorbents when the initial
concentration was set at 30 mgL™', while it decreased at lower and higher
concentrations; this can indicate an abundance of negative MO charge, which increases
with increases in the initial concentration. Hence, the mobility of MO molecules may
be affected by its initial concentration: their mobility first increases as the
concentration is increased up to the overcharge limit, then decreases when the initial

concentration is further increased beyond the overcharge limit.

Contact time is a very important factor in the efficiency of the sorption process. As
shown in Figure 3.3 (a, b, c, d, e and f), the MO uptake occurs during contact times
that range from 0.0 to 300 min, with initial MO concentrations of 10, 17.5, 30 and
75 mgL!. Figure 3.3 illustrates the effect of contact time on MO adsorption by Zr-
MOFs. The adsorbed quantity of MO by UiO-66-Ce was higher than those by UiO-
66-NH4 or UiO-66-4Ca. It also shows that the amount of adsorbed MO increased
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slightly with increases in initial concentration and contact time, verifying the positive
correlation between amount of dye adsorbed and dye concentration levels and contact
time. Specifically, most of the MO uptake by Zr-MOFs occurred in the first 30 min,
indicating that in the beginning of the adsorption process, an increase in contact time
led to substantial occupation of the adsorbents’ surfaces by MO molecules with

accompanying decrease in MO concentrations in contaminated solutions.

The accessibility of many active sites on the surfaces of Zr-MOF enhances mass
transfer of MO to Zr-MOF surfaces, giving rise to rapid adsorption in the starting
period of the contact time. Further, with increasing contact time, the upload of MO
onto Zr-MOF slows as the number of available adsorptive sites decreases, until an
equilibrium reflecting the saturation state of adsorbents is attained. For all MO/Zr-
MOF systems, such an equilibrium was determined to have been reached at
approximately 50 min as a result of the occupation of active sites by adsorbates as well
as the repulsive force between the molecules of adsorbed MO and MO in the bulk

solution.
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Figure 3.3: Fitting of experimental data by first-order and second-order Kkinetic models
of MO adsorption onto UiO-66-Ca (a, b), UiO-66-Ce (¢, d) and UiO-66- NH; (e, f).
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Table 3.2: Calculated Kinetics constant (ki) and correlation coefficient (R?) for C; =10, 17.5, 30 and 75 ppm.

Adsorbent

Adsorbate Pseudo first-order Kinetics constant k; (min™)
10 ppm 17.5 ppm 30 ppm 75 ppm
k; R? k; R? k; R? k; R?

Ui0O-66-NH4
UiO-66-Ce
Ui0-66-Ca

MO 0.3701 09767 0.1713 0.9743 0.1472 0.9322 0.1105 0.9755
MO 0.3854 0.9487 0.0807 0.9728 0.1098 0.9703 0.0647 0.9657
MO 0.3170 0.9614 0.0231 0.9525 0.0217 0.9711 0.0298 0.9031

Table 3.3: Calculated Kinetics constant (k;) and correlation coefficient (R?) for C; = 10, 17.5, 30 and 75 ppm.

Adsorbent

Adsorbate Pseudo second-order kinetics constant k; (g/[mg.min])
10 ppm 17.5 ppm 30 ppm 75 ppm
k2 R? k2 R? kz R? k2 R?

Ui0O-66-NH4
UiO-66-Ce
Ui0-66-Ca

MO 0.0726  0.9962 0.0067 0.9917 0.0161 0.9994 0.0065 0.9999
MO 0.0756  0.9989 0.0107 0.9992 0.0085 0.9992 0.0013 0.9981
MO 0.0067 0.9996 0.0027 0.9993 0.0040 0.9999 0.0012 0.9999
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3.6 Equilibrium study

Concentration measurements of solid/solute for contact time equal to saturation or
equilibrium state are important to determining the isotherm data which in turn, are very
important to the design of the adsorbent. Many isotherms were established to describe
sorption equilibrium isotherms. Two equilibrium relationships were employed to fit

the equilibrium data, including Langmuir [108] and Freundlich [109] isotherms.

3.6.1 Freundlich isotherm

Heterogeneous systems can be described by the empirical equation referred to as

Freundlich isotherm [109], which may be expressed as follows.

Ge = kpC,'" (3.6)
Equation 3.6 can be linearized by applying to both sides of the model and simplifying

to the below:

1
In(q.) = In(kp) + ;ln(Ce), (3.7)
Where:
kr: the calculated Freundlich equilibrium constant (mg/g [L/mg]'™) as an
indicator of the adsorption capacity

n: a measure of the deviation from linearity of adsorption (g/L).

The favourability of the adsorption system can be tested by determining the reciprocal
of the magnitude of the exponent n value. When the value of n is greater than one, it
can be concluded that the adsorption process is favourable. From the straight-line plot
of In(qe) versus In(C.), the values of n and kr can be simply found from the slope and
intercept, respectively. The values of these parameters were obtained for UiO-66-NHa,
Ui0-66-Ce and UiO-66-Ca, as well as their correlation coefficients (R?), as listed in
Table 3.4.

3.6.2 Langmuir isotherm
Langmuir model [108] is one of the most important equilibrium isotherms that have

been used for long time examining adsorption processes with success. The
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assumption of such isotherm presumes that the adsorption can be happened at
specific homogeneous adsorptive sites of the adsorbent and the forces of attraction
between adsorbate and adsorbent are depend on the distance from the adsorption
surface. More specifically, these electrostatic forces decrease rapidly with the
distance between the sorbate and the sorbent surface. In addition, all active
adsorptive sites have the same energy as well as the adsorbent has homogeneous

structure [110].

It is clear from the result of this study that pristine and modified Zr-MOFs were used
to remove pollutants from aqueous solution of anionic and cationic dyes, including
MO and MB. The removal efficiencies of these dyes by parent and modified Zr-MOFs
were much better than by conventional adsorbents such as activated carbon. It can be
concluded Zr-MOFs can be attractive adsorbents of some harmful chemicals, like dyes
in wastewater. The adsorption mechanism was attributed to the presence of
electrostatic interactions between the dye and the adsorbent. Specifically, those MOFs
can have positive (framework) and negative charges (charge-balancing anion),

respectively; therefore, it can capture anionic and cationic dyes.

The nonlinear form of Langmuir equation can be expressed as follow:

quL Ce
=—— 3.8
qe (1 + kLCe) ( )
Whereas the linear form of Langmuir model may be written as below:
et C, + ! (3.9)
e dm ¢ kL Qm, '

Where:
gm: Langmuir maximum loading capacity (mg/g)

ki: Langmuir constant related to the energy of adsorption and affinity of
binding sites (L/mg)

Ce: the equilibrium concentration of dye in solution (mg/L)

ge: amount of dye adsorbed at equilibrium per unit mass of sorbent (mg/g).

For obtaining the parameters of equilibrium like qm and ki from the experimental data,

Ce/qe against Ce can be plotted yielding linear relationship with slop (1/qm) and
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intercept (1/kLqm). The values of these parameters were found for UiO-66-NHa, UiO-
66-Ce, and UiO-66-Ca including correlation coefficients (R?) and listed in Table 3.4.
Furthermore, based on linear regression coefficients (R?), the best agreement to
experimental equilibrium data was Langmuir model verifying that the monolayer
adsorption occurs on Zr-MOFs surfaces with homogeneous distribution of active sites.
The maximum adsorption capacity (qm) of the UiO-66-Ce, UiO-66-NH4 and UiO-66-
Ca were 71.5, 62.50 and 50.25 mg g!, respectively. The simulated adsorption
behaviour appeared that UiO-66-Ce is the adsorbent for removal the MO from
wastewater with maximum adsorption capacity of 71.5 mg. g”!. UiO-66-Ce exposed
good affinity for MO adsorption with excellent performance because of its superior
characteristics, having the large pore volume and pore size in its nanosized particles
which leads to enhance the adsorption capacity of UiO-66-Ce. Figure 3.4 displays
fitted experimental data by Langmuir and Freundlich isotherms. It is observed that MO
adsorption onto UiO-66-Ce and UiO-66-NH4 fitted well with the Langmuir model,
while its adsorption onto UiO-66-Ca fitted well with both isotherms. Similar results
have been reported in other studies: the efficient adsorption of MB by polydopamine
microspheres [111], removal of MB from aqueous solutions by kaolin [85], adsorption
of MB onto bamboo-based activated carbon [112] and adsorptive removal of MO from
aqueous solutions with iron terephthalate (MOF-235)[113]. Other reported
equilibrium results were compared with the results in this study and listed in Table 3.5,
showing relatively strong performance by Zr-MOFs. UiO-66-Ce and UiO-66-NHy
here have better performance than MIL due to improving in pore structure and size,
chemical properties and coordination with enriched open metal sites. In addition, the

affinity of MO to modified MOFs is greater than MIL.

The expression of essential characteristics of the Langmuir isotherm is very
important indication for the favourability of adsorption process which may be written

based on a dimensionless constant separation factor (Rr) as follows:

1

R =——7—
ET A+ kG

(3.10)

Where:
Co: the initial concentration of adsorbate (mg/L),

kr: (L/mg) is Langmuir constant.
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Type of the isotherm can be predicted from the Ry value indicating the favourability
of the process of adsorption. It may be equal to zero, one, greater than one, or between
greater than zero to less than one proofing that the adsorption process is either
irreversible, linear, unfavourable, or favourable, respectively. According to
experimental data, all values of RL are between 0 < Rp < 1 confirming that all the

adsorption systems of MO/Zr-MOFs are favourable.
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Figure 3.4: Adsorption equilibrium isotherms of MO adsorption onto (a) UiO-66-Ce,
(b) Ui0-66-Ca and (c¢) UiO-66-NH,.

Table 3.4: Calculated equilibrium constants (K, kr, qm, n and correlation coefficient
(R?) for MO adsorption onto UiO-66-NH4, UiO-66-C. and UiO-66-Ca, for C; =10, 17.5,

30 and 75 ppm.
Adsorbent Adsorption Parameters Values R?
isotherm model
UiO-66-NH4 Langmuir qm (mg/g) 62.56 0.963
Ki (L/mg) 1.56
Freundlich Kr ([mg/g] [L/mg]'™) 31.13 0.928
n (g/L) 3.75
Ui0-66-Ce Langmuir gm (Mg/g) 71.50 0.964
Ky (L/mg) 0.256
Freundlich Kr ([mg/g] [L/mg]'™) 40.8 0.991
n (g/L) 1.18
Ui0-66-Ca Langmuir gm (Mg/g) 50.25 0.993
Ki (L/mg) 0.126
Freundlich Kr ([mg/g] [L/mg]'™) 8.284 0.992
n (g/L) 2.1824
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Table 3.5: Comparison of monolayer equilibrium capacity for MO onto different

sorbents.
Adsorbent Condition Qm Reference
(mg/g)

Ui0-66-Ce Normal 71.50 This study
UiO-66-NH4 Normal 62.5 This study
Ui0-66-Ca Normal 50.25 This study
Hypercrosslinked polymeric adsorbent Normal 70.9 [114]
Metal organic framework (MIL-53) Normal 57.9 [115]
Multiwalled carbon nanotubes Normal 52.86 [106]
Chitosan Normal 34.83 [37]
Modified montmorillonite Normal 24.00 [116]
Banana peel Normal 21 [117]
Orange peel Normal 20.5 [118]
Modified ultra-fine coal powder Normal 18.52 [119]
Graphene oxide Normal 16.83 [15]
Chitosan/kaolin/y-Fe,O3 Normal 14.2 [120]
Bottom ash Normal 13.35 [5]
De-oiled soya Normal 13.46 [5]
Activated carbon Normal 11.2 [115]
Activated alumina Normal 9.8 [121]
Diaminoethanesporopollenin biopolymer Normal 4.7 [122]
Bottom ash Normal 3.62 [2]

3.7 Conclusion

Three adsorbents (UiO-66, UiO-66-Ca and UiO-66-NH4) were used to remove acidic
dye (MO). They were synthesised using different methods with trace additives of a
secondary chemical. The textural properties were improved and enhanced for water
treatment applications. The characterisation of single and bimetal Zr-MOFs reveals
that they have water and thermal stability, a robust structure, suitable textural
properties and functional groups. The experimental data was fitted for kinetic
adsorption and adsorption equilibrium: adsorption by MO/Zr-MOF systems depends
on the initial concentration of dye, with improved uptake by MOFs with increased
initial concentrations of MO. The highest correlation coefficient obtained among all
MO adsorption by Zr-MOFs systems confirms pseudo second-order kinetics and
indicates that the overall rate of MO uptake by Zr-MOF appears to be controlled by
the chemisorption process, including valence forces through sharing or exchange of

electrons.

However, all MO/Zr-MOF systems obeyed the Langmuir isotherm model, verifying

that the adsorption of dye molecules by adsorbents are monolayered and occurs on a
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homogeneous adsorbent structure with adsorptive sites of identical energy. Moreover,
Ui0O-66-Ce was the most efficient adsorbent to remove MO, exhibiting the highest
adsorption capacity equal to 71.5mg g'. These Bimetal UiO-66 are potential

candidates for industrial applications to remove other contaminants from wastewater.
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Chapter 4: Bimetal Ca-modified Zr-MOFs to enhance
methylene blue removal in wastewater

4.1 Abstract

In this study, parent Zr-MOF and two improved versions of UiO-66 metal organic
frameworks (MOFs) were synthesised successfully: UiO-66, UiO-66-10%Ca and
Ui0-66-30%Ca. The syntheses aimed to remove the harmful pollutant, a cationic dye
(methylene blue (MB)) from wastewater. Competition between the abovementioned
MOFs was done to know which one most favourable. Adsorption techniques, along
with safe laboratory rule, were investigated to identify the optimal concentration of
solute on adsorbent. Based on the results, UiO-66-10%Ca exhibited the highest
adsorption capacity with maximum Langmuir capacity of 50.25 mg g~!, with UiO-66-
30%Ca and UiO-66 displaying lower loading. Langmuir and Freundlich models were
employed to describe isotherms. A kinetics study was achieved by fitting pseudo first-
order and pseudo second-order equations. In addition, an intraparticle diffusion model
was utilised. The results presented here may facilitate the further enhancement of UiO-
66 MOFs and advance the synthesis of bimetal MOFs in future research to be applied

in the field of wastewater treatment.

4.2 Introduction

Dyes exist where there is civilisation. They are used to colour products, and are
employed in various industries, such as the food, paper, carpet, rubber, plastic,

cosmetic, acrylic, wool, nylon, silk and textile industry [1-3].

Cationic methylene blue (tetramethylthionine chloride [MB])[4] is a basic thiazine dye
(Figure 4.1)[5]. It is broadly utilised to colour textile, print calico and cotton, dye
leather and as a general dye and tannin. These processes involve oxidation—reduction,
and to dye leather, a purified zinc-free form is used. It is also used as antiseptic and for
other medicinal purposes [6, 7]. As a basic dye, MB is not strongly hazardous, but may
cause some harmful effects on humans and aquatic lives. It is also resistant to
biological degradation)[8]. Acute exposure to MB can cause increased heart rate,
vomiting, shock, cyanosis, jaundice, quadriplegia, Heinz body formation and tissue

necrosis in humans [7, 9, 10].
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Figure 4.1: Chemical structure of MB [1].

Water is a precious resource for all living creatures on earth. A significant
environmental challenge is the removal of dye pollutants from fabric and textile
wastewater. Runoffs from colouring firms and associated industrial processes are
renowned for being extremely coloured. More than 100,000 dyes are used in
commercial manufacturing processes to produce over 7 x 10° metric tonnes per year.
It is calculated that some dyestuffs (5-10%) are discharged in industrial waste
throughout production processes [1, 11-13]. However, in the textile dyeing process the
percentage of dye that ends up in the effluent can reach 50% as a result of weak dye-
fibre fixation [7, 14]. The use of dyes to colour products consumes significant volumes
of water; consequently, a substantial amount of coloured wastewater can be generated
[15]. Coloured sewer water runoffs from the abovementioned industries into natural
watercourses have increased wastewater toxicity, chemical oxygen demand of effluent
and reduced light penetration, which has had devastating results on photosynthetic
phenomena [13]. Aesthetically, the presence of dyes in surface and underground
waters is not safe, pleasant or welcomed. Consequently, some governments have
attempted to prevent the discharge of wastewater into natural streams without

appropriate screening and treating [16].

Many approaches to dye removal have been proposed to treat the industrial wastewater
[6, 17]. The techniques are classified into three main types: physical, chemical and
biological treatments. These techniques employ aerobic and anaerobic microbial
degradation, coagulation and chemical oxidation, membrane separation process,

electrochemical processes, filtration, softening and reverse osmosis. However,
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limitations exist in all abovementioned methods and none were effective in removing

dyes from runoffs [18].

Its low cost, easy availability, simplicity of design, high efficiency, ease of operation,
biodegradability and ability to treat dyes in more concentrated forms, make the
adsorption technique the simplest process for dye removal [10, 19]. While activated
carbon is presently believed to be the most operative adsorbent, its high cost means its
production and regeneration remain uneconomical [20, 21]. The use of biological and
chemical precipitation to remove colour is efficient and economic where dye
concentrations are relatively high [9]. The advantages and disadvantages of various
methods of dye removal from wastewaters are chronically occured [22]. Of the variety
of physicochemical systems investigated, adsorption is considered the most effective

technique [7, 23].

The limitations of using activated carbons have led researchers to seek low-priced dye
sorbents, such as coal, fly-ash, silica gel, wool waste, agricultural waste, wood waste,
and clay materials [10, 24]. Researchers have successfully demonstrated the removal
of MB from aqueous solutions using low-cost materials, such as rice husk [9], Indian
rosewood sawdust [22], neem leaf powder [2], pumice powder [24], pyrophyllite [25],
perlite [26], jute processing waste [27], eggshells [28] and fly-ash [29].

In recent years, research and development in the field of design and synthesis of MOFs
has led to a rapid growth in practical and conceptual developments [30-35]. An
extensive class of crystalline materials has become available because of MOF
chemistry, which has superior characteristics such as high stability, tuneable metrics,

organic functionality and porosity [30].

Its exceptional porousness means that MOFs have potentially numerous applications;
their demonstrated applications in gas storage, separations, catalysis, energy
technology fuel cells, supercapacitors and catalytic conversions has made them objects

of intensive study, industrial-scale production and application [36-39].

The unique characteristics of MOF-type substances that make them the focus of much
worldwide research are their pore geometry and high porosity [40, 41], their central
metals [42, 43], open metal sites [44, 45], functionalised linkers [46, 47] and their
loading of active species [48, 49]. All these characteristics have been scientifically

employed to successfully improve interactions between the sorbates and MOFs.
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Specifically, these characteristics distinguish MOFs from other porous material in the
field of adsorption processes for the effective removal of hazardous compounds [50].
Accordingly, MOFs are superior adsorbents because of their various host-guest
interactions, acid-base [51, 52], m-complexation [53], H-bonding [54, 55] and
coordination with open metal sites [44, 45, 50, 56, 57].

In the present study, Modified Zr-MOFs (UiO-66-Ca) of extremely high porosity and
easy tunability of pore size and shape (from the microporous to the mesoporous scale)
were used as sorbents to remove MB from an aqueous solution. UiO-66 was improved
by changing the connectivity of the inorganic moiety and as a result of the nature of
organic linkers [30, 50, 58]. MB was selected as a model pollutant to evaluate the
capacity of Zr-MOFs to remove dyes from contaminated water. Calcium has chosen
to modify Zr-MOF due to their atomic size in comparison to zirconium. A series of
single metal and bimetal Zr-MOFs samples with various ratios of Ca/Zr were
successfully and solvothermally obtained by direct synthesis, followed by activation
processes with methanol with some modifications. The performance of UiO-66 was
further enhanced for the removal of MB with improving its textural properties and
open metal sites through the introduction of second metal such (Ca) into the framework

in the synthesis process.

A kinetics study was conducted using pseudo first order and pseudo second order
models as well as intraparticle diffusion. Further, an equilibrium study was undertaken

using Langmuir and Freundlich isotherms.

4.3 Materials and methods

4.3.1 Synthesis and activation

All chemicals were supplied by Sigma-Aldrich (Australia) without further

purifications.

Zr-MOF was synthesised successfully using a scaled-up procedure of a previously
reported method [59] by modifying the ZrCls:BDC:DMF ratio: 2.27 mmol of ZrCl4
and 2.27 mmol 1,4-benzenedicarboxylic acid (BDC) were added with continuous
stirring to 405.38 mmol of N, N-dimethylformamide (DMF) in a solvothermal process

in an autoclave at 393 K for 24 h. The produced Zr-MOF was immersed in chloroform
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for 5 days as activation process. After the activation process, the solid was filtered and

dried under vacuum at 463 K for 48 h.

Ui0-66-10%Ca was synthesised by mixing ZrCls (1.5 g) with terephthalic acid (1.1 g)
in 73 mL of DMF. After mixing for 15 min, 0.15 g of Ca (NO3),.4H>0 was added and
followed by the addition of 2 mL of H>O to the mixture. The solution was mixed for
approximately 30 min; then transferred into a 125-mL Teflon-lined autoclave, which

was tightly sealed and placed in a preheated oven at 132°C for 1 d.

Ui0-66-30%Ca was synthesised by mixing ZrCls (1.5 g, 6.44 mmol) with terephthalic
acid (1.3 g, 7.82 mmol) in 70 mL of DMF. After mixing for 30 min, Ca(NO3)2.4H>0
(0.45 g, 2.86 mmol, 99%; Sigma-Aldrich), followed by 5 mL of deionised water, was
added into the mixture eventually, the mixture was transferred to a Teflon-lined
autoclave that was tightly sealed and moved into a preheating oven at 430 K. The
product was then filtered, dried and immersed in absolute methanol (100%, Sigma-
Aldrich) for 5 d, after which it was filtered, dried and heated under vacuum at 473 K

overnight before use as adsorbent.

4.3.2 Characterisation

The thermal stability of UiO-66, UiO66-10%Ca and Ui066-30%Ca was assessed by a
thermogravimetric analysis (TGA) instrument (TGA/DSC1 STARe system; Mettler-
Toledo). The samples were loaded into a pan and heated to 1173 K at a rate of 5 K/min.
The air gas flow rate was maintained at 10 mL/min. FTIR spectra (Spectrum 100 FT-
IR spectrometer, PerkinElmer, Waltham, USA) were obtained to assess the stability of
the functional groups on the organic ligands. The spectra were scanned from 600 to
4000 cm™! with a resolution of 4 cm™! using an attenuated total reflectance technique.
X-ray powder diffraction and patterns were obtained with an X-ray diffractometer (D8
Advance, Bruker AXS) using Cu Ka radiation (4 =1.5406 A) with accelerating
voltage and current of 40 kV and 40 mA, respectively. N2 adsorption/desorption
(Autosorb-1, Quantachrome Instruments) was used to determine N> isotherms as well
as the pore size and surface area of the MOFs. The samples were evacuated at 473 K
for 24 h prior to adsorption measurements under high vacuum. The sample was then

analysed to determine surface area, pore size and pore volume.
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4.3.3 Adsorption process

An aqueous stock solution of MB (1000 ppm) was prepared by dissolving MB
(C16H1sCIN3S, molecular weight 319.85 g.mol!; Sigma-Aldrich) in deionised water.
Aqueous solutions with different concentrations of MB (5—100 ppm) were prepared
by successive dilution of the stock solution with water. After obtaining the UV spectra
of the solutions with a spectrophotometer (UV spectrophotometer), the MB
concentrations were determined using absorbance at 668 nm wavelength of the
solutions. A calibration curve was obtained from the spectra of the standard solutions

(5-100 ppm).

Prior to adsorption, the adsorbents were dried overnight under vacuum at 373 K.
Several glass containers were cleaned, dried and filled to 20 mL with MB of different
concentrations ranging from 5 to 50 ppm. An exact amount of the MOF adsorbent

(20 mg) was then put in each container.

The dye solutions containing the adsorbents were mixed well with a magnetic stirrer
and maintained for 5 min to 24 h at 298 K. Samples for analysis were collected by a
syringe filter at different sampling intervals. UV spectrometer was used to investigate
the dye content in the supernatant. Adsorption mechanism and rate of diffusion were
estimated using three kinetic models: pseudo first-order, pseudo second-order [60-62]
and intraparticle diffusion model [63, 64]. The adsorbents’ adsorption behaviours were

simulated using the Freundlich and Langmuir adsorption isotherms [60-62, 65].

4.4 Results and discussion

4.4.1 Characterisation

Figure 4.3(a) compares the XRD pattern of UiO-66-Ca with that of UiO-66 before and
after use in adsorption of MB. The results demonstrate that the integrity of the structure
was maintained in all samples, which indicates that the synthesis and activation
procedures succeeded reliably without suspected impurities of a metal oxide inside the

pores.

Figure 4.3(b) shows that the spectra of all samples, including that of UiO-66 before
and after use in adsorption of MB. They exhibit the same vibration bands with slight

deviations in the position of some peaks with increases in the content of a second
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metal. In addition, the peaks in the mixed-metal samples were broader than the peaks
in the single-metal (Zr) sample, which indicates a difference in the dipole between
ground state and excited state in the mixed-metal UiO-66 as a result of incorporating
a second metal in the metal centre [66, 67]. The vibration band of 16151580 cm™
was attributed to C=C-C stretching in the aromatic ring of terephthalate salts; however,
this band extended from 1590 to 1525 cm™ in the mixed-metal UiO-66 [68]. Further,
the bands at 1500 and 1390 cm™' were attributed to the stretching vibrations of
symmetric COO™ and asymmetric COO™ in coordinated organic linkers, as shown in

the spectrum of UiO-66.

Moreover, the weak bands at 881, 812 and 785 cm™! were assigned to Zr-O whereas
the peak at 730 cm™! in the UiO-66 spectrum was assigned to the stretching vibration
of C-H and out-of-plane bending of aromatic ring in the main skeleton of UiO-66; this
peak was shifted to 744 cm™! in the spectra of bimetal UiO-66 [67, 69]. In addition,
the band at 1017 cm™! belonged to C-H stretching in the MOF.

Table 4.1: Textural properties of the adsorbents based on N, adsorption/isotherm.

Adsorbents Specific surface Pore volume Pore diameter
area (Sger) (ccg™ (nm)
(m’g™)
Ui0-66 1585.5 0.82 1.04
Ui0-66-10%Ca 918.115 1.10 2.39
Ui0-66-30%Ca 557.681 0.25 0.91
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Figure 4.2: N, adsorption/desorption isotherm (a), micropore distribution (b) and
mesopore distribution (c) of Ui0-66, UiO-66-10% Ca and UiO-66-30% Ca.

Figure 4.2 (a) shows the N> adsorption/desorption isotherms for UiO-66-Ca and UiO-

66. Hysteresis in the desorption isotherm is apparent and demonstrated by the Ca
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content reducing with sharp increases in adsorption at relative pressures close to 0.999.
This observation is strong evidence that the mesopore and macropore sizes were
enhanced. Furthermore Figure 4.2 (b and c) illustrate micropore and mesopore

distribution respectively.

In addition, Table 4.1 presents the textural properties of all adsorbents, according to
the calculations of the N adsorption isotherm. The specific surface area (Sger)
decreased with increasing content of a second metal. As shown in Table 4.1, the Sger
of parent UiO-66 was 1585.50 while with increasing the percentage of second metal
(Ca), the Sger of bimetal UiO-66 was impacted negatively to become 918.115 and
557.68 m?g ! for Ui0-66-10%Ca and UiO-66-30%Ca, respectively.
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Figure 4.3: Characterisation of pristine and modified Zr-MOF samples. (a) PXRD
patterns, (b) FTIR spectra and (c) TGA profiles.

However, the pore volume and average pore size were enhanced in the MOFs with the
lowest content of the second metal. The highest pore volume and pore size were seen
in UiO-66-10%Ca, which were 1.10 cc g! and 2.39 nm, respectively. The results

indicate that the addition of low concentrations case of the second metal in the single-
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pot synthesis enhance the pore volume and pore diameter. Also, the activation process
using the solvent exchange method to replace the unreacted materials and by-product
by methanol molecules which were discarded by the heating in the second stage of the

activation process, further improve the textural properties.

Figure 4.3(c) presents the results of thermogravimetric analysis for all adsorbents in
this study. All samples appear to have the same thermal stability, with structural

stability at increasing temperatures up to 725 K.

4.4.2 Adsorption study

Adsorbed amounts of MB by the Zr-MOFs at each time interval of time, the

equilibrium and percentage removal of MB were computed according to the

following equations:

14
qe = (Co — Ct)% 4.1)
14
4. = (Co—Co)— (42)
Co—C
R% = %Xmo, (4.3)
0

Where:
qt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
qe: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
Co: the initial concentration of the MB solution at time zero (mg/L)
C: the concentration of the MB solution at time t (mg/L)
Ce: the concentration of the MB solution at equilibrium (mg/L)
V: volume of the MB solution in batch adsorption process (L)
R%: percentage removal of MB [§]
m: Zr-MOF mass used in adsorption batch process (g)[ 1, 8, 70].

Figure 4.4 below describes the adsorption kinetics of MB by single-metal Zr-MOF and
bimetal Zr-MOF-Ca. The figure shows the amount of dye adsorbed (mg/g) given the
contact time (min) at various initial concentrations of MB. The graphs in this figure

demonstrate that for all MB concentrations, MB uptake at the commencement of the
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adsorption process is very rapid; after an initial period of time, it proceeds at a slower

rate until the end of reaction when saturation is attained [13, 71, 72].

This phenomenon can be explained thus: the first available MB (cationic dye)
molecules are favourably adsorbed onto the most active sites (anionic sites and
benzene ring) of the single-metal and bimetal Zr-MOF, and the high initial MB uptake
is possible because of the accessibility of many active sites. A longer contact time
between the MOFs and MB results in more removal of MB until equilibrium
adsorption capacity is reached [72]. Another explanation is that higher initial
concentrations of MB provides more MB molecules and greater driving force of the
aqueous phase (MB) against the solid phase (MOFs) to overcome mass-transfer
resistance. This fact gives rise to increased collisions between MB molecules and
active sites on the adsorbent [73-76]. For instance, Figure 4.6a illustrates the
adsorption capacity for MB onto UiO-66 at equilibrium which increased from 2.151

to 14.837 mg g~! with increase in MB initial concentration from 5 to 50 mg L.

Recent research has revealed that initial concentration of MB has a detrimental effect
on adsorption process. Several factors, including initial concentration of MB, play a
role in determining percentage removal of MB (R%) and equilibrium adsorption
capacity (qe); indeed, the initial concentration of MB has profound consequences for
R% and ge. The initial concentration of MB has been observed to have a positive
relationship with qe and a negative relationship with R%. It is now understood that
initial concentrations of MB play an important role in the removal of dye [72, 77]. The
observed decrease in MB removal (R% values of 43.03% to 29.67%) by UiO-66 was
representative of the adsorption process in all systems, and confirmed the occupation
of all accessible active sites on the UiO-66 above a certain concentration of MB.
However, the increase in equilibrium adsorption capacity (qe) from 2.15 to 14.83 mg/g
can be attributed to the higher adsorption rate and the use of all available active sites

on UiO-66 for sorption at higher concentrations of MB.

4.4.2.1 Effect of pH

It is crucial step to investigate the effects of pH and zeta potential of Zr-MOF on
adsorption process to examine adsorption mechanism. The result of such study is very
important to figure out the impact of the electrostatic interactions on adsorption. pH

was selected in such a way to cover acidic and basic range between 3.75-10 and the

147



CHAPTER 4 UiO-66, UiO-66-10%Ca, and UiO-66-30%Ca

adsorption process carried out at condition of initial concentration of MB solutions at
50 ppm and using 0.1 M HCl and 0.1 M NaOH to adjust pH. As show in Figure 4.4 a
that adsorption uptake increases with increasing of pH solution from 3.75 to 10,
indicating the role of electrostatic attraction between negatively charged adsorbent and
cationic dye (MB). At pH equal to 5.6 which pH of isoelectric point (pHiep) Figure 4.4
(b) with no charge on adsorbent, the uptake still high signifying that other factors play
roles in adsorption of adsorbate while if pH less than pHiep the adsorption capacity
decreases steeply due to repulsion between adsorbate and adsorbent. Consequently
UiO-66 can be used over a wide range of pH for discolouration of wastewater at large
scale. Figure 4.5 illustrates plausible mechanism was proposed based on pH effect and
Zeta potential of UiO-66. It can be concluded from the results that the adsorption
mechanism of MB onto Zr-MOF is mainly depended on the electrostatic interactions
between the cationic dye of positive charge and UiO-66 of positive charge. In addition,
n—7 interactions between the benzene rings of UiO-66 and those of the dye could have

contributed to the adsorption process.
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Figure 4.4: Effects of pH solution (a) and zeta potential of UiO-66 (b) on adsorption of
MB onto UiO-66.

pH=  3.75 5.5 10
Electrostatic attraction n-1t interaction Electrostatic repulsion
and n-ruinteraction and mt-it interaction

+ + + + +

+HHHH+ +HFF R+ + +
] ] T
| 1 |
| 1 |

S 000000000000000000000

o o mmrRre A 000000000000000000000

Figure 4.5: Plausible adsorption mechanism of MB onto Zr-MOF.
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4.4.3 Kinetics study

The pseudo first-order and pseudo second-order model were employed for the

adsorption of MB onto UiO-66, Ui0-66-10%Ca and UiO-66-30%Ca. The linear

regression correlation, R?, was calculated to identify the model of best fit; higher R?
values means a better fit for the experimental data. The results of the correlational
analysis of the amount of adsorbed dye (mg/g) against contact time, for the various
initial concentrations of MB (5, 15, 30 and 50 ppm) are shown in Figure 4.6. The
results indicate that the amount of dye loading (q: [mg/g]) increases with contact time
at each level of MB concentration. In addition, the amount of MB adsorbed increased

with increases in initial MB concentration [70].

The kinetics of the adsorption process in the laboratory-based batch enables the
prediction of the rate at which a pollutant is removed from bulk solutions, which
informs the design of adsorption treatment plant columns [4]. However, the physical
and chemical properties of the adsorbent significantly affect its adsorption kinetics,
which in turn, affects the sorption mechanism [71]. Statistics from kinetics studies of
pseudo first-order and pseudo second-order kinetics model equations have been
investigated for fit with contact time data [71]. Tables 4.2 and 4.3 below present their
main characteristics as calculated kinetic constants (ki, k2) and correlation coefficients
(R?) for C; =5, 15, 30 and 50 ppm. The nonlinear form of the Lagergren pseudo first-

order kinetic equation can be written as follows [78, 79]:

dq
7 = ki(ge — a0, (4.4)
The linear form of the pseudo first-order kinetic equation can be expressed as follows:

ln(CIe - Qt) = ln(Qe ) — kqt. (4.5)

The nonlinear form of the pseudo second-order kinetic equation can be written as
follows [80]:

dq
= = ka(de — qc)°. (4.6)

The linear form of the pseudo second-order kinetic equation can be written as follows:

t__1 +1t 4.7)
9 ky q¢ q.’ '
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Where:
ge: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
gt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
ki: pseudo first-order rate constant (min!)
t: time (min)

ko: pseudo second-order rate constant (g/mg min).

A linear plot of the pseudo first-order model (In[qe — q¢]) against time provides the
values for the kinetics sorption parameters, such as rate constant (ki), equilibrium
adsorption capacity (qe) and the linear regression coefficient (R?). Likewise, a linear
plot of the pseudo second-order model (t/q;) against time also provides the rate constant

(k2), equilibrium adsorption capacity (qe) and the linear regression coefficient (R?).

The values of these parameters for both plots are presented in Tables 4.2 and 4.3.
According to the R? values obtained, they have been consistent and closer to unity for
the pseudo second-order kinetic equation than for the pseudo first-order kinetic
equation. Therefore, based on R? values, the sorption kinetics of MB removal using
single-metal and bimetal Zr-MOF were well described by the pseudo second-order
kinetic equation. Further, the calculated equilibrium adsorption capacity agreed with
the experimental equilibrium adsorption capacity, further indicating that the sorption
of aqueous MB onto single-metal and bimetal Zr-MOF perfectly obeyed pseudo
second-order kinetics. Specifically, the sorption of MB by single and bimetal Zr-MOFs
occurred through chemisorption (the exchange or sharing of electrons between the

sorbate and sorbent via covalent forces and ion exchange)[80-82].

On the basis of the mechanism underlying pseudo second-order kinetics, the effects of
the initial concentration on the adsorption kinetics of MB onto the three MOFs (i.e.,
all the sorbent systems) were similar over time. UiO-66-10% Ca was taken to be a
representative adsorbent and was used to explain the effects of the initial concentration
on the rate of adsorption. Table 4.2 shows that the adsorption rate constants (k2) were
0.86348, 0.07616, 0.04628 and 0.02259 g mg ' min! at initial MB concentrations of
5,15,30 and 50 mg L', respectively, signifying a decrease in adsorption rate at higher
initial concentrations of MB. Reductions in the amount adsorbed at higher initial
concentrations may be due to MB molecules having to enter the pores through a longer

diffusion path. On the other hand, with less amounts of MB adsorbed, MB molecules

151



CHAPTER 4 UiO-66, UiO-66-10%Ca, and UiO-66-30%Ca

tend to be rapidly adsorbed into the open pores of MOFs, which eventually increases

the adsorption rate (kz).

As shown in Table 4.2, the adsorption rate constants (kz) for the initial MB
concentration of 5mg L' were computed as 0.86348, 0.01050 and
0.00498 g mg ! min! for Ui0-66-10% Ca, UiO-66 and UiO-66-30% Ca, respectively.
These calculations take into account the pore diameter of the three sorbents (which
from Table 4.1 are 2.39, 1.04 and 0.91 nm, respectively). The lower rate constant for
MB adsorption onto the UiO-66-30% was tentatively ascribed to MB diffusion into
the micropores of the MOF [83].
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Table 4.2: Calculated Kinetics constant (k;) and correlation coefficient (R?) for C; =5, 15, 30 and 50 ppm.
Adsorbent Adsorbate Pseudo second-order kinetics constant k; (g/(mg.min))
5 ppm 15 ppm 30 ppm 50 ppm
k; R? k; R? k; R? k; R?

Ui0-66 MB 0.01050 0.9989 0.00546 0.9992 0.00273 0.9992 0.00147 0.999
Ui0-66-10% Ca MB 0.86348 0.9999 0.07616 0.9963 0.04628 0.9999 0.02259 0.9998
Ui0-66-30% Ca MB 0.00498 0.9991 0.00212 0.9984 0.00167 0.9992 0.00217 0.9996

Table 4.3: Calculated Kinetics constant (ki) and correlation coefficient (R?) for C; =5, 15, 30 and 50 ppm.

Adsorbent Adsorbate Pseudo first-order Kinetics constant k; (min™)
5 ppm 15 ppm 30 ppm 50 ppm
ki R? ki R? ki R? ki R?
Ui0-66 MB 0.0101 0.9888 0.0119 0.9920 0.0120 0.9925 0.0113 0.9813
Ui0-66-10% Ca MB 0.2669 0.9716 0.0913 0.9731 0.0395 0.9886 0.0370 0.9920
Ui0-66-30% Ca MB 0.0105 0.9930 0.0161 0.9636 0.0118 0.9927 0.0144 0.9960
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Figure 4.6 Fitting of experimental data by first-order and second-order Kinetic models
of MB adsorption onto UiO-66 (a, b), Ui0-66-30%Ca (c, d) and UiO-66-10%Ca (e, f).
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4.4.4 Equilibrium study

Equilibrium is crucial to understanding the adsorption process because it is a
requirement in analysis and design of the adsorption column. Essential physiochemical
data delivered by adsorption equilibria plays very important role in evaluating the
applicability of the adsorption process as a unit [84]. Equilibrium isotherms were

examined using the Langmuir and Freundlich isotherms.

The assumption of the Langmuir isotherm is monolayer coverage of sorbate over a
sorbent with homogenous surface [8, 85, 86]. It assumes that the adsorption process
occurs at specific homogenous sites over the adsorbent; that is, when an MB molecule
occupies a specific site, additional sorption cannot happen again at the same site.
Successful implantation of the Langmuir adsorption isotherm has been undertaken to

explain the adsorption of basic dyes such as MB from aqueous solutions [8, 84, 87,

88].

The nonlinear form of the Langmuir isotherm can be expressed as:

kaL Ce
= — 4.8
qe (1 + kLCe) ( )
while the linear form can be written as [77]:
C, 1 1
—=—0C,+ (4.9)

de dm ki qm,
Where:

gm: Langmuir maximum loading capacity (mg/g)

ke : the Langmuir constant related to the energy of adsorption and affinity of
binding sites (L/mg)[89]

Ce: the equilibrium concentration of dye in solution (mg/L)
ge: the amount of dye adsorbed at equilibrium per unit mass of sorbent

(mg/g).

The equilibrium experimental data were fitted using the linear form of the Langmuir
isotherm equation (Equation 4.9). Specifically, the Langmuir parameters qm, Ki, and
R? were obtained from the plot of (Ce/qe) against Ce. Table 4.4 presents the results of

the linear regression analysis.
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The dimensionless constant separation factor, Ry, is vital to the Langmuir isotherm,

and can be found in the following equation [86, 90-92]:

1

A= Tty

(4.10)

Where Cy is the initial concentration of adsorbate (mg/L) and Ki (L/mg) is the

Langmuir constant.

The shape of the isotherm depends on Ry, because this factor indicates the adsorption

process as:
e unfavourable (R > 1)
e linear (RL=1)
e favourable (0 <RpL<1)
e irreversible (RL = 0).

R must be between 0 and 1 to give rise to favourable adsorption. The calculated results
for Rp are (0.89-0.44), (0.005-0.0005) and (0.28-0.03) for UiO-66, UiO-66-10%Ca
and UiO-66-30%Ca, respectively. The separation factor (Rr) values for the sorption
of MB onto single-metal and bimetal Zr-MOFs are in the range of 0 <RL <1,
indicating that the adsorption was favourable. Further, higher initial MB

concentrations in the adsorption process can make it irreversible [93].

The Freundlich isotherm [8, 86, 94] is an empirical equation that assumes the
adsorption process can occur over heterogeneous surfaces and adsorption capacity is
associated with the concentration of MB dye at equilibrium. The nonlinear form of the

Freundlich isotherm is written as:

1/n
e

qe = krC (4.11)

)

whereas the linear form of the Freundlich isotherm equation can be written as [77, 84]:

In(q.) = In(kp) + %ln(Ce), (4.12)

Where K is the calculated Freundlich equilibrium constant ([mg/g] [L/mg]'™) and is
an indicator of adsorption capacity, and n is a measure of the deviation from linearity

of adsorption (g/L).
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The favourability of adsorption can be estimated by the magnitude of the exponent
(1/n), which predicts the feasibility of the adsorption process. The values of n must be
greater than one for conditions to be favourable for an adsorption process [8, 95, 96].
The constant n values of UiO-66, UiO-66-10%Ca and UiO-66-30%Ca have been
calculated to be 1.29, 5.01 and 3.09, respectively. These values confirm the
favourability of adsorption of MB onto single-metal and bimetal Zr-MOF. The results
of the correlational analysis for Kr, n and the linear regression coefficient (R?) for the

plot of the linear form of the Freundlich model are presented in Table 4.4.

Figure 4.7 below illustrates the experimental equilibrium data and the predicted
theoretical isotherms for the adsorption of MB onto single-metal and bimetal Zr-
MOFs. It is apparent, from Figure 4.7 and the R? values in Table 4.4, that there is closer
fit between the experimental data and Freundlich isotherm compared to that with the

Langmuir isotherm, particular at higher values of R?.

Analyses and calculations of the Langmuir and Freundlich plots revealed that the
values of the linear regression correlation coefficient (R?) for the Langmuir model are
0.9889, 0.9951 and 0.9821, and for the Freundlich model 0.9979, 0.9973 and 0.9926,
for Ui0-66, Ui0-66-10%Ca and Ui0-66-30%Ca, respectively.

Further, Freundlich constants (KF) related to the bonding energy of MB molecules with
single-metal and bimetal Zr-MOFs were greater than Langmuir constants which were
related to the affinity of MB molecules to single-metal and bimetal Zr-MOF in all
cases. As a result, the adsorption of MB onto single-metal and bimetal Zr-MOF
occurred as multilayer adsorption on a heterogeneous surface. The calculated
maximum monolayer adsorption capacity (qm) of Zr-MOF for MB is 50.25 mg/g for
Ui0-66-10%Ca, a relatively satisfactory adsorption capacity (see Table 4.4).

Table 4.5 lists the maximum adsorption capacity (qm) of the Zr-MOF adsorbent for
MB, relative to those reported in the literature for different adsorbents of MB. The

performance of Zr-MOF in MB removal is relatively effective by comparison.
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Figure 4.7. Fitting of experimental data using Langmuir and Freundlich models of MB

adsorption onto UiO-66 (a), Ui0-66-30%Ca (b) and UiO-66-10%Ca (c).

Table 4.4: Calculated equilibrium constants (ki, kr, qm, n and correlation coefficient
(R?)) of MB adsorption onto Ui0-66, Ui0-66-30%Ca and UiO-66-10%Ca for C; =5, 15,

30 and 50 ppm.
Adsorbent Adsorption Parameter Value R?
isotherm model
Ui0-66 Langmuir gm (Mg/g) 31.74 0.9889
Kt (L/mg) 0.02447
Freundlich Kr ([mg/g] [L/mg]'™) 0.98157 0.9979
n (g/L) 1.2918
10-66- Langmuir gm (Mg/g) 50.2512 0.9951
10%Ca Kt (L/mg) 39.8
Freundlich Kr ([mg/g] [L/mg]"'™) 47.9855 0.9973
n (g/L) 5.0150
UiO-66- Langmuir qm (mg/g) 23.7529 0.9821
30%Ca Kt (L/mg) 0.4982
Freundlich Kr ([mg/g] [L/mg]'™) 8.0164 0.9926
n (g/L) 3.0911

Table 4.5: Comparison of monolayer equilibrium capacity for methylene blue onto
different adsorbents.
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Adsorbent Conditions qm Reference
(mg/g)
Untreated coffee husks Normal 90.1 [97]
Sewage sludge from agrifood industry Normal 86.957 [98]
wastewater treatment plant

Raw date pits Normal 80.29 [100]
Calcined pure clay Normal 56.31 [101]
Ui0-66-10%Ca Normal 50.25 This study
Ui0-66-30%Ca 23.75 This study
Ui0-66 14.52 This study
Luffa cylindrica fibres Normal 47 [102]
Carbon nanotubes Normal 46.2 [103]
Rice husk Normal 40.59 [9]
Garden grass Normal 31.4 [104]
Raw clay Normal 27.49 [101]
Jute processing waste Normal 22.47 [105]
Fe (III)/Cr (III) hydroxide Normal 22.8 [77]
Banana peel Normal 20.8 [106]
Orange peel Normal 18.6 [106]
Activated date pits (T =900 °C) Normal 17.27 [100]
Fly-ash Normal 13.42 [29]
Calcined raw clay Normal 13.44 [101]
Activated date pits (T = 500 °C) Normal 12.94 [100]
Zeolite Normal 12.7 [107]
Clay Normal 6.3 [108]
Fly-ash Normal 1.3 [107]

4.4.5 Intraparticle diffusion

As a result of the limitations of the pseudo first-order and pseudo second-order kinetic
equations, the lack of an identified adsorption mechanism and the rate-limiting steps
in the adsorption process, Weber and Morris established a new adsorption model [109].
In general, the migration of sorbate molecules in bulk to the surface of a solid sorbent
by intraparticle diffusion process is what controls the rate of most liquid/solid sorption
systems. The analysis using Weber and Morris’s intraparticle diffusion model is as

follows [63, 64]:

qe = kyt*? + C, (4.13)
Where:
gt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
kp: intraparticle diffusion rate constant (mg/g min®>)
t: time (min)

C: intercept [102, 110, 111].
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Typically, if the plot of the intraparticle diffusion model gives rise to two or more
intercepting lines, the adsorption stages are independent of each other. Plots that
display two intersecting lines with different slopes indicate that the sorption process is
controlled by a multistep process, including external surface sorption and diffusion of

MB into the internal pores of the MOF [2, 112].

Single-metal and bimetal Zr-MOFs (solid) and MB (liquid) system adsorption
processes show that the transfer of MB takes place either by external diffusion or
internal diffusion or both (film and intraparticle diffusion)[72]. From Figure 4.9, three
sequential steps can be seen to govern any solid-liquid adsorption, including the
adsorption of MB onto MOFs. A multistep adsorption process consists of the mass
transfer of MB from the solution to the surface of single-metal and bimetal Zr-MOFs;
this transfer determines the extent of reaction throughout the whole adsorption process
[113]. Figures 4.8 and 4.9 show the classification of the adsorption process mechanism

of MB onto MOFs into the following three stages:
1. film diffusion: the initial stage of rapid adsorption

2. successive intraparticle diffusion: the second stage of the process during

which the adsorption rate slows
3. the final stage: the adsorption attains equilibrium and lasting constant [112].

Film diffusion is very fast because of the rapid sorption of MB to the surface of the
MOF. This stage is featured by quick surface mass transfer caused by a large
differential which acts as a driving force. This stage is when the most is adsorbed by
adsorbents, according to Weng et al. [112]. Such a finding establishes MOF-MB
systems as entailing a fast adsorption process. Consequently, these adsorbent systems
are favourable alternatives for removing cationic dyes from wastewater effluent. The
second stage, intraparticle diffusion, is slower because the occupation of MB
molecules on many of the available external sites in the first step slows the diffusion

of MB molecules into the pore spaces of the MOF [113].

The mechanism of MB sorption on the surface of MOF was investigated using contact
time data. Specifically, experimental data were fitted to the intraparticle diffusion
model (Equation 4.13) and the outcomes interpreted by plotting q; versus t'? in Figure

4.9. The most important aspects of the intraparticle diffusion plot are first, the linear
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portion and the intercept of the plot (C), which indicates the effects of the boundary

layer on the adsorption process.

The second linear portion of the plot can be used to interpret intraparticle diffusion.
The plot can be used to derive values for parameters, such as k,, C and R?, as presented
in Table 4.6. The second stage, the slowest rate-limiting stage of the adsorption
process, does not pass through the origin (intercept C) because of the variance in rate
of mass transfer in the first and last stages of adsorption. Subsequently, it can be
concluded that the constant value (C) represents the boundary layer, the rate-
controlling step during which the availability of adsorbed MB on MOF boundary layer

can be measured.

In addition, kp, the diffusion rate of the adsorption process, can be determined from the
slope of the plot. The slope can be used to estimate the driving force of diffusion,
which plays a critical role in the adsorption reaction. Experimental data analysis
demonstrated that the k, values increased from 0.0991 to 0.638 mg g 'min~""? with
increases in the initial MB concentration from 5 to 50 mg L~!. Therefore, higher initial
concentrations of MB increase the driving force and subsequently increase the MB
diffusion rate. Further, increasing initial MB concentrations over a similar range led to
increases in the intercept value (C) from 0.5017 to 3.8144 mg g!, suggesting that an
initial high concentration of basic dye is associated with a stronger boundary layer

effect in the sorption process. In addition, increases in the intercept value (C) can

indicate the availability of MB on the boundary layer of UiO-66.
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Figure 4.8. Steps of the adsorption mechanism.
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Table 4.6: Calculated Kinetics constant (kp), C and correlation coefficient (R?) for

Ci=5, 15,30 and 50 ppm.

Adsorption mechanism

Intraparticle diffusion model

Adsorbent Initial kp C R?
concentration of  (mg g'min1"?) (mg g™
MB solution
(mg L")
Ui0-66 5 0.0991 0.5017 0.9999
15 0.22 2.1455 0.9918
30 0.3955 3.5763 0.9884
50 0.638 3.8144 0.9959
Ui0-66-10%Ca 5 0.4851 3.4862 0.9981
15 0.9352 9.927 0.9883
30 0.7581 23.867 0.9655
50 0.6585 39.364 0.9040
Ui0-66-30%Ca 5 0.218 1.3901 0.9983
15 0.5641 2.4216 0.9951
30 0.7423 6.186 0.9999
50 0.727 11.013 0.9928

Q (mg/g)
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UiO-66-10% Ca Intraparticle difussion

50 - g =
0] w(v)/!/'/

=)
? . d‘_—.—.—_.—_—_.___' ®
S 104
d 1 _ee—a—1_a = — = 3
0 ® 5 ppm Experimental
J ® 15 ppm Experimental
104 A 30 ppm Experimental
i} v 50 ppm Experimental
20 Linear fit of external surface adsorption
Linear fit of intrapartical diffusion
| Linear fit of equilibrium stage
-30 T T T T T T T T T T T
0 5 10 15 20 25 30
£12 (minw)
30
1 (0 UiO-66-30% Ca Intraparticle diffusion
25—
20— N .
154
o
@ 104
g 54 —= —a
cf .
04 ® 5 ppm Experimental
i ® 15 ppm Experimental
5] A 30 ppm Experimental
v 50 ppm Experimental
1 Linear fit of external surface adsorption
-104 Linear fit of intrapartical diffusion
iy Linear fit of equilibrium stage
_1 5 T T T T T T T T T T T T
0 5 10 15 20 25 30
{172 (minwz)

Figure 4.9. Fitting of experimental data using intraparticle diffusion models of MB
adsorption onto UiO-66 (a), Ui0-66-10%Ca (b) and UiO-66-30%Ca (c).
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4.5 Conclusion

The main goal of the current study was to assess the adsorbent capacity of MOFs (UiO-
66, UiO-66-10%Ca and UiO-66-30%Ca) and predict its loading of a cationic dye
(MB). The MOFs were prepared according to a previously reported method with a
modification using trace additives of a secondary chemical (Ca). Compared with the
MOF without the modification, the textural properties of the modified MOFs were
enriched and enhanced their performance in water and wastewater treatment

applications.

Kinetic and equilibrium models were utilised to predict the adsorbed amount at any
time (qt), adsorption at equilibrium (qe) and Langmuir maximum loading capacity (qm)
of basic dye. Based on its higher linear regression correlation coefficient (R?), the
pseudo second-order mechanism was used to obtain the rate of adsorption (k») and
equilibrium capacity as a function of various initial concentrations of MB. Therefore,
the kinetics of MB sorption onto MOFs (UiO-66, UiO-66-10%Ca and UiO-66-
30%Ca) were examined using the pseudo second-order model. The results suggested
that the chemical reaction was important in the rate-limiting step, and the pseudo
second-order mechanism offered the best fit for the experimental data for all systems
studied. However, the pseudo first-order model fit the experimental data well for a

short time in the first stage of the adsorption process.

The equilibrium experimental data were fitted using linear forms of the Langmuir and
Freundlich isotherms. Langmuir and Freundlich plot analyses and calculations
revealed that the values of the linear regression correlation coefficient (R?) for the
Freundlich model were greater than those for the Langmuir model, for UiO-66, UiO-

66-10%Ca and Ui0-66-30%Ca.

Further, Freundlich constants related to the bonding energy of MB molecules with
single-metal and bimetal Zr-MOF (Kr) were greater than the Langmuir constants
related to the affinity of MB molecules to single-metal and bimetal Zr-MOF
molecules, in all cases. As a result, the adsorption of MB onto single-metal and bimetal
Zr-MOFs was considered to occur as multilayer adsorption on a heterogeneous
surface. Specifically, the Langmuir maximum adsorption capacity of the most efficient

adsorbent (UiO-66-10%Ca) was 50.25 mg/g.

167



CHAPTER 4 UiO-66, UiO-66-10%Ca, and UiO-66-30%Ca

In addition, the Langmuir maximum loading capacity (qm) was compared with other
reported adsorbents in previous studies. The values of the separation factor (Rr) for
the sorption of MB onto single-metal and bimetal Zr-MOFs were in the range
0 <RL <1, indicating that the adsorption was a favourable process. Further, higher
initial MB concentrations in the adsorption process can make it irreversible. Using the
Freundlich linear model, constant n values for UiO-66, UiO-66-10%Ca, and UiO-66-
30%Ca were found to be more than one (i.e., n>1). These values confirm the

favourability of MB adsorption onto single-metal and bimetal Zr-MOF.

The intraparticle diffusion adsorption model was used as an alternative model to
overcome the limitations of the pseudo first-order and pseudo second-order kinetic
models, the lack of an identified adsorption mechanism and to address the rate-limiting
stage in the adsorption process. The mechanism of MB sorption onto the surface of
MOFs was investigated using contact time data. Specifically, the fitting of
experimental data to the intraparticle diffusion model identified three stages in the
sorption process, and suggested that intraparticle diffusion is not the only rate-

controlling stage.
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Chapter 5: Lifting removal of cationic dye (methylene blue)
from wastewater by improving Zr-MOFs via second metal
Al coordination

5.1 Abstract

Metal organic frameworks (MOFs) are frequently used as adsorbents in adsorption
processes to remove dyes from effluent produced by the textile industry. Today, dye
contaminants have become an important environmental problem. One of these dyes is
methylene blue (MB) and its removal from wastewater is a priority because it is
persistent and nondegradable. MB is used in many industries although it has potential
harmful effects on human and aquatic life and can be considered a hazardous chemical
when in wastewater. The present study shows the potential applications for enhanced
forms of UiO-66 MOFs, such as UiO-66, UiO-66-10%Al and UiO-66-30%Al. These
forms were prepared to remove MB from wastewater using batch experiments.
Characterisation of adsorbents were accomplished successfully using Fourier
transform infrared, X-ray powder diffraction, Brunauer-Emmett-Teller surface area
and thermogravimetric analysis techniques. To investigate equilibrium adsorptive
behaviour, Langmuir and Freundlich isotherm models were tested against the
experimental data. Based on linear regression correlation coefficient (R?), the
Freundlich model described the equilibrium isotherm of MOF/MB better than the
Langmuir model. Of all forms of UiO-66 MOF, UiO-66-10%Al had the maximum
Langmuir adsorption capacity at 49.26 mg/g. A kinetics study examined pseudo first-
order, pseudo second order and Elovich models to determine which could explain the
sorption mechanism. While the pseudo second order and Elovich models showed a
good fit with the experimental data, the correlation coefficient of the pseudo second-
order model was the highest. These results indicate that adsorption of MB is controlled
by a chemisorption mechanism. Further, intraparticle diffusion was utilised to describe
the adsorption mechanism and determine the rate-limiting steps in the adsorption

process.
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5.2 Introduction

Despite government regulations, ensuring environmental compliance with established
terms of wastewater release and chemical handling is difficult [1]. Today, dye
contaminants have become one of the most important environmental problems in the
world. Effluent with organic dyes discarded into natural watercourses endanger living
creatures and the environment because of their toxicity and carcinogenic effects [2].
In addition, dye content in water prevents sunlight penetration which decreases plant

photosynthesis [1].

Significant amounts of dyes are employed in a wide range of industries involved in
producing paper, textile, leather, pharmaceutics, food, cosmetics, print products, iron-
steel products, coke, petroleum, pesticides, paints, solvents, wood-preserving
chemicals. Further, their manufacturing plants consume large volumes of water that in
turn generate large volumes of wastewater [3]. Almost 100,000 dyes and pigments
have been tabulated to exist, consisting of 7000 kinds of chemical structures, that are
used to produce 7 x 10° tonnes per year worldwide [4-8]. The majority of these dyes
are resistant to biodegradation and oxidation processes [9]. About 10—15% of the dyes
is discharged into the effluent during the dyeing process [10, 11]. Recently, studies
have reported that around 12% of synthetic dyes are wasted through colouring

processes and operations [12]; 20% of lost dyes enter industrial wastewaters [13, 14].

Dyes can be divided into two main groups, anionic (acidic) and cationic (basic) colour
dyes. Methylene blue (MB) is a basic dye that is a focus of this study. Although MB
is used in some medical applications, it is also widely used in colouring paper, dyed
cottons, wools, coating for paper stocks, etc. Though MB is not strongly hazardous, it
has some harmful effects. Acute exposure to MB will cause increased heart rate,
vomiting, shock, Heinz body formation, cyanosis, jaundice, quadriplegia and tissue

necrosis in humans [15].

Environmentally, it is essential to remove dyes from industrial wastewater because of
their toxicity and high visibility [7, 16-18]. Consequently, there is a continuous urgent
need to ensure the removal these pollutants from industrial effluent and to comply with
government legislation [19]. Many techniques have been attempted to discolour
industrial discharge that involve chemical, biological and physical removal methods;

however, most are unsuccessful because of their limitations and disadvantages [20].
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Adsorption is a well-known and favourite technique because of its feasibility,
simplicity and efficiency in the removal of such contaminants [21]. Many adsorbents
have been employed to treat industrial wastewater containing dye. They include
activated carbon derived from different sources of raw materials [22-33], agricultural
solid waste [34-47], biosorbents [17, 18, 48-60], zeolites [61-66], industrial solid
wastes [15, 67-74], natural clay minerals [75-83], resins [84-87], metal oxides [88, 89],
metal organic frameworks (MOFs)[2, 90-93].

Activated carbon from various sources has been the most investigated adsorbent in
laboratories and most used by industries to remove basic dyes from their wastewaters
[87, 94-97]. However, its cost has limited its commercial use as a sorbent. As a result,
many studies have been undertaken in the last decade to identify a cost-effective

sorbent [98].

MOF [99-106], or hybrid inorganic and organic framework [107], is a 21st century
material with tuneable options, organic functionality, open metal sites in its skeleton,
large-sized pores, high surface areas (1000 to 10,000 m?*/g) as well as high thermal,
water, chemical, architectural and mechanical stability [2, 108]. It is a class of ultra-
high porous material constructed with secondary building units (SBUs)[109] and
synthesised by reticular chemistry [110, 111] that connect the inorganic part with the
metal ion to the organic part with polytopic carboxylate group to form vertices and
linkers with strong bonds [112]. The variety of geometry, size and functionality of the
constituents of MOFs has enabled scientists around the world to synthesise more than
84,185 MOF structures [102]. Their variety and multiplicity, as well as permanent
porosity, make them favourable materials in many applications, such as CO: capture,
hydrogen and methane storage, sensors, photocatalysis, drug delivery, catalysis
applications and the adsorptive removal of contaminants from aqueous solutions [90,

112-117].

The objective of the present study is to describe the synthesis and characterisation of
single-metal Zr-MOF (Ui0O-66) and bimetal Zr-MOFs (UiO-66-10%Al and UiO-66-
30%Al), and examine their potential as sorbents to remove MB, a cationic basic dye,
in wastewater. The kinetics and equilibrium of the adsorption process were fitted to

kinetics models and equilibrium theoretical models. Further, the mechanism that limits
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the rate of sorption reaction was investigated using an intraparticle diffusion method

to improve understanding of the dynamics in the adsorption process.

5.3 Materials and methods

5.3.1 Synthesis and activation

All chemicals were supplied by Sigma-Aldrich (Australia) without further

purifications.

A scaled-up procedure of a previously reported method [59] of synthesising Zr-MOF
was successfully undertaken, using a modified ratio of ZrCls:BDC:DMF (2.27 mmol
ZrCly, 2.27 mmol 1,4-benzenedicarboxylic acid [BDC]). The abovementioned
chemicals were mixed with continuous agitation with 405.38 mmol N, N-
dimethylformamide (DMF) solvothermally. The resulting mixture was placed in an
autoclave at 393 K for 1 d. The product Zr-MOF was filtered, dried and immersed in
chloroform for 5 d. After activation by chloroform was completed, the solid was

filtered and dried using vacuum and heated at 463 K for 48 h.

The following method was used to synthesise UiO-66-10%Al. Terephthalic acid
(1.1 g, 98%; Sigma-Aldrich) and DMF (73 mL, 99%; Sigma-Aldrich) were mixed
together and stirred until the acid dissolved. Within 10 min of the clear solution
forming, ZrCl4 (1.5 g; Sigma-Aldrich, 99%) was added to the solution with continued
stirring for another 5 min. Al (NO3)3.9H>O (0.15 g) was then added, along with 2 mL
of H>0, to the mixture and stirred for another 15 min. The solution was transferred to
a 125-mL Teflon-lined autoclave, which was tightly sealed and then placed in a
preheated oven at 132 °C for 24h. The white powder product of UiO-66-10% Al was
collected using a centrifuge machine and washed in DMF three times. The resultant
product was dried in an oven and activated by immersing it in absolute methanol
(100%; Sigma-Aldrich) for 5 d. Before using the MOF as an adsorbent, it was filtered,

dried and heated in vacuum at 473K overnight.

To synthesise Ui0-66-30%Al, ZrCls (1.5 g) was mixed with terephthalic acid (1.3 g)
in DMF (60.2 mL). After mixing for 15 min, Al (NO3)3.9H>0 (0.45 g) was added and
then 5 mL of H>O was added to the mixture. The solution was mixed for approximately

30 min. It was then moved to a 125-mL Teflon-lined autoclave, which was tightly
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sealed and then placed in a preheated oven at 157°C for 1d. The white powder product
of Ui0-66-10% Al was collected using a centrifuge machine and washed in DMF three
times. The resultant product was dried in an oven and activated by immersing in
absolute methanol (100%; Sigma-Aldrich) for 5d. Before using the MOF as an

adsorbent, it was filtered, dried and heated in a vacuum at 473K overnight.

5.3.2 Characterisation

Thermogravimetric analysis (TGA) of the single-metal and bimetal Zr-MOFs was
done using a TGA instrument (TGA/DSC1 STARe system; Mettler-Toledo). All MOF
samples were placed in crucibles and transferred to the machine and heated at a rate of

S5K/min until 1173K when the air gas flow rate was maintained at 10 mL/min.

The stability of the functional groups on the organic linkers were assessed using
Fourier transform infrared spectroscopy (FTIR; Spectrum 100 FT-IR spectrometer,
PerkinElmer). A scanning process was undertaken by an attenuated total reflectance
technique to obtain the FTIR spectra range 600 to 4000 cm ' with a resolution of 4

cm L.

To check the integrity of the MOF structure, X-ray powder diffraction patterns were
obtained using an X-ray diffractometer (D8 Advance, Bruker AXS) with Cu Ka
radiation (A = 1.5406 A), accelerating voltage 40 kV and current 40 mA.

Nz adsorption/desorption isotherms were performed using a Quantachrome instrument
(Autosorb-1), and textural properties of the Zr-MOFs were determined, such as pore
size, pore volume and surface area. All MOFs were prepared by heat and vacuum for

1 d before loading to the machine to determine their adsorption properties.

5.3.3 Adsorption process

An aqueous stock solution of MO (1000 ppm) was prepared by dissolving MB
(C16H1sCIN3S, molecular weight 319.85 g.mol!; Sigma-Aldrich) in deionised water.
Aqueous solutions with different concentrations of MB (5—100 ppm) were prepared
by successive dilution of the stock solution with water, and MB concentrations were
determined using absorbance at 668 nm wavelength of the solution after obtaining the

UV spectra of the solution with a spectrophotometer (UV spectrophotometer). A
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calibration curve was obtained from spectra of the standard solutions (5—100 ppm).
Prior to adsorption, the adsorbents were dried overnight in a vacuum at 373 K. Several
glass containers were cleaned, dried and filled to 20 mL with MB of different
concentrations ranging from 5 to 50 ppm. Following this, an exact amount of an MOF

adsorbent (20 mg) was put in each glass container.

The dye solutions containing the adsorbents were mixed well by a magnetic stirrer and
maintained for 5 min to 24h at 298K. The samples for analysis were collected by
syringe filter at different sampling intervals. A UV spectrometer was used to

investigate the dye content in the supernatant.

5.3.4 Adsorption study

The adsorption mechanism and rate of diffusion were estimated using three kinetic
models: are pseudo second-order [119], pseudo first-order [120] and intraparticle
diffusion models [121]. Adsorption behaviours were simulated using the Langmuir

[122] and Freundlich [123] adsorption isotherms.
5.3.4.1 Kinetics study

Batch adsorption laboratory techniques were used to design the experiments. All
practical kinetics experiments were conducted by preparing the specified initial
concentrations (5—50 mg/L) and adding a predetermined dose of the adsorbent into a
definite volume of MB solution at room temperature. Agitation was performed with a
magnetic stirrer machine at 200 rpm to optimise mass transfer and contact with the
interfacial area for a predetermined time interval. MB concentration was measured
using the supernatant at each predetermined time interval using a UV spectroscopy

machine.

The amount of MB adsorbed onto UiO-66, Ui0-66-10%A1 and UiO-66-30%Al MOFs
at any time was calculated using Equation 5.1 [124]. However, the percentage removal

of MB was computed by Equation 5.2 [125].

V
q: = (Co — Ct)% (5.1

Co—C
R% = (Oc—t)xwo (5.2)
0
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Where:
gt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
Co: initial concentration of the MB solution at time zero (mg/L)
C: the concentration of MB solution at time t (mg/L)
V: volume of the MB solution in the batch adsorption process (L)
R%: percentage removal of MB

m: MOF mass used in the adsorption batch process (g).

5.3.4.1.1 Pseudo first-order model

The MOF removal of MB from simulated wastewater can be represented by a linear

pseudo first-order model of adsorption [120, 126] expressed below:

In(ge — qr) = In(qe ) — kqt, (5.3)
Where:

qe: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
gt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
ki: pseudo first-order rate constant (min!)

t: time (min).

The linear relationship between values of In(qe — qt) and t can be plotted as a straight
line, from which ge and ki can be found easily from the intercept and slope,

respectively.

5.3.4.1.2 Pseudo second-order model

The sorption kinetics of the MOF/MB system may also be described by a linearised
form of the pseudo second-order model [119], based on adsorption equilibrium
capacity expressed in the following form:

t 1 1

= +—t, 5.4
. ky q¢ q. (5-4)

Where:
ge: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
qt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
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t: time (min)

k>: pseudo second-order rate constant (g/mg min).

The values of (t/q:) are linearly correlated with t, and the plot of (t/q¢) against t should
be a straight line. The determination of qe and ko can be done from the slope and

intercept, respectively.

5.3.4.1.3 Elovich Kkinetic model

The Elovich equation is generally used for chemisorption applications and can be

written as follows:

() = @ Bxp(-pao), (55)
Where:
gt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
o: a constant representing the initial rate of adsorption

f: constant during any one experiment

t: time (min).

It appears that the initial adsorption rate at the beginning of contact time is not
controlled by exponential law because when q; approaches zero, dqi/d: equals o [127].

Integrating Equation 5.5 by assuming ¢: = 0 at ¢ = 0, the result will be:

q: = <%> In(1 + a.pt). (5.6)

If apt > 1, the simple form of Equation 5.6 can be expressed as follows:

q: = (%) In(a.B) + (%) In(t). (5.7)

In a plot of the straight-line equation of g as a function of In(t), the slope and intercept

will be (1/B) and (1/B) In(af), respectively.

Equation 5.7 can facilitate the determination of the applicability of the Elovich kinetic
equation on MOF/MB systems [128].
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5.3.4.1.4 Intraparticle diffusion model

The intraparticle diffusion—based model is commonly used to test the mechanism of
adsorption of pollutants onto a sorbent. This model is employed to identify the

adsorption mechanism of MB onto MOF, and can be written as follows:

qe = kt*? + C, (5.8)
Where:
qt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
kp: intraparticle diffusion rate constant (mg/ g min®?)
t: time (min)

C: intercept.

Based on this model, which is a linear relationship, the loading capacity is proportional
to t'2 as well as the intraparticle diffusion rate constant (kp); k, and C can be
determined from the slope and intercept of the intraparticle diffusion equation plot,

respectively.
5.3.4.2 Equilibrium studies

Equilibrium studies were also performed in the same experiments carried out for
kinetics studies. Agitation was done using a magnetic stirrer machine at 200 rpm until

the process reached equilibrium.

The amount of MB adsorbed onto UiO-66, Ui0-66-10%A1 and UiO-66-30%Al MOFs
at equilibrium can be expressed by Equation (2)[129]:

qe = (Co — Ce)%, (5.9)
Where:
qe: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
Co: initial concentration of MB solution at time zero (mg/L)
Ce: concentration of MB solution at equilibrium (mg/L)
V: volume of MB solution in batch adsorption process (L)

m: MOF mass used in the adsorption batch process (g).
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5.3.4.2.1 Isotherm models

Identifying an adsorption isotherm is essential for describing the interaction of the
pollutant (MB) with the adsorbent (MOF), so that the adsorbent can be optimised
[130]. The two common isotherms are the Langmuir [131] and the Freundlich [123]

isotherms.

5.3.4.2.1.1 The Langmuir model

A nonlinear form of the Langmuir isotherm model can be expressed as:

— kaLCe
T =T +k,Coy

It is possible to linearise the Langmuir isotherm equation to give the following:

(5.10)

C_l, 1
e

+— 5.11
dm ¢ qum ( )

Where:
gm: Langmuir maximum loading capacity (mg/g)

Kv: Langmuir constant related to the energy of adsorption and affinity of
binding sites (L/mg)

Ce: the equilibrium concentration of adsorbate (mg/L)

qe: adsorption capacity at equilibrium (mg/g).

A plot of Ce/qe versus Ce should obtain a linear relationship. Therefore, qm and Kr can

be determined from the slope and intercept of the plot.

The dimensionless constant separation factor Rr is an important characteristic of the

Langmuir isotherm that can be represented by the following equation [96, 132-134]:

1

R =——"—, )
ET A+ kG (>-12)

Where:
Co: initial concentration of MB (mg/L)

Kvr: Langmuir constant (L/mg).

The value of Ry plays a very important role in the shape of the isotherm because it

indicates the adsorption process is:
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e unfavourable (RL > 1)
e linear (RL=1)
e favourable (0 <RL <1)

e irreversible (RL = 0).

5.3.4.2.1.2 The Freundlich model

The nonlinear model of the Freundlich isotherm [123] can be expressed as:

qe = ks CJ'™. (5.13)

The linear equation of the Freundlich isotherm can be expressed as [15, 135]:

1
In(q.) = In(kp) + ;ln(Ce), (5.14)
Where:

Kr: the calculated Freundlich equilibrium constant ([mg/g] [L/mg]"") as an
indicator of adsorption capacity

n: a measure of the deviation from linearity of adsorption (g/L).

A plot of In(qe) versus In(Ce) should obtain a linear relationship; therefore, n and Kr

can be determined from the slope and intercept of the plot.

If the value of n > 1, it is good indication that the adsorption process is favourable.

5.4 Results and discussion

5.4.1 Characterisation

As shown in Figure 5.1(a), the XRD pattern for the modified bimetal Zr-MOF (UiO-
66-10%A1l and Ui0-66-30%Al), in contrast to the parent single-metal Zr-MOF (UiO-
66) before and after use, verify the phase purity and structural integrity of the MOF
samples. Therefore, they are good signs of successful synthesis and activation of
MOFs with pores free of oxide contaminants. Furthermore, Figure 5.1(a) show also

the XRD patterns of the same above-mentioned MOFs after use in adsorption process.
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Figure 5.1(b) illustrates FTIR spectra of parent (UiO-66) and modified bimetal Zr-
MOF (UiO-66-10%Al and UiO-66-30%Al) before and after use. According to FTIR
spectra of the three Zr-MOFs (single-metal and bimetal samples) shown in Figure
5.1(b), the application of the same vibration bands resulted in a slight deviation in the
position of some peaks for the bimetal samples, with broader peaks verifying a
difference in the dipole between ground state and excited state of bimetal Zr- MOFs
due to incorporation of the second metal centre [136, 137]. The extension of the
vibration bands of bimetal MOFs was 1590 to 1525 cm™!; it was originally in the range
1615 to 1580 cm™! because of C=C-C stretching in the aromatic ring of terephthalate
salts [138]. In addition, the FTIR spectrum shows the stretching vibration of symmetric
COO™ and asymmetric COO™ in organic linkers at bands 1500 and 1390 cm™.
However, bands at 881, 812 and 785 cm™' were assigned to Zr-O stretching. In
addition, stretching vibration of C-H at 730 cm™! was attributed to the out-of-plane
bending of aromatic ring of UiO-66, in comparison with that at 744 cm™" attributed to
the spectrum of bimetal Zr-MOF [137, 139] and the stretching vibration of C-H at
1017 cm™! to Zr-MOF.

Thermal stability of UiO-66, UiO66-10%Al and UiO66-30%Al were investigated
using a TGA machine (TGA/DSC1 STARe system; Mettler-Toledo). The results of
thermogravimetric analysis of all Zr-MOFs (single-metal and bimetal) are shown in
Figure 5.1(c). They validate the thermal stability and structural robustness up to 725 K
with a continuous mass loss of 15% and 25% for bimetal and single-metal MOFs,
respectively. However, the variation in the weight loss of the samples is due to pre-
treatment (dehydrated and hydrated) and solvent molecules in the pore interior of the

material [140].
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Figure 5.1: Characterisation of metal organic framework samples: (a) PXRD patterns,
(b) FTIR spectra and (c) TGA profiles of pristine and modified UiO-66 samples.

Measurements of N> adsorption/desorption isotherms, pore size and surface area of Zr-
MOFs (single-metal and bimetal) were obtained (Autosorb-1, Quantachrome
Instruments). The isotherms of UiO-66-Al and UiO-66 are illustrated in Figure 5.2(a)
and (b). According to Figure 5.2(a), the parent UiO-66 MOF exhibits the analogous of
type IV adsorption—desorption isotherm, which is proof of a typical mesoporous
network. Moreover, hysteresis from 0.1-1.0 relative pressure indicates a homogeneous

pore size distribution [2].

On the other hand, Figure 5.2(b) shows hysteresis in the desorption isotherm of UiO-
66-10%Al and rapid increase in adsorption at approximate relative pressure equal to
0.999, indicating improving mesopore and macropore size. Based on the N»
adsorption—desorption isotherms, the values for the surface area, pore volume and pore
size (textural properties) of Zr-MOF were calculated and listed in Table 5.1. These
values indicate decreases in the specific surface area (Sger) with increases in the

percentage of the second metal. That is, the Sper gradually decreased from
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1585.5 m’g! in UiO-66 to become 1145.953 m?’g! in UiO-66-10%Al, and reached
769.011 m?g ™! in Ui0-66-30%Al.

In contrast, the pore volume and diameter were enlarged in UiO-66-10%Al, at 1.34 cc
g ! and 2.33 nm, respectively. The reason for such augmentation is attributable to the
replacement of methanol molecules by the second metal in the first activation process
involving solvent exchange and discarding it in the second activation process by

heating and vacuum.

Table 5.1: Textural properties of adsorbents based on N, adsorption/isotherms.

Adsorbents Specific surface Pore volume Pore diameter
area (Sger) (ccg™ (nm)
(m’g™)
Ui0-66 1585.5 0.82 1.04
Ui0-66-10% Al 1145.953 1.34 2.33
Ui0-66-30% Al 769.011 0.39 1.01

N, Adsorption/Desorption(cc.g ™)

150 —=—N, Adsorption(UiO-66)
100 —— N,Desorption(UiO-66)
50
0 T T T T T T T T T T
0.2 04 06 08 1.0

Relative Pressure(P/P,)

192



CHAPTER 5 UiO-66, UiO-66-10%Al, and UiO-66-30%Al

(b)

8001 —m— Adsorption-UiO-66-10% Al
1 —— Desorption-UiO-66-10% Al
| —&— Adsorption-UiO-66-30% Al
600 — Desorption-UiO-66-30% Al

Ny Adsorption/Desorption(oc.g'1)

0 I T T T T T T T T T T
0.0 02 04 0.6 08 1.0
Relative Pressure(P/P,)
0.10
—=— Ui0-66-10% Al
(©) —eo— Ui0-66-30% Al
—a— UiO-66
0.08 -
=)
€ 0.06
L
(0]
E
3 om4
o A -
>
5
o
0.02 -
0.00

T T T
0.0 0.5 1.0 15 20 25 30
Pore Diameter (nm)

193



CHAPTER 5 UiO-66, UiO-66-10%Al, and UiO-66-30%Al

- UiO-66-UIO-66-30% Al
-@- U066

Z‘U 2‘5
Pore Diameter (nm)

Cumulative Pore Volume (cm®/g)

| —m— UiO-66-10% Al

Pore Diameter (nm)

Figure 5.2: N, adsorption/desorption isotherm of UiO-66 (a), N, adsorption/desorption
isotherms of UiO-66-Al samples (b), micropore distribution (b)and mesopore
distribution (c) of. UiO-66, UiO-66-10% Al and UiO-66-30% Al.

5.4.2 Kinetics studies

Studies of kinetics are an essential part of a sorption process to enable the researchers
to determine the rate and mechanism of adsorption [141]. To investigate the adsorption
mechanism, including the mass transfer and chemical reaction [2], experimental data
were examined using pseudo first-order, pseudo second-order and Elovich models. All
the information and parameters relating to mechanism of adsorption can be obtained

via adsorption kinetics, which are vital in treatment of aqueous effluent [142].

The adsorption process of the three solid /liquid (MOF/MB) systems were examined
using pseudo first-order, pseudo second-order [143-145] and Elovich models [128,
141, 146]. The key feature of these equations is the ease with which adsorption
properties (e.g., adsorption capacity, rate constant) can be assigned, and the initial
adsorption rate can be easily found from the linear equations of these models without

previous knowledge of any parameter.

As adsorption processes involve chemisorption, they can be described by pseudo

second-order rate expression [143-145] and Elovich model [128, 141, 146]. Moreover,
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the pseudo second-order model showed the highest linear correlation coefficient (R?)
and therefore, the highest agreement with the kinetics experimental data than did the

Elovich model, for all MB/Zr-MOF systems.

The pseudo first-order equation did not fit well for the entire range of reactions in all
MOF/MB systems. In general, the equation was only applicable to the first 20 or 30
min of the adsorption interaction process this is consistent with the reported literature
[147-160]. Consequently, the MOF/MB systems did not fit the pseudo first-order

equation for the whole range of contact time.

Kinetics adsorption studies are crucial indicators of a criteria of adsorbent efficiency

(i.e., the rate of adsorption) and provide a clear picture of the mechanism of adsorption.

Figure 5.3 below explains the variation in the amount of adsorbate on adsorbent (q;)
as a function of contact time. The rate of MB adsorption was high at the beginning of
the sorption process before slowing as the reaction progressed until reaching an
equilibrium saturation. That the rate of adsorption was faster at the start may be due to
the accessibility of adsorptive sites of the MOFs [161, 162]. The adsorption of MB by
UiO-66-10%Al took less time than by the other two MOFs, which indicate that the
rate of dye sorption by UiO-66-10%Al was the quickest among the three MOFs

examined.

Figure 5.3 also illustrates the dependency of MB uptake on contact time given different
initial concentrations of MB. It confirms that higher initial concentrations of MB lead
to increases in adsorption capacity for MB dye. Consequently, MB uptake per unit
mass of MOF, or adsorption density, also increases. Specifically, higher initial
concentrations of MB may reduce accessibility of adsorption sites, which can increase
the amount of adsorbate on adsorbent [163]. The increase in adsorption density or
capacity with higher initial concentrations of MB is generally due to the availability of
unsaturated adsorption sites on the surface of MOFs during the sorption batch process

[164, 165].

To analyse the adsorption kinetics of the dye/MOF system, pseudo first-order [120],
pseudo second-order [166] and Elovich equations [127] were examined. Tables 5.2
and 5.3 present the resultant values of the parameters fitted to the pseudo second order

and Elovich models, respectively.
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There pseudo first-order equation was not a good fit for the entire range of reactions
in all MOF/MB systems; however, it can be generally applied to the first 20 or 30 min
of the adsorption interaction process. This is consistent with the reported literature
[147]. Consequently, the MOF/MB systems did not obey the equation during the whole
of the contact time through the equation was mostly valid for the initial stage of the
sorption process. In addition, the experimental q. values, which can be obtained from
the intercept of the linear relationship between In(qe — q¢) and time, did not agree with
the computed values. These results are proof that the adsorption of MB onto Zr-MOFs

(single-metal and bimetal) is not based on first-order kinetics [94].

The obtained experimental data were further fitted to the pseudo second-order
equation. The values for g. and k» were obtained from the slope and intercept of the
linear plots of (t/q:) versus t, respectively, and listed in Table 5.2. Figure 5.3(b), (d)
and (f) show that MB uptake by Zr-MOF increased with increases in contact time for
each of the different initial MB concentrations, as well as at higher initial MB
concentrations. The correlation coefficients of the plots showed that the pseudo
second-order equation had the best fit with the experimental data, with the range of R?
values (0.9953-0.9999) listed in Table 5.2. These results verify the agreement of this
kinetic model and the second-order behaviour of the adsorption process of MB by Zr-
MOFs. Based on the linear regression correlation coefficient values (R?), the nature of
the sorption process over the whole range of contact time for all solid/liquid systems
in this study can be considered a chemisorption mechanism, as the rate-controlling
step related to valence forces of sharing or exchanging electrons between Zr-MOFs

and MB.

The results of the correlational analysis of the amount of dye adsorbed (mg/g) against
contact time for four initial MB concentrations (5, 15, 30 and 50 ppm) are shown in
Figure 5.3. The results indicate that the amount of dye loading, q; (mg/g), increased

with contact time for each concentration separately.

The Elovich model can be applied to the chemisorption reaction; it is a model
reasonably employed in chemisorption processes and to a wide range of slow
adsorption processes. Specifically, this model may facilitate those systems for which

the adsorption surface is heterogeneous.
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Experimental data of MOF/MB batch adsorption systems were incorrectly described
using the pseudo first-order model. Further, these systems can be represented by a
combination of two or three sequential and instantaneous pseudo first-order reactions.
The basic form of the Elovich equation described the experimental data well; however,
the Elovich equation can be easily fitted to the experimental data using one straight

line to describe the whole progress of contact time [128].

The experimental data were also examined with respect to the Elovich model, with the
values of all parameters derived and the slope and intercept of the linear relationship
indicating the constants o and f, respectively. In addition, these constants can be
comparison parameters of reaction rates of MB adsorption in the various kinds of Zr-
MOF; the values of a and B, derived from the linear plots of q; versus In(t), are listed
in Table 5.3. According to the Elovich model, the increase in a and/or the decrease in
B should increase the adsorption rate, which in turn increases MB uptake. Therefore,
the relative loading of the three Zr-MOFs are UiO-66-10%Al> UiO-66-
30%A1 > UiO-66 [128].

Figure 5.3(a), (c) and (e) illustrate the changes in Zr-MOFs capacities at different
initial MB concentrations with time. Loading capacities are increased with increasing
contact time at each initial concentration, and with higher initial MB concentrations.
Based on the values of the correlation coefficient (R?) and the fact that higher R? values
reflect better bit with the adsorption kinetics model, the best fit for the experimental
data was exhibited by the Elovich equation model for all MB/MOF systems (single-
metal and bimetal). The range of R? values (0.9242-0.9986) is listed in Table 5.3.
These results indicate and emphasise that all the investigated sorption systems obey

chemisorption kinetics.
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Table 5.2: Calculated Kinetics constant (k;) and correlation coefficient (R?) of the pseudo second-order model for C; =5, 15, 30 and 50 mg/L.

Table 5.3: Calculated Kinetics constants (o and B) and correlation coefficient (R?) of Elovich model for C; =5, 15, 30 and 50 mg/L.

Adsorbent Adsorbate Pseudo second-order kinetics constant k; (g/[mg.min])
5 ppm 15 ppm 30 ppm 50 ppm
k, R? k, R? k, R? k, R?
Ui0-66 MB 0.01050 0.9989 0.00546 0.9992 0.00273 0.9992 0.00147 0.9990

Ui0-66-10% Al MB 1.34913 0.9999 0.01560 0.9997 0.00653 0.9995 0.00158 0.9953
Ui0-66-30% Al MB 0.00520 0.9977 0.00212 0.9984 0.00060 0.9975 0.00074 0.9990

Adsorbent Adsorbate Pseudo first-order Kinetics constant k; (min™)
5 ppm 15 ppm 30 ppm 50 ppm
o B R? o B R? o B R? o B R?
Ui0-66 MB 0.102294 1.9857 0.9903 0.372103 0.7922 0.9738 0.619666 0.4416 0.9925 0.708909 0.2908 0.9986
Ui0-66-10% Al MB 19160.34 2.5654 0.9242 237529 0.9349 0.9752 166.6202 0.3296 0.9843 198.8533 0.2332 0.9367
Ui0-66-30% Al MB 0.275313 0.8190 0.9839 1.53989 0.4659 0.9626 1.530019 0.3055 0.9861 3.477099 0.2610 0.9884
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Figure 5.3: Fitting of experimental data using Elovich and second-order Kinetics
models of MB adsorption MB onto UiO-66 (a, b), UiO-66-10%Al (¢, d) and UiO-66-
30%Al (e, f).
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5.4.3 Intraparticle diffusion studies

In addition, the intraparticle diffusion model suggested by Weber and Morris [121]
was utilise to recognise the diffusion mechanism. Based on this model, the loading q:
against the square root of the contact time varies almost proportionally. Further,
intraparticle diffusion models are vital to identifying the steps involved in the

adsorption process to facilitate understanding of the adsorption mechanism [167].

The lack of descriptions of the adsorption mechanism and rate-controlling step of the
adsorption process are some of the limitations of the pseudo first-order, pseudo second
order and Elovich kinetic models. In response to these limitations, Weber and Morris
created the intraparticle diffusion model [168]. The migration of the pollutant (MB)
from bulk phase to the surface of the sorbent (Zr-MOFs) can be either by film or
external diffusion, pore diffusion, surface diffusion and adsorption on the pore surface,

or a combination of more than one of these steps [169].

Figure 5.4 plots the q against t'? rather than t, for the various initial MB
concentrations. Linear variations in uptake with t'? is gained for a certain initial
fraction of the reaction. The straight-line plot of qt versus t'> may provide the values
of the intraparticle diffusion rate constant k;; k, and C can be found from the slope and
intercept of the model, respectively. Table 5.4 lists these values as well as the
correlation coefficients (R?) for the initial MB concentrations 5, 15, 30 and 50 mg/L.
The focus of the intraparticle diffusion model is on the second linear portion of the
plot, in which the slope characterises the rate constant (k) while the intercept (C) is

related to the thickness of the boundary layer [15].

Figure 5.4 illustrates the three stages of the adsorption mechanism, which are
represented by the three linear relationships. The first part of the plot is inclined
sharply, indicating rapid sorption or external surface adsorption. The second part
represents the rate-controlling step which is intraparticle diffusion, the slowest stage
of adsorption [170]. The last part is the equilibrium where the processes of adsorption
of MB onto Zr-MOFs reach a plateau because either the active adsorptive sites on
MOFs have been occupied or the concentration of MB in the solution is extremely low
[95]. Specifically, Figure 5.4 shows that the second straight line does not pass through
the origin or initial point of adsorption because of variations in mass-transfer rate

between the saturation and equilibrium steps of sorption [171-174]. In addition, this
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kind of deviation from the origin is proof that pore diffusion is not the only rate-

limiting factor [175].

Table 5.4: Calculated Kinetics constant (k,), C and correlation coefficient (R?) for
Ci=5, 15,30 and 50 ppm.

Adsorption mechanism
Intraparticle diffusion model

Adsorbent Initial Kkp C R?
concentration of  (mgg'min"?)  (mgg")
MB solution
(mg L™
Ui0-66 5 0.0991 0.5017 0.9999
15 0.22 2.1455 0.9918
30 0.3955 3.5763 0.9884
50 0.638 3.8144 0.9959
Ui0-66-10%Al 5 0.4314 3.8489 0.9850
15 0.5717 7.9333 0.9552
30 1.011 15.226 0.9797
50 1.1428 24.123 0.9720
Ui0-66-30%Al 5 0.2536 1.0889 0.9994
15 0.2958 5.8863 0.9947
30 0.4446 7.9245 0.9901
50 0.4402 15.395 0.9775
16+ UiO-66-Intraparticl diffusion
1] @ v- —
124
10 —A
84
5 ° —e
g
g 24 |
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Figure 5.4: Fitting of experimental data using intraparticle diffusion models of MB
adsorption onto UiO-66 (a), Ui0-66-10%Al (b) and UiO-66-30%Al (c).
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5.4.4 Equilibrium studies

A set of batch experiments was conducted with various initial MB concentrations: 5,
15, 30 and 50 mg/L. The one factor allowed us to vary concentrations of MB while
maintaining other process factors like MOF dose, stirrer speed, volume of the solution
and temperature unchanged. Data from the equilibrium experiments were investigated

using Langmuir [131] and Freundlich [123] isotherms.

The assumption of the Langmuir isotherm theory is described as monolayer coverage
of adsorbate (MB) onto a homogenous adsorbent (Zr-MOFs) surface [131]. Hence, its
basic assumption is that sorption takes place at specific homogeneous sites on the
adsorbent. As soon as an adsorbent site is occupied by an MB molecule, no additional

adsorption can occur at that site again.

The equilibrium data were examined using a Langmuir model. The values of the
parameters and constants, together with the R? values, were obtained from the slope
and intercept of the linear plot and listed in Table 5.5. Figure 5.5(a), (b) and (c)
illustrate the experimental equilibrium data and the predicted theoretical Langmuir

isotherm for the adsorption process of MB onto Zr-MOF (single-metal and bimetal).

The fundamental characteristics of the Langmuir model can be expressed in terms of
a dimensionless constant separation factor, Rr, or Equation 5.12 [133]. The value of
Ry is an indication of the shape of the isotherm. Basically, the R value determines the
favourability of the adsorption process, which can be either unfavourable (RL > 1),
linear (RL = 1), favourable (0 < RL <1) or irreversible (RL =0). The equilibrium
analysis revealed that the R values were between 0 and 1, indicating a favourable

adsorption process for all MB/ Zr-MOF (single-metal and bimetal) systems.

The Freundlich model [123] is an empirical equation that assumes the adsorption
process can occur on heterogeneous surfaces and that the adsorption capacity depends
on the concentration of MB. According to Equation 5.13, equilibrium adsorption
properties such as kr and (1/n) are rough indicators of the adsorption capacity and the
adsorption intensity, respectively. The favourability of the adsorption process can be
determined from the magnitude of the exponent (1/n); the criterion for a favourable

adsorption is that the values of n must be greater than one [176].
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The equilibrium data were further tested by the Freundlich isotherm model. Freundlich
isotherm constants and correlation coefficient (R?) values are tabulated in Table 5.5.
As shown in Table 5.5, the correlation coefficient of the Freundlich isotherm for all
MB/MOF systems were higher than those based on the Langmuir model, proving
strong linearity. The analysis verified that the values of n for all systems were greater
than one, as tabulated in Table 5.5. Such a result is solid confirmation of favourable

adsorption and easy loading of MB onto Zr-MOFs from aqueous solutions [177].

The maximum Langmuir adsorption capacity was exhibited by UiO-66-10%Al, with
gm of 49.26 mg/g. Furthermore, the comparative adsorption capacity of Zr-MOFs for
MB in this study, relative to that of other adsorbents reported in the literature, is

provided in Table 5.6.

Table 5.5: Calculated equilibrium constants (ki, kr, qm, n and correlation coefficient
(R?)) of MB adsorption onto Ui0-66, Ui0-66-10%Al and Ui0-66-30%Al for C; =5, 15,

30 and 50 mg/L.
Adsorbent Adsorption Parameter Value R?
isotherm model
Ui0-66 Langmuir qm (mg/g) 14.52 0.9889
Ki (L/mg) 0.02447
Freundlich Kr ([mg/g] [L/mg]'™) 0.98157 0.9979
n (g/L) 1.2918
Ui0-66- Langmuir gm (Mg/g) 49.26 0.9396
10%Al Ki (L/mg) 29
Freundlich Kr ([mg/g] [L/mg]'™) 53.53 0.9711
n (g/L) 4.05
Ui0-66- Langmuir gm (Mg/g) 27.85 0.9777
30%Al Ki (L/mg) 1.10
Freundlich Kr ([mg/g] [L/mg]'™) 16.71 0.9888
n (g/L) 7.52
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Figure 5.5: Fitting of experimental data using Langmuir and Freundlich models of MB

adsorption onto UiO-66 (a), UiO-66-10%Al (b) and UiO-66-30%Al (c).

Table 5.6: Comparison of monolayer equilibrium capacity for methylene blue onto
different sorbents.

Adsorbent Condition Qm Reference
(mg/g)
Ui0-66-10%Al Normal 49.26 This study
Ui0-66-30%A1 27.85 This study
Ui0-66 14.52 This study
Tobacco stem ash Normal 35.70 [185]
Oak sawdust Normal 29.94 [187]
ZnCl; activated POME sludge Normal 22.40 [189]
Salvadora persica stem ash Normal 22.78 [190]
Activated fly-ash Normal 14.28 [192]
Fly-ash A Normal 6.0 [72]
Coir pith carbon Normal 5.87 [194]
Neem sawdust Normal 3.62 [195]

5.5 Effect of pH

It is crucial step to investigate the effects of pH and zeta potential of Zr-MOF on
adsorption process to examine adsorption mechanism. The result of such study is very

important to figure out the impact of the electrostatic interactions on adsorption. pH
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was selected in such a way to cover acidic and basic range between 3.75-10 and the
adsorption process carried out at condition of initial concentration of MB solutions at
50 ppm and using 0.1 M HCI and 0.1 M NaOH to adjust pH. As show in Figure 5.6
(a) that adsorption uptake increases with increasing of pH solution from 3.75 to 10,
indicating the role of electrostatic attraction between negatively charged adsorbent and
cationic dye (MB). At pH equal to 5.6 which pH of isoelectric point (pHiep) Figure 5.6
(b) with no charge on adsorbent, the uptake still high signifying that other factors play
roles in adsorption of adsorbate while if pH less than pHiep the adsorption capacity
decreases steeply due to repulsion between adsorbate and adsorbent. Consequently
Ui0O-66 can be used over a wide range of pH for discolouration of wastewater at large
scale. Figure 5.7 illustrates plausible mechanism was proposed based on pH effect and
Zeta potential of UiO-66. It can be concluded from the results that the adsorption
mechanism of MB onto Zr-MOF is mainly depended on the electrostatic interactions
between the cationic dye of positive charge and UiO-66 of positive charge. In addition,
7—T interactions between the benzene rings of UiO-66 and those of the dye could have

contributed to the adsorption process.

20
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Figure 5.6. Effects of pH solution (a) and zeta potential of UiO-66 (b) on adsorption of
MB onto UiO-66.
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Figure 5.7. Plausible adsorption mechanism of MB onto Zr-MOF.
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5.6 Conclusion

The results of the present examination of the three Zr-MOFs (single-metal and bimetal)
show that these MOFs are favourable adsorbents of the basic (cationic) dye MB from
aqueous solutions at a wide range of MB concentrations. The characterisation of Zr-
MOFs reflected the integrity of their structures, the stability of the functional groups
on the organic linkers, the suitability of their textural properties and thermal stability.
Such characterisation was performed using XRD patterns, FTIR spectrum, N>

adsorption/desorption isotherm and TGA profiles of the UiO-66 samples.

The most efficient adsorbent among the three Ze-MOFs was UiO-66-10%Al, with the
largest pore volume (1.34 cc. g!) and pore diameter (2.33 nm), verifying that the
addition of up to 10% Al enhanced the textural properties of the prototype Zr-MOF.
For all MB/MOF systems, high initial concentrations of MB were found to facilitate

adsorption capacity.

It can be concluded that the pseudo first-order model does not fit the experimental data
well. While it can be generally applied to the initial period of the first step of the
adsorption—consistent with reports of most sorption studies in the literature—the
applicability of pseudo first-order mechanisms are restricted to a limited fraction of
the beginning of the contact time [147]. The Elovich and pseudo second-order models
showed the highest correlation in all MOF/MB systems studied over a longer period
of adsorption. Besides, adsorption kinetics obeyed the pseudo second order kinetics
model nicely, based on the fact that the highest correlation coefficients (R?) were

achieved with this model.

Equilibrium data were tested using the Langmuir and Freundlich models, and were
found to be best defined by the Freundlich isotherm. The maximum adsorption
capacity of the most efficient adsorbent was 49.26 mg/g for UiO-66-10%Al. This

performance was compared with that of other porous adsorbents in previous studies.

The gained parameters from this study support the design and lay the foundations for

establishing a continuous treatment process that removes MB from wastewater.
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Chapter 6: Boosting adsorption of methylene blue onto Zr-
MOF in aqueous solution by second metal Co coordination

6.1 Abstract

The present study employed three kinds of water and structurally stable metal organic
frameworks (MOFs) (Zr-MOFs) to adsorb nonbiodegradable cationic dye (methylene
blue [MB]). Their chemical properties, textural tuneability, high surface area as well
as their ability to remove MB dyes MB were stimulated. Three modified materials of
UiO-66 MOFs (UiO-66, UiO-66-10%Co and UiO-66-30%Co) were produced
solvothermally and reported in this study. The adsorbents were characterised with a
Fourier transform infrared spectrophotometer (FTIR), X-ray powder diffractometer
(XRD), a Brunauer—-Emmett-Teller (BET) surface area measurement machine and
thermogravimetric analysis instrument (TGA). Batch sorption processes were
conducted to explore the effects of contact time and initial concentration, ranging from
5-50 mg L™" on the removal of MB. Higher initial MB concentrations and longer
contact times led to increases in adsorption capacity. Pseudo first-order, pseudo second
order, Elovich and intraparticle diffusion kinetics models were employed to investigate
the experimental data and comparatively assess the chemical and diffusion adsorption
processes. The pseudo second-order model displayed the best fit to the data among the
kinetic models, indicating that the sorption batches of MOF/MB are generally
controlled by the chemisorption process. In addition, the intraparticle diffusion study
found that the overall rate of MB sorption by Zr-MOFs was controlled by more than
one step. Results from the kinetics study verified effectiveness of MOFs to remove
methylene blue from aqueous solutions. Experimental equilibrium data were fitted to
the Langmuir and the Freundlich isotherms. While the data agreed well with the
Freundlich equilibrium model, the UiO-66-10%Co was identified in the Langmuir

model as achieving the maximum adsorption uptake at 51.02 mgg".

6.2 Introduction

Advances in the modern industrial revolution in all fields have led to the production
of huge amounts of effluent consisting of biodegradable, volatile and recalcitrant

organic compounds, toxic metals, suspended solids, plant nutrients, dyes, microbial
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pathogens and parasites [1-3]. Rapid industrialisation has severely affected the
environment and especially natural water bodies to the extent that environmentalists
have issued a warning to threaten the flora and fauna as well as aquatic aesthetics as a
very little quantity of dyes is highly visible in water and reduce the growth of bacteria
which degrade the impurities of water [4-6]. Organic pollutants, particularly dyes, are
considered a serious environmental problem when released from plants and factories
as wastewater into natural receiving waters, as they adversely affect the quality of
treated water for public consumption. As these contaminants pose a hazard to human
life, their removal is necessary [7, 8]. It is reported that there are approximately
100,000 known commercial dyes, with annual production at 700,000 tonnes for
consumption by the textile industry, which discharges approximately 10,000 tons per
year into waste streams. Approximately 1000 tons per year are discharged by
industries involved in printing, dyeing, textile, food, cosmetics, colouring,

papermaking, leather and paper [9-20].

Methylene blue (MB), a basic cationic dyestuff commonly used in cotton, wood and
silk industries [21-23], has a toxic and carcinogenesis effect [24]. It also causes
numerous symptoms such as breathing difficulty, nausea and vomiting [25, 26].
Moreover, direct contact with MB can cause cancer, mutation, dermatological diseases
[27] and can weaken photosynthetic processes of aquatic plants [28, 29]. Specifically,
its chemical stability and the resistance of its aromatic structure to biodegradation have
presented the challenge of identifying an adsorbent that can efficiently remove MB to

ensure the environmental health of waterways [30-34].

Various treatments utilised to remove dyes in wastewater have included chemical,
physical and biological techniques [35-45]. Among these treatments, adsorption is the
most popular because of its simplicity, feasibility and efficiency [31, 46-49].

The most commonly used sorbent to treat polluted industrial effluent worldwide is
activated carbon (AC), which has been widely consumed in large quantities around the
world [50-52]. Despite the effectiveness of AC in removing pollutants in wastewater,
its high cost has inspired researchers to seek alternative sorbents to remove
contaminants from aqueous solutions, such as chitosan bead [53], diatomite [54],
dolomite [55], fuller’s earth [56], bentonite [57], zeolite [58], peat [59], lignite [60],
kudzu [61] as well as other adsorbents, such as oil palm trunk fibre [62], fly-ash [63],
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dried biomass of baker’s yeast [64], durian peel [65], guava leaf powder [66][19],
almond shell [67], pomelo peel [68], treated parthenium biomass [69], orange peel
[70], banana and orange peel [71], kohlrabi peel [72], Citrus limetta peel and broad
bean peel [73, 74].

Metal organic frameworks (MOFs) are a class of materials of highly porous crystalline
extended structures consisting of clusters of cations (vertices) linked to multitopic
organic strut ions or molecules. The diversity of inorganic metal ions, organic linkers
and structural motifs leads to countless numbers of possible combinations; post-
synthesis modifications of MOFs further enhances their variety [75, 76]. In addition,
the level of tunability, structural variety and diversity of chemical and physical
properties of MOFs have made them unmatched among the classes of highly porous

materials.

MOFs are comparators for zeolites, based on their surface area, porosity and high
degree of crystallinity, which make them useful in applications like gas storage and
separation, biomedicine and drug delivery, adsorption of organic molecules,

heterogeneous catalysis and removal of dyes [77-84].

The present study investigated three versions of modified Zr-MOFs (UiO-66, UiO-66-
10%Co and UiO-66-30%Co) synthesised successfully with high pore volume,
nanosized crystal, as well as high water and thermal stability. Cobalt has chosen to
modify Zr-MOF due to their atomic size in comparison to zirconium. A series of single
metal and bimetal Zr-MOFs samples with different ratios of Co/Zr were successfully
obtained by direct synthesis, followed by activation processes with methanol with
some modifications. The performance of UiO-66 was further enhanced for the removal
of MB with improving its textural properties and open metal sites through the

introduction of second metal such (Co) into the framework in the synthesis process.

These MOFs were assessed for their capacity to remove basic dye MB from
wastewater, using batch adsorption with respect to initial MB concentration and
contact time. Sorption capacities were determined for various initial MB
concentrations in the effluent. In addition, sorption kinetics and equilibrium analyses

were performed.

6.3 Materials and methods
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6.3.1 Synthesis and activation

The chemicals used in this study were provided by Sigma-Aldrich (Australia) without
further purifications.

Under autogenous pressure with some modifications, UiO-66 was successfully
synthesised based on the method described in the literature [85, 86]. A modified ratio
of ZrCls: BDC: DMF was prepared. ZrCls, (2.27 mmol) and 1,4-benzenedicarboxylic
acid (BDC 2.27 mmol) were added to a mixing container containing 405.38 mmol of
N, N-dimethylformamide (DMF) with continuous stirring. The reactants were then
transferred to an autoclave at 393 K for 24 h for a solvothermal process. The resultant
solid product was extracted by filtration followed a drying process. For activation, the
dried Zr-MOF was immersed in chloroform for 5d followed by filtration and drying
under vacuum at 463K for 48h.

The first step of UiO-66-10%Co synthesis involved mixing 1.1 g terephthalic acid
(98%:; Sigma-Aldrich) with 1.5 g ZrCls in 73 mL DMF (99%; Sigma-Aldrich), using
a magnet stirrer for 15 min. The second step consisted of adding 0.15g Co
(NO3)2.6H20 (99%; Sigma-Aldrich) followed by 2 mL H>O to the solution with
continuous stirring for another 15 min. The mixture was then poured into a 125-mL
Teflon-lined autoclave that was tightly sealed and then placed in a preheated oven at
132°C for 1d. The suspension of UiO-66-10%Co white powder was separated from
the solution using centrifuge and washed three times in DMF. The powder was then
dried completely to immerse for 5d in absolute methanol (100%; Sigma-Aldrich).
When the activation process with methanol was completed, the powder was filtered,

dried and heated under vacuum at 473K overnight before use as adsorbent.

The same procedure was used to synthesise UiO-66-30%Co, by mixing 1.5 g ZrCly
with 1.3 g terephthalic acid in 70 mL DMF. After mixing for 15 min, 0.45 g Co
(NO3)2.6H20 was added, followed by 5 mL H>O, into the mixture with continuous
stirring for approximately 30 min. The solution was transferred to a 125-mL Teflon
lined autoclave which was tightly sealed and then placed in a preheated oven at 157°C
for 24h. The suspension of UiO-66-30%Co white powder was separated from the
solution using centrifuge and washed three times in DMF. The powder was then dried

completely and immersed for 5 d in absolute methanol (100%; Sigma-Aldrich). When
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the activation process with methanol had completed, the power was filtered, dried and

heated under vacuum at 473K overnight before use as adsorbent.

6.3.2 Characterisation

A thermogravimetric analysis (TGA) instrument (TGA/DSC1 STARe system;
Mettler-Toledo) was used to test the thermal stability of Ui0-66, Ui066-10%Co and
Ui066-30%Co. The pan of the instrument was loaded with Zr-MOF samples and
heated to 1173K at a rate of SK/min with air gas flow rate of 10 mL/min.

The stability of the functional groups on the organic linkers was checked by obtaining
FTIR spectra (Spectrum 100, FT-IR spectrometer; PerkinElmer). The spectra were
scanned from 600 to 4000 cm™! with a resolution of 4 cm™! using an attenuated total

reflectance technique.

The crystallinity of the samples was checked by X-ray powder diffraction patterns
obtained with an X-ray diffractometer (D8 Advance; Bruker AXS) using Cu Ka
radiation (1= 1.5406 A) while maintaining the accelerating voltage and current at

40 kV and 40 mA, respectively.

N> adsorption/desorption isotherms, pore size and surface area of Zr-MOF samples
were determined using Autosorb-1 (Quantachrome Instruments). The samples were
activated under heat and vacuum at 473K for 1d before performing the
adsorption/desorption measurements. By this technique, N> adsorption/desorption
isotherms for the sample were obtained as well as surface area, pore size and pore

volume.

6.3.3 Adsorption process

A 1000 mg/L stock solution of cationic MB dye was prepared using MB powder
(C16H1sCIN3S, molecular weight 319.85 g.mol™!'; Sigma-Aldrich) with ultra-pure
water. Standards (5—100 ppm) and various initial concentrations of MB (5,15, 30 and
50) were prepared from stock solution by dilution. A calibration curve was determined
using the standards with known concentration at a set absorbance of 668 nm in the UV
spectrophotometer. In addition, the unknown concentration of MB in the supernatant

after the adsorption process can be found from absorbance in the UV machine and
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calibration curve. For the adsorption process, 20 mL MB of various initial
concentrations (between 5-50 mg/L) were each mixed with 20 mg and stirred well
using a magnetic stirrer for a period ranging 5 min to 24 h at room temperature. The
supernatant of each sample was collected using syringe filter and analysed by a UV

machine.

The sorption capacity of the MOFs at any time can be determined from Equation 6.1,
while the sorption capacity of the MOFs at equilibrium may be found from Equation
6.2. Further, percentage removal of MB can be computed by Equation 6.3 [53, 87-90].

|74
q: = (Co — Ct)% (6.1)

V
qe = (Co — Ce)a (6.2)
R% = MXIOO (6.3)

0
Where:

qt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
ge: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
Co: initial concentration of MB solution at time zero (mg/L)

Ci: concentration of MB solution at time t (mg/L)

Ce: concentration of MB solution at equilibrium (mg/L)

V: volume of MB solution in the batch adsorption process (L)

R%: percentage removal of MB

m: Zr-MOF mass used in the adsorption batch process (g).

A kinetics study was performed using pseudo first-order Equation 6.4 [91], pseudo
second-order Equation 6.5 [92], Elovich Equation 6.6 [93, 94] and the intraparticle
diffusion model expressed by Equation 6.7 [95]. Further, an equilibrium study of the
adsorption process was undertaken using the Langmuir and Freundlich adsorption

isotherms, expressed by Equation 6.8 [96] and Equation 6.9 [97], respectively.

In(qe — qr) = In(qe ) — kqt, (6.4)
Where:

ge: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
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qt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
ki: pseudo first-order rate constant (min™")

t: time (min).

If the MOF/MB system adsorption agrees with the pseudo first-order model according
to the values of a linear regression correlation coefficient (R?), a plot of In(qe — q¢)
versus t will yield a linear relationship with slope (—k1) and intercept In(q.). The pseudo
first-order constant k; and ge can be computed from the slope and intercept of such a

plot.

t__1 +1t (6.5)
q k» q¢ q.’ '

Where:
ge: the amount of MB adsorbed per unit weight of MOF at equilibrium (mg/g)
qt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
t: time (min)

ko: pseudo second-order rate constant (g/mg min).

If the MOF/MB system adsorption agrees with the pseudo second-order model
according to the values of a linear regression correlation coefficient (R?), a plot of (t/q;)
versus t will yield a linear relationship with slope (1/qc) and intercept (1/k2[qe]?). The
pseudo second-order constant qec and k2 can be computed from the slope and intercept

of such a plot.

g, = (%) In(a. B) + (%) In(t), 6.6)

Where:
gt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
o a constant representing the initial rate of adsorption
f: constant during any one experiment

t: time (min).

If the MOF/MB system adsorption agrees with the Elovich model according to the

values of a linear regression correlation coefficient (R?), a plot of q; versus In(t) will

233



CHAPTER 6 UiO-66, UiO-66-10%Co and UiO-66-30%Co

yield a linear relationship with slope (1/B) and intercept ((1/B) In(af)). The Elovich

constants § and o can be computed from the slope and intercept of such a plot.

qe = kpt*? + C, (6.7)
Where:
qt: the amount of MB adsorbed per unit weight of MOF at any time t (mg/g)
kp: intraparticle diffusion rate constant (mg/ g min®?)
t: time (min)

C: intercept.

If the MOF/MB system adsorption agrees with the intraparticle diffusion model
according to the values of a linear regression correlation coefficient (R?), a plot of q

t'2 will yield a linear relationship with slope k, and intercept C. The parameters

versus
kp and C in the intraparticle diffusion model can be computed from the slope and

intercept of such plot.

C 1 1
—e=—Ce

+— 6.8
de dm kLqm (6:8)

Where:
gm: Langmuir maximum loading capacity (mg/g)

kr: Langmuir constant related to the energy of adsorption and affinity of
binding sites (L/mg)

Ce: the equilibrium concentration of dye in solution (mg/L)

ge: amount of dye adsorbed at equilibrium per unit mass of sorbent (mg/g).

If the MOF/MB system adsorption agrees with the Langmuir isotherm model
according to the values of the linear regression correlation coefficient (R?), a plot of
(Ce/qe) versus Ce will yield a linear relationship with slope (1/qm) and intercept
(1/krge). The parameters qm and ki in the Langmuir isotherm model can be computed

from the slope and intercept of such plot.

In(q,) = In(kp) + %ln(Ce), (6.9)

Where:
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Kr: the calculated Freundlich equilibrium constant ([mg/g] [L/mg]'™), which

is an indicator of the adsorption capacity

Ce: the equilibrium concentration of dye in solution (mg/L)
ge: amount of dye adsorbed at equilibrium per unit mass of sorbent (mg/g)

n: a measure of the deviation from linearity of adsorption (g/L).

If the MOF/MB system adsorption agrees with the Freundlich isotherm model
according to the values of linear regression correlation coefficient (R?), a plot of In(qe)
versus In(C.) will yield a linear relationship of slope (1/n) and intercept In(kr). The
parameters n and kr in the Freundlich isotherm model can be computed from the slope

and intercept of such a plot.

6.4 Results and discussion

6.4.1 Characterisation

From Figure 6.2(a), the XRD patterns for UiO-66, UiO-66-10%Co and UiO-66-
30%Co before and after use in adsorption of MB confirm that Zr-MOF structures were
maintained, indicating that synthesis and activation procedures had succeeded and the

pores of all samples were free of metal oxides impurities.

Spectra from the FTIR machine in Figure 6.2(b) illustrate that the single-metal and
bimetal Zr-MOFs before and after use showed the same vibration bands. However, a
higher percentage of the second metal shifted some peaks from its original position
compared with those of the parent single-metal Zr-MOF. Further, the bimetal Zr-MOF
had broader peaks than the single-metal Zr-MOF, reflecting the variance of the dipole
between ground state and excited state of the bimetal Zr-MOF came from including
the second metal in the vertices of the MOF [98, 99]. Figure 3(b) demonstrates that
C=C-C stretching in the aromatic ring of terephthalate salts of the single-metal MOF
was in the vibration band range 1615-1580 cm™! while it was extended from 1590 to
1525 cm™! in the case of bimetal MOFs [100]. In addition, Zr-MOF spectra indicate
that the vibration band at 1500 and 1390 cm™' could be assigned to stretching of
symmetric COO™ and asymmetric COO™ in the coordinated organic strut. However,

the vibration bands at 881, 812 and 785 cm™' were assigned to Zr-O. Specifically, the
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peak of stretching vibration of C-H and out-of-plane bending of the aromatic ring in
the main skeleton of UiO-66 appeared at 730 cm™!, whereas the same peak is displaced
to 744 cm™! in the spectra of bimetal Zr-MOFs [99, 101]. Moreover, the peak at 1017

cm! represents the stretching vibration of C-H.

Isotherms of N2 adsorption/desorption of the powder samples of single and bimetal Zr-
MOFs are shown in Figure 6.1. It is clear from Figure 6.1that bimetal MOF with 10%
Co had hysteresis in the desorption isotherm with sudden jump in the value of sorption
near the relative pressure of 0.999. This result can confirmation that the mesopore and
macropore sizes and isotherm of Uio-66-10%Co are consistent with type IV adsorption
isotherm with hysteresis H3. In terms of the shape for adsorption isotherms,
classification by IUPAC can be divided into five kinds: type I, II, III, IV and V.
However, hysteresis H3 is a good indication of the occurrence of capillary

condensation inside the pores of Zr-MOF [102].

No Adsorption/Desorption(cc.g'1)

100_] —=—N, Adsorption(UiO-66)
50.] —o— N,Desorption(UiO-66)
0 | T T T T T T T T T T
0.2 0.4 0.6 0.8 1.0

Relative Pressure(P/P,)

Table 6.1 lists the calculations for the textural properties of the Zr-MOF samples,
based on adsorption isotherms. Notably, the values of the specific surface area (Sger)
decreased the higher the percentage of cobalt. Specifically, the Sger of UiO-66 was
1585.50 m?g 1; with higher percentage content of the second metal, the Sggr became

978.863 and 592.378 m’g! for UiO-66-10%Co and Ui0-66-30%Co, respectively.
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Table 6.1 also shows that the average pore volume and pore size of UiO-66-10%Co
was the highest of the three Zr-MOFs, at 1.07 cc g! and 2.18 nm, respectively.
Further, with the cobalt percentage at 30%, the values of pore volume and average
pore size became less than the pore volume and average pore size of UiO-66. The first
stage of the activation process by methanol, which was followed by heating activation,
played a very important role in enhancing pore volume and average pore size of UiO-
66-10%Co by replacing cobalt with methanol molecules, which were then evaporated

in the heat activation.

(b)

— | —=— Adsorption-UiO-66-10% Co
‘Tc') —o— Desorption-UiO-66-10% Co
 600- 4 Adsorption-UiO-66-30% Co

1 —=— Desorption-UiO-66-30% Co

s A AA LA A A A A/A K A ANA K A A ISIANABOA
100
0 T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure(P/P)
0.08
—=— Ui0-66-10% Co
(c) —e— Ui0-66-30% Co
—a— UiO-66

Cumulative Pore Volume (cm’/g)

o o o o o o o
S8 8 % 8 8 %
1 1 1 1 1 1 1

T T T
0.0 0.5 1.0 15 2.0 25 3.0
Pore Diameter (nm)
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Figure 6.1: N, adsorption/desorption isotherm of UiO-66 (a), N, adsorption/desorption
isotherm of UiO-66-Co samples (b), and micropore distribution (b)and mesopore
distribution (c) of. UiO-66, UiO-66-10% Co and UiO-66-30% Co.

Table 6.1: Textural properties of the adsorbents based on N, adsorption/desorption

isotherms.
Adsorbent Specific surface Pore volume Pore diameter
area (Sger) (ccg™ (nm)
(m’g)
Ui0-66 1585.5 0.82 1.04
Ui0-66-10% Co 978.863 1.07 2.18
Ui0-66-30% Co 592.378 0.28 0.94

The TGA profiles for the single-metal and bimetal UiO-66 samples are illustrated in
Figure 6.2(c). It is apparent from Figure 6.2(c) that all adsorbent samples possess

similar thermal and structural stability at temperatures up to 725K.
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Figure 6.2: Characterisation of adsorbents. (a) PXRD patterns, (b) FTIR spectra and
(c) TGA profiles of UiO-66, Ui0-66-10% Co. and UiO-66-30% Co samples.

6.4.2 Adsorption study

Figure 6.3 clearly demonstrates that MB uptake by Zr-MOFs varies with the duration
of the adsorption process, from 0 to time at equilibrium. The graphs are given as
loading capacity (mg. g’') of MB onto MOFs with contact time. If we examine the
trend over time, we can see that there is a noticeable steep upward relationship between
loading of MB onto Zr-MOFs at the beginning period; as the contact time increases,
this loading gradually slows as a plateau is reached. Therefore, the graphs in Figure
6.3 illustrate the rapid uptake of basic dye onto the external surface of Zr-MOFs
initially, followed by intraparticle diffusion into the interior of the adsorbents until
reaching adsorption and desorption equilibrium [103]. Abundant and active Zr-MOF
sites were available at the primary stage of the interaction between the dye and
adsorbents. Subsequently, as the contact time lengthened, MB uptake decreased
drastically as the active sites are occupied by MB molecules. Likewise, higher initial
concentrations of basic dye led to increased loading rate of MB onto adsorbents. This
behaviour reflects the growth of driving force of mass transfer of dye towards unfilled
Zr-MOF sites [104]. In contrast, the percentage removal of MB was reduced with
higher initial MB concentration. This phenomenon was attributed to the large amounts
of MB molecules in the bulk solution and the inadequate number of vacant active sites

on Zr-MOFs. Further, lower initial concentration of the dye gave rise to a large number
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of active vacant sites relative to the limited number of MB molecules, so dynamic

equilibrium was more rapidly reached [105].

6.4.3 Kinetics study

Despite improvements to industrial applications using adsorption processes, most
applications rely on the cost and efficiency of the adsorbent. The kinetics and
mechanism of the sorption process are important because they enable the calculation
of the designed absorbent [106]. In another words, a kinetics study examines the time
taken by the adsorbent to reach saturation or equilibrium to facilitate the design of
wastewater treatment processes. In addition, adsorption kinetics study is very

important to assessing the efficiency of a sorbent [107].

Figure 6.3 shows how the quantity of adsorbate varies with contact time. It is apparent
from the graphs that UiO-66-10%Co has a higher adsorption capacity than the other
MOFs because of its higher specific surface areas and pore volumes relative to the
other MOFs. Specifically, adsorption process depends on pore size since a higher
adsorption uptake results from wider pores and larger surface area [108]. These
conclusions prove that the textural properties of any adsorbent have a significant effect

on the adsorption capacity of adsorbate.

To evaluate the effectiveness of the single-metal and bimetal Zr-MOFs, as well as to
study the mechanism of rate-limiting steps, three kinetics models were employed to
examine the experimental data and determine the mechanism of mass transfer and/or
chemical reaction of the adsorption process of Zr-MOFs/MB systems. The three
kinetics models used were pseudo first-order [91], pseudo second-order [92] and

Elovich [93, 94] models.

Graphs of q: against t at different initial MB concentrations were plotted for the
adsorbents of interest in the present study. The application of pseudo first-order
equation for all Zr-MOF/dye systems revealed that the model does not have a good fit
with the experimental data for the whole period of the adsorption. It was only
applicable to the beginning period of the adsorption process [109], consistent with
reported findings in the literature [110-119].

The same experimental data were examined using the linear form of the pseudo

second-order model. Table 6.2 lists the value of the parameters obtained from these
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plots, including the kinetic constants (k2) and correlation coefficients (R?) for the

different initial MB concentrations (5, 15, 30 and 50 ppm).

Based on the correlation coefficient (R?), the pseudo second-order equation produced
the highest correlation coefficient (> 0.99) for all Zr-MOF/MB systems as well as all
initial MB concentrations. Therefore, the pseudo second-order model deserves
significant consideration in this discussion, because its agreement with the
experimental data was muc