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Abstract 

The current world crisis in the demand for water is a real problem for all forms of life on our 
planet. For years, scientists have tried to propose various technologies which might be able to 
clean and reuse contaminated water. It is crucial to develop a sustainable low cost form of 
technology. This is especially important for Third World countries, where the ability to get high 
level technology is difficult and ideally, the form of technology should be cheap, simple and 
based on the local resources. One of the most available local resources is a polysaccharide 
such as starch, pectin, cellulose or alginic acid.  The major goal of this dissertation is to develop 
a green form of technology to capture potentially harmful, toxic or valuable compounds from 
waste water using mesoporous carbonaceous materials based on the local polysaccharide 
resources. 

To achieve this target, a novel and improved method of synthesis of mesoporous carbonaceous 
materials from starch (hereafter referred to as Starbon

®
) and alginic acid (hereafter referred to 

as Algibon) was established at the beginning of the project. Based on this method, a number of 
mesoporous materials with different textural and surface properties have been generated and 
characterised by various techniques including nitrogen porosimetry, solid state NMR, DRIFT 
spectroscopy, electron microscopy, elemental analysis and  ash content tests. 

Some of the major water pollutants in industrial wastes are dyes from textile industry and heavy 
metals from mining, steel industry, welding, batteries, refinery, fertiliser and other processes. 
Therefore, the produced materials were systematically tested as dye adsorbers. Bulky azo-
dyes, which represent 75% of the current cotton industry market, were selected as model 
absorbates. A wide range of Algibons and Starbons materials with different properties (from the 
completely hydrophilic to completely hydrophobic and with different micro/mesopore volumes 
and ratios) enabled the optimum material to be found for certain types of adsorption process. It 
was found that in this type of adsorption, Starbons

 
materials cannot compete with commercially 

available adsorbents. In contrast, Algibon has demonstrated great potential and significantly 
outperformed the commercially available adsorbents such as activated carbon (up to 6 times 
more) for the uptake of a range of bulky dyes.  

The adsorption data reveals that the BET specific surface area (N2-adsorption) was not the only 
governing factor and that the dominant mesoporous character of these materials, the 
accessibility of the pores versus the bulkiness of the dyes and the nature of the surface 
functionality (hydrophobic versus hydrophilic) also played key roles.  

The maximum adsorption capacity of Algibon prepared at 800
o
C (A800) is markedly higher than 

the one recorded for A450 and outperforms Norit as a commercially available activated carbon 
(AC) adsorbent. It was found that the higher adsorption capacity of A800 relates to a higher 
surface area in the mesoporous region. Moreover, it was found that the energy of adsorption is 
smaller for A800 than for AC. This shows that A800 is not only the preferred adsorbent but will 
also enable a more effective and easier recovery of the dyes.  

In addition, the project involved the use of the developed Starbon materials to recover metals. 
This application is crucial not only for the cleaning of waste waters but also for recovering the 
valuable and critical metals from solid wastes. Some of these metals are in the EU critical list of 
elements due to their significant demand in modern economy technologies or are substantial 
components of industrial waste. These elements are in short supply because of their large 
demand in growing economy and their scarce abundance in the world. Therefore, a variety of 
Starbons were screened to test the selectivity of the polysaccharide derived carbonaceous 
materials towards the high value metals from digested solid wastes consisting of Pulverised fly 
ash (PFA), Red Mud (RM), Bottom ash (BA), Titano gypsum (TiG), Red Titano gypsum (RTiG) 
and Phospho Gypsum (PG).  

Further investigation of metals adsorption based on Algibon was systematically conducted. 
A800 which demonstrated the most promising results early on and was found to be the most 
stable material, and was used as the adsorber. A solution containing four high value metal ions 
(i.e. Co, Cu, Ag and Cd) were selected for the adsorption experiment. Investigation focused on 
the  nature of the metal ions and how they affect the kinetic parameters of adsorption in a 
detailed experimental analysis of the model system. Different types of adsorption isotherms 
were applied. The maximum adsorption capacity for each metal was found from the fit isotherm 
type. Kinetic adsorption was tested and kinetic order model study was carried out.  
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1.1 Introduction 

Water resources are of critical importance for both the natural ecosystem and 

for human development. Increasing environmental pollution from industrial 

wastewater, particularly in developing countries, is of major concern. There are 

two major types of industrial water contaminations: metals and dyes. 

Metals contamination exists in the aqueous waste streams of many industries, 

such as metal plating facilities, mining operations, tanneries, etc. Some of the 

metals associated with these activities are cadmium, chromium, iron, nickel, 

lead, mercury and so on, which tend to accumulate in living organisms causing 

diseases and disorders.[1]  

Many industries, such as textiles, paper and plastics, use dyes to colour their 

products, however they also consume substantial volumes of water. As a result, 

they generate a considerable amount of coloured wastewater. The presence of 

small amounts of dyes (less than 1 ppm) is highly visible and undesirable.[2] 

Many of these dyes are also toxic and even carcinogenic, posing a serious 

threat to living organisms.[3] Therefore, there is a need to treat the wastewaters 

containing toxic dyes and metals before they are discharged into the main water 

bodies. Many physico-chemical methods like coagulation, flocculation, ion 

exchange, membrane separation, oxidation, etc., are available for the treatment 

of heavy metals and dyes.[4] However, the methods which are involved produce 

sludge which itself has handling and disposal problems, along with high costs 

and technical constraints. Therefore, attention focusing on the environment has 

motivated research for new and sustainable forms of technology that would be 

able to treat the waste water polluted by metals and dyes efficiently.[5] Such 

pollution has substantially increased over the last few decades.[5,6]    

1.1.1 Project objectives  

Adsorption technologies used to deal with contaminants in industrial wastewater 

are relatively easy to operate and have several advantages, including low costs, 

operations over a wide range of conditions and the possible reuse and 

regeneration of the adsorbents.[7] Trapping contaminantes through the physical 

adsorption process is a commonly known method which has been applied by 

scientists for years due to its low cost, its possibility for regeneration and its 

environmentally-friendly impact.[8] However, current adsorbers, such as 

activated carbons and silica gels, are inefficient for the adsorption of large dye 
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molecules. Furthermore, the adsorption process is usually very slow and has a 

recovery period of days.   One of the possibilities in overcoming these problems 

is to use mesoporous materials.[9] The existing method of mesoporous 

carbonaceous materials is very complex, costly and unsustainable since it uses 

a petroleum-based precursor, hazardous chemicals and it requires a significant 

number of technological steps.[10,11]  Recently, novel types of bio-derived 

mesoporous materials, known as Starbon®, have been developed.[12] They 

have demonstrated extraordinary properties in the adsorption of small organic 

molecules but have never been used for large, bulky dyes and metals 

adsorption.[13] As such, it would be very interesting to apply the Starbon 

technology to industrial wastewater treatment.  

 The aim of this research is to manufacture polysaccharide derived 

porous Starbon materials and develop them for application to  

wastewater treatment, focusing on the removal of the coloured 

compounds and metals contaminants. This approach has to help 

industrial factories remove the pollutants from their wastewater before 

discharging them into the environment.[14]  

 Another target of the project comprises of examination of a traditional 

adsorber, such as activated carbon (AC) and the Starbon® materials, as 

a  comparison of  efficiency for the treatment process.  

To achieve the major goals of the project, the following tasks have been 

prioritised:   

 To optimise Algibon production in order to obtain materials with maximum 

pore volume. 

 To develop large scale Algibon production (on a scale greater than 1 Kg).  

 To find which Algibon properties are critical for optimal   adsorption capacity 

of organic dyes and which could be useful in metal adsorption. 

 To develop a procedure for the removal of bulky organic dye molecules and, 

later, removal of metals from the contaminated water sample using the 

Algibons.  

 To reduce the costly method of water treatment by lowering the energy 

consumption and increase the efficiency of preparation processes used with 

Algibon.   
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 To develop methods linked to the reuse of Algibon and recovery of 

adsorbates. 

1.1.2 Current challenges of wastewater treatment  

The levels of organic contaminants and metal pollutants are regulated by the 

World Health Organisation standards.[15] To reach these targets, the 

purification of both industrial and municipal wastewater requires many complex 

steps which could not be considered as an ideal clean technology.[16] Of the 

different types of impurities found in contaminated water such as suspended, 

colloidal[17,18], metals and soluble organic molecules, the latter is the most 

problematic and expensive to remove.[19,20]  

This study focuses on the removal of bulky and complex organic molecule dyes 

which have a very strong colour due to their large aromatic system.[21] 

Although it may not pose a major risk to human health, coloured wastewater 

causes public concern about the water quality.[22]  Another aspect of this study 

is the development of new adsorption technologies for  carcinogenic and toxic 

heavy metals which cause a significant risk to human health.  

1.1.3 Green aspects of the Project  

During the project, major attention was paid to meet the green chemistry 

principles,[23,24] shown in Table.1.1.  

Table.1.1: Connection between the project strategy and the green chemistry principles. 

 
Green Chemistry 

Principles (GCP) 
Project Application Strategy 

1 Prevention of waste 

Produced mesoporous materials have to be 

reusable and derived from polysaccharide bio-

waste. 

2 Atom economy 
Recovery of the solvents for the expansion of 

polysaccharides. 

3 
Less hazardous 

chemical synthesis 

The synthesis of carbonaceous porous material 

such as Algibon preparation does not require 

templating, avoiding such harmful compounds as 

hydrogen fluoride (HF) and caustic soda used in 

the preparation of traditional mesoporous 

carbonaceous materials. 

4 Designing safer Starbons produced are environmentally friendly 

http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/gc-principle-of-the-month-4.html#articleContent_headingtext_2
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chemicals and no toxic aspects have been found. 

5 
Safer solvents and 

auxiliaries  

Only solvents from the “green solvents” list such 

as ethanol, acetone and scCO2 will be used during 

the project. 

6 
Design for energy 

efficiency 

Minimal/reduced temperatures used for adsorption 

and desorption. Ideally these processes should be 

optimised to an ambient temperature. 

7 
Use of renewable 

feedstock 

All materials prepared have been produced from 

renewable polysaccharide sources. 

8 Reduce derivatives 

Reduce the number of intermediate mesoporous 

materials by reducing a number of carbonisation 

steps in the process. 

9 Catalysis 

Avoid using additional catalyst for the 

carbonisation process. Only the internal ability of 

acid functionalised polysaccharides (e.g. Alginic 

acid) should be used for self-carbonisation. 

10 
Design for 

degradation 

The polysaccharide derived mesoporous materials 

are benign and do not persist/accumulate in the 

environment. 

11 
Real-time analysis for 

Pollution Prevention  

To use such analytical method as TG-FTIR for 

step by step analysis of carbonisation process. 

12 

Inherently safer 

chemistry for accident 

prevention 

In contrast to the traditional technologies, Starbon 

does not require hazardous chemicals. 

1.2 Wastewater review  

Fresh water is a vital natural resource that can only be  renewable as long as it 

is well managed. To meet local requirements for sustainable pure water 

resources, the prevention of pollution from domestic, industrial, and agro-

industrial activities is important.[25] Undoubtedly, current water pollution control 

policies have already achieved significant success. However, the continual 

increase in demand for water in development countries raises the complexity 

and intensity of water treatment, demanding new innovation technologies based 

on local resources. It is estimated that millions of people in the world in 

developing countries have no access to sustainable safe water,[26] and this 

situation forces the development of new approaches which help to substitute 

the old inadequate sewage, industrial and municipal wastewaters.[27]  

Municipal water waste combines both water or liquid carried wastes which 

originate from commercial facilities, government institutions and any of the 

http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/green-chemistry-principle--5.html
http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/green-chemistry-principle--5.html
http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/green-chemistry-principle--6.html
http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/green-chemistry-principle--6.html
http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/green-chemistry-principle--11.html
http://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/green-chemistry-principle--11.html
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sources of the groundwater; also storm and surface water.[28] The untreated 

water wastes usually contains increased levels of the organic material, various 

pathogenic microorganisms and toxic compounds, i.e,  heavy metals.[29] Thus, 

health issues and environmental hazards can be a direct consequence of these 

contaminations and should immediately be controlled from the source, with 

appropriate treatment before final disposal. The key reason for managing the 

waste water is in order to protect the environment in such a way that maintains 

good public health and fits with the socio-economic concerns.[30] There is a 

significant difference in municipal and industrial water waste. Most of the 

pollutants in the industrial waste water range from trace amounts to ten 

thousand parts per million (ppm),[31] whereas those of the municipal waste 

water occurs within narrower limits of hundred to thousand ppm.[32] Industrial 

sewages containing wastewater have almost twice as much degradable organic 

matter as  all of the municipal waste water combined. [31-33]. 

 

 

 

 

 

 

1.2.1 Domestic wastewater 

It typically comprises of inorganic and organic matter in colloidal, dissolved and 

suspended forms. The term in its most common use refers to the municipal 

waste water, comprising of a broad spectrum of contaminants; This is often a 

result of mixing water wastes from varied sources. Alternatively, the term is 

reference to the sewage which comes from a households’ waste water which 

includes cesspit leakage, septic tank discharge and lavatories.[35] 

1.2.2 Industrial wastewater 

The industrial wastewaters contains certain kinds of inorganic and organic 

matter in colloidal, suspended and dissolved states, or it also might contain 

dangerous materials and compounds that are toxic or carcinogenic in nature 

including phenols, cyanides, dyes, metals, alkalis and acids, flammable sources 

Wastewater Types[34] 

[]Types  

Human and Animal 
Wastewater 

Household 

Wastewater 

Storm 

Wastewater 

Industrial 
Wastewater 
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from the industry operations; such examples include paper mills, chemical 

industries, tanneries, steel plants, fruit and vegetable refineries.[36]  As such, 

there are potentially many sources of  industrial wastewater discharge. 

 

Table.1.2: Typical industrial wastewater contaminants[37-39] 

Waste generator Characteristic of waste  

Chemical manufacturer  

Acids and bases, spent solvents 

Waste water containing organic constituents and heavy 
metals such as Hg, Pb, Cd, Fe etc. 

Printing industry 
Heavy metal solution  

Waste ink and solvents  

Textile industry Dyes, suspended solids and alkaline  

Petroleum refining industry  
Waste water containing benzene and other hydrocarbons  
such as phenolics, free and emulsified oils and other 
dissolved organics 

Leather products manufacturing Toluene and benzene  

Paper industry  
Paint Waste Containing heavy Metals 

Ignitable Solvents 

Construction industry 

Ignitable Paint Waste 

Spent Solvents 

Strong Acids and Bases 

Metal manufacturing  
Sludges containing heavy Metals, cyanide Waste 

Paint Waste 

Pharmaceuticals High in dissolved and suspended organic 

Plastics and resins  
Dissolved organics, including acids, aldehydes, phenolics, 
cellulose, alcohols, surfactants and oils 

Explosive manufacturing  Organic acids and alcohols, soaps and oils 

Food processing  High mainly in protein, fat and polysaccharide 

Rubber and textile 
manufacturing 

Dissolved and suspended organics, fats and oil 

 

1.2.3 The monitoring of wastewater properties  

Wastewater characterisation and understanding of the properties of wastewater  

is important because the selection and design of treatment facilities depends on 

the study of  the physical (e.g. colour, odour, taste, turbidity, temperature and 

solids)[40], chemical (e.g. total dissolved solid, metals, pH, chloride, organics 

and nutrient, alkalinity)[41] and biological characteristics (e.g. BOD and 

COD)[41-43]. As well as the quality that must be maintained in the environment 

to which the wastewater has is to be discharged,  the fact that it is  reused also 



37 
 

means that it must meet the discharge requirement standard[44]. Monitoring of 

these physical-chemical and biological parameters in the waste water before 

releasing it is crucial to ensure that there is not a chance of harm or damage to 

the environment.  

1.2.4  Dyes and metals in wastewaters  

Dyes are a key pollutant group which are causing some of the greatest pollution 

in the bodies of fresh water. These chemical compounds have an ability to 

attach themselves to the surfaces or fabrics and  impart colour. These complex 

molecules are mostly resistant to biodegradation or photodegradation. The 

synthetic dyes are used in various technologies fields, for instance, in most 

branches of the textiles[45], leather and tanning sector[46,47]; in production of 

paper[47], in technology of food [48], in research of agriculture[49], in arrays of 

light harvesting[50], in photo-chemical cells[51] and in the hair colourings.[52] 

Dyes can also be classified as per their chemical structure and usage. 

Therefore, classifications vary from one country to another even though there 

are certain basic categories which are common for all. 

 

 

Table.1.3: Types of dyes depending on their applications[53] 

Type of dye  Applications 

Acid dyes  Wool, silk and nylon 

Reactive azo dyes  Cotton  

Basic dyes  Acrylic  

Direct dyes  Cotton, leather, paper and synthetics, cotton silk  

Disperse dyes   
 

Polyester 

Food dyes  Food, cosmetics  

Metal  Cotton  

Whitening  Plastics, paper, soap  

Pigment dyes  Paints and plastics  

Reactive dyes  Wool and cotton  

Sulphur dyes  Cotton and synthetics  

 

Due to this, the relative amounts of dyes that are produced across the globe are 

not known until now; it is estimated to be more than ten thousand tonnes each 

year. Data on dye quantities that are discharged in environment is not available. 

It can be assumed that there is a loss of approximately one or two percent in 
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the production of the dye and one to ten percent in the usage of the dye. These 

are the rough estimates for general dyes, but for the reactive dyes, these 

estimates can be more accurate at four percent loss. [54] The large scale 

production of synthetic dyes along with their general applications causes 

considerable pollution in the environment. Major health risk factors tend to result 

in reduced freshwater consumption. Additionally, these dyes tend to give poor 

wastewater treatment results.[55,56] They also increase public concern and 

create problems in the legislation that pose a challenge for the environmental 

scientist.  

Metals in wastewater are of a greater concern and are counted as an important 

category for pollutants that are present across the world. There are many 

examples of metal elements that have been extracted from the earth and have 

been used in many products and industries. Currently,  heavy metals can be  

abundant in drinking water because of the greater usage of heavy metals 

containing  compounds in each area of industry and science. For instance, from 

medicine to the pharmaceuticals[57], tanneries, plastics, pesticides, haulage 

and others[58], large quantities of toxic metals effluence are generated. This  

creates an environmental situation of  higher risk which puts ecosystems at a 

higher toxic risk as a direct consequence of the persistent and non-degradable 

nature of the metals.[59] 

1.2.5 Toxicological effects of dyes 

Sewage waste waters produced by the dying companies are highly problematic 

and are treated not just for their great chemical oxygen demand, increased of 

biological oxygen demand, turbidity, suspended solids and toxic constituents, 

but for the coloured contaminants that can be seen by the human eye.[60] Dyes 

can have an effect on photosynthetic water life because of the decreased 

penetration of light into the water. Often, these dyes are  toxic for some marine 

life because of the presence of the metals and aromatics in them,[61] also 

potentially putting human health at great risk. Past research has shown that 

textile waste water sewage can cause mutagenesis, teratogenicity, respiratory 

issues and chromosomal fractures.[62] Hence, sewage of dye textile has been 

ranked second in the toxicity, between certain other industrial sectors.[63] 

1.2.6 Toxicology of heavy metals 



39 
 

Heavy metals are a particularly important category of inorganic contaminants in 

environment because of their mobility in aquatic ecosystems and their toxicity to 

the greater life forms.[64] The industrial waste water is a key transporter of the 

heavy metals, which are well known for acting as carcinogens with high toxicity, 

causing problems for the human population and other life forms. It is very 

important to note that these chemicals are dangerous even in dilute quantities 

because they are mobile and persistent in water systems promoting processes 

such as bio-magnification.[65] These metals are typically detected in the ionic or 

elemental state meaning that they are not subjected to biodegradable 

processes or bound in salt complexes. As a consequence, heavy metal 

pollution has become one of the most serious environmental problems 

today.[66] 

1.2.6.1 Toxicity of heavy metals on humans 

Many heavy metals are hazardous to humans. Table 1.4 shown below, provides 

the information on certain metals which are a dangerous and pose health 

problems. 

 Table.1.4: Type of metals and their effect on human health 

Heavy 
metal 

Major sources Effect on human health 

Permissible 
level 

(ppm) 

Cr(VI) 

Stainless steel, in chrome plating 
and in metal ceramics, dyes and 
paints, tanning of leather, 
catalysts[67] 

Carcinogenic, Weakened 
immune systems, Kidney and 
liver damage, Skin rashes, 
Respiratory problems[68] 

0.05 ppm[69] 

Hg 
Pesticides, batteries, paper, 
industry[70] 

Damage to nervous system, 
protoplasm, poisoning[70] 

0.01 ppm[71] 

Ni 

Stainless steel industry, welding, 
electroplating, pesticide, fertilizer 
CdNi batteries,  catalysts and 
alloy[72] 

Decreased body weight, heat 
and liver damage and skin 
irritation, Birth defects, 
Asthma and chronic 
bronchitis, Heart disorders[73] 

0.02 ppm[67] 

As Pesticides, fungicides, metals 
smelter [74] 

Neurological disorder, 
Bronchitis, dermatitis, kindle 
cancer, muscular 
weakness[75]   

0.01 ppm[76] 

Cd 
Welding, electroplating, pesticide 
fertilizers, CdNi batteries and 
nuclear fission plant[77] 

Kidney damage,  bronchitis, 
gastrointestinal, disorder, 
bone marrow, cancer[78] 

0.003 ppm[67] 

Pb 
Paint, pesticides, smoking, 
automobile, emission, mining 
and burning of coal[79] 

Liver, kidney, gastrointestinal 
damage, mental retardation in 
children[80] 

0.1 ppm[67] 

Zn  Refineries, brass manufacture, 
metal plating, plumbing[81] 

Zinc fumes have corrosive 
effect on skin, cause damage 

15 ppm[67] 
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to nervous membrane[82] 

Cu  

Metal cleaning, plating baths, 
pulp, paper board mills, wood 
pulp production, and the fertilizer 
industry, electrical equipment, 
industrial machinery[83] 

It causes headaches, stomach 
aches, dizziness, vomiting 
and diarrhoea, liver disease 
and neurological defects[84] 

0.05-0.1 

ppm[67] 

 

1.2.6.2  Marine aqua toxicity of heavy metals 

Heavy metal toxicity has an effect on marine organisms in the environment. 

After metals have been mineralized by microorganisms, they can bio-

accumulate in marine ecosystems which can be taken up by plankton and 

transferred into different sea animals. Ultimately, the metals that are bio-

magnified many times, for instance, highly toxic metals that have been 

magnified in fish, might be a serious threat to the health of humans , particularly 

where people tend to consume fish from the tainted water.[85] It is believed that 

increased levels of metals in natural water may cause problems for aquatic 

organisms including, for instance, changes in reproduction or in biochemistry, 

such as enzyme activity and blood chemistry.[86]  

1.2.6.3 Heavy metal transport via irrigation 

Contaminated waste water containing heavy metals has been supplied to many 

different areas around the world for the purpose of irrigation.[87-89] Providing 

water contaminated with sewage and industrial wastes for the purpose for 

agriculture could transport dangerous quantities of dissolved heavy metals to 

the agricultural fields. This could cause problems for agricultural production.  

Excessive accumulation of the heavy metals in the irrigation waste water can 

increase the risk of contaminantes in agricultural soils. This might lead to the 

elevated heavy metals incorporation by the crops, and therefore, have an effect 

on the safety and quality of the food.[90] Unfortunately, this is one of the key 

methods for  entry of the toxic pollutants into the human body, giving rise to  

potential risks to human health.[91]  

Therefore, it is necessary to set up wastewater treatment plants (WWTP) to 

minimise the amount of pollutants in discharge wastewater effluence to reduce 

the risks on human health, and to protect other forms of life and the 

environment.  
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1.2.7 Importance of wastewater treatment plant (WWTP) 

WWTP technology is a multi-stage process (see fig.1.1) designed to clean 

water and preserve life, as well as to protect natural water bodies. The primary 

aims of the treatment plant are not only to clean the wastewater, but also reuse 

it to meet the demand requirements of crops.  

Treatment plants perform this by reducing the concentrations of solids, organic 

matter, nutrients, pathogens, and other soluble pollutants such as dyes and 

metals in wastewater.[92] Additionally, in order to meet the permit requirements 

for treatment plants, it is important that the assessing governor must take in to 

consideration certain points that are fundamental to the minimum legal 

requirements. These include, preventing nuisances, preventing diseases, 

providing protection to the supplies of drinking water, maintaining navigable 

waters, conserving waters, protecting the water for recreational usage and 

swimming, maintenance of the health habitat for fishes and other marine 

animals and preserving the waters that are clean for the purpose of protecting 

the ecosystems.[93] These wastewater treatment procedures are combined into 

a variety of systems, classified as primary, secondary, and tertiary wastewater 

treatment.[94]  

Sludge, resulting in the end of wastewater treatment operations, is another 

significant problem, which has to be reduced to a minimal quantity to ensure 

that it is suitable for final disposal and can be reused with less expense.[95]  

 
Fig.1.1: Multi-stage process in wastewater treatment plant (WWTP)[92] 
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Table.1.5: Wastewater Treatment Plant (WWTP) unites[96] 

Process/Steps Purpose 

Primary Treatment 
Removes 90-95% settle able solids, 40 to 60% total 
suspended solids, and 25 to 35% BOD5 

Collection Conveys wastewater from source to treatment plant 

Screening Removes debris that could foul or damage plant equipment 

Shredding 
Screening alternative that reduces solids to a size the plant 
equipment can handle 

Grit removal Removes gravel, sand, silt, and other gritty materials 

Flow measurement 
Provides compliance report data and treatment process 
information for hydraulic and organic loading calculations 

Pre-aeration 
Freshens septic wastes, reduces odors and corrosion, and 
improves solids separation and settling 

Chemical addition 
Reduces odors, neutralizes acids or bases, reduces corrosion, 
reduces BOD5, improves solids and grease removal, reduces 
loading on the plant, and aids subsequent processes 

Flow equalization 
Reduces or removes the wide swings in flow rates for plant 
loadings 

Primary sedimentation 
Concentrates and removes settleable organic and floatable solids 
from wastewater 

Secondary 
Treatment 

Produces effluent with not more than 30 mg/L 
BOD5 and30 mg/L suspended solids. It includes 
biological, chemical and physical treatments 

Biological treatment 
Provides BOD removal beyond that achievable by primary 
treatment, using biological processes to convert dissolved, 
suspended and colloidal organic wastes to more stable solids 

Secondary 

sedimentation 
Removes the accumulated biomass that remains after secondary 
treatment 

Tertiary or Advanced 

Treatment 

Removes pollutants, including nitrogen, 
phosphorus, soluble COD, and heavy metals to 
meet discharge or reuse criteria with respect to 
specific parameters 

Effluent polishing Filtration or microstraining to remove additional BOD or TSS 

Nitrogen removal 
Removes nutrients to help control algal blooms in the receiving 
body 

Phosphorus removal Removes limiting nutrients that could affect the receiving body 

Land application 
Controlled land application used as an effective alternative to 
tertiary treatment methods. Reduces TSS, BOD, phosphorus and 
nitrogen compounds, as well as refractory organics 

Disinfection Destroys any pathogens in the effluent that survived treatment 

Dechlorination 
Protects aquatic life from high chlorine concentrations, needed to 
comply with various regulations 

Discharge 
Releases treated effluent back to the environment through 
evaporation, direct discharge, or beneficial reuse. 

Solids treatment 
Transforms sludge to biosolids for use as soil conditioners or 
amendments  
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In addition to this, at the final unit of wastewater treatment plant, before the 

effluent is discharged into a receiving body, the water stream must be 

disinfected because fumigation has certain objectives that are highly important. 

A major objective is to protect the health of the public by reducing the 

population of the organisms in the waste waters to a lower level that makes 

sure that the pathogenic organisms are not present in significant quantities to 

cause disease.   Chlorine is a common disinfectant used, for both water and 

wastewater treatment, with alternatives to chlorine including chlorine dioxide, 

ozonation, potassium permanganate, ultraviolet (UV), and membrane 

processes.[97]  

Depending on the reviewed recent topics in this chapter, the treatment of 

wastewater effluents has become a required step before discharged into 

freshwater bodies. 

1.2.8 Technologies of dye removal in wastewater 

The global annual production of pigments and dyes is more than 7x107 tonnes 

and is utilized extensively in the cosmetics, food, paper mills and textile 

industries, which cover greater than seventy percent of the total quantity 

manufactured.[98] Cotton and fibres are ranked highest based on dyed textiles 

and more than fifty percent of their products are items that are dyed with a 

reactive dye.[99] Approximately 16 percent of the entire amount of dyes made 

are lost during these procedures[100] and water colourisation can be observed 

in a concentration of less than one ppm.[101]  

All these processes of production are not just heavy water consumers, but they 

are also great generators of pollutants that potentially cause danger to both 

environment and humans. Most of these dyes are carcinogenic as well as toxic; 

they have properties that are persistent to the environment as none of them are 

naturally degradable.[102] Therefore, dye effluence has attracted great attention 

from the scientific community. The following methods are mainly used for dye 

removal in wastewater. 

1.2.8.1  Traditional treatment 

 Biological treatments 
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These treatments reproduce a phenomena known as self-purification which 

prevails in the nature. This concept of self-purification comprises of a complete 

process with which a marine environment achieves the good quality water after 

it is polluted. The biological treatments are different depending on the absence 

or presence of the oxygen and are often applied, hence a  treatment which is 

used most commonly.[103,104]  As a result of the low biodegradability of most 

of the dyes and chemicals used in the textile industry, biological treatment of 

these would not always meet with great success. Therefore, biological 

treatment must be combined with other methods of treatment as most of the 

dyes produced within the textile sector are resistant to aerobic biological 

treatment and are non-biodegradable or the organic substance can poison 

microorganisms.[105-107] It is noticed that the combination of biological 

treatment with other methods of treatment or vice versa are very costly.[103] 

 Dye removal using  coagulation-flocculation 

In general, these treatments are utilized for eliminating substances that are 

organic. Normally, these products do not have an effect on the eradication of 

the soluble dyestuffs, but they are used widely in order to effectively eliminate 

the dyes that are insoluble.[108] Disposing of sludge which is produced from 

this method of treatment is a great concern and very costly.[109] 

1.2.8.2 Electrochemical technology 

In this process, the dye found in the household water waste is circulated in a 

electrolytic cell that contains the iron electrode. A key advantage with this kind 

of a process is its capacity to adapt to different pollution and volumes loads. 

The formation of iron hydroxide sludge is the main disadvantage of this method 

which limits its use.[110,111] 

1.2.8.3 Dye treatment using Ozone  

This treatment is mostly used either alone or in alliance with the different 

treatments, for instance, O3-UV or O3-H2O2 in treatment of industrial 

sewage.[112] Ozone attacks double bonds that are responsible for the 

colouration. For this reason, de-colourisation of wastewater by ozone alone 

does not always come with a significant reduction in the amount of the 

dyes.[113] Moreover, the installation of the ozonation process requires 

additional costs.[114] 
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1.2.8.4 Membrane techniques 

The process of membrane filtration provides possible application that can offer 

interesting possibilities in the separation of dyestuffs that are hydrolysed and 

their auxiliaries. Therefore, they simultaneously reduce colouration and 

biological oxygen demand as well as chemical oxygen demand of the 

wastewater.[86,115] There are a few particular membrane processes (MF, UF, 

NF and RO) as follows: 

 Reverse osmosis (RO) 

In this process the membranes have greater rate of retention for varied kinds of  

ionic compounds and produce a higher quality of treated effluent.[116,117] The 

elimination and discolouration of the chemical auxiliaries in the waste water dye 

might be carried out in a singular step which allows removal of the hydrolysed 

dyes that are reactive and the auxiliaries of chemical[116]. The problem 

involved is the higher concentration of salt, leading to an increase in the osmotic 

pressure and therefore greater energy is required.[118] 

 Nanofiltration (NF) 

These membranes keep the organic compounds that have lower molecular 

weight such as the dyes which are hydrolysed and the auxiliaries used for 

dyeing.[119,120] The sewages are polluted normally with a single dye and the 

volume studied is normally low.[121]. Waste water treatment using nano-

filtration represents the potential treating solutions of greater 

complexity.[122,123]  

 Ultrafiltration (UF) 

This technique enables eradication of the particles and macromolecules, but 

eradication of all the substances that pollute, including colour, is never 

completed. Hence, in the best cases, the treated water containing colour  

cannot be reused directly for processes that are sensitive to colour 

contamination, for instance dyeing textiles.[122] The fact that ultrafiltration could 

only be used as a pre-treatment for reverse osmosis or biological treatment has 

been studied.[123,124] 

 Microfiltration (MF) 

This is suitable for providing treatment to the dye baths and later washing baths 

that contain pigment dyes; this keeps dye auxiliaries.[125] This process might 
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also be utilized as a Nano filtration pre-treatment or for the reverse 

osmosis.[116,117] 

1.2.8.5 Dye adsorption treatment technology  

The techniques of adsorption are applied extensively in order to remove 

different classes of the pollutants from the streams of water, depending on their 

efficiency in removal of pollutants. This technique offers a higher quality product 

and additionally it is economically feasible.[126-128] This class of pollution is 

dyes that are of a particularly problematic group. As a result decolourisation 

using the adsorption treatment is dependent on certain factors which includes 

dye size and shape, interaction between dye and adsorbent, surface area 

adsorbent and the size of the adsorbent particle, contact time, temperature and 

the waste water characteristics.[129,130] 

Activated carbon is used as the most common method for the removal of the 

dyes such as a pigment, mordant, acid dyes, reactive and cationic dyes in the 

waste waters that makes use of adsorption techniques.[131,132] Activated 

carbon has been prepared from many precursors, but the most common one  is 

coal.[133] 

Starbons®, is a derived polysaccharide mesoporous material[134] that has been 

developed and produced at the University of York in the Green Chemistry 

Centre of Excellence. It is proposed that this technology is applied to a four dye 

treatment in a stream of water as an absorption technique.   

The proposed four dyes are Procion Crimson H-XEL(PC), Procion Navy H-XEL 

(PN), Procion Yellow H-XEL (PY), and Remazol Black (RB). They are reactive 

azo dyes and represent twenty to thirty percent of the entire market[135] and 

greater than fifty percent of the cotton industry.[135] Their structure contains 

two types of functional groups, one of those is a reactive group that reacts with 

the fibre and the other one is a chromophore group which causes its colour. The 

group of chromophore azo (-N=N-) shows almost sixty percent of the global 

production of dye in the industry.[136-138] 

The chemical structures of the four reactive dyes selected are listed in Figure 

1.2 and  their reactive groups are listed in Table 1.6.[139] Further information 

about these dyes[140] such as colour, odour, chemical characterisation, acute 
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oral and dermal toxicity, mutagenicity, and degree of hazard are given in the 

Appendix.  

 

Table.1.6: Reactive bulky azo dyes proposed for this research work[139] 

Dyebath 

 

Concentration 

in dyebath 

effluent (mg/L) 

Reactive group 
λmax 

(nm) 
Effect 

Procion yellow 

H-EXL (PY) 
33.3 Monochlorotriazine 416 

Harmful for the 

environment, having 

a significant threat to 

the public concern’s 

with safety 

Remazol Black  

(RB) 
72 Monochlorotriazine 595 

Procion 

crimson H-

EXL(PC) 

40.6 Monochlorotriazine 545 

Procion navy  

H-EXL(PN) 

86.3 Monochlorotriazine 606 
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Fig.1.2: Chemical structures of (A) Procion Yellow (PY), (B) Remazol Black (RB), (C) Procion 

Crimson (PC) and  (D) Procion Navy (PN) dyes[139] 
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At the end of dye treatment technologies section, generally, the relative 

advantages and disadvantages of the methods of dye removal in water stream 

are listed. Therefore, the information is listed in Table 1.7  below. 

 

 

Table.1.7: Advantages and disadvantages of current methods of dye treatment[141] 

Methods Advantages Disadvantages 

1. Biological Treatment Low costs 
Low biodegradability of 

dyes 

2. Membrane Process 
Removal of all types of dyes, 

all mineral salts and 

chemical auxiliaries 

Concentrated sludge 

production 

- Reverse Osmosis 

Good removal of hydrolyzed 

reactive dyes and mineral 

salts 

High pressure 

- Nanofiltration 

Separation of organic 

compounds of low molecular 

weight and divalent ions from 

monovalent ones 

Very expensive 

- Ultrafiltration-microfiltration Low pressure 
Insufficient quality of the 

treated wastewater 

3. Adsorption 
Effective removal of a wide 

range of dyes 

Adsorbents requires 

regeneration or disposal 

- Activated carbon 

 

Good elimination of 

suspended solids and 

organic substances 

High costs, blocking filter, 

limited pore diameter 

- Low cost sorbents 

 

Low costs of preparation and 

usage 
Poor capacity 

- Ion exchangers High capacity for dyes Difficult regeneration 

4. Oxidation 

 
Rapid process 

High energy costs and 

formation of by- products 

- Ozonation 

 
Good decolorization 

No reduction of the COD, 

additional costs 

- Fenton reagent 
Effective decolorization of 

soluble and insoluble dyes 
Sludge generation 

5. Coagulation/flocculation Economically feasible 
High sludge production, 

costs 
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1.2.9 Treatment technologies of wastewater containing heavy metals 

Many methods of metal removal have been found to capture metals in 

wastewater, with each method having its own advantages and disadvantages. 

The techniques discussed below have been used.  

1.2.9.1 Chemical precipitation technique 

The precipitation of chemicals is an important way and can be used widely as a 

process in the sector as it is relatively simple and is inexpensive for operations. 

In the processes of precipitation, the chemicals react with ions of heavy metals 

in order to create precipitates that are stable. These precipitates can be 

separated from water with filtration or sedimentation. After this the water that 

has been treated is decanted and discharged in an appropriate manner or it is 

reused.[142] 

Commonly, the conventional process for chemical precipitation is the addition of 

sulphide and hydroxide. The hydroxide precipitation is used widely as a 

technique for removing the metals with its simplicity, ease and lower cost of the 

pH control in which solubility of numerous metal hydroxides might be reduced in 

the basic pH range. The hydroxides of metals produced can be eliminated with 

the use of sedimentation and flocculation.[143] Employing the types of 

hydroxides for the precipitation of the metals in the waste waters is dependent 

on the lower cost and ease of handling. For example, lime is a favoured base 

and it has been utilized in the industrial companies that specialise in the 

process of hydroxide precipitation.[143,144] This method of metal treatment has 

some disadvantages which include the fact that a huge amount of sludge is 

generated and there is the problem of disposing of it.[145] 

The precipitation of sulphide is a process which is highly effective for treating 

the sewage ions of heavy metals. A basic benefit of sulphide is its ability to 

precipitate  metals which is substantially lesser than for metal hydroxides. 

Therefore, sulphide can approach greater extent of metal removal in a wide pH 

range when compared with hydroxide.[146] The limitation of this method is due 

to certain dangers in the application of the sulphide precipitation process. The 

acidic conditions that produce the precipitants of sulphide create toxic fumes of 

H2S and yields greater amounts of extensive sludge, making it expensive to 

dispose of.[147] Precipitation of chemicals in combination with the other 
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methods has been suggested in order to achieve successful removal of metal 

from the waste waters. For instance, it has been noticed that the precipitation of 

sulphide when combined with the nano filtration as a second step for removing 

the metal might work well, but generating sludge and disposing of it is 

expensive.[148] 

1.2.9.2 Ion exchange 

The process of ion exchange has widely been used for displacing metals that 

are heavy from the waste water because of various advantages, such as 

greater capacity of treatment and faster removing efficiencies.[149] Natural or 

synthetic solid resin ion exchange in particular has an ability to replace the 

cations with metals that exists in the waste waters. Among the materials that 

are used in the processes of ion exchange, the synthetic resins are often 

applied as they are highly effective at removing the heavy metals from 

solution.[150] The extremely common cation exchanges are strong resins of 

acids with sulfonic acid group (-SO3H) and also the resins of weak acids with 

the groups of carboxylic acid(-COOH). The following equations represent the 

ion exchanges: 

n R-SO3H  + Mn+                                      (R-SO3
-)nM  + n H+ 

n R-COOH  + Mn+                                                 (R-COO-)nM  + n H+ 

The disadvantage of this method is that the ion exchange material needs to be 

regenerated or disposed of and its disposal is costly.[151]   

1.2.9.3 Membrane filtration technology  

This method has generated the possibility for the elimination of heavy metals 

from waste water as it has high efficiency, ease of use and is space saving. 

Metal retention by the membrane is based on the contaminants size.[152] This 

process is used for removing the metals from waste waters with 

ultrafiltration[153], reverse osmosis[154], nanofiltration[155] and 

electrodialysis[156]. They perform the removal of several heavy metals well, but 

they are remarkably expensive, with the amount of sludge yield being massive 

and disposal of it being costly.  
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1.2.9.4 Coagulation and flocculation methods for metals removal 

A method known as coagulation is very important for treatment of waste waters 

and it destabilises colloids by neutralising forces that keep them away from one 

another. In the conventional methods of waste water treatments, most of the 

coagulants are utilized including ferric chloride, aluminium and ferrous sulphate 

that can precipitate the metals, followed by filtration and sedimentation.[157] 

This might result in elimination of the waste water metals in an effective 

manner.[158] 

Another method known as flocculation is used for removing metals from waste 

water through the use of polymers, for instance, macromolecular flocculants 

heavy metals are adopted. One example of this kind of flocculant is 

mercaptoacetyl chitosan[159,160] and can eradicate waste water metals. 

Besides the fact that both flocculants as well as coagulants are being used, they 

tend to be highly expensive and are not environmentally friendly.[161] 

1.2.9.5 Metal elimination using electrochemical treatment 

This kind of technology of metal eradication has gained importance due to 

stringent environmental regulations in the treatment of waste water.[162] It has 

also been reported that by adopting aluminium electrodes in the system of 

electrochemical treatment these will perform in an excellent manner for 

removing certain heavy metals. However, the process is intensive in terms of 

consuming the energy and yields greater amounts of contaminated mud (or 

sludge).[163]  

1.2.9.6 Adsorption treatment  

The technology of adsorption is an economical and an effective method for the 

adsorption of heavy metals in the waste waters that brings higher quality of the 

discharge water after treatment. Activated carbon is used widely for removing 

the pollutants of heavy metals and it has been shown that it can perform 

well.[164] It is useful for eliminating the metals which relates to larger micropore 

properties and results in an area of higher surface.[165] 

It has also be said that CNTs (carbon nanotubes) that have been discovered 

years ago, have been studied for suitable properties and corresponding 

applications.[166] They have demonstrated a great potential for the eradication 

of several heavy metals in the waste waters.[167,168] The limitations for 
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making use of the activated carbon are the higher cost with the disposal and 

regeneration being too expensive. 

A summary of the advantages and disadvantages of various methods of metal 

treatment in wastewater is demonstrated in Table 1.8 below. 

 

Table.1.8: Current methods of heavy metal treatment in wastewater[169,170] 

Physical or chemical 

methods 
Advantages Disadvantages 

Chemical precipitation 
Simple, easy in operation and 

cheap 

Massive  chemical sludge 

production, expensive 

disposal 

Oxidation Rapid process 
High energy costs and 

formation of by-products 

Ion exchange 
Good removal wide range of 

heavy metals 

 Regeneration or extra cost 

for disposal 

Membrane filtration  

technologies 
Good removal of heavy metals 

Concentrated sludge 

production, costly  

Coagulation/Flocculation Economically feasible 

High sludge production, 

additional cost for sludge 

disposal 

Electrochemical treatment Economically feasible 
High energy consumption,  

high sludge production  

Adsorption using AC Effective, economic  

Regeneration is required, 

causes changing texture 

property of AC, disposal is 

expensive 

Biological treatment 
Feasible in removing some 

heavy metals 

Expensive in commercialising 

it, sometimes heavy metals 

toxic for microbes 

 

 

1.3 Adsorption concept  

Adsorption is defined as the adhesion of the ions, molecules or atoms from  

liquid, gas or dissolved solids to a surface.[171] A process which is similar to 

adsorption is when a substance in a gas or liquid gets bound to the surface of 

the other phase. Adsorption is a phenomenon in which the substance gets stuck 

to the surface of another phase.[172] Therefore, porous materials (example 

shown in Figure 1.3) with high surface area typically are the most efficient 

adsorbents. It can be a pollutant which might be a heavy metal ion or a dye 

molecule, which is also known as the adsorbate, while material that is adsorbing 
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is called as an adsorbent that could be liquid or solid.[173] The process of 

adsorption takes place usually by the adsorbate getting adsorbed on the 

adsorbent. The forces that prevail between the adsorbent and adsorbate are 

attraction. As these forces of attraction are built, heat energy is released during 

this process.  So most adsorption processes are exothermic.[174] 

 

Fig.1.3: Adsorbent and adsorbate example[173] 

 

1.3.1 Porosity 

It refers to pore volume and pore diameter. Pore volume is taken from the 

quantity of the adsorbate, for example nitrogen, at a relative temperature close 

to unity and at the boiling temperature of the adsorbate. It assumes the pores 

are filled up with liquid adsorbate. It can be demonstrated mathematically as 

follows[175]: 

     
          

  
 

Vads is volume of gas adsorbed, Vliq is volume of liquid N2 in pores, Vm presents 

molar volume of liquid adsorbate (N2=34.7cm3/mol), Pa = ambient pressure and 

T= ambient temperature. Pore diameter can be calculated from the pore 

volume. Assuming it as a cylindrical pore geometry which has average pore 

radius (rp) can be mathematically expressed as: 

   
     

 
 

V liq= volume of liquid adsorbate, S= BET surface area 

 

 

 

Porous structure 
adsorbate 

Atoms, ions or molecules 

adsorbent 
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1.3.2 Adsorption mechanisms 

The adsorption is a process which is competitive where the equilibrium is 

identified which most of the parameters including Van der Waals interaction 

between adsorbates and adsorbents, adsorption temperature, and polarity, 

solubility, mass, structure including the molecules size.[176] The steps of the 

overall processes generally can be divided into three main stages[177]:  

Step 1: Adsorbate diffuses to adsorbent surface. 

Step 2: The absorbate migrates into pores of adsorbent. 

Step 3: Monolayer or mutilayer build-up of adsorbate. 

The explanation of why these materials gather at the interface which is based 

on the excessive energy associated with interfaces of particles.[178] For 

example, in the case of pure water and air, the water molecules at the air-water 

interface have higher energy than water molecules in the interior of the water 

phase. This is the reason that energy of the water molecule is reduced after 

adsorption on the surface.[179] 

1.3.3 Types of adsorption  

Generally, the adsorption types can be classified into two depending on the 

nature of forces which exist between adsorbent and adsorbate molecules[180]:  

One is a physical adsorption is also known physisorption. If forces of attraction 

prevail between adsorbent and adsorbate is forces of Van der Waal, adsorption 

is called as the physical adsorption or Van der Waal’s adsorption. In physical 

adsorption the force of attraction between the adsorbate and adsorbent is very 

weak, therefore this type of adsorption can be easily reversed by heating or by 

decreasing the pressure. It has generally low enthalpy of adsorption, (ΔH=20 

to40 KJ/mol), it can take place at low temperature below boiling point of 

adsorbate. While the temperature increases, the process of physisorption 

decreases. Also, it usually requires very low activation energy.[181] 

One more kind of adsorption is also called chemisorption. In general, it is a 

process which is exothermic and (ΔH=80 to 240 kJ/mol). In chemisorption force 

of the chemical bonds is much stronger than force of Van der Waal. Therefore, 

adsorption might not be reversed easily as an outcome of that fact  
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Chemisorption is not appreciably affected by small changes in adsorption 

conditions, in addition, it generally forms monomolecular layers and requires 

higher activation energy.[182]  

1.3.4 Adsorption isotherm  

Adsorption is usually analysed through isotherms, that is, functions which 

connect the amount of adsorbate on the adsorbent, with its pressure. If the 

substrate is gas or liquid, there are several different models for predicting the 

equilibrium distribution in literature describing these processes of adsorption. 

They are named Linear isotherm[183], Langmuir isotherm[184], Freundlich 

isotherm[185], BET isotherm[186], etc. These four models which are most 

commonly observed will be discussed in more details as following: 

1.3.4.1 Linear isotherm model 

This model is one of the simplest models of adsorption isotherm that is also 

known as adsorption isotherm of Henry. This model might be used for 

describing the basic part of most of the isotherms that are practical. Typically, it 

is useful for low surface coverage, and the adsorption energy being 

independent of the coverage. The equation is written as: 

   X=KH P  or   X=KH C 

Where X is the surface coverage, P is the partial pressure, KH is Henry’s 

adsorption constant. For solutions, concentration is used instead of the partial 

pressures.[183] 

1.3.4.2 Langmuir isotherm model 

In the year 1916, Irving Langmuir suggested an isothermal model for the 

adsorption of gases rather than adsorbed gases. It is an isotherm which is semi-

empirical and is derived from the proposed mechanism of kinetics. This model 

was dependent on the various assumptions of which one is the dynamic 

equilibrium which prevails between the adsorbed gaseous molecules and free 

gaseous molecules. It is based on three assumptions[184]: 

1. The surface of the adsorbent is uniform, that is, all the adsorption sites are 

equivalent. 

2. Adsorbed molecules do not interact themselves. 
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3. At the maximum adsorption, only a monolayer is formed to the surface. 

Langmuir proposed an equation to determine the monolayer adsorption 

capacity of a solid. The Langmuir adsorption isotherm has been successfully 

applied to many adsorption processes. The linear form of the isotherm is 

represented by the following equation[184]: 

 Non-linear equation:       
      

      
 

 Linear equation:            
  

  
 =

 

   
 

  

  
    

         

Where Ce is the adsorbate concentration at equilibrium (mg/L), Qe the 

adsorption load at equilibrium and and K is constant of equilibrium. Qm is the 

maximum monolayer adsorption capacity of the solid adsorbent (mg/g). 

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.[184] 

1.3.4.3 Freundlich adsorption isotherm model 

In the year 1909, Freundlich suggested an empirical model for the 

representation of the variation in the isotherm of adsorption of a gas quantity 

which is uptaken by the unit mass of the solid adsorbent in the presence of 

pressure. This empirical equation is called the Freundlich adsorption isotherm 

or equation. This equation is used for describing multilayer adsorption on 

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

The equation is following as[185]: 

 Non-linear equation:           

 

        

               Linear equation:                       
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Where KF is the Freundlich constant (L/g) and is linked to adsorbance capacity 

of the solid. The heterogeneity factor (n), and signifies the intensity of 

adsorption. An n of close to or greater than unity indicates favourable 

adsorption of the adsorbate molecule. 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.[185] 

1.3.4.4 BET adsorption isotherm model 

In the year 1938, Edward Teller, Stephen Brunauer and Paul Emmett 

formulated a model that modified the mechanism provided by Langmuir. This 

theory is known as the BET isotherm. The model describes certain molecules 

which are adsorbed on a layer which is already adsorbed, which in the 

mechanism of Langmuir did not fit in the condition. Therefore, this is a more 

general and a multiple layer model. It assumes that a Langmuir isotherm 

applies to each layer and that no transmigration occurs between layers. It also 

supposes that there is equal energy of adsorption for each layer except for the 

first layer. The equation is written as following:  

 

       
 

 

    
 
   

    
 
 

  
 

 

V is adsorbed gas volume (cm3/g), Vm is the volume of gas adsorbed when the 

entire adsorbent surface is covered with a complete unimolecular layer(cm3/g),  

P is pressure (M Pa), Po is liquid adsorbed saturated vapour pressure of same 

temperature (M Pa), C is constant related with the heat of adsorption. The 

Langmuir isotherm is generally used for chemisorption; however, the BET 

isotherm is better employed for physisorprion for non micoporous surfaces.[186] 

1.3.5 Solid surface area and pore size determination 

Characterising the pore volume, distribution of pore size and surface area are 

considered as important characteristics of materials that are sold as they are 

manufactured in different applications, for instance, the production of 

adsorbents, pharmaceutical products and catalysts, chromatographic and  
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filters.[187] There are three classes of porous material according to their pore 

diameter which are micropore, mesopore and macropore.[188] Solid 

characteristic is monitored by gas sorption analysis as an integral part of quality 

control programme for conformity. For years several definition and terminology 

have been used for characterisation of porous material such as physisorption, 

sorption, desorption, monolayer adsorption, multilayer adsorption and capillary 

adsorption.[189] 

1.3.6  Choice of adsorptive  

Nitrogen gas is the best convenient adsorptive to measure the surface area and 

pore volume of a solid material. Because it is chemically inert and it is cheaper 

compared to other gases.[190]  

1.4 Porous adsorbent materials used in adsorption applications 

The material which is porous is shown as a solid matrix which comprises of 

interconnected system of networking of the pores that are filled with fluids which 

are either gas or liquid, based on the IUPAC (The International Union of Pure 

and Applied Chemistry) there are three classes of porous materials that 

includes mesoporous, macroporous and microporous[188] each type relates to 

a specific pore size system (see Table 1.9). 

Each pore size range has its own characteristic mechanisms of nitrogen 

adsorption and desorption. The mircoporous materials have three dimensional 

condensation of nitrogen adsorbate inside a strong electromagnetic field made 

by the narrow pore dimension. In the system of mircropore the inter phase 

system properties is near to a single phase, while in the system of mesopores, 

adsorption process carries on by one after other formations of the adsorbate 

layers which is completed by the capillary condensation mechanism and the 

surface properties of macropore materials have similar characters to the 

conventional flat surface, which cannot be described by capillary condensation 

mechanism.[191]  

Variety in the adsorption characters of these different pore materials attract 

them to be employed in many different applications.  For example, because of 

strong Van der Waals interaction, mircopore materials are basically suitable for 

liquid and gas adsorption, conversely, mesopores are suited to liquid phase 

application such like its uses in heterogeneous catalysis and separation science 
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in which the pores allow better loading and, interestingly, offering sufficient 

diffusion and mass transfer of liquid phase analyte or substrate.[192] In general, 

it is crucial to mention that the real porous material  contains all these kinds of 

pore regime as shown in Figure 1.4.[193] 

Table.1.9:  porous material classification according to IUPAC[188]  

Pore size Size regime Condensation mechanism 

Micropore < 2nm Three dimensional 

Mesopore ≥ 2 ≤ 50 mn Capillary 

Macropore >50 nm Non condensation 

 

Fig .1.4:  Schematic drawing (A) three dimensional and (B) two dimensional structure of porous 

material (activated carbon).[193]  

Usually porous adsorbent materials are used in the form of spherical pellets, 

rods, mouldings, or monoliths with hydrodynamic diameters between 0.5 and 

50mm.[194] They must have high scratch resistance, excellent heat stability 

and suitable pore diameters, which results in higher exposed surface area and 

therefore a high surface capacity for adsorption. The adsorbents must also have 

a distinct pore structure which enables fast transport of target absorbate which 

need to be adsorbed.[193, 194] 

There are generally three classes of adsorbents which are widely used in 

industry as following[195, 196]: 

1.Oxygen-containing compounds which are typically hydrophilic and polar such 

as silica gel and zeolites.  

Submicro 
Ultramicro 
Supermicro 
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2. Carbon based compounds which are typically hydrophobic and non polar like 

activated carbon and graphite.  

3. Polymer based compounds in which are polar or non polar functional groups 

in a porous polymer matrix. 

Generally, a range of adsorbent materials are available for adsorption 

applications which are classified into two main categories which are inorganic 

such as aluminas, bauxite and silica gel; and organic such as activated carbon 

(AC), polymers and a new family of polysaccharide mesoporous carbonaceous 

materials generated in Green Chemistry Centre of Excellence at The University 

of York in the UK. Briefly some of these adsorbents are described in the  

following sections. 

1.4.1 Alumina and bauxite materials 

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

waste streams.[197] Bauxite is an alumina containing mineral and can be used 

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

adsorbent. This material was very popular recent decades, thus it is not used as 

much currently. The main reason for this fall in its popularity is the significant 

rising price of alumina.[198,199] 

 1.4.2 Silica gel materials  

Silica gels are useful adsorbents because of their porous structure, high surface 

area and mechanical stability.[200] However, these materials have some 

limitations that restrict their appeal as adsorbents, siliceous materials have  

lower resistant to alkali media, therefore they are only able to be used in acidic 

solutions.[201] But mainly silicas are heterogeneous materials also tends to be 

in the microporous size range, which has limited their use for large molecules 

for instance, dyes. 

1.4.3 Activated carbon 

These are the most popular materials used for adsorption. Activated carbon has 

appointed as one of the best environmental control technologies available 

according to the US Environment Protection Agency.[201] Coal is the most 

common material for activated carbons, although theoretically any 

carbonaceous starting material could be used.[202] Activated carbon offers very 

high surface areas and porosities which are essential for good adsorptive 
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performance. Their adsorption is non-specific and so can be applied to a variety 

of different types of contaminations, as well as their microporosity makes them 

less effective for large molecules. As with other materials studied there is a 

barrier to large scale use of this materials.[201-203]  

Activated carbon is also called activated charcoal, activated coal, or carbon 

activates, which is considered as the most popular and remarkable porous 

materials for adsorption, due to its high surface area that can reach in excess of 

(500 m2/g).[204] According to other studies, the pore volume and structure are 

the most important factors for their applications in adsorption 

processes.[205,206] Activated carbon has wide range of pore sizes, from 

micropores to macropores. However, most of them are micropores, therefore, 

due to this limitation, activated carbon performance in large molecules is not 

very effective.[207,208] In addition, the commercially available activated carbon 

is expensive, due to several problems of these adsorbents.[209] 

1.4.4 New family of adsorbents (polysaccharide mesoporous 

carbonaceous materials) 

Porous materials are of interest to the scientific community due to their ability to 

interact with atoms, ions and molecules not only at their surface, but also 

throughout the bulk of the materials.[210] As a result of this, they are technically 

useful for a variety of applications including adsorption.[211] Traditionally, 

microporous materials such as zeolites and activated carbons (AC) were 

employed for chemical applications. However, their applications limited by the 

relatively small pore size which restricts diffusion of adsorbates or reagents in 

and out of the pore network.[212] 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.[210,211] 

A few  decades ago the synthesis of novel ordered mesoporous silica materials 

called MCM-41 was found by Mobile Research and Development 

Corporation.[213] That group employed an organic template that was coated 

with silica, the template was then removed, leaving behind a highly structured 

silica solid (see Fig.1.5 micellar rod). 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 2-30 nm.[214] Aim of 

manufacturing these materials was to offer the opportunity for size or shape 
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selectivity purpose for adsorption or catalysis of large components which had 

been in previous time difficult to achieve it with microporous materials. Further 

work was conducted to produce highly mesoporous carbon materials in which 

the MCM-type silica material was employed as template themselves.[214-217]  

 

Fig.1.5 : Steps of synthesis of MCM-41.[213] 

The advantages of these solid is that they offer different physicochemical 

properties compared with silica materials while offering a similarly ordered, 

mesoporous structure.  

 

Fig.1.6: Synthesis of mesoporous carbon materials using silica template. Using either volume 
template or surface template.[215-217] 
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Unfortunately, from a green chemistry perspective the use of these mesoporous 

material which were prepared by the templating methods (Fig.1.6) for 

production is highly not attractive and unsuitable, because, this synthesis 

method engages with considerable numbers of complex steps, especially for 

carbon materials, there is also a large level of waste generation which is mainly 

caused by the removal of the template. These all together add additional cost, 

resource and the process is insufficient.[218]   

Researchers at the Green Chemistry Centre of Excellence at The University of 

York have discovered an approach to generate mesoporous carbonaceous 

materials from polysaccharides precursors such as starch and alginic acid by 

carbonisation without the use of templating methods and agents. This new 

family of mesoporous carbon based materials discovered has been defined 

under the trademarked name, Starbon®.[219]  

A typical method of preparation of polysaccharides derived mesoporous 

materials consists of three main stages as following[218-220]: 

 1. Gelation  

 2.  Retrogradation and solvent exchange 

 3. Drying and carbonisation  

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

polysaccharides and expansion of the polysaccharide granule to produce 

porosity.[221] To  achieve this the polysaccharides including starch or alginic 

acid is mixed with water (1 g: 20 mL) and heated  for certain time. The gelation 

stage in expansion of alginic acid is conducted at 90 oC and atmospheric 

pressure whereas starch required slightly stronger gelation temperature of 120 

oC and under pressure (80 kPa) due to the more  complex structure of the 

polymer caused by the mixture of amylose and amylopectine. 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 5 oC, this 

retrogradation lets the expanded polysaccharides to slightly recrystalise which 

brings stability to the pores structure created. The next step is solvent exchange 

of water with a lower surface tension organic solvent such as ethanol to prevent 

the porous networking system from collapsing when drying is carried out.  
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Fig.1.7: Stages of starch expansion formation.  

The method of drying of expanded materials differs depends on the starting 

material. The starch derived material can be dried in a vacuum oven, however, 

this is not suitable for the alginic acid derived materials in which vacuum drying 

results in losing of textural properties of the materials.[222] Supercritical carbon 

dioxide (scCO2) was used to successfully dry the alginic acid material providing 

maintaining a high textural property.  

 

Fig.1.8: Thermal carbonisation of mesoporous starch to Starbon material. 

This is followed by the carbonisation of the materials under nitrogen to increase 

the stability of the materials and preserve the pore structure. As a result of the 

acidic nature and occurrence of sodium and calcium in alginic acid, 

carbonisation can be performed directly.[223,224] Expanded starch cannot be 

directly carbonised unless it is doped with 5% w/w para toluene sulphonic acid 

(PTSA) which allows carbonisation to take place without collapsing the porous 

system whilst expanded alginic acid can be directly carbonised without doping 
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with any additional chemical. Heating of the materials creates changes in 

physical and chemical characteristics of the materials.  

1.4.4.1 Starbon 

Starbon is a mesoporous carbonaceous structured material based on 

polysaccharide starch. Starch occurs naturally on large scale on our planet and 

has many uses domestically as source of food and industrially when it is 

modified.[225] Starch is a polymer built of amylose and amylopectin. Amylose is 

a linear polymer with α(1,4) glycosidic bond of D-glycopyranose units.  

Amylopectin has a similar structure to amylose but is cross linked by α(1,6)-

glycosidic linkage to form a branched structure which presents a helical 

structure.[226] Starch surface area is around (1 m2/g), this porosity property of 

the starch makes it very attractive for manufacturing Starbons.[227] This 

polysaccharide can be physically modified by expansion process (see Fig.1.7) 

which produce remarkably a mesoporous starch precursor with excellent 

surface area about 180 m2/g.[228,229] 

 

Fig.1.9: Structure of starch. 
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temperature to generate different Starbons. The Starbon's porous structure, 

including surface area and pore volume, is highly dispersed in characters and 

also their physical and chemical properties make them very interesting in 

numbers of application in applied science and industry.[230]  

It was recently reported that there are three known chemical changes 

throughout the conversion of starch to Starbons. The first thermal 

decomposition step is between (150 and 200 oC) and causes changes of the -

CH2OH groups to form ether groups, the second carbonisation temperature 

between (200-300 oC) can condense the residual CH2OH groups and couple it 

with the glycosidic ring opening to form carbonyl groups which can conjugate 

with olefinic groups generating aliphatic and alkene/aromatic system. At last 

step, once the carbonisation temperature approached over 300 oC, the aliphatic 

groups are step by step converted to the extended aromatic π system.[231]  
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Fig.1.10: Temperature increased caused changes of surface functionality of Starbon 

produced.[192] 

The porous structure of the mesoporous starch precursor is maintained 

throughout the carbonisation process. This is significantly vital in the process of 

Starbon production. Because it neglects the problem of pore collapsing which 

was noticed in previous methods of producing mesoporous carbons and 

removes the steps required for the mesoporous templates like silica to define 

the structure.   

Furthermore, both scanning electron microscopy (SEM) image (see Fig.1.11) 

and porosimetry analysis (see Table.1.16) deliver information on the 

maintenance of the pores of the mesoporous starch and Starbon. Scanning 

electron microscopy (SEM) images introduces that the composed morphology 

of mesoporous starch can remain constant during pyrolysis with only small 
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changes due to shrinkage.[192,232] These porous materials are predominantly 

mesoporous. The total surface area is increased due to a growth in microporous 

region, but it is still smaller compared to the total mesoporous size. Starbon 

materials have many unique properties such as tuneable functionality, high 

mesoporosity (up to 2.0 cm3/g), high surface area (up to 500 m2/g), controllable 

electrical conductivity, excellent solvent stability, and good chemical and heat 

resistance which make it at present time hot topics.[192] The pore size 

distribution of the Starbon derived starch are shown in Table 1.10 which are 

measured by nitrogen adsorption. 

 

Fig.1.11: SEM images of yielded mesoporous starch (1A) and Starbon (2A), presenting the 
morphology and textural properties are remain constant.[192]  

 

Table.1.10: Porosity analysis for starch and starch-derived starbon materials[192]  

Material 

Surface 
area 

SBET (m
2/g) 

Pore 
volume 

(cm3/g) 

Average 
pore 

diameter 

(nm) 

Mesoporous starch 184 0.61 7.6 

Acid/ doped mesoporous starch 230 0.66 8.6 

Starbon300 (S300) 293 0.37 17.2 

Starbon350 (S350) 332 0.38 16.8 

Starbon450 (S450) 475 0.32 14.5 

Starbon600 (S600) 528 0.43 12.1 

Starbon700 (S700) 538 0.55 10.6 

Starbon800 (S800) 600 0.43 7.0 
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Fortunately, it was confirmed in recent years that a few members of starch 

derived  mesoporous carbonaceous materials were successfully employed as 

adsorbents in small dye adsorption application due to their excellent textural 

properties.[233]  

1.4.4.2 Algibon  

Algibon is a mesoporous carbonaceous material derived from alginic acid which 

is sourced from seaweed. Alginic acid is a linear biopolymer consisting of two 

blocks polyuronide with blocks of β-(1,4) linked D-mannuronic and α-(1,4) 

guluronic acid residues.[234] It is synthesised either as a homo polymeric units 

or heteropolymer of D-mannuronic or gluronic acid.[235-237] Native alginic acid 

has a small surface area about (5 m2/g) and a very small pore volume which is 

almost zero. Interestingly, expansion of alginic acid is conducted which yields a 

mesoporous precursor. 

 

Fig.1.12: Structure of alginic acid. 

This precursor is directly decomposed to certain temperatures to obtain different 

textural temperature Algibons. Throughout the carbonisation process no extra 

chemical is added. There are two main changes throughout the direct 

conversion of the mesoporous precursor to the Algibon. The first one occurs at 

250 oC in which the percentage of mass loss is about 50%. This is noticed as a 

result of surface carboxylic groups are decomposed. And the second 

decomposition occurs between 300 and 600 oC  around 32% of mass loss 

again observed because of  the decomposition of the  bulk catalysed OH group 

takes place.[220] This means the degree of polysaccharide character in the 
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mesoporous precursor is gradually changed to aliphatic and then aromatic 

character in response to the increased temperature throughout the 

carbonisation process.[220] 

In addition, the mesoporosity can change while, the preparation temperature is 

increased. Decomposition at 250 oC which removed the carboxylic groups does 

not affect the mesoporous structure of the Algibon produced.[220] However, 

preparation temperatures greater than  300 oC, which cause the loss of OH 

groups, could result in a small loss in mesoporosity. Furthermore, we refer the 

reader to read an article which gives information on using TG IR technique in 

green chemistry centre at York to detect the volatile compounds throughout 

pyrolysis of expanded alginic acid for Algibons production.[220] On the one 

hand, Algibon prepared at 500 oC gave a massive increase in surface area due 

to a minor growth in microporosity content. On the other hand, Algibon 

produced at temperatures greater than 600 oC gave a reduction in pore size 

distribution, but the  mesoporosity was still remarkably large (99%).[220] This 

means the pore size and diameter of the carbonised materials produced are 

preserved throughout the carbonisation process that indicates the mesoporosity 

is predominant. 

 

Fig.1.13: SEM image of (A) AS1: expanded alginic acid Supercritical CO2 (scCO2) dried, and 

(B)-(D) carbonaceous materials (Algibons) obtained at preparation temperature 200, 600 and 

1000 
o
C.[220] 
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An article was published a few years ago which demonstrated the Algibon 

materials were successfully employed as adsorbers in small dye adsorption 

application.[233] 

 

Fig.1.14: Preparation procedure for starch and alginic acid derived Starbon and Algibon 

respectively.  

1.5 Introduction to work in this thesis 

This section is devoted to give short information about the works was carried 

out in this thesis. In the second chapter a method for expanding alginic acid is 

developed. Stages of the expansion process, including temperature and time of 

gelation process, retrogradation time, and solvents have effects on the 

expansion process as well as the drying technique and are investigated. The 

aim of that chapter is to generate a mesoporous alginic acid precursor with 

large pore size and diameter.  
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In the third chapter, temperature programming will be applied to carbonise the 

mesoporous alginic acid precursor. This temperature programme and 

controlling preserve the pore volume and diameter of the product. Different 

carbonisation temperatures of the mesoporous alginic acid precursor generate 

different textural properties of Algibon materials. The Algibons produced are 

characterised by N2 adsorption porosimetry to test their pore size distribution. 

DRIFT IR and Solid State NMR are applied to characterise the surface 

functionalities of different Algibons produced. Ash content tests are conducted 

to determine the amount of ash that exists, which corresponds to the degree of 

hydrophobicity, aromatisation and graphitic content present in each product. 

The aim of this chapter is to generate a predominantly mesoporous 

carbonaceous materials (Algibons) with large pore volume and diameter for 

bulky dye adsorption in water stream and metals removal in aqueous phase. 

In the fourth chapter, the Algibons produced will be applied for bulky dye 

adsorption in wastewater. The dyes chosen represent more than 50% of the 

cotton market. It is estimated there is about 4% loss throughout their 

applications in dying process. Due to large-scale production and extensive 

application these dyes can cause considerable problems for  the environment. 

In addition, they increase public concern and reduce the consumption of 

freshwater. This lowers the output of wastewater and poses a challenge to 

environmental scientists.  

Commercially available activated carbons can less effectively remove these 

large molecules in wastewater, due to their predominantly microporous 

character. This microporosity has limited the efficiency of AC to uptake the large 

dyes. Therefore, the Algibon produced can replace the AC are applied for bulky 

dye adsorption in contaminated water. Its adsorption efficiency will be compared 

to that of AC. 

In chapter five, the Algibon generated will be employed in metals adsorption. 

These metals are mainly used in research and industries such as in generation 

and application of low carbon technologies like wind turbines, electric cars, 

energy saving light bulbs, fuel cells and catalytic converters, photovoltaic and 

many other areas. Such elements are running out because of their many 

technologically dispersed applications and their geographically limited locations 

on our planet. Therefore, recovering them form resulting solid wastes is vital. By 
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developing efficient methods for adsorbing these metals it might be possible to 

recycle and reuse them in the industry and for research.  

In this chapter, several rich high value metals containing solid waste ores 

namely: Pulverised fly ash (PFA), Red Mud (RM), Bottom ash (BA), Titano 

gypsum (TiG), Red Titano gypsum (RTiG) and Phospho Gypsum (PG) will be 

digested and Starbon materials will be screened as adsorbers. This will be 

carried out to recover the high value metals including Ag, Cd, Li, Au, Cu, Sc, 

Be, Co, W, V, Ni and etc which are extracted into the water stream  after the 

solid ore materials are digested.  

Finally, further systematic work on metal adsorption on Starbon based on A800 

will be conducted in a concentrated water sample solution containing (Co, Cu, 

Ag and Cd). This is to determine types of adsorption, kinetic adsorption and 

evaluation of kinetic parameters of the process.   
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CHAPTER TWO 

Developing Method of Expanding Alginic Acid 
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2.1 Introduction 

This section deals with the optimisation of alginic acid expansion procedure 

based on a method developed in Green Chemistry Centre of Excellence at The 

University of York in the UK to produce an expanded alginic acid precursor with 

the best textural properties such as optimum pore volume and average pore 

diameter as well as optimum degree of mesoporosity.[238] 

At the beginning of the chapter a small scale expansion technique is described. 

The developed method includes four most important preparation steps (see 

table 2.1). 

Table 2.1:  Parameters of  alginic acid expansion procedure 

Stage of expansion Optimised parameter 

1 Gelation Time, temperature 

2 Retrogradation Time 

3 Solvent Exchange  Solvent,  number of solvent exchange steps 

4 Drying Vacuum oven vs scCO2 

 

It has been proved that the developed procedure of expanding alginic acid 

production could also be applied for large scale (up to 5kg). The expanded 

alginic acid's textural property (surface area, pore volume and pore diameter) 

was determined by nitrogen adsorption analysis (porosimeter). Expanded 

materials produced according the method described in this chapter was used as 

a precursor to manufacture Algibons (see chapter three).   

2.2 Experimental section  

A mixture of one gram of alginic acid with 20 mL of distilled water (D.W) was 

stirred in a closed 35 ml vessel at certain temperature and time.  It was left to 

cool down to room temperature, retrogradation was then done by keeping it  in 

fridge for 24 hours at 5 oC. The gel was then firstly solvent exchanged with 

three individual portions of ethanol, secondly it was solvent exchanged with 

three individual amounts of acetone. The precipitate was either vacuum oven 

dried or supercritical (scCO2) dried. The same procedure was applied for large 

scale to produce the expanded alginic acid scCO2 dried. Thereafter the 

mesoporous precursor yielded was characterised by testing it in nitrogen 
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adsorption analysis (porosimetry) as a key point to examine the texture property 

of the product including surface area, pore volume and pore diameter.  

2.3 Results and discussion  

2.3.1 Investigation of temperature and applied time influence onto the 

gelation process  

Gelatinisation of the native alginic acid is one of the key steps that control the 

whole expansion process. During previous investigations in the Green 

Chemistry Centre of Excellence at York it has been found that most important 

parameters which influence this stage are temperature and time. Therefore 

during the current project the gelation process have been investigated at 

different temperatures (80, 90, 100 and 110 oC) and time (40, 80, 120, and 160 

minutes). For consistency the rest of the steps of alginic acid expansion 

including retrogradation, solvent exchanging and drying were applied under the 

same conditions: i) retrogradation step (5 oC, 24h); ii) solvent exchanging ( 

three times ethanol followed by three times acetone) and iii) drying (vacuum 

oven). Conditions of the experiments together with textural properties of the 

final materials (SBET, pore volume and pore diameter) are shown in Table 2.2 

and Figure 2.1. It can be seen that expanded materials with the best textural 

properties were produced under gelation temperature 100 oC and 160 min. It is 

important to note that samples generated at lower and higher temperature than 

100 oC show lower pore volume. It is important to note that samples prepared at 

100 oC after 200 minutes slightly carbonised and the solid materials obtained 

was completely non-porous.  The time of gelation critically influences on pore 

volume of the product: at high temperature (110°C) pore volume is reduced with 

increased time whereas at temperatures lower than 110°C pore volume grows 

with time. This can be partly explained by a significant reduction of molecular 

weight of polysaccharides at elevated temperatures.[239]  
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Table.2.2: Obtained results for four studies in which different gelation temperature applied over 
varying time period 

Experiment one 

sn 

CAa 

in 

DW 

Gn Cn 

Rt Cn 

(T 
o
C/time 

h ) 

porosity measurement 

Meso-

porosity

% 
T 

(
o
C) 

Time 

(min) 

SBET 

(m
2
/

g) 

 

 

Pore volume 

(cm
3
/g) 

Pore diameter 

(nm) 

 

Apv 

 

Dpv Apd Dpd 

Sa1 5% 80 40 +5/24 80 0.198 0.21 11 7.7 20 

Sa2 5% 80 80 +5/24  76 0.22 0.22 12.6 8.8 24 

Sa3 5% 80 120 +5/24  50 0.17 0.17 15.4 9.6 18 

Sa4 5% 80 160 +5/24  95 0.30 0.31 13.2 10 30 

Experiment two 

Sb1 5% 90 40 +5/24  49 0.17 0.18 16 10.2 19 

Sb2 5% 90 80 +5/24  80 0.27 0.273 14.2 10.3 29 

Sb3 5% 90 120 +5/24  139 0.55 0.54 19.3 17 43 

Sb4 5% 90 160 +5/24  167 0.58 0.57 13 12.4 47 

Experiment three 

Sc1 5% 100 40 +5/24  40 0.17 0.20 20.7 17 19 

Sc2 5% 100 80 +5/24  127 0.47 0.51 14.5 13.3 35 

Sc3 5% 100 120 +5/24  110 0.516 0.518 18.7 15 39 

Sc4 5% 100 160 +5/24  195 1.021 1.019 16.4 14.8 83 

Experiment four 

Sd1 5% 110 40  +5/24  190 0.55 0.58 12 10.6 46 

Sd2 5% 110 80 +5/24  109 0.49 0.54 17.8 16 36 

Sd3 5% 110 120 +5/24  87 0.31 0.32 16.5 13.5 32 

Sd4 5% 110 160 +5/24  81 0.275 0.281 16 13.2 29 

sn: Sample name, CAa in DW: Concentration of alginic acid in distilled water, GnCn: 

Gelatinisation condition, Rt Cn: Retrogradation condition (T 
o
C/time in hour),  SBET: Surface area 

BET, Apv: BJH adsorption pore volume, Dpv: BJH desorption pore volume, Apd: BJH 

adsorption pore diameter, Dpd: BJH desorption pore diameter. pore volume, Apd: Adsorption 

pore diameter, Dpd: Desorption pore diameter. 

Note: Gelation condition (at temperature 100 
o
C for 160 min.), retrogradation for 24 hours at 5 

o
C, washing by ethanol and then acetone followed by vacuum oven drying  generated sample 

(Sc4) in Table 2.2. That sample (Sc4) gave the best pore structure and it was predominantly 

mesoporous. This gelation condition was taken as the best condition to make alginic acid gel. 

Further work was carried out to optimise the rertogradation time (see 2.3.2),  type of solvents 

used in solvent exchange stage (see 2.3.3). Level of water left in the gel in each stage (see 

2.3.4). As well as repeatability of generating expanded alginic acid vacuum oven or scCO2 dried 

was studied (see 2.3.5).  

Reproducibility of expanded alginic acid production (Sc4) is excellent as many time as it is 

repeated.  
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Fig.2.1: Pore volume of the expanded alginic acid produced at certain gelation temperatures 

(
o
C) including 80, 90, 100 and 110 

o
C and hold it for certain of period of times including 40, 80, 

120 and 160 minutes.  

According to the data reported in this section, low gelation temperature cannot 

disrupt the inner or intercellular forces between the alginic acid molecules. 

Beside this, applying excessive temperature or over-heating in the gelation 

stage does not bring good results because of the influence on the molecular 

weight  of this polysaccharide polymer.[240- 242]  

The gelation parameters influence on pore volume and diameter are shown in 

Figures 2.2 and 2.3. This demonstrates that pores within expanded alginic acid 

samples have a bottle like shape.[243-245] The adsorption pore size 

distribution, which is wider represents the bottom area of that bottle and the 

desorption, which is narrower, presents the neck part of that bottle.  
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Fig.2.2: dv/dD pore size distribution (cm
3
/g) of the expanded alginic acid produced at certain 

gelation temperature including (A) gelation at 80
 o
C, (B) gelation at  90 

o
C, (C) gelation at 100 

o
C 

and (D) gelation at 110 
o
C. They were all  held for 40 minutes. Red line colour presents 

adsorption pore size distribution, blue line colour presents desorption pore size distribution.  
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Fig.2.3: dv/dD pore size distribution (cm

3
/g) of the expanded alginic acid produced at certain 

gelation temperature including (A) gelation at 80
 o
C, (B) gelation at  90 

o
C, (C) gelation at 100 

o
C 

and (D) gelation at 110 
o
C. They were all  held for 160 minutes. Red line colour presents 

adsorption pore size distribution, blue line colour presents desorption pore size distribution.  

2.3.2 Investigating of applied time influence on  retrogradation process 

Retrogradation of the alginic acid which had been gelatinised at 100 oC for 160 

minutes is of great concern and regarded also as a vital stage in the expansion 

process. It is believed the most important parameter which influences this stage 

is time. Therefore to optimise the final materials, retrogradation was 

investigated at different times: 0, 0.5, 1, 2, 3, 4 and 5 days. For consistency the 

rest of the procedure of alginic acid expansion including gelation process, 

solvent exchanging and drying steps were the same for all samples [ i) gelation 

step (100 oC, 160 minutes); ii) solvent exchanging ( three times ethanol 

following three times acetone) and iii) drying (vacuum oven)]. Textural 

(A) (B) 

(C) (D) 
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properties (SBET, pore volume and pore diameter) as well as conditions of 

experiments are shown in Table 2.3,  Figures 2.4 and 2.5.  

 

Table.2.3: Porosity analysis for expanded alginic acid in experiment five in which retrogradation 
time was studied. Gelation T= 100 

o
C, time : 160min.; ethanol and acetone was used for solvent 

exchange, vacuum oven drying was applied 

Experiment five 

Meso-

porosity% 
sn 

CAa 

in 

DW 

Gn Cn 

Rt Cn 

(T 
o
C/time 

day) 

porosity measurement 

T 

(
o
C) 

Time 

(min) 

SBET 

(m
2
/g) 

 

 

Pore 

volume 

(cm
3
/g) 

Pore diameter 

(nm) 

 

Apv 

 

Dpv Apd Dpd 

Se1 5% 100 160 zero < 2 -- -- -- -- -- 

Se2 5% 100 160 +5/0.5  57.2 0.62 0.63 73 52 49 

Se3 5% 100 160 +5/1  203 0.98 0.99 16.7 15 82 

Se4 5% 100 160 +5/2  151 0.71 0.71 17.4 14.4 61 

Se5 5% 100 160 +5/3  196 0.61 0.61 12.8 11.4 48 

Se6 5% 100 160 +5/4  53 0.37 0.38 79 53 34 

Se7 5% 100 160 +5/ 5  80 0.31 0.32 16.5 12 30 

sn: Sample name, CAa in DW: Concentration of alginic acid in distilled water, GnCn: 
Gelatinisation condition, Rt Cn: Retrogradation condition (T 

o
C/time in day),  SBET: Surface area 

BET, Apv: BJH adsorption pore volume, Dpv: BJH desorption pore volume, Apd: BJH 
adsorption pore diameter, Dpd: BJH desorption pore diameter. 

 

 

It can be seen from the data that expanded materials with the most interesting 

textural properties were produced at gelation temperature of 100 oC and held 

for 160 min, retrogradation for one day at 5 oC. 

It was noted that the sample generated with no retrogradation was a  nonporous 

material whereas retrogradation for 0.5, 1 and 2 days gave better results in 

comparison to the samples produced by retrogradation for 3, 4 and 5 days and 

in particular sample generated within 1 day of retrogradation provided the best 

textural properties. Retrogradation for less than a day is not sufficient time to let 

the gel to undergo thermo reversible crystallisation[246,247].  
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Fig.2.4: Pore size of the expanded products in experiment five drawn in Table 2.3 reveals 

different pore size as a result of different retrogradation period of time. 

 

 

 

 

Fig.2.5: dv/dD pore size distribution (cm
3
/g) of the expanded alginic acid produced at certain 

retrogradation time including (A) retrogradation for 0.5 day, (B) retrogradation for 1 day, (C) 

retrogradation for 2 days and (D) retrogradation for 5 days at 5 
o
C. Red line colour presents 

adsorption pore size distribution, blue line colour presents desorption pore size distribution. 

(A) (B) 

(C) (D) 
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On the other hand retrograding it for more than a day would cause the collapse 

of the porous system, could be, due to long contact with water left in the pores 

of the alginic acid gel. Therefore, retrogradation for one day at 5 oC was chosen 

as the best condition to retrograde the gel. This is less expensive and less time 

consuming as well as more practically realistic for manufacture.   

2.3.3 Investigating the influence of solvents manure  on the textural 

properties of the expanded materials produced 

Solvent exchanging  of the alginic acid retrograded (for one day at 5 oC) is a 

crucial stage in the expansion process. Throughout previous investigations in 

the Green Chemistry Centre it was found that washing the retrograded gel with 

ethanol solution six times was an important process to remove the remaining 

water in the retrograded porous networking gel.[248] Therefore to investigate 

this further, three more organic solvents including methanol, hexane and 

acetone were employed instead of ethanol. For consistency the other 

parameters used in expanding alginic acid including gelation process, solvent 

exchanging and drying steps were the same for all samples generated:[ i) 

gelation step (100 oC, 160 minutes); ii) solvent exchanging conducted three 

times with ethanol. Three times ethanol followed by again three other times 

ethanol. Three times ethanol followed by three times methanol. Three times 

ethanol followed by three times hexane. Three times ethanol following by three 

times acetone and iii) drying in a vacuum oven. The material washed using 

acetone was either  vacuum oven dried or scCO2 dried.  

Textural properties (SBET, pore volume and pore diameter) as well as conditions 

of experiments are shown in Table 2.4 and Figure 2.6. It can be observed from 

these data that expanded materials with the promising textural properties was 

produced by washing with ethanol then acetone followed by vacuum oven 

drying. 

It was noticed that among the samples (Sf1, Sf2, Sf3, Sf4, Sf5), Sf5 showed the 

optimum textural properties in which pore size is around 1 cm3/g. Therefore, the 

same procedure of solvent exchange of sample (Sf5) was carried out, but 

scCO2 dried was applied to produce the sample (Sf6). It was found that the 

sample generated by solvent exchange with ethanol plus acetone followed by 

vacuum oven or scCO2 techniques gave the greatest pore volume. Obtaining 

the optimum results of Sf5 may be due to the systematic gradual decrease of 



84 
 

using low surface tension solvents. Ethanol surface tension is lower than water 

and is miscible with water; on the other hand, acetone has a close surface 

tension to ethanol, but  lower surface tension than of water as well as being 

miscible with both of them which helped  reduce water in the pores during the 

solvent exchange process.[249] Also acetone has the lowest boiling point[250] 

could be then evaporated with no resistance in the pores of the alginic acid 

precipitate in vacuum oven. Therefore washing the gel with ethanol and then 

acetone provided better pore volume.  

Hexane did not give a good pore volume and this may be due to the immiscible 

nature of hexane[251] with the remaining water left in the pores. In case of 

applying ethanol and then methanol (Sf2), the methanol is miscible with ethanol 

and water, but it has a higher boiling point than of acetone.[250] Also hexane is 

a cancer suspect compound which should not be applied for the sake of health 

and environment.[252-254] Acetone might be safer than hexane because it is 

polar.   

Sf6 was solvent exchanged with ethanol and then acetone as was done for Sf5, 

but the technique of drying used was in scCO2. It was noticed that supercritical 

drying  had an effect on the textural properties of the expanded material. The 

pore size and diameter of product is almost twice greater as Sf5.   

Vacuum oven drying for samples reduced organic solvent, but allowing the air 

to evacuate too quickly which could crack and collapse some pores yielding a 

poor quality expanded alginic acid.  

In contrast, scCO2 drying technique is a gradual technique in which the pressure 

in increased from the atmospheric pressure to the highest level and CO2 

diffuses through the system constantly for few hours at 50 oC  pushing the 

solvents in the pores of the expanded alginic acid precipitate to outside of the 

pores. This process of drying the alginic acid precipitate could preserve the 

porous alginic acid networking system since CO2 has higher diffusivity, zero 

surface tension and lower solvent residue and is chemically stable.[255, 256] 

Therefore, scCO2 can ensure the preservation of the porous nature of the final 

materials. 
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Table.2.4: Porosity measurement for expanded alginic acid in experiment six in which different 
organic solvents was used to wash the retrograded alginic acid gel  

Experiment six 

Meso-

porosity

% sn 

CAa 

in 

DW 

Gn Cn 

Rt Cn 

 (T 

o
C/time 

h ) 

porosity measurement 

T 

(
o
C) 

Time 

(min) 

SBET 

(m
2
/g) 

 

 

Pore volume 

(cm
3
/g) 

Pore diameter 

(nm) 

Apv Dpv Apd Dpd 

Sf1 5% 100 160 +5/24  93 0.22 0.23 11.2 7.8 23 

Sf2 5% 100 160 +5/24  130 0.48 0.5 15 12 36 

Sf3 5% 100 160 +5/24  79 0.31 0.34 16.5 13.3 31 

Sf4 5% 100 160 +5/24  111 0.56 0.54 20.7 16 49 

Sf5 5% 100 160 +5/24  235 0.98 1.02 16.5 15.2 82 

Sf6 5% 100  160 +5/24  299 1.99 2.01 33 27 95 

sn: Sample name, CAa in DW: Concentration of alginic acid in distilled water, GnCn: 
Gelatinisation condition, Rt Cn: Retrogradation condition (T 

o
C/time in hour),  SBET: Surface area 

BET, Apv: Adsorption pore volume, Dpv: Desorption pore volume, Apd: Adsorption pore 
diameter, Dpd: Desorption pore diameter. 
 

 

 

Fig.2.6: Washing the alginic acid retrograded  with different organic solvents,  thereafter, it was 

dried either in vacuum oven or scCO2.  
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Fig.2.7: dv/dD pore size distribution (cm
3
/g) of the expanded alginic acid produced by applying 

the conditions placed in Table 2.4 where the retrograded gel was (A) 3 times washed with 

ethanol following by vacuum oven dried, (B) 3 times washed with ethanol plus 3 times more 

again ethanol following by vacuum oven dried, (C) 3 times with ethanol plus 3 times with 

methanol following by vacuum oven dried, (D) 3 times with ethanol plus 3 times with hexane 

following by vacuum oven dried, (E) 3 times ethanol plus 3 times with acetone following by 

vacuum oven dried, (F) 3 times with ethanol plus 3 times with acetone following by scCO2 dried. 

Red line colour presents adsorption pore size distribution, blue line colour presents desorption 

pore size distribution. 

 

 

 

(A) (B) 

(C) (D) 

(E) (F) 
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Table.2.5: Performing solvent exchange of the retrograged gel  with ethanol following by either 
methanol, hexane or acetone generated different  pore sizes  

I: Pore volume of the vacuum oven dried EAA products 

(1) Sf1: 3X ethanol, Pore volume: 0.25 cm3 g-1 

(2) Sf2: 3X ethanol+3X ethanol, Pore volume: 0.35 cm3 g-1 

(3) Sf3: 3X ethanol+3X methanol, Pore volume: 0.29 cm3 g-1 

(4) Sf4: 3X ethanol+3X hexane, Pore volume: 0.6 cm3 g-1 

(5) Sf5: 3X ethanol+3X acetone, Pore volume: 1 cm3 g-1
 

II: Pore volume of the scCO2 dried EAA product 

(6) Sf6: 3X ethanol+3X acetone, Pore volume: 1.92 cm3 g-1
 

3X: means three individual wash of the retrograded gel with the organic fluids employed sized 
the same amount of water had been employed in gelation of native alginic acid.  

2.3.4 Investigating the level of water in the pores of the gel washed  

The aim of this section is to show the level of water dropped on washing the 

retrograded gel with ethanol and then  acetone followed by either vacuum oven 

or scCO2 drying.  

Water reduction to the minimum level in the porous networking system is of 

importance in order to ensure the water level is the lowest level in the pores 

before drying the gel to protect the pores from collapsing.  

At temperature between room temperature and 100 oC there is a mass loss due 

to the organics fluids (ethanol and acetone) and water. Figure 2.8 shows that 

the number of washes reduces the level of water in the pores. The line number 

one gives the level of water present in the material directly after retrogradation 

finished (24 hours at 5 oC). Lines 2 to 4 show  the gel after washing  with 

ethanol 1-3 times. Lines 5 to 7show the gel after further washing with acetone 

1-3 times.   

Line number 8 is the expanded alginic acid after complete solvent exchange 

with ethanol and then acetone following by vacuum oven drying. Line number 9 

is the expanded alginic acid after solvent exchange with ethanol and then 

acetone following by supercritical CO2 drying. 
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Fig.2.8: Plot of TG versus  temperature increased for the retrograded alginic acid washed with 

ethanol and acetone which dropped the level of water in the in the porous alginic gel.  

 

Plot 2.8 shows that when the  temperature reached 120 oC  all organic fluids 

and the small level of water left in the pores had been removed. Interestingly, 

for samples washed with ethanol and then acetone, all solvents (and water) 

appeared to have been removed at a temperature as low as 60 oC. This could 

be as a result of massive increase in the concentration of organic solvents 

which cause greatly decrease the surface tension of the final solvents mixture 

left in the pores of the expanded alginic acid.[257] 

2.3.5 Reproducibility of  generating mesoporous precursor  

The conditions of the stages of expanding alginic acid:  i) gelation at 100 oC for 

160 min., ii) retrogradation for 24 hours at 5 oC, iii) solvent exchange with 

ethanol three times and then acetone three times followed either by vacuum 

oven or scCO2 drying was repeated successfully. This current method produced  

a high mesoporous precursor with excellent texture property.  

a 

 

1 

2 
3 
4 

5 

6 

7 
8 
9 
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Fortunately, this procedure of expansion process to generate a mesoporous 

material has been reproducible. Repeatability of expanded alginic acid either 

vacuum oven dried or scCO2 dried  is excellent as many time as is repeated.  

Throughout repeatition it was noticed that the percentage of difference in 

surface area was 4%, pore volume 3%, average pore diameter 6% as well as 

change of mesoporosity% was 4% for expanded alginic acid vacuum oven dried 

products. It was also found that the percentage of change in surface area was 

1%, pore volume 2% , average pore diameter 2.5% as well as the change of 

mesoporosity% is approximately 2% for expanded alginic acid scCO2 dried 

products. 

In addition, further work will be done in next chapter (chapter three) in which  

this mesoporous precursor (expanded alginic acid scCO2 dried) will be 

employed to generate mesoporous Algibons. Porosity analysis (Figures 2.9 and 

2.10) presents that the expanded alginic acid generated was predominantly 

mesoporous precursor. The isotherm plots for the products are isotherm type 

four[258] for the expanded alginic acid either vacuum oven dried or scCO2 

dried. This means the majority of the product is mesoporous. Figure 2.10 which 

shows the pore diameter against pore volume (dv/dD) indicates the material has 

a large pore, but the expanded alginic acid scCO2 dried material has a larger 

pore which is almost twice greater than the pore of the material produced by 

vacuum oven drying (see Table.2.6). 

Table.2.6 : Porosity analysis results for the expanded alginic acid achieved by the current 

method developed  for generating mesoporous alginic acid 

New expanded alginic 

acid generated 

SBET 

(m
2
/g) 

Pore 

volume 

(cm
3
/g)BJH 

Maximum 

pore 

diameter 

(nm)Ads 

Maximu

m pore 

diameter 

(nm)des 

Meso-

prosity 

% 

Micro-

porosity

% 

Expanded alginic acid 

vacuum oven dried (A1) 
105 1 12 8 85 7% 

Expanded alginic acid 

scCO2 dried (A2) 
183 2 21 14 96 3% 

A1: Alginic acid precipitate, after it was gelated at 100 
o
C for 160 minutes and  retrograded for 

24 hours at 5 
o
C, was solvent exchanged with three times ethanol and three times acetone 

followed by vacuum oven drying.  

A2: Alginic acid precipitate, after it was gelated at 100 
o
C for 160 minutes and  retrograded for 

24 hours at 5 
o
C, thereafter, it was solvent exchanged three times with ethanol and three times 

with acetone respectively  following by scCO2 drying. 
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Fig.2.9: Isotherm plot for (A) A1: expanded alginic acid vacuum oven dried  and (B) A2: 
expanded alginic acid scCO2 dried achieved from the current method, the red line is adsorption 
isotherm and the blue line is desorption isotherm.  

(B) A2 

(A) A1 
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Fig.2.10: dV/dD pore volume (cm
3
/g) against pore diameter (nm) for (A) A1:  expanded alginic 

acid vacuum oven dried and (B) A2: expanded alginic acid scCO2 dried from the current 
method. Red line colour presents adsorption pore size distribution (dV/dD), blue line colour 
presents desorption pore size distribution (dV/dD) .  
 

(A) A1 

(B) A2 
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Based on the results repeated in this chapter and the two plots of pore volume 

distribution dV/dD versus pore diameter of the expanded alginic acid generated 

( see Fig.2.10), it is assumed that the pores shape are a bottle flask like.[243- 

245] The adsorption pore size distribution represents the bottom of the flask 

which is greater in size compared to the desorption pore size distribution which 

presents the neck of the pore.   

 

 

 

 

 

Fig.2.11: Pore shape of expanded alginic acid (A) A1: vacuum oven dried and (B) A2: scCO2 

dried. 

2.4 Conclusion 

The stages of the expansion process for alginic acid were investigated. Gelation 

of the native alginic acid was done at 100 oC for 160 minutes and retrogradation 

of the gel was taken place in fridge at 5 oC for 24 hours. Solvent exchange of 

the retrograded alginic acid was carried out by washing it three times with 

ethanol plus three times with acetone followed either by vacuum or scCO2 

drying. Materials either vacum oven dried (A1) or scCO2 dried followed isotherm 

type four indicating that the materials produced were predominately 

mesoporous. The shape of pores in mesoporous region is the bottle flask like. 

It was noticed the current method of preparing expanded alginic acid gives a 

very promising result of a  pore volume ca 1 cm3/g (for vacuum oven dried) and 

ca 2 cm3/g (for scCO2 dried). Fortunately, this procedure of expansion process 

to generate a mesoporous material has been reproducible. Repeatability of 

production of expanded materials is excellent as many time as is repeated.  

In the next chapter this mesoporous alginic acid precursor generated (scCO2 

dried product known as A2) will be employed to produce Algibons at certain 

26.3 nm

34.5 nm

9.98 nm

15.5 nm

(A) A1 (B) A2 
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temperatures to provide different textural properties of the carbonised 

mesoporous materials. 

 

Fig.2.12: Practical steps of the current method developed to generate mesoporous alginic acid 

in the laboratory  of Green Chemistry Centre of Excellence at The University of York, UK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

200 g alginic acid 
in 4 L D.W  stir at 

100 
o
C for 160 min. 

Retrograde at 5 
o
C 

for 24 h  in fridge 

Add 4 L ethanol and 

stir: 1
st

 wash (1 h)

2
nd

 wash (30 min.) 

3
rd

 wash (30 min.) 

Mesoporous alginic 
acid 

generated

Dry the precipitate 
in scCO2 at 50 

o
C/

100 bar/3h, 
depressurise 

slowly overnight  

Filtration using 
sinter filter

Filtration using 
sinter filter

Add 4 L acetone 
and stir for 30 min.

 Test the textural 
property of 

mesoporous product 
applying N2 sorption 

analysis 

3 times

3 times
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CHAPTER THREE 

Generating and Characterising of The Algibons Derived from The 

Mesoporous Alginic Acid Precursor Produced 
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3.1 Introduction 

This section deals with the preparation of Algibon formed from the mesoporous 

alginic acid precursor (A2) produced in chapter two. Thermal hydrolysis of the 

mesoporous precursor at different carbonisation temperatures can  generate 

polysaccharide carbonaceous mesoporous materials with different textural 

properties and surface functionalities.[259] This family of mesoporous 

carbonaceous materials obtained are called Algibons.[260] The mesoporous 

precursor material produced can be either carbonised in small scale (200 mg) in 

Netzsch under nitrogen gas or in large scale (200 g) in vacuum furnace.  

Programming and controlling  a carbonisation process to certain temperatures 

can specify the surface functionality of the Algibons produced. Steps of 

preparing Algibons from the mesoporous precursor require shorter time and is 

simpler. Therefore technology of generating Algibons has been recommended.    

The Algibons generated were characterised using techniques such as  nitrogen 

adsorption analysis (porosimetry) in particular to find out more about porosity 

structure, Diffuse Reflectance Infrared Fourier Transform (DRIFT IR) and Solid 

state NMR  (13C cross polarization  magic angle spinning NMR) to learn the 

surface functionalities of the Algibons. CHN Elemental analysis was done to 

determine the carbon and hydrogen percent. Ash content test was conducted to 

determine the amount of carbon residue exist in each type of Algibon when they 

were burned in the presence of 50% Oxygen and 50% Nitrogen. Our goal was 

to develop a method of producing the less expensive materials with excellent 

pore volume which can then be applied in trapping organic bulky dyes and 

might be useful in metals adsorption technology.  

3.2 Experimental section 

Algibon was generated from thermal carbonisation of the mesoporous alginic 

acid precursor (A2) achieved in chapter two. 200 mg of the expanded precursor 

was employed into the Netzsch ceramic cup pan. The Carbonisation 

temperature was programmed and controlled from room temperature to the 

desired temperature required to produce a certain type of Algibon.  

For example, Algibon300 (A300) was produced by programming (0.2 to 0.5 oC 

per minute) and controlling the carbonisation temperature to 300 oC. Then 

A450, A600 and A800 were respectively prepared by programming and 
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controlling their carbonisation temperatures to the required top temperature. 

Ultimately, the different texture Algibons received were tested applying numbers 

of techniques to characterise their pore structure and surface functionalities.  

3.3 Results and discussion 

3.3.1 Detecting thermal decomposition of the mesoporous  alginic acid 

Simultaneous thermal analysis (STA) was applied to learn how mass loss 

varied with temperature increased. This thermolysis process was carried out 

between room temperature and 625 oC. This test was an important tool which 

clearly revealed information where the main decomposition which took place 

when the mesoporous precursor was carbonised to the required temperature. It 

could produce information help us to propose a proper programming and 

controlling of carbonisation temperature which would preserve the mesoporous 

structure of the Algibon materials. STA demonstrates the large mass loss from 

expanded alginic acid between 170 and 300 oC. This could be a consequence 

of losing functional groups (carboxylic and hydroxyl groups rich in 

polysaccharide alginic acid).[261,262] Before 100 oC traces were lost due to 

either remaining water or moisture absorbed by the expanded alginic acid. Both 

TG and DSC confirm the greater mass loss occurs over 170 oC (Figure 3.1  A 

and B).  

 

Fig.3.1: Plots of (A) thermal gravimeteric (TG) against temperature (
o
C) increased and (B) dTG 

versus temperature (
o
C) increased for expanded alginic acid  scCO2 dried (A2).  

Interestingly, further investigation was done to learn what was the reason for 

that massive mass loss between that temperature range of thermal hydrolysing 

(A) (B) 

1 

2 
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of the expanded alginic acid in STA. Thermal gravimetric infrared spectroscopy 

(TG IR) was used.  

3.3.2 Conducting TG IR throughout  carbonisation of the mesoporous 

precursor  

Thermal gravimetric infrared spectroscopy (TG IR) was conducted, based on 

the Figure 3.1 in which a massive mass loss was observed, especially, between 

170 to 300 oC. 

 

Fig.3.2: TG IR spectrum of expanded alginic acid (A2) thermally hydrolysed at temperature rate 
(20 

o
C/min.) up to 900 

o
C under N2. A: Intensity of three dimensional band spectrum of the 

components released throughout the carbonisation of expanded alginic acid, B: Two 
dimentional band spectrum, C: FT IR spectrum of the components observed as the 
carbonisation temperature increased. D: Trace spectra of the components released during the 
pyrolysis process. 
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Aim of TG IR experiment in this section was to identify the main components  

released between room temperature and 900 oC throughout the thermal 

pyrolysis of the expanded alginic acid (A2). 

The TG IR spectrum reveals that the majority of the mass lost is water and 

carbon dioxide (Fig.3.2). Over 170 OC the material underwent dehydration and 

after that decarboxylation; then thermal gravimetric infra red  continuously 

measured up to the maximum temperature. TG plot (Fig.3.3) shows the mass 

residue was approximately a fifth of the expanded alginic acid precursor 

employed for TG IR. 

In Figure 3.2 (A) the intensity of the spectrum at a temperature around 200 oC is 

due to CO2 released at (2350 cm-1 refers to O=C=O  asymmetric bond 

stretching and 680 cm-1  is O=C=O bending bond)  and 1730 cm-1 is C=O 

asymmetric bond stretching belongs to CO gas.[263, 264]  

Water vapour is noticed at 1550 cm-1 is H-O-H scissor bending, 3630 cm-1  is H-

O-H symmetric bond stretching and 3760 cm-1 is H-O-H asymmetric bond 

stretching.[265,266] When temperature increased to 270 oC and over  the same 

spectrum was observed but at lower intensity because the majority of the mass 

lost had been completed. 

 

Fig.3.3: TG and dTG plots for thermally hydrolysed expanded alginic acid (A2) at (20 
o
C/min.) 

up to 900 
o
C combined with IR spectroscopy. 
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Fig.3.4: TG and dTG plots for thermally hydrolysed expanded alginic acid (A2) at various rate of 

carbonisation temperatures applied (5, 10 and 20 
o
C/min) up to 700 

o
C combined with IR 

spectroscopy. A: Mass loss (TG)% versus temperature, B: dTG% versus temperature. 

 

Figure 3.4 gives information on pyrolysis of expanded alginic acid precursor at 

different rate of carbonisation temperatures including 5, 10 and 20 oC per 

minute. TG plot (A) in Figure 3.4 implies that different rate of temperature 

programme applied did not change the percentage of mass loss observed. The 

main mass loss, which is between 200 to 300 oC, is observed for each rate of 

heating indicating expanded alginic acid has the same response to the 

dissimilar rates of carbonisation. It implies the carbonisation process is 

reproducible. On the other hand dTG plot (B) in Figure 3.4 presents versatile 

response to the different carbonisation temperatures used.  

 

Fig.3.5: Rate of water released throughout the dehydration of the expanded alginic acid as it 

was carbonised to 700 
o
C at various rate of temperatures (5, 10 and 20 

o
C/min). 

(A) (B) 
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This indicates that the lowest pyrolysis heating rate applied (5 oC/min) could 

gradually dehydrate the precursor and convert it to the top wanted temperature. 

This can be noticed in Figure 3.5. This diagram demonstrates the consequence 

of high rate carbonisation temperature on the speed of water released from the 

expanded precursor during the process. It proposes that within a shorter range 

of time a greater rate of water seems to have been liberated into the system.  

In addition, TG and dTG plots of thermal pyrolysis of native and expanded 

alginic acid are drawn in Figure 3.6. These two materials were carbonised at the 

same conditions up to 800 oC at temperature rate 10 oC/min. under N2 gas. This 

was carried out to examine and compare the range of mass loss and 

decomposition in both compounds.   

 

Fig.3.6: Comparing TG and dTG plots of native and expanded alginic acid  carbonised at 

temperature rate (10 
o
C/min.) up to 800 

o
C. 

  

It is noticed  that there is a small difference between both materials carbonised 

this is possibly due to the influence of expansion stages on the alginic acid 

biopolymer. The stages of expansion process, which consists of gelation at 100 

oC/160 min., retrogradation at 5 oC/24 hours, solvent exchange with ethanol 



101 
 

followed by acetone and finally scCO2 drying step, transformed some physical 

properties of this polysaccharide. Porosity as a key example can be illustrated 

in here. Unexpanded alginic acid is nonporous material, whereas the expanded 

alginic acid is completely a mesoporous material. This extreme difference in 

degree of mesoporosity between the expanded product and the native 

precursor may have been the cause of the changes in TG and dTG diagrams of 

the two materials.  

3.3.3 Proposing a thermal pyrolysis temperature programme on 

mesoporous alginic acid to produce Algibon materials 

A slow heating rate for carbonisation has been recognised to be important ever 

since Starbons materials have been found in Green Chemistry Centre. This 

necessity is paid attention in order to generate Algibons with high quality and 

texture properties which its porosity is preserved compared to the precursor. 

Algibon was prepared from expanded alginic acid (A2) on a small scale. 

Expanded alginic acid was carbonised according to the temperature programme 

shown in Table 3.1.  To obtain different texture properties of Algibon including 

Algibon 300, 450, 600 and 800. TG plots in Figure 3.7 shows that the mass lost 

up to 100 oC is around ca 2% this is may be because of  some  water vapor that 

expanded alginic acid adsorbed in the storage. Massive mass loss occurred 

around between 170 to 250 oC which is about 45% of the total mass. Finally, 

only about 37% of the yield remain in is Algibon300. So, this means a gram of 

expanded alginic acid could yield approximately 600 mg  of Algibon300.   

 

 
 

 

 

Fig.3.7: TG plot for A300 produced in 
Netzsch from carbonisation of the 
expanded alginic acid scCO2 dried (A2). 

Fig.3.8: TG plot for A300 produced in 
Netzsch from carbonisation of the 
expanded alginic acid vacuum dried (A1). 
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Table.3.1: Temperature programme proposed to carbonise mesoporous alginic acid to certain 

temperatures to generate different textural properties of Algibons 

   Algibon300 

Temperature oC Temperature rate 
oC/min 

Isotherm 

Time (min) 

Emergency 

Temperature 

25    

100 1   

175 0.2 20   

250 0.2 40   

300 0.2 15  

320   Controlled 

Algibon450 

25    

100 1   

175 0.2 20  

250 0.2 40  

300 0.2 15  

450 0.3   

470   Controlled 

Algibon600 

25    

100 1   

175 0.2 20  

250 0.2 40  

300 0.2 15   

600 0.3   

620   Controlled  

Algibon800 

25    

100 1   

175 0.2 20   

250 0.2 40   

300 0.2 15  

800 0.3   

820   Controlled  
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Fig.3.9: TG plot for Algibon800 produced from  the Netzsch carbonised Algibon300 derived from 

expanded alginic acid scCO2 dried (A2). 

Figure 3.9 is the TG figure for the carbonisation of Algibon300 to Algibon800. It 

gives information that the mass lost between 300 and 600 oC is huge (36%). 

This means a gram of Algibon300 could yield 590 mg of Algibon800 or that a 

gram of expanded alginic acid could yield 200 mg Algibon800. Most of the mass 

lost occurs between 270 and 600 oC (about 36% of the total mass). Referring to 

Figure 3.8, in which expanded alginic acid vacuum oven dried (A1) employed, it 

is noticed that the percentage of mass lost is smaller and the amount of residual 

mass is about 55%, which is almost 15% more than in case of A300 produced 

from expanded alginic acid scCO2 dried (A2) (see Figure 3.7). We can assume 

that the mesoporous alginic acid (A2) could be saturated with CO2 gas from 

scCO2 drying. As a result of the Netzsch carbonisation of A2 under N2 gas, the 

immobilised CO2 trapped in the pores of A2 would  be removed from the pores 

and flowing N2 gas throughout the thermal hydrolysis process preserved the 

pores from collapsing.[222]     

3.3.4 Characterisation of the Algibon produced 

A numbers of techniques were applied to characterise the textural properties of 

the Algibons generated including nitrogen sorption analysis, SEM (scanning 
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electron microscopy), Diffuse Reflectance Infrared Fourier Transform (DRIFT 

IR), Solid state NMR CHN test and Ash content.  

3.3.4.1 Nitrogen sorption analysis 

N2-sorption analysis was conducted to determine the pores structure of the 

products. The pore volume of the Algibon yielded was drawn in Figure 3.10. 

From that figure and Table 3.2  conclude  that the pore size distribution results 

are promising and the products are predominantly mesoporous. It is clear that 

the textural properties of the Algibons including A300, A450, A600 and A800 

was better than of the previous ones obtained in Green Chemistry Centre of 

Excellence.[220] The pore volume of the Algibons was twice greater that of the 

Algibons produced in recent work. This may be due to the parameters applied in 

during carbonisation process helping to preserve its pores and avoid the 

collapsing.  

Another interesting point is the previous work on generating Algibons was 

conducted in 2010 in the Green Chemistry Centre of Excellence, according to 

the data shown in table 3.3.[220] It is noticed that the current mesoporous 

alginic acid generated in chapter two can produce different textural properties of 

Algibons (see Table.3.2) in which their pore diameters are greater and pore 

volumes are twice larger than of the Algibons generated few years ago.   

 

Fig.3.10: Pore volume of expanded alginic acid vacuum oven dried (A1) ,  expanded alginic acid 

super critical CO2 dried (A2) and A300, A450, A500, A600, A650 and A800 derived from (A2)  

prepared in Netzsch. 



105 
 

Table.3.2: Pore size distribution of the expanded alginic acid and different temperature Algibons 

produced from the current method 

New expanded 

alginic acid 

generated 

SBET 

(m
2
/g) 

Pore 

volume 

(cm
3
/g)BJH 

Pore 

diameter 

(nm)Ads 

Pore 

diameter 

(nm)des 

Micro-

porosity

% 

Meso-

porosity 

% 

Expanded alginic 

acid vacuum oven 

dried (A1) 

235 1.02 16.4 14.5 6 83 

Expanded alginic 

acid scCO2 dried 

(A2) 

274 2 33 29 2.5 96 

A300 318 1.95 32 25 2.5 95 

A450 456 1.83 31 24 6.0 93 

A500 513 2.01 24 23 7.0 91 

A600 593 2.1 24 23 7.1 91 

A650 605 2.0 24 23 7.4 90.4 

A800 585 2.4 28 22 7.1 91 

Apv: BJH adsorption pore volume, Dpv: BJH desorption pore volume, Apd: BJH adsorption pore 
diameter, Dpd: desorption pore diameter.  

Table.3.3: Pore size distribution of the expanded alginic acid and different temperature Algibons 

produced from recent work carried out in 2010.[220]  

Recent expanded 

alginic acid 

generated 

SBET 

(m
2
/g) 

Pore 

volume 

(cm
3
/g)BJH 

Pore 

diameter 

(nm)Ads 

Pore 

diameter 

(nm)des 

Micro-

porosity

% 

Meso-

porosity 

% 

Expanded alginic 

acid vacuum oven 

dried (A1) 

203 1.12 16 14 0.9 90 

Expanded alginic 

acid scCO2 dried 

(A2) 

320 2.65 28 25 0.4 97 

A300 216 0.9 18 16.5 1.1 95 

A500 388 1 16 14.5 6 91 

A600 360 1 18 16 5 92 

A800 349 1 15.8 13.0 5 92 

 

The reasons for generating a better quality of Algibons in this current study 

could be two fold. The first one it may be a heat structural stability of the 

expanded alginic acid which had been scCO2 dried (A2). The second reason 

might be the carbonisation temperature programming and controlling of the 
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mesoporous alginic acid precursor. Thus during the carbonisation process the 

pore structure of the expanded alginic acid (A2) could survive throughout the 

thermal pyrolysis. 

Here, linear isotherm plots for the A300, A450, A600 and A800 materials which 

were derived from the expanded alginic acid supercritical CO2 dried precursor 

(A2), are plotted in Figure 3.11. The red colour line presents the adsorption 

linear isotherm and blue colour line presents the desorption linear isotherm. It is 

noticed that the isotherm plots for these mesoporous alginic acid precursor 

derived carbonaceous material products generated are isotherm type four[258]. 

Fortunately, this technology of Algibons production has been reproducible. 

Repeatability of these mesoporous materials is excellent as many time as is 

repeated. Change in their surface area, pore volume and average pore 

diameter as well as mesoporosity% is approximately about 2%.  

 

 

 

 

Fig.3.11: Linear isotherm plot of the generated products including (A) A300, (B) A450, (C) A600, 
(D) A800. Red colour present adsorption linear isotherm plot, blue colour present desorption 
linear isotherm plot.   

(A) (B) 

(C) (D) 
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It is also interesting to demonstrate the dV/dD pore size distribution of A300, 

A450, A600 and A800, they are in Figure 3.12. The red line is the adsorption 

pore size distribution and the blue line is the desorption pore size distribution. 

The results of nitrogen sorption analysis indicate that the pores shape of the 

Algibons generated in this chapter are a bottle flask like and large in size.[243-

245]  

 

 

 

    

Fig.3.12: dV/dD pore size distribution  of the generated products including (A) A300, (B) A450, 
(C) A600, (D) A800. Red line presents adsorption pore size distribution, blue line is desorption 
pore size distribution. 

3.3.4.2 Scanning electron microscopy (SEM) test 

The scanning electron micrograph (SEM)  images, of expanded alginic acid 

scCO2 dried products (A2) and its derivates including A300, A450 and A800, 

that were produced by thermal pyrolysis of A2, show the formation of an 

increasingly porous material (see Figure 3.10). 

(A) (B) 

(C) (D) 
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Fig.3.13: SEM of (A) expanded alginic acid scCO2 dried (A2), (B) A300, (C) A450 and (D) A800. 

The textural properties of mesoporous precursor (A2) and Algibons appears as 

a fluffy porous or web-like structure. Depending on the SEM images revealed in 

Figure 3.13, it appears they are highly uniform and in the range of meso-macro 

porosity. In particular SEM image of A800 demonstrates uniform particle size 

and shape. 

3.3.4.3 DRIFT IR 

Diffuse Reflectance Infrared Fourier Transform Infrared spectroscopy (DRIFT 

IR) was applied to check the different functionalities of the Algibons produced 

(see Figure 3.14). Analysis of alginic acid derived carbonaceous materials 

reveals a slow loss in polysaccharide character upon heating to 300 oC, as 

demonstrated by the changing of polysaccharide band spectrum between 1150 

and 980 cm-1 area[267] relative to carboxylic bands means band between 1730 

and 1619 cm-1 [268,269] proceeds. At 300 oC, the absorption bands from 1740 

to 1562 cm-1 correspond to carbonyl and olefinic type groups. This confirms the 

(A) (B) 

(C) (D) 

50 µm 

 

 

50 µm 

 

 

50 µm 

 

 

50 µm 
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appearance of a band centered at 1605cm-1 due to conjugated (C=C) 

groups.[270]  

 

Fig.3.14: DRIFT IR for the Algibon generated at certain different temperatures of carbonisation 

As the temperature reached 300 oC, C=O bands move to lower wave numbers 

from 1730 cm-1 to 1712 cm-1 and 1689 cm-1. As the temperature reached 600 

oC such  this spectrum disappears. Because the decomposition/carbonisation of 

C-O containing groups such as olefinic, vinyl ethers, or lactones; which occur as 

the main polysaccharide backbone, proceeds. 

Band belongs to the glycosidic bond, which is anomeric region occurs from 

1000-600 cm-1 in A175, are also removed as the temperature reached 300 oC. 

A distinct aromatic feature occurs at temperature around 300 oC and over 

maintained at 600 oC by resolved spectral bands at 878, 820 and 765 cm-1.[271]   

3.3.4.4 Solid state NMR 

This solid NMR spectroscopy was performed as an important technique  to 

check the surface functional properties of the Algibons generated.  

13C cross-polarization magic-angle spinning (CP MAS) NMR analysis in 

Fig.3.15 revealed similar functional groups for the solid materials as shown by 



110 
 

DRIFT IR in Figure 3.14. As the carbonisation temperature approached about 

300 oC, the sharp extreme resonances of expanded alginic acid (A2) broaden 

and reduce in intensity. The Pyranose ring hydroxyl resonances  between 72-63 

ppm[272] transformed into a broad resonance  centered at δ 75 ppm due to the 

dehydration of polysaccharide which caused drop  in polysaccharide property.  

 

 

Fig.3.15: 
13

C cross-polarization magic-angle spinning (CP MAS) NMR for expanded alginic acid 

(A2), A300, A450 and A800. 

Resonances associated with cyclic ketones or lactones (δ 204.0 ppm) and furan 

or furfuryl type resonances (δ 150.9 ppm) are still also detected in slight 

intensity at temperature 300 oC[273].  

It is observed that the structural decarboxylation/dehydration finished at 300 oC, 

but some residual bulk polysaccharide character slightly maintained yet. This 

resulted in broadening of the carbonyl resonance to a new peak centered at  δ 

174.0 ppm (associated with olefinic C-OH). The δ 170.1 ppm (δ COOH) 

resonance[274,275], which is very sharp in (A2), is removed at 300 oC. In 

addition, resonances associated with aliphatic character (δ 15-50 

ppm)[276,277] is noticed as this decomposition reached 300 oC. Further 

changes can be noticed as the carbonisation temperature reached 300 oC the 
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glycosidic bond associated resonances cluster (δ 85 and 105 ppm)[278], which 

appears distinctly in (A2),  also fall in intensity and disappear.  

Increasing the carbonisation temperature further results in olefinic/furan type 

condensation to generate increased aliphatic character (δ 36.1 ppm), and a new 

broad resonance centered at δ 128 ppm as appears in A300 and is sharper in 

case of A450 which corresponds to the characteristic of aromatic systems.[279] 

This NMR analysis can support the DRIFT IR bands, and informs compactly the 

conversion of the hydroxyl-rich polysaccharide material into aliphatic/alkene 

groups in which at the temperature approached 800 oC the materials generated 

(A800) becomes a strongly aromatic character. Researchers of Green 

Chemistry Centre of Excellence at The University of York have believed that 

some carboxyl groups may participate in cross-linking reactions between the 

associated polysaccharide chains to form a strong carbonaceous framework. 

This makes the A800 as the most cross-linked material produced with excellent 

stability.  

3.3.4.5 CHN elemental analysis 

Elemental analysis is a process of determination of element composition in a 

sample. For organic compound almost always refers to CHNX. C is carbon, H is 

hydrogen, N is nitrogen and X is either halogens or sulphur. The most common 

type of CHN test is carried out by combustion analysis.  

 

Table.3.4: Elemental analysis  for (A2), its derived mesoporous carbonaceous materials and AC 

Porous material 
CHN test 

C% H% N% 

Expanded alginic acid (A2) 36.6 4.7 -- 

A300  63.8 3.84 -- 

A450 (3) 73 3.22 -- 

A600 (4) 80.2 2.3 -- 

A800 82 1.3 -- 

AC 81 1.17 -- 
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The combustion products like carbon dioxide, water and nitric acid correspond 

to carbon, hydrogen and nitrogen respectively in the sample. In this chapter the 

expanded alginic acid scCO2 dried (A2), A300, A450, A600, A800 and Ac were 

elemental examined.  

It is noticed in Table 3.4 that  increase in the preparation temperature of the 

Algibons materials brings a significant increase in the percentage ratio of 

carbon/hydrogen. Such higher and longer thermal pyrolysis dramatically 

removed oxygen-containing functional groups including OH and COOH groups 

in the Algibons material. This could bridge this section to an article which 

reported that the lowest temperature prepared carbon material  is the highest 

oxygen content material which presents a low ranked hydrophobic material, 

while, high temperature carbon material prepared, which has the lowest 

heteroatom content, is a high ranked hydrophobic material.[280] So that the 

A300 which is the highest oxygen content Algibon, is the lowest ranked 

hydrophobic one, however, A800, which is the most thermally 

dehydrated/decarboxylated material, is the top ranked hydrophobic material 

compared to the rest of Algibons generated. A small percent of nitrogen is 

noticed in A800, it may be as a result of nitrogen gas being adsorbed by A800 

as carbonisation temperature approached 800 oC.  

3.3.4.6 Ash content test 

Ash remains after the water and organic matter are removed by heating in the 

presence of 100% O2 and 50% N2.  

Ash content test was carried out for the Algibons generated and activated 

carbon. The TG plot in Figure 3.16 introduces information that the high Algibon 

temperature contains a greater amount of the ash. In this experiment as a result 

of dehydration and a functional groups removal, at the end only residual carbon 

highly remained. From the TG plot it can be seen that the lowest amount of ash 

is in the expanded alginic acid (A2).  

In A300 the ash left at the end is greater than in case of expanded alginic acid 

(A2). In addition, the amount of ash content in A800 was the highest which is 

approximately triple, twice and one-third times greater than in case of A300, 

A450 and A600 respectively. Because these carbonaceous materials had been 

already carbonised up to certain top temperatures which caused their surface 
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functional groups (OH and COOH) being gradually removed in response to 

temperature increased.  

 

 

Fig.3.16: Ash content figure for the expanded alginic acid scCO2 dried (A2), Algibons and Ac 

under (100 mL/min.) O2 and (50 mL/min.) N2. 

 

Table.3.5: Ash content % for the Algibon and AC 

Porous adsorbent material Ash content % 

A2 (1) 2.5 

A300 (2) 4.2 

A450 (3) 6.3 

A600 (4) 8.5 

AC (5) 11.2 

A800 (6) 13.8 

 

Activated carbon contains smaller amount of ash compared to A800 and greater 

amount than of A600. This could be related to the nature of the precursors 

which had been employed to generate Ac and Algibon as well as the thermal 

production process of both mesoporous carbonaceous materials and the AC.  

It was reported that the high ash content indicates less oxygen content, this 

means, the high ash content products are like to be more hydrophobic and 

could be mechanically more stable.[273,279] The ash content results 
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demonstrate that the low temperature Algibon generated is more hydrophilic, 

but gradually changes to more hydrophobic when they are prepared at 

temperature 450 oC and over. 

3.4 Conclusion 

Applying the programmed and controlled thermal decomposition temperature 

for the mesoporous alginic acid precursor obtained (in chapter two) brought 

different textural properties of Algibons which resulted in a very promising 

mesoporous materials with super pore volume (up to 2.5 cm3/g), pore diameter 

in between micro and macro and their surface area (SBET under 650 m2/g). They 

are predominantly mesoporous materials. The results demonstrated that the 

percentage of mesoporosity is over 90% like in high temperature Algibon, while, 

in some cases it is over 95%, such as in case of low temperature Algibon. 

Production of types of Algibon materials derived from the mesoporous alginic 

acid precursor generated (A2) depends on the carbonisation temperature 

approached.  

The Algibon materials were characterised to find out more about their 

properties, some techniques were performed to analyse their porous structure 

such as BET, pore volume and pore diametre as well as surface functionalities 

of these products generated. The results of porosimetry obtained indicating that 

all types of Algibons produced (A300, A450, A600, and A800) were extremely 

mesoporous materials, their pores shape are bottle flask like. Nitrogen sorption 

analysis suggests that these carbonaceous materials follow adsorption isotherm 

four which also suggested the mesoporosity charactor. The results of 

porosimetry imply that the carbonisation temperature programme of the 

mesoporous precursor protects the pores from the collapsing.   

SEM images revealed that Algibons particles are uniform, DRIFT IR and Solid 

NMR demonstrated that the low temperature Algibon is highly hydrophilic, 

however, high temperature Algibon is predominantly hyrdophobic. 

The most important point of this part of this research is to declare  the current 

method of  Algibon generation is a successful method since it has been aimed 

to be reproducible on both small and large scale use. 

This new adsorber can be a candidate for use in many technologically important 

applications in research and industry. Our desire will to use it in adsorption 
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technology to remove bulky organic dyes in water stream in particular and could 

be useful in metal uptake  since being these types of pollutants in water stream 

are considerable threats to our environment and have significant risks to human 

health. 

 

 

Fig.3.17: Algibon synthesis technology in Green Chemistry Centre of Excellence at The 

University of York, UK. 
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CHAPTER FOUR 

Algibons Generated Application in Bulky Azo Dye Adsorption 
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4.1 Introduction 

This part of the project involved the use of the developed Starbon technology to 

adsorb bulky organic dye molecules which are mostly used in the textile 

industry. This technology is based on the extremely large pore diameter and 

tuneable surface functionality of mesoporous carbonaceous materials which are 

derived from polysaccharide.[281]  This study has proposed a few dyes called 

Procion Yellow H-EXL (PY), Remazol Black (RB), Procion Crimson H-EXL (PC) 

and Procion Navy H-EXL (PN) which are reactive azo dyes.[282] They 

represent approximately a third of the total dye market and more of half of the 

cotton market.[283] Their structure contains a reactive azo group which interact 

with the fibres and a chromophore group which gives rise to the colour.[284] 

Starbon has been already successfully used for the removal of smaller model 

dye at the Green Chemistry Centre of Excellence in 2012.[233]  The objective of 

this chapter is to screen a variety of adsorbents including different types of 

Starbons, activated carbons and silica gel in industrial textile water treatment 

and choose the most efficient materials for the adsorption of dyes. 

4.2 Experimental section 

Firstly, standard stock solutions (140 mg/L) of the dyes (PY, RB, PC and PN) 

were prepared. From each standard stock solution a series of solutions 

containing each dye with concentrations 40, 60, 80, 100, 120 and 140 mg/L was 

prepared. At the first step of the investigation using these standard dyes 

solutions calibration curves for each dye was developed. After that, the 

minimum time for the adsorption equilibrium achievement of the dyes was 

estimated during kinetic experiments using 100 mg of each adsorbents 

materials to 100 mL of solution with optical density 1 A.U. of UV-Vis absorbance 

spectroscopy using a JASCO V-550 UV/VIS spectrometer, except for the RB 

dye in which 20 mg of each adsorbent was used in a 100 mL dye solution with 

optical density 1 A.U. of UV-Vis absorbance spectroscopy. Applied calibrations 

involving thermodynamic parameters of adsorption which were obtained were 

then analysed using Langmuir, Freundlich, Tempkin and Dubinin-Radushkevich 

models. The time of these experiments was always longer than the 

achievement time of adsorption equilibrium estimated during the kinetic 

experiments. The thermodynamic investigations were carried out  using a 

mixture of 10 mg of adsorber and 10 mL of aqueous days solutions, (in the case 
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of RB, 5 mg adsorber was employed for 25 mL of RB solutions). The adsorption 

energy was calculated using adsorption experiments at different temperatures 

(25, 35, 45 and 55°C). A desorption experiment was conducted using i) Direct 

thermal regeneration of A800 loaded with dyes, ii) Dye unload and adsorber 

regeneration using distilled water or ethanol at 30 and 50°C and iii) Indirect 

thermal treatment of A800 loaded with the dyes which comprised of 

combination of warm ethanol wash and thermally treatment of the adsorber to 

800oC. Furthermore, the A800 adsorbent was regenerated by means of the 

third procedure of desorption experiment which was successfully reused in the 

dye removal application.    

4.3 Results and discussion  

4.3.1 Calibration curve 

UV-VIS spectra of each dyes solution in wavelength range between 200 and 

900 nm have been recorded using UV-VIS Spectrometer “JASCO V-550 

UV/VIS”. Based on these investigations, the maximum wavelength (λmax) was 

found for each of the dyes. The results are shown in the following Table 4.1. 

The linear relationship between absorption and concentration of a UV-VIS 

active compound is given by Lambert-Beer's law.[285] This law was used for 

the development of calibration curve between each dye absorption at the λmax 

wavelength and its solution concentrations. It has been found that correlation 

coefficients (R2) for the calibration are acceptable with a range between 0.994 

and 0.999 (see Figure 4.1).  

 

 

         Table.4.1: Maximum wavelength for the dyes[282] 

Dye Abbreviation 
Maximum wavelength 

 λmax (nm) 

Procion Yellow H-EXL PY 417 

Remazol Black  RB 595 

Procion Crimson H-EXL  PC 545 

Procion Navy H-EXL PN 607 
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Fig.4.1: Calibration curves for (A) Procion Yellow (PY),（B）Remazol Black (RB), (C) Procion 

Crimson (PC), （D）Procion Navy (PN).  

 

4.3.2 Adsorption kinetic  

In this part of this chapter, the minimum time required to reach the dyes (i.e. PY, 

RB, PC and PN) adsorption equilibrium onto the surface of eight absorbents 

such as three different types of Algibons (A800, A450, A300) and Starbons 

(S800, S450, S300) as well as activated carbon and silica gel were determined. 

To give more details we refer the reader to Table 4.4 indicating the porosimetry 

of the adsorbents used. Another benefit of this investigation was to rank the 

applied adsorbents according to the rate of uptake of the dyes from the 

aqueous solution. Then each dye solution was prepared at a concentration that 

corresponds to one arbitrary unit of UV spectroscopy at the λmax wavelength. 

(100 mg) of each adsorbent was employed for 100 mL of each individual dye 

solution prepared in the previous stage. An exception was made for RB in which 

case only 20 mg of adsorbent was employed for 100 mL of the Remazol black 

solution. 

(A)  (B)  

(C)  (D)  
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Fig.4.2: Percentage of PY adsorption using eight porous materials including A800, A450, A300, 
S800, S450, S300, AC and Silica gel (Sgel) as a function of time. Initial concentration of dye 
corresponds to one arbitrary unit of UV-VIS absorbance of PY solution. 
 

 

Fig.4.3:  Percentage of RB adsorption using eight porous materials including A800, A450, A300, 
S800, S450, S300, AC and Silica gel (Sgel) as a function of time. Initial concentration of dye 
corresponds to one arbitrary unit of UV-VIS absorbance of RB solution. 
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Fig.4.4: Percentage of PC adsorption using eight porous materials including A800, A450, A300, 
S800, S450, S300, AC and Silica gel (Sgel) as a function of time. Initial concentration of dye 
corresponds to one arbitrary unit of UV-VIS absorbance of PC solution. 
 

 

 

 

Fig.4.5: Percentage of PN adsorption using eight porous materials including A800, A450, A300, 
S800, S450, S300, AC and Silica gel (Sgel) as a function of time. Initial concentration of dye 
corresponds to one arbitrary unit of UV-VIS absorbance of PN solution. 
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It was observed that the colour of the dye solutions was reduced with time. To 

follow this kinetic process, a number of samples for UV-VIS measurement were 

taken at 30, 60, 240, 640, 1440, 2880, 4320  minutes. The kinetic curves which 

were obtained are shown in Figures 4.2 to 4.5. 

The primary results of the kinetic investigation indicate that Algibons adsorbent 

at high temperatures could take up the dyes more efficiently than the other 

classes of adsorbents. This is probably due to the different textural properties of 

the adsorbent materials such as surface functionality as well as pore size, pore 

diameter and surface area.  

 

Fig.4.6: The amount of dyes adsorbed by one gram of each adsorbent obtained after 72 hours 
of contact time, with the initial concentration of each dye corresponding to one arbitrary unit of 
UV-VIS absorbance. 
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Fig.4.7: Degree of dyes adsorption by different adsorbents from the solutions after 72 hours of 
contact time, with the initial concentration of each dye corresponding to one arbitrary unit of UV-
VIS absorbance. 

 

Table.4.2: Dye adsorption load (mg g
-1

) by each adsorbent employed as the contact time 
reached (72 hours) for each dye solution concentration which corresponds to one arbitrary unit 
of UV-VIS absorbance 

Adsorption load (mg g
-1

) 

 
 
 
 

Procion 
Yellow (PY) 

Remazol 
Black (RB) 

Procion 
Crimson (PC) 

Procion Navy 
(PN) 

A800 58 141 40 48 

A600 50. 122 33 39 

A450 41 97 17 20 

A300 0.4 0.1 1 0.3 

AC 20 81 8 7 

S800 18 65 7 5 

A450 10 22 9 7 

S300 9.6 27 8 5 

Sgel 0.5 3 0.6 0.3 

 

Dyes 

Adsorbents 



124 
 

It is believed that the fact that the greatest RB uptake took place by the 

carbonaceous materials ( see Fig.4.6 and 4.7) could be due to the smaller size 

and planar structure of this dye. In contrast to RB, the other dyes are larger and 

have a huge 3-D structure (see Fig.4.8 and 4.9, and Table 4.3) as was proved 

by modelling using Hyperchem software[286,287].  

 

     

  

  

 

Fig.4.8: (A), (B) and (C) are three dimensional structures of Procion Yellow (PY) dye as drawn 

by Hyperchem software in space. (D) is the normal structure of Procion Yellow (PY) dye. 
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Fig.4.9: Three dimensional structures of (A) Remazol Black (RB), (B) Procion Crimson (PC) and 

(C) Procion Navy (PN) dyes as drawn by Hyperchem software. 

Table.4.3: Calculation of the axis of each individual dye in space using Hyperchem software 

Dye X axis length  Y axis length Z axis length  

PY 1.32 2 2.2 

RB 2.83 0.75 0.85 

PC 2.06 2.14 2.21 

PN 2.62 1.18 1.14 

 

 

It is noted that the efficiency of the adsorption of the dyes by the carbonaceous 

adsorbents was much better than adsorption by the Sgel (Fig.4.6). This 

observation cannot be explained by surface very good textural properties of 

Sgel, which has a surface area of around 300 m2/g as well as a pore volume 

which is twice as large and its pore diameter is ten times greater than that of the 

 

 

(A) (B) 

(C) 
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activated carbon. Therefore poor Sgel performance could be due to the contrast 

between its surface hydrophilicity and the hydrophobicity of dye molecules.  

It can be seen that, at high temperatures, the prepared Algibons, in particular, 

A800, has the highest dye adsorption rate compared to the other Algibons 

(A300, A450 and A600). This could be due to the highest pore volume,  pore 

diameter of A800 and highest degree of carbon element percent of its 

surface/active sites (see Table 4.4). It has to be mentioned that, according to 

solid state NMR results, the most carbonised Algibons with graphite-like 

structure are also the most hydrophobic ones (see Fig.3.11). This 

hydrophobicity character significantly reduces the water molecules adsorption 

which is formed by means of hydrogen bonding to the oxygen containing 

surface/active sites of A800 adsorbent. Increase in hydrophilicity of the 

adsorbent can enhance the water molecules adsorption onto the adsorbent 

followed by clustering of further water molecules at the surface and sites of 

adsorbents.[288-293] That water clustering can prevent the accessibility of the 

dye species into the minor hydrophobic region of the hydrophilic adsorbent, it 

also lowers the interaction force between the dye molecules and the hydrophilic 

adsorbent.[294-300] This can obstruct the dye species access into the 

mesopores of hydrophilic Algibon. Therefore, the most hydrophobic Algibon 

(A800) allows better π-π interaction between aromatic rings of the bulky dye 

species and electron rich layer of adsorbent.[301] 

This set of phenomena could significantly improve A800 performance in terms 

of adsorption of large aromatic dye molecule. In contrast, the very hydrophilic 

A300 adsorbent has no efficiency in terms of dye uptake, despite the fact that it 

has a high mesopore volume showing that the polar surface functionality of the 

A300 repulses the dye.  

It was found that dye adsorption by the AC was lower than of the A800. The 

functionality of A800 and AC are very similar (see the results of CHN analysis in 

Table.4.4), so the difference between these materials could be explained by the 

high degree of AC microporosity with an average pore diameter twenty times 

smaller than the average diameter of A800. Morover, the exceptional 

mesoporous characteristics of A800 caused the faster rate of large dye uptake 

from the aqueous phase compared to AC.   
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The three dimensional structures of these four dyes are drawn using 

Hyperchem software (Figures 4.8 and 4.9) to logically emphasis the influence of 

the size and shape of the dyes on the adsorbent effectiveness for dye removal. 

According to the molecular structures, it appears that the diameter of the pores 

of the high temperature A800 prepared are very large which allow the bulky 

dyes to enter and diffuse through the mesoporous networking system.  

Table.4.4: Porosimetry and CHN results for the porous adsorbents used in bulky dye adsorption  

Adsorbent 
SBET 

(m
2
/g) 

Pore 

volume 

(cm
3
/g)BJH 

Maximum 

pore 

diameter 

(nm)Ads 

Maximum 

pore 

diameter 

(nm)des 

Micro-

porosity

% 

Meso-

porosity 

% 

CHN test 

C% H% 

A800 555 2.4 27 20 7% 90 82 1.3 

A600 593 2.1 24 23 7.1 91 80 2.3 

A450 457 1.7 22 17 6% 92 73 3.22 

A300 319 1.9 23 17 2% 93 63.8 3.84 

AC 744 0.3 1.3 1.0 78%  10 81 1.17 

Sgel 299 0.7 10.0 8.0 8% 85 -- -- 

Note: Starbons (S300, S450 and S8000) derived from starch were commercially approached. 

They were in storage for long time without well protection from moisture. Therefore, they 

collapsed gradually within 2 years. Porosimetry of S300, S450 and S800 indicated that their 

pore volume were ca (0.1 cm
3
/g) and in macroporous region pore diameter ca (10 nm). 

Mesoporosity % in them were about few percentage. S300, S450 and S800 became extremely 

nonporous. Their surface area were (17 m
2
/g) for S300, (25 m

2
/g) for S450 and (297 m

2
/g) for 

S800. Furthermore, to give more details we refer the reader to look at the figures of adsorption 

isotherm and pore size distribution plots for S300, S450 and S800 as well AC and Sgel in 

appendix four.  

 

The differences between the ability of Algibons and AC in dyes adsorption is 

illustrated in Figure 4.10. The figure is based on nitrogen sorption analysis 

discussed in chapter three and textural properies of A800 and AC presented in 

Table 4.4. It explains how the pore volume and diameter of adsorbent can affect 

the dye uptake efficiency in terms of capturing the large dyes. As can be seen 

from Figure 4.10, the pores of the activated carbon adsorbent  are dramatically 

smaller which limited its ability to take up the larger dyes. Therefore dye 

molecules could not be loaded into the pores of  the  activated carbon.  
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Fig.4.10: Comparison of the size and shape of dye molecule to the pores of A800 and AC. 

4.3.3 Kinetic order model studies 

In order to further understand the dye adsorption, the study of adsorption 

kinetics should be included so as to find an appropriate kinetic model. A lot of 

useful information can be obtained by using different kinetic models for analysis, 

such as chemical reaction, diffusion control and potential rate controlling steps. 

There are a wide variety of models available that can be examined in relation to 

adsorption kinetics. The most widely applied kinetic models are the pseudo-first 

and pseudo second-order models. The conformity between the models 

predicted values and experimental data is expressed by the correlation 

coefficients (R2) value.  

4.3.3.1 Pseudo-first-order model 

For this model the linearised form of the Lagergren pseudo-first-order equation  

is used[302-304]: 

                    

Pore of Algibon 800 Pore of activated carbon 

20 nm 1 nm

27 nm 1.3 nm
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Where Qe is the amount of dye adsorbed (mg/g) at equilibrium, Qt is the amount 

of dye adsorbed at time t (min), k1 (min-1) is the pseudo-first-order rate constant 

of adsorption. A straight line of ln(Qe-Qt) versus t suggests the applicability of 

this kinetic model. 

4.3.3.2 Pseudo-second-order model 

The following equation is used to determine the appropriateness of the pseudo-

second-order model[305,306] for the adsorption process: 

 

  
 

 

    
 
 

 

  
  

Where K2 (g mg-1 min-1) represents the pseudo-second-order rate constant. A 

straight line of t/Qt  versus t suggests the applicability of this kinetic model. 

 

Table.4.5: Pseudo-first-order of kinetic parameters using different porous material adsorbents 

Kinetic parameters of Pseudo first order reaction 

Adsorbent Dyes Qe (mg/g) 
K1*10-3  

(min-1) 
R2 

A800 

PY 82 2.7 0.9538 

RB 331 1.0 0.9574 

PC 72 1.3 0.9730 

PN 57 1.0 0.9117 

 

A450 

PY 63 2.3 0.7925 

RB 112 1.9 0.9021 

PC 17 0.3 0.9403 

PN 33 0.5 0.9749 

 

AC 

PY 18 0.7 0.8865 

RB 87 1.6 0.9927 

PC 38 2.1 0.9105 

PN 11 0.7 0.9179 
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Table.4.6: Pseudo-second-order of kinetic parameters using different porous material 

adsorbents 

Kinetic parameters of Pseudo second order reaction 

Adsorbent Dyes Qe (mg/g) 
K2*10-3  

(g mg-1 min-1) 
R2 

A800 

PY 55 9.1 0.999 

RB 130 3.2 0.993 

PC 34 2.5 0.997 

PN 20 3.1 0.9981 

 

A450 

PY 20 1.3 0.9954 

RB 80 14.3 0.999 

PC 21 15.6 0.991 

PN 13 4.1 0.9926 

 

AC 

PY 12 3.7 0.9927 

RB 59 4.3 0.9992 

PC 9 7.6 0.999 

PN 5 10.6 0.9928 

 

 

From Tables 4.5 and  4.6 for pseudo-first-order parameters and pseudo-

second-order parameters, it can be clearly noticed that the R2 values for 

pseudo-second-order model are better than R2 values for pseudo-first-order 

model. Almost every R2 value for each adsorbent is in the acceptable range 

between 0.991 and 0.999. However, the calculated Qe values in pseudo-

second-order fit better with the experimental data than with the data obtained 

from the first kinetic equation. It indicates that the adsorption process for dye 

removal by these materials belongs to the second order kinetic model. That 

means dye adsorption followed a chemisorption as rate controlling 

mechanism.[307] Because of a strong interaction between the aromatic species 

of dye molecules and the hydrophobic region of the adsorbents.[301]  

4.3.4 Dye adsorption study 
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This part of this chapter deals with the effect of dye concentration on dye 

adsorption load. To illustrate this point in Figure 4.11 the dye adsorption load 

(Qe) is plotted versus concentration at equilibrium (Ce). It is noticed that the 

adsorption load is directly proportional to the increased concentration. This 

could be due to the high mesoporosity of A800 used which allows the bulky 

molecules to load into the large pores of A800. 

 

 

 

 

Fig.4.11: Dye adsorption load versus concentration using A800 for (A) PY, (B) RB, (C) PC and 

(D) PN.  

 

4.3.4.1 Langmuir isotherm model 

The Langmuir adsorption isotherm has been successfully applied to many 

adsorption processes. The linear form of this isotherm is represented by the 

following equations[184]: 

                                         Linear equation:            
  

  
 = 

 

    
 

  

   
        [1] 

Inverse of slope is Qm which is the maximum adsorption capacity of adsorbent 

to remove pollutant. Inverse of ([intercept]*[Qm]) is constant of equilibrium.   

(A) (B) 

(C) (D) 
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        [2] 

Where Ce is the adsorbate concentration at equilibrium (mg/L), Qe the 

adsorption load at equilibrium, K is constant of equilibrium. Qm is the maximum 

monolayer adsorption capacity of the solid (mg/g). 

This model assumes a 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 

that, once an adsorbate molecule is occupying this site, no further adsorption 

can take place on it.[308] 

The essential characteristics of a Langmuir isotherm can also be expressed by 

a dimensionless constant called a separation factor or equilibrium parameter, 

RL, defined by Weber and Chakkravorti as follows[309]: 

 

   
 

       
         [3] 

 

 

Table.4.7: Equilibrium parameter (RL) value pretending for Langmuir isotherm model 

Value of RL Type of isotherm 

RL> 1 Unfavourable 

RL= 1 Linear 

0<RL< 1 Favourable 

RL= 0 Irreversible 

 

 

4.3.4.2 Freundlich adsorption isotherm model 

KF can be defined as the adsorption or distribution coefficient and represents 

the quantity of dye adsorbed onto A800 for a unit equilibrium concentration. Qe 

is the amount of dye (mg) adsorbed by a gram of a solid material. This model 

describes multilayer adsorption.[185] The slope 1/n ranging between 0 and 1 is 

a measure of adsorption intensity or surface heterogeneity, becoming more 

heterogeneous as its value gets closer to zero. A value for 1/n below one 

indicates a normal Langmuir isotherm while 1/n above one is indicative of 

cooperative adsorption.[310] 
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            [4] 

4.3.4.3  Temkin adsorption isotherm model 

A Temkin isotherm contains a factor that explicitly takes into account the 

adsorbent-adsorbate interactions. The heat of adsorption of all the molecules in 

the layer would decrease linearly with coverage due to adsorbent-adsorbate 

interactions. The adsorption is characterized by a uniform distribution of binding 

energies, up to some maximum binding energy. The Temkin isotherm is 

expressed as follows[311, 312]: 

   
  

 
    

  

 
            [5] 

where RT/b= B (J/mol), which is the Temkin constant related to heat of sorption 

whereas A (L/g) is the equilibrium binding constant corresponding to the 

maximum binding energy. R (8.314 J/mol K) is the universal gas constant and T 

is the absolute solution temperature in Kelvin. 

 4.3.4.4 Dubinin-Radushkevich (D-R) adsorption isotherm model 

The Dubinin and Radushkevich model can be used to describe adsorption onto 

porous solids. It assumes that there is not an homogeneous surface on the 

adsorbent. Assuming that the adsorption is limited to a monolayer, the D-R 

equation can be used to estimate the energy of adsorption. The equation is 

expressed as follows: 

      
            [6] 

The linear form of the equation was used to model the adsorption as 

follows[313,314]: 

 

                     [7] 
 

          
 

  
          [8] 

 

Where Qm signifies the monolayer saturation capacity (mg/g) and K 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 equation: 
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        [9] 

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. 

According to equations (1, 4, 5 and 6) of the adsorption isotherm model, all 

results are summarised in Tables 4.8-4.10 for A800’s, A450's and Ac's isotherm 

parameters. Those R2 values of the Langmuir isotherm for PY, RB, PC, PN 

which were obtained are in an acceptable range between 0.992 and 0.999. 

These four values of the correlation coefficient are higher than R2 in the other 

three isotherms modes. In all cases, the Langmuir equation yielded the best fit 

of experimental data compared to the other isotherm models. This indicates that 

the dye molecules formed monolayer coverage on the adsorbent.[308] It 

indicates that the adsorbents have a uniform shape and size and dye molecules 

was adsorbed equivalently on the sites and interior pores of the adsorbent 

materials with may be no sidelong interaction and steric hindrance between the 

adsorbed dye molecules.[315]  

In addition, the Qm values calculated from Langmuir model fitted well with the 

experimental data. Further information from Freundlich model confirms the well 

fitted applicability of the Langmuir model for the dye removal. This is because 

all the 1/n values from the Freundlich model are between 0 and 1 which 

indicates a normal Langmuir.[310] Equilibrium parameter (RL) values for the 

Langmuir isotherm model can be calculated based on the initial concentration of 

dye solution and the K (constant of equilibrium) found in Tables 4.8-4.10. (Plots 

of all of these experiments are listed in the Appendix four).  

 

Table.4.8: Employing A800 and using different isotherm models to describe adsorption 

A800 PY RB PC PN 

Langmuir: 
  

  
 = 

 

    
 

  

  
  

K(L/mg) 0.6523 0.0615 0.1437 0.1214 

Qm (mg/g) 84.7 355 84 65.1 

R
2
 0.999 0.994 0.993 0.992 
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Freundlich:           
 

 
     

KF 48 62.8 16 19.58 

1/n 0.16476 0.3733 0.32004 0.2441 

R
2
 0.95 0.91 0.96 0.916 

Tempkin:    
  

 
    

  

 
     

B (J/mol) 10.3814 80.36384 14.824 10.828 

A (L/g) 94 1.81 1.080 2.31 

R
2
 0.91 0.84 0.92 0.86 

D-R:               

Qm (mg/g) 95 320 70 56.2 

Kx10
-3

 (mol
2
/J

2
) 1.6 4.1 2.6 1.9 

E (J/mol) 2 0.35 0.4385 0.513 

R
2
 0.683 0.91 0.84 0.781 

Table.4.9: Employing A450 and using different isotherm models to describe adsorption 

A450 PY RB PC PN 

Langmuir  

K (L/mg) 0.0977 0.15208 0.0133 0.043 

Qm (mg/g) 72 146.8 23.6 40.3 

R
2
 0.997 0.994 0.994 0.992 

Freundlich  

KF 18.8 72.7 17.6 4.188 

1/n 0.31281 0.1444 1.7563 0.8548 

R
2
 0.98 0.51 0.93 0.92 

Tempkin 

B (J/mol) 15.303 0.1438 16.608 7.579 

A (L/g) 1.2 0.2234 33.7 19.595 

R
2
 0.96 0.44 0.90 0.88 

D-R 

Qm (mg/g) 67 145 31 20.82 

Kx10
-3

 (mol
2
/J

2
) 2.5 2.25 4.28 2.15 

E (J/mol) 0.63 0.47 3.3 0.153 

R
2 
 0.88 0.38 0.90 0.871 

 

Table.4.10: Employing AC and using different isotherm models to describe adsorption 

AC PY RB PC PN 

Langmuir  

K (L/mg) 0.1439 0.1554 0.1931 0.3635 

Qm (mg/g) 29 104.1 17.6 8 

R
2
 0.997 0.996 0.95 0.992 
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Freundlich  

KF 17 18.1 1.42 9.188 

1/n 0.101 0.15146 0.103 0.055 

R
2
 0.68 0.6 0.86 0.25 

Tempkin 

B (J/mol) 2.5074 15.317 9.44937 0.4232 

A (L/g) 393 0.3541 15.5 8.56 

R
2
 0.5 0.74 0.79 0.21 

D-R 

Qm (mg/g) 27 87 24.48 3.3 

Kx10
-3

 (mol
2
/J

2
) 1.62 2.64 1.5 1.76 

E (J/mol) 0.6 0.44 0.181 0.533 

R
2
 0.42 0.83 0.77 0.15 

All the RL values were between 0 and 1, indicating that the adsorption of dye on 

the prepared A800 was favourable at the conditions being studied. For 

example, for PC dye adsorption using A800, as the initial concentration 

increased from 40 to 140 mg/L, the RL values decreased from 1.482x10-3 to 

4.74x10-4. This indicated that adsorption was more favourable at higher 

concentrations.[316] 

4.3.5 Thermodynamics parameters for the adsorption 

Thermodynamics is a tool in science used to describe processes that involve 

changes in temperature, transformation of energy, and the relationships 

between heat and work. Therefore, in order to understand dye adsorption in this 

chapter, the thermodynamic parameters such as enthalpy (ΔH) and entropy 

(ΔS) of adsorption are calculated. The parameters in this section can be used 

for the temperature effect on dye adsorption using the following equations[317]: 

                        

      
  

  
 
  

 
              

Where K is the equilibrium constant obtained for each temperature from the 

Langmuir model, R is the molar gas constant (8.314 J/mol K) and T is the 

absolute temperature. ΔH and ΔS were obtained from the slopes and intercepts 

of the linear plots of InK against 1/T. ΔH is the amount of energy gained or 

released as adsorption takes place between the adsorbate-adsorbent. ΔS 



137 
 

presents the degree of disorder or freedom at solid/liquid interface. These 

thermodynamic parameters are described as follows[318]: 

ΔH= - value, which means that the adsorption between the adsorbate and 

adsorbent is exothermic. ΔH= + value, which means the adsorption between the 

adsorbate and the adsorbent is endothermic. 

ΔS= + value, which means the adsorption is spontaneous. ΔS= - value, which 

means the adsorption is non-spontaneous. ΔG= - value means adsorption is 

spontaneous and vice verse. 

4.3.6 Thermodynamic analysis of dyes adsorption  

Further work was done to find thermodynamic parameters of adsorption such as  

energy (Eads) and entropy (ΔSads) of adsorption using the two most promising 

adsorbers (A800 and AC). Langmuir equilibrium constants for each dye-

carbonaceous system (i.e. RB-A800, RB-AC, PY-A800, PY-AC etc.) were 

obtained using the method described in section 4.3.4.1 for each dye at 

temperatures 25, 35, 45 and 55 oC respectively (Plots of all of these 

experiments are listed in the Appendix four). The constants of equilibrium 

together with the maximum dye adsorption values obtained for each 

experimental system can be found in Tables 4.11- 4.14. It can be noticed from 

these tables that the correlation coefficient (R2) for all experiments is within an 

acceptable range (above 0.990). 

 

   

Table.4.11: Results obtained for Procion Yellow (PY) dye when adsorption took place at 

different  temperatures employing A800 and AC 

Using A800 adsorbent for PY: Adsorption was done at 25, 35, 45 and 55 oC 

T 
o
C Qm (mg/g) K (L/mg) R

2
 

Eads (Enthalpy)= -9 KJ/mol 

Entropy= 32.1 J/mol K 

25 84.7 0.6523 0.997 

35 84.5 0.5428 0.99 

45 81.2 0.5189 0.991 

55 80 0.4689 0.96 

Using AC adsorbent for PY: Adsorption was done at 25, 35, 45 and 55 oC 

25 29.1 0.1439 0.993 
Eads (Enthalpy)= -51.2 K J/mol 

Entropy= 188.3 J/mol K 

 

35 29 0.0593 0.991 

45 27.6 0.04118 0.96 

55 26 0.01998 0.94 
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Table.4.12: Results obtained for Remazol Black (RB) dye when adsorption took place at 

different temperatures employing A800 and AC 

Using A800 adsorbent for RB: Adsorption was done at 25, 35, 45 and 55 oC 

T 
o
C Qm K (L/mg) R

2
 

Eads (Enthalpy)= -17.6 KJ/mol 

Entropy= 37 J/mol K 

 

25 355 0.0615 0.995 

35 356 0.048 0.992 

45 348 0.038 0.993 

55 332 0.0323 0.91 

Using AC adsorbent for RB: Adsorption was done at 25, 35, 45 and 55 oC 

25 104.1 0.1554 0.996 
Eads (Enthalpy)= -46.7 K J/mol 

Entropy= 172.3 J/mol K 

 

35 104.3 0.08593 0.99 

45 101 0.04152 0.991 

55 98 0.02928 0.95 

 

 

Table.4.13: Results obtained for Procion Crimson (PC) dye when adsorption took place at 

different temperatures employing A800 and AC 

Using A800 adsorbent for PC: Adsorption was done at 25, 35, 45 and 55 oC 

T 
o
C Qm K (L/mg) R

2
 

Eads (Enthalpy)= -26 KJ/mol 

Entropy= 113.2 J/mol K 

 

25 84 0.20158 0.998 

35 84 0.05651 0.995 

45 82 0.03778 0.991 

55 80 0.02179 0.96 

Using AC adsorbent for PC: Adsorption was done at 25, 35, 45 and 55 oC 

25 17.6 0.1931 0.99 
Eads (Enthalpy)=  -37.2 K J/mol 

Entropy= 138.7 J/mol K 

 

35 18.1 0.1191 0.991 

45 18.2 0.06128 0.993 

55 15.5 0.05278 0.98 

 

Table.4.14: Results obtained for Procion Navy (PN) dye when adsorption took place at different 

temperatures employing A800 and Ac 

Using A800 adsorbent for PN: Adsorption was done at 25, 35, 45 and 55 oC 

T 
o
C Qm K (L/mg) R

2
 

Eads (Enthalpy)=  -8.2 KJ/mol 

Entropy= 46.8 J/mol K 

 

25 65.2 0.1214 0.994 

35 65.3 0.1129 0.996 

45 62 0.09721 0.993 

55 60 0.08911 0.97 

Using AC adsorbent for PN: Adsorption was done at 25, 35, 45 and 55 oC 

25 9 0.3635 0.995 
Eads (Enthalpy)= -13.7  K J/mol 

Entropy= 54.2 J/mol K 

 

35 8.8 0.3199 0.997 

45 8 0.2743 0.99 

55 6.5 0.2179 0.95 
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The linear dependencies of equilibrium constants obtained according to the 

temperature of the experiment in Arrhenius coordinates (lnK versus the inverse 

of the temperature (T in Kelvin degree) for A800 are shown in Figure 4.12. The 

energies of adsorption (from  gradients) and entropy of adsorption (from 

intercepts) were found from these linear plots. The same procedure was 

repeated for AC.  

Energy of adsorption (Eads) found was distinctly smaller for A800 than of AC. 

This could be explained by the high degree of activated carbon (AC) 

microporosity. This means that, when the dye molecules are trapped in the 

mesoporous system of  the material with a low degree of microporosity (e.g 

A800), the  number of interactions made between the dye molecule and the 

adsorbent surface  would be less than the numbers of interaction made 

between the dye species and surface of materials with high degree of 

microporosity (e.g. AC). A negative value of the enthalpy for all the systems 

implies that the dye adsorption process is exothermic (favourable) in nature.   

 

 

 

 

 

 

 

 

 

 

 

Fig.4.12:  LnK versus 1/T(K) for (A) PY, (B) RB, (C) PC and (D) PN adsorption using A800. 

 

(A)  (B)  

(C)  
(D)  
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As was mentioned above in 4.3.5, the ΔS is corresponding the degree of 

disorder at solid/liquid interface. All obtained ΔS values are positive which 

demonstrate that the dye adsorption process was accompanied by a disorder 

degree which increased within the solid/liquid interface.[319] A number of 

degrees of freedom had to be reduced for the dyes during the adsorption. 

Therefore the interface disordering could be relevant to the process of water 

molecule release. This process of water molecules replacement on the 

adsorbent surface will massively increase the entropy of the system due to a 

large number of molecules of water which were displaced as molecules of the 

dyes were adsorbed. In this case, the actual value of the entropy of adsorption 

would depend on the shape, size, nature of the dyes and the adsorbent 

materials.  

Altogether experimental results demonstrate that ΔG values obtained are 

negative at all the temperatures (see Table 4.15). This indicates the  

thermodynamic feasibility and spontaneity of the dye adsorption.[320] The fact 

that the changes in free energy increases with an increase in temperature was 

also noted. This could be explained in terms of how  the  dye molecules diffused 

more rapidly from the liquid phase across the solid/liquid interface or external 

boundary layer and  the internal pores of the adsorbent particles.[321] Another 

possible explanation may be because of the activation of more sites on the 

surface and interior pore wall of the adsorbents with increase in temperature, 

which might also cause a quicker rate of dye adsorption. 

This explanation would mean that rate of dye adsorption could be faster with an 

increase in temperature which could cause a faster reaction between the dyes 

and adsorbents. But an increase in the temperature of the system decreased 

the maximum dye adsorption. Because elevating temperature might lower the 

force of adsorption between the dye molecules and the adsorbent.[322]  

This means that the faster rate of dye uptake is more favourable with an 

increase in temperature, while the maximum dye adsorption is less 

favourable as temperature is increased.    

It is concluded that enthalpy is negative and entropy is positive caused a 

negative Gibbs free energy for all dyes adsorption process system. Process like 
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that is favoured by both enthalpy and entropy terms which should be favourable 

or spontaneous. 

Table.4.15: Free energy obtained for the dyes at different temperatures using A800 and AC 

adsorbents 

Dyes and adsorbents 
used 

ΔG (KJ/mol ) 

25 
o
C 35 

o
C 45 

o
C 55 

o
C 

PY using A800 -18.536 -18.856 -19.176 -19.496 

PY using AC -107.224 -109.104 -110.984 -112.864 

 

RB using A800 -28.626 -28.996 -29.366 -29.736 

RB using AC -97.956 -99.676 -101.396 -103.116 

 

PC using A800 -59.674 -60.804 -61.934 -63.064 

PC using Ac -78.324 -79.704 -81.084 -82.463 

 

PN using A800 -21.908 -22.368 -22.828 -23.288 

PN using AC -29.792 -30.332 -30.872 -31.412 

 

In addition, the comparison and contrast between the adsorbent dye coverage, 

surface availability% and energy of adsorption (Eads) for A800 and AC are given 

in Table 4.16. The surface coverage is lower than 100% for each dye. 

Therefore, the table demonstrates that, in all cases, monolayer adsorption took 

place. It is also very important to note that dye surface coverage for AC is 

always significantly lower than for A800 which is in agreement with high 

adsorption by the Algibon.    

 

Table.4.16: Comparison between surface area of adsorbent dye coverage and energy of 

adsorption for A800 and AC adsorbers employed in dye removal 

Dye 

A800 Dye 

coverage 

(m2/g) 

A800 

Surface 

availability

% 

Eads for 

A800 

(KJ/mol) 

 

Ac Dye  

coverage 

(m2/g) 

AC 

Surface 

availability

% 

Eads for 

Ac  

(KJ/mol) 

RB 499 90% 17 47 20% 46.7 

PY 136 25% 9 43 6% 51.2 

PC 149 27% 26 32 4% 37.2 

PN 169 30% 8.2 21 3% 13.7   
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4.3.7 Dye desorption experiment  

The target of this experiment was to investigate an opportunity to recover dyes 

adsorbed by the A800 material. A800 was chosen for the dye desorption 

experiment since it has demonstrated the maximum dye adsorption capacity. 

Firstly, adsorption of dye was carried out according to the methodology 

explained below: 1000 mg of each dye was individually dissolved in a sufficient 

amount of distilled water in a 500 mL volumetric flask and filled to the mark with 

distilled water. Before the adsorption experiment, 2.5 mL of  each concentrated 

dye was diluted in 100 mL volumetric flask and measured using UV-VIS 

spectrometer. These measurements were recorded as initial absorbance (Ao) of 

the dyes. 

To undertake the adsorption experiment, 250 mL of each individual 

concentrated dye was added into a 500 mL sized bottle flask reactor containing 

1 gram of A800. Then adsorption was run for 72 hours with constant stirring. 2.5 

mL of the filtrate of each dye solution, after adsorption had been carried out, 

was taken and then diluted into 100 mL. It was measured by UV-VIS 

spectrometer. These measurements was recorded as absorbance (Ai) of the 

dyes after adsorption for 72 hours. Then the amount of dye adsorbed by A800 

was found.  

The A800 loaded with the individual dye was filtrated and freeze dried. The 

regeneration of A800 used was carried out using three different techniques: i) 

Direct thermal treatment, ii) Dye recovery and adsorbent regeneration using 

solvent and iii) Indirect thermal treatment of A800 loaded with dye: it comprised 

a combination of warm ethanol (50 oC)  followed by  Starbon thermal treatment  

at 800oC. The third  procedure was the most successful. This regeneration 

procedure of A800 yielded a very good result in which the pores of the A800 

were preserved. The regenerated A800 was successfully reused in dye removal 

application. The following steps were conducted to unload the dyes in the case 

of A800. 

4.3.7.1 Direct thermal regeneration of A800 loaded with dyes 

After dye adsorption experiment took place the A800 was filtered out and freeze 

dried. The success of the approach was estimated by nitrogen adsorption 
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analysis of the A800 sample contaminated  with the dyes. The results measured 

are shown in Table 4.17 and Figure 4.13   

Table.4.17: Porosity analysis results for the initial A800 and the A800 loaded with the dyes 

Materials 
SBET 

(m
2
/g) 

Pore volume 

(cm
3
/g)BJH 

Pore 

diameter 

(nm)Ads 

Pore 

diameter 

(nm)des 

Meso-

porosity% 

Initial A800  426 0.84 15.1 14.4 73 

A800 loaded with PY dye 284 0.21 92 49 5.6 

A800 loaded with RB dye 303 0.17 82 45 4.1 

A800 loaded with PC dye 324 0.199 86.5 46 5.2 

A800 loaded with PN dye 281 0.188 87.3 46.0 4.5 

 

 

 

Fig.4.13: Pore volume of the initial Algibon A800(i)  before use in adsorption application,  A800 

loaded with PY dye (A800+PY), A800 loaded with RB dye (A800+RB), A800 loaded with PC 

dye (A800+PC), A800 loaded with PN (A800+PN).  
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Fig.4.14: dV/dD pore volume (cm
3
/g) versus diameter (nm) for (A)  initial A800, (B) A800 loaded 

with PY, (C) A800 loaded with RB, (D) A800 loaded with PC and (E) A800 loaded with PN. The 

blue line colour presents adsorption pore size distribution (dV/dD), the red line colour presents 

desorption pore size distribution (dV/dD). 

It is observed that the pore volume of A800 loaded with the dyes decreased 

significantly compared to the initial A800 adsorbent before use (see Table.4.17).  

(A) (B) 

(C) (D) 

(E) 



145 
 

 

Fig.4.15: TG plot of initial A800 (black colour line 1), A800 loaded with: PN dye (grey colour line 

2),  PC dye (cyan colour line 3), RB dye (blue colour line 4) and PY dye (red colour line 5).  

This is generally due to the dye molecules accumulating in the pores resulting in 

a massive reduction in the size of the pores in the mesoporous region of A800. 

Therefore, in order to regenerate the adsorbent directly, thermal treatment of 

A800 loaded with the dyes was conducted at 10 oC/min. from room temperature 

to 800 oC (see TG plot in Fig.4.15). It is seen that mass loss for samples 

containing dyes almost levelled off while the original A800 did not change up to 

800 oC. 

The most important point to make is that the observed changes are quite small 

and corresponds to a few percentage of the adsorbed dye. This shows that the 

dyes are not desorbed as complex organics, but rather the dyes are not 

decomposed, possibly involving reaction with the support material. 

Furthermore, the porosimetry results of the direct thermally treated A800 can be 

found in Table 4.18. This shows that direct treatment of the adsorber loaded 

with dyes does not help to  regenerate the A800 nor recover the captured dyes. 

 

 

 

1 
2 

3 

5 
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Table.4.18: Porosity analysis results for the initial A800 and the direct thermally treated  A800 

loaded with the dyes 

Materials SBET (m
2
/g) 

Pore volume 

(cm
3
/g)BJH 

Pore diameter 

(nm)Ads 

Pore 

diameter 

(nm)des 

Initial A800  426 0.84 15.1 14.4 

Direct thermally treated 

A800 loaded with PY dye 
Not performed Not performed Not performed 

Not 

performed 

Direct thermally treated 

A800 loaded with RB dye 
Not performed Not performed Not performed 

Not 

performed 

Direct thermally treated 

A800 loaded with PC dye 
Not performed Not performed Not performed 

Not 

performed 

Direct thermally treated 

A800 loaded with PN dye 
Not performed Not performed Not performed 

Not 

performed 

 

4.3.7.2 Dye unload and adsorber regeneration using solvent  

It was noticed in 4.3.7.1 that direct thermal treatment of the A800 loaded with 

the dyes had not been successful. Therefore, It was proposed to apply a 

desorbent, including water, as the cheapest inorganic solvent and then ethanol 

as a green renewable and environmental friendly organic solvent to carry out 

the regeneration of the adsorbent material.  

 

Fig.4.16: Desorption process. 

Mixed at 2 rpm 
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+
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Firstly desorption of the A800 loaded with the dyes  was  conducted using 

distilled water (D.W) at 30 and 50 oC at low stirring rate (2 rmp) to test the 

temperature influence on desorption process. In addition, desorption of the dyes 

was conducted at both temperatures employing ethanol to test the desorption 

efficiency of both desorbing agents to unload the dyes from the A800 and 

regenerate the adsorbent material used.  

It was found that a temperature of 30 oC resulted in the desorption of small 

amounts of the dyes loaded with the A800 into the water aqueous phase. At 50 

oC the desorption percentage increased by a few percent. The desorption 

percentage when ethanol was used was greater than that using water. Ethanol 

desorption efficiency  at 50 oC was approximately 5% greater than of employing 

ethanol at 30 oC. Plots 4.17-4.21 demonstrate the competition between water 

and ethanol desorbents at both temperatures 30 and 50 oC. 

 

 

Fig.4.17: Procion Yellow (PY)  desorption% using water and ethanol at 30 and 50 
o
C. 
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Fig.4.18: Remazol Black (RB) desorption% using water and ethanol at 30 and 50 
o
C. 

 

 

Fig.4.19: Procion Crimson (PC) desorption% using water and ethanol at 30 and 50 
o
C. 
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Fig.4.20: Procion Navy (PN) desorption% using water and ethanol at 30 and 50 
o
C. 

 

 

Fig.4.21: Total dyes desorped% using water and ethanol at 30 and 50 
o
C. Des1: H2O at 30 

o
C, 

Des2: H2O at 50 
o
C, Des3: EtOH at 30 

o
C and Des4: EtOH at 50 

o
C. 



150 
 

Figures 4.17 to 4.21 demonstrate that a H2O desorbent at 30 oC can desorb the 

dyes up to certain levels between (6% for PC), (10% for PY), (11% RB) and 

(9% for PN), and its efficiency to desorb the dyes at 50 oC is increased by a few 

percent. This may be due to the better diffusion of warm water molecules 

through the hydrophobic A800 loaded with the dyes  which caused the loaded 

dyes to become soluble. 

Ethanol desorbes dyes better probably due to its good miscibility with 

hydrophobic and hydrophilic media. This diffusion was enhanced as the 

temperature of the system was increased to 50 oC which would cause the warm 

ethanol molecules to accelerate and penetrate better through the A800 loaded 

with the dyes.  

Unfortunately, depending on the desorption study it was observed that these 

bulky dyes could only be unloaded up to a certain level which was just around 

20% even with the use of warm ethanol. Therefore, the next step used for 

regenerating the Agibon used will be carried out by applying a combination of 

warm ethanol wash and thermal treatment. 

4.3.7.3 Indirect thermal treatment of A800 loaded with dye 

In this section, the loaded A800 with the dyes (0.5 gm) was firstly washed with 

warm ethanol at (50 oC) a few times to remove as much loaded dye as possible. 

It was then thermally treated in Netzsch by running and controlling a 

temperature programme (10 oC per minute up to 800 degree) under nitrogen 

gas.  A combination of warm ethanol wash and then thermal treatment aimed to 

regenerate the A800 by thermal decomposition of the dyes. In this case, 

thermal decomposition of two dyes was carried out. One of these was a large 

bulky dye called Procion Crimson (PC); the other one was RB which is the 

smallest bulky dye among the dyes used.   

There is a TG figure of regenerated A800 loaded with the PC and RB dyes 

which were thermally treated  to 800 oC (see Figure 4.22), after warm ethanol 

wash had been done. There is a significant mass loss in lines 2 and 3 

compared to the initial A800 (line 1). This seems to have occurred due to the 

thermal decomposition of the organic dyes in A800. Reason for excellent 

thermal decomposition of dyes in A800, after warm washing with ethanol, would 

relate to the  miscible character of ethanol. Throughout desorption process, 
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ethanol at 50 oC could better undergo diffusion through the major part of the 

adsorbent. This could partially solublise some quantities or volumes of the dyes 

already loaded into the mesoporous hydrophobic region of Algibon. Therefore, 

this desorption using ethanol could assist in partly deblocking and reconnecting 

the inner nanostructured channel networking system of Algibon. Thereafter, 

throughout under nitrogen thermal treatment of the polluted A800 ethanol 

washed, the flow N2 gas goes through the partially deblocked or reconnected 

nanostructured Algibon loaded with dyes. This caused the stream of nitrogen 

gas gradually evacuated the volatiles and gases emitted from the polluted A800 

during the thermal dye decomposition up to 800 oC. This avoids the volatiles, for 

examples water, being collected and condensed in the pores of the thermally 

treated Algibon.  

 

Fig.4.22: The TG figure of initial A800 is the black colour line 1, indirect thermal treatment of 

A800 loaded: with RB is the blue colour line 2,   with PC dye is the cyan colour line 3. 

 

 

Nitrogen adsorption analysis (porosimetery) was measured (see Table 4.19) for 

regenerating A800 by indirect thermal treatment. In Figure 4.23 the pore volume 

of A800 loaded with each single dye was plotted as well as compared to the 

pore volume of the initial Algibon A800(i) and the regenerated Algibon A800 (r).  

Fortunately, one of the important aims of the research was achieved since this 

1 

2 

3 
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method of regeneration yielded a promising outcome since it was able to 

thermally decompose the organic dye in the pores of A800. According to the 

results obtained, the porous structure of the thermally regenerated A800 was 

maintained and was similar to the initial A800 before use.  

 

Table.4.19: Porosity analysis results for the initial Algibon A800(i), Algibon loaded with dyes and 

the indirect thermaly regenerated Algibon A800(r)  

Materials 
SBET 

(m
2
/g) 

Pore 

volume 

(cm
3
/g)BJH 

Pore 

diametre 

(nm)Ads 

Pore diameter 

(nm)des 

Meso-

porosity% 

Initial Algibon A800(i)  426 0.84 15.1 14.4 73 

A800 loaded with PY dye 284 0.21 92 49 5.6 

A800 loaded with RB dye 303 0.17 82 45 4.1 

A800 loaded with PC dye 324 0.199 86.5 46 5.2 

A800 loaded with PN dye 281 0.188 87.3 46.0 4.5 

Indirect thermally 

regenerated Algibon A800(r) 
420.7 0.85 15 14.88 72.5 

 

Fig.4.23: Pore volume of the initial Algibon A800(i)  before use in dye adsorption application,  

A800 loaded: with PY dye (A800+PY), with RB dye (A800+RB), with PC dye (A800+PC), with 

PN (A800+PN) and indirect thermally regenerated Algibon A800 (r). 
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Fig.4.24: dV/dD pore volume (cm
3
/g) against pore diameter for (A) initial Algibon A800(i) and (B) 

indirect thermally regenerated Algibon A800(r). The blue line colour presents the adsorption 

pore size distribution (dV/dD), while the red line colour presents the desorption pore size 

distribution (dV/dD). 

 

 

4.3.8 Re-employing regenerated A800 for dye adsorption application 

This section gives information on the dye adsorption capacity for the 

regenerated Algibon adsorbent A800(r) which was restored by indirect thermal 

treatment. 

The regenerated Algibon A800(r) was employed to remove dyes in water 

stream and compared to the initial Algibon A800(i). To do this,  10 mg of 

A800(r) was employed into 10 mL of each individual PN dye solution 

concentration (40, 60, 80, 100, 120 and 140 mg/L) and the adsorption took 

place for 72 hours with constant stirring. But in case of RB dye, only 5 mg of 

A800(r) was employed into 25 mL of different RB dye solution concentration 

(40, 60, 80, 100, 120 and 140 mg/L) and held for 72 hour with constant 

agitation. Then a Langmuir model was applied to find the dye maximum 

adsorption capacity by A800(r). The same steps were repeated for both dyes 

using initial Algibon A800 (i).   

The results are presented in Table 4.20, (Plots of all of these experiments are 

listed in the Appendix four), show that the regenerated Algibon A800(r) has a 

similar dye adsorption capacity to the initial Algibon A800(i).  This means that 

the A800(r) can be reused for dye removal in water streams successfully. Re-

employing the regenerated adsorbent for water treatment could have some 

advantages including a reduction in the cost of A800 production, saving the 

(A) (B) 
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wasting of solvents and time as well as effort to generate A800 from the 

expanded alginic acid precursor.  

 

Table.4.20: Comparing dye adsorption capacity by using the A800(r)  and the  A800(i)  

A800 (i) RB PN 

Langmuir 

K(L/mg) 0.1142 0.7107 

Qm (mg/g) 207 56 

R
2
 0.995 0.998 

 

A800 (r) RB PN 

Langmuir 

K(L/mg) 0.1243 0.6843 

Qm (mg/g) 198 54 

R
2
 0.993 0.996 

 

4.4 Conclusion  

Mesoporous carbonaceous materials, which had been derived from the 

expanded alginic acid precursor mentioned in chapter three,  were employed in 

the adsorption of bulky organic dyes from water. The maximum dye adsorption 

capacity using A800 was compared to the activated carbon (AC). Its 

effectiveness for large dye uptake was compared magnificently better to the 

activated carbon. This is due to a high degree of mesoporosity and the unique 

surface functionality of the A800 used.  

It was noticed that the adsorption between the adsorber and the substrates 

depends on the nature of the adsorbent, shape and size of the dye molecules. 

For instance, the adsorption capacity of RB dye by the adsorbents used was 

greater than the PY dye. This is due to the planar dimensional molecular 

structure of the RB compared to the molecular structure of PY which  is bulkier 

and not planar in structure. This would mean that this dye cannot be captured 

as much or as well as was captured in the case of RB. It was found that the 

best type of adsorption isotherm model was the Langmuir model which 
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demonstrated that the adsorbent particles were uniform and that the type of 

adsorption was a monolayer adsorption. This means that the dyes were 

adsorbed as a single layer would be without lateral interaction between the 

adsorbed dye molecules. 

 

Fig.4.25: Dye adsorption in water stream using A800 and then regenerated A800 reuse in bulky 

dye removal application. 

It is proposed that the mechanism of adsorption is π-π interaction between the 

aromatic like layer of the A800 adsorbent and the dyes.  

It was demonstrated that the dye adsorption process at room temperature 

yielded a very good set of dye removal results. This is feasible for research and  

industry because it reduces energy consumption and the cost of dye adsorption 

treatment. Another interesting point is that A800 required less energy of 

adsorption compared to the Ac due to the less microporous properties of A800.  

Desorption experiment revealed that dye desorption could be carried out using 

ethanol. Warm ethanol at 50 oC had better efficiency than ethanol at 30 oC. 

Desorption using ethanol showed better efficiency than water in both 

temperatures (30 and 50 oC). Indirect thermal treatment of A800 loaded with 

dye, which consists of warm ethanol wash and thermal pyrolysis, regenerated 

A800. The regenerated Algibon is called A800(r) and has a very good textural 

property in which the pore volume and diameter are similar to the initial Algibon 
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A800(i). This means A800 is very stable and its pores structure is preserved 

from collapsing throughout the entire processes.  

The regenerated Algibon A800(r) obtained was re-employed to capture the dyes 

from water. The maximum dye adsorption capacity by the regenerated Algibon 

A800(r)  is similar to the initial Algibon A800(i).  

These critical and important results can have value in repair of the world where 

water pollution is due to large organic contaminants is a major problem. The 

ability to use material that can be derived from natural resources and their 

relative ease of regenerability and reuses are constituent with the modern trade 

toward a Circular Economy.  
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CHAPTER FIVE 

Starbon Technology Used in Recovery of Metals From Waste Water 
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5.1 Introduction 

This part of the project involved the use of the developed Starbon 

materials[323] to capture the metals mentioned on the EU’s critical list of 

elements[324,325]. These metals are increasingly used in novel industrial areas 

such as the production of electric cars, energy saving light bulbs, fuel cells, 

catalytic converters, photovoltaic cell, generators (i.e. for wind, tidal and wave 

turbines), alloy in aircraft turbines industry, medical applications, catalysts as 

widely used in the chemical and related industries  and many other types of 

industry which have grown rapidly during last few decades due to the demand 

for low carbon technologies and their importance for the development of a 

modern economy.[325-327] These elements are in shortage because of their 

vast usage and limited existence in a few geographical locations on the earth 

(see figure 5.1).[328] These elements are at great risk since it has been 

reported that some of them will run out within the next 50 years.[329-331] 

Therefore, the discovery of a proper methodology to capture such elements 

from the solid waste materials is vital for the protection of valuable resources, 

since metals can be recycled in the environment without losing their important 

properties.  

However, although there are many conventional processes used for heavy 

metals recovery from wastewater, they are not specific (all metals removed 

altogether as a sludge), especially for dilute solutions and, in many cases, 

removing them requires high energy consumption [332,333]. 

The objective of this chapter was to screen the variety of carbonaceous 

materials derived from native polysaccharides (e.g. starch and alginic acid) in 

the metals adsorption from the water stream which resulted from digesting solid 

wastes. These ores were Pulverised fly ash (PFA), Red Mud (RM), Bottom ash 

(BA), Titano gypsum (TiG), Red Titano gypsum (RTiG) and Phospho Gypsum 

(PG).  

A consultancy firm in North Yorkshire (Link2energy) has proposed to find a way 

of using a massive amount of such solid wastes which are rich in high value 

important metals. These ore materials contained toxic, valuable and critical 

metal ions including Ag, Cd, Li, Ti, Au, Sc, Be, Co, W, V and Ni.  

The Starbon materials could improve the technological process of metals 

recovery due to specific adsorption by their controllable functional groups as 



159 
 

well as increasing the rate of sorption processes as a result of their 

mesoporosity. It has been found that Starbons worked well in the separation of 

the metals listed on the EU’s critical list.[324,325] It was demonstrated that the 

A800 adsorbent material is the one of the best. Therefore the adsorption of a 

number of metals (i.e. Co, Cu, Ag and Cd) in a sample solution by the A800 

material was further investigated including determination of types of adsorption, 

kinetic adsorption and evaluation of kinetic parameters of the process.   

 

Fig. 5.1: Distribution of rare and precious metal reserves around the world.[328] 

 

 Table.5.1: List of EU critical elements[324,325]  

Rare earths Cobalt Tungsten Nickel Tin Beryllium 

Gallium Niobium Molybdenum Cadmium Niobium fluorspar 

Platinum 
group 

metals 

Tellurium Selenium Magnesium Chromium graphite 

Tantalum Germanium Hafnium Silver Antimony Indium 

It has been decided to focus our research specifically on the recovery of the 

metals from the above table which presents the EU critical elements.  

5.2 Experimental section 
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one gram of each ash (pulverised fly ash, red mud, bottom ash, titano gypsum, 

red titano gypsum and phospho gypsum) was individually added into a 

microwave cylinder container, then 50 mL of nitric acid (0.2 M) was added. The 

microwave cylinder container containing the ash and nitric acid was kept into 

the microwave reactor chamber. Temperature was controlled and held at 200 

oC for one hour. The digested ash was then filtrated. 5 mL of the filtrate was 

mixed with 20 mL deionised ultra pure water. The water phase was syringe 

filtered. 10 µL of the collected clear water phase was taken by micropipette and 

diluted with 10 mL deionised ultra pure water. It was sent for inductively coupled 

plasma (ICP) to measure the initial amount of metals which existed in each ore.  

To conduct the adsorption experiment, 10 mg of the Starbon adsorbent 

materials including Starbon300, Starbon800, A300 and A800 were individually 

added into the glass vial containing a small magnetic stirrer bar. Then 25 mL  (5 

mL filtrate+ 25 mL deionised ultra pure water) of the dilute form of the collected 

filtrate was employed into the glass vial containing 10 mg of the adsorbent 

materials and a small stirrer. Adsorption took place for 24 hours with constant 

agitation. The water phase was centrifuged for 30 min and syringe filtered. 10 

µL of the collected clear water phase was taken by micropipette and diluted with 

10 mL deionised ultra pure water. The final solutions were then sent for 

inductively coupled plasma (ICP) to measure the amount of metals removed. 

Further details are given in Table 5.2.  

Table.5.2: Investigated materials for metals adsorption 

Solid waste 

Starbons 

S300 S800 A800 A300 

Fly ash (PFA)     

Red mud (RM)     

Bottom ash (BA)     

Titanogypsum (TG)     

Red (RTG)titanogypsum     

Phosphogypsum (PG)     
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The methodology used to estimate Starbon selectivity in metals adsorption is 

described as follows: 

i) estimation of relevant amount of certain metal Men (Solution) in the solution 

as a ratio between concentration of this metal in the solution [Men]
solution and 

sum of concentration of all elements in solution- Σi [Mei]
solution. 

ii) Estimation of relevant amount of certain metal Men (surface) on the surface 

as the ratio between surface concentration of this metal [Men]
surface and the sum 

of concentration of all others elements on the surface-Σi [Mei]
surface. 

iii) Estimation of adsorption selectivity (Starbon selectivity effect) as a ratio:  

Men (surface): Men (solution) = [Men]surface: Σi [Mei]surface/[Men]solution : Σi 

[Mei]solution 

Additionally, A800 was nominated for further experiment. It was individually 

applied (10mg of this adsorbent was added to 10 mL of series concentration 

solutions of a sample mixture containing Co, Cu, Ag and Cd and held for 24 

hours). Isotherm metals adsorption using A800 was plotted, with different 

modes of adsorption applied which included Langmuir, Freundlich, Tempkin and 

Dubinning-Raduschkic. The maximum adsorption load from the Langmuir 

equation was found. At  last, time contact was also conducted. The kinetic order 

including pseudo first and second order reaction was applied.  

5.3 Results and discussion  

5.3.1 Applications of Starbons for metal adsorption in water stream  

It is known that global worry about the security of mineral supply has paid 

attention to many countries to re-evaluate their native resources, particularly the 

critical metals. They are called critical because of their dominance role in 

growing economies and the high risk of supply scarcity.[334]  

In North Yorkshire there are several places with a significant amount of 

industrial solid waste that contains a large number of high value metals. For 

example, pulverised fly ash is a coal combustion waste product. In order to 

meet domestic energy requirements in the United Kingdom, annual production 

of pulverised fly ash is about five million tonnes. It is estimated that 35 per cent 

of this is sent to landfill.[335] This has attracted considerable attention from the 

British government.  
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Numerous metallic elements are known to occur in such solid wastes in 

concentrations ranging from a few parts per billion up to a several weight per 

cent, depending on the specific composition of the feedstock ore which has 

been used.[336] 

The Yorkshire consultancy “Link2energy” approached the Green Chemistry 

Centre with a project which aimed to investigate the possibility of selective 

recovery of metals from solid wastes or ores. These wastes are pulverised fly 

ash (PFA), red mud (RM), bottom ash (BA), titano gypsum (TiG), red titano 

gypsum (RTiG) and phospho gypsum (PG) which are significantly enriched with 

certain critical and valuable metals. Therefore, significant attention in my PhD 

project was paid to recovery of these metals using Starbon technology. It was 

proposed that, in the first stage of the metal recovery process, solid waste 

needed to be digested, while in the second stage, a variety of Starbon materials 

including S800, S800, A300 and A800 were employed to screen their ability to 

capture the existed metals from the digested water stream. The digestibility of 

the solid ores under microwave conditions is shown in Figure 5.2.  

 

Fig.5.2: Degree of samples digestion microwave assisted, 0.2 M Nitric acid, T=200 
o
C,1h. 

 

 

It is noticed that digestion of Red Mud, Red Titanogypsum and Phosphogypsum 

occurs quite well. Titanogypsum and Bottom Ash did not solubilise well; 
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therefore, results of metals extraction from this materials could not be so well 

represented. However, bottom ash is likely to be silica-rich, and it is unlikely that 

silica will be solubilised under the operating conditions. However, as this is not 

one of the elements of interest in the context of the current project, it would be 

advantageous if the silica does not dissolve, as long as the key elements are 

solubilised.  

Interestingly, the ICP analysis qualified the metals in the water stream after 

digestion process. The list of these critical EU elements are presented in Table 

5.3.  

 

Table.5.3: List of the  critical EU elements found (ppm)  in the digested solid wastes 

Metals PFA  
Red 

Mud  

Bottom 

ash  

Titano-

gypsum  

Red 

Titano-

gysum  

Phospho-

gypsum  

Be 0.05 0.0 0.01 0.01 0.0 0.0 

Co 0.1 0.01 0.03 0.03 0.07 0.0 

La 0.38 0.32 0.18 0.29 0.16 0.16 

Mg 48.62 3.56 26.39 40.74 19.21 1.27 

Pd 0.0 0.0 0.0 0.0 0.0 0.0 

Pt 0.0 0.0 0.0 0.0 0.0 0.0 

Sb 0.0 0.0 0.0 0.0 0.0 0.0 

Sc 0.11 0.1 0.04 1.77 0.17 0.0 

W 0.03 0.03 0.02 0.0 0.01 0.02 

Ga 0.14 n/a 0.04 0.0 n/a 0.0 

Nb 0.0 n/a 0.0 0.0 n/a 0.0 

Ge 0.36 n/a 0.0 0.0 n/a 0.0 

Y 0.0 n/a 0.0 0.41 n/a 0.14 

Nd 0.0 n/a 0.0 0.24 n/a 0.03 
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To test adsorption of metals in the digested ashes, 10 mg of S800 (Starbon 

derived from starch) was added to the collected filtrate of the fly ash (PFA) and 

held for 24 hours with constant stirring. After the adsorption process, Starbons 

were separated from the filtrates and filtrates samples were sent to ICP 

analysis. The same procedure was repeated for A800/Red Mud, 

S300/Titanogypsum, A300/Tytanogypsum and S800/Phosphogypsum, 

S800/Bottom ash and S300/Red Titanogypsum.  

 

 

Fig.5.3: List of metals adsorbed by S800 in PFA. A: blue bars represent all elements. B: cyan 

bars represents elements from Critical EU list. C: red bars are valuable elements. 

 

 

 

According to the ICP analysis it appears in Figure 5.3 that Starbon technology is 

efficient at recovering some high value elements such as Li, Ti, V and Cu which 

are in the list of valuable element  as well as Sc which is in the list of critical 

elements. S800 has demonstrated the highest efficiency on relation to some 

metals in pulverised fly ash (PFA) ore.  

It seems in Figures 5.3 and 5.4 that success in terms of the concentration of 

metals which is obtained depends on the types of the digested ash, the 

composition of the ash, the digestibility of the ore materials and, in addition, the 

nature of the adsorbents used.[337,338] 

 

 

 

Concentrated metals 

Critical Valuable 

Sc 

Li 

Ti 

V 

Cu 
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Fig.5.4: List of metals adsorbed in the contaminated water collected from the digested ash by 

different carbonaceous materials: (A) metals adsorbed by A800 in Red Mud; (B) metals 

adsorbed by S300 in Titanogypsum; (C) metals adsorbed by A300 in Titanogypsum; (D) metals 

adsorbed by S800 in Phosphogypsum; (E) metals adsorbed by S300 in Bottom fly ash; and (F) 

metals adsorbed by A800 in Red Titanogypsum. The blue bars presents all metals, the red bars 

are the valuable metals and the cyan bars are the critical metals. 

 

Table 5.4 gives the high value metals which could be concentrated from ores 

using Starbon technology. 

 

(A) Red Mud-A800 (B) Titanogypsum-S300 

(D) Phosphogypsum-S800 (C) Titanogypsum-A300 

(E) Bottom fly ash-S300  (F) Red Titanogypsum-A800  
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Table.5.4: The preferred metals adsorbed by Starbon materials used in the digested solid 

wastes 

Solid waste  Adsorbent 
Concentrated metals 

Critical Valuable 

Fly ash S800 Sc 

Li 
Ti 
V 

Cu 

 

Red mud A800 Co 
Li 
Ni 
Cu 

 

Titanogypsum S300 Be 
Ag 
Cu 
Al 

 

Titanogypsum A300 
Be 
Co 
Sc 

Ag 
Ti 
Cu 
Cr 
Fe 

 

Phosphogypsum S800  

Li 
V 

Mn 
Cu 
Cr 
Al 
Fe 

 

 
Bottom fly ash 

 
S300 Be 

 
Li 
Cr 
Cu 
Ni 
V 
Ti 
 

 

Red Titanogypsum A800 Sc Fe 

 

 

In summary, some of the valuable elements like silver, lithium and titanium 

demonstrate an adsorption coefficient which is higher than 5 (see Table 5.5) 

indicating that there is a possibility of applying Starbon technology to their 

concentration. This implies that such metals ions are more desirably adsorbed 
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by the materials applied indicating the selectivity of Starbon technology for 

recovering them.   

 

Table.5.5: Adsorption coefficient  of  valuable elements adsorbed using different Starbon 

adsorbents 

Solid 
waste 

Absorbent  
Adsorption coefficient 

Ag  Li  Ti  V  Cu  Al  Fe  Mn  Ni  Cr  

PFA S800 20 2 1.2 1.2 1.1 <1 <1 <1 <1 <1 

Red M. 
S800 <1 1.2 <1 <1 1.2 <1 <1 <1 <1 <1 

A800 <1 1.5 <1 <1 1.2 <1 <1 <1 1.5 <1 

TitanoG 
S300 29 <1 5.2 2.7 2.5 <1 1.2 <1 <1 1.5 

A300 16.5 <1 1 1 1.4 1.2 <1 <1 <1 <1 

Red Ti. A800 <1 <1 <1 <1 <1 <1 3.3 <1 <1 <1 

PhosphG 
S800 <1 22.3 <1 2.5 1.5 1.5 1.2 2.5 <1 <1 

A800 <1 7.1 <1 2.4 <1 <1 <1 2.4 <1 <1 

BFA S300 0 1 1 1 1 1 <1 <1 1 1 

Adsorption coefficient: is the amount of metal ion concentrated onto the Starbon materials 
per the total amount of the metals ions in the system. 

 

The experimental results (see Table 5. 6)  demonstrate that some elements 

from the EU critical list[324,325] could be more concentrated on the Starbon 

surface such as scandium, cobalt, beryllium and tungsten. In particular, cobalt 

and beryllium demonstrate an adsorption coefficient which is higher than one. 

This means that three consecutive adsorption-desorption steps could potentially 

increase the concentration of these elements in the mixture signiicantly.   

 

Table.5.6: Results showing the  adsorption of critical elements using different Starbon 

adsorbents 

Critical element Ash material Starbons 
Adsorption 

coefficient 

Sc 

PFA S800 1.4  

Titanogypsum A300 3  

Red Titanogypsum A800 1.5  
 

Co 
Red Mud S800 20  

Red Mud A800 26  
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Titanogypsum A300 20  
 

Be 
Titanogypsum S300 32  

Titanogypsum A300 40  
 

W Phosphogypsum A800 7  

 

 

Interestingly, Figure 5.5 gives information on how the composition of the raw 

materials, which had been digested by microwave technology, and the amount 

of metals which contained solid wastes may affect the process of metal 

adsorption. For example, different  amounts of Gold (Au) adsorption were found 

in three different raw materials (i.e. Red Mud, Titanogypsum and Red 

Titanogypsum) using the A800 adsorbent. This is because the digestion of 

these raw materials  brought complex species, such as soluble matrix species, 

into the aqueous phase. These complex soluble matrix species might have 

desposited or adsorbed on the adsorbent surface and interior layer including 

macro and mesoporous region. This would block the small pores in microporous 

region. As a consequence of that deposition the A800 adsorbent might have 

been partially or completely blocked. Therefore. this might have impaired the 

uptake of gold from  the aqueous phase into the A800 regardless of the 

concentration of gold contained in the solid waste. Richer concentration of gold 

contained in waste stream should give a higher quantity of gold ions 

concentrated in the adsorbent employed.  

 

Fig.5.5: Raw material composition influence on gold adsorption by A800 adsorbent. 
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It appears in this section that Starbons have a good adsorptive capacity and 

specificity towards rare metals. It is also noticed that S800 is a better adsorber 

than S300. Algibon derived from alginic acid is better than Starbon which is 

derived from starch.  

It is also important to understand that complex adsorption behaviour depends 

on the waste stream. For example, it was observed that gold is very good for 

S800/PFA, S800/red mud, A800/red mud and S300/bottom ash, but poor for 

S300 /titanogypsum. It is noticed that silver is good for S800/PFA, 

S300/Titanogypsum, A300/Titanogypsum, but poor for A800/Red mud, 

S800/Phosphogypsum, S300/Bottom ash and A800/Red Titanogypsum.  

There are possible reasons for metals adsorption employing Starbon 

technology. One is microporosity[339] which could play a role in controlling the 

metal adsorption which occurs. The surface functionality of Starbons is another 

fundamental factor where the acidic functional groups in the active center of the 

Starbons materials cause metals adsorption to take place. This would be as a 

consequence of the replacement of the hydrogens on the Starbon surface with 

the metals ions in the aqueous phase.[340] Active sites where Starbons are 

present and which contain conjugated double bonds could also result in metals 

adsorption taking place as a result of the interaction between the π electron rich 

layers of the adsorbent and the vacant d-orbitals of the metal ion 

species.[340,341] 

5.3.2 Systematic investigation on metal adsorption on Starbon based on 

A800 

To investigate the influence of the nature of the metal ions on the kinetic 

parameters of adsorption, a detailed experimental analysis of the model system 

was carried out. A800, which demonstrates the most promising results and the 

most stable material with well-developed surface area, was chosen as the 

adsorber.  A solution of four high value metals such as  Co, Cu, Ag and Cd was 

proposed for adsorption. Concentrations of these metals were several thousand 

folds greater than those of the metals which had been adsorbed from the 

digested ashes. The experiments detailed below were conducted. 

5.3.2.1 Concentration influence on adsorption  
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At the beginning of the experiment, each metal concentration in the initial 

mixture solution was 27.5 mg/L, 47.6 mg/L, 104.1 mg/L, 56.2 mg/L for Co, for 

Cu, for Ag and for Cd respectively. The solutions were prepared by dilution of 

corresponding salts with HNO3 (pH 2). Final metals concentrations were 

obtained using ICP analysis. The series solutions with different initial 

concentration of metal ions were prepared as is described in Table 5.7. 

Table.5.7: Series solutions of the metals prepared from the stock mixture solution sample 

Series of 
solutions 

Concentration of metal (mg/L) 

Co Cu Ag Cd 

Solution1 1.372 2.382 5.206 2.812 

Solution 2 2.745 4.765 10.411 5.624 

Solution 3 6.864 11.912 26.029 14.061 

Solution 4 13.729 23.824 52.057 28.121 

Solution 5 27.458 47.648 104.115 56.243 

 

 

The A800 adsorbent was added to different concentrations of the mixture 

solution containing Co, Cu, Ag and Cd. This work was carried out to further 

systematically test the efficiency of A800 in adsorbing the metals. Typical 

isotherms of metal adsorption onto the A800 surface are represented in Figure 

5.6. 

 

 

Fig.5.6:  Isotherms of metals adsorption in the presence of  A800 for  (A) Cobalt, (B) Copper 

(A) (B) 
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5.3.2.2 Modelling metals adsorption types 

In order to analyse the adsorption type of metals from effluents, it is necessary 

to find the most appropriate  adsorption model. Starbon A800, which is the most 

stable material with a well-developed surface area, was proposed as the 

absorber for this investigation.  In this section, four adsorption isotherm models 

such as Langmuir, Freundlich, Temkin and Dubinin-Radushkevich were applied.  

The results of the calculation of the isotherm constant which is based on these 

four adsorption models are summarised in Table 5.8. Plots of all of these 

experiments are listed in the Appendix five. 

 

 
Table.5.8: Employing A800 and using types of isotherm models to describe the adsorptive 

process  

A800 Co Cu Ag Cd 

Langmuir  

K (L/mg) 0.572 0.381 0.224 0.556 

Qm (mg/g) 11.3 21.9 52.7 29.5 

R
2
 0.987 0.993 0.992 0.983 

Freundlich  

KF 41.2 94.1 218.13 100.71 

1/n 0.513 0.4946 0.372 0.431 

R
2
 0.7576 0.7865 0.8133 0.7734 

Tempkin 

B (J/mol) 7.33 12.544 23.684 13.389 

A (L/g) 74.72 141.77 49.56 210.09 

R
2
 0.835 0.8266 0.8156 0.8349 

D-R 

Qm (mg/g) 9.10 16.93 45.95 22.32 

Kx10
-3

 (mol
2
/J

2
) 1.07 1.73 2.45 1.39 

E (J/mol) 0.6835 0.542 0.204 0.599 

R
2
 0.443 0.457 0.545 0.391 
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The best  R2 values  for all investigated systems (within the range 0.990 to 

0.993) was found  for the Langmuir isotherm adsorption model. In all cases, the 

Langmuir equation yielded the best fit of experimental data compared to other 

isotherm models. It indicates that the adsorption of metals has a monolayer 

character and that the surface of the adsorbent is uniform. Furthermore, the 

maximum adsorption capacity (Qm) values calculated from Langmuir model 

fitted well with the experimental data.  

Different values of metal maximum adsorption capacity (Qm) may partly depend 

on the different state of their metallic ions, i.e. Ag has one  positive ionic charge, 

while Cu, Co and Cd have two positive ionic charges. Their valence electron 

orbital configuration is also important which can give different metals ion radii. 

The stable oxidation state, valence electron configuration, ionic radius for each 

metal ion are shown in Table 5.9.[342-347] 

 

Table.5.9: Valence orbital electronic configuration of the metal ions and their ionic radius 

Metal ion 
Atomic 
number 

Valence 
electron 

Ionic radius (A) 

Silver metal ion (Ag+) 47 4d10 5s0 1.26 

Cadmium metal ion (Cd+2) 48 4d10 5s0 0.97 

Cobalt metal ion (Co+2) 27 3d7 4s0 0.75 

Copper metal ion (Cu+2) 29 3d9 4s0 0.73 

 

 

 

 

 

            Fig.5.7: Size of the metals’ ions 

Ionic radius (I.R.) increase 

 

Ag+ 

I.R.=1.26 A 

 

Cd+2 

I.R.=0.97 A 

Co+2 

I.R.=0.75 A 

 

Cu+2 

I.R.=0.73 A 
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It is observed in Table 5.8 that the silver ion is the largest metal ion compared to 

cadmium, cobalt and copper ions respectively. Therefore, the silver ion is 

believed to have been filtrated and trapped better by the microporous region of 

the adsorbent. This resulted in the greatest silver maximum adsorption capacity 

(Qm= 52 mg/g) by A800. The cadmium metal ion is smaller in size compared to 

silver, but larger than both cobalt and copper ions respectively. This is possibly 

the reason why Algibon’s maximum adsorption capacity toward cadmium is 

smaller than in case of  silver but bigger than in case of cobalt and copper.   

However, the ionic radius of cobalt is nearly similar to copper, while the 

maximum adsorption capacity of cobalt by A800 is almost twice as less as in 

the case of copper. It seems that, in this case, the ionic radius may not have 

played a key role compared to the valence orbital electronic configuration of 

both cobalt and cobber which possibly would be a key factor. In the case of 

cobalt, the ion valence electron configuration is 3d7 4s0, but for copper ion is 

3d9 4s0.[343] This difference in their electronic valence orbital arrangement 

possibly caused better copper adsorption to occur onto the A800 which was 

used. 

The metal ion concentrations in the aqueous phase may also affect the amount 

of ion recovery by the adsorbent. For example, the greatest concentration of the 

metal ions in the mixture solution was silver (100 mg/L), which would cause the 

silver ion to be greatly concentrated into the A800. The same fact is perhaps 

right for cadmium whose ion concentration is the second largest in the solution 

mixture. This explanation seems to fit with copper and cobalt. It is observed that 

copper ion concentration (48 mg/L) is nearly twice as much as that of cobalt (27 

mg/L). Therefore, difference in concentration could also be a cause for almost 

twice greater maximum adsorption capacity of Algibon to recover copper than in 

case of cobalt (see table 5.8). Despite the fact that both metal ions (Co and Cu) 

have different valence electronic configuration (see Table 5.9).  This proposes a 

suggestion that the nature of the adsorbent and each metal ion may also have 

their own importance and play a key role. For instance, Algibon surface 

functional groups and the conjugated double bond contained active sites in 

Algibon might have caused this adsorbent to become a better adsorber for 

silver, cadmium and cupper, but may not be very excellent for the purpose of 

recovering cobalt.  
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Equilibrium parameter (RL) value[348], pretending for Langmuir isotherm model,  

can be calculated from Table 5. 8 based on the constant of equilibrium (K) and 

initial concentration of metal solution which are found. All the RL values were 

between 0 and 1, indicating that the adsorption of the metals on the A800 was 

favourable at the conditions being studied. For instance, for cobalt adsorption, 

the found constant of equilibrium (K) is 0.572. As the initial concentration 

increased from 1.5 to 27 mg/L, the RL values decreased from 0.564 to 0.066. 

This implies that adsorption was more favourable at a higher concentration of 

metal in solution.  

5.3.2.3 Kinetic adsorption  

The adsorption kinetic study was carried out based on adsorption of four 

different metals (Co, Cu, Cd, Ag) onto the surface of A800.  Samples were 

taken one by one at each contact time (e.g. 0, 10 min, 30 min, 60 min, 120 min, 

240 min, 320 min, 1440 min). It was observed that the concentration of metals 

in the solution was decreasing as time increased. This means the metal ions 

need time to diffuse through the adsorbent in order to be bound. The results of 

metal uptake using A800 which depends on the adsorption time can be seen in 

Figure 5. 8.  

 

Fig.5.8: Contact time for metal adsorption employing A800 in aqueous media HNO3 pH 2. 

5.3.2.4 Kinetic order model studies 
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In order to further understand the metals adsorption, the study of adsorption 

kinetics should be included so as to determine an appropriate kinetic model. A 

lot of useful information could be obtained by using different kinetic models to 

analyse aspects such as chemical reaction and potential rate controlling steps. 

There are a wide variety of models available which can examine adsorption 

kinetics. The most widely applied kinetic models are the pseudo-first and 

pseudo second-order models. The conformity between the models predicted 

values and experimental data was expressed by the correlation coefficients (R2) 

value (see Table 5. 10). Plots of all these experiments can be found in the 

Appendix five. 

Table.5.10: Pseudo-first-order of kinetic parameters for metals adsorption using A800 adsorbent 

Kinetic parameters of Pseudo first order reaction 

Adsorbent Metals Qe (mg/g) 
K1 

(min-1) 
R2 

A800 

Co 1.1 1.44*10
-3

 0.112 

Cu 1.6 1.8*10
-3

 0.061 

Ag 6.7 2.6*10
-3

 0.10 

Cd 21.6 2.6*10
-2

 0.884 

 

 

 

Table.5.11: Pseudo-second-order of kinetic parameters for metals adsorption using A800 

adsorbent 

Kinetic parameters of Pseudo second order reaction 

Adsorbent Metals Qe (mg/g) 
K2 

(g mg-1 min-1) 
R2 

A800 

Co 6.3 2.1*10
-3

 0.991 

Cu 7.4 1.3*10
-3

 0.968 

Ag 24.3 4.8*10
-4

 0.991 

Cd 11.4 4.8*10
-4

 0.970 

 

 

Values of R2 demonstrated in tables 5.10 and 5.11 give clear information that 

the metal adsorption belongs to the second order kinetic. This is implying the 

applicability of this kinetic equation and the second-order nature of the 

adsorption process of the metals into the Algibon. This might be due to sharing 

or exchanging of electrons between the sorbent and sorbate.[349]  
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5.4 Conclusion 

A variety of Starbon materials was tested for the adsorption of metals from the 

water stream produced during the digesting of solid waste materials. It appears 

that Starbons have a good adsorptive capacity and specificity towards certain 

metals. It was also noted that S800 is a better adsorber than S300. Algibon 

derived alginic acid is better than Starbon which is derived from starch. It was 

noted that complex behaviour affected metal removal in the waste stream. It is 

also important to know that complex behaviour depends on composition of the 

waste stream. For example, it was observed that Au was adsorbed very well  

using  S800/PFA, S800/red mud, A800/red mud and S300/bottom ash systems, 

but poorly from S300 /titanogypsum. At the same time, Ag is adsorbed well from  

S800/PFA, S300/Titanogypsum, A300/Titanogypsum systems, but poorly from 

a system such as A800/Red mud, S800/Phosphogypsum, S300/Bottom ash 

and A800/Red Titanogypsum. 

Microporosity could play a key role in controlling metals adsorption. Another key 

factor is the surface functionality of Starbons. The most promising active centre 

for metals adsorption could be acidic functional groups (the metals ions in the 

aqueous phase would replace the surface hydrogen) and active sites containing 

a conjugated double bond system which could adsorb metals due to the 

interaction between the π electron rich layers of the adsorbent and the empty d-

orbitals of the metal ion species.  

Further systematic work on four highly concentrated metals in the collected 

sample mixture containing (Co, Cu, Ag and Cd) demonstrated that A800 has a 

limited capacity to bind the metals. The adsorption of metals is very good  as 

described by the Langmuir model which means that the metals were adsorbed 

as a monolayer. Adsorption is followed  by a pseudo second order mechanism.  

It is important to note that employing a benign adsorbent such as A800 for 

capturing metal ions in water streams, sourced from the digested ash or ore, 

could be carried out successfully. This may help ideas to be formulated which 

will enable a project to be designed successfully which will use various solid 

wastes as a resource to recover enriched metals. This could be feasible for a 

growing economy, minimising the amount of space occupied by waste as well 

as protecting human health from the threat of toxic metals and the environment 

more generally from pollution. 
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CHAPTER SIX 

Experimental Section 
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6.1 Introduction 

Renewable alginic acid polysaccharide material was expanded by applying a 

developed method of generating mesoporous alginic acid resulting in promising  

materials. The mesoporous alginic acid material produced was carbonised at 

various temperatures to obtain different textural properties of porous materials 

called Algibons. The carbonised expanded alginic acid corresponding to 300, 

450 and 800 oC carbonisation temperature are denoted as A300, 450 and 800.  

Some techniques were applied to characterise the Algibons produced such as 

Nitrogen sorption analysis to check the porosity structure including surface area 

(SBET, pore volume and pore diameter). DRIFT IR and Solid State NMR 

spectroscopy were carried out to find out changes in surface functionalities of 

the Algibons generated. Elemental analysis was conducted to analyse the 

amount of carbon, hydrogen and nitrogen in the expanded material and its 

derivatives produced. Ash content test was applied to check the amount of the 

residue left in expanded alginic acid and its derivatives in the presence of 

oxygen.   

The Algibons generated were employed for bulky organic dye adsorption in 

water stream. These compounds are reactive dyes called Procion Yellow H-

EXL (PY), Remazol Black (RB), Procion Crimson H-EXL (PC) and Procion Navy 

H-EXL (PN). 

The dyes adsorption loading for the Algibon generated was compared to the 

other commercially available porous materials including Starbon (starch derived 

Starbon300, 450 and 800 named as S300, 450 and 800), activated carbon (AC) 

as well as silica gel (Sgel). 

Starbon technology  was also used in recovery of high value metals from the 

water stream obtained from digesting solid wastes. These ores were named 

Pulverised fly ash (PFA), Red Mud (RM), Bottom ash (BA), Titano gypsum 

(TiG), Red Titano gypsum (RTiG) and Phospho Gypsum (PG). Selective 

adsorption of versatile textural Starbons (i.e. starch derived Starbons and 

alginic acid derived Algibons) towards the metals were investigated.  

Further systematic investigation for adsorption of a number of metals (i.e. Co, 

Cu, Ag and Cd) in a sample solution by Algibon 800 material was additionally 
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carried out to determine types of adsorption, kinetic adsorption and evaluation 

of kinetic parameters of the process.   

6.2 Chemicals 

All materials were used as received without further purification. Procion Yellow 

H-EXL (PY), Remazol Black (RB), Procion Crimson H-EXL (PC) and Procion 

Navy H-EXL (PN) were purchased from Society of Dyers and Colourists in 

Bradford, UK. Powder activated carbon (Norit) was purchased from Fluka and 

was washed with deionised water at 75 oC, filtered and dried in a vacuum oven 

before they were employed. Starbon (S300, 450 and 800) were commercially 

obtained. Algibon (300, 450, 600 and 800) were made from alginic acid at 

Green Chemistry Centre of Excellence, University of York-UK. 

Table.6.1: Polysaccharides carbonaceous materials and their abbreviation 

Raw 
material 

Prepared 
carbonisation 
temperature 

Porous material 
produced 

Abbreviation 

Alginic acid 

300 
o
C Algibon300 A300 

450 
o
C Algibon450 A450 

600 
o
C Algibon600 A600 

800 
o
C Algibon800 A800 

Starch 

300 
o
C Starbon300 S300 

450 
o
C Starbon450 S450 

800 
o
C Starbon800 S800 

Wood 1000 
o
C Activated carbon AC 

Silica gel 600 
o
C Silica gel Sgel 

6.3 General analytical techniques 

6.3.1 Thermal gravimetric analysis 

Thermal gravimetric analysis was carried out using a Netschz 409 STA thermal 

analyser. Samples (200 mg of each individual sample) were mounted in a 3.5 

mL ceramic crucible and heated under nitrogen at a flow rate of (100 mL/min). 

The samples were heated at slow rate (under 0.5 oC/min as shown in Tables 

6.9  to 6.12) to produce various temperature texture properties of Algibons (i.e. 

A300, 450-800). 

6.3.2 Thermal gravimetric analysis infrared spectroscopy  
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The thermal gravimetric (TG) was carried out using 409 STA thermal analyser. 

Samples (50 mg of the sample)  were mounted for the TG IR, in this case the 

TG was coupled with a Bruker Equinox 55 infrared via transfer line, the nitrogen 

flow was (100 mL/min). Different rate of temperatures (i.e. 5, 10 and 20 oC/ 

min.) were applied.  

6.3.3 NMR spectroscopy 

Solid state 13C-MAS NMR analysis was carried out by Dr David Apperley, 

EPSRC solid state NMR service at The University of Durham, Department of 

Chemistry, Durham, DH1 3LE.  

13C-MAS NMR spectra were obtained using Varian VNMRS spectrometer at 

100.56 MHz for 13C. The spin rate of the MAS was set to 12 KHz spinning, with 

a wide spectra width and a rotor-synchronised echo. Spectral referencing was 

with respect to tetramethylsilane.  

6.3.4 Simultaneous thermal analysis (STA) 

Simultaneous thermal analysis (STA) measurement of dried expanded alginic 

acid was conducted on a Seiko STA. Super critical dried expanded alginic acid 

(15 mg) was weighed into an aluminium STA pan and analysed under nitrogen 

gas using a three stage profile in order to remove any prior thermal character. 

The sample was heated from room temperature to 625 oC at 10 oC/min. The 

results was processed in origin software to individually draw the TG and dTG 

versus T(oC) increased. 

6.3.5 Electron microscopy 

All electron microscopy images of the solid materials were carried out at the 

Instituto de Ciencia y Tecnología de Polímeros, CSIC, Madrid, Spain with the 

assistance of Dr Peter Shutterworth. Scanning electron microscopy (SEM) 

micrograph were recorded using a SU8000 Hitachi SEM applying an 

acceleration voltage of 1.0 or 3.0 kV-D 5.0 mm. Samples were coated with a ~5 

nm Cr over layer to avoid charge accumulation during electron irradiation prior 

to analyses. Typical magnifications used for the solid materials were x5k, x10k, 

x20k, x25k, x60k  and x100k.   

6.3.6 DRIFT IR spectroscopy 
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Diffuse reflectance infrared spectroscopy (DRIFTS) was used to analyse the 

samples in Green Chemistry Centre of Excellence, University of York. A 10 mg 

of the Algibon was taken and diluted with 500 mg of pure KBr.  

All experiments are performed with 16 scans and a resolution of 4 cm-1 in the 

spectral range 500-4000 cm-1 with a data interval of 1 cm-1. The background 

spectrum is subtracted from the sample spectra. Diffuse reflectance 

measurements were performed in a conditioned atmosphere of room 

temperature. The IR spectra were obtained on a Bruker IFS55 FT IR 

spectrophotometer equipped with a mercury-cadmium-telluride detector (broad 

band 12000-420 cm-1, liquid nitrogen cooled) with an aperture of 3.5 mm. The 

internal reflection element was a Golden Gate single pass diamond ATR. The 

spectra were recorded with a nominal resolution of 2 cm-1 by co-adding 500 

scans. For all measurement, spectra of different Algibon samples were 

recorded. 

6.3.7 CHN analysis  

CHN test was carried out to determine the percentage of carbon, hydrogen and 

nitrogen in the solid samples (i.e. expanded alginic acid (EAA), A300, A450, 

A600, A800 and AC). The balance used is a Sartorius SE2 analytical balance, 

capable of weighing accurately to four decimal places on a milligram. 1.8 mg of 

the solid material to be analysed was weighed into disposable tin capsule. All 

the blanks and standards are weighed to allow for representative comparisons 

of the analyser’s detector responses. 

The sample capsule is then placed in a nickel sleeve and injected into a high 

temperature furnace (975°C) and burnt in high purity oxygen under static 

conditions. The tin capsules used for the sample container allow an initial 

exothermic reaction to occur, raising the temperature of combustion to over 

1800°C. A further dynamic burst of oxygen is added at the end of the 

combustion process, to ensure total combustion of all inorganic and organic 

substances. The resulting combustion products pass through specialised 

reagents.  

The concentration of water produced is proportional to the amount of hydrogen, 

the trapped CO2 proportional to carbon and the amount of helium consumed 

corresponds to nitrogen in the original sample. At the end of each sample run 
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the spent nickel sleeves were ejected into a trap and the tin sleeves are 

disposed of as tin oxide waste. 

6.3.8 Super critical CO2 (scCO2) 

Super critical CO2 Thar SFE500 extractor operating at 50 oC/100 bar/min for 3 

hours, was applied to dry the (100 g) of the filtrated wet expanded alginic acid 

generated. After pressurising was completed, the depressurising process was 

conducted slowly overnight. The resulting materials were dried to a fine light 

powder of expanded alginic acid.  

6.3.9 porosimetry analysis 

This analytical technique was used to determine the porosity properties of the 

solid materials, such as surface area, pore volume and pore diameter. The 

porosity of the sample was measured, after the prepared sample had been 

degassed (see scheme 3.1).  

Sample preparation for porosimetry analysis  

i) Mass of the porosimetry tube was recorded emptily on sensitive balance.   

ii)  25 to 50 mg of each of the solid material was individually weighed in the 

porosimetry tube.  

iii) Mass of the porosimetry tube and the solid sample were together recorded.    

iv) Degassing the sample was carried out at 100 oC to 140 oC under nitrogen 

flow (100 mL/min.). 

 

 

 

 

 

 

 

 

Fig.6.1: Preparing the porous materials (expanded alginic acid and its derivatives "Algibons") for 

degassing before porosimetry measurement was taken place. 
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 Nitrogen sorption analysis  

Porosimetry analysis was carried out using Micrometritic Tristar. Each of the 

solid material sample prepared for the porosity analysis  was degassed one by 

one at 100 oC (for expanded materials such as expanded alginic acid) to 140 oC 

(for carbonised materials such as Algibon) for at least 5 hours under flowing 

nitrogen gas. Data obtained was done by using Micrometritic Tristar software. 

N2 sorption isotherm was measured at -196 oC. Specific surface areas were 

calculated through the BET method. BJH method was used to calculate the 

mesopore volumes and pore size distribution; t-Plot analysis used nitrogen 

adsorption data in the P/P0 range of 0.005 to 0.98. 

6.3.10 Freeze drying technique 

0.5 to 1 g of the well filtered wet solid material was added into the round bottom 

flask. The round bottom flask containing the sample was cooled down in liquid 

nitrogen cylinder for at least 15 min. The flask was then attached to the freeze 

drier tap channel. The system is now ready to run as the average temperature 

of the system is under -150 oC under extreme vacuum pressure. The freeze 

drying is started as the tap channel is manually opened and gradually. It was 

left for 24 hours. Next day the tap channel was closed tightly and the dried 

material collected. 

6.3.11 UV-Vis analysis 

UV-visible spectral analysis was recorded using a JACO V550 UV-visible 

spectrometer between 200 and 900 nm against a water reference. Auto zero 

was done.  

Calibrations were carried out for all dyes compounds used in this thesis. 

Standard aqueous solutions of known concentrations were prepared and 

analysed. Distilled water was used as background.  

Table.6.2: UV-vis  max absorbance spectroscopy used for calibration of the dyes 

Dye name  Abbreviation  max (nm) 

Procion Yellow H-EXL(PY) PY 416 

Remazol Black (RB) RB 600 

Procion Crimson H-EXL (PC) PC 545 

Procion Navy H-EXL (PN) PN 606 
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6.3.12 Inductively coupled plasma atomic emission spectroscopy (ICP-

OES) 

Perkin Elmer® Optima™ 7300 DV ICP-OES instrument (Shelton, CT, USA) was 

used which is equipped with WinLab32™ for ICP Version 4.0 software for 

simultaneous measurement of all analytes wavelengths of interest. By 

connecting a Segmented-array Charge-coupled Device (SCD) detector and an 

echelle optical system. High radio frequency (RF) power was applied to 

generate a robust plasma. The ICP-OES instrument was started and taken to 

operation conditions and let stabilized. The sample introduction  system was 

checked and the wavelengths were tuned. The instrument was standardised. 

Then the received sample solutions containing metal ions were converted to 

aerosols via a nebulizer. The aerosols are transported to the inductively coupled 

plasma which is a high temperature zone (8000-10000 ºC). The analytes are 

heated to different (atomic and/or ionic) states. They produce characteristic 

optical emissions. These emissions are separated based on their respective 

wavelengths and their intensities which were measured  by spectrometry. The 

intensities are proportional to the concentrations of analytes in the aqueous 

sample. The quantification is an external multipoint linear standardization by 

comparing the emission intensity of an unknown sample with that of a standard 

sample. Eventually, the amount of metal ions were recorded in each sample.  

6.4 Preparation of alginic acid derived Algibon  

One gram native alginic acid was added to 20 mL glass vial with plastic lid 

containing deionised water. It was heated at 100 oC with constant agitation (5 

rpm) for 160 minutes and cooled to room temperature before being stored for 

24 hours at 5 oC in the fridge for retrogradation. The resulting biphasic mixture 

was separated by vacuum filtration using a sintered glass funnel (ID 2nm) to 

remove excess water. The gel (residue) was subjected to solvent exchange by 

three repeated wash each with ethanol (20 mL)  followed by acetone (20 mL). 

For each wash, the mixture was constantly agitated (5 rpm) for 30 minutes 

except for the first wash with ethanol which took one hour, and allowed for 

several minutes to separate into a clear liquid and solid phase and filtered. For 

the final solvent exchange with acetone, filtration was left for 15 minutes to 

remove as much acetone as possible. Thereafter, the expanded alginic acid 

was dried in vacuum oven overnight at 50 oC to give a light fine powder of 
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expanded alginic acid. Porosity of the product was tested by nitrogen sorption 

analysis. 

Large scale of expanded alginic acid was prepared by charging 200 g of native 

alginic acid into a modified pressure cooker attached with a mechanical stirrer. 

4 L distilled water was added into the pressure cooker containing the native 

alginic acid. The pressure cooker lid was attached and closed. The solution was 

mixed at room temperature for at least 15 minutes after which it was heated at 

100 oC for 160 minutes  and cooled to room temperature before being stored for 

24 hours at 5 oC in the fridge. The mixture was separated by large vacuum 

filtration using a sintered glass funnel (ID 2nm) to remove excess water. The 

retrograded gel was subjected to solvent exchange by three repeated wash 

each with ethanol (4 L)  followed by acetone (4 L). For each wash, the mixture 

was constantly stirred (5 rpm) for 30 minutes with the exception of the first wash 

with ethanol which was for one hour. It was allowed for several minutes to 

separate into a clear liquid and solid phase and filtered. For the final solvent 

exchange with acetone, filtration was left for 15 minutes to remove as much 

acetone as possible. Thenceforth, the expanded alginic acid was  dried in a 

Thar SFE500 super critical CO2 extractor operating at 50 oC/100 bar for 200 g 

for approximately 3 hours. The depressurisation of the system was gradually 

carried out overnight. Finally, light fine powder of expanded alginic acid 

obtained. This material is called expanded alginic acid scCO2 dried (A2) and the 

porous structure of this product was examined using nitrogen porosimeter. This 

mesoporous material was carbonised at rate 1 oC/min up to 175 oC and from 

175 oC at below 0.5 oC/min to various preparation temperatures (i.e. 300, 450, 

600 and 800 oC) in nitrogen atmosphere in Netzsch to generate Algibons (i.e. 

A300, A450, A600 and A800). The quality of the Algibons generated was tested 

by nitrogen sorption analysis.  

6.4.1 Preparation of expanded alginic acid 

The preparation was first done on a small scale to establish the conditions 

which gave the best results for the expanded alginic acid production. Thereafter 

it was scale-up using the same procedure. The influence of gelatinisation 

temperature, time and the effect of retrogradation time on the expanded 

material were investigated. The effect of using different types of low surface 

tension organic fluids employed in solvent exchange on the porosity of the 
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expanded material was investigated. The following experiments were carried 

out to obtain a suitable method for preparing the mesoporous alginic acid.  

6.4.1.1 Experiment one: Gelation studies at 80 oC over varying time 

periods  

The following stages of expansion process were performed to produce 

expanded alginic acid in this experiment.  At first, gelation of native alginic acid 

at 80 oC was carried out at varying period of times.  

Sample Preparation 

4 samples of 5% (1 gm of alginic acid/20 mL distilled water) were put into glass 

vial tube (sized 35 mL) containing a small magnetic stirrer bar to mix the 

solution well, and the glass vials were covered with plastic lids.  These samples 

are called Sa1, Sa2, Sa3 and Sa4 respectively.  

Gelatinisation 

The four individual samples prepared (5%) of alginic acid were put into an 

aluminium heating block tube for gelatinisation. The gelation temperature was 

set at 80 oC and on reaching the set temperature the set up was held with 

constant agitation (5 rpm) for  40, 80, 120 and 160 minutes for samples Sa1, 

Sa2, Sa3 and Sa4 respectively.  

 

Table.6.3: Gives information on gelatinisation of native alginic acid at 80 
o
C and different certain 

times with constant stirring in aluminium heating block tube 

Samples 

Concentration 

(1 g of alginic 

acid/20 mL D.W) 

Gelatinisation 

Temperature 

Gelatinisation 

time 

Sa1 5% 80 oC 40 min 

Sa2 5% 80 oC 80 min 

Sa3 5% 80 oC 120 min 

Sa4 5% 80 oC 160 min 
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Retrogradation 

Retrogradation was performed after gelatinisation had yielded a water-gel 

product. Samples  Sa1, Sa2, Sa3 and Sa4 were removed from the heating 

source, allowed to cool down and then transferred into a fridge at 5 oC for 24 

hours.  

Solvent exchange  

The resulting biphasic mixture from the retrogradation stage was separated by 

vacuum filtration using a sintered glass funnel (ID 2nm) to remove excess 

water. The gel was solvent exchanged by three repeated wash each with 

ethanol (20 mL)  followed by acetone (20 mL). For each wash, the mixture was 

constantly agitated (5 rpm) for 30 minutes except for the first wash with ethanol 

which took one hour, and allowed for several minutes to separate into a clear 

liquid and solid phase and filtered. For the final solvent exchange with acetone, 

filtration was left for 15 minutes to remove as much acetone as possible. 

Drying process 

The samples’ precipitates were dried in the vacuum oven overnight at 50 oC 

after solvent exchange had completed. For the drying process, the samples 

were collected in beakers (400 mL) and covered with pierced aluminium foil. 

The quality of the resulting powdery product, that is, expanded alginic acid was 

tested by nitrogen sorption analysis. 

6.4.1.2 Experiment two: Gelation studies at 90 oC over varying time 

periods  

The same procedure stated in section 6.4.1.1 was used for all stages of 

preparation except for gelation process which was carried out at  temperature of 

90 oC. The summary of this experiment is illustrated below in Table 6.4. 
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Table.6.4: Provides information about preparation of expanded alginic acid gelatinised at 90 
o
C 

over different period of times with constant stirring in aluminium heating block tube 

Sample 

name 

 

 

 

CAa 

in 

Dw 

Gn Cn 

Rt Cn 

 

Solvent exchange 

with ethanol 

(3times) 

Solvent exchange 

with acetone 

(3times) 

Total 

volume 

of 

solvent 

used 

Drying 

process 

in vacuum 

oven 

T Time  

Volume (mL) of 

ethanol used 

Volume (mL) of 

acetone used 

Temperature/ 

time  

Stirring duration Stirring duration 

1
st

 

(1h) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

1
st

 

(30 

min

) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

Sb1 

(1 

g/20 

mL) 

(5%) 

90 

o
C 

40 

min 

+5
 o

C 

/ 1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Sb2 

(1 

g/20 

mL) 

(5%) 

90 

o
C 

80 

min 

+5 
o
C /1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Sb3 

(1 

g/20 

mL) 

(5%) 

90 

o
C 

120 

min 

+5 
o
C/ 1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Sb4 

1 

g/20 

mL) 

(5%) 

90 

o
C 

160 

min 

+5 
o
C /1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

CAa in DW: Concentration of alginic acid in distilled water 
Gn Cn: Gelatinisation conditions  
Rt Cn: Retrogradation conditions 
EtOH: Ethanol 
Acet: Acetone 

 

6.4.1.3 Experiment three: Gelation studies at 100 oC over varying time 

periods  

Similar technological stages were performed as operated for expanding alginic 

acid in section (6.4.1.1 Experiment one), but with gelatinisation temperature 

being 100 oC throughout changing time periods. The conditions of this 

experiment are placed in Table 6.5. 
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Table.6.5: Summarizes the preparation of expanded alginic acid gelatinised at 100 
o
C over 

different period of times with constant stirring in aluminium heating block tube 

Sample 

name 

 

 

 

CAa 

in 

Dw 

Gn Cn 

Rt Cn 

Solvent exchange 

with ethanol 

(3times) 

Solvent exchange 

with acetone 

(3times) 

Total 

volume 

of 

solvent 

used 

Drying 

process 

in vacuum 

oven 

T Time  

Volume (mL) of 

ethanol used 

Volume (mL) of 

acetone used 

Temperature/  

time  

Stirring duration  Stirring duration 

1
st

 

(1h) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

1
st

 

(30 

min

) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

Sc1 

(1 

g/20 

mL) 

(5%) 

100 

o
C 

40 

min 

+5
 o

C 

/ 1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Sc2 

(1 

g/20 

mL) 

(5%) 

 

100
 

o
C 

80 

min 

+5 
o
C /1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Sc3 

(1 

g/20 

mL) 

(5%) 

 

100 
o
C 

120 

min 

+5 
o
C/ 1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

40 h 

    Sc4 

(1 

g/20 

mL) 

(5%) 

100
 

o
C 

160 

min 

+5 
o
C /1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

CAa in DW: Concentration of Alginic acid in distilled water 
Gn Cn: Gelatinisation conditions  
Rt Cn: Retrogradation conditions 
EtOH: Ethanol 
Acet: Acetone 

 

6.4.1.4 Experiment four: Gelation studies at 110 oC over varying time 

periods  

Same procedure of sample preparation and stages of expansion process (i.e. 

gelation, retrogradation, solvent exchange with ethanol  and acetone followed 

by vacuum oven dried) were performed, however, the gelation temperature was 

fixed at 110 oC over 40, 80, 120 and 160 min. The states of this experiment are 

presented in Table 6.6.  
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Table.6.6: Shows the preparation of expanded alginic acid gelatinised at 110 
o
C over varying 

time period with constant stirring in aluminium heating block tube 

Sample 

name 

 

 

 

CAa 

in 

Dw 

Gn Cn 

Rt Cn 

Solvent exchange 

with ethanol 

(3times) 

Solvent exchange 

with acetone 

(3times) 

Total 

volume 

of 

solvent 

used 

Drying 

process 

in vacuum 

oven 

T Time  

Volume (mL) of 

ethanol used 

Volume (mL) of 

acetone used 

Temperature/   

time  

Stirring duration Stirring duration 

1
st

 

(1h) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

1
st

 

(30 

min

) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

Sd1 

(1 

g/20 

mL) 

(5%) 

110 

o
C 

40 

min 

+5
 o

C 

/ 1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Sd2 

(1 

g/20 

mL) 

(5%) 

 

110
 

o
C 

80 

min 

+5 
o
C /1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Sd3 

(1 

g/20 

mL) 

(5%) 

 

110 
o
C 

120 

min 

+5 
o
C/ 1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

40 h 

 

 

    Sd4 

g/20 

mL) 

(5%) 

 

110
 

o
C 

160 

min 

+5 
o
C /1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

CAa in DW: Concentration of Alginic acid in distilled water 
Gn Cn: Gelatinisation conditions  
Rt Cn: Retrogradation conditions 
EtOH: Ethanol 
Acet: Acetone 

 

6.4.1.5 Experiment five: Effect of time on retrogradation process 

The same procedure for sample preparation was performed as described in 

section (6.4.1.1 experiment one). The gelatinisation temperature and time (100 

oC/160 min.) found were applied for gelatinisation process. Retrogradation was 

conducted at (5 oC) but for varying time periods. Information on this experiment 

is below in Table 6.7. The final products were tested by porosimetry analysis.  
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Table.6.7: Shows retrogradation process at 5 
o
C over varying period of time for expanded 

alginic acid  

Sample 

name 

CAa 

in 

Dw 

Gn Cn 

Rt Cn 

Solvent exchange 

with ethanol 

(3times) 

Solvent exchange 

with acetone 

(3times) 

Total 

volume 

of 

solvent 

used 

Drying 

process 

in vacuum 

oven 

T Time  

 

Volume (mL) of 

ethanol used 

Volume (mL) of 

acetone used 

Temperature/ 

time 
Stirring duration Stirring duration  

1
st
 

(1h) 

2
nd

 

(30 

min 

3
rd

 

(30 

min) 

1
st
 

(30 

min) 

2
nd

 

(30 

min) 

3
rd

 

(30 

min) 

Se1 

(1 

g/20 

mL) 

(5%) 

100 
o
C 

160 

min 
zero  

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/  

24 h 

Se2 

(1 

g/20 

mL) 

(5%) 

100 
o
C 

160 

min 

5
 o

C / 

0.5 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/  

24 h 

Se3 

(1 

g/20 

mL) 

(5%) 

100 
o
C 

160 

min 

5
 o

C / 

1 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Se4 

(1 

g/20 

mL) 

(5%) 

100 
o
C 

160 

min 

5 
o
C 

/ 2 

day 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Se5 

(1 

g/20 

mL) 

(5%) 

100 
o
C 

160 

min 

5 
o
C 

/3 

days 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

Se6 

(1 

g/20 

mL) 

(5%) 

100 
o
C 

160 

min 

5  
o
C/ 4 

days 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

40 h 

Se7 

(1 

g/20 

mL) 

(5%) 

100 
o
C 

160 

min 

5  
o
C/ 5 

days 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

20 

mL 

120 

mL 

50 
o
C/ 

24 h 

CAa in DW: Concentration of alginic acid in distilled water, Gn Cn: Gelatinisation conditions, Rt 
Cn: Retrogradation conditions, EtOH: Ethanol, Acet: Acetone  

6.4.1.6  Experiment six: Effect of solvent choice for drying retrograded gel 

The procedure of sample preparation, gelatinisation (100 oC/160 min.), 

retrogradation (5 oC for 1 day) were followed as described in section (6.4.1.5 

experiment five). Effect of using different organic fluids for gel solvent exchange 

was investigated. All retrograded gel samples, after complete wash, were 
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vacuum oven dried at 50 oC overnight. Another retrograded gel sample which 

was solvent exchanged with ethanol and then acetone was scCO2 dried at 50 

oC for three hours. Porosity of all final products from drying was measured by 

nitrogen sorption analysis. Summary of this experiment is in Table.6.8. 

 

Table.6.8: Shows the use of different organic fluids for solvent exchanging the water in the 

alginic acid gel  

Sample 
name 

 

 

 

CAa 
in 

Dw 

Gn Cn 

Rt Cn 

Solvent exchange 
with ethanol 

(3times) 

Solvent exchange 
with different 

solvents (3times) 

Total 

volume 

of 
solvent 

used 

Drying 
process 

T Time  

Volume (mL) of 
solvent used 

Volume (mL) of 
solvent used 

Temperature/ 
time 

Stirring duration Stirring duration 

1
st

 

(1h) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

1
st

 

(30 

min

) 

2
nd

 

(30 

min

) 

3
rd

 

(30 

min

) 

Sf1 

(1 
g/20 
mL) 
(5%) 

100 
o
C 

160 
min 

+5
 o

C 
/ 1 
day 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

No  No  No  
60 
mL 

50 
o
C/ 

24 h 
Vacuum 

oven 

Sf2 

(1 
g/20 
mL) 
(5%) 

100 
o
C 

160 
min 

+5 
o
C /1 
day 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

120 
mL 

50 
o
C/ 

24 h 
 Vacuum 

oven 

Sf3 

(1 
g/20 
mL) 
(5%) 

100 
o
C 

160 
min 

+5 
o
C/ 1 
day 

20 
mL 
EtO
H 

20 
mL 

EtO
H 

20 
mL 
EtO
H 

20 
mL 
Me
OH 

20 
mL 
Me
OH 

20 
mL 
Me
OH 

120 
mL 

50 
o
C/ 

24 h 
Vacuum 

oven 

Sf4 

(1 
g/20 
mL) 
(5%) 

100 
o
C 

160 
min 

+5 
o
C/ 1 
day 

20 
mL 
EtO
H 

20 
mL 

EtO
H 

20 
mL 
EtO
H 

20 
mL 
Hex 

20 
mL 
Hex 

20 
mL 
Hex 

120 
mL 

50 
o
C/ 

24 h 
Vacuum 

oven 

Sf5 

(1 
g/20 
mL) 
(5%) 

100 
o
C 

160 
min 

+5
 o

C 
/ 1 
day 

20 
mL 
EtO
H 

20 
mL 

EtO
H 

20 
mL 
EtO
H 

20 
mL 
Ace
t 

20 
mL 
Ace

t 

20 
mL 
Ace

t 

20  
mL 

 

50 
o
C/ 

24 h 
Vacuum 

oven 

Sf6 

(1 
g/20 
mL) 
(5%) 

100 
o
C 

160 
min 

+5 
oC / 

1 
day 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

20 
mL 
EtO
H 

20 
mL 
Ace

t 

20 
mL 
Ace

t 

20 
mL 
Ace

t 

120 
mL 

 

50 
o
C/ 

scCO2 
24 h 

CAa I DW: Concentration of alginic acid in distilled water 
Gn Cn: Gelatinisation conditions, Rt Cn: Retrogradation conditions; EtOH: Ethanol, MeOH: 
Metahnol, Hex: Hexane, Acet: Acetone, scCO2: Super critical CO2. 

 

 

6.4.2 Production of Algibons from the mesoporous alginic acid precursor 

via temperature-controlled carbonisation 

A temperature programme and control was proposed to carbonise the 

mesoporous alginic acid obtained to generate Algibons. This carbonisation 

process was taken place  in Netzsch 409 STA thermal analyser under nitrogen 
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gas on small technical scale. 200 mg of mesoporous alginic acid scCO2 dried 

was employed in a 3.5 mL ceramic crucible and heated under a flow rate of 

nitrogen 100 ml/min with slow heating temperature rate. This carbonisation 

temperature programme generated a promising quality of mesoporous 

Algibons. Products porosity were tested by nitrogen  sorption analysis. The 

following temperature programmes were applied to obtain different textural 

properties of Algibons.  

6.4.2.1 Carbonisation temperature profile for Algibon300 production 

 Carbonisation temperature programme was applied in the Netzsch to pyrolysis 

the mesoporous alginic acid to 300 oC to generate A300 (see Table 6.9).  

 

Table.6.9: Temperature programming control run for generating A300 from the precursor  

Temperature 
o
C 

Temperature 
rate 

o
C/min 

Time of isotherm 
temperature 

Time of 
emergency 

rest 
temperature 

25    

100 1   

175 0.2 20 min  

250 0.2 40 min  

300 0.2 20 min  

320   Controlled  

 

Based on the temperature programme was used to prepare A300, the same 

temperature rate (revealed in Table 6.9) was applied from room temperature up 

to 300 oC for generating the other Algibons, but temperature rate 0.3 oC/min 

was applied from 300 oC to 350, 400, 600 and 800 oC to produce A350, A400, 

A450 and A800 respectively.   

6.4.2.2 Carbonisation temperature profile for Algibon450 production 

Temperature programme of A450 preparation  is placed in Table 6.10. 

Carbonisation process was conducted in an inert nitrogen atmosphere in 

Netzsch.  
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Table.6.10: Temperature programming was run for generating A450 from the precursor 

achieved  

Temperature 
o
C 

Temperature 
rate 

o
C/min 

Time of isotherm 
temperature 

Time of 
emergency 

rest 
temperature 

25     

100 1   

175 0.2 20 min  

250 0.2 40 min  

300 0.2 20 min  

450 0.3 15 min  

470   Controlled  

 

 

6.4.2.3 Carbonisation temperature profile for Algibon600 production 

Temperature of A600 preparation  is in Table 6.11.   

Table.6.11: Temperature programming was run for generating A600 from the precursor 
achieved  

Temperature 
o
C 

Temperature 
rate 

o
C/min 

Time of isotherm 
temperature 

Time of 
emergency 

rest 
temperature 

25    

100 1   

175 0.2 20 min  

250 0.2 40 min  

300 0.2 20 min  

600 0.3 15 min  

620   Controlled 

6.4.2.4 Carbonisation temperature profile for Algibon800 production 

Temperature of A800 preparation  is in Table 6.12.  
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Table.6.12: Temperature programming was run for generating A800 from the precursor 

achieved 

Temperature 
o
C 

Temperature 
rate 

o
C/min 

Time of isotherm 
temperature 

Time of 
emergency 

rest 
temperature 

25    

100 1   

175 0.2 20 min  

250 0.2 40 min  

300 0.2 20 min  

800 0.3 15 min  

820   Controlled 

 

 

6.5 Dye adsorption experiments using porous adsorbents (Porous 

adsorbents application in bulky dye adsorption) 

Standard stock solution of the four dyes used were prepared in volumetric 

flasks using distilled water at the following concentration: Procion Yellow (PY) 

140 mg/L, Remazol Black (RB) 140 mg/L, Procion Crimson (PC) 140 mg/L, 

Procion Navy (PN) 140 mg/L. All dyes were completely dissolved with sufficient 

amount of water and stirred well and completed to the mark in 1000 mL 

volumetric flask by distilled water. The samples were taken to be analysed by 

UV-vis spectroscopy for initial concentration before use in adsorption studies. 

From each standard stock solution a series of solutions containing each dye 

was prepared. At the first step of the investigation using these standard dyes 

solutions calibration curves for each dye was developed. After that, the 

minimum time for the adsorption equilibrium achievement of the dyes was 

estimated during kinetic experiments using eight adsorbents (i.e. S300, S450, 

S800, A300, A450, A800, Ac and Sgel) to each dye solution with optical density 

1 A.U. of UV-Vis absorbance spectroscopy using a JASCO V-550 UV/VIS 

spectrometer. Then sample were taken for UV-Vis measurement at certain time 

contacts.  
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The dye adsorption loads by the materials (Qe ) were determined at equilibrium 

which represent the amount of dye in milligram adsorbed by one gram of each 

adsorbent used.  

Hyperchem software was used to draw the three dimensional structure of the 

dyes. Nitrogen sorption analysis was measured for the adsorbents used for dye 

removal. Both drawn 3-D dyes structures and the porosimetry results were 

taken to further supporting the explanation of different rate of dye uptake by the 

carbonaceous materials used. The bulky organic dye size was compared to the 

pores of A800 and Ac which were proposed based on the pore size distribution. 

Kinetic order model study was carried out  for dye adsorption using A800, A450 

and AC to find an appropriate kinetic model.  

Dye adsorption study was further investigated by processing the results 

obtained in four known models which were Langmuir, Freundlich, Tempkin and 

Dubinin-Radushkevich adsorption. Langmuir equation, which was the 

successful model,  was applied to draw a plot between Ce/Qe versus  Ce, it gave 

the  maximum adsorption capacity (Qm) and constant of equilibrium (K).  

Thermodynamic adsorption study were conducted for the four dyes using A800 

and AC adsorbents at four different temperatures: 25, 35, 45 and 55 oC. From 

the applied Langmuir equation, the constant of equilibriums (K) for dye 

adsorption at 25, 35, 45 and 55 oC were found. The slope and the intercept from 

the plot between the obtained constant of equilibrium (K) versus (1/T in Kelvin) 

gave enthalpy or energy of adsorption (Eads) and entropy of the system 

respectively. Eventually, free energy values for each dye using A800 and Ac 

were calculated from the found enthalpy ( Eads) and entropy at temperatures 25, 

35, 45 and 55 oC.  

The regeneration of Algibon used was carried out using three different 

techniques: i) Direct thermal treatment, ii) Dye recovery and adsorbent 

regeneration using solvent and iii) Indirect thermal treatment of A800 loaded 

with dye. The regenerated A800  was successfully reused in dye removal 

application.  

6.5.1 Calibration curve for the dyes used 

Series of dyes concentrations (5, 10, 20, 30, 40, 50, 60, 70, 80 100, 120, 140 

mg/L) were prepared. One mL of every series of dye concentrations was 
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individually taken for UV-spectroscopy measurement, aimed to determine the 

maximum wavelength (λ) which will be used for further UV-vis spectroscopy 

measurement.  

Table.6.13: Maximum wavelength for the dyes described in this research work 

Dye 
Maximum wavelength 

λmax (nm) 

Procion Yellow (PY) 417 

Remazol Black (RB) 595 

Procion Crimson (PC) 545 

Procion Navy (PN) 607 

 

6.5.2 Adsorption kinetic procedure 

For the kinetic adsorption studies each dye solution was prepared at a 

concentration that corresponded to one arbitrary unit of UV spectroscopy at the 

λmax wavelength. 100 mg of each absorbent (i.e. three different types of 

Algibons (A800, A450, A300) and Starbons (S800, S450, S300) as well as 

activated carbon and silica gel were individually added into 100 mL of that dye 

solution had concentration corresponded to one arbitrary unit of UV 

spectroscopy. But in case of RB only 20 mg of each adsorbent was employed 

for 100 mL of the Remazol black solution. To follow the kinetic process, a 

number of samples were taken at 30, 60, 240, 640, 1440, 2880, 4320 minutes 

for UV-VIS measurement. The kinetic curves were plotted between the dye 

adsorbed% versus the contact times for each dye using eight adsorbents.  

The dyes adsorption loads were plotted for every adsorbent as contact time 

reached equilibrium (4320 min.). The following law was applied to calculate the 

dye adsorption load by each adsorbent material employed: 

   
         

 
 

Qe is the amount of dye in milligram adsorbed by one gram of adsorbent used, it 

is measured by (mg/g). Co is the initial concentration of the dye solution; Ce is 

the concentration of the dye solution (mg/L) as adsorption reached equilibrium, 

V volume of the solution used (L) and m is the mass of the adsorbent used (g).  
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6.5.3 Types of kinetic order model 

The following kinetic order models were applied to check the pseudo first and 

second order model: 

6.5.3.1 Pseudo first order model 

For this model the linearised form of the Lagergren pseudo-first-order equation 

is used: 

                    

Where Qe is the amount of dye adsorbed (mg/g) at equilibrium, Qt is the amount 

of dye adsorbed at time t (min), k1 (min-1) is the pseudo-first-order rate constant 

of adsorption. A straight line of ln(Qe-Qt) versus t suggests the applicability of 

this kinetic model. 

Plot between ln(Qe-Qt) versus time t gives a slope which corresponds to 

constant of kinetic first order reaction (K1). Exponential of the intercept of that 

plot corresponds to  the dye adsorption load at equilibrium.  

6.5.3.2 Pseudo second order model 

The following equation 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. A 

straight line of t/Qt  versus t suggests the applicability of this kinetic model. 

Plot between t/Qt against time t gives a slope. The inverse of that slope is dye 

adsorption load at equilibrium. The inverse of [(Qe)
2 * intercept of that plot] is the 

constant of kinetic second order reaction (K2).  

6.5.4 Dye adsorption study  

From each dye standard stock solution a series of solutions containing each 

dye with concentrations (40, 60, 80, 100, 120 and 140 mg/L) was prepared. 10 

mL of each dye series of concentrations was employed to 10 mg of A800 

adsorbent, except in case of RB dye, 25 mL of RB series of concentrations  

were employed to 5 mg A800. Adsorption process held for 72 hours. After 
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adsorption completed, each set of series samples were taken for UV-Vis 

spectrometry measurement. The same steps were repeated for the dyes using 

A450 and AC adsorbents.  

The obtained results were processed in different kinds of adsorption isotherm 

models such as Langmuir, Freundlich, Temkin and Dubinin-Radushkevich 

adsorption. 

6.5.4.1 Langmuir adsorption equation 

The data obtained was processed in Langmuir equation:  

  

  
 =

 

    
 

  

  
  

K is constant of equilibrium, Ce concentration of the dye or sample at 

equilibrium and Qm is maximum adsorption capacity. 

Inverse of slope from the plot between Ce/Qe versus Ce for each dye 

corresponded to the dye maximum adsorption capacity (Qm) and constant of 

equilibrium (K) can be found as following: 

   
 

             
 

The found K can be applied in the following equation: 

    
 

       
 

RL is Equilibrium parameter, K is the constant of equilibrium found and Co is the 

initial concentration of the dyes.  If RL is greater than one means the adsorption 

is unfavourable, equal to one means adsorption is linear. RL greater than zero 

and smaller than one means it is favourable. If it is zero means adsorption is 

irreversible.  

6.5.4.2 Freundlich adsorption equation 

The Freundlich equation was applied to the data: 
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Qm is maximum adsorption capacity, KF constant of Freundlich and n 

heterogeneity factor, and signifies the intensity of adsorption.  

KF and n can be obtained from the plot between lnQe against lnCe. The slope 

and intercept of that plot corresponded to KF and n respectively.  

6.5.4.3 Temkin adsorption equation 

This model of adsorption was carried out to process the data:  

   
  

 
    

  

 
     

RT/b= B (J/mol) presents the Temkin constant related to heat of sorption,  A  is 

measured in (L/g), which is (intercept divided by slope), is the equilibrium 

binding constant gives the maximum binding energy (J/mol). R (8.314 J/mol K) 

is the universal gas constant and T is the absolute solution temperature in 

Kelvin degree. 

Plot between the Qe versus LnCe gives slope and intercept. Slope corresponds 

to B (heat of adsorption). Exponential of A corresponds to maximum binding 

energy.  

6.5.4.4 Dubinin-Radushkevich adsorption equation 

The received results were processed in Dubinin-Radushkevich equation:  

      
       

This equation can be written for the linear form of adsorption model as follow: 

 

                      
 

          
 

  
           

 

Where Qm signifies the monolayer saturation capacity (mg/g) and K the 

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

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

solid from the solution and can be determined from the equation written below: 

  
 

   
        



202 
 

Plot between lnQe versus   gives a slope which corresponds to the constant of 

adsorption energy (K) and the exponential of the intercept of that plot presents 

the maximum adsorption capacity Qm (mg/g). 

6.5.5 Effect of temperature on adsorption isotherm 

A stock solution of each individual dye was prepared. For example, (140 mg/L) 

stock solution of PC dye was made. A series of solutions from the stock solution 

was prepared including (40, 60, 80, 100, 120 and 140 mg/L).    

10 mL of each of the single PC dye solution was poured into the glass vial 

plastic lead containing 10 mg of A800 and magnetic stirrer bar. The adsorption 

was carried out at 25 oC for 72 hours with constant stirring. The same steps 

were conducted, but at 35, 45 and 55 oC. At the end 24 samples were collected 

and took for UV-vis spectroscopy measurement.  

The same procedure was repeated to the other dyes, but in case of RB dye, 5 

mg of A800 was employed to 25 mL of each RB dye solution. In the end, the 

Langmuir equation was applied for the points obtained at the various 

temperatures applied. The maximum adsorption capacity (Qm) and constant of 

equilibrium (K) was found for each system.  

The constants of equilibrium (K) found  were converted to Lnk. Plot between lnK 

versus 1/T in Kelvin degree gave slope and intercept which corresponded to the 

energies of adsorption (from gradients) and entropy of adsorption (from 

gradient).  

The same steps were repeated in order to find the enthalpy (Eads) and entropy 

(ΔS) for each individual dye using activated carbon.   

Changes in free energies (ΔG) were found for each dye using A800 and Ac at 

25, 35, 45 and 55 oC.  

Surface area dye coverage for both Algibon800 and activated carbon 

adsorbents was determined using the following equation:  

   Ѳ = 
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Ѳ is surface area of adsorbent dye coverage (m2/g), Qm is maximum 

adsorpation capacity of each dye (mg/g) at ambient temperature, Avogadro 

number is 6.023*1023 mol-1 and molecular wight of each dye is 1416 g/mol for 

Procion Yellow (PY) (C49H39O18S4Cl2N15Na4), 893 g/mol for Remazol Black (RB) 

(C24H17O19S6Na4), 1608 g/mol for Procion Crimson (PC) (C53H33O26S8Cl2N14) 

and 1336 g/mol for Procion Navy (PN) (C42H32O19S6Cl2N15Na).  

6.5.6 Dye desorption experiment 

It began with adsorption of dye. 1000 mg of each dye was individually dissolved 

in a sufficient amount of distilled water in a 500 volumetric flask and completed 

to the label with distilled water. Before the adsorption experiment, 2.5 mL of 

each concentrated dye was diluted in 100 mL volumetric flask and measured 

applying UV-VIS spectrometer. These measurements were taken as initial 

absorbance (Ao) of the dyes. 

To undertake the adsorption experiment, 250 mL of each individual 

concentrated dye was added into a 500 mL sized glass bottle reactor containing 

1 gram of A800. Then adsorption was run for 72 hours with constant agitation. 

After adsorption had been carried out, 2.5 mL of the filtrate of each dye solution 

was taken and then diluted into 100 mL. It was measured by UV-VIS 

spectrometer. These measurements were taken as absorbance (Ai) of the dyes 

after adsorption reached equilibrium. Then the amount of dye adsorbed by 

A800 was found as following: 

Amount of dye adsorbed by A800 = amount of initial dye-amount of dye remained 

The A800 loaded with the individual dye was filtrated and freeze dried. 50 mg of 

A800 contaminated with each dye was taken for porosimetry analysis. Their 

pore size distribution (dV/dD) were drawn versus pore diameter (nm) and 

compared to the initial A800. 

The regeneration of A800 used was carried out using three different 

procedures: 

6.5.6.1 Direct thermal treatment  

Thermal gravimetric analysis was applied using a Netzsch 409 STA thermal 

analyser. Samples (100 mg of each individual sample) were mounted in a 3.5 

mL ceramic crucible and heated from room to 800 oC (rate of heat was 10 oC 
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per minute) under a flow nitrogen rate (100 mL/min). 50 mg of the thermally 

treated dyes contained A800 were collected and analysed by nitrogen sorption 

analysis.  

6.5.6.2 Dye recovery and adsorbent regeneration using solvent  

10 mg of dyes containing A800 were individually added into a vial glass (35 mL 

size) plastic led containing a magnetic stirrer bar. 10 mL of distilled water was 

poured into the system. The samples were put into the aluminium heating tube 

block. The system was heated to 30 oC. The loaded A800 with the dyes was 

constantly mixed at stirring rate (2 rpm)  and held for two hours. After two hours 

of stirring at 30 C, the samples were centrifuged for 30 minutes. The samples 

filtrates were collected using syringe filter. The collected filtrates were taken for 

UV-VIS spectrometry measurement.  

Second portion of 10 mL distilled water was added into the remaining 

contaminated A800 with the dyes which were in the bottom of the vial glass. 

The system was mixed for another two hours at 30 oC at the same rate of 

stirring. Then it was centrifuged and the filtrate was syringe filtered and sent for 

measurement. The same steps were repeated to further wash the dye 

containing A800 until the colour disappeared. The last portion of distilled water 

(10 mL) was added and the system was left for 24 hours. To ensure 

disappearance of the colour was completed.  

The same procedure was conducted for dyes desorption from the A800 using 

distilled water at 50 oC. Desorption using ethanol at both temperatures 30 and 

50 oC was done by carrying out the same procedure described.  

6.5.6.3 Indirect thermal treatment of A800 loaded with dye 

This procedure consisted of the combination of warm ethanol followed by 

Starbon thermal treatment.   

500 mg of each individual A800 were loaded with the dyes, after they had been 

freeze dried; the contents were added into beakers containing a magnetic stirrer 

bar. 100 mL of ethanol was then added into each system. The systems were 

heated to 50 oC and held for 1 hour. The solution were filtrated and the 

collected precipitates (dyes contained A800) were returned to the beaker the 

same steps were repeated two times more. The final precipitates were collected 

and dried in oven at 100 oC overnight.  
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150 mg of each dye that contained A800, had been ethanol washed, were 

respectively mounted in a 3.5 mL ceramic crucible in a Netzsch 409 STA 

thermal analyser. The system was heated to 800 oC (rate of thermal treatment 

was 10 oC per minute) under nitrogen flow rated 100 mL per minute. The 

thermally treated dyes containing A800 were collected. The regenerated 

Algibons were analysed using nitrogen sorption analysis.  

6.5.7 Regenerated Algibon application in dye removal  

10 mg of the regenerated Algibon A800(r) was added into each individual series 

of concentrations (i.e. 40, 60, 80, 100, 120 and 140 mg/L) of PN. Magnetic 

stirrer bars were added to the systems with stirring constantly continued for 72 

hours at normal temperature. The samples filtrates were collected and sent for 

UV-VIS measurement.  

The same procedure was repeated for RB dye, but in this case 5 mg of the 

regenerated A800 was employed for 25 mL of each individual concentration of 

the RB dye solution. Langmuir equation was applied for both dyes using 

regenerated Algibon A800(r). The dyes maximum adsorption capacities were 

found. The same steps were applied for both dyes using initial Algibon A800(i).  

6.6 Metal adsorption  procedure  

6.6.1 Metals recovery in digested solid waste 

One gram of each ash (Pulverised fly ash, Red Mud, bottom ash, Titano 

gypsum, Red Titanogypsum and Phosphogypsum) was individually added into 

a microwave cylinder container, and then 50 mL of nitric acid (0.2 M) was 

added. The microwave cylinder container containing the ash, nitric acid and 

magnetic stirrer bar was kept in the microwave reactor chamber. Temperature 

was controlled and held on 200 oC for one hour. The water phase from the 

digested ash was then filtrated. 5 mL of the filtrate was mixed with 20 mL 

deionised ultra pure water. 10 mg of the Starbon adsorbent materials including 

Starbon300, Starbon800, A300 and A800 were employed into the glass vial 

containing a small magnetic stirrer bar. The 25 mL of the prepared diluted form 

of the filtrate collected was employed into the glass vial containing the 

adsorbent materials and a small magnetic stirrer bar. After 24 hours contact 

time, the samples were centrifuged for 30 minutes and the water phase was 

syringe filtered. 10 µL of the water phase collected was taken by micropipette 
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and diluted with 10 mL deionised ultra pure water. The final solutions were then 

sent for inductively coupled plasma atomic emission spectroscopy (ICP-AES)  

to measure the amount of metals removed. The initial concentration of each 

metal ion in every solid waste was already determined.  

Methodology of estimation of Starbon selectivity in metals adsorption is 

described below: 

i) estimation of relevant amount of certain metal Men (Solution) in the solution 

as a ratio between concentration of this metal in the solution [Men]
solution and 

sum of concentration of all elements in solution- Σi [Mei]
solution. 

ii) Estimation of relevant amount of certain metal Men (surface) on the surface 

as a ratio between surface concentration of this metal [Men]
surface and sum of 

concentration of all others elements on the surface-Σi [Mei]
surface. 

iii) Estimation of adsorption selectivity (Starbon selectivity effect) as a ratio:  

Men (surface): Men (solution) = [Men] surface: Σi [Mei]surface/[Men]solution : Σi 

[Mei]solution
 

 

Table.6.14: Investigated materials for metals adsorption 

Solid waste 
Starbons 

S300 S800 A800 A300 

Fly ash (PFA)     

Red mud (RM)     

Bottom ash (BA)     

Titanogypsum (TG)     

Red (RTG)titanogypsum     

Phosphogypsum (PG)     

 

6.6.2 Further study on metal adsorption using Algibon 

Further systematic investigation on metal adsorption on Starbon based on A800 

was carried out in a mixture sample comprising of four metals including (Cu, Co, 

Ag and Cd) metals ions.  
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Table.6.15: Series solutions of metals ions prepared from the stock mixture solution 

Series of 

solutions 

Concentration of metal (mg/L) 

Co Cu Ag Cd 

Solution1 1.372 2.382 5.206 2.812 

Solution 2 2.745 4.765 10.411 5.624 

Solution 3 6.864 11.912 26.029 14.061 

Solution 4 13.729 23.824 52.057 28.121 

Solution 5 27.458 47.648 104.115 56.243 

To measure the initial concentration of this sample, 10 µL of the sample solution 

mixture was added into 10 mL of deionised ultra pure distilled water. The initial 

metal ions concentrations and the diluted metals ions solutions concentrations, 

which were prepared from the original mixture sample solution, were measured 

by ICP. 

10 mg of A800 adsorbent was individually employed to 10 mL of the series 

concentrations solutions of the mixture containing Co, Cu, Ag and Cd metals 

ions and adsorption held for 24 hours with stirring. The samples were 

centrifuged for 30 minutes and the filtrates were separated by syringe filter. The 

collected filtrates were sent for ICP measurement.  

The obtained results were processed by applying types of adsorption isotherm 

equations like Langmuir, Freundlich, Tempkin and Dubinning-Raduschkic. 

Maximum adsorption capacity from Langmuir equation was found for each 

metal.  

6.6.2.1 Metal kinetic adsorption 

For the kinetic adsorption studies 100 mg of A800 adsorbent was employed for 

the initial mixture sample solution. The samples were taken one by one at each 

contact time (i.e. 0, 10 min, 30 min, 60 min, 120 min, 240 min,, 320 min, 1440 

min). The kinetic curve was plotted between the metal adsorbed% versus the 

contact times for each metal using Algibon. 

6.6.2.2 Metal kinetic order adsorption model  

The following kinetic order equations were used to study the pseudo first and 

second order model: 
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6.6.2.2.1 Metal kinetic pseudo first order equation 

The following equation was applied for this model of pseudo-first-order:  

                    

Where Qe is the amount of metal adsorbed (mg/g) at equilibrium, Qt is the 

amount of metal adsorbed at time t (min), k1 (min-1) is the pseudo-first-order rate 

constant of adsorption. A straight line of ln(Qe-Qt) versus t suggests the 

applicability of this kinetic model. 

Plot between ln(Qe-Qt) versus time t gives a slope which represents the 

constant of kinetic first order reaction (K1). Exponential of the intercept of that 

plot corresponds to the metal adsorption load at equilibrium.  

6.6.2.2.2 Metal kinetic pseudo second order equation 

The following equation used to determine the appropriateness of the pseudo-

second-order model for the adsorption process: 

 

  
 

 

    
 
 

 

  
  

Where K2 (g mg-1min-1), represents the pseudo-second-order rate constant. 

A straight line of  t/Qt  versus t suggests the applicability of this kinetic model. 

Plot between t/Qt against time t gives a slope. The inverse of that slope 

represents the metal adsorption load at equilibrium (Qe). The inverse of [(Qe)
2 * 

intercept of that plot] presents the constant of kinetic second order reaction (K2).  
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CHAPTER SEVEN 

Thesis Conclusion and Future Work 
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7.1 Conclusion observed  

7.1.1 Preparation of expanded alginic acid precursor 

A novel robust procedure of alginic acid expansion has been developed. It 

includes optimisation of parameters of each stage of expansion such as 

gelation, retrogradation, solvent exchange and drying. It has been found that 

the optimum procedure of alginic acid expansion has to be included:  

1) Gelation: 160 minutes  at temperature 100 oC. 

2) Retrogradation:  24 hours at temperature 5 oC. 

3) Solvent exchange: three ethanol followed by three acetone. 

4) Drying: using scCO2 3h at 50oC and pressurised to 100 bar. Slowly 

depressurised for time12h.  

The textural properties (pore volume ca 2 cm3/g and pore diameter around 25 

nm) of the mesoporous materials produced using optimised method.    

7.1.2 Generating Algibons from the mesoporous alginic acid produced 

Using thermal gravimetric analysis (TGA) and thermal gravimetric analysis 

coupled with Fourier transform Infrared spectroscopy (TG-FTIR) techniques, the 

mechanism of decomposition of the expanded alginic acid has been 

determined.  Temperature profile for preparation of the Algibons at specific 

temperature (e.g. 300, 450, 600 and 800 °C) has been applied. It has been 

found that it is very important to keep the heating rate for carbonisation of the 

alginic acid at (0.3 oC/min.) under point 250°C. 

The textural properties (pore volume ca 2.5 cm3/g and pore diameter around 25 

nm) of the mesoporous materials generated using the current method are 

substantially better than previously reported (Vpore= 1 cm3/g; Dpore = 16 nm). 

Based on optimum procedure developed during the first part of this project a 

range of Algibons were generated and characterised using nitrogen adsorption, 

DRIFT-IR, TGA, SEM , elemental composition analysis, ash content and solid 

NMR. 

7.1.3 Investigation of Algibons as adsorbent for reactive dye adsorption 

The Algibons were employed in chapter four to capture potentially harmful 

compounds from aqueous water stream. It has been shown that Algibons 

significantly (up to six folds) overcome the typical microporous activated carbon 
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(AC) in removing bulky dyes which are globally used in cotton market and textile 

industry.   For bulky dye removal, the work demonstrated that adsorbent with a 

higher mesoporous character, A800, was found to be the best adsorber. This 

material also demonstrated much higher rate of adsorption for large dye 

molecules than microporous material such as AC. The adsorption of the dyes 

using Ac was not performed well, due to the small pore size and diameter of the 

Ac which limited its effectiveness for dye uptake.  

The obtained results highlight that preparation temperature of Algibons is crucial 

in dye capture, demonstrating importance of adsorber surface functionality for 

dye removal efficiency. It was noticed that Algibons prepared at high 

temperature and therefore containing high carbon content exhibit better dye 

uptake. The high efficiency of the A800 adsorbent could be explained by π-π 

interaction between conjugated surface functional group of the adsorber and the 

aromatic rings of the dyes.  

Overall, the work with Algibon preparation and application in bulky dye capture 

was very successful.  

Algibons loaded with the dyes were regenerated by water and ethanol. They 

could unload the dyes up to certain level which was around 20%. Thermal 

treatment was carried out for the contaminated A800 with the dyes after warm 

ethanol wash had been conducted. It was observed that the textural property of 

the regenerated A800 was maintained. This implies the success in regenerating 

A800 used. The regenerated Algibon A800(r) was reused in bulky dye 

adsorption demonstrating similar efficiency to the initial material A800(i).  

7.1.4 Metal ions removal using Algibon generated 

Recovering high value elements including the valuable and critical from the rich 

metal contained solid wastes has been carried out using Novel Starbon 

materials. It has been found that the adsorption of metals is very sensitive to the 

nature of the Starbon surface functionality which has made possible selective 

adsorption of these metals using Starbon technology.  

It appeared that Starbons had a good performance specificity towards the rare 

metals. It was also noticed that S800 was a better adsorber than S300. Algibon 

derived alginic acid is better than Starbon derived from starch. For example, it 

was observed that Au was efficiently adsorbed from the systems such as  
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S800/PFA, S800/red mud, A800/red mud and S300/bottom ash, but poorly from 

S300 /titanogypsum one. Likewise, Ag was efficiently adsorbed from  

S800/PFA, S300/Titanogypsum, A300/Titanogypsum sytems, but poorly from 

sytems such as A800/Red mud, S800/Phosphogypsum, S300/Bottom ash and 

A800/Red Titanogypsum. 

In metals adsorption microporosity could play a great role as well as surface 

functionality of Starbons materials. The acidic functional groups in the active 

sites of the adsorber would bind the metals into the adsorbents as a result of 

replacing the surface hydrogens with the metals ions in the discharge. 

Adsorption could  happen as a consequence of interaction between the π 

electron rich layers of the adsorbent and the vacant d orbitals of the metal ion 

species. 

Additional research was carried out systematically on four concentrated metals 

ions (Co, Cu, Ag and Cd) containing mixture of sample solution based on 

Algibon. It was found that A800 recovered the metals ions discriminately. Metals 

adsorption was described by Langmuir adsorption isotherm which means the 

metals were adsorbed as a monolayer. The adsorption kinetic was followed by 

pseudo second order mechanism.  

Despite the fact that Starbon materials are very successful at selectively 

recovering low concentration of high value metals ions. But it appears that 

Starbons would remove them discriminately when metals ions are in 

concentrated level.  

Starbons application in receiving the important elements from the metals rich 

contained solid waste is of a great success achievement although it is 

acknowledged that Starbons technology could be established, particularly in the 

third world countries where local resource can be employed, to design a project 

to successfully treat wastewater containing metals. Applications of Starbon 

technology in both cases can be feasible for growing economy, minimising 

occupied space by wastes as well as to protect all life form from risk and the 

environment from pollution. 

7.2 Future work 

 7.2.1 Reactive dye adsorption from industrial aqueous waste 
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It is known that Starbon materials could be produced in different shape 

including monolith. It will be interesting to apply Starbon monolith to the 

wastewater containing dyes.  Furthermore, at the current investigation Algibons 

have only been tested for single component solutions and model systems. 

Although, in reality it is necessary to test Algibon performance for complex dyes 

mixture for their selectivity and efficiency. This implies that Starbons can either 

specifically or randomly adsorb dyes which suggests they could be deployed for 

treatment of water stream contaminated with dyes.   

7.2.2 Regeneration of Algibon adsorbent  

It is necessary to reduce waste and increase the green certificate of the Starbon 

material regeneration. It is very worthy to try to find out a method which not only 

regenerate the adsorbent, but also recover the dyes. This means the dyes are 

not destroyed. If this could be set up, it would be ideal. This way could allow 

both the adsorbent and the dye loaded be reused. The proposed methods for 

desorption of dyes without destroying them may be using pH change employing 

HCl or NaOH despite the fact that using strong acid and base are not 

environmentally friendly causing problem to the ecosystem.  

7.2.3 Further work on metal ion removal 

Owing to time limit,  it was not possible during this work to do further experiment 

on using low temperature prepared Algibon and Starbon (i.e S300 and S800) 

for high concentration of metals ions removal in discharge. It would be a good 

idea if efficiency of A300, S300 and S800 will be compared with the A800 used.  

Possibility of applying this novel technology in the industrial zone of Sulaimani 

city in Kurdistan region of Iraq would be very much appreciated in the future 

work. It can be extended to the neighbouring regional countries for wastewater 

treatment containing pollutants in collaboration with Green Chemistry Centre of 

Excellence at The University of York, UK. Another crucial future work could be 

the application of this technology to recover selective extraction of valuable 

components from soil or rocks in some areas of Kurdistan region. These natural 

resources are rich in various minerals. With proper control of these minerals 

using this technology, we can recover mixtures which will be very useful in 

applications including binders for construction, using it as a filler or tar to occupy 

the space between the support materials which are employed in restoration and 
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construction of asphalt road as well as playground, basketball court, driveway 

and it might also be useful in housing.  
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Appendices 

Appendix one 

 

Table.8.1.1: Typical composition of untreated domestic watstewater[38] 

Contaminants Unit 
Concentration 

Weak Medium Strong 

Total solids (TS) mg/L 350 720 1 200 

Total dissolved solids 
(TDS) 

mg/L 250 500 850 

Fixed mg/L 145 300 525 

Volatile mg/L 105 200 325 

Suspended solids mg/L 100 220 350 

Fixed mg/L 20 55 75 

Volatile mg/L 80 165 275 

Settleable solids mL/L 5 10 20 

BOD5, 20ºC mg/L 110 220 400 

TOC mg/L 80 160 290 

COD mg/L 250 500 1 000 

Nitrogen (total as N) mg/L 20 40 85 

Organic mg/L 8 15 35 

Free ammonia mg/L 12 25 50 

Nitrites mg/L 0 0 0 

Nitrates mg/L 0 0 0 

Phosphorus (total as P) mg/L 4 8 15 

Organic mg/L 1 3 5 

Inorganic mg/L 3 5 10 

Chlorides mg/L 30 50 100 

Sulfate mg/L 20 30 50 

Alkalinity (as CaCO3) mg/L 50 100 200 

Grease mg/L 50 100 150 

Total coliforms No/100 ml 10
6
-10

7
 10

7
-10

8
 10

7
-10

9
 

Volatile organic 
compounds 

μg/L <100 100-400 >400 
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Table.8.1.2: Important contaminants in wastewater[39] 

Contaminants Reason for importance 

Suspended solids 

(SS) 
can lead to development of sludge deposits and anaerobic conditions 
when untreated wastewater is discharged to the aquatic environment. 

Biodegradable 

organics 

are principally made up of proteins, carbohydrates and fats. They are 
commonly measured 

in terms of BOD and COD. If discharged into inland rivers, streams or 
lakes, their biological stabilization can deplete 

natural oxygen resources and cause septic conditions that are 

detrimental to aquatic species. 

Pathogenic organisms found in waste-water can cause infectious diseases. 

Priority pollutants 

including organic and inorganic compounds, may be highly toxic, 
carcinogenic, mutagenic or 

teratogenic. 

Refractory organics 

that tend to resist conventional waste-water treatment include 
surfactants, phenols and 

agricultural pesticides. 

Heavy metals 
usually added by commercial and industrial activities must be removed 

for reuse of the waste-water. 

Dissolved inorganic 

constituents 

such as calcium, sodium and sulphate are often initially added to 
domestic water 

supplies, and may have to be removed for waste-water reuse. 
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Table.8.1.3: Information on  Procion Yellow (PY) dye[140] 

Procion Yellow (PY) 

1 Form Granular 

2 Colour Yellowish orange 

3 Odour Odourless 

4 Molecular weight  1416 g/mol (C49H39O18S4Cl2N15Na4)  

5 Chemical characterisation Azo reactive dyestuff preparation 

6 Melting point > 100 oC 

7 Solubility in water 70 g/L (20 oC) 

8 pH value 8-10 (10 g/L, 20 oC) 

9 Hazardous decomposition Not determined yet 

10 Acute oral toxicity LD50 >2000 mg/Kg (rat) 

11 Acute inhalation toxicity Not determined yet 

12 Acute dermat toxicity LD50 >2000 mg/Kg (rat) 

13 Sensitisation 
High concentration may result 

irritation of mucous membrane 

14 Mutagenity Not tetermined yet 

15 Biodegradability 
< 20% (slightly eliminable from 

water 

16 Fish toxicity LC50> 100 mg/L 

17 Algae toxicity EC50 > 100 mg/L 

18 Bacteria toxicity EC20 > 100 mg/L 

19 Chemical Oxygen demand (COD) 1.113 mg/g 

20 Biological oxygen demand (BOD) < 100 mg/g (5 days) 

21 Hazardous 
Irritant and serious risk to damage 

eye 
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Table.8.1.4: Information on  Remazol Black  (RB) dye[140] 

Remazol Black (RB) 

1 Form Powder 

2 Colour Black 

3 Odour Odourless 

4 Molecular weight 893 g/mol (C24H17O19S6Na4) 

5 Chemical characterisation Azo reactive dyestuff preparation 

6 Melting point Not determined yet 

7 Solubility in water > 100 g/L (20 oC) 

8 pH value 4.5-7 (10 g/L, 20 oC) 

9 Hazardous decomposition Not determined yet 

10 Acute oral toxicity LD50 >2000 mg/Kg (rat) 

11 Acute inhalation toxicity Not determined yet 

12 Acute dermat toxicity Not determined yet 

13 Sensitisation 
May cause sensitisation by 

inhalation and skin contact  

14 Mutagenity Not tetermined yet 

15 Biodegradability 10-25%  

16 Fish toxicity LC50> 100 mg/L 

17 Algae toxicity Not determined yet  

18 Bacteria toxicity EC20 > 1000 mg/L 

19 Chemical Oxygen demand (COD) Not determined yet 

20 Biological oxygen demand (BOD) Not determined yet 

21 Hazardous 
Harmful and may cause problem 

to inhalation and skin 
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Table.8.1.5: Information on  Procion Crimson  (PC) dye[140] 

Procion Crimson (PC) 

1 Form Granule 

2 Colour Red 

3 Odour Odourless 

4 Molecular weight 1608 g/mol (C53H33O26S8Cl2N14) 

5 Chemical characterisation Azo reactive dyestuff preparation 

6 Melting point > 100 oC 

7 Solubility in water > 140 g/L  

8 pH value 7-9 (10 g/L, 20 oC) 

9 Hazardous decomposition Not determined yet 

10 Acute oral toxicity LD50 > 2000 mg/Kg (rat) 

11 Acute inhalation toxicity Not determined yet 

12 Acute dermat toxicity LD50 > 2000 mg/Kg (rat) 

13 Sensitisation Not  yet observed 

14 Mutagenity Not tetermined yet 

15 Biodegradability < 20%  

16 Fish toxicity LC50> 100 mg/L 

17 Algae toxicity EC50 > 100 mg/L 

18 Bacteria toxicity IC50 > 1000 mg/L 

19 Chemical Oxygen demand (COD) 1.22 mg/g 

20 Biological oxygen demand (BOD) < 30 mg/g 

21 Hazardous 
Irritant to skin and serious risk to 

damage eye 
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Table.8.1.6: Information on  Procion Navy  (PN) dye[140] 

Procion Navy (PN) 

1 Form Powder 

2 Colour Deep blue 

3 Odour Odourless 

4 Molecular weight 1336 g/mol (C42H32O19S6Cl2N15Na)  

5 Chemical characterisation Azo reactive dyestuff preparation 

6 Melting point Not determined yet 

7 Solubility in water 150 g/L (20 oC) 

8 pH value 6-7.5 (10 g/L, 20 oC) 

9 Hazardous decomposition Not determined yet 

10 Acute oral toxicity LD50 > 2000 mg/Kg (rat) 

11 Acute inhalation toxicity Not determined  

12 Acute dermat toxicity LD50 > 2000 mg/Kg (rat) 

13 Sensitisation Not  yet observed 

14 Mutagenity Not determined 

15 Biodegradability 50%  

16 Fish toxicity LC50> 100 mg/L 

17 Algae toxicity Not determined yet  

18 Bacteria toxicity EC10 > 1000 mg/L 

19 Chemical Oxygen demand (COD) Not determined 

20 Biological oxygen demand (BOD) Not determined 

21 Hazardous Could be not harmful  
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Appendix two  

  

 

 

 

 

Fig.8.2.1: dV/dD pore size distribution of expanded alginic acid when gelation carried out at  80 
o
C for (A) 40 min.(adsorption pore size distribution), (A-) 40 min. (desorption pore size 

distribution); (B) 80 min (adsorption), (B-) 80 min (desorption); (C) 120 min (adsorption), (C-) 

120 (desoption) and (D) 160 min (adsorption), (D-) 160 min (desorption). 
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Fig.8.2.2: dV/dD pore size distribution of expanded alginic acid when gelation carried out at  90 
o
C for (A) 40 min.(adsorption pore size distribution), (A-) 40 min. (desorption pore size 

distribution); (B) 80 min (adsorption), (B-) 80 min (desorption); (C) 120 min (adsorption), (C-) 

120 (desoption) and (D) 160 min (adsorption), (D-) 160 min (desorption). 
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Fig.8.2.3: dV/dD pore size distribution of expanded alginic acid when gelation carried out at  100 
o
C for (A) 40 min.(adsorption pore size distribution), (A-) 40 min. (desorption pore size 

distribution); (B) 80 min (adsorption), (B-) 80 min (desorption); (C) 120 min (adsorption), (C-) 

120 (desoption) and (D) 160 min (adsorption), (D-) 160 min (desorption). 
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Fig.8.2.4: dV/dD pore size distribution of expanded alginic acid when gelation carried out at  110 
o
C for (A) 40 min.(adsorption pore size distribution), (A-) 40 min. (desorption pore size 

distribution); (B) 80 min (adsorption), (B-) 80 min (desorption); (C) 120 min (adsorption), (C-) 

120 (desoption) and (D) 160 min (adsorption), (D-) 160 min (desorption). 
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Fig.8.2.5: dV/dD pore size distribution of expanded alginic acid when retrogradation was carried 

out at 5 
o
C for (A) 12 h (adsorption pore size distribution (Apsd)), (A-) 12 h (desorption pore size 

distribution (Dpsd)); (B) 24 h (Apsd), (B-) 24 h (Dpsd); (C) 48 h (Apsd), (C-) 48 h (Dpsd); (D) 72 

h (Apsd), (D-) 48 h (Dpsd); (E) 96 h (Apsd), (E-) 96 h (Dpsd). 
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Fig.8.2.6: dV/dD pore size distribution for expanded alginic acid when the retograded gel was 

washed with (A) 3 times ethanol (adsorption pore size distribution (Apsd)), (A-) 3 times with 

ethanol (desorption pore size distribution (Dpsd)); (B) 3 times ethanol plus 3 times ethanol 

(Apsd), (B-) 3 times ethanol plus 3 times ethanol (Dpsd); (C) 3 times ethanol plus plus 3 times 

methanol (Apsd), (C-) 3 times ethanol plus 3 times methanol (Dpsd); (D) 3 times ethanol plus 3 

times hexane (Apsd), (D-) 3 times ethanol plus 3 times hexane (Dpsd); (E) 3 times ethanol plus 

3 times acetone (Apsd), (E-) 3 times ethanol plus 3 times acetone (Dpsd), all following by 

vacuum oven dried. 
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Fig.8.2.7: dV/dD pore size distribution for expanded alginic acid when the retograded gel was 

washed with (A) 3 times ethanol plus 3 times with acetone (adsorption pore size distribution 

(Apsd)), (A-) 3 times with ethanol plus 3 times with acetone desorption pore size distribution 

(Dpsd)) following by scCO2 dried.                   

 

 

 

Fig.8.2.8: Linear isotherm plot for (A) expanded alginic acid, where the parametres of expansion 

are: gelation was done at 100 
o
C for 160 min, retrogradation was for 24 h at 5 

o
C, solvent 

exchange was 3 times with ethanol plus 3 times with acetone following acid vacuum oven dried 

(A1) and (B) expanded alginic acid, where the parametres of expansion are: gelation was done 

at 100 
o
C for 160 min, retrogradation was for 24 h at 5 

o
C, solvent exchange was 3 times with 

ethanol plus 3 times with acetone following scCO2 dried. 
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Fig.8.2.9: dV/dD pore size distribution for expanded alginic acid when the retograded gel was 

washed with (A) 3 times ethanol plus 3 times with acetone (adsorption pore size distribution 

(Apsd)), (A-) 3 times with ethanol plus 3 times with acetone desorption pore size distribution 

(Dpsd)) following by scCO2 dried.                   
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Appendix three 

 

 

 

 

Fig.8.3.1: (A) TG figure of thermal pyrolysis of expanded alginic acid precursor from room 

temperature to 900 
o
C using temperature rate (20 

o
C/min.); (B) Spectrum of the components 

released at 210, 250 and 270 
o
C respectively throughout the carbonisation of the expanded 

alginic acid. 
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Fig.8.3.2: TG IR figures in three and two dimension for carbonisation of expanded alginic acid 

under nitrogen up to 800 
o
C using temperature rates (A): 20 

o
C/min, (B): 10 

o
C/min and (C): 5 

o
C/min.  
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Fig.8.3.3: Linear isotherm plot for (A) A300, (B) A450, (C) A600 and (D) A800. 
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Fig.8.3.4: dV/dD pore size distribution for (A) A300 (adsorption pore size distribution (Apsd)), (A-

) A300 (desorption pore size distribution (Dpsd)); (B) A450 (Apsd), (B-) A450 (Dpsd); (C) A600 

(Apsd), (C-) A600 (Dpsd); (D) A800 (Apsd), (D-) A800 (Dpsd). 
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Fig.8.3.5: DRIFT IR for (A) A190, (B) A300, (C) A450, (D) A500, (E) A600 and (F) A650. 

 

 

 

 

 

 

 

(A) (B) 

(C) (D) 

(E) (F) 



234 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8.3.6: NMR solid state for (A) expanded alginic acid scCO2 dried (A2), (B) A300, (C) A450, 

(D) A600 and (E) A800. 
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Fig.8.3.7: CHN elemental analysis test for (A) expanded alginic acid, (B) A300, (C) A450, (D) 

A600, (E) A800 and (F) AC. 
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 Appendix four 

 

 

           

 

    

Fig.8.4.1: Different dimensional structures of Procion Yellow (PY) dye molecule in space. 
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Fig.8.4.2: Different dimensional structures of Remazol Black  (RB) dye molecule in space. 

 

          



238 
 

 

 

 

 

         

Fig.8.4.3: Different dimensional structures of Procion Crimson  (PC) dye molecule in space. 
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Fig.8.4.4: Different dimensional structures of Procion Navy  (PN) dye molecule in space. 
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Table.8.4.1: Dye molecular characterisation using Hyperchem 
 

Procion 

Yellow  

(PY) 

Remazol 

Black  

(RB) 

Procion 

Crimson 

(PC) 

Procion  

Navy  

(PN) 

Molecular properties, Energy (Kcal/mol) 

Total energy -367591.9 -252964 -983457.9 -323168.6 

Binding energy -14390.07 -8399.813 -1378766 -12149.61 

Heat of formation -282.7529 -559.1024 -1393174 -327.9358 

Electronic energy -5774954 -2389191 -4413163 -37711183 

Nuclear energy 5407362 2136227 5396621 3448014 

Dipole moment ( D) 

Total dipole moment 3.38252 0.86467 9861.30469 9.08116 

Dipole X -1.48108D 0.60233 -7223.64502 5.23025 

Dipole Y -2.96028 D 0.47120 3705.64331 -.6.65169 

Dipole Z -069612 D 0.40350 5597.54297 3.29651 

RMS gradient ( Kcal/A.mol) 

RMS gradient 1.93814 0.14077 2314.82031 0.26737 

Gradient X 1.64924 0.06360 1149.61609 0.4827 

Gradient Y 0.57621 0.08824 1179.87256 0.20748 

Gradient Z 0.83925 0.08935 1626.24622 0.16159 

QSAR properties 

Surface area 1255.54 A
2
 1144.71 A

2
 1501.28 A

2
 1321.02 A

2
 

Volume 2833.50 A
3
 1965.74 A

3
 3206.67 A

3
 2675.44 A

3
 

Hydration Energy -49.10 Kcal/mol -61.65 Kcal/mol -8011 Kcal/mol -69.83  Kcal/mol 

Polarisability 115.25 A
3
 60.03 A

3
 117.78 A

3
 97.34 A

3
 

 

 

 

 

Dye 

Characters 
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Fig.8.4.5: Adsorption kinetic of each individual porous material including (A) A800, (B) A600, (C) 

A450, (D) A300, (E) S800, (F) S450, (G) S300, (H) AC  and  (I) Silica gel (Sgel) for the dyes 

(PY, RB, PC and PN) adsorbed%. Initial concentration of each dye corresponds to one arbitrary 

unit of UV-VIS absorbance of dye solution. 
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Fig.8.4.6: Dye removal percentage for the adsorbent materials employed when initial 

concentration of each dye corresponds to (A) 1.5  arbitrary unit of UV-VIS absorbance of dye 

solution  (B) 0.2  arbitrary unit of UV-VIS absorbance of dye solution. 

 

 

 

 

Fig.8.4.7: Dye adsorption load (mg g
-1

) for the adsorbent materials employed when initial 

concentration of each dye corresponds to (A) 1.5  arbitrary unit of UV-VIS absorbance of dye 

solution  (B) 0.2  arbitrary unit of UV-VIS absorbance of dye solution. 
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Fig.8.4.8: Employ A800 and apply Langmuir adsorption isotherm for (A) PY (B) RB, (C) PC and 

(D) PN;  employ A450 and apply Langmuir adsorption isotherm for (E) PY, (F) RB, (G) PC and 

(H) PN. 
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Fig.8.4.9: Employ AC and apply Langmuir adsorption isotherm for (A) PY (B) RB, (C) PC and 

(D) PN. 

  

 

 

Fig.8.4.10: Employ A800 and apply Freundlich adsorption isotherm for (A) PY (B) RB, (C) PC 

and (D) PN. 
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Fig.8.4.11: Employ A450 and apply Freundlich adsorption isotherm for (A) PY (B) RB, (C) PC 

and (D) PN;  employ AC and apply Freundlich adsorption isotherm for (E) PY, (F) RB, (G) PC 

and (H) PN. 
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Fig.8.4.12: Employ A800 and apply Tempkin adsorption isotherm for (A) PY (B) RB, (C) PC and 

(D) PN;  employ A450 and apply Tempkin adsorption isotherm for (E) PY, (F) RB, (G) PC and 

(H) PN. 
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Fig.8.4.13: Employ AC and apply Tempkin adsorption isotherm for (A) PY (B) RB, (C) PC and 

(D) PN.  

 

  

Fig.8.4.14: Employ A800 and apply Dubinin-Redushkevich adsorption isotherm for (A) PY (B) 

RB, (C) PC and (D) PN. 
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Fig.8.4.15: Employ A450 and apply Dubinin-Redushkevich adsorption isotherm for (A) PY (B) 

RB, (C) PC and (D) PN;  employ AC and apply Dubinin-Redushkevich adsorption isotherm for 

(E) PY, (F) RB, (G) PC and (H) PN. 
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Fig.8.4.16: Employ A800 and apply Pseudo-first-order model for (A) PY, (B) RB, (C) PC and 

(PN); Employ A450 and apply Pseudo-first-order model for (A) PY, (B) RB, (C) PC and (PN). 
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Fig.8.4.17: Employ AC and apply Pseudo-first-order model for (A) PY, (B) RB, (C) PC and (PN). 

 

 

 

 

Fig.8.4.18: Employ A800 and apply Pseudo-second-order model for (A) PY, (B) RB, (C) PC and 

(PN). 
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Fig.8.4.19: Employ A450 and apply Pseudo-second-order model for (A) PY, (B) RB, (C) PC and 

(PN); employ AC and apply Pseudo-second-order model for (A) PY, (B) RB, (C) PC and (PN). 
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Fig.8.4.20: Employ A800 and apply Langmuir adsorption isotherm for PY adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.    

 

   

Fig.8.4.21: Employ AC and apply Langmuir adsorption isotherm  for PY adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.    

(A)  (B)  

(C)  (D)  

(A)  (B)  

(C)  (D)  
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Fig.8.4.22: Employ A800 and apply Langmuir adsorption isotherm for RB adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.    

 

  

  

 

Fig.8.4.23: Employ AC and apply Langmuir adsorption isotherm for RB adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.     

(A)  (B)  

(C)  (D)  

(A)  (B)  

(C)  (D)  
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Fig.8.4.24: Employ A800 and apply Langmuir adsorption isotherm for PC adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.    

     

   

 

Fig.8.4.25: Employ AC and apply Langmuir adsorption isotherm for PC adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.    

(A)  (B)  

(C)  (D)  

(A)  (B)  

(C)  (D)  
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Fig.8.4.26: Employ A800 and apply Langmuir adsorption isotherm for PN adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.    

 

 

Fig.8.4.27: Employ AC and apply Langmuir adsorption isotherm for PN adsorption at different  

temperatures: (A) 25 
o
C, (B) 35 

o
C, (C) 45 

o
C and (D) 55 

o
C.    

(A)  (B)  

(C)  (D)  

(A)  (B)  

(C)  (D)  
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Fig.8.4.28: Plots of Lnk versus 1/T(K) for using AC for adsorption of (A) PY, (B) RB, (C) PC and 

(D) PN dyes. 
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Fig.8.4.29: Adsorption isotherm plots for (A) S300, (B) S450, (C) S800, (D) AC and (E) Sgel 
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Fig.8.4.30: dV/dD pore size distribution versus pore diameter for (A) S300 (adsorption pore size 

distribution), (A-) S300 (desorption pore size distribution); (B) S450 (adsorption), (B-)  S450 

(desorption); (C) S800 (adsorption), (C-) S800 (desoption) and (D) AC (adsorption), (D-) AC 

(desorption), (E) Sgel (Adsorption), (E-) Sgel (desorption). 
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Fig.8.4.31: dV/dD pore size distribution for (A) AC (adsorption pore size distribution (Apsd)), (A-) 

AC (desorption pore size distribution (Dpsd)); (B) Sgel(Apsd), (B-) Sgel (Dpsd). 

 

 

 

                       Fig.8.4.32: Linear isotherm plot for (A) AC and (B) Sgel. 
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Fig.8.4.33: dV/dD pore size distribution for (A) A800 initial (adsorption pore size distribution 

(Apsd)), (A-) A800 initial (desorption pore size distribution (Dpsd)); (B) A800 loaded with PY 

(Apsd), (B-) A800 loaded with PY (Dpsd), (C) A800 loaded with RB (Apsd), (C-) A800 loaded 

with RB (Dpsd), (D) A800 loaded with PC (Apsd), (D-) A800 loaded with PC (Dpsd), (E) A800 

loaded with PN (Apsd) and (E-) A800 loaded with PN (Dpsd). 
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Fig.8.4.34: dV/dD pore size distribution for (A) A800 initial (adsorption pore size distribution 

(Apsd)), (A-) A800 initial (desorption pore size distribution (Dpsd)); (B) Thermally regenerated 

A800 loaded with PC (Apsd), (B-) thermally regenerated A800 loaded with PC (Dpsd). 

 

 

 

Fig.8.4.35: Employ A800 initial  and apply Langmuir adsorption isotherm for (A) RB and (B) PN; 

employ thermally regenerated A800 and apply Langmuir adsorption isotherm for (A) RB and (B) 

PN. 
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Appendix five 

 

 

 
 

Fig.8.5.1: Employ A800 and apply Langmuir adsorption isotherm for (A) Co (B) Cu, (C) Ag and 

(D) Cd. 

 

 

Fig.8.5.2: Employ A800 and apply Freundlich adsorption isotherm for (A) Co (B) Cu, (C) Ag and 

(D) Cd. 
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Fig.8.5.3: Employ A800 and apply Tempkin adsorption isotherm for (A) Co (B) Cu, (C) Ag and 

(D) Cd. 

 

 
 

Fig.8.5.4: Employ A800 and apply Dubinin-Radushkevich adsorption isotherm for (A) Co (B) Cu, 

(C) Ag and (D) Cd. 
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Fig.8.5.5: Employ A800 and apply Pseudo-first-order model for (A) Co, (B) Cu, (C) Ag and (D) 

Cd. 

 

 

 

Fig.8.5.6: Employ A800 and apply Pseudo-second-order model for (A) Co, (B) Cu, (C) Ag and 

(D) Cd.     
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Abbreviations    

A1 Expanded alginic acid oven dried  

A2 Expanded alginic acid super critical CO2 dried  

AC Powder activated carbon 

A300 Algibon300 

A450 Algibon450 

A600 Algibon600 

A800 Algibon800 

BET Brunauer Emmett and Teller 

BOD Biological oxygen demand 

Co  Initial solution concentration (mg/L) 

Ce  Equilibrium solution concentration (mg/L) 

COD Chemical oxygen demand  

DRIFT IR Diffuse reflectance infrared fourier transform 

D-R Dubinin-Radushkevich 

IUPAC International Union of Pure and Applied Chemistry 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

KL  Langmuir isotherm constant  

K Constant of equilibrium (L/mg) 

KF Freundlich constant 

M Mass of adsorbent material used (mg and g) 

NMR             Nuclear magnetic resonance 

PSTA Para toluene sulphonic acid 

Qe  Equilibrium concentration in solid phase  (mg/g) 

Qt  Equilibrium concentration in solid phase at time (mg/g) 

Qm Maximum adsorption capacity (mg/g) 

R2  Correlation coefficient 

rpm Rotation per minute 

RF Radio frequency 

S800 Starbon800 

S450 Starbon450 

S300 Starbon300 

Sgel Silica gel 

SEM             Scanning electron micrograph 

scCO2   Supercritical carbon dioxide 
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STA Simultaneous thermal analysis 

TG Thermogravimetric analysis  

UV-Vis Ultraviolet-visible 

V  Volume of the solution (mL and L) 

WWTP Wastewater treatment plant 
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