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Abstract
Adsorption is a low cost and effective method for the removal of non-biodegradable and
harmful pollutants from water which has been widely used in industry. Porous and nanoporous
materials such as metal organic frameworks (MOFs) and fly ash wastes are promising
adsorbents in adsorption applications. Zeolitic imidazolate frameworks (ZIFs) are a branch of
MOF materials with high chemical and thermal stability. Among ZIF materials, ZIF-8 is
specifically interesting due to easy synthesis, high surface area and porosity as well as large
carbon content. However, there are still challenges in terms of practical application especially
in water treatment. Some of the challenges can be addressed to handling and recycling and its
low adsorption capacity for dyes. For addressing these challenges, the new methodologies are
required to be uncomplicated, reproducible and environmentally friendly. Another porous
material which was used for adsorption studies was Victorian brown coal fly ash which is
locally available in the state of Victoria at low cost. Victorian brown coal fly ash could be
considered as an interesting option for water treatment due to high alkalinity and magnetic
property. Therefore, it is important to investigate its textural characteristics and adsorptive
properties to address its suitability for adsorption applications.
This thesis study aimed to address the above-mentioned challenges by investigating the
characteristics and adsorption properties of ZIF-8 and fly ash waste. First, ZIF-8 was utilized
for adsorption of oils and organic compounds and it was shaped as beads to facilitate the
handling and recycling of ZIF-8 particles. ZIF-8 powder was incorporated into polyethersulfone
(PES) polymer sphere using a novel phase inversion method. The prepared ZIF-8/PES
composite beads had exceptional low bulk density of 0.26 g/cm3 (lower than that of ZIF-8) and
very high BET surface area of 1030.6 m2/g. ZIF-8 beads showed high adsorption capacity of
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1260 mg/g for oils which was around 4.8, 6.3, 12.6, 3.3 and 4.2-7.5 times higher than the
capacity of HKUST-1, HFGO@ZIF-8, zeolite, bentonite and activated carbons, respectively.
Second, effect of heat treatment on adsorption properties of ZIF-8 for the removal of dyes
from water was investigated. The carbonized ZIF-8 exhibited high adsorption capacity of 186.3
mg/g almost 10 times the capacity of ZIF-8. The optimum carbonization temperature resulting
in the highest adsorption capacity was 1000 ºC. The kinetics, thermodynamic and mechanisms
of adsorption process as well as mechanism of carbonization were investigated thoroughly.
Next, the magnetic carbonized ZIF-8 was prepared using wet impregnation method and recarbonization to incorporate iron nanoparticles in the adsorbent matrix and enable the powder
to be easily separated from water. The magnetic nanoporous carbon at 1000 ºC had the same
adsorption performance of non-magnetic carbonized ZIF-8 despite losing half of its surface
area.
Finally, the physicochemical characteristics, morphologies and adsorption properties of
Victorian brown coal fly ash wastes were studied. These waste materials exhibited higher
adsorption capacity for the removal of a basic dye as well as heavy metals in comparison with
other reported fly ash materials. It was shown the adsorptive characteristics of fly ash materials
could be enhanced by natural weathering. The alkaline and magnetic nature of the fly ash wastes
make them potential adsorbents for neutralizing and treating the acidic mining wastewaters
containing heavy metals.
It is expected that the knowledge gained through extensive exploration in this study would
help further development of the porous materials for practical applications.
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Chapter 1. Introduction

Introduction

The increase in the global population has resulted in high demand for treated water supply.
Water quality is vital for human life and clean water resources have become a major worldwide
environmental issue [1]. Treating water and wastewater is considered alternative solution for
providing clean water sources. Today, water treatment methods are mainly based on biological
process which is commonly used in all countries. However, the main concern is the nonbiodegradable compounds which mostly come from industrial activities. Many of these
contaminants are organics and heavy metals which threaten the human health as well as our
ecosystem [2]. Consequently, other approaches need to be applied before or after the biological
treatments considering the amount and concentration of the non-biodegradable contaminants as
well as their toxicity for the microorganisms in biological treatment.
Adsorption is a simple, low cost and effective method for the removal of nonbiodegradable and harmful molecules and this method has been used widely in industry. The
essential need for adsorption processes is an adsorbent that can adsorb the pollutant molecules
from polluted streams. Traditional porous materials such as activated carbons and zeolites have
been used for water purification [3].
Porous and nanoporous materials are considered suitable options for water and wastewater
treatment technologies. Due to their specific capabilities and characteristics such as high
adsorption capacities and low cost, porous materials have potential applications in adsorptive
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removal of pollutants from water and wastewater. There are several advantages for the usage
of these materials compared with conventional or advanced membrane filtration due to their
vast availability and low cost for adsorption process applications [4].
Among various porous synthetic adsorbents, metal organic frameworks (MOFs) have been
investigated for gas separation, catalysis and adsorption. MOFs are known as porous crystalline
materials which contain metal ions linked together by organic ligands [5]. Zeolitic imidazolate
frameworks (ZIFs) are a branch of MOF materials with high chemical and thermal stability.
Among a variety of available ZIF materials, ZIF-8 is specifically interesting because of the easy
synthesis, high chemical and thermal stability and its potential application in adsorption [6].
In comparison with activated carbon and zeolites, the synthesis of MOF is less energy
intensive [7]. For instance, fabrication of most metal organic frameworks is performed at
relatively low temperatures and pressures and in particular without the use of structure-directing
agent. This eliminates the need for further calcination which is used in the synthesis of zeolites.
Moreover, MOFs have larger pore volumes, high surface area, low densities and uniform pore
size distributions. They have advantages compared with other traditional porous materials like
zeolites and activated carbons due to the fine tunable pore structures and adjustable chemical
functionality [8]. However, there are still challenges in terms of practical application especially
in water treatment purposes. Some of the challenges can be addressed with regard to the small
pores resulting in low adsorption capacity for large organic molecules such as dyes. The other
challenge includes the handling and recycling of these adsorbents. Therefore, evaluation of
simple and effective methods for increasing the adsorption capacity and enhancing recyclability
of these nanoporous materials is still required. For addressing these challenges, the new
strategies are required to be easy, uncomplicated, reproducible and environmentally friendly.
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One ongoing challenge about the utilization of adsorbents including MOFs is difficulty in
handling, collections and recycling from polluted water streams. The use of powders in several
applications including separation, catalysis and adsorption requires a step of shaping to generate
materials with millimetre dimensions like beads and spheres with good mechanical resistance
while retaining the initial particle porosity [9]. Moreover, the usage of MOFs as powders
especially in catalysis and adsorption can be adversely affected by the powder loss and pipe
clog which happens with flushing the fluids (gas or liquid) [10]. Although synthesis of MOFs
has been well documented in literature, their shaping still requires development and
investigation [9, 11].
Monodisperse porous spheres are extensively used in many applications such as
separation, drug delivery and catalysis. Examples of these porous spheres are silica, carbon and
polystyrene which are mostly in nano and micro scale. However, spheres with millimetre size
have advantages of easy handling, collection and recycling. Also, there are no safety issues for
millimetre sized beads in comparison with nano or micro sized spheres [12, 13].
There are several methods for shaping MOF powders for different applications. General
methods for this purpose include compression or extrusion under high pressures with or without
the usage of binders or additives to make pellets and tablets [10]. Bazer-Bachi et al. [9] prepared
tablets of several MOFs including ZIF-8 using direct compression and investigated the impact
of compression on gas adsorption and catalytic properties of MOF materials. Nevertheless, the
results of the study showed these materials undergo amorphization depending on the amount of
pressure applied and the nature of material. Therefore, since this method affects the crystallinity
of these materials, the properties and performance of MOFs would be affected and hence this
is not a suitable approach. In particular, since only very few MOFs such as NH2-MIL-53(In)
shows amorphization resistance [14, 15], the direct compression cannot be considered a general
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and universal strategy. Other strategies include in situ growth of MOFs on porous substrates
such as silica and aerogel using methods like seeding growth and layer by layer deposition [16,
17]. There are also other approaches with the usage of MOFs with some additives followed by
special treatments such as sol-gel casting and dip-coating [18, 19]. Nevertheless, there are some
challenges regarding these methods since they have limitation for some MOF systems due to
low MOF loadings (less than %30) as well as poor mechanical stability.
Other methods also have been employed to prepare millimetre-sized porous spheres and
beads. For example, Zhang et al. [20] produced large polymer beads by sedimentation
polymerization. Nevertheless, the reaction is carried out at 60 ̊C and the surface area of the
resulting beads is very low (20 m2.g-1) [20]. Therefore, the current preparation methods are
complicated and need high temperatures. A suitable technique is required to prepare beads with
high surface areas, robustness and great performance to tackle the mentioned challenges and
the proposed strategy needs to be simple and effective. Phase inversion is a popular method for
asymmetric membranes synthesis [21-23]. This is a simple and one step method which
functions at room temperature and can be potentially utilized for preparing millimetre sized
robust beads and spheres. This could be potentially a universal method for preparing composite
beads with interesting features and characteristics such as high surface area and porosity. The
beads prepared from this method could be used for many applications such as adsorption,
separation, catalysis and water treatment. In particular, phase inversion method could be used
for incorporating MOFs and ZIFs powders into polymer matrices to shape them.
The other challenge about using ZIF-8 for adsorption applications is its small pore size and
low sorption capacity for the removal of organic dyes from water. There is also a lack of detailed
and mechanistic study in literature regarding the applicability of this material for adsorptive
removal of contaminants from water. Moreover, the literature lacks the modification methods
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for improving the adsorption characteristics and capabilities of this material for water treatment
and most studies are limited to gas adsorption and separation applications. This is probably due
to the challenges associated with the stability of ZIF-8 in water especially in acidic solutions.
Therefore, a detailed study is required to address the issues regarding the applicability of this
material for the removal of hazardous contaminants from water.
One strategy for improving the adsorption performance of MOFs (in particular ZIF-8) is
to convert them to nanoporous carbons. MOF materials can be converted to nanoporous carbons
to introduce larger pore size and broader pore size distribution for the removal of contaminants
from water. Nanoporous carbon (NPC) materials with high porosity and large surface areas
have been utilized in many fields like adsorption and catalysis [24]. Nanoporous carbons are
specifically attractive due to their high thermal and chemical stabilities. These porous materials
have commonly been prepared by heat treatment followed by physical or chemical activation
[25]. Despite the fact that the porous carbons synthesized this way have high surface areas, the
preparation methods require several steps and impose high cost due to the usage of chemicals
and activation stages.
Nanoporous carbons can be prepared from MOFs and ZIFs by direct carbonization without
any need for physical or chemical activation. The interesting point about this approach is that
the derived nanoporous carbons have interesting properties such as high porosity, high surface
area and similar morphology to the original precursors. MOFs and ZIFs have large carbon
content and are promising for the production of nanoporous carbons. Moreover, although
activated carbon has been widely used for the removal of organic pollutants especially dyes
from water [26-30], there are very few reports in literature addressing the adsorption of organic
contaminants including dyes over nanoporous carbon derived from metal organic framework
materials. Current literature lacks a detailed and mechanistic study for the adsorption of
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pollutants over nanoporous carbons derived from MOF materials. There is also no report about
the change in the adsorption properties of ZIF-8 during heat treatment in an inert atmosphere
(carbonization). Therefore, a complete investigation about adsorptive properties and
characterizations of ZIF-8 and its nanoporous carbons in addition to adsorption process
parameters, kinetics and mechanisms would help to gain a deep and fundamental understanding
about adsorption over MOF derived nanoporous carbons in particular ZIF-8 nanoporous
carbons.
The study of the change in the textural and adsorption performance of the adsorbents under
these new approaches would help us to understand and analyse the adsorptive behaviour of
materials for the successful selection of porous adsorbents and modifying/processing
techniques for future adsorption applications specifically in water treatment.
Although nanoporous carbons derived from MOF materials show good adsorption
properties and performances, it is difficult to separate them from water. Thus, this issue limits
their applications in water treatment. Incorporation of magnetic particles into these
nanaoporous frameworks, can broaden the areas of their applications especially in adsorption
since it makes the separation of the nanoporous carbon particles from aqueous solution much
easier [31]. Different methods have been utilized for generating magnetic nanoporous carbons
for introducing magnetic functionality into the porous frameworks and carbons but these
methods usually include several steps, requires dangerous chemicals and high temperatures or
are very time consuming and complicated [32-37]. For example, magnetic nanoparticles were
synthesized using a very complex procedure [38] using sodium hydroxide and diethylene glycol
solution by heating at 120 ºC under nitrogen atmosphere along with preparing a mixture of
PAA, FeCl3 and DEG heated to 220 ºC under nitrogen flow. The mixture of the chemicals
including sodium hydroxide in a high temperature environment is very dangerous and it
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requires special equipment which resists harsh basic and hot conditions. The usage of nitrogen
flow in all of the synthesis steps (mixing, heating, etc.) also makes this procedure very difficult
and complicated. Wet impregnation method is an efficient, safe, environmentally friendly and
uncomplicated technique which can be utilized for introducing functionalities such as magnetic
iron nano particles into the framework of the materials. This is a suitable method especially in
terms of practical applications.
One of the important challenges regarding the practical usage of synthetic materials is their
high price compared to the natural adsorbents which are generally locally available at low cost
with almost moderate adsorption capacity. The lower adsorption capacity of the natural
adsorbents could be compensated by much lower price which makes them interesting for the
adsorption applications.
To address this issue, fly ash wastes could be selected as alternative adsorbents. Fly ash
wastes are known to be abundant and free materials which have the potential application
specifically in adsorptive removal of contaminants from water [39]. Therefore, investigation of
the physicochemical and adsorption properties of locally available fly ash materials is a great
help in terms of possibility of their usage for different applications especially for adsorption of
pollutants from water. Victorian brown coal fly ashes are by products of coal combustion in
power plants which could be investigated for adsorption applications. These materials are
naturally alkaline and contain minerals which is beneficial for adsorption applications. There
are mining activities in Australia such as metal and coal mines which produce a large amount
of acidic wastewater polluted by heavy metals. The resulting acidic wastewater needs to be
neutralized and treated. The acidic wastewater is generally neutralized using limestone,
hydrated lime, soda ash, caustic soda, ammonia and fly ash [40]. However, the usage of
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chemicals for neutralizing the acidic wastewater is very costly and therefore high lime fly ash
could be a very suitable candidate for replacing chemicals such as lime and caustic soda.
Coal fly ash has received a considerable attention for a variety of applications but its
practical usage has been limited to the cement industry. Such limitation is probably due to the
drawbacks related to its low surface area and heterogeneous surface which could be addressed
by modifications such as natural weathering to increase its surface area and porosity and convert
it to a more suitable material for different applications. Therefore, selecting appropriate types
of fly ash materials with suitable physicochemical properties is one of the technical challenges.
The variation of the fly ash structures depends on their origins (source coal) as well as the
combustion process conditions which could lead to different characteristics and performances
for adsorption applications. Therefore, it is very essential to obtain deep understanding about
fly ash characteristics and their adsorption properties towards specific pollutants. This requires
to study the adsorption isotherms, kinetics and mechanisms to gain detailed information about
the removal performance and mechanisms over fly ash materials.
Victorian brown coal fly ash with high lime content, has unique morphology and
mineralogy which could be a suitable option for the purpose of neutralizing and treating acidic
mining wastewaters. Even though there are many reports regarding the usage of fly ash in many
applications, there is still a need to conduct research about the local available fly ashes
especially in terms of their local practical applications. It is worth noting that there is no report
about the usage of fly ash in industrial scale for water treatment.
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The overall aim of this project is to investigate the adsorptive properties of a synthetic
porous material named zeolitic imidazolate framework ZIF-8 and its derived nanoporous
carbons as promising adsorbents in water treatment as well as fly ash waste materials (as
abundant free wastes available in the state of Victoria) as an alternative option for treating and
neutralizing acidic wastewaters.
There are relatively few studies in regard to the application of MOFs and ZIFs for
adsorptive removal of pollutants from water. The investigation of the adsorptive characteristics
of these materials is required and improvements are still needed in terms of modification and
functionalization of these materials to enhance their adsorption performance as well as their
handling and recycling in adsorption applications. There are still unexplored areas regarding
the application of these materials including the effect of temperature on adsorption properties
of ZIF-8 for uptaking positively charged large molecules such as methylene blue dye. In
addition, although MOFs and ZIFs and the nanoporous carbons derived from them offer
opportunities for adsorption of contaminants from water, there is a need for shaping them for
easy handling and recycling for practical applications.
While fly ash materials have been extensively studied for the removal of different
pollutants form water, the Victorian brown coal fly ash has not been investigated for water
treatment purposes. Particularly, their physical, chemical and morphological as well as
adsorption properties and characteristics have not been explored to date.
Therefore, the specific objectives of my thesis are as follows:
(1) Introducing a new method for shaping and fabricating ZIF-8 powder into spheres and
beads and evaluate its performance for oil and organics sorption from water.
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(2) Exploring the adsorption properties of ZIf-8 and its derived nanoporous carbons for
adsorptive removal of methylene blue dye as a model dye compound from water and
understanding the effect of carbonization temperature on their adsorption properties.
(3) Incorporating magnetic functionality into nanoporous carbon derived from ZIF-8 by
wet impregnation method and investigate effect of heat treatment on magnetic
nanoporous carbon’s performance.
(4) Investigation of the textural and adsorptive properties of Victorian brown coal fly ash
waste materials and their potential applications in water treatment.

This thesis is organised into seven sections; the overview of each chapter is summarised
below.
Chapter 1 (introduction) explains briefly the background for the motivation of this thesis
as well as the research aims and an outline of the thesis structure.
Chapter 2 (literature review) provides information about MOFs, ZIFs, nanoporous carbons
and fly ash wastes in addition to their applications specifically in adsorption and water
treatment. The structure and chemistry of these materials are reviewed. The theory and
fundamentals of adsorption, isotherms and kinetics will also be presented. Then the focus is
refined to the fabrication methods for shaping the metal organic framework powders and
associated challenges are reported in addition to the approaches addressing the problems.
Chapter 3 demonstrates a novel, simple, one step and environmentally friendly technique
for preparation of ZIF-8/PES composite beads through a phase inversion method for oil spill
clean-up from the surface of water. The composite beads exhibit excellent oil sorption in
comparison with natural sorbents like activated carbon; however, they have the advantage of
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easy handling, collection and recycling compared with ZIF-8 powder. This technique can be
considered as a universal method for fabrication of any kind of powders as beads and spheres
for water treatment or other adsorption purposes.
The results of experiments are presented and discussed.
This chapter has been published as a journal article: Z.Abbasi, E. Shamsaei, X.-Y. Fang,
B. Ladewig, H. Wang, Simple Fabrication of ZIF-8 Composite Beads by Phase Inversion
Method for Efficient Oil Sorption. J. Colloid Interface Sci. 2017, 493, 150-161.
Chapter 4 describes the effect of heat treatment on the structure and adsorption properties
of ZIF-8 and explores the characteristics and adsorption behaviour of the derived nanoporous
carbons. It is revealed that carbonization temperature plays an important role in increasing the
adsorption capacity of ZIF-8. The adsorption isotherms and kinetic models as well as adsorption
and carbonization mechanisms are also presented, analysed and discussed.
This chapter has been published as a journal article: Z.Abbasi, E. Shamsaei, S. Leong, B.
Ladewig, H. Wang, Effect of carbonization temperature on adsorption property of ZIF-8
derived nanoporous carbon for water treatment. Microporous Mesoporous Mater. 2016, 236,
28-37.
Chapter 5 presents the experimental work regarding the introducing iron nanoparticles
into nanoporous carbons derived from ZIF-8 to produce magnetic adsorbents. The
characterization and performance of the magnetic samples as well as effect of heat treatment
on adsorption of magnetic particles are provided and the mechanism of adsorption is discussed.
This chapter has been submitted as a journal article: Z.Abbasi, B. Ladewig, H. Wang,
Investigation of adsorption properties of iron loaded ZIF-8 derived nanoporous carbons
modified by re-carbonization for water treatment. Asia Pac. J. Chem. Eng. 2017 (Submitted).
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Chapter 6 presents the experimental work about investigation of structure, characteristics
and adsorption properties of Victorian brown coal fly ash waste materials. It is shown that fly
ash waste materials are capable of adsorptive removal of pollutants from water and could be
utilized for neutralizing acidic mining wastewaters. The results of the experiments are presented
and discussed in detail by providing a profound investigation about kinetics and mechanisms.
This chapter has been submitted as a journal article: Z.Abbasi, B. Ladewig, H. Wang,
Enhanced Removal of a Basic Dye and Heavy Metals from Wastewater Using Magnetic
Victorian Brown Coal Fly Ash Modified by Weathering. J. Env. Sci. 2017 (Submitted).
Finally, in chapter 7, the main findings and conclusions are summarised and
recommendations for the future work are presented.
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Literature review

The aim of this literature review is to provide a summary of the recent research in literature
about porous materials including metal organic frameworks (MOFs) in particular ZIF-8 as well
as nanoporous carbons and coal fly ash wastes for the application in adsorption and water
treatment. The structures and physicochemical characteristics of the porous materials are
described in detail. The theories about adsorption process, isotherms, kinetics, mechanisms and
the important parameters affecting the adsorption process are also reviewed. The shaping of
MOF powders and the recent progress in this area will be introduced in detail. The conclusions
and future perspectives are presented at the end of this chapter.

The clean water demand is increasing due to the rapid growth of population and industries
worldwide. Deficiency of water resources urges us for suitable and efficient technologies for
wastewater treatment and reuse. A variety of contaminants such as organics (solvents,
hydrocarbons, dyes, etc.) and heavy metals (cadmium, chromium, copper, etc.) discharge from
industries which need to be treated before entering the water bodies. Efficient and low cost
technologies are required to decontaminate the polluted waters [1, 2]. There are different
methods for the removal of pollutants from water. The main broad approaches include physical,
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chemical and biological methods. Any of these methods have benefits and drawbacks. The
major disadvantage of physicochemical processes is related to high cost, low efficiency,
interference with other wastewater constituents as well as handling of the generated waste.
Biological treatment involves the biological activity for the removal of organic substances [3].
However, the biological treatment process is inefficient in the removal of dyes [4] and it does
not provide satisfactory results for the treatment of industrial wastewater because many organic
pollutants are toxic or resistant to biological treatment [5-8]. Therefore, it is essential to consider
proper water treatment techniques.
2.2.1. Technologies for the removal of organics and dyes
Different types of organic and inorganic compounds as well as solids or soluble substances
exist in wastewater streams. Therefore, there is no general strategy for the treatment and reuse
of water. Regarding the removal of organic pollutants from wastewaters, biological treatment
is considered the most cost effective approach. However, the presence of complicated and toxic
chemicals, dyes and heavy metals may impose limitation for utilizing this treatment process
since these hazardous contaminants are not biodegradable [9]. Therefore, a wide range of
physico-chemical techniques such as filtration, coagulation, and flocculation, advanced
oxidation methods such as Fenton’s reaction, ozone and UV as well as chemical oxidation using
chlorine, ozone and hydrogen peroxide are employed for the treatment of industrial
wastewaters. Nevertheless, the usage of these techniques is restricted in practical applications
since they are mostly expensive or technically complicated. For instance, using filtration
method is not enough to target the discharge limits within the environmental standards. Also,
coagulation and flocculation produces a large amount of sludge which cause handling and
disposal problems. In addition, in chemical oxidation, a large amount of chemical and
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hazardous substance are required. Finally, advanced oxidation imposes high investment costs
[9].
Therefore, adsorption as an easy, inexpensive and effective method for the treatment of
wastewaters was selected for this research project. This technique is specifically very efficient
if adsorbents with suitable characteristics are employed. For this reason, the investigation of
adsorbents’ textural, physico-chemical and morphological properties is highly important to
provide useful information for selecting appropriate adsorbents for future applications.
2.2.2. Technologies for the removal of heavy metals
Heavy metals have non-degradable nature and they exist in the wastewaters from mining
activities, tannery, steel and battery industries as well as thermal power plants. They impose
serious environmental problems and threats on human life and ecosystem [10]. The main
techniques which are used for the removal of heavy metals form effluents are ion exchange,
membrane process, precipitation and electro-catalytic technology [11]. However, most of these
technologies are expensive and require complicated approaches and equipment. Therefore,
there is a need for an effective, simple and inexpensive treatment method which can be
developed, installed and utilized very easily everywhere. Adsorption is an economically
feasible technology for the removal of hazardous toxic metals from wastewater [12]. The
adsorption process has the advantages of flexible design and easy operation. Moreover,
adsorption is in most cases reversible and the adsorbents can be recycled by appropriate
desorption techniques [11].

Adsorption refers to the accumulation of a compound at the interface between two phases
(liquid-solid interface or gas-solid interface). The substance that builds up at the interface is
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called adsorbate and the solid on which adsorption process takes place is adsorbent [13]. The
efficiency of physical adsorption is determined by adsorption capacity of the adsorbents,
selectivity for specific compounds, durability and regenerability of the adsorbents [14].
Adsorption has been considered to be superior in comparison with other decontamination
techniques because of its low cost, wide range of applications, simplicity of design, easy
operation, insensitivity to toxic pollutants, low harmful secondary products and easy
regeneration of the adsorbents [14, 15]. The removal of contaminants through adsorption
depends on the ability of a porous adsorbent to selectively adsorb particular compounds. The
substances containing suitable size and shape, can easily have access to the pores of the solid
sorbents and therefore, can be eliminated via adsorption. Adsorption can be considered as a
physical or chemical process according to the nature of interactions between adsorbates and
porous adsorbents. In case of physical adsorption, the adsorbates are attached to the pores of
the solid adsorbents with weak (van der Waals) forces. Therefore, physical adsorption is
reversible in most cases and the adsorbent can be easily recovered by simple methods such as
solvent exchange or physical treatments such as calcination. On the other hand, chemical
adsorption occurs through the formation of strong chemical associations between molecules of
adsorbate to adsorbent surface which is typically because of the exchange of electrons and
therefore chemical adsorption is usually irreversible. In this case, regeneration is carried out
with chemical treatment [14, 15]. Adsorption on most of the adsorbents is controlled by
physical forces unless a chemisorption occurs. The main physical forces which control
adsorption process are including van der Waals forces, hydrogen bonds, polarity, dipole-dipole
π-π interaction, etc. Factors that influence the adsorption efficiency include adsorbate-adsorbent
interaction, adsorbent surface area, adsorbent to adsorbate ratio, adsorbent particle size,
temperature, pH and contact time [15].
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A variety of porous adsorbents such as activated carbons, zeolites, waste materials (like
fly ash), mesoporous materials and MOFs have been studied for adsorptive removal of
hazardous substances. For efficient adsorptive removal, porosity, pore geometry and specific
adsorption sites are required. Furthermore, active species such as different functional groups
(acidic or basic), metal ions and metal oxides are typically incorporated into the framework of
the porous adsorbents to enable them selectively adsorb harmful components through common
interactions like acid-base, complexation, electrostatic interaction, and hydrogen bonding. The
popular modification techniques including post synthetic modification, functionalization, ion
exchange, impregnation, and loading of porous adsorbents have been extensively investigated
[14]. Adsorption provides an attractive alternative especially if the adsorbent has low cost and
does not require to undergo additional pretreatment before its application.
The efficiency of adsorption is typically described by adsorption equilibrium isotherms as
well as kinetic models.
2.3.1. Adsorption isotherms
Adsorption is an equilibrium separation process [16]. To determine how adsorbed
molecules interact with adsorbent surface, it is required to analyse the adsorption isotherms in
an adsorption process. Adsorption isotherm demonstrates the amount of material which is
adsorbed per unit mass of adsorbent as a function of the equilibrium concentration of the
adsorbate. In adsorption experiments, a specified mass of adsorbent reaches equilibrium by
certain volume of solution at specific concentration of a pollutant and the mass balance is
introduced as below [17]:

𝑄𝑒=

(𝐶0 − 𝐶𝑒 ) × 𝑉
𝑚

(1)
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where C0 and Ce are the initial and equilibrium concentration of the adsorbate in solution,
V is the solution volume and m refers to the mass of adsorbent. Using these values the amount
of 𝑄 which is the adsorption capacity is defined.
The equilibrium studies determine the adsorbent capacity. From the equilibrium studies,
adsorption isotherms and their constants are determined. These constant values express the
surface properties and affinity of the adsorbents. To understand, interpret and predict the extent
of the adsorption in particular applications, it is required to realize the relationship between
equilibrium data and theoretical or practical equations [18].
Among several adsorption isotherms which have been used for the adsorption process,
Langmuir and Freundlich models are considered the most common isotherms because of
simplicity and capability to describe experimental results in a broad range of concentrations
[19].
2.3.1.1 Langmuir isotherm
Langmuir isotherm is commonly used for the adsorption on a homogeneous surface. This
model is based on the assumption that the structure of the adsorbent is homogeneous and the
adsorption sites have equal energies. It is considered that the adsorption process shows the
monolayer formation of adsorbed molecules on the surface of the adsorbent.
In Langmuir adsorption equation, three main assumptions are considered. First, the
adsorption energy is equal in all adsorption sites. Second, adsorption occurs on localized sites
without any interaction between adsorbed molecules. Third, the maximum adsorption is
achieved at a complete monolayer [20, 21].
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This model is described by the following equation:
𝑄𝑒 =

𝑄𝑚 𝐾𝐿 𝐶𝑒
1 + 𝐾𝐿 𝐶𝑒

(2)

To determine the Langmuir model constants, two versions of linearization can be
employed. One relationship can be represented by plotting 1⁄𝐶 versus 1⁄𝑄 while the other
𝑒
𝑒
equation is plotted using 𝐶𝑒 versus

𝐶𝑒
⁄𝑄 as shown below.
𝑒

𝐶𝑒
𝐶𝑒
1
=
+
𝑄𝑒 𝑄𝑚 𝐾𝐿 𝑄𝑚

(3)

1
1
1 1
=
+
𝑄𝑒 𝑄𝑚 𝐾𝐿 𝑄𝑚 𝐶𝑒

(4)

where 𝑄𝑚 is the maximum adsorption capacity expressed as 𝑚𝑔 𝑔−1 with a complete
coverage of the monolayer on the adsorbent surface. This means 𝑄𝑚 refers to the maximum
number of moles (or the amount) of a contaminant adsorbed per mass of adsorbent when the
surface sites are saturated with an adsorbate (full monolayer) and 𝑄𝑒 (𝑚𝑔 𝑔−1 ) is the number
of moles (or the amount of) adsorbate per mass of adsorbent at equilibrium.
𝐾𝐿 is the Langmuir constant which is related to the energy of adsorption (𝑙 𝑚𝑔−1) and 𝐶𝑒
is the equilibrium concentration (𝑚𝑔𝑙 −1 ).
From the linear plot of 1⁄𝐶 versus 1⁄𝑄 , the Langmuir constants 𝐾𝐿 and 𝑄𝑚 can be
𝑒
𝑒
determined.
Favourable adsorption is explained by the dimensionless factor (𝑅𝐿 ) of Langmuir model
[22]:
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𝑅𝐿 =

1
1 + 𝐾𝐿 𝐶𝑖

(5)

The 𝑅𝐿 values are classified into different groups as mentioned in Table 2-1:
Table 2-1 𝑅𝐿 values according to adsorption isotherms
𝑅𝐿

Type of isotherm

𝑅𝐿 > 1

Unfavorable

𝑅𝐿 = 1

Linear

0 < 𝑅𝐿 < 1

Favorable

𝑅𝐿 = 0

Irreversible

2.3.1.2 Freundlich isotherm
The Langmuir model involves the assumption that the energy of adsorption is the same for
all adsorption sites but in reality the energy of adsorption may differ since the real surfaces are
heterogeneous. Therefore, the Freundlich adsorption model is introduced to take this
heterogeneity in consideration [23, 24]:
1⁄
𝑛

(6)

𝑄𝑒 = 𝐾𝐹 𝐶𝑒

where 𝐶𝑒 is the equilibrium concentration in solution, 𝐾𝐹 is the equilibrium constant
indicative of sorption strength and 𝑛 is the degree of non-linearity. A linear form of the above
equation can be obtained by taking logarithms and rearranging the relationship:
1
log 𝑄𝑒 = log 𝐾𝐹 + log 𝐶𝑒
𝑛

(7)
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where 𝐾𝐹 (𝑚𝑔1−

1⁄ 1⁄
𝑛 𝑙 𝑛 𝑔−1 )

and n are the Freundlich adsorption isotherm constants. 𝐾𝐹

and 1⁄𝑛 values can be calculated from the intercept and slope of the linear plot of log 𝐶𝑒 versus
log 𝑄𝑒 .
In an adsorption process, favourable adsorption can be defined through the Freundlich
constants. 𝑛 is an indication of deviation from linearity of the adsorption and can be applied to
determine different kinds of adsorption. Generally, when n is below unity, it shows that the
adsorption is a chemical process; while, the n values greater than unity demonstrate a favourable
adsorption and a physical process. The n value equal to unity shows a linear adsorption [23].
2.3.2. Adsorption kinetics and mechanisms
Kinetic studies are performed to have a better understanding of adsorption mechanisms.
The kinetic studies determine the rate of adsorption and kinetic models are beneficial to
determine the feasible application of the adsorbent in adsorption process. A slow adsorption
rate shows significant limitations and issues for the practical applications.
The adsorption mechanism includes three stages as film diffusion, pore diffusion and
adhesion of the solute molecules to the adsorbent surface. Film diffusion includes the diffusion
of the adsorbate molecule through the films surrounding the particle’s surface. Pore diffusion
involves the penetration of the molecules into the pores to the adsorption site. When the
adsorbate molecule reaches the surface of the pore then adhesion occurs and the molecule
attaches to the surface [25].
2.3.2.1 Pseudo-first order model
Lagergren’s kinetics equation (pseudo-first order equation) [26, 27] is commonly used for
kinetic studies of an adsorption system. This model presents that the rate of adsorbate uptake
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by time is directly proportional to the change in equilibrium concentration and the amount of
solute uptake by time as follows:
𝑑𝑄𝑡
= 𝑘1 (𝑄𝑒 − 𝑄𝑡 )
𝑑𝑡

(8)

where 𝑄𝑡 = 0 at 𝑡 = 0 . The integration of the equation results in the following
relationship:
log(𝑄𝑒 − 𝑄𝑡 ) = log 𝑄𝑒 −

𝑘1 𝑡
2.303

(9)

where 𝑄𝑡 (𝑚𝑔 𝑔−1 ) refers to the amount of adsorbed molecules per unit mass of adsorbent
at time t which is the contact time (min). 𝑘1 is the pseudo-first order rate constant (min-1) which
can be calculated from the plot of log(𝑄𝑒 − 𝑄𝑡 ) versus 𝑡.
2.3.2.2 Pseudo-second order model
The pseudo second order model is expressed as the following relationship [28, 29]:
𝑑𝑄𝑡
= 𝑘2 (𝑄𝑒 − 𝑄𝑡 )2
𝑑𝑡

(10)

The integration of the above formula and rearranging into a linear form results in the
following relationship:
𝑡
1
𝑡
=
+
2
𝑄𝑡 𝑘2 𝑄𝑒 𝑄𝑒

(11)

where 𝑘2 presents the rate constant of pseudo-second order model (g mg-1 min-1). The
values of 𝑘2 and 𝑄𝑒 can be calculated by plotting 𝑡⁄𝑄 against 𝑡.
𝑡
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2.3.2.3 Intra-particle diffusion model
weber and Morris [30, 31] introduced the intra-particle diffusion model to explain the
adsorption processes in terms of diffusion mechanisms. The adsorption processes are typically
controlled by either mass transfer rate in the liquid phase or by the mass transfer inside the
particles. The effect of intra-particle diffusion resistance on adsorption is presented by the
following formula:
𝑄𝑡 = 𝑘𝑖𝑑 𝑡

1⁄
2

(12)

+𝐼

where 𝑘𝑖𝑑 is called intra-particle diffusion rate constant (mg g-1 min-1/2). This constant can
be evaluated from the slope of the linear plot of 𝑄𝑡 versus 𝑡

1⁄
2.

If the diffusion is controlled by

intra-particle diffusion, the plot is linear and it passes through the origin. Values of I refer to
the thickness of the boundary layer. The larger intercept is representative of a larger boundary
layer effect.
These plots normally consist of three stages since there are resistances involved in the
process. The initial portion of the curve is followed by an intermediate linear portion and a
plateau. The initial section of the curve is due to external mass transfer. In this portion the
resistance is due to the diffusion of the molecules through a solute film onto the adsorbent
particle surface. The intermediate linear part is attributed to the intra-particle diffusion and the
plateau represents the stage where the intra-particle diffusion starts to slow down because of
low adsorbate concentration difference (small driving force) between the solution medium and
within the pores [32, 33].
2.3.3. Parameters affecting the adsorption process
The adsorption capacity of different adsorbents depends on a number of parameters. These
parameters can be explained based on the adsorbent properties such as surface area, pore
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structure and functional groups in addition to the adsorbate features like molecular size,
functional groups, polarity and aqueous solubility [34, 35]. It is worth noting that, the process
conditions such as solution pH, temperature and ionic strength might have possible impacts on
the interactions between adsorbent and adsorbates during the adsorption process as well [36,
37].
2.3.3.1 Effect of adsorbate properties
There are different factors associated with adsorbate properties which affect the adsorption
process. These parameters typically influence the nature of the interaction between particular
adsorbates and adsorbents which eventually impact the adsorption affinity of the adsorbents
toward specific adsorbate molecules.
Based on the study by Moreno-Castilla [38] some major properties of adsorbates which
affect the adsorption process includes molecular size, solubility and the nature of constituents
(for aromatic compounds). The molecular size is important in terms of determining the access
of the adsorbates to the pores of the adsorbents. The solubility reflects the degree of
hydrophobic interactions between adsorbate and surface of adsorbent. In case of aromatic
compounds, the substituents of aromatic ring, can withdraw or donate electrons. This affects
the non-electrostatic interactions between adsorbate and the adsorbent surface.
2.3.3.2 Point of zero charge
The point of zero charge (pzc) is the pH at which the surface charge is zero and is generally
used to quantify or define the electro kinetic properties of a surface. The value of pH is used to
describe pzc only for systems in which H+/OH- are the potential determining ions. Due to the
presence of functional groups such as OH-, cationic dye adsorption is favoured at pH > pHpzc
where the surface gets negatively charged, while anionic dye adsorption is favoured at pH <
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pHpzc where the surface becomes positively charged [15]. To define the pzc, the surface charge
of a sample is measured as zeta potential using a Zeta sizer. Zeta potential () is an important
pH related parameter that determines the surface properties of solids in aqueous solutions. This
parameter is used to explain the adsorption mechanism of an adsorbate at the solid-water
interface. Zeta measurements plays a significant role in understanding the adsorption
mechanism of inorganic and organic molecules at the solid/solution interface as well as
determining the colloid stability [39].
2.3.3.3 Effect of electron donor or acceptor groups
Radovic et al. [40] reported that electrostatic interactions are very important for adsorbateadsorbent interactions; however, π-π dispersion interactions seems to be dominant in the
adsorption of aromatic solutes over the carbon compounds. They concluded that both
electrostatic and dispersive interactions can affect and control the equilibrium uptakes of weak
aromatic systems.
The π-π interactions come from the interactions between the π-electrons in the aromatic
rings of organic compounds and the π-electrons in the adsorbents such as carbon and graphene
layers. This interaction results in charge transfer, dispersive force and polar electrostatic
components. By introducing substituent groups, these π-π interactions between the adsorbate
and the adsorbent would change. The electron withdrawing groups enhance the π-π interactions
by reducing the electron density of π-electrons which leads to reducing the repulsive
electrostatic interactions between the aromatic rings [41-43].
Another study by Abdul Ghaffar and Muhammad [44] shows that for the adsorption of
methylene blue over carbon nanotubes, surface area was not the only factor governing the
adsorption process. According to their studies, they suggested the morphology of carbon
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nanotubes, π-π electron donor-acceptor, electrostatic interaction and functional groups were
also the contributing factors. Their study confirms that π-π electron-donor acceptor,
hydrophobic interaction, hydrogen bonding, electrostatic and covalent interactions and van der
Waals forces contribute to the adsorption of organic molecules on carbon nanotubes and might
affect the adsorption process simultaneously or individually.
2.3.3.4 Effect of adsorbate molecule size
The molecule size also affects the adsorption of molecules on the surfaces. Those
molecules which have suitable sizes, would be adsorbed much easier due to the better contact
with the adsorbent surfaces. On the other hand, if the molecule size is large, it would be difficult
for the molecule to diffuse within the pores whose size is not large enough due to the steric
effects. The steric effects are produced due to a number of reasons such as: some small pores
may not be accessible for large molecules; the internal part of the pores might not be accessible
because of being blocked by adsorbed molecules; the adsorbate molecules cannot be compact
in pores since the substituent groups have occupied the pores. For example, Hinda et al. have
reported that the weak adsorption of congo red dye in comparison with other dyes like
methylene blue or methyl red is attributed to the large steric hindrance because of large aromatic
ensembles such as central biphenyl groups and symmetric naphtalenic groups [45]. Moreover,
Valix et al. reported that there is steric hindrance related to the size of the acid dye molecules
which restricts the diffusion of the molecules into the pre structure of the carbon material [46].
2.3.3.5 Effect of adsorbent hydrophobicity
The hydrophobicity of an organic molecule plays an important role and affects the
adsorption of the molecules on the hydrophobic surfaces [38]. For the adsorption in aqueous
environments, the molecules with higher hydrophobicity have higher affinity to be adsorbed on
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the surfaces or in the pores of hydrophobic materials such as carbon or ZIF-8. Therefore,
hydrophobic compounds are adsorbed much higher than the hydrophilic compounds.
2.3.3.6 Effect of solution conditions
a) Solution pH
The pH of a solution is considered as an important parameter which affects the adsorption
performance. The change in the pH conditions of a solution might result in change in the
chemical properties on the surface of the adsorbents as well as the forms of the adsorbate
molecules. The surface chemistry of the adsorbent can change depending on the interaction of
acidic or basic species with the surface groups. This interaction may lead to changes in
adsorption capacity of specific adsorbents [47]. It is worth noting that the behaviour of the
functional groups on the surface of the adsorbents and their interactions with water molecules
may depend on the pH condition of the adsorption environment. These interactions may lead to
the transformation of the active sites [48]. When the pH of a solution increases, the number of
negatively charged sites increases. For the adsorption of negatively charged molecules like
blue-106 dye, increase of the pH reduces the adsorption of molecule because of the electrostatic
repulsion [49].
The change in pH affects the surface ionic charge of adsorbate molecules and adsorbent
materials. This changes the zeta potential of the adsorbent and impacts the electrostatic
interaction of adsorption process. Moreover, the pH conditions affect the solubility and
dissociation of adsorbate and adsorbent in solution. The pH of solution also influences the
surface charge of the adsorbents and the ionization of the adsorbate molecules [23].
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b) Solution temperature
The temperature of a solution is a very important factor in an adsorption process due to the
fact that temperature affects the adsorption of water as well as the hydration degree of the
molecules [50]. Song et al. [51] reported that the adsorption uptake of methylene blue dye
increases with temperature. This behaviour is commonly seen for the adsorption of most dyes
in solution. They also reported that the adsorption of MB on bentonite was endothermic. This
means that by increasing the temperature, the adsorption capacity is increased which could be
attributed to the stronger bonds between adsorbate molecules and the adsorbent surface at
higher temperatures. Moreover, Yunjin et al. [52] studies also showed that methylene blue
adsorption on carbon nanotubes was an endothermic process. It is stated that increasing the
temperature results in the reduction of the solution viscosity and therefore the diffusion rate of
the adsorbate molecules in the external boundary layer and the internal pores of the adsorbents
increases. Additionally, the equilibrium capacity of the adsorbents for specific adsorbates
changes with the change in temperature.
The following relationships are usually used to express the effect of temperature on
adsorption processes [53, 54].
∆𝐺° = ∆𝐻° − ∆𝑆°𝑇

(13)

∆𝐺° = −𝑅𝑇 𝑙𝑛 𝐾𝐶

(14)

The van’t Hoff equation can be derived by combining the above relationships:
𝑙𝑛 𝐾𝐶 =

∆𝑆° ∆𝐻°
−
𝑅
𝑅𝑇

(15)

where 𝐾𝐶 is the equilibrium constant and is explained as the ratio of the dye equilibrium
concentration on the adsorbent to the dye equilibrium concentration in solution. R is the ideal
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gas constant (8.314 Jmol-1K-1) and T is the adsorption temperature in Kelvin. By plotting ln 𝐾𝐶
against 1⁄𝑇 a linear line would be drawn and the values of ∆𝐻°(𝑘𝐽 𝑚𝑜𝑙 −1 ) and
∆𝑆° ( 𝐽 𝑚𝑜𝑙 −1 𝐾 −1 ) can be calculated form the slope and intercept of van’t Hoff plot.
2.3.3.7 Effect of adsorbent properties
An adsorbent material is required to have high internal volume accessible to the
compounds which are going to be removed from the solvent. Surface area, in particular the
internal surface area, pore size distribution and the nature of the pores highly affect the
adsorption process. In addition, having good mechanical properties such as strength and
resistance to destruction is of great importance for an adsorbent. Moreover, the adsorbent
particles should have suitable size and form. The chemical properties of the adsorbent,
including the degree of ionization at the surface, types of functional groups and the how these
properties variate in contact with solution are important points in determining the adsorption
capacity of a solid. Active functional groups on the adsorbent surface could result in chemical
interactions which typically lead to some effects different from physical adsorption and is less
reversible [55].
Different kinds of adsorbents have been used for water treatment including activated
carbon, clay minerals, zeolites, metal oxides, agricultural wastes, biomass and polymeric
materials [56]. In particular, clays, zeolites, silica gel, soil, river sediment, activated alumina,
inorganic polymer, red mud, inorganic oxides (titanium oxide, ferric oxide, hydrous zirconium
oxide, etc.) fly ash, etc. have been utilized for the removal of heavy and toxic metal ions [16,
55, 57-62]. Furthermore, natural materials (clays, zeolites, etc.), bioadsorbents (biomass), waste
materials (agricultural solid wastes and industrial solid wastes such as fly ash) have been
investigated for the adsorption of organic pollutants including dyes [63-69].
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The main parameters which influence the adsorption process are known as pore size and
pore size distributions, surface area, surface chemistry (functionality) and mineral content. The
suitable pore size distribution is required for providing the adsorption sites and channels for
transporting the adsorbates [3, 70]. The adsorption capacity depends on accessibility of organic
molecules to the micropores and this is related to the size of the molecules. Therefore, small
molecules like phenol have the ability to access micropores, natural organic compounds can
access mesopores and bacteria are able to access macropores only [70].
Shaobin et al. [71] studied the effect of physicochemical properties of activated carbons
for adsorption of methylene blue form wastewater. They found out that physical properties of
activated carbon including surface area and pore volume had margin effect on methylene blue
uptake. However, other properties such as pore size distribution and surface chemical
characteristics had significant effect on dye removal from water. Another study by Walker et
al. [72] for adsorption of acid dyes on different adsorbents showed that the pore size distribution
of the adsorbate was a very important factor in selection of a cost-effective adsorbent.
Manuel et al. [73] studied the effect of surface chemical groups on activated carbons for
dye adsorption. They reported that surface chemistry of activated carbon remarkably influences
the adsorption of dyes from solution. It was found that for anionic dyes such as reactive, direct
and acid dyes, the surface basicity plays an important role for dye adsorption. The main
adsorption mechanism was the interaction between the oxygen-free Lewis basic sites and the
free electrons of dye molecule. For the anionic dyes it was shown that oxygen containing groups
which are acidic had a negative impact on the adsorption uptake of these dyes. While, for the
adsorption of cationic (basic) dyes, the acid oxygen-containing surface groups (mainly
carboxylic) exhibited a positive effect on adsorption. However, the thermal treatment still was
the most effective factor which resulted in the best performance for dye adsorption on activated
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carbon. It was shown that thermal treatment at 700 ̊C under H2 flow in comparison with
chemical treatments was the best approach resulting in the highest adsorption capacity of
activated carbon for dye removal.
Different types of modification methods including acidic treatment, base treatment,
impregnation, microwave treatment, ozone treatment and plasma treatment have been used to
increase the adsorption capacity of activated carbon for a variety of pollutants. Activated carbon
contains oxygen, hydrogen, sulfur and nitrogen which exist in the forms of functional groups
or atoms with chemical bonds to the structure. The main functional groups responsible for
adsorption of contaminants are carboxyl, carbonyl, phenols, lactones and quinones. These
functional groups have significant effects on adsorption properties of activated carbon and
could be obtained or modified by means of activation process, precursors, thermal treatment as
well as post chemical treatments [74]. It is reported that activated carbon has much higher
tendency and adsorption performance for eliminating organic compounds rather than metals
and other inorganic contaminants [75].
Porous materials have interesting characteristics which make them suitable for adsorption
applications. An understanding of the porous adsorbents structures and properties and their
effects on adsorption performance is essential particularly for designing and selecting the
suitable adsorbents for specific applications such as water treatment.

Porous materials are very interesting from both scientific and technological point of view
since they can interact with atoms, ions and molecules at the surface and within the bulk of the
material. Therefore, they have found many applications in ion exchange, adsorption and
catalysis especially for environmental purposes. The pores of solids can be classified based on
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their sizes. Pore sizes below 2 nm are called micropores. The pores between 2 nm and 50 nm
are mesopores and those above 50 nm are considered as macropores. Fig. 2-1 illustrates micro,
meso and macropores in porous materials.
The ability of the porous materials in specific applications depends on the distribution of
the pore sizes as well as shapes and volume of the void spaces in the porous structure. Apart
from the pore size, the atoms in the solids are important regarding their applications. As an
example, molecular sieves including pure silica are hydrophobic and therefore they are capable
of adsorbing organic compounds from water. On the other hand, molecular sieves containing
aluminosilicate are hydrophilic and have the ability to adsorb water from organic solvents [76].

Fig. 2-1 Schematic illustration of pores [77]

Heteroatoms (atoms other than carbon) define the surface chemistry and chemical
characteristics of activated carbons. In particular, oxygen is considered an important heteroatom
that exists in the form of carboxylic acid groups, phenolic, hydroxyl groups and quinone
carbonyl groups [78-82]. The acidic nature of activated carbons is explained by the formation
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of carboxylic acid and phenolic hydroxyl groups [82]. The presence of π-electrons on the
condensed polyaromatic sheets is associated with the basic characteristics of activated carbons
[83, 84]. The reason for the formation of these electron rich Lewis base sites is due to the
removal of oxygen from the surface of activated carbon by heat treatment in an inert
atmosphere. The heat treatment results in elimination of acidic groups as well as other oxygen
containing functional groups which increase the basicity of activated carbons. This happens by
attracting and localizing π-electrons of condensed polyaromatic sheets [85]. The elimination of
oxygen from the surface of activated carbon helps the surface to become more basic and less
polar. This is very favourable for the adsorption of organic pollutants from aqueous solutions.
Heat treatment in an inert environment, removes oxygen containing functionalities from
activated carbon surface and leads to highly reactive sites [86]. Other studies have shown that
by increasing the oxygen or acidic functional groups, the adsorption of organic compounds on
activated carbon from aqueous solution decreases [87-90]. Studies have shown that water
molecules can be adsorbed on oxygen containing functional groups through hydrogen bonding
and then the additional water molecules cluster at these sites [80, 91-94]. The water clusters
prevent the pollutant access to hydrophobic areas on activated carbon, decreases the interaction
energy between contaminants and the surface of adsorbent and can block the contaminant
molecules to access the micropores [87-89, 94, 95]. Therefore, adsorbents having stable
hydrophobic surfaces perform much better in removal of organic pollutants from water.
However, adsorbents need to be hydrophilic enough in order to get wet by water to be useful
for water treatment [96].
2.4.1. Metal organic frameworks (MOFs)
Metal organic frameworks (MOFs) are emerging new functional porous materials with
interesting features such as high porosity, pore functionality and open metal sites. In
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comparison with inorganic microporous materials like zeolites, MOF structures have the
potential for more flexible design by controlling the functionalization of the pores [97, 98].
Therefore, MOFs have attracted particular attention as nanoporous materials due to designable
framework structures [99, 100]. Fig. 2-2 shows the molecular structure of MOFs.

Fig. 2-2 Molecular structures of some typical MOFs. (a) MOF-5, (b) Cu-BTC and (c) CPO-27
[101]

A MOF molecular structure includes metal atoms or a cluster of metal ions in combination
with an organic linker. The specific characteristics of MOFs is porosity. MOFs are similar to
zeolites in terms of analogy although zeolites are known to be purely inorganic materials. In
spite of the fact that MOFs and zeolites have some features in common like large internal
surface areas as well as uniform pore and cavity sizes, they are different in some important
aspects. For example, MOFs can be synthesized in greater variety compared with zeolites [102].
A large number of MOFs can be synthesized by a variety combinations of metal centers and
organic linkers to adjust surface area as well as pore size and surface functionality (Fig. 2-3)
[103].

37

Chapter 2. Literature review

Fig. 2-3 Flexible synthesis route of MOFs composed of metal nodes and organic linkers [104]

Due to their unique characteristics and enormous porosity, MOFs have drawn much
attention for many applications like adsorption in both gas and liquid [14, 98, 105, 106],
separation [107-110] and catalysis [111, 112]. MOFs are generally synthesized under
solvothermal or hydrothermal conditions but the recent research activities demonstrate that the
synthesis of these structures is possible at room temperature in aqueous solution [113].
Many of MOF materials are unstable in water or in humid air in which they are exposed to
water molecules. This is one of the major drawbacks in terms of their applications especially in
industry. For example, IRMOF-1 loses its structure when exposed to water molecules. The high
surface area IRMOF-1 converts to low surface area MOF-69c since water molecules can replace
carboxylic groups to coordinate with zinc centers [114]. Zeolitic imidazolate framework (ZIFs)
are considered to have the advantage of much higher water stability over MOFs.
2.4.2. Zeolitic imidazolate frameworks (ZIFs)
Zeolitic imidazolate frameworks (ZIFs) are a subcategory of MOFs which have permanent
porosity and due to comparatively high thermal and chemical stability have the potential for
development and modification [115, 116]. ZIFs are composed of metal atoms including Co, Cu,
Zinc, etc. which are linked by nitrogen atoms of imidazolate linkers. ZIFs and zeolites have
similar frameworks in which the T-O-T bridges with T being Si, P or Al, are substituted by M-
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Im-M bridges by M being Zn, Cu or Co with the same bond angle of 145 ̊ [117]. The structure
of ZIFs and zeolites are compared in Fig. 2-4.

Fig. 2-4 Structures of ZIFs and zeolites [118]

Different types of ZIF structures can be made by changing the metal ions as well as
imidazolate organic molecules [119]. Among the ZIF structures, ZIF-8 and ZIF-11 have shown
high exceptional thermal and chemical stability [118, 120, 121]. ZIF-8 is particularly interesting
owing to its exceptional thermal and chemical stability in organic solvents, aqueous alkaline
solutions and water [118]. This is attributed to the fact that imidazolate linkers are more basic
compared to the carboxylate linkers and this leads to stronger bonds between metal atoms and
ligands. The other reason for superior stability of ZIF-8 in comparison with other ZIFs is its
hydrophobicity [117].
ZIF-8 has the formula of Zn(2-methylimidazolate)2 with a sodalite-related zeolite structure
which consists of six membered ring pore window (0.34 nm) and much larger pore size of 1.14
nm [122]. ZIF-8 has interesting characteristics which make it important for adsorption
applications. First, it has high porosity and high surface area of 1300-1600 m2/g. The structures
of ZIF-8 are shown in Fig. 2-5.
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Fig. 2-5 The 3D molecular structures of ZIF-8 [118]

The chemical stability of ZIF-8 and ZIF-11 was investigated by immersing them in organic
solvents (benzene and methanol) for 1-7 days at ambient temperature, 50 ̊C and at the boiling
point of the solvents. These conditions were used to reflect the industrial chemical processes.
The result of the experiments revealed that the crystal structures of ZIF-8 and ZIF-11 were not
changed and they sustained their original structures. The experiment showed that both ZIF-8
and ZIF-11 maintained their structures even in water at 50 ̊C for 7 days. Nevertheless, ZIF-8
was the only material which was stable in boiling water and retained the original structure after
7 days while ZIF-11 structure was converted to another material after 3 days. Moreover, ZIF-8
was also stable in 0.1 and 8 M aqueous sodium hydroxide at 100 ̊C for up to 24 hours [118].
This proves the remarkable resistance of ZIF-8 among the metal organic framework solids. This
behaviour could be explained based on two reasons. In the first place, the hydrophobic nature
as well as surface structure of ZIFs repulses the water molecules. This prevents the water
molecules to attack the ZnN4 units and inhibits the framework from dissolution. In the second
place, the bond between imidazolate linker and Zn or Co atoms is very stable and strong. These
unique features result in higher stability of ZIF-8 framework compared with the other MOF
materials [118].
One major drawback about the usage of metal organic frameworks including ZIFs for
adsorptive removal of some contaminants especially dyes from water is the small pore size with
diameters in the micropore range. This results in the restriction of the amount of dye adsorption
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in the framework [123]. Therefore, it is required to consider some solutions to overcome this
obstacle. Some alternatives could be using approaches to increase the pore size and pore size
distribution such as introducing pores in mesoporous range. Other alternatives could be
producing some hybrid and composites with higher performance which can compensate for the
small pore size of the MOF materials.
2.4.3. Nanoporous carbons derived from MOFs
Nanostructured porous carbon materials are very interesting because of their unique
physical and chemical properties which makes them suitable to be used as sorbents in gas or
liquid adsorption, catalyst support, electrodes and fuel cells [124-126]. Since these materials
have affinity to organic contaminations, they have the potential to be used in environmental
applications such as adsorptive removal of hazardous contaminants [127, 128]. These porous
materials have high surface area and narrow pore size distribution as well as good thermal and
chemical stability. The nanoporous carbons are produced by carbonization or chemical vapor
deposition of carbon sources using the hard templates. They can also be made by carbonization
of polymeric carbon gels using an organic-organic soft templating method [99]. Metal organic
frameworks have been considered as alternative resources for the production of nanoporous
carbons since they have diverse structures, as well as large pore volumes and high surface areas.
Different kinds of MOFs including MOF-5, Al-PCP and ZIF-8 have been used to produce
nanoporous carbons and demonstrated suitable properties in applications such as gas
adsorption, sensing, catalysis and electrochemical capacitance [97, 99, 118, 129]. Since MOFs
have large amount of carbon content, they can be converted to nanoporous carbons through
direct carbonization without the need for any additional carbon source. Direct carbonization
method is an easy and one-step procedure and has been utilized to convert Al-PCP to
nanoporous carbon at 800 ̊C. The study showed the obtained nanoporous carbon had very large
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surface area of more than 5000 m2/g and the large pore volume of 4.3 cm3/g. It was concluded
that the carbonization temperature was very important to reach the desired high surface area as
well as large pore volume [130]. Fig. 2-6 illustrates the synthesis of nanoporous carbon derived
from ZIF-8 via direct carbonization.

Fig. 2-6 Direct carbonization of ZIF-8 to nanoporous carbon [131]

The performance of different kinds of materials in adsorption applications extremely
depends on the pore volume, pore size and pore structure. Some materials are resistant to
modifications such as hydrothermal carbonization and therefore the produced carbonaceous
network is non-porous exhibiting a low surface area. In particular, these materials lack microporosity which is an indication of high adsorption capacities. These materials need to be treated
by traditional activation methods to increase the specific surface area and improve the pore
volume. An example of these materials is crystalline cellulose and lignin of lignocellulosic
biomass which are very resistant to hydrothermal carbonization conditions [132]. The study by
Zhao et al. [133] shows that the pore volume and surface area of hydrothermally treated Dglucosamine was improved by employing traditional potassium hydroxide (KOH) activation
method. These kinds of studies show that many materials which undergo heat treatment and
carbonization cannot possess microporosity and high surface area after carbonization.
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However, metal organic frameworks have been used for producing nanoporous carbons by one
step and direct carbonization method without the need for further physical or chemical
activation. The resulting nanoporous carbons had high porosity and high surface area as well
as excellent performance in many applications particularly in water treatment. Moreover, most
of the traditional methods used for the production of activated carbons or improvements of the
pore volume and surface area of the adsorbents are multi-step and involve physical or chemical
activations including surface functionalization. These multi-step methods require harsh
temperatures as well as usage of harsh chemicals [134, 135].
High porosity is one of the characteristics of carbon materials. The pore structure in carbon
materials needs to be controlled for different applications. Different aspects should be
considered and controlled for the pore structures such as the amount and size of the pores as
well as homogeneity in pore size and morphology [136]. A variety of techniques and methods
have been utilized for creating pores and controlling the amount and size of the pores in carbon
materials. Most of these approaches do not include activation process. Activation process has
been employed for production of conventional activated carbon. Thus, since the activation
method is not used for developing carbon materials, the produced carbons are called by the
word “porous carbons” instead [136]. Pore structure in activated carbon and other carbon
materials are controlled mainly by the precursor as well as preparation conditions including
temperature, heating rate, residence time and atmosphere of carbonization process.
Direct carbonization is a very straight forward method for converting porous metal organic
frameworks to nanoporous carbons by keeping the original morphology at the same time and
making use of the original existed porous framework in the material matrix [137]. The
important point in direct carbonization of MOFs and ZIFs is that the porous framework already
exist and therefore there is no need for using a large amount of energy and harsh conditions for
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creating the pores in the carbon material. The MOF material is converted to carbon and the
original nano porous framework changes to a nano porous carbon framework. The pore size
and pore structure also can be controlled by the carbonization temperature. This highlights the
advantage of using metal organic framework as the source materials for producing nano porous
carbons especially since the expensive traditional multi-step and harsh conditions are not
required.
Michio [136] has reviewed different techniques for controlling the pore structures and the
selection of specific carbon source materials (precursors) from the view point of porosity and
the resultant carbons. Michio pointed out that the cost of the precursor would be an obstacle for
industrial applications. The management of the by-products such as fluorine compounds and
metal chlorides resulted from traditional activation and carbonization methods is an additional
cost which should be considered. Also it is not easy to get highly porous carbon materials from
any precursor. There are many precursors which do not give porous carbons in ordinary
conditions and extra physical and chemical steps are required to convert them to porous
carbons. For example, carbon foams can result in graphitized carbons but for creating
micropores some additional steps are required [136]. However, it is very easy to get highly
porous carbons from metal organic frameworks without the need for any additional complicated
steps or expensive chemicals. The reason is the presence of unique and interesting exceptionally
porous framework and large carbon content in MOFs and ZIFs which allows these materials to
be used as efficient precursors for porous carbons. This is in particular very important in terms
of costs for industrial applications.
Recently, Kim et al. [138] reported the direct carbonization of metal organic frameworks
containing zinc atoms. They found out that even the non-porous MOF materials could give
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highly nanoporous carbons. This is an interesting finding which shows the superior
characteristics and performance of MOF materials in comparison with other compounds.
2.4.4. Fly ash waste materials
Among the porous materials, fly ash is of particular interest due to its local availability and
low cost. Fly ash is a major solid waste which is produced from coal-firing power stations [139].
It is the waste product generated during the combustion of pulverized coal to generate
electricity. Fly ash particles are taken away by the flue gases and is typically removed from the
gas stream by utilizing electrostatic precipitators or bag filters to prevent the particles to enter
the atmosphere. This waste material is made up of organic and inorganic components. There
are a number of environmental risks in regard to fly ash disposal including air pollution, loss of
arable land and the contamination of ground water due to the leaching of toxic and nondegradable metals and other chemicals from the ash dumps [140].
The amount of coal waste (fly ash) obtained from factories and thermal power plants, has
been increasing in recent years and the disposal of large amount of fly ash has turned into a
serious environmental issue.
The most important characteristics of fly ash are the calcium content that provides
alkalinity in the system and increases pH to strongly alkaline values (roughly 12) and the
(SiO2+Al2O3+Fe2O3) content [59].
Fly ash has been used in many applications such as cementitious (concrete and cement)
products [141, 142]. It has been utilized widely in road construction, cement production and
zeolite synthesis [143, 144] and has been investigated for adsorption application in particular
removal of pollutants from water [57, 59, 64, 65, 68, 145-151].
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2.4.4.1 Physical and chemical properties of fly ash
The mineralogy, physical and chemical properties of coal fly ash depend on the nature and
properties of the parent coal and conditions under which they are produced. The composition
and properties of fly ash can also vary significantly depending on the boiler type and the gas
emission control system. These properties together determine the usefulness of fly ash in
different applications [152].
a) Physical properties
Coal fly ash contains very fine particles which have average diameter < 10 µm, aggregated
into spherical particles of 0.01-100 µm sizes which are hallow spheres (cenospheres) filled with
smaller amorphous particles or crystals (pelospheres). These cenospheres make fly ash particles
easily airborne. Due to the small size of fly ash particles, fly ash has a large specific surface
area which ranges from 2500 to 4000 cm2/g reported in literature [152]. Consequently, fly ash
has a high adsorption capacity. As a result, it could be used as a sorbent in air and water
treatment to remove contaminants like NOx, sulphur compounds and toluene vapours from air
and toxic metal ions like Cu, Pb, Cd, Ni, Zn, Cr, Hg and As, as well as inorganic anions such
as fluoride and boron from waste water [152].
b) Chemical properties
The chemical characteristics of coal fly ash mainly depend on geological factors related to
the coal deposits and on different operating conditions which are utilized at the power plants.
Hence, fly ash from every coal-fired plant has its own chemical characteristics. The main
components of fly ash are silica, alumina and iron oxides with varying amount of carbon,
calcium, magnesium and sulphur [152].
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2.4.4.2 Types of fly ash
Coal fly ashes (CFAs) are normally classified into two classes, i.e. class F produced from
anthracite, bituminous and sub-bituminous coals containing less than 7% CaO, and class C
which is obtained from lignite coal containing more liming material up to 30%. The pH of CFA
is in the range of 4.5 and 13.25 depending on the sulphur (S) and CaO contents of the coal
source. CFAs obtained from coals having large amount of anthracite which typically contain
high amount of sulphur are acidic while those produced from lignite which are usually lower in
sulphur and higher in calcium are alkaline [152].
2.4.4.3 Victorian brown coal fly ash
Every year, 50×109 kg of low rank brown coal is mined from the Latrobe Valley region of
Victoria for the production of electricity in four main generating complexes. These include the
Hazelwood (1600 MWe), Yallourn (1450 MWe), Loy Yang Power (2000 MWe) and Edison
Mission Energy facilities (1000 MWe, part of the Loy Yang complex). This results in the
production of over 550×106 kg of solid wastes per year, which is composed mostly of
precipitator (fly) ash, partially burnt coal particles (char), furnace (bottom) ash, salts, sand and
clay minerals. At present, the ash obtained in the power plants is mixed with water and
transported to an ash disposal pond in high water-to-ash ratio slurry. Nevertheless, the ash
disposal ponds have limited capacity and there are restrictions about the possibility of
expanding the storage capacity or establishing new facilities [153]. The constituents that form
ash in brown coal are mainly inorganic cations such as magnesium, sodium and calcium, which
convert into fly ash during the combustion process [154].
a) Victorian brown coal ash mineralogy and characterization
There are physical and chemical differences between the ashes produced at Loy Yang,
Hazelwood and Yallourn due to the change in coal properties between the sites and the
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difference in operation. The main minerals contributing to the ash formation that have been
identified in Latrobe Valley ashes include thenardite (Na2SO4), halite (NaCl), periclase (MgO),
haematite (Fe2O3), magnetite (Fe3O4), lime (CaO), anhydrite (CaSO4), alpha-quartz (α-SiO2),
alumina (Al2O3) and slight variations of calcium and magnesium species. Other minerals which
have been determined at the Hazelwood complex in ash pond include gypsum (CaSO4.2H2O)
and calcite (CaCO3, formed from exposure to carbon dioxide in the atmosphere) [153]. Table
2-2 shows the analysis of some Victorian coal fly ashes.
Table 2-2 Comparison of Latrobe Valley brown coal ashes in 2000 (wt%) [153]

Species

Loy Yang

Yallourn

Hazelwood

SiO2

60.4

1.4

6.6

Al2O3

13.3

2.1

1.8

Fe2O3

8.5

24.5

8.7

TiO2

1.7

0.1

0.2

K2 O

1.2

0.4

0.4

MgO

2.2

18

18.8

Na2O

2.1

11

4.5

CaO

1.0

12.3

28.4

SO3

3.4

21.7

15.6

Cl

<0.1

<0.1

3.4

There have been some detailed reports of trace metals in Latrobe Valley ashes. However,
due to the strong alkalinity of Latrobe Valley ash effluents, solubility of most metals in the
leachate is limited. It is worth noting that all power stations have a moderate to strongly alkaline
ash disposal system [153]. As mentioned above, the coal fly ash generated in power stations is
alkaline as a result of some soluble basic oxides such as CaO and MgO. Therefore, Coal fly ash
has potential to act as sinks for toxic metals due to the soluble basic oxides (CaO and MgO)
content [155].
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b) Weathered fly ash
Natural weathering occurs at coal power plants ash ponds through processes such as
carbonation, dissolution, co-precipitation and fluid transport mechanisms which are responsible
for long-term chemical, physical and geochemical changes in the ash. From mineralogical point
of view, fresh ash is made up of quartz, mullite, hematite (Fe2O3), magnetite (Fe3O4) and lime
while weathered and carbonated ashes are composed of additional phases such as calcite and
aragonite1 [156]. The huge amount of fly ash that is disposed cannot be separated from nature’s
weathering cycle since the fly ash dumps are exposed to ash disposal water, air and rainfall.
The weathering of fly ash results in changes in the physical, chemical and mineralogical
properties such as the formation of secondary mineral phases, decrease in the pH and electrical
conductivity of the pore water in fly ash and reduction of soluble salt content. Understanding
the changes in the chemical, physical, morphological properties and phase transformation of fly
ash is necessary in predicting the environmental impact associated with fly ash disposal [140].
Considering the fact that wreathing of fly ash is unavoidable, reusing the weathered fly ash
could be a sophisticated option to overcome the environmental issues related to these waste
materials.
2.4.4.4 The usage of fly ash waste materials in water treatment
Fly ash materials have been used for the removal of inorganic and organic pollutants such
as cesium, strontium, organic-basic, organic-acidic and organic reactive dyes [151, 157-160].
The acid-base properties of fly ash were found to be suitable for the removal of heavy metals
such as nickel, cadmium, chromium, lead, copper, mercury and zinc from industrial
wastewaters (e.g. electroplating and battery manufacture). The ionic bonding in the major

1

calcite and aragonite are two crystal forms of calcium carbonate (CaCO3)
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components of fly ash (Al2O3 and SiO2) causes electronegativity to attract polar molecules such
as phenols. This suggests a major reuse option for fly ash, since traditional disinfection of
industrial wastewaters by chlorination may produce chlorophenols if phenol is present in the
water [142]. Additionally, several studies reported that significant amounts of heavy metals
were removed from polluted solutions by adsorption on fly ash [161]. A lot of research work
has been done for effective removal of toxic metals [59, 60, 161-167] and organic materials
from aqueous solutions using fly ash [57, 59, 64, 65, 68, 145-151]. The most important
characteristics of fly ash are the calcium content that provides alkalinity in the system and
increases pH to strongly alkaline values (roughly 12) and the (SiO2+Al2O3+Fe2O3) content [59].
Fly ash has been used for adsorption application in particular for water and wastewater
treatment. Maria Visa et al. investigated the potential adsorption capacity of fly ash for
simultaneous adsorption of dyes and heavy metals. They proved that fly ash modified with
NaOH was capable of adsorbing both dyes and heavy metals [57, 168]. Moreover, many
researchers have studied the adsorption of heavy metals using fly ash [59, 60, 162, 163]. Some
researchers have tried to produce mesoporous fly ash by heat treatment for adsorption of heavy
metals [169].
2.4.5. General adsorption mechanisms regarding MOFs
The adsorption mechanisms on metal organic frameworks is similar to the general
adsorption mechanisms over the common traditional adsorbents except that MOFs have open
metal sites which might act as an extra adsorption mechanism. In this section the common
adsorption mechanisms are explained with specific focus on metal organic frameworks.
The adsorption process proceeds through various mechanisms including electrostatic
interactions, acid-base interactions, hydrogen bonding, π-π interactions and hydrophobic
interactions. It also possible that multiple interactions occur at the same time.
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The overview of different adsorption mechanism for the removal of hazardous pollutants
over metal organic framework is shown in Fig. 2-7.

Fig. 2-7 Various adsorption mechanisms for adsorption of contaminates over MOFs [170]

2.4.5.1 Electrostatic interactions
Electrostatic interactions is the most common pathway of adsorptive removal of
contaminants from water. The surface charge of an adsorbent exists at the interface when the
adsorbent comes into contact with a polar environment such as water. The surface charge of the
adsorbents can change with pH in water [170]. Haque and co-workers [171] studied the
adsorption of methyl orange (anionic dye) over Chromium based MOFs, MIL-101-Cr and MIL53-Cr. It was observed that MIL-101-Cr had better adsorption performance compared with
MIL-53-Cr which shows the porosity and pore size distribution play a very important role in
adsorption. Nevertheless, by functionalizing MIL-101-Cr through grafting by ethylene diamine
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(ED) and then protonating ED (resulting in PED), higher adsorption capacity was observed
despite the slight reduction of porosity and pore size after grafting. The reason for greater
adsorption was due to inducing positive charge into the adsorbent material which increases the
capability of adsorbent for uptaking negatively charged molecules like methyl orange. Methyl
orange has a molecular structure in the sulfate form and it can interact and bond with positively
charged adsorbents. The schematic of electrostatic interaction is shown in Fig. 2-8 which shows
the adsorption performance sequence as MIL-101-Cr < ED-MIL-101-Cr < PED-MIL-101-Cr
[171].

Fig. 2-8 Electrostatic interaction between methyl orange and adsorbent (MIL-101) [171]

In another study by Lin et al. [172] the adsorption of methylene blue on Cu-BTC was
investigated. It was reported that pH of the solution had significant effect on the electrostatic
interactions between the methylene blue molecules and adsorbent. It was shown that increasing
the pH above the point of zero charge (pH at which the surface charge of the adsorbent is zero)
resulted in introducing negative charges on the adsorbent. This increase in the surface negative
charge, produced a favourable electrostatic interactions between negatively charged Cu-BTC
and positively charged MB molecules leading to higher adsorption capacity.
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2.4.5.2 Hydrogen bonding
Hydrogen bonding is another adsorption mechanism which happens in the adsorption of
pollutants particularly for organic compounds on the adsorbents. The adsorption of phenol and
p-nitrophenol (PNP) on different metal organic framework materials (MIL-100-Fe, Cr and
NH2-MIL-101-Al) from water has been investigated and the results showed low adsorption
capacity of these MOFs for adsorption of phenol. However, NH2-MIL-101-Al exhibited very
high adsorption performance of PNP with 4.3 and 1.9 times higher than capacities of MIL-100Fe and MIL-100-Cr, respectively [173]. This high affinity of NH2-MIL-101-Al towards PNP
was addressed to the hydrogen bonding between PNP and the amino groups in NH2-MIL-101Al as illustrated in Fig. 2-9.

Fig. 2-9 Adsorption mechanism of PNP on NH2-MIL-101-Al through hydrogen bonding [173]

2.4.5.3 Acid base interaction
Although acid-base interaction mechanism is not observed very often in adsorption of
contaminants form water, there are some studies reporting this mechanism. For example, Khan
et el. [174] studied the adsorption of phthalic acid (H2-PA) from aqueous solution on ZIF-8 and
different MOFs such as MIL-53-Cr, MIL100-Cr, NH2-MIL-100-Cr, UiO-66 and NH2-UiO-66.
The results of the study revealed the MOF adsorbents functionalized with –NH2 functional
group showed higher adsorption for H2-PA especially at low pH compared with MOFs without
amino groups. It is worth noting that H2-PA did not deprotonate at low pH. Therefore, acid-
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base interactions between the basic sites (𝑁 − functions of ZIF-8 or −𝑁𝐻2 of amino groups in
MOFs) and acidic phthalic acid molecule becomes the main parameter affecting the adsorption
[170, 174] as shown in Fig. 2-10.

Fig. 2-10 Adsorption mechanism of phthalic acid over MOFs [174]

2.4.5.4 Effect of metal in the framework of MOFs
There are a few reports regarding the influence of metal ions in MOFs for dye adsorption
from aqueous media. For instance, Tong and co-workers [175] reported the adsorption of MO
and MB dyes on MIL-100-Fe and MIL-100-Cr. They observed that despite having similar
surface areas and pore volumes, these two adsorbents show different behaviour for adsorption
of dyes. MIL-100-Fe exhibited much higher adsorption capacity in comparison with MIL-100Cr which was attributed to the greater bonding energy of water molecules with metal centers of
MIL-100-Cr. This results in competitive adsorption of MO and water and the adsorption of
water restricts the cages of MIL-100-Cr for adsorption of MO. However, for the adsorption of
methylene blue, both MOF materials exhibited high adsorption due to electrostatic interactions
between positively charged MB and negatively charged MOF materials.
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2.4.5.5 π-π interactions
This mechanism is mostly observed for the removal of aromatic compounds from water.
Qin et al. [176] reported adsorption of bisphenol-A (BPA) on MIL-101-Cr and MIL-100-Fe. It
was shown MIL-101-Cr exhibited the highest adsorption capacity for BPA and it was suggested
that the π-π interactions between the benzene rings of bisphenol-A and MIL-101 was the main
adsorption mechanism in addition to partial hydrogen bonding. Other studies have reported this
π-π interactions as the main adsorption mechanism for the adsorptive removal of malachite
green using MIL-100-Fe [177] and for the adsorption of bisphenol-A on MIL-53 [178].
2.4.5.6 Hydrophobic interactions
This mechanism usually occurs for the adsorption of organic molecules from aqueous
solution. Metal organic frameworks have been utilized for oil spilled clean-up as well as
demusification of oil droplets. Yang et al. [179] investigated the fluoros MOF (FMOF-1) for
oil spill clean-up. This MOF material is highly hydrophobic which is due to the perfluorinated
inner surface. This hydrophobicity leads to hydrophobic interactions between FMOF-1 and the
non-polar hydrocarbon adsorbates.
Lin et al. [180] also reported adsorption of soybean oil and demusification of oil droplets
from water and the mechanism was attributed to the hydrophobic interaction as well as
electrostatic interactions as it is shown in Fig. 2-11.
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Fig. 2-11 Mechanisms of oil removal by ZIF-8 adsorbent [180]

2.4.6. Adsorptive removal of organic pollutants from water
Soluble and insoluble organic contaminants can be eliminated by adsorption technique.
Adsorption has been used to remove many different organic pollutants from contaminated
waters. The organic pollutants can be hydrocarbons, oils, dyes, pharmaceuticals, detergents,
fertilizers, pesticides etc. Organic contaminants have general characteristics including the
presence of cyclic aromatic or aliphatic rings as well as halogen substitutions which is typically
chlorine [181]. Oil droplets and dyes are among the most important organic pollutants to be
removed from the bodies of water. The adsorption of these organic contaminants have been in
the focus of many researchers and different porous materials have been investigated for
adsorptive removal of oils and dyes including activated carbons, different nanoporous carbons
from a variety of sources like metal organic frameworks, MOFs and ZIFs, natural and low cost
adsorbents like fly ash waste materials.
2.4.6.1 Adsorption of organic contaminants from water using MOFs
A variety of modified and unmodified MOFs have been investigated for the removal of
different kinds of organic compounds from water. The important parameters affecting the
adsorption over metal organic framework adsorbents are including the pore structure, open
metal sites and charge interaction between the adsorbate and adsorbent [14]. MIL-100 (Fe) and
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MIL-101 (Cr) were studied for the removal of naproxen and clofibric acid. The study showed
these adsorbents can effectively uptake the organic contaminants from water and exhibited
superior capacity compared with activated carbon [182].
In a recent work, Jinag and co-workers [122] studied the adsorption of benzotriazoles on
ZIF-8 and found out the adsorption is very fast and high adsorption of capacity of the pollutant
compounds was achieved. Nazmul and co-workers [174] also reported the removal of phthalic
acid and diethyl phthalate from water using ZIF-8. It was revealed that ZIF-8 adsorbs phthalic
acid significantly. This high adsorption uptake was attributed to electrostatic interaction
between ZIF-8 (having a positively charged surface) and negatively charged phthalic acid
molecules at high pH. Also it was explained that another possible reason could be addressed to
the acid-base interactions between the basic sites (N- functional groups) and OH group of the
imidazolate ring of ZIF-8.
MIL-100 (Fe) was reported for the adsorption of malachite green (MG) and it was found
that the open metal sites were the active species for interaction with malachite green because
of the interaction between the Lewis base-N(CH3)2 in MG and Lewis acid of MIL-100(Fe). It
was also proposed that the π-π interaction between the benzene rings in MG and MIL-100(Fe)
is effective in the adsorption process [177]. A hierarchically mesostructured MIL-101(Cr) was
synthesized by cetyltrimethylammonium bromide (CTAB) as a surfactant and it was shown that
the prepared material adsorbed methylene blue dye quickly [183]. Haque et al. studied the
adsorption of methylene blue and methyl orange by MOF-235. The adsorption capacities were
reported as 187 and 477 mg/g for MB and MO uptake respectively [184]. Recently, Lin and
Chang [185] investigated the adsorption properties of ZIF-67 for the adsorption of malachite
green (MG) from water. Their study showed ZIF-67 had the ultrahigh adsorption capacity of
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2430 mg/g for MG removal. They suggested the high sorption capacity was probably due to ππ interactions between MG and ZIF-67.
Hydrophobic metal organic frameworks also have been used for oil spill clean-up. Yang
et al. [179] investigated the oil sorption properties of the fluorous MOF (FMOF-1 constructed
from silver (1) 3,5-bis(trifluoromethyl)-1,2,4-triazolate) to remove oil spill from the surface of
water. This MOF is exceptionally hydrophobic due to perfluorinated inner surface. Another
study shows that soybean oil droplets can be removed from the water surface using Cu-BTC
metal organic framework. The high adsorption was addressed to the interactions the soybean
oil and benzene rings in Cu-BTC [186]. Another study by Lin et al. [180] reveals the oil sorption
capability of ZIF-8 for demusification of oil-in-water emulsions. The results of their
investigations shows that ZIF-8 is a promising adsorbent for removal of emulsified oil droplets
from water.
2.4.6.2 Adsorption of organic pollutants from water by nanoporous carbons
Nanoporous carbon from different sources have been investigated for the removal of
organic compounds including dyes from water. Sangjin et al. [187] developed a nanoporous
carbon material using silica sol particles as templates which exhibited faster and greater
adsorption of humic acid molecules compared with commercial activated carbons. Also Susan
and co-workers [188] investigated the adsorption properties and porous characteristics of
activated carbons and activated carbon/poly vinyl alcohol composites for the removal of
cationic and anionic dyes. They reported that the interaction of dyes with porous activated
carbons depends on two factors. First, the interaction is associated with the properties of dyes
such as molecular size, charge sign and value as well as the symmetry of molecule. Second, it
is related to the nature of the carbon surface as well as structural and textural characteristics.
Nitrogen, oxygen and hydrogen atoms provide dispersion, electrostatic and hydrogen bonding
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of adsorption complexes to heterogeneous surface of carbon materials [189-191]. These
bonding depend on the properties of the solvent molecules [192, 193].
Ghaedi et al. [194] reported the synthesis of activated carbon loaded with silver nano
particles which showed the adsorption capacity of 34.5 mg/g for the removal of methylene blue
form water.
Faria et al. [195] investigated the adsorption of anionic and cationic dyes on activated
carbons and reported that the adsorption of reactive and acid dyes is associated with the surface
basicity of adsorbents. They revealed that the interaction between oxygen free Lewis basic sites
and the free electron of dye molecules in addition to the electrostatic interactions between the
protonated sites and anions play the main role in adsorption mechanism.
Activated carbon has been widely used for the removal of organic pollutants especially
dyes from water [49, 73, 196-198]. For example, Hameed and Daud [199] studied the
adsorption of a basic dye on activated carbon derived from agricultural waste. The activated
carbon showed maximum adsorption capacity of 227.27 mg/g. In spite of the usefulness of
activated carbon as an effective adsorbent for heavy metals, the high cost of activated carbon
and the difficulty of its regeneration has limited its more predominant use.
However, there are very few reports in literature addressing the adsorption of organic
contaminants including dyes over nanoporous carbon derived from metal organic framework
materials. Torad and co-workers [127] synthesized a magnetic nanoporous carbon metal
organic framework without the usage of any extra precursor by one step carbonization for the
removal of methylene blue from water. In their study, the metal organic framework ZIF-67 was
carbonized at 600 and 800 ̊C and showed high adsorption capacity of 302.1 and 502.5 mg/g for
MB removal respectively. However, higher temperatures were not investigated in this work.
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Xiao et al. [200] synthesized magnetic porous carbons from MIL-100(Fe) using a second
precursor of furfuryl alcohol via microwave-enhanced high temperature ionothermal method.
The resulting magnetic carbon exhibited adsorption capacity of 303.95 mg/g for the removal of
methylene blue form aqueous solution. This synthesis method required an expensive
microwave irradiation along with the usage of an extra carbon precursor. In another study by
Caina and co-workers [201] a nanoporous carbon was produced from MOF-5 and the magnetic
property was introduced using chemical co-precipitation of iron ions on the resulting
nanoporous carbon. The resulting magnetic porous carbon showed the maximum adsorption
capacity of 292.4 mg/g. Recent works have been done for carbonization of ZIF-8 at 800 ̊C [202]
and the porous carbon showed low adsorption capacities of 59 mg/g for the adsorption of
methylene blue form water. Furthermore, in this work higher temperatures were not tested.
Therefore, it seems in literature, temperatures higher than 800 ̊C have not been tried and the
effect of temperatures on adsorption capacity as well as textural properties of MOF adsorbents
has not been investigated.
2.4.6.3 Adsorption of pollutants by low cost fly ash wastes
Coal fly ash has been extensively investigated for the adsorption of organic pollutants
especially dyes as well as heavy metals from water [141, 158, 203, 204]. However, most of the
fly ash reported in literature have low surface areas and exhibit low adsorption capacities for
the removal of water contaminants. Adsorption performance of fly ash highly depends on the
characteristics of the original coal and the treatment method used for the activation. Generally,
raw fly ash has low adsorption capacity and modification of fly ash would enhance its
adsorption capacity [141]. Moreover, elemental chemical composition of fly ash is highly
variable. The variability is directly related to the source of the coal, its pre-treatment, and the
operation of the plant burning the coal [205]. The majority of fly ash reported so far for the
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adsorption of pollutants have low lime content which is not suitable for neutralizing acidic
wastewaters. Furthermore, majority of these fly ash materials do not show any magnetic
properties.
Victorian brown coal fly ash has unique physicochemical properties such as high surface
area, porous framework, high lime content and magnetic properties which is quite different
from other coal fly ashes and makes it an interesting adsorbent for a variety of applications such
as water treatment especially neutralizing acidic mining wastewaters. There is no report in the
literature regarding the characteristics and adsorption properties of Victorian brown coal fly ash
in adsorptive removal of contaminants from water. Therefore, it is very essential to explore the
adsorptive properties of this locally available, abundant and free waste material for further
practical applications. It is worth noting that the weathering process is a low cost modification
method which could be utilized for modifying the textural and adsorption properties of fly ash.
The current literature lacks the investigation about the effect of weathering on physicochemical
and adsorption properties of fly ash materials. Therefore, to make use of this local waste
material, it is important to investigate the applicability of Victorian brown coal fly ash for water
treatment purposes.

Shaping metal organic framework powders into macroscopic bodies is of great importance
especially in regard to practical applications such as adsorption, separation and catalysis [206208]. The resulting shaped MOFs need to have good properties such as high porosity and
surface area, crystallinity and suitable performance similar to the original MOF powder [209].
Therefore, it is very important to select an appropriate shaping method which is simple and
effective and at the same time preserves the MOF’s unique characteristics. Some common
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techniques for preparation of the shaped catalysts and adsorbents are pressing, extrusion,
granulation and spray drying as well as casting and coating can also be employed for preparing
the shaped MOFs in the forms of monoliths, granules, pellets and tablets [210-212]. But the
challenge is that the prepared shaped MOFs need to have enough mechanical and chemical
stability with the original powder’s characteristics and properties.
For shaping the porous materials, a general methodology is to mix the porous powder with
inorganic and organic additives, shape the powder to the required form and finally eliminating
the additives by thermal treatment to obtain a mechanically strong framework [213].
Nevertheless, most of metal organic frameworks suffer from poor mechanical robustness under
high pressure conditions as it is reported in Table 2-3.
Table 2-3 Mechanical strength of MOFs, zeolites and ceramics [213]

MOF

Hardness/shear stability
(GPa)

Mechanical strength

ZIFs(Zn)

0.2-1.1

Weak

ZIF-8(Zn)

0.94-1.4

Weak

MOF-5(Zn)

1.16

Weak

HKUST(Cu)

1.04

Weak

UiO-67(Zr)

5.69

Medium

UiO-68(Zr)

4.18

Medium

UiO-66(Zr)

13.75

High

Zeolites

1-10

Medium to high

Ceramics

>10

High

Therefore, exposing MOF materials to pressures can often result in a collapse of their pore
structures or amorphization which is significant loss of their crystallinity. Moreover, MOF
materials are not thermally stable at high temperatures, therefore, they cannot be exposed to
high temperatures for the removal of the additives and binders [214].
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Copper (II)-benzene-1,3,5-tricarboxylate (Cu-BTC) in the form of spherical granules has
been prepared by granulation shaping method. The Cu-BTC spheres were obtained with the
size range of between 1 and 3 mm [215]. Also, Zr-MOF powders have been shaped into spheres
with diameters of 0.5-15 mm with the usage of sucrose as a binder [216]. However, the ZrMOF spheres showed 50% decrease in the BET surface area and pore volume which was
probably due to pore blocking with the binder molecules. Therefore, with the granulation
method we cannot get spheres with equal sizes or appropriate properties. In shaping MOF
powders, it is very important to get spheres with equal and uniform size in terms of practical
applications.
Moreover, for preparing MOF shapes with granulation process, many parameters must be
controlled regarding the formulation as well as the equipment. The reason for this can be
addressed to the limitation of granulation method which is due to the balance of collision stress
applied to granules relative to the fracture stress of MOF materials. MOF granules take the
collision stress and this results in agglomeration or breakage of spheres [213]. Thus, granulation
cannot be a good option for shaping MOF materials especially for practical applications.
Spray drying is another method for producing MOF bodies for industrial products such as
catalysts and adsorbents. This method can be utilized for the production of small particles in
micrometre range to large particles in millimetre range. However, the millimetre-sized droplets
might not be free-flowing because of the existence of large particles or powders [213].
Additives and binders are added to the feed liquid in this process which may cause problems
during the process since they increase the viscosity of suspensions. Also, the interaction
between the additives and MOF materials is very complicated and therefore the general design
rules do not apply. The use of spray drying technology for shaping MOFs is more complex
compared with other common materials [213]. Hence, this method cannot be considered as a
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simple and straight forward approach since many complicated procedures and controlling
parameters need to be applied.
Extrusion is another technique which has been used for shaping MOF powders. Crawford
et al. [217] have utilized extrusion method to shape Cu-BTC into monoliths with millimetre
sizes. The problem with this method is that the formed bodies are not uniform and not resistant
to abrasion in comparison with pressed shapes. The mixture paste (mixture of MOF, additive
and solvent) must have special characteristics including plasticity to enable the paste to be
extruded and at the same time, exhibit cohesion to avoid creation of surface and bulk defects
[213].
Pressing strategy includes compressing and pelleting the powders. The resulting pellets or
tablets have high mechanical strength. For pressing MOF materials, the quality of pellets
depends on the mechanical property of MOF powders. The deformation characteristics of MOF
powders have a significant effect on the pressing process. It is noteworthy that the main factor
which controls the properties of the resulting shaped bodies (pellets) is the response of MOF
material to the pressure [218-220]. The problem with this method is that the crystalline structure
of MOF changes after pressing and it gets close to an amorphous structure. Tagliabue et al.
[221] investigated the adsorption performance of CPO-27(Ni) pellets without the usage of
binder. Their study revealed that after pressing the sample at 1 GPa, the color of sample changes
from yellow to dark brown. It was shown that the crystalline structure was lost which was due
to breakdown of the MOF structure.
Bazer-Bachi et al. [222] prepared tablets of several MOFs and ZIF-8 using direct
compression and investigated the impact of compression on gas adsorption and catalytic
properties of MOF materials. Nevertheless, the results of the study showed these materials
undergo amorphization depending on the amount of pressure applied and the nature of material.
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Therefore, since this method affects the crystallinity of these materials, the properties and
performances of MOFs may be affected and hence this is not a suitable approach. In particular,
since only very few MOFs such as NH2-MIL-53(In) show amorphization resistance [223, 224],
the direct compression cannot be considered a general and universal strategy for shaping MOFs.
Other strategies include in situ growth of MOFs on porous substrates such as silica and aerogel
using methods like seeding growth and layer by layer deposition [225, 226] which requires
several steps.
2.5.1. Phase inversion
Phase inversion method was first developed by Loeb and Sourirajan [227] in 1960s for the
production of asymmetric reverse osmosis membranes. The formation of membrane through
phase inversion method can be summarized as a three component system with usage of nonsolvent, solvent and polymer. During the phase inversion process, a polymeric solution comes
into contact with a non-solvent such as water. The non-solvent diffuses into the polymer while
the solvent diffuses into the non-solvent bath. Since the diffusion coefficient of polymer is much
lower, the movement of the polymer molecules would be restricted to short distances [228].
The exchange of the solvent and non-solvent during phase inversion results in changes in the
stability of polymer solution. The polymer solution stability state changes from
thermodynamically stable to a metastable or unstable. The liquid-liquid demixing occurs in
solution. The solvent is replaced by non-solvent and this leads to the solidification of polymer
phase which eventually results in the formation of asymmetric membrane structure [229].
Porous membranes via phase inversion method can be synthesized almost from any
polymer which is soluble in a suitable solvent and can be precipitated in a non-solvent. By
changing different parameters such as polymer concentration, the precipitation medium and the
temperature of precipitation, porous membrane with a wide range of pore sizes in the range of
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0.1 to more than 20 μm with different chemical and mechanical properties can be prepared.
Nowadays, phase inversion is considered the most important technique for producing porous
structures. Porous phase inversion membranes typically show a high affinity for adsorption due
to their extremely large internal surface. Therefore, the porous structures prepared by phase
inversion method are specifically appropriate for complete removal of pollutants such as viruses
and bacteria [229].
Fig. 2-12 illustrates the schematic and mechanism of phase inversion process and the cross
section structure of hollow fiber membranes produced using this method by Jianfeng et al [230].
A polymer solution is pumped through the spinneret into the water bath and the hollow fiber
membrane is formed in the coagulation bath by phase inversion. The cross section SEM images
illustrates how a porous framework is formed during the solvent exchange and solvent/nonsolvent diffusion.
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Fig. 2-12 Schematic of phase inversion process for hollow fiber membrane using a syringe tip (a),
formation mechanism of hollow fiber membrane (b) and SEM images of cross section of polysulfone
hollow fiber membranes (c and d) [230]

2.5.2. Formation of beads via phase inversion technique
Phase inversion method can also be employed for producing spheres and beads for many
applications in particular adsorption. The mechanism and principles of beads formation using
phase inversion technique is similar to that of hollow fiber membrane formation. To prepare
the beads, the spinneret is placed above the non-solvent (water) bath with specified air gap
which allows the polymer solution to fall into the bath with a suitable gravity. The polymer
droplets resulting from the syringe, solidify as soon as they touch the non-solvent (water) and
sink to the bottom of water bath. The beads/spheres prepared this way have similar structures
to the hollow fiber membranes. The top of the spheres consists of a thin dense layer while the
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inside shows a porous structure. The structure of membranes and spheres are affected by
different parameters including choice of polymer, selection of solvent and non-solvent,
gelation, crystallization behaviour of polymer, location of the demixing gap and temperature of
the bath. Changing one or more of these factors can result in a various membrane/sphere
structure from very open porous form to a very dense nonporous framework structure [231].
In case of preparation of spheres using this strategy, density and viscosity of polymer
solution also play an important role in controlling the shape of beads. Density and viscosity of
the polymer solution depends on the choice and the ratio of polymer/solvent. If the viscosity is
high, the resulting beads have elongated shapes (instead of spheres) in contact with non-solvent
(water) bath. Then the porosity of the spheres structure will be influenced as well which in fact
results in different performance and behaviour of spheres for adsorption and separation.
Another important factor which affects the shape, structure and performance of the spheres
is the air gap (distance) between the syringe tip and the surface of water. A long distance results
in generation of defects resulting from gravity and elongational stresses [232]. There are some
studies about the effect of air gap on the fabrication of hollow fiber membranes [233-235].
Widjojo et al. [235] reported that the number of inward-pointed macrovoids increases as the air
gap distance increases and at the same time the number of outward-pointed macrovoids
decreases.
The spinneret annulus gap (syringe tip size) is another factor affecting the shape,
morphology and behaviour of the spheres. Widjojo and co-workers [235] pointed out that by
changing the annulus gap from 0.05 to 0.25 mm, the inward-pointed macrovoids are created
marginally with an increase in annulus gap. However, with larger spinneret annulus from 0.35
to 0.55 mm, both inward and outward-pointed macrovoids are created.
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In summary, adsorption has many advantages over other traditional water treatment
methods since it provides an easy to operate, environmentally friendly and energy efficient
alternative approach for the removal of hazardous contaminants from waste waters. Porous
materials have interesting characteristics such as high porosity and high surface areas for many
applications specifically in adsorption and water treatment. ZIFs are particularly interesting for
adsorption applications because of high porosity and large carbon content. The review of the
recent research shed some light on the progress achieved in the area of adsorptive removal of
different contaminants from water by MOFs and ZIFs.
Nevertheless, there are still challenges regarding the application of these materials for
adsorption. One challenge could be addressed to the fact that MOFs and ZIFs are generally
prepared as powders which are not suitable for many practical applications including adsorption
and catalysis. Therefore, shaping these materials is required for easy handling and recycling.
There are many strategies for shaping MOF powders. However, there are many issues in regard
to the mechanical stability of the shaped bodies obtained by these techniques including the lack
of mechanical stability and loss of crystallinity. Therefore, a novel low cost and efficient
method needs to be developed and investigated. The new method needs to be efficient enough
to maintain the high surface area of the adsorbent while preserving its crystallinity, robustness
and stability. Different strategies for shaping MOF powders were critically discussed and the
suitable and novel phase inversion method was introduced.
Another challenge was discussed based on the limitation of ZIF-8 in adsorption of large
molecules such as dyes in liquid medium due to the very small pores. This issue could be
resolved by some modifications such as heat treatment (carbonization). The presence of unique
and interesting exceptionally porous framework and large carbon content in MOFs and ZIFs
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allows these materials to be used as efficient precursors for porous carbons. The pore size
distribution and pore structure can be controlled by the carbonization temperature. The current
literature lacks a mechanistic study about the adsorption of pollutants on nanoporous carbons
derived from MOFs and ZIFs. In addition, the effect of temperature on their adsorption
properties has not been explored.
Among various porous materials, fly ash wastes provide free and locally available
materials which can be utilized as adsorbents for adsorptive removal of pollutants from water.
Victorian brown coal fly ash has unique characteristics such as magnetic and alkaline properties
as well as a porous framework featuring a unique mineralogy which makes this material very
promising for neutralizing and treatment of acidic wastewaters containing heavy metals. These
characteristics need to be identified and analysed for utilization in different applications.
To address the above-mentioned challenges, the new approaches need to be fast, highly
reproducible and economically and environmentally viable. The study of the textural and
performance change of the adsorbents under these new approaches will help us to understand
and analyse the adsorptive behaviour of materials for the successful selection of porous
adsorbents and modifying/processing techniques for future adsorption applications specifically
in water treatment.
Therefore, the objectives of my PhD research was designed to investigate the adsorption
properties of the porous materials including ZIF-8 and fly ash wastes. Firstly, an efficient phase
inversion method is utilized to shape ZIF-8 powder into beads and their characteristics and oil
sorption properties are investigated. Secondly, ZIF-8 undergoes direct carbonization to
investigate effect of temperature on its characteristics and adsorption properties for water
treatment. The kinetics and mechanisms are further investigated extensively to provide a
comprehensive study in this regard to fill the current gap in literature. Next, the nanoporous
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carbons are magnetized by wet impregnation for the purpose of easy handling and recycling.
Effect of re-carbonization on properties of magnetic carbonized ZIF-8 is investigated as well.
Finally, the textural and adsorptive properties of Victorian brown coal fly ash is explored and
effect of weathering modification on characteristics and adsorption properties are identified.
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Simple fabrication of zeolitic
imidazolate framework ZIF-8/polymer
composite beads by phase inversion
method for efficient oil sorption

In this chapter, the phase inversion technique was utilized to shape ZIF-8 powder for
efficient sorption of oils and organic compounds from water. ZIF-8 with different loadings were
added to polymer (PES) and effect of loading on the characteristics and performance of the
beads was investigated. The composite beads exhibited very low bulk densities and high oil
sorption capacities. The prepared ZIF-8/PES beads were very easy to handle and recycle which
shows their advantage compared with ZIF-8 powder in adsorption applications. The outcomes
of this study showed that ZIF-8 could be shaped using this technique while preserving its
crystallinity and high surface area which is essential in practical applications. This study sheds
light on the universal applicability of phase inversion method for preparing spheres and beads
for a variety of applications especially adsorption.
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This chapter has been formatted from the following published manuscript (Copyright
reference number: 4071160823459, Elsevier).
Z.Abbasi, E. Shamsaei, X.-Y. Fang, B. Ladewig, H. Wang, Simple Fabrication of ZIF-8
Composite Beads by Phase Inversion Method for Efficient Oil Sorption. J. Colloid Interface
Sci. 2017, 493, 150-161.

Oil spillage and industrial organic pollution have become serious environmental issues
around the world which pose threats to human health as well as the ecosystem [1-4]. Oil
contamination can result in the increase of biochemical oxygen demand (BOD) and chemical
oxygen demand (COD) causing serious environmental hazards [5]. As a result, great attention
has been paid to the development of efficient and cost-effective approaches to cleaning up oil
spillage, especially where it occurs in water bodies [3].
Among the various different approaches, adsorption has the advantage of being simple and
cost effective with the ability of removing different types of contaminants form water [6].
Natural adsorbents such as activated carbon [7] and natural zeolites [8] have been shown to be
somewhat effective in oil removal. Although these natural sorbents have the advantage of being
economic, they have the limitation of low oil sorption capacity, low hydrophobicity and poor
buoyancy [9]. Therefore, many efforts have been made to tackle the issue of oil spillage
pollution by developing efficient adsorbents like microporous polymers [10-12], carbonnanotube (CNT) [13], graphene [1] as well as carbon soot sponge [2], graphene aerogel [14]
and macroporous carbon nanofiber film [15]. A universal and consistent drawback of these
materials is their complex synthesis procedures and they usually require surface modification
before oil adsorption which restricts their practical applications. For example, in the synthesis
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of spongy graphene, it is required to prepare graphene oxide by oxidizing expandable graphite
under 98 wt. % sulphuric acid and potassium permanganate solution at 98 ̊C [1] which is very
dangerous. In addition, for preparation of carbon nanofiber oil sorbent, the coating of the
material by polydimethylsiloxane is needed prior to application in oil adsorption [16].
Different kinds of monodisperse composite spheres have been employed in separation
[17], drug delivery [18] catalysis [19] as well as adsorption [20] due to their high surface area
and porous structure. However, millimetre sized spheres and beads are much easier to handle
and recover compared with smaller scale (like nano scale) spheres. To date, there have been
several attempts to produce beads and spheres using different techniques. For example, a
templating technique involving high internal phase emulsions (HIPEs) has been developed for
producing monodisperse emulsion-templated polymer beads via sedimentation polymerization.
Nevertheless, this technique has a number of limitations including utilization of alkoxide
precursors which are highly reactive to water and should be separated before formation of oilin-water emulsion. Moreover, it is likely that the emulsion converts to gel before the injection
process is completed [21]. In addition, this method includes several steps like immersion of
polymer bead scaffolds into inorganic precursor, filtration, gelation and calcination. These steps
make the process complicated and time consuming. Therefore, since the existing preparation
methods are very complicated, an easy and straight forward method was established to prepare
millimetre-sized beads.
Phase inversion is a common method for preparation of asymmetric membranes. This
method has been utilized in our group to synthesize porous hollow fiber membrane [22],
nanocomposite ultrafiltration membrane [23], hollow carbon beads for oil sorption [24], and
zeolitic imidazolate framework ZIF-8 polymer spheres for gas adsorption [25].
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Metal organic frame works (MOFs) are a group of porous materials composed of a metal
ion or a cluster of metal ions and an organic molecule which is called a linker. MOFs have high
porosity and open metal sites which makes them suitable for different applications specifically
for adsorptive removal of contaminates from water [26]. Zeolitic imidazolate frameworks
(ZIFs) are a category of MOF materials which exhibit satisfying chemical and thermal stability.
ZIF-8 is one of the most studied ZIF materials with the formula of Zn(2-methylimidazole)2 with
a sodalite zeolitic structure. ZIF-8 has pore size of 1.1 nm and accessible pore window of 0.34
nm which has been investigated for a variety of applications such as adsorption, separation and
catalytic applications [27-30]. Furthermore, ZIF-8 has been extensively studied for the
adsorptive removal of pollutants from water [27, 31-35] since it is amongst the most stable
metal organic frameworks. Recently, ZIF-8 particles in the form of powder have been utilized
for adsorption of oil droplets from water [36].
Metal organic frameworks are generally prepared as powders which are not suitable for
many practical applications including adsorption and catalysis. Therefore, shaping these
materials is required for easy handling and recycling [37]. HKUST-1 MOF has been shaped as
beads by coating onto polymer and oxide composite beads [37]. SIM-1 (an isostructural to ZIF8) was coated on spherical alumina beads [38]. However, the methods utilized for coating MOF
on the beads require high temperatures like 85 ̊C for 48 hours [38].
In this work we demonstrate a simple, fast and one step method at room temperature for
fabricating ZIF-8 particles into polymer beads using a phase inversion method. The beads
prepared by this method are very easy to handle and recover from oil-water mixture compared
to ZIF-8 powder. ZIF-8/PES composite beads exhibited efficient oil sorption and they are
amongst the best sorbent materials previously reported; especially in comparison with natural
common sorbents like activated carbon as well as other synthesized beads.
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3.3.1. Materials
Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), 2-methylimidazole (Hmim), 1-methyl-2pyrrolidone (NMP) (99%), toluene, paraffin oil, olive oil and oil red were purchased from
Sigma Aldrich. n-Hexane was purchased from Merck. Polyethersulfone (PES) was supplied
from BASF Company. All chemicals were used as received without further purification.
3.3.2. Synthesis of ZIF-8 nanocrystals
ZIF-8 was synthesized by a synthesis method reported by Koji Kida et al. [16] in aqueous
solution. 0.744 g (2.5 mmol) of Zn(NO3).6H2O and 12.3 g (0.15 mol) of Hmim were dissolved
in 10 ml and 90 ml of deionized water respectively and stirred for 24 hours. ZIF-8 nanocrystals
were collected by washing with methanol and centrifuging (8000 rpm, 15 min) for three times
and then dried at 60 ̊C overnight.
3.3.3. Preparation of polyethersulfone spheres and ZIF-8/PES composite beads by phase
inversion method
Typically, 1 g of polyethersulfone was dissolved in 5.5 g NMP under magnetic stirring at
room temperature overnight. The polymer solution was vertically pumped into water with an
air gap (the distance between the needle tip and water surface) of about 4 cm. The flowrate of
the polymer solution was set at 0.2 ml/min and the syringe tip was 18 G (inner diameter of
roughly 0.84 mm). Solid polymer spheres were formed in water immediately through
solvent/water exchange and kept in water overnight for further solvent/non-solvent exchange.
Then formed PES spheres were dried at 80 ̊C overnight.
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ZIF-8/PES composite beads were made by the same method except that a syringe tip with
14G (inner diameter of roughly 1.6 mm) size was used. ZIF-8/PES composite beads were
prepared by ZIF-8: PES ratios of 0.5, 1, 2 and 4. The ZIF-8/polymer slurry was viscous and the
resulting beads were oval in shape as with the ZIF-8: PES ratio of 4. It is worth mentioning
that for higher loadings of ZIF-8, i.e. for ZIF-8: PES ratios of 2 and 4, the amount of NMP
solvent increased to 8 and 10.5 g respectively. Moreover, for ZIF-8/PES-2 and ZIF-8/PES-4,
the air gap had to be increased to double (8 cm) in order to be able to form the ZIF-8/PES beads
in the water tank.

Nitrogen adsorption and desorption isotherms were measured at liquid nitrogen
temperature (77 K) using an accelerated surface area and porosimetry system (ASAP 2020,
Micromeritics, USA) for surface area measurements. The pore size distributions of ZIF-8
powder and ZIF-8/PES composite beads were measured by nitrogen sorption using ASAP 2020.
However, the pore size distribution for PES spheres was analysed by mercury porosimetry
(AutoPore IV 9500 mercury porosimeter, Micromeritics, USA). The crystal structures of the
samples were identified using an X-ray diffractometer (Miniflex 600, Rigaku) with Cu Kα
radiation at 40 kV and 20 mA over the 2 range of 5-40°. The morphology of the adsorbent
materials was observed using a scanning electron microscope (FEI Nova NanoSEM 450 FEG
SEM). The water droplet contact angle measurement was carried out at room temperature with
1 μL water droplet on the film of samples using contact angle goniometer (Dataphysics OCA15,
Dataphysics, Germany). A film of the sample was made by manual pressing. An attenuated
total reflectance (ATR) Fourier Transform Infrared (FTIR) (Perkin Elmer, USA) was used to
collect the FTIR spectra of the samples in the range of 500-4000 cm-1 at an average of 32 scans
with a resolution of 4 cm-1.
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For oil adsorption capacity measurement, the composite beads were immersed in several
oils and organic compounds including paraffin oil, olive oil, toluene and n-Hexane for half an
hour. Then the beads were wiped to remove the extra oil or organic compound on the surface
and then weighed very quickly by a balance to minimize errors arising from solvent
evaporation. The amount of adsorbed oil (the volume percentage of oil adsorbed on the
composite beads) was calculated as follows:
𝑉𝑜𝑙𝑢𝑚𝑒 𝑔𝑎𝑖𝑛 (%) =

(𝑊𝑆 −𝑊𝐶)
𝑊𝐶

𝜌

× 𝜌 𝐶 × 100%
𝑂

where Ws is the weight of ZIF-8 composite beads after oil adsorption and Wc is the initial
weight of the beads before adsorption. ⍴𝑐 is the bulk density of ZIF-8/PES beads and ⍴𝑜 is the
oil density.
The composite beads were regenerated by simple washing with ethanol to assess the
recyclability of the prepared beads. The used oil-rich beads were added to ethanol and mixed
for a few hours. The regenerated beads were dried at 70 ̊C and tested for subsequent oil sorption
experiments.

3.6.1. Characterization of ZIF-8/PES composite beads
The XRD analysis on ZIF-8 beads was done to investigate the incorporation of ZIF-8
particles into the polymer (PES) framework. The X-ray diffraction patterns (Fig. 3-1) confirms
the existence of ZIF-8 particles in the matrix of the polymer composite beads. All of the
composite beads exhibit the diffraction patterns similar to that of pure ZIF-8 powder shown in
Fig. 3-1.
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(b)

1 μm

Fig. 3-1 XRD pattern (a) and SEM image (b) of ZIF-8 nanocrystals and XRD patterns of PES
polymer and ZIF-8/PES composite beads with different loadings (c)

It is apparent that by increasing the ZIF-8 loading the corresponding XRD peaks intensity
also increases. This also shows that ZIF-8 particles are dispersed within the beads matrices and
this is consistent with SEM results.
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Fig. 3-2 shows the morphology of the top surface of the beads indicating that ZIF-8
particles are coated and dispersed on the outer surface of the beads. It is evident from the figure
that the outer surface of the composite spheres are covered by ZIF-8 particles and the coverage
becomes more pronounce as the ZIF-8 loading increases. For the PES spheres the outer surface
of the beads are very smooth without any particles on the surface. As the ZIF-8 loading
increases, the top surface contains more ZIF-8 particles. As ZIF-8 particles migrate to the
surface, large pores are created at the outer surface of the composite bead. Apart from the
creation of large pores on the surface, the polymer keeps the ZIF particles together very uniform
in the composite texture. This results in more exposure of the ZIF particles to the oil and organic
molecules and leads to a higher performance. The creation of the large pores on the surface also
facilitates the pollutant absorption and diffusion into the composite bead framework.
For investigation of the inner structure of ZIF polymer composite beads, a single bead was
cut into half. From the cross sectional images it can be seen that ZIF-8 particles are fully
dispersed within the pores of the polymer framework. Fig. 3-3 shows the coverage at different
magnifications. The cross section of the ZIF-8/PES beads shows a very porous structure with
large channels of macrometer sizes which are covered by ZIF-8 particles. The ZIF-8 particles
are distributed inside the pores and have the diameter of about 250 nm. The macropores inside
the beads facilitate ZIF-8 incorporation in the beads matrices. As can be seen from the SEM
images, ZIF-8 particles are fairly well distributed among the channels and inside the pores. The
porous framework within the polymer matrix consists of large micrometre pores which were
created during the phase inversion process. Fig. 3-4 shows the inversion process and how the
macrometer pores are created in the polymer sphere during this process.
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a

b

2 μm

2 μm

c

d

2 μm

2 μm

e

f

10 μm

3 μm

g

h

500 nm

400 nm

Fig. 3-2 Top-surface SEM images of PES (a), ZIF/PES-0.5 (b), ZIF/PES-1 (c) and ZIF/PES-2 (d).
The images (e-h) show the top surface of ZIF/PES-4.
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Fig. 3-3 Cross sectional SEM images of ZIF/PES-o.5 (a, b), ZIF/PES-1 (c, d), ZIF/PES-2 (e, f)
and ZIF/PES-4 (g, h).
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Fig. 3-4 Schematic illustration of formation of ZIF-8/PES composite beads via phase inversion and
the creation of porous framework

Nitrogen adsorption-desorption isotherms at 77 K for the composite beads are shown in
Fig. 3-5. As can be seen from Fig. 3-5 the surface areas of the composite beads increased with
raising the loading of ZIF-8 powder into the polymer matrix. Therefore, the adsorption
capacities of the oil and organic compounds increased accordingly. ZIF-8 is well-known for
having very high surface area (1384.2 m2/g BET and 1849 m2/g Langmuir surface area) as
reported in Table 3-1.
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Fig. 3-5 Nitrogen adsorption-desorption isotherm of PES and ZIF-8/PES composite beads (a) and
the pore size distributions for ZIF-8/PES composite beads (b).
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Table 3-1 Surface area analysis parameters of ZIF-8, PES and ZIF-8/PES composite beads.

BET surface
area

Langmuir
surface area

Total pore volumea

Micropore volume

(m2.g-1)

(m2.g-1)

(cm3.g-1)

(cm3.g-1)

ZIF-8

1384.2±33.5

1849±35.1

1.1±0.18

0.63±0.014

ZIF/PES-4

1030.6±20.9

1382±10.8

0.81

0.47

ZIF/PES-2

882.3±17.9

1185.2±10.1

0.77

0.4

ZIF/PES-1

602±13.7

814.8±5.02

0.49

0.27

ZIF/PES-0.5

343.2±8.5

470.8±5.9

0.27

0.16

0.6

NA

0.01

0.0

Sample

PES
a

At P/P0=0.99

With increasing the loading of ZIF-8 particles in the polymer composite, the BET surface
area increases as 343.2, 602, 882.3 and 1030.6 for ZIF/PES-0.5, ZIF/PES-1, ZIF/PES-2 and
ZIF/PES-4 respectively. ZIF/PES-4 has the highest surface area among the polymer composite
beads and the surface area is very close to the pure ZIF-8 powder’s surface area. ZIF/PES-4
exhibits the highest adsorption capacity for all the oil and organic model compounds which can
be attributed to the very high surface area as well as its high pore volume. The pore size
distributions are demonstrated in Fig. 3-5. The ZIF-8/PES beads exhibit pore size distributions
similar to ZIF-8.
The pore size distribution of the PES beads was defined using the mercury intrusion
porosimetry to analyse the macroporous structure of the PES beads, since the nitrogen sorption
analysis is only applicable for microporous and mesoporous materials. Therefore, the pore size
distribution of ZIF-8 was determined by nitrogen adsorption-desorption analysis but for PES
spheres, mercury porosimetry was utilized. The macro meter pore size distribution of PES

100

Chapter 3. Simple fabrication of zeolitic imidazolate framework ZIF-8/polymer
composite beads by phase inversion method for efficient oil sorption
spheres is shown in Fig. 3-6. The macropore size from the mercury porosimetry is defined in
the range of 1-3 μm which is consistent with the SEM results (Fig. 3-3).

Fig. 3-6 Mercury porosimetry curve of PES.

FTIR spectra of ZIF-8/PES beads were very similar to the pure ZIF-8 (Fig. 3-7). The peaks
at 3135 and 2929 are characteristic of aromatic and aliphatic C-H stretch of imidazole while the
peaks observed at 1584 and 800-1500 ( 759, 1145, 1306 and 1444 ) are assigned to C=N stretch
mode and entire imidazole ring vibrations mode, respectively [39].
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Fig. 3-7 FTIR spectra of ZIF-8 (a) and ZIF/PES beads with different ZIF/PES ratios (b)
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3.6.2. Oil sorption of ZIF-8/PES composite beads
The bulk densities of the ZIF-8/PES composite beads were calculated as 0.035, 0.053,
0.173, 0.1875 and 0.2657 g/Cm3 corresponding to PES, ZIF/PES-0.5, ZIF/PES-1, ZIF/PES-2
and ZIF/PES-4 respectively as shown in Table 3-2.
Table 3-2 Bulk densities of the ZIF-8/PES composite beads in comparison with ZIF-8 and PES

Bulk density
(g.cm-3)

Material
ZIF-8

0.36±0.017

ZIF/PES-4

0.26±0.012

ZIF/PES-2

0.18±0.008

ZIF/PES-1

0.17±0.006

ZIF/PES-0.5

0.053±0.002

PES

0.035±0.0012

The very low bulk density allows the beads to float easily on the surface of water.
Consequently, these ZIF-8/PES composite beads are evaluated as sorbents for oil spillage cleanup.
The ZIF-8/PES composite beads with various loadings are shown in Fig. 3-8. It can be
seen that by increasing the ZIF-8 loading, the shape of the beads changes from spheres to ovals.
The diameter of the PES beads and ZIF-8 composite beads are 1-2 mm and 2-3 mm
respectively. To demonstrate ZIF-8/PES beads adsorb oil efficiently, paraffin oil which was
labelled with oil red was poured on the surface of water. Then ZIF-8/PES composite beads were
gently placed on the surface of oil-water as illustrated in Fig. 3-9. The figure shows that
composite beads absorb oil efficiently from the surface of water.
The oil adsorption capacity depends on the hydrophobic nature of the adsorbent since oil
droplets are hydrophobic in nature. Thus hydrophobic interaction between the oil molecules
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and the adsorbent surface facilitates the oil sorption process. It is believed that the suitable oil
sorbent is required to be hydrophobic. Improving hydrophobicity of the sorbent surface will
enhance the van der Waals force and hydrophobic interaction between oil droplets and sorbent
materials which leads to high sorption capacity. Sorbent materials are also required to have high
surface area and porosity to offer adequate surface sorption sites for catching oil molecules
[40].

a

b

10 mm

10 mm

c

d

10 mm

10 mm

Fig. 3-8 Digital images of ZIF-8 composite beads: ZIF/PES-0.5 (a), ZIF/PES-1 (b), ZIF/PES-2 (c)
ZIF/PES-4 (d)
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Paraffin oil dyed
with oil red

ZIF.PES-4 beads
after oil sorption

Water
after oil sorption

Fig. 3-9 Digital images of ZIF-8 composite beads floating on the surface of water and paraffin oil
sorption marked with oil red.

Several oils and organic solvents were used to examine the saturated oil sorption capacities
of the ZIF-8/PES composite beads for different kind of pollutants and the results are presented
in Fig. 3-10. It can be seen that the composite beads have more tendency to adsorb paraffin and
olive oil rather than n-Hexane and toluene organic solvents. The ZIF-8/PES beads with ZIF-8:
PES ratio of 4, can adsorb up to 37.6% of their volume for paraffin oil while the corresponding
uptake for olive oil is 35.6%. The corresponding uptakes for the composite beads with the ZIF8: PES ratios of 0.5, 1 and 2 were 6.5, 10.2 and 24.9% for paraffin oil and 3.2, 8.5 and 18.9%
for olive oil respectively.
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Fig. 3-10 Oil sorption capacities of ZIF-8 composite beads for oils and organic solvents in terms
of volume gain.

ZIF-8 has been reported to be a highly hydrophobic microporous material [41-44]. The
hydrophobicity of ZIF-8 has been investigated and proved by water adsorption [42]. This
hydrophobicity is attributed to its chemical composition i.e. the methyl-functionalized Im
linkers as well as the coordinative saturation of the metal sites. Typically, ZIF materials can
have hydrophobic framework if the Im linkers do not consist of hydrophilic functionalities [41].
The increasing of the ZIF-8 loading in the composite beads framework, results in a large amount
of ZIF-8 particles to be present on the beads surfaces (refer to the SEM image in Fig. 3-2). This
feature is further confirmed by the water contact angle measurement shown in Fig. 3-11. The
water contact angle of the samples was measured, and the left and right angles of ZIF-8 powder
were (120 ± 2) º and (118 ± 2) ̊, respectively as shown in Fig. 3-11 (a). The left and right contact
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angles of ZIF/PES-4 composite beads were determined to be (100 ± 2)º and (115 ± 2) ̊,
respectively as can be seen from Fig. 3-11 (b). Thus, increasing the ZIF-8 loading helps to
benefit from both hydrophobicity and high surface area of ZIF-8 particles for oil adsorption.
Therefore, we can observe much higher adsorption properties for the highest ZIF-8 loading
(ZIF/PES-4) compared to lower ZIF-8 loadings and PES spheres.

(a)

(b)

Left angle: (120±2)º

Left angle: (100±2)º

Right angle: (118±2)º

Right angle: (115±2)º

Fig. 3-11 The water contact angle of ZIF-8 powder (left angle: (120±2)º and right angle:
(118±2)º) (a) and ZIF/PES-4 (left angle: (100±2)º and right angle: (115±2)º) (b)

The hydrophobic interactions between ZIF-8 and hydrophobic chains of oil molecules
result in the adsorption of oil compounds on the surface of ZIF-8/PES composite beads. In order
to understand the reason behind the difference in oil adsorption capacity amongst the ZIF-8/PES
beads, the morphologies, surface areas and the pore size distributions of the composite beads
were investigated.
The performance of ZIF-8 composite beads is shown in Fig. 3-10. As shown in the figure,
all the ZIF-8/PES beads show the highest sorption for paraffin oil followed by olive oil, nhexane and toluene. It is observed that increasing the ZIF-8 loading for ZIF/PES-2 and
ZIF/PES-4 increases the sorption capacity dramatically. For example, for paraffin oil, the
sorption capacity raises from 6.5 and 10 percent (volume gain) for ZIF/PES-0.5 and ZIF/PES1 to 24.9 and 37.6 percent for ZIF/PES-0.2 and ZIF/PES-4. The equivalent sorption capacity
(weight basis) for ZIF/PES-4 is calculated as 1260 mg/g which is quite high in comparison with
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most natural sorbents like activated carbon (Table 3-4). The high sorption capacity could be
due to the high surface area of the composite beads as well as the created pores on the surface
which is the result of large amount of ZIF-8 particles movement toward the outer surface of the
polymer composite beads. These pores offer little resistance to diffusion of the oil molecules
into the sphere, increasing the adsorption capacity.
From Fig. 3-10 it can be seen that ZIF-8/PES beads have a high tendency to adsorb nHexane. The critical diameter2 of n-hexane is 0.43 nm [45]. ZIF-8/PES composite beads adsorb
n-hexane up to 30.2 percent of their volumes for the ZIF/PES-4. The high adsorption capacity
of ZIF-8 for n-hexane is in accordance with the findings in literature [45]. It is worth noting
that the adsorption of n-hexane might have been underestimated since it has a low boiling point
of 68 ̊C and evaporates rapidly. To explore the ZIF-8/PES composite beads’ capacities for the
adsorption of branched organic molecules, toluene was used as an aromatic molecule in this
study. In contrast with what has been reported in literature, we found the ZIF-8/PES beads have
fairly moderate tendency to adsorb toluene. It has been reported that toluene (kinetic diameter
of 0.58 nm) cannot enter and diffuse into the microporous structure of ZIF-8 (with accessible
pore size of 0.34 nm) [46, 47]. ZIF-8 was reported to have almost nil adsorption capacity for
toluene. In another study it was declared that branched alkanes cannot penetrate the pores of
ZIF-8 [48]. However, in our study we report that ZIF-8 composite beads show fairly high
adsorption capacity for toluene which might be due to the formation of large pores on the top
surface of the composite beads at higher ZIF-8 loadings. There are similar reports in the
literature which show ZIF-8 has the potential to adsorb the molecules larger than the ZIF-8 pore
opening. Adsorption of benzene [45] and p-xylene [49] in liquid phase on ZIF-8 has been

2

The critical diameter refers to the smallest cross-sectional diameter of the molecule.
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reported. The investigations showed that ZIF-8 is capable of adsorbing benzene and p-xylene
although the kinetic diameters of these molecules are much larger than the pore size of ZIF-8
particles. Benzene, toluene and p-xylene have the kinetic diameters of 0.58 nm [50] which is
almost twice the ZIF-8 aperture size and ZIF-8 tendency for adsorption of these molecules show
the flexibility of ZIF-8 structure. It was also stated that ZIF-8 adsorbs organic molecules in the
order of alkane > alkene > aromatic [49] which was confirmed in this study, as n-hexane
adsorbed at much higher levels than toluene as an aromatic compound.
The difference in the oil and organic sorption can be related to the viscosity and surface
tension of the oil and organic compounds as well. Viscosity can affect the sorption in two ways.
High viscosity can improve the adherence of oil on to the sorbent surface which increases the
sorption capacity. On the other hand, viscous oils are difficult to penetrate into the inner
surfaces of the sorbents [51]. Key properties of several oils and organic solvents are listed in
Table 3-3.
Table 3-3 Densities and normal boiling points of the organic compounds.

Organic
compounds

Density
(g.cm-3)

Viscosity
(cp)

Normal boiling point
( ̊ C)

Paraffin oil

0.89

20

260-450

Olive oil

0.9

69

300

n-hexane

0.65

0.3

69

Toluene

0.86

0.59

110

The sorption capacity of the sorbents shown in Fig. 3-10 agrees with the decreasing
tendency of oil viscosities. The composite beads show higher sorption capacities for paraffin
and olive oils with higher viscosities compared to n-hexane and toluene which have much lower
viscosities. The sorption of n-hexane is still comparable with the sorption of paraffin and olive
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oils despite the low viscosity of n-hexane, probably due to the very small kinetic diameter of
this solvent which makes its penetration into the ZIF-8 pores much easier. Although the oil
diffusion rate is inversely proportional to the viscosity, the hydrophobic nature of ZIF-8
particles and the large pores on the surface of the beads at high ZIF-8 loading overcome the
penetration difficulty leading to high sorption capacities.
It is necessary for an adsorbent to be regenerated and reused in the adsorption process. The
reusability of the beads for organic solvents was tested by heating the beads up to the normal
boiling point of n-hexane (68 ̊C) and toluene (110 ̊C) for one hour. The beads showed almost
one hundred percent regeneration efficiency. However, the normal boiling point of paraffin oil
is in the range of 260-450 ̊C, therefore, the solvent washing method was utilized to regenerate
the composite beads for desorbing paraffin oil form the beads. Although heat treatment is a
more effective method in recycling adsorbents, due to the low stability of ZIF-8 (300 ̊C) and
polymer framework (185 ̊C) at high temperatures, the solvent method was utilized for recycling
of the composite beads for paraffin oil.
The regeneration test was done for the composite beads after paraffin oil sorption and the
used beads were washed with ethanol. The regeneration results are shown in Fig. 3-12 (a)
demonstrating that composite beads are able to retain 88 percent of the original oil sorption
after 5 regeneration cycles. This indicates that solvent washing is a simple and effective method
for the regeneration of the composite beads and can be considered as an alternative to heat
treatment for recycling purposes. The XRD patterns of the ZIF-8 composite beads before oil
sorption and after regeneration are illustrated in Fig. 3-12 (b) showing that the XRD pattern of
the beads after 5 cycles of regeneration is similar to the beads before oil sorption. This indicates
the composite beads have a stable structure and can be reused for oil sorption.
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Fig. 3-12 Recyclability of ZIF-8/PES composite beads. Regeneration efficiency of the composite
beads (a) and XRD patterns of ZIF-8/PES beads before and after oil sorption (b)

Table 3-4 summarizes the oil sorption capacities of different kind of sorbents for
comparison. The capacity of the ZIF-8 composite beads was converted to weight basis from
volume basis to be comparable with the sorption capacities from literature. The table shows
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that the ZIF composite beads can compete with other sorbents for oil sorption and have very
high sorption capacities.
Table 3-4 Comparison of oil/organic sorption capacities of different sorbents.

Long-chain oil

Sorbent density

(mg.g )

(g.cm-3)

Reference

ZIF/PES-4 composite
beads

1260

0.26

This study

Pure ZIF-8 powder

3000

NAa

[36]

Pure ZIF-8 powder

2650

0.36

This study

UHMOF-100

2000

NA

[52]

HFGO@ZIF-8

200

NA

[53]

Sponge@HFGO@ZIF-8

2000

NA

[53]

HKUST-1 (MOF)

260

1.22

[54]

hollow carbon beads

1557

0.2

[24]

Carbon/TiO2 beads

1151.7

0.6

[55]

Activated carbon

50

NA

[54]

Activated carbon

167

NA

[7]

Activated carbon

300

2

[56]

Bentonite

378

1.15

[57]

55-100

1.6-2.4

[8]

Sorbent

Zeolite

-1

The ZIF-8 composite beads have lower sorption capacities compared with the pure ZIF-8
powder, which is due to the fact that the beads include polymer in their matrices and the bead
framework is composed of a mixture of ZIF-8 particles as well as polymer. Moreover, the ZIF8 powder has more accessible surface area to the oils and organic solvents since the particles
are nano-sized and have high exposure to the pollutant molecules. The sorption capacity of ZIF8 powder is based on the weight of pure ZIF-8 powder while the sorption capacity of composite
beads is based on the weight of the ZIF/PES composite beads. It is also shown that the ZIF8/PES composite beads have greater oil sorption capacities compared with HKUST-1 metal
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organic framework. The composite beads also exhibit appropriate sorption capacities in
comparison with UHMOF-100 and HFGO@ZIF-8 considering the fact that the abovementioned sorbents are difficult to handle and recycle. Although pure ZIF-8, UHMOF-100 and
HFGO@ZIF-8 exhibit higher sorption capacities compared to ZIF-8 composite beads, they are
in powder form which is simply not useful for practical oil spillage clean-up purposes. The
composite beads in this study have the advantage of keeping ZIF-8 particles in a rigid, robust
and stable framework to enable simple handling during oil sorption and recycling processes.
In comparison with hollow carbon beads and carbon/TiO2 beads, the ZIF-8 composite
beads still show good sorption properties. In particular, when compared with natural sorbents
like activated carbon, zeolite and bentonite, the ZIF-8/PES beads exhibit much higher sorption
capacities. It is worth mentioning that ZIF-8 composite beads present a very low bulk density
compared to the other sorbents listed in Table 3-2. HKUST-1 metal organic framework has
bulk density of 1.22 g.cm-3 which is higher than water density. The bulk density of zeolite is in
the range of 1.6-2.4 g.cm-3 and that of activated carbon is 2 g.cm-3, which are much higher than
the bulk density of ZIF/PES-4 beads reported in this study. The bulk density of the ZIF-8
composite beads is even lower than the carbon/TiO2 beads and close to that of hollow carbon
beads. As mentioned previously, the natural sorbents mostly exhibit poor buoyancy which is
not suitable for cleaning oil spills from the surfaces of water. These natural sorbents cannot
float on the surface of water and therefore have limitation regarding with oil spill removals.
These materials do not benefit from simultaneous high oil sorption capacity and good buoyancy.
In most cases, either sorption capacity or buoyancy is sacrificed. In contrast, ZIF-8 composite
beads benefit from both high sorption uptake and suitable buoyancy which makes them
interesting for oil spillage uptake. The ZIF-8/PES beads have bulk densities even lower than
ZIF-8 powder (0.36 g.cm-3).
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It is worth noting that in comparison with other beads which are reported for oil spill
removal like hollow carbon beads and carbon/TiO2 beads, ZIF-8/PES beads have the advantage
of being prepared from a simple one step method, while the carbon beads are prepared via a
second carbonization step which is time and energy consuming. The HFGO@ZIF-8 and
sponge@HFGO@ZIF-8 are also prepared from several complicated steps which restricts
practical application. The stability of the beads after oil sorption experiments was also evaluated
by XRD analysis. It can be observed from Fig. 3-12 (b) that the prepared beads exhibit stability
after oil adsorption since the XRD pattern is quite similar before and after oil adsorption.
Therefore, the high oil sorption capacity along with the rigidity and robustness of the beads
frameworks, plus low bulk density and excellent buoyancy make these composite beads suitable
candidates for oil spill clean-up in practical purposes. In addition, the simple one step method
for fabrication of ZIF-8 is superior to other complicated techniques utilized for preparing the
other synthetic sorbent materials.

The ZIF-8 composite beads were prepared successfully using the phase inversion method.
This is a very simple and straight forward technique and the prepared ZIF-8/PES beads are quite
rigid and stable. The SEM and XRD analyses confirmed the uniform incorporation of ZIF-8
particles in the polymer matrix. The surface area of the ZIF-8/PES composite beads increased
with increasing the ZIF-8 loading up to 1030.6 m2/g close to the surface area of pure ZIF-8
(1384.2 m2/g). The oil sorption experiments showed that the composite beads are capable of
adsorbing oils and organic solvents efficiently. The oil adsorption capacity of the ZIF-8/PES-4
composite beads was 1260 mg/g which is significantly higher than that of natural adsorbents
such as activated carbon, zeolite and bentonite with adsorption capacities of 300, 100 and 378
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mg/g, respectively. The ZIF-8/PES-4 composite beads also exhibited a very low bulk density
(0.26 g/cm3) in comparison with ZIF-8 powder with a bulk density of 0.36 g/cm3 as well as
natural adsorbents such as activated carbon, zeolite and bentonite with bulk densities of 2, 1.6
and 1.15 g/cm3, respectively. This low bulk density of the ZIF-8/PES beads resulted in excellent
buoyancy compared with the natural adsorbents.
The high sorption is attributed to the hydrophobicity and high surface area of the ZIF-8
particles. This study showed ZIF-8 composite beads can compete with other sorbent materials
and exhibit much higher sorption capacities in comparison with activated carbon. The
synthesized composite beads are easy to handle and recycle and can retain up to 88 percent of
the oil sorption capacity after five regeneration cycles.
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Effect of carbonization
temperature on adsorption property of
ZIF-8 derived nanoporous carbon for
water treatment

In previous chapter, ZIF-8 beads were utilized for the adsorption of oil and organic
compounds. In this chapter, ZIF-8 and its derived nanoporous carbons were examined for the
adsorption of a basic positively charged dye to investigate the capability of these materials for
the removal of basic dyes from water. The adsorbents were characterized using a variety of
techniques to investigate the textural and morphological change of ZIF-8 and its nanoporous
carbons under carbonization conditions. A systematic and mechanistic approach was used to
study the adsorption isotherms, kinetics and mechanisms. The ZIF-8 derived carbon
nanoparticles were found to be efficient adsorbents for water treatment purposes due to the
satisfactory adsorption properties. The outcomes of this study provides helpful information for
future applications of MOF derived nanoporous carbons for water treatment.
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This chapter has been formatted from the following published manuscript (Copyright
reference number: 4071161227024, Elsevier).
Z.Abbasi, E. Shamsaei, S. Leong, B. Ladewig, H. Wang, Effect of carbonization
temperature on adsorption property of ZIF-8 derived nanoporous carbon for water treatment.
Microporous Mesoporous Mater. 2016, 236, 28-37.

Nanoporous carbon (NPC) materials have promising characteristics such as high surface
area, good chemical and thermal stabilities, fast kinetics as well as tendency to organic
contaminants which makes them attractive for adsorption and separation applications [1, 2].
For example, they have been used as supercapacitor [3-5], catalyst support [6-8] and adsorbent
for hydrogen storage [9] as well as CO2 capture [2, 10-12]. In particular, they are widely used
as adsorbents to remove organic and heavy metal contaminants from water in water treatment
and purification [13-18].
A wide range of methods have been developed to prepare nanoporous carbons, including
chemical vapor deposition (CVD) [19], templating [20, 21] and chemical or physical activation
method [22]. Inorganic hard templates like zeolites and mesoporous silica [23, 24] and Soft
template method [25, 26] have been utilized to prepare nanoporous carbon particles. In addition,
organic spheres are considered as common starting materials for the production of carbon
nanoparticles through carbonization [27]. Recently, porous metal organic frameworks (MOFs)
with uniform pore sizes, highly crystalline structures, and high surface areas have been studied
as adsorbents and for use as precursors of nanoporous carbons [3, 4, 27-33].
Different kinds of metal organic framework materials have been investigated for the
adsorption of dye molecules such as methylene blue from water and wastewater. However, their
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adsorption capacity is low compared to nanoporous carbons. For example, CU-BTC
[BTC=1,3,5-benzenetricarboxylate] also known as HKUST-1 as well as Fe3O4@MIL-100(Fe)
have been studied for the removal of MB from water and they showed adsorption capacities of
15.28 μmol/g (equivalent to 4.8 mg/g) and 49.4 mg/g respectively [34, 35]. Among MOF
materials, zeolitic immidazolate frameworks (ZIFs) are a class of MOFs that show many
outstanding features like high thermal and chemical stability. ZIF-8 is one of mostly studied
ZIFs, and has a molecular formula of Zn(2-methylimidazolate)2 and sodalite-related zeolitic
structure; it is composed of six membered-ring pore windows (0.34 nm) and larger pores (1.14
nm) and has been reported as an adsorbent for the removal of various pollutants from water
[31]. It is worth noting that ZIF-8 has fast adsorption rate and high adsorption capacity for the
removal of benzotriazols from aqueous solutions [36]; however, this material has very low
adsorption capacity for the removal of methylene blue dye from water. The low MB uptake
could be due to the net positive charge of ZIF-8 and its small pores which hinder adsorption of
large and positively charged molecules such as methylene blue. Therefore, much work has been
carried out to convert MOFs (ZIFs) into nanoporous carbons to achieve desirable adsorption
properties [27]. MOFs have large carbon contents and play the roles of sacrificial template and
carbon precursor during carbonization process [4].
To date, there have been a few reports in the literature about the utilization of MOF derived
nanoporous carbon for water treatment. For instance, nanoporous carbons derived from ZIF67, MIL-100 and MOF-5 were prepared, and they had improved adsorption capacity for the
removal of MB from water [1, 37, 38]. The nanoporous carbon was also obtained by
carbonizing ZIF-8 at 800 ̊C [2, 39]. However, the methylene blue adsorption capacity of ZIF8-derived carbon was low (59 mg/g), which was because the carbonization temperature (800 ̊C)
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was lower than the boiling point of Zn (908 ̊C), limiting the surface area and pore volume of
the nanoporous carbon [40, 41].
Even after steam treatment was conducted at 800 ̊C to promote the porous carbon network,
the adsorption capacity of the resulting carbon was still low (105.7 mg/g). This indicates the
importance of carbonization temperature on the adsorption property of ZIF-8-derived
nanoporous carbon.
In this study, we focused on the effect of carbonization temperature on the adsorption
capacity of ZIF-8 for water treatment, particularly the removal of methylene blue as a model
dye pollutant from water. The changes of the ZIF-8 characteristics due to carbonization such as
morphology, surface area and pore size distribution, surface charge, surface functional groups
and hydrophobicity were studied. Our studies showed that the ZIF-8 derived nanoporous carbon
prepared at 1000 ̊C had significantly greater adsorption capacity than that at lower temperature.

4.3.1. Materials
Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), 2-methylimidazole (Hmim) (99%), Brilliant
Green (BG), Rhodamine B (RhB), Methyl Orange (MO), NaOH and HCl were purchased from
Sigma Aldrich. Methylene blue was (MB) purchased from Merck. All chemicals were used as
received without any purification. ZIF-8 parent was synthesized by environmentally friendly
synthesis method in aqueous solution reported by Koji Kida et al. [42] as shown in Fig. 4-1.
Typically, 0.744 g (2.5 mmol) of Zn(NO3).6H2O and 12.3 g (0.15 mol) of Hmim were dissolved
in 10 ml and 90 ml of deionized water respectively. After being stirred for 24 hours, ZIF-8
nanocrystals were collected by washing with deionized water and centrifuging (8000 rpm, 30
min) for three times and then dried at 80 ̊C overnight. ZIF-8 was directly carbonized at various
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temperatures (600, 1000 and 1200 ̊C) under a flow of argon gas. The temperatures rose steadily
from room temperature to the target temperatures with a heating rate of 5 ̊C/min. After reaching
the target temperatures, the powders were annealed at the target temperatures for 6 hours. These
products were denoted as CZIFs (carbonized ZIF-8) and as CZIF600, CZIF1000 and CZIF1200
to indicate the heat treatment temperatures.

Water
+
Zn2+

ZIF-8

24 h
2-methyl imidazole

Fig. 4-1 Schematic of ZIF-8 synthesis in water at room temperature.

After the carbonization the nanoporous carbon samples were directly used for
characterization and adsorption experiments without any further activation or acid washing to
present a simple and environmentally friendly approach.
4.3.2. Characterization
Nitrogen adsorption and desorption isotherms were measured at liquid nitrogen
temperature (77 K) using an accelerated surface area and porosimetry system (ASAP 2010,
Micromeritics, USA) for surface area measurements. The crystal structures of the samples were
identified using an X-ray diffractometer (Miniflex 600, Rigaku) with Cu Kα radiation at 40 kV
and 20 mA over the 2 range of 2-90°. The morphology of the adsorbent materials was observed
using a scanning electron microscope (FEI Nova NanoSEM 450 FEG SEM). Transmission
electron microscopy of the carbonized ZIFs was done by FEI Tecnai G2 T20 TWIN TEM under
the working conditions of 200 kV. Thermogravimetric analyses (TGA) were carried out on a

124

Chapter 4. Effect of carbonization temperature on adsorption property of ZIF-8 derived
nanoporous carbon for water treatment
SETARAM (TGA 92) device from 30 to 1200 ̊C at a heating rate of 10 ̊C/min under Ar flow.
The zeta potentials of the samples were determined using a Zetasizer Nano (Malvern) at the pH
ranging from 1 to 11. The powders were dispersed by sonication in water with the concentration
of 0.5mg/10ml and the dispersion was used for zeta potential measurement. Since ZIF-8 is not
stable in acidic conditions, the pH adjustment for ZIF-8 was done only for basic conditions to
measure zeta potentials.
The Raman spectra were recorded on WITEC Alpha 300 confocal micro-Raman system
equipped with a 532 nm laser source and 100X objective lens. The concentration of methylene
blue was measured using a UV-vis spectrophotometer (UVmini-1240, Shimadzu) at the
wavelength of 665 which corresponds to the maximum adsorption of the methylene blue dye.
FTIR spectra of the samples were recorded using an attenuated total reflectance (ATR)
Fourier Transform Infrared (FTIR) (Perkin Elmer, USA) in the range of 500-4000 cm-1 at an
average of 32 scans with a resolution of 4 cm-1. XPS measurements were taken ona Kratos
AXIS Nova (Kratos Analytical Ltd, UK), equipped with a monochromated Al Kα X-ray source
(hv=1486.6 eV) operating at 150 W. Survey spectra were acquired at 1 eV intervals and a pass
energy of 160 eV.
4.3.3. Adsorption experiments
Adsorption on the prepared samples was carried out in batch experiments. The adsorption
capacity of these materials was evaluated by adsorption of an organic cationic dye methylene
blue (MB) in aqueous solution. Rhodamine B (RhB), Brilliant Green (BG) and Methyl Orange
(MO) were also used to examine the capability of the carbonized samples for adsorption of
different types of dye molecules. However, the adsorption isotherms and kinetics were
conducted for methylene blue only as a model dye compound. An aqueous stock solution of
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MB (C16H18N3SCl, MW: 373.9), RhB, BG and MO with 1000 ppm concentration was prepared
in milli-Q water. Aqueous solutions with different concentrations of dyes were prepared by
successive dilution of the stock solution with water. For isotherm experiments specific amount
of adsorbents (10 mg) was put in the aqueous dye solutions (20 ml) having fixed concentrations
from 100 ppm to 500 ppm. The solutions containing the adsorbents were mixed for 24 hours at
room temperature (22 ̊C).
For kinetic experiments 10 mg of adsorbent was put in 20 ml dye solution with 100 ppm
concentration of MB. Then the dye solutions containing the adsorbents were mixed well with
magnetic stirring and maintained for a fixed time (5 min to 24 h) at room temperature (22 ̊C).
After adsorption for a pre-determined time, the solutions were separated from the
adsorbents with a syringe filter (Nylon, hydrophobic, 0.45 µm). The adsorption isotherm and
kinetic experiments were done without any pH adjustment and at the natural pH of the solution
i.e. 5.5. The dye solution was prepared to the desired concentrations using Milli-Q water. The
pH of the solution was adjusted using 0.1 M HCl and 0.1 M NaOH for defining the effect of
pH on adsorption performance.

4.4.1. Characterization of nanoporous carbon particles
To examine the crystal phase transformation of ZIF-8 under the treatment conditions, Xray diffraction (XRD) analysis was conducted. Fig. 4-2 shows the XRD pattern of as
synthesized ZIF-8 and carbonized materials. As the temperature increases to the boiling point
of zinc (908 ̊C), carbon-reduced zinc metal evaporates under carbonization conditions and
leaves with the Ar flow [32, 40, 41]. Therefore, at 1000 ̊C, no diffraction peaks of Zn impurities
can be seen [32] and the two broad peaks at 2=23° and 44° represent the characteristics of
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amorphous carbon [3, 41]. The reduced Zn probably plays the role of a template for the
formation of nanoporous carbon. During the carbonization, zinc is reduced by carbon.
Vaporization of Zn at above 908 ̊C and the release of zinc species is probably in charge of the
formation of the porous framework [43].

Fig. 4-2 XRD patterns of synthesized ZIF-8 and its derived carbons at 600 ̊C and 1000 ̊C

In addition, the samples before and after the carbonization were analysed by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) to identify the change
in the morphology of the samples. Fig. 4-3 shows the SEM and TEM of the original and
carbonized ZIF-8 (at different temperatures); no change in the morphology and structure of the
synthesized ZIF-8 was observed, even after carbonization at high temperatures. This
observation is in accordance with literature [1, 27].
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(a)

(c)

20 nm

(b)

50 nm

500 nm

500 nm

50 nm

100 nm

500 nm

(d)

500 nm

Fig. 4-3 SEM and TEM images of (a) ZIF-8 (b) CZIF600 (c) CZIF1000 and (d) CZIF1200

An adsorbent material must have high internal volume accessible to the components being
removed from the solvent. Surface area, in particular the internal surface area, pore size and the
nature of the pores strongly affect the adsorption process [44]. The nanoporous structures of
prepared carbons were investigated by N2 adsorption-desorption isotherms (Fig. 4-4).
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Fig. 4-4 Nitrogen adsorption-desorption isotherm of ZIF-8 and the nanoporous carbons at 600,
1000 and 1200 ̊C (a) and the corresponding pore size distributions (b). All horizontal axes of pore size
distributions have the same scale of ZIF-8 graph i.e. pore diameter is in the range of 0.5-4 nm.

ZIF-8 and carbonized samples exhibited Type I isotherms with sharp nitrogen consumption
at low pressure (P/P0 < 0.05) and small uptake and high pressure (P/P0 > 0.9) addressing a
microporous framework with some macropores formed between particles (inter particle voids)
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[4]. The microporous structure may come from ZIF-8 as well as evaporation of Zn during heat
treatment [45]. The Brunauer, Emmet and Teller (BET) surface areas and pore volumes are
presented in Table 4-1. It is worth mentioning that after direct carbonization the nano porous
carbons still had high surface areas which enhanced their adsorption performances.
Table 4-1 Surface area analysis parameters of ZIF-8 and its derived carbons at 600, 1000 and
1200 ̊C.

BET surface
area

Langmuir surface
area

Total pore
volumea

Micropore volume

(m2/g)

(m2/g)

(Cm3/g)

(Cm3/g)

ZIF-8

1384.2±33.5

1849±35.1

1.1±0.18

0.63±0.014

CZIF600

625.5±12.4

811.9±3.65

0.67

0.26

CZIF1000

1043.1±17.6

1305±12.5

0.98

0.4

CZIF1200

818.7±14.7

1037.8±8.9

0.9

0.32

Sample

a

At P/P0=0.99
As reflected in the table, the surface areas of the carbonized sample at 600 ̊C decreased

after carbonization while the surface area of the sample treated at 1000 ̊C increased.
Interestingly, ZIF-8 carbonized at 1200 ̊C exhibits surface area lower than CZIF 1000. This
could be addressed to the harsh conditions (very high temperature) of carbonization which
results in the destruction of carbon structure and consequently reduction of the surface area.
For the carbonized samples, the pore size distribution became to some extent broader as a
result of carbonization (as evidenced from Fig. 4-4(b)). Therefore, heat treatment of ZIF-8
resulted in the modification of the pore size distribution and this feature along with the high
surface area facilitates the diffusion of MB molecules into the carbon network and helps the
increase in adsorption capacity of the materials. The molecular dimension of MB is 1.43 nm ×
0.61nm × o.4 nm [1] and is within the broad pore size range of the carbonized ZIF-8 shown in
Fig. 4-4. The tails in the isotherms for carbonized samples show N2 uptake at high relative

130

Chapter 4. Effect of carbonization temperature on adsorption property of ZIF-8 derived
nanoporous carbon for water treatment
nitrogen pressure which could be assigned to condensation effects in externally formed pores
between the nanoparticles [11].
The effect of heat treatment on the surface area of ZIF-8 is in consistent with the results
reported by Gadipelli et. al. [46]. In their study, it was shown that carbonization of MOF-5 (a
metal organic framework containing Zn) at temperatures below 900 ̊C, resulted in a decrease in
surface area. On the contrary, heat treatment at temperatures higher than the evaporation
temperature of Zn (908 ̊C) caused an increase in the surface area. The reason was attributed to
the reduction of ZnO with carbon and the evolution of Zn, CO and CO2 which results in a more
porous network. The increase in the surface area and porosity of the carbon materials could be
explained with reference to the thermogravimetric analysis of ZIF-8 material as illustrated in
Fig. 4-5.

Fig. 4-5 TGA analysis of ZIF-8 (a), CZIF 600 (b), CZIF 1000 (c) and CZIF1200 (d)

As shown in Fig. 4-5, ZIF-8 organic linkers start to decompose at around 500-600 ̊C and
the generated Zn species probably block the pores and this results in a lower surface area [45].
However, by increasing the temperature up to 1000 ̊C, Zn species evaporate at 908 ̊C and this
might lead to the production of porosity within the framework which further expands the surface
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area. The sample carbonized at higher temperature had higher surface area and this shows that
the carbonization temperature is very important for the structural formation of the resulting
carbon materials. Despite the decrease in the surface area of ZIF-8 after carbonization at 600 ̊C,
the surface areas of the carbonized samples increased with temperature of carbonization at
1000 ̊C although it reduced again at carbonization temperature of 1200 ̊C. Similar results have
been reported in literature [4]. The pore size of the samples has been defined by density
functional theory (DFT) method. As can be seen from Fig. 4-4, the pore size distribution of the
samples changed after carbonization and the distribution covered a broader range of pore sizes
with a slight shift towards larger pore diameters. This observation is also similar to the reported
study for ZIF-8 carbonization [4]. However, the carbonized ZIF-8 at 1200 ̊C exhibited pore size
distribution of smaller pore diameters.
It is worth noting that the reduction in porosity and pore volumes of the nanoporous
carbons in comparison with ZIF-8 precursor is associated with the shrinkage of the structure
because of Zn nodes migration into the pore cavities [11]. Also the pore broadening of
CZIF1000 indicates the evaporation of Zn metal at temperatures above its boiling point. About
the pore size distribution, it is interesting that there is a great portion of pore sizes of less than
1 nm which reflects the collapse of the framework as well as graphitization. The second portion
of the pores are 1.2 nm which is similar to the size of the cavities of ZIF-8. A small part of the
pores are produced due to the defects resulting from thermal decomposition with a 2 nm width.
These observations are in good agreement with previous reports [11, 47-49].
The adsorption ability of the surface is determined by an important factor which is called
the point of zero charge (pzc). To determine the point of zero charge of a sample, the zeta
potential (measured at various pH values) is plotted against pH. The pH at which the zeta
potential is zero is called point of zero charge (pzc). As can be seen from Fig. 4-6, the pzc of
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ZIF-8 is above 10. This means the adsorption of positively charged MB molecules on ZIF-8 is
only possible at pH levels higher than 10, ignoring the very small accessible pore size of ZIF8 which is too small (0.34 nm) for taking up large MB molecules (1.43 nm × 0.61 nm × 0.4 nm)
[50]. In comparison, the points of zero charge for the carbonized ZIF-8 samples are around 4.55.5 and as can be seen from Fig.4-6 at pH levels of around 7-8 (the typical pH of industrial
wastewaters) the zeta potentials are highly negative which is an indication of potential
adsorption capabilities of the synthesized carbon materials for positively charged molecules
like methylene blue. It is also observed that the zeta potential for CZIF 1200 is more positive
compared with CZIF 600 at pH=5.5 which is the pH at which MB adsorption was conducted.
This observation helps to understand the reason behind the low adsorption capacity of CZIF
1200 compared with CZIF 600 and CZIF 1000 despite higher carbonization temperature.

Fig. 4-6 Zeta potential comparison of ZIF-8 and ZIF derived nano porous carbons over the range
pH=1-11.

The samples were further analysed by Fourier transform infrared spectroscopy (FTIR) to
obtain more information about the local structures and surface functional groups in the
carbonized ZIF-8 materials. As it is shown in Fig. 4-7 all of the carbon materials show O-H
stretching vibrations in the range of 3600-3200 cm-1 indicating the presence of hydroxyl groups
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and adsorbed water molecules [41, 51]. The peaks at 1710 and 1620 cm-1 are associated with
C=O bonds of carboxyl groups and some nitrogen containing species like C=N stretching
vibrations in the region 1480-1610 cm-1. The more complicated bands within 1000-1300 cm-1
may be addressed to C-O groups [52]. For ZIF-8 material, the peaks observed at 3135 and 2929
are characteristics of aromatic and aliphatic C-H stretch of imidazole and the peaks at 1584,
800-1500 and 421 cm-1 are indications of C=N stretch mode, entire imidazole ring vibrations
and Zn-N stretch mode respectively [51].

Fig. 4-7 FTIR spectra of ZIF-8 (a) and its nanoporous carbons at 600 and 1000 C
̊ (b)

The thermal behaviour of the samples are also shown in the TGA graphs (Fig. 4-5). At the
temperature below 150 ̊C, the mass loss is due to evaporation of adsorbed water molecules in
the pores of the materials. Between 400 and 600 ̊C, the mass loss could be due to the framework
decomposition which results in carbon. The mass loss from 900 ̊C onwards, could be attributed
to the evolution Zn through the reduction of Zn by carbon and evaporation [46]. This mass loss
is more pronounce for ZIF-8 and CZIF 600. In contrast, CZIF 1000 and CZIF 1200 show little
mass loss since they already had been treated at 1000 and 1200 ̊C.
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The local structures of the resulting nano porous carbons were investigated using Raman
spectroscopy and the results are shown in Fig. 4-8.

Fig. 4-8 Raman spectra of (a) CZIF-600 and (b) CZIF-1000

The carbonization is also confirmed by the Raman spectra considering the graphitic G and
D bands at 1350 and 1600 cm-1, respectively [11]. These broadened peaks at 1350 and 1600
cm-1 show a disordered carbon network as evidenced by XRD. Typically, the D band illustrates
the presence of disordered carbon structures, while the G band is basically attributed to
hexagonal graphitic networks in the porous carbon matrix. The intensity ratio of D peak to G
peak (ID/IG) is an indication of the amount of defects in the carbon materials [11, 53]. This
value also shows as the carbonization temperature increases, more defects are produced in the
carbon matrix. These defects produce more accessible surface areas which promote charge
accumulation being advantageous for charge transferring in the adsorption process [53].
Therefore, this feature reflects a favourable characteristic for adsorption capacity of the samples
carbonized at higher carbonization temperatures.
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XPS analysis was performed to identify the surface elements of original ZIF-8 and its
derived nanoporous carbons to better understand the adsorption mechanism over these
adsorbents and to determine the change in the amount of C, N and Zn after carbonization. As
can be seen from Fig. 4-9 the XPS spectra of original ZIF-8 shows that the adsorbent mainly
consists of Zn, C and N elements. Two characteristics peaks of Zn were identified at 1021.4
and 1044.5 eV which can be attributed to Zn 2p3/2 and Zn 2p1/2, respectively [54]. It is not easy
to distinguish the oxidation states of Zn by only using Zn 2p spectra since the binding energy
range of Zn0 and Zn2+ overlaps. Therefore, ZnLMM Auger spectra were also considered to
define the chemical states of Zn element as shown in the figure.
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(a)

(b)

Fig. 4-9 XPS spectra of ZIF-8 and its nanoporous carbons (a) and XPS atomic percentage of C,
N and Zn in ZIF-8 and its nanoporous carbons (b). For a more clear comparison, the adsorbed oxygen
is eliminated
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The spectra with the binding energy at 399.1 eV are assigned to the N in 𝐶 = 𝑁 − and 𝐶 −
𝑁𝐻 − groups [55]. The predominant peak at 399 eV is assigned to a pyridinic nitrogen which
is a nitrogen atom bonded to two carbon atoms in a hexagon ring [56]. It is reported in literature
that the incorporation of nitrogen atoms into carbon produces defects in the structure. Therefore,
the carbon atoms at the edge locations are highly reactive and react with physically adsorbed
oxygen to form oxygen containing groups when the atoms are exposed to air [57].
The peaks with binding energy of 532.5 eV and 284.85 eV are associated with O1s and
C1s respectively [58]. Also oxygen is in the forms of 𝑍𝑛 − 𝑂𝐻 and H2O [59]. The O1s peak is
related to physically adsorbed oxygen atoms bound to carbon as 𝐶 − 𝑂𝐻 and/or −𝐶 = 𝑂
(carboxylic) group [60, 61]. The surface adsorbed oxygen is present without any chemical
interactions. In the ZIF-8 framework, the 𝑍𝑛 − 𝑁4 coordination and the methyl groups −𝐶𝐻3
on imidazole linker are the weakest bonds before the decomposition of the linker [62].
Therefore, increasing the carbonization temperature leads to the change of the chemical
interactions between C, N and Zn atoms as it is observed from the qualitative variations of the
peak shift. By increasing the temperature from 600 to 1200 ºC, a gradual shift of C1s to 284.6
eV for pure graphitic carbon (sp2 𝐶 = 𝐶) is observed and suggests a considerable loss of N
atoms [63, 64]. The existence of Zn in ZIF-8 nanoporous carbons at temperatures above 900
ºC can be assigned to the very strong Zn-N interactions (although it is expected that Zn
evaporates at temperatures higher than 907 ºC) [11].
The quantitative values of the elements before and after carbonization based on the XPS
spectra are given in Table 4-2. Hydrogen is not in the list because it cannot be detected using
XPS technique [65]. It is seen that by increasing the temperature from 600 ºC to 1200 ºC, the
carbon content increases while the oxygen content decreases. While for increasing the
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temperature up to 600 ºC, this trend is opposite since the carbon content decreases slightly and
the nitrogen content increases marginally. The nitrogen loss for CZIF 1000 and CZIF 1200 is
very severe since nitrogen is unstable at high temperatures. These findings are consistent with
other studies [45, 66, 67]. The peak positions corresponding to the elements are as follows:
283, 397, 530 and 1019 eV for C1s, N1s, O1s and Zn 2p, respectively.
Table 4-2 Atomic elemental percentage of C, N, Zn and O from the surface analysis of ZIF-8 and
the nanoporous carbons by XPS analysis

Material

C1s (%)

N1s (%)

O1s (%)

Zn 2p (%)

ZIF-8

70.88

20.13

6.06

2.94

CZIF 600

68.43

21.69

6.86

2.99

CZIF 1000

86.77

8.39

4.04

0.8

CZIF 1200

96.28

1.51

2.2

0

4.4.2. Adsorption study for the removal of Methylene Blue (MB) dye
The obtained nanoporous carbons were evaluated for their adsorption capabilities with
several dyes including MB, RhB, BG and MO to reflect the capability of carbonized ZIF-8 for
adsorption of a variety of dyes. For the evaluation of adsorption capacity of the samples, the
aqueous solution of MB, RhB and BG (as positively charged model pollutants) and MO (as
negatively charged model pollutant) dye were used. The dimensions of MB molecule are 1.43
nm × 0.61 nm × 0.4 nm as mentioned previously [1]. Rhodamine b has the dimensions of 1.44
nm×1.09 nm×0.64 nm [68] and methyl orange molecular size is reported as 1.31 nm×0.55
nm×0.18 nm [69]. The carbonized ZIF-8 at 1000 ̊C showed the adsorption capacity of 84.3,
153.5, 200 and 186.3 mg/g for Rhodamine B (RhB), Methyl Orange (MO), Brilliant Green
(BG) and Methylene Blue (MB) dyes respectively (Fig. 4-10). These results show that
carbonized ZIF-8 at 1000 C has tendency to adsorb positively charged dyes, i.e. Methylene
Blue, Rhodamine B and Brilliant Green (BG). However, it has much higher adsorption capacity
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for Brilliant Green and Methylene blue probably due to the smaller molecular size of MB and
BG compared with RhB molecule (1.44 nm×1.09 nm×0.64 nm) [68].

Fig. 4-10 Adsorption capacity of CZIF1000 for various cationic and anionic dyes

It is very interesting that CZIF 1000 has also high adsorption capacity for methyl orange
which is a negatively charged dye molecule. This feature could be addressed to the fact that the
molecular size of MO (1.31nm×0.55 nm×0.18 nm) [69] is smaller than MB dye (1.43 nm ×
0.61nm × o.4 nm) [1]. This feature compensates for the negative charge of MO molecule and
facilitates MO adsorption on the carbonized ZIF-8 samples.
The adsorption capacities of nano porous carbons and ZIF-8 for adsorption of MB are
shown and compared in Fig. 4-11. Since CZIF1200 had an adsorption capacity lower than
CZIF600 and CZIF1000, the adsorption kinetics and isotherms were derived only for the
samples carbonized at 600 and 1000 ̊C. The low adsorption capacity of CZIF1200 towards MB
dye could be attributed to the more positive surface charge at pH=5.5 reflected as zeta potential
(Fig. 4-6) and lower surface area as well as smaller pore size distribution after harsh
carbonization condition. It is evidenced from Fig. 4-4 that pore size distribution covers a smaller
range of pore diameters compared with CZIF600 and CZIF1000.
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It can be seen that the carbonized ZIF-8 materials have significantly higher adsorption
capacities in comparison with ZIF-8. It is also observed that the heat treatment temperature had
a remarkable effect on the adsorption capacity of the samples. ZIF-8 carbonized at 1000 ̊C
exhibited much higher adsorption capacity compared to the ZIF-8 carbonized at 600 and
1200 ̊C.

Fig. 4-11 Adsorption capacity of ZIF-8 and nano porous carbons for MB removal (initial dye
concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5)

The weak adsorption of ZIF-8 can be attributed to the small pore size (1.3 nm) which has
the accessible pore sizes of 0.34 nm [70] as well as the positive surface charge (Fig. 4-6). After
conversion to carbon the surface and bulk properties of ZIF-8 are modified; therefore, the
resulting carbonized materials possess high negative surface charges, larger surface areas with
broader pore size distributions. These features facilitate high adsorption of MB molecules with
nanoporous carbons. In addition, MB molecules can interact with the carbon surface because
of the π-π interaction between MB molecules and sp2 graphitic carbon in the carbon matrices.
This is confirmed by Raman analysis shown in Fig. 4-8 [1]. The superior removal capacity of

141

Chapter 4. Effect of carbonization temperature on adsorption property of ZIF-8 derived
nanoporous carbon for water treatment
the nanoporous carbons compared to ZIF-8 is evidenced from Fig. 4-11, having adsorption
capacity of 186.3 mg/g for CZIF1000, 43.5 mg/g for CZIF600 and 36.7 mg/g for CZIF 1200
compared with 19.5 mg/g adsorption capacity of ZIF-8.
The amount of MB uptake into the adsorbent materials was calculated using the following
formula by simply considering the final and initial concentrations of dye solutions.
The percentage of dye removal (%) and the amount of dye adsorbed per unit of adsorbent
(q) were calculated by the following equations:
% = (𝐶𝑖 − 𝐶𝑒 ) ×

𝑄𝑒=

100
𝐶𝑖

(1)

(𝐶𝑖 − 𝐶𝑒 ) × 𝑉
𝑚

(2)

where Ci and Ce are the initial and equilibrium concentrations (mg/l) respectively, V is the
volume of dye solution (ml) and m is the weight of the adsorbents (g).
Table 4-3 summarises the comparison of adsorption capacities of MB on various MOF
derived nanoporous carbons as well as activated carbons prepared from different sources.
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Table 4-3 Adsorption capacities of MB on various carbon based adsorbents

Adsorption
Adsorbent

isotherm

Carbonization
Adsorption
pH

T ( ̊C)

Qm
(mg/g)

Reference
[1]

Langmuir

NA

600, 800 ̊C

300.3,
500

MIL-58B carbon composite

Langmuir

NA

500, 600 ̊C

74

[71]

MOF derived carbon

Langmuir

NA

500, 600 ̊C

303.95

[37]

NA

NA

1000 ̊C

NA

[72]

ZIF-8 derived carbon*

Langmuir

5.5

600 ̊C

43.5

This study

ZIF-8 derived carbon*

Langmuir

5.5

1000 ̊C

186.3

This study

ZIF-8 derived carbon*

NA

NA

800 ̊C

59

[2]

Magnetic carbonized MOF5*

Langmuir

6

900 ̊C

292.4

[38]

AC from date palm leaflets

Langmuir

7

550 ̊C

270

[73]

AC from walnut shells

RedlichPeterson

7

350-600 ̊C

315

[74]

AC from cotton stalk

Langmuir

7

NA

193.5

[75]

AC from waste biomass

Langmuir

6

600 ̊C

16.43

[76]

AC from waste tea

Langmuir

7

800 ̊C

554.3

[77]

AC from Posidonia
oceanica-

Langmuir

6.5

600 ̊C

285.7

[78]

ZIF-67 derived carbon*
Mixture of MIL-53 and

(MIL-100 (Fe))
Polystyrene @ ZIF-8
core-shell microspheres

1

dead leaves
*Prepared by direct carbonization
1

AC: Activated carbon

Nanoporous carbon derived from ZIF-67 exhibits the highest adsorption capacity in MB
removal among the MOF derived carbon materials while activated carbon from waste tea has
the highest adsorption capacity for MB dye compared to activated carbons from other sources.
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The properties of activated carbon depends on the source material, therefore the adsorption
capacities for dye removal differs for different kind of activated carbons. In most cases the
activated carbons were treated and functionalized under harsh acidic conditions (or other
chemical conditions) to make them suitable for adsorption. However, in this work, no treatment
(by any means) was used and the ZIF-8 derived carbons were used directly after carbonization.
For example, activated carbon derived from date palm leaflets were prepared using KOH
activation followed by nitric acid oxidation to develop oxidized activated carbon. In addition,
basic activated carbons were produced using ethylene diamine and propylene diamine to
functionalize the surface of the carbons. The treated activated carbons had MB adsorption
capacity in the range of 200-300 mg/g. The initial basic activated carbon had 270 mg/g
adsorption capacity [73]. It is observed that ZIF-8 derived carbons show promising adsorption
capacities in comparison with other materials. Therefore, untreated carbonized ZIF-8 with MB
removal capacity of 186.3 mg/g can compete with the other conventional carbon adsorbents for
the removal of MB dye from water. Fig. 4-12 Shows the electrostatic interaction between MB
and ZIF-8 derived nanoporous carbons.

Fig. 4-12 Electrostatic interaction between methylene blue dye and nanoporous carbons
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4.4.3. Adsorption isotherms
Analysis of the adsorption isotherm is of a great importance in order to define how
adsorbate substances interact with the adsorbent surface. Equilibrium adsorption studies define
the capacity of the adsorbent and also illustrate the adsorption isotherms by constants whose
values express the surface properties and affinity of the adsorbents. It is required to understand
the relationship between equilibrium adsorption data and either theoretical or practical
equations in order to interpret and predict the extent of adsorption [79].
Among the adsorption isotherms the Langmuir and Freundlich models are the most
common isotherms due to their simplicity and capability to describe experimental results in
wide ranges of concentration [80].
The Langmuir adsorption isotherm model assumes that adsorption takes place at specific
homogenous sites on the adsorbent. This model has been used successfully for many adsorption
processes of monolayer adsorption. This model is expressed with the following equation:
𝑄𝑒 =

𝑄𝑚 𝐾𝐿 𝐶𝑒
1 + 𝐾𝐿 𝐶𝑒

(3)

The equation can be linearized to the following forms:
1
1
1 1
=
+
𝑄𝑒 𝑄𝑚 𝐾𝐿 𝑄𝑚 𝐶𝑒

(4)

or
𝐶𝑒
𝐶𝑒
1
=
+
𝑄𝑒 𝑄𝑚 𝐾𝐿 𝑄𝑚

(5)

where Qm is the maximum amount of adsorption with complete monolayer coverage on the
adsorbent surface (mg g-1), and KL is considered the Langmuir constant related to the energy of
adsorption (l mg-1). The Langmuir constants KL and Qm can be determined from the linear plot
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of 1/Ce versus 1/Qe. The Langmuir isotherm is explained according to the assumption that the
structure of the adsorbent is homogeneous and all sorption sites have equal energy levels. This
means the adsorption process should include equal sorption activation energy and represents
the formation of monolayer coverage of the adsorbate molecule on the adsorbent surface.
The Freundlich isotherm model considers a heterogeneous adsorption surface that has
unequal sites with different adsorption energies. This model is not restricted to the monolayer
formation and is presented as follows:
1/𝑛

(6)

𝑄𝑒 = 𝐾𝑓 𝐶𝑒

Eq. (4) can be rearranged to a linear form by taking logarithms as follows:
log 𝑄𝑒 = log 𝐾𝐹 + 1⁄𝑛 log 𝐶𝑒

(7)

where Qe is the amount of dye uptake per unit mass of adsorbent at equilibrium (mg/g), Ce
is the concentration of dye solution at equilibrium (mg/l), KF (mg1-1/n l1/n g-1) and n are the
Freundlich adsorption isotherm constants. KF and 1/n values can be calculated from the intercept
and slope of the linear plot between log Ce and log Qe.
Favourable adsorption by a material can be determined from the Freundlich constants. KF
is indicative of the adsorption capability of the adsorbent, i.e. the greater KF value shows the
greater adsorption capacity. n is another Freundlich constant which is a measure of the deviation
from linearity of the adsorption and typically illustrates the types of adsorption. If n is equal to
unity, the adsorption is linear. Furthermore, an n value below unity indicates that the adsorption
is a chemical process; whereas, an n value above unity is attributed to favorable adsorption and
a physical process [81]. Adsorption isotherms were derived for CZIF 600 and CZIF 1000 to
compare the equilibrium adsorption data for different carbonization temperatures.
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Table 4-4 shows the calculated values of Langmuir and Freundlich model’s parameters.
Table 4-4 MB adsorption isotherm parameters of carbonized ZIF-8 prepared at 600 and 1000 ̊C.

sample

Langmuir isotherm

Freundlich isotherm

KL

Qm

R2

KF

n

R2

CZIF1000 186.3

0.86

185.2

0.999

126.6

10.52

0.7944

CZIF600

0.21

49.5

0.9975

35.6

17.1

0.7752

Qe
43.5

According to the graphs and calculations the equilibrium data showed a better fit to the
Langmuir equation with r2>0.99 addressing the homogeneous active sites and monolayer
coverage of MB onto nanoporous carbons (Fig. 4-13 a and b). The experimental data is verified
by comparing the calculated maximum adsorption capacity (Qm) and equilibrium adsorption
(Qe) (Table 4-4).
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Fig. 4-13 Adsorption isotherms for adsorption of MB on carbonized ZIF-8 at 600 and 1000 ̊C: (a)
and (b) Langmuir isotherms, (c) and (d) Freundlich isotherms for CZIF1000 and CZIF600 respectively
(adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5).

The carbonized ZIF-8 at 1000 ̊C shows an impressive adsorption capacity for MB dye with
186.3 mg/g which is almost 10 times and four times the amount adsorbed by carbonized ZIF at
600 ̊C and ZIF-8 respectively.
The separation factor (RL) was also calculated from Langmuir isotherms and is illustrated
in Fig. 4-14. The favourable adsorption of Langmuir isotherm can be explained by means of a
dimensionless separation factor RL [82].
𝑅𝐿 =

1
1 + 𝐾𝐿 𝐶𝑖

(8)
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RL values are described based on the categories shown in Table 4-5:
Table 4-5 RL values according to the adsorption isotherms

RL

Type of isotherm

RL>1

Unfavorable

RL=1

Linear

0<RL<1

Favourable

RL=0

Irreversible

As illustrated in Fig. 4-14, since the RL values are all between zero and unity, thus it is
confirmed the adsorption process over nanoporous carbons is favourable.

Fig. 4-14 RL values of the ZIF-8 derived nanoporous carbons at different initial concentrations
(adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5).

4.4.4. Adsorption kinetics
There are several adsorption kinetic models for defining the controlling mechanism of dye
adsorption from aqueous solution. It is worth noting that the rate of adsorption of a particular
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molecule depends upon its mobility in the solution phase, the adsorbent pore structure, the
particle size, and the hydrodynamics of contact between the solution and the particle phase [83].
Pseudo-first order and Pseudo-second order models are widely used for the adsorption
processes. The adsorption kinetics were performed for CZIF 600 and CZIF 1000 to compare
the kinetic results for two different carbonization temperatures.
Pseudo-first order model is according to the assumption that the rate of solute uptake with
time is directly proportional to the difference in equilibrium concentration and the amount of
adsorbate uptake with time.
𝑑𝑄𝑡
= 𝑘1 (𝑄𝑒 − 𝑄𝑡 )
𝑑𝑡

(9)

when 𝑄𝑡 = 0 at t = 0, Eq. (6) can be integrated into following equation:
log(𝑄𝑒 − 𝑄𝑡 ) = log 𝑄𝑒 −

𝑘1 𝑡
2.303

(10)

where 𝑄𝑡 is the amount of dye uptake per unit mass of adsorbent (mg/g) at time t, k1 is the
pseudo-first order rate constant (min-1), and t is the contact time (min). The adsorption rate
constant (k1) is calculated from the plot of log (Qe-Qt) against t.
Ho and McKay [84] presented the pseudo-second-order kinetic as:
𝑑𝑄𝑡
= 𝑘2 (𝑄𝑒 − 𝑄𝑡 )2
𝑄𝑡

(11)

Integrating Eq. (8) and noting that Qt = 0 at t = 0, the obtained equation can be rearranged
into a linear form:
𝑡
1
𝑡
=
+
𝑄𝑡 𝑘2 𝑄𝑒2 𝑄𝑡

(12)
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where k2 is the pseudo-second order rate constant (g mg-1 min-1).
The calculated kinetic parameters of the carbonized samples are given in Table 4-6.
Table 4-6 MB adsorption on carbonized ZIF-8 samples: kinetics parameters

Pseudo first order
sample

Pseudo second order

K1 (×10-3) Qe
-1

(min )

R2
-1

K2 (×10-3)
-1

(mg.g )

Intra particle diffusion
R2

Qe
-1

(mg.g )

C

R2

(mg.g1
.min-1)

-1

(g.mg .min )

Ki

CZIF1000 15.8

125.1

0.9503

0.38

188.67

0.9964

13.41

34.59 0.9808

CZIF600

16.87

0.9736

4.6

42.19

0.9935

1.66

23.63 0.9318

15.2

The experimental data was analysed by comparing the calculated qt against time from the
two kinetic models and thereafter was defined by linear regression. As it is shown in Fig. 4-15
the carbonized samples fitted kinetic models well. Nevertheless, the pseudo-second order model
shows a better fit for the experimental data when comparing r2 as it shows a higher r2 (>0.99)
compared to the pseudo-first order model. The calculated adsorption capacity from the latter is
also very close to the experimental value. These results confirm the applicability of the pseudosecond-order equation. They also indicate that the sorption of MB into the nanoporous carbons
follows the pseudo-second-order model.

151

Chapter 4. Effect of carbonization temperature on adsorption property of ZIF-8 derived
nanoporous carbon for water treatment

Fig. 4-15 Adsorption kinetics for adsorption of MB on CZIFs (initial dye concentration 100 ppm,
adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5) (a) Pseudo first order and (b) Pseudo
second order kinetics.

4.4.5. Adsorption mechanism
Adsorption is usually controlled by either the liquid phase mass transport rate or the
intraparticle mass transport rate. Weber and Morris [85] proposed the use of the intra-particle
diffusion model to determine diffusion mechanisms of adsorption processes. The effect of intraparticle diffusion resistance on adsorption process is presented by the following relationship:
𝑄𝑡 = 𝐾𝑖𝑑 𝑡

1⁄
2

(13)

+𝐼

where kid is the intra-particle diffusion rate constant (mg g− 1 min− 1/2). From Eq. (13), when
adsorption mechanism follows the intra-particle diffusion model, a plot of qt against t1/2 gives a
linear line with slope kid and intercept I. Values of I provide information about the thickness
of the boundary layer, i.e. the larger intercept means a greater boundary layer effect.
There are a series of resistances to mass transfer during the adsorption processes. These
resistances can be attributed to either “external resistance” which happens when the molecules
diffuse through the solute film toward the adsorbent surface or “internal resistance” which
occurs while the molecules penetrate through the liquid inside the adsorbents pores. The
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external resistance is described in terms of mass transfer coefficient. While the internal
resistance can be evaluated by the internal pores as well as solids diffusive characteristics. The
different regions of the plot of qt versus t1/2 reflect the external mass transfer followed by
intraparticle diffusion in macro, meso and micropores [86].
The intraparticle diffusion plots of the nanoporous carbons provided linear curves (Fig.
4-16). However, the plots did not pass through the origin which reflects that the intraparticle
diffusion was constituted in the adsorption process but was not the only rate limiting step.
Fitting the experimental data gives us three-phased graph.

Fig. 4-16 Intra particle diffusion model for adsorption of MB on carbonized ZIF-8 (a) CZIF600
and (b) CZIF1000 (initial dye concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml,
initial pH=5.5).

The line in the initial stage does not pass through the origin which indicates that the
adsorption at this stage is mainly due to the external surface uptake instead of intra particle
diffusion process. In this initial stage the adsorptive molecule diffuses through the solution to
the external surface of the adsorbent or to the boundary layer diffusion where the adsorption
rate is high. In the second stage, adsorption is faster reflecting the gradual adsorption step where
intraparticle diffusion is rate-controlling. In the third section, diffusion remains relatively
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constant which means the intra-particle diffusion begins to slow down and then the maximum
adsorption is achieved [79].
The intraparticle rate constant (Kid) as can be seen from Table 4-6 is much higher for CZIF
1000 compared with CZIF 600 which can be attributed to a combination relationship between
parameters such as specific surface areas and pore sizes of the adsorbents. The decrease in the
pore size of the nanoporous carbon, would reduce the free path of adsorbate molecules into the
adsorbent pores. This results in a decline in the values of intra-particle rate constant.
Intraparticle diffusion model does not define the overall controlling step during the
sorption process. Therefore, to further confirm the main rate controlling stage of the whole
adsorption process, the kinetic data were also analysed by the kinetic expression reported by
Boyd et al. [87]. The following equation was derived to address if the pore diffusion is the
limiting step:
∞

(14)

𝐹 = 1 − (6⁄𝜋 2 ) ∑ (1⁄𝑛2 ) 𝑒𝑥𝑝(−𝑛2 𝐵𝑡)
𝑛=1

where F is the fraction of adsorbate adsorbed at different times and Bt is a mathematical
function of F.
𝐹=

𝑄𝑡
⁄𝑄
𝑒

(15)

where 𝑄𝑡 and 𝑄𝑒 are the amount of dye uptakes (mg/g) at time t and at equilibrium,
respectively. 𝐵𝑡 is determined as the following equation:
𝐵=

(𝜋 2 𝐷𝑖 )
⁄2
𝑟0

(16)
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From the above equation, the values of B cannot be estimated for each adsorption fraction.
Reichenberg [88] derived the following estimation using Fourier transform and integration:
For F values >0.85
(17)

𝐵𝑡 = −0.4977 − ln(1 − 𝐹)
while for F values <0.85
2

(18)

𝐵𝑡 = (√𝜋 − √𝜋 − (𝜋 2 𝐹/3))

Bt can be plotted against time as it is shown in Fig. 4-17. It can be seen that the plots were
linear but did not pass through the origin. This shows that the external transport mainly controls
the whole adsorption process of MB over nanoporous carbons as it is the rate limiting step [89].

Fig. 4-17 Boyd film diffusion kinetic for adsorption of MB on carbonized ZIF-8 (initial dye
concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5).

4.4.6. Effect of pH on adsorption
One of the most important parameters which often affects the adsorption processes is pH
of the solution. The adsorption mechanism and the removal efficiency of adsorbents are
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influenced by pH since the hydrogen ion concentration impacts the ionization of dyes as well
as the surface properties of the adsorbents [90, 91]. The effect of initial pH of the dye solution
on the removal efficiency of MB was investigated over the pH range of 1-11 as shown in Fig.
4-18. It is observed that the amount of dye adsorbed on ZIF-8 and nanoporous carbons increased
with increasing pH. However, the change in the adsorption performance with pH is not very
significant. The change in dye uptake is more pronounce in the pH levels higher than 7. A slight
change of the adsorption capacity can be observed at pH around 6 and 7. This behaviour can be
explained by point of zero charge (pHpzc).

Fig. 4-18 Effect of solution pH on adsorption performance of adsorbents (initial dye
concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml)

The point of zero charge (pzc) is the pH at which the surface charge is zero and is generally
used to quantify or define the electro kinetic properties of a surface. The value of pH is used to
describe pzc only for systems in which H+/OH- are the potential determining ions. Due to the
presence of functional groups such as OH-, cationic dye adsorption is favoured at pH > pHpzc
where the surface gets negatively charged, while the adsorption of anionic dye is favoured at
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pH < pHpzc where the surface becomes positively charged [92]. To define the pzc, the surface
charge of a sample is measured as zeta potential using a Zeta sizer. Zeta potential () is an
important pH related parameter that determines the surface properties of solids in aqueous
solutions. This parameter is used to explain the adsorption mechanism of an adsorbate at the
metal oxide-water interface. Zeta measurement plays an important role in defining the
adsorption mechanism of adsorbates at the solid/solution interface as well as determining the
colloid stability [93]. From Fig. 4-6 it can be seen that the points of zero charge (the point at
which the overall charge of adsorbent is zero) for ZIF-8, CZIF-600 and CZIF-1000 are 10, 5.5
and 4.5, respectively. At pH < pHpzc since H+ ions compete with the cation group on MB
molecules for adsorption sites, the surface of the adsorbent adsorbs more hydrogen ions which
results in the reduction of bonding of MB molecules on the sorbent surface. While, at pH >
pHpzc the surface of the adsorbents become more negatively charged. Thus, the increase of
electrostatic attraction between positive adsorbate molecules and adsorbent surface would
cause the increase of the adsorption capacity of methylene blue dye [94]. A similar behaviour
has been reported by other studies [76, 95].
4.4.7. Effect of solution temperature
Solution temperature is another important factor which influences the uptake of pollutants
form water on the adsorbents. The effect of temperature was investigated using the following
relationships:
(19)

∆G° = ∆H° − ∆S°T
And the van’t Hoff equation as:
ln K C =

∆S° ∆H°
−
R
RT

(20)
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where 𝐾𝐶 is the equilibrium constant and is explained as the ratio of the dye equilibrium
concentration on the adsorbent to the dye equilibrium concentration in solution. 𝐾𝐶 can be
calculated from the following equation:
𝑄𝑒 𝑊
⁄𝐶 𝑉 )
𝑒

(21)

𝐾𝑐 = (

where 𝑄𝑒 is equilibrium adsorption capacity, 𝐶𝑒 is equilibrium concentration, W is the
weight of adsorbent and V is the volume of dye solution.
R is the ideal gas constant (8.314 Jmol-1K-1) and T is the adsorption temperature in Kelvin.
By plotting ln 𝐾𝐶 against 1⁄𝑇 a linear line would be drawn and the values of ∆𝐻°(𝑘𝐽 𝑚𝑜𝑙 −1 )
and ∆𝑆° ( 𝐽 𝑚𝑜𝑙 −1 𝐾 −1 ) can be calculated form the slope and intercept of van’t Hoff plot.
The influence of temperature on adsorption of MB is demonstrated in Fig. 4-19 and the
thermodynamic parameters are presented in Table 4-7.
Table 4-7 Thermodynamics parameters for the adsorption of MB on nanoporous carbons

∆Gº (Kj/mol)

Material
25ºC

∆Hº (Kj/mol)

∆Sº(j/molK)

40ºC

50ºC

60ºC

CZIF1000 -5.39

-7.1

-8.25

-9.39

28.68

114.3

CZIF600

-1.36

-1.8

-2.24

12.44

44.1

-0.69

Increasing the temperature from 25 to 60 ºC gradually increased the adsorption of MB on
nanoporous carbons which indicates an endothermic process. This means the adsorption is more
favourable at higher temperatures as confirmed by the positive values of ∆Hº values. Similar
observations have been reported for methylene blue uptake over different carbon materials [78,
96]. The negative values of ∆Gº indicate the feasibility of the adsorption process for the
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nanoporous carbons for MB removal and it confirms the spontaneous nature of the adsorption.
The positive values of ∆Sº shows an increase in randomness at the interface of solid and solution
[97].

Fig. 4-19 Effect of solution temperature on adsorption performance of adsorbents (initial dye
concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5)

4.4.8. Effect of initial dye concentration
The effect of initial concentration of MB on adsorption performance of the nanoporous
carbons was tested under equilibrium conditions as shown in Fig. 4-20. The dye removal
decreased by increasing the initial dye concentration from 50 to 250 mg/L. This behaviour can
be related to the limitation of adsorption sites on nanoporous carbons. The adsorption of
CZIF1000 and CZIF 600 reached the saturation at 100 mg/L with capacities of 186 and 43.5
mg/g, respectively.
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Fig. 4-20 Effect of initial dye concentration on removal capacity by nanoporous carbons
(adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5)

4.4.9. Regeneration and recyclability of nanoporous carbons
One of the most important characteristics of an efficient adsorbent is recyclability with
high adsorption capacity. The adsorbent is required to be reusable and restorable to its original
properties after adsorption and reuse. The regeneration of active sites is proportional to the
stability of the adsorbents. This aspect is very essential in terms of industrial application.
Reusing the adsorbents has two benefits. First, it decreases the operational costs of adsorption
process and second, it avoids the secondary pollution to enter the environment.
The nanoporous carbons were regenerated by heat treatment at 200 ºC and reused. After
adsorption, the nanoporous carbons were heated at 200 ºC for about half an hour to decompose
and release the methylene blue vapour. The adsorption capacities of nanoporous carbons before
and after heat treatment are shown in Fig. 4-21. After 5 regeneration cycles, the dye uptakes of
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nanoporous carbons only slightly decreased. Therefore, this method is very effective for
recycling the carbonized ZIF-8 particles and destroying the dye molecules.

Fig. 4-21 Regeneration efficiency of nanoporous carbons

The mechanism of ZIF-8 carbonization has been investigated in two temperature regions
of up to 300 ºC [98] and 600-1100 ºC [11] in different studies.
James and Lin [98] reported a mechanistic study about the thermal decomposition of ZIF8 at 300ºC under different atmospheres including air, nitrogen, argon and H2/CO using the
formula of C24H30N12Zn3 representative of ZIF-8 molecular formula. They suggested the
following carbonization equation for ZIF-8 at 300 ºC under inert environment:
𝐶24 𝐻30 𝑁12 𝑍𝑛3 + ℎ𝑒𝑎𝑡 → 𝐶17 𝐻21 𝑁5 𝑍𝑛3 + 𝑔𝑎𝑠𝑒𝑜𝑢𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
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The mechanism of decomposition was suggested by comparison of the FTIR spectra of
ZIF-8 and the carbons derived at 300 ºC as shown in Fig. 4-22. The weakening/broadening of
the bands between 1350 and 1500 cm-1 as well as 900-1350 cm-1 and below 800 cm-1 which
were assigned to the entire stretching and bending of imidazole ring, respectively, showed the
disordering and carbonization of imidazole substituents of ZIF-8 framework in the porous
carbons derived. The breaking of Zn-N, C=N, and aliphatic/aromatic C-H bonds of imidazole
ring was recognized with the loss or broadening of the intensity at the bands located at 421,
1584 and 2929 or 3135 cm-1, respectively. The dissociation of methyl groups of imidazole ring
can be realized from the weakening of the IR intensity at 1384 cm-1. The introduction of IR
modes at 904, 1041, 1251 and 2200 cm-1 was related to disordering bonds produced between C
and N. Also the specific IR mode at 1041 cm-1 was related to the formation of an aliphatic
amine which is linked to zinc after the decomposition of ring. It was reported that the molecules
containing nitrogen and carbon are only released from the framework when the temperature
reaches at least 600 or 700ºC.

Fig. 4-22 FTIR analysis of ZIF-8 and carbonized ZIF-8 after heat treatment at 300 º C under
different atmospheres [98]
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According to TGA analysis in literature, the decomposition temperatures for unsubstituted
and substituted imidazole and triazole molecules are around 200-300 ºC [99, 100]. During the
carbonization of ZIF-8, an olefin gaseous product and a solid residual amine structure are
produced without the existence of a strong base. Aniyappan and Maroulis [100, 101] have
studied the thermal decomposition of imidazole and triazole ligands and they suggested that the
thermolytic bond cleavage is the main mechanism for imidazole thermal decomposition. They
suggested that after thermal decomposition of imidazole, azirine molecules were produced.
According to these findings from literature, James and Lin [98] proposed the decomposition
reactions as the following equation:
𝑍𝑛(𝐶4 𝐻5 𝑁2 )2 + ℎ𝑒𝑎𝑡 → 𝐶4 𝐻5 𝑁2 − 𝑍𝑛 − 𝐶2 𝐻2 𝑁 + 𝑔𝑎𝑠𝑒𝑜𝑢𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

(22)

where the chemical composition of ZIF-8 is representative of a single building block of
ZIF-8 which includes a zinc cation which is coordinated with two imidazole rings. They
proposed that the carbonized ZIF-8 framework after decomposition in inert atmosphere at
300ºC includes a zinc cation in coordination with a nitrogen atom of a 2-methylimidazole linker
and the nitrogen atom of an azirine substituent from decomposition of imidazole ligand. This
structural formation is illustrated in Fig. 4-23:
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Fig. 4-23 Decomposition mechanism and carbonized ZIF-8 building block after heat treatment at
300 ºC for 20 hours in environments of nitrogen, argon and H2/CO [98]

It is reported that in the ZIF-8 structure, the Zn-N coordination bond and the C-C bond
connecting the imidazole linker to the methyl substituent are the weak bonds in the framework
[62]. The methyl group dissociates through homolytic cleavage at the C-CH3 bond of the
imidazole linker. The methyl radical decomposition would lead to the production of hydrogen
radicals. These hydrogen radicals further interact at the decomposing imidazole ring or
reconnect with other methyl radicals to make C2H6. During the decomposition process, the
nitrogen which underwent heterolytic cleavage with zinc, would undergo heterolytic cleavage
at C-N bond of the decomposing ring. This results in the formation of a positively charged
carbon atom in the framework. Moreover, heterolytic cleavage should also occur at the opposite
nitrogen atom, which is still bonded to zinc atom, in which the N-C bond is broken and the
nitrogen atom retains both electrons and forms a highly negative charged nitrogen atom at the
decomposed structure. It is suggested that an azirine ring is produced after the negatively
charged nitrogen atom donates the electrons to the positively charged carbocation. Therefore,
it is proposed that a heterogeneous carbon is derived from ZIF-8 framework which contains
both 2-methylimidazole and azirine rings after heat treatment at 300 ºC in an inert environment
[98].
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Gadipelli and Guo [11] also systemically investigated the carbonization process of ZIF-8
in the temperature range of 600-1100 ºC and they mentioned that ZIF-8 carbonization involves
ligand decomposition and metal evaporation. It was reported that during carbonization of ZIF8 at temperatures above 600 ºC, the volatile methyl groups dissociate from the main framework
and then the nitrogen and vaporized zinc metal are further released. The study reveals that at
the temperature below 500 ºC, the first components which dissociate are the methyl groups
(−𝐶𝐻3 ) of the imidazole ligands. The ligand nitrogen atoms are observed at the temperatures
between 600 and 800 ºC. At this range of temperature, ligand is decomposed and the −𝐶 − 𝑁 −
𝐻 mixtures are released from the framework. Above 900 ºC Zn evaporates and leaves the
framework.
For defining the detail structural formation during ZIF-8 carbonization, a TG-MS analysis
was performed by Gadipelli and Guo [11] to investigate the decomposition of ligand at 600700, 800-900 and 1000 ºC. Fig. 4-24 shows a schematic of ZIF-8 structural change during
carbonization.
ZIF-8 mass loss during the carbonization as reported in TGA graph in this work in Fig. 4-5
(Section 4.4.1) is similar to the weight loss reported in Fig. 4-24. The results from the TGA and
XPS data in this study are consistent with the structural evolution of ZIF-8 during carbonization
in Fig. 4-24. This is particularly interesting regarding to the nitrogen and carbon content and
their ratios in ZIF-8 and the derived carbons at 600, 1000 and 1200 ºC. As it is noted from XPS
results in Table 4-2, for CZIF 600 the amount of carbon decreased while the nitrogen content
increased. This could be explained according to the dissociation and evolution of methyl groups
in temperature range of up to 600 ºC as shown in Fig. 4-24. Carbonization up to 600 ºC results
in the reduction of carbon content in comparison with nitrogen which is still within the matrix
of material. In the temperature range of 600 to 1000 ºC, the carbon content of CZIF1000
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compared with the nitrogen content, increases while the nitrogen decreases severely at high
temperatures as seen in Fig. 4-9. Nitrogen and zinc are released from the framework around
900-1000 ºC. Then for CZIF1200 the zinc content approaches zero and the nitrogen content
decreases significantly which results in the increase of the portion of carbon in the material
matrix.

Fig. 4-24 Structural transition of ZIF-8 during carbonization. The atoms in the framework are
determined as C gray, H white, N blue and Zn purple [11]

As can be seen from the schematic (Fig. 4-24) and the SEM and TEM images (Fig. 4-3)
the resulting carbons have crystallite shapes and surface structures similar to the structure of
ZIF-8 precursor. The reason for this similarity is attributed to the slow carbonization of ZIF-8
compared with the rapid carbonization of MOFs such as MOF-5 or MOF-74. During the
carbonization of MOF-5 and MOF-74, there is a rapid release of decomposition products like
CO2, while this behaviour is not observed for ZIF-8 carbonization [11]. Therefore, there are no
microcracks on the ZIF-8 crystals after carbonization and the morphology is preserved.
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In this study, the effect of carbonization temperature on adsorption capacity of ZIF-8 for
water treatment was investigated. Nano porous carbons were prepared by direct carbonization
of ZIF-8 at 600 ̊C, 1000 ̊C and 1200 ̊C. The SEM and TEM images proved that the nanoporous
carbon particles retained the original morphology and structure after heat treatment. Zeta
potentials provided information about the change in the surface charge of the samples
addressing the negatively charged carbon nanoparticles compared with the positively charged
ZIF-8 particles. The surface area of ZIF-8 decreased with increasing heat treatment temperature
to 600 ̊C and increased by raising the temperature to 1000 ̊C. However, it declined at
carbonization temperature of 1200 ̊C. The pore size distribution became broader after
carbonization which facilitated adsorption of MB. The adsorption studies revealed that nano
porous carbon derived from ZIF-8 at 1000 ̊C had outstanding adsorption capacity compared
with ZIF-8. The isotherm and kinetics studies showed that the adsorption process followed the
Langmuir model and agreed with pseudo-second order kinetic model. It was shown the
adsorption process was endothermic and the effect of pH was insignificant. This study
illustrates that the heat treatment has significant effect on adsorption properties of ZIF-8 for the
removal of organic pollutants from water.
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Investigation of adsorption
properties of iron loaded ZIF-8
derived nanoporous carbons modified
by re-carbonization for water
treatment

In previous chapter, a systematic and comprehensive investigation on the adsorption
property of carbonized ZIF-8 materials was done. In this chapter the effect of carbonization
temperature on the characteristics and the performances of ZIF-8 derived nanoporous carbons
impregnated by iron nanoparticles is reported. For incorporating iron particles, the wet
impregnation method was employed and the nominal iron loading was 14%. The magnetic
samples were further carbonized at 600 and 1000 ºC. Interestingly, the results showed the
magnetic nanoporous carbons carbonized at 1000 ºC exhibited similar adsorption capacity to
the original ZIF-8 derived nanoporous carbons. Although the surface area reduced after loading
iron on the samples but the reduction of iron species to zero valent iron at high temperature,
resulted in better adsorption capability of the magnetic adsorbent. The mechanism of the
interaction between iron species with dye molecules was explained. Different characterization
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techniques were utilized to address adsorption characteristics and performance for the magnetic
nanoporous carbons. The results from XRD confirmed the presence of iron oxides and reduced
metallic iron at 600 and 1000 ˚C, respectively. SEM results showed that iron nanoparticles were
well distributed in the matrices of the magnetic carbons with nanosized particles in the range
of 10 to 100 nm. The Fe/CZIF1000 showed high adsorption capacity and excellent magnetic
performance which confirms the suitability of this material for adsorption of pollutants form
water.
This chapter has been formatted from the following submitted manuscript:
Z.Abbasi, B. Ladewig, H. Wang, Investigation of adsorption properties of iron loaded ZIF8 derived nanoporous carbons modified by re-carbonization for water treatment. Asia Pac. J.
Chem. Eng. 2017 (Submitted).

The dyes discharged from industry have become a source of environmental pollution as
they severely affect human life, aquatic animals and life cycle [1]. Adsorption is a very efficient
and simple approach for the elimination of dyes from water. Therefore, a variety of adsorbents
have been investigated regarding dye removal including the carbon materials. Among the
carbon materials, nanoporous carbons are greatly interesting because of the robust porous
networks as well as the advantageous features in terms of being environmental friendly and
chemically stable against acidic and basic conditions [2, 3]. Metal organic frameworks (MOFs)
are interesting porous crystalline materials made from metal ions and organic ligands. MOFs
are specifically attractive due to their unique and special features such as high surface area, high
porosity, controlled pore size and potential applications in gas storage, catalysis and adsorption
[4, 5]. Zeolitic immidazolate frameworks (ZIFs) are a branch of MOFs that exhibit many
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interesting properties like porous frameworks and high surface areas. ZIF-8 is one of the most
popular ZIFs, with a molecular formula of Zn(2-methylimidazolate)2 which has the large pores
of 1.14 nm size and the accessible aperture size of 0.34 nm [6].
Regarding the special characteristics of MOFs such as large carbon content and highly
porous framework, these materials have been considered for the production of nanoporous
carbons. The carbons derived from MOF materials have also more interesting properties like
porosity and chemical stability which made them on the focus of the researchers for a wide
range of applications similar to MOFs’ applications in particular adsorption of pollutants from
water [7, 8].
However, although nanoporous carbons derived from MOF materials show good
adsorption properties and performances, it is difficult to separate them from water. Thus, this
issue limits their applications in water treatment. Incorporation of magnetic particles into these
nanaoporous frameworks, can broaden the areas of their application especially in adsorption
since magnetic property makes the separation of the nanoporous carbon particles from aqueous
solution much easier [9]. Different methods have been utilized for generating magnetic
nanoporous carbons including template carbonization [8, 10], hydrothermal methods [9] and
heat treatment of organometallic materials [11]. Wet impregnation is a simple, inexpensive and
effective method for introducing different functionalities into materials for the applications such
as catalysis and adsorption [12]. Utilization of this technique along with the usage of low-cost
adsorbents and catalysts has been in the focus of many studies to produce more efficient
composite materials with magnetic properties for easy separations from water [13, 14].
Activated carbon [15, 16] and other kinds of porous carbons [17-20] have been impregnated by
iron particles for adsorption of organic pollutants form water and have shown high performance
as well as high magnetic response. However, the magnetic nanoporous carbons derived from
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metal organic framework and their adsorption properties have not been investigated using a
simple technique such as wet impregnation. Other methods for introducing magnetic
functionality into the porous frameworks and carbons usually include several steps, requires
dangerous chemicals and high temperatures or are very time consuming and complicated [2126]. For example, magnetic nanoparticles were synthesized using a very complex procedure
[27] using sodium hydroxide and diethylene glycol solution by heating at 120 ºC under nitrogen
atmosphere along with preparing a mixture of PAA, FeCl3 and DEG heated to 220 ºC under
nitrogen flow. The mixture of the chemicals including sodium hydroxide in a high temperature
environment is very dangerous and it requires special equipment which resists harsh basic and
hot conditions. The usage of nitrogen flow in all of the synthesis steps (mixing, heating, etc.)
also makes this procedure very difficult and complicated. This method was utilized to produce
nano particles in the range of 30-180 nm. In another method, carbon encapsulated iron
nanoparticles with core-shell structure was synthesized with detonation decomposition of
explosive compound consisting iron components [28, 29]. This method also requires a
complicated facility and it is not a preferred method especially in terms of safety considerations
while it does not have any advantage in controlling the resulting magnetic carbon structure [30].
The wet impregnation method is an efficient, safe, environmentally friendly and
uncomplicated technique which can be utilized for introducing functionalities such as magnetic
iron particles into the framework of the materials. In this study, we report enhanced loading of
ZIF-8 derived nanoporous carbons by iron nanoparticles using wet impregnation approach. The
obtained impregnated carbons had good adsorption capacity and excellent magnetic property
because of the presence of iron nanoparticles well distributed in the carbon framework. The
iron nanoparticles were produced in the range of 10 nm to 100 nm similar to what was reported
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in literature using a complicated technique and harsh conditions. However, the approach we
introduced is very straightforward and environmentally friendly.

5.3.1. Materials
Iron nitrate nonahydrate (Fe (NO3)3.9H2O), Zinc nitrate hexahydrate (Zn(NO3)2.6H2O) and
2-methylimidazole (Hmim) (99%) were purchased from Sigma Aldrich. Methylene blue (MB),
NaOH and HCl were purchased from Merck. All chemicals were used as received without any
purification.
ZIF-8 was synthesized by the method reported by Koji Kida et al. [31] in aqueous solution.
Briefly, 0.744 g (2.5 mmol) of Zn(NO3).6H2O and 12.3 g (0.15 mol) of Hmim were dissolved
in 10 ml and 90 ml of deionized water respectively. After mixing for 24 hours, ZIF-8
nanocrystals were collected by washing with deionized water and centrifuging (8000 rpm, 30
min) for three times and then dried at 70 ̊C overnight. The synthesized ZIF-8 powder was
directly carbonized at 600 and 1000 ̊C under argon atmosphere. The temperatures increased
from room temperature to the target temperatures with a heating rate of 5 ̊C/min. The powders
were carbonized at the target temperatures for 6 hours. The obtained nanoporous carbons were
denoted as CZIFs and as CZIF600 and CZIF1000.
The magnetic carbons were produced by a wet impregnation method [32] by combining
nanoporous carbons CZIF600 and CZIF1000 and a solution of iron nitrate nonahydrate with
nominal iron loading of 14% (weight percent). The mixtures were stirred for 2 hours and the
resulting materials were collected by centrifugation, washed by water several times and dried
at 70 ºC overnight. The dried samples were further re-carbonized at 600 and 1000 ºC in argon
atmosphere in a tube furnace for 6 h. The products were denoted as Fe/CZIF600 and
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Fe/CZIF1000. The obtained magnetic samples were directly used for characterization and
adsorption experiments.
5.3.2. Characterization
Nitrogen adsorption and desorption isotherms were measured at liquid nitrogen
temperature (77 K) using an accelerated surface area and porosimetry system (ASAP 2020,
Micromeritics, USA) for surface area measurements. The crystal structures of the samples were
identified using an X-ray diffractometer (Miniflex 600, Rigaku) with Cu Kα radiation at 40 kV
and 20 mA over the 2 range of 2-100°. The morphology of the magnetic samples was observed
using a scanning electron microscope (JEOL 7001F FEG SEM). Thermogravimetric analysis
(TGA) was performed on a SETARAM (TGA 92) device from 30 to 1000 ̊C at a heating rate
of 10 C
̊ /min under Ar flow. The zeta potentials of the samples were determined using a
Zetasizer Nano (Malvern) at the pH ranging from 1 to 11. The powders were dispersed by
sonication in water with the concentration of 0.5mg/10ml and the dispersion was used for zeta
potential measurement. The concentration of methylene blue was measured using a UV-vis
spectrophotometer (UVmini-1240, Shimadzu) at the wavelength of 665 which corresponds to
the maximum adsorption of the methylene blue dye.
5.3.3. Adsorption experiments
Adsorption for the samples was carried out in batch experiments. The adsorption capacity
was evaluated by adsorption of an organic cationic dye methylene blue (MB) in aqueous
solution. An aqueous stock solution of MB (C16H18N3SCl, MW: 319.85), with 1000 ppm
concentration was prepared and the desired concentration of dye was made by successive
dilution of the stock solution. The mixture of dye solutions and the adsorbents were stirred for
24 hours at room temperature (22 ̊C).
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After adsorption for a specific time, the solutions were separated from the adsorbents with
a syringe filter (Nylon, hydrophobic, 0.45 µm). The adsorption experiments were done at the
natural pH of the solution i.e. 5.5 without any pH adjustment. The pH of the solution was
adjusted using 0.1 M HCl and 0.1 M NaOH to determine the pH effect on the adsorption
performance.

5.4.1. Characterization of magnetic nanoporous carbon particles
The crystal phase of the synthesized magnetic carbons was defined by X-ray diffraction
(XRD) analysis and the XRD patterns are shown in Fig. 5-1. The XRD analysis shows the
presence of iron oxide and metallic iron phase for Fe/CZIF600 and Fe/CZIF1000, respectively.
In the XRD patterns of Fe/CZIF 600, the peaks related to ZnO can be observed while there
is no diffraction peaks of zinc in Fe/CZIF 1000 sample which is due to the reduction of ZnO by
carbon and evaporation of zinc particles at 908 ºC (boiling point of zinc).

(a)

(b)

Fig. 5-1 XRD patterns of magnetic ZIF-8 nanoporous carbons: (a) Fe/CZIF 600 and (b) Fe/CZIF
1000

181

Chapter 5. Investigation of adsorption properties of iron loaded ZIF-8 derived nanoporous
carbons modified by re-carbonization for water treatment
The crystallinity and phase composition of iron loaded nanoporous carbons changes with
increasing the carbonization temperature. Xu et al. [33] reported magnetic and oxidization state
of iron loaded on carbon nanofibers for electrochemical performance. It was reported that at
carbonization temperature of 400 ºC, the XRD peaks are related to standard card of Fe2O3 while
at higher temperatures Fe3O4 was formed. At temperatures of above 800 ºC, Fe3O4 is reduced
to FeO and at 1000 ºC, the carbothermal reduction is more severe and iron oxide is reduced to
Fe along with the formation of Fe3C. Hu et al. [34] also indicated that during carbothermal
reduction at temperatures above 500 ºC, the product has pure Fe3O4 phase while at temperatures
lower than 500 ºC, Fe2O3 impurity phase can be observed. However, in this study, in the XRD
patterns of magnetic carbon particles at 600 ºC, we observed more Fe2O3 phase at 600 ºC than
Fe3O4 phase, which agrees with some other results published in literature [35]. The XRD pattern
of Fe/CZIF600 revealed that γ-Fe2O3, α-Fe and Fe3O4 were the main products and the remaining
contained the small portions of iron carbide (Fe3C) and ZnO. As temperature increased to above
600 ˚C, the γ-Fe2O3 is transformed to Fe3C and once the temperature raised to 1000 ˚C, the
magnetic products (γ-Fe2O3 and Fe3C) were converted to α-Fe as shown in Fig. 5-1. The
diffraction peaks for the magnetic products matched with the reported values as for γ-Fe2O3
(JCPDS No. 39-1346) [36], Fe3C (JCPDS No. 35-0772) [37] and α-Fe (JCPDS No. 06-0696)
[37]. The peaks related to reduced zero valent iron (Fe0) at 1000 ºC, can be observed mainly at
2ϴ=45, 65 and 82º along with three small peaks at 50, 76 and 92 [38]. The XRD patterns are
consistent with results from literature [32]. The XRD results confirm the formation of iron
phases in the composite material and supports their magnetic behaviour. To understand the
morphology of the samples and to investigate the dispersion of the iron particles within the
nanoporous carbons matrices, the samples were further analysed by scanning electron
microscopy (SEM).
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Fig. 5-2 shows the SEM and elemental mapping of the iron loaded carbon samples.
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Fig. 5-2 SEM images in original and high contrast modes and C, Fe, Zn elemental maps of (a, b,
c) Fe/CZIF 600 and (d, e, f) Fe/CZIF 1000

The SEM images are presented in two sets of original images and their corresponding high
contrast mode images in order to clearly see the distribution of iron nanoparticles. The shiny
dots in the high contrast SEM images are representative of iron nanoparticles. The images
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reveal that the iron nanoparticles are well distributed in the nanoporous carbons but the particles
have different sizes from roughly 10 nm to 100 nm. The iron particles can be seen shiny in the
whole SEM image due to the higher atomic number of iron particles compared with carbon.
For the sample Fe/CZIF 600 because of the presence of zinc particles, the shiny dots might be
related to zinc as well. However, for Fe/CZIF 1000 the shiny dots are only assigned to the iron
particles and zinc particles were not observed in elemental mapping because of evaporation of
zinc particles at 1000 ºC as mentioned previously. These observations are in accordance with
XRD results. The iron nanoparticles in sample treated at higher temperature (Fe/CZIF1000) are
smaller than the nanoparticles on Fe/CZIF600 which could be due to effect of high temperature
on the reduction of iron oxides (formed at 600 ˚C) to metallic iron Fe0 (formed at 1000 ˚C).
The surface areas of the magnetic and nanoporous carbons were determined by N2
adsorption-desorption isotherms as shown in Fig. 5-3 and Fig. 5-4 (a). The surface areas of
Fe/CZIF1000 and Fe/CZIF600 are compared with those of the original nanoporous carbons.
The figures show that samples exhibited Type I isotherms with sharp nitrogen consumption at
low pressure (P/P0 < 0.05) and small uptake and high pressure (P/P0 > 0.9) addressing
microporous frameworks with some macropores formed between particles (inter particle voids)
[39]. Therefore, the iron loaded nanoporous carbons still show microporous frameworks with
rather high surface areas. The Brunauer, Emmet and Teller (BET) surface areas and pore
volumes are presented in Table 5-1 as it is shown in the table, after loading iron nanoparticles
the surface area and the micro pore volume of the magnetic samples decreased which shows
the iron particles are mostly coated inside the micro pores which is desirable in terms of
adsorption applications.
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Table 5-1 Surface area analysis parameters of magnetic and original nanoporous carbons

BET surface area

Langmuir surface area
2

3

Micropore volume

Sample

(m /g)

(m /g)

(Cm /g)

(Cm3/g)

CZIF1000

1043.1±17.6

1305±12.5

0.98

0.4

Fe/CZIF 1000

571.9±7.9

673.4±11.4

0.87

0.15

CZIF 600

625.5±12.4

811.9±3.65

0.67

0.26

Fe/CZIF 600

356.6±5.6

437.5±4.4

0.67

0.11

a

2

Total pore
volumea

At P/P0=0.99

The reduction in micropore volume can be observed from the pore size distributions (Fig.
5-3 and Fig. 5-4 (b)). The pore size distributions show an increase in the intensity and number
of pores with 1.2 nm for the magnetic samples. In addition, the pore size curves became broader
after loading iron particles and heat treatment. It is shown that Fe/CZIF1000 has a broader range
of pores from 2.5 to 10 nm in comparison with CZIF1000. Furthermore, the pore size
distribution of Fe/CZIF600 has developed and broadened in the range of 1.5 to 4 nm. Therefore,
it seems that after iron loading and carbothermal reduction some pores are developed to the
meso pore range. Zhu et al. [40] reported the synthesis of magnetic carbon composites using
hydrochar as the carbon content for the removal of organic pollutants from water. Their study
showed that the reduction reactions (Eq. (1) and (2)) of iron oxide could improve the
development of pores in magnetic carbon composites. It was reported that the formation of
reduced Fe helped for further pore development.
2𝐹𝑒2 𝑂3 + 3𝐶 → 4𝐹𝑒 + 3𝐶𝑂2

𝑇 ≥ 500℃

(1)

𝐹𝑒3 𝑂4 + 4𝐶 → 3𝐹𝑒 + 4𝐶𝑂

𝑇 ≥ 500℃

(2)
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The slight increase of the pore size and pore development in the magnetic sample could be
a reason for high adsorption capacity of Fe/CZIF1000 even after loading magnetic particles and
a decrease in the surface area and micropore volume.
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(a)

(b)

Fig. 5-3 Nitrogen adsorption-desorption isotherms of Fe/CZIF1000 compared with
CZIF1000 (a) and the corresponding pore size distributions (b)
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(a)

(b)

Fig. 5-4 Nitrogen adsorption-desorption isotherms of Fe/CZIF600 compared with
CZIF600 (a) and the corresponding pore size distributions (b)

TGA analysis of the magnetic and non-magnetic samples are shown in TGA graphs in Fig.
5-5 (a) and (b). For the magnetic samples the mass loss behaviour is different from nonmagnetic nanoporous carbons. It can be seen that for Fe/CZIF1000 there is very little mass loss
from 25 to around 400 ˚C. Then from 450 to 650 ˚C there is a sharp decrease and the mass loss
continues until 1000 ˚C. The mass losses can be attributed to the carbothermal reduction
between carbon particles and Fe3O4 and production of reduced Fe3C and Fe0 [41]. The mass
loss between 450 and 650 ˚C is related to the reduction of Fe2O3 to Fe3O4 and FeO and the
maximum decomposition occurs at 650 ˚C and continues to 1000 ˚C which is assigned to the
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reduction of FeO to Fe [42-44]. While for the TGA curve of CZIF1000, at the temperature
below 150 ̊C, the mass loss is due to evaporation of adsorbed water molecules in the pores of
the materials. Between 400 and 600 ̊C, the mass loss could be due to the framework
decomposition which results in carbon formation. The mass loss from 900 ̊C onwards, could be
attributed to the reduction of Zn by carbon and evaporation [45]. For Fe/CZIF600, the reduction
in mass loss follows the similar trend of CZIF 600, except slightly different behaviour at
temperature range of 100 to 650 ºC which could be due to the conversion of iron hydroxides to
Fe2O3 at temperatures below 400 ºC and small reduction of iron at temperatures between 500
and 650 ºC. The rest of the mass loss in the whole range of temperature is attributed to the
framework decomposition and zinc evaporation as mentioned before.

(a)

(b)

Fig. 5-5 TGA analysis of CZIF1000 and Fe/CZIF1000 (a), CZIF600 and Fe/CZIF600 (b)

For producing magnetic Fe/CZIF1000, the CZIF1000 was used as the precursor and it was
already underwent the heat treatment. Therefore, in the TGA graph of the Fe/CZIF1000, the
mass loss cannot be due to the framework decomposition or the evaporation of zinc particles
and it could be only due to the carbothermal reduction of iron species in the inert environment.
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5.4.2. Adsorption study for the removal of Methylene Blue (MB) dye
The magnetic nanoporous carbons were tested for the removal of MB dye from water to
compare their adsorption capabilities with those of original nanoporous carbons. Fig. 5-6
exhibits the magnetic property of Fe/CZIF 1000 after adsorption of methylene blue dye form
water. Fe/CZIF 600 did not show good adsorption performance (not shown in the graphs) which
indicates even the slight pore development as shown in N2 adsorption-desorption graphs, could
not improve the low adsorption capacity of CZIF600. Considering the fact that pore
development as a result of iron loading and carbonization occurred in both Fe/CZIF600 and
Fe/CZIF1000, the reason for exhibiting low adsorption capacity for Fe/CZIF600 might be due
to the lack of reduced iron particles on this sample as a result of low carbonization temperature
(600 ºC).
Fe/CZIF 1000 showed excellent magnetic performance as well as high adsorption capacity
which indicates that iron loaded nanoporous carbon CZIF 1000 is a suitable adsorbent for the
removal of pollutants from water. These observations also confirm that loading magnetic
nanoparticles do not have any adverse effect on the adsorption property of Fe/CZIF 1000 for
the removal of MB dye form water, although the iron nanoparticles reduced the surface area
and pore volume of the nanoporous carbons. Interestingly, the adsorption capacity of magnetic
nanoporous carbons is equal to the original nanoporous carbon CZIF1000 (as compared in Fig.
5-6). This behaviour can be explained based on the presence of reduced iron in magnetic
nanoporous carbon.
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Fig. 5-6 Adsorption capacity of CZIF1000 and Fe/CZIF1000 for MB removal (initial dye
concentration 100 ppm, adsorbent dosage 10 mg, solution volume 20 ml, initial pH=5.5)

The methylene blue removal by magnetic nanoporous carbon could be due to electrostatic
interaction of MB dye molecules and magnetic nanoporous carbon particles in addition to the
interaction between reduced iron nanoparticles and MB dye. Fan et al. [46] and Sohn et al. [47]
proposed that decolorization of dyes proceeds through the reaction between Fe and H2O or H+.
Atomic hydrogen is generated via this reaction which can destroy the chromophore group of
dyes [46]. Moreover, in this reaction the intermediate products such as Fe2+, Fe3+ and iron
hydroxide complexes are produced which are thermodynamically unstable and active [47].
Additionally, the passive iron oxide shells which include Fe2O3, Fe3O4 and FeOOH on the
surface on iron nanoparticles could adsorb dye molecules from water [48].
In our case, although the surface area and micropore volume decreased after iron loading,
the reason for high adsorption capacity could be attributed to the presence of reduced iron
nanoparticles at 1000 ºC.
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It is worth mentioning that during the heat treatment, the transformation of iron species is
controlled by the following equations. First Fe3+ ions are hydrolysed to iron hydroxides
(Fe(OH)3 and FeO(OH) below 350 ºC. The iron hydroxides are converted to Fe2O3 below 400
ºC. As temperature increases to above 500 ºC, Fe2O3 could be reduced to Fe3O4 by the reducing
agent (amorphous carbon). Finally, Fe2O3 and Fe3O4 could be further reduced by carbon which
leads to the production of metallic iron [32, 49].
𝐹𝑒 3+ + 3𝐻2 𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻 +

𝑇 ≤ 350 ℃

(3)

𝐹𝑒(𝑂𝐻)3 → 𝐹𝑒𝑂(𝑂𝐻) → 𝐹𝑒2 𝑂3

𝑇 ≤ 400 ℃

(4)

3𝐹𝑒2 𝑂3 + 𝐶 → 2𝐹𝑒3 𝑂4 + 𝐶𝑂(𝐶𝑂2 )

𝑇 ≥ 500 ℃

(5)

2𝐹𝑒2 𝑂3 + 3𝐶 → 4𝐹𝑒 + 3𝐶𝑂2

𝑇 ≥ 500℃

(6)

𝐹𝑒3 𝑂4 + 4𝐶 → 3𝐹𝑒 + 4𝐶𝑂

𝑇 ≥ 500℃

(7)

Iron nanoparticles have adsorption capacities for the removal of pollutants from water.
Carbonization of carbon supported iron oxides is an inexpensive technique to introduce
magnetic property into nanoporous carbons and at the same time produce reduced iron
nanoparticles which have adsorption capabilities toward different pollutants.
Methylene blue is a cationic thiazine dye and has the chemical name of tetramethylthionine
chloride. When methylene blue is in the oxidized form, it has a deep blue colour while in the
reduced state (leukomethylene blue (LMB)) it is colorless [50]. This dye molecule has been
extensively employed in environmental studies to determine whether adsorbent materials are
suitable for dye removal from water and waste water [51-53]. Noubactep [50] indicated that the
removal of MB by iron species occurs via the Eq. (8-12):
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𝐹𝑒 2+ + 2𝑒 − ↔ 𝐹𝑒 0

(8)

3+
2+
𝐹𝑒(𝑠)
+ 𝑒 − ↔ 𝐹𝑒(𝑠)

(9)

𝑀𝐵 + + 2𝑒 − + 𝐻 + ↔ 𝐿𝑀𝐵

(10)

3+
2+
𝐹𝑒(𝑎𝑞)
+ 𝑒 − ↔ 𝐹𝑒(𝑎𝑞)

(11)

𝑂2(𝑎𝑞) + 2𝐻2 𝑂 + 4𝑒 − ↔ 4𝑂𝐻 −

(12)

During the Fe0 (zero valent iron) oxidation, the dissolved iron species are released as
𝐹𝑒 𝐼𝐼 𝑎𝑛𝑑 𝐹𝑒 𝐼𝐼𝐼 which undergo hydrolysis with the increase in pH and precipitate as hydrous
oxides or corrosion products [54]. Thus, a Fe0/H2O treatment system consists of Fe0, iron oxides
and water [55]. The reduction of adsorbed or co-precipitated pollutants can proceed through
direct or indirect reduction. In direct reduction, electrons are transferred from Fe0 while in
indirect reduction the electron come from FeII and H/H2. The co-precipitation occurs when iron
oxides precipitate in the presence of pollutant molecules such as organic compounds [50].
It was reported that the removal efficiency of the adsorbents was: “Fe0 + activated carbon
(physically mixed)” > Fe0 > activated carbon > Fe3O4. Since both Fe0 and activated carbon act
as adsorbents, the combination of these two materials would result in higher removal efficiency.
Although the removal of MB on the combination of these two materials will go through
different mechanisms which is adsorption for activated carbon and reduction/co-precipitation
for reduced iron nanoparticles [50]. It was proposed that the removal mechanism of MB could
𝐼𝐼
be due to the reduction of MB (dark blue) to LMB (colourless) by Fe0 and 𝐹𝑒(𝑠)
species as well

as adsorption and co-precipitation of MB on in situ generated products during the corrosion
process [50].
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There are similar reports in literature which confirm the effectiveness of zero valent iron
in the composite materials for the removal of different pollutants in particular methylene blue
dye [56-58]. For example, the removal of arsenic form water by zero valent iron supported on
activated carbon was studied by Zhu et al. [59]. It was shown that after loading of 8.2 wt% nano
zero-valent iron on activated carbon, the surface area decreased from 821.7 to 69.4 m 2/g
(roughly 90% reduction) and the total pore volume was reduced from 0.45 to 0.078 cm3/g
(roughly 80% reduction). However, in our study, after loading the 14 wt% of iron and heat
treatment at 1000 º C, the surface area decreased from 1043.1 to 571.9 m2/g (only 45 %
reduction), the total pore volume reduced from 0.98 to 0.87 cm3/g (around 11% reduction) and
the micropore volume decreased from 0.4 to 0.15 cm3/g (62% reduction). This shows
nanoporous carbon derived from metal organic framework ZIF-8 is a more suitable support for
loading the active species specifically magnetic particles.
In our study, the effective role of iron nanopraticles on dye removal can compensate for
the reduction of adsorbent’s surface area due to the coverage of iron particles. Furthermore, the
good dispersion and nano sized iron particles help for the better removal of dye from water.
Therefore, we can observe the magnetic Fe/CZIF1000 still show great adsorption capacity
while exhibiting high magnetic performance.
In case of Fe/CZIF600, the low adsorption capacity could be due to several reasons. First,
the CZIF600 support material itself does not have high adsorption capacity for adsorption of
dyes as mentioned in our previous study [60]. Second, after coating the iron nanoparticles,
definitely the surface area and micropore volume decreases. Also the iron species on this
material are in oxide forms. There are evidences in literature which shows removal efficiency
of iron oxides is lower than activated carbon and zero valent iron for the removal of methylene
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blue form water [50]. Therefore, Fe/CZIF600 shows poor adsorption performance for MB
adsorption from water.
Fig. 5-7 shows the magnetic property of the iron loaded nanoporous carbon CZIF1000
after MB adsorption.

Fig. 5-7 Magnetic property of Fe/CZIF 1000 after adsorption of MB from water.

5.4.3. Effect of pH on adsorption
Effect of pH on the adsorptive removal of methylene blue by magnetic and original
nanoporous carbons was investigated and shown in Fig. 5-8 for comparison. The adsorption
capacity of magnetic sample at low pH=1-5.5 is lower than the original nanoporous carbon. At
pH of 5.5, the magnetic sample shows adsorption performance similar to CZIF1000 and the
capacity increases with increase in the pH of solution for both adsorbents with slightly higher
adsorption capacity for the CZIF1000 sample. The slightly lower adsorption capacity of the
magnetic sample could be due to the more positive zeta potential (Fig. 5-8 (a)) at higher pH
levels which could be attributed to the presence of iron particles in the adsorbent. However, the
difference in the adsorption performance is negligible. It is seen that at low pH the magnetic
sample has a lower adsorption capacity. At acidic pH both adsorbents are positively charged,
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therefore, the lower adsorption capacity of the magnetic sample while both adsorbents are
positively charged, could be due to the lower surface area. At pH values higher than 4, iron
solubility is low [61] and one possible dye removal mechanism apart from electrostatic
interaction could be related to iron oxide precipitation and MB removal through coprecipitation. Also redox reaction with FeII species through the oxide-film around the zero
valent iron were reported [62]. Thus, MB dye molecules can be reduced to LMB after coprecipitation [50]. It is worth noting that the point of zero charge for zero valent iron is around
7.7 [56, 63] and the point of zero charge for the magnetic sample was shifted from 4.5 for
CZIF1000 to 4.7 for Fe/CZIF1000.

(a)

(b)

Fig. 5-8 Comparison of CZIF1000 and Fe/CZIF1000: (a) Zeta potential and (b) effect of initial pH
on adsorption capacity.

5.4.4. Regeneration and recyclability of nanoporous carbons
The spent magnetic adsorbent was regenerated by heat treatment at 200 ºC. The
comparison of the regeneration efficiency for the magnetic and non-magnetic samples is shown
in Fig. 5-9.
The figure shows that the performance of Fe/CZIF1000 decreased slightly after repeated
use and regeneration for five cycles but the regeneration efficiency is still higher than 80 %
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which indicates the magnetic nanoporous carbons can be recycled and reused while having high
adsorption performance.

Fig. 5-9 Regeneration efficiency of Fe/CZIF1000 compared with CZIF1000.

The effect of carbonization temperature on adsorption properties of iron loaded
nanoporous carbon ZIF-8 was investigated. The iron loading was 14% (nominal) for the
samples and the nanoporous carbons were further heat treated at 600 and 1000 ˚C to investigate
the effect of further heat treatment on adsorption property of the magnetic samples. The
Fe/CZIF1000 exhibited high adsorption capacity similar to CZIF1000 which could be attributed
to the presence of zero valent iron produced during annealing at high temperature. XRD patterns
confirmed the presence of iron oxides on Fe/CZIF600 and reduced metallic iron on
Fe/CZIF1000. The SEM images showed the nano sized iron particles were well distributed
within the magnetic adsorbents with sizes from 10-100 nm using the combination of a simple
wet impregnation and carbonization. This study demonstrated that nanoporous carbons can be
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loaded by magnetic nano particles through a simple and efficient impregnation method without
losing their high adsorption capacity.
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Enhanced removal of a basic
dye and heavy metals from wastewater
using magnetic Victorian brown coal
fly ash modified by weathering

In previous chapters the adsorption properties of ZIF-8 and its nanoporous carbons were
extensively investigated. These materials displayed interesting features and remarkable
adsorption capabilities. The utilized methods for preparing them were also considered among
the most straightforward and the least expensive strategies. However, compared with available
natural adsorbents, the high cost of these synthetic materials is still arguable. In this chapter,
the adsorption properties of Victorian brown coal fly ashes as local free wastes were thoroughly
studied to provide a detailed survey about their possible future application. The fly ash materials
were investigated for the adsorption of a basic dye and heavy metals and effect of weathering
modification on the adsorption properties was evaluated. It was revealed that the fly ash
adsorbents had greater or comparable capacity for the removal of methylene blue dye and heavy
metals and could be considered as promising adsorbents for neutralizing acidic mining
wastewaters. The outcomes of this study would help for future applications of these wastes and
to resolve the environmental issues resulting from their disposal.
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This chapter has been formatted from the following submitted manuscript:
Z.Abbasi, E. Shamsaei, B. Ladewig, H. Wang, Enhanced Removal of a Basic Dye and
Heavy Metals from Wastewater Using Magnetic Victorian Brown Coal Fly Ash Modified by
Weathering. 2017, Chem. Eng. J. 2017 (Submitted).

Synthetic dyes are extensively used in industrial applications and as a result a large amount
of waste water is produced. Many of these dyes are hazardous and are required to be removed
from wastewater before discharge to the environment. Dyes and pigments inhibit the sunlight
penetration into the water bodies and reduce the photosynthetic reaction. In addition, some dyes
are even carcinogenic and it is very vital to remove them from the water bodies [1, 2].
Methylene blue is the most common dye which is used for dying cotton and fabric. It can cause
eye burns and inhalation problems as well as nausea, vomiting and mental confusion in humans
[3, 4]. Therefore, the treatment of dyed wastewaters is highly important regarding the harmful
impacts on the environment and ecosystem.
The presence of heavy metals in wastewaters also threatens the human life and ecosystem
due to their toxicity. Contrary to organic contaminants which are mostly biodegradable, heavy
metals cannot degrade to non-hazardous materials. Therefore, the treatment of wastewaters
polluted by heavy metal is crucial. This requires the concentration of heavy metals into smaller
volumes followed by a safe and secure disposal [5].
Adsorption is widely used for the removal of different pollutants from water especially
those that are difficult to be destroyed using the conventional and biological water treatment
systems. The synthetic dyes usually contain aromatic structures which lead to the
physicochemical and thermal stability of dye molecules as well as resistance to conventional
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waste water treatment. Heavy metals are also toxic to microorganisms in traditional biological
treatment systems.
Adsorption is an attractive option for the treatment of polluted waters containing dyes and
heavy metals. This method can be an economical option specifically if a low cost adsorbent is
selected and employed [1]. Therefore, the recent research in literature has focused on
inexpensive and locally available materials to replace the activated carbon which is costly and
complicated to be recycled [6].
Fly ash is a waste and by-product of coal combustion processes which is generated in large
volumes in the power plants. This industrial waste is considered as a low-cost adsorbent due to
its low cost and local availability [7]. The application of these waste materials has been limited
to cement production [8]. Therefore, there is a strong need to develop new applications for the
utilization of fly ash waste material such as using as adsorbents in water treatment purposes. A
variety of fly ash wastes have been utilized as zero cost adsorbents for adsorption of organics,
dyes and heavy metals from water [9-13]. Most of the studies have focused on the adsorption
property of fly ash wastes while the usage of these materials strongly depends on the original
source, mineralogy and physicochemical properties. The effect of mineralogy and
physicochemical characteristics on adsorptive properties of fly ash waste in water treatment has
not been reported yet.
Fly ash from sources such as incinerators is not suitable for water treatment since heavy
metals are leached and released from these materials [14]. Bagasse fly ash from sugar industry
does not contain toxic materials but is also not available in many places [15]. However, there
are many thermal power plants which operate with coal as their fuel in many countries around
the world. The coal fly ash is obtained as the waste product from coal-firing power stations in
large quantities. The fly ash waste is collected in precipitators and disposed of in landfills. Thus,
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there is a high demand about developing new ways of re-using this inexpensive by-product to
avoid further environmental issues.
Victorian brown coal is the largest source for providing 85% of the electricity demands of
Victoria State, Australia. 50×109 kg of brown coal is mined annually for electricity generation
in main electricity generating complexes of Hazelwood (1600 MWe), Yallourn (1450 MWe),
Loy Yang Power (2000 MWe) and Edison Mission Energy facilities (1000 MWe, a section of
the Loy Yang Power) [16]. As a result, around 1.3 million tons of fly ash per year is produced
in Latrobe Valley. The fly ash is transferred to an ash disposal pond after mixing with water,
resulting in a slurry with high water to ash ratio. Nevertheless, the capacity of the ash ponds is
limited [16] and the disposal of ash in ash pond is not a sustainable solution since currently the
quality of ground water is an environmental concern [17].
There are differences in physical and chemical characteristics of the fly ash at Loy Yang,
Hazelwood and Yallourn due to the difference in coal quality as well as in operation between
these power plants. The main mineral compounds in coal which are considered as the source of
ash formation in Latrobe Valley include thenardite (Na2SO4), halite (NaCl), periclase (MgO),
haematite (Fe2O3), magnetite (Fe3O4), lime (CaO), anhydrite (CaSO4), alpha-quartz (α-SiO2)
and alumina (Al2O3) [16]. Table 6-1 shows the comparison of fly ash materials obtained from
different power plants in Latrobe Valley.
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Table 6-1. Comparison of Latrobe Valley brown coal ashes in 2000 (wt%) [16]

a

Species

Loy Yang

Yallourn

Hazelwood

SiO2

60.4a

1.4

6.6

Al2O3

13.3a

2.1

1.8

Fe2O3

8.5

24.5

8.7

TiO2

1.7

0.1

0.2

K2O

1.2

0.4

0.4

MgO

2.2

18

18.8

Na2O

2.1

11

4.5

CaO

1.0

12.3

28.4

SO3

3.4

21.7

15.6

Cl

<0.1

<0.1

3.4

highly variable

Fly ash materials are composed of inorganic-organic mixtures. They have heterogeneous
and variable compositions [18]. An empirical formula was proposed by Iyer and Scott [19] for
fly ash materials according to the presence of major elements: Si1.0 Al0.45 Ca 0.51 Na0.047 Fe0.039
Mg0.02 K0.013 Ti 0.011. The percentage and composition of these elements differ for fly ashes based
on the source of the coal and the combustion process conditions and parameters. Fly ash wastes
are identified as type F and type C products. Type F fly ash is produced from anthracite,
bituminous or sub-bituminous coals and it has low amount of lime (< 7%). This type of fly ash
has more silica, alumina as well as iron oxide. On the other hand, type C fly ash is produced
from burning of lignite coal and has more lime (15-30%) [19]. In this study, Yallourn fly ash is
a low lime and Hazelwood fly ash is a high lime fly ash (class C).
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Fly ash is known to have a hydrophilic surface and high surface area. These two
characteristics are important in terms of physical properties which reflect its reactivity [20].
During the weathering process in ash ponds, the ash is in contact with water and air for a long
period of time and the precipitation processes dominate the solubility of the solids. Natural
weathering occurs in the ash ponds through the carbonation, dissolution, co-precipitation and
fluid transport mechanisms which cause chemical, physical and geochemical changes in fly ash
materials. For example, from mineralogical point of view, fresh fly ash is composed of quartz,
mullite, hematite, magnetite and lime while weathered ash is composed of additional phases
such as calcite and aragonite3 [21].
New techniques for reusing this waste material are strongly required to address the
environmental concerns and simultaneously take the advantage of using a low-cost and locally
available product. In this study, the adsorption properties of Victorian brown coal fly ashes
including Yallourn, Hazelwood and Weathered fly ashes (resulting from weathering of
Hazelwood fly ash) are investigated and compared for the first time for the adsorption of
methylene blue dye and heavy metals from water. The effect of weathering process on
characteristics and adsorption properties of Hazelwood fly ash is also investigated. The effect
of adsorption process parameters such as pH and temperature on adsorption capacity of
Victorian brown coal fly ash adsorbents was explored and the adsorption mechanisms were
comprehensively investigated.

3

calcite and aragonite are two crystal forms of calcium carbonate (CaCO3)
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6.3.1. Materials
Methylene blue (MB) was purchased from Merck. Zinc nitrate hexahydrate
(Zn(NO3)2.6H2O), nickel nitrate hexahydrate (Ni(NO3)2.6H2O), copper nitrate hexahydrate
(Cu(NO3)2. 6H2O), cobalt nitrate hexahydrate (Co(NO3)2. 6H2O), NaOH and HCl were
purchased from Sigma Aldrich. All chemicals were used as received without any purification.
Hazelwood and Yallourn fly ash samples were collected from the electrostatic precipitator in
Hazelwood and Energy Australia power plants, which are based in Latrobe Valley located in
Victoria, Australia. Weathered fly ash was obtained after mixing the same Hazelwood fly ash
with water and exposure to the atmosphere in the ash pond for one year. Fly ash materials were
sieved to 37- 63 µm and dried in oven at 110 °C before use. The fly ash materials are sometimes
denoted as YFA (Yallourn fly ash), HZW or HFA (Hazelwood fly ash) and WFA (Weathered
fly ash) in this report.
6.3.2. Characterization
The crystal structures of the fly ash samples were determined using an X-ray diffractometer
(Miniflex 600, Rigaku) with Cu Kα radiation at 40 kV and 20 mA over the 2 range of 2-90°.
Nitrogen adsorption and desorption isotherms were analysed at liquid nitrogen temperature (77
K) using an accelerated surface area and porosimetry system (ASAP 2010, Micromeritics,
USA) for measuring surface areas of the samples. The morphology of the fly ash samples was
observed using a scanning electron microscope (JEOL 7001F FEG SEM). FTIR spectra of the
fly ash samples were analysed using an attenuated total reflectance (ATR) Fourier Transform
Infrared (FTIR) (Perkin Elmer, USA) in the range of 500-4000 cm-1 at an average of 32 scans
with a resolution of 4 cm-1. UV-vis spectrophotometer (UVmini-1240, Shimadzu) was
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employed to measure the concentration of methylene blue at the wavelength of 665 (maximum
absorption of the methylene blue). The zeta potentials were determined using a Zetasizer Nano
(Malvern) at the natural pH of the solution after fly ash dispersion. The powders were dispersed
by sonication in water with the concentration of 0.5mg/10ml and the dispersion was used for
zeta potential measurement. The concentration of heavy metals (Zn, Ni, Co and Cu) was
analysed by a Perkin-Elmer Optima 7000 DV ICP-OES spectrometer with a dual-view (axialradial) optical system.
6.3.3. Adsorption experiments
Adsorption on the fly ash adsorbents was conducted in batch experiments. The adsorption
capacity was investigated by adsorption of a cationic dye (methylene blue) and heavy metals
(Cu, Zn, Ni and Co) in aqueous solution. An aqueous stock solution of MB (C16H18N3SCl, MW:
319.85), with 1000 ppm concentration was prepared in milli-Q water. Aqueous solutions with
different dye concentrations were prepared by successive dilution of the stock solution with
water. The same procedure was used for preparing heavy metal stock solutions and adsorption
experiments.
Specific amount of adsorbents (0.2 g) was put in 50 ml of aqueous dye or metal solution
having fixed concentrations. The dye or metal solutions containing the adsorbents were mixed
well with magnetic stirring and maintained for a fixed time (5 min to 24 h) at room temperature
(25°C). After adsorption for a pre-determined time, the solutions were separated from the
adsorbents with centrifugation (8000 rpm, 20 min for dye solutions) and with a syringe filter
(Nylon, hydrophobic, 0.45 µm for heavy metal solutions). The dye or heavy metal concentration
was calculated after dilution (if necessary).
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The adsorption isotherm and kinetic experiments for methylene blue were done without
any pH adjustment and at the natural pH of the solution i.e. 8.3 for Yallourn, 9.5 for Weathered
and 10.5 for Hazelwood fly ash samples. The dye solution was prepared to the desired
concentrations using Milli-Q water. The pH of the solution was adjusted using 0.1 M HCl and
0.1 M NaOH for defining the effect of pH on adsorption performance. The adsorption
experiments for heavy metals were performed without any pH adjustment. The initial heavy
metal solution pH after dispersion of fly ash adsorbents was in the range of 7.5 to 8.4 for
Yallourn fly ash, 8.9 to 9.6 for Hazelwood fly ash and 8.1 to 9.1 for Weathered fly ash.

6.4.1. Characterization and textural properties of fly ash materials textural properties of
fly ash materials
The XRD patterns of fly ash samples are shown in Fig. 6-1. The mineralogical composition
and peak identification for the Victorian brown coal fly ashes have been done by Hosseini et
al. [22, 23] in different studies. The XRD patterns of the Yallourn fly ash indicates that iron
exists as magnesioferrite (MgFe2O4) which confirms the presence of magnetic phase in this fly
ash which leads to a magnetic behaviour. The other major crystalline phase includes quartz
(SiO2) and there are minor peaks related to titanium as well. Calcium (8.1% in the oxide form)
and calcium alumina-silicate contents existed as amorphous phases and were not detectable by
XRD analysis [23].
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Quartz (SiO2)
Magnesia Ferrite (MgFe2O4)

(a)

* Potassium Titanium Oxide (K2Ti18O17)

(b)

Anhydrite (CaSO4)
Quartz (SiO2)
C2F (Ca2Fe2O5)
Periclase (MgO)
Lime (CaO)
o Gypsum (CaSO4 (H2O)2)
+ Brucite (Mg(OH)2)
Calcite (CaCO3)
Thernardite (Na2SO4)

Fig. 6-1 XRD patterns of Yallourn fly ash (a) and Hazelwood and Weathered fly ash (b)

Mg in Hazelwood fly ash exists as periclase (MgO) while iron is in the form of C2F
(Ca2Fe2O5) which is called calcium ferrite. However, this fly ash exhibits minor magnetic
properties because of the lower amount of iron compared to Yallourn fly ash. Calcium is the
major component of Hazelwood fly ash which is present in the crystalline forms of C2F
(Ca2Fe2O5), anhydrite (CaSO4) and lime (CaO). Iron, aluminium and calcium may form C4AF
(Ca2Fe0.28Al1.72O5) which exists in Hazelwood fly ash in very small amount not detectable by
XRD analysis.
The XRD pattern of Weathered fly ash illustrates the presence of calcite (CaCO3) as the
main phase and major source of calcium content. After weathering process in which the
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Hazelwood fly ash is in contact with water and atmosphere, lime (CaO) is hydrated to form
Ca(OH)2 which reacts with CO2 to produce CaCO3 (calcite). Anhydrite (CaSO4), the other
calcium containing compound, results in some other phases like gypsum (CaSO4 (H2O)2) under
weathering conditions. Periclase (MgO) of Hazelwood fly ash also converts to brucite
(Mg(OH)2) in Weathered fly ash as a result of weathering process as can be observed in the
XRD spectra. In addition, it can be seen that the amount of quartz (SiO2) is significantly reduced
which could be due to the dissolution and reaction of this phase under alkaline conditions of
ash-water system in weathering process. The quantities of anhydrite (CaSO4), quartz (SiO2) and
C4AF (Ca2Fe0.28Al1.72O5) were reduced after weathering process in weathered fly ash sample.
This indicates that these species interacted in aqueous environment to transfer into some species
with low crystallinity which cannot be detected by XRD analysis [22].
To define the composition of these ashes, XRF analysis was utilized. The XRF of Yallourn
fly ash was done by Bureau Veritas Australia and those of Hazelwood and Weathered fly ashes
were reported from the study published by Hosseini et. al. [22]. Table 6-2 indicates the XRF
analysis of different elements (in form of oxides) in Yallourn, Hazelwood as well as Weathered
fly ash.
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Table 6-2 XRF analysis of Victorian brown coal fly ash in this study

Yallourn1

Hazelwood [22, 23]

Weathered [22]

SiO2

10.4

5.82

3.86

Al2O3

3.87

3.01

3.65

Fe2O3

47.3

14.00

16.8

CaO

8.1

32.4

30.97

MgO

18.6

29.3

32.51

TiO2

0.23

0.68

na

Na2O

1.82

0.2

0.22

K2O

0.19

0.17

0.15

P2O5

0.03

0.41

na

SO3

6.1

12.8

9.44

MnO

0.61

0.67

na

ZnO

na

0.04

na

1

Based on certificate analysis of Bureau Veritas

The major elements existing in these samples are Fe, Ca and Mg. Yallourn fly ash is rich
in iron supporting its magnetic behaviour and contains little calcium but Hazelwood fly ash
mainly contains calcium and magnesium indicating its basic properties in solution. The results
from XRF are in good agreement with XRD spectra which defines the major elements and
phases in these waste materials.
To have a better understanding about the morphology of the samples, SEM analysis was
conducted. This technique helped identifying the different textures of these materials resulting
in different properties. The SEM images of fly ash samples and the corresponding EDS
elemental mapping are shown in Fig. 6-2 and Fig. 6-3. It can be seen that Yallourn fly ash
contains spheres and interesting rod-shaped particles with some pores on the surface even with
50 nm or 100 nm size. As can be observed from images this material contains a combination of
a variety of textures and different shapes like spheres, needles and flakes. The morphology of
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Hazelwood fly ash is shown in Fig. 6-2 (b). It is observed that its surface is rigid with no regular
shape and there are not any pores on the surface.

(a)

10 μm

1 μm

100 nm

(b)

10 μm

1 μm

100 nm

(c)

1 μm

1 μm

100 nm

Fig. 6-2 SEM images of Victorian brown coal fly ash: (a) Yallourn fly ash, (b) Hazelwood fly ash
and (c) Weathered fly ash.

The SEM images of the Weathered fly ash (the Hazelwood exposed to water and air) can
be seen in Fig. 6-2 (c). It is observed the rigid shape of the Hazelwood disappeared and some
regular and irregular flakes with interesting orientation are created after undergoing natural
weathering. This shows that the morphology of Hazelwood fly ash has changed as a result of
atmospheric conditions to a more flexible porous structure. The elemental mapping of the fly
ash samples as observed in Fig. 6-2 (a) and (b) shows the elemental composition of Yallourn
and Hazelwood fly ash which are rich in Fe, Mg and Ca and these results agree with the XRF
data. The reason for creation of some porous structures in Hazelwood fly ash after weathering
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process could be related to the formation of calcium silicates through the pozzolanic reaction
[24, 25].

(a)

Fe

Mg

Al

Si

Fe

Mg

Al

Si

10 μm

Ca

(b)

10 μm

Ca

Fig. 6-3 EDS elemental mapping of Yallourn fly ash (a) and Hazelwood fly ash (b)

In this reaction calcium is chemically adsorbed on the surface of silanol groups [26]. In a
very basic environment, SiO2 in the fly ash structure is dissolved and reacts with Ca2+ according
to the following equation to produce calcium silicate.
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𝑆𝑖𝑂2 (𝑠) + 𝑥𝐶𝑎2+ (𝑎𝑞) + 2𝑥𝑂𝐻 − (𝑎𝑞) + (𝑦 − 𝑥)𝐻2 𝑂 → 𝑥𝐶𝑎𝑂. 𝑆𝑖𝑂2 . 𝑦𝐻2 𝑂

(1)

where x is in the range of 0.8-1.5 and y is between 0.5-2.5 [27, 28]. The resulting calcium
silicate has large surface area and a porous framework. Therefore, the porous structure observed
in the SEM image of the Weathered fly ash could be due to the formation of calcium silicate
formed at the very basic condition during the weathering process of Hazelwood fly ash in ash
pond. The surface areas of the fly ashes have been analysed and are shown in Fig. 6-4.
(b)

(a)

Fig. 6-4 N2 adsorption-desorption isotherms of Victorian fly ashes (a) and (b)

The nitrogen adsorption desorption isotherms show that the isotherm of all fly ash samples
are typical of type V, characteristic of nonporous materials. This isotherm features a hysteresis
loop generated by inter-particles voids. The surface areas and the pore volumes of the samples
are given in Table 6-3. The results show that Yalourn fly ash has the highest surface area
followed by Weathered and Hazelwood fly ashes. The greater pore volume of Yallourn fly ash
indicates larger porosity in the framework of this fly ash sample as reflected in the SEM images.
The micropore volume of Yallourn sample also reveals that there is some microporosity in this
sample although the portion is small.
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Table 6-3 Surface area analysis parameters of fly ash samples

BET surface area

3

Micropore volume

Sample

(m /g)

(Cm /g)

(Cm3/g)

Yallourn fly ash

70.55±1.4

0.096

0.015

Hazelwood fly ash

15.65±0.27

0.017

0.0

Weathered fly ash

39.63±0.35

0.092

0.001

a

2

Total pore
volumea

At P/P0=0.97

It can be noticed that the surface area of the Weathered fly ash increased after undergoing
weathering conditions. This shows that the physical properties of Hazelwood fly ash changes
after exposure to weathering conditions. Both samples exhibit zero micropore volumes.
Although the Hazelwood fly ash has much less pore volume compared to Yallourn fly ash, the
pore volume of the weathered sample increases after weathering process. The increase in the
surface area and porosity of Hazelwood fly ash after weathering could be due to the formation
of porous calcium silicate via pozzolanic reaction as mentioned previously. The significant
change in fly ash samples as a result of weathering is quite interesting regarding the
applicability of these waste materials in different applications particularly adsorption.
The FTIR spectra of the samples are shown in Fig. 6-5. The presence of strong bands at
around 556 cm-1 for all of fly ash samples is indicative of the presence of Fe-O stretching
vibration. The peaks at 889 cm-1 are characteristics of Si-O-Al vibration bands. In addition,
there is an intense absorption band at 1100 cm-1 for the fly ash samples which is an indication
of the presence of SiO2 [29]. In general, the peaks in the region 981-1466 cm-1 are assigned to
asymmetric stretching vibrations of Al-O/Si-O bonds [30] and could be attributed to the
presence of mullite (2Al2O3.2SiO2) [31], while the bands between 618 and 747 cm-1 are
characteristics of Si-O-Si/Si-O-Al bending bands [30]. Moreover, the band at 875 cm-1 could
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be related to the Al atoms in the tetrahedral forms of silica framework [32]. The peak at around
3466 cm-1 is characteristics of vibration of OH and H-O-H groups from the adsorbed water
molecules [33].
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(a)

(b)

(c)

Fig. 6-5 FTIR spectra of the fly ash samples: (a) Yallourn, (b) Hazelwood and (c) Weathered fly
ash.
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6.4.2. Adsorption study for the removal of Methylene Blue (MB) dye by fly ash
adsorbents
The adsorption capacity of the fly ash samples for the removal of MB dye was defined
through the batch experiments and methylene blue dye with the dimensions of 1.43 nm × 0.61
nm × 0.4 nm [34] was used to explore the adsorption behaviour of fly ash samples. Methylene
blue is a basic cationic and positively charged dye which is used as a model dye compound in
this study to investigate the sorption capabilities of fly ash materials for basic dye molecules.
The structure of methylene blue is illustrated in Fig. 6-6.

Fig. 6-6 Chemical structure of MB dye.

The adsorption capacity of fly ash samples is compared in Fig. 6-7.
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Fig. 6-7 Adsorption capacity of fly ash adsorbents for MB removal (initial dye concentration 50
ppm, adsorbent dosage 0.2 g, solution volume 50 ml, initial pH=8.3 for Yallourn, 9.5 for Weathered
and 10.5 for Hazelwood fly ash.)

The figure shows that Yallourn fly ash has the highest adsorption capacity of 12.5 mg/g in
comparison with Hazelwood fly ash which has the lowest capacity of 3.2 mg/g. The adsorption
capacity of weathered fly ash reaches 8.1 mg/g which shows the superior capacity of this
material compared with Hazelwood fly ash after weathering process. The higher capacity of
Weathered fly ash can be addressed to the increased surface area as well as more porous
structure due to the formation of calcium silicates as confirmed by the SEM images and N2
adsorption-desorption results. In addition, as can be seen from Table 6-4, the zeta potential of
the Weathered fly ash has become more negative after weathering process.
Table 6-4 Zeta potentials of fly ash samples

Yallourn FA
Zeta
potential

-32.7 ± 0.61

pH=8.3

Hazelwood FA
-15.8 ± 0.28
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This indicates that after weathering process, more negative charges are produced on the
surface of fly ash which results in a better electrostatic interaction with positively charged MB
dye molecules. The adsorption uptakes by the adsorbent materials were calculated by the
following relationship using the initial and final concentration:
𝑄 = (𝐶𝑖 − 𝐶𝑒 ) ×

𝑉
𝑚

(2)

where Q is the adsorption capacity (mg/g), V is the volume of the MB solution (ml), m is
the weight of the fly ash adsorbents (g) and Ci and Ce are the initial and equilibrium
concentrations (mg/l). The capacity of fly ash samples for methylene blue removal in the current
study and the various fly ash samples are compared and summarized in Table 6-5. It can be
seen that Victorian brown coal fly ash samples in this study have higher or comparable
adsorption capacities with those of fly ashes reported in literature. This reflects that the fly ash
derived from Victorian brown coal could be promising for potential application in removal of
dyes from polluted waters.
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Table 6-5 Comparison of adsorption capacities of MB on various fly ash adsorbents

Adsorption
Adsorbent

isotherm

Adsorption Capacity
pH
(mg/g)

Coal fly ash

Langmuir

8

5.7

[35]

Coal fly ash

Langmuir

7.5

3.07

[36]

Langmuir

7

1.47

[2]

Freundlich

4.4

4.47

[1]

Coal fly ash

Freundlich

10.96

0.672

[37]

Coal fly ash

Langmuir

5.4

1.9

[38]

Coal fly ash2

Langmuir

5.4

3.8

[38]

Coal fly ash
Coal fly ash

1

Reference

& Freundlich

1

Coal fly ash

Langmuir

6.37

12.7

[39]

Coal fly ash

Langmuir

5

1.1

[40]

Yallourn fly ash

Langmuir

8.3

12.5

This study

Weathered ash

Langmuir

9.5

8.1

This study

Hazelwood ash

Langmuir

10.5

3.2

This study

AC3 from date
palm leaflets

Langmuir

7

270

[41]

treated by HCl

2

NaOH and sonochemical treatment

3

AC: Activated carbon

It is worth noting some fly ash materials reported in literature have been modified by
different methods such as acid or base treatment. However, the capacity of fly ash samples even
after treatment is still low or comparable with the results reported in this sturdy. Australian
brown coal fly ashes exhibit promising dye adsorption potential in comparison with the
common fly ashes reported in literature.
6.4.3. Adsorption isotherms
To investigate the interaction of methylene blue molecules with the fly ash samples,
Freundlich and Langmuir models [42] were employed and the results were compared.
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The Langmuir model was according to the assumption that the adsorption sites have equal
energy and at each adsorption site one molecule can be adsorbed. Therefore, the adsorbent
having an energetically homogeneous surface would consist of a monolayer of adsorbate
molecules. This concept introduces a monomolecular adsorption on a homogeneous surface of
adsorbents where one adsorption site only can be occupied by one molecule [42]. The equation
is given by the linear relationship below:
1
1
1 1
=
+
𝑄𝑒 𝑄𝑚 𝐾𝐿 𝑄𝑚 𝐶𝑒

(3)

where Qm is the maximum adsorption capacity when there is a complete monolayer
coverage on the adsorbent surface (mg g-1), and KL is the Langmuir constant related to the energy
of adsorption (l mg-1). The Langmuir constants KL and Qm can be determined from the linear
plot of 1/Ce versus 1/Qe.
In contrast, Freundlich isotherm explains the non-ideal adsorption of an adsorbent having
an energetically heterogeneous surface [43]. This model is expressed as the following linear
form:
log 𝑄𝑒 = log 𝐾𝐹 + 1⁄𝑛 log 𝐶𝑒

(4)

where Qe is the amount of dye uptake per unit of adsorbent at equilibrium (mg/g), Ce is the
dye concentration at equilibrium (mg/l), KF (mg1-1/n l1/n g-1) and n are the Freundlich adsorption
isotherm constants. KF and 1/n values can be calculated from the intercept and slope of the linear
plot between log Ce and log Qe.
The adsorption isotherms are beneficial in terms of defining the feasibility of the adsorbent
materials for the removal of pollutants from water. In this case, the isotherms express the
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relationship between methylene blue concentration and the amount of its accumulation on the
surface of adsorbent at constant temperature.
As mentioned Langmuir and Freundlich isotherms are used commonly in solid/liquid
systems and they provide a general idea of how effective the adsorbents are in removing the
contaminant from water. To further determine the feasibility of a particular adsorption process,
the parameters of Langmuir isotherm can be introduced as RL [44] with the following formula:
𝑅𝐿 =

1
1 + 𝐾𝐿 𝐶𝑖

(5)

where Ci is the initial concentration of MB (mg/l) and KL is the Langmuir constant. The
RL values describe that the adsorption process is either unfavourable if R L>1, linear if RL=1,
favourable if 0<RL<1 or irreversible if RL=0. Methylene blue adsorption on all fly ash
adsorbents was favourable since RL values were below unity. The RL values for Yallourn and
Weathered fly ash samples were much lower than those of Hazelwood fly ash and approached
zero as initial concentration increased (Fig. 6-9). This indicates that MB adsorption on Yallourn
and Weathered fly ashes was much more favourable in comparison with Hazelwood fly ash.
The Langmuir and Freundlich model’s parameters were calculated and shown in Table
6-6. The calculations show that the equilibrium data for all fly ash samples did not fit to
Freundlich equation. This was addressed by the low value of correlation coefficient of R2< 0.95.
In contrast, the equilibrium results reflected a bitter fit to the Langmuir relationship with
R2>0.99. This addresses homogenous adsorption sites with a monolayer coverage of methylene
blue molecules on the surface of the fly ash samples as shown in Fig. 6-8. Also the comparison
of calculated maximum monolayer adsorption (Qm) with equilibrium adsorption uptake (Qe)
from the experiments further supports the validity of Langmuir isotherm.
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Table 6-6 MB adsorption isotherm parameters on fly ash samples

sample

Langmuir isotherm

Freundlich isotherm

Qe

KL

Qm

R2

KF

n

R2

12.5

0.67

12.7

0.9984

4.8

3.8

0.7790

Hazelwood 3.2

0.038

4.3

0.9844

0.5

2.3

0.8793

Weathered

0.39

8.6

0.9906

3.1

3.6

0.7137

Yallourn

8.1
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(a)

(b)

Fig. 6-8 Adsorption isotherms for adsorption of MB on fly ash samples: (a) Langmuir isotherms
and (b) Freundlich isotherms (adsorbent dosage 0.2 g, solution volume 50 ml, initial pH=8.3 for
Yallourn, 9.5 for Weathered and 10.5 for Hazelwood fly ash).
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Fig. 6-9 RL values of the fly ash adsorbents at different initial concentrations (adsorbent dosage
0.2 g, solution volume 50 ml, initial pH=8.3 for Yallourn, 9.5 for Weathered and 10.5 for Hazelwood
fly ash).

6.4.4. Kinetics study
Different models were obtained to define the dye adsorption kinetics in aqueous
environment. The pseudo first order, pseudo second order, intra particle diffusion and Boyd
models were used in this study to evaluate the dye removal kinetics and mechanisms on fly ash
adsorbents.
6.4.4.1 Pseudo first order model
Pseudo first order model is explained based on Lagergren’s kinetic equation [45] which is
based on the assumption that the change in the molecule uptake with time is directly correlated
to the difference in equilibrium concentration and the solute adsorption uptake with time as the
following equation:
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𝑑𝑄𝑡⁄
𝑑𝑡 = 𝑘1 (𝑄𝑒 − 𝑄𝑡 )

(6)

where 𝑄𝑡 = 0 at t=0 and the equation can be integrated to give the following relationship:
log(𝑄𝑒 − 𝑄𝑡 ) = 𝑙𝑜𝑔𝑄𝑒 −

𝑘1 𝑡
2.303

(7)

where 𝑄𝑡 is the adsorption capacity per unit mass of adsorbent (mgg-1) at time t, k1 is the
pseudo first order rate constant (min-1) and t is the contact time (min). The first order rate
constant (k1) was calculated by plotting of log(𝑄𝑒 − 𝑄𝑡 ) against t.
6.4.4.2 Pseudo second order model
The pseudo second order model was explained by HO and McKay [46] as the following
equation:
𝑑𝑄𝑡⁄
2
𝑑𝑡 = 𝑘2 (𝑄𝑒 − 𝑄𝑡 )

(8)

where 𝑄𝑡 = 0 at t = 0 and once this equation is integrated, the derived equation can be
rearranged to reach the following linear form:
𝑡
1
𝑡
=
+
2
𝑄𝑡 𝑘2 𝑄𝑒 𝑄𝑒

(9)

where k2 is the pseudo second order rate constant (gmg-1min-1). Qe and k2 can be calculated
by plotting t/Qt against t.
The kinetic parameters of adsorption of MB onto fly ash samples were calculated and given
in Table 6-7.
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Table 6-7 The kinetic parameters of MB adsorption on fly ash samples

Pseudo first order
K1 (×103
)

sample

Qe

Pseudo second order

R2

K2 (×10-3)

Qe

(g.mg-1.min1
)

(mg.g1
)

Intra particle diffusion

R2

Ki

C

R2

(mg.g-1.min1
)

(min-1)

(mg.g-1)

YFA1

0.046

6.1

0.8155

0.016

12.5

0.9999

1.1

5.67

0.9991

HFA2

0.017

2.7

0.8803

0.014

3.1

0.999

0.28

0.17

0.9951

WFA3

0.18

5.6

0.8851

0.58

8.2

0.998

0.34

6.38

0.9744

1Yallourn fly ash
2 Hazelwood fly ash
3 Weathered fly ash

The kinetic data were analysed by comparison of calculated Qt versus time from the two
kinetic models (as shown in Fig. 6-10) and the kinetic parameters were defined by linear
regression. The results showed an excellent fit to the pseudo-second order model (R2 > 0.99)
while the first-order kinetic model did not agree well with the data (R 2<0.95). The good
agreement with the second order model can be verified in terms of similarity of the calculated
Qe values and corresponding experimental values. Similar kinetic data was reported for the
adsorption of MB over fly ashes [35, 47].
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(a)

(b)

Fig. 6-10 Adsorption kinetics for adsorption of MB on fly ash wastes (initial dye concentration
50 ppm, adsorbent dosage 0.2 g, solution volume 50 ml, initial pH=8.3 for Yallourn, 9.5 for
Weathered and 10.5 for Hazelwood fly ash. (a) Pseudo first order and (b) Pseudo second order
kinetics).

6.4.4.3 Intra-particle diffusion and Boyd models
The intra-particle diffusion and Boyd models were utilized to determine the dye adsorption
mechanism on fly ash samples. The adsorption of dyes includes the transport through both the
liquid phase and within the particles. The intra-particle diffusion model was introduced by
Weber and Morris [48] to investigate the mechanism of molecule diffusion in an adsorption
process. This model is explained by the following equation:
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𝑄𝑡 = 𝑘𝑖𝑑 𝑡

1⁄
2

(10)

+𝐶

where kid is referred as intra particle diffusion rate constant (mgg-1min-1/2). If the adsorption
process obeys the intra particle diffusion model, Qt versus t1/2 would be linear with kid as slope
and parameter C as the intercept. The C values provide information about the boundary layer
thickness which means a larger intercept reflects a larger boundary layer effect.
The intra-particle diffusion model was employed to identify the mechanism of methylene
blue adsorption onto fly ash waste materials as shown in Fig. 6-11 (a). It can be seen that the
plot range is divided into three linear regions which indicates the adsorption occurs through
three steps. The model has been explained by Dogan et al. [49] that the initial stage is related
to the external surface adsorption. At this stage, the adsorbate diffuses through the liquid film
to the external surface of the adsorbent and this is where the adsorption rate is high. The second
stage illustrates the region where the gradual adsorption occurs and the adsorbate molecules
diffuse through the particles. At this stage, intra-particle diffusion is involved in the adsorption
rate which includes diffusion of the solutes in macro, meso and micropores. The final stage
reflects the final equilibrium in which the diffusion of molecules into the particles declines
since the maximum adsorption is reached. The intra-particle diffusion graphs of the fly ash
samples provided linear plots but none of the plots passed through the origin as the intercepts
are not zero. This shows that the intra-particle diffusion is involved in governing the adsorption
rate but is not the only rate controlling stage. This addresses some other mechanisms like
complexation or ion exchange are probably involved in controlling the adsorption process [50,
51].
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(a)

(b)

Fig. 6-11 Intra-particle diffusion (a) and Boyd film diffusion kinetic (b) for adsorption of MB
onto fly ashes (initial dye concentration 50 ppm, adsorbent dosage 0.2 g, solution volume 50 ml, initial
pH=8.3 for Yallourn, 9.5 for Weathered and 10.5 for Hazelwood fly ash).

The slope of the second linear part of the plots determines the parameters related to the
intra-particle diffusion model while the intercept of this second linear part represents the
boundary layer thickness. The calculated values of intraparticle diffusion kinetic including rate
constant (Kid) and the intercepts (C) are given in Table 6-7. The greater the intercept, the greater
is the effect of boundary layer diffusion on the adsorption which in this case is larger for the
Yallourn and Weathered fly ash samples. It can be seen that the Yallourn and Weathred fly ash
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plots (second linear part) show a larger deviation from the origin which indicates the diffusion
within the boundary layer affects the adsorption when compared with Hazelwood fly ash where
the intercept is smaller and close to zero. Similar intra-particle diffusion model data have been
reported for the adsorption of MB over fly ash materials [35] and other adsorbents like carbon
nanotubes [52] and activated carbons [53].
The adsorption of dyes includes the mass transfer of dye molecules and there are several
resistances to mass transfer during the process. The resistances could be either external or
interal resistance. The external resistance is faced by solute molecules while they penetrate into
the solute film to reach the surface of the particles, while the internal resistance occurs when
the adsorbate molecules diffuse into the pores to reach the adsorption sites. The external
resistance can be interpreted using the external mass transfer coefficient and the internal
resistance can be characterized by the pores of the adsorbents as well as the diffusivity of the
adsorbent material [54]. The Kid value is not an actual reaction rate constant but it can be used
to interpret the influence of intrapraticle diffusion [55]. From the Table 6-7 it is realized that
Kid values increase in the order of Yallourn> Weathered> Hazelwood which can be attributed
to the effect of physical parameters such as surface area and pore size of the adsorbent materials.
As the surface area increases the rate parameter increases which is due to the increase of the
active sites available for mass transfer resulting in an increase in adsorption and consequently
an increase in the rate parameter [56]. Moreover, as the pore size decreases, the free path
through which the adsorbate molecules reach the active sites decreases and the intraparticle
parameter decreases as a result.
The main limitation about the intraparticle diffusion model is that the rate governing stage
cannot be defined using this model. Therefore, to determine the limiting stage of the adsorption
process, the Boyd model was employed which is expressed by the following equation:
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∞

(11)

𝐹 = 1 − (6⁄𝜋 2 ) ∑ (1⁄𝑛2 ) 𝑒𝑥𝑝(−𝑛2 𝐵𝑡)
𝑛=1

F is the fraction regarding the amount of dye adsorbed at different time t and Bt is a
function of F which is described as the following relationship:
𝐹=

𝑄𝑡
⁄𝑄
𝑒

(12)

𝑞𝑡 and 𝑞𝑒 are the amount of dye uptake (mg/g) at time t and at equilibrium. 𝐵𝑡 is defined
using the following relationship:
𝐵=

(𝜋 2 𝐷𝑖 )
⁄2
𝑟0

(13)

However, the Bt values cannot be calculated using this formula. The following equations
were derived by Reichenberg [57] to calculate the Bt values:
for F values >0.85
(14)

𝐵𝑡 = −0.4977 − ln(1 − 𝐹)
while for F values <0.85
2

(15)

𝐵𝑡 = (√𝜋 − √𝜋 − (𝜋 2 𝐹/3))

The calculated values of Bt versus time were plotted and reported in Fig. 6-11 (b). It can
be observed from figure that the plots did not pass through origin which addresses that film
diffusion or in other words the external mas transport is the main controlling step in the
adsorption process and can be regarded as the rate limiting.
In addition, using the slope of the Boyd model plot, the average Bt value can be defined to
determine the effective diffusion coefficient, Di (cm2/s) using the equation (8) [58].
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The r represents the particle radius. In this study the particle size is in the range of 0.0370.063 mm (mesh 230-400). It is assumed the particle is spherical and the average particle size
was used for calculation. The average diffusion coefficient was calculated as 1.54×10-7 cm2/s
for Weathered, 4.31×10-8 for Yallourn and 8.68×10-9 for Hazelwood fly ash. Michelsen et al.
[59] have reported that if the values of Di is in the order of 10-11 cm2/s, the intraparticle diffusion
is a rate limiting stage. In this study, the Di values are in the order of 10-7, 10-8 and 10-9 which
are four, three and two orders of magnitude higher, indicating that intraparticle diffusion is not
the only rate limiting step. Therefore, it can be concluded that both boundary layer (external
mass transfer) and intra-particle penetration might be involved in the adsorption process of
methylene blue [60]. From the intraparticle diffusion model it is concluded that internal
resistance against the diffusion through the pores is included in the mechanism and could
contribute to the controlling of the rate of adsorbent but is not the main limiting step. Employing
the Boyd plots helped to realize that the external mass transfer and the resistance in the
boundary layer mainly control the rate of adsorption.
6.4.5. Effect of solution pH on dye removal mechanism
The solution pH affects the surface charge of the adsorbents and this results in a change in
adsorption behaviour of the materials. The change in the solution pH results in the release of
hydrogen or hydroxyl ions which might interact with surface functional groups on the active
adsorption sites on the adsorbents [58]. The effect of initial solution pH on the adsorptive
removal of MB over fly ash adsorbents was studied over the pH range between 2 and 11 at
room temperature. The results are shown in Fig. 6-12 (a). The adsorption capacity of all fly ash
samples increased as the pH increased but the increase is more pronounce for the Yallourn fly
ash and reached the maximum at basic pH around pH=6.5-8.5 while for Hazelwood and
Weathered samples the sorption capacity reached the maximum at pH=8.5-10.5. For all fly

238

Chapter 6. Enhanced removal of a basic dye and heavy metals from wastewater using
magnetic Victorian brown coal fly ash modified by weathering
ashes the adsorption capacity increased with an increase in pH and then it remained almost
constant. The effect of pH on adsorption capacity can be explained based on the electrostatic
forces of interaction between the ash samples and the methylene blue molecules.

Fig. 6-12 Effect of (a) pH and (b) temperature on adsorption performance of fly ash wastes for
the removal of MB from water (initial dye concentration 50 ppm, adsorbent dosage 0.2 g, solution
volume 50 ml).
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The point of zero charge of the adsorbents gives better understanding about the adsorption
behaviour of fly ash samples with the change in solution pH. Generally, when pH > pH zpc the
adsorbent surface becomes negatively charged which provides a more suitable environment for
the adsorption of a positively charge dye like MB. If the pH < pHzpc, the adsorbent surface
becomes positively charged and as a result the positively charged molecules are repelled from
the surface of the adsorbent. This leads to the lower removal of MB at lower pH as shown in
the figure. It was reported that the point of zero charge for fly ash is typically between 2.4 and
7 [61]. The point of zero charge for low lime fly ash was reported to be 5 and this value shifted
to the acidic pH as the lime content of fly ash increased [62]. In this study the resulting pH after
dispersion of fly ash in water is in the basic range and above the point of zero charge. Therefore,
the adsorbent surface is negatively charged and favours the adsorption of positively charged
MB molecules.
The change of the solution pH affects the adsorption capacity of Yallourn fly ash more
than Hazelwood and Weathered fly ash which might be due to the alkaline nature of the
Hazelwood and Weathered fly ash which neutralizes the acidic pH and results in the stability
of ash-water system during the dye adsorption. Similar pH insensitive adsorption was reported
by Vimonses et al. for Australian clays- Ca(OH)2 mixtures [63].
When fly ash contacts with water, the calcium undergo dissolution and hydrolysis which
results in an increase in the solution pH:
𝐶𝑎𝑂 + 𝐻2 𝑂 ↔ 𝐶𝑎(𝑂𝐻)2 ↔ 𝐶𝑎2+ + 2𝑂𝐻 −

(16)

The zeta potentials of the fly ash samples are reported in Table 6-4. According to the XRF
analysis of fly ash materials in Table 6-2, we expect Hazelwood and Weathered fly ash, with
higher lime content, to have more negative zeta potentials compared with Yallourn fly ash

240

Chapter 6. Enhanced removal of a basic dye and heavy metals from wastewater using
magnetic Victorian brown coal fly ash modified by weathering
which has lower calcium content. However, we can see that the negative zeta potential of fly
ash samples follows the sequence: Yallourn (-32.7, pH=8.3) > Weathered (-25, pH=9.5) >
Hazelwood (-15.8, pH=10.5). Kaya and Yukselen [64] have reported that as pH increases the
zeta potential of the kaolinite and montmorinolite in the presence of calcium becomes more
negative. However, in very basic solutions (i.e. around pH=11) such behaviour is not observed
since near this pH the calcium ion (Ca2+) precipitates as hydroxide from the bulk solution
according to the following relation:
𝐶𝑎2+ + 2𝑂𝐻 − → 𝐶𝑎(𝑂𝐻)2 ↓

(17)

The precipitation of Ca(OH)2 does not allow the accurate measurements of zeta potential
of the samples [64]. Therefore, we can observe although the dispersion of Hazelwood and
Weathered fly ash results in higher pH values, the zeta potentials are more positive compared
with that of Yallourn fly ash. The larger negative zeta potential of Yallourn fly ash in addition
to its higher surface area suggest a higher adsorption capacity for the removal of positively
charged methylene blue dye from water.
Furthermore, the insoluble MgO and Fe2O3 in the fly ash samples will undergo hydration
at pH around 12. Kim et al. [65] reported that among the variety of elements which exist in fly
ash materials, Fe, Ba, Cd are insoluble, Al, Ca, Mg, Na, K, Mn, are slightly to moderately acid
soluble and only Ca and Na are soluble in water. It was found that Fe in fly ash (hematite or
magnetite) is an insoluble oxide. Therefore, since in this study the adsorption experiments were
performed in deionized water without pH adjustment, it is expected that only Ca is dissolved in
water and the raise in the pH and change in the zeta potential of the adsorbents results from the
dissolution and hydration of calcium content of fly ash materials. In addition, although the fly
ash samples contain aluminium and silica, the solubility of these elements at pH < 9 is very low
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[65]. Goyne et al. [66] reported that at high pH values of pH=9.5 the following dissolution
occurs:
𝑆𝑖𝑂2 (𝑠) + 𝑂𝐻 − ↔ 𝑆𝑖𝑂(𝑂𝐻)−
3 + 𝐻2 𝑂

(18)

Moreover, at basic conditions, Al2O3 undergoes mineral dissolution:
0.5𝐴𝑙2 𝑂3 (𝑠) + 1.5𝐻2 𝑂 + 𝑂𝐻 − ↔ 𝐴𝑙(𝑂𝐻)−
4

(19)

Therefore, in this study after dispersion of Hazelwood and Weathered fly ash samples in
water and increase of the solution pH, the occurrence of these two reactions might also lead to
the more positive zeta potentials of the samples compared to Yallourn fly ash because of the
consumption of hydroxyl groups in solution.
The solution pH seems to be an important parameter which affects the adsorption
properties of the fly ash samples. This is due to the fact that the surface charge of the fly ash
adsorbents is greatly affected by solution pH. This might be due to the increase in the surface
potential of the adsorbents as a result of increasing solution pH. Apart from the electrostatic
interactions between positively charged MB and negative charges on the surface of fly ash, the
degree of adsorption could be related to the acid-base interactions of surface groups as
explained below:
𝑆𝑖𝑂𝐻 + 𝑂𝐻 − → 𝑆𝑖𝑂− + 𝐻2 𝑂

pH > 1.7

(20)

𝐴𝑙𝑂𝐻 + 𝑂𝐻 − → 𝐴𝑙𝑂− + 𝐻2 𝑂

pH > 7.9

(21)

𝑆𝑖𝑂− + 𝑀𝐵 + → 𝑆𝑖𝑂 − 𝑀𝐵

basic solution

(22)

𝐴𝑙𝑂− + 𝑀𝐵 + → 𝐴𝑙𝑂 − 𝑀𝐵

basic solution

(23)

Silanol (𝑆𝑖 − 𝑂− ) and aluminol (𝐴𝑙 − 𝑂− ) are the active surface functional groups. 𝑆𝑖 −
𝑂𝐻 and 𝑆𝑖 − 𝑂− represent the neutral and ionized surface hydroxyl functional groups [58, 67].
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At pH values < 4 most silanol and aluminol groups are protonated [68] and thus the adsorption
capacity in acidic pH is low. By increasing the pH, these functional groups attain negative
charge and result in an increase in the adsorption capacity. The positive charge of methylene
blue molecule is located on the sulfur atom and when MB is in contact with the adsorbent
surface, it is attracted to the negative sites located on fly ash surface.
6.4.6. Thermodynamic behaviour of fly ash adsorbents
The effect of temperature on adsorption properties of fly ash samples was investigated to
further understand the behaviour of these adsorbents during the adsorption process of
methylene blue.
Effect of temperature on adsorption can be determined with the thermodynamic parameters
like enthalpy (∆Hº), entropy (∆Sº) and Gibbs free energy (∆Gº) using the following equation:
∆G° = ∆H° − ∆S°T

(24)

∆G° = −RTlnK C

(25)

Using the above relations, the van’t Hoff equation can be derived as:
ln K C =

∆S° ∆H°
−
R
RT

(26)

where Kc is the equilibrium constant and is expressed based on the relation of the dye
concentration at equilibrium on the adsorbent surface to the dye concentration at equilibrium in
solution which can be calculated using the following relationship:
𝑄𝑒 𝑊
⁄𝐶 𝑉 )
𝑒

(27)

𝐾𝑐 = (

where Qe is the equilibrium adsorption capacity, 𝐶𝑒 is equilibrium concentration, W is the
weight of adsorbent and V is the volume of dye solution.
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R and T represent the ideal gas constant (8.314 Jmol-1K-1) and the adsorption temperature
(K). The plot of ln 𝐾𝐶 against 1⁄𝑇 gives a linear line as shown in Fig. 6-12 (b) and the values
of ∆𝐻°(𝑘𝐽 𝑚𝑜𝑙 −1 ) and ∆𝑆° ( 𝐽 𝑚𝑜𝑙 −1 𝐾 −1 ) can be determined from the slope and intercept of
van’t Hoff plot as given in Table 6-8. The adsorption of MB over fly ash samples increased
with increasing the temperature from 25 to 60 ºC which suggests the adsorption of MB occurs
favourably at high temperatures. The positive values of ∆𝐻° confirm that the adsorption is
endothermic and it is a physical process [69].
Table 6-8. Thermodynamic parameters for adsorption of MB on fly ashes at different
temperatures

∆Gº (KJmol-1)
Fly ash

25 ºC

40 ºC

50 ºC

60 ºC

∆Hº (KJmol-1)

∆Sº (Jmol-1)

Yallourn

-10.73

-12.08

-12.99

-13.9

16.31

90.7

Weathered

-2.06

-3.5

-4.47

-5.43

26.7

96.5

Hazelwood

-0.29

-2.45

-3.88

-5.32

42.53

143.7

The change of Gibbs free energy is in the range of −20 to 0 kJmol-1 for physisorption
while it is −80 to −400 kJmol-1 for chemisorption [70]. The ∆G°of the fly ash adsorbents is
negative and between -13.9 (for Yallourn) to -0.3 kJmol-1 (for Hazelwood) over the temperature
range of 25-60 ºC. The negative value of ∆G° reflects that adsorption process is spontaneous
and physical [69]. The positive values of entropy of fly ashes (90, 96 and 143.6
𝐽 𝑚𝑜𝑙 −1 𝐾 −1 ) suggests an increase in disorder and randomness at the solid-solution interface
[71].
6.4.7. Effect of weathering on adsorption property of Hazelwood fly ash
The reason for different adsorption behaviour and characteristics of fly ash after
weathering process could be explained according to the weathering reactions and conditions
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which affect the textural and mineralogical properties of fly ash materials. As mentioned in
other sections, the formation of porous calcium silicates through pozzolanic reaction in the fly
ash structure during weathering process contributes to the change in the physical properties of
Hazelwood fly ash. There are some other reactions which occur during weathering process and
lead to the change in the mineralogy of Hazelwood fly ash.
During the contact between fly ash and water, some secondary hydrated minerals including
portlandite and calcite are produced. The portlandite Ca(OH)2 is made by hydration of CaO and
subsequently reacts with CO2 in air based on the following equation to give calcite (CaCO3):
𝐶𝑎(𝑂𝐻)2(𝑐𝑟) → 𝐶𝑎(𝑂𝐻)2(𝑎𝑞) + 𝐶𝑂2 → 𝐶𝑎𝐶𝑂3(𝑐𝑟) + 𝐻2 𝑂

(28)

The process of transformation of portlandite to calcite decreases the high pH. Therefore,
we can notice that for the Weathered fly ash the calcium content decreases in comparison with
the Hazelwood fly ash and as a result after dispersion of the Weathered fly ash in water, the pH
of the mixture (pH=9.5) is lower than the pH of the Hazelwood-water system (pH=10.5).
The change in the morphology of the Hazelwood fly ash after weathering process is very
obvious from the SEM images. Such changes in the morphologies which results in more porous
structures and changes to chemical compositions are reported by other studies as well [72]. The
changes in the morphology of weathered ash samples could be as a result of the formation of
porous calcium silicate as well as secondary mineral phases including calcite which is produced
through carbonation process. The carbonation process occurs via the reaction of CO2 with
alkaline contents of the fly ash materials [73].
Therefore, there are differences in the properties of the fly ash which is taken from the
precipitator and the fly ash which undergoes weathering process in the ash ponds. Natural
weathering in ash ponds occurs through carbonation, dissolution and co-precipitation which are
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considered the main causes for the physical, chemical and mineralogical changes in fly ash. As
mentioned previously, fresh fly ash obtained from precipitators is composed of quartz, mullite,
hematite, magnetite and lime while the weathered ash includes additional phases like calcite
and aragonite [21].
From the XRF analysis, it is observed that the concentration of Si in the fresh fly ash
(5.82%) is higher than that of the weathered sample (3.86%). The decline of the concentration
of SiO2 could be due to the weathering process which results in the dissolution of fly ash and
release of some major elements like SiO2 from the sample over a period of time. This trend has
been observed in other works as well [74].
6.4.8. Regeneration of fly ash materials
Regeneration of adsorbents is of great importance in wastewater treatment systems. The
used fly ash adsorbents can be recycled and reused for the adsorption applications through
different techniques such as heat treatment and utilizing suitable solvents. Regeneration is
particularly important in terms of process expenses and reducing waste disposal to the
environment. The fly ash samples were recycled using heat treatment at 200 ºC for half an hour
and the regeneration was performed for five cycles. Fig. 6-13 shows the adsorption capacities
of fly ash samples before and after regeneration. It is observed that after regeneration, the
adsorption capacity of Yallourn fly ash only slightly decreased while the adsorption capacities
of Hazelwood and Weathered fly ash decreased significantly.
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Fig. 6-13 Recyclability of the fly ash adsorbents.

This behaviour could be explained based on the chemical composition and physical
characteristics of the fly ash samples. Yallourn fly ash has lower calcium content and higher
surface area as well as porous spheres within its structure. However, the nonporous Hazelwood
fly ash and slightly porous Weathered fly ash contain higher calcium content and lower surface
areas. Therefore, after heat treatment, the adsorption sites of Yallourn fly ash are restored and
it gains most of the active sites back for the adsorption. After five regeneration cycles, the
adsorption capacity of Yallourn fly ash decreased by around 10%. The corresponding reduction
percentages for Weathered and Hazelwood fly ashes were 44% and 75% respectively.
During the adsorption experiments the calcium content of Hazelwood and Weathered fly
ashes undergoes dissolution and hydrolysis and enters the liquid phase as it is noticed from the
increase of the solution pH once these ashes are brought into contact with water. Therefore,
after each adsorption equilibrium some amount of calcium leaves the material matrix and this
results in a significant decline in the adsorption capacity for the next adsorption runs. In this
case, since Hazelwood is not porous and has low surface area, the alkalinity and the presence
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of the negative surface charges resulting from the dissolution of calcium content, plays the
major role for the adsorption of methylene blue dye. Therefore, since the major active
adsorption components of this fly ash are lost after each experiment, the heat treatment is not
effective for restoring the adsorption sites. The reduction in the adsorption capacity after heat
treatment for Weathered fly ash is less compared to that of Hazelwood fly ash probably due to
more porous structure which helps for the adsorption of MB molecules apart from the high
calcium content.
6.4.9. Heavy metal adsorption on fly ash adsorbents
Fly ash has also potential application in heavy metal removal from water due to the
physical properties such as surface area and porosity and its chemical constituents including
alumina, silica, iron oxides, calcium oxide and magnesium oxide. In addition, the alkalinity of
fly ash makes this material a suitable neutralizing agent especially for acidic wastewaters [5].
For example, wastewater from mining industry has high acidity which results in the dissociation
of unwanted metals into the solution [75]. Thus, the usage of lime and sodium hydroxide is
necessary for adjusting the pH of wastewater to maximize the removal of heavy metals by
hydrous oxides [76]. Therefore, class C fly ash could be a suitable source for neutralizing the
acidic wastewaters and simultaneously adsorption of toxic metals or organics. Fly ash has been
investigated for the removal of several heavy metals such as Ni, Cr, Cu, Cd, As and Hg [8]. For
example, fly ash was utilized for the adsorption of chromium ions [77] and cadmium [78] and
it was found the removal of these ions was dependent on the solution pH, contact time, metal
concentration and solution temperature.
Victorian brown coal fly ashes in this study were used for the removal of Cu, Ni, Zn and
Co from water to evaluate their adsorption capabilities for toxic heavy metals. The adsorption
capacities for the removal of heavy metals are shown in Fig. 6-14. The dispersion of Yallourn,
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Weathered and Hazelwood fly ash materials in heavy metal (Cu, Zn, Ni and Co) solutions
resulted in a range of pH from 7.5 to 8.4 for Yallourn fly ash, 8.9 to 9.6 for Hazelwood fly ash
and 8.1 to 9.1 for Weathered fly ash. It can be seen that fly ash adsorbents exhibit high
adsorption capacities for all of the heavy metals in particular for Cu, Zn and Ni. The extent of
removal was obtained in the order of Cu (II) > Zn (II) > Ni (II) > Co (II).

Fig. 6-14 Adsorption capacity of fly ashes for heavy metal removal (initial dye concentration 100
ppm, adsorbent dosage 0.2 g, solution volume 50 ml, pH YFA/Cu= 7.9, pH YFA/Ni= 7.8, pH
YFA/Zn= 7.5, pH YFA/Co= 8.4, pH HZ/Cu=9.4, pH HZ/Ni=9.3, pH HZ/Zn= 8.9, pH HZ/Co=9.6, pH
WFA/Cu=8.9, pH WFA/Ni=8.8, pH WFA/Zn=8.1 and pH WFA/Co=9.1).

It seems copper adsorbs more easily on the adsorbents compared with other metals which
might be due to the better interaction of the resulting complexes with the surface of the
adsorbents. This is consistent with literature data which state copper ions are adsorbed more
easily compared with other metal ions which is attributed to the differences in the affinities of
functional groups for metal ions [79]. Furthermore, although other studies report different
orders for the affinity of the adsorbents towards Zn, Ni and Co, they frequently report the
highest adsorption of Cu on different adsorbents [79-82]. Yavuz et al. reported that the order of
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metal adsorption in their study was Cu (II) > Ni (II) > Co (II) and that this order might be due
to the difference in hydrolysis constants as well as ionic radius, electrode potential and
solubility of the metal hydroxides as shown in Table 6-9 [83, 84]. Coper ion has the smallest
ionic radius which indicates copper can be adsorbed better compared with other ions. Moreover,
it has the most positive electron potential which means it has more affinity for electrons on the
negatively charged surfaces of the fly ash samples. The solubility product constant (Ksp) of
copper hydroxide is the lowest which addresses that in high alkaline conditions in which the
metal hydroxides are produced, the copper hydroxide has the lowest solubility and can be
precipitated and adsorbed much better compared with other metal ions.
Table 6-9. Hydrolysis constants (pKh), ionic radius, solubility constant (Ksp) and electrode
potential of metal ions [83, 84].

Metal ion

Co (II)

Ni (II)

Zn (II)

Cu (II)

pKh

9.6

9.4

8.96

7.34

Ionic radius (Aº)

0.74

0.72

0.74

0.70

Electrode potential (V)

-0.28

-0.25

-0.76

0.34

Ksp of M(OH)2

5.92×10-15

5.48×10-16

3×10-17

2.2×10-20

The highest adsorption capacities were achieved for the removal of Cu, Zn, Ni and Co
using Hazelwood fly ash with the capacities of 49.7, 47.2, 35.2 and 25 mg/g respectively. The
adsorption performance and efficiency decreased in the order of Hazelwood > Weathered >
Yallourn fly ash. The better performance of Hazelwood fly ash could be attributed to its higher
alkalinity and calcium content. Yallourn fly ash shows the lowest adsorption uptake despite
having the highest surface area. This observation reveals that adsorption of heavy metals might
mostly depend on the surface charge of the adsorbent and solution pH rather than the surface
area. There are similar evidence in literature that suggest the adsorption of heavy metals is very
related to the soluble lime (CaO) content of fly ashes [76]. Therefore, the high adsorption
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capacity is associated with the electrostatic interaction of the positively charged heavy metals
by the negatively charged surface of the adsorbents.
Different mechanisms have been reported to explain the adsorption of heavy metals in
aqueous solutions. Ricou-Hoeffer et al. [85] reported that alumina silicate components in fly
ash probably contribute to the adsorption process via a SiO2 bond with metal ions. Bayat [76]
also reported that the fly ashes having low content of SiO2, Al2O3 and Fe2O3 and high CaO
content are more efficient for the removal of metal ions because of the formation of calcium
and silica complexes like calcium silicates (2CaO.SiO2). It was suggested that adsorption
occurs mostly on the calcium silicates interface through the interaction of hydrolysis forms of
metals with surface as follows:
In acidic conditions
𝑆𝑖 − 𝑂𝐻 ⋯ 𝐻 − 𝑂 − 𝐻[𝑀𝑒(𝑂𝐻2 )3 ]2+ ↔ 𝑆𝑖 − 𝑂𝑀𝑒 + 𝐻3 𝑂+

(29)

In neutral conditions
𝑚𝐶𝑎𝑆𝑖𝑂3 𝐻𝑆𝑖𝑂3− + 𝑀𝑒𝑂𝐻 + ↔ 𝑚𝐶𝑎𝑆𝑖𝑂3 𝑀𝑒𝑆𝑖𝑂3 + 𝐻2 𝑂

(30)

In alkaline conditions
𝑚𝐶𝑎𝑆𝑖𝑂3 𝐻𝑆𝑖𝑂3− + 𝑀𝑒(𝑂𝐻)2 ↔ 𝑚𝐶𝑎𝑆𝑖𝑂3 𝑀𝑒𝑆𝑖𝑂3 + 𝐻2 𝑂 + 𝑂𝐻 −

(31)

where Me is a bivalent metal ion.
Since the dispersion of Yallourn fly ash in heavy metal solutions results in an almost
neutral condition (pH=7.5-8.4), the second proposed mechanism can be related to the adsorptive
removal of metals onto this material. The third mechanism also can be considered for the
adsorption of metals onto Hazelwood (pH=8.9-9.6) and Weathered fly ashes (pH=8.1-9.1) since
they provide a basic environment once dispersed in heavy metal solutions.
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The other adsorption mechanisms which could be considered in fly ash systems are the
interaction of metal ions by silica and alumina content of fly ash by the formation of complexes
in the solution system. The metal ion cations can be adsorbed by chemical bonding with the
active site (SiO-) and (AlO-) and can form complexes on the surface as illustrated by the
following equations [86]:
2(≡ 𝑆𝑖𝑂− ) + 𝑀2+ → (≡ 𝑆𝑖 − 𝑂) 2 𝑀

(32)

2(≡ 𝐴𝑙𝑂 − ) + 𝑀2+ → (≡ 𝐴𝑙 − 𝑂) 2 𝑀

(33)

It is also suggested that the metal compounds are the hydrated cations which can be
adsorbed with partial or total de-hydration:
𝑧+
𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 + 𝑀𝑒(𝐻2 𝑂)𝑛𝑧+ ↔ 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝑀𝑒(𝐻2 𝑂)𝑛−𝑥
+ 𝑥𝐻2 𝑂

(34)

where 0 ≤ 𝑥 ≤ 𝑛.
Functional oxides including SiO2, Al2O3, Fe2O3 and CaO on the surface of fly ash have a
significant role in removing the metal ions from water. Depending on the pH of solution and
the acid-base conditions, SiO2 in fly ash could uptake positive and negative pollutants [76]. The
central ion of silicate components has affinity towards electrons resulting in the bounding
between the oxygen atoms and its low basicity. Therefore, the surface of silica acts as a weak
acid and is able to react with water to produce silanol groups (SiOH). Consequently, the surface
of silica becomes positively charged at low pH while it becomes negatively charged in high pH
conditions. The point of zero charge for silica is about 2 [87] and that of Fe2O3 and Al2O3 is 6.7
and 8.5 respectively [88]. Therefore, the high adsorptive removal of metals over the fly ash
samples specifically Hazelwood fly ash could be due to the electrostatic interaction of metals
with surface iron and alumina sites as well as calcium sites which introduce negative charges
on the surface.
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Dissolved calcium increases the pH of the solution above the solubility point and leads to
the precipitation of metals as metal hydroxides or metal oxides [89]. The precipitation of heavy
metals depends on the hydration and dissolution of fly ash materials and their components. The
major component of Hazelwood and Weathered fly ash is calcium oxide which undergoes
hydration and hydrolysis based on the following reaction:
𝐶𝑎𝑂 + 𝐻2 𝑂 → 𝐶𝑎2+ + 2𝑂𝐻 −

(35)

When fly ash is dispersed in water, the solid components in fly ash such as Ca2Al2SiO7 can
release hydroxyl ions gradually according to the following equation:
𝐶𝑎2 𝐴𝑙2 𝑆𝑖𝑂7 + 7𝐻2 𝑂 → 𝐻4 𝑆𝑖𝑂4 + 2𝐴𝑙(𝑂𝐻)3 + 2𝐶𝑎2+ + 4𝑂𝐻 −

(36)

When the fly ash in solution is brought up in contact with heavy metal ions, sorption and
precipitation take place. The hydroxyl ions contribute to the production and precipitation of
metal hydroxides. The precipitation of metals by lime is affected by the chemistry of solution
and the pH at equilibrium. Cu2+ species are formed in solutions up to pH of around 6. The
copper hydroxyl species such as CuOH+, [Cu2(OH)2]2+, Cu(OH)2 and [Cu(OH)3]- increases at
pH > 5. When the solution pH increases up to 6-8 and 8-12, 𝐶𝑢2 (𝑂𝐻)2+
2 and 𝐶𝑢(𝑂𝐻)2 species
of copper are formed respectively [90]. Therefore, at high pH conditions, these metal species
could precipitate as copper hydroxide compounds (2𝐶𝑎(𝑂𝐻)4−
2 𝐶𝑢(𝑂𝐻)2 . 𝐻2 𝑂) [91].
Zinc exists as 𝑍𝑛2+ ions at pH < 7.5 and it forms the zinc hydroxides at pH 8-10. The
prevalent species of zinc at pH 7.5-11.5 and pH > 11.5 are 𝑍𝑛(𝑂𝐻)2 and 𝑍𝑛(𝑂𝐻)−
3
respectively [90]. Moreover, at pH 7-12 a calcium-zinc hydrated complex 𝐶𝑎𝑍𝑛2 (𝑂𝐻)6 . 2𝐻2 𝑂
might be formed [91].
These investigations indicate that apart from electrostatic attractions between metal ions
and the adsorbent’s surface, heavy metals adsorption onto fly ash materials mostly occurs
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through precipitation of the metal hydroxides at high pH. This can be addressed to the higher
metal removal efficiency of Hazelwood fly ash despite having the lowest surface area and
nonporosity. Since Hazelwood and Weathered fly ashes have higher calcium content, they
introduce more hydroxyl ions in water which leads to the precipitation of metal hydroxides.
Experimental results from literature indicate that heavy metals leaching from the coal fly
ash is fairly low [61] and the amount of leaching depends on the conditions of aqueous
environment. The amount of trace metals in the leachate depends on a variety of factors
including the weight of fly ash, solution pH, percentage of elements, temperature, pressure and
the contact time. The fast leaching of most of the trace metals from fly ash particles occurs in
low pH values and the trace elements level does not exceed the standard limits [61]. Therefore,
since the alkaline Victorian brown coal fly ashes provide a neutral to basic environment it seems
they can be used for the removal of dyes and heavy metals without any trace metal leaching to
the environment.
Adsorption capacity of Victorian brown coal fly ash samples for heavy metals is compared
with other fly ash and adsorbents from literature in Table 6-10. This comparison reveals that,
the fly ash samples in our study have greater and comparable adsorption capabilities in
comparison with the other fly ash adsorbents investigated so far.
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Table 6-10. Comparison of adsorption capacities of heavy metals on different adsorbents

Metal

Adsorbent

Adsorption pH

Capacity
(mg/g)

Reference

Zn2+

Fly ash

6.5

6.5-13.3

[92]

Fly ash

7.5

0.25-2.8

[93]

Bagasse fly ash

4

13.21

[94]

Fly ash

4

7.84

[95]

Activated carbon

7

19.9

[96]

Yallourn fly ash

7.5

26.5

This study

Weathered fly ash

8.1

36.5

This study

Hazelwood fly ash

8.9

47.2

This study

Fly ash

9

20.92

[97]

Fly ash

5

7.5

[98]

Fly ash

5

1.7-8.1

[99]

Bagasse fly ash

4

2.26-2.36

[100]

Activated carbon

NA

38

[101]

Yallourn fly ash

7.9

45.5

This study

Weathered fly ash

8.9

47.1

This study

Hazelwood fly ash

9.4

49.7

This study

Fly ash

6

9-14

[92]

Bagasse fly ash

6.5

1.12-1.7

[102]

Fly ash

7-8

0.4-0.98

[5]

Activated carbon

5

30.7

[103]

Yallourn fly ash

7.8

27.2

This study

Weathered fly ash

8.8

31

This study

Hazelwood fly ash

9.3

35.2

This study

Cu2+

Ni2+
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Table 6-10. (Continued)

Metal

Adsorbent

Adsorption pH

Capacity
(mg/g)

Reference

Co2+

African coal fly ash

4

0.4

[104]

Battery waste

NA

35

[105]

Activated carbon
from rice hills

6.5

10.95

[106]

Activated carbon
from hazelnut

6

13.88

[107]

Resin

5.3

5.3

[108]

Yallourn fly ash

8.4

10.5

This study

Weathered fly ash

9.1

15.75

This study

Hazelwood fly ash

9.6

25

This study

6.4.10. Magnetic property
Magnetic behaviour of iron rich fly ash materials are due to the presence and formation of
magnetite (Fe3O4) from iron containing minerals in coal during the combustion process. the
amount of iron in the magnetic fraction might be more than 40% which shows that fly ash
particles are very heterogeneous from chemical and mineralogical point of view [109]. In this
study, Yallourn fly ash exhibited magnetic property as shown in Fig. 6-15. Therefore, after
adsorption of methylene blue dye and heavy metals, the fly ash particles can be easily separated
from water. The iron concentration is about 47% for Yallourn fly ash whereas those of
Hazelwood and Weathered fly ash are 14 and 16% respectively as reflected in the XRF data.
Hazelwood and Weathered fly ash did not show any magnetic behaviour due to the low iron
content.
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Fig. 6-15 Magnetic property of Yallourn fly ash

Victorian brown coal fly ash samples, namely Yallourn, Hazelwood and Weathered fly ash
have been studied for the adsorption of a basic dye and heavy metals from aqueous solution.
Yallourn fly ash exhibited the highest adsorption performance (12.5 mg/g) for dye removal
followed by Weathered (8.1 mg/g) and Hazelwood (3.2 mg/g) fly ashes. The adsorption process
for MB removal was characterized by Langmuir isotherm and followed pseudo second order
kinetic model. It was shown that both intraparticle diffusion and external mass transfer involved
in governing the adsorption rate while external mass transfer was probably the main rate
controlling step. Adsorption of methylene blue was favoured in basic conditions and high
temperatures indicating the adsorption process is endothermic. Hazelwood fly ash had the
highest capacity for the removal of heavy metals due to its highly alkaline nature followed by
Weathered and Yallourn fly ash samples. Magnetic property of Yallourn fly ash makes it an
even more interesting adsorbent for adsorptive removal of pollutants from water. Victorian
brown coal fly ashes exhibited high removal efficiency particularly for heavy metals. Since
once dispersed in water, fly ash provides an alkaline conditions, it can be a good candidate for
neutralizing acidic wastewaters such as mining wastewater and simultaneously for the removal
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of toxic heavy metals from water. The results of heavy metal adsorption revealed that Yallourn
fly ash is more suitable for heavy metal removal from neutral wastewaters since it provides
almost neutral conditions once dispersed in water while Hazelwood and Weathered fly ash are
mostly suitable for the adsorption of heavy metals from acidic wastewaters since they produce
high alkalinity in water.
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Conclusions and
recommendations for future work

This thesis focused on addressing some challenges related to the usage of potential
adsorbents including metal organic frameworks (in particular ZIF-8) and available local wastes
(fly ash) in water treatment and to provide technical knowledge about their characteristics,
performance and interactions in adsorption systems. In summary, novel approaches were
developed for desirable application of ZIF-8 particles in water treatment and a new perspective
was identified to make use of fly ash wastes and modify them to superior adsorbents. The main
findings of this research work are summarized as follows.
In chapter 3, an efficient straightforward and environmentally friendly phase inversion
technique was utilized to develop ZIF-8/polymer spheres for oil spill clean-up. The polymer
performed as binder and ZIF-8 functioned as adsorbent. The fabricated composite spheres
demonstrated high surface area, high crystallinity and strong hydrophobicity. These
magnificent features resulted in outstanding oil sorption capacity of ZIF-8/PES spheres in
comparison with natural adsorbents. The composite spheres displayed 1260 mg/g uptake for
oils which is around 4.8, 6.3, 12.6, 3.3 and 4.2-7.5 times higher than the capacity of HKUST1, HFGO@ZIF-8, zeolite, bentonite and activated carbons respectively. ZIF-8/PES beads
showed very low bulk density of 0.26 g/cm3 compared with that of ZIF-8 powder with a bulk
density of 0.36 g/cm3 and those of natural adsorbents such as activated carbon, zeolite and
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bentonite with bulk densities of 2, 1.6 and 1.15 g/cm3, respectively. Having excellent buoyancy,
they floated on the surface of water easily while their robustness was preserved confirming the
beads were rigid and stable. The synthesized composite beads were easy to handle and recycle
and retained up to 88 percent of the oil sorption capacity after five regeneration cycles. The
phase inversion could be utilized as a universal approach for preparing a variety of composite
spheres for different applications.
In chapter 4, we reported the adsorption properties of ZIF-8 and its derived nanoprous
carbons for the removal of a basic model dye compound. Effect of heat treatment and
carbonization temperature on physicochemical, textural and adsorptive performance of ZIF-8
and its nanoporous carbons was evaluated and the results were presented with critical
discussions regarding the adsorption kinetics, mechanisms, process parameters and
carbonization mechanisms. Nanoporous carbons were prepared by direct carbonization of ZIF8 at 600 ̊C, 1000 ̊C and 1200 ̊C and they retained the original morphology and structure after
heat treatment as proved by SEM and TEM images. Effect of temperature on surface area was
investigated and it was revealed that the surface area of ZIF-8 (1384.2 m2/g) decreased with
increasing heat treatment temperature to 600 ̊C (652.5 m2/g) and increased by raising the
temperature to 1000 ̊C (1043.1 m2/g); however, it decreased when the carbonization
temperature was further increased to 1200 ̊C (818.7 m2/g). The total and micropore volumes
followed the same trend as the surface areas. The study showed that the pore size distribution
became broader after carbonization at 1000 ̊C and nanoporous carbon at 1000 ̊C exhibited the
highest adsorption capacity indicating that 1000 ̊C was the optimum carbonization temperature.
Zeta potential measurements also illustrated that carbonization temperature had remarkable
effect on modifying the surface charge of the porous adsorbents. Nanoporous carbon at 1000 ̊C
exhibited outstanding adsorption capacity (186.3 mg/g) which is 3.76 times of nanoparticles
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carbonized at 600 ̊C (49.5 mg/g), 5 times of carbon particles at 1200 ̊C (36.7 mg/g) and finally
about 10 times of ZIF-8 (19.5 mg/g). Investigation of effect of process parameters on adsorption
revealed that adsorption was endothermic and the effect of pH was insignificant. The ZIF-8
derived carbon nanoparticles prepared by straightforward and environmentally friendly direct
carbonization strategy were found to be efficient adsorbents for water treatment. This study
provides helpful information for future applications of MOF derived nanoporous carbons for
water treatment.
In chapter 5, the nanoporous carbons derived from ZIF-8 were magnetized for easy
handling and recycling. The iron nanoparticles (14%, nominal weight percent) were introduced
into materials framework using wet impregnation method. The resulting magnetic adsorbents
were re-carbonized to examine the effect of heat treatment temperature on characteristics and
adsorption properties of the iron loaded nanoporous carbons. The results showed the magnetic
nanoporous carbons re-carbonized at 1000 ˚C exhibited similar high adsorption capacity to the
original ZIF-8 carbon nanoparticles despite the fact that the surface area and micro pore volume
reduced significantly after loading iron nanoparticles. XRD results confirmed the presence of
iron oxides and reduced metallic iron at 600 and 1000 ˚C, respectively. SEM images showed
that iron nanoparticles were well distributed in the matrices of the magnetic carbons and had
different sizes from roughly 10 nm to 100 nm. The mechanism of the interaction between iron
species with dye molecules was explained. The significant adsorption capacity of the iron
loaded carbon nanoparticles was addressed to the role of the zero valent iron (reduced iron )
produced at 1000 ˚C and the development and broadening of pore size distribution as a result
of the formation of reduced iron particles. This study demonstrated that nanoporous carbons
can be loaded by magnetic nano particles through a simple and efficient impregnation method
without losing their adsorption capacities. This study demonstrated that MOF derived
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nanoporous carbons can be magnetized by magnetic particles through a simple and efficient
impregnation method without losing its high adsorption capacity.
In chapter 6, Victorian brown coal fly ashes as local free wastes were used to investigate
their textural, mineralogical and physicochemical properties for potential adsorption
applications. The adsorption performance of these waste materials was investigated for the
adsorption of a basic dye and heavy metals. The adsorption study showed Yallourn fly ash
exhibited the highest adsorption performance (12.5 mg/g) for dye removal followed by
Weathered (8.1 mg/g) and Hazelwood (3.2 mg/g) fly ashes. It was revealed that natural
weathering could be used as an effective method for modifying fly ash textural, mineralogical,
physicochemical and adsorption properties. Weathering modification converted the non-porous
Hazelwood fly ash to a more porous framework Weathered fly ash with much higher surface
area; i.e., 2.5 times higher than the surface area of Hazelwood fly ash and more negative surface
charge. Hazelwood fly ash had the highest capacity for the removal of heavy metals due to its
highly alkaline nature followed by Weathered and Yallourn fly ash. Yallourn fly ash exhibited
strong magnetic property which shows it is a promising material for adsorptive removal of
contaminants from water. These remarkable features make these materials suitable candidates
for neutralizing and treatment of acidic mining wastewaters containing heavy metals. We
anticipate the outcomes of this study would help for future applications of these wastes and
would resolve the environmental issues resulting from their disposal.
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According to this study, there are several aspects which are required to be explored and
developed for future works. The areas of further research are as follows.
1. The phase inversion method explianed in chapter 3 could be used as a universal method
for fabrication of other MOF powders into different kinds of polymer binders to
investigate their properties for adsorption applications. A variety of materials such as
catalyst powders, activated carbon and zeolites could be utilized in composite beads
with the usage of different polymers for the applications such as adsoprtion, gas
separation, catalysis and water treatment. These composite beads have very low bulk
densities and could be studied and utilized in fluidized beds as catalysts for industrial
applications. Therefore, although they are rigid and stable, their mechnical resitantce
under stress and presssure need to be quantitatively defined. The composite beads
could also be carbonized and used for the same applications such as adsorption and
catalysis. In the trial tests, we obsereved the ZIF-8/PES beads maintain the spherical
shape after carbonization in Ar atmosphere. However, when PES spheres were used,
the spherical shape and the structure of the beads collapsed as a result of high
temperature heat treatment. It seems that ZIF-8 acts as a binder and helps to retain the
original sphere shape even after heat treatment at high temperatures (1000 ºC).
Therefore, this is a useful method for preparing carbon beads which could be used for
different applications. Since the performance and adsorption capabilities of the
prepared carbon beads were not examined, the investigation of characteristics and
adsopriton capacity of these MOF derived carbon beads could be considered as a future
exploration. Moreover, the magnetic particles could be introduced into the composite
beads for even easier collection and recycling. The trial tests revealed that the magnetic
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ZIF-8/PES beads after carbonization at high temperature collapsed and the carbon
beads could not be prepared in the presence of iron particles. Further investigation is
required to overcome this issue and prepare magnetic carbon beads with high sorption
performance and strong bodies which preserve the spherical shapes. Effect of
temperature on the properties of the prepared carbon spheres such as hydrophobicity
could also be investigated.
2. The direct carboniztaion method utilized in chapter 4 could be used for carbonization
of other MOF and ZIF materials and effect of carbonization on their physicochemical
and adsorption properrties could be investigated for any applications dealing with
adsorption including gas separation, catalysis, water treatment and drug delivery. Since
MOFs and ZIFs have different elements and components, their behaviour against heat
treatment at high temperatures could be quite different. Therefore, it is worth to identify
how carboniztaion temperature affects their characteristics and performance in
different applications. ZIF-8 and its nanoporous carbons in this study were investigated
for the adsorption of dyes. Further research is required to explore the capabilities of
MOFs and MOF derived carbon nanoparticles for the adsorption of other pollutants
such as aromatic compounds and antibiotics to address the suitability of these
adsorbents for various water contaminants. Effect of heating rate on properties of the
nanoporous carbons derived from different MOF materials is another aspect which is
worth investigating. Considering that MOFs and ZIFs contain a variety of elements
and different structures, the rate of carbonization could result in different properties
which needs to be studied in next step. The stability of ZIF-8 in water is a serious
concern which restrict its practical application. This challenge could be addressed by
researching about the possible composite development using ZIF-8 and clay materials.
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During the ongoing literature review, we noticed that clay and carbon materials could
be used to produce a composite tolerant to aquoues environment. This area was not
covered during the timeline of this thesis project since it needs an extensive research
focused on the stability of metal organic frameworks in water. Moreover, it was
realized from literature that there might be synergistic effect between MOFs and
carbon material which may enhance their performance in different applications
especially adsorption. These are imposrant reseach areas which could be considered as
future works.
3. The magnetic ZIF-8 derived nanoporous carbon in chapter 5 had similar adsorption
capacity to those of non-magnetic nanoporous carbons. However, the kinetics,
isotherms and mechnaisms were not determined in this study. It is required to identify
how fast these magnetic nanoparticles could reach equilibrium in terms of practical
applications. The amount of iron loading in this study was 14%, but is needed to
examine different loadings and optimize the amount of iron required for introducing
the magnetic property and the highest adsoprtion capacity. Obviously, the magnetic
MOF derived nanoporous carbons could be investigated in detail for the removal of
other categories of pollutions from water. For the magnetic samples at 1000 ºC, since
the produced zero valent iron is very reactive, these iron loaded carbon nano particles
could be explored for catalytic applications as well.
4. In chapter 6, the local brown coal fly ash materials were investigated for adsorptive
removal of heavy metals and a basic dye to not only make use of these abundant free
adsorbents but also address the environmental concerns related to their disposal. It was
determined that these fly ashes contain interesting features and components such as
active metal oxides and magnetic properties. Therefore, it can be suggested that these
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materials could be investigated for different catalytic applications. In addition, in this
study, for the adsorption of heavy metals, the isotherms and kinetics were not
investigated and are required to be addressed in future. The effect of weathring
modification was only studied for non-magnetic Hazelwood fly ash. However, effect
of weathring for magnetic Yallourn fly ash was not explored in this research project. It
is required to identify how the physicochemical properties and mineral phases of this
iron containing fly ash changes when it is exposed to weathring conditions and weather
it enhances its adsorption performance. Moreover, these waste fly ashes could be
loaded with other active metals or could be made compsite with other materials for
adsorption and catalytic applications. Hazelwood fly ash showed the highest adsorption
capacity for heavy metals removal but it did not demonstrate any magnetic property.
In order to convert it to an efficient recyclablae adsorbent, it could be loaded by iron
particles. Another future direction could be to combine the non-magnetic Hazelwood
fly ash with magnetic Yallourn fly ash and perform calcination to obtain a magnetic
mixture for the adsorption of pollutants from water. Additionally, the usage of these
materials in different practical applications depends on the life cycle assessments
studies. A detailed and precise life cycle analysis is essential to assess the
environmental impacts associated with the utilization of Victorian brown coal fly ash
in any particular application.
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