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Abstract  

The overall aim of this project was to utilise green chemistry methodology to 

capture potentially harmful, toxic or valuable compounds from wastewater.  

Novel mesoporous materials, Starbon®, prepared from naturally abundant 

polysaccharides, have demonstrated significant potential as adsorbents for 

the uptake of a range of dyes and phenols. Through the use of different 

polysaccharide starting materials (starch and alginic acid) and different 

preparation temperatures, six materials were produced. The resulting 

materials were characterised by techniques including: solid-state NMR, 

nitrogen porosimetry, FT-IR, x-ray photoelectron spectroscopy and electron 

microscopy. The experimental results revealed that the materials exhibited 

high efficiency to remove dyes and phenols from aqueous media due to their 

high mesoporous nature. The adsorption process was described well by the 

Langmuir, Freundlich and Dubinin-Radushkevich isotherms. Thermodynamic 

analysis of the results indicated that adsorption was a physical process.  

Investigations into the capture of palladium from liquid waste and also 

greener methods of supported nanoparticle formation were also carried out. 

Biosorption of palladium by alginic acid and seaweed was highly successful, 

resulting in nanometer sized palladium deposits within the adsorbent. The 

catalytic activity of these materials was successfully demonstrated through 

the use of Heck and Suzuki reactions.  

Preliminary work exploring the first use of living plants to recover palladium 

from water and in situ production of catalytically active palladium 

nanoparticles also is presented. This novel process eliminates the necessity 

for nanoparticle extraction from the plant and reduces the number of 

production steps compared to traditional catalyst palladium on carbon. 

These plant catalysts have demonstrated high catalytic activity in a range of 

C-C coupling reactions, outperforming traditionally used palladium catalysts. 
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Chapter 1. 

Introduction  

 

During the nineteenth century it was the common belief that nature could 

provide a seemingly endless supply of raw materials for industry. The 

volume of natural resources available seemed insurmountably vast and 

perpetually regenerating regardless of how much was taken or what 

pollution was released into it.(1) We now know this could not be further 

from the truth. Today it is well understood that the demands placed upon the 

natural world have gone far beyond what it is able to sustain. 

'ÒÅÅÎ ÃÈÅÍÉÓÔÒÙȟ ÄÅÆÉÎÅÄ ÂÙ 0ÁÕÌ !ÎÁÓÔÁÓ ÁÎÄ *ÏÈÎ 7ÁÒÎÅÒ ÁÓ ȰÔÈÅ ÄÅÓÉÇÎ ÏÆ 

chemical products and processes that reduce or eliminate use and generation 

ÏÆ ÈÁÚÁÒÄÏÕÓ ÓÕÂÓÔÁÎÃÅÓȱȟ ÓÔÒÉÖÅÓ ÔÏ ÂÒÉÄÇÅ ÔÈÅ ÇÁÐ ÂÅÔ×ÅÅn developing 

efficient manufacturing and sustaining the environment.(2)  

The chemical industry defines environmental impact or risk of processes by:  

Risk = Hazard x Exposure 

Traditionally, this risk has been reduced by controlling exposure, however 

green chemistry takes the alternative approach aiming to limit risk by 

reducing hazard.(3) The term hazard in this context refers to anything that 

may threaten human or environmental health, such as; toxicity, physical 

risks, global climate change and resource depletion.(4) 

This thesis will go on to present work focused on utilising green chemistry 

methodology in order to limit the known hazards of certain chemical 

processes, specifically focusing on reducing hazard by eliminating resource 

depletion.  
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1.1 Waste Ǫ ×ÈÁÔ ÉÔȭÓ ÃÏÓÔÉÎÇ ÕÓ 

Waste is an easily identifiable problem facing society today. Whether it is the 

CO2 emissions from power stations, household refuse or contaminated water 

from a chemical plant, it is a problem that requires tackling.  

 

Figure 1.1  Diagram showing the cost of waste and its potential impact on 

business in the future.(5) 

The cost of waste can be enormous both financially and environmentally 

(Figure 1.1). In the USA waste disposal costs run to the hundreds of billions 

of dollars per year.(5) Although the environmental cost cannot be so easily 

quantified, released waste can devastate wildlife populations and lead to 

brain damage in humans.(6)   

Whilst legislation has been effective in improving environmental conditions 

by limiting the release of hazardous chemicals, they are still being discharged 

in considerable amounts. In 2000 the USA released 7 billion lbs (3.2 x 108 kg) 

of toxic waste into the environment.(3)  There is also the problem that 
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developing countries do not enforce the same emissions standards and thus 

huge quantities of waste are released directly into the environment.(7)  

1.2 Treatment of chemically contaminated wastewater  

Of all the water on the planet 97.5% is present as sea water, the other 2.5% is 

fresh water of which, 1.75% is trapped in polar caps and glaciers and only the 

remaining 0.75% is potentially available for use (Figure 1.2 (a)). In reality, it 

ÉÓ ÏÎÌÙ πȢππχϷ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ×ÁÔÅÒ ÔÈÁt is readily accessible for direct 

human use.(8)   

 

Figure 1.2  Pie charts of (a) water distribution on Earth and (b) proportion of 

fresh water used by different sectors.(8) 

The use of this small percentage of clean, fresh water is dominated by 

agriculture (70%), followed by industry (22%) and domestic (8%) (Figure 

1.2 (b)).(8, 9) Water consumption is dramatically increasing due to 

demographic growth and the expansion of industrial activity, whilst its 

supply remains constant.(7) As a result of limited water availability the 

control of water pollution is of significant importance. Unfortunately every 

sector that uses water also produces wastewater that requires treatment 

prior to it being safe for reuse. 

1.2.1 Potential wastewater contaminants  

Industries such as, agro-processing, textile dyeing, abattoirs and tanneries 

can cause the presence of toxic chemicals in water.(10) The potential 

contamination of fresh water supplies with this waste is one of the key 

environmental issues we are facing today.(11)  
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A wide variety of pollutants are released in wastewater but they can easily be 

separated into three categories: 

Á Biological: The biological agents are typically bacterial, e.g. Salmonella 

typhosa, which occur in domestic and sewage effluent.(12) The 

presence of bacteria in water is dangerous as it can lead to water 

borne diseases like typhoid. 

Á Heat: Due to the high heat capacity of water it is commonly used as a 

cooling medium and as a result many industrial plants release water 

carrying excess heat into the environment. This increasing water 

temperature can have adverse effects on aquatic life and water 

quality.(12) 

Á Chemical: Heavy metals, dyes, phenols, detergents, pesticides and 

polychlorinated biphenyls are the most commonly occurring 

chemicals found in wastewater.(12) Although the compounds are 

usually present only at low concentrations many threaten 

considerable toxicological and ecotoxicological concerns.(11)  

1.2.2 Wastewater treatment methodologies  

Of interest to this thesis is the treatment and removal of chemically 

contaminated wastewater. Figure 1.3 shows the path of polluted water from 

production to treatment.(12) Methods of water treatment are a heavily 

researched area and thus a wide variety of different techniques exist. The 

most widely investigated are physical techniques due to their relative ease 

and adaptability.  

The feasibility of any wastewater recycling technique relies on the cost of 

construction, operation and maintenance it requires. Adsorption is 

considered the best and most universal of all of the physical techniques 

available, as it can be used for a wide variety of different treatments. It is also 

rapid, effective and low cost for set up and operation (Table 1.1).(9) 
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Figure 1.3 Schematic showing path of pollution in wastewater from 

generation to treatment. 
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Table 1.1 Cost of wastewater treatment methodology.(9) 

Treatment methodology Cost 

[US $/1,000,000 L water 

treated] 

Adsorption 50-150 

Filtration  25-450 

Ultrafiltration & dialysis 15-400 

Reverse osmosis 20-450 

Ion exchange 50-200 

Solvent extraction 250-2500 

Oxidation 100-2000 

Evaporation 15-200 

Coagulation 25-500 

 

A range of different adsorbents are available for adsorption applications, 

including alumina and bauxite, silica gel and activated carbons (Figure 1.3).  

1.2.2.1 Alumina and bauxite 

These adsorbents are effective for the removal of heavy metals from aqueous 

waste streams.(13) Bauxite is an alumina containing mineral and can be used 

as is, alternatively the alumina can be extracted and is also an effective 

ÁÄÓÏÒÂÅÎÔȢ 4ÈÉÓ ÍÁÔÅÒÉÁÌ ×ÁÓ ÖÅÒÙ ÐÏÐÕÌÁÒ ÉÎ ÔÈÅ ρωωπȭÓ ÁÎÄ ÅÁÒÌÙ ςπππȭÓ 

although it is not commonly used today. The likely reason for this drop in 

popularity is the rising price of alumina which has increased from 

approximately $130 per ton in 1995 to $430 per ton in 2011.(14, 15) 

1.2.2.2 Silica gel 

Silica gels are useful adsorbents due to their porous texture, high surface area 

and mechanical stability.(16) However, these materials have some limitations 

that restrict their appeal as adsorbents; siliceous materials have a low 

resistance to alkali media and are therefore only able to be used in acidic 

solutions.(17) The porosity of the materials also tends to be in the 

microporous size range, limiting their use with large molecules, for example, 

dyes. 
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1.2.2.3 Activated carbon 

These are the most popular materials used for adsorption. The US 

Environmental Protection Agency has named them as one of the best 

environmental control technologies available.(17) Coal is the most common 

starting material for activated carbons, although theoretically any 

carbonaceous starting material could be used.(18) Activated carbons offer 

very high surface areas and porosities which are essential to good adsorptive 

performance. Their adsorption is non-specific and so can be applied to a 

variety of different types of contamination, although their microporosity 

makes them less effective for larger molecules. As with the other materials 

studied it is cost that can limit large scale use of this material.(17, 19)  

Due to the problems associated with these conventional adsorbents, namely 

high cost, research interests have turned towards finding alternative, low-

cost adsorbents.(19) 

1.2.3  Non-conventional, low -cost adsorbents  

An adsorbent can potentially be considered low-cost if it requires little 

processing, is abundant in nature or it is a by-product or waste material from 

another industry.(20) A search of literature reveals the variety of different 

natural materials and waste being tested as adsorbents (Table 1.2). 

Of these different materials the most abundant are natural zeolites, clays and 

chitin (or chitosan). Despite these materials being low cost and widely 

available there are a number of drawbacks that makes them less appealing 

from a green chemistry perspective. Firstly, natural zeolites and clays require 

energy input to extract them from their deposits in the ground, also 

processing is required to isolate the correct forms of the materials for 

use.(21) With regard to chitin there are also environmental problems 

associated with extraction and processing to retrieve chitin from crustacean 

waste. There is also a further deacetylation step to form the usable material 

chitosan.(17) 
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 Table 1.2 Alternative adsorbent materials and surface area of 
adsorbents. 
Material Surface area of 

adsorbent [m2 g-1] 

Ref. 

Treated cotton -  (22) 

Chitosan 0.5  (23) 

Hazelnut shell 441 a  (24) 

Saw dust - walnut  -  (25) 

Corncob 943 a  (26) 

Activated sewage sludge 390 a  (27) 

Soy meal hull 0.8  (28) 

Banana peel 22  (29) 

Orange peel 22  (29) 

Fly ash 5.5  (30) 

Hen feathers -  (31) 

Clay - kaolinite 3.8  (32) 

Eucalyptus bark 0.6  (33) 

Hair -  (34) 

Apricot shell 783 a  (35) 

Dead fungus -  (36) 

Yellow passion fruit 30  (37) 

Guava leaf powder -  (38) 

Beer brewery waste 4.5  (39) 

Jack fruit peel -  (40) 

Spent tea leaves 0.8  (41) 

Sunflower stalks 1.2  (42) 

Plum kernel 353 a  (26) 

Sugar-industry -mud -  (43) 

Natural zeolite 16  (44) 

Red mud -  (45) 

Garlic peel 0.6  (46) 

aSurface area increased due to processing of adsorbent feedstock. 
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Next only to cellulose, starch is the most abundant carbohydrate in the 

world.(17) Starch offers the advantages of natural zeolites, clays and chitin in 

that it is low cost due to its plentiful supply. It also has the added advantage 

of not requiring extraction from the ground or significant chemically and 

energetically demanding isolation from a waste stream. Unfortunately the 

properties of starch limit its usefulness as an adsorbent material: it offers 

virtually no surface area, <1 m2 g-1, and no porosity.(47, 48) Also the 

hydrophilic nature of starch further constrains its use.(17) Overcoming these 

limitations, however, would enable access to an incredibly unique raw 

material for use in adsorption. 

1.3 Starbon ®: the solution to pollution  

1.3.1  Starch availability and characteristics  

Starches are the principal food reserve polysaccharide in the animal 

kingdom.(49) It is a vital component of the human diet as it is the major 

source of carbohydrates. Starch is produced on a very large, industrial scale, 

in 2000 over 48 million tons of starch was produced worldwide (Table 

1.3).(50) Starch is commonly derived from maize, wheat and potato but it can 

also be extracted from other sources such as cassava. 

Table 1.3 Worldwide starch production in 2000.(50) 
 Starch (million tons) 

 Maize Potatoes Wheat Other Total 
EU 3.9 1.8 2.8 0.0 8.4 
USA 24.6 0.0 0.3 0.0 24.9 
Other 10.9 0.8 1.1 2.5 15.2 
World 39.4 2.6 4.1 2.5 48.5 

There are a wide variety of different modified, unmodified and starch derived 

products that are used across a range of industries, but predominantly the 

production of food and feed utilise the majority of starch produced (Figure 

1.4). In addition to commercially available sources, starches can also be 

isolated from waste streams, such as potatoes where starch can be found in 

the waste from crisp manufacture.(51) This is advantageous as there is the 

possibility to utilise this waste starch for chemical purposes, rather than 

starch that is required for food.   
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Starch naturally occurs in a water insoluble, partially crystalline 

(approximately 30%) granular form.(49) Starch consists of two main 

polysaccharides: amylose and amylopectin.(52) The structures of these 

molecules are shown in Figure 1.5.  

 

Figure 1.4  Different forms of starch and some examples of the industries that 

utilise them.(49) 

Amylose is a linear polymer that consists of D-gluopyranose units linked 

ÔÈÒÏÕÇÈ ɻɉρᴼ τɊ ÇÌÙÃÏÓÉÄÉÃ ÌÉÎËÁÇÅÓȢ !ÍÙÌÏÐÅÃÔÉÎ ÉÓ Á ÂÒÁÎÃÈÅÄ ÐÏÌÙÍÅÒȟ 

ÍÁÉÎÌÙ ÃÏÎÓÉÓÔÉÎÇ ÏÆ ÇÌÕÃÏÐÙÒÁÎÏÓÅ ÕÎÉÔÓ ÌÉËÅÄ ÂÙ ɻɉρᴼ τɊ ÇÌÙÃÏÓÉÄÉÃ ÂÏÎÄÓȟ 

ÈÏ×ÅÖÅÒ ɻɉρᴼ φɊ ÇÌÙÃÏÓÉÄÉÃ ÌÉÎËÁÇÅÓ ÁÌÓÏ ÏÃÃÕÒ ÃÒÅÁÔÉÎÇ ÂÒÁÎÃÈÅÄ Õnits.(53) 
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Figure 1.5  Structure of amylose and amylopectin. 

The branching of amylopectin is not random. Results of debranching 

experiments carried out on amylopectin have shown that it commonly 

consists of two chain lengths, denoted in units of degree of polymerisation 

(DP): short chains of between 12 ɀ 14 DP and long chains of approximately 

45 DP.(52, 54, 55) The ratio of chain lengths varies depending on the origin of 

the starch but generally small chains are the most abundant by weight and 

number. The main consequence of amylopectin branching is that it causes the 

resulting structure of starch to have a very tangled appearance and hinders 

potential chain separation.  
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Figure 1.6  Schematic showing the molecular events occurring during starch 

gelatinisation.(56, 57) 
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1.3.2  Expansion of starch to form porous materials  

Manipulation of the starch is frequently required for use in industry 

processing.(52) The most simple and common method of processing is 

heating of the starch in an excess of water, this results in many physical 

changes within the starch granule giving rise to gelatinisation. Gelatinisation 

is the term given to the process of loss of crystallinity and simultaneous 

swelling of a starch granule.(57) A starch granule can swell to many times its 

original size and if heated enough maximum swelling of the granule is 

reached causing the granule to rupture. A simplified diagram of what occurs 

during gelatinisation is shown in Figure 1.6.  

The granular surface (the outermost layer of the granule) modulates the 

expansion of the granule, more specifically swelling is a property of the 

amylopectin found in the surface.(57) The extent of crystallinity of the 

amylopectin determines the onset of the gelatinisation process.(58) Different 

starches contain varying amounts of amylopectin and therefore the 

temperature of maximum swelling, defined as the temperature at which the 

swelling of a granule is complete and granular disruption has occurred, 

changes depending on the starch origin (Figure 1.7). The main outcome of the 

swelling of starch is a significant expansion of its surface area, from less than 

1 m2 g-1 to between 100 ɀ 180 m2 g-1. The porosity of the material is also 

enlarged as a result.(59)  

Once the starch has been gelatinised the product is a near homogeneous, 

viscous, aqueous solution of dissolved starch. If this mixture is allowed to 

cool there is a strong driving force towards crystallisation. During cooling 

there is an obvious phase separation where the amylose in solution rapidly 

turns opaque and forms an elastic gel due to the formation of polymer 

aggregates. These processes which occur when the starch is cooled are 

known as retrogradation.(52) If the retrogradation process is allowed to go 

on too long the expanded structure of the starch will begin to collapse, due to 

the interaction of starch with water. Therefore, to maintain the increased 

surface area and porosity the water must be removed from the solution and 
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replaced with solvents with a lower surface tension, for example, 

ethanol.(59) After solvent exchange and drying the result of this process is an 

expanded starch powder that overcomes some of the drawbacks that has 

limited the use of starch as an adsorbent material so far. 

 

Figure 1.7  The gelatinisation temperature (box) and amylopectin content 

(line)  of a variety of different starches.(57) 

The work presented in this thesis utilises a number of starch derived 

adsorbent materials for waste water treatment all of which have been 

prepared using the steps of gelatinisation, retrogradation and solvent 

exchange in order to increase their surface area and porosity.  The materials 

were derived from high amylose corn starch, such as Hylon VII. Hylon VII 

starch is unique in that it has a particularly high amylose content and low 

amylopectin content compared to other starches (Figure 1.7). Hylon VII 

granules contain a thick surface coating or sheath, not commonly seen for 

other starches, that is not easily disrupted, thus limiting the swelling to occur 

only at high temperatures.(57) Evidence from previous studies of Hylon VII 

indicates that this coating is likely a lysophospholipid and amylose complex 

that is particularly resilient to swelling.(60) These distinctive properties 

were taken into account when preparing starch derived adsorbent materials 
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used for this work. The development of the materials used throughout this 

thesis is discussed further in Section 1.3.5. 

1.3.3 Exploring other polysaccharides: alginic acid  

Along with starch there are numerous other polysaccharides that fulfil most 

of the properties required for adsorbents, e.g. presence of numerous and 

diverse surface functionalities, insolubility in most organic solvents, inherent 

chirality, thermal stability and existing industrial production.(61) Of the 

family of polysaccharides available alginic acid that is extracted from brown 

algae (a group of species of seaweed) is one of the most desirable.  

Seaweeds are probably one of the least energy intensive source of biomass 

obtainable and offers the added advantage that production can be increased 

without competing with existing food resources.(62) Alginic acid, as the 

name suggests, is a naturally occurring acidic linear copolymer of 

mannuronic and guluronic acid building blocks.(63) It has a reported pKa 

value of between 3.0 ɀ 3.8 indicating relatively strong acid potential.(53, 64) 

It is of significant commercial importance and is available on an industrial 

scale.(62) 

 

Figure 1.8  The structure of alginic acid showing bonding of units of 

mannuronic and guluronic acid. 

4ÈÅ ÓÔÒÕÃÔÕÒÅ ÏÆ ÁÌÇÉÎÉÃ ÁÃÉÄ ÉÓ ÓÈÏ×Î ÉÎ &ÉÇÕÒÅ ρȢψȟ ÉÔ ÉÓ ÍÁÄÅ ÕÐ ÏÆ ɉρᴼτɊ 

ÌÉÎËÅÄ ɼ-D-ÍÁÎÎÕÒÏÎÉÃ ÁÃÉÄ ɉ-Ɋ ÁÎÄ ɻ-L-guluronic acid (G) residues. The 

polysaccharide can be synthesised as homopolymeric units of either M or G 
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residues or heteropolymer segments of M and G sequences, the ratio of M to 

G present in the alginic acid varies depending on the origin of the seaweed 

and the season it is harvested.(65)  

Alginic acid has the potential to be expanded using water in the same way as 

starch. The swelling ability and stability of the resulting gel is dictated by the 

guluronic acid residues within the alginic acid structure. The higher the 

guluronic acid concentration and the longer the chains that it forms the 

better the gelatinisation properties of the alginic acid (Figure 1.9).(66)  

 

Figure 1.9  A suggested model for the network structure formed in alginic 

acid gels with different size guluronic units.(66) 

As with starch, alginic acid gels present a highly open structure with 

increased surface area and porosity. However, this expanded structure is 

difficult to maintain once the material has been dried. Evaporative drying 

results in the collapse of the gel structure, even after the water has been 

exchanged for ethanol and does not retain accessibility to the alginic acid 

functionalities.(62) The technique of drying using supercritical carbon 

dioxide avoids shrinkage of the gels and can result in an increase in surface 

area of > 60% and pore volumes of > 40% than vacuum dried, expanded 

alginic acid materials. The average pore diameter also increases from 16 nm 

to 25 nm using supercritical drying.(53) 
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The differences in the structure of alginic acid compared with starch is likely 

to give rise to differing behaviour of the two materials during the 

gelatinisation and the retrogradation step of the expansion process. The most 

pronounced effect this will have on the resulting materials will be a 

difference in mesoporous character.(65)  

The importance of mesoporosity of materials for adsorption and catalysis 

will be discussed in detail is Section1.3.4. At this point it is enough to say that 

the ability to create materials with differing porous networks is highly 

advantageous for the range of applications and molecules tested in this 

thesis. 

1.3.4 The emergence and importance of mesoporous materials for 

adsorption and catalysis  

Porous materials are of particular interest to the scientific community due to 

their ability to interac t with atoms, ions and molecules not only at their 

surfaces but also throughout the bulk of the material.(67) As a result of this 

porous nature these materials also have a high surface area making them 

technically useful for a variety of applications including; adsorption, catalysis 

and as catalyst supports.(68) 

The pores of solid materials are classified according to their size into three 

groups: macropores are the largest with pore size > 50 nm, mesopores are 

ÐÏÒÅÓ ÉÎ ÔÈÅ ÒÁÎÇÅ ÏÆ І ς Ѕ υπ ÎÍ ÁÎÄ ÍÉÃÒÏÐÏÒes are the smallest pores with 

diameters < 2 nm (Figure 1.10and Table 1.4).(69) 

Traditionally microporous materials e.g. zeolites and activated carbons, were 

employed for chemical applications. However, their applicability is limited by 

the relatively small pore openings that restrict diffusion of adsorbates or 

reagents in and out of the pore network.(70) In response to this problem the 

focus of materials chemistry became the enlargement of pores and  

development of the ability to control pore size during the fabrication of new 

porous solids.(67, 68) 
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Figure 1.10  Diagram showing the pore hierarchy in porous solids. 

Table 1.4 Pore classifications and sizes. 
Pore type Pore size 

Micropore < 2 nm 

Mesopore І ς Ѕ υπ ÎÍ 

Macropore  > 50 nm 

In 1992 Kresge et al. from Mobil Research and Development Corporation 

published a seminal paper describing the synthesis of novel, ordered, 

mesoporous silica materials named MCM-41.(71) The groups used an organic 

template that was coated in silica, the template was then removed leaving 

behind a highly structured silica solid (Figure 1.11). By altering the template 

these mesoporous materials could be made with varying structures and pore 

diameters that can be controlled over a wide range of 2 ɀ 30 nm.(72) What 

these materials offered was the opportunity for size and/or shape selective 

adsorption and catalysis of large species that was previously difficult to 

achieve with microporous materials. 

Ryoo et al. took this work further and by using the MCM-type silica materials 

as templates themselves the group produced highly ordered mesoporous 

carbon materials (Figure 1.12).(72-75) The advantage of these solids is that 
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they offer different physiochemical properties compared with silica materials 

whilst offering a similarly ordered, mesoporous structure.  

 

Figure 1.11  Schematic drawing for the synthesis of MCM-41. Hexagonal 

arrays of micellar rods form with the polar group of the surfactant on the 

outside. Silica species then occupy the spaces between the rods. The 

calcination step burns off the micelle (organic) material leaving behind 

hollow silica cylinders.(71) 

Unfortunately, from a green chemistry perspective the use of these 

templating methods (Figure 1.11 and Figure 1.12) for production is highly 

undesirable. The syntheses involve considerable numbers of complex steps ɀ 

especially for the carbon materials ɀ there is also a large degree of waste 

generated which is mainly caused by the removal of the template. This all 

adds up to a rather costly and resource inefficient process.(59)   
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Figure 1.12  Synthesis of mesoporous carbon materials using a silica 

template, via 1. volume-template method and 2. surface-template 

method.(73-75) 
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1.3.5 Starbon ® development & early applications  

Researchers at the Green Chemistry Centre of Excellence, based at the 

University of York have demonstrated a novel approach to the generation of 

mesoporous, carbonaceous materials without the use of a templating agent.  

This novel family of porous carbon based materials, which have been derived 

from polysaccharide precursors (starch and alginic acid) have been defined 

ÕÎÄÅÒ ÔÈÅ ÐÁÔÅÎÔÅÄ ÁÎÄ ÔÒÁÄÅÍÁÒËÅÄ ÎÁÍÅ Ȱ3ÔÁÒÂÏÎ®ȱȢ(76) 

The method developed exploits the natural ability of starch and alginic acid 

to form a nanochannelled biopolymer structure when expanded in water that 

can act as a natural template.(77) The process comprises three major steps, 

illustrated in Figure 1.13 and described in more detail below: 

1. Native polymer expansion via polysaccharide aqueous gel preparation: 

this is the key process step as it expands the polysaccharide structure. 

The swelling results in the formation a predominantly mesoporous 

pore network. 

2. Production of a mesoporous solid via solvent exchange and drying: as 

discussed in Section 1.3.2 the water used in the gelling step must be 

removed to prevent collapse of the porous polysaccharide structure. 

In this process the water is replaced with ethanol. The drying of the 

materials differs depending on the polysaccharide starting material. 

For starch it can simply be vacuum dried, whereas alginic acid drying 

is more complex requiring supercritical CO2 to ensure the mesoporous 

nature of the material is maintained. 

3. Thermal carbonisation: the mesoporous structure of the expanded and 

dried materials is finally fixed by thermolysis. This stabilises the 

materials so that they maintain their structure when exposed to a 

range of different conditions.(78) For the starch derived materials the 

carbonisation process is catalysed using the organic acid para-

toluenesulfonic acid.(59) Alginic acid has the advantage that it can self 

catalyse its own carbonisation due to its natural acidic character.(65)  

 



46 
 

 

Figure 1.13  Schematic showing preparation procedures for starch and 

alginic acid derived Starbon®. 
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The surface properties of the materials can be cleverly controlled by 

varying the temperature of carbonisation (between 200 ɀ 1000 oC) 

that allows for the production of a range of materials with different 

functional properties. At lower temperatures (200 ɀ 300 oC) the 

materials retain their polysaccharide-like character, as the 

temperature is increased this is lost as much of the surface oxygen 

content of the materials is removed. At high temperatures (800 ɀ 1000 

oC) the materials become graphitic-like with a high degree of surface 

aromatic content.(78)  

This easily tuneable surface character enables the use of Starbon® for a wide 

range of applications as shown in Figure 1.14. 

 

Figure 1.14  Diagram showing the changing surface functionality of Starbon® 

with increase in carbonisation temperature and also which applications the 

Starbon® can be used for dependent on their surface characteristics. 

Starbon® materials have pore volumes and sizes equal to materials prepared 

by conventional template routes with a number of added advantages: firstly 

the Starbon® methodology is a simpler and less wasteful process than 

templating.(79) Secondly utilising the natural porous structure of starch and 

alginic acid as a template reduces the likelihood of collapse that is associated 
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with the use of micellar templates. These templates are liable to collapse 

when exposed to thermal treatment for carbonisation resulting in a loss of 

porosity.(80) 

This highly successful research into the development of Starbon® has led on 

to a number of further projects investigating their use in various applications 

and how the materials perform in comparison with other, more conventional 

porous materials. These include: the use of sulfonated (starch derived) 

Starbon® prepared by impregnating Starbon® with sulphuric acid for a range 

of esterification reactions of organic acids. The materials were very efficient 

catalysts giving excellent yields with > 99% selectivity and outperforming 

commercially available carbons e.g. DARCO® and NORIT® that were 

sulfonated in the same way.(78, 81)  

Another previously researched application of starch-derived Starbon® was 

the formation of supported palladium nanoparticles (Figure 1.15). These 

materials were effectively used for the catalysis of C-C coupling reactions, 

such as, Heck, Suzuki and Sonogashira reactions, again giving high product 

yields and selectivities.(82) Finally, preliminary work has also been 

published utilising alginic acid-derived Starbon® as chromatographic 

stationary phases for polar analyte separations.(65) The materials were able 

to successfully separate a mixture of different sugars giving separations 

almost identical to the separation columns used commercially.  

 

Figure 1.15  Transmission electron micrographs (TEM) of Pd-starch-

Starbon® materials prepared in (a) acetone and (b) ethanol. (TEM 

micrographs reproduced with the permission of Dr Vitaly Budarin.) 
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Prior to this project, exploration into the use of Starbon® as adsorbent 

materials had only been preliminary with in-depth analysis of their 

performance remaining lacking. Therefore, one of the focuses of the work 

presented in this thesis was to determine the efficacy of Starbon® for the 

removal of organic pollutants from wastewater and evaluate their efficiency 

with other commercially available activated carbon adsorbents. Should 

Starbon® prove to perform well they could offer a greener, more sustainable 

alternative to the other adsorbents currently being used and also overcome 

some of the short comings of other low-cost adsorbents that so far have not 

been successfully employed on a large scale.   

1.4 Supported metallic nanoparticles  

As briefly mentioned in Section 1.3.5, starch-derived Starbon® have 

previously been investigated as supports for palladium nanoparticles. The 

area of nanoparticles is one that is rapidly growing in interest and 

importance and therefore another focus of this thesis is to further the 

previous work using alginic acid-derived Starbon® for nanoparticle 

formation and also investigate other sustainable production methods. 

1.4.1 What are nanoparticles?  

The name nanoparticle describes nanosized structures in which at least one 

of its phases has a dimension in the nanometre size range of 1 to 100 nm.(83) 

This term can therefore be applied to a wide range of things or materials, for 

instance: biological structures like viruses, cells and enzymes, or materials 

such as polycrystals, porous solids with particle sizes in the nano range or 

nanometre sized metal clusters (metallic nanoparticles) dispersed onto a 

porous support. 

Metallic nanoparticles (MNPs) are receiving more and more interest from the 

scientific community due to the remarkable properties they present 

compared to the bulk of the same metal. At the nanometre scale metallic 

clusters only consist of a collection of a few atoms and as a result the atoms 

are located on the surface (or one layer removed) as opposed to the interior ɀ 
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as would be seen for bulk metal. This characteristic results in superior 

catalytic activity and specificity of interaction of the MNPs.(84, 85)  

1.4.2 Colloidal vs supported nanoparticles  

Unfortunately, the remarkable characteristic of MNPs of being so highly 

active is also  the cause of the main problem associated with them: existing at 

such a small size makes the particles thermodynamically unstable and when 

MNPs are synthesised or present in a reaction as a colloidal suspension the 

result is often aggregation and deactivation of the particles due to a decrease 

in the surface area to volume ratio and the interfacial free energy of the 

particles (Figure 1.16).(86) It is important to increase the stability of MNPs to 

give them a longer lifetime during storage and use.  

 

Figure 1.16  Schematic showing the aggregation of MNPs with and without 

stabilising agent.(86) 

The union of the two previously unrelated fields of porous materials and 

nanoparticle technology offers a practical and efficient solution to this 

problem. Research has shown that the use of porous solids, with well defined 

meso and microporous networks, as MNP supports can effectively reduce 

particle agglomeration and have the added advantage of inhibiting MNP 
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growth during their synthesis.(83) By careful choice of support or tailoring of 

its characteristics the size and shape of MNPs can also be easily controlled. 

Supported MNPs also offer the added advantage that they are more easily 

recoverable than colloidal particles after use. Thus, reducing the proportion 

of MNPs lost into the environment as waste. The concern over the release of 

MNPs into the environment and the effect their bioaccumulation may have on 

natural systems is growing rapidly.(87) There is little understanding of the 

unique toxicological properties of MNPs and their long term impact on 

ecosystems and humans.(88) Therefore, utilising techniques to limit their 

release, such as supporting the MNPs, is vital.     

1.4.3  The importance of palladium and nanoparticles in catalysis  

Palladium is arguably the most ubiquitous metal currently used in organic 

synthesis.(89) Its great degree of versatility and ability to tolerate many 

different functional groups means it can be used to conduct thousands of 

different transformations with or ganic molecules.(90) Palladium is probably 

most famous for its involvement in facilitating C-C bond forming reactions, 

such as the Heck and Suzuki couplings, which are fundamental to the fine 

chemical and pharmaceutical industries.(91)  

Homogeneous palladium catalysts have been most commonly used for this 

type of synthesis in industry as they offer better efficiency and selectivity 

than heterogeneous catalysts.(92) However, use of homogeneous catalysts 

has the major disadvantage of an inability to recover the catalyst after use. As 

a result of this the palladium requires costly recovery from the reaction 

waste stream. The key advantage of using heterogeneous catalysts is that due 

to their insolubility they are simply recovered from the reaction mixture 

using filtration and can be reused in subsequent reactions.   

Fortunately, nanoparticle catalysts can bridge the gap between homo and 

heterogeneous. Due to their small size MNPs can mimic metal surface 

activation in catalysis as seen with homogeneous catalysts therefore offering 

the same selectivity and efficiency, whilst also being separable from the 



52 
 

reaction mixture (this is most easily achieved when using supported MNPs) 

so are recoverable and reusable like heterogeneous catalysts.(92) 

Due to these favourable characteristics MNPs have gained much attention 

from the research communities of both homogeneous and heterogeneous 

chemists, however, industry has not yet adopted them into processes as 

readily. What are limiting the widespread use of MNPs is likely their methods 

of synthesis which are not yet viable on a large scale and further work is 

required in this area.  

1.4.4 Green synthesis of supported metallic nanoparticles  

There are a wide range of different preparation techniques that have been 

employed for the synthesis of MNPs. They can generally be divided into two 

categories: bottom-up approaches where atoms are assembled into 

nanostructures or top-down approaches where material is removed from a 

bulk leaving behind nanostructures.(84) Some important techniques for each 

methodology are listed in Figure 1.17. 

 

Figure 1.17  Some important methods of nanoparticle synthesis, highlighting 

where green synthesis techniques fit in.(93) 

From a sustainable chemistry perspective top-down approaches to MNP 

production are highly undesirable due to the disproportionately large 

amounts of waste that result from these techniques. For a bottom-up 
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approach, the synthesis requires three key constituents: a molecular 

precursor (i.e. a metal salt), a molecular stabiliser and a reducing agent.(94) 

Unfortunately, these techniques can involve many synthetic steps and often 

use highly toxic chemicals, e.g. for the popular method of palladium 

nanoparticles synthesis the metal precursor Na2PdCl4 is first reduced by 

NaBH4 in a biphasic organic-solvent-water system, followed by subsequent 

addition of the stabiliser (4-dimethylamino)pyridine. (95)   

In light of this, greener more sustainable synthesis methods are being widely 

researched. It has emerged recently that the use of biological techniques 

using plants or microorganisms as an environmentally friendly route to 

MNPs could offer a suitable alternative to conventional synthesis 

methods.(93) Research in this area is still in early stages, however it has been 

shown that the MNPs produced using plants or plant extracts are more stable 

and easier to produce on a large scale than those from other biological 

systems.  

These results have inspired some of the work carried out for this project 

where natural materials, i.e. alginic acid and living plants have been 

investigated for their effectiveness in synthesis and support of palladium 

nanoparticles.  

1.5 Project aims  

The aim of this thesis is to provide an in-depth investigation into the capture 

of potentially harmful components from aqueous waste streams using starch 

and alginic acid derived Starbon® as sustainable adsorbent materials 

(Chapters 2 & 3).   

In addition, another focus of this thesis is the development of greener 

methods for the production of supported palladium nanoparticles (Chapters 

5 & 6). Coupled to this the emerging problem of decreasing availability of 

precious metals (e.g. palladium) that are vital for a vast range of chemical and 

industrial applications is also discussed in detail in Chapter 4. 
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Overall, the key themes that run throughout this entire work are that of 

sustainability both of materials and the environment and in addition being 

mindful of resource efficiency and remembering that nothing is available in a 

boundless supply. 
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Chapter 2. 

Starbon ® characterisation and application in 

dye adsorption  

 

2.1 Introduction  

Chemicals such as dyes and pigments are used in various sectors of industry 

including textile manufacture, leather tanning, paper production, food 

technology and cosmetics manufacture, to name but a few.(96) These 

synthetic organic compounds consume vast quantities of water in their use 

and have a visible effect on water quality.  The annual production of dyes and 

pigments is in excess of 7×105 tonnes, of which an estimated 2ɀ15% is lost in 

the effluent during the dyeing process.(97-100) In some cases water 

colouration can be observed in dye concentrations of less than 1 ppm.(101, 

102) Many of these dyes are toxic, even carcinogenic, persistent in the 

environment and non-biodegradable.(103) The impact of releasing such 

waste streams into water courses can be dramatic and poses a significant 

hazard to both aquatic life and animals further up the food chain including 

humans.(104-107)  

Many dyes are resistant to aerobic digestion, stable to light, heat, water and 

oxidation making treatment a significant challenge.(108, 109) Biological, 

chemical, and physical methods are available for the removal of such dyes. 

Physical adsorption using activated carbons as an adsorption matrix is 

efficient and considerable attention has focused on their use.(110-112)  

There are a wide variety of biomass derived activated carbons that have 

shown effective dye adsorption, however, these materials can be limited due 

to cost, availability ɀ both in abundance and worldwide location - and are 
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frequently limited in practical use because of micropore size resulting in 

large volumes required to improve rates of extraction.(113)  

Polysaccharides including starch and alginic acid are relatively inexpensive, 

non-toxic, biodegradable, possess polyfunctionality, have great potential for 

chemical modification and are found in nearly every geographical location on 

the planet.(114, 115) The extensive use of non-ionic polysaccharides (such as 

starch) as adsorbents, has been restricted by low surface area (< 1 m2g-1), 

low degree of mesoporosity and limited potential to hydrogen bond with 

dyes due to extensive intramolecular chain interactions. Anionic 

polysaccharides (such as alginic acid) have also previously shown limited 

success for use in adsorption, the main reason being electrostatic repulsion 

between the polymer surface and the dye.(47) The development of 

polysaccharide derived, mesoporous materials, Starbon®, with large pore 

volume and surface areas opens new doors to dye adsorption. Their 

mesoporous nature makes them ideal materials for the uptake of large, bulky 

molecules like dyes.  

Within this chapter, the preparation and characterisation of Starbon® and 

their application as adsorbents for bulky dye molecules is described. By 

varying the adsorbent type and preparation temperature a range of 

mesoporous materials are produced and these are utilised to clarify the 

importance of pore texture, surface functionality and dye molecular size on 

adsorption capacity. Commercially available activated carbon, Norit, is also 

used in this work as a basis for comparison.  

2.1.1 Aims 

The overall objective of this chapter is to provide an introduction to the 

Starbon® materials used throughout Chapters 2, 3 and 5. A description of the 

preparation procedure will be given in this chapter, however, as this was not 

the focus of this thesis it is only brief and for a more in-depth description of 

the development of these materials please see references (53), (65) and (59).  
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The aims of the work presented herein: 

Á To investigate the influence that the nature of the native 

polysaccharide has on the physiochemical properties of the Starbon®. 

Á To optimise pore structure and surface functionality of the Starbon® 

for application in the adsorption of dye molecules. 

Á To propose the possible adsorption mechanism on the surface of the 

Starbon® using adsorption thermodynamics. 

2.2 Results and Discussion 

 2.2.1 Preparation of Starbon ® 

The preparation of the starch derived Starbon® was carried out using the 

method previously published by Budarin et al., and the preparation of the 

alginic acid derived Starbon® was carried out using the previously published 

method of White et al..(59, 65)  

A typical method of preparation comprises three main stages: 

1. Gelatinisation and expansion 

2. Retrogradation and solvent exchange 

3. Drying and carbonisation 

Gelatinisation is defined as a simultaneous loss of crystal structure of the 

polysaccharide and expansion of the polysaccharide granule to produce 

porosity.(116) To achieve this the polysaccharide (starch or alginic acid) is 

mixed with water in a 1 g:20 ml ratio and heated for the desired time. The 

expansion of alginic acid is carried out at 363 K and ambient pressure 

whereas starch requires slightly harsher conditions of 393 K/80 kPa due to 

the more tangled nature of the polymer caused by the mixture of amylose 

and amylopectin.  

Once step one is complete a sol-like suspension is achieved and this is 

allowed to cool to room temperature. The mixture is then left to retrograde 

for 24 hours at 278 K. This retrogradation allows the expanded 

polysaccharide to slightly recrystalize thus adding stability to the pore 
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structure created in the expansion. The next stage of exchanging water with a 

lower surface tension solvent ɀ in this case ethanol ɀ further protects the 

porous network by preventing collapse when drying. 

The method of drying of the expanded materials differs depending on the 

starting material, whilst the starch derived materials can be dried easily in a 

vacuum oven this is not suitable for the alginic acid derived materials where 

vacuum drying results in a loss of surface area of the materials.(53) 

Supercritical carbon dioxide (scCO2) was used to successfully dry the alginic 

acid materials while also maintaining a high surface area. This is followed by 

carbonisation of the materials under nitrogen to increase the stability of the 

materials and preserve the pore structure. Due to the acidic nature and 

occurrence of sodium and calcium in alginic acid carbonisation can be carried 

out directly.(117, 118) Starch does not possess the necessary characteristics 

to self catalyse the carbonisation process and so is doped with 5% w/w p-

toluenesulfonic acid which enables the carbonisation to occur. Heating of the 

materials creates changes in the physical and chemical characteristics and, 

for the purposes of this work, materials were prepared at 573, 723 and 1073 

K to determine the affect different preparation temperatures has on the 

adsorbent properties of the materials. Six types of Starbon® were synthesised 

for this work described in Table 2.1 along with the abbreviated name that 

will be used throughout this thesis. Norit, commercially available, activated 

carbon was used as a basis for comparison with Starbon®. 

Table 2.1 Starbon® description and abbreviation.  

Starting material 
Preparation 
temperature 
[K and oC] 

Abbreviation 

Starch 573 / 300 S300 
 723 / 450 S450 
 1073 / 800 S800 

Alginic acid 573 / 300 A300 
 723 / 450 A450 
 1073 / 800 A800 
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2.2.2 Physical and chemical properties of Starbon ® 

Scanning electron micrograph (SEM) images of Starbon® show the formation 

of an increasingly porous structure from parent material to finally carbonised 

product (Figure 2.1). The textural properties of starch derived Starbon® 

differ significantly to those derived from alginic acid. The structure of S300 is 

granular in nature, but A300 can be described as a fluffy, porous, web-like 

structure. Transmission electron micrograph (TEM) images also further 

exemplify this wispy feature of alginic acid and A300 (Figure 2.2).   

 

Figure 2.1  SEM images (A) starch, (B) expanded starch, (C) S300, (D) alginic 

acid, (E) expanded alginic acid and (F) A300. 



62 
 

 

Figure 2.2  TEM images (A) starch, (B) expanded starch, (C) S300, (D) alginic 

acid, (E) expanded alginic acid and (F) A300. 

The solid state 13C-MAS NMR spectra of a range of Starbon® materials 

demonstrate near identical changes in surface functionality on heating of the 

materials (Figure 2.3), original data available in Appendix 1). This can be 

attributed to the inherent hydroxyl -rich nature of all polysaccharide 

materials.  At 573 K resonances between 50-100 ppm disappear signifying a 

loss of the acetal and alcohol functionalities of the polysaccharides. The 

appearance of aliphatic carbons resulting from increased thermal 

degradation of starch and alginic acid are represented by a broad resonance 

between 10-50 ppm. As the preparation temperature increases aromatic 

rings, such as substituted phenols, benzenes and furans form cross linked 
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structures.  At 723 K the relative intensity of aromatic carbon resonances is 

significantly increased and the high field aliphatic resonance is decreased. 

This is in good agreement with infrared (IR) data for both starch and alginic 

acid Starbon® samples (Figure 2.4) and concisely shows the transformation 

from hydroxyl -rich polysaccharides to aliphatic/alkene groups and further 

into highly aromatic materials. 

 

Figure 2.3  Overlaid 13C MAS NMR spectra of expanded starch, S300, S450 

(black) and expanded alginic acid, A300 and A450 (red). 

This NMR data would indicate a move towards aromatic structures at higher 

temperatures, however, the NMR probe was unable to be tuned for S800 and 

A800. In addition it was not possible to analyse Norit using this technique. It 

is speculated that this is an indication of a degree of electrical conductivity, 

indicative of some graphitic character. X-ray photoelectron spectroscopy 

(XPS) analysis was used to enable surface characterisation of high 

temperature materials and Norit. Table 2.2 shows different elements and 

concentrations that were observed for the materials.  



64 
 

 

Figure 2.4 IR spectra of (a) expanded starch, S300, S450 and (b) expanded 

alginic acid, A300 and A450. 

Table 2.2 Content of elements in Starbon® from XPS analysis. 

 
% Atomic Content 

C O S Na Ca Si 

S300 85.7 14.3 0.1 - - - 

S800 98.3 1.8 - - - - 

A300 81.9 16.1 0.4 1.0 0.7 - 

A800 88.7 8.2 0.4 2.2 0.5 - 

Norit  93.0 6.4 - 0.1 - 0.5 
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As expected from NMR and IR analysis oxygen content is lower for the high 

temperature materials, S800 and A800. S300 shows the presence of SO2, 

binding energy (BE) 168.0 eV, which is likely due to some residual p-

toluenesulphonic acid catalyst used in the carbonisation process. The 

presence of elemental Na, BE 1072 ± 1.0 eV, CaSO4, BE 347.5 ± 0.2 eV and 

CaO, BE 351.0 ± 0.5 eV in A300 and A800 is most likely a result of the alginic 

acid extraction process.(118)   

Deconvolution of the C 1s and O 1s spectra of the adsorbents gives the 

individual component peaks (Figure 2.5 and Figure 2.6). Depending on BE 

each peak corresponds to different carbon and oxygen species (Table 

2.3).(119) S800 and A800 spectra clearly show the presence of aromaticity in 

good agreement with NMR observation. S300 and S800 exhibit a relatively 

large amount of surface C-O groups compared to A300 and A800 which may 

affect the adsorbent properties.(120)   

Analysis of Norit (Figure 2.7) shows that it compares well to Starbon® with 

similar surface characteristics to S800. It exhibits a similar degree of 

aromaticity (28 % for S800 compared to 27 % for Norit), also the surface 

oxygen groups are predominantly C-O as with S800. Overall the XPS analysis 

shows that Norit is an appropriate commercially available material for use as 

a comparison with Starbon®.   

Table 2.3 Composition of Starbon® components from XPS spectra. 

 
Peak BE [eV] 

Chemical 
State 

% 

 S300 S800 A300 A800 Norit  

Carbon  I 284.7 ± 0.2 C-C 53 32 66 37 27 
 II  285.2 ± 0.3 C-C (Ar) - 28 - 45 27 
 III  285.8 ± 0.3 C-O 30 18 11 - 31 
 IV 289.0 ± 1.0 COO 17 22 23 18 6 
 V 290.3 ± 0.2 ʌ-ʌɕ # ɉ!ÒɊ - - - - 9 
         
Oxygen I 531.3 ± 0.2 C-O - - 60 - - 
 II  532.0 ± 0.2 C=O 34 - - 100 19 

 III  533.4 ± 0.2 C-O  66 100 40 - 81 
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Figure 2.5 Carbon XPS spectra of C1s (a) S300, (b) S800, (c) A300, (d) A800. 

 

Figure 2.6 Oxygen XPS spectra O1s (a) S300, (b) S800, (c) A300, (d) A800. 
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Figure 2.7  Norit XPS spectra of (a) carbon and (b) oxygen. 

Nitrogen adsorption porosimetry was used to give a quantitative analysis of 

the textural properties of the materials. Characterisation of the isotherms 

produced from the analysis showed type IV isotherm profiles with H3 

hysteresis loop classification (Figure 2.8) for all of the Starbon® 

materials.(121) The type IV isotherm can be divided into two distinct parts:  

Á The initial part of the isotherm (up to P/Po 0.8) can be attributed to 

monolayer-multilayer adsorption. It is commonly interpreted as the 

stage at which the monolayer is full and multilayer adsorption 

begins.(121) 

Á The hysteresis loop clearly seen at P/Po above 0.8 is generally 

associated with capillary condensation and is significant of 

mesoporous adsorbents. The H3 type loop is usually given by 

adsorbents that contain slit-shaped pores.(122) 

For S300 the low pressure, desorption volume (red) remains above the 

adsorption volume (black), this is indicative of an adsorbent containing some 

micropore character (Figure 2.8 (a)). It is not possible to remove all of the 

residual adsorbed nitrogen from inside the pores due to their small entrance 

diameter.(121) Closer examination of the S450 and S800 isotherms show 

that this is also occurring to a small extent. This feature is not apparent on 

any of the alginic acid derived material isotherms suggesting that there are 

little to no micropores present in these adsorbents. 
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The shape of the Norit isotherm most closely resembles the type I isotherm 

indicative of microporous solids (Figure 2.8 (g)). These materials have 

relatively small external surfaces and the limiting uptake is being determined 

by the accessible micropore volume rather than internal surface area.(121)  

 

Figure 2.8 Nitrogen adsorption isotherms for (a) S300, (b) S450, (c) S800, 

(d) A300, (e) A450, (f) A800 and (g) Norit. 
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A summary of material properties is given in Table 2.4. The Brunauer 

Emmett and Teller (BET) isotherm shows that the surface areas of starch 

derived Starbon® increases from 332 to 535 m2 g-1 with increase in 

preparation temperature, this correlates with an increase in micropore 

formation in the materials. A decrease in total pore volume and average pore 

diameter is observed at higher temperatures due to shrinking of the larger, 

less stable macro and mesopores.(123)  

The trend in surface area is similar for A300 to A450 with an increase in 

surface area and microporosity. However, surface area sharply decreases 

from A450 to A800, this may be attributed to the coalescence of micropores 

into mesopores at higher temperatures. As with S300 to S800 a reduction in 

average pore diameter was also observed between A300 and A800 due to the 

contraction of pores. 

Table 2.4 Porosimetry characteristics of Starbon® and Norit. 

 S300 S450 S800 A300 A450 A800 Norit  

SBET [m2 gɀ1] 332 402 535 280 402 265 798 

S>2nm [m2 gɀ1] 153 131 133 214 232 247 102 

Total pore 
volume 
[cm3 gɀ1] 

0.82 0.69 0.75 1.41 1.36 1.08 0.57 

Average pore 
diameter [nm] 
desorption 

17 12 12 19 17 15 4 

Microporous 
volume 
[cm3 gɀ1] 

0.17 0.15 0.22 0.11 0.14 0.04 0.42 

% 
Microporosity  

20 22 29 8 10 4 79 

Norit exhibited the highest BET surface area of all of the materials at 798 m2 

g-1, this is characteristic of an almost completely microporous solid. Due to 

Norit exhibiting similar surface functionality compared to Starbon® (as seen 

from XPS analysis) and the lack of any mesopore character in Norit it is an 

ideal material for comparison with Starbon® as it can help to determine the 

affect of mesoporosity on adsorption.  
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2.2.3 Dye adsorption capacities related to material properties  

To understand the adsorption on the material surface and to establish the 

relationship between pore textural properties and the adsorption ability, the 

adsorption of methylene blue (MB), acid blue 92 (AB), Nile blue A (NB) and 

mordant yellow 10 (MY) were studied by the Starbon® materials (Figure 2.9), 

for comparison Norit was also used as an adsorbent.  

 

Figure 2.9 Structures and dimensions of (a) methylene blue, (b) acid blue 92, 

(c) Nile blue A and (d) mordant yellow 10. 



 

 
 

 

 

Table 2.5 Adsorption capacity and surface area of dye coverage. 

 

Methylene blue Acid blue 92 Nile blue A Mordant yellow 10 

Adsorption 
capacity 
[mg g-1] 

Surface 
area of 

coverage 
[m2 g-1] 

% of 
surface 

covereda 

Adsorption 
capacity 
[mg g-1] 

Surface 
area of 

coverage 
[m2 g-1] 

% of 
surface 

covereda 

Adsorption 
capacity 
[mg g-1] 

Surface 
area of 

coverage 
[m2 g-1] 

% of 
surface 

covereda 

Adsorption 
capacity 
[mg g-1] 

Surface 
area of 

coverage 
[m2 g-1]  

% of 
surface 

covereda 

Norit  42 81 10 49 72 9 66 152 19 50 59 7 
S300 36 70 21 27 40 12 40 92 28 24 28 8 
S450 49 95 24 41 60 15 46 106 26 22 26 6 
S800 52 101 19 39 57 11 61 140 26 76 90 17 
A300 186 361 129 82 120 43 83 191 68 12 14 5 
A450 108 209 52 72 106 26 54 124 31 6 7 2 
A800 97 188 71 108 158 60 53 121 46 67 80 30 

a Percentage based on surface area calculated from N2 adsorption. 



 

72 
 

 

Figure 2.10 Adsorption capacities of Norit and Starbon® adsorbents. 

 

Figure 2.11 Surface area of coverage (bar) and % of surface coverage (line 

and dot) of Norit and Starbon® adsorbents,  
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Table 2.5 compiles the adsorption capacities of MB, AB, NB and MY on the 

various materials, this data enabled an estimation of the dye surface area 

coverage, using the size of each dye molecule (Figure 2.9).  

An order of adsorption capacity for MB, a cationic dye, was: A300 >> A450 > 

A800 >> S800 > S450 > Norit > S300. A300 was a highly effective adsorber of 

MB, adsorption capacity was 186 mg g-1 which is more than four times higher 

than Norit at 42 mg g-1. The calculated surface area of dye coverage was 

higher than BET surface area for N2 adsorption, this could be due to high 

carbonyl oxygen functionality of the adsorbent surface (Table 2.3) resulting 

in a high affinity between the dye molecule and the adsorbent, as represented 

below:(120) 

C=Oɿ- + MBɿϹ Ą  C=O---MB 

It can also be attributed to large mesopores, average diameter of 19 nm, 

allowing for effective diffusion of dye into the pore structure (Table 2.4). The 

adsorbed MB is able to occupy all the porous volume, giving the appearance 

of a larger surface area of dye coverage.(124) 

The adsorption capacities of the materials for AB are in the order of A800 > 

A300 > A450 >> Norit > S450 > S800 > S300. A800 is the most efficient 

adsorbent for this dye, exhibiting twice the adsorption capacity of Norit (108 

mg g-1 compared to 49 mg g-1), this is due to the combination of high 

ÍÅÓÏÐÏÒÏÓÉÔÙ ÁÎÄ ÈÉÇÈ ÁÒÏÍÁÔÉÃÉÔÙ ÕÎÉÑÕÅ ÔÏ !ψππ ×ÈÉÃÈ ÆÁÃÉÌÉÔÁÔÅÓ ÓÔÒÏÎÇ ʌ-

ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ ×ÉÔÈ ÔÈÅ ÆÒÅÅ ÅÌÅÃÔÒÏÎÓ ÏÆ ÔÈÅ ÄÙÅ ÍÏÌÅÃÕÌÅ ÐÒÅÓÅÎÔ ÉÎ ÔÈÅ 

aromatic ring and multipule bonds.(125) A300 adsorption of AB is 

significantly lower than MB adsorption, likely caused by electrostatic 

repulsion between the anionic dye and anionic polymer surface.(47, 120) 

For MB and AB adsorption the materials S300, S450 and S800 exhibit 

significantly lower adsorption capacities than A300, A450 and A800 and 

similar capacities compared to Norit for both dyes. As S300, S450 and S800 

exhibit pore volumes and diameters closer to the alginic acid derived 

materials than Norit it can be assumed that this is not the factor limiting dye 

uptake. Rather it could likely be due to the high concentration of C-O groups 
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(such as hydroxyl groups) on the surface of the starch derived adsorbents 

and Norit that results in their similar adsorbent capacities.  

 

Figure 2.12 Methylene blue-polysaccharide interactions: (a) dipole-dipole 

hydrogen bonding interactions, (b) Yoshida H-bonding. 

In this case molecules are likely to be attracted to the surface due to: 

a.  Dipole-dipole interactions between the hydrogen on the adsorbent 

surface and the electropositive groups on the dye (Figure 2.12). 

b. Yoshida hydrogen bonding between the OH groups and the aromatic 

rings (Figure 2.12). 

This correlates well with observations for similar systems.(47, 126, 127) 

However, this highly functionalised surface can also give rise to hydrogen 

bonding with the water present in the system, thus, competing for adsorption 

sites and vastly reducing uptake of the dye.(128, 129) The higher degree of 

graphitisation of the alginic acid derived materials prevents this competition 

occurring.   

For the adsorption of NB and MY the alginic acid derived Starbon® perform 

less effectively exhibiting lower adsorption capacities closer to those of the 

starch-derived materials and Norit. The order of adsorption capacity for NB 

is: A300 > Norit > S800 > A450 > A800 > S450 > S300 and MY is: S800 > A800 

> Norit > S300 > S450 > A300 > A450. Comparison of uptake of the two 

cationic dyes NB and MB shows that the adsorption capacities of S300, S450 

and S800 stay relatively constant despite the slight differences in chemical 

structure of the dyes. The substantial decrease of approximately half in the 

adsorption capacity of A300, A450 and A800 is difficult to explain. There are 
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some subtle differences between NB and MB such as: the addition of an 

aromatic ring, the exchange of sulphur for an oxygen and the increase in the 

steric bulk of the molecule due to the addition of ethyl groups. However, none 

of these changes on their own are likely to have a significant effect on dye 

adsorption, therefore, it must be a combination of these factors. 

Unfortunately the adsorption capacity of MY by A300 and A450 is very low, 

as with AB this is likely caused by electrostatic repulsion between the surface 

of the adsorbent and the dye. This effect is increased in this instance due to 

the lack of electropositive groups (e.g. sulphur and aromatic rings) present in 

MY to counter the effect of the electron-withdrawing oxygen groups.(125) 

For S800 adsorption capacity of MY is almost double that seen for AB, this 

result would suggest that adsorption in this case is not so dependent on the 

chemical nature of the dye but rather that size of dye influences adsorption 

capacity.          

The microporous material Norit, demonstrated low adsorption with only a 

small amount, between 7 ɀ 19%, coverage of the total surface area achieved. 

It has been previously reported that for adsorbents with small pore 

diameters pore blockage may occur due to the aggregation of bulky 

molecules, such as dyes, in the pore orifice.(120) Therefore the full surface 

area of the adsorbent cannot be utilised, reducing effectiveness of adsorption.  

This combined with the low pore volume of Norit are the likely causes of the 

poor adsorption capacity. 

2.2.4 Adsorption isotherm analysis of dye adso rption by Starbon ® 

In order to investigate the mechanism of dye adsorption on to the Starbon® 

the experimental data were applied to the Langmuir, Freundlich and 

Dubinin-Radushkevich (D-R) isotherm equations. The constant parameters of 

the isotherm equations for this adsorption process were calculated by 

regression using the linear form of the isotherm equations. The constant 

parameters and correlation coefficient (R2) are summarized in Table 2.6 ɀ 

Table 2.12 (graphs showing original data and isotherm fitting can be seen in 

Appendix 1).  
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2.2.4.1 Langmuir isotherm 

Langmuir proposed an equation to determine the monolayer adsorption 

capacity of a solid.(130) The Langmuir adsorption isotherm has been 

successfully applied to many adsorption processes. The linear form of the 

isotherm is represented by the following equation: 

╒▄

▲▄ ╚╛

╪╛
╚╛
╒▄ 

╠
╚╛
╪╛

 

Where Ce is the dye concentration at equilibrium (mg L-1), qe the adsorption 

capacity at equilibrium and aL (L mg-1) and KL (L g-1)are Langmuir adsorption 

constants. Q0 is the monolayer adsorption capacity of the solid (mg g-1).  

This model assumes monolayer coverage of adsorbate on the homogeneous 

surface of the adsorbent. This isotherm makes the simple assumption that 

adsorption is occurring at specific homogeneous sites within the adsorbent 

and once an adsorbate molecule is occupying this site no further adsorption 

can take place on it.(131) 

2.2.4.2 Freundlich isotherm 

 The Freundlich equation is employed to describe multilayer adsorption on 

heterogeneous surfaces, which is characterised by the heterogeneity factor n. 

The empirical equation is written as: 

▲▄ ▓█ ╒▄Ⱦ▪ 

The linear form of the equation is used for this work and can be obtained by 

taking the logarithm:  

ἴἶ▲▄ ἴἶ▓█
▪
ἴἶ╒▄ 

  Where kf is the Freundlich constant and is linked to adsorption capacity of 

the solid. The heterogeneity factor, n, signifies the intensity of adsorption. An 

n of close to or greater than unity indicates favourable adsorption of the 



 

77 
 

adsorbate molecule.(132) The Freundlich equation is related to the Langmuir 

equation however it models for adsorption on an amorphous or 

heterogeneous surface where the amount of adsorbed material is the 

summation of adsorption on all sites. This isotherm describes multilayer 

adsorption.(133, 134)  

2.2.4.3 Dubinin-Radushkevich isotherm (D-R) 

The equation proposed by Dubinin and Radushkevich can be used to describe 

adsorption onto porous solids, it assumes no homogeneous surface of the 

adsorbent.(135) Assuming the adsorption is limited to a monolayer the D-R 

equation can be used to estimate the energy of adsorption.(136) The 

equation is writt en as: 

▲▄ ▲□ ▄
╚Ⱡ  

The linear form of the equation was used to model the adsorption, where , 

the Polanyi potential, is equal to: 

ἴἶ▲▄ ἴἶ▲□ ╚ᴂⱠ 

Ⱡ ╡╣ἴἶ
╒▄

 

Where qm signifies the monolayer saturation capacity (L g-1Ɋ ÁÎÄ +ȭ the 

constant of adsorption energy which gives the mean free energy (E) of 

adsorption per molecule of adsorbate when it is transferred to the surface of 

the solid from the solution and can be calculated from the following 

relationship:(137) 

╔
Ѝ ╚ᴂ

 

The mean adsorption energy (E) gives information about chemical and 

physical adsorption, where E in the range of 8-16 kJ mol-1 indicates physical 

adsorption of the adsorbate.(138) This isotherm is not suitable for solids 

with fine micropore systems.(139)  



 

 
 

Table 2.6 Norit isotherm parameters.a 

Isotherm parameters MB AB NB MY 

Langmuir 
 

  
 

  
 

  
 

  
aL (L mg-1) 0.42 ± 0.09 0.16 ± 0.004 3.9 ± 0.59 3.0 ± 0.15 
Q0 (mg g-1) 12.0 ± 13.4 18.3 ± 1.6 59.5 ± 58.7 23.6 ± 135.7 
R2 0.9069   0.9985   0.9326   0.9399   

  
  

 
  

 
  

 
  

Freundlich 
 

  
 

  
 

  
 

  
kf 0.57 ± 0.94 - - - 64.6 ± 13.6 28.9 ± 2.6 
n 0.32 ± 0.05 - - - -1.4 ± 0.49 -5.6 ± 1.3 
R2 0.9407   - - - 0.8235   0.9303   

  
  

 
  

 
  

 
  

D-R 
 

  
 

  
 

  
 

  
qm x10-3 [mol g-1] - - - - - - - - - - - - 
+ȭ Øρπ-8 [mol2 J-2] - - - - - - - - - - - - 
E (kJ mol-1) - - - - - - - - - - - - 
R2 - - - - - - - - - - - - 

a Data with an R2 less than 0.75 has not been included. 

 
  



 

 
 

Table 2.7 S300 isotherm parameters.a 

Isotherm parameters MB AB NB MY 

Langmuir 
 

  
 

  
 

  
 

  
aL [L mg-1] 6.0 ± 0.19 0.11 ± 0.02 - - - 0.01 ± 0.002 
Q0 [mg g-1] 0.96 ± 13.2 11.1 ± 1.6 - - - 110.5 ± 30.6 
R2 0.8588   0.9001   - - - 0.9225   

  
  

 
  

 
  

 
  

Freundlich 
 

  
 

  
 

  
 

  
Kf - - - 3.1 x10-7 ± 1.4 x10-6 2.5 ± 2.4 0.72 ± 0.26 
n - - - 0.20 ± 0.02 0.81 ± 0.18 0.81 ± 0.08 
R2 - - - 0.9826   0.8499   0.9768   

  
  

 
  

 
  

 
  

D-R 
 

  
 

  
 

  
 

  
qm x10-3 [mol g-1] - - - 122.3 ± 84.8 62.3 ± 52.9 - - - 
+ȭ Øρπ-8 [mol2 J-2] - - - 1.4 ± 0.19 0.93 ± 0.26 - - - 
E [kJ mol-1] - - - 6.0 ± 0.42 7.35 ± 1.0 - - - 
R2 - - - 0.9615   0.8550   - - - 

a Data with an R2 less than 0.75 has not been included. 

  



 

 
 

Table 2.8 S450 isotherm parameters.a 

Isotherm parameters MB AB NB MY 

Langmuir 
 

  
 

  
 

  
 

  
aL [L mg-1] 0.24 ± 0.02 0.25 ± 0.03 2.0 ± 0.28 - - - 
Q0 [mg g-1] 44.9 ± 8.6 13.7 ± 9.5 23.1 ± 78.0 - - - 
R2 0.9839   0.9734   0.9170   - - - 

  
  

 
  

 
  

 
  

Freundlich 
 

  
 

  
 

  
 

  
Kf 12.9 ± 1.2 3.1 ± 1.3 69.3 ± 14.9 0.04 ± 0.04 
n 2.5 ± 0.26 2.0 ± 0.35 -2.5 ± 0.96 0.47 ± 0.05 
R2 0.9601   0.8852   0.8021   0.9400   

  
  

 
  

 
  

 
  

D-R 
 

  
 

  
 

  
 

  
qm x10-3 [mol g-1] 0.70 ± 0.17 0.26 ± 0.10 - - - 315.6 ± 100.9 
+ȭ Øρπ-8 [mol2 J-2] 0.29 ± 0.04 0.28 ± 0.08 - - - 1.5 ± 0.06 
E [kJ mol-1] 13.1 ± 0.89 11.4 ± 1.15 - - - 5.8 ± 0.12 
R2 0.9673   0.8878   - - - 0.9969   

a Data with an R2 less than 0.75 has not been included. 

 
 
 
  



 

 
 

Table 2.9 S800 isotherm parameters.a 

Isotherm parameters MB AB NB MY 

Langmuir             
aL [L mg-1] 77.8 ± 0.58 0.85 ± 0.009 0.28 ± 0.08 - - - 
Q0 [mg g-1] 70.3 ± 40.7 45.3 ± 21.5 84.8 ± 66.1 - - - 
R2 0.9999   0.9998   0.8602   - - - 
             
Freundlich             
Kf 177.4 ± 5.1 0.01 ± 0.03 20.7 ± 5.0 3.9 ± 2.3 
n 1.9 ± 0.05 0.44 ± 0.06 2.2 ± 0.52 0.82 ± 0.11 
R2 0.9986   0.9590   0.8205   0.9528   
             
D-R             
qm x10-3 [mol g-1] 16.4 ± 2.8 - - - 12.4 ± 1.5 - - - 
+ȭ Øρπ-8 [mol2 J-2] 0.33 ± 0.02 - - - 0.61 ± 0.02 - - - 
E [kJ mol-1] 12.2 ± 0.30 - - - 9.03 ± 0.12 - - - 
R2 0.9952   - - - 0.9985   - - - 

a Data with an R2 less than 0.75 has not been included. 

 
 
 
  



 

 
 

Table 2.10  A300 isotherm parameters.a 

Isotherm parameters MB AB NB MY 

Langmuir             
aL [L mg-1] - - - 0.08 ± 0.03 9.1 ± 0.21 - - - 
Q0 [mg g-1] - - - 5.2 ± 5.9 232.5 ± 89.3 - - - 
R2 - - - 0.8152   0.9974   - - - 
             
Freundlich             
Kf 4.3x103 ± 1.5 x103 - - - 4.8 ± 0.76 - - - 
n 0.87 ± 0.07 - - - -1.2 ± 0.06 - - - 
R2 0.9707   - - - 0.9914   - - - 
             
D-R             
qm x10-3 [mol g-1] 7.6x103 ± 4.5x103 - - - - - - - - - 

+ȭ Øρπ-8 [mol2 J-2] 0.64 ± 0.06 - - - - - - - - - 
E [kJ mol-1] 8.86 ± 0.39 - - - - - - - - - 
R2 0.9767   - - - - - - - - - 

a Data with an R2 less than 0.75 has not been included. 

 
 
 
  



 

 
 

Table 2.11  A450 isotherm parameters.a 

Isotherm parameters MB AB NB MY 

Langmuir             
aL [L mg-1] 183.7 ± 0.15 0.07 ± 2.8x10-4 2.1 ± 0.17 - - - 
Q0 [mg g-1] 157.4 ± 28.2 51.4 ± 0.64 608.0 ± 261.4 - - - 
R2 1.000   0.9999   0.9867   - - - 
             
Freundlich             
Kf 145.3 ± 21.1 3.5 ± 0.75 261.3 ± 44.5 - - - 
n 9.9 ± 2.4 1.2 ± 0.09 2.4 ± 0.38 - - - 
R2 0.8199   0.9887   0.9031   - - - 
             
D-R             
qm x10-3 [mol g-1] 0.81 ± 0.18 0.58 ± 0.13 13.5 ± 2.4 - - - 

+ȭ Øρπ-8 [mol2 J-2] 0.06 ± 0.01 0.39 ± 0.04 0.27 ± 0.02 - - - 
E [kJ mol-1] 29.8 ± 3.9 11.3 ± 0.57 13.6 ± 0.40 - - - 
R2 0.8700   0.9701   0.9930   - - - 

a Data with an R2 less than 0.75 has not been included. 
 

 
 
 
 
  



 

 
 

Table 2.12  A800 isotherm parameters.a 

Isotherm parameters MB AB NB MY 

Langmuir             
aL [L mg-1] 5.6 ± 0.59 0.16 ± 0.03 16.0 ± 0.38 - - - 
Q0 [mg g-1] 178.2 ± 112.4 184.6 ± 150.3 597.6 ± 272.1 - - - 
R2 0.9780   0.9215   0.9977   - - - 
             
Freundlich             
Kf - - - 29.8 ± 8.1 345.9 ± 75.3 1.5 ± 0.68 
n - - - 2.1 ± 0.26 3.9 ± 0.59 0.67 ± 0.06 
R2 - - - 0.9587   0.9101   0.9783   
             
D-R             
qm x10-3 [mol g-1] - - - 209.4 ± 163.5 6.3 ± 3.5 - - - 
+ȭ Øρπ-8 [mol2 J-2] - - - 1.1 ± 0.25 0.15 ± 0.05 - - - 
E [kJ mol-1] - - - 6.6 ± 0.73 18.4 ± 2.8 - - - 
R2 - - - 0.9070   0.7672   - - - 

a Data with an R2 less than 0.75 has not been included. 
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For S300 (Table 2.7) AB, NB and MY best fitted to the Freundlich equation, 

this is expected as the large pore diameter, 17 nm, allows for good 

accessibility to the pores and multilayer filling. It was only possible to 

adequately fit the MB data to the Langmuir isotherm which suggests only 

monolayer coverage is being achieved which could be caused by 

unfavourable interaction of the dye with the adsorbent surface. Overall for 

S450 and S800 the Langmuir isotherm also gave the best fitting to the data, 

with the exception of MY which was best described by the Freundlich 

equation. Due to MY being the smallest dye it is likely to fit easily into the 

adsorbent pores resulting in multilayer adsorption.(140)  

MB adsorption on A300 (Table 2.10) correlated well to the Freundlich 

isotherm, this is in agreement with the experimental observations where 

very high adsorption of MB above the SBET of the adsorbent was observed, 

clearly signifying multilayer and pore filling is occurring. The heterogeneity 

ÆÁÃÔÏÒ ȬÎȭ ÏÆ πȢψχ ÉÓ ÖÅÒÙ ÃÌÏÓÅ ÔÏ ÕÎÉÔÙ ÉÎÄÉÃÁÔÉÎÇ ÔÈÁÔ -" ÉÓ ÂÅÉÎÇ ÆÁÖÏÕÒÁÂÌÙ 

adsorbed. AB adsorption onto A800 (Table 2.12) also showed the best 

affinity to the Freundlich isotherm. This is expected due to the very high 

ÄÅÇÒÅÅ ÏÆ ÁÒÏÍÁÔÉÃÉÔÙ ÏÆ !ψππ ÁÎÄ !"ȟ ÔÈÅÒÅ ÉÓ ÓÔÒÏÎÇ ʌ- ʌ ÁÔÔÒÁÃÔÉÏÎ ÂÅÔ×ÅÅÎ 

adsorbate and adsorbent and adsorbate and adsorbate. A combination of this 

along with the large pore diameter and relatively flat conformation of AB 

stacking and multilayer adsorption is easily achieved. This can also be seen 

for MY. For the remainder of the dyes adsorbed onto A300, A450 and A800 

the Langmuir isotherm gives the best fitting to the data. Unfortunately due to 

the poor uptake of MY by A300 and A450 it was not possible to achieve good 

isotherm analysis of the data. For the adsorbents where it could be modelled 

the mean free energies of adsorption (E) calculated from the D-R isotherm 

were all in the range of physisorption.(141)  

Overall adsorption by Norit showed best affinity to the Langmuir isotherm. 

This is in accordance with the microporous nature of the material meaning 

that only monolayer coverage can be achieved. Not unsurprisingly the D-R 

isotherm could not be used to model the data due to the nature of the 

adsorbent.(139)  
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2.2.5  Thermodynamic study of adsorption of MB and AB  

To further understand the adsorption process taking place between Starbon® 

and dye thermodynamic parameters were evaluated (Table 2.13 and Table 

2.14) (graphs showing original data can be seen in Appendix 1). This study 

was only carried out for adsorption of MB and AB on S300, S800, A300, A800 

and Norit as these systems gave the best adsorption data to enable analysis. 

The analysis was carried out at 5 K intervals across a range of temperatures 

from 298 K to 318 K.  

4ÈÅ ÖÁÎȭÔ (ÏÆÆ ÅÑÕÁÔÉÏÎ ×ÁÓ ÕÓÅÄ ÔÏ ÃÁÌÃÕÌÁÔÅ ÔÈÅ ÖÁÌÕÅÓ ÏÆ ÅÎÔÈÁÌÐÙ ɉɝ(Ɋ ÁÎÄ 

ÅÎÔÒÏÐÙ ɉɝ3Ɋȡ 

■▪╚
Ў╢

╡

Ў╗

╡╣
 

Where K is the equilibrium constant at temperature T (K) and R gas constant 

(8.314 J mol-1 K-1). The Gibbs free energy was calculated to determine the 

feasibility of adsorption, using the equation: 

Ў╖ ╡╣■▪╚ 

!ÌÌ ÏÆ ÔÈÅ ÁÄÓÏÒÂÅÎÔÓ ÓÈÏ× Á ÐÏÓÉÔÉÖÅ ÖÁÌÕÅ ÏÆ ɝ( ÓÕÇÇÅÓÔÉÖÅ ÏÆ ÁÎ 

endothermic adsorption process taking place, in this case adsorption 

increases with increasing temperature of the system, this is common for this 

type of system.(142) Adsorption in a solid/liquid system such as the one 

presented here takes place in two steps: (a) desorption of the molecules of 

solvent (water) previously adsorbed by the adsorbent (b) adsorption of the 

adsorbate. Endothermic adsorption suggests that the adsorbate and 

adsorbent are not strongly interacting on the surface and that the energy 

required to first displace the water molecules already adsorbed on the 

adsorbent is larger than the energy being produced by adsorbent/adsorbate 

interaction.(143)  

The value of entropy is also positive due to increased randomness at the 

solid/solution interface upon uptake of dye, due to the release of solvent 

(water) from the surface of the adsorbent.(144) 4ÈÅ ÖÁÌÕÅÓ ÏÆ ɝ3 ÆÏÒ !σππ 
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and A800 are significantly larger that the values for S300 and S800, this may 

indicate that different modes of adsorption of MB are occurring for the two 

materials.  

Figure 2.13 represents potential relationships between the dye and different 

adsorbent surfaces. Differing interactions of the dye, for example, a flat 

orientation of the dye with the adsorbent surface compared with end on 

adsorption of the dye, will release different amounts of solvent (water) from 

the surface and therefore affect the entropic value. The very large entropy 

values of A300 and A800 could suggest that the dye is adsorbing flat onto the 

surface which is possible due to the large pore diameters of the materials.  

Table 2.13 Thermodynamic parameters of methylene blue adsorption. 
 Temp. 

[K]  
ln K ɝ' 

[kJ mol-1] 
ɝ( 

[kJ mol-1] 
ɝ3 

[J mol-1K-1] 
R2 

Norit  298 1.2 -2.9 37.2 ± 4.4 129.6 ± 14.8 0.9592 

 
308 1.0 -2.7 

       

 
318 0.7 -1.9 

       

           
S300 298 -0.8 1.9 20.8 ± 0.8 62.2 ± 2.5 0.9961 

 
308 -0.6 1.6 

       

 
318 -0.4 1.1 

       

           
S800 298 -0.9 2.2 28.0 ± 2.6 85.5 ± 8.8 0.9653 

 
308 -0.8 2.0 

       

 
318 -0.8 2.1 

       

           
A300 298 0.6 -1.4 104.4 ± 9.9 346.4 ± 33.2 0.9649 

 
308 0.5 -1.3 

       

 
318 0.6 -1.6 

       

           
A800 298 0.7 -1.7 110.6 ± 5.9 377.9 ± 19.8 0.9887 

 
308 1.2 -3.1 

       
 318 3.7 -9.7        

This theory is supported by the high value of enthalpy for these adsorbents 

indicating relatively high energy input into the system is required to release 

×ÁÔÅÒ ÆÒÏÍ ÔÈÅ ÓÕÒÆÁÃÅ ÔÏ ÅÎÁÂÌÅ ÁÄÓÏÒÐÔÉÏÎȢ ɝ' ÆÏÒ ÔÈÅÓÅ ÍÁÔÅÒÉÁÌÓ ÉÓ 

negative demonstrating that adsorption is spontaneous in these cases.(144)  
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Figure 2.13 Schematic representation of water release caused by dye 

adsorption on to (a) mesoporous surface, flat orientation, (b) microporous 

surface and (c) mesoporous surface, end on orientation. (The points of 

contact between the dye and surface are highlighted in orange.)  

(Components of image not drawn to scale.) 

As discussed in Section 2.2.3 due to the nature of S300 and S800 interaction 

with cationic dyes such as MB is likely to occur through interaction with the 

electron rich atoms which could feasibly lead to end on orientation of the dye 

ÌÅÁÄÉÎÇ ÔÏ ÌÅÓÓ ÒÅÌÅÁÓÅ ÏÆ ×ÁÔÅÒ ÁÎÄ Á ÌÏ×ÅÒ ÖÁÌÕÅ ÏÆ ɝ3Ȣ )ÎÔÅÒÅÓÔÉÎÇÌÙȟ ÔÈÅ 

ÐÏÓÉÔÉÖÅ ÖÁÌÕÅÓ ÏÆ ɝ' ÓÈÏ× ÁÄÓÏÒÐÔÉÏÎ ÏÆ ÔÈÅ ÄÙÅ ÉÓ ÎÏÔ ÓÐÏÎÔÁÎÅÏÕÓ ÆÏÒ ÔÈÅÓÅ 

ÍÁÔÅÒÉÁÌÓ ×ÈÉÃÈ ÍÁÙ ÓÕÇÇÅÓÔ ÔÈÉÓ ÉÓÎȭÔ Á ÆÁÖÏÒÁÂÌÅ ÐÒÏÃÅÓÓȢ 
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Table 2.14 Thermodynamic parameters of acid blue adsorption. 
 Temp. 

[K]  
Ln K ɝ' 

[kJ mol-1] 
ɝ( 

[kJ mol-1] 
ɝ3 

[J mol-1K-1] 
R2 

Norit  298 -1.1 2.7 47.4 ± 4.7 149.3 ± 15.3 0.9715 

 
308 -0.5 1.3 

       

 
318 -1.2 3.2 

       

           
S300 298 -2.4 5.9 15.2 ± 1.5 36.6 ± 5.2 0.9503 

 
308 -2.5 6.4 

       

 
318 -2.6 6.9 

       

           
S800 298 -1.7 4.2 58.2 ± 15.1 165.5 ± 50.6 0.8224 

 
308 -1.6 4.1 

       

 
318 -1.7 4.5 

       

           
A300 298 -2.7 6.7 27.7 ± 1.7 62.6 ± 5.7 0.9922 

 
308 -2.8 7.2 

       

 
318 -2.9 7.7 

       

           
A800 298 -0.05 0.1 40.6 ± 8 126.5 ± 26.2 0.8915 

 
308 -0.8 2.0 

       
 318 0.08 -0.2        

 

4ÈÅ ÖÁÌÕÅÓ ÏÆ ɝ( ÁÎÄ ɝ3 ÆÏÒ !" ÁÄÓÏÒÐÔÉÏÎ ÁÒÅ ÐÏÓÉÔÉÖÅ ÆÏÒ ÁÌÌ ÁÄÓÏÒÂÅÎÔÓȢ 

The reduction in the enthalpy and entropy of S300, A300 and A800 compared 

to MB adsorption suggest that there is less of an enthalpic barrier. The values 

ÏÆ ɝ3 ÆÏÒ 3ψππ ÁÎÄ !ψππ ÁÒÅ ÍÕÃÈ ÃÌÏÓÅÒ ÉÎ ÒÁÎÇÅ ÔÈÁÎ ÏÂÓÅÒÖÅÄ ÆÏÒ -" 

adsorption, this implies that adsorption of AB on to these adsorbents may be 

occurring via a similar mechanism. The increase in entropy of S800 (from 

85.5 KJ mol-1 for MB to 165.5 kJ mol-1 for AB) point toward a flatter 

orientation of the dye on the adsorbent surface. However the entropy values 

of S800 and A800 are not high enough to indicate that this is happening to 

the same extent as seen for MB. Therefore, it is possible that adsorption of 

the dye is due to stacking of the dye molecules onto one another and thus less 

solvent (water) is released from the adsorbent surface and the entropy is 

ÌÏ×ÅÒÅÄȢ  4ÈÅ ÖÁÌÕÅÓ ÏÆ ɝ' ÁÒÅ ÁÌÌ ÐÏÓÉÔÉÖÅ ÆÏÒ ÁÃÉÄ ÂÌÕÅ ÁÄÓÏÒÐÔÉÏÎ ÉÎÄÉÃÁÔÉÖÅ 

of the non-spontaneous nature of the adsorption process.    
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4ÈÅ ÔÈÅÒÍÏÄÙÎÁÍÉÃ ÐÁÒÁÍÅÔÅÒÓ ɝ( ÁÎÄ ɝ3 ÆÏÒ ÁÄÓÏÒÐÔÉÏÎ ÕÓÉÎÇ .ÏÒÉÔ ÓÔÁÙ 

relatively similar for MB and AB, this would suggest that the adsorption 

process is unaffected by the nature of the dye but rather is limited by the 

nature of the adsorbent.  The only significant difference can be observed for 

ÔÈÅ ÖÁÌÕÅÓ ÏÆ ɝ' ×ÈÉÃÈ ÁÒÅ ÎÅÇÁÔÉÖÅ ÆÏÒ -" ÁÎÄ ÐÏÓÉÔÉÖÅ ÆÏÒ !" ÁÄÓÏÒÐÔÉÏÎȢ 

This difference is likely to be causes by the cationic vs anionic nature of the 

dyes affecting how favorably they interact with the surface of the adsorbent.  

2.2.6 Comparison of rate of adsorption of MB and AB  

Information relating to the kinetic adsorption activity of Starbon® was vital 

for its use in applications, such as water treatment.  

  

Figure 2.14  Rate of uptake of methylene blue by Norit, S800 and A800. 

Figure 2.14 plots the adsorption of MB onto three adsorbents versus time. 

A800 showed the fastest rate of adsorption, with the majority of the dye 

being adsorbed within the first 60 minute and Norit is the slowest and least 

efficient of the materials. A similar correlation was observed for AB 

adsorption (Figure 2.15). These results gives evidence for the importance of 

larger pore in adsorbents as they allow for free transportation of the dye 

within the pore structure leading to fast uptake of the dye.(145) 
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Figure 2.15  Rate of uptake of acid blue by Norit, S800 and A800. 

2.3 Conclusion 

Mesoporous materials were successfully prepared from starch and alginic 

acid starting materials without the use of a template. Characterisation of the 

materials using porosimetry showed that the alginic acid derived Starbon® 

exhibit a higher degree of mesoporosity than the starch derived Starbon®. 

This is a likely result of the tangled nature of starch due to the branched 

amylopectin chains that restricts pore sizes. Solid-state NMR, IR and XPS 

analysis showed the changing surface functionality of the materials with 

increasing preparation temperature, from an oxygen rich surface (S300 and 

A300) to an aromatic surface (S800 and A800). 

Highly efficient adsorption of dyes can be achieved using all of the Starbon®. 

The results show that Starbon® have better uptake capacities than 

commercial activated carbon, Norit, for the majority of dyes tested despite 

having significantly smaller surface areas thus showing that large pore 

volumes and pore diameters are principally important for fast and effective 

dye uptake. In particular, A300 and A800 adsorbents with mesoporosity of 

above 80%, pore diameters between 14 ɀ 19 nm and pore volumes above 1 

cm3g-1, but with less than 300 m2 g-1 surface area, show high adsorption 

capacities, e.g. A300 shows adsorption capacity of 186 mg g-1 for MB, more 
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than four times higher than Norit. Kinetic analysis also showed the 

advantages of large pore diameters and volumes in allowing for fast and 

effective uptake of dyes, with A800 being the fastest to uptake dye and Norit 

the slowest. 

Isotherm analysis showed that the adsorption data for Starbon® correlated 

well to either the Langmuir or Freundlich models depending on the 

adsorbent/adsorbate system. The D-R model could also be applied to the 

majority of the materials and showed that the adsorption process occurring 

was physisorption. Norit adsorption data was best modelled by the Langmuir 

isotherm which is to be expected for a material that it almost entirely 

microporous as no multilayer adsorption can occur. Thermodynamic 

parameters for all of the systems were useful to gain further knowledge of 

the adsorption mechanism that was taking place. It showed that the pore size 

and surface functionality of the adsorbent strongly influenced the interaction 

with the dye. All of the values of enthalpy and entropy were positive 

indicating endothermic adsorption was occurring and also that randomness 

was increasing in the system due to the release of water from the adsorbent 

interface. The magnitude of enthalpy and entropy varied and were generally 

much higher for the alginic acid materials than the starch materials. It was 

concluded that two different modes of adsorption were occurring: for A300 

and A800 it was likely that the dye was being adsorbed in a flat orientation 

leading to more water release and higher thermodynamic parameter values, 

whereas for S300 and S800 the dye was being adsorbed in an end-on 

orientation, thus reducing water release from the surface.   

Overall, it can be concluded that for the adsorption of dye molecules as 

investigated here it is advantageous to use adsorbents with a large 

mesoporous character, such as Starbon®, rather than microporous 

adsorbents regardless of surface area of the materials. 
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Chapter 3. 

Use of Starbon® for Adsorption of Phenolics  

 

3.1 Introduction  

Phenolic compounds are released into the environment as part of many 

industrial effluents, including; petroleum refineries, steel foundries and 

herbicide industries.(146) They are potentially toxic and carcinogenic, posing 

significant threat to the biosphere. Therefore, it is imperative that they are 

removed from wastes for safe disposal.  

Work in Chapter 2 has already shown that Starbon® are efficient adsorbers of 

large organic molecules such as dyes, however, their affinity to adsorb small 

organic molecules has not before been investigated. Herein, work is 

presented showing the feasibility of four Starbon® adsorbents S300, S800, 

A300 and A800 and commercially available activated carbon, Norit, for 

removal of a range of phenolics from aqueous solutions. As in Chapter 2 the 

affect of differing polysaccharide type on adsorption capacity is investigated, 

along with the effects of contact time and adsorption temperature.  

Six phenols were used for this work, these particular molecules were chosen 

as they gave an array of functional groups, were water soluble and many are 

involved in pharmaceutical processes (Figure 3.1).  

3.1.1 Aims 

The aims of the work presented herein:  

Á Determine the influence of mesoporosity and surface functionality of 

Starbon® on the uptake of phenolic compounds. 

Á To ascertain the effect, if any, of differing phenolic functional groups 

on their adsorption by Starbon®. 
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Á Propose a potential mechanism for phenolic adsorption onto the 

surface of Starbon® using thermodynamic and phenol desorption 

studies. 

 

Figure 3.1  Structures, names and abbreviations (in brackets) of the six 

phenolics used. 

3.2 Results and Discussion 

3.2.1 Effect of phenolic concentration on adsorption capacity  

The effect of initial phenolic concentration on adsorption was investigated at 

a concentration range from 25 to 200 mg L-1 at 298 K (Figure 3.2). Overall, for 

all adsorbents and phenols the adsorption capacity increased with increase 

in phenolic concentration due to improved interaction between the phenolic 

and Starbon® at higher concentrations.  

For most of the phenolics saturation of the adsorbent can be observed above 

150 mg L-1 indicating there are a finite number of adsorption sites available 

on the adsorbent.  
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Figure 3.2  Effect of initial phenolic concentration on adsorption capacity of 

(a) S300, (b) S800, (c) A300, (d) A800 and (e) Norit. 

The high temperature materials (S800 and A800) are the superior adsorbers 

for all of the different phenols, what these results demonstrate is that one of 

the limiting factors for adsorption is the surface properties of the adsorption 

material. Moreno-Castillia observed that surface chemistry of the adsorbent 

has a great influence on adsorbent-adsorbate interactions and he considered 

it the main factor in the adsorption mechanism from aqueous solutions.(128) 

In the case of aromatic compounds adsorption is generally understood to be 

achieved by interaction between the ʌ-electrons of the aromatic ring and the 

surface of the adsorbent.(129) This mechanism of adsorption would explain 
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the poor adsorption by S300 and A300 due to the oxygen-rich, highly 

functionalised surface of the adsorbent that can give rise to H-bonds with 

water and can vastly reduce adsorption.(147)  

Table 3.1 Adsorption capacities of Starbon® compared with other adsorbents 
from the literature. 
Adsorbent Surface 

area 
[m2 g-1]  

Phenol Temp. 
[K]  

Adsorption 
capacity 
[mg g-1] 

Ref. 

S800 535 Phenol 298 87 Current 
work  

  
o-Cresol  90 

  
2-fluorophenol  133 

  
3-aminophenol  101 

  4-methoxphenol  118 

A800 265 Phenol 298 89 Current 
work  

  
o-Cresol  113 

  
2-fluorophenol  104 

 
  

3-aminophenol  139 
 

  4-methoxphenol  128  

Norit  798 Phenol  152 Current 
work  

  
o-Cresol  180 

  
2-fluorophenol  193 

  
3-aminophenol  149 

  4-methoxphenol  145 

Coir pith 
carbon 

167 2-chlorophenol 308 18 (148) 

Apricot 
stone shell  
50% H3PO4 
500oC 

1306 Phenol N/D 120 (149) 

 
m-Cresol  101 

 

 
p-Cresol  108 

 
 2-chlorophenol  120  

Coconut 
shell 

1062 p-chlorophenol 297 334 (150) 

Wood; Pica 1699 
 

 309 
 

Coal; SP 865 
 

 231 
 

Straw 322 
 

 129 
 

Tire 346    206   

As in previous work, Norit was used here as a basis for comparing the 

performance of Starbon® with a commercially available activated carbon. 

Norit was seen to exhibit higher adsorption capacities than Starbon®. The 

small sizes of the phenolic compounds (relative to dye molecules for 

instance) allow them to access even the smaller pores of the adsorbent and 



 

99 
 

therefore the high mesoporosity and wide pore diameters of Starbon® is no 

longer such an advantage for adsorption. The materials with larger surface 

areas, such as Norit, can uptake more of the adsorbate.(151) Comparison of 

Starbon® adsorption capacities with literature data for a range of other 

adsorbents supports this observation as the materials with the larger surface 

areas present the best phenolic uptake (Table 3.1).  

 

Figure 3.3  Surface area of phenolic coverage (bar) and % of adsorbent 

surface utilised during adsorption (line and dot) for Norit, S800 and A800. 

A calculation of surface area of phenolic coverage and comparison of this 

with the surface area of the adsorbent used during adsorption (% surface 

coverage), Figure 3.3, gives more information about the affect adsorbent 

characteristics have on uptake. 

Whilst Norit shows higher adsorbent capacity than both the Starbon® 

materials, analysis shows that approximately only 50% of the available 

surface area is being utilised. This is also true for S800, however for A800 

percentage surface coverage is >85% with surface coverage of 3A being as 

high as 116% of the available surface.  
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Similar occurrences were previously observed for the adsorption of dyes 

(Chapter 2, Table 2.6) and demonstrate the importance of mesoporosity and 

large pore diameters of adsorbents to allow access to the entire interior pore 

structure of the material, thus enabling effective uptake. For example, if the 

surface area of A800 could be increased to that of Norit (while maintaining 

the same degree of mesoporosity) then an adsorption capacity of 416 mg g-1 

for 3A could potentially be achieved.  

3.2.2 Discussion about likely phenolic adsorption mechanisms  

At this point, prior to more in depth analysis of the data it is important to 

discuss potential modes of adsorption that could be occurring for the uptake 

of phenolics to be referred to throughout the remainder of the chapter. 

&ÏÒ ÔÈÉÓ ×ÏÒË Á ÍÏÄÅÌ ÏÆ Á ʌ-system, proposed by Hunter and Sanders, where 

ÔÈÅ ÁÒÏÍÁÔÉÃ ÒÉÎÇ ÉÓ ÄÅÓÃÒÉÂÅÄ ÁÓ Á ÐÏÓÉÔÉÖÅÌÙ ÃÈÁÒÇÅÄ ʎ-framework 

sandwiched in-ÂÅÔ×ÅÅÎ Ô×Ï ÎÅÇÁÔÉÖÅÌÙ ÃÈÁÒÇÅÄ ÃÌÏÕÄÓ ÏÆ ʌ-electron density 

will be used, illustrated in Figure 3.4 (a).(152)     

 

Figure 3.4  (a) An sp2 ÈÙÂÒÉÄÉÓÅÄ ÁÔÏÍ ÉÎ Á ʌ-system and (b) an illustration of 

how phenol interacts with adsorbent surface.(152, 153) 

It is generally understood that small aromatic molecules interact with 

adsorbent surfaces through ÔÈÅ ʌ-electrons surrounding the aromatic ring 

rather than through the phenolic hydroxyl group or any other possible 

substituents present (Figure 3.4 (b)). Depending on the characteristics of the 

adsorbent surface a number of different interactions can occur, the major 

ones being: 



 

101 
 

3.2.2.1 H-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ  

Hydrogen atoms present on the adsorbent surface can H-ÂÏÎÄ ×ÉÔÈ ÔÈÅ ʌ-

electrons of the aromatic ring. Bonding strength is comparable to that of 

benzene-water complexes, approximately 7.5 kJ mol-1.(154) In aqueous 

systems, like the ones used in this chapter, competitive water adsorption 

could limit this type of interaction.(155) 

3.2.2.2 n-ʌ ÅÌÅÃÔÒÏÎ-donor acceptor interactions 

These are electron-donor acceptor (EDA) interactions where n = non-

bonding electrons at the adsorbent surface.(155) Such interactions have been 

shown to contribute significantly to retention of aromatic molecules onto 

adsorbent surfaces.(156)  

3.2.2.3 ʌ-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ 

This type of interaction is favoured by strongly adsorbing aromatÉÃ ʌ-

systems such as the graphene sheets found on the surfaces of activated 

carbons.(155, 157) This type of interaction is strongly controlled by the 

electron-deficiency of the phenol ring and therefore is favoured in the 

presence of electron-withdrawing substituents. 

The X-ray photoelectron spectroscopy (XPS) analysis of S800 and A800 

(Chapter 2, Figure 2.8 and Table 2.5) shows that the surfaces of these two 

materials differ quite substantially; whilst 40% of S800 surface contains 

hydroxyl and carbonyl groups, only 18% of the A800 surface contains 

carbonyl functionality (with no hydroxyl groups being seen) with aromatic 

carbons making up the majority of the surface (45%). (Norit most closely 

resembles S800 in its surface characteristics.) From this it could be theorised 

that it is likely that for S800 adsorption is taking place predominantly 

through a combination of H-ʌ ÁÎÄ Î-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓȟ ×ÈÅÒÅÁÓȟ ÔÈÅ ÈÉÇÈ 

aromatisation of the A800 surface would suggest that adsorption is most 

ÌÉËÅÌÙ ÔÏ ÈÁÐÐÅÎ ÖÉÁ ʌ-ʌ ÉÎÔeractions. The following isotherm and kinetic 

analysis of the adsorption data will serve to prove or disprove this 

hypothesis.   
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3.2.3 Adsorption isotherm analysis of phenolic adsorption  

In order to investigate the mechanism of phenol (P), o-cresol (OC), 2-

fluorophenol (2F), 3-aminophenol (3A) and 4-methoxyphenol (4M) 

adsorption on  Starbon® and Norit the experimental data were applied to the 

Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm equations 

(Figure 3.5). The parameters of the isotherm equations for this adsorption 

process were calculated by regression using the linear form of the isotherm 

equations. The constant parameters and correlation coefficient (R2) are 

summarized in Table 3.2 to Table 3.4.  

 

Figure 3.5  Langmuir adsorption isotherms for (a) S800, (b) A800, (c) Norit, 

Freundlich (d) S800, (e) A800, (f) Norit and D-R (g) S800, (h) A800, (i) Norit. 

In most cases the data for Norit can be best modelled by the Langmuir 

equation with correlation coefficients between 0.9799 ɀ 1.0000 this is in line 

with the previous results for dye adsorption and is a product of a relatively 

uniform adsorbent surface and a high degree of microporosity which 

prevents multilayer formation.  



 

 
 

Table 3.2 Norit adsorption isotherm parameters.a 

Isotherm 
parameters 

P OC 2F 3A 4M 

Langmuir 
               

aL [L mg-1] 0.42 ± 0.12 7.4 ± 3.2 0.30 ± 0.01 1.3 ± 0.83 1.1 ± 3.9x10-4 
Q0 [mg g-1] 169.5 ± 12.2 188.0 ± 6.3 283.3 ± 36.7 155.0 ± 6.4 213.7 ± 0.31 
R2 0.9799 

  
0.9966 

  
0.9382 

  
0.9933 

  
1.0000 

  
                Freundlich 

               
Kf 70.0 ± 5.2 - - - 54.8 ± 5.4 - - - 100.1 ± 6.7 
n 3.6 ± 0.49 - - - 1.5 ± 0.17 - - - 1.7 ± 0.14 
R2 0.9481 

  
- - - 0.9618 

  
- - - 0.9860 

  
                D-R 

               
qm x10-4 [mol g-1] 45.1 ± 6.6 - - - 321.4 ± 190.6 - - - 232.8 ± 58.8 
+ȭ Øρπ-9 [mol2 J-2] 2.2 ± 0.23 - - - 4.9 ± 0.73 - - - 4.0 ± 0.25 
E [kJ mol-1] 15.0 ± 0.77 - - - 10.1 ± 0.76 - - - 11.2 ± 0.36 
R2 0.9696     - - - 0.9173     - - - 0.9918     

a Data with an R2 less than 0.75 has not been included. 

  



 

 
 

 

  

Table 3.3 S800 adsorption isotherm parameters. 

Isotherm 
parameters 

P OC 2F 3A 4M 

Langmuir 
               aL [L mg-1] 1.4 ± 0.65 0.75 ± 0.47 0.72 ± 0.56 1.5 ± 1.3 15.5 ± 5.5 

Q0 [mg g-1] 100.4 ± 1.2 94.6 ± 2.2 131.8 ± 5.9 101.2 ± 2.4 118.6 ± 0.32 
R2 0.9994 

  
0.9966 

  
0.9899 

  
0.9972 

  
1.0000 

  
 

               Freundlich 
               Kf 50.2 ± 2.9 49.2 ± 0.84 72.6 ± 1.5 60.6 ± 2.7 104.2 ± 1.8 

n 5.7 ± 0.66 5.8 ± 0.20 6.0 ± 0.32 6.6 ± 0.83 14.1 ± 1.8 
R2 0.9372 

  
0.9924 

  
0.9864 

  
0.9401 

  
0.9503 

                  D-R 
               qm x10-4 [mol g-1] 19.6 ± 1.2 13.6 ± 0.19 18.2 ± 0.73 20.3 ± 1.3 12.7 ± 0.52 

Kȭ Øρπ-9 [mol2 J-2] 1.9 ± 8.4 x10-2 1.3 ± 1.9 x10-2 1.2 ± 5.8 x10-2 1.8 ± 8.7 x10-2 0.48 ± 4.6x10-2 
E [kJ mol-1] 16.3 ± 0.36 19.8 ± 0.15 20.1 ± 0.47 16.5 ± 0.39 32.2 ± 1.5 
R2 0.9940   0.9987   0.9952   0.9933   0.9733   



 

 
 

 

Table 3.4 A800 adsorption isotherm parameters. 

Isotherm 
parameters 

P OC 2F 3A 4M 

Langmuir 
               aL [L mg-1] 8.2 x10-2 ± 7.3 x10-3 7.6x10-2 ± 6.2 x10-3 1.9 x10-3 ± 2.8 x10-4 0.1 ± 1.4 x10-3 3.4 ± 0.60 

Q0 [mg g-1] 40.3 ± 7.1 31.4 ± 0.64 206.2 ± 37.7 241.6 ± 15.2 146.0 ± 6.3 
R2 0.9919 

  
0.9975 

  
0.9113 

  
0.9919 

  
0.9962 

                  Freundlich 
               Kf 7.8 ± 0.34 8.0 ± 0.54 0.5 ± 0.02 22.2 ± 1.3 108.0 ± 5.6 

n 2.8 ± 9.1 x10-2 3.6 ± 0.24 1.1 ± 1.4 x10-2 1.1 ± 5.7 x10-2 3.8 ± 1.3 
R2 0.9966 

  
0.9754 

  
0.9996 

  
0.9919 

  
0.8339 

                  D-R 
               qm x10-4 [mol g-1] 12.3 ± 0.81 5.5 ± 0.18 51.1 ± 3.4 642.5 ± 215.9 235.6 ± 318.6 

+ȭ Øρπ-9 [mol2 J-2] 3.6 ± 0.16 2.6 ± 8.5 x10-2 9.4 ± 0.19 7.0 ± 0.48 4.1 ± 1.3 
E [kJ mol-1] 11.8 ± 0.26 14.0 ± 0.23 7.3 ± 7.3x10-2 8.5 ± 0.29 11.1 ± 1.8 
R2 0.9942   0.9956   0.9988   0.9861   0.8345   
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Similarly, S800 also correlates most favourably to the Langmuir model and as 

discussed in Section 3.2.1 ÁÓ ÁÄÓÏÒÐÔÉÏÎ ÃÏÖÅÒÁÇÅ ÉÓ ÏÎÌÙ Ђ υπϷ ÏÆ ÔÈÅ 

available surface area it is expected that adsorption will not go beyond the 

monolayer. In addition, since the surface of S800 is not entirely uniform, a 

result of residual oxygen functionality leading to heterogeneous energy 

across the surface, the Freundlich model also shows good fitting (R2 0.9372 ɀ 

0.9924). The adsorption energies calculated from the D-R equation are 

slightly higher than those seen for dye adsorption, especially the energy for 

4M uptake, 32 kJ mol-1. For adsorption, the adsorption energy is the energy 

required to transfer 1 mol of adsorbate to the surface of the adsorbent and 

therefore high energy could be due to fewer possible groups available on the 

phenolic (compared to dyes) that can interact with the adsorbent surface 

(see Chapter 2, Figure 2.11) and thus it requires more energy to transfer the 

adsorbate from solution to the surface of the adsorbent.(158, 159)  

The monolayer adsorption capacity for S800, Q0, calculated from the 

Langmuir constants showed little change across the range of phenols. 

However, the values of Q0 for A800 exhibit considerable variation, covering a 

range of 31.4 ɀ 241.6 mg g-1 for the different phenolics. This result would 

suggest that adsorption by S800 is relatively unaffected by the nature of the 

phenolic molecule whereas it is influential for adsorption by A800. Large 

variation can be seen for A800 across all of the isotherm parameters (Table 

3.4), whereas the S800 constants remain relatively similar regardless of the 

characteristics of the adsorbate molecule (Table 3.3). Figure 3.5 gives a clear 

visual representation of this observation. Interestingly, what this result could 

indicate is a difference in the modes of adsorption occurring for S800 and 

A800 which is likely to arise from the differences in the material 

characteristics, such as, the higher degree of surface aromatisation seen in 

A800 compared to S800 affecting the interaction with the adsorbate.  

For A800 the calculated adsorption capacity increases in the order of: OC < P 

<< 4M < 2F < 3A, it is interesting to observe that this data trend demonstrates 

a close correlation to the order of electron-density on the phenol ring which 

changes depending on the ring substituent: P > OC > 4M > 2F > 3A (Table 
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3.5). By the addition of electron withdrawing groups there is less electron 

density on the phenol ring which results in better uptake by A800, which may 

ÂÅ ÉÎÄÉÃÁÔÉÖÅ ÏÆ ÁÄÓÏÒÐÔÉÏÎ ÔÈÒÏÕÇÈ ʌ-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓȢ(129, 160) From the 

surface area calculations for A800 (Figure 3.3) it is clear that multilayer 

adsorption, possibly through stacking of the phenolic molecules, is likely 

occurring for some of the adsorbates. The superior correlation of the A800 

adsorption data with the Freundlich isotherm also serves to support this 

hypothesis.  

Table 3.5 Charge distribution of phenolic 
compounds. 
 Electron-densitya 

 Aromatic ring Phenol oxygen 

Phenol -0.51 -0.23 
o-Cresol -0.48 -0.23 
2-Fluorophenol -0.36 -0.22 
3-Aminophenol -0.09 -0.23 
4-Methoxyphenol -0.40 -0.23 
a Calculated using HyperChem. 

3.2.4 Stacking of phenolic molecules  

7ÈÅÎ ÁÄÓÏÒÐÔÉÏÎ ÏÃÃÕÒÓ ÖÉÁ ʌ-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ ÂÅÔ×ÅÅÎ the adsorbent surface 

and the phenol ring it is possible for further adsorption to take place beyond 

the surface of the adsorbent through self-stacking between aromatic 

structures to form adsorbate multilayers.(155) ʌ-stacking of molecules is 

favourable as it maximises van der Waals interactions between the surfaces 

of the aromatic rings, however, this is not the overall force that controls 

stacking associations.(153) Two factors are responsible for driving or 

ÌÉÍÉÔÉÎÇ ʌ-stacking, both acting by affecting the electrostatic interactions of 

the molecules:(147, 152, 153)   

1. Orientation of adsorbate molecules  

2. The functional groups present on the aromatic ring.  

Hunter and Sanders carried out experimental and computational work 

ÅØÁÍÉÎÉÎÇ ÔÈÅ ÓÔÁÃËÉÎÇ ÇÅÏÍÅÔÒÙ ÏÆ ÍÏÌÅÃÕÌÅÓ ÃÏÎÔÁÉÎÉÎÇ ʌɀsystems.(152) 

From the computational calculations they proposed three likely orientations 

of the aromatic species (Figure 3.6). Experimental investigations showed that 
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(b) face-to-face stacking of molecules was unlikely to occur due to repulsion 

ÏÆ ÔÈÅ ÎÅÇÁÔÉÖÅÌÙ ÃÈÁÒÇÅÄ ʌ-electron clouds. To summarise the work they 

ÐÒÅÐÁÒÅÄ Á ÓÅÔ ÏÆ ÒÕÌÅÓ ÔÏ ÅØÐÌÁÉÎ ÈÏ× ÉÎÔÅÒÁÃÔÉÏÎÓ ÏÆ ÎÏÎÐÏÌÁÒÉÓÅÄ ʌ-systems 

are governed:  

2ÕÌÅ ρȡ ʌ-ʎ ÁÔÔÒÁÃÔÉÏÎ ÄÏÍÉÎÁÔÅÓ ÉÎ ÅÄÇÅ-to-face geometry (Figure 3.6 (a)) 

2ÕÌÅ ςȡ ʌ-ʌ ÒÅÐÕÌÓÉÏÎ ÄÏÍÉÎÁÔÅÓ ÉÎ ÆÁÃÅ-to-face stacked geometry (Figure 3.6 

(b)). 

2ÕÌÅ σȡ ʌ-ʎ ÁÔÔÒÁÃÔÉÏÎ ÄÏÍÉÎÁÔÅÓ ÉÎ ÁÎ ÏÆÆÓÅÔ ʌ-stacked geometry (Figure 3.6 

(c)). 

 

Figure 3.6  Possible arrangements of phenolics (a) edge-to-face, (b) stacked 

and (c) off-set stacked, with ticks denoting favourable attraction and crosses 

for repulsion of the molecules. 

4ÈÅ ÁÄÄÉÔÉÏÎ ÏÆ ÐÏÌÁÒÉÓÉÎÇ ÓÕÂÓÔÉÔÕÅÎÔ ÇÒÏÕÐÓ ÏÎÔÏ ÔÈÅ ÁÒÏÍÁÔÉÃ ʌ-systems 

has a major influence on the electrostatic interactions of the molecules and 

ÔÈÅÒÅÆÏÒÅ ÁÆÆÅÃÔÓ ÔÈÅ ʌ-stacking geometries formed. An electron donating 

ÇÒÏÕÐ ɉ%$'Ɋ ×ÉÌÌ ÉÎÃÒÅÁÓÅ ÔÈÅ ÅÌÅÃÔÒÏÎ ÄÅÎÓÉÔÙ ÉÎ ÔÈÅ ʌ-system increasing 

electron repulsion which dominates any stacking geometry, inversely the 

presence of an electron withdrawing group (EWG) will remove electron 
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ÄÅÎÓÉÔÙ ÆÒÏÍ ÔÈÅ ÁÒÏÍÁÔÉÃ ÒÉÎÇ ÓÔÁÂÉÌÉÓÉÎÇ ʌ-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ ÔÁËÉÎÇ ÐÌÁÃÅ 

between molecules, this effect is represented in Figure 3.7.(153, 161) For the 

adsorption of phenols by A800 it seems probable that stacking is arising via 

the off-set stacking geometry, with the degree of offset decreasing and the 

ÆÁÖÏÕÒÁÂÉÌÉÔÙ ÏÆ ÓÔÁÃËÉÎÇ ÉÎÃÒÅÁÓÉÎÇ ×ÉÔÈ ÔÈÅ ÁÄÄÉÔÉÏÎ ÏÆ ÓÔÒÏÎÇÅÒ %7'ȭÓ ÏÎÔÏ 

the ring, reflected by the trend in adsorption capacity.(152)  

)Ô ÉÓ ÕÓÅÆÕÌ ÔÏ ÎÏÔÅ ÔÈÁÔ ÔÈÅ ÁÂÉÌÉÔÙ ÆÏÒ ʌ-ʌ ÉÎÔÅÒÁÃÔÉÏÎ ÉÓ ÉÍÐÅÄÅÄ ÂÙ ÔÈÅ 

presence of any additional, non-aromatic functional groups present on the 

adsorbent surface.(147) Therefore the increased hydroxyl and carbonyl 

surface functional groups present on S800 (Chapter 2, Table 2.5) will prevent 

this from occurring offering further explanation for the lower adsorption 

ÃÁÐÁÃÉÔÉÅÓ ÏÆ ÐÈÅÎÏÌÉÃÓ ×ÉÔÈ ÓÔÒÏÎÇÌÙ %7'ȭÓȢ 

 

Figure 3.7  Schematic representation of the effect the substituent has on the 

attraction or repulsion of molecules in stacking, blue ÁÒÅÁÓ ÉÎÄÉÃÁÔÅÓ ÔÈÅ ʎ-

framework, red ÁÒÅÁÓ ÁÒÅ ÔÈÅ ʌ-electron clouds, EDG = electron donating 

group and EWG = electron withdrawing group.(153) 

3.2.5 Effect of time on phenolic adsorption  

Adsorption of phenolics over time was also investigated to determine how 

each of the different materials behaved (Figure 3.8). An initial phenolic 

concentration of 100 mg L-1 was used and samples were taken at regular time 

intervals for analysis of uptake.  
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What was clear from the results is that generally adsorption is taking place in 

two stages; initially fast adsorption takes place where the bulk of the 

phenolic is adsorbed, this is then followed by continued slow adsorption until 

equilibrium is reached (this occurs within 24 hours).(143) From closer 

examination of the data it would appear that S800 reaches equilibrium faster 

than the other two materials and in some cases, such as adsorption of (d) 3A 

and (e) 4M, only a one step adsorption process is occurring with no further 

uptake after the rapid, initial uptake.  

 

Figure 3.8  Rate of uptake of (a) phenol, (b) o-cresol, (c) 2-fluorophenol, (d) 

3-aminophenol and (e) 4-methoxyphenol on Norit (black), S800 (red) and 

A800 (blue). 
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Norit and A800 however take considerably more time to reach equilibrium, 

in some cases hours longer, e.g. Figure 3.8 (b) and (d). For Norit this long 

second adsorption step is a likely result of the narrow pore diameters which 

limits adsorbate diffusion into the pore network.(117, 146) Conversely, for 

A800 it is the large pore diameters that affect the rate of adsorption and in 

this case the resulting ability of multilayer stacking to take place slows the 

process of reaching equilibrium.  

3.2.6 Kinetic modelling of rate of phenolic adsorption  

To further understand the rate of phenol adsorption a suitable kinetic model 

is required to examine the data and attempt to determine the contribution of 

different mechanisms towards adsorption and also potential rate controlling 

steps, i.e. mass transfer or chemical reactions.  

There are a wide variety of models available that have been applied to 

describe adsorption in a batch process however the majority are impractical 

due to their mathematical complexity.(162) The most frequently applied 

kinetic models for adsorption from the liquid phase are the pseudo-first and 

second-order equations and commonly for these models adsorption process 

validity is based on R2 values and qe values.(163) Plots of all of the data can 

be found in Appendix 2.  

3.2.6.1 Pseudo-first-order model 

For this model the linearised form of the Lagergren pseudo-first -order 

equation is used: 

ἴἷἯἹἭ ἹἼ
ἳ

Ȣ
Ἴ ἴἷἯ ἹἭ  

Where qe is the amount of phenol adsorbed (mg g-1) at equilibrium, qt is the 

amount of phenol adsorbed at time t (min), k1 (min -1) is the pseudo-first -

order rate constant of adsorption. A straight line of log(qe-qt) vs. t suggests 

the applicability of this kinetic model.(164) 
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3.2.6.2 Pseudo-second-order model 

The following equation was used to determine the appropriateness of the 

pseudo-second-order model for the adsorption process:  

◄

▲◄ ▓▲▄ ▲▄
◄ 

Where k2 (g mg-1 min-1) represents the pseudo-second-order rate 

constant.(165) 

3.2.6.3 "ÁÎÇÈÁÍȭÓ ÅÑÕÁÔÉÏÎ 

Using BÁÎÇÈÁÍȭÓ ÅÑÕÁÔÉÏÎ ÔÈÅ ËÉÎÅÔÉÃ ÄÁÔÁ ÃÁÎ ÁÌÓÏ ÂÅ ÆÕÒÔÈÅÒ ÕÓÅÄ ÔÏ 

determine whether pore-diffusion is the only rate controlling step in the 

adsorption process:  

■▫▌■▫▌
╒

╒ ▲◄□
■▫▌

▓║□

Ȣ ╥
♪ἴἷἯ ◄ 

If the data fits the model it indicates that adsorption is solely limited by pore 

diffusion.(143) 7ÈÅÒÅ ɻ ɉЃρɊ ÁÎÄ ËB are constants, v is the volume of solution 

(l) and m is the mass of adsorbate (g/l). 

Comparison of the R2 values for the pseudo-first -order and pseudo-second-

order equations shows that the pseudo-first -order model is not as good a fit 

for the data as the pseudo-second-order model (Table 3.6). Also the values of 

qe in the pseudo-first -order are much lower that the experimental values. The 

pseudo-second-order model exhibits excellent R2 coefficients, between 

0.9972 and 1.0000 for all of the adsorbents. The qe values calculated are 

closer to those seen in the experimental data although they are still slightly 

lower indicating that the adsorption process occurring is more complicated 

that this model suggests. The k2 kinetic constants achieved for this data have 

been found to be comparable to those found in the literature for similar 

systems.(143, 164) 

"ÁÎÇÈÁÍȭÓ ÅÑÕation shows reasonable fitting to the data although it is not 

adequate to suggest that pore-diffusion is the only rate limiting step in the 

adsorption process (Table 3.7). This result corresponds to the idea discussed 
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in Chapter 2 that adsorption is a multistep process involving not just 

adsorption of the required adsorbent but also desorption of solvent 

molecules (water) adsorbed onto the adsorbent surface and is therefore 

dependent on a range of aspects. However, the good fitting does suggest that 

pore diffusion is an important factor in the uptake of phenol by Starbon® and 

also the trends seen in the rate constants (kB) match the experimental trends 

seen for S800 and A800 which adds more validity to the data.(161)  

For the pseudo-second-order model S800 exhibits the largest rate constants 

(k2) indicating that this is the fastest adsorber of the three tested. Rate 

constants for Norit and A800 are lower, thus adsorption is slower which 

correlates well with the observed experimental data (Figure 3.8). Norit and 

S800 exhibit similar trends in the order at which the phenolics are adsorbed; 

P has the highest rate, followed by 2F, OC and 4M and finally 3A has the 

lowest rate constant.  

In previous, separate studies carried out by Zogorski et al. and Liu et al. both 

have observed that steric effects of the phenolic are an important limiting 

factor in uptake especially in microporous adsorbents, such as Norit, as the 

molecules have difficulty in moving within small pores.(161, 166) This 

compares well to the data presented here as the compounds with bulkier 

substituent groups, i.e. 4M and 3A, are the slowest adsorbed.  

The rate constants for A800 do not match this trend, with the rate constants 

decreasing in the order of: P>3A>4M>OC>2F. It is unclear what is causing 

this to occur and requires added investigation. However, it is interesting to 

note that the constants and trends obtained for S800 and A800 are again ɀ as 

seen with the adsorption isotherms ɀ almost completely opposing. Therefore, 

this further emphasises the difference in the mode of adsorption taking place 

for each adsorbent.       
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Table 3.6 Pseudo-first and second-order kinetic parameters for the 
removal of phenolics by different adsorbents. 
Pseudo-1st-order 

  qe [mg g-1] k1 x10-3 [min -1] R2 

Norit  P 16.0 ± 1.2 7.6 ± 1.5 0.8934 

 
OC 38.7 ± 1.1 7.2 ± 0.87 0.9575 

 
2F 28.0 ± 1.2 7.5 ± 1.4 0.8748 

 
3A 61.0 ± 1.0 3.7 ± 0.37 0.9607 

 
4M 38.4 ± 1.1 5.6 ± 0.85 0.9350 

         S800 P 13.5 ± 1.1 1.0 ± 0.87 0.9793 

 
OC 15.8 ± 1.1 9.7 ± 0.93 0.9818 

 
2F 18.5 ± 1.1 9.7 ± 1.0 0.9775 

 
3A 15.2 ± 1.0 3.6 ± 0.41 0.9615 

 
4M 13.8 ± 1.1 5.2 ± 0.66 0.9529 

         A800 P 19.8 ± 1.1 2.5 ± 0.58 0.9008 

 
OC 40.9 ± 1.1 4.8 ± 0.59 0.9558 

 
2F 38.0 ± 1.0 3.8 ± 0.17 0.9940 

 
3A 29.3 ± 1.0 3.5 ± 0.46 0.9482 

 4M 19.8 ± 1.1 1.8 ± 0.57 0.8096 

Pseudo-2nd-order 

  
qe [mg g-1] 

k2 x10-4 
[g mg-1 min-1] 

R2 

Norit  P 57.0 ± 0.14 13.8 ± 1.5 1.0000 

 
OC 84.8 ± 0.51 5.5 ± 0.80 0.9998 

 
2F 78.7 ± 0.34 8.1 ± 1.2 0.9999 

 
3A 105.6 ± 2.4 1.7 ± 0.34 0.9972 

 
4M 104.9 ± 0.69 4.4 ± 0.68 0.9998 

         S800 P 61.3 ± 0.07 29.5 ± 3.4 1.0000 

 
OC 68.1 ± 0.10 23.7 ± 3.1 1.0000 

 
2F 80.6 ± 0.81 19.7 ± 2.6 0.9997 

 
3A 61.3 ± 0.49 9.8 ± 2.2 0.9997 

 
4M 81.4 ± 0.28 13.8 ± 2.6 0.9999 

         A800 P 55.8 ± 0.35 11.1 ± 2.2 0.9998 

 
OC 85.5 ± 1.1 3.3 ± 0.71 0.9995 

 
2F 77.2 ± 1.8 3.2 ± 1.0 0.9983 

 
3A 61.4 ± 1.7 5.6 ± 2.3 0.9976 

 4M 70.8 ± 0.93 4.1 ± 0.90 0.9995 
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Table 3.7 "ÁÎÇÈÁÍȭÓ ËÉÎÅÔÉÃ ÃÏÎÓÔÁÎÔÓ ÆÏÒ ÔÈÅ ÒÅÍÏÖÁÌ ÏÆ 
phenolics by different adsorbents. 

  
ɻ kB R2 

Norit  P 0.21 ± 0.027 0.018 ± 8.9x10-4 0.9366 

 
OC 0.30 ± 0.023 0.018 ± 7.7 x10-4 0.9773 

 
2F 0.25 ± 0.022 0.020 ± 8.2 x10-4 0.9683 

 
3A 0.32 ± 0.011 0.017 ± 3.3 x10-4 0.9955 

 
4M 0.38 ± 0.016 0.019 ± 5.7 x10-4 0.9928 

   
 

  
 

  S800 P 0.12 ± 0.005 0.023 ± 2.1 x10-4 0.9945 

 
OC 0.13 ± 0.015 0.024 ± 6.3 x10-4 0.9635 

 
2F 0.20 ± 0.012 0.025 ± 5.0 x10-4 0.9897 

 
3A 0.11 ± 0.004 0.022 ± 1.8 x10-4 0.9930 

 
4M 0.13 ± 0.014 0.028 ± 6.9 x10-4 0.9598 

   
 

  
 

  A800 P 0.12 ± 0.012 0.018 ± 4.0 x10-4 0.9819 

 
OC 0.27 ± 0.011 0.018 ± 3.5 x10-4 0.9948 

 
2F 0.26 ± 0.014 0.016 ± 5.3 x10-4 0.9910 

 
3A 0.20 ± 0.008 0.016 ± 2.7 x10-4 0.9928 

 4M 0.17 ± 0.021 0.021 ± 9.8 x10-4 0.9526 

3.2.7 Effect of temperature of the adsorption of phenol  

The effect of temperature and initial phenol concentration on adsorption 

capacity was also investigated at concentrations ranging from 25 to 200 mg 

L-1 and temperatures of 298 to 318 K (Figure 3.9). For A800 there was a clear 

correlation between an increase in adsorption capacity and increase in 

temperature, indicating that the process in endothermic.(167)  

 

Figure 3.9  Effect of temperature on adsorption capacity of (a) S800 and (b) 

A800. 
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No such trend exists for S800, the adsorption capacity appears to decrease 

initially between the temperatures of 298 ɀ 308 K followed by a marked 

increase at 313 K. Finally at 318 K the adsorption capacity decreases again 

below that at 298 K. Overall this could be considered a decrease in 

adsorption capacity with increase in temperature that would suggest that the 

process is exothermic.  

There are a number of factors affecting adsorption at elevated temperatures 

that can affect both the adsorbate and adsorbent. These can include: 

Á Changes in the hydration spheres of adsorbate.(168) 

Á Possible increase in water adsorption with temperature.(168) 

Á Weakening of H-bonding (intra and intermolecular) of the adsorbate 

at higher temperatures making it more available for adsorption.(167) 

Á Distortion of adsorption sites on adsorbent and alterations to the 

chemistry of the adsorbent surface.(168-170) 

Á Potential for target molecules to escape the adsorbent surface at high 

temperatures.(171) 

As these tests were carried out under the same conditions for both materials 

it seems fair to assume that the differing behaviour of the two materials is 

not due to any variation in the behaviour of the adsorbate. The controlling 

variable is most likely to be the differing surfaces of S800 and A800.  The high 

hydroxyl content of the surface of S800 would be liable to accept water more 

readily at higher temperatures, thus disrupting H-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ ×ÉÔÈ 

phenol.(170) The carbonyl groups that are most active in n-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ 

will also decrease in efficiency at higher temperatures thus leading to an 

overall decrease in capacity.(168) It is not clear why there is a sudden 

increase in adsorption capacity at 313 K. Such a sharp change in behaviour 

could suggest that an energy barrier has been overcome at this point and that 

the adsorption of phenol has become favourable over the adsorption of 

water, however further investigation would be needed to confirm this. What 

is more simple to explain is the decrease in capacity at 318 K which can be 

accounted for by the escape of phenol from the surface of the adsorbent due 
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to H-ʌ ÁÎÄ Î-ʌ ÉÎÔÅÒÁÃÔions not being sufficiently strong enough to trap the 

phenol.(171, 172) 

For A800 water adsorption will also be increasing at higher temperatures as 

there is still some oxygen functionality present on the surface, however this 

appears not to inhibit adsorption ɀ as there is an increase in uptake ɀ 

demonstrating the H-ʌ ÁÎÄ Î-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ ÁÒÅ ÎÏÔ ÔÈÅ ÐÒÅÄÏÍÉÎÁÎÔ 

ÁÄÓÏÒÐÔÉÏÎ ÍÅÃÈÁÎÉÓÍ ÏÃÃÕÒÒÉÎÇȟ ÂÕÔ ÉÎÓÔÅÁÄ ʌ-ʌ ÉÎÔÅÒÁÃÔÉÏÎÓ ÄÏÍÉÎÁÔÅȢ 4ÈÅ 

increase in temperature results in a rise in the energy of the system 

facilitating adsorbent-adsorbate interactions and also the adsorbate-

ÁÄÓÏÒÂÁÔÅ ʌ-stacking interactions leading to high adsorption capacities. The 

energy involved in these interactions is sufficiently great that within this 

temperature range phenol cannot escape from the surface.   

3.2.8 Thermodynamic study of adsorption of phenolics  

Thermodynamic parameters were also determined for the materials (Table 

3.8, Table 3.9 and Table 3.10). For Norit and both Starbon® materials the ɝG 

values for all of the molecules studied were negative inferring that the 

adsorption is favourable and spontaneous in nature. ɝH and ɝS were 

ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ ÔÈÅ ÓÌÏÐÅ ÁÎÄ ÉÎÔÅÒÃÅÐÔ ÏÆ ÔÈÅ ÖÁÎȭÔ (ÏÆÆ ÐÌÏÔÓ ɉÇÒÁÐÈÓ ÃÁÎ ÂÅ 

found in Appendix 2). The calculated values of ɝH are all below 40 kJ mol-1 

indicative of physical adsorption which is in agreement with the values 

calculated from the D-R isotherm.  

For S800 adsorption of OC and A800 adsorption of P, 3A, 4M, the values of 

enthalpy are positive indicating endothermic adsorption, thus uptake is 

increasing with increasing temperature. As discussed in Chapter 2 adsorption 

in a solid/liquid system such as the one presented here takes place in two 

steps:  

1. desorption of the molecules of solvent (water) previously adsorbed by 

the adsorbent  

2. adsorption of the adsorbate 
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Table 3.8 Thermodynamic parameters of phenolic adsorption by Norit. 

Adsorbate 
Temp. 

[K]  
Ln K 

ɝ' 
[kJ mol-1]  

ɝ( 
[kJ mol -1]  

ɝ3 
[J mol-1 K-1]  

R2 

P 298 0.11 -0.27 4.3 ± 2.2 13.9 ± 7.1 0.5874 

  303 -0.03 0.08 
       

  308 -0.04 0.11 
       

  313 0.08 -0.22 
       

 
318 0.04 -0.11        

OC 298 1.2 -3.0 26.6 ± 3.8 97.2 ± 12.1 0.9608 

  303 1.2 -2.9 
       

  308 1.3 -3.3 
       

  313 1.7 -4.3 
       

 
318 1.7 -4.4        

2F 298 0.97 -2.4 17.3 ± 4.5 64.1 ± 14.6 0.8718 

  303 0.87 -2.2 
       

  308 0.90 -2.3 
       

  313 1.2 -3.1 
       

 
318 1.2 -3.1        

3A 298 1.6 -4.0 37.2 ± 0.2 138.2 ± 0.6 1.0000 

  303 1.9 -4.7 
       

  308 1.7 -4.4 
       

  313 2.3 -6.1 
       

 
318 3.1 -8.1        

4M 298 2.5 -6.2 35.4 ± 3.6 139.2 ± 11.9 0.9790 

 
303 2.7 -6.7 

       

 
308 2.6 -6.6 

       

 
313 3.5 -9.1 

       

 
318 3.4 -8.9        

Endothermic adsorption suggests that the adsorbate and adsorbent are not 

strongly interacting on the surface and that the energy required to first 

displace the water molecules already adsorbed on the adsorbent is larger 

than the energy being produced by adsorbent/adsorbate interaction within 

this temperature range.(143) The value of entropy is also positive in these 

cases due to increased randomness at the solid/solution interface upon 

uptake of the phenolics. Due to disruption of the hydration layers around 

adsorbent and adsorbate leading to an increase in the degrees of freedom of 

water.(173, 174) 
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Table 3.9 Thermodynamic parameters of phenolic adsorption by S800. 

Adsorbate 
Temp. 

[K]  
Ln K 

ɝ' 
[kJ mol-1]  

ɝ( 
[kJ mol -1]  

ɝ3 
[J mol-1 K-1]  

R2 

P 298 0.30 -0.74 -4.3 ± 0.70 -11.1 ± 2.2 0.9470 

  303 0.35 -0.89 
       

  308 0.29 -0.75 
       

  313 0.27 -0.71 
       

 
318 0.17 -0.46        

OC 298 0.65 -1.6 4.2 ± 0.31 19.5 ± 1.0 0.9838 

  303 0.66 -1.7 
       

  308 0.56 -1.4 
       

  313 0.54 -1.4 
       

 
318 0.74 -2.0        

2F 298 0.77 -1.9 -5.6 ± 1.4 -10.2 ± 4.3 0.8893 

  303 0.94 -2.4 
       

  308 0.96 -2.4 
       

  313 0.92 -2.4 
       

 
318 0.93 -2.5        

3A 298 0.22 -0.55 -10.4 ± 2.6 -24.4 ± 8.2 0.8855 

  303 0.25 -0.63 
       

  308 0.17 -0.43 
       

  313 0.10 -0.26 
       

 
318 0.19 -0.51        

4M 298 1.1 -2.7 -11.6 ± 0.64 -36.3 ± 2.1 0.9940 

  303 1.2 -3.0 
       

  308 0.92 -2.4 
       

  313 1.1 -2.8 
       

 
318 0.97 -2.6        

The adsorption of P, 2F, 3A and 4M onto S800 and OC and 2F onto A800 all 

exhibit negative enthalpy which corresponds to exothermic adsorption 

where uptake will decrease with increasing temperature.(175) The values of 

entropy are negative which shows a decrease in the degrees of freedom of 

the adsorbed species.(176, 177) The vÁÌÕÅÓ ÏÆ ɝ( ÁÎÄ ɝ3  ÉÎÄÉÃÁÔÅ ÔÈÁÔ 

adsorption could be reversible.(177) 
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Table 3.10 Thermodynamic parameters of phenolic adsorption by A800. 

Adsorbate 
Temp. 

[K]  
Ln K 

ɝ' 
[kJ mol-1]  

ɝ( 
[kJ mol -1]  

ɝ3 
[J mol-1 K-1]  

R2 

P 298 0.06 -0.15 3.4 ± 0.36 11.2 ± 1.1 0.9782 

 
303 0.11 -0.29 

       

 
308 0.03 -0.07 

       

 
313 0.07 -0.18 

       

 
318 0.06 -0.15        

OC 298 1.5 -3.6 -19.0 ± 3.2 -51.8 ± 9.9 0.9458 

 
303 0.17 -0.44 

       

 
308 0.72 -1.9 

       

 
313 0.64 -1.7 

       

 
318 0.45 -1.2        

2F 298 0.88 -2.2 -12.5 ± 0.01 -34.7 ± 0.01 1.0000 

 
303 0.58 -1.5 

       

 
308 0.85 -2.2 

       

 
313 0.46 -1.2 

       

 
318 0.47 -1.2        

3A 298 0.21 -0.52 34.0 ± 0.14 118.9 ± 0.45 0.9996 

 
303 0.11 -0.28 

       

 
308 0.29 -0.76 

       

 
313 0.48 -1.3 

       

 
318 0.30 -0.82        

4M 298 0.57 -1.4 29.1 ± 0.40 97.0 ± 1.3 0.9999 

 
303 0.61 -1.5 

       

 
308 1.0 -2.3 

       

 
313 1.2 -3.2 

       

 
318 0.94 -2.5        

A comparison of this data to that obtained for dye adsorption (Chapter 2, 

Table 2.14 and Table 2.15) shows that all of the parameters for phenolic 

adsorption are much smaller, this is not surprising as the decrease in size of 

the phenolic molecules compared with MB and AB it is expected that less 

water will be released from the adsorbent surface and less disruption of 

ÈÙÄÒÁÔÉÏÎ ÓÐÈÅÒÅÓȟ ÔÈÕÓ ÒÅÓÕÌÔÉÎÇ ÉÎ ÌÏ×ÅÒ ɝ3Ȣ !ÌÓÏ ÔÈÅ ÏÃÃÕÒÒÅÎÃÅ ÏÆ ÓÏÍÅ 

ÅØÏÔÈÅÒÍÉÃ ɝ( ÖÁÌÕÅÓ ÆÏÒ ÐÈÅÎÏÌÉÃ ÁÄÓÏÒÐÔÉÏÎ ÃÏÕÌÄ ÓÕÇÇÅÓÔ ÔÈÁÔ ÁÄÓÏÒÐÔÉÏÎ 

is more favourable than for larger organic molecules.  
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&ÉÎÁÌÌÙȟ ÉÔ ÉÓ ÉÎÔÅÒÅÓÔÉÎÇ ÔÏ ÎÏÔÅ ÔÈÁÔ ÔÈÅ ÖÁÌÕÅÓ ÏÆ ɝ( ÁÎÄ ɝ3 ÁÒÅ ÁÌÍÏÓÔ 

ÅÎÔÉÒÅÌÙ ÏÐÐÏÓÉÔÅ ×ÈÅÎ ÃÏÍÐÁÒÉÎÇ 3ψππ ÁÎÄ !ψππ ɉ×ÈÉÌÓÔ ÔÈÅ ÖÁÌÕÅÓ ÏÆ ɝ' 

are almost the same), as with the isotherm parameters these differences 

show that although adsorption capacity for the two materials is similar (and 

spontaneous) the mode of adsorption occurring is different.   

3.3 Conclusion 

The materials S800 and A800 have been shown to be suitable adsorbents for 

the removal of a range of phenolic compounds from aqueous waste. 

Adsorption capacity ranged from 87 ɀ 139 mg L-1, which was favourably 

comparable to other biobased adsorbents. The high mesoporosity and large 

pore diameter of A800 allowed for highly efficient uptake with >85% surface 

area coverage. If the surface area of A800 could be increased to that of Norit 

whilst maintaining the current mesoporosity this material would prove a 

highly efficient adsorbent. The adsorption data was successfully modelled 

using the Langmuir, Freundlich and D-R isotherms. The Langmuir model gave 

the best fitting for S800 whereas the Freundlich isotherm better described 

the A800 data. This indicated that multilayer adsorption was occurring for 

!ψππȟ ÍÏÓÔ ÌÉËÅÌÙ ÔÈÒÏÕÇÈ ʌ-ʌ ÓÔÁÃËÉÎÇ ÏÆ ÔÈÅ adsorbate molecules. 

S800 exhibited the fastest rate of uptake compared to A800 and Norit which 

were considerably slower to reach equilibrium adsorption capacity. The best 

kinetic model to represent adsorption by these materials was the pseudo-

second-order based on the best R2 and qe values. Thermodynamic analysis of 

the adsorption data for S800 and A800 at different temperatures resulted in 

ÎÅÇÁÔÉÖÅ ɝ' ÆÏÒ ÁÌÌ ÏÆ ÔÈÅ ÁÄÓÏÒÂÅÎÔÓ ÉÎÄÉÃÁÔÉÎÇ ÓÐÏÎÔÁÎÅÏÕÓȟ ÆÁÖÏÕÒÁÂÌÅ 

ÁÄÓÏÒÐÔÉÏÎȢ 4ÈÅ ÖÁÌÕÅÓ ÏÆ ɝ( ÁÎÄ ɝ3 ÁÒÅ ÌÏ×er for the adsorption of phenolics 

than those calculated for dye adsorption (Chapter 2) due to the effect of less 

water released from the adsorbent surface during phenol uptake. 

Throughout analysis of all of the data for S800 and A800 it appears 

consistently opposite. This is most obvious in the case of the thermodynamic 

parameters where when S800 exhibits endothermic adsorption A800 is 

exothermic and vice versa. The major conclusion that can be drawn from this 
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is that two different modes of adsorption are taking place for the two 

materials. Phenolic adsorption by S800 is most likely via H-ʌ ÁÎÄ Î-ʌ 

ÉÎÔÅÒÁÃÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÁÄÓÏÒÂÅÎÔ ÁÎÄ ÁÄÓÏÒÂÁÔÅȟ ×ÈÉÌÓÔ ÆÏÒ !ψππ ʌ-ʌ 

interactions dominate. Therefore the materials respond differently to 

variables such as temperature and phenolic character.  

The key information gained about Starbon® from this chapter is that the 

different characteristics of the two materials strongly influences the way they 

adsorb. It could be concluded that for water treatment applications that S800 

is the superior material for a number of reasons; firstly adsorption capacity is 

relatively unaffected by the characteristics of the phenolic and secondly the 

adsorption rate is faster than A800. 
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Chapter 4 

Elemental sustainability and prospects 

for elemental recovery  
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Chapter 4. 

Elemental sustainability and prospects for 

elemental recovery  

 

4.1 The issue of elemental sustainability  

Climate change and peak oil crises have been making headlines with 

increasing intensity over the past decade and consequently solutions are 

being sought to lessen our dependence on oil. With new legislation and key 

ÂÕÚÚ ÐÈÒÁÓÅÓ ÌÉËÅ ȰÌÏ× ÃÁÒÂÏÎ ÔÅÃÈÎÏÌÏÇÙȱ ÁÎÄ ȰÁ ÌÏ× ÃÁÒÂÏÎ ÆÕÔÕÒÅȱ ÄÒÉÖÉÎÇ 

technological change, can we be assured that everyone in the world will be 

able to enjoy a sustainable, high standard of living in the future? 

Unfortunately, there is a serious problem. As new technologies are developed 

to tackle one challenge we are creating another through resource deficit. 

Many of the new low carbon technologies that are being touted as our 

saviours; wind turbines, electric cars, energy saving light bulbs, fuel cells and 

catalytic converters, require rare and precious metals for their 

production.(178) But traditional supplies of these elements are running out. 

Reserves of indium for example, vital for LCD screens, solar cells and 

semiconductors, may be used up in 13 years.(179)  

Unlike oil there are no bio-derived alternatives for palladium or platinum. 

These are unique and finite elements and we are quickly dispersing them 

throughout our environment, making their recovery costly and difficult. 

Additionally, it is not just the elements we consider exotic that are getting 

more difficult to access, many more elements that play a crucial role in our 

lives including phosphorous, aluminium and copper, are being depleted at a 

remarkable rate (Figure 4.1). 
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Figure 4.1  Number of years remaining of rare and precious metal reserves if 

consumption and disposal continues at present rate.(179) 



 

127 
 

A key concern regarding the availability of these elements into the future is 

their abundance and ease of accessibility. Currently, the majority are mined 

and extracted from primary ore in highly energy intensive processes. Figure 

4.2 shows the distribution of these elements across the globe. What is evident 

is that concentrations of these elements are localised in limited areas, for 

example, South Africa possesses 89% of the worlds platinum group metals 

(PGMs) reserve. As oil is to the Middle East so elements will become to their 

locations as demand continues to increase. China has already realised this 

ÐÏÔÅÎÔÉÁÌ ÁÎÄ ÎÏ× ÈÁÓ ÃÏÎÔÒÏÌ ÏÆ ÍÏÒÅ ÔÈÁÎ ωυϷ ÏÆ ÔÈÅ ×ÏÒÌÄȭÓ ÓÕÐÐÌÙ ÏÆ ÒÁÒÅ 

earth metals.(180) This raises issues about security of supply. Countries 

whose manufacturing or technology base depends on imported metals are 

beginning to look for alternative sources, whilst other countries and 

companies, including Toyota, dependent on rare earths are racing to secure 

control of mines in Australia, South Africa and Greenland.(180)  

Current methods of mining also have a considerable impact on both the 

environment and our health. The discharge and dispersion of mining waste 

has led to elevated levels of metals in surrounding soil and water courses, 

resulting in destruction of vegetation and crops. This contamination can also 

enter the food chain due to initial uptake by edible plants.(181)  

We have only to study the recent trends in the price of many metals to realise 

that demand is catching up with the supply. The price of indium rose a 

staggering 800% in 6 years from approximately $85/kg in 2002 to $685/kg 

in early 2008.(182, 183) As the recent economic crisis hit, manufacturing 

halted causing world commodity prices to plummet, indium alone dropped to 

$300/ kÇ ÉÎ ςππωȢ (Ï×ÅÖÅÒȟ ÔÈÉÓ ÄÉÄÎȭÔ ÒÅÍÁÉÎ ÆÏÒ ÌÏÎÇȢ )ÎÄÉÕÍ ÉÓ ÂÁÃË ÕÐ ÔÏ 

$650/ kg (2010) as consumer demand has once again risen with several 

governments introducing incentives for electronic goods or cars to kick-start 

their economies. This has resulted in predictions that the demand for some 

elements will soon outstrip supply.(179) The key question is what will 

happen to the prices next and how will demand for these metals that 

underpin our technologically advanced lifestyles be met sustainably in the 

future. 



 

128 
 

 

 

Figure 4.2  Distribution of rare and precious metal reserves around the 

world.(184) 
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Reuse, recover, recycle must be the answer. The recovery and recycling of 

metals from waste streams is a cost effective and environmentally beneficial 

route to valuable materials. Research has indicated that significant energy 

saving can be made through recycling of metals.(185, 186) Current 

aluminium recycling supports 49% of aluminium consumption in the 

US.(187) It saves 95% of the energy and generates only 5% of the CO2 

compared to the mining and electrolysis of alumina from bauxite ore.(185)  

Also, steel recycling saves 74% of the energy, 90% of virgin materials, 

reduces 86% of air pollution, 40% of water use, 76% of water pollution, 97% 

of mining waste and a considerable amount of consumer wastes generated, 

when compared with production from virgin materials.(185)  

On the other hand, there is little or no recycling of elements that are 

important for current and emerging uses, e.g. platinum, indium, gallium and 

hafnium, Table 4.1. At the end of their life the products containing these 

elements; mobile phones, televisions and computers, are ending up in 

Table 4.1 Elements with the lowest remaining reserves, their main uses and their 
percentage supply supported by recycling.(187) 
Element Uses & Reliant Technologies % consumption 

met by recycling 

Hafnium Alloying agent, nuclear control rods, 
computer chips 

0% 

Rhodium/ PGMs Alloying agent, industrial catalyst, catalytic 
converters, fuel cells 

0% 

Silver Catalyst, electronics, high-capacity 
batteries, antimicrobial in medicine 

16% 

Gold Catalysts, electronics, coating space 
satellites, dental and medical implants, 
nanotechnology 

43% 

Gallium Semiconductors, solar cells, MRI contrast 
agents 

0% 

Germanium Semiconductors, solar cells, catalyst, optical 
equipment 

35% 

Indium Alloys, photocells, LCD and touch screens 0% 

Antimony Semiconductors, alloys, batteries, 
pharmaceuticals, catalyst, flame retardants 

0% 
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landfills or being incinerated and the elements are being lost. Japan has 

calculated that it has accumulated three times more gold, silver and indium in 

its waste, due to its high turnover of electronic goods, than the world uses in 

a year.(188) This emphasises the potential and necessity for a new approach 

to our waste. We must attempt to recover all elements and reuse them in 

close-ÌÏÏÐÅÄ ÓÙÓÔÅÍÓ ÅÉÔÈÅÒ ÂÙ ÒÅÃÏÖÅÒÉÎÇ ÔÈÅÍ ÔÈÒÏÕÇÈ ȰÕÒÂÁÎ ÍÉÎÉÎÇȱ 

from landfill sites, incineration ashes or waste waters, or designing the direct 

recycling of elements through intelligently designed disassembly of materials 

at their end of life. These measures should limit the demand for new supplies 

of elements, increasing the lifetime of our reserves infinitely.  

This chapter will go on to discuss methods for achieving elemental 

sustainability, discussing municipal solid waste as a viable source of metals, 

introducing current and developing techniques that could be used for their 

recovery and emphasising gaps in our knowledge. The main focus here will 

be on rare and precious metals.  

4.2 Municipal solid waste  

In comparison to the dispersed emissions of CO2 from the combustion of 

fossil fuels, elements in solid waste have for many years, particularly in 

industrialised nations, been collected, separated and concentrated, making 

municipal solid waste (MSW) a prime target for the recovery and recycling of 

elements.  

MSW is the waste that is collected from municipalities including households, 

small businesses and local governments and includes paper, plastic, organic 

waste, glass, textile and metals. Exact figures of the amount of MSW produced 

globally are difficult to obtain due to the use of different metrics and a lack of 

data collection in many countries or the presence of informal waste collection 

and recycling.(189) Data from the United Nations Environment Programme 

(UNEP) estimated 338 million tonnes of MSW were produced annually in 

2001,(189) whilst 540 million tonnes were estimated by the Organisation of 

Economically Developed Countries (OECD).(190) Nevertheless although 
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some areas of the world have reduced the levels produced, data indicates 

that globally MSW levels are on the rise as income levels increase.(190) 

In the recent past, the majority of MSW generated in industrialised nations 

has ended in landfills as contained and controlled management systems. 

However, as a result of environmental concerns related to greenhouse gas 

emissions and leaching of toxic compounds, land use pressures and the 

economic costs of waste disposal, alternative waste disposal methods are 

being adopted. Levels of recycling and composting are on the rise, however, 

incineration or waste combustion has expanded quickly in many countries 

that can afford the infrastructure costs. This has occurred both for reasons of 

waste reduction and energy recovery, despite concerns about emissions 

(Figure 4.3).  

 

Figure 4.3  Contribution of different treatment methods to municipal solid 

waste disposal in different countries around the world.(191, 192) 

Metals are a minor contribution in terms of the individual household MSW 

composition, with a typical Swiss rubbish bag containing 2.6 kg non-ferrous 
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metal, 3.3 kg of iron and 1.2 kg of electronic and electrical waste a year, or 

3.5% of the total waste.(189)  

In terms of elemental sustainability, MSW is therefore a vital source for the 

capture of non-carbon elements. Current research areas include: 

1. The source-separation and capture of elements through recycling 

ÐÒÏÇÒÁÍÍÅÓȟ ȰÕÒÂÁÎ ÍÉÎÉÎÇȱȢ 

2. 4ÈÅ ÅØÃÁÖÁÔÉÏÎ ÏÆ ÅØÉÓÔÉÎÇ ÌÁÎÄÆÉÌÌ ÓÉÔÅÓȟ ȰÌÁÎÄÆÉÌÌ ÍÉÎÉÎÇȱȢ 

3. Use of ashes from incineration plants. 

4.3 Source-separation and recycling of metals from post -

consumer waste  

Developing closed-loop lifecycles via the source-separation and recycling of 

waste is vital for ensuring elemental sustainability. Frequently, when demand 

and costs increase for a particular element, alternative elements with similar 

properties can be used, however, this is not a solution to the challenge of 

elemental sustainability.  

The recovery and recycling of metals from wastes is not new, however, many 

challenges remain to extend recycling systems to more elements and to 

improve current recycling rates. Particularly important is improving 

ȬÆÕÎÃÔÉÏÎÁÌ ÒÅÃÙÃÌÉÎÇȭ ÒÁÔÅÓȟ ÓÕÃÈ ÔÈÁÔ ÔÈÅ ÆÕÎÃÔÉÏÎÁÌÉÔÙ ÏÆ ÅÁÃÈ ÍÅÔÁÌ ÒÅÍÁÉÎÓȟ 

rather than it being incorporated into a larger bulk material as an 

impurity. (193) 

4.3.1 Current recycling rates  

Surprisingly, considering the importance of metals for technological 

advancements relatively little information is available on how efficiently non-

renewable resources are recycled and how they flow from extraction to use 

ÔÏ ÄÉÓÐÏÓÁÌȢ 2ÅÃÅÎÔÌÙ ÔÈÅ 'ÌÏÂÁÌ -ÅÔÁÌÓ &ÌÏ×Ó 'ÒÏÕÐ ÏÆ 5.%0ȭÓ )ÎÔÅÒÎÁÔÉÏÎÁÌ 

Resource Panel evaluated the global recycling rate information for sixty-nine 

metals, mainly based on order of magnitude expert assessments.(193) 
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For most ferrous metals the End of Life Recycling Rate (EOL-RR) was 

estimated to be over 50%, for non-ferrous metals the levels were mainly 

between 30 ɀ 60%, for precious metals between 40 ɀ 70% and for speciality 

metals the majority of recycling rates were below 1% (Table 4.2).(193) The 

influence that these levels of recycling have on the recycled content of new 

products mainly depends on the demand for the element in question. The 

lifetime of the product that the element is incorporated into can also restrict 

recycling as this causes a delay in the availability of elements from a product 

for recycling and reuse.   

Table 4.2 Recycling rate of elements and recycled content of new 
products.(193) 

Metal Recycled Content of 
new products [%] 

EOL-RR [%] 

Ferrous elements   
Chromium 18-20 85-95 
Manganese 37 53 

Iron  30-50 70-90 
Nickel 30-40 55-65 

Niobium 22 50-55 
Molybdenum 33 30 

Vanadium - <1 
Non-ferrous   

Magnesium 33 39 
Aluminium 30-35 40-70 
Titanium 52 91 

Cobalt 32 68 
Copper 20-37 42-53 

Zinc 18-27 20-60 
Tin 22 75 

Lead 40-60 40-95 
Precious metals   

Gold 30 15-96 
Iridium  15-20 20-30 

Palladium 50 60-70 
Platinum 16-50 60-70 
Rhodium 40 50-60 

Ruthenium 50-60 5-15 
Silver 20-30 30-95 

Osmium <1 <1 
Speciality elements   

Antimony <10-25 <5-85 
Arsenic <1 <1 
Barium - - 
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Bismuth - <1 
Boron - <1 

Beryllium 10-25 <1-7 
Cadmium 25-75 15 
Gallium 25-50 <1 

Germanium 35-50 <1-76 
Indium 25-50 <1 
Lithium  <1 <1 
Mercury 25-50 1-60 
Rhenium 10-25 >50 
Scandium - <1 
Selenium 1-10 <5 
Strontium - <1 
Tantalum 10-25 <1-35 
Tellurium  - <1 
Thallium 0 0 
Tungsten 46 10-65 
Yttrium  0 0 

Zirconium 1-10 <1 
Rare-earth elements   

Lanthanum 1-10 <1 
Cerium 1-10 <1 

Praseodymium 1-10 <1 
Neodymium 1-10 <1 
Samarium <1 <1 
Europium <1 <1 

Gadolinium 1-10 <1 
Terbium <1 <1 

Dysprosium 1-10 <1 
Holmium <1 <1 
Erbium <1 <1 
Thulium <1 <1 

Ytterbium <1 <1 
Lutetium <1 <1 
Hafnium - <1 

4.3.2 Technology  

Metallurgical processes have been developed for the extraction and 

separation of ores which have particular elemental combinations that are 

ÆÏÕÎÄ ÎÁÔÕÒÁÌÌÙ ÉÎ ÔÈÅ ÅÁÒÔÈȭÓ ÃÒÕÓÔȢ(194) However, these combinations are 

different to those that are found in consumer products. The growing number 

of element combinations and the miniaturisation of electronic components 

make the recycling of products increasingly complex. Particularly when 

precious elements are diffused throughout a product at extremely low 

concentrations, or when both valuable and hazardous substances are 
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interconnected.(195) Vehicles are a good example for demonstrating the 

complexity and challenges involved in creating closed-loop recycling systems 

(Figure 4.4). 

4.3.3 Contaminatio n 

When products are sent for recycling they are usually only partially 

dismantled to separate valuable distinct fractions of recyclables before 

shredding to break the materials down and liberate the different elements. 

These processes, as well as the initial alloys used, can result in contamination 

of the recyclates.  

 

Figure 4.4  Location and combination of different elements in a typical 

passenger vehicle. (194) 

This is particularly the case for EOL vehicles where shredded particles are 

physically separated into ferrous materials, aluminium, copper, zinc, stainless 

steel and Automotive Shredder Residue (ASR) mainly composed of non-

metallic materials.(196) These separate streams will then enter metallurgical 

recycling processes, however, they will all be contaminated to some extent 

due to imperfect separation processes and shredding, particularly at joints 

connecting different materials.(197) The ultimate result of contamination is 
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that contaminating elements will be lost from the functional elemental 

lifecycle, and that the quality of the contaminated elements will reduce after 

each lifecycle, downgrading its potential applications unless it is diluted with 

higher purity primary products (Figure 4.5). 

In order to overcome this, new systems and methods are needed based on 

knowledge of the elements in products so that full disassembly of items 

occurs initially, when separation of the elements will not be possible during 

metallurgical processing.  

 

Figure  4.5 Contamination of metals by other elements during lifecycle. 

For instance in a car with an engine made mainly of aluminium (Figure 4.4), 

every effort should be made to separate any iron such as bolts which will be 

difficult to remove from the molten metal. Meanwhile, Platinum Group Metals 

(PGMs) may be combined with copper scrap, in which they will dissolve 

easily and can be recovered by electrolytic refining.(194)   

4.3.4 Precious and special metals  

As hinted above particular challenges exist for the recycling and recovery of 

precious and special metals from post-consumer products. Although levels of 
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recycling from many industrial applications, such as spent catalysts, can be 

greater than 90% levels, recovery from consumer products such as cars and 

electronics only reaches around 40 ɀ 70% and down to less than 1% for some 

important elements such as indium used in LCD screens.(193) 

The recovery of some of these elements are problematic due to their 

concentrations at ppm levels, such as PGMs in circuit boards or indium in 

LCD screens or distribution throughout an entire product, such as car 

electronics which are usually lost during shredding.(195) In contrast 

autocatalysts can be cut from the exhaust and fed directly into the 

appropriate recycling stream, although even with this easily separable 

component only about 50% of the PGMs contained within them are 

recovered.(198)  

To overcome some of the challenges of low concentration distributive 

elements alternative approaches need to be taken such as designing products 

for disassembly. Changing consumer and industry attitudes towards 

products, for instance by leasing items so that they can be returned to the 

manufacturer at their end of life, could also help. 

4.3.5 Design for disassembly  

Design for disassembly is an approach that aims to design materials at their 

inception so that different parts of the product that cannot be easily recycled 

or reused together can be easily separated to aid the development of a 

closed-loop materials system. As discussed above particular problems are 

present when two materials that need to be recycled in different ways are 

bonded together or are difficult to separate, such as different types of plastics 

in a single toy or mixed cotton and synthetic polymer clothing.   

An example of design for disassembly is the suggested redesign of the 

location of the wire harness in cars, the collection of wires that link the 

electronic devices and are rich in copper. Currently these are considered too 

labour intensive to remove and generally end up in the automotive shredder 

waste, however, some research has suggested that a different routing could 

make it accessible for extraction throughout the vehicle, whilst connecting it 
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to the body of the car would make it easier to detach. This could enable a 

greater proportion of the copper from this component, around 10 kg per car, 

to be recovered.(199) 

4.4 4ÈÅ ÅØÃÁÖÁÔÉÏÎ ÏÆ ÅØÉÓÔÉÎÇ ÌÁÎÄÆÉÌÌ ÓÉÔÅÓ ȰÌÁÎÄÆÉÌÌ ÍÉÎÉÎÇȱ 

Considering the vast spectrum of MSW disposed of in municipal landfills it is 

clear that they could offer a potential source of a range of elements and as 

such the concept of landfill mining ɀ excavating waste from landfills and 

subsequent extraction of resources ɀ has been suggested as a means to 

exploit this supply.  

The concept of landfill mining can be traced back as far as 1953 where it was 

used as a way to obtain fertilizers for orchards.(200) Since then interest has 

been sporadic reflected by the fluctuation in number of publications in the 

area over the last couple of decades (Figure 4.6), interest appears to peak in 

the mid-nineties but has since dropped off to only 1-2 studies per year.  

 

Figure 4.6  Number of research papers focusing on landfill mining from 1988 

ɀ 2011.(201) 

There are a number of potential reasons for this lack of interest, such as, 

economic instability or less demand for landfill space due to alternative 

waste management technology being used. However, from studying the 
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literature the most likely cause is a lack of feasibility of obtaining useable, 

recyclable products from landfill sites determined by past research.(201)  

Theoretically, the recovery of resources by landfill mining would fit well in to 

a speculative idea of creating a circular economy. Unfortunately, in practice 

there is a significant lack of certainty to the whole area. One problem is that 

the specific contents of individual landfill sites are hard to ascertain, 

especially for those that have been used for a long period or were closed up 

some time ago. There is also insufficient information of what types of 

environmental or atmospheric pollution may be caused by opening up and 

disturbing sites. Finally, the development of suitable technologies to enable 

landfill mining and separation, recovery and reuse of the excavated contents 

is still very much in the early stages. Much more work is required to prove 

efficiency, capacity and suitability of different technologies for use in 

reality.(201) 

Despite these difficulties with implementing landfill mining there is still a 

possible way to recover metals that does not require the necessity for 

excavation. A range of emissions are given off by current and sealed landfill 

sites, the most significant being a liquid leachate which contains a wide range 

of compounds including metals which could potentially be recovered. 

4.4.1 Potential of metal recovery from landfill leachate  

Landfill leachate is defined as the aqueous effluent generated as a 

consequence of rainwater percolation through wastes.(202) Leachate 

production increases for landfills that are open and those with less 

compacted waste as water can penetrate more easily. Landfill leachates 

contain a large number of compounds as a result of the biological and 

chemical breakdown of the refuse in the landfill.(203) The composition is 

greatly dependent on the type of waste, the location and the age of the 

landfill. Figure 4.7 illustrates the structure of a standard sanitary landfill, 

with leachate being collected at the bottom of the landfill using a collection 

system it then flows into the sump where it can be piped to the surface.  
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At present the research into the characterisation of landfill leachate is being 

carried out with a view to preventing environmental contamination by 

removal of harmful or toxic substances that it contains. However, the data 

collected by this work can be used to give an impression of the potential 

metal content of the leachate with a view to recovery in the future. Oman et 

al. has carried out a very thorough characterisation of landfill leachate 

samples from 12 Swedish landfill sites and have successfully identified 400 

compounds, including 40 metals, in a range of concentrations contained 

within it (Table 4.3). 

 

Figure 4.7  Structure of the base of a sanitary landfill showing leachate 

collection system.(204) 

As this data demonstrates the concentrations of metals in leachate are not 

trivial, with significant concentrations across all classes of metals. Currently, 

research into leachate is focused on developing technologies that will treat 

leachate in order to lower toxicity through removal of a range of organic, 

inorganic and biological substances rather than to remove and concentrate 

the metals, considerable work is still required into developing suitable 

techniques and technologies for recovery of metals from this highly 

hazardous source. The wide range of metals present in the leachate does 

offer promise that in the future it could provide more economical and easier 

access to resources contained within landfills. 
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4.5 Use of ashes from incineration plants  

The definition of incineration is the controlled burning of solid, liquid or 

gaseous waste. Due to the increases in MSW being produced incineration is 

becoming a large and integral part of modern municipal waste management, 

especially in countries with limited landfill space available.(204) The primary 

purpose and advantage of municipal solid waste incineration (MSWI) is the 

resulting reduction in the volume (up to 90%) and mass (up to 70%) of the 

waste.(205, 206) The recovery of heat energy produced by incineration to 

generate electricity offers a secondary advantage of this process.(204, 205)  

Table 4.3 Metals found in landfill leachate and sediment samples.(207) 

 

Leachate 
ɍʈÇȾÌɎ 

Leachate sediment 
[mg/kg]  

 
Min 

 
Max Min 

 
Max 

Ferrous elements 
      Chromium 1.4 - 1500 4.0 - 124 

Manganese 30 - 1400000 954 - 3000 

Iron  160 - 5500000 13500 - 285000 

Nickel 10 - 13000 2.9 - 68 

Niobium 0.04 - 0.9 14 - 0 

Molybdenum 0.04 - 223 83 - 37 

Vanadium 2.0 - 23 102 - 69 

Non-ferrous 
      Magnesium 13800 - 15000000 1680 - 6900 

Aluminium 24 - 579 27400 - 7430 

Cobalt 1.7 - 1500 0 - 26 

Copper 5.0 - 10000 1.9 - 1890 

Zinc 13 - 1000000 59 - 1890 

Tin 0 - 3.5 95 - 32 

Lead 1.0 - 5000 8.7 - 500 

Precious metals 
      Palladium 0.04 - 0.2 1.3 - 0.3 

Platinum 0.04 - 0.02 0.05 - 0.002 

Silver 0.04 - 0.3 1.6 - 0.7 

Speciality elements 
      Antimony 0.04 - 6.0 15 - 0 

Arsenic 10 - 1000 0.9 - 258 

Barium 2.0 - 1370 676 - 2950 

Bismuth 0.02 - 0.1 0.7 - 0.2 

Cadmium 0 - 400 0.1 - 11 
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Germanium 0.04 - 0.3 8.2 - 0.1 

Indium 0.04 - 0.06 0.18 - 0.06 

Lithium  0.4 - 622 111 - 11 

Mercury 0.05 - 160 0 - 2.5 

Scandium 0.3 - 1.0 24 - 14 

Selenium 0.02 - 113 7.6 - 0.6 

Strontium 0.2 - 1430 523 - 356 

Tantalum 0.01 - 0.01 0.40 - 0.22 

Tellurium  0.04 - 0.05 0.06 - 0.04 

Thallium 0 - 0.28 0 - 0 

Tungsten 0 - 2.9 0 - 0 

Yttrium  1.0 - 6.6 146 - 50 

Zirconium 1.0 - 10 291 - 160 

Rare-earth elements 
      Lanthanum 0.04 - 8.3 134 - 14 

Cerium 1.4 - 1500 4.0 - 124 

Neodymium 0.04 - 0.9 0 - 14 

Samarium 0.2 - 1430 523 - 356 

Terbium 0.04 - 0.05 0.06 - 0.04 

Various incinerator designs are used however most are based on the mass-

burn incinerator, as this is the most straightforward incineration technology 

available. This technology requires very little processing of the MSW 

received, generally only the removal of large bulky items (e.g. white goods), 

bulky combustible items (e.g. mattresses) and hazardous waste. The process 

consists of three main parts: incineration, energy recovery and air pollution 

control, a schematic diagram of a typical mass-burn incinerator is shown in 

Figure 4.8.  

During MSWI a number of residues (or secondary wastes) are produced that 

can be categorised as: 

Á Flue gases (e.g. SO2, NOx, HCl, H2O) 

Á 0ÁÒÔÉÃÕÌÁÔÅ ÍÁÔÔÅÒ ÃÁÒÒÉÅÄ ÂÙ ÔÈÅ ÇÁÓ ÓÔÒÅÁÍȟ ÔÅÒÍÅÄ ȰÆÌÙ ÁÓÈȱ 

Á )ÎÃÉÎÅÒÁÔÉÏÎ ÒÅÓÉÄÕÅ ÏÒ ȰÂÏÔÔÏÍ ÁÓÈȱ  

Studies of waste input and subsequent output into these residues as a result 

of incineration show that any inorganic, metal-containing waste fed into the 

incinerator is contained within the bottom and fly ash fractions post 

incineration.(208) These residual ashes can be generated on large scales, for 
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example, each year in Sweden waste incinerators produce about 700,000 

tonnes of bottom ash and 200,000 tonnes of fly ash.(209) These ash fractions 

can contain a vast and varying mixture of potentially hazardous substances 

making their disposal complex as they present a threat if accidentally 

released into the environment. The most common method of disposal is 

landfilling with or without further treatment depending on the different 

requirements of the country where they are produced, although this is not an 

ideal solution. Importantly, apart from containing hazardous substances 

MSWI ashes can also contain significant amounts of valuable metals, such as: 

Cu, Zn, Ag and Au leading to interest in its prospective for exploitation and 

ÕÓÅ ÁÓ ÁÎ ȰÁÒÔÉÆÉÃÉÁÌ ÏÒÅȱȢ(209, 210)    

 

Figure 4.8  Schematic diagram of a typical mass-burn incinerator: (1) Tipping 

area (2) Storage area (3) Crane (4) Feeding chute (5) Combustion chamber 

(6) Bottom ash recovery (7) Boiler (8) Air pollution control (9) Flue 

(stack).(208) 

4.5.1 Characterisation of and metal concentrations in MSWI ashes  

Results from various studies into the metal content of bottom and fly ash 

produced from MSWI show the presence of a wide range of ferrous, non-

ferrous, precious, speciality and rare earth metals within it (Table 4.4). What 

is apparent is that the concentrations of different metals can fluctuate 

extensively depending on the source of the ash which would suggest that 

metal content of ash is strongly influenced by the MSW feedstock being 

incinerated which in turn is largely influenced by locality and municipality of 

the incineration site.(211)  
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Table 4.4 Concentrations of elements identified in MSWI bottom and fly ash. 

Metal 
Concentration 
range [mg/kg]  

Concentration 
range [mg/kg]  

 
Bottom ash Ref. Fly ash Ref. 

Ferrous elements 

Chromium 13 - 1400 
(205, 
212-
214) 

13 - 1900 
(205, 
212, 
214) 

Manganese 0.8 - 8500 
(205, 
212, 
213) 

<0.7 - 3100 
(205, 
212) 

Iron 32000 - 84000 
(212-
214) 

420 - 10000 
(212, 
214) 

Nickel 9.0 - 510 
(205, 
212, 
214) 

6.5 - 2000 
(205, 
212, 
214) 

Niobium 2.3 - N/D (214) 0.2 - N/D (214) 

Molybdenum 7.9 - 33 
(212, 
214) 

0.7 - 47 
(212, 
214) 

Vanadium 10 - 90 
(205, 
212-
214) 

0.7 - 150 
(205, 
212, 
214) 

Non-ferrous 

Magnesium 9700 - 12000 
(212, 
213) 

8200 - 14000 (212) 

Aluminium 16000 - 85000 
(212-
214) 

663 - 47000 
(213, 
214) 

Cobalt 9.9 - 700 
(205, 
212-
214) 

1.1 - 1700 
(205, 
212, 
214) 

Copper 80 - 25000 
(205, 
212-
214) 

45 - 4000 

(205, 
211, 
212, 
214) 

Zinc 200 - 20000 
(205, 
212-
214) 

605 - 150000 

(205, 
211, 
212, 
214) 

Tin 31 - 1300 
(205, 
212, 
214) 

30 - 8200 

(205, 
211, 
212, 
214) 

Lead 98 - 6500 
(205, 
212, 
214) 

200 - 19000 

(205, 
211, 
212, 
214) 

Precious metals 

Gold 0.2 - 19 (213- N/D - N/D - 
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215) 

Palladium 0.03 - N/D (212) 3.6 - 18 
(211, 
212) 

Platinum 0.1 - N/D 
(212, 
214) 

<1 - N/D (212) 

Silver 2 - 62 
(205, 
212-
215) 

1.2 - 700 

(205, 
211, 
212, 
214) 

Speciality elements 

Antimony 7.6 - 120 
(212, 
213) 

170 - 2600 
(211, 
212) 

Arsenic 1.3 - 230 
(205, 
213) 

15 - 751 (205) 

Barium 47 - 2700 
(205, 
213, 
214) 

37 - 9000 
(205, 
214) 

Bismuth 1.2 - 57 
(212, 
214) 

1.6 - 142 
(211, 
212, 
214) 

Cadmium 0.3 - 61 
(205, 
212, 
214) 

5 - 2200 
(205, 
212, 
214) 

Gallium 1.9 - 24 
(212, 
214) 

0.3 - 164 
(211, 
212, 
214) 

Germanium 0.2 - 1.5 
(212, 
214) 

<1 - 27 
(211, 
212, 
214) 

Hafnium 1.8 - 2.7 
(213, 
214) 

N/D - N/D - 

Indium 0.2 - 2 
(212, 
214) 

0.1 - 23 
(211, 
212, 
214) 

Lithium  8.1 - N/D (214) 0.9 - N/D (214) 

Mercury <0.01 - 3 (205) 0.8 - 73 (205) 

Scandium 0.9 - 2.1 
(213, 
214) 

0.1 - N/D (214) 

Selenium 0.2 - N/D (214) 0.2 - N/D (214) 

Strontium 122 - N/D (214) 7.8 - N/D (214) 

Tantalum 1.1 - 5.3 
(212-
214) 

0.1 - 43 
(213, 
214) 

Tellurium  <1 - 1.2 (212) 1.8 - 12 
(211, 
212) 

Thallium <1 - N/D (212) <1 - 2.0 (212) 

Tungsten 11 - 22 
(212, 
213) 

6.0 - 9.0 (212) 

Yttrium  4.8 - N/D (214) 3.0 - N/D (214) 
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Zirconium 65 - 81 
(212, 
214) 

27 - 57 
(212, 
214) 

Rare-earth elements 

Lanthanum 24 - N/D (213) N/D - N/D - 

Cerium 35 - N/D (213) N/D - N/D - 

Praseodymium 1.9 - N/D (214) N/D - N/D - 

Neodymium 7.1 - N/D (214) 0.2 - N/D (214) 

Samarium 1.7 - N/D (213) N/D - N/D - 

Terbium 0.64 - N/D (213) N/D - N/D - 

Waste containing large amounts of electrical goods for example would have 

much higher concentrations of the elements indium, antimony and gold 

compared with construction waste that is likely to contain higher 

concentrations of iron. Wastes containing large amounts of plastics have also 

been seen to have above average amounts of antimony which may be a result 

of antimony trioxide (Sb2O3) commonly used as a flame retardant in plastic 

products.(216) The presence of metals in bottom ash compared to fly ash is 

also seen to differ for separate incinerator plants and this is due to different 

incineration parameters which influence partitioning of metals into each 

ash.(208) What this data shows is that the metal content of ashes cannot be 

generalised, rather it must be determined on a case-by-case basis. This is 

problematic as MSWI residues cannot be relied upon therefore as a constant, 

continuous feedstock of metals. 

4.5.2 Precious and special metals  

The concentrations of precious and special metals in MSWI ash appears to be 

very small and potentially insignificant (palladium levels only 0.03 mg/kg) 

however a comparison of these measured concentrations in bottom and fly 

ash compared with concentrations for metals in the continental crust shows 

encouraging results: palladium present in fly ash is approximately 20,000 

times higher than crust concentration (Figure 4.9 and Figure 4.10).   

This is due to the MSWI concentrating these metals that are present only in 

small amounts in consumer products.(211) Yet, as seen with recycling of 

metals, due to the extremely heterogeneous nature of MSWI wastes the 

separation, recovery and reuse of these elements can be problematic and 
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varying speciation and contamination is highly likely due to the presence of 

so many other elements.   

 

Figure 4.9  Ratio of the precious metal concentration measured in MSW and 

4ÁÙÌÏÒȭÓ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÖÁÌÕÅÓ ÉÎ ÂÏÔÔÏÍ ÁÎÄ ÆÌÙ ÁÓÈȢ ɉ2ÁÔÉÏ ÂÁÓÅÄ ÏÎ 

maximum concentration values achieved for each metal.)(217) 

 

Figure 4.10  Ratio of the speciality element concentration measured in MSW 

ÁÎÄ 4ÁÙÌÏÒȭÓ ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÖÁÌÕÅÓ ÉÎ ÂÏÔÔÏÍ ÁÎÄ ÆÌÙ ÁÓÈȢ ɉ2ÁÔÉÏ ÂÁÓÅÄ ÏÎ 

maximum concentration values achieved for each metal.)(217) 


