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Abstract 

In this work a new method of production of MCM-41 was used which involved 

synthesis under mild conditions (room temperature) and shorter reaction times as well 

as reduced surfactant removal times (15 min) compared to the previously published 

methods that take approximately 10 h. This material was functionalised with an 

amine-based functional group to study the feasibility of separation of chromium (III) 

and chromium (VI) from aqueous solution. A maximum adsorption capacity 

calculated using Langmuir isotherms of 111.1 mg g
-1

 was achieved, which was higher 

than previously reported for competitive sorbents. Moreover, adsorbents containing 

silica nanoparticles with different porosity parameters were synthesized and evaluated 

for Cr (VI) uptake. The adsorption mechanism was defined by a two step adsorption 

mechanism for AP-MCM-41 while other sorbent exhibited a fast one step adsorption 

mechanism. The regeneration of MP-MCM-41 loaded with Hg (II) ions was also 

investigated with batch and dynamic methods using thiourea that was acidified using 

HNO3, H2SO4, or HCl; with HCl being the most efficient with recovery efficiency of 

over 90 %. 

A simple, rapid, bio-inspired green silica material was then developed producing a 

silica material with iron nanoparticles being incorporated into the framework (Fe-

GN). The efficiency of Fe-GN material for the removal of arsenic ions from 

contaminated solution was evaluated. The material was found to be effective for the 

removal of arsenate ions with a maximum adsorption capacity of 69 mg/g of Fe-GN. 

Moreover, a method was developed to regenerate the Fe-GN allowing for full 

recovery and reuse of the adsorbent in subsequent extractions. Finally, the Fe-GNs 

material, along with other conventionally available materials, was assessed for the 

removal of naphthalene from aqueous solutions. The Fe-GN material was found to 

only have a slight affinity for the adsorption of naphthalene. 
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Chapter 1 : Introduction to porous materials 
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1.1. Definition and classification of porous materials: 

Porous materials are solids that consist of empty pores dispersed within their framework. 

There are two types of pores: closed pores (which are isolated from the outside of the 

material and may contain fluid) and open pores (which are connected to the surface of the 

material). Open porous materials are required for industrial applications, e.g. filters and 

gas distribution, whereas closed pores can be used for sonic and thermal isolation. 

Porosity can change a material’s properties mainly by increasing its specific surface area 

and by decreasing density. These changes can provide the materials with useful features, 

such as fluid permeability, which are not observed in dense materials [1]. Porous 

materials are classified according to many different criteria, e.g. pore shape, pore size and 

production methods. In terms of pore size, the porous solid materials are classified by the 

International Union of Pure and Applied Chemistry (IUPAC), Fig 1-1 as: 

➢ Microporous material (X < 2 nm). 

➢ Mesoporous material (2 nm < X < 50 nm). 

➢ Macroporous material (X > 50 nm). 

Porous materials can also be classified according to their adsorption properties. The term 

adsorption refers to the condensation or attachment of particles (e.g. gas molecules) to a 

porous surface. The adsorption of gases, such as N2 can be expressed quantitatively with 

an adsorption isotherm (the amount of gas adsorbed by the material at constant 

temperature as function of pressure). Porous materials can be characterised in terms of 

pore diameter as based on the obtained gas adsorption data. As a consequence, the 

IUPAC conventions are available detailing the classifications for both pore size and gas 

adsorption isotherms in conjunction with associated hysteresis loops [2,3]. The IUPAC 

classification of adsorption isotherms is shown in Fig 1-2: 
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Fig 1-1: Shows an example of some porous materials and their pore size distribution 

[2]. 
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Fig 1-2: IUPAC classification of adsorption isotherms [4]. 

These isotherms are characteristic of adsorbents that are microporous (type I), 

macroporous or non-porous (types II,III, and VI), and mesoporous (types IV and V). This 

classification can provide useful information about the adsorption and pore filling 

mechanisms. The shape of the isotherm provides direct information about the fluid – 

solid interactions, pore structure (shape and size), monolayer–multilayer adsorption, and 

filling/emptying of pores. In particular, the adsorption process in mesopores is controlled 

by capillary condensation and multilayer adsorption. In contrast, the filling of micropores 

is dominated by stronger interaction between the adsorbate molecules and the pore walls. 

The differences between types II and III isotherms and between types IV and V isotherms 

are derived from the fluid interaction strength: types III and V are associated with weaker 

fluid–solid interactions, and types II and IV are associated with stronger fluid–solid 

interactions [2,3].  
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In general porous materials have attracted a great deal of attention in research and 

industry because of their potential use in a wide range of practical applications, e.g. 

adsorption, separation, catalysis and sensing systems. The main challenges that scientists 

working on porous materials have to face are how to design, synthesis and modify the 

materials, tailoring them to suit specific applications. Therefore, several synthesis 

mechanisms have recently been reported on the production of nanoporous materials [5,6]. 

1.2. A brief history of porous materials 

Most porous materials are ubiquitous in nature, except ceramics and metals that are fired 

at high temperatures (this process known as sintering which involves heating the metal 

clay to a point where the metal particles stick to each other, consequently, it will contain 

a tiny holes between the metal particles and hence the materials are somewhat porous). 

As with the use of many other materials of practical importance, the applications of 

wood, hides, clays, and other porous materials do not have any well-documented 

beginnings and are believed to date back to prehistoric times. These porous solids were 

commonly used by humans in their natural form; occasionally following some form of 

heat treatment or other minor alterations.  One example of this is charcoal, which was 

used both as a drawing material and also by the Ancient Egyptians around 1500 B.C. in 

water filtration systems [7]. 

1.2.1. Development of zeolites and other porous adsorbents: 

Zeolites are crystalline aluminosilicate-based materials which were discovered in 1756 by 

Swedish mineralogist Cronstedt, who noticed that when the unidentified mineral was 

subject to a flame, a frothy mass of bubbles formed. Based on this observation, he named 

the material ‘Zeolite’, from the Greek zeo “to boil” and lithos “stone”. During the 

nineteenth century, zeolite minerals began to be well documented with scientific interest 

starting in the early nineteenth century. The term ‘molecular sieves’ was given by 

McBain [8] in 1931, when he found that chabazite (a tectosilicate mineral of the zeolite 
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group) rapidly sorbed the vapours of small molecules (H2O, ethanol, methanol, and 

formic acid), whereas larger molecules were largely excluded (benzene, acetone and 

ether) [8].A decade later, Barrer et al. [9] studied the sorptive properties of chabazite and 

analcite, and stated that the separation of N2 and O2 could be achieved using a zeolite that 

had been treated under certain conditions to produce the necessary shape selectivity to 

discriminate between molecular dimensions of N2 and O2. A few years later, zeolites 

began to be synthesised on a large scale for the production of O2 from air [7]. In the years 

between 1949 and 1954, a number of new zeolites (types A, X, and Y) were synthesised 

by Milton and colleagues [10]. The new zeolite materials were commercialised in 1954 

by Union Carbide Corporation, as new methods were developed for the separation and 

purification of small molecules. In 1955, the structure of syntactic zeolite type A was 

reported by D. Breck and colleagues [11]. Since then, extensive research has been 

performed in this field, which has led to the development of a new family of 

silicoaluminophosphates and aluminophosphates [12-14]. 

 

Zeolite materials, particularly those with a small pore size (e.g. 0.4 nm in A-type 

zeolites), first attracted commercial interest as they provided the opportunity for selective 

adsorption according to the differences in the size of the separated gas molecules. In 

addition, Jules Rabo, who was working at Union Carbide Research Centre, reported that a 

certain type of zeolite had shown catalytic activity for cracking hydrocarbons. Initially 

the oil industry did not accept the idea because it was felt that the pore size was not big 

enough for cracking activity. In 1983, Plank and his colleagues reported that rare earth 

containing zeolite X was capable of acting as a cracking catalyst. Therefore, a few years 

later, the amorphous silica-alumina catalysts ware replaced by the zeolite cracking 

catalysts [7].  

 

Major efforts were made to enlarge the pore size of the zeolite type materials from the 

micropore region (≤ 2 nm width) to the mesopore region (2 nm ≤ X ≤ 50 nm), due to 

increasing demand for mesoporous materials. Examples of applications of mesoporous 

materials include the separation and synthesis of large molecules (e.g. proteins and the 

extraction of large organic molecules from waste water) and the treatment of heavy feeds 
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(e.g. the processing of oil sand from high distillates of crude oils to valuable low boiling 

products) [14]. Preparation of zeolite-type materials with larger pore diameters was 

accomplished by Wilson and colleagues,[13] who synthesised a material, identified as an 

ultra-large pore molecular sieve (ALPO4-8), by changing the composition of the 

synthesis gel. This zeotype material contained 14-membered rings, whereas the 

traditional zeolites contained 12 rings. By 1990, more than 25 different structures, and at 

least 15 elements, were incorporated into the framework of the ALPOs. This discovery 

altered the traditional viewpoint that the organic templates used to synthesise zeolites 

could not be constructed with more than 12 rings, and also led to the synthesis of other 

ultra-large pore molecular sieves (e.g. VPI-5, JDF-20, and cloverite). However, due to 

poor stability or weak acidity of these materials, they have not had significant success in 

applications. As a result, they remain to be inferior when compared to pillared, layered 

clays. 

 

1.3. Sol-Gel science based on mesoporous silica: 

Sol-gel chemistry has been studied extensively since the mid-1970s, when sol-gel 

reactions were first reported to produce different inorganic networks that are obtained 

from a metal alkoxide solution. Accordingly, homogenous, high-purity inorganic oxide 

glasses can be obtained at room temperature, compared to the conventional approaches 

that require high temperatures. Sol gel procedures have been used to create a range of 

porous materials (e.g. spun fibers, molecular cages, moulded gels and Xerogels) that have 

been used in applications such as gas separation, coatings and laminates [15]. 

The term “sol-gel” is derived from the process whereby a solution becomes a gel [16]. 

Sol-gel processing precursors are composed of metals or metalloids that are bound to 

various reactive ligands. Metal alkoxides, e.g. zerconates, aluminates and titanates, are 

the most popular precursors used due to their ease of hydrolysis in the presence of water. 

Alkoxy silanes, such as tetraethyl orthosilicate (TEOS) and tetramethoxysilane (TMOS), 

are the most commonly used precursors for the production of silica gels. 

The sol-gel process involves a series of hydrolysis and condensation reactions of 

alkoxides, as illustrated in Fig 1-3. The hydrolysis step, (Equation 1.1) is initiated via the 
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addition of water to the alkoxysilane solution under neutral, acidic, or basic conditions, 

resulting in the generation of a silanol group. Depending on the water/alkoxide ratio and 

the quantity and nature of the catalyst, hydrolysis may or may not go to completion. The 

hydrolysis step is followed by the condensation of the silanol group with either an 

alkoxide or another silanol group (Equations 1.3 and 1.2 respectively) [17,18]. 

 

Si OR + OH2 OHSi + ROH (1.1)

+ +

Water 

Condensation

Hydrolysis

Hydrolysis

Reesterification

(1.2)
OHSi OHSi SiOSi OH2

+ +

Water 

Condensation

Alcoholysis
OHSi SiOSiSi OR ROH (1.3)

 

Fig 1-3: Sol-gel general reaction scheme. 

 

It is noteworthy that the hydrolysis and condensation reactions occur simultaneously 

when the hydrolysis reaction is initiated. Moreover, the low molecular weight by-

products that are generated from the hydrolysis and condensation reactions, such as water 

and alcohol, must be removed from the system, and such a removal yields a vitrified, 

dense glass network[18].  

1.4. Mesoporous Silica Materials 

Mesoporous materials, as classified by the IUPAC, are those having a pore diameter that 

ranges from 2 nm to 50 nm. Most silicate materials are included under this description, 
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such as sol-gels (aerogels and xerogels), controlled pore or vycor glasses and surfactant 

template mesoporous materials [20].The walls of all such silica materials are amorphous. 

As described above Xerogels and Aerogels are obtained by a gelation process of silica 

solutions, whereas controlled-pore glasses are produced from a borosilicate-based 

material which is subjected to heat; these have a relatively large pore size distribution 

which limits their use in applications which require a uniform pore size system, e.g. size-

selection catalysis or optical waveguides. 

In 1990 Yanagisawa and colleagues [21] were the first to report the preparation of 

mesoporous material through the interaction of alkyltrimethylammonium chloride into a 

layered polysilicate Kanemite. The organic species was then removed by calcination, 

which resulted in three-dimensional SiO2 networks with mesoporous properties (2-4 nm 

in diameter). However, because of the lack of characterisation data provided, the 

Yanagisawa results were largely ignored by the scientific community. Two years later 

Beck et al., [6] at the Mobile Research and Development Corporation, reported the 

synthesis of a new family of ordered mesoporous molecular sieves through the use of a 

liquid crystal template, and named it M41S.These materials have a high surface area, 

large pore dimension and specific pore volume. The organic template used was no longer 

a single, solvated organic molecule or metal ion, but rather a self-assembled molecular 

array of surfactants [6,14]. M41S materials have been classified according to the order of 

pores, i.e. MCM-41 refers to material that has a hexagonal phase, MCM-48 refers to 

material that has a cubic phase and MCM-50 refers to material that has a meso-lamellar 

phase (see schematic illustrations in Fig 1-4). These surfactant-templated mesoporous 

silicate materials have drawn much attention in both scientific research and practical 

applications since the Beck publication [6,22]. To date, more than 9000 papers have been 

published on the synthesis and application of M41S based materials. Most of these 

applications have been focused on catalysis, but recently the application of these 

materials has been expanded into other areas, such as drug delivery, optical guides and 

low k dielectric layers in microelectronics [23]. 
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Fig 1-4: Phase structure of (a) MCM-41, (b) MCM-48, and(c) MCM-50 [7]. 

MCM-41 exhibits a long-range ordered framework with uniform mesopores. However, it 

should be noted that the long-range order is in the pore structure and not in the solid 

itself, which could be virtually amorphous. The pores of the these material are nearly as 

regular as in zeotype materials, thus offering new opportunities for applications in 

adsorption media [24-26] , chemical separation [27,28] and catalysis [29,30]. 

Accordingly, MCM-41 has attracted more attention than the other members of this 

family, which are either thermodynamically less stable or are more difficult to synthesise 

[31].  

 

Ordered mesoporous molecular sieves, based on MCM-41, are silicates produced by a 

templating mechanism [6]. Such materials exhibit several remarkable features, e.g. well-

defined pore sizes and shapes (tubular channels with tunable pore diameters in the range 

of 25-150 Å, that are ordered to some degree to obtain arrays of non-intersecting 

hexagonal channels, identifiable by means of X-ray powder diffraction (XRD) and 

transmission electron microscopy (TEM), as shown in Fig 1-5. 
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Fig 1-5: Transmission electron micrograph of the hexagonal phase of calcined MCM-

41 [5]. 

These materials show a high surface area of about 1000 m
2 

g
-1

 and a high porosity of up 

to 80 % of the total volume. The walls of MCM-41 channels consist of amorphous SiO2 

which has a structured framework with high thermal and hydrolytic stabilities [32]. The 

synthesis procedure of MCM-41 involves the use of neutral, cationic or anionic 

surfactants. Furthermore, changing the reaction parameters (e.g. pH, temperature, aging 

time and composition), the silica source (e.g. tetraethylorthosilicate (TEOS), fused silica 

and colloidal silica), the surfactants (e.g. cetyl trimethyl ammonium bromide (CTAB) and 

myristyl trimethyl ammonium bromide) [33,34] or adding auxiliary organic chemicals 

(e.g. 1,3,5- trimethylbenzene) [20,35] will lead to the production of materials with 

different wall thicknesses, pore sizes and pore volumes, and can also affect the thermal, 

mechanical, and hydrolytic stabilities of the mesoporous materials [6,32]. 

Functionalisation of mesoporous silica, with organic or inorganic functional groups, 

provides opportunities to adjust the chemical and physical properties of the resulting 

mesoporous material. These modified materials offer promising possibilities for 

numerous applications, including catalysis, separation, adsorption and drug delivery 
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[36,37]. The rest of this section will focus on the synthesis, functionalisation and 

application of M41S materials. 

1.4.1. Methods of M41S material preparation: 

The synthesis of templated mesoporous materials is in principle straightforward, 

requiring a silica source (e.g. TEOS or sodium silicate), a catalyst for the polymerisation 

of silica, the template (cetyl trimethylammonium bromide), and solvent (usually water). 

The behaviour of the surfactant in the aqueous synthesis solution can be affected by the 

presence of co-solvents, which results in changes to the characteristics of product [38,39]. 

An example is the addition of ethanol into the aqueous synthesis solution, which has been 

shown to favour particles with spherical and cubic phase structures from synthesis, where 

otherwise hexagonal structures (MCM-41) would be formed [40]. 

1.4.1.1. The role of the surfactant in the synthesis mechanism: 

The term “surfactant” is an abbreviation of “surface active agent”, which refers to its 

ability to lower the interfacial tension between water and a less polar phase [7]. 

Therefore, the structure of the inorganic materials framework produced mainly relies on 

the size and shape of micelles used during the preparation. In terms of MCM-41 

production the surfactants are typically added at a concentration which permits the 

creation of micelles; these micelles then act as the structural directing agent for the silica 

material.  The surfactants aggregate in water due to their amphiphilic character, as the 

head of a surfactant molecule is hydrophilic and the tail (long hydrocarbon chain) is 

hydrophobic. Accordingly, the surfactant micelles arrange themselves so that the 

hydrocarbon tail (hydrophobic) is removed from the water, leading to the formation of 

aggregates in the bulk solution above a certain concentration level known as the critical 

micellar concentration (CMC) [23]. Zhao and colleagues [14] described the behaviour of 

surfactant molecules in solution in terms of their concentration, as shown in Fig 1-6. At 

concentrations below the CMC, surfactant molecules are present in solution as 

monomeric units. When the concentration of surfactant increases, the monoatomic 

molecules aggregate to form isotropic micelles to reduce the system’s entropy. As the 

concentration process continues, hexagonal close-packed arrays of cylinders appear [41]. 

The next step in the process is the coalescence of the adjacent, mutually parallel cylinders 
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to produce the lamellar bilayer structures. Additionally,  the cubic phase can also appear 

prior to the lamellar phase [14,41,42] and according to Fromhers [43], the cubic phase is 

believed to be composed of complex, interwoven networks of rod-like aggregates [14].  

 

 

Fig 1-6: Phase sequence of surfactant-water binary system [14]. 

The particular phase of an amphiphilic material, present at a given concentration, depends 

not only on the concentration but also on other factors, such as the molecular structure 

(e.g. the hydrophobic carbon chain length, the hydrophilic head group and the counterion) 

and the environmental parameters (e.g. temperature, ionic strength of the aqueous phase, 

pH, and presence of additives). Generally, an increase in the chain length of the 

surfactant, the ionic strength and the valence of the counterions of the solution, will result 

in a decrease in the critical micellar concentration. On the other hand, the CMC increases 

with increasing pH, temperature, and counterion radius [14,41]. 

 

The pore size of a silica material depends on the length of the hydrophobic tail of the 

surfactant molecules used to produce the material.  For example, 

cetyltrimethylammonium bromide (CTAB) was found to produce materials with a pore 

diameter in the range of 20–30 Å, which can be controlled in steps of 2-3 Å by altering 

the length of the hydrophobic tail of the surfactant. Interaction of the surfactant micelles 
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with swelling agents, such as mesitylene [44], trimethylbenzene [6,45] and alkanes[46], 

can also result in the formation of larger pores. Furthermore, surfactants with two or more 

alkyl tails on one charged head group have been synthesised, but they are not popular as 

the large tail volume can lead to the formation of lamellar phases which collapse after the 

removal of the surfactant [23]. 

1.4.1.2. Different sources of silica: 

Condensation reactions of silica can be performed under alkaline, acidic, or neutral 

conditions (see Fig 1-7); all of which have been used to synthesise mesoporous silica 

materials. In the case of neutral conditions, the surfactant itself acts as a catalyst for the 

condensation of silica, since the formation of the templated materials occurs significantly 

faster than precipitation or gel formation in silica only solutions at the same pH [23]. 

Therefore precipitation occurs immediately after the addition of the silica source to the 

surfactant solution. When the solution is known to be indefinitely stable sodium fluoride 

has been used as a catalyst to promote the reaction under neutral conditions [47].  

Under alkaline conditions, in the pH range 9.5-12.5, the templating reaction occurs 

rapidly and immediate precipitation is observed when the silica source is added into the 

surfactant solution. The polymerisation and cross-linkage mechanisms are reversible 

under alkaline conditions, therefore silica sources that can be utilised for the synthesis of 

mesoporous materials are diverse and include colloidal sols, silica gels, sodium silicates, 

silica aerogels or TEOS, which all readily dissolve in alkaline solutions [48]. Ammonia, 

potassium hydroxide, tetramethylammonium hydroxide, tetraethylammonium hydroxide 

and sodium hydroxide can be used as a base. Sometimes disordered mesoporous silica 

materials are obtained when ammonia is used, due to its weak alkalinity.  
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Fig 1-7: Hydrolysis and condensation mechanisms of an alkoxysilane using acidic and 

basic catalysts, R=H or alkyl group. 
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Under acidic conditions, below but near to the isoelectric point (IEP) of silica (pH≈2), the 

induction times could be longer, up to several hours, depending on the pH and surfactant 

type used [23]. Acidic conditions favour the formation of mesoporous silicates with 

diverse morphologies, such as spheres, hollow spheres, thin films and fibres, [49], as the 

hydrolysis produces linear silicate oligomers that favour various regular morphologies. 

The polymerisation and cross-linkage mechanisms are irreversible, which means that it is 

difficult to change the structure of the material once the gel forms, compared to synthesis 

under basic conditions where the structure of the materials can be changed by simply 

adjusting temperature, concentration, etc. [48]. 

Efforts have been made to find cheaper silica sources, with coal fly ash [50,51], 

geothermal silica [52], and rice husk ash [53,54] being used to produce mesoporous 

materials. However, as these silica sources require dissolution of SiO2, a formation of 

complex oligomeric silica species in the solution has been observed, which results in the 

interaction of these species with the surfactant during the formation of mesoporous 

materials [23]. Hence these sources, although cheaper, produce inferior materials to those 

using e.g., TEOS. 

1.4.2. Template removal processes. 

Removal of the surfactant template from the as-synthesised inorganic-organic composites 

is required to obtain the pores and various methods have been proposed. Calcination is 

one of the most common approaches used, due to the ease of operation and complete 

template elimination. In this process the surfactant is burned out at elevated temperatures 

in an ashing furnace. The process can be performed in atmospheric air [55], flowing 

nitrogen or nitrogen followed by oxygen [23]. The temperature normally used is 500
 °
C 

for a period of 5 h, with a temperature ramping rate of 1-2 
o
Cmin

-1
. Bagshaw and 

colleagues suggested that rapid heating rates could be possible for some porous materials 

to fine-tune the porosity in the structure [56]. Several studies have been carried out to 

understand the mechanism of the thermal process for both polymeric templates and ionic 

surfactant templates.  It was established that the surfactant is removed in several steps, 

most of it at temperatures below 200 
o
C, producing several volatile organic compounds 

(VOCs) [57-59]. Keene and colleagues proposed that the surfactant degradation is in 
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agreement with the Hoffman degradation-based mechanism, which leads to the following 

reaction [57]: 

 

As side reactions occur for the surface-bound species which remain at a high temperature, 

a mechanism based on the Cope elimination has also been suggested [57]. However, 

some studies have revealed that using a high temperature to calcine the materials  leads to 

contraction of the pore spacing due to further condensation of the silica species at the 

temperature used during calcination [23]. Depending on the as-synthesised material being 

calcined, contractions of up to 25 % have been reported and even well-structured 

materials undergo contractions of 12 % [60]. Materials that have a low degree of silica 

condensation in the walls will collapse during the calcination process. 

Solvent extraction is the second most commonly used method for surfactant removal. In 

this method, the materials are immersed in a solution of acidic ethanol for a few hours. 

The main drawbacks of this method are that it may fail to completely remove the 

surfactant and there are some concerns over the effect of acid treatment on the pore 

structure [61]. 

Milder conditions for the removal of the surfactant have been achieved using supercritical 

fluids, for instance supercritical CO2. However, treatment with this ‘solvent’ alone was 

shown to be ineffective for the complete removal of ionic surfactant templates; therefore 

the addition of a modifier such as alcohols was required to ensure complete removal 

[62,63]. 

The most recent innovative approach to organic surfactant removal is the use of 

microwave digestion methods [64,65]. In this process the powder samples are suspended 

in a solution containing a mixture of HNO3 and H2O2 as an oxidative agent. This appears 

to be a successful alternative for template removal as the materials obtained have a highly 

ordered inorganic framework, a higher surface area, lower structural shrinkage, larger 

+ N(CH3)3CH2CH2(CH2)1 3CH3
Si-O-

Surface CTA

Si-OH + N(CH3)3  + CH2=CH(CH2)1 3CH3 
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pore volume and pore size, and higher silanol group availability compared with those 

obtained from the previously described conventional template removal methods. 

1.4.3. Functionalisation of mesoporous silica. 

Modification of the silica wall takes advantage of the large surface area and high stability 

of the mesoporous materials. The strategy to link organic groups onto the silanol groups 

is critical for specific functions such as adsorption [66]. Generally, chemical surface 

modification is obtained by covalently bonding the organic group onto the silanol by 

either post-synthesis grafting (PSG) [6,66] or  co-condensation [67,68] methods. 

1.4.3.1. Silica functionalisation by PSG 

The PSG process involves reacting an organosilane reagent with the silica surface, 

normally in an inert organic solvent (e.g. toluene) under reflux conditions and in the 

presence of silane coupling agents, such as alkoxysilanes or chlorosilanes [37,69]. This 

reaction must be performed under wet conditions as increasing the density of hydroxyl 

groups on the silica surface leads to self-condensation of the organosilane species away 

from the pore walls [70]. The modified products are washed, filtered, and dried [66]. A 

schematic diagram illustrating the procedure is given in Fig 1-8. 

 

Fig 1-8: Schematic diagram for grafting method applied to produce organically 

functionalised mesoporous silica. A trialkoxysilane molecule bearing a functional 

moiety (red) is shown as an example of a precursor. 
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1.4.3.2. Silica funcationalisation by the co-condensation route 

Co-condensation of tetraalkoxysilane, and organoalkoxysilane precursors, via sol-gel 

chemistry to produce functionalised mesoporous silica has been extensively investigated 

[18,70]. During the co-condensation (also called one-pot synthesis) process the organic 

moieties are incorporated into the silica framework while the mesoporous materials are 

being prepared (see Fig 1-9). Macquarrie [71] and Burkett et.al [67] were the first 

researchers to combine this method with the super molecular templating technique to 

produce, in one step, mesoporous silica-based materials with covalently linked organic 

functional groups protruding from the inorganic walls into the pore channel [70,72]. Lim 

et. al. [73] compared vinyl-functionalisation of MCM-41 by PSG and co-condensation 

methods concluding that the vinyl groups were homogeneously distributed throughout the 

mesoporous materials when the latter method was used, whilst the functional groups 

occurred near the channel openings when PSG was used. There are a number of 

disadvantages associated with the co-condensation method; in general, increasing the 

concentration of organosilane (i.e. to more than 20 %) in the reaction mixture will result 

in a significant decrease in the level of mesoporous ordering in the final product. 

Furthermore, a purely methodological disadvantage of the co-condensation method is that 

attention must be paid to the compatibility of the organic functional group with the 

synthesis conditions to avoid any destruction of organic functionality [69].  

 

Fig 1-9: Schematic diagram for co-condensation method applied to produce 

organically functionalized mesoporous silica. A trialkoxysilane molecule bearing a 

functional moiety (red) is shown as an example of a precursor.  
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1.4.4. Mechanisms used to described the formation of M41S materials 

Experimental factors that are most influential in terms of governing synthesis 

mechanisms are the surfactant properties and concentrations, and the presence of 

additional ions. Initially, Beck et al. [6,22]
 
proposed that there was a “liquid crystal 

templating” (LCT) mechanism, see Fig 1-10, that described the formation of the M41S 

materials. They concluded this after observing similarities between mesostructured 

materials and the liquid crystalline surfactants phases. Their hypothesis suggests that the 

organisation of surfactant molecules into liquid crystalline phases defines the structure of 

the templates used to build M41S structures. As shown in Fig 1-10, in this example, the 

inorganic silicate species occupy the space that occurs at the pre-formed hexagonal 

lyotropic crystal phase; deposits are made on the micellar rods present in the liquid 

crystal phase (pathway 1). 

 

Fig 1-10: schematic diagram shows the possible mechanism pathway for the 

formation of MCM-41, liquid crystal phase initiated (1) and silicate anion initiated (2) 

[6]. 

 

Due to the fact that liquid crystal structures can be very sensitive to the components of 

the solution in which they are formed, it was proposed that addition of the silica source 

was required to initiate ordering of the surfactants into the specific framework (pathway 

2). The potential for these two possible pathways stems from an extensive variation of 

surfactant properties, which depends significantly on both the presence, and 

concentration, of electrolytes [74]. In both pathways there is electrostatic interaction 
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between the inorganic species and the charged surfactant head group. This then 

condenses to produce a continuous framework such as that comprising a hexagonal array 

of surfactant micellar rods that are embedded in an inorganic matrix. Following pathway 

2, Davis et. al. [75] suggested a replacement approach to the formation mechanism of 

MCM-41. Their work had shown that liquid crystalline phases are not present in the 

synthesis medium during the formation of MCM-41. They suggested a process occurred 

where two or three monolayers of silicate are deposited onto the isolated surfactant 

micellar rods that are known to occur at the levels of surfactant concentration being 

studied. Silicate-surfacant rods are in the first instance randomly orientated; they 

eventually become packed into a hexagonal mesostructure as condensation progresses, 

ordered by self-organisation. Monnier et al. [32] studied how MCM-41 formed at 

concentration levels (1% g/g) where only spherical micelles were present leading to the 

proposal of a silicate-initiated mechanism. They also developed a “charge density 

matching” model, which was based on the cooperative organization into three-

dimensional structures of both organic and inorganic molecular species. The model 

detailed three steps as follows: 1) multidentate binding of silicate oligomers to the 

cationic surfactant through electrostatic interactions resulting in a surfactant-silica 

interface, 2) preferential silicate polymerization in the surfactant-silicate interface 3) 

charge density matching between both the surfactant and the silicate. Prior to the addition 

of the silicate, it was suggested that the surfactant molecules experienced a dynamic 

equilibrium balancing the spherical or cylindrical micelles and single molecules. When a 

silicon source was added displacement occurred; the silicate species are multicharged and 

do displace the surfactant counteranions, thus forming organic-inorganic ion pairs that are 

then reorganized. First through silicatropic mesophases and then via silica cross-linking. 

As a consequence the resulting mesophase could then be managed through the 

multidentate interaction, via the interface packing density. A subsequent general 

cooperative mechanism for formation has been described by Huo et al. [76,77] founded 

on the knowledge of the specific electrostatic interactions linking the inorganic precursor 

(I) and the surfactant head group (S),Fig 1-11 To obtain mesoporous materials there are 

various strategies that can be employed; either using S
-
I
+
, or a reverse charge matching S

-

I
+
. In addition, synthesis routes leading to the interactions of surfactants and inorganic 
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ions of similar charges can occur through the mediation of ions with an opposite charge 

counterions (S
+
X

-
I
+
, X

-
 = halides or S

-
M

+
I
-
, M

+
 = alkali metal ion). Further, the liquid 

crystal templating methods have been extended using neutral (S
0
) [78] or non-ionic 

surfactants (N
0
) [79]. In the approaches denoted, (S

0
I
0
) and (N

0
I
0
), hydrogen-bonding is 

mainly considered to be the driving force of mesophase formation. 

 

Fig 1-11: Surfactants Utilized for templating, conditions under which mesoporous 

silicas were formed, and the interaction between surfactant and inorganic species 

[23].  
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1.5. Silica mesopore properties and characterisation.  

Mesoporous silica materials have yielded their important properties from their porosity; 

their most attractive features being the highly uniform, controllable pore shape, pore size, 

and high surface area. Characterisation of mesoporous silica can be performed using 

different techniques, such as solid state 
29

Si MAS NMR, small-angle XRD and gas 

adsorption (BET). Solid state NMR is used to quantify the degree of silica condensation 

as illustrated in Fig 1-12. 

 

Fig 1-12: 
29

Si MAS NMR spectra of MCM-41 samples adapted from ref [75]. 

The signal from a central silicon atom is referred to as Qn, depending on the degree of 

condensation in a purely inorganic SiOx environment. Materials with more intense peaks 

in the Q4 (at about -110.3 ppm) environment than in the Q3 (at about -100.7 ppm) or Q2 

(at about -90 ppm) environments have more strongly cross-linked silica walls, and are 

therefore considered to be more hydrothermally stable [23,75]. Small-angle XRD and 
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transmission electron microscopy techniques are generally used to assign the pore 

geometry in surfactant templated silicas. Based on unique and indexable XRD patterns, 

various surfactant-silica mesophases can be identified (Fig 1-13) [80]. 

 

 

Fig 1-13: M41S family of ordered mesoporous materials - X-ray powder diffraction 

patterns, representative TEM images and proposed structures [80].  
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Gas adsorption techniques such as BET can provide information about the surface and 

structure properties of porous materials. The characterisation of amorphous materials 

such as MCM-41 is usually performed using nitrogen adsorption isotherms at 77 K to 

obtain the surface area, pore volume and pore size distributions. According to the IUPAC 

classifications, the isotherm types IV and V are characteristic of the mesotype materials 

(see Fig 1-2, p 4). However, the shape of the isotherm can be affected by changing the 

pore size of the materials, either by using swelling agents or increasing the temperature, 

or by increasing the hydrocarbon chain lengths, which results in shifting the adsorption 

hysteresis to higher relative pressures (Fig 1-14). 

 

Fig 1-14: Typical nitrogen adsorption–desorption isotherms at 77 K (Cn, n=number of 

carbon’s atoms, and mK, m= aging temperatures) [81]. 
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1.6. Applications of mesoporous silica materials. 

Originally, mesoporous silica was synthesised in the hope of yielding larger pores 

compared to zeolitic materials for catalyst applications. The applications now being 

pursued include optical applications, drug delivery, adsorption, and separation. However, 

as the area of interest of the author is the removal of potentially toxic elements (PTEs) 

from contaminated water, this section of the report will be dedicated to the use of 

mesoporous silica-based materials as effective adsorbents in water and wastewater 

treatment. 

PTE water contamination derives from numerous sources, some have a natural origin, 

whilst others are a result of industrial activity. Problems are also geographically specific, 

in Bangladesh [82-84] and North America arsenic contaminates the water supply. The 

Environmental Protection Agency (EPA) has issued a guidelines defining the regulations 

to limit the presence of arsenic in drinking water supplies [85,86], with a high level of 

priority. Contaminants from industrialized sources include mercury and lead (particularly 

from lead-based paints and leaded gasoline). Consequently the blood lead concentrations 

for US children are of significance and so of concern. Further, nuclear activity (such as 

weapons testing over ground and accidents at nuclear plants) has spread radioactive 

actinides and radiocesium at low levels across the globe [87].    

When seeking to remove PTEs from a water supply (for example mercury, lead, or 

cadmium ions), traditional sorbent materials can be employed; one such material is 

alumina. However alumina binds non-specifically to metal ions and so the material can 

become saturated by other less harmless compounds (for example zinc, calcium and 

magnesium ions) which are present in addition to the target PTEs. An additional problem 

identified with traditional sorbent materials relates to the equilibrium process itself, as the 

metal ion is bonded to a ceramic oxide surface which can later be desorbed back into the 

water supply. Alternatively, flocculation or precipitation can be used to remove metal 

ions from aqueous solution, but such methods are generally only fully effective with high 

contaminant concentrations, commonly failing to perform successfully in cases of lower 

metal ion concentrations. This is a problem in the case of drinking water, where lower 

metal concentrations are found. 
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Due to the vast volume of water consumed daily, any solution requires that metal ion 

sorption occurs quickly to support the continual demand for removal. Thus, an adsorbent 

capable of performing in this area must achieve several points. First the material must 

have a high binding capacity with the target metal ion and second that a sensitive 

analytical method exists, or can be developed, to detect contamination effectively to 

support the lowering of acceptable contamination limits. There have been many recent 

developments in the use of modified mesoporous silica as efficient materials for the 

selective pre-concentration of trace metal ions from aqueous systems [88].  

Chemical modification of the silica surface with organosilanes via heterogeneous reaction 

has produced materials that exhibit high selectivity towards specific metal ions. For 

instance, modifying the silica with amine ligands such as aminopropyl and propyl 

diethylenetriamine was found to be effective in the extraction of Cu
2+

, Ni
2+

 and Cd
2+

, 

whereas thiol ligands such as mercapto-propyl were found to be highly effective for Hg
2+

 

and Ag
+
 uptake [89-92]. By adjusting the pH of the solution, a variety of metal ions can 

be selectively extracted, even when high concentrations of alkaline earth metal ions are 

present in the medium. These features make these materials preferable for the analysis of 

trace metals in natural waters where high concentrations of alkaline earth metals could be 

present [93]. 

1.7. Limitations of mesoporous silica materials: 

Prolonged exposure of mesoporous silica materials to aqueous solutions has been 

observed to cause a loss of pore shape uniformity as well as a significant decrease in pore 

size [94]. On solution contact, the basic solution (at pH 7.8-8.9) in particular causes a 

major decrease in crystallinity, average pore diameter and pore volume. In contrast, little 

change has been observed in the structure properties for materials exposed to acidic or 

neutral solutions [95]. The impact of water immersion on the structure of mesoporous 

silica materials has been found to increase with increasing treatment time, as well as 

when the temperature of the solution is increased in the range 25–100 
o
C [95,96]. This 

poor stability restricts the life of mesoporous silica materials in aqueous systems above 

room temperature [97]. Furthermore, Gusev and colleagues [98] studied the effects of 
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compression on the properties of mesoporous silica materials and found that the materials 

can be considerably affected at pressures as low as 86 MPa, and destroyed at 224 MPa, 

which is lower than that of crystalline structures such as zeolites [98,99]. 

1.8. Aim and objectives: 

The objective of this work was to develop novel, cost-effective, chelate-based adsorbents 

specifically designed for the removal of potentially toxic elements (PTEs) or polycyclic 

aromatic hydrocarbons (PAHs) from contaminated water solution. Therefore, our target 

was to synthesis an adsorbent with satisfactory adsorption capacity which can be 

achieved by enhancing the material physical properties such as the pore size and the 

density of the silanol group on the surface of the material. Furthermore, the material 

should exhibit a high selectivity toward the targeted analytes and that can be achieved 

using a suitable functional group.  

This thesis is consists of 9 chapters, chapter one provide an overall study of the synthesis, 

modification, characterisation, formation mechanisms and applications of mesoporous 

silica materials. Chapter 2 and 3 provide an overview of the instrumental and 

experimental methods used in this work. In order to understand the physical properties of 

the microwave digested MCM-41, chapter 4 will be dedicated for studying the physical 

properties of the material using different techniques including nitrogen adsorption-

desorption analysis (BET), scanning electron microscopy (SEM), transmission electron 

microscope (TEM), fourier transform infrared spectroscopy (FTIR), and elemental 

analysis. Chapter 5 will study the feasibility of speciation and separation of chromium 

(III) and chromium (VI) from aqueous solution using microwave digested MCM-41 that 

was initially functionalized with two different functional groups (i.e. aminopropyl and 

diethylenetriamine). The parameters that influence the sorption process such as 

contacting time, the concentration of Cr ions, the present of other ions and pH were 

investigated. Moreover, adsorbents containing silica nanoparticles with different porosity 

parameters were synthesised, amino- functionalized and used to evaluate Cr (VI) uptake. 

The linearised Langmuir and Freundlich equations were used to fit the equilibrium 

isotherms. Kinetic data were analysed by pseudo-first, pseudo-second and intra-particle 

diffusion models to obtain the kinetic constants, establish the rate limiting step of Cr (VI) 
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removal and postulate the mechanism of Cr (VI) removal by porous materials. Chapter 6 

will study the possibility of regenerating mercapto loaded MWD-MCM-41 material that 

was initially loaded with Hg (II) ions using thiourea solution that was acidified using 

three different acids (i.e. hydrochloric acid, sulphuric acid and nitric acid). Chapter 7 will 

provide information about the synthesis of new porous silica materials encapsulated with 

iron which was synthesised using bio-inspired route drawing the inspiration from bio-

silicification process and the new materials were examined for the removal of arsenic 

ions from aqueous solution. Chapter 8 will investigate the possibility of using the new 

materials as an adsorbent for polycyclic hydrocarbons (PAHs). Finally, chapter 9 presents 

the thesis conclusions and future work. 
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2.1 Gas adsorption isotherms [2,4,100-102] 

Physical adsorption is a technique that is widely used to characterize the surface, and pore 

features, (textural properties) of solids. The physical adsorption analytical technique 

involves exposing a carefully prepared sample to an inert gas. Sample preparation is often 

referred to as degassing which is the process of cleaning a sample using either evacuation 

or an inert gas purge while heating to remove weakly adsorb molecules. The analysis is 

typically performed at the liquefaction temperature of the gas, when the gas molecule is 

attracted to the surface of the solid by the intrinsic surface energy of the sample.  The gas 

molecule may become bonded, at least momentarily, to the surface of the solid. As the 

pressure increases, the number of molecules, per unit time, striking the surface increases 

and correspondingly the quantity of gas adsorbed increases, meaning that the number of 

molecules adsorbed in any instant increases as a function of increasing pressure. Further 

increases in the pressure will result in the formation of multiple layers of molecules on 

the free surface and on pore walls (see Fig 2-1). Ultimately the surface becomes 

completely covered and all the pores are filled. The energy involved in physical 

adsorption does not exceed 40 to 50 kJ mol
-1

, thus the adsorbed molecules can be easily 

be removed, or desorbed, by decreasing the pressure over the sample or by increasing the 

temperature.  

However, rather than using the absolute pressure, a relative pressure is normally used 

which is the ratio of absolute pressure to the saturation pressure (the saturation pressure 

being the vapor pressure of the pure liquid). During adsorption analysis the absolute 

pressure approaches the saturation pressure which for the most commonly used gases 

such as nitrogen and argon is close to atmospheric pressure, at this point adsorption is 

maximized and its pressure is systematically reduced and desorption occurs. The 

quantities of molecules adsorbed or desorbed as a function of the relative pressure is 

known as the adsorption and desorption isotherms, respectively. The shape of the 

adsorption isotherm is the fingerprint of the texture of the solid. 
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Fig 2-1: Gas adsorption by porous materials using physical adsorption technique. 

According to the International Union of Pure and Applied Chemistry (IUPAC) 

classification there are six types of adsorption isotherms; each relating to different 

textural properties of a solid, see Fig 2-2. Isotherm type I is characterized by a plateau 

which is nearly horizontal, intersects the relative pressure axis sharply and does not 

exhibit hysteresis in the desorption curve. The plateau on the adsorption isotherm exist 

because the pores in the solid are so narrow that they fill at low pressure (below 0.01 

relative pressure). Once the pores are filled the remaining adsorption is on the exterior of 

the porous material. Therefore this isotherm shape is associated with microporous solids 

in which pores do not exceed 2 nm in diameter. Isotherms type II and type IV are very 

similar in shape with the difference being that type IV exhibits hysteresis between the 

adsorption and desorption branches of the isotherm (hysteresis is commonly observed for 

porous materials and is observed when the shape of the pores causes the adsorption and 

desorption portions of the isotherm to have a different path termed hysteresis) this type of 

isotherm corresponds to mesoporous materials with pore width ranging between 2 and 50 

nm .The type II isotherm does not show any hysteresis and saturation takes place at much 

higher relative pressure, these adsorption characteristics correspond to nonporous or 

macropores solids. 
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Fig 2-2: IUPAC classification of adsorption isotherms. 

Types III and V adsorption isotherms are also very similar in shape but are quite different 

from the previous isotherms since they do not have a plateau indicating a completion of 

the monolayer.  This effect is due to weaker fluid–solid interactions. The type V isotherm 

exhibits hysteresis and capillary condensation takes place at intermediate relative 

pressure and is corresponds to mesoporous materials while the type III isotherm 

corresponds to solids having large pores. Finally, the type VI adsorption isotherm 

corresponds to a non-porous adsorbent with a completely uniform surface. 
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Hysteresis loops, which appear in the multilayer range of physisorption isotherms, are 

generally associated with capillary condensation. There are four major types of hysteresis 

loops that have been classified by the IUPAC, as illustrated in Fig 2-3. The characteristic 

features of some types of loop are associated with certain well-defined pore structures. 

Hence, type H1 loops are associated with adsorbents that have a narrow and uniform pore 

size distribution such as MCM-41 and SBA-15 type materials. Type H2 loops are 

normally associated with inorganic oxide gels which have a complex pore structure and 

tend to be made up of interconnected networks of pores of different shape and size. Type 

H3 loops are often obtained by the aggregates of platy particles. Finally, H4 loops are 

given by activated carbon and other adsorbent that have slit-shaped pores, mainly in the 

micropore range. 

 

 

Fig 2-3: The IUPAC classification of hysteresis loops. 

2.1.1 The BET surface area, pore volume and pore size distribution 

A typical N2 gas adsorption and desorption isotherm for a mesoporous material is 

indicated in Fig 2-4. Generally, adsorption begins with a relatively few molecules 

adsorbed on the surface as pressure begins to increase. At about 0.05 p/po the filling of 

the first layer on the solid is being established which is indicated by the first point A. The 

linear region of the isotherm B is attributed to the multilayered adsorption on the surface, 

the BET models can be used here to assess the monolayer capacity and then estimate the 

specific surface area. 

The BET equation and its linear form are shown in Eq. 2-1 
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𝟏

𝑽𝒂[(𝑷𝒐 𝑷⁄ ) − 𝟏]
=

𝟏

𝑽𝒎𝑪
+
𝑪 − 𝟏

𝑽𝒎𝑪
(
𝑷

𝑷𝒐
) 

Eq. 2-1 

Where Va is the quantity of gas adsorbed at a specific pressure, P/P0  is the relative 

pressure of adsorbate, Vm  is the quantity of gas required to produce a monolayer and C is 

BET constant associated with the adsorption energy. According to the BET equation and 

its linear form are shown in Eq. 2-1, the BET plot of (
𝟏

𝑉𝑎[(𝑃𝑜 𝑃⁄ )−1]
) versus (𝑃𝑜 𝑃⁄ ) 

should be a straight line with slope 𝑠 = (
𝐶−1

𝑉𝑚𝐶
) and intercept 𝑖 = (

1

𝑉𝑚𝐶
). By solving 

these two simultaneous equations, the following is obtained:  

𝑉𝑚 = 1 (𝑆 + 𝑖)⁄  Eq. 2-2 

The specific surface area of a solid is then calculated as follows: 

Specific surface area (𝑠) = (𝑉𝑚. 𝜎. 𝑁𝑎) (𝑚 ×  22400)⁄  Eq. 2-3 

Where Vm is the monolayer capacity expressed (ml), σ is effective cross-sectional area of 

one adsorbate molecule, (m
2
) (0.162 nm

2
 for nitrogen), Na is Avogadro constant (6.022 × 

10
23

 mol
−1

), m is the mass of sample used in the test (g), and 22400 corresponds to 

volume occupied by 1 mole of the adsorbate gas at STP. 



 

 

36 

 

Subsequent studies have revealed that BET plots for nitrogen at 77 K generally exhibit a 

somewhat shorter linear region, so that p/p0 (0.05–0.30). On the other hand for the 

determination of porosity a full adsorption isotherm, and often desorption isotherm, is 

measured. However it needs to be realised that any micropores in the sample material are 

filled long before the monolayer is formed and therefore at higher pressures mesopores 

and macropores are being filled. As the relative pressure continues to increase beyond 

that required to form a monolayer [point C], adsorption takes place in multilayers for 

materials with mesopores as pressure is increased a capillary condensation may occur and 

the mesopores are filled with liquid nitrogen. At this stage, the pore size can be estimated 

using the Kelvin equation Eq. 2-4: 

ln [𝑃 𝑃𝑜]⁄ = −
2𝛾𝑣′

𝑅𝑇𝑟𝑘
 

Eq. 2-4 

Where γ is the surface tension of liquid, v’ is the molar volume of liquid, rk (known as the 

'Kelvin radius') represents the radius of curvature of the meniscus of the liquid 

condensate in the filled pore which permits calculation of the radius of the pore, R is the 
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Fig 2-4: N2 gas adsorption and desorption isotherm for a porous solid. 
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ideal gas constant and T is the analysis temperature. Using nitrogen as adsorptive gas at 

its boiling temperature (77 K). The Kelvin equation can be written as: 

r𝐾 =
4.15

log [𝑃 𝑃𝑜]⁄
 Eq. 2-5 

 

 

The only variables in the equation are p and rk thus for any value of pressure and 

therefore relative pressure, pores of size rk will fill. In addition to capillary condensation 

for any unfilled pore as pressure is increasing towards its critical filling pressure, the 

walls of the pores are being coated with layers of adsorbed molecules and the thickness of 

this layer of film is a function of pressure. 

Thickness at in any pressure can be determined using one of several thickness equations 

derived for specific adsorbent and adsorbate combinations such as Halsey equation. 

Halsey equation for N2 adsorption on a planar surface to predict t. is given by: 

𝑡 = 3.54 [
5

2.303 𝑙𝑜𝑔(𝑃𝑜 𝑃⁄ )
]

1
3⁄

 
Eq. 2-6 

Therefore the pore being filled is the remaining open core of the actual pore in the sample 

material. The radius of the pore r is the sum of the radius calculated by the Kelvin 

equation rk and the thickness t of the adsorb layer on the internal wall of the pore (r = rk + 

t).  

At the end of the adsorption isotherm as the relative pressure approaches unity [point D], 

all pores up to approximately 200 to 300 nm will be completely filled with liquid and the 

total pore volume of the solid can be determined by taking the cumulative volume from 

the Y axis of the adsorption isotherm and applying the Gurvitch rule which converts the 

quantity of gas adsorbed into its volume in liquid.  
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At saturation (p/p
o
 ≈1) the liquid volume of different adsorbate, when measured on 

porous adsorbents, is essentially constant and is independent of adsorbate. Thus, the pore 

volume, Vp. is given by: 

𝑣𝑝 =
𝑤𝑎
𝜌

 
Eq. 2-7 

Where 𝑤𝑎 is the amount of gas adsorbed (g), and 𝜌 is the liquid density at saturation. 

With an implicit assumption that no surface other than the inner walls of the pores exists, 

the average pore radius (�̅�) can be calculated as follows: 

�̅� =
2𝑣𝑝

𝑆𝐵𝐸𝑇
 

Eq. 2-8 

 

Where SBET is the total surface area.  



 

 

39 

2.2 Fourier transform infrared spectroscopy (FTIR) [103-106] 

Infrared spectroscopy (IR) is one of the most useful and most widely used techniques 

employed in the elucidation of the structure as well as the qualitative and quantitative 

analysis of organic molecules. It is based upon the vibrations of atoms of a molecule. The 

spectrum of infrared is obtained by passing a beam of IR radiation through the studied 

sample and determining what fraction of the incident radiation is absorbed at a particular 

energy. The energy at which any peak in an absorption spectrum appears corresponds to 

the frequency of a vibration of part of a sample molecule. For a molecule to show 

infrared absorptions it must possess a specific feature, i.e. an electric dipole moment, 

which must change during the vibration. An example of an ‘infrared-active’ molecule 

would be a heteronuclear diatomic molecule. The dipole moment of such a molecule 

changes as the bond expands and contracts. By comparison, an example of an ‘infrared-

inactive’ molecule would be a homonuclear diatomic molecule such as N2,O2, or H2, 

because its dipole moment remains zero no matter how long the bond is. 

2.2.1 Molecular vibrations 

The common molecular vibrations that are excited by infrared radiation are bending and 

stretching vibrations; known as vibration modes. Bending is the result of a change in the 

angle of the bond or in the position of a group of atoms with respect to the rest of the 

molecule, whereas, stretching is the results of a change in bond length (i.e. a change in 

interatomic distance). Fig 2-5 shows some of the more common stretching and bending 

motions in a molecule. Among these motions the symmetric stretching vibration is 

considered to be infrared-inactive as it does not change the dipole moment of the 

molecule. For molecules containing N atoms, the number of coordinates required to 

specify the nuclei position in space is 3N. This number is known as the total number of 

degrees of freedom possessed by the molecule. The atoms are combined so they do not 

move independently and three coordinates are needed to specify the centre of mass 

position and describe the rotational motion of molecule around its centre of mass. 

Therefore, for non-linear molecules, the number of possible of vibrational mode is (3N-

6), while linear molecules can have (3N-5) possible variations. 
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Fig 2-5: Types of Molecular Vibrations. 

Each vibrational mode shows approximately harmonic displacements of the atoms from 

their equilibrium positions; for each mode (i), all the atoms vibrate at a particular 

characteristic frequency (vi). The potential energy V(r), of a harmonic oscillator is shown 

as a dashed line in Fig 2-6.  



 

 

41 

 

 

Fig 2-6: Potential energy of a diatomic molecule as a function of the atomic 

displacement during a vibration.[103] 

A simple model of vibration in diatomic molecule can be made by considering a chemical 

bond as spring with a mass on each end of the spring. From a simple statement of 

Hooke’s law we can express the fundamental vibrational frequency of a molecular 

ensemble according to Eq. 2-9: 

𝑣 =
1

2𝜋
√
𝑘

𝜇
 Eq. 2-9 

Where v is the fundamental vibration frequency, k is the force constant (measure of the 

stiffness of the spring), and μ is the reduced mass and can be calculated as follows: 

μ =
𝑚1𝑚2
𝑚1 + 𝑚2

 Eq. 2-10 
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Where m1 and m2 are the component masses for the chemical bond under consideration. 

From Eq. 2-9, it can be seen that the natural oscillation frequency of a mechanical 

oscillator depends on mass of the object (atoms) and the force constant of the spring 

(bond), but is independent of the amount of energy imparted to the spring. Therefore, the 

actual variation of the potential energy as a function of the displacement of the atoms 

from their equilibrium positions is shown as a solid line in Fig 2-6. From this curve it can 

be seen that Eq. 2-9 is valid only for low values of the vibrational quantum number and is 

not valid when vi is large. In practice, vi must be described using an anharmonic potential 

function. Therefore, the frequency of vibration can be predicted with a modified Hooke’s 

Law: 

�̅� =
1

2𝜋𝑐
√
𝑘

𝜇
 Eq. 2-11 

Where �̅� is the frequency of vibration (cm
-1

) and c is the velocity of light (cm/s). The 

term k is proportional to the bond order (i.e. triple bond between two atoms is three times 

as strong as single bond) and relies upon the electronegativity of the vibrating atoms as 

well as the distance between them. Table 2-1 shows the average value of k for single, 

double and triple bonds. 

Table 2-1: Values of the force constant 

Bond order Average force constant k (N/m) 

Single bond 500 

Double bond 1000 

Triple bond 1500 

 

 

2.2.2 FTIR instrumentation  

An overview of a FTIR spectrometer is shown in Fig 2-7 A.The IR radiation which is 

emitted from the source is first passed through an interferometer where the “spectral 

encoding” takes place. The most widely used interferometer in FTIR is the “Michelson 
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interferometer”, see Fig 2-7 B. A Michelson interferometer consists of two mutually 

perpendicular plane mirrors, one of which can be moved along an axis perpendicular to 

its plane. A beamsplitter is located in between the two mirrors, which reflects some the 

input beam of radiation into the fixed mirror and some to the moving mirror. The two 

beams are then reflected by the mirrors and travel back to the beamsplitter where they 

recombine and interfere. Half of the beam that was reflected from the fixed mirror is 

transmitted through the beamsplitter to the detector while the other half heads back to the 

source. The variation in the intensity of the beams seen by the detector is a function of the 

path difference and a plot of this intensity is known as an interferogram. The collected 

interferogram signal is then converted into the conventional FTIR spectrum using the 

Fourier transform algorithm. 
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Fig 2-7: A) a simple commercial FTIR spectrometer layout B) a schematic diagram of 

a Michelson interferometer.[106]  
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2.3 CHN microanalysis [106,107] 

The use of several molecular compounds that contain carbon (C), hydrogen (H), nitrogen 

(N) and sulfur (S) have lead to the necessity to develop a technique that is capable to 

measure these elements for a wide range of industrial, research and academic 

applications. Fig 2-8 shows the instrument used to measure the C,H,N and S elements in 

a single operation. 

 

 

Fig 2-8: Microanalysis apparatus with gas chromatographic separation and thermal 

conductivity detection.[106] 

 

An accurate mass of the sample is first weighted and sealed in a silver or tin capsule. 

Then helium gas flows throw the analyser to remove any traces of CO2, H2O and O2. The 

sample is pyrolised at approximately 900 °C in the reactor chamber in the presence of an 

excess amount of oxygen.  

𝐶,𝐻,𝑁, 𝑆 
   ~900°𝐶/𝑂2     
→           𝐶𝑂2 +𝐻2𝑂 + 𝑁2 + 𝑆𝑂2 + 𝑆𝑂3⏟      

95% 𝑆𝑂2
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The He carrier gas pushes the combustion gases through a hot tungsten trioxide catalyst 

to complete the combustion of carbon to CO2. The product gas mixture flows through a 

metallic copper at 850 °C where excess oxygen is removed and SO3 gas is converted into 

SO2. 

𝐶𝑢 +  𝑆𝑂3
   850°𝐶  
→      𝑆𝑂2 + 𝐶𝑢𝑂 

 𝐶𝑢 +  
1

2
𝑂2

   850°𝐶  
→      𝐶𝑢𝑂  

The mixture of N2, CO2, SO2 and O2 is separated using a packed GC column and detected 

and quantified using  a thermal conductivity detector. 

 

2.4 Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES).  [108-110] 

In atomic spectroscopy techniques, metal ions in solution are atomised by means of a 

flame, plasma or furnace that operates between 1930 to 11000 K.[111] These techniques 

use absorption or emission spectrometry to assess the concentration of analyte in 

solutions or in solid samples. Atomic emission spectroscopy is a widely used technique, 

and it begins by adding energy to the atom caused via absorption of electromagnetic 

radiation, or through a collision with another particle (molecule, ion, atom, or electron). 

The two most common phenomenon that take place are the energy to be used to increase 

the velocity of the atom (i.e. increasing the kinetic energy of the atom) or for the atom to 

become excited by absorbing the energy (this process known as excitation). The 

excitation process will lead to the promotion of that atom to its excited electronic state 

and as the atom is less stable in its excited state, it will return to its lower energy state by 

emitting photons. 

The absorption of high energy by the atom will results in the complete dissociation of an 

electron from the atom, leaving an ion with a net positive charge. This process is known 

as “ionisation” and the energy required to reach this atomic state is known as the 

ionisation potential and is different for each element. Fig 2-9, shows a schematic diagram 
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of excitation, ionisation and emission processes. The energy difference between the upper 

and lower energy levels of a radiative transition defines the wavelength of the radiation 

that is involved in that transition. 

 

Fig 2-9: A diagram showing transitions of electrons between energy levels in an atom, 

where (a and b) represent excitation process, c is ionization, d is ionization/excitation, 

e is ion emission, and f, g and h are atom emission. 

The energy of a photon, in joules, is related to wavelength by Planck’s equation, 

Eq. 2-12: 

𝐸 = ℎ𝑣 Eq. 2-12 

Where h is Planck’s constant (6.626 × 10
–34

 J•s) and v is the frequency of the radiation. 

The relationship between the energy of photon and the wavelength can be written as: 

𝐸 = ℎ
𝑐

𝜆
 Eq. 2-13 

Where c is the speed of light and λ is wavelength. Every element has its own 

characteristic set of energy levels and therefore the wavelength of the photons can be 

utilised to identify the elements from which they originated. On the other hand, the 

intensity of the photons is directly proportional to the concentration of the originating 

element in the sample analysed. 



 

 

48 

 

2.4.1 ICP-OES instrumentation 

In the inductively coupled plasma-optical emission spectrometer, the sample is usually 

introduced into the system as a stream of liquid sample. Inside the instrument, the 

solution is transformed into fine aerosol particles via a process known as nebulisation. 

The aerosol particles (less than 10 μm) are then transferred by an argon flow into the 

argon plasma. In the hot area of the plasma the aerosol droplets are converted into 

particles by desolvation. These particles are then split into individual molecules that will 

subsequently fall apart to form ions and atoms (Fig 2-10). 

 

Fig 2-10: processes that take place in an ICP. 

The excited atoms and ions emit their electromagnetic radiation at wavelengths 

characteristic of a particular element. Fig 2-11 shows an overview of the main component 

of ICP-OES instrument. 
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Fig 2-11: Overview of inductively coupled plasma-optical emission spectroscopy (ICP-

OES), adapted from [108]. 

  

2.4.2 Sample introduction 

The common way of sample introduction is through the generation of an aerosol using a 

nebuliser system. A nebulizer is a device that is used to convert the sample solution into 

fine aerosol particles. This process is considered to be one of the critical steps in the 

inductively coupled plasma. Therefore, the utility of the nebuliser used in the ICP-OES 

can be determined by its ability to produce small droplets for a wide variety of samples. 

The typical nebuliser as used in an ICP-OES is the concentric nebuliser shown in 

Fig 2-12. The sample solution is passed through a nebuliser by the flow of a nebulising 

gas that creates a fine mist of liquid particles known as aerosol. The aerosol droplets are 

then separated in the spray chamber according to their size with the larger droplets (>10 

μm) being removed through the drain while the smaller droplets are transferred by the 

argon flow into the argon plasma. 
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Fig 2-12: Diagram of concentric nebulizer and the spray chamber used in the ICP-

OES system. [112] 

2.4.3 The inductively coupled plasma torch 

The ICP torch is used to generate and sustain a plasma, Fig 2-13. The ICP is formed by 

passing argon gas into a specially constructed quartz glass “torch” that comprises three 

concentric cylinders. A water-cooled copper coil is placed around the top of the torch. 

The coil is connected to a radio frequency (rf) generator operated at a fixed frequency in 

the range of 27-50 MHz. Typically, 40 MHz is used, and the power applied is 1–2 kW. 

With the gas flowing and the rf generator switched on, some seed electrons are created at 

the top of the torch using an electrical spark. The passage of radio frequency energy 

through the copper coil creates magnetic fields, which cause the electrons to move in 

circular paths. Electrons are accelerated in a magnetic field; they collide with the argon 

atoms, causing the ionisation of some, leading to the creation of more electrons. When 

high energy electrons collide with the argon ions they recombine, producing heat and 

radiation as a result of the excess energy produced; this appears as a very bright highly 

energised plasma. However, it is hot enough to efficiently atomise sample solutions, 
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introduced as a spray of droplets via a nebuliser and spray chamber, and to atomise and 

ionise the elements to different degrees. 

  

Fig 2-13: Schematic diagram of ICP torch. [112] 

The plasma has a certain radius (skin depth), which varies with the frequency of the rf 

generator (smaller at higher frequencies). If the torch is designed with the optimum outer 

tube diameter, it is possible to create a ring plasma with a central hole, as illustrated in 

Fig 2-14.    
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Fig 2-14: Schematic diagram of the plasma doughnut shape [113]. 

This is a convenient channel through which to direct the aerosol spray from the nebuliser 

and spray chamber. Without the central hole in the “doughnut”, it would be difficult for 

the aerosol to penetrate the plasma. As the aerosol passes through the core of the plasma, 

electrons, Ar meta-stable species and Ar
+
 are diffused into the central channel to cause 

excitation and ionization of the analyte species. Fig 2-15 shows the temperature gradient 

within the ICP as well as classification of the different zones that present in the plasma. 

 

Fig 2-15: Schematic diagram of the temperature gradient within the ICP.[114] 

When the aerosol carried by the argon gas into the centre of the plasma, it undergoes 

three processes as described in Fig 2-10. The first step is known as desolvation or the 

removal of solvent molecule from the droplets, usually leaving the sample as microscopic 

solid particulates, or a dry aerosol. This process is followed by the vaporisation or the 
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decomposition of the solid particles into its gaseous state followed by the dissociation of 

the gaseous species into atoms (atomisation). These steps take place mostly in the 

preheating zone. The final step is the excitation and ionisation of the atoms, followed by 

the emission of radiation from these excited species. The excitation and ionisation 

processes take place mostly in the initial radiation zone while the normal analytical zone 

is the region from which the analytical emission is usually collected and measured. 

2.4.4 Detection of Emission 

In order to obtain information about the analysed sample in the ICP-OES, the light 

emitted by the excited atoms and ions in the plasma is measured. However, since the 

excited species in the plasma emit light at different wavelengths, the emission from the 

plasma is polychromatic. Therefore, the resulted polychromatic radiation must be 

separated into individual wavelengths in order for the emission of each excited species to 

be identified along with the measurement of its intensity without interfering with other 

wavelengths. This is achieved using a spectrometer which is used to separate, isolate and 

measure light according to the wavelength. In ICP-OES, two types of spectrometers are 

used, sequential (monochromator) and simultaneous (polychromator).  

There are three basic types of detector systems: photo diode arrays (PDAs), 

photomultiplier tubes (PMTs), and charge coupled devices (CCDs). Most often a CCD 

detector is used (Fig 2-16), which provides the advantages of having high resolution and 

simultaneous detection. The CCD detector is divided up into a large number of light-

sensitive small areas (known as pixels) which can be used to build up an image of the 

scene of interest. A photon of light which falls within the area defined by one of the 

pixels will be converted into one (or more) electrons and the number of electrons 

collected will be directly proportional to the intensity of the scene at each pixel [115] .  
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Fig 2-16: Two-dimensional dispersion and detection of radiation using a charge-

coupled device [112]. 

 

 2.5 Liquid chromatography (LC) [106,116-119] 

Chromatography is an analytical technique used for the separation of a mixture of 

compounds in order to identify, quantify or purify the individual components of a 

mixture. Generally, chromatography is a process in which a sample is allowed to pass 

through the system over a stationary phase (column). The different affinities and 

interactions of the sample with the stationary phase will result in the separation of 

molecules. The different compounds present in the sample can be separated from each 

other as they move through the column in which the component of the sample that exhibit 

stronger interaction with the column will elute later than the components with weaker 

interactions. Chromatography can be classified according to the mechanism of interaction 

of the solute with the stationary phase into adsorption, partition, ion exchange, molecular 

exclusion, and affinity chromatography, as shown in Fig 2-17.   
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Fig 2-17: Types of chromatography.[106]  
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High-performance liquid chromatography can be classified under partitioning type 

chromatography. HPLC uses high pressure to force solvent through packed columns 

containing very fine particles that provide high-resolution separations. Fig 2-18 shows the 

main component of the HPLC system. These components and the factors that affect the 

quality of a chromatographic separation will be discussed in this section.  

 

Fig 2-18: Schematic diagram of high performance liquid chromatography. [107] 

2.5.1 Mobile phase in LC 

The HPLC the mobile phase consists of an organic solvent (typically acetonitrile or 

methanol) and water (or buffer solution). In order to remove particulates and air bubbles 

from the mobile phase, the used solvents are normally filtered and degassed prior to being 

pumped to the column. The pumping system can be operated using one mode (isocratic 

elution) or two modes (gradient elution). In the isocratic mode a single solvent or 

constant solvent mixture is used throughout the analysis while in the gradient elution 

mode the solvent composition of the mobile phase is changed to increase eluent strength 

using a microprocessor-controlled gradient programmer. The gradient mode is normally 

used with the complex organic compound mixtures that can not be achieved under 

isocratic conditions. 
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2.5.2 Sample Introduction for HPLC 

The sample is normally introduced into the column using a rotary 6-port injection valve, 

Fig 2-19.The sample, or standard, solution can be injected either manually or through a 

computer-controlled autosampler. The rotary 6-port injection valve has an 

interchangeable sample loop which can holds a fixed volume (2 to 1000 μl). In the load 

position, the pump is connected directly to the column inlet. The syringe is used to load 

the loop with fresh sample at atmospheric pressure; and from the loop excess sample goes 

to waste. High-pressure flow from the pump to the column passes through the segment of 

valve at the lower left. The content of the sample loop can be injected into the column at 

high pressure by rotating the valve a 60° counterclockwise. 

 

Fig 2-19: Schematic diagram of a typical injection valve used for HPLC.[106] 
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2.5.3 HPLC Column  

The column in HPLC consists of a stainless steel tube that fit with appropriate end fittings 

that allow coupling to connecting tubes, Fig 2-20. The length of column varies from 1 

and 25 cm with an internal diameter of 1- 4.6 mm. The stationary phase is 

chemically bonded to the silica particles. The properties of a stationary phase are 

determined by the nature of the functional group attached to the silica particles. If 

functional group is a polar, then the mobile phase is a nonpolar or moderately polar 

solvent. The combination of a polar stationary phase and a nonpolar mobile phase is 

called normal-phase chromatography. Examples of polar stationary phases include silica 

with cyano (–C2H4CN) or amino (–C3H6NH2) functional groups. On the other hand the 

reversed-phase chromatography, which is the most commonly used in HPLC, the 

stationary phase is nonpolar and the mobile phase is polar. Examples of nonpolar 

stationary phases are octadecylsilane (ODS) also known as C18 or octyl C8. 

 

Fig 2-20: Standard HPLC column [107]. 

In partition chromatography, separation is based on a difference in the equilibrium 

partitioning of analytes between the liquid stationary phase and the mobile phase. For 

analyte Species A, the equilibrium involved can be described by the following equation 

   𝐴𝑚𝑜𝑏𝑖𝑙𝑒 ↔ 𝐴𝑆𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑟𝑦  

The equilibrium constant, K, for this reaction is known as the partition coefficient; and is 

defined as  
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𝐾 =
𝐶𝑠
𝐶𝑀

 Eq. 2-14 

Where Cs is the molar concentration of an analyte in the stationary phase and Cm is its 

analytical concentration in the mobile phase. The retention time, 𝑡𝑅, for each component 

is the time required for the sample to reach the detector after sample injection. The dead 

time 𝑡𝑀 provides the measure of the average rate of the migration of the mobile phase and 

is an important parameter in the identification of the analyte peaks. Often the mobile 

phase or the sample will contain the species that is not retained by the stationary phase. 

The average linear range of the migration of analyte through the column is given by 

𝑣 =
𝐿

𝑡𝑅
 Eq. 2-15 

 Where L is the length of the column packing. Another important experimental parameter 

is the capacity factor 𝐾𝐴
′  or the retention factor which is widely used in describing the 

migration rates of the analyte on column and is given by  

𝐾𝐴
′ =

𝑡𝑅 − 𝑡𝑀
𝑡𝑀

 Eq. 2-16 

When the capacity factor is larger than 20, elution times will become long. The ideal 

separation can be achieved when 𝐾𝐴
′  for the analytes in a mixture lie in the range of  (1-

5). The selectivity factor 𝛼 is also another term used to provide a measure of how well is 

the column in separating analyte A and B and is defined as 

𝛼 =
𝐾𝐵
𝐾𝐴

 Eq. 2-17 

Where 𝐾𝐵is the partition coefficient for the more strongly retained species B while 𝐾𝐴 is 

the partition coefficient for the more rapidly eluted species A. This equation can be 

rearranged to provide a relationship between the selectivity factor and the capacity factor 

𝛼 =
(𝑡𝑅)𝐵 − 𝑡𝑀
(𝑡𝑅)𝐴 − 𝑡𝑀

 Eq. 2-18 
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Column efficiency 

There two terms used widely as a measure of the efficiency of the column; number of 

theoretical plates N and the plates height H (the height equivalent to a theoretical plate). 

The model of the theoretical plates assumes that the column consists of a large number of 

separate layers known as theoretical plates in which equilibrium between the 

concentrations of the analyte compound in the mobile phase and the stationary phase is 

established under the given conditions. 

The number of the theoretical plates can be calculated using the following equation 

𝑁 = 16 (
𝑡𝑅
𝑊
)
2

= 5.55 (
𝑡𝑅
𝑊1/2

)

2

 Eq. 2-19 

Where W and W1/2  is the peak width at the base of the peak, or at half peak height. 

Columns with high plate numbers are considered to be more efficient than columns with 

a low plate count. The relationship between the height equivalent to a theoretical plate 

and the number of the theoretical plates can be written as follows 

𝐻 =
𝐿

𝑁
 Eq. 2-20 

Where L is the length of the column. The shorter plate heights the higher column 

efficiency.  

Column resolution 

The resolution Rs of the column is widely used as a quantitative measure of the ability of 

the column to separate two analytes and is defined as  

𝑅𝑠 =
2 [(𝑡𝑅)𝐵 − (𝑡𝑅)𝐴]

𝑊𝐴 +𝑊𝐵
 Eq. 2-21 

Resolution number higher than 1.50 indicates that there is baseline between the peaks and 

number less than 1.50 indicates that there is some degree of co-elution. 
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2.5.4 Spectrophotometric Detectors 

A broad range of HPLC detectors are available to meet different sample requirements. 

Specific detectors respond to a particular compound only and the response is independent 

of mobile phase composition. On the other hand the response of bulk property detectors is 

dependent on collective changes in composition of sample and mobile phase. The most 

common HPLC detectors are listed in Table 2-2. Each detector will have different 

sensitivity and linear range. 

Table 2-2: High performance liquid chromatography detectors 

Detection method Selectivity Characteristics 

UV-VIS absorption Variable, wavelength-dependent 

Common for organic 

solutes, full spectra possible 

with array detector 

Fluorescence 
Fluorescent solutes, wavelength-

dependent 
Can be very sensitive 

Mass Spectrometer Universal or highly selective 
Can provide structural 

confirmation 

Refractive Index Universal Less sensitive 

Electrochemical Redox active solutes Redox active 

Conductivity Ion only Ions 
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Fluorescence Detector 

Fluorescence detection provides a greater sensitivity compared to UV-VIS detector. 

However, the number of naturally fluorescent compounds is smaller in comparison to 

light absorbing compounds. This limitation is overcome by post column derivatization. 

Fig 2-21 is a schematic diagram, known as Jablonski diagram that illustrates the 

processes associated with the absorption and emission of light. Atoms, molecules, or 

solids that are excited to higher levels can relax to lower levels giving up their excess 

energy as photons. For atoms that have been excited by a high temperature energy source 

such as plasma, this radiation is known as atomic or optical emission. Light emission 

from molecules can be divided into two categories, fluorescence and phosphorescence. 

Fluorescence describes the transition between states of the same spin while 

phosphorescence if the transition occurs between the states of different spin. 

 

Fig 2-21: Jablonski diagram that shows the electronic (▬) and vibrational energy 

levels (0, 1, 2, 3). S0 is the ground state, S1 the first excited state. For each electronic 

state additional vibrational levels are displayed. Absorption (▬), Fluorescence (▬), 

Phosphorescence (▬) and vibrational relaxation processes (- - -) are indicated.  
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Molecular fluorescence is usually measured by exciting the sample at the absorption 

wavelength, also called the excitation wavelength, and measuring the emission at a longer 

wavelength called the emission or fluorescence wavelength. Fig 2-22 illustrates a typical 

configuration of the fluorometer components.  In order to compensate for the fluctuation 

in the power of the source, the fluorometer is usually designed with a double beam. The 

radiation from an excitation source passes through a primary filter or primary 

monochromator and strikes the sample. The sample will then absorb some of the incident 

light causing some of the molecules in the sample to fluoresce. Fluorescence radiation is 

propagated from the sample in all directions. Some of this fluorescent light will reach the 

photoelectric detector after passing through a second filter or monochromator, which 

isolates a fluorescence peak for measurement. The second filter or monochromator is 

normally placed at 90° to the incident light beam to minimize the risk of transmitted or 

reflected incident light reaching the detector. A reference beam will pass through an 

attenuator to reduce its power to approximately that of the fluorescence radiation. 

  

Fig 2-22: Schematic diagram of the configuration for fluorescence measurements.  
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3.1 Preparation of mesoporous materials  

3.1.1 MCM-41  

MCM-41 was prepared according to the method reported by Idris et. al. [65]. Briefly; 8.8 

g of CTAB was dissolved in a mixture of 208 cm
3 

of distilled water and 96 cm
3 

of 

aqueous ammonia solution under slight warming (35 °C). Then, 40 cm
3 

of TEOS was 

slowly added under stirring. After further stirring for 3 h, the gel was aged at room 

temperature for 24 h in a closed container. The product was obtained by filtration, 

washed with distilled H2O, and dried in air at room temperature. The organic template 

was removed using a microwave digestion method [65]. approximately 0.3 g of as-

synthesied samples of MCM-41 were added to multiple Teflon vessels to which 5 cm
3
 of 

HNO3 and 2 cm
3 

of H2O2 were added.  The Teflon vessels were then inserted into a 

MARS 5 microwave, CEM Corporation, Buckingham, UK. The operating conditions 

used included a power output of approximately 1600 W, a pressure and temperature 

lower than 1.3 MPa and 200 
o 
C and a working frequency of 2450 MHz and 220 V for 15 

min.  The product was filtered, washed with copious amounts of distilled water and dried 

in oven at 100 
o
 C for 2 h. This product will be referred to as ‘MWD-MCM-41’.  A 

second batch of MCM-41 was produced where template removal was performed using a 

conventional calcination rig by heating in air at 550 ◦C for 8 h. This material will be 

referred to as ‘Calcined-MCM-41’. 

3.1.2  SBA-15  

SBA-15 was prepared by modifying the original method reported by Zhao et al [4]. A 

surfactant tri-block copolymer solution of 4 g Pluronic P123, PEO20PPO70PEO20 (BASF 

Corporation, 3000 Continental Drive), was dissolved in 120 cm
3
 of 2 M hydrochloric acid 

(HCl, 37%, Sigma Aldrich) and 60 cm
3
 of distilled water in a glass bottle at room 

temperature, and the mixture was magnetically stirred at 330 rpm. The surfactant solution 

was then heated to 40 ◦C and 11.3 g of tetraethoxysilane (TEOS) was added and left for 

24 h at 40 ◦C. The mixture was then placed in an oven for 5 days at 60 ◦C before 

calcination at 550 ◦C for 24 h. The resulting product had a ratio of SiO2: 0.0032 P123: 4.4 

HCl:144 H2O. 
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3.1.3 Bio-inspired silica materials 

The bioinspired green nanoparticle (GN) silica was synthesized using a method reported 

by Ewlad-Ahmed et.al. [120]. A solution of sodium metasilicate in deionized water was 

acidified using 1 M HCl and mixed with a solution of PEHA and, if required, the final 

solution pH adjusted with 1M HCl to 7.0±0.1. The final concentration of silicate and 

amine were 30mM. Rapid precipitation of silica was visible within 1-2 min. The resultant 

as-synthesized precipitate was collected after 15 min by filtration, washing three times 

with deionized water, and drying in air at room temperature (hereafter referred to as “as 

made GN”) before calcination at 550 °C for 5 h, to produce GN.  

3.1.4 Surface modification of materials 

Surface modification of MCM-41 was carried out by condensation using the organosilane 

of choice with MCM-41, (Fig 3-1). Briefly, approximately 5 g of MCM-41 was pre-

treated at 140 
o 
C for 2 h before being immersed in 50 cm

3
 of toluene and 10 cm

3
 of AP-

TMS, MP-TMS or DETA-TMS, in a 250 cm
3
 flask. The mixture was refluxed for 4 h and 

the solid produced was filtered, washed with 100 cm
3
 ethanol, and oven-dried at 80 

o
C for 

2 h to produce an amino-functionalised (AP-MCM-41), mercapto- functionalised (MP-

MCM-41), or diethylenetriamine-functionalised (DETA-MCM-41) MCM-41 sorbent, 

respectively. 

 

Fig 3-1: Modification of activated silica using 3-aminopropyltrimethoxy-silane, 3-

mercaptopropyltrimethoxy silane, and N-(3-trimethoxysilylpropyl) 

diethylenetriamine.  
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3.2 Characterisation of mesoporous silica material 

3.2.1 Measurement of Brunauer-Emmett-Teller (BET) isotherms 

Nitrogen adsorption−desorption isotherms were collected using a Micromeritics ASAP 

2420 surface area and porosity analyser. A mass of approximately 0.3 g of each sample 

was accurately weighed and transferred to a gas adsorption sampling tube. The weight of 

the sample tube was recorded before and after the addition of the sample. The sample 

tube was then attached to the degas port of a gas adsorption instrument and degassed for 

6 h at 200 °C prior to analysis. The Brunauer− Emmett−Teller (BET) surface areas were 

calculated using experimental points at a relative pressure (P/P0) of 0.05−0.25. The total 

pore volume was calculated from the N2 amount adsorbed at the P/P0 of 0.99, and the 

average pore size distribution of the materials was calculated using the Barret− 

Joyner−Halenda (BJH) model from a 28-point BET surface area plot. Desorption 

isotherms were used to calculate the pore diameters. 

3.2.2 Fourier transform infrared spectroscopy (FTIR) 

FTIR transmission spectra in the range 4000 to 400 cm
-1 

were recorded, at 64 scans per 

spectrum at 4 cm
-1

 resolution, using an ATI Mattson FTIR spectrophotometer. Samples 

were dispersed in KBr and compressed into pellets. The IR disc sample was prepared by 

mixing approximately 0.2 g of dried KBr powder (Fisher Scientific, U.K.) with about 

0.05 g of the solid sample. The mixture was then placed into a circular die with a 

diameter of 13mm and pressed into a disk using press machine with a pressure of about 5 

KN. The disk was then placed on the disk sample holder and put into a closed infrared 

room (sample chamber) for analysis. 

3.2.3 Scanning electron microscopy (SEM) measurements 

SEM measurements were obtained using an FEI Sirion 20 ultra-high resolution Schottky 

field emission scanning electron microscope with FEI software. Si wafer substrates (5 x 5 

mm; Ted Pella Inc.) were first rinsed sequentially with methanol and distilled water and 

dried in a stream of N2. Next, the Si wafers were treated in an O2 plasma cleaner for 

approximately 60 s and then immediately covered with approximately 10 mg cm
-3

 

solution of PDDAC in 1 mM NaCl for 30 min to create a positively charged surface. 

Each wafer was washed with distilled water and dried under a stream of N2 before 
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approximately 40 μl of the sample (suspended in Millipore water) was dropped onto the 

wafer and stored in a humidity chamber for a further 30 min, to prevent the droplet 

drying, before rinsing with water and N2 drying. The deposition methodology was 

designed to ensure that the sample distribution was representative of the bulk solution.  It 

was noted that if dropets of the sample suspension were simply air-dried on the substrate 

wafer (the method of drying-induced aggregation) the analysis was less successful. 

3.2.4 Nanosight system 

A Nanosight instrument consists of a microscope, scientific camera and a sample viewing 

unit LM20  (NanoSight Ltd., Amesbury, United Kingdom) and is used in conjunction 

with a computer control unit that runs the Nanoparticle Tracking Analysis (NTA) 

software (v. 2.1), as illustrated in Fig 3-2. The sample viewing unit uses a 638 nm red 

laser diode to illuminate particles in liquid suspension, which are held within the unit. 

NTA is used to analyze videos captured using the instrument, giving a particle size 

distribution and particle count. 

 

Fig 3-2: NanoSight LM20 system [121]. 

The sample suspension was further diluted in water to a level that enabled around 10-50 

nanoparticles to be tracked in the instrument field of view simultaneously. 
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3.3 The extraction and regeneration procedures for removal and 

recovery of potentially toxic metals 

Adsorption experiments were carried out by suspending given amounts of sorbent in 

aqueous solutions (typically 25 cm
3
) containing initially the desired metal ion at the 

required pH value. After equilibration under constant stirring for 2 h, sorbents were 

filtered off and the remaining metal ion concentration in the supernatant was determined 

quantitatively by ICP-OES. 

3.3.1. The adsorption isotherms (Langmuir and Freundlich models) 

Adsorption isotherm models were used to model the interaction of the adsorbate (metal 

ions) with the adsorbent and also to evaluate the maximum adsorption capacity of the 

potentially toxic elements adsorbed by the sorbent. Collected data were fitted to either the 

Langmuir or the Freundlich isotherm models.  The Langmuir isotherm model suggests 

the formation of an adsorbed solute monolayer with no side interactions occurring 

between the adsorbed molecules. In addition, this model assumes that each active site can 

adsorb only one ion, and that a homogeneous energetic distribution of active sites [122]. 

The Freundlich isotherm model assumes that the adsorption surface is heterogeneous; 

with interactions between the adsorbed ions .It considers the occurrence of multilayered 

adsorption mechanism. The mathematical descriptions of these models are given below. 

3.3.1.1 The Langmuir model 

The Langmuir model is mathematically expressed as shown in (Eq. 3-1): 

Ce
qe
= (

1

qmb
) + (

1

qm
)𝐶𝑒 

Eq. 3-1 

Where qe and Ce are the equilibrium concentrations of the metal ions in the adsorbed (mg 

g
-1

) and liquid phases (mg dm
-3

), respectively. qm (mg g
-1

) and b (dm
3
 mg

-1
) are the 

Langmuir constants of the system denoting maximum monolayer capacity and the affinity 

binding sites, respectively. The qm value can be calculated from the slope of the 

Langmuir model and the b value is calculated from the intercept. The amount of metal 

ions extracted at equilibrium qe, can be calculated as (Eq. 3-2): 
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qe =
C0 − Ce
W

𝑉 Eq. 3-2 

Where C0 or Ce (mg dm
-3

) are the liquid phase initial or equilibrium metal ion 

concentrations,  V is the volume of the solution (dm
3
), and W is the mass of sorbent (g) 

used. For predicting the favourability of an adsorption system, the Langmuir equation can 

also be expressed in terms of a dimensionless separation factor (RL) by using the 

Langmuir constant b and the initial concentrations of the metal ion, (Eq. 3-3). 

𝑅𝐿 =
1

1 + C0b
 Eq. 3-3 

When, RL>1, RL=1, 0<RL<1 and RL=0, indicates unfavourable, linear, favourable and 

irreversible, adsorption isotherms, respectively [123,124]. 

3.3.1.2 Freundlich model 

The Freundlich model is mathematically expressed as shown in Eq. 3-4: 

ln qe = lnKf + (
1

n
) 𝑙𝑛𝐶𝑒 

Eq. 3-4 

Where Kf (mg g
-1

) and n (dm
3
 mg

-1
) are the Freundlich constants which are related to the 

sorption capacity (calculated from the intercept) and intensity (calculated from the slope), 

respectively. Larger value of n (smaller value of 1/n) implies stronger interaction between 

the sorbent and the metal ions while 1/n equal to 1 indicates the linear adsorption leading 

to identical adsorption energies for all sites.[125,126] 
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3.3.1.3 Evaluation of maximum adsorption capacity. 

To study the maximum adsorption capacity of the metal ions on the studied sorbent, the 

Langmuir and Freundlich models were applied.  Various initial concentrations of metal 

ion solutions (10- 200 µg m
-3

), were prepared. The conditions used for each experiment 

were a stirring speed of 250 rpm, a temperature of 20 ◦ C, stirring time of 120 min, 

sorbent weight of 0.05 g and the pH value was chosen according to the studied metal ion. 

3.3.2 The sorbent extraction efficiencies for metal ions mixed with real 

water samples 

To demonstrate the potential environmental performance of the sorbents they were used 

to extract metal ions from a river water sample collected from the Bothlin River in 

Glasgow. The sampling method followed BS 6068-6.4:1987. Briefly the samples were 

collected from a point that was approximately 2 m from the river bank using plastic 

container and then stored in a sealed container at 4 
o
C together with a  tap water sample 

that had been taken from a building in the Drygate campus in Glasgow. Note that the tap 

water was left running for 15 min prior to sampling [127]. The tap water sample was also 

stored in a glass container of size 100 cm
3
 with teflon lined screw caps at 4 

o
C. Prior to 

addition of sorbents, the river water and tap water samples were analysed to determine 

the concentration of the metal ions in solution, the results are given in Table 3-1. As the 

two case studies focus on extraction of chromium or arsenic ions from water, both 

solutions were spiked with those metal ions individually to produce solutions containing 

each metal ion at a known concentration. After the spiked water samples were prepared,  

0.025 g of each sorbent was added to the solutions which were stirred for 2 h. 5 cm
3
 

aliquots were removed and filtered (Fisherbrand QL100) prior to analysis by ICP-AES.  
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Table 3-1: : ICP/MS concentration data recorded for heavy metals in river and tap 

water samples. 

Heavy Metal River Water (ppb)
b
 Tap water (ppb)

b
 

Cr 4 14 

As 1 3 

Cd 6 13 

Ca
a
 43,600 11,500 

Fe 60 250 

Mn 3 10 

Mg
a
 6000 8500 

Pb 3 55 

Ni 12 50 

Zn 3 354 

Cu 12 60 

a Measured by FAAS. 

b Reported values are based on an average result of three experiments. 

 

3.3.3. Examination of sorbent performance in dynamic mode 

An accurate mass, 0.1g, of the studied sorbent was mixed with 2 g of glass beads (1.5 

mm) and packed in a self-made polypropylene column (6 cm
3
) plugged with modified 

filter paper at both ends to give a final sorbent bed height of approximately 2 cm. In 

order to equilibrate, clean and neutralize the column before use, diluted solutions of nitric 

acid and doubly distilled water were passed over the sorbent bed. Then sample solutions 

containing the analyte of interest were prepared with a pH value being adjusted to 3 using 

1 M HCl and 1 M ammonia solutions. Each solution was allowed to pass through the 

column at flow rate of 1, 2, 3, 5, 7, or 9 cm
3
 min

-1
, controlled by a peristaltic pump. The 

eluates were collected prior to analysis by ICP-OES. 
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3.3.4. Determination of metal ion concentrations in aqueous solution using 

ICP-OES. 

Metals ions were measured in water samples using a Perkin Elmer Optima 5300DV 

instrument (Perkin Elmer, UK) at an RF power of 1300 W, plasma, auxiliary and 

nebuliser argon gas flows of 15, 0.2 or 0.75 dm
3
 min

-1
, respectively, and a pump flow rate 

of 1.5 cm
3
 min

-1
. Multi-element calibration standards in the concentration range 0.02 - 1 

μg cm
-3

 were used and the emission intensity measured at appropriate wavelengths. For 

all elements, analytical precision (RSD) was typically 1-5 % for individual aliquots 

(n=3). Table 3-2 summarises the wavelengths used in the analysis of metal ions studied in 

this research.  

Table 3-2: The wavelength used in the measurement of elements using ICP-OES. 

Analyte Cr Hg As Cd Co 

Wavelength (nm) 267.7 194.2 193.7 226.5 230.8 

Analyte Ca Mg Fe Mn Cu 

Wavelength (nm) 317.9 279 239.6 257.6 324.6 

Analyte Ni Pb Zn 

  Wavelength (nm) 231.6 220.4 213.9 

   

3.4 Safety 

All work involving apparatus and chemical substances were performed in a safe and 

controlled manner in accordance with experimental risk assessments. In this work several 

substances are used (Table 3-3) which are classified as hazardous to health’s regulation. 

Due to their hazardous chemical properties, lab coat and safety glasses were worn while 

in the laboratory, even while performing non-laboratory work and substances were 

handled with gloves in a fume cupboard and were sealed and stored when not used in 

appropriate cupboards. 
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Table 3-3: Hazardous substances associated with experimental methods. 

Substance 

V
er

y
 T
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x
ic
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x
ic
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ic
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F
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m
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C
o
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o
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v
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Ir
ri

ta
n
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Toluene 
    



 

 
  

Tetraethylorthosilicate (TEOS) 
    

  
 

 

Cetyltrimethylammonium Hydroxide 

(CTAB) 
 

 
     

 

Hydrochloric Acid 
        

Ethanol 
      

 
 

Methanol 
 

 
    

 
 

Potassium dichromate 
 

  
   

 
 

Chromium (III) 
    

 
   

Mercury (II) 
 

  
     

1,5-diphenylcarbazide 
    

 
  

 

Ammonia 
 

 
  

  
  

Hydrogen peroxide 
 

 
  

 
  

 

3-aminopropyltrimethoxysilane 

(APTMS) 
       

 

3-mercaptopropyltrimethoxy silane 

(MPTMS) 
 

 
  

 
   

Diethylenetriamine (DETA) 
    

 
 

 
 

Thiourea 
 

  
 

 
   

Sodium metasilicate 
      

  

Pentaethylenehexamine (PEHA) 
    

 
   

Iron nitrate 
       

 

Borohydride solution 
 

 
  

 
 

 
 

Sodium arsenate dibasic heptahydrate 
 

  
     

Sodium (meta) arsenite 
 

  
     

Naphthalene  
 

 
 

  
  

Acetonitrile 
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Chapter 4 : Synthesis of microwave digested MCM-41 

(MWD-MCM-41)  
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4.1 Introduction 

Mesoporous silica materials have attracted a great deal of attention in research and 

industry because of their potential use in a wide range of practical applications, e.g. 

adsorption, separation, catalysis and sensing systems. [128] Several methods have been 

proposed for the synthesis of mesoporous silica materials. [129,130] Among these 

materials, MCM-41 type materials were the most extensively studied, probably due to 

their high surface area, thermal stability, large pore size and pore volumes. Initially 

MCM-41 was synthesised using cationic alkyltrimethylammonium as the surfactant and 

tetraethoxysilane (TEOS) as the silica source in a medium of tetramethylammonium 

hydroxide (TMAOH) as a base source at 150 
o
C for 48 hours. Since then extensive effort 

has been made to enhance the physical properties of MCM-41 materials. For example, 

Zhang et al [131] reported the synthesis of MCM-41 materials in an autoclave under 

high-pressured conditions. The synthesised materials were shown to have thicker pore 

walls, and shorter Si-O bond, leading to the enhancement of its thermal and hydrothermal 

stability. Wenyong et al [132] reported the synthesis of MCM-41 in the presence of 

various base sources, such as diethylamine, dimethylamine, ethylamine, and methylamine 

instead of TMAOH which resulted in the formation of a material with a high quality 

MCM-41 structure. Furthermore, Ryoo et al [60] observed that the silica source used can 

also affect the pH value of the reaction mixture which influences the quality of the 

material  material produced. When sodium silicate was used as the silica source the pH 

value of the reaction mixture increased and acid had to be added to the synthesis medium 

in order to adjust the pH to its original value. This adjustment was not required when the 

TEOS was used since the pH value can be maintained without any pH adjustment.[132] 

However, these methods suffer the problems of high temperature processing (90-150 °C), 

long preparation time (24-96 h), and the production of small quantities of MCM-41. 

Therefore, a method that allows the preparation of larger quantities of high-quality 

MCM-41, in a short period of time at room temperature, is a topic of great interest. 

Brühwiler [133] successfully prepared MCM-41 materials with a well-defined 

morphology using TEOS as the silica source, CTAB as the surfactant in the presence of 

ammonia (NH4OH) as a base source at room temperature. A scale-up friendly room 
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temperature procedure was proposed by Ritter [134] for the synthesis of MCM-41 using 

TEOS, CTAB, and NH4OH as a silica source, surfactant, and catalyst, respectively. 

Elimination of the template, after MCM-41 synthesis, is a necessary process in order to 

generate a porous structure providing adequate adsorbent properties. Conventionally 

MCM-41 material were synthesized using a method that employs removal of surfactant 

micelles by calcination.[6]  This method of production has been favoured over the years 

as it produces a well-ordered material with long-range ordering of the mesopores.  

However there are some disadvantages to the method which include long times (5 – 6 h) 

to remove the surfactant as well as the fact that burning out the organic templates may 

lead to the structure shrinkage, or collapse, of the silica framework as well as the 

production of less silanol groups on the surface of the materials; which are all factors of 

vital importance for surface functionalization. [135-138] Hence, a number of alternative 

approaches have been proposed for the removal of the template, including solvent 

extraction [75,135] or supercritical fluid extraction [139,140]. However, the templates 

cannot be removed completely by these methods, and a calcination step is still necessary 

after the extraction. Yang et. al [138] studied the removal of the organic template of 

SBA-15 materials by treating them with an oxidizing agent (H2O2) at 100 °C for 24 h. 

The results showed that complete removal of the polymer template was achieved and the 

resulting material exhibited higher specific surface areas, larger pore volumes, more 

uniform particle sizes and a higher density of silanol groups on the pore wall than those 

obtained by conventional methods. One of the fastest methods used to remove the 

template from mesoporous silica is perhaps by microwave digestion. When MCM-41 

[65], or SBA-15 [64], was mixed with H2O2 and HNO3 and exposed to microwave 

radiation for a short period of time, the organic templates were completely removed. The 

resulting samples also contained a high silanol group density, no structural shrinkage 

(which yield higher surface area), larger pore volume and pore size.  

In this work a new method of production of MCM-41 was used [65] which involved the 

synthesis under mild conditions (room temperature) and shorter reaction times as well as 

reduced surfactant removal times (15 min) compared to the previously published methods 

that take approximately 10 h. The physical properties of the material was studied using 
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different techniques including nitrogen adsorption-desorption analysis, a scanning 

electron microscope (SEM), a transmission electron microscopy (TEM), a Fourier 

transform infrared spectroscopy (FTIR), and elemental analysis. 

 

4.2 Experimental  

4.2.1 Materials and reagent 

Tetraethoxysilane (TEOS) 98%, aqueous ammonia (30% NH3), and hydrogen peroxide 

solution (30 wt.%) were purchased from Sigma–Aldrich. Cetyltrimethylammonium 

bromide (CTAB) was supplied by BDH. Nitric acid (65 wt.%) was provided by Fisher 

Scientific. Glassware was soaked in 5% HNO3 overnight and cleaned with deionised 

water before use. All products were used as supplied and deionised water was used 

throughout this work. 

4.2.2 Synthesis of MWD-MCM-41 

The synthesis method was outline in section 3.1.1. Briefly, 8.8 g of CTAB was dissolved 

in a mixture of 208 cm
3 

of distilled H2O and 96 cm
3 

of aqueous NH3 under slight 

warming (35 °C). Then, 40 cm
3 

of TEOS was slowly added under stirring. After further 

stirring for 3 h, the gel was aged at room temperature for 24 h in a closed container. The 

product was obtained by filtration, washed with distilled H2O, and dried in air at room 

temperature. The organic template was removed using a microwave digestion 

method.[65] The functionalisation was performed as outlined in section 3.1.4, Briefly, 

approximately 5 g of MWD-MCM-41 was pre-treated at 140 
o
C for 2 h before being 

immersed in 50 cm
3
 of toluene and 10 cm

3
 of the desired functional group, in a 250 cm

3
 

flask. The mixture was refluxed for 4 h and the solid produced was filtered, washed with 

100 cm
3
 ethanol, and oven-dried at 80 

o
C for 2 h. 

4.2.3 Synthesis of resol reagent 

Resol precursors were prepared by modifying the original method reported by Gu et. 

al.[141] Briefly; 0.61 g of phenol was melted at approximately 40 °C in a conical flask 

and mixed with 0.13 g of 20 wt % NaOH aqueous solution under stirring. After 10 min, 

1.05 g of 37 wt % formaldehyde was added dropwise below 50 
 
°C, under further stirring 
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for 1 h at 75–80 °C, the mixture was then cooled to room temperature. The pH value was 

adjusted with 1M HCl solution until it reached a pH value between 6–7, and water was 

removed by vacuum evaporation below 50 °C. The resulting product was dissolved in 

ethanol as the concentration of phenol was adjusted to 12.1 wt %. The final product had a 

ratio of phenol/formaldehyde/NaOH 1:2:0.1. 

4.2.4 Synthesis of resol-MCM-41 

Resol-MCM-41 was prepared by modifying the original method reported in section 3.1.1. 

Briefly; 4.4 g of CTAB was dissolved in a mixture of 104 cm
3 

of distilled H2O and 48 

cm
3 

of aqueous NH3 under slight warming (35 °C). Then, 20 cm
3 

of TEOS was slowly 

added under stirring. After further stirring for 3 h, the gel was aged at room temperature 

for 24 h in a closed container. The product was obtained by filtration, washed with 

distilled H2O, and dried in air at room temperature (the color of the material was light 

brown) and 7 h at 100 °C in an oven for the thermo-polymerization. The organic template 

was removed using a microwave digestion method [65]. approximately 0.3 g of as-

synthesised samples of Resol-MCM-41 were added to multiple Teflon vessels to which 5 

cm
3
 of HNO3 and 1.5 cm

3 
of H2O2 were added using MARS 5 microwave, CEM 

Corporation, Buckingham, UK. The operating conditions used included a power output of 

approximately 1600 W, a pressure and temperature lower than 1.3 MPa and 200 °C, 

respectively and a working frequency of 2450 MHz and 220 V for 15 min. The product 

was filtered, washed with copious amounts of distilled water and dried in oven at 100 
o
C 

for 2 h. 
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4.3 Results and discussion  

4.3.1 Nitrogen adsorption-desorption analysis 

The porous proprieties of MWD-MCM-41 materials were investigated using nitrogen 

sorption analyses and revealed that MWD-MCM-41 exhibited a type IV isotherm 

confirming their mesoporous nature ,Fig 4-1 A, a high surface area 760 m
2
g

−1
 and pore 

volume 0.99 cm
3
g

−1
 was obtained, Fig 4-1 B.  Remarkably, a high pore size of 6.74 nm 

was achieved, which was almost three times higher than the conventional used method of 

template removal (e.g. calcination and solvent extraction). This was attributed to joining 

of 2 or 3 pores together after pore wall teardown.  
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Fig 4-1: Nitrogen adsorption isotherms of MWD-MCM-41 (A) and 

their relative pore size distribution (B). 
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4.3.2 The particle size distribution (PSD) of MWD-MCM-41. 

Particle size distribution of sorbent materials used in environmental remediation is an 

important property to consider in contaminated water treatment practice for 2 reasons. 

First, the particle size of the sorbent used has a major influence on the backpressure when 

the sorbent is used in dynamic mode (e.g. if the material is packed into a solid phase 

extraction column); increasing the particle size results in lower backpressures, 

consequently allowing faster flow rates. Second, it has been shown that the concentration 

of adsorbed metal ions is related to the particle size of the materials used to remove them 

from contaminated solution [142]; materials with smaller particle size had higher metal 

ion uptake than those with a larger particle size because of their larger surface area.  

A sample of MWD-MCM-41 was prepared as discussed in Section 3.2. A pre-weighed 

subsample (0.1 mg) was removed and prepared for analysis using the Nanosight 

instrument as outlined in Section 3.6, using the instrumental operating conditions given in 

Section 3.6.2. The particle size distribution of MWD-MCM-41 is illustrated in Fig 4-2. 

The data collected indicated that most of the particles were in the range of 200 to 500 nm. 

  

Fig 4-2: A) represent the particle size distribution of MWD-MCM 41 and B) a frame 

of the video used to determine the particle size measured, the positions of individual 

particles are clearly identified as point like objects on the frame. 
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4.3.3 Examination of MWD-MCM-41 using a Scanning Electron Microscope. 

The MWD-MCM-41 material was also examined, together with a sample functionalized 

with (mercaptopropyl), using scanning electron microscopy.  The scanning electron 

micrograph images are shown in Fig 4-3 and Fig 4-4. The image of MWD-MCM-41 

shows that the material was non-uniform and dispersed evenly over the stub (see top RHS 

image with magnification of 1200x).  At higher resolution (2500x and 6500x) the 

material was shown to clump together forming larger particles of various different size.  

In contrast, after the materials were functionalized by derivatisation in toluene, the 

recovered materials had an entirely different morphology (see Fig 4-3).  Immersion in the 

solvent system altered the morphology with the result that the final materials had a 

uniform spherical shape with an approximate diameter of 20-40 nm. Such morphology 

would be ideal for a sorbent that would be used in dynamic mode to remediated 

contaminated water. The production of smaller particle sizes can be attributed to the 

phenomenon that have been described by the DLVO (named after Derjaguin, Landau, 

Verwey and Overbeek) theory [143].When the silica particles are immersed in a solvent, 

a charge surface will be produced  that will lead to competition between van der Waals 

forces, which tries to aggregate particles, and the repulsion produced by the surface 

charges of each particle. When the functional group was covalently bonded to the silica 

nanoparticle surface, an electrostatic repulsion between the particles were created, caused 

by the increase in the surface activity. 

 

Fig 4-3 : SEM image of functionlised-MWD-MCM-41  
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Fig 4-4: SEM image of MWD-MCM-41. 
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4.3.4 Examination of MWD-MCM-41 with Transmission electron 

microscopy (TEM)  

The TEM images of MWD-MCM-41, shown in Fig 4-5, confirm that MWD-MCM-41 

had ordered hexagonal pore arrangements. Furthermore, other interesting morphological 

features were also revealed, such as some of the walls between the pore channels were 

broken down (known as porewall teardown) leading to the formation of larger meso-

tunnels.  The porewall teardown would be the reason why the average pore size was 

higher than normally found in calcined MCM-41 materials. The mesotunnels that were 

created where thought to be advantageous and  facilitate transport and diffusion of 

adsorbate molecules through the sorbent channels. The pore diameters of the channels 

were found to vary between 2.84 and 9.35 nm. These values are in good agreement with 

the B.J.H pore size distribution calculated from the BET analysis (see Fig 4-1).  In order 

to calculate the wall thickness of the channels, two pore channels that were connected to 

each other (not subjected to porewall teardown) were selected and the distance from 

channel centre to channel centre was measured.  An average wall thickness of 2.08 nm 

was measured.  
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Fig 4-5: TEM image of MWD-MCM-41  
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4.3.5 Fourier transform infrared spectroscopy (FTIR) and elemental analysis 

of MCM-41 materials.  

The FTIR spectra for the MCM-41 materials, before and after the removal of organic 

template, are shown in Fig 4-7 (A). The spectra showed absorbance bands at 1030–1240 

cm
−1

 which were assigned to Si–O–Si stretching.  The water bending mode was observed 

at around 1650 cm
-1

. A large broad band was observed at 3300-3500 cm
-1

 which was 

assign to the O-H stretching mode of the H-bonded water as well as the surface silanol 

groups.[144]Furthermore, The spectrum of the as made MCM-41 showed absorption 

bands at 2850 and 2930 cm
-1

 which were assigned to (Csp3–H) stretching, and the band 

observed around 1490 cm
-1

 was identified as the C-N stretching mode.[144] After organic 

template these bands disappeared confirming the success of organic template removal. 

The elemental analysis Fig 4-7 (B) confirmed that the MWD-MCM-41 sample had  no 

carbon and nitrogen present further confirming template removal success.  
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4.3.6 New methods of MCM-41 preparation 

The use of microwave digestion as a mean of complete removal of the organic templates 

from mesoporous materials has shown many advantages over the conventional used 

methods (i.e. calcination, solvent extraction etc.) such as lower structural shrinkage, 

extreme rapidness, larger surface areas and pore volumes, and retention of a higher 

density of silanol groups.[65] However, during the course of the work, and with the 

continued use of the modified preparation method, it became apparent that the use of 

hydrogen peroxide and nitric acid as oxidising agents caused damage to the Teflon 

microwave vessels.  The damage observed included distortion of the vessel and in some 

cases puncture holes being observed in the vessel.  Despite confirming the solvents and 

volumes used in the digestion vessels with the CEM Microwave engineer it was obvious 

that the solvents used (specifically the volume of solvents used which was 5 cm
3
 nitric 

acid and 2 cm
3
 hydrogen peroxide) were too aggressive.  On heating hydrogen peroxide 

(H2O2) expands considerably and a 2 cm
3
 aliquot of this solution in the microwave 

digestion vessel caused significant increases in the digestion vessel leading to the damage 

observed. Therefore an attempt was made to modify the used method in order to obtain 

milder conditions either by reducing the digestion time or by reducing the amount of 

H2O2. Furthermore, a new method was proposed for the synthesis of MCM-41 using resol 

reagents. Samples of MCM-41 were prepared as discussed in section 3.2 but the 

microwave digestion procedures were altered as indicated in 

Table 4-1. 

Table 4-1: Operation conditions used for the microwave digestion of as made-MCM-

41: 

Digesting 

time (min) 

Nitric acid 

volume (cm
3
) 

Hydrogen peroxide 

volume  (cm
3
) 

Temperature 

(°C) 

Mass of As-made 

MCM-41 (g) 

5 5 0.5 180 0.3 

10 5 0.5 180 0.3 

15 5 0.5 180 0.3 

5 5 2 180 0.3 

10 5 2 180 0.3 

15 5 2 180 0.3 
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Samples (300 mg) were added to Teflon vessels using a digestion solution containing 5 

cm
3
 of nitric acid and 0.5 cm3 H2O2, using digestion times of 5, 10 or 15 min.  The 

samples were recovered from the microwave (filtered and dried at 100 °C for 2 h), before 

they were analysed by BET analysis (see Section 3.2.1.)  The BET results illustrated in 

Fig 4-8 and Fig 4-8 indicated a linear relationship between microwave digestion time and 

the material’s average pore size. As the digestion time increased from 5 to 10 then 15 

min, the average pore size of the MCM-41 material increased from 2.75, 8.6 to 12 nm, 

respectively.  This significant result indicated that the material produced could be tuned 

to provide mesoporous materials with different average pore size simply by alteration of 

the microwave digestion procedure.  Previously, tuning mesopores was performed by use 

of different surfactants, with longer hydrophobic tails producing larger pores, or by the 

addition of swelling agents.[23,44,46] The results obtained here provide the first evidence 

that mesoporous materials can be easily tuned by alteration of the microwave digestion 

time.  Furthermore, when the volume of H2O2 is altered from 0.5  to 2 cm
3
 and different 

digestion times are used the effect obtained on the average pore size was more significant 

with times of 5, 10 or 15 min producing materials with average pore sizes of 7, 12 and 14 

nm, respectively.  However, until a more robust microwave digestion vessel can be used 

in this procedure the volume of H2O2 will remain at 0.5 cm
3
 to protect the Teflon vessels 

used.  Note that in each case as the pore size increases the material’s surface areas 

decrease accordingly.  However even in the case of the material with the smallest surface 

area, it was still greater than 500 m
2
 g

-1
 which is higher than most commercial sorbents. 
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Fig 4-7: Nitrogen sorption isotherms and pore size distributions of MWD-MCM-41 

prepared using 0.5 ml H2O2 and the exposure time was A) 5 min, B) 10 min, and C) 15 

min.  
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Fig 4-8: Nitrogen sorption isotherms and pore size distributions of MWD-MCM-41 

prepared using 2 ml H2O2 and the exposure time was A) 5 min, B) 10 min, and C) 15 

min. 



 

 

91 

4.3.7 Incorporation of Resol into the silica framework: 

To assess the ease at which MCM-41 can be prepared with large pores (and smaller 

volumes of H2O2) a swelling agent was added to produce a mesostructured-MCM 41 

nano composite The experiment described Section 4.2.4 involved the use of a 

triconstituent co-assembly of preformed resol (phenol-aldehyde), TEOS and CTAB. 

Previous results obtained by Liu et.al.[145] indicated that the addition of resol to the 

synthesis regime enhanced the thermal and mechanical stability of the silica framework. 

The as-synthesised material (300 mg) was added to a Teflon vessel and the surfactant and 

resol removed by microwave digestion using the operating parameters described in 

Section 3.1.1 .The final material was filtered and dried prior to analysis by BET.  Despite 

using a smaller volume of H2O2 (1.5 cm
3
) the material exhibited a higher surface area of 

711 m
2
 g

-1
, a significantly larger pore volume (1.17 cm

3
 g

-1
) and a larger average pore 

size (12 nm) compared to the previous material which was digested using 2 cm
3
 of H2O2 

and the same microwave digestion procedure; the results are shown in Fig 4-10. 

However, as the quantity used to prepare the resol reagent was very low it was found to 

be hard to control the preparation conditions. Therefore, another experiment was 

conducted by increasing the amount of starting materials to 4 g instead of the 1 g while 

keeping the same molar ratio. The obtained final product after mixing the resol reagent 

with the MCM-41 materials shown to form a pink color in the surface of the materials 

after the filtration step which indicated that the phenol was not converted into resol.  
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Fig 4-9: Nitrogen sorption isotherms and pore size distributions 

of Resol-MWD-MCM-41. 
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4.4 Conclusion 

The incorporation of a microwave digestion step into the synthesis of MCM-41 allowed 

the preparation of materials over faster time periods whilst the highly ordered framework 

was retained. The data collected using the Nanosight system indicated that most of the 

particles were in the range of 200 to 500 nm. Furthermore, the results obtained from BET 

and TEM analysis show that the material has an average pore diameter of 6.74 nm and 

pore thickness of 2.08 nm. The use of high volume of hydrogen peroxide and nitric acid 

has resulted in the damage of the microwave vessels. Therefore, an attempt was made to 

optimize the operation conditions in order to see the effect of the time and the acid 

volume on the mesoporous silica materials. The results indicated that both time and acids 

volume added have significant effects on the textural properties of the resultant material. 

When the volume of H2O2 is altered from 0.5 to 2 cm
3
, and different digestion times were 

used, the effect obtained on the average pore size was more significant with times of 5, 

10 or 15 min producing materials with average pore sizes of 7, 12 and 14 nm, 

respectively. A new material was also prepared using resol as swelling agent that was 

incorporated into the framework of MCM-41 materials. The material exhibited a higher 

surface area of 711 m
2
 g

-1
, a significantly larger pore volume (1.17 cm

3
 g

-1
) and a larger 

average pore size (12 nm) compared to the previous studied material. However, the 

materials production method needs to be altered to extend vessel lifetime. Therefore, 

further work is required to assess the ability of using longer digestion times with lower 

volumes for both MCM-41 and Resol-MCM-41 materials 
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Chapter 5 : Adsorption of chromium species from 

water samples 
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5.1 Introduction: 

Chromium has been used widely in the chemical industry for different applications 

such as stainless steel, metal plating, pigments, and leather tanning as well as in 

chemical production (e.g. chemical synthesis and as catalysts). As a consequence, 

significant amounts of chromium species are released into the surrounding 

environment.[146-148] Chromium can exist in different oxidation states from 0 to VI. 

However, only two stable oxidation states are present in the environment; namely, Cr 

(III) and Cr (VI). Chromium (III) is recognized as an essential nutrient in the human 

diet and is generally used as a nutritional supplement for both humans and 

animals.[149,150] Nevertheless, it has also been demonstrated that a small 

concentration of Cr (III) is capable of causing eczema and genetic damage in cell-

culture systems. [150-152] Hexavalent chromium (Cr VI) is estimated to be 100 times 

more toxic than Cr (III) for both acute and chronic exposure and has been classified as 

a human carcinogen by the EPA and as a class I human carcinogen by the 

International Agency for Research on Cancer (IARC).[153-155] The behaviour of Cr 

(VI) and Cr (III) in aqueous media is largely dependent on the pH and redox 

potential.[146] Under acidic medium, Cr (III) species exist as hexa-aquachromium 

(3+) [ Cr(H2O)6
3+]  whereas under alkaline conditions Cr (III) ions exist in as 

hydroxylated forms [e.g. Cr(OH)2
+  and Cr(OH)2+  ] [146]. Cr (VI) is significantly 

different to Cr (III) as it exists as oxyanions whereas, as shown above, Cr (III) is 

present in the solution as Cr (III) ions. Depending on medium pH and  total 

concentration of Cr, several Cr (VI) species can be formed. From low to intermediate 

pH values the chemical species of Cr (VI) ranges from hydrogen chromate (HCrO
4−

) 

and dichromate (Cr2O7
2−)  whereas from slightly to highly alkaline conditions 

chromate (CrO4
2−) is the predominant form of Cr (VI).[146] 

A number of treatment methods have been reported for the removal of chromium ions 

from aqueous solution including the reduction of Cr (VI) to Cr (III) by the addition of 

reducing agents (e.g. FeSO4, NaHSO3 or SO2) followed by precipitation of Cr (III) 

using a precipitating agent [149]. Cr species are also removed from solution by 

solvent extraction [151,156-160], ion exchange [153,155,161-165] and membrane 

separation [147,150,152,166]. However, these methods require high levels of 

expertise, they often result in the formation of toxic by-products, have low 

efficiencies, involve high-energy requirements and high maintenance costs.[167-169] 
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Adsorption is a widely used technique used to remove potentially toxic elements from 

industrial wastewaters due to a low-operating cost, easy recovery of metal ions and 

the possibility to reuse the adsorbent. Hence, rising attention has been given to the 

development of good adsorbents. Among the different adsorbents mesoporous silica 

materials, especially silica immobilized with various organic ligands with metal 

chelating ability, have received great attention.[127,156-160] Amino-functionalised 

mesosilica is perhaps the most studied adsorbent for chromium and has exhibited high 

affinity towards chromium ions.[161-165] However, many of these adsorbents have 

low loading capacity of chromium ions and slow process dynamics. Therefore, it is 

important to develop novel adsorbents with high capacity and fast kinetics for the 

removal of Cr (VI) from water. 

The objective of this chapter was to study the feasibility of speciation and separation 

of chromium (III) and chromium (VI) from aqueous using MWD-MCM-41 that was 

initially functionalized with an amine-based functional group. The parameters that 

influence the sorption process such as contacting time, the concentration of Cr ions, 

the present of other ions and pH were investigated. Moreover, adsorbents containing 

silica nanoparticles with different porosity parameters were synthesized, amino-

functionalized and used to evaluate Cr (VI) uptake. The linearised Langmuir and 

Freundlich equations were used to fit the equilibrium isotherms. Kinetic data were 

analysed by pseudo-first, pseudo-second and intra-particle diffusion models to obtain 

the kinetic constants, establish the rate limiting step of Cr (VI) removal and postulate 

the mechanism of Cr (VI) removal by porous materials. 
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5.2 Experimental  

5.2.1 Determination of Cr (VI) in water samples using a colourimetric 

method 

The method of determination for Cr (III) or Cr (VI) in aqueous solution was a slight 

modification of a previously reported method. [167,169] A stock solution of 1000 μg 

cm
-3

 of Cr (VI) was prepared in distilled water (0.2828g of potassium dichromate 

[K2Cr2O7] was dissolved in 100 cm
-3

 of distilled water). Five different calibration 

standards, including a reagent blank as the first calibrant, were prepared with a 

concentration range from 0.1 µg cm
-3 

to 1.0 µg cm
-3

. A 1 cm
3 

aliquot of 

diphenylcarbazide (DPC) solution (250 mg of DPC was dissolved in 50 cm
3 

acetone 

and stored in brown bottle) was added to 1 cm
3 

of the calibrants, and unknown water 

samples, and the solution pH was adjusted to the desired value (between 1 and 2) by 

the addition of 0.2 cm
3
 1 M HCl and allowed to stand 15 min for full colour 

development. An appropriate portion of each solution was transferred to a 1 cm 

absorption cell and measured at an absorbance of 540 nm using a solution without 

added Cr (VI) as a reference. The solutions were analysed using a SI Photonics (M-

420) CCD Array UV-Vis spectrophotometer. The calibration curve indicated a 

correlation between concentration and absorbance with a correlation co-efficient of 

0.9986 as shown in Fig 5-1. 
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Fig 5-1: Calibration graph for chromium (VI) as determined by the colorimetric 

method. 

 

5.2.2 Determination of total chromium CrTotal in water samples using 

inductively coupled plasma- optical emission spectrometry (ICP-OES): 

A Thermo Scientific iCAP 6200 ICP-OES instrument was used to determine the 

concentration of total Cr ions in solution. Calibration standards were prepared in 5 % 

HNO3 at the following concentrations: 0.1, 0.5, 1, 5, or 10 µg cm
-3

. A quality control 

(QC) check solution was prepared at 1 µg cm
-3

 to check the recovery values and test 

the stability of the method. The QC check solution was repeatedly analysed after 

every set of 20 samples. Instrumental operating conditions are summarised in 

Table 5-1. 

Prior to determination of the total chromium concentration in water samples, it was 

necessary to study the differences between the calibration curves obtained for Cr(III) 

or Cr(VI) standard solutions. Therefore, three standard solution sets were prepared, 

each containing final chromium concentrations of 0.1-1 µg cm
-3

.  In the first set of 

solutions only Cr (III) ions were present, in the second only Cr (VI) ions were present 
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and in the final set of solutions both Cr (III) and Cr (VI) ions were present (each at 

half the concentration in the single ion solutions).   

Table 5-1: ICP-OES instrumental parameters employed for chromium 

determination. 

RF Power 1150 W 

Auxiliary gas flow 0.5 L/min 

Nebuliser argon gas flows 0.5 L/min 

Nebulizer Glass concentric 

Spray chamber Glass cyclonic 

Coolant gas flow 12 L/min 

Flush pump rate 100 rpm 

Analysis pump rate 50 rpm 

Pump Stabilisation 5 s 

Pump tubing Sample tygon orange/white; Drain tygon 

white/white Sample repeats 3 

Sample Flush time 30 s 

Analysis maximum Radial 15 s 

Integration times Radial 5 s 

Wavelength rang Low 

 

In order to determine the most sensitive wavelength for the detection of chromium, 

two different wavelengths (283.6 or 267.7 nm) were selected for measurement of the 

three calibration solution sets. The obtained regression lines were analysed to 

determine whether the slopes were significantly different, hence confirming the need 

to standardise the instrument using three different calibration solutions during every 

analysis.  Using the three regression lines, a sample concentration of 0.50 µg cm
-3

 was 

measured according to the three calibration curves obtained (Fig 5-1). Highest 

sensitivity was obtained using a detection wavelength of 283.6 nm and so this 

wavelength was used to measure Cr ions in all subsequent solutions. An ANOVA test 

was applied to assess the validity of utilising one calibration curve for all samples 

(See Table 5-2). The ANOVA test showed that the results were not statistically 

significant when the Cr (III) regression line was used to calculate the sample 

concentration, whereas, a significant difference was observed when Cr (VI) 

calibration curves were used to determine the concentration of Cr in solution; 

although the F-test failed by a small difference (Fcalculated=3.58 and Fcritical= 3.10 ) in 
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the mixed chromium (III+VI). By examination of all regression lines shown in 

Fig 5-2, a decision was made to use chromium (VI) calibration solutions for future 

calibrations.  This regression line of chromium (VI) lies between the chromium (III) 

and mixed chromium (III+VI) calibration curves, therefore it will give a minimum 

error if used to the calibration curve of both chromium species.  

 

 

Fig 5-2: A graph of concentration (µg cm
-3

) versus counts for the Cr (III), (VI) or 

mixed Cr(III) + (VI) standard solutions using ICP-OES. 
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Table 5-2: The Anova-test for three different chromium standard solutions. 

0.5 ppm of Chromium 

sample 

Concentration found (ppm) according to different calibration curves F-test 

Cr III + VI 

(267.7) 

Cr III + VI 

(283.6) 

Cr III 

(267.7) 

Cr III 

(283.6) 

Cr VI 

(267.7) 

Cr VI 

(283.6) 
Fcalc Fcrit Result 

Cr (III) Replicate 1 0.5529 0.5565 0.5368 0.5529 0.5242 0.5285 

1.3906 3.1059 Pass Cr (III) Replicate 2 0.5476 0.548 0.5394 0.5346 0.5474 0.5501 

Cr (III) Replicate 3 0.5517 0.5463 0.5422 0.5384 0.5431 0.541 

Cr (III) Average 0.5508 0.5503 0.5395 0.542 0.5382 0.5399 
   

Cr (VI) Replicate 1 0.5096 0.5177 0.4962 0.493 0.4949 0.5004 
11.202

9 
3.1059 Failed Cr (VI) Replicate 2 0.5074 0.5146 0.5005 0.4945 0.4965 0.5079 

Cr (VI) Replicate 3 0.5114 0.5138 0.4969 0.5041 0.5019 0.4978 

Cr (VI) Average 0.5094 0.5154 0.4979 0.4972 0.4978 0.502 
   

Cr  (III) +(VI) Replicate 1 0.4752 0.4897 0.4797 0.4761 0.4776 0.4773 

3.582 3.1059 Failed Cr  (III) +(VI) Replicate 2 0.4843 0.4831 0.477 0.4762 0.4783 0.4816 

Cr  (III) +(VI) Replicate 3 0.4786 0.4926 0.4838 0.4598 0.4809 0.4844 

Cr  (III) +(VI) Average 0.4794 0.4885 0.4802 0.4707 0.4789 0.4811 
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The obtained statistical results show that either detection wavelength could be applied for 

the determination of chromium ions in solution; with a slightly higher sensitivity using 

wavelengths of 283.6 nm. The method detection limits (MDL) were 0.003 µg cm
-3

or 

0.004 µg cm
-3

 using wavelengths of 283.6 or 267.7 nm.  

The ICP-OES was used to determine the total concentration of chromium in solution.  

The colorimetric method is then used to determine the concentration of chromium (VI) in 

solution.  Hence, the chromium (III) concentration was obtained by subtraction: Cr(III) = 

CrTotal - Cr(VI). 

 

5.2.3 Extraction and recovery of chromium ions 

The general procedures for extraction of Cr (III), or Cr (VI), can be summarised as 

follows. Approximately 25 mg samples of AP-MCM-41 or DETA-MCM-41 were 

suspended in 25 cm
3
 solutions containing 100 µg cm

-3
 Cr (III), or Cr (VI), at various pH 

values (between 1 and 11) and the solution was stirred (250 rpm) for approximately 2 h. 

After this time the solution was filtered (Fisherbrand QL100) and the filtrate was 

analysed using ICP-OES. Removal of captured ions and regeneration of the sorbent was 

carried out by passing 25 cm
3
 of water solution at pH 3 for recovery of Cr(III) or pH 9 for 

recovery of Cr(VI); water pH was adjusted by using 1M HCl or 1M NH4OH.  

Solutions containing Cr (VI) ions were trapped onto modified sorbents and then 

recovered using extraction solutions to assess the use of modified silica in pre-

concentration experiments. The experiments used 20 cm
3
 solutions of Cr (VI) at 3 

different concentrations (0.01, 0.1 or 1 µg cm
-3

), or 100 cm
3
 at 0.01 µg cm

-3
 with 25 mg 

of functionalised silica.  Solutions were stirred with the sorbent for 2 h then the solutions 

were filtered and eluates were analysed by ICP-OES. The sorbent material that remained 

in the filter paper was washed with 10 cm
3
 water at pH 9 and the extracted solutions were 

analysed by ICP-OES after filtration. 
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5.2.4 Analysis of real water samples 

Water samples were collected from the Bothlin river in Glasgow and a tap water sample 

was collected from a building in the Drygate campus in Glasgow. In the case of the river 

sample, the samples were collected from a point that was approximately 2 m from the 

river bank using plastic container and then stored in a sealed container at 4 
o
C [127]. 

Whereas, in case of the tab water sample, the tap water was left running for 15 min prior 

to sampling and then the sample bottle was clearly labelled and stored in a sealed 

container at 4 
o
C. 

Both samples were analysed by ICP-OES to determine the concentration of Cr (VI) in 

solution, however both solutions contained Cr (VI) at concentrations lower than the 

detection limit.  Solutions were then spiked with Cr (VI) to produce solution 

concentrations of 25 μg cm
-3

. To each spiked solution, an accurate weight of 

approximately 25 mg of AP-MCM-41 was added and solutions were stirred (250 rpm) for 

approximately 2 h.  After this time the concentration of Cr (VI) in solution was 

determined by ICP-OES. After confirmation that sorbents removed Cr (VI) from 

solutions, the recovery of ions was assessed to regenerate sorbent materials.  To 

regenerate the sorbent it was immersed in a 25 cm
3
 volume of water adjusted to solution 

pH of 3. 

 

5.2.5 Adsorption kinetics study 

A kinetic study was undertaken to determine the rate of Cr (VI) removal from water 

samples using functionalised mesoporous sorbents. Solutions (25 cm
3
) containing the 

same initial concentration of 10 µg cm
-3

 Cr (VI) were stirred in the presence of 50 mg 

adsorbent at 25 
o 

C for different selected times ranging from 1, 5, 10, 20, 30 or 40 min. 

After each time, solutions were filtered and analysed by ICP-OES to determine the 

concentration of Cr (VI) left in solution. The data collected allowed the kinetics of Cr(VI) 

adsorption onto the surface of mesoporous sorbents to be analysed using pseudo first-

order [146,154,170], pseudo second-order [171], or intraparticle diffusion [172,173] 

kinetic models. The conformity between experimental data and the model predicted 

values was expressed by the correlation coefficients (r
2
, values close or equal to 1). A 
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relatively high r
2
 value indicating that the model successfully describes the kinetics of Cr 

(VI) adsorption. 

5.2.5.1 The pseudo first-order equation: 

The pseudo first-order equation is generally presented as follows, (Eq. 5-1): 

log(qe-qt) = log(qe)-
k1

2.303
t  Eq. 5-1 

Where qe and qt are the adsorption capacity at equilibrium and at time t, respectively (mg 

g
-1

), k1 is the rate constant of pseudo first-order adsorption (L min
-1

). The plot of log (qe - 

qt) vs. t should give a linear relationship from which k1 and qe can be determined from the 

slope and intercept of the plot, respectively. 

 

5.2.5.2 The pseudo second-order equation: 

The pseudo second-order adsorption kinetic rate equation is expressed as, (Eq. 5-2): 

log(qe-qt) = log(qe)-
k1

2.303
t  Eq. 5-2 

where k2 is the rate constant of pseudo second-order adsorption (g mg
-1

 min
-1

). The plot 

of (t/qt) and t, should give a linear relationship from which qe and k2 can be determined 

from the slope and intercept of the plot, respectively. 

 

5.2.5.3 The intraparticle diffusion model: 

To study the mechanism of the particle diffusion the Morris–Weber equation was applied 

(Eq. 5-3): 

𝑞𝑡 = 𝑘𝑖𝑑√𝑡  Eq. 5-3 

Where qt is the amount of metal ion sorbed (mg L
-1

) at time t and kid is the intraparticle 

diffusion rate constant (mg L
-1

 min
-1/2

).  
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5.3 Results and discussion 

5.3.1 Exclusive removal of Cr (VI) in the presence of Cr (III) 

To determine which sorbents would be suitable to remove Cr ions from water, two 

different chelates were chosen; both containing amino groups.  Sorbents samples of AP-

MWD-MCM-41 or DETA-MWD-MCM-41 were used to extract Cr (VI) or Cr (III) from 

spiked water samples at various pH values.  The extraction efficiencies were determined 

by measuring the residual concentration of Cr ions in solution after stirring for 2 h with 

each sorbent.  A colourimetric method of analysis was used to determine the 

concentration of Cr (VI) in solution.  All solutions were also analysed by ICP-OES to 

determine the total concentration of Cr ions and so the concentration of Cr (III) in 

solution was calculated by subtraction. The results are shown in Fig 5-3 and Table 5-3 . 

Using AP-MWD-MCM-41, complete and selective removal of Cr (VI) was achieved at 

pH 3 and the Cr (III) ions remained in solution. The opposite situation was observed 

when the solution pH was adjusted to 9; Cr (III) was selectively removed from solution. 

Therefore, either Cr (III) or Cr (VI) could be selectively and efficiently extracted from 

aqueous solutions by simply adjusting the pH of the solution, (see Fig 5-3). Sorbent 

materials functionalized with DETA were also studied to compare their extraction 

efficiencies for both Cr (III) or Cr (VI). Despite the complete removal of both Cr species 

at their respective optimum pH values, it was not possible to extract Cr (VI) selectively.  

In conclusion it was shown that to extract Cr ions from water could be controlled by 

adjustment of solution pH either to pH 3 (for removal of Cr (VI) or pH 9 for the removal 

of Cr (III)) using AP-MWD-MCM-41.  

In addition to the examination of extraction efficiencies, the loaded sorbents were also 

washed to assess whether it was possible to recover Cr ions from loaded sorbents and 

regenerate the sorbent for repeated use.  The materials were washed with water at pH 9 

when loaded with Cr (VI) or at pH 3 when loaded with Cr (III).   
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The concentration of Cr ions in wash solutions were determined as outlined in Section 

5.2.3. The results demonstrated that the ions could be fully recovered from loaded 

sorbents, see Table 5-3.  This allowed reuse of the functionalised materials making them 

more economically possible. It should be noted that the recovery values for Cr (III) and 

Cr (VI) were slightly lower when removed from DETA-MWD-MCM-41 sorbent with 

recovery values of less than 85 %, compared to AP-MWD-MCM-41, which had recovery 

values of more than 99.9 %. This makes AP-MCM-41 an ideal sorbent for the selective 

removal and recovery of Cr (VI) from contaminated aqueous systems and this sorbent 

will therefore be used in all future Cr (VI) experiments. 

 

Fig 5-3: The effect of pH on the removal of Cr (III) and Cr (VI) ions. 
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Table 5-3: Efficiency of adsorbents to extract 2500 μg of Cr(III) or Cr(VI) from 

water. 

pH 

Mass (μg) of Cr (III) 

extracted 

Mass (μg) of Cr (VI) 

extracted 

3 9 3 9 

AP-MCM-41 trace/nil 2461.5 995.3 trace/nil 

DETA-MCM-41 400.24 2487.5 1754 311.33 

 

 

5.3.2 Characterisation of pre- and post-modified MWD-MCM-41 using FTIR 

and elemental analysis. 

Elemental analysis (EA) was carried out using an Exeter Analytical CE440 elemental 

function which was used to estimate the amount of molecules (Lo) attached to 

functionalised samples (AP- or DETA-MCM41) from the percentage of nitrogen, in the 

functionalised mesoporous silica, using Eq. 5-4; as an example for nitrogen [174] 

𝐿𝑜 =
%𝑁

𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚𝑖𝑐 𝑤𝑒𝑖𝑔ℎ𝑡
× 100  Eq. 5-4 

 

The calculated Lo values are listed in Table 5-4. A higher degree of functionalisation was 

achieved using DETA. 
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Table 5-4: Elemental analysis data recorded for the MCM-41 samples. 

Silca %C %H %N %S Lo (mmol/g)
a
 

As made MCM-41 22.5 5.1 1.3 0 
 

MCM-41 Trace/nil 0.5 Trace/nil 0 
 

AP-MCM-41 8.2 2.3 2.8 0 2 

DETA-MCM-41 17.1 4.2 10.1 0 7.2 

a
 Functionalisation degree (Lo = millimoles of ligand per gram of functionalised silica). 

The FTIR spectra of as-made MCM-41 and AP-MCM-41 (before and after the extraction 

of Cr ions) are illustrated in Fig 5-4. An absorption band observed in the range 1030 – 

1240 cm
-1

 was interpreted as stretching vibrations due to the presence of Si-O-Si bridges, 

while the 806 cm
-1 

band was thought to result from the symmetric stretching vibration of 

Si-O. The peak at 1630 cm
-1

 was assigned to the bending vibration of adsorbed water. 

After modification the surface of the MWD-MCM-41 material with amino groups, 

absorption bands appeared at 1470 and 693 cm
-1

 corresponding to a symmetric stretching 

vibration and bending vibration of the N-H bond, respectively; thus demonstrating 

successful functionalization of the MCM-41 material. 

After loading the sorbent with Cr (III) ions (spectrum iv) and Cr (VI) ions (spectrum iii), 

the N-H stretching band at 1470 cm
-1

 disappeared and a broad peak appeared at a lower 

wavenumber range of 1340-1400 cm
-1

; this vibration was attributed to secondary C-N 

stretching [175,176]. Additionally, the Si-OH stretch band at 970cm
-1

 was also shifted to 

950 cm
-1

; indicating the influence of the associated anion with the chelate. After loading 

the AP-MWD-MCM-41 samples with Cr ions a sharp peak appeared at 823 cm
-1

, 

providing evidence of success Cr loading as previous work reported that the broad band 

at 1340-1400 cm
-1 

was assigned to a Cr-N stretch and the sharp peak at 823 cm
-1

 was 

assigned to a Cr-O vibration [177,178] .  Thus, the appearance of both bands in loaded 

samples only confirmed that Cr ions co-ordinated with active sites on the surface of the 

sorbent.  
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Fig 5-4: FTIR spectra of (i) MCM-41, (ii) AP-MCM-41, (iii) Cr(III)-AP-MCM-41, (iv) Cr(VI)-AP-MCM-41 and (v) 

Cr(III)+Cr(VI)-MCM-41. 
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5.3.3 Determination of adsorption isotherms for Cr (VI) onto AP-MWD-MCM-

41 and calculation of adsorption capacity. 

In order to compare the maximum adsorption capacity of Cr (VI) onto AP-MWD-MCM-

41 with other materials reported in the literature, its adsorption isotherm was calculated.  

Experiments were conducted as described in Section 5.2.3 and in summary are described 

below. Extraction experiments used 25 cm
3
 spiked (10, 50, 100 or 200 μg cm

-3
) solutions 

of Cr (VI) and 50 mg of sorbent. The solutions were then stirred for 2 hrs. Examples of 

the calculations are given for the solution with starting concentration of 10 μg cm
-3

. 

5.3.3.1 Example calculation for determination of the Langmuir or Freundlich 

isotherm equations. 

The parameters used for plotting Langmuir, or Freundlich, adsorption isotherms are listed 

in Table 5-5. The adsorption capacity at equilibrium qe was calculated from the initial 

concentrations (C0) and equilibrium concentration (Ce) of Cr (VI) in the water samples 

and were applied to the values in (Eq. 3-2) in section 3.3.1. 

 

Table 5-5: Chromium (VI), parameters for plotting Langmuir or Freundlich 

adsorption isotherms 

C0 (mg/L) Ce (mg/L) W (g) V (L) qe (mg/g) ln qe ln Ce Ce/qe (g/L) 

10 0.05 0.05 0.025 4.98 1.6 -3 0.01 

50 0.4 0.05 0.025 24.8 3.21 -0.92 0.02 

100 1 0.05 0.025 49.5 3.9 0 0.02 

200 8 0.05 0.025 96 4.56 2.08 0.08 

 

The values of qe (mg g
-1

) and Ce were then applied into the relations expressed in (Eq.3-

1) for the Langmuir isotherm and (Eq. 3-4) for Freundlich isotherm then the conformity 

between experimental data and the model predicted values were expressed by the 

correlation coefficients (r
2
, values being close or equal to 1). A relatively high r

2
 value 

indicates that the isotherm model successfully describes the adsorption. 
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5.3.3.2 Resultant adsorption isotherm models for the removal of Cr (VI) 

from aqueous solutions. 

As demonstrated by the isotherm plots given in Fig 5-5, the interaction between Cr (VI) 

and AP-MWD-MCM-41 had a best fit with the Langmuir isotherm model as the 

regression coefficient for this model was higher than Freundlich isotherm model. This 

indicated that 1:1 adsorption mechanism process occurred between Cr (VI) and AP-

MWD-MCM-41, which describes a mono layer adsorption theory. Using experimental 

data, the maximum adsorption capacity 𝑞𝑚 of Cr (VI) can be obtained from the slope of 

the Langmuir model as 𝑞𝑚 = 1 𝑠𝑙𝑜𝑝𝑒 (0.009)⁄  giving a maximum adsorption capacity of 

111.1 mg g
-1

. This result was higher than previously reported data associated with other 

materials that have been designed to extract Cr (VI) from aqueous systems, see Table 5-6. 

The calculated RL value was 0.11 which suggested favourable adsorption properties for 

Cr (VI) species onto AP-MWD-MCM-41.  

 

 

Fig 5-5: Langmuir and Freundlich isotherms for Cr (VI) adsorption onto AP-MCM-41 
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Table 5-6: Adsorption capacities of AP-MCM-41 compared to other adsorbents. 

Sample 
BET Surface area 

(m
2
g

-1
) 

Maximum loading 

(mg/g) 
Ref 

Clinoptilolite 641 30 [179] 

ZSM-5 zeolites 215 11 [179] 

ACF 1565 22 [180] 

NN-MCM-41 586 41 [181] 

NN-SBA-1 606 80 [181] 

AP-MCM-41 760 111 This work 

 

5.3.4 Removal of Cr (VI) from contaminated, multi-element, solutions. 

AP-MWD-MCM-41 has shown potential to selectively remove Cr (VI) from aqueous 

solution when in the presence of Cr (III) ions by adjusting the solution pH to 3, and 

demonstrated higher adsorption capacity values than previously reported in the literature.  

However if the sorbent is to be used in environmental applications its utility needs to be 

examined when the contaminated solution contains many other metal ions, as would be 

expected in the case of a river water or effluent sample.  AP-MWD-MCM-41 (50 mg) 

was added to a 250 cm
3
 solution containing a range of metal ions (Mn, Co, Cd, Ni, Pb, 

Zn, Cr (VI), Cr (III), Ba, As and Al) at a concentration of 10 μg cm
-3

.  Three solutions 

were prepared at different pH value of 1, 3 or 9 and each was stirred for 2 h and the 

concentration of metal ions present before and after sorbent addition was determined by 

ICP-OES.  The results obtained are illustrated in Fig 5-6.      
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Fig 5-6: Effect of pH for extraction of potentially toxic metals from water using AP-

MCM-41. 

When the solution pH was adjusted to 1, very little metal ions were removed by AP-

MWD-MCM-41, presumably because of the a competition between protons and metal 

ions on the surface of the sorbent [182]. When the solution pH was adjusted to 3, the 

sorbent removed more than 97 % of Cr (VI) and this extraction percentage was higher for 

Cr (VI) than for any other metal ion present.  This result was significant as it 

demonstrated the efficacy of AP-MWD-MCM-41 for Cr (VI) removal even when it was 

present in water with many other metal ions.  Should the sorbent be required to remove 

other metal ions from contaminated solution, then the pH can be adjusted to 9 where Al, 

Cr (III), Mn and Pb are all removed with high efficiency which can be attributed to the 

fact that amino propyl is consider to be a hard ligand which co-ordinates with hard metal 

ion.  After the AP-MWD-MCM-41 sorbent was exposed to the metal ion solution at pH 

3, loading it with Cr (VI), it was washed with distilled water at pH 9.  This permitted full 

recovery of Cr (VI) with a recovery value of 98.2 %, allowing the sorbent to be reused 

with a second contaminated solution.  Extraction of Cr (VI) using the regenerated sorbent 

was again 100 %. 
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The ability of AP-MCM-41 to remove Cr (VI) from a spiked river water sample and a 

spiked tap water sample was also examined. Experimental details were given in Section 

3.3.2. All samples were first analysed by ICP- OES to determine the concentration of 

metal ions in solution.  The results are given in Table 3-1 section 3.3.2. As can been seen 

from the results in Table 3-1, several metal ions in the environmental water samples 

contained metal ions, such as Ca or Mg, at high concentration.  However Cr (VI) was not 

measured at the limits of detection available, hence solutions were spiked with Cr (VI) to 

achieve a spiked solution concentration of 1 μgcm
-3

. After spiking, the samples were 

stirred with sorbent and the residual Cr (VI) ion concentrations were measured by ICP-

OES.  Further the loaded sorbents were then washed with water at pH 9 and the amount 

of Cr (VI) recovered from loaded sorbents was determined. The Cr (VI) concentrations 

are given in Table 5-7.  

 

Table 5-7: Concentration (µg cm
-3

) of Cr (VI) in filtered solutions; as measured by 

ICP-OES. 

Sample 
Prior to sorbent 

addition. 

After sorbent 

addition 

Cr (VI) recovered 

from loaded sorbent 
% Recovery 

Tap Water 1.011 0.008 0.99 99 

River water 1.005 0.011 0.97 97 

Distilled Water 1.001 0.005 0.99 99 

 

Despite the present of other metal ions with considerably higher concentrations than Cr 

(VI), the extraction efficiency of more than 99.9% was achieved for extraction of Cr (VI) 

from both solutions. This indicates that the interaction between Cr ions and the amino 

group was not appreciably hindered by the presence of other coordinating ions at high 

concentrations. These results provide further evidence for the high performance, and 

selectivity, of AP-MCM-41 toward Cr (VI) ions. After the removal of Cr (VI) from the 

water samples, the sorbents were washed with water at pH 9. The recovery efficiency of 

Cr (VI) was greater than 97%. 
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5.3.5 Pre-concentration of Cr (VI) from water samples. 

A batch experiment was performed to assess the ability of AP-MWD-MCM-41 sorbent to 

pre-concentrate Cr (VI) ions from water samples, see Table 5-8. Water samples (100 cm
3
 

or 1000 cm
3
) were spiked with different concentrations of Cr (VI) ions (0.01, 0.1 or 1 µg 

cm
-3

) and the pH of the solution was adjusted to 3. AP-MWD-MCM-41 sorbent (25mg) 

was dispensed into all sample solutions and the solutions were stirred for approximately 2 

h. Loaded sorbents were collected by filtration and washed with 10 cm
3
 of 0.1 M NH4OH 

to remove the loaded Cr (VI) ions. The aliquots were collected and analysed by ICP-

OES.  

 

Table 5-8: Preconcentration of Cr(VI) from water samples. 

Sample (volume used) 
Cr conc. 

(μg ml
-1

) 

Washed 0.1M 

NH4OH 

 (10 ml) 

Enrichment 

factor 
% Recovery 

Distilled Water (100 cm
3
) 0.011 0.112 10 111 

Distilled Water (100 cm
3
) 0.107 1.089 10 108 

Distilled Water (100 cm
3
) 1.002 9.703 10 97 

Distilled Water (1000 cm
3
) 0.013 0.771 100 77 

 

Enrichment factors of 10 and 100 were achieved with this simple pre-concentration 

process, permitting the sorbent to be utilised in solid phase extraction experiments (for 

removal or pre-concentration of Cr (VI)). This would offer the advantage that the 

presence of trace concentration of Cr (VI) (<0.004 μg cm
-3

) in solutions can be measured 

using by ICP-OES. 
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5.3.6 Examination of sorbent performance in packed-bed under continuous 

flow systems: 

Although the batch extraction results provide the fundamental information related to 

sorbent behaviour and metal sorption performance, a continuous mode of operation 

would be preferred in large scale water treatment applications with perceived advantages 

including high yields, simple operation, easy regeneration of packed bed, and ease of 

scale up from a laboratory to industrial or environmental application. Hence, the 

extraction of Cr (VI) was also studied in continuous flow at different flow rate from 1 to 

9 cm
3
 min

-1
. Experimental details were given in section 3.3.3.The results shown in 

Fig 5-7 indicate that more than 90% extraction efficiencies, and above 80% recovery 

efficiencies, were achieved over the flow rate range studied. 
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Fig 5-7: the extraction of Cr (VI) ions under different flow rate. 
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5.3.7 Kinetic study of chromium (VI) adsorption onto AP-MWD-MCM-41. 

To examine the rate of removal of Cr (VI) ions from water using AP-MCM-41, six 

experiments were set up where 50 mg of sorbent was stirred at room temperature in a 25 

cm
-3

 solution containing 1, 5, 10, 20, 30 or 40 μg cm
-3

 of Cr (VI) ions. These initial 

concentrations are referred to as Co.  The solutions were stirred for 10. 50, 100 or 200 

min when the concentration of Cr (VI) remaining in solution (Ce) were determined by 

ICP-OES. The measured concentrations of Cr (VI) at equilibrium (Ce) at time t are shown 

in Table 5-9. 

Table 5-9: shows the initial concentrations (Co) and equilibrium concentrations  (Ce) 

of chromium in water. 

Co (µg cm
-3

) Ce (µg cm
-3

) 

Time (min) 1 5 10 20 30 40 

10 5.2 2.1 0.08 0.07 0.06 0.05 

50 26 1.2 0.55 0.53 0.47 0.4 

100 71 42 19 7 1.1 1 

200 139 85 43 11 8.1 8 

 

Based on the measured values of Ce in Table 5-9, the adsorption capacity at equilibrium 

(qe) and at time t (qt) were calculated by apply those values in equation 3-2. The 

adsorption capacities qe and qt (mg g
-1

) results are given in Table 5-10: 

The pseudo first-order, and pseudo second order, models were applied to the 

experimental data to study the adsorption rate of chromium.  In the first order model the 

time is plotted against log (qe – qt) values, whereas in the second order model the time is 

plotted against t/qt. The resultant plots are given in Fig 5-8 and Fig 5-9, along with the 

regression curves and correlation coefficients (r
2
). The r

2
 values suggested that the 

experimental data had a better fit to the pseudo second-order model confirming that the 

adsorption process of chromium (VI) onto AP-MCM-41 was more complicated than 
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could be explained by the pseudo first-order model, despite what has been previously 

reported in the literature [183]. 

Table 5-10: The adsorption capacity at equilibrium (qe) and at time t (qt). 

qt at 1 min qt at 5 min qt at 10 min qt at 20 min qt at 30 min qe at 40 min 

2.4 3.95 4.96 4.9 4.97 4.98 

12 24.4 24.73 24.73 24.77 24.8 

14.5 29 40.5 46.5 49.45 49.5 

30.5 57.5 78.5 94.5 95.95 96 

 

 

Fig 5-8: Pseudo-first order kinetics models of chromium (VI) onto AP-MCM-41.  
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Fig 5-9: Pseudo-second kinetic model of chromium (VI) onto AP-MCM-41. 

The first order kinetic processes indicates reversible interactions with an equilibrium 

being established between liquid and solid phases.[184] Whereas the second order kinetic 

model assumes that the rate-limiting step is most likely to involve chemical interactions 

resulting in binding of the ions to the surface by bonding as strong as covalent bonding. 

These two models have been widely tested by various workers and conformity to either 

of the models or both have been reported in the literature.[173] 

In addition to the pseudo-first and pseudo-second order models the adsorption behaviour 

of Cr (VI) onto AP-MWD-MCM-41 was also examined by fitting the experimental data 

to the intra-particle diffusion model.  In this model, time is plotted against qt, and the 

results are shown in Fig 5-10. The resultant curve demonstrated two kinetic effects for the 

interaction between Cr (VI) and the AP-sorbent. An initial linear rate curve (t=0 to t=10 

min) was observed and attributed to a mass transfer effect (slope=Kid(1)) while a second 

linear rate curve was thought to indicate intraparticle diffusion (slope Kid(2)). This result 
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revealed, for the first time, two types of adsorption processes occurred between Cr (VI) 

and AP-MWD-MCM-41. 

The mechanism of Cr (VI) adsorption onto AP-MWD-MCM-41 sorbent was therefore 

shown to be complex and involved both surface and intra-particle adsorption; both 

reactions mechanisms contributing to the rate determining step of adsorption kinetics. 

 

Fig 5-10: Intraparticle diffusion sorption kinetic model of chromium (VI) onto AP-

MCM-41. 

 

In other words the adsorption mechanism of Cr (VI) onto AP-MWD-MCM-41 as shown 

to follow two steps: film diffusion at the earlier stages of the adsorption process followed 

by intra-particle diffusion (pore diffusion). By examination of the slopes it would appear 

that the rate-determining step in the adsorption process was diffusion of ions through the 

sorbent pores.  
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These results are in contrast to previously published results which reported that Cr (VI) 

adsorption onto functionalised silica followed the pseudo first-order reaction mechanism. 

Clearly this was not the case here as the measured data demonstrated. It was postulated 

that the different adsorption behaviour given by this material was influenced by the 

method utilised for the removal of the surfactant from the silica pores. There are two key 

proposed advantages to surfactant removal using microwave digestion: (i) the product 

exhibits a higher degree of functionalisation owing to the production of more silanol 

groups on the surface of the material and (ii) larger pores are created and 

functionalisation take place inside the pores channel as well as on the surface of the 

material. The result being that rates of adsorption were demonstrated by both surface 

adsorption (the faster initial rate of reaction) and chelation of metal ions in the larger 

pores (the second slower rate of reaction). A schematic diagram of the two different 

adsorption processes is illustrated in Fig 5-11 (steps 1 and 2), with the conventional 

adsorption process illustrated in step 3.  The calculated diffusion rate parameters Kid(1) 

and Kid(2) are shown in Table 5-11. The value of Kid(1) suggested that the intra-particle 

diffusion process occurred at high Cr (VI) concentrations, whereas at low concentration, 

Cr (VI) ions were removed by amine groups on the external surface of the material. The 

diffusion rate parameters indicated that intra-particle diffusion controlled the adsorption 

rate; which was the slowest step. The results obtained by these kinetic models implied 

that the reaction of Cr (VI) with AP-MWD-MCM-41 was defined by a sequence of 

processes that contributed towards the overall adsorption rate: mass transfer of ions 

through the liquid surrounding the surface of sorbent particle and diffusion of ions 

through the particle pores. The slowest step was considered to be diffusion of ions 

through the sorbent pores which was observed at high concentration of Cr (VI). 
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Fig 5-11: shows three different adsorption processes: the first is film diffusion which 

is the initial adsorption process, the second is intraparticle transport (pore diffusion) 

which occurs only when the pores of MCM-41 are large enough to allow Cr (VI) to be 

bound to the inner surface. The third adsorption process would occur for most other 

MCM-41 material with smaller pores (and pseudo first order kinetic would occur). 

Table 5-11: Rate constants of the pseudo-first order pseudo second-order and the 

intraparticle diffusion kinetic models. 

 

Conc. (ppm) 

The pseudo first-

order 

The pseudo second-

order 

The intra-particle diffusion 

model 

k1 R
2
 k2 R

2
 kid(1) kid(2) R

2
 

10 0.23 0.9526 0.30 0.9990 3.06 --- 0.9662 

50 0.18 0.7884 0.11 0.9995 16.30 --- 0.9182 

100 0.21 0.9176 0.08 0.9937 25.34 3.32 0.9980 

200 0.24 0.9823 0.05 0.9440 48.91 1.66 0.9940 
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5.3.8 The effect of pore size distribution of mesoporous silicate on the 

extraction kinetics of chromium (VI). 

The rates at which adsorbate (analyte ions) are transferred from the bulk solution toward 

the adsorbent surface where they are accumulated, determines the kinetics of adsorption 

and therefore, the efficiency of the adsorption process. Studying the kinetics of a 

chemical reaction provides a better understanding of the possible mechanism of 

adsorption along with the reaction pathways. The residence time of the adsorbate on the 

surface of the adsorbent is an important factor that determines whether or not the process 

will go to completion as well as to estimate the total uptake. These parameters play a 

significant role in designing an appropriate  sorbent for the removal of different 

contaminants from aqueous systems.[173] 

On porous adsorbents, the pore size and shape is also likely to play an important role in 

the rate at which the metal ions diffuse into the porous channels. Therefore, the effect of 

the pore size distribution on Cr (VI) ion uptake was assessed; three different types of 

mesoporous silica materials with different porosity and pore geometry were synthesized 

(SBA-15, calcined-MCM-41, and MWD-MCM-41) and functionalised with an amino 

propyl functional group. The sorbents were prepared as described in Section 3.2. and 

functionalized in Section 3.5.  The kinetics of Cr (VI) adsorption on all adsorbents were 

analysed using pseudo-first order, pseudo-second order, and intraparticle diffusion 

models.   

Kinetic experiments were performed as described in Section 5.2.4. In summary, A series 

of Cr solutions (each with a volume of 25 cm
3
) with concentration of 10 µg cm

-3
 were 

stirred at 25 ◦ C in the presence of 50 mg of each adsorbent (i.e. AP-MWD-MCM-41, 

AP-Calcined-MCM-41, and AP-SBA-15) for 1, 5, 10, 20, 30 or 40 min. After the 

appropriate stirring time, solutions were filtered and Cr concentrations were measured by 

ICP-AES.  

5.3.8.1 FTIR characterisation. 

The FTIR spectra of all sorbents that were loaded with Cr (VI) are illustrated in Fig 5-12. 

The N-H stretch at 1470 cm
-1

 disappeared from the spectrum of AP-MWD-MCM-41 

loaded with Cr (VI) and a broad band appeared in the range 1340- 1400 cm
-1

; which 
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could attributed to a secondary C-N stretch.[176] Interestingly the N-H stretch at 1470 

cm
-1

 was still evident in both spectra of Cr loaded AP-Calcined-MCM-41 and AP-SBA-

15.  This indicted that some of the aminopropyl functional groups were not involved in 

the adsorption process.  It was postulated that these NH- groups were present in the pores 

of the material.  As the pores were smaller they could not accommodation Cr species and 

thus remained uncoordinated.  A sharp peak at 823 cm
-1 

was observed in the AP-MWD-

MCM-41 spectrum alone.  This was assigned to a Cr-O vibration.  A weak band appeared 

with AP-Calcined-MCM-41 and AP-SBA-15 at 893 cm
-1

 which can be assigned to an N-

O vibration. The appearance of these peaks with AP-MWD-MCM-41 provided evidence 

of Cr loading with different co-ordination geometries.  

 

Fig 5-12: FTIR spectra of chromium loaded (a) AP-MWD-MCM-41, (b) AP-Calcined-

MCM-41 and (c) AP-SBA-15. 
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5.3.8.2 Materials characterisation by N2 adsorption. 

The characteristic data of the surface area, the pore volume, and the average pore 

diameter are summarized in Table 5-12. It was shown that the total surface area of the 

MWD-MCM-41 was slightly lower than the calcined-MCM-41 and that result from the 

small, well defined pores of the calcined-MCM-41. However, the average pore size 

diameter of the MWD-MCM-41 was almost three times higher than that of calcined-

MCM-41 which is attributed to the joining of two or three pores together after the 

teardown of the pore wall.  This characteristic is not normally found in MCM-41 type 

materials, which typically has a pore size in the range of 2.5 to 4.5nm. On the other hand, 

SBA-15 exhibited larger surface area as well as larger average pore size and almost had 

the same pore volume as MWD-MCM-41. 

Table 5-12: Physiochemical data recorded for the MWD-MCM-41, Calcined-MCM-

41and SBA-15 samples. 

Sample Name BET Surface Area (m
2
 g

-1
)
a
 Pore Size(nm)

b
 

Pore Volume 

(cm
3
 g

-1
)
c
 

MWD-MCM-41 760 6.74 0.99 

Calcined-MCM-41 813 2.53 0.69 

SBA-15 850 7.18 1.01 

 

a Calculated by the BJH model from sorption data in a relative pressure range from 0.05–0.25. 

b Calculated by the BJH model from the adsorption branches of isotherms. 

c Calculated from N2 amount adsorbed at a relative pressure P/P0 of 0.99. 

Fig 5-13 shows the nitrogen adsorption–desorption isotherms for all 3 mesoporous silica 

samples. All samples (SBA-15, MWD-MCM-41, and calcined-MCM-41) exhibited a 

type IV isotherm, according to the IUPAC classification, and had a H1 hysteresis loop 

that was characteristic of mesoporous materials. However, a slight difference in the 

capillary condensation steps were observed at higher relative pressure for MWD-MCM-

41 and SBA-15 compared to calcined-MCM-41, which suggested that MWD-MCM-41 

and SBA-15 exhibited larger pore size.  
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Fig 5-13: : Nitrogen adsorption isotherms and mesoporous silica sorbents SBA-15 (1), 

MWD-MCM-41 (2) and Calcined-MCM-41 (3). 

The hysteresis loop was boarder for MWD-MCM-41 and SBA-15 indicating that these 

materials contained pores of different shape compare to calcined-MCM-41. This 

phenomenon is normally observed for SBA-15 type materials as it has both micro- and 

meso-pores on the surface but this feature is not commonly observed with MCM-41 type 

materials.  It was postulated that the larger average pore size and pore size distribution 

found for MWD-MCM-41 was due to pore wall teardown which occurs during the 

intense temperature and pressures created during the microwave digestion procedure. 
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Fig 5-14: BET pore size distribution patterns of the SBA-15, MWD-MCM-41 and 

Calcined-MCM-41. 

The pore size distribution (PSDs) of the studied samples are shown in Fig 5-14. This 

results provided further evidence for the hypothesis mentioned above. The MWD-MCM-

41 sample showed a broader pore-size distribution (from 20 to 120 Å) than SBA-15 and 

calcined-MCM-41. It is postulated that the differences in the porosity geometries were, in 

part, responsible for the excellent behaviour of functionalised MWD-MCM-41 shown in 

this research when used as an adsorbent for metal ions.  In addition the use of nitric 

acid/hydrogen peroxide was thought to induce a higher degree of silanol groups on the 

surface of the silica.  In combination this implied that MWD-MCM-41 had 3 key features 

which made it suitable as an adsorbent: (i) larger pores due to pore wall teardown which 

make the pores more accessible to functionalization and amenable to co-ordinating metal 

ions and (ii) the larger pore size distribution allowing easier co-ordination and (iii) a 

higher degree of silanol groups which permit a higher degree of functionalization. 
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 5.3.8.3 Elemental analysis. 

To assess the degree of functionalization of each sample, elemental analysis was 

performed to evaluate the amount of molecules (Lo) attached to functionalised samples 

from the percentage of nitrogen, in the functionalised mesoporous silica  using (Eq. 5-4): 

The calculated Lo (Table 5-13) value for AP-MWD-MCM-41 was significantly higher 

than those for AP-SBA-15 and AP-calcined-MCM-41 which indicated that the use of 

microwave digestion to remove the organic template does allow a higher degree of 

hydroxyl groups in the surface and then a higher ability of the material to be 

functionalised. 

 

Table 5-13: Elemental analysis data recorded for the functionalised mesoporous silica. 

Silica % Carbon % Hydrogen % Nitrogen Lo (mmol/g)
a
 

AP-Calcined-MCM-41 5.81 1.97 1.81 1.29 

AP-MWD-MCM-41 8.20 2.32 2.79 1.99 

AP-SBA-15 6.90 1.66 2.21 1.58 
 

a
 Functionalisation degree (L0 = millimoles of ligand per gram of functionalized silica) 
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5.3.8.4 Adsorption isotherms. 

Kinetic experiments, as described in Section 5.3.3.2 for AP-MWD-MCM-41 were 

performed for AP-calcined-MCM-41 and AP-SBA-15.  The same experimental 

procedure and calcuations were performed.  The experimental data were applied to the 

Langmuir and Freundlich isotherm models as given in Fig 5-15.  Note that the results for 

AP-MWD-MCM-41 are given again here to aid data comparison. The calculated 

maximum adsorption capacities are given in Table 5-14. 

Table 5-14: Isotherm parameters for Cr(VI) sorption on functionalised mesoporous 

silica. 

Sample 

 

Langmuir Freundlich 

qm 

(mg/g) 
b (L/mg) RL Kf (mg/g) n (L/mg) 

AP-MWD-MCM-41 111.1 0.811 0.110 36.24 1.70 

AP-Calcined-MCM-41 39.68 0.031 0.763 4.115 2.36 

AP-SBA-15 48.31 0.014 0.877 1.632 1.62 

  

According to the Langmuir model, the maximum adsorption capacity value obtained for 

AP-MWD-MCM-41 was significantly higher than the values obtained by AP-calcined-

MCM-41 or AP-SBA-15.  Moreover, the constant b was higher when using AP-MWD-

MCM-41 which indicated that Cr (VI) has a higher affinity towards this material than the 

other 2 sorbents. The interaction between Cr (VI) and the surface of AP-MWD-MCM-41 

and AP-SBA-15 was best explained via the Langmuir isotherm as the regression 

coefficients of the Langmuir isotherm plot was higher than that of the Freundlich 

isotherm model suggesting that the Cr (VI) was adsorbed via a 1:1 mechanism (mono 

layer sorption). The calculated RL values were in the range of 0 and 1, suggesting 

favourable adsorption for chromium species onto all studied sorbents. 
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Fig 5-15: A, C and E show the Langmuir  isotherms of AP-MWD-MCM-41, AP-SBA-

15, and AP-Calcined-MCM-41 materials, respectively. Whereas figures B, D, and F 

show the Freundlich isotherms of AP-MWD-MCM-41, AP-SBA-15, and AP-Calcined-

MCM-41 materials, respectively.  
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5.3.8.5. Kinetic study of chromium (VI) adsorption onto AP- loaded MWD-

MCM-41, Cal-MCM-41 and SBA-15. 

The adsorption kinetics of chromium (VI) were studied using three different models, 

pseudo-first-order, pseudo-second-order and intraparticle diffusion kinetic models. The 

results obtained from the kinetic studies are illustrated in Fig 5-16. Based on the linear 

regression values, the kinetics of Cr (VI) adsorption onto all sorbents reported here did 

not fit well with pseudo first-order model. However, more information was obtained 

when applying the intra-particle diffusion model Fig 5-16 C. The adsorption of chromium 

(VI) onto AP-SBA-15 or AP-calcined-MCM-41 involved one fast kinetic process (9.7 

and 9.2 mg L
-1

 min
-1/2

), which suggested that the adsorption process occurred in one step 

until equilibrium was reached. On the other hand, two distinct kinetic regions were 

observed from the AP-MWD-MCM-41 plot. A faster adsorption process (4.8 mg L
-1

 min
-

1/2
) took place within the first minute after adding the sorbent into the chromium (VI) 

solution, followed by a slower adsorption step (2.52mg L
-1

 min
-1/2

) until 

equilibrium is reached.  

These findings indicated that the AP-MWD-MCM-41 contained pores that were large 

enough to allow functionalisation and coordination with chromate ions inside the pore 

channel. If the intra-particle diffusion plots are examined in more detail, it was noted that 

the adsorption rate decreased with increasing the adsorption time when using AP-MWD-

MCM-41 as an adsorbent. This phenomenon was not observed with the other two 

sorbents. The diffusion rate parameters suggested that, in case of AP-MWD-MCM-41, 

the intra-particle diffusion best described the sorption rate; where the slowest adsorption 

step was diffusion of the ions into the pores. But it was not the rate-controlling step for 

AP-SBA-15 or AP-Calcined-MCM-41 which contained smaller pore size distribution. 
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Fig 5-16: Pseudo-first order (a), Pseudo-second order (b) and Intraparticle diffusion 

(c) kinetics models of Cr (VI) onto AP-Mesoporous sorbents  
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The complicated adsorption process for the removal of Cr (VI) from the liquid phase was 

expected since its behaviour is poorly understood .Cr (VI) ions can form complexes 

which are up to 7-coordinate in solution. Dichromate dianion (Cr2O7
2-

) is considered to 

be the most abundant species in solutions were the pH values are in the range of 2 to 

6.[185] In some cases the dichromate dianion may found in the form of a trimer, as 

found, e.g. in rubidium tri-chromate or even a tetramer as found in K2Cr4O13.[186] In 

addition to the various chromium species found in solution, the dimensions of the 

dichromate dianion were also reported to vary because of the varieties of bonds length 

and angles possible in this species [186] (see Fig 5-17). The geometrical parameters that 

chromium species have (e.g. their presence in larger molecules size as well as their ability 

to stretch), suggesting that AP-MWD-MCM-41 might be the only sorbent that is capable 

to adsorb the analyte ions both on the surface of the material, and within the pore 

channels. This resulted in a significantly higher adsorption capacity and enhanced 

performance towards chromium (VI) compared to sorbents that exhibit narrower pore 

size distributions. 

 

 

Fig 5-17: The theoretical structure of dichromate dianion: The Cr–O–Cr angle varies 

between 116.2
o
 and 162.1

o
. The range for the Cr–O(terminal) bond lengths is between 

1.469 and 1.777 Å. The range for the Cr–O(bridging) is 1.622–1.956 Å.[186]   
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5.3.9 Conclusion:  

AP-MCM-41 was evaluated for the removal of chromium (VI) from aqueous solution.  

Removal involved monolayer interaction with the chelate on the silica surface and the 

functionalisation, and loading, could be tracked using FTIR spectroscopy.  The 

adsorption capacity was extremely high when AP-MCM-41 produced using a MWD 

method was used (compared to a production method which used calcinations) or even 

compared to SBA-15. Almost exclusive removal of Cr (VI) was achieved at pH 3 and 

moreover, the sorbent could be used to extract a wide range of other metal ions from 

water if its pH was modified above 7.  No reduction in performance was observed even 

when removing Cr (VI) from water which contained other metal ions (e.g. Ca
2+

 and 

Mg
2+

) at significantly higher concentration.  The ease, at which AP-MCM-41 was 

synthesised, tuned and regenerated all combined well to suggest that this sorbent could be 

used for environmental remediation, recovery of Cr (VI) from contaminated water, solid 

phase extraction or pre-concentration processes. Examination of the effect of pore size 

distribution on adsorption provided evidence that the material’s extremely high 

adsorption capacity was due to the larger pores and surface activation.  With the Cr (VI) 

concentration range studied here, within 10 min more than 99 % of Cr (VI) was removed 

from solution. The microwave digestion method provide a material with (i) higher degree 

of functionalisation due to the production of more silanol groups on the surface of the 

material and (ii) larger pores compared to the materials reported in the literature. 
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Chapter 6 : Regeneration of mercapto- loaded MWD-

MCM-41 using acidified thiourea   
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6.1 Introduction 

Mercury is classified as one of the most toxic and carcinogenic chemical elements and 

has been designated as priority pollutants by the US Environmental Protection Agency 

(EPA) [187]. Mercury can damage the central nervous system by entering into the human 

body from the food cycle.[188] It is widely dispersed throughout the environment, and 

can therefore destroy the functions of natural metabolism and incretion, leading to 

maladjustment in hormone secretion. Therefore, the determination of trace level of 

mercury concentration in the environment is of great interest in pollution monitoring. 

Several methods have been applied for the removal of mercury from water sources, 

including ion exchange [189-191], flotation [192], chemical co-precipitation [193], 

extraction chromatography [194], electrochemical deposition [195], and adsorbents 

[160,174,196-199]. Of all these methods, the use of mesoporous silica materials as an 

adsorbent is the most widely used approach. However, without modification of the 

MCM-41 surface, the material cannot adsorb Hg
 
(II) ions selectively and quantitatively at 

trace levels, resulting in poor Hg
 
(II) ion removal and high interference from other 

coordinating ions will be encountered.  

The introduction of sulfur-containing functional groups, that have strong affinities for 

mercury, into the mesoporous materials seems to be promising and sulfur-modified 

adsorbents have been explored by several workers [158,159,200-203]. However, the 

regeneration of the mercury-loaded thiol functionalised silica is not easily achieved due 

to the high equilibrium constant of the system. 

 

Idris et.al [91] proposed a method for the recovery of mercury from loaded 

mercaptopropyl-MCM-41 using microwave digestion, with recovery values of 

approximately 97 % of Hg (II) from loaded sorbents.  This was achieved using low-

energy microwave radiation and the sorbent was anticipated to be used for up to four 

times. However, an alternative method of regeneration is required if the sorbent is to be 

regenerated in the field. Removal of Hg (II) from propylthiol-functionalised silica 

Hg
2+

+ SH Hg (HS)
22 (log k= 37.3)
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material has been reported [200] using chemical treatment with 12 M HCl; this was 

shown to be an effective method recovering more than 90 % of Hg (II). However, the 

concentrated acid caused partial damage to the silica mesostructure. Moreover, the 

mercury ion uptake capacity dropped to about 60 % of the original value after 

regeneration.[204-206] Arencibia et.al [207] studied the regeneration of thiol-

functionalized SBA-15 adsorbents of mercury using complexing agents (e.g. KBr, 

KSCN, CS(NH2)2, and HBr).  They all demonstrated partial regeneration of the mercury-

loaded adsorbent, with 1 M hydrobromic acid yielding the best result with a recovery of 

65 % of loaded mercury. Zhang et.al [159] developed a new sorbent for trace Hg(II) 

removal by grafting 1-(3 carboxyphenyl)-2-thiourea (CPTU) onto SBA-15 mesoporous 

silica. A maximum adsorption capacity of Hg(II) 64.5 mg g
−1

 was achieved. The 

regeneration experiments were conducted using different concentrations of HCl in 5% 

thiourea. The recovery of Hg(II) dramatically increased from 42 % to 97 % when the 

concentration of HCl increased from 0.1 M to 1 M. 

There are currently no simple, field recovery methods that exist for the efficient removal 

of Hg (II) from mercapto-modified MCM-41 (MP-MCM-41).   It is well known that 

thiourea [CS(NH2)2], and its derivatives, form aqueous complexes with Hg(II) that are 

more stable than other complexing agents such as chloride anions (through S 

bonding).[208] In this work, the removal and recovery of Hg (II) ions was conducted in 

both batch method and under dynamic mode using mercapto loaded MWD-MCM-41 and 

the sorbent was regenerated using acidified thiourea solution. 
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6.2 Experimental 

6.2.1 Batch method 

A general procedure for the extraction of Hg (II) from solution using the batch method 

can be summarised as follows. Approximately, 25 mg of a sample of MP-MCM-41 was 

suspended in 25 cm
3
 solutions containing known concentrations of Hg (II) at a pH value 

of 3. Solutions were stirred (250 rpm) for approximately 2 h then filtered (Fisherbrand 

QL100) and the filtrate was analysed using ICP/OES. Experiments were then conducted 

to determine whether the Hg (II) ions could be successfully removed from the loaded 

sorbent. In this experiment, a 25 mg sample of Hg (II) loaded sorbent was mixed with 25 

cm
3
of different regenerating solutions and stirred for 2h. The solutions were then filtered 

and the aqueous mercury concentration was analyzed by ICP-OES. The regeneration 

effectiveness was calculated according to equation reported by Arencibia et al.[207] 

%𝑅𝑒𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻𝑔 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝐻𝑔 𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚
× 100 

 

Samples of MP-MCM-41 were first loaded with 500 µg of Hg (II) ions and the analysis 

of the residual solutions (after stirring with MP- MCM-41) confirmed removal of Hg (II) 

by the sorbent. Samples were then known to contain 500  µg of Hg (II). 

6.2.2 Examination of sorbent performance in dynamic mode. 

A 100 mg sample of MP-MCM-41 was loaded into an empty SPE column (6 cm
3
) 

equipped with two porous frits at the top or bottom. In order to equilibrate, clean and 

condition the column before use, 5 % v/v HNO3 solution and doubly distilled water were 

passed over the sorbent bed. To determine the efficacy of the modified sorbent for Hg 

(II) ion removal in dynamic mode, a solution containing a known concentration of Hg (II) 

was passed over the sorbent, the eluates were then collected in a glass tubes and the 

concentration of Hg (II) determined by ICP-OES. After the sorbents had removed Hg (II) 

ions the possibility of regenerating the sorbent and recovering Hg (II) from loaded 

sorbents was assessed. As the 0.1 M HCl / 5 % thiourea solution approved to be the best 

reagent in the recovery of Hg (II) ions using the batch method, it was chosen to assess  
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the recovery of Hg (II) in the dynamic mode experiments. Solutions of 0.1 M HCl / 5 % 

thiourea were passed through the loaded sorbents held in the SPE column. The eluates 

were then collected to determine the concentration of Hg (II) recovered from the sorbent. 

6.3 Results and discussion 

6.3.1 Regeneration of MP-MCM-41 adsorbents of mercury using acidified 

thiourea. 

6.3.1.1 Regeneration of MP-MCM-41 using a batch method. 

Solutions of varying concentrations of thiourea prepared in different acidic media (i.e. 0.1 

M of hydrochloric acid, nitric acid, or sulfuric acid) were used to examine the potential  

recovery of mercury ions. As shown in Fig 6-1, the use of acids alone was not able to 

remove  Hg (II) from the mercapto- ligand, with only 1 % recovery being measured. The 

addition of thiourea into the acidic solutions significantly increased the recovery 

efficiencies, with highest recovery values of 90 % being measured for 0.1 M HCl. The 

effectiveness of the acidic thiourea solution in recovering Hg (II) was attributed to a 

double-effect: the acidic hydrogen ions competing for adsorption sites on MP-MCM-41, 

whilst the nitrogen and sulfur atoms of CS(NH2)2 interacted with the adsorbed mercury 

ions. As a consequence, the coordination linkage of (Hg-MP) was easily disrupted 

causing the Hg(II) ions to be released into the aqueous solution [159]. 

Furthermore, the recovery efficacy of mercury in the different acids medium was 

improved in the following order HCl > H2SO4 > HNO3 being HCl the most efficient with 

recovery efficiency of almost 90%. As indicated, the use of H2SO4/TU exhibited slightly 

lower regeneration efficiency than both HCl and HNO3 and that may be attributed to the 

partial dissociation of H2SO4 into the bisulfate anion ( 𝐻𝑆𝑂4
− ).  Hence, as the 

complexation of mercury to thiol group results in the formation of a positive charge, 

stabilized by production of the bisulfate anion is possible as shown below. 

 

C
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H

6Si SH + Hg
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3
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Fig 6-1: Regeneration of MP-MCM-41 using various concentration of thiourea in 

0.1M of HCl, H2SO4, and HNO3 

In the absence of a suitable solid state NMR instrument to examine adsorbent-adsorbate 

interaction, all materials used in the Hg (II) regeneration work were examined by FTIR. 

The FTIR spectra of all samples before and after regeneration are shown in Fig 6-2. 

Absorbance bands at 1030–1240 cm
−1

 were observed for Si–O–Si stretching. The O-H 

bond stretching bands of the silanol groups of MCM-41 were observed at 3200 – 3500 

cm
−1

. After functionalisation the peak intensity of the -OH stretching band of the silanol 

group decreased. In addition, the FTIR spectrum of MP-MCM-41 had bands at 2841 and 

2934 cm
−1

 that were assigned to the C-H stretching mode, and a weak band at 2550-2600 

cm
−1

 which was assigned to the S-H stretching mode. After the modified sorbents were 

loaded with Hg (II) the S-H stretching mode confirming the co-ordination between S and 

Hg. The FTIR spectrum of the regenerated MP-MCM-41 had additional peaks that may 

have resulted from oxidation (autodecomposition) of thiourea over time to produce 

elemental sulfur.[209] 
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Fig 6-2: FT-IR spectra of (I) as made MCM-41, (II) MCM-41, (III) MP-MCM-41, 

(IV) Hg-MP- MCM-41, (V) Re-HCl/TU-MCM-41, and (VI) Re-H2SO4/TU- MCM-41. 
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6.3.1.2 Extraction and recovery of Hg (II) using MP-MCM-41 loaded solid 

phase extraction (SPE) cartridges. 

To further evaluate the extraction and recovery performance of MP-MCM-41, the 

adsorption-desorption experiments were carried out using a SPE column. The extraction 

of Hg (II) was studied in continuous flow at a maximum flow rate of 9 cm
3 

min
-1

 (the 

flow limits of the system used). The dynamic mode experiments were conducted using 

only the extracting solution that provided the highest level of Hg (II) removal in the batch 

experiment (i.e. 5% thiourea in 0.1 M HCl). The results shown in Fig 6-3 indicate that 

almost 100 % extraction efficiencies, and 100 % recovery efficiencies, were achieved 

over the full flow rate range studied. More importantly this system involved reuse and 

clean-up of the same sample cartridge which (as shown in Fig 6-3 ) has been used 6 times 

without any detrimental effects on either extraction or Hg (II) recovery values. The high 

performance of this material  may be due to the high affinity of mercury ions for the 

mercapto functional group as well as the ability of microwave digested MCM-41 to load 

a higher number of functional group [65]. 

  

Fig 6-3: The extraction of mercury ions under different flow rate. 
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6.3.2 Preconcentration of Hg (II) using MP-MCM-41 loaded solid phase 

extraction (SPE) cartridges. 

As the concentration of mercury in environmental water samples is usually lower than the 

detection limit of analytical instruments, it is generally necessary to enrich target analytes 

from large volume of water samples. To explore the possibility of concentrating low 

concentrations of mercury from large volumes of solution, four solutions containing 100 

cm
3
 of water were spiked with different concentrations of Hg (II) (from 0.01 to 1 µg 

cm
−3

) and the solution pH was adjusted to 3. Solutions that contain Hg were passed over 

the sorbent in the SPE column. To assess the performance of the sorbent, eluates were 

collected in a glass tubes and the concentration of Hg (II) determined by ICP-OES. Then, 

recovery of Hg (II) was examined using 10 cm
3
 of the recovery solution (0.1 M HCl / 5 

% thiourea). As shown in Table 6-1, an enrichment factor of 10 was easily achieved with 

this simple process indicating that the method may be of use to pre-concentrate trace 

amounts of Hg (II) in  water samples. 

Table 6-1: Preconcentration of Hg (II) from water samples using SPE column. 

Sample 

Hg 

concentration 

found (µgml
-1

) 

Eluted with 10 cm
3 

of 

0.1M HCl/5%TU (µgml
-1

) 

Enrichment 

factor 

Recovery 

(%) 

0.01ppm Hg (II) BDL* 0.09 

10 

94 

0.05ppm Hg (II) BDL* 0.53 106 

0.1ppm Hg (II) BDL* 0.97 97 

1 ppm Hg (II) BDL* 10.30 102 

*BDL – below detection limit. 
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6.4 Conclusion  

The regeneration of MP-MCM-41 loaded with Hg (II) ions was investigated with batch 

and dynamic methods using thiourea that was acidified using different acidic solutions 

(i.e. HNO3, H2SO4, and HCl); with HCl being the most efficient with recovery efficiency 

of almost 90 %. The dynamic method regeneration experiments were conducted using 

HCl / thiourea. The results indicated that a high elution efficiencies, of almost 100 % 

could be achieved; the high elution efficiency was attributed to the fact that the loaded 

sorbent was in contact continuously with acidified thiourea. Furthermore, the results 

indicated that it was possible to pre-concentrate Hg (II) from a large sample volume using 

this dynamic recovery method. In addition, the preparation of the SPE column is 

relatively easy and rapid. Therefore, this new developed method could be used for trace 

mercury analysis in environmental samples with satisfactory results. 
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Chapter 7 : Synthesis of iron supported on bioinspired 

green silica for the removal of arsenic ions from water 
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7.1 Introduction 

The contamination of water by heavy metal ions, such as arsenic, has posed severe health 

problems in many countries such as Bangladesh, Canada, Cambodia, China, Hungary, 

India, and the USA. [210-213] Arsenic has been classified as group 1 carcinogen and 

chronic exposure to low arsenic levels has been linked to health complications, including 

cancer of the lung, kidney, skin, and bladder, as well as other potential effects include 

neurologic impairment.[214,215] Inorganic and organic arsenic species are found in the 

environment as naturally occurring substances, with inorganic forms being more 

abundant.[216] In natural waters, two forms of arsenic are common: arsenite and arsenate 

referred to As (III) and As (V), respectively. Several forms of arsenic undergo acid–base 

equilibria, therefore different minor and major species will be present as function of pH, 

as shown in Fig 7-1.  

 

Fig 7-1: Distribution of As (III) and As (V) hydroxide species as a function of pH at 25 

°C.[217] 

The sequential dissociation of As (OH)3 in water will be according to the following 

equations (Eq. 7-1 - Eq. 7-3) 

𝐴𝑠(𝑂𝐻)3  ↔ 𝐴𝑠(𝑂𝐻)2𝑂
−  + 𝐻+                                   𝑝𝐾𝑎1 = 9.2 Eq. 7-1 

𝐴𝑠(𝑂𝐻)2𝑂
−  ↔ 𝐴𝑠(𝑂𝐻) 𝑂2

2−  + 𝐻+                            𝑝𝐾𝑎2 = 12.1 Eq. 7-2 

𝐴𝑠(𝑂𝐻) 𝑂2
−2  ↔ 𝐴𝑠𝑂3

3−  + 𝐻+                                      𝑝𝐾𝑎3 = 12.7 Eq. 7-3 
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According to Fig 7-1, at neutral pH As (OH)3 is the dominant species while As (OH)2O
− is 

present as small fraction (< 1%).  

As (V) is triprotic acid (Eq. 7-4 - Eq. 7-6) 

𝐴𝑠𝑂(𝑂𝐻)3  ↔ 𝐴𝑠𝑂2(𝑂𝐻)2
−  + 𝐻+                                   𝑝𝐾𝑎1 = 2.3 Eq. 7-4 

𝐴𝑠𝑂2(𝑂𝐻)2
− ↔ 𝐴𝑠𝑂3(𝑂𝐻)

2−  + 𝐻+                                𝑝𝐾𝑎2 = 6.8 Eq. 7-5 

𝐴𝑠𝑂3(𝑂𝐻)
2−  ↔ 𝐴𝑠𝑂4

3−  + 𝐻+                                         𝑝𝐾𝑎3 = 11.6 Eq. 7-6 

At neutral pH, almost equal concentration of 𝐴𝑠𝑂3(𝑂𝐻)
2−  and  𝐴𝑠𝑂2(𝑂𝐻)2

−  will be 

present, Fig 7-1. Whereas at low pH value (pH< 2) As (V) will be present as H3AsO4. 

[217] 

As (III) is usually more mobile and toxic than As (V) due to its high affinity for the 

sulfhydryl groups of biomolecules such as glutathione-S-transferases (GST) and lipoic 

acid-containing enzymes. [217,218] As (III) is difficult to remove from water using 

techniques such as ion exchange, coagulation/precipitation, or reverse osmosis.[219] 

Therefore, the removal of As (III) is usually carried out by first oxidizing it to As (V) and 

then As (V) can be removed using various adsorption techniques using adsorbents 

including iron oxides, activated alumina, activated carbon and polymer resins.[220,221] 

The air oxidation of As (III) was found to be a very slow process taking weeks for full 

oxidation to take place.[222] Hence, the reaction of As (III) oxidation should be 

catalysed, in order to convert As (III) to As (V) within the time scale of few minutes. Kin 

and co-workers,[223] investigated the oxidation of As (III) in ground water using oxygen 

and ozone. The results showed that when iron was present, the reaction occurred very 

quickly. This was due to iron and oxygen at neutral pH producing H2O2, which rapidly 

oxidised As (III) to As (V).[215,223] 

One of the common methods used for the removal of arsenic species is by adsorption 

onto amine- or thiol- surface modified silica materials. [224-227]. Yoshitake et al.[181] 

studied the influence of amine group density on the extraction of arsenate ions via 

exposing arsenate solution into mono-, di-, tri amino functionalized silica materials, the 
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results show that increasing the number of amine group resulted in improvements in the 

adsorbent performance. 

The use of iron loaded mesoporous materials have also been shown to be a potential 

sorbent for the removal of arsenic species from contaminated aqueous solutions.[228] 

Jeon et.al [229] studied the adsorption of arsenate ions using iron-coated zeolite (ICZ) as 

adsorbent. The results obtained indicated that As (V) was completely removed within 30 

min (at a concentration of 2 μgcm
-3

). Zhu et.al [230] synthesised nanoscale zero-valent 

iron supported onto activated carbon and it was evaluated for the adsorption of  As (III) 

and As (V), a maximum adsorption capacity of 18.2 or 12.0 mg/g was achieved for As 

(III) or As (V). 

Previous sections of this thesis have demonstrated similar successful removal of metal 

ions from water using surface modified mesoporous materials (such as MCM-41 or SBA-

15).  However, it was thought that, although the adsorbents performed very well in 

extraction experiments, the use of conventional syntheses methods might lead to further 

environmental problems. For example, the unused initial reactants that remain in 

discarded solutions, (including the silica, organic templates, and the corrosive solutions) 

will contribute to severe health and environmental impacts.[231,232] Furthermore, care 

needs to be given to the use of alkoxysilanes which can cause acute toxicity.  Finally, 

after months of experience working with mesosilica materials it became apparent that the 

synthesis procedures were lengthy (11 – 72 h), involved various steps, required high 

temperatures and extremes of pH (80-120
o
C and pH~1). Thus, faster, cheaper and greener 

synthesis routes, taking into consideration the whole life-cycle of mesoporous silica 

materials from extraction of the raw material to disposal at the end of their life, were 

explored to provide alternative cost effective, reusable silica adsorption platforms for 

removal of As from water. 

The new methods explored were based on the production of silica using bioinspired green 

routes which mimic the biosilicification process.[233,234] since bioinspired synthesis 

routes have been shown to be simpler to perform and use milder conditions.[235] The 

biomolecules involved in biosilica formation have been used to establish synthetic 

“additives” which are effective for producing silica on a laboratory scale.[236] Additives 
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can significantly affect the process of silica production and often act as catalysts, hence 

allowing the process to be carried out rapidly, and under milder conditions.[237] 

Furthermore, bioinspired methods allow a better control over chemical and physical 

properties of the products and offers the possibility of one-pot green synthesis of hybrid 

materials such as optical and catalytic materials.[238]  

In this work bioinspired silica will be prepared with and without inclusion of iron ions. 

There has been increased interest in the use of iron as a reductive agent to decontaminate 

a wide range of pollutants including polyaromatic hydrocarbons (PAHs), chlorinated 

aliphatic hydrocarbons (CAH), nitroaromatic compounds (NAC), inorganic ions (nitrates 

and phosphates), organic dyes and pesticides and heavy metal ions.[239-243] The use of 

nano-iron particales has also received a great attention due to its large active surface area 

and high arsenic adsorption capacity.[228] When used in a nanoparticle form, the small 

particles size (1-100 nm) of iron contributes to high surface area and hence better 

decontamination. Moreover, iron has been reported to be flexible in both in situ and ex 

situ remediation systems.[244] However, the problem of aggregation of iron was 

observed which leads to the declined in iron reactivity.[245] In addition, this material 

usually appears as fine powders, hence cannot be applied in water treatment system 

because of the fast loss of the iron particles in drinking water.[230] Therefore, it is 

necessary to load the iron nanoparticles onto materials with high surface area such as 

zeolite, activated carbon, and mesoporous silica.[229,230,246] Various studies showed 

that the aggregation of iron was reduced by introducing support materials such as clay 

mineral, polymers, ceramics and porous carbon which increased the surface area of iron 

in addition to rendering improved stability and better dispersion of iron and hence 

increased the efficiency for catalytic decontamination.[247-251] 

These supported catalysts are typically prepared in a two-step process: synthesis of the 

support followed by catalyst (iron) loading on the support, usually via adsorption or co-

precipitation.[250] In the one-step procedure, the supported catalyst is produced in a 

single step, whereby the iron nanoparticles and the silica gel are produced 

simultaneously. This has been accomplished by a variety of methods, such as arc-

discharge,[252] sol-gel,[253]  micro-emulation,[254-256] reactors,[257] or low pressure 
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flames.[258] Among these methods, a sol-gel technique followed by processing at 

elevated temperatures was the most widely used. Typically, the iron precursor was first 

mixed with a silica source (tetraethylorthosilicate) in ethanol and gelation was allowed to 

occur over several days before the filtration step. The materials was then heated to the 

desired temperature to obtained the desired iron oxide phase ( α- , γ- , or ε-Fe2O3-

SiO2).[259-262] In the two-step procedure, both silica gel and iron nanoparticles were 

produced first and the encapsulation process was performed later.[263-266] Although the 

one-step procedure is the most widely used compare to the two-step procedure, the one-

step procedure suffers from a major disadvantages, including the use of surfactants, 

reactors, or stabilizer to improve the dispersion process. It is well known that these 

chemicals are not easily removed, hence it was not suitable for some uses such as in 

biomedical applications.[255]  

In summary, in this chapter a simple, fast, and green synthetic route of porous silica 

materials encapsulated with iron was assessed. The iron supported by silica was 

synthesised using a bio-inspired route drawing the inspiration from the bio-silicification 

process. Furthermore, the Fe-GN material was reduced using a reducing agent in order to 

obtain zero-valent iron as several studies reveal that zero-valent iron has shown high 

affinity toward the removal of organic and inorganic contaminants that present in the 

aqueous solutions. [267-271] Although the preparation of nanoparticles encapsulated in 

silica using bioinspired routes has been demonstrated for quantum dots, iron oxide 

particles and gold particles,[272-275] iron supported on silica – hereafter referred to as 

(Fe-GN) has not been reported before, let alone for applications in environmental 

remediation. The novel iron supported on the green silica nano particles (Fe-GN) were 

characterised in order to determine their chemical, textural and surface properties, to aid 

refinement of synthesis conditions. The new materials were examined, for the first time 

for As removal, together with determination of the adsorption capacity, effect of 

extraction pH, regeneration of the sorbent and applicability for clean-up of environmental 

samples. The effectiveness of these GN were also assessed in a packed-bed column under 

continuous flow of As contaminated water. Finally, the potential of GN in treating real 

polluted water samples were examined.  
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7.2 Experimental 

In order to evaluate the difference between the synthesis regimes of conventional 

mesoporous silica with bioinspired green nanoparticles (GN) the reaction conditions are 

compared in Table 7-1. Before evaluating the performance of GN for water treatment and 

arsenic removal, the material’s physical and chemical properties were investigated  

 

Table 7-1: Comparison between the synthetic conditions for Fe-MS and Fe-GN. 

 Conditions Fe-MS Fe-GN 

S
te

p
 1

 

Chemicals Alkoxysilane, 

surfactant, ethanol 

Sodium silicate, 

additive, iron precursor, 

water 

T, t, pH 60-100
o
C, 2-5 days, 

pH2 or 10 

20
o
C, 15 min, pH7 

S
te

p
 2

 Chemicals Iron precursor, acetone 

or ethanol 

n/a 

t 5-24h n/a 

 

 

7.2.1 Material and reagent 

Sodium metasilicate (Na2SiO3·5H2O, Fisher Scientific), pentaethylenehexamine (PEHA, 

C10H28N6 Sigma Aldrich), iron nitrate (Sigma Aldrich), hydrochloric acid (HCl, 36 wt.%, 

Fisher Scientific), borohydride solution (NaBH4 Sigma Aldrich), sodium arsenate dibasic 

heptahydrate (99.995%, Sigma Aldrich), nitric acid (HNO3, 65 wt.%, Fisher Scientific) 

and ethanol absolute (Sigma Aldrich) were used as supplied. Glassware was soaked in 

5% HNO3 overnight and cleaned with deionised water before use. Deionised water was 

used throughout this work. 
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7.2.2 Synthesis of Fe-GN 

The synthesis of bioinspired silica, GN, was performed as outlined in section 3.1.3. 

Briefly, a solution of sodium metasilicate in deionized water was acidified using 1 M HCl 

and mixed with a solution of PEHA and, if required, the final solution pH adjusted with 

1M HCl to 7.0±0.1. The final concentration of silicate and amine were 30mM. The 

resultant as-synthesized precipitate was collected after 15 min by filtration, washing three 

times with deionized water, and drying in air at room temperature. 

In order to synthesise iron containing GN, approximately 6 g of iron nitrate was dissolved 

in water than was added to the silicate-PEHA mixture immediately before the pH was set 

to 7 to obtain 1:2 Fe:Si ratio (50% Fe/Si). After mixing the solution pH was adjusted to 

7.0 ± 0.1 as above. The solution was left for approximately 15 min producing as-

synthesized iron-silica precipitate which was collected by filtration, washing three times 

with deionized water, and drying in air at room temperature (hereafter referred to as “as 

made Fe-GN”) before calcination at 550 °C for 5 h, to produce Fe-GN. Another set of 

samples of different iron to silica ratio were prepared by dissolving an amount of 0, 0.6, 

1.2, 2.44 and 3 g of iron nitrate in water prior to the addition to the silicate-PEHA 

mixture to obtain 0, 5, 10, 20, 25% of Fe/Si samples, respectively. A schematic diagram 

which illustrates the material is given in Fig 7-2. 

 

Fig 7-2: A schematic diagram of the synthesis of Fe-GN sorbent. 
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7.2.3 Reduction of GN: 

0.5 M of sodium borohydride solution was added in excess to Fe-GN and the solution 

was left to react for 1 h. Since the reduction reaction will produce hydrogen gas, the cap 

of vial was removed frequently to avoid pressure build up. The solution was centrifuged 

for 15 min at 8000 rpm and the supernatant was disposed. The reduced Fe-GN were then 

washed with ethanol and centrifuged. This method was repeated twice and the particles 

were dried in oven at 85 °C for 2 h to produce R-Fe-GN. 

7.2.4 Synthesis of iron loaded MCM-41. 

Iron loaded MCM-41 was synthesised for the sake of comparing its performance with the 

new Fe-GN material and it was synthesised as follow, approximately 8.8 g of CTAB was 

dissolved under slight warming (35 °C) in a mixture of 208 cm
3
 of distilled H2O and 96 

cm
3
of aqueous NH3. To this clear solution, 40 cm

3 
of TEOS (approximately 0.2 moles of 

Si) was slowly added under stirring followed by the addition of 25 cm
3 

of 20 % w/w iron 

nitrate (0.012 moles of Fe), to give a Si/Fe ratio of approximately 16%.[276] After 

further stirring for 4 h, the gel was aged at room temperature for 24 h in a closed 

container. The product was obtained by filtration, washed with 600 cm
3
of distilled H2O, 

and dried in air at room temperature the sample was then calcined at 550 °C (hereafter 

referred to as Fe-MCM-41). Reduction of Fe-MCM-41 was done using the method 

described in section 8.2.4 and the obtained material was dried in oven at 85 °C for 2 h to 

produce Fe-MCM-41-R. The surface of MCM-41 was also functionalised with and 

without iron using mercapto using the method described in section 3.1.4 to produce MP-

Fe-MCM-41 and MP-MCM-41. 

7.2.6 The efficiencies of sorbents in real water samples 

To evaluate the environmental performance of sorbents with real samples, a river water 

sample and a tap water sample were analysed as outlined in section 3.2.2. The river and 

tap water samples were known to contain high concentrations of metal ions, but not 

arsenic and so they were spiked to produce solutions containing 1 µg cm
-3

 of As (V). In 

each experiment 25 mg of Fe-GN was added to solutions which were stirred for 2 h. Then 

the solutions were filtered and the aliquots were analysed by ICP-OES to examine the 

extraction efficiency. Then the material was washed with 0.1 M sodium hydroxide to 
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examine the possibility to recover metals ions from the sorbent after extraction. 

7.2.7 Adsorption isotherms for the maximum adsorption capacity 

evaluation 

To study the maximum adsorption capacity of arsenic on the prepared GN, the Langmuir 

and Freundlich isotherm models were applied to experimental data. Extraction 

experiments used 25 cm
3
 spiked solutions (40, 60,80 or 100 μg cm

-3
) of As (V) and 50 

mg of each GN adsorbent. Solutions were held at 20 ° C, pH 3 and stirred at 250 rpm for 

120 min. The amount of As (V) extracted at equilibrium; qe (mg/g) was calculated 

according to the following equation: 

𝑞𝑒 =
𝐶0−𝐶𝑒

𝑊
𝑉                                                                      (1) 

Where C0 and Ce (mg/cm
3
) are the liquid phase initial and equilibrium concentrations of 

As (V) ion respectively. V is the volume of the solution (cm
3
) and W is the mass of 

sorbent (g) used.[277] The sorption equilibrium data of As (V) onto Fe-GN were 

analysed by fitting the data to Langmuir and Freundlich isotherm models summarised in 

Eqs. (2) and (3) respectively.[278]  

𝑞𝑒 = 
𝑏 𝑞𝑚𝐶𝑒

1+𝑏 𝐶𝑒
                                                               (2) 

Where qe (mg/g) and Ce (mg/dm
3
) are the equilibrium concentrations of As (V) in the 

adsorbed and liquid phases, and qm (mg/g) and b (L/ mg) are the Langmuir constants and 

qm is the maximum monolayer capacity. 

𝑞𝑒 = 𝐾𝑓 𝐶𝑒
1/𝑛

   (3) 

where Kf (mg/g) and n (L/mg) are the Freundlich constants, which are related to the 

sorption capacity and intensity of adsorption, respectively. For predicting the 

favourability of an adsorption system, the Langmuir equation can also be expressed in 

terms of a dimensionless separation factor (RL) by using the Langmuir constant b and the 

initial concentration of As (V) C0 (see Eq. (4)). 

𝑅𝐿 =
1

1+𝐶0𝑏
                                                (4) 
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When, RL>1, RL=1, 0<RL<1 and RL=0, indicates unfavourable, linear, favourable and 

irreversible, adsorption isotherms, respectively. [123,124] 

7.2.8 Characterisation and analysis 

Nitrogen adsorption−desorption isotherms were collected using a Micromeritics ASAP 

2420 surface area and porosity analyser after sample degassing for 6 h at 200 °C. The 

Brunauer−Emmett−Teller (BET) surface areas were calculated using experimental points 

at a relative pressure (P/P0) of 0.05−0.25. The total pore volume was calculated from the 

N2 amount adsorbed at the P/P0 of 0.99, and the average pore size distribution of the 

materials was calculated using the Barret− Joyner−Halenda (BJH) model from a 28-point 

BET surface area plot. Desorption isotherms were used to calculate the pore diameters.  

Elemental analysis was carried out using an Exeter Analytical CE440 elemental function 

to provide the functional group (carbon and nitrogen) and hydrogen content of the studied 

materials. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-

FTIR) data were obtained using an ABB MB3000 combined with the Horizon MB™ 

FTIR software, which facilitated acquisition, processing and analysis of samples. A small 

amount of sample, approximately 1 mg was placed on the diamond sample holder and 

spectra were acquired at a resolution of 4 cm
-1

 with 32 scans. The deconvolution of silica 

peaks was performed using Grams programme. The transmission 
57

Fe Mössbauer spectra 

were collected using a Mössbauer spectrometer in a constant acceleration mode with a 

57
Co(Rh) source. The isomer shift values were related to metallic α-Fe at room 

temperature (RT). The measurements were performed at RT and 5 K in a zero external 

magnetic field and at 5 K in an external magnetic field of 5 T, applied parallel to the 

direction of the gamma-rays propagation. Low temperature and in-field measurements 

were obtained using a cryomagnetic system by Oxford Instruments.   

X-ray photoelectron spectroscopy data were obtained using a Thermo Electron 

Corporation ESCA Lab 250 instrument with a chamber pressure maintained below 1 × 

10
-9

 mbar during acquisition. A monochromated Al Kα X-ray source (15 kV 150 W) 

irradiated the samples, with a spot diameter of approximately 0.5 mm. The spectrometer 

was operated in Large Area XL magnetic lens mode using pass energies of 150 and 20 

eV for survey and detailed scans, respectively. The spectra were obtained with an 
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electron takeoff angle of 90
o
. Charge compensation was applied using a low energy flood 

gun. High-resolution spectra were fitted using Avantage (Thermo VG software package) 

peak fitting algorithms. 

7.3 Results and discussion 

7.3.1 Materials characterisation 

7.3.1.1 Iron loading efficiency and nitrogen adsorption isotherms analysis: 

An initial investigations using iron loading from 0-50% indicated a gradual increase in 

the surface area from ~20 m
2
 g

-1
 to ~240 m

2
 g

-1
 with increasing iron loading, and 

typically samples with higher iron content exhibited higher pore volumes.[280] It is likely 

that since a mild room temperature aqueous synthesis method was used here, the solution 

chemistry of iron and its interactions with silicate may influence the properties of the 

final product. These possibilities are further explored in later sections. Nevertheless, it 

was clear that for attaining high porosities in this material, a high iron content was 

required, mutually beneficial qualities for pollutant removal and as a result, in the report, 

we decided to focus on 50% iron loaded samples in order to allow systematic 

investigations. 

Five silica samples were assessed for removal of As (V) from solution: three contained 

Fe at a 50 % loading  (as made Fe-GN, Fe-GN and R-Fe-GN) and two without iron (as 

made GN and GN). The samples prepared without Fe both demonstrated Type II 

isotherms, with the GN samples also illustrating a H4 hysteresis that was attributed to the 

presence of a small amount of mesopores (Fig 7-10 C&D). The results obtained from the 

BET analysis of the nitrogen adsorption experiments for the samples are summarised in 

Table 7-2.The as made GN had the lowest surface area at 12 m
2
 g

-1
 (and no pore volume 

or pore size, presumably due to template inclusion), which increased significantly as 

expected to 347 m
2
 g

-1
 after the removal of the bioinspired additive to produce a material 

with a pore size and pore volume of 3.5 nm and 0.23 cm
3
 g

-1
. When iron was 

incorporated into the synthesis mixture the silica framework of GN appeared to greatly 

alter. The type IV N2 sorption isotherms given in (Fig 7-10 A&B) suggest that all GN 

containing Fe were mesoporous. Even without the removal of the template, as made Fe-
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GN had a surface area of ~244 m
2
/g and an average pore size of ~18 nm; the latter being 

an interesting and remarkable feature that can provide accessibility to bulky analytes. 

This phenomenon is likely to provide a significant advantage to GN family of materials 

over conventional materials such as Fe-mesosilica which require the removal of the 

organic template in order to attain any useful surface area. This characteristic of as made 

Fe-GN could be attributed to the influence of the Fe
3+

 ions on silica condensation 

reactions, producing a significantly different microstructure compared to the as made GN.  

Table 7-2: Porosity data for GNs and Fe-GNs. 

Sample 
Surface area 

(m
2
 g

-1
)
a
 

Pore size 

(nm)
b
 

Pore volume 

(cm
3
 g

-1
)
c
 

as made GN 12 Nil Nil 

GN 347 3.5 0.2 

as made Fe-GN 244 18.6 0.8 

Fe-GN 203 18.6 0.6 

R-Fe-GN 129 18 0.5 

a
 Calculated by the BET model from sorption data in a relative pressure range from 0.05 to 0.25. 

b
 Calculated by the BJH model from the desorption branches of isotherms. 

C
 Calculated from N2 amount adsorbed at a relative pressure P/Po of 0.99. 
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Figure 7.1: Nitrogen adsorption (−) desorption (⋯) isotherms (A,C) and pore size 

distribution (B,D) for GN with (a,b) and without (c,d) iron. 
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7.3.1.2  Elemental (CHN) analysis 

Further quantification of the chemical composition of the samples was performed using 

Elemental (CHN) analysis (Table 7-3). The presence of nitrogen and carbon in the air 

dried samples confirmed that these samples retained PEHA (samples as made GN and as 

made Fe-GN). Interestingly, when the samples with and without iron were compared, the 

amine loading reduced from 4.49 for as made GN to 2.66 mmolg
-1

 for as made Fe-GN 

(reduction in both N and C content; Table 7-3). This implied that the presence of iron in 

the synthesis solution has an effect on amine loading. This can be explained from ionic 

interactions: both amine and iron being cationic they compete with each other for anionic 

silica sites. Calcination appeared to completely remove PEHA; the carbon content 

reduced to undetectable levels (GN vs. Fe-GN). Furthermore, the reduction by sodium 

borohydride seem to have increased the hydrogen content, perhaps through hydration of 

the samples, although the exact reason for this increase was not known.  

 

Table 7-3: Elemental analysis data recorded for the GN samples 

Sample % C % H % N L0 (mmol/g)
a
 

as made GN 9.4 3.1 6.3 4.5 

GN 0 1.1 0 

 as made Fe-GN 5.3 2.9 3.7 2.7 

Fe-GN 0 0.2 0  

R-Fe-GN 0 1.1 0  

a
 degree of residual PEHA (L0 millimoles of nitrogen per gram of silica) 
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7.3.1.3  X-ray Photoelectron Spectroscopy (XPS) 

In order to further investigate the composition of inorganic components and the oxidation 

state of iron, XPS analyses were performed. XPS analysis provided the evidence of 

silicon and iron in the samples (Table 7-4 and Fig 7-3 a). The Si 2p peak was consistent 

with the silicon oxide bond. Upon chemical reduction of samples using sodium 

borohydride, residual sodium and boron were detected for R-Fe-GN but not for as made-

Fe-GN. Iron content in as made-Fe-GN was 3 at% with Fe:Si atomic ratio of 0.11. 50 

wt% Fe in silica samples corresponds to ~9 at% with an atomic ratio of Fe:Si calculated 

to be ~ 0.5. This difference between the iron content expected and measured by XPS 

could be attributed to the fact that XPS is a surface specific technique with sub-micron 

penetration depth. Since iron is loaded in situ, it is more likely that it will be present in 

the bulk of the sample and not only on the surface. Reduction in total iron and silicon 

content upon reduction was coupled with increased oxygen and hydrogen (Table 7-4 and 

Table 7-3) content, consistent with the possibility of hydration upon reduction. Further 

analysis of the Fe2p1 peak for the R-Fe-GN (Fig 7-3 b) indicated that most of the Fe 

species are likely to be either in the Fe
+2

 or Fe
+3

 oxidation state, while the lack of a strong 

satellite peak suggests it is more likely Fe
+3

. A weak shoulder at binding energy of 707 

eV indicates the presence of very little amount of Fe
0
 metal, if any. This result is 

surprising because it was expected that upon chemical reduction, most of the iron will be 

converted to zero valent metal. These results were further validated by using Mössbauer 

spectroscopy. 

Table 7-4: Elemental quantification obtained from XPS analysis. 

Element BE (eV) 
Atomic % 

As made-Fe-GN R-Fe-GN 

O 530 19 37 

Na 1070 0 5.8* 

Fe 710 3 1.2 

B 191 0 8.9* 

Si 101 26 9.2 
*
From reducing agent – sodium borohydride. 
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Fig 7-3: (a) Representative XPS survey scans for two iron containing samples. (b) 

High resolution Fe2p1 spectrum for R-Fe-GN sample. 
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7.3.1.4  Mössbauer Spectroscopy  

Mössbauer spectroscopy provided additional information on the chemical nature of the 

iron in the samples. Room temperature Mössbauer spectra of the both samples (before 

and after the sodium borohydride treatment) could be fitted by one doublet component 

with isomer shift of ~0.35 mm/s indicating a presence of octahedral trivalent iron atoms 

in the structure of ferric oxide or (oxy)hydroxide. No zero valent and/or divalent iron 

were detected in the spectra, even for samples reduced using sodium borohydride for 

extended periods. More detail information was obtained from low temperature (T = 5 K) 

and in-field (B = 5 T) spectra (Fig 7-4). The zero-field spectrum of the sample before the 

sodium borohydride treatment (Fig 7-4 a) showed two components including a minor 

doublet (isomer shift of 0.42 mm/s, quadrupole splitting of 0.81 mm/s) and a major sextet 

(isomer shift of 0.44 mm/s, quadrupole shift of -0.03 mm/s) with a broad and uniform 

distribution of hyperfine magnetic field ranging from 0 to 50 T. Such a spectrum reflects 

unusually low magnetic ordering temperature of the ferric oxide or (oxy)hydroxide phase 

and thus a presence of very small nanoparticles (< 10 nm).  

The 5 K zero-field spectrum of the sodium borohydride treated sample (Fig 7-4 b) shows 

even higher content of the doublet so the magnetic ordering temperature was even lower 

and the nanoparticles were smaller in comparison with the “non-treated” sample. It is 

known that small nanoparticles of iron oxide (approximately below 15 nm) can show 

superparamagnetic behavior under so called blocking temperature, which is usually much 

more lower than conventional Curie or Néel temperature of a magnetic ordering. 

Blocking temperature is strongly dependent on particle size (decreases with a decrease in 

the particle size) and also on the characteristic time of experimental technique. 

Mössbauer spectroscopy with very low characteristic time (~10
-8

 s) presents the most 

suitable method for an observation of this superparamagnetic phenomenon. Thus the 

doublets in the low temperature spectra (Fig 7-4 a and b) corresponded to 

superparamagnetic (smaller) particles and the sextets result from bigger particles, which 

were in a magnetically blocked (ordered) state. The superparamagnetic regime was also 

confirmed by in-field Mössbauer spectra (Fig 7-4 c and d), where the sextets with 

effective magnetic field exceeding 30 T were observed. In contrast, with a paramagnetic 

phase, the effective magnetic field has to be equal to the external magnetic field (5 T in 
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our case). The quadrupole shifts of the both sextets (Fig 7-4 c and d) were close to zero 

indicating amorphous Fe2O3 or Fe(OH)3. The Mössbauer spectroscopy data confirmed 

that nanoparticles of ferric oxide or hydroxide were incorporated, and were probably 

uniformly distributed, within the silica matrix. The long-term sodium borohydride 

treatment did not result in a reduction of the ferric oxide phase at all. It did however 

result in a particle size decrease.  

 

Fig 7-4: Zero-field and low temperature (5 K) Mössbauer spectrum of the sample 

before (a) and after (b) sodium borohydride treatment. In-field (5 T) and low 

temperature (5 K) Mössbauer spectrum of the sample before (c) and after (d) sodium 

borohydride treatment.  
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7.3.1.5 Attenuated Total Reflectance Fourier Transform Infrared 

spectroscopy (ATR-FTIR) 

Further characterisation of the as made GN and as made Fe-GN samples was performed 

using ATR-FTIR (Fig 7-5 a). The results supported the formation of silica; as was evident 

from the siloxane (Si-O-Si) peaks at ~1100 cm
-1

 and 800 cm
-1

. The presence of PEHA 

was also detected from amine peaks located in the region of 1500-1700cm
-1

. Although 

the shape of the siloxane peak at ~1100 cm
-1

 was as expected for the sample without iron 

(as made GN), the shape of this peak was found to significantly change for the sample 

containing iron (as made Fe-GN). This suggested that the inclusion of iron affected the 

materials produced at a molecular level and further supported the observed differences in 

porosities discussed above between samples with and without iron. In order to further 

probe the effect of iron on silica, peak deconvolution protocol was applied to the ~1100 

cm
-1

 peak of both samples. In the sample without iron (as made GN), the usual silica 

peaks were identified ( Fig 7-5 b), which included asymmetric Si-O-Si stretching modes 

at ~1150cm
-1

 and ~1060cm
-1

 (transverse and longitudinal optic modes, TO and LO, 

respectively), symmetric Si-O-Si stretching modes at ~800cm
-1

 and silanol (Si-OH) 

bonds at ~950cm
-1

. Analysis of the as made Fe-GN sample peak indeed highlighted 

drastic differences (Fig 7-6 a), in particular, the presence of additional peaks at ~954 cm
-1

 

and ~870 cm
-1

. In the literature, these peaks have been commonly found in sol-gel 

materials and were attributed to Fe-O-Si / Fe-O-OH.[281,282] Furthermore, as the iron 

content was increased from 0 % to 50 %, the area under the Fe-O-Si peak was found to 

increase (Fig 7-6 b), thus further strengthening the formation of iron oxide-silica 

composite material.  
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Fig 7-5: (A) ATR-FTIR spectra for samples with and without iron. (B) The 

deconvolution of ~1100cm
-1

 region for sample without iron. 
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Fig 7-6: (A) The deconvolution of ~1100cm
-1

 region for sample with  iron. (B) Iron 

content, measured from the area under the Fe-O-Si peak, as a function of iron 

loading. 
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In summary, the materials characterisation suggested that the presence of iron profoundly 

affected the chemical nature of the GN samples, in addition to the physical properties, as 

observed from the porosity measurements. The surface area was found to depend on iron 

loading, calcination and chemical reduction. Further, chemical reduction increased the 

hydration of samples. It was clear that iron was not in a zero valent form, but rather in an 

Fe
II
 or, more likely, Fe

III
 oxidation state, presented as well-dispersed, 10 nm particles of 

iron oxide, hydroxide and/or oxyhydroxide, in addition to Si-O-Fe. 

 

7.3.2. CASE STUDY: The adsorption of arsenic using different silica 

platforms. 

7.3.2.1 Effect of solvents on the signal intensity of ICP-OES. 

In order to eliminate variations in the arsenic signal intensities in the ICP, caused by the 

use of different matrices,  solutions containing 0.5 μgcm
-1

 of As were prepared in NaOH, 

HNO3, or HCl at concentrations ranging from 0.05 to 0.2 M. The results shown in Fig 7-7 

indicated that almost no affect was observed on the As signal intensity when HNO3 and 

HCl were used. Whereas, a significant decrease in the net As ion signal was observed on 

increasing NaOH concentration. Such a suppression of the arsenic signal intensity could 

be attributed to one or more of the following reasons (i) an easily ionised element (EIE) 

effect (elements with low ionisation potentials, such as alkaline elements), (ii) a reduction 

in the aerosol transport efficiency caused by a change in the aerosol density, (iii) an 

increase in the viscosity which results in a decrease in the uptake rate. [283,284] 
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Fig 7-7: Effect of NaOH, HNO3, or HCl concentration on net As ion signal (0.5 μgcm
-1

 

as As). 

On the basis of results presented above, matrix matching between the samples and the 

calibration standards would be essential in order to obtain an accurate quantitation of As. 

Furthermore, sodium hydroxide (0.1 M) used for the recovery of arsenic ions would be 

diluted with water more than 20 times before ICP analysis to minimise the signal 

intensity reduction.  

7.3.2.2 Effect of pH 

The 10 different samples of GN or MCM-41 based adsorbents were each added to 25 cm
3
 

aqueous solutions containing 20 μg cm
-1

of As (III) or As (V) ions. The solution pH was 

altered (to 3, 5, 7, 9, or 11), to test the materials’ extraction efficiencies over a wide pH 

range see Fig 7-8. Only MP-MCM-41 was able to remove As (III) over the full pH range 

studied. This could be attributed to the high affinity of As (III) species for the sulphur-

containing functional group. [217,218] As (V) was shown to have a high affinity towards 

iron containing sorbents, for example, it was found that neither as made GN nor GN on 

their own removed any As (V) from solution regardless of solution pH (Fig 7-8 B). In 



 

 

168 

contrast, all Fe-containing GN samples (as made-Fe-GN, Fe-GN, or Fe-GN-R) 

successfully removed As (V) ions from solution. This clearly suggested that the presence 

of iron was a dominated factor in As (V) removal. Highest extraction efficiencies were 

observed at a solution pH of 3 when the dominant species of As (V) ions is H2AsO4
-

.[285] At pH 3, best extraction results (100 %) were demonstrated for as made-Fe-GN, 

indicating the possibility of co-operative effects from PEHA and iron
 
towards the 

adsorption of this bulky inorganic anion. The surface amines, detected by FTIR and XPS, 

will be protonated at pH 3, further facilitating interactions between the negatively 

charged arsenic ions with the GN surface. It was interesting to note that Fe-GN-R 

exhibited the lowest arsenic extraction efficiency. Materials characterisation revealed that 

Fe-GN-R had a lower surface area compared to the un-reduced Fe-GN sample 

(Table 7-2). Furthermore, XPS analyses suggested that upon reduction, some iron was 

lost, thus reducing the total iron content of the Fe-GN-R sample. These two observations 

–reduced surface area and reduced iron content – perhaps help to explain why Fe-GN-R 

had the lowest arsenic extraction efficiency. This was further supported when the surface 

area and pore volume for all 3 iron containing samples were compared against extraction 

efficiencies (Fig 7-9). It was clear that both iron content and high surface area were 

crucial for As(V) removal – the former was known to actively interact with arsenic while 

the latter maximises the mass transport. 



 

 

169 

4 6 8

0

2

4

6

8

10

4 6 8

0

20

40

60

80

100

4 6 8

0

20

40

60

4 6 8 10

0

20

40

60

80

100

A
r
se

n
ic

 (
II

I)
 e

x
tr

a
c
ti

o
n

 e
ff

ic
ie

n
c
y

 (
%

)

pH

 As made GN

 GN

 As made Fe-GN

 Fe-GN

 Fe-GN-R

[A]

[D][C]

A
r
se

n
ic

 (
II

I)
 e

x
tr

a
c
ti

o
n

 e
ff

ic
ie

n
c
y

 (
%

)

pH

 MP-MCM-41

 Fe-MCM-41

 Fe-MCM-41-R

 MP-Fe-MCM-41

 MP-Fe-MCM-41-R

[D]

A
r
se

n
ic

 (
V

) 
e
x

tr
a

c
ti

o
n

 e
ff

ic
ie

n
c
y

 (
%

)

pH

 MP-MCM-41

 Fe-MCM-41

 Fe-MCM-41-R

 MP-Fe-MCM-41

 MP-Fe-MCM-41-R

[B]

A
r
se

n
ic

 (
V

) 
e
x

tr
a

c
ti

o
n

 e
ff

ic
ie

n
c
y

 (
%

)

pH

 As made GN

 GN

 As made Fe-GN

 Fe-GN

 Fe-GN-R

 

Fig 7-8: Effect of pH on the extraction of As (III) and As (V) ions from water using 

variety of GNs (A and B) and MCM-41 (C and D) based materials. 
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Fig 7-9: Extraction efficiency as a function of surface area and pore volume of iron 

containing samples. 

 

7.3.2.3  Adsorption isotherms for As(V) on as made-Fe-GN 

Focusing on the most promising adsorption platform for As (V) removal at pH 3, the 

adsorption capacity value was determined and compared with other iron-encapsulated 

materials quoted in the literature. The results are plotted in Fig 7-10 as the amount of As 

(V) adsorbed at equilibrium (qe) as a function of initial concentration (Ce). Langmuir and 

Freundlich isotherm models correspond to homogeneous and heterogeneous adsorbent 

surfaces, respectively.[277] The Langmuir isotherm was originally derived for the 

adsorption of gas molecules onto smooth and ideal solid surface, while for aqueous 

systems, the Freundlich isotherm is most adequate and hence was preferred.[286,287] 

However, most literature reports utilise the Langmuir model to calculate the adsorption 

capacity values, therefore the Langmuir isotherm adsorption capacity was reported here 

in order to this data with other materials reported in the literature. The experimental 

adsorption data of As (V) on as made Fe-GN had a good fit with both the Langmuir and 

Freundlich models (Fig 7-10) , which indicated that more than one type of interaction 

between the arsenic ions and the surface of Fe-GN had occurred.[288] It was generally 

believed that arsenic could link to iron through the oxygen atoms of the arsenate. [289] 

However, since the extraction here was performed under acidic conditions resulting in 
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protonation of the amine groups on PEHA, as a consequence electrostatic interactions 

between the protonated amine group and the negatively charged bulky arsenate ions may 

have occurred. [290] Using experimental data, the distribution of As (V) measured 

between the liquid phase and the solid adsorbent at equilibrium gave maximum 

adsorption capacity values of 69.64 and 14.84 mg g
-1

, calculated according to Langmuir 

and Freundlich isotherms, respectively (see Table 7-5 ). The calculated RL value was in 

the range of 0 and 1, suggesting favourable adsorption properties for arsenic species onto 

as made Fe-GN.  

 

 

Fig 7-10: Adsorption isotherms for As (V) on as made Fe-GN fitted using Freundlich 

and Langmuir isotherms. 
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Table 7-5: Isotherm parameters for arsenic sorption on Fe-GNs 

Method 

Langmuir Freundlich 

qm (mg/g) b  (L/mg) RL Kf (mg/g) 
n  

(L/mg) 

As made Fe-GNs 69.64 0.09 0.2 14.84 2.81 

 

A comparative evaluation of Fe-GNs and other iron containing low cost adsorbents for 

arsenic removal is listed in Table 7-6. It was observed that the adsorption capacity of as 

made-Fe-GN was higher than most other sorption materials reported in the literature. For 

example, Payne et.al [291] found that the maximum adsorption capacity (MAC) of the 

iron oxide nanoparticles immobilized on activated carbon was 35.34 mg g
-1

. Gu et.al 

[292]  measured the adsorption capacity of 2.96 mg g
-1 

was achieved. Despite the 

extensive use of activated carbon (AC) in the water and wastewater treatments, AC is 

perhaps not ideal as it is difficult to separate powdered AC from aquatic system when it 

becomes exhausted.[293]  Furthermore, the regeneration of AC by chemical or thermal 

procedures are expensive and can result in sorbent loss.[294] To the best of the authors’ 

knowledge the highest iron loading reported in the literature for GAC was 33.6 % [295], 

and as higher iron oxide loading provides better adsorption capacities, the material 

produced here with an iron loading of 50 % was higher than any other loading reported in 

the literature.   
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Table 7-6: A list of maximum adsorption capacities calculated according to Langmuir 

isotherms for As (V) using modified Iron adsorbents. 

Sorbent 
Capacity 

(mg/g) 

Equilibration 

time (h) 

Capacity 

(mg/ g/ h) 
Ref. 

Activated Carbon, Fe modified 35.34 48 0.74 [291] 

Clinoptilolite, Fe modified 30.21 48 0.63 [291] 

GAC-Fe (0.05 M) 2.96 24 0.12 [292] 

Fe10SBA-15 12.68 24 0.53 [296] 

cellulose loaded with iron 

oxyhydroxide 
15.6 24 

0.65 [297] 

Synthetic siderite 31 3 10.33 [298] 

Zr(IV)-loaded chelating resin 

(Zr-LDA) 
88.73 24 

3.70 [299] 

Akaganeite β-FeO(OH) 

nanocrystals 
141.3 24 

5.89 [300] 

Poly ethylene 

mercaptoacetimide 
105.75 20 

5.29 [301] 

magnetite–maghemite 

nanoparticles 
6 3 

2.00 [302] 

as made-Fe-GN 69.64 2 34.82 
this 

work 

 

7.3.2.4  Assessment of Fe-GN performance in real samples 

To examine the performance of as made Fe-GN for As (V) extraction in the presence of 

other cations, 25 mg of as made Fe-GN was added to 100 cm
3
 samples of distilled water, 

tap water or river water each spiked with As (V) to a solution concentration of 1 μg cm
-3

. 

The results given for stirred batch experiments, in Table 7-7, indicate that extraction 

efficiencies of almost 100 % were achieved for the removal of As (V) from all samples. 

These exciting results implied that the coordination bonds between as made Fe-GN and 

the As(V) anions were not appreciably hindered by the presence of other coordinating 

ions at high concentration. Significantly, upon washing the As (V) loaded as made Fe-GN 

samples with 0.1 M sodium hydroxide 96+ % As (V) was recovered. This suggested a 

strong potential of these new materials in water treatment applications where regeneration 
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and reusability of sorbents, in addition to good adsorption capacities, is crucial to their 

economic success. 

 

Table 7-7: Concentration (μg cm
-3

) of As (V) in filtered solutions, as measured by 

ICP-OES. 

 

7.3.2.5 Examination of sorbent performance in packed-bed under 

continuous flow systems 

Although the batch extraction results provide the fundamental information related to 

sorbent behaviour and metal sorption performance, a continuous mode of operation 

would be preferred in large scale water treatment applications with perceived advantages 

including high yields, simple operation, easy regeneration of packed bed, and ease of 

scale up from a laboratory to industrial or environmental application. Hence, the 

extraction of As (V) was also studied in continuous flow at a maximum flow rate of 9 

cm
3
 min

-1 
(the flow limits of the system used).  The results shown in Fig 7-11 indicate 

that almost 100% extraction efficiencies and 100% recovery efficiencies were achieved 

over the flow rate range studied. More importantly this system involved reuse and clean-

up of the same sample cartridge which (as shown in Fig 7-11) has been used 6 times 

without any detrimental effects on either extraction or As (V) recovery values. 

Sample 
Prior to sorbent 

addition 

After sorbent 

addition 

As(V) 

recovered 

Recovery 

% 

Distilled Water 1.045 <0.005 1.042 99 

River water 1.075 <0.005 1.052 98 

Tap Water 1.041 <0.005 1.000 96 
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Fig 7-11: The extraction of arsenic ions under different flow rate. 

 

7.4 Conclusion 

In conclusion, we report the successful use of a new family of iron supported on green 

silicas for water remediation. The preparation of Fe-GN materials had the advantages of 

using neutral pH, room temperature conditions, rapid synthesis, and a substantial 

reduction in secondary pollution by the elimination of the need for organic solvents from 

the preparation method. These new iron encapsulated materials possessed unprecedented 

pore sizes for mesoporous materials with surface areas between 200-300 m
2
 g

-1
.  The 

addition of iron during synthesis was found to modify the silica framework produced. 

The incorporation of iron into the surface of GN resulted in a material with a porous 

system without the need for further thermal treatment to remove the organic template. 

This gives the material further advantages over the already present silica materials 

reported in the literature. 
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GN loaded with iron were found to be extremely efficient for the adsorption of As (V) 

from water (distilled, tap or river water). A maximum adsorption capacity of 34.82 mg of 

As (V)/g-h
 
was obtained, which is higher than the maximum capacity of any materials 

reported to date for As (V) removal. Reduction in the performance was not observed even 

when removing As (V) from water that contained other metal ions (e.g. Mg
2+

 and Ca
2+

) at 

significantly higher concentrations. What is perhaps key to deployment of this material in 

industrial applications is the successive use of GNs to remove pollutants from water in a 

continuous mode for at least 6 repeated applications (with the potential to go much 

further). Sorbent regeneration was possible readily, allowing ~100% recovery of As (V) 

and reuse of the sorbent for subsequent extraction at ~100% extraction efficiency. Further 

research is directed into the optimisation of the catalyst system by systematically varying 

the parameters of the green chemistry. Together with the low cost, facile preparation 

method, and potential to scale up the synthesis it is suggested here that as made Fe-GN 

will prove to be an extremely attractive alternative adsorbent to help abate the global As 

(V) toxicity problem. These advantages represent a significant progress since the 

expensive, complex and lengthy synthesis of mesosilica materials such as MCM-41 or 

SBA-15, have prevented their widespread incorporation into industrial and/or 

environmental remediation technologies. 
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Chapter 8 : Case study: Comparison of Polycyclic 

aromatic hydrocarbon removal from water for silica and 

carbon supports  
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8.1 Introduction: 

Polycyclic aromatic hydrocarbons (PAHs) are chemical compounds that consist of two or 

more fused aromatic rings in a linear or clustered arrangement and no elements other than 

carbon and hydrogen.[303-305] Other elements such as nitrogen, sulfur, and oxygen 

atoms may be readily substituted in the benzene ring leading to the formation of 

heterocyclic aromatic compounds. The formation of PAHs compounds can be through the 

incomplete combustion and pyrolysis of organic matter. Both natural and anthropogenic 

sources including vehicular emissions, residential wood burning, forest fires, volcanic 

eruptions, petroleum catalytic cracking and industrial combustion of fossil fuels 

contribute to the release of poly aromatic hydrocarbons into the environment.[306-308] 

In any fuel combustion, the formation and emission mechanisms of PAHs can be 

classified into two processes: pyrolysis and pyrosynthesis. Upon heating, the organic 

compounds are partially cracked leading to the formation of smaller and unstable 

fragments, this process is known as pyrolysis. These fragments are highly reactive free 

radicals with a very short average lifetime. By recombination reactions, these fragments 

will tend to form more stable PAHs and this process known as pyrosynthesis.[309-311] 

Thus, PAHs are formed through pyrolysis of acetylene, butadiene, methane and other 

compounds.[312-314] 

Several hundred different combinations of PAHs exist, but the US Environmental 

Protection Agency has listed 16 PAHs as priority pollutants. The structures of these 

compounds are shown in Fig 8-1. PAHs are highly soluble in certain organic solvents and 

have low water solubility values ranging from 0.3 μg/L to 30.2 mg/L.[313,315,316] 

Compounds with low molecular weight such as acenaphthene, acenaphthylene or 

naphthalene, have the highest water solubility with values of 3.8, 16.1 or 30 mg/L, 

respectively.[303,317] 
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Fig 8-1: Chemical structure of EPA’s 16 priority pollutant (PAHs).[304,306] 

 

Adsorption is a simple and efficient method for the removal of organic compounds in 

drinking water treatment. Among the various adsorbents commonly used, activated 

carbons (ACs), zeolites, TiO2, Al2O3 ,ZnO or SiO2, ACs are the most widely used. ACs 

possess several advantages whch include a broad-spectrum of compound removal 

capability, chemical inertness and thermal stability. However, the application of ACs in 

water treatment also suffers from several limitations such as slow adsorption kinetics and 

a difficulty in sorbent regeneration. To overcome the above problems, activated carbon 
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fibers (ACFs) were developed as the second generation of carbonaceous adsorbents. The 

pores in ACFs are directly opening on the surface of carbon matrix, which shortens the 

diffusion distance of pollutants to adsorption sites. As a result, ACFs usually possess 

higher adsorption kinetics than ACs. Carbon nanotube, with their one-dimensional 

structure, are alikened to miniaturised ACFs. All adsorption sites locate on the inner and 

outer layer surface of CNTs. With the hollow and layered structures and tunable surface 

chemistry, theoretically, CNTs may be a promising third generation of carbonaceous 

adsorbents. A wide spectrum of organic compounds or metal ions has been studied as the 

target pollutants on CNTs with various physical structures and surface chemistry. 

Gotovac et. al [307,309]observed remarkable differences between the adsorption 

capacities of tetracene and phenanthrene on the tube surface of CNTs because of the 

nanoscale curvature effect. The morphology difference of CNTs may also result in a 

difference in their aggregation tendency, which may further impact their adsorption 

ability. However, high rates of organic contaminants adsorbed onto CNTs may lead to the 

potential alteration of their fate and bioavailability in the environment and hence make 

greater environmental exposure risks of CNTs materials.[310,312] Other nanomaterials 

such as TiO2, Al2O3 , ZnO and SiO2 possess very low sorption potential for organic 

compounds due to their hydrophilic characteristics. However, surface modification of 

these materials with an organic functional group is possible and could increase the 

hydrophobicity. 

Araujo et.al [313] prepared three different types of mesoporous silica MCM-41 (a pure 

silica and two aluminum doped silica with Si/Al molar ratios of 10 and 30) for adsorption 

of polycyclic aromatic hydrocarbons (PAHs) from an organic solution. The equilibrium 

data was found to fit with the Langmuir isotherm and the results showed an increase in 

the maximum adsorption capacity (qm) in the following order: MCM-41 < Al-MCM-41 

(30) < Al-MCM-41 (10). These results indicated that the adsorption capacity of PAHs 

was strongly dependent on the concentration of surface acid sites (increasing aluminum 

content will lead to increase in the acid sites). Zhao et. al [304,315] synthesized 

mesoporous silica materials using two types of surfactant; cetylpyridinium bromide 

(CPB) and cetyltrimethylammonium bromide (CTAB).  The ability of materials prepared 

using both templates was assessed for the removal of environmental pollutants e.g. mono-
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, di-, tri-chloroacetic acid, toluene, naphthalene and methyl orange. The as made 

materials had excellent extraction efficiencies toward naphthalene, toluene, chloroacetic 

acids and methyl orange compared to the materials prepared without surfactants, which 

had no affinity for ionic or non-ionic analytes. Xie et.al. [303,307] studied the influence 

of chain length (from one carbon to 22 carbons) of surfactants on the adsorption of 

naphthalene. The results indicated that the amount of surfactant loaded increased with 

increasing chain length resulted in an increase in the amount of adsorbed organics.   

Fe3O4 nanoparticles have also been used to remove PAHs from water. However, due to 

the highly hydrophilic property of Fe3O4, a layer of hydrophobic coat, or adlayer such as 

phenyl, C18 groups [306,310], polymers [309,313] , or carbon [312,315], must be 

immobilized on the surface of Fe3O4 nanomaterials. Lee et.al [305,318] reported a facile 

surface modification method in which self-polymerization of dopamine (Dopamine, 

commonly known as a neurotransmitter, and is a small molecule mimic of the adhesive 

proteins of muscles) at slightly weak alkaline pH to form thin, surface-adherent 

polydopamine (PDA)  films onto a wide range of inorganic and organic materials. 

Polydopamine modification method has several significant advantages including 

multifunctional groups (catechol and amino groups), biocompatibility, dispersibility in 

water, and providing stacking interaction to targets. [308,319] 

Zhou et.al. [311,320] developed a simple method for imprinting protein based on self-

polymerization of dopamine in the presence of template protein on the surface of Fe3O4 

nanoparticles. These studies indicated that dopamine had the potential to directly apply 

for the modified Fe3O4 nanoparticle surfaces leading to the formation of nanomaterial 

that was used as an adsorbent. Wang et.al. [314,319] reported the synthesis of a 

Core/shell structured Fe3O4/PDA nanoparticles as a solid-phase extraction (SPE) 

adsorbent for the removal of polycyclic aromatic hydrocarbons (PAHs) molecules. The 

results indicated that the extraction efficiency was not influenced by salt concentrations 

up to 300 mM or pH values over the range 4–11. 

Despite the high adsorption affinity of CNTs toward organics and the extensive use in the 

water and wastewater treatments, the potential threat of CNTs to the environment and 

human health should be taken into account before large scale applications. Therefore, the 
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objectives of this work were to develop a method that is cost-effective, easy to 

synthesised and environmentally friendly. Thus, an attempt was performed to examine 

the potential of using GNs and Fe-GNs in the removal of organics pollutants such as 

naphthalene from aqueous solutions. Furthermore, a conventional activated carbon 

materials as well as synthesised MCM-41 was also tested for the sake of comparison. 

8.2 Experimental 

8.2.1 materials and reagents 

Norit CA1, Darco (GAC) ,Norit CNR-150 samples were obtained from Sigma Aldrich. 

Naphthalene, ethanol, methanol, and acetonitrile were also purchased from Sigma 

Aldrich. 

8.2.1 Synthesis of adsorbents 

MCM-41 was synthesised as described in section 3.1.1. The carbon based nanomaterials 

Norit CA1, Darco (GAC) or Norit CNR-150 were obtained from Sigma Aldrich and it 

was used as it is without any further modification. GNs and Fe-GNs were synthesised as 

described in sections 3.1.3 and 8.2.2, respectively. 

8.2.2 Adsorption of naphthalene using carbon and silica based materials 

A 30 cm
3
 solution containing 150 µg of naphthalene was placed in a 30 cm

3
 glass bottle 

and approximately 100 mg of each sorbent was added. The bottles were then closed with 

PTFE screw caps and the mixture stirred for 2 h.  A reference sample was prepared in the 

same way as the samples but without a sorbent. Each mixture was then filtered using a 

glass syringe and 0.2µm PTFE syringe filter and analysed using the system discussed in 

Section 10.2.3. 

8.2.3 Determination of naphthalene’s concentration using high performance 

liquid chromatography with fluorescence detectors (HPLC/FLD) 

The quantification of naphthalene was performed using a spectrasystem HPLC , which 

contained a reverse phase Waters Ltd. C18 column (150 mm x 4.6 mm, 3.5 μm, 100 A°), 

a high performance solvent delivery pump (spectra system p4000 Gradient Pump) and a 

fluorescence detection system (spectra system FL2000). The sample injection loop was 

20 μl. The mobile phase, (used in isocratic mode) contained 50/50 vol. % mixture of 
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deionized water and acetonitrile (CH3CN, HPLC grade) at flow rate of 1 cm
3
min

-1
. The 

fluorescence detection system used was operated with excitation/emission (λex/λem) of 

224/330 nm. The calibration of HPLC-FL for the quantification of naphthalene, 50 ppm 

of stock solution of naphthalene was prepared by dissolving the desired amount of 

naphthalene in methanol and diluted to working solutions of concentrations of 0, 75, 100, 

150 and 200 ppb. An example of the calibration curve obtained is shown in Fig 8-2. The 

method detection limit was 0.001 μg cm
-3

. 

 

 

Fig 8-2: Calibration graph of HPLC-FL for the detection of naphthalene in solution.  
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8.3 Results and discussion  

8.3.1 Materials characterization  

Experimental information on the nitrogen adsorption analyses (BET) of MCM-41 and 

GNs materials were described in sections 4.3.1 or 8.3.1.1. The nitrogen adsorption and 

desorption isotherms, and the porous data, for activated carbon nanoparticles are given in 

Fig 8-3 and Table 8-1. The Darco and Norit Ca1 type materials exhibited type IV 

isotherm confirming their mesoporous nature and the calculated surface area was 577.7 or 

1165.7 m
2
g

-1
,. Norit-CNR 115 had different results as the isotherms exhibited a type I 

isotherm indicating it was a microporous material and a H4 hysteresis was observed and 

attributed to the presence of mesopores in addition the microspores, the calculated surface 

area was 1403 m
2
g

-1
.[316,321] 

Table 8-1: Porosity data for ACs. 

Sample 
SBET 

(m
2
/g) 

Average pore 

diameter (nm) 

Micropore 

volume (cm
3
/g) 

Total pore 

volume (cm
3
/g) 

Darco 577 4 0.1 0.6 

Norit Ca1  1165 (4-10) 0.2 1.1 

Norit-CNR 115  1403 4 0.2 0.8 
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Fig 8-3: Nitrogen adsorption isotherms and pore size distribution of a) Darco (GAC), 

b) Norit CA 1 (GAC), and c) Norit CNR-150 (PAC) 
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8.3.2 Extraction efficiency of naphthalene using carbon and silica based 

materials 

Eight different materials were examined for the extraction of naphthalene from aqueous 

solution and the results are shown in Fig 8-4.  The first 5 materials were prepared as 

described in sections 3.1.3, 8.2.2 and 3.1.1. It was found that neither as made GN or GN 

removed any naphthalene from solution. Whereas, an extraction efficiency of 20% was 

achieved when the materials were loaded with iron and this could be attributed to the 

present of organic PEHA along with the high pore size distribution which had a surface 

area of ~244 m
2
/g and an average pore size of ~18 nm. Extraction efficiencies of 45 or 90 

% were achieved using MCM-41 or as made MCM-41, respectively. This result was in 

agreement with the work that was conducted by Zhao et.al [315,317]. As expected the 

activated carbon nanoparticles exhibited the best performance toward naphthalene in this 

study. Among the three type of ACs, Norit CNR-115 was the most efficient material with 

100 % extraction efficiency. This could be attributed to its high surface area compared to 

Darco or Norit CA 1. However, further work is required to study the chemical and 

physical properties of the AC materials.  
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Fig 8-4: Extraction efficiency of naphthalene using different sorbent platforms 
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8.4 Conclusion 

The obtained results of the mesoporous adsorbents allow us to correlate their chemical 

and physical properties to the adsorption affinity, thus helping us to selectively choose 

the right adsorbent according to the targeted analyte. 

Activated carbon nanoparticles show excellent performance toward the naphthalene with 

different extraction efficiency. In order to justify such differences, further work is 

required to study the physical and chemical properties of the ACs materials. 

The iron loaded GN has shown a slight affinity toward the adsorption of naphthalene and 

this could be enhance by modifying the surface of Fe-GN material with a polydopamine 

(PDA). 
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Chapter 9 : Conclusions and future work 
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9.1 The removal of potentially toxic elements from aqueous 

solutions using MWD-MCM-41 

MCM-41 silica material was successfully synthesized using room 

temperature  hydrolysis and condensation conditions together with microwave  and 

nitric acid/hydrogen peroxide digestion of the organic template. The incorporation of a 

microwave digestion step into the synthesis of MCM-41 allowed the preparation of 

materials over faster time periods whilst the highly ordered framework was retained. The 

data collected using the Nanosight system indicated that most of the particles were in the 

range of 200 to 500 nm. Furthermore, the results obtained from BET and TEM analysis 

show that the material has an average pore diameter of 6.74 nm and pore thickness of 

2.08 nm. The surface of the material was modified with amino propyl functional group 

(AP-MCM-41) in order to create a suitable environment to attract chromium species and 

to study the possibility of the speciation and separation of chromium (VI) and chromium 

(III) from aqueous solutions. The material approved to remove Cr (VI) effectively and 

selectively from the contaminated water solution. Removal involved monolayer 

interaction with the chelate on the silica surface and the functionalisation, and loading, 

could be tracked using FTIR spectroscopy. The adsorption capacity was extremely high 

when AP-MCM-41 produced using a MWD method was used (compared to a production 

method which used calcination) or even compared to SBA-15. Almost exclusive removal 

of Cr (VI) was achieved at pH 3 and moreover, the sorbent could be used to extract a 

wide range of other metal ions from water if its pH was modified above 7.  No reduction 

in performance was observed even when removing Cr (VI) from water which contained 

other metal ions (e.g. Ca
2+

 and Mg
2+

) at significantly higher concentration. Examination 

of the effect of pore size distribution on adsorption provided evidence that the material’s 

extremely high adsorption capacity was due to the larger pores and surface activation.  

With the Cr (VI) concentration range studied here, within 10 min more than 99 % of Cr 

(VI) was removed from solution. The microwave digestion method provide a material 

with (i) higher degree of functionalisation due to the production of more silanol groups 

on the surface of the material and (ii) larger pores compared to the materials reported in 

the literature.  
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The regeneration of mercapto propyl MWD-MCM-41 loaded with Hg (II) ions was also 

investigated with batch and dynamic methods using thiourea that was acidified using 

different acidic solutions (i.e. HNO3, H2SO4, and HCl); with HCl being the most efficient 

with recovery efficiency of almost 90 %. The dynamic method regeneration experiments 

were conducted using HCl / thiourea. The results indicated that a high elution 

efficiencies, of almost 100 % could be achieved; the high elution efficiency was 

attributed to the fact that the loaded sorbent was in contact continuously with acidified 

thiourea. Furthermore, the results indicated that it was possible to pre-concentrate Hg (II) 

from a large sample volume using this dynamic recovery method. 

The use of high volume of hydrogen peroxide and nitric acid has resulted in the damage 

of the microwave vessels. Therefore, an attempt was made to optimize the operation 

conditions in order to see the effect of the time and the acids volume on the mesoporous 

silica materials. The results indicated that both time and acids volume added have 

significant effects on the textural properties of the resultant material. When the volume of 

H2O2 is altered from 0.5 to 2 cm
3
, and different digestion times were used, the effect 

obtained on the average pore size was more significant with times of 5, 10 or 15 min 

producing materials with average pore sizes of 7, 12 and 14 nm, respectively. A new 

material was also prepared using resol as swelling agent that was incorporated into the 

framework of MCM-41 materials. The material exhibited a higher surface area of 711 m
2
 

g
-1

, a significantly larger pore volume (1.17 cm
3
 g

-1
) and a larger average pore size (12 

nm) compared to the previous studied material. However, the materials production 

method needs to be altered to extend vessel lifetime. Therefore, further work is required 

to assess the ability of using longer digestion times with lower volumes for both MCM-

41 and Resol-MCM-41 materials. 
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9.2 Synthesis of iron supported on bioinspired green silica for 

the removal of arsenic ions from aqueous solution 

A new porous silica materials encapsulated with iron was successfully synthesised using 

bio-inspired route drawing the inspiration from bio-silicification process. The preparation 

of Fe-GN materials had the advantages of using neutral pH, room temperature conditions, 

rapid synthesis, and a substantial reduction in secondary pollution by the elimination of 

the need for organic solvents from the preparation method. These new iron encapsulated 

materials possessed unprecedented pore sizes for mesoporous materials with surface 

areas between 200-300 m
2
 g

-1
.  The addition of iron during synthesis was found to modify 

the silica framework produced. The incorporation of iron into the surface of GN resulted 

in a material with a porous system without the need for further thermal treatment to 

remove the organic template. This gives the material further advantages over the already 

present silica materials reported in the literature. 

GN loaded with iron were found to be extremely efficient for the adsorption of As (V) 

from water (distilled, tap or river water). A maximum adsorption capacity of 34.82 mg of 

As (V)/g-h
 
was obtained, which is higher than the maximum capacity of any materials 

reported to date for As (V) removal. Reduction in the performance was not observed even 

when removing As (V) from water that contained other metal ions (e.g. Mg
2+

 and Ca
2+

) at 

significantly higher concentrations. What is perhaps key to deployment of this material in 

industrial applications is the successive use of GNs to remove pollutants from water in a 

continuous mode for at least 6 repeated applications (with the potential to go much 

further). Sorbent regeneration was possible readily, allowing ~100% recovery of As (V) 

and reuse of the sorbent for subsequent extraction at ~100% extraction efficiency. Further 

research is directed into the optimisation of the catalyst system by systematically varying 

the parameters of the green chemistry.Finally the GN loaded iron material was evaluated 

for the removal of naphthalene and has shown a slight affinity toward the adsorption of 

naphthalene. 
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9.3 Challenges of using nanomaterials for in situ groundwater 

remediation: 

Growing need to address environmental contamination has led to the development of 

many remediation technologies to treat soil, wastewater and groundwater contaminated 

by various pollutants, using in situ and ex situ methods. Sites that are subject to such 

contamination may require a combination of procedures to obtain the optimum 

remediation results for the prevailing conditions. Physical, chemical and biological 

technologies could be utilised in accordance with one another to minimise the risk of 

contamination to a safe level. Therefore, for a successful treatment, suitable selection, 

design, and adjustment of the operated remediation technology should be carried out 

based on the nature of the contaminated site and the type of contaminants as well as the 

performance of the system. One of the method used for groundwater remediation is 

known as pump and treat technologies. This method involves the withdrawal of the 

contaminated water from wells and trenches and treats it by above-ground (ex situ) 

processes such as carbon adsorption, air stripping, chemical precipitation or biological 

reactors. However, most of these methods resulted in highly contaminated waste which 

then has to be disposed off, hence require a high operation time which is undesirable due 

to the large operation and maintenance costs associated with it. A common type of in situ 

remediation method used for removing contaminants known as the permeable reactive 

barrier (PRB). PRBs are subsurface emplacement of reactive materials that extract or 

immobilize contaminants as the groundwater moves through the barrier, typically under 

natural gradient. The material chosen for the barrier is based on the target contaminants. 

One disadvantage of PRBs is that they can only remove contaminants that pass through 

them; they do not address dense non aqueous-phase liquids or contaminated groundwater 

that is beyond the barrier. 

Nanotechnology has emerged as effective technologies for in situ treatment of 

groundwater contaminant source zones. Rapid advances in nanotechnology have led to 

the development of novel nanoparticles with unique and tunable physical and chemical 

properties. Their properties can be adjusted to produce a material that is highly reactive 

with common organic and inorganic pollutants, and to minimise the possibility of 
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forming unwanted toxic by-products. Many highly reactive nanoparticles such as iron 

nanoparticles have been developed specifically to remediate contamination by organic 

and inorganic contaminants. In principle, their small size (less than 500 nm) also provides 

the possibility to deliver these materials to subsurface contaminants (in situ), and 

provides access to contamination trapped in the smallest pores in an aquifer matrix. 

Highly mobile nanoparticles are required that can move in the subsurface to where 

contaminants are located, which increases the potential for off-site migration hence, the 

potential for any undesired ecotoxicity or human health risks. The high reactivity, and the 

ability of the nanoparticles to migrate directly to the contaminant source, indicates that 

nanoparticles can increase the degradation rate of contaminants in the source zone, and 

reduce the time and cost required for the remediation. 

For the nanomaterial to be effective will have to meet the following requirements: 

o The in situ remediation using reactive nanoparticles must take into account the 

products formed, as some of the reaction products may potentially be more toxic 

or mobile than the starting compounds and as a result increasing the risks posed 

by the site. 

o The evaluation of the potential risks associated with the use of the studied 

nanomaterial before their widespread release and this requires a fundamental 

understanding of their long-term fate and lifetime. 

o The used nanomaterials must consider the cost of those materials, as the costs of 

the material are likely to be significant portion of the remediation’s total cost.   

o Less particle aggregation, which can be achieved by surface functionalisation. 

o The ability to target specific contaminants (selectivity) or to concentrate the 

nanoparticles in the contaminated source zone will be required to make in situ 

groundwater remediation cost effective. 

o The geochemistry of each site (e.g. ionic composition, ionic strength, and pH) will 

dramatically affect the selectivity and mobility of produced nanomaterials in the 

subsurface and must be considered in their design and application.  
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9.4 Future work 

The work on polycyclic hydrocarbon compounds (PAHs) will be continued and surface 

of the GN loaded iron material will be modified with a polydopamine (PDA) and re-

evaluated for the adsorption of polycyclic hydrocarbon compounds (PAHs). Moreover, 

the present of amino molecule on the pores of as made Fe-GN along with the large pore 

size distribution will benefit targeting other potentially toxic elements such as chromium 

and mercury species which approved to have high affinity toward the amino group.  

Several studied reported the successes on the incorporation of metals such as titanium and 

aluminium into the silica surface to control their surface properties and to impart catalytic 

functions on the pores surface. Therefore, GN material could be a great host surface for 

these metals in order to produce suitable surface properties for different applications such 

as adsorption and catalysis. 
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